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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 (ulvöspinel), and the minor components TiO-2, MgO, MnO 
and AI2O3 of magnetite show a decreasing tendency in the successive 
I II -*• 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 TiOa and higher MnO, 
AI2O3, 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 br ief ly describes the occurence 
of magne t i t e in the Sokli carbonat i te massif 
and in the Tulppio olivinite, and presen ts 
some microprobe analyses of it. The purpose 
of the s tudy was to f ind out t h e dif ferences , 
if any, be tween magnet i tes represen t ing di f -
f e ren t rock groups. Samples of the ca rbon-
at i te complex have been collected f r o m dril l 
holes all over the complex, and a sample of 
Tulppio olivinite has been t a k e n f r o m a pit 
about fou r k i lometers southwes t f r o m the 
ca rbona t i t e exocontact (Vart iainen, 1980). A 
detai led geology of the ca rbona t i t e massif 
has been given ear l ier (Vart iainen, 1980). 

K. He inänen has analyzed magne t i t e and 
examined i lmeni te exsolutions. H. Var t ia i -
nen is responsible fo r o ther subjec ts of this 
paper . 

Occurrence 

Magnet i t e is a common rock- fo rming or 
accessory mine ra l in almost all rock var ie t ies 
of the carbonat i te massif . I t appears as an 
accessory mine ra l in the Tulppio olivinite too. 
The average amounts , gra in size, and fo rms 
has been summar ized in Table 1. 

Magnet i te of the Tulppio olivinite d i f fe r s 
f r o m tha t of t h e rocks of the carbonat i te 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 „ _ . . volume-"/o Grain size, mm Grain form 

Pre-carbonatite rocks 
Olivinite of Tulppio 
Magnetite-olivinite 
Pyroxenite 

Magmatic carbonatites 
Stage I, phoscorite 

» II, sövite 
» III, phoscorite 
» IV, sövite 

Metacarbonatites 
Metaphoscorite 
Metasilicosövite 

Metasomatites 
Amphibole rock 
Mica-amphibole rock 
Mica rock 

1 — 2 

20—40 
0 — 1 0 

25—35 
3— 6 

15—25 
2— 5 

15—25 
3— 6 

0— 5 
0 — 1 0 

0 — 2 0 

0 — 1 
10 —50 

1 — 5 

0 —1U 
1 — 5 
5 —10 
1 — 5 

5 —20 
0.5— 5 

0.5— 3 
1 —10 
1 —10 

idiom.-hypidiom. 
xenomorphic 

idiom.-hypidiom. 

hypidiom.-xenom. 
idiom.-hypidiom. 

xenomorphic 

xenomorphic 

plex in smal ler gra in size and lower amount . 
The largest magne t i t e gra ins occur in the 
magnet i te-ol iv in i tes of the ca rbona t i t e massif 
w h e r e the gra in size may rise over 10 cm 
(Fig. 1). In general , magne t i t e of magne t i t e -
olivinite, pyroxeni te , metacarbonat i tes , and 
metasomat i tes is g ranula ted , resorbed and 
veined by carbonates . Replacement by car -
bonates m a y be so intense tha t only the 
i lmeni te lamel lae preserved indicate t h e con-
tours of original magne t i t e gra ins (Fig. 2). 
These character is t ics a re lacking in the mag-

net i te of magmat i c carbonat i tes , w h e r e mag-
net i te usual ly is f r e sh and typi f ied by idio-
morphic and hypid iomorphic gra in forms. 
These magne t i t es m a y also h a v e been cor-
roded by carbonates bu t to a much smal ler 
ex ten t t han those in the f o r m e r rocks. 

Ilmenite exsolutions 

Ti tan i fe rous magne t i t e commonly contains 
i lmeni te fo rmed by exsolution th rough t h e 

Fig. 1. 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. 

oxidat ion of an ulvi te component of the ori-
ginal ly homogeneous s ingle-phase magne t i t e 
(Buddington and Lindsley, 1964). The re a re 
several genera t ions of i lmeni te exsolut ions in 
the magne t i t e of metaphoscor i tes of the Sokli 
massif which can be described as fol lows: 

— coarse g ranu la r - l i ke i lmenite, which oc-
curs be tween magne t i t e gra ins and in 
cracks of magne t i t e (Fig. 3 A) 

— coarse g r a n u l a r i lmeni te in magne t i t e 
(0.01—0.1 mm, Fig. 3 B) 

— regu la r coarse exsolut ion lamel lae (about 
0.5 m m long and about 5 /<m wide, Fig. 
3 B) 

— regu la r small exsolut ion lamellae (about 
10 iim long, less t h a n 0.5 ,«m wide). 

These d i f f e ren t types of i lmeni te exsolu-
tions occur i r r egu la r ly in magne t i t e gra ins of 
metaphoscori tes , even so tha t two or th ree 
d i f f e ren t exsolut ion types m a y exist in one 
and the same gra in (Fig. 3 B). The grea t 
n u m b e r of exsolut ions indicates t ha t a grea t 
pa r t of t i t an ium m a y have exsolved as i lmen-
ite f r o m magnet i te . This is suppor ted by the 
spot analyses of clean places nex t to i lmeni te 
exsolutions. According to the analyses the 
average TiO» content in the clean places of 
magne t i t e ranges be tween 0.4 and 2.0 °/o. 

Lacking of i lmeni te exsolut ions (Fig. 4 A): 
makes t h e magne t i t e of magmat ic ca rbo -
nat i tes d i f f e ren t f r o m tha t of the me taca rbo-
nati tes . A grea t magnif ica t ion, however , 
reveals t ha t th is magne t i t e is unhomogeneous 
(Fig. 4 B), resembl ing the ulvöspinel described 
by R a m d o h r (1969, p. 904). 

Composition 

Whole magne t i t e gra ins w e r e analysed by 
an electron microprobe analyzer so tha t a 
square -shaped scanning a rea covered as big 

Fig. 3. Ilmenite exsolutions in the magnetite of 
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. 
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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 ulvöspinel. Magnifica-

tion, x 1000. 

an area of the gra in unde r s tudy as possible. 
The s t anda rd samples w e r e scanned similar ly. 
This method, unl ike spot analyses, gives the 
original composit ion of magne t i t e be fore the 
exsolut ion of i lmenite, e l iminat ing the e f -
fects of possible composit ional zoning in 
grains. The values given in Table 2 are aver -
ages of th ree gra in analyses per sample. 
There a re only slight re la t ive var ia t ions be-
tween gra in analyses in a sample, e.g. t h e 
var ia t ion of i ron is about one per cent and 
tha t of T iO, f r o m 10 to 20 per cent. 

The resul ts of the analyses have been a r -
ranged according to host rocks in Table 2. 
The magne t i t e of magmat ic carbonat i tes r ep -
resents rocks f r o m fou r stages. Because of 

metasomat ic a l tera t ion it has been di f f icul t 
to g roup metacarbona t i t i c host rocks. The 
sample 946-0069 of metaphascor i t e of an un -
ident i f ied origin represen ts an amphibole-
r ich var ian t , t h e sample 946-0072 a mica-r ich 
var iant , and the last two s t rongly al tered, 
he terogeneous rocks. Both metasi l icosövites 
a re t e t r a fe r r iph logop i t e - r i ch te r i t e -bea r ing 
types. 

The averages of minor components Ti0 2 , 
MgO, MnO, and A1205 given in Table 2 have 
been plot ted in Fig. 5. The magne t i t e of 
magmat ic carbonat i tes has crystal l ized in suc-
cessive genera t ions as fol lows: 

S tage I -*• Stage II Stage IV. 

The magne t i t e of S tage I is main ly p r e -
served in the Stage III, and the re fo re the cor-
responding values a re p resen ted separa te ly 
in Fig. 5. The resul ts indicate t ha t the minor 
components (TiOä, MgO, MnO, A1203) show 
a tendency to decrease dur ing the crystal l iza-
tion of the magne t i t e of magmat i c carbo-
nat i tes whereas iron shows a con t ra ry t rend. 
Observat ions of Table 2 and Fig. 5: 

Ti02: The magne t i t e of phoscori tes (Stage 
I and III) has a h igher TiO* content (2.4— 
5.7 °/o) t han tha t of sövites and silicosövites 
(1.2—2.1 %). The h igher TiO, content of t h e 
Stage III compared to Stage I in Fig. 5 does 
not necessari ly mean an increased T i 0 2 con-
tent , b u t is more l ikely due to too f ew ana l -
yses, since high TiO? values (5 °/o TiOo) occur 
also in Stage I (Table 2). Actual ly, dur ing 
h y d r o t h e r m a l s tage (Stage III), minor com-
ponents in magne t i t e la t t ice have s t rongly de-
creased, which is ver i f ied by spot microprobe 
analyses. Two magne t i t e grains, wi th magne -
t i te of S tage I enclosed by an a l te red or r e -
crystal l ized magne t i t e phase of S tage III h a v e 
been analyzed (Fig. 6). The resul ts have been 
plot ted in Fig. 7. TiOo as well as o ther minor 
components (MgO, MnO, A1203) have c lear ly 
decreased. 
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Table 2. Whole grain electron microprobe analyses of Sokli magnetites. 
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Sample DH Depth 
no m Rock Fe T i Ü 2 MnO V9O3 O 0 O 3 SiOe AI2O3 MgO ZnO 

®/o % ®/o ®/o ®/o ®/o ®/o ®/o o/0 

946—0017 
946—0018 
946—0019 
946—0020 

250 59.7 
289 112.1 
281 58.0 
260 77.0 

Phoscorites 

Magmatic carbonatites 
67.7 3.15 .95 .19 .01 .13 .48 3.11 
63.9 3.30 .90 .28 .01 .01 .20 2.67 
65.1 5.01 .84 .12 .01 .44 .84 3.20 .11 
67.1 2.43 .74 .21 .01 .02 .25 2.85 .10 

946—0027 
948—1039 
948—0128 
946—0031 
946—0032 

250 
374 
433 
261 
358 

128.8 
230.5 
166.4 
44.0 

200.1 

II 
II 
II 
II 
II 

Sövites and 
silicosövites 

66.6 1.21 .77 
67.8 1.99 .84 
69.4 1.68 .48 
69.1 1.50 .45 
70.3 1.55 .37 

.14 

.13 

.14 

.16 

.14 

.01 

.01 

.01 

.01 

.01 

.05 

.01 

.01 

.01 

.02 

.85 3.61 .10 

.51 2.83 .08 

.41 1.10 .08 

.53 1.41 .09 

.43 1.41 .08 
946—0035 
946—0036 
946—0038 
946—0039 

329 183.0 
331 37.2 
332 84.2 
340 135.5 

III 
III 
III 
III 

Phoscorites 
67.1 5.75 .57 
67.8 5.40 .53 
68.9 3.41 .56 
68.4 3.01 .49 

.22 .01 

.22 .02 

.17 .01 

.34 .01 

.02 

.07 

.01 

.02 

.13 .86 .12 

.13 1.10 .12 

.13 1.20 .11 

.10 .98 .11 
946—0042 
946—0043 
946—0044 

340 131.9 
342 110.2 
359 232.2 

IV 
IV 
IV 

Sövites and 
silicosövites 

69.8 1.46 .16 
68.8 2.15 .57 
69.6 1.44 .26 

.31 .01 

.20 .01 

.25 .01 

.02 

.02 

.01 

.23 .44 .03 

.17 1.59 .10 

.10 1.10 .09 

M etacarbonatites 

946—0063 4 153.5 67.9 4.16 .45 .15 .01 .05 .19 1.64 .09 
946—0065 358 118.5 Metaphoscorites 66.4 6.0 .42 .19 .02 .09 .24 1.84 .05 
948—0126 433 91.2 altered from 68.0 2.28 .67 .34 .01 .03 .16 1.44 .08 
948—0127 433 138.2 magnetite- 66.6 3.13 .82 .55 .02 .00 .22 2.26 .11 
948—0129 433 172.1 olivinites 67.5 2.41 .66 .15 .01 .00 .69 1.78 .10 
948—0016 331 169.0 66.6 3.40 .47 .16 .01 .00 .88 1.72 .10 

946—0066 
946—0087 
946—0068 
947—0196 

193 
343 
262 
358 

122.0 
137.0 
142.3 
371.3 

Metaphoscorites 
altered from 
pyroxenites 

67.8 
68.9 
67.4 
68.1 

3.82 
2.57 
5.00 
3.32 

.16 

.38 

.10 

.14 

.19 

.30 

.33 

.16 

.01 

.01 

.01 

.01 

.02 

.01 

.01 

.02 

.21 

.24 

.12 

.08 

.22 

.44 

.20 

.23 

.03 

.08 

.03 

.04 

946—0069 
946—0072 
946—0074 
947—0203 

358 
195 
345 
371 

270.2 
135.5 
164.5 
85.4 

Metaphoscorites 
of unidentified 
origin 

67.2 
69.2 
62.2 
69.5 

6.44 
2.54 
2.50 
2.30 

.35 

.28 

.40 

.28 

.21 

.10 

.27 

.13 

.01 

.01 

.01 

.01 

.03 

.07 

.10 

.01 

.14 

.27 

.10 

.14 

.31 

.58 
1.38 

.45 

.03 

.07 

.09 

.05 

947—0200 
947—0201 

370 
370 

109.5 
123.3 Metasilicosövites 69.9 

70.3 
2.04 
1.87 

.18 

.22 
.17 
.15 

.05 

.02 
.01 
.00 

.09 

.06 
.25 
.43 

.11 

.06 

Tulppio olivinite 

948—1040 Pit 26/MH/67 Olivinite 71.5 .08 .02 .04 .04 .07 .08 .40 .04 

All metaphoscor i tes a re character ized by 
high TiOo contents (2.3—6.4 %>). The highest 
T i 0 2 (6.4 °/o) contents in the Sokli magne t i t e 
der ives f r o m the metaphoscor i te (sample 946-
0069, Table 2). The magne t i t e of metasi l ico-
sövites has a lower TiO» content (about 2.0 %) 
t han t h a t of the metaphoscori tes . 

MgO, MnO, and Al203: The MgO and MnO 
contents in the magne t i t e of the magmat ic 
carbonat i tes dist inct ly decrease towards 
younger genera t ions except ing A1203 which 

deviates f r o m this t r end in Stage II. The 
AL>03 values in Table 2 suggest t ha t ALO:, 
contents a re at the same level in Stage I and 
II bu t lower in Stage III and IV. 

In metacarbonat i tes , the magne t i t e of me ta -
phoscori te or ig inat ing f r o m the magne t i t e -
olivinite d i f fe rs f r o m the o ther me ta -
phoscori tes w i th regard to h igher MgO, MnO, 
and ALA, contents. The magne t i t e of m e t a -
silicosövites is more decreased in these com-
ponents t han in the metaphoscori tes . Be it no-
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Fig. 5. Variation in 
minor elements of the 
magnetite of magmatic 
carbonatites and meta-

carbonatites. 

ticed tha t the magne t i t e of metasil icosövites 
contains more TiOL> and less MgO, MnO, and 
AL>03 t han the magne t i t e of magmat ic 
sövites and silicosövites. 

V j 0 3 : The average contents of V 2 0 3 in 
magne t i t e of d i f f e ren t rock groups r ange f r o m 
0.14 to 0.25 °/o and in separa te analyses f r o m 
0.13 to 0.33 °/o. The except ional ly high va lue 
of 0.55 %> comes f r o m metaphoscor i te origi-
na t ing f r o m magnet i te -o l iv in i te (sample 948-
0127 / DH 433 / 138.2). Two other magnet i tes 
represen t ing the same dril l hole give no rma l 
values. 

Cr-,03: C r 2 0 3 s tays s tabi le in all m a g n e t -
ites i.e. be tween 0.01 and 0.02 °/o except ing in 
metasilicosövite, w h e r e it r ises u p to 0.05 °/o. 

Fig. 6. Altered or recrystallized magnetite of 
Stage III enclosing the primary magnetite of 
Stage I. Symbols: x I = Analysed point of Stage I 
magnetite; x III = Analysed point of Stage III 
magnetite. Drill hole 331 ait 37.2 metres. Magnifi-

cation, x 100. 



Magnetite in Sokli carbonartite massif and Tulppio olivinite 89 

W t 
% 

5 . 0 

2.0 

1.0 

0.1 

0 . 0 5 

0.01 

• T i 0 2 

1 III i o MnO 

x MgO 

\ • V 2 0 3 

- \ 
A A I 2 O 3 

\ 
III 

- Qy \ 

v 
V—* 

G R A I N 1 \ G R A I N 2 

1.0 

0 . 5 

W t 
% 

0 . 0 5 

0.01 

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. 

SiO,: The values below 0.13 °/o may rep re -
sent the real S i 0 2 contents in a magne t i t e 
latt ice. The high va lue of 0.44 °/o for the 
sample 946-0019 m a y be due to a silicate in-
clusion, to which re fe r s also t h e high A1203 

content (0.84 %>) as compared wi th the aver -
age (0.44 %) of Stage I phoscori tes (Table 2). 

ZnO: Magnet i tes of magmat ic carbonat i tes 
have h igher ZnO contents, i.e. 0.07 to 0.12 °/o 
t han those of the metacarbonat i tes , i.e. 0.05 
to 0.09 °/o, on the average. 

Discussion 

The magne t i t e of magmat ic carbonat i tes is 
character ized by an id iomorphic-hypidio-
morphic habi t and a gra in size of 1 to 10 mm. 
The magne t i t e of metacarbonat i tes , der iv ing 
f r o m pre-carbonat i t i c rocks, shows g ranu la -
tion of or iginal ly big crystals (diameter up 
to 10 cm), the gra ins a re veined and replaced 
by carbonates and micas. Besides, the chem-
istry of these magnet i tes shows some d i f f e r -
ences. The magne t i t e of the magmat ic car -
bonat i tes has lower T i 0 2 and h igher MnO, 
A1203, MgO and ZnO contents than tha t of 
the metacarbona t i t e s on t h e average. The 
contents of all minor elements , except ing Cr 
and Si, in the magne t i t e of Tulppio olivinite 
a re lower than those in the f o r m e r rocks 
(Table 3). 

A grea t n u m b e r of i lmeni te exsolut ions in 
the magne t i t e of metacarbona t i t e s r e fe r s to 
a complicated t he rma l h is tory of these rocks. 
The i lmeni te exsolut ions in the magne t i t e 
der ived f r o m the pre-carbonat i t ic magne t i t e 
olivinite and pyroxeni te m a y be pa r t ly origi-
nal, pa r t l y produced dur ing t h e r m o m e t a -
morph i sm caused by ca rbona t i t e in t rusion. 

Table 3. Average composition of magnetite in magmatic carbonatites, metacarbonatites, and Tulppio 
olivinite. 

Fe TiO? MnO V2O3 Cr->0:t Si02 AI2O3 MgO ZnO 
°/o °/o °/o °/o °/o %> %> 0/0 °/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 .77 .07 
Tulppio 
olivinite 71.5 .08 .02 .04 .04 .07 .08 .40 .04 
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The magne t i t e of magmat ic carbonat i tes con-
tains p len ty of u lvi te bu t only l i t t le i lmenite. 
This magne t i t e p robab ly is in its or iginal 
state, indicat ing tha t no s t ronger m e t a m o r -
phism has t aken place a f t e r the in t rus ion of 
carbonat i te . 

The var ia t ion in the occurence, composition 
and exsolut ion of magne t i t e of separa te rock 
groups re fe r s to d i f fe rences in the crystal l iza-
tion env i ronmen t and the geological his tory 
of the host rocks of magnet i te . 

Composit ion of the magne t i t e of carbo-
nat i tes has been s tudied by Pr ins (1972). He 
concludes tha t the magne t i t e of carbonat i tes 
contains less t race e lements (MnO, MgO, 
A1203, Vo03 and CaO, whose tota l average 
is 2.3 wt-'/o) than the magne t i t e of salic rocks 
(4 wt-°/o). The averages (MnO, MgO, A1203, 
Vo03, C r 2 0 3 and ZnO) of the magne t i t e of 
Sokli magmat ic carbonat i tes and me taca rbo-
nat i tes (Table 3) a re 3.00 w t - % and 1.6 wt-°/o, 
respect ively. According to P r ins (1972) homo-
geneous magne t i t e of carbonat i te contains 
1 w t - % T i 0 2 on t h e average, and magne t i t e 
ca r ry ing exsol'ved i lmeni te not more than 
6 wt-%>. With regard to composition (aver-
age T i 0 2 f r o m 2.78 to 3.6 wt-%>) the magne t i t e 
of Sokli ca rbona t i t e complex can be regarded 
as a typical magne t i t e of carbonat i te . Deans 
and Seager (1978) have presented analyses of 
magne t i t e of volcanic carbonat i tes . They 
show above the average V 2 0 3 content 

(0.33 wt-°/o) and below the average MgO 
(0.26 wt-°/o) and AUO, (0.11 wt-°/o) contents 
as compared to the Sokli averages, which are: 
0.21, 1.28, and 0.26 wt-°/o, respectively. 

Using electron microprobe spot analyses 
P r ins (1972) has shown tha t carbonat i te m a g -
net i te is s t rongly zoned which resul ts f r o m 
decreasing of Ti, Mn and Mg f r o m t h e 
middle t owards t h e edges of magne t i t e 
grains, bu t V and Al do not show any clear 
t rends . Even in the composition of crystal l iz-
ing ca rbona t i t e m a g m a the decreasing of Ti, 
Mn and Mg seems to be a genera l t rend. The 
resul ts of t h e Sokli whole gra in magne t i t e 
analyses (Fig. 5) suppor t these observat ions. 
Dur ing crystal l izat ion of Sokli magmat ic car-
bonati tes, V, Cr and Zn have not changed, 
bu t t h e r e a f t e r Zn was enr iched in late car-
bonat i te veins of Stage V fo rming an inde-
pendent minera l (sphalerite). 

Dissanayaka and Vincent (1972) have found 
out t ha t zinc is enr iched in the u l t imate 
res idual magmat ic f rac t ions of basic igneous 
complex of Skae rgaa rd bu t this has been a 
cont inuous process. 
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