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Occurrence, ilmenite exsolutions and composition of magnetite in the
carbonatite massif of Sokli and in the olivinite of Tulppio have been
studied. In the carbonatite massif, magnetite of magmatic carbona-
tites is hypidio-idiomorphic, contains only very fine-grained ilmenite
exsolutions (ulvospinel), and the minor components TiO2, MgO, MnO
and Al2O3 of magnetite show a decreasing tendency in the successive
I1—-1II - IV magmatic stages. Magnetite of metacarbonatite is
xenomorphic, containing a great number of ilmenite exsolutions
indicating a complicated thermal history of these rocks. The magne-
tite of the magmatic carbonatites has lower TiO2 and higher MnO,
Al>O3, MgO and ZnO contents than that of the metacarbonatites, on
the average. Magnetite of the Tulppio olivinite is fine-grained, and
the minor element contents, excepting Cr and Si, are lower than
those in the carbonatite massif.
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Introduction

This paper briefly describes the occurence
of magnetite in the Sokli carbonatite massif
and in the Tulppio olivinite, and presents
some microprobe analyses of it. The purpose
of the study was to find out the differences,
if any, between magnetites representing dif-
ferent rock groups. Samples of the carbon-
atite complex have been collected from drill
holes all over the complex, and a sample of
Tulppio olivinite has been taken from a pit
about four kilometers southwest from the
carbonatite exocontact (Vartiainen, 1980). A
detailed geology of the carbonatite massif
has been given earlier (Vartiainen, 1980).
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K. Heindnen has analyzed magnetite and
examined ilmenite exsolutions. H. Vartiai-
nen is responsible for other subjects of this
paper.

Occurrence

Magnetite is a common rock-forming or
accessory mineral in almost all rock varieties
of the carbonatite massif. It appears as an
accessory mineral in the Tulppio olivinite too.
The average amounts, grain size, and forms
has been summarized in Table 1.

Magnetite of the Tulppio olivinite differs
from that of the rocks of the carbonatite com-
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Table 1.

Amount, grain size, and form of magnetite in the rocks of carbonatite massif and in the olivi-

nite of Tulppio.

Amount, average

Grain size, mm Grain form

volume-/o
Pre-carbonatite rocks
Olivinite of Tulppio 1— 2 0 — 1 idiom.-hypidiom.
Magnetite-olivinite 20—40 10 —50 xenomorphic
Pyroxenite 0—10 1 —5 »
Magmatic carbonatites
Stage I, phoscorite 25—35 5 —10 idiom.-hypidiom.
» II, sovite 3— 6 1 —5 »
» III, phoscorite 15—25 5 —10 hypidiom.-xenom.
» IV, sovite 2— 5 1 —5 idiom.-hypidiom.
Metacarbonatites
Metaphoscorite 15—25 5 —20 xenomorphic
Metasilicosovite 3— 6 05— 5 »
Metasomatites
Amphibole rock 0— 5 0.5— 3 xenomorphic
Mica-amphibole rock 0—10 1 —10 »
Mica rock 0—20 1 —10 »

plex in smaller grain size and lower amount.
The largest magnetite grains occur in the
magnetite-olivinites of the carbonatite massif
where the grain size may rise over 10 cm
(Fig. 1). In general, magnetite of magnetite-
olivinite, pyroxenite, metacarbonatites, and
resorbed and

metasomatites is granulated,

veined by carbonates. Replacement by car-
bonates may be so intense that only the
ilmenite lamellae preserved indicate the con-
tours of original magnetite grains (Fig. 2).
These characteristics are lacking in the mag-

netite of magmatic carbonatites, where mag-
netite usually is fresh and typified by idio-
morphic and hypidiomorphic grain forms.
These magnetites may also have been cor-
roded by carbonates but to a much smaller
extent than those in the former rocks.

Ilmenite exsolutions

Titaniferous magnetite commonly contains
ilmenite formed by exsolution through the

Fig. 1 be Moderately
phlogopitized magnetite
(black) in pegmatoidal
magnetite olivinite. Vein-
lets of carbonate and
carbonatite cut the mag-
netite. Drill hole 436 at
24.0 metres. Scale bar,
1.0 cm.
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Fig. 2. Partly altered magnetite (light gray) in
metaphoscorite derived from pyroxenite. The
area of ilmenite lamellae indicate the original
contours of magnetite. Drill hole 358 at 219.7
metres. Scale bar, 0.5 mm.

oxidation of an ulvite component of the ori-
ginally homogeneous single-phase magnetite
(Buddington and Lindsley, 1964). There are
several generations of ilmenite exsolutions in
the magnetite of metaphoscorites of the Sokli
massif which can be described as follows:

— coarse granular-like ilmenite, which oc-
curs between magnetite grains and in
cracks of magnetite (Fig. 3 A)

— coarse granular ilmenite
(0.01—0.1 mm, Fig. 3 B)

— regular coarse exsolution lamellae (about
0.5 mm long and about 5 um wide, Fig.
3 B)

— regular small exsolution lamellae (about
10 um long, less than 0.5 um wide).

in magnetite

These different types of ilmenite exsolu-
tions occur irregularly in magnetite grains of
metaphoscorites, even so that two or three
different exsolution types may exist in one
and the same grain (Fig. 3 B). The great
number of exsolutions indicates that a great
part of titanium may have exsolved as ilmen-
ite from magnetite. This is supported by the
spot analyses of clean places next to ilmenite
exsolutions. According to the analyses the
average TiO, content in the clean places of
magnetite ranges between 0.4 and 2.0 %.

Lacking of ilmenite exsolutions (Fig. 4 A)
makes the magnetite of magmatic carbo-
natites different from that of the metacarbo-
natites. A great magnification, however,
reveals that this magnetite is unhomogeneous
(Fig. 4 B), resembling the ulvospinel described
by Ramdohr (1969, p. 904).

Composition
Whole magnetite grains were analysed by

an electron microprobe analyzer so that a
square-shaped scanning area covered as big

Fig. 3.
metaphcscorites. A. Ilmenite exsolutions (medium
gray) between magnetite grains (light gray) and
in cracks of magnetite. Drill hole 4 at 105.7 metres.
Magnification, x 200. B. Coarse, granular ilmenite
exsolutions (dark gray on the right) and coarse
ilmenite lamellae (left) in one and the same
magnetite grain (light gray). Drill hole 358 at
118.5 metres. Magnification, x 200.

Ilmenite exsolutions in the magnetite of
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Fig. 4. Magnetite in magmatic phoscorite. Drill
hole 250 at 59.7 metres. A. Homogeneous-looking

magnetite (light gray). Magnification, x 200. B. A

greater magnification of the same grain shows

unhomogeneity similar to ulvospinel. Magnifica-
tion, x 1000.

an area of the grain under study as possible.
The standard samples were scanned similarly.
This method, unlike spot analyses, gives the
original composition of magnetite before the
exsolution of ilmenite, eliminating the ef-
fects of possible compositional zoning in
The values given in Table 2 are aver-
ages of three grain analyses per sample.
There are only slight relative variations be-
tween grain analyses in a sample, e.g. the
variation of iron is about one per cent and
that of TiO, from 10 to 20 per cent.

The results of the analyses have been ar-
ranged according to host rocks in Table 2.
The magnetite of magmatic carbonatites rep-
resents rocks from four stages. Because of

grains.

metasomatic alteration it has been difficult
to group metacarbonatitic host rocks. The
sample 946-0069 of metaphoscorite of an un-
identified origin represents an amphibole-
rich variant, the sample 946-0072 a mica-rich
variant, and the last two strongly altered,
heterogeneous rocks. Both metasilicosovites
are tetraferriphlogopite-richterite-bearing
types.

The averages of minor components TiO,,
MgO, MnO, and Al,Oj given in Table 2 have
been plotted in Fig. 5. The magnetite of
magmatic carbonatites has crystallized in suc-
cessive generations as follows:

Stage I— Stage II— Stage IV.

The magnetite of Stage I is mainly pre-
served in the Stage III, and therefore the cor-
responding values are presented separately
in Fig. 5. The results indicate that the minor
components (TiO,, MgO, MnO, Al,O3;) show
a tendency to decrease during the crystalliza-
tion of the magnetite of magmatic carbo-
natites whereas iron shows a contrary trend.
Observations of Table 2 and Fig. 5:

TiO,: The magnetite of phoscorites (Stage
I and III) has a higher TiO, content (2.4—
5.7 %) than that of sovites and silicosovites
(1.2—2.1 °). The higher TiO, content of the
Stage III compared to Stage I in Fig. 5 does
not necessarily mean an increased TiO, con-
tent, but is more likely due to too few anal-
yses, since high TiO, values (5 %o TiO,) occur
also in Stage I (Table 2). Actually, during
hydrothermal stage (Stage III), minor com-
ponents in magnetite lattice have strongly de-
creased, which is verified by spot microprobe
analyses. Two magnetite grains, with magne-
tite of Stage I enclosed by an altered or re-
crystallized magnetite phase of Stage III have
been analyzed (Fig. 6). The results have been
plotted in Fig. 7. TiO, as well as other minor
components (MgO, MnO, Al,O;) have clearly
decreased.
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Table 2. Whole grain electron microprobe analyses of Sokli magnetites.

DH Depth Fe TiOs MnO Vs03 CrsO3 SiOs AlsO3 MgO ZnO
Sinple no m Stage o % % % /o % % % % o

Magmatic carbonatites
946—0017 250 597 I 677 315 95 .19 .01 .13 .48 3.1
946—0018 289 1121 I ) 659 330 90 28 01 .01 20 267
946—0019 281 580 1 Fhoscorites o 501 84 12 01 44 84 320 .11
946—0020 260 77.0 I 671 243 74 21 01 .02 25 285 .10
946—0027 250 128.8 II 666 121 .77 .14 .01 .05 .85 361 .10
948—1039 374 2305 Il . . . 678 199 8¢ 13 01 Ol 51 28 .08
9480128 433 1664 11 Sovies and g4 168 43 14 01 01 41 110 .08
946—0031 261 440 II 691 150 45 16 .01 .01 53 141 .09
946—0032 358 200.1 II 70.3 155 .37 .14 .01 .02 .43 141 .08
946—0035 329 183.0 III 671 575 57 .22 .01 .02 .13 .86 .12
946—0036 331 372 III ; 67.8 540 53 22 02 07 13 110 .12
946—0038 332 842 III Fnoscorites  gp'g 94 56 .17 .01 .01 .13 120 .11
946—0039 340 1355 III B84 SBT - 49 ° 3% 01 W2 e e
9460042 340 1319 IV .. 698 146 .16 31 .01 .02 23 44 .03
04606y - 842 b3 TV "OOVIEB SNE  geg wip 5y 0. o0 B 17T 15
946—0044 359 2322 IV e 69.6 144 26 25 01 .01 .10 110 .09
Metacarbonatites
946—0063 4 1535 679 416 45 .15 .01 .05 .19 164 .09
946—0065 358 1185 Metaphoscorites 664 60 42 19 02 09 24 184 .05
948—0126 433 912 altered from 68.0 228 67 34 .01 .03 .16 144 .08
948—0127 433 138.2 magnetite- 66.6 313 82 55 .02 .00 22 226 .11
948—0129 433 172.1 olivinites 675 241 66 15 .01 .00 .69 178 .10
948—0016 331 169.0 66.6 340 47 16 .01 .00 - .88 172 .10
946—0066 193 122.0 ) 67.8 382 .16 .19 .01 .02 .21 22 .03
946—0067 343 137.0 g’ffgfepé“’fi%%‘tes 689 257 .38 30 .01 .01 .24 .44 .08
9400068 262 1aag DISTed fer 674 500 .10 33 .01 .01 .12 .20 .03
947—0196 358 371.3 PY 681 332 .14 .16 .01 .02 .08 .23 .04
946—0069 358 270.2 . 672 644 35 21 .01 .03 .14 .31 .03
946—0072 195 135.5 ggefxggﬁf’fﬁf 69.2 254 28 .10 .01 .07 .27 58 .07
946—0074 345 1645 Or U 62.2 250 40 27 .01 .10 .10 138 .09
947—0203 371 85.4 °U8 695 230 28 13 01 .01 .14 .45 .05
947—0200 370 109.5 e 69.9 204 .18 .17 .05 .01 .09 .25 .11
BE7—0001 - 370 - 13as Deteslicomiviies 703 187 22 15 .02 .00 .06 .43 .06
Tulppio olivinite

948—1040 Pit 26/MH/67 Olivinite 715 .08 .02 .04 .04 07 .08 .40 .04

All metaphoscorites are characterized by
high TiO, contents (2.3—6.4 %). The highest
TiO, (6.4 °/0) contents in the Sokli magnetite
derives from the metaphoscorite (sample 946-
0069, Table 2). The magnetite of metasilico-
sovites has a lower TiO, content (about 2.0 %/0)
than that of the metaphoscorites:

MgO, MnO, and Al;O3: The MgO and MnO
contents in the magnetite of the magmatic
carbonatites distinctly decrease towards
younger generations excepting Al,O3 which

deviates from this trend in Stage II. The
Al,O; values in Table 2 suggest that Al,Og
contents are at the same level in Stage I and
II but lower in Stage III and IV.

In metacarbonatites, the magnetite of meta-
phoscorite originating from the magnetite-
olivinite differs from the other meta-
phoscorites with regard to higher MgO, MnO,
and Al,O; contents. The magnetite of meta-
silicosOvites is more decreased in these com-
ponents than in the metaphoscorites. Be it no-
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ticed that the magnetite of metasilicosovites
contains more TiO, and less MgO, MnO, and
AlLO; than the magnetite
sovites and silicosovites.

of magmatic

V,0;: The average contents of V,0; in
magnetite of different rock groups range from
0.14 to 0.25 %o and in separate analyses from
0.13 to 0.33 %o.
of 0.55 %o comes from metaphoscorite origi-
nating from magnetite-olivinite (sample 948-
0127 / DH 433 / 138.2). Two other magnetites
representing the same drill hole give normal
values.

The exceptionally high value

Cr,03: Cr,04 stays stabile in all magnet-
ites i.e. between 0.01 and 0.02 %/ excepting in
metasilicosdvite, where it rises up to 0.05 9.

Fig. 6. Altered or
Stage III enclosing the primary magnetite of

recrystallized magnetite of

Stage I. Symbols: x I = Analysed point of Stage I

magnetite; x III = Analysed point of Stage III

magnetite. Drill hole 331 at 37.2 metres. Magnifi-
cation, x 100.
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Fig. 7. Variation in the minor elements of magne-
tite grains in Stage III phoscorite. I = Stage I
magnetite; III = Stage III magnetite. Analysed

points are seen in Fig. 6.

Si0,: The values below 0.13 °/0 may repre-
sent the real SiO, contents in a magnetite
lattice. The high value of 0.44 9o for the
sample 946-0019 may be due to a silicate in-
clusion, to which refers also the high Al,O4
content (0.84 °/0) as compared with the aver-
age (0.44 /o) of Stage I phoscorites (Table 2).
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ZnO: Magnetites of magmatic carbonatites
have higher ZnO contents, i.e. 0.07 to 0.12 %
than those of the metacarbonatites, i.e. 0.05
to 0.09 %o, on the average.

Discussion

The magnetite of magmatic carbonatites is
characterized by an idiomorphic-hypidio-
morphic habit and a grain size of 1 to 10 mm.
The magnetite of metacarbonatites, deriving
from pre-carbonatitic rocks, shows granula-
tion of originally big crystals (diameter up
to 10 cm), the grains are veined and replaced
by carbonates and micas. Besides, the chem-
istry of these magnetites shows some differ-
ences. The magnetite of the magmatic car-
bonatites has lower TiO, and higher MnO,
Al,03, MgO and ZnO contents than that of
The

contents of all minor elements, excepting Cr

the metacarbonatites on the average.

and Si, in the magnetite of Tulppio olivinite
are lower than those in the former rocks
(Table 3).

A great number of ilmenite exsolutions in
the magnetite of metacarbonatites refers to
a complicated thermal history of these rocks.
The ilmenite exsolutions in the magnetite
derived from the pre-carbonatitic magnetite
olivinite and pyroxenite may be partly origi-
nal, partly produced during thermometa-

morphism caused by carbonatite intrusion.

Table 3. Average composition of magnetite in magmatic carbonatites, metacarbonatites, and Tulppio
olivinite.
Fe TiO2 MnO V203 Cr203 SiO2 Al»03 MgO ZnO
9/ % /o /0 9/ o %/ %/ /o
Magmatic
carbonatites 68.2 2.78 .58 21 01 .06 .32 1.78 .10
Meta-
carbonatites 68.6 3.16 .33 21 .02 .03 .20 i .07
Tulppio
olivinite 71.5 .08 .02 .04 .04 .07 .08 .40 .04
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The magnetite of magmatic carbonatites con-
tains plenty of ulvite but only little ilmenite.
This magnetite probably is in its original
state, indicating that no stronger metamor-
phism has taken place after the intrusion of
carbonatite.

The variation in the occurence, composition
and exsolution of magnetite of separate rock
groups refers to differences in the crystalliza-
tion environment and the geological history
of the host rocks of magnetite.

Composition of the magnetite of carbo-
natites has been studied by Prins (1972). He
concludes that the magnetite of carbonatites
contains less trace elements (MnO, MgO,
Al,O5, V,0; and CaO, whose total average
is 2.3 wt-%0) than the magnetite of salic rocks
(4 wt-%). The averages (MnO, MgO, AlO,,
V,03, Cr,O3 and ZnO) of the magnetite of
Sokli magmatic carbonatites and metacarbo-
natites (Table 3) are 3.00 wt-%/o and 1.6 wt-%,
respectively. According to Prins (1972) homo-
geneous magnetite of carbonatite contains
1 wt-% TiO, on the average, and magnetite
carrying exsolved ilmenite not more than
6 wt-%%. With regard to composition (aver-
age TiO, from 2.78 to 3.6 wt-"/0) the magnetite
of Sokli carbonatite complex can be regarded
as a typical magnetite of carbonatite. Deans
and Seager (1978) have presented analyses of

magnetite of volcanic carbonatites. They
show above the average V,0; content
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