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Introduction 

In 1955 Buddington, Fahey and Vlisidis sug-
gested that in the Fe 3 0 4-FeTiO 3 system, where 
ilmenite is present as independent grains, the 
T i 0 2 content of magnetite largely depends on 
the crystallization temperature. Their study was 
based on a large number of magnetite analyses 
from different kinds of rocks. Several authors 
(e.g. Heier 1956, Marmo 1959, Abdullah and 
Atherton 1964) have since commented on the 
study. The experimental studies of Lindsley 
(1962, 1963) produced fundamentally new know-
ledge concerning the Fe-Ti oxides. He showed 
that the compositions of titaniferous magnetites 
(expressed as F e 3 0 4 - F e 2 T i 0 4 solid solutions) 
and ferrian ilmenites ( F e T i 0 3 - F e 2 0 3 solid 

solutions) depend on the temperatures and 
oxygen fugacities of their formation. In 1964, 
Buddington and Lindsley published a com-
prehensive study on Fe-Ti oxides and their 
synthetic equivalents, in which the phase-equilib-
rium studies of Lindsley were applied to natural 
minerals. The crystallization (equilibration) tem-
peratures and oxygen fugacities of coexisting 
pairs of titaniferous magnetite and ilmenite were 
determined for different kinds of rocks. Since the 
study of Buddington and Lindsley, analysed 
magnetite-ilmenite pairs have been used in 
numerous studies as a geothermometer and 
oxygen barometer (e.g. Carmichael 1967, a and b). 
The present paper is an attempt to apply the 
methods of Buddington and Lindsley to some 
Finnish Precambrian rocks. 
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The samples 

The rock samples for the study of coexisting 
magnetite and ilmenite pairs were taken from 
the following localities: 

1. Olivine diabase (medium-grained variety), 
parish of Rauma, Sorkka. Map 1132, co-
ordinates x = 6 785.18, y = 531.80. Ref. 
Laitakari 1928, Kahma 1951. 

2. Gabbroanorthosite, parish of Mäntyharju. 
Map 3114, coordinates x = 6 797.47, y = 
480.67. Ref. Savolahti 1956 and 1966, Kallio 
1967. 

3. Quartz diorite, town of Mikkeli. Map 3142, 
coordinates x = 6 683.80, y = 514.25. 

4. Quartz diorite, parish of Virtasalmi, Lit-
manen.Map 3231, coordinates x = 6 884.90, 
y = 527.70. Ref. Hyvärinen 1968. 

5. Quartz diorite, parish of Virtasalmi. Map 
3231, coordinates x = 6 882 .31 , y = 530 .51 . 

Ref. Hyvärinen 1968. 

The first two of these rocks are anorogenic, 
practically unmetamorphosed late Precambrian 
igneous rocks, the others are metamorphosed 
Svecofennian deep-seated rocks. In olivine dia-
base and gabbroanorthosite the Fe-Ti oxides are 
xenomorphic filling the spaces between other 
minerals (Fig. 2). Thus, they are formed some-
what later than the other main minerals. Ilmenite 
occurs both as independent grains and inter-
grown with magnetite. In the quartz diorites the 
Fe-Ti oxides are often idiomorphic. They were 
apparently formed by recrystallization during 
metamorphism. The mineral associations of the 
rocks are presented in Table 1. 

In addition to the rocks mentioned above, an 
attempt was also made to separate magnetite 
and ilmenite from two rapakivi granite varieties 
(Tärkki granite and Väkkärä granite) from Eura-
joki, SW Finland. Though the samples weighed 
several tens of kilograms, these mineral pairs 
were not received sufficiently for chemical ana-
lysis. 

TABLE 1 

Mineralogical compositions of the studied rock samples. 
Determined by the point counting method. 

Numbering of the specimens in the text 

Plagioclase 
Pyroxene 
Olivine 
Quartz 
Hornblende . . . . 
Biotite 
Serpentine 
Chlorite 
Epidote 
Opaque minerals 
Others 

6 7 . 1 
10.1 
1 4 . S 

4 . 4 

3 . 7 
0.2 

100.o 100. o 

2') 

82.0 
9 . 5 

0.8 
0 . 4 2 ) 
0.8 

} 5 . 2 3) 

6 1 . 9 

2 5 . 8 
3 . 1 
6 . 5 

2 . 3 
0 . 4 

100. o 

6 1 . 7 

2 3 . 3 
4 . 5 
8 . 5 

1.0 
1.0 

100. o 100.0 

6 1 . 3 

l l . i 
2 4 . 2 

1 . 7 

1 .0 
0 . 7 

*) According to Kallio (1967) 
2) »Amphibole» 
3) Includes apatite 2 . 9% and »others» 2 . 3% 

The Fe-Ti oxides were separated from crushed 
and sieved material, 0.125—0.050 mm in dia-
meter, utilizing heavy liquids (bromoform and 
Clerici solution), hand magnet and isodynamic 
separator. When separating ilmenite from magne-
tite, a heated Clerici solution with a specific 
gravity between those of magnetite and ilmenite 
(ca. 4.7) was used. Finally, impurities were hand-
picked under a binocular microscope. Polished 
powder sections were prepared from the final 
concentrates for the study of the exsolution 
textures and purity of the material. 

Textures of the Fe-Ti oxides 

The titaniferous magnetite from the Sorkka 
diabase consists mainly of Ti-bearing magnetite, 
which contains ilmenite lamellae parallel to the 
octahedral planes. High magnification and oil 
immersion often enable extremely small dark gray 
ulvite exsolution lamellae to be distinguished 
between the ilmenite lamellae. There are also 
intergrowths of larger, irregular shaped grains of 
homogenous Ti-bearing magnetite and ilmenite 
(Figs. 1 and 2). Intergrowths such as these are 
uniform at their outer margins, as if they were 
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lamellae do not exist near thick ilmenite lamellae. 
It was verified by electron microprobe(Dr. Jaakko 
Siivola) that the T i 0 2 content of the homoge-
neous titaniferous magnetite near these ilmenite 
grains is as high as or a little lower (about 20 % 
T i 0 2 ) than in the magnetite between the ilmeni-
nite lamellae. All these facts indicate that the 
ilmenite grains in magnetite are formed by 
»granule exsolution» through the oxidation of 
the ulvite component of the homogeneous single-
phase mineral (Wright 1961, Buddington and 
Lindsley 1964, Vaasjoki and Puustinen 1966). 
In the Sorkka diabase, the generalization may 
be made that either granular or lamellar ilmenite 
oxidation-exsolution bodies but not both may 
occur in the same titaniferous magnetite grain or 
in the same part of a titaniferous magnetite grain 
(see Fig. 1). The granule and lamellar oxidation-
exsolution phenomena probably have been largely 
simultaneous. In addition to the ilmenite grains 
produced by the oxidation-exsolution, there are 
also discrete ilmenite grains which are inter-
preted as primary. Some magnetite grains are 
corroded and oxidized in a way similar to that 
described by Neuvonen (1965). 

The titaniferous magnetite from the Mänty-
harju gabbroanorthosite also contains granular 
ilmenite oxidation-exsolution bodies besides il-
menite lamellae. In addition, some small black 
spinel lamellae are visible in the magnetite. There 
are clearly several generations of ilmenite lamel-
lae. There seem to be very thin ilmenite lamellae 
parallel to {100} (Fig. 3) or { i l l } between the 
coarse ilmenite lamellae parallel to {111} of 
magnetite.The titaniferous magnetite grains have 
a mosaic texture owing to the fact that most of 
the thin ilmenite lamellae extinct in different 
areas of the same host magnetite crystal at 
different times but simultaneously in the same 
mosaic area, always parallel to one of the three 
{111} planes of magnetite. With high magnifi-
cation and oil immersion it can be detected that 
the »ilmenite lamellae» parallel to {100} consist 
of magnetite and extremely small ilmenite lamel-
lae oriented parallel to {111} of the host magne-

Fig. 1. Titaniferous magnetite from the Sorkka diabase. 
The magnetite is divided into two parts by a plagioclase 
lath (dark grey). On the left, the titaniferous magnetite 
contains ilmenite lamellae (lamellar exsolution). On the 
right, there is a large ilmenite grain (white) produced 
by granule exsolution. Polished section, crossed nicols, 

magn. 50 X. Photo, Erkki Halme. 

Fig. 2. Titaniferous magnetite from the Sorkka diabase. 
In the homogenous Ti-bearing magnetite there is a large 
ilmenite grain (white), indicating granule exsolution. 
Polished section, crossed nicols, magn. 50 x . Photo, 

Erkki Halme. 

only one grain. The ilmenite grains tend to be 
located on the outer boundary of the inter-
growths. There are no ilmenite lamellae near 
these ilmenite grains in the titaniferous magnetite, 
though lamellae may exist further away in the 
same grain (Fig. 1). Similarly, thin ilmenite 
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Fig. 3. Titaniferous magnetite from the Mäntyharju 
gabbroanorthosite. There are thin lamellae parallel to 
{100} between the coarse ilmenite lamellae parallel to 
{111}. These thin lamellae consist of magnetite and 
extremely small ilmenite lamellae parallel to {111}. 
Polished section, crossed nicols, oil immersion, magn. 

800 X Photo, Erkki Halme. 

tite (Fig. 3). These small ilmenite lamellae are 
clearly formed by the oxidation of ulvite lamellae 
(3Fe 2 Ti0 4 -f % 0 2 = 3FeTiO s + Fe 3 0 4 , Ram-
dohr 1953). Primary ulvite was not detected in 
the gabbroanorthosite. 

The magnetite of the Mikkeli and Virtasalmi 
quartz diorites does not contain exsolution 
bodies. Also the ilmenites of the Sorkka diabase 
and Mäntyharju gabbroanorthosite are homo-
geneous, whereas ilmenites of the Mikkeli and 
Virtasalmi quartz diorites contain abundant lens-
oid hematite exsolution bodies. 

X-ray single-crystal studies 

Two titaniferous magnetite grains containing 
ilmenite lamellae were studied by X-ray technique 
using the precession method. The grains were 
detached from a polished section made from the 
titaniferous magnetite concentrate of the Sorkka 
diabase. One of these grains also contained some 
minute ulvite exsolution lamellae. Zero-level 

precession photographs about magnetite [100] 
and [110] axes were taken from both of the grains. 
The precession angle was 30° and the radiation 
Zr-filtered Mo radiation. 

The following crystallographic orientation law 
of ilmenite lamellae was obtained from the pre-
cession photographs in respect to their host 
magnetite: 

[0001] iIm II [111] magn-whereat 12 • d*0001 «a 4 d*m , 

[1010] iIm J . [110] magn. whereat 3 • d*olfo sa 4 d*110. 

The orientation rules of magnetite-ilmenite 
intergrowths which led to the same law had been 
determined already very early on the basis of 
morphological studies of large crystals (Miigge 
1903). 

Diffuse reflections of ulvite were detectable in 
the precession photographs taken from one of 
the crystals. Ulvite is homoaxially intergrown 
with magnetite. 

The unit cell dimensions of these minerals 
were calculated from the precession photographs. 
The film shrinkage was calibrated by a silicon 
standard. The calculations gave the following 
results: 

8.41 ± 0.01 A 

8.50 ± 0.02 A 

5.09 ± 0.01 A 

14.09 ± 0.02 A 

The exsolution bodies of the Virtasalmi ilme-
nite were identified as hematite also by single-
crystal studies. These homoetypic minerals are 
homoaxially intergrown. 

The chemical analyses 

The chemical analyses of the Fe-Ti oxides are 
presented in Tables 2 and 3. In order to apply 
the experimental data the analyses were recalcu-
lated to binary solid solutions magnetite-ulvite 
and ilmenite-hematite. Two alternative calcula-

t e , magnetite 

ulvite 

ilmenite 

C o ilmenite 
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TABLE 2 

Chemical analyses of magnetites. Anal. P. Ojanperä. 
Numbering of the specimens in the text (p. 14) 

1 2 3 4 5 

SiOj . . . . 0 . 4 6 0.66 0.19 0.12 0.28 
T i 0 2 . . . . 2 1 . 0 5 1 0 . 7 6 1 . 3 8 1 . 0 1 0 . 7 8 
A I 2 O 3 . . . 2.65* 2.82 0.3 8* 0.28* 0.47* 
F e 2 0 3 . . . 3 1 . 0 0 50.71 67.19 67.51 66.29 
FeO 4 1 . 9 8 3 3 . 2 7 3 0 . 3 2 30.18 3 0 . 5 0 
MnO . . . . 0.63 0.15 0 . 2 0 O.io 0. 04 
MgO . . . . 1.56 0. 0 8 0. io 0. 06 0 . 2 4 
CaO . . . . 0.15 0.14 0 . 0 1 0 . 0 4 0 . 0 2 
v 2 o 3 . . . . 0.47* 0 . 5 9 * 0 . 3 5 * 0.38* 0.66* 
Cr 2 0 3 . . 0 . 2 3 * 0 . 0 7 * 0 . 0 6 * 0.18* 0.07* 

Sum . . 100.18 99.2 5 1 0 0 . 1 8 99.8 6 9 9 . 3 5 

Ni 0 . 0 3 5 * 0 . 0 0 7 * 0.005* 0 . 0 0 7 * 0.018* 
Co 0. 0 2 6* 0 . 0 0 7 * 0.006* 0.006* 0 . 0 0 7 * 
Cu 0 . 0 0 6* 0 . 0 0 2 * 0. 003* 0 . 0 0 4* 0.005* 

a) Fe 30 4 36.0 66.4 96.0 97.0 97.7 
Fe 2Ti0 4 64.0 33.4 4 . 0 3.0 2.3 

b )Fe 3 0 4 . 36.1 67.2 96.0 97.0 9 7 . 7 
Fe 2Ti0 4 63.9 32.8 4.0 3 . 0 2.3 

* Spectrochemical determination by Arvo Löfgren 

TABLE 3 

Chemical analyses of ilmenites and the estimated equilibra-
tion temperatures and oxygen fugacities of coexisting 

magnetite and ilmenite. Anal. P. Ojanperä. 
Numbering of the specimens the same as on p. 14 

l 2 3 4 5 

SiO a 0.59 0.36 0.16 0.0 6 0.12 
T i 0 2 . . . . 50.6 6 50.44 48.34 48.14 44.29 
AI2O3 . . . 0.21* 0. 3 0 0.3 8* 0.21* 0.19* 
Fe 2 0 3 . . . 5.5 0 6.89 9.42 10.54 16.50 
FeO 39.3 4 40.4 5 34.0 6 37.84 37.69 
MnO . . . . 0. 60 0.71 6.49 2.43 0.57 
MgO . . . . 2.45 0. 0 3 0.49 0.23 0.57 
CaO . . . . 0.29 0.19 0.18 0.27 0.17 
v 2 o 3 . . . 0.09* 0.01* 0.07* 0. 06* 0.21* 
Cr 2 0 3 . . . 0 . 0 0 9 * O.oi* 0. 20* 0.03* 0.03* 

S u m . . . 99.739 99.3 9 99.79 99.81 100.34 

Ni 0.00* O.ooi* 0.012* 0. 005* 0. 005* 
Co 0.013* 0.006* 0 . 0 0 7 * O.ooi* O.ooi* 
Cu 0.01* 0. 00 8* 0.022* 0.017* 0.016* 

a)FeTiOa . 95.6 97.6 93.1 91.7 84.0 
F e 0 0 , . 4.4 2.4 6 . 9 8.3 1 6 . 0 

b)FeTib 3 . 94.1 92.9 90.6 8 8 . 9 83.5 
Fe 2 0 3 . 5.9 7.1 9.4 11.1 16.5 

a) T°C . . . 910 ~670 <550 <550 <550 
f o ^ ... 10-13.0 10-19.6 < 10 -19 < 10-19 < 10-19 

b)T°C . . . 960 760 <550 <550 <550 
/o2 ... 10 -« .» 1 0 - 1 5 . 5 < 10 -19 < 1 0 - 1 9 < 1 0 - 1 9 

* Spectrochemical determination by Arvo Löfgren 

3 1 4 9 9 3 — 7 1 

tion methods were used, both of which are es-
sentially similar to those presented in Buddington 
and Lindsley (1964): 

a) The amount of S i 0 2 is regarded to be de-
rived from silicate impurities. When calculating 
the Fe-Ti oxides of diabase and gabbroanortho-
site, the analysed oxides (CaO, A1203 , S i 0 2 ) cor-
responding to plagioclase An5 0Ab5 0 are first dis-
carded. The remaining S i 0 2 is combined with 
an equal amount of RO to form pyroxene and 
then discarded. The SiO a of the Fe-Ti oxide 
analyses of the quartz diorites is discarded as 
quartz. Then the minor amounts of oxides RO 
and R 2 0 3 are discarded according to the rules 
given in Buddington and Lindsley (op. cit.). The 
remaining, slightly changed amounts of FeO, 
F e 2 0 3 and TiO a are recalculated to express the 
molecular percentage of the ulvite in magnetite 
and the hematite in ilmenite. 

b) The named solid solutions are calculated 
directly from the original values of FeO, F e 2 0 3 

and T i 0 2 . In calculating the ilmenite compo-
sition, the amount of T i 0 2 exceeding FeO is 
discarded. 

The ulvite percentages of the magnetites do 
not change much with the different methods of 
calculation, whereas the hematite contents of the 
ilmenites vary considerably. The hematite con-
tents calculated directly from F e 2 0 3 contents of 
the ilmenite analyses may be too high owing to 
the oxidation of the ilmenite (2FeT i0 3 + % 0 2 

= F e 2 0 3 + 2 T i 0 2 ) . On the other hand, the 
hematite contents based on complete ilmenite 
analyses can be taken as minima owing to the 
possible equilibration of the Fe-Ti oxides during 
cooling (Anderson 1968). Still other calculation 
methods are presented in Carmichael (1967 a) 
and Anderson (op. cit.). Because it is not yet 
clear which one of the calculation methods gives 
the most correct results ( c f . e.g. Speidel 1970, p. 
352), the calculation procedures presented origi-
nally by Buddington and Lindsley are used in this 
paper. 
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Results 

Numerical values of equilibration temperatures 
and oxygen fugacities were obtained only for the 
Fe-Ti oxides of the Sorkka diabase and Mänty-
harju gabbroanorthosite. Even with these rocks, 
the values received by the different calculation 
methods are different. 

Obviously the temperatures obtained for the 
Sorkka diabase and particularly for the Mänty-
harju gabbroanorthosite by calculation method 
a) are somewhat too low compared with the 
initial crystallization temperature, owing mainly 
to the granule oxidation-exsolution of ilmenite. 
When crushed for mineral separation, it is prob-
able that such »exsolved» ilmenite grains fall 
into the ilmenite concentrate during separation, 
though they should belong to the titaniferous 
magnetite concentrate. In order to estimate the 
effect of granule oxidation-exsolution on the 
temperature and oxygen fugacity, a small amount 
of titaniferous magnetite grains, 1.0—0.2 mm 
in diameter, was separated from the Sorkka dia-
base and analysed for titanium. The analysis gave 
24.60 % TiO a . This corresponds to a composi-
tion of 69.4 % F e 2 T i 0 4 and 30.6 % F e 3 0 4 . The 
crystallization (equilibration) temperatures and 
oxygen fugacities received for this titaniferous 
magnetite on the basis of ilmenite compositions 
a) and b) of column 1, Table 3, are a) 970°C 
and 10-12.° atm., and b) 1 000°C and 10~".4 

atm., respectively. These temperatures are 60 
—40° higher than those of Table 3. In the 
case of the Mäntyharju gabbroanorthosite, the 
effect of granule exsolution is probably much 
higher. 

Eskola (1925) made experimental studies con-
cerning the crystallization temperature jof the 
»Satakunta olivine diabase» in the Geophysical 
Laboratory of the Carnegie Institute. The Sorkka 
diabase is one of the Satakunta diabase dikes. At 
a pressure of 1 atm. the crystallization tempera-
ture was about 1 200—1 050°C. At 2 800 atm. 
pressure and with a couple per cent water dis-
solved into the melt, the crystallization tempera-

ture dropped to 850—800°C. The pressure of 
2 800 atm. approximately corresponds to a depth 
of 10 km in the earth's crust. The true crystalli-
zation temperature of the Satakunta diabase is 
apparently between the two temperature ranges 
obtained experimentally by Eskola. 

No exact numerical values were obtained for 
the equilibration temperature and oxygen fuga-
city of the Fe-Ti oxide pairs of the Mikkeli and 
Virtasalmi quartz diorites. The compositions of 
these oxides fall outside the range covered by 
the experimental data. From the curves it can 
be deduced that these oxides equilibrated at tem-
peratures < 550°C (possibly about 500°C) and 
at oxygen fugacities < 10-19 atm. In any case, 
the equilibration temperatures are not magmatic 
and they are still somewhat lower than those re-
corded by Buddington and Lindsley (1964) for 
the hornblende granite gneisses of the Adirondac 
area. Refering to Winkler (1967), Hyvärinen 
(1968, p. 43) suggested that the acid schists of 
the Virtasalmi area metamorphosed at a tempera-
ture of 650 ± 30°C and under a pressure of 
5 000 ± 1 000 bars. He did not reveal the P-T 
conditions of metamorphism of the quartz dio-
rites. 

Distribution of MnO between Fe-Ti oxides 

Buddington and Lindsley (1964) and Dasgupta 
(1970) showed that there is a correlation between 
the crystallization temperature and distribution 
of manganese between coexisting magnetite and 
ilmenite. Buddington and Lindsley's graph show-
ing the distribution lines for the three different 
types of rocks is reproduced in Fig. 4. The lines 
represent the averages of different rocks and 
scattering is comparatively high. If the magnetite 
contains less than 0.13 % MnO, the distribution 
ratios of metamorphic rocks and gabbros and 
associated ores overlap. The temperatures given 
are taken from the text of Buddington and Linds-
ley and they are estimated from the coexisting 
Fe-Ti oxides. The points representing the dis-



Magnetite and ilmenite from some Finnish rocks 19 

0.8 

0.7 

i i 0 . 6 

' 0.5 

£ 0 . 3 

; 0.2 

0.1 

I I I 

/ 
/ 

/ , ' 
- O / _ 

lö 
l"S At> 
it? / c 

- s V 
/ A ? 

• s® 'i? 
- i g g -

'S" 
'S 

• IS 
3 'S 

• IS _ - c r -

"o2 ' - — — 

• /Ml - ' ' -

0 1 2 3 4 5 6 7 
Weight percent MnO in ilmenite 

Fig. 4. Distribution of manganese between coexisting 
magnetite and ilmenite. The thick broken lines are 
quoted from Buddington and Lindsley (1964, p. 353). 
The numbered points refer to the Fe-Ti oxides of the 

present study (Tables 2 and 3). 

tribution of MnO between the Fe-Ti oxide pairs 
of the present study are added to the graph. The 
ratio MnO in ilmenite to MnO in magnetite is 
a little lower for the Sorkka diabase than the 
ratios on the average distribution line of the 
gabbroic rocks and associated ores. The dis-
tribution ratio of MnO between the Fe-Ti oxides 
of the Mäntyharju gabbroanorthosite falls almost 
on the line. The distribution ratios of the Mikkeli 
and Virtasalmi (Litmanen) quartz diorites are 
quite different from those presented in the graph 
of Buddington and Lindsley. The distribution 
ratios of the three quartz diorites fall almost 
exactly on a straight line. The equilibration tem-
peratures of the Fe-Ti oxides of these rocks are 
< 550°C, or clearly lower than those of the 
»metamorphic» (high grade amphibolite and 
granulite facies) rocks of Buddington and Linds-
ley. 

Conclusions 

Analysed pairs of coexisting magnetite and 
ilmenite are used with obvious success as a geo-
thermometer and oxygen barometer for numer-
ous rocks (e.g. Buddington and Lindsley 1964, 
Carmichael 1967 a and b). The method has some 
limitations which have been throughly discussed 
by Buddington et al. 1955, Buddington and 
Lindsley (op. at.) and Anderson (1968). Obvious-
ly, the most considerable restriction is that caused 
by the granule oxidation-exsolution of ilmenite, 
which is common especially in gabbroic rocks. 
This limitation could perhaps be avoided by a 
combination of microprobe and planimetric ana-
lyses. As pointed out by Anderson (op. at.), the 
hematite content observed for ilmenite may be 
too low owing to the equilibration of Fe-Ti 
oxides during cooling. Owing to these limita-
tions, the observed temperatures may be re-
garded as minima. Also, the phase relations in 
complicated chemical systems may be somewhat 
different from those of the system FeO—Fe2O s 

•—TiOa. The effects of minor constituents are 
not yet clear. An important restriction is caused 
by the fact that experimental studies do not as 
yet cover the whole stability field of natural 
Fe-Ti oxides. Coexisting Fe-Ti oxide pairs, which 
are either very rich or very poor in both ulvite 
and ilmenite, do not give unique results because 
the temperature-oxygen fugacity curves are near-
ly parallel. It is also required that the Fe—Ti 
oxides have formed in equilibrium with each 
other during the crystallization (or recrystalliza-
tion) of the host rock. 

Some if not all of the named restrictions inter-
fere when estimating the crystallization tem-
peratures and oxygen fugacities of the Fe-Ti 
oxides of the present study. Numerical values 
of T and / 0 2 were only obtained for the Fe-Ti 
oxides of the Sorkka diabase and the Mäntyharju 
gabbroanorthosite. Even in the case of these 
rocks, the temperatures obtained by the cal-
culations based on the total analyses must be 
regarded as minima relative to the temperatures 



20 Ilmari Haapala and Ventti Ojanperä 

of initial crystallization, owing to the granule 
oxidation-exsolution and possible equilibration 
during cooling. Apparently the temperatures and 
oxygen fugacities obtained on the basis of the 
ilmenite composition and the T iO s content of 
the 0.2—1.0 mm titaniferous magnetite fraction 
(p. 18) for the Fe-Ti oxides of the Sorkka diabase 
are the most accurate. In the case of the quartz 
diorites, too much extrapolation is needed to 
give accurate results. 
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