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Microtextures of coexisting magnetite, ilmenite and aluminous spinel 
and their chemical composition have been studied in a magmatic 
titaniferous iron ore from Attu Island in south-western Finland. 
Primary ilmenite contains exsolution lamellae of magnetite and 
aluminous spinel, oriented along the basal plane (0001). The micro-
textures of magnetite have been formed by exsolution of aluminous 
spinel and by oxidation-exsolution of ilmenite along {100} and { i l l } 
— planes respectively. 
To some extent the exsolutions have been formed preferentially 
along planar structures like grain interfaces and intragranular high 
angle boundaries. Primary magnetite forms intergrowths with 
secondary ilmenite and aluminous spinel in border zones adjacent to 
primary ilmenite. These intergrowths partly show a similarity with 
exsolution textures of primary magnetite. 
The available data suggest that they have been formed by privileged 
growth of exsolved ilmenite and aluminous spinel in the magnetite 
border zones adjacent to ilmenite. Corrosion of magnetite by the 
adjacent ilmenite is considered to be less probable for the genesis of 
these intergrowths. 
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Introduction 

I ron - t i t an ium oxide minera l s have become 
the subjec t of a s t rongly increasing n u m b e r 
of petrological and geochemical studies. 
Vincent (1960) s t ressed the f u n d a m e n t a l im-
por tance of i n t e rg rowths of magne t i t e and 
i lmeni te fo r a fu l l unde r s t and ing of the 
petrological role of the opaques. N e w in te -
res t in i ron - t i t an ium oxide minera l s w a s 
especially s t imula ted by the in t roduct ion of 

coexist ing magne t i t e and i lmeni te as a geo-
t h e r m o m e t e r and oxygen geobaromete r (Bud-
dington and Linds ley 1964). 

The p resen t pape r concerns the inves t iga-
t ion of i r on - t i t an ium-a lumin ium oxide mine -
ra ls of a magmat i c t i t an i fe rous i ron ore f r o m 
A t t u Is land in sou th -wes te rn Finland. 1 T h e 

i »This investigation forms a part of a current 
petrological project carried out in the Kemiö-area 
since 1974 by staff members and students of the 
Free University of Amsterdam under the direction 
of Dr. Läszlö Westra». 
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is land is s i tua ted in the Gul lk rona Region, 
about 30 k i lometers south of the town of 
Tu rku . It fo rms a p a r t of the Sveco-Karel id ic 
orogene tha t s t r ikes in wes t -eas t direct ion 
t h rough sou thern F in land . Notes on the geo-
logy of the is land have been presen ted by 
P e h r m a n (1927) and Ede lman (1949, 1960). 

The rocksui te consists of a suprac rus t a l 
series of pelit ic sediments and basic volcanics, 
in te rca la ted w i t h sheets of synk inemat ic 
gabbroic to grani t ic intrusives, all m e t a -
morphosed in amphibol i te to lower g ranu l i t e 
facies. These rocks are cut by n u m e r o u s podn 
and veins of l a tek inemat ic g ran i t e and peg-
mat i te . The ore bodies occur wi th in horn-
blende metagabbros . 

The ore mine ra l s have been s tudied in 
polished th in sections w i th ref lec ted l ight . 
D i f f e r en t types of oxide mic ro tex tu res and 
mic ro in te rg rowths are synopt ical ly described. 
The i r origin and petrological s ignif icance are 
discussed, also on the base of microprobe 
analyses of the oxide compositions. 

The t e rm 'oxide minera l s ' as used in th is 
text , r e f e r s to all i r on - t i t an ium-a lumin ium 
oxides p resen t in the inves t iga ted ore speci-
mens. In the descr ipt ions the oxide mine ra l 
classif icat ion of Budding ton et al. (1963) is 
applied. 

Mineral Composition of the Ore 

The ore specimens essent ial ly consist of 
i lmeno-magne t i t e and magneto- i lmeni te . 
Green hercyni t ic spinel is a minor cons t i tuent 
t ha t makes u p be tween 0.5 and 6 Vol °/o of 
the rock. I lmeno-magne t i t e is usual ly s l ight ly 
dominan t to i lmeni te . P e h r m a n (1927) has 
calculated mean va lues of 53 and 47 Vol °/o 
respect ively for these minera l s in ore con-
cent ra tes . G r a d u a l t rans i t ions exist among 
the rocks be tween massive oxide ore and 
me tagabbros w i t h an average oxide content 
of 1—2 Vol °/o. The coexist ing minera l s f o r m 

an equ ig ranu la r polygonal micro tex ture . 
I lmeno-magne t i t e and magne to - i lmeni te bo th 
show an average g ra in size of about 2 mm. 
The spinel g ra ins r a r e ly exceed a size of 
1 mm. 

Microtextures of Ilmenite 

The p r i m a r y i lmeni te contains exsolut ion 
lamel lae of magne t i t e and a luminous spinel 
which a re or iented along the basa l p lane 
(0001) (Fig. 1). For b rev i ty the t e r m ' i lmeni te ' 
is used in the descr ipt ions to r e f e r to this 
sp ine l -bear ing magneto- i lmeni te . 

The lamel lae m a y consist only of magne t i t e 
or of spinel, bu t a single lamel la f r e q u e n t l y 
contains bo th phases in a l t e rna t ing par t s 
along its lenght . Magnet i te is a lways highly 
dominan t to spinel, which is consistent w i th 
the low content of Al re la t ive to excess i ron 
typical of n a t u r a l i lmeni te solid solutions 
(Hagger ty 1976). 

The fol lowing twofo ld classif icat ion of 
' i lmenite ' t ex tu res is based on observed di f -
fe rences be tween the lamel la r exsolut ion 
in t e rg rowths (Fig. 1). 

Ilmenite I. Micro in te rgrowths of i lmeni te I 
m a y contain th ree t e x t u r a l types of lamel lae 
which wil l be r e f e r r e d to as (a), (b) and (c) 
respect ively. Type (b) lamel lae a lways p r e -
domina te and f r e q u e n t l y a re the only type 
presen t in the in t e rg rowth . The i r w id th is 
u n i f o r m be tween 1—3 microns. T h e length 
var ies be tween a f e w tens and severa l 
h u n d r e d s of microns, giving the lamel lae a 
dist inct needle shape. They f o r m regu la r 
dense sets t ha t cover the ent i re grain , except 
a n a r r o w zone along the gra in b o u n d a r y (PI. 
I—1). Type (c) lamel lae a re r a r e and ex-
clusively occur in such border zones f r e e of 
l amel lae of type (b) (PL 1—2). They ar locally 
presen t be tween type (b) lamellae, w h e r e 
these show re la t ive wide spacings ad jacen t to 
the bo rde r zone. Thei r size is ve ry small , 
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Fig. 1. Diagram of the microtextures of primary ilmenite (gray). Ilmenite contains exsolution 
lamellae of magnetite (white) and aluminous spinel (black) which are oriented along the basal plane 

(0001). (For explanation of the diagram, see text). 

showing a length of only a f e w microns and a 
w id th tha t is f a r less t h a n 1 micron. The type 
(c) lamel lae decrease in n u m b e r and f ina l ly 
d isappear in direct ions towards i lmeni te g ra in 
boundar ies and type (b) lamellae . 

Lamel lae of type (a) w e r e r a re ly f o u n d only 
in a f e w grains . They are dis t inct ly coarser 
t h a n type (b) and main ly consist of hercyni t ic 
spinel ins tead of magnet i te . They a re su r -
rounded by n a r r o w zones which a re f r e e of 
type (b) l amel lae (PI. 1—3). 

Ilmenite II. Micro in te rgrowths of i lmeni te 
II a lways contain two types of lamellae, 
which will be r e f e r r e d to as (A) and (B) 
respect ively (Fig. 1). 

Type (A) lamel lae a re dis t inct ly coarser 
and less r egu la r shaped t h a n type (b) lamel lae 
in i lmeni te I. They occur in the inne r g ra in 
p a r t s as more i r r egu la r sets w i th a lower 
n u m b e r of lamel lae and wider spacings be -
tween the lamellae . They somet imes show a 

p re fe ren t i a l location along i n t r a g r a n u l a r h igh 
angle boundar ies . 

Type (B) lamel lae a re ex t r eme ly f ine , 
s imilar to those of type (c) in i lmeni te I. They 
are n u m e r o u s and occur be tween type (a) 
lamellae, also in the inne r pa r t s of the grains . 
They have a zonal d is t r ibut ion which is 
s imilar to t ha t observed for lamel lae of t ype 
(b) and type (c) in i lmeni te I. Type (B) 
lamel lae decrease in n u m b e r and f ina l ly 
d i sappear in direct ions towards g r a i n b o u n -
dar ies and type (A) lamel lae (PI. I—4). 

Exsolution-zoning in 'Ilmenite'. Zonal a r -
r a n g e m e n t of exsolut ion lamel lae occurs in 
both types of ' i lmeni te ' mic ro tex tu res de -
scribed above. This will be called exso lu t ion-
zoning, a t e rm used by M u k h e r j e e et al. 
(1972) to descr ibe s imilar exsolut ion t e x t u r e s 
in sp ine l -bear ing hemo-i lmeni tes . 

The coarser lamel lae a re a lways s u r -
rounded by n a r r o w zones which a re f r e e of 
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f i ne r lamellae, as i l lus t ra ted by Fig. 1. 
S imi la r zones, wh ich a re appa ren t ly f r e e of 
exsolutions, occur along the g ra in bounda ry . 
This is shown most c lear ly by lamel lae of 
type (b) in ' i lmeni te ' I. Such zones usua l ly 
m e a s u r e some 50—150 microns in the direc-
tion n o r m a l to the g ra in bounda ry . Lamel lae 
of type (c) a re locally p resen t in these zones 
b u t they also d isappear at a d is tance of a 
f e w tens of microns f r o m the g ra in bounda ry . 

The zonal i ty occurs i r respect ive of the 
n a t u r e of the ne ighbour ing minera l . I t is 
found in ' i lmeni te ' ad j acen t to silicates, sul -
fides, spinel, and also along m u t u a l ' i lmenite ' 
boundar ies . The t ex tu re s found along the 
contacts w i th the d i f f e r en t minerals , h o w -
ever, m a y be somewha t d i f fe ren t . The 
zonal i ty is a lways dist inct w h e r e ' i lmenite ' is 
in jux tapos i t ion wi th p r i m a r y magnet i te . 
Along m u t u a l ' i lmeni te ' boundar ies on the 
con t ra ry , the lamel lae m a y be cont inuous u p 
to the g ra in in ter face , showing a wedge shape 
in the bo rde r zone (PI. II—1). This t e x t u r e is 
most f r e q u e n t l y f o u n d in bo rde r zones of 
' i lmeni te ' I and is f o r m e d by type (b) lamel -

lae. I t r a re ly occurs in ' i lmeni te ' II, w h e r e 
the lamel lae of t ype (A) genera l ly end at a 
g r ea t e r dis tance f r o m the g ra in bounda ry . 
Microcrysta ls of magne t i t e and spinel a re 
locally p resen t along the contacts of ad j acen t 
clear ' i lmeni te ' bo rde r zones. 

These more complicated t ex tu re s of ' i lme-
ni te ' m u t u a l boundar ies a re only r a re ly found 
in ' i lmenite ' border zones ad jacen t to sil icates 
or sulf ides and never occur ad j acen t to 
p r i m a r y magnet i te . 

Microtextures of Magnetite 

The p r i m a r y magne t i t e contains exsolut ion 
lamel lae of i lmeni te and a luminous spinel 
along p lanes of { i l l } and {100} respect ively 
(PI. II—2). The mic ro tex tu res of 'magnet i te ' 
a re complicate since d i f f e r en t types of exso-
lut ions of bo th i lmeni te and spinel a re a lways 
associated in a single host crystal . Th ree 
types of i lmeni te — and two types of spinel 
exsolut ions are dis t inguished on the basis of 
the i r t e x t u r a l relat ionships, wh ich a re i l lu-
s t ra ted by Fig. 2. They will be r e f e r r e d to 
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Fig. 2. Diagram of exsolution intergrowths in primary magnetite (white). Exsolution lamallae of 
aluminous spinel (black) and ilmenite (gray) are oriented along planes of {100} and {111} respectively. 

(For explanation of the diagram, see text). 
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as ilmenite I1; I2, I3 and spinel S^ S2 respect-
ively. These exsolutions are all abundant in 
the studied 'magnetites ' , except those of type 
I j which are only found occasionally in a few 
grains. 

'Magnetite ' is also in tergrown with i lmenite 
and aluminous spinel in its border zones 
adjacent to ' i lmenite' . These phases will be 
described separately f rom the exsolved ilme-
nite and spinel mentioned above. 

Ilmenite Ij. I lmenite I t forms i r regular 
lamellar bodies which are oriented along 
{111} (PI. II—3). The lamellae have a length 
of about 100—500 microns and a width of a 
few tens of microns. They are always 
surrounded by a rim of spinel (SJ tha t 
usually is 10—20 microns wide. Lamellae of 
L>, described below, are often aligned paral lel 
to the Ij - lamellae and are oriented along the 
same direction of {HI}- Both types of ilme-
nite are locally connected, where the spinel 
r im is only f ragmentary . 

Ilmenite I2. I lmenite I2 forms lamellae 
which are oriented along one or several {111} 
directions. The related in tergrowths are 
generally known as the sandwich — and the 
trellis type (Haggerty 1976). The exsolutions 
of I., range f rom tiny laths to coarse lamellae 
tha t have a length of several hundreds of 
microns and a width of a few tens of microns. 
The lamellae are of ten r immed by and/or 
dotted wi th microcrystals of spinel. In most 
cases the la t ter probably consist of S2 but 
f requent ly , both S t and S2 seem to be present. 
The microcrystals are of ten arranged in thin 
strings and r ims that run parallel to the {111} 
lamellae sides (PI. Ill—1, 2). High concen-
trat ions of L, lamellae are locally found along 
in t ragranula r high angle boundaries (PI. 
II—4). Such I2 concentrations, however, of ten 
are i r regular granular aggregates ra ther than 
lamellar intergrowths. 

Ilmenite I3. I lmenite I3 forms very f ine 
lamellae, usually in all {111} directions. They 

have a length of only a few microns and their 
width is f a r below one micron. They are 
distr ibuted evenly in the 'magneti te ' but they 
also show exsolution-zoning which is es-
sentially similar to that , shown by the ex-
solution lamellae in 'ilmenite'. I3 lamellae 
gradual ly decrease in number and f inal ly 
disappear in the directions of both lamellae 
of I j and I2 and to 'magneti te ' gra in boun-
daries adjacent to ' i lmenite' . 

Spinel S,. Spinel Sj exsolutions form 
numerous spots, discs, and lamellae along cube 
planes {100} of the magnet i te host (PI. II—2). 
Their various shapes are related to d i f ferent 
crystal orientations in the thin sections. For 
the greater part , they are similar to those 
described by Faessler and Schwartz (1941). 
An exceptional dendrit ic in tergrowth of 
occurs where the spinel is oriented along 
planes of {111} instead of {100} (PI. Ill—3). 
S! exsolutions, showing unchanged {100} 
orientations, are locally included by lamellae 
of I2. Moreover, they are concentrated along 
the 'magneti te ' grain boundaries, inclusions 
of other minerals, and along in t ragranula r 
high angle boundaries. Rims of S, tha t sur-
round lamellae of I t were already mentioned. 

Spinel S2. Spinel S2 forms extremely f ine 
exsolutions which are visible as scattered 
dust-l ike particles, only at high magnif i -
cations. Their {100} orientations are ha rd 
to establish in most places, owing to their 
small size and granular shape. S2 exsolutions 
are f requent ly concentrated in the borders 
of I2 lamellae. They are always absent in 
na r row zones tha t sur round the exsolutions 
of Sj. 

Microtextures of Spinel 

Pr imary hercynitic spinel locally occurs as 
individual grains within aggregates of pr i -
mary i lmenite and magneti te . In thin section 
these grains are clearly t ransparent and have 
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a d a r k g reen colour. In f ew ore specimens 
the spinel is pa r t ly dot ted or clouded w i t h 
e x t r e m e l y f ine opaque par t ic les of u n k n o w n 
composit ion, which are or iented along {100}. 
Microprobe analyses did not show composi-
t ional d i f fe rences be tween t r a n s p a r e n t and 
clouded pa r t s of a single spinel gra in . Micro-
p robe analyses, however , showed mino r 
composi t ional d i f fe rences be tween the spinel 
of ind iv idual gra ins (Mg 8.1, Zn 1.7 Wt %>) 
and exsolved spinel in the 'magnet i te ' (Mg 
7.0, Zn 2.2 Wt %). Anderson (1968) has de-
t e rmined the r e f r ac t ive indices of bo th types 
of spinel in magne t i t e ore f r o m the La 
Blanche Lake deposi t in Quebec. In his 
opinion the lower va lue for exsolved spinel 
(1.75) resul ts f r o m a h igher content of Mg 
compared to the spinel of ind iv idual g ra ins 
(1.77). The clouding is p roba ly due to dis-
s imina ted magne t i t e t h a t could have been 
fo rmed e i ther by exsolut ion or by oxidat ion 

of the spinel according to the fol lowing reac-
tion: 
6 F e A l 2 0 4 + 0 2 ^ 2 F e 3 0 4 + 6 A1203 

(Turnock and Eugs te r 1962). 

Microtextures at the Contacts between 
'Magnetite' and 'Ilmenite' 

The oxide minera l s in the s tudied ore spe-
cimens usual ly show regu la r s t ra igh t crysta l 
in terfaces . T h e contacts be tween 'magnet i te ' 
and ' i lmenite ' , however , a re charac ter ized by 
i lmeni te i n t e rg rowths of a luminous spinel 
and secondary i lmeni te in the 'magnet i te ' 
bo rde r zones. The secondary i lmeni te will be 
r e f e r r e d to as i lmeni te I s in the fol lowing 
text . 

The in t e rg rowths m a y show var ious t ex -
tures, which r ange f r o m r a t h e r s imple (PI. 
Il l—4) to highly complex (PI. IV—1, 2). 

The spinel is concent ra ted along t h e 

Fig. 3. Diagram of a contact intergrowth betwesn adjacent grains of primary ilmenite (left) and 
primary magnetite (right). The exsolution intergrowths in both grains are similar to those shown in 

Figs. 1 and 2, respectively. (For explanation of the diagram see text). 
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'magneti te ' - ' i lmenite ' contact as f ine i r regular 
grains which of ten form a r im between both 
phases. Such spinel r ims may be connected 
with concentrations of spinel Sj (PI. V—3). 
As was described before, the la t ter occur 
along the 'magneti te ' grain boundaries 
adjacent to silicates, sulfides, p r imary spinel 
and also along mutua l 'magneti te ' boundaries. 

The i lmenite Is general ly forms the main 
consti tuent of the contact intergrowths. It 
is in tergrown with the 'magneti te ' adjacent 
to the spinel rim, in a manner tha t is ap-
parent ly controlled by the 'magneti te ' crystal 
s t ructure . In most in tergrowths i lmenite I s 

is optically continuous wi th the adjacent 
p r imary ilmenite. Both phases can then only 
be distinguished by their position on opposite 
sides of the spinel rim. Occasionally, how-
ever, i lmenite Is is oriented along a {111} 
direction of the 'magneti te ' host and forms 
a distinctly lamellar type of contact in ter -
growth (PI. IV—3, 4). The lamellae always 
project f r o m the spinel r im into the 
'magneti te ' . They are separated by bars of 
'magneti te ' which are typically connected 
wi th grains of the spinel rim, causing a 
mushroom-like tex ture (PL III—4; V—1). 
Lamellae of Iä locally change into exsolution 
lamellae of i lmenite I2, tha t are oriented 
along the same {111} direction. (PL IV—3; 
V—2). I lmenite Is may be abundant ly dotted 
with spinel (PL IV—2). This spinel is dis-
tinctly f iner grained than the spinel of the 
rims and it is usually concentrated in thin 
fr inges of I s around 'magneti te ' (PL V—1). 
I lmenite Is moreover locally includes {100} 
exsolutions of spinel S t . The in tergrowths of 
of I, are always bordered by nar row zones of 
'magneti te ' tha t is f ree of exsolutions of 
i lmenite I3 and spinel Sä. 

Genesis of the 'Ilmenite' Microtextures 

As mentioned before, the lamellar micro-

intergrowths of ' i lmenite' have been formed 
by exsolution. It is apparent that the initially 
homogeneous ilmenite contained excess iron 
and some aluminium in solid solution at 
supersolvus temperatures . Upon cooling this 
solid solution was impoverished in excess 
iron and a luminium by exsolution of magne-
tite and aluminous spinel. The exsolution-
zoning textures indicate tha t the coarser 
lamellae have formed prior to the sur -
rounding f iner ones. The lamellae of types 
(a), (b), and (c) in i lmenite I and also those 
of types (A) and (B) in i lmenite II are accor-
dingly considered as exsolutions of succes-
sively younger generations. The exsolution-
zoning textures were also investigated wi th 
the electron microprobe. Continuous scanning 
profiles for Fe, Ti, Al, and Mg did not show 
compositional gradients in the host-i lmenite 
between the lamellae or in the zones which 
are apparent ly f ree of exsolutions. 

The exsolutions thus occur in homogeneous 
host-i lmenites which have near ly stoichio-
metric compositions. These findings agree 
wi th those of Kre tschmar & McNutt (1969) 
concerning exsolution textures in some hemo-
ilmenites. With the electron microprobe they 
also showed the absence of compositional 
gradients across i lmenite border zones f r ee 
of hemati te exsolutions. Mukher jee et al. 
(1972) have described hemat i te — f ree zones 
surrounding older exsolutions of aluminous 
spinel in hemo-ilmenites. In their opinion the 
earlier exsolution of spinel has caused pri-
vileged consumption of Fe and Al in the 
immediate vicinity of the exsolution centre. 
This should have lowered the concentration 
of these elements sufficiently to prevent later 
exsolution of hemat i te in na r row zones sur-
rounding the exsolutions of spinel. The ex-
solution f ree zones surrounding the lamellae 
of types (a), (b) and (A) could well be ex-
plained by a similar mechanism. 

The zonal textures of the ' i lmenite' border 
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zones p robab ly also h a v e been f o r m e d by 
exsolut ion. Excess i ron and a lumin ium have 
migra ted out of these zones, p robab ly t owards 
the ad jacen t g ra in bounda ry . They could have 
been removed by a mobile i n t e r g r a n u l a r 
f luid. The role of such an i ron-r ich f lu id 
is indicated by the local occurences of 
magne t i t e and py r i t e as f i l l ings of f ine cracks. 
F ine g ra ins of magne t i t e and spinel, wh ich 
are locally p resen t along ' i lmeni te ' g ra in 
boundar ies , could h a v e been f o r m e d w h e n 
o u t w a r d d i f fus ion w a s accompanied by ex-
solution along the contact . 

A g r a d u a l increase of cation d i f fus ion ra tes 
t owards gra in boundar ies has been demon-
s t ra ted expe r imen ta l ly by S tan ton (1972). 
This could well expla in the wedge-shape of 
the lamel lae in ' i lmeni te ' border zones (PI. 
II—1). I n w a r d s d i f fus ion of i ron as proposed 
by M u k h e r j e e et al. (1972) to expla in h e m a -
t i t e - f r ee zones along hemo- i lmeni te gra in is 
considered unl ike ly fo r the origin of the zonal 
t ex tu r e of the ' i lmeni te ' bo rde r zones. 

Genesis of the 'Magnetite' Microtextures 

Magnet i t e fo rms a complete solid solution 
series w i th ulvöspinel (Fe2Ti04) at t e m p e r a -
tures above 600° C (Vincent et al. 1957). Com-
plete solid solution also exists in the m a g -
ne t i t e -he rcyn i t e series a t t e m p e r a t u r e s h igher 
t han 860° C (Turnock and Eugs te r 1962). 

The p r i m a r y magne t i t e appe ren t ly had an 
ini t ia l composition, i n t e rmed ia t e be tween 
these solid solution series. The lamel lae of 
the i lmeni tes Ij, I2, and I3 p robab ly all h a v e 
been f o r m e d by exsolut ion due to oxidat ion 
of ulvöspinel according to the react ion; 
6 Fe ,TiO, + 0 , ^ 6 F e T i 0 3 + 2 F e 3 0 4 (Hag-
ger ty , 1976). 

The i lmeni te thus produced has a r r anged 
itself along { i l l } in the magne t i t e host, 
f o rming trel l is and sandwich- types of micro-

in te rg rowths . Spinel Sj and S 2 have been 
fo rmed by exsolut ion along the cube p lanes 
{100} of t h e magnet i te . 

The observed t ex tu re s indicate t h a t the 
lamel lae of i lmeni te I b I2, and I3 r ep resen t 
th ree successively younge r exsolut ion gene-
rat ions. The spinel exsolut ions s imi la ry be-
long to an older (S,) and a younger gene-
ra t ion (S2). I lmeni te I , p robab ly is the f i r s t 
phase exsolved f r o m the p r i m a r y magne t i t e 
solid solution. Spinel S t exsolved la ter as 
indicated by its occurence also as r ims which 
su r round lamel lae of I , . These ^ - l a m e l l a e 
and p l a n a r s t ruc tu res l ike magne t i t e g ra in 
boundar ies and i n t r a g r a n u l a r h igh angle 
boundar ies have served as cent res of p r i -
vileged exsolut ion of S4. Consequent ly l i t t le 
or no exsolut ion of Sj did t ake place in the 
immedia te vicini ty of these centres . 

Lamel lae of i lmeni te I2 have ove rg rown 
in t e rg rowths of S4 which indicates t h a t they 
a re younge r t h a n the spinel. The spinel 
bear ing lamel lae of I2, however , p robab ly 
have been fo rmed by s imul taneous exsolut ion 
of I2 and Sx. The spinel cannot be exsolved 
f r o m the i lmeni te in the observed quan ta t i e s 
because of ALOjj-deficiencies in the l a t t e r 
mine ra l (Hagger ty 1976). 

Exsolut ions of I3 and S 2 a re even younger . 
Thei r smal l size and dense d is t r ibut ion more -
over suggest t h a t they have been f o r m e d 
u n d e r condit ions of m o r e res t r ic ted cat ion 
d i f fus ion. Pr iv i leged exsolut ion of I3 and S 2 

has t aken place on contacts of the I 2 - lamel lae 
and, as discussed below, also on i lmeni te I s 

in the contact in te rg rowths . 

Genesis of the Contact Intergrowths between 
'Magnetite' and 'Ilmenite' 

The contact i n t e rg rowths in 'magnet i te ' 
border zones ad j acen t to ' i lmeni te ' pa r t ly 
resemble cer ta in exsolut ion in t e rg rowths in 
'magnet i te ' . A lamel la r t e x t u r e s imi lar to t h a t 
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of some contact in tergrowths has been formed 
by privileged exsolution of spinel Sx and 
ilmenite I2 along I r l a m e l l a e , as i l lustrated by 
Fig. 2. 

The lamellar types of contact in tergrowths 
only seem to have been formed in places 
where the basal plane (0001) of the ' i lmenite ' 
and a favored {111} exsolution plane in the 
adjacent magnet i te have paral lel or near ly 
paral lel orientations. In this case i lmenite I s 

has formed lamellae along this { i l l } di-
rection. More i r regular in tergrowths of Is, 
tha t is optically continuous with the adjacent 
' ilmenite' , have been formed in places where 
a greater divergence exists between these 
crystal plane orientations. A special type 
of lamellar in tergrowths has been formed 
where the contact between 'magneti te ' and 
' i lmenite ' is paral lel to the favored {111} 
plane of I2-sandwich exsolutions, as i l lustrat-
ed by Fig. 3. Here i lmenite I s has g rown 
as a thin lamella-shaped r im paral lel to the 
r im of spinel. If the contact, however, cuts 
this {111} direction at some angle, the con-
tact in tergrowth shows the lamellar mush-
room-like texture. 

Similar textures have been formed by 
exsolution in p r imary magnet i te when spinel 
Sj and i lmenite I2 have grown preferent ia l ly 
on Ij-lamellae. A lamellar mushroom-like 
tex ture has been formed along those contacts 
of I,, cutt ing a privileged { i l l } plane of I2-
lamellae. When the contact is paral lel to this 
{111} direction, however, I2 has grown as a 
thin lamella-shaped r im along the r im of 
spinel (Sj) tha t surrounds I t (Fig. 2). 

All presented data suggest that the contact 
in tergrowths between 'magneti te ' and 
' i lmenite ' have been formed by exsolution of 
spinel and i lmenite in the 'magneti te ' border 
zone. The spinel r im seems to be equivalent 
wi th Sx concentrations of other 'magneti te ' 
grain boundaries. The secondary ilmenite I s 

probably is equivalent with i lmenite I2 since 

both phases are locally connected and both 
have overgrown Sj exsolutions. 

Both Is and I2 have formed prior to the 
exsolutions of I3 and S2 as indicated by the 
related exsolution-zoning textures. The outer-
most r ims of Ia, some microns wide, which 
are dotted wi th f ine grained spinel, probably 
have been formed by simultaneous exsolution 
of Lj and S2, analogous to similar r ims along 
I2-lamellae. 

Replacement of 'magneti te ' by the adjacent 
' i lmenite ' is considered to be less probable 
for the origin of the contact intergrowths. 
This mechanism was proposed by some 
authors (Gierth and Krause 1973; Krause 
and Pape 1975) to explain rims of spinel-
bearing i lmenite on contacts between p r imary 
magnet i te and hemo-ilmenite. 

Conclusions 

The present investigation shows the im-
portance of microtextures and microinter-
growths of oxide minerals for a proper under-
standing of the cooling history of the host 
rock. 

The stabil i ty of the coexisting magnet i te 
and ilmenite solid solutions was maintained 
by complex processes of diffusion and exso-
lution dur ing the subsolidus stage. The initial 
magnet i te solid solution was impoverished in 
Al and Ti by exsolution of aluminous spinel 
and oxidation exsolution of ilmenite. The 
la t ter process was caused by oxidation of the 
ulvöspinel molecule. 

The i lmenite solid solution was im-
poverished in Al and Fe by exsolution of 
aluminous spinel and exsolution of magneti te. 
The ad jus tment of these oxide compositions 
upon cooling has taken place periodically 
ra ther than continuously as indicated by the 
occurrence of d i f ferent exsolution genera-
tions 
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Elect ron microprobe analyses showed t h a t 
the composi t ional a d j u s t m e n t a lmost r a n to 
completion, resul t ing in homogeneous ex-
solved phases in host crys ta ls which are 
nea r ly s toichiometr ic in composit ion. I t w a s 
moreover shown t h a t for all mine ra l phases 
concerned, the exsolut ions of d i f f e r en t gene-
ra t ions have ident ical compositions. The 
mic ro tex tu res stress the impor tance of 
p reex is t ing p l a n a r s t ruc tu res l ike g ra in 
boundar ies and i n t r a g r a n u l a r high angle 
boundar ies as cent res of pr iv i leged exsolu-
tion. 

It is t en ta t ive ly concluded tha t t h e in t e r -
g rowths at the contacts be tween ad j acen t 
gra ins of p r i m a r y magne t i t e and i lmeni te 
have been fo rmed by pr ivi leged exsolut ion 
of i lmeni te and spinel in the magne t i t e bo rde r 
zone. This mechan i sm is as ye t poor ly u n d e r -
stood and f u r t h e r s tudy is needed to un rave l 
the complexi ty of the involved d i f fus ion and 
exsolut ion processes. Corrosion of magne t i t e 
by the ad j acen t i lmenite , due to cat ion ex-
change, is considered to be less p robab le for 
the genesis of the contact in te rg rowths . Ac-
cordingly it is assumed tha t the coexist ing 
magne t i t e and i lmeni te have r ema ined a 
s table oxide pai r du r ing the subsol idus stage. 

This assumpt ion is impor t an t w i th respect to 
the possible use of associated sp ine l -bear ing 
i lmeno-magne t i t e and magne to- i lmeni te as a 
geo the rmomete r and oxygen geobaromete r . 

Limits m a y be set to the composit ions of 
the ini t ial magne t i t e and i lmeni te solid solu-
t ions by measur ing the magne t i t e - i lmen i t e -
spinel ra t ios of the combined in te rg rowths . 
He rewi th it mus t be real ized that , according 
to the proposed model, the spinel and the 
secondary i lmeni te of the contact i n t e r -
g rowths ini t ial ly have been incorpera ted in 
the magne t i t e solid solutions, as t h e he rcyn i t e 
and ulvöspinel molecules respect ively. 
Resul ts of such m e a s u r e m e n t s should be 
t r ea ted caut iously and wil l only provide 
rough es t imat ions of crysta l l i sa t ion t e m p e r a -
tu res and oxygen fugaci t ies . Correct ions h a v e 
to be m a d e for addi t ional elements , especial ly 
Al and Mg. The m e a s u r e m e n t s never the less 
m a y provide va luab le da t a about the genesis 
of the coexist ing oxide minera l s and the i r 
mic ro tex tu res and in te rg rowths . 
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PLATE I 
1. Primary ilmenite (gray) adjacent to primary 

magnetite (white). Exsolution lamellae of 
magnetite and hercynite spinel are oriented 
along (0001) in the host ilmenite (X 240). 

2. Inset of PI I—1, enlarged. Exsolution lamellae 
of magnetite and spinel belong to an older (b) 
and a younger generation (c). The c-type 
lamellae only occur in the 'ilmenite' border 
zone free of lamellae of type (b) (X 600). 

3. Exsolution lamellae in primary ilmenite orien-
ted along (0001). The coarser lamellae of 
spinel (black) belong to an older exsolution 

generation (a). Younger exsolutions (b) of 
magnetite and spinel are absent in narrow 
zones surrounding the lamellae of type (a) 
(X 240). 

4. Primary ilmenite with exsolution lamellae of 
magnetite (white) and spinel (black) along 
(0001). The lamellae belong to an older (A) 
and a younger generation (B). A-type exso-
lutions have partly been formed preferentially 
along the grain boundary (upper left corner). 
B-type lameliae are absent in zones surrounding 
the exsolutions of type (A). (X 600). 
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PLATE II 
1. Pr imary ilmenite interface. (0001) exsolution 

lamellae of magneti te (white) are wedge-shaped 
close to the grain boundary (X 240). 

2. Pr imary magneti te with {111} exsolution 
lamellae of ilmenite I2 (dark gray) and {100} 
exsolutions of spinel Si (black) (X 240). 

3. Pr imary magnetite wi th an {111} exsolution 
lamella of ilmenite Ii. The lamella is surrounded 

by a f ragmenta ry r im of younger spinel Si. 
Still younger {111} lamellae of ilmenite I2 have 
grown preferentially along the r im of spinel 
(X 600). 

4. Exsolution texture in magnetite, similar to 
Fig. 2. Exsolution of ilmenite I2 has prefe-
rentially taken place along an intragranular 
boundary (X 240). 
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1. Spinel-bearing exsolution lamella of ilmenite 
(gray) oriented along {111} in primary magnetite 
(X 240). 

2. Inset of 1. enlarged. Spinel is oriented in a 
symmetric pattern parallel to the {111} sides 
of the lamella. This pattern probably has been 
formed by repeated growth of the lamella 
during successive stages of ilmenite and spinel 
exsolution (X 600). 

3. Primary magnetite with an exceptional dendritic 
intergrowth of exsolved spinel Si along {111}. 
Normal {100} exsolutions are also present 
(lower half) (X 240). 

4. Contact intergrowth between adjacent grains 
of primary ilmenite (gray) and magnetite 
(white). Spinel has been exsolved from the 
magnetite as lamellae along {100} and as grains 
along the contact. Secondary ilmenite (Is) has 
been exsolved later, preferentially in the 
magnetite border zone adjacent to the primary 
ilmenite. Ilmenite I s has grown along the 
contact where it is f ree of spinel, leaving bars 
of magnetite connected with spinel grains. The 
growth of ilmenite I s has proceeded along a 
{111} direction into the magnetite (X 600). 
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PLATE 
1. Similar to Plate III—3. The contact inter-

growth shows a more complex texture. Ilmenite 
Is is optically continuous with the adjacent 

pr imary ilmenite and has locally overgrown 
{100} exsolutions of spinel Si (X 600). 

2. Contact intergrowth with an intricate texture. 
For explanation, see text to Plate III—3. Spinel 
is concentrated on the contacts of ilmenite I s 
and magnetite, forming an atoll-like texture 
(X 240). 

3. Lamellar type of contact intergrowth. Ilmenite 

IV 
Is is oriented along a {111} direction and is 
optically discontinuous with the adjacent pr i -
mary ilmenite. The lower I s- lamella deeply 
penetrates the magneti te (X 240). 

. Lamellar contact intergrowth with a highly 
regular texture. The individual lamellae of 
ilmenite I s are separated by very thin magneti te 
bars. Fine grained spinel is concentrated in 

ilmenite Is, especially along the contacts with 
magneti te (X 600). 



104 H. van Lamoen 

N 

1. The shape of ilmenite I s is controlled by {100} 
and {l l l}-planes of the host magnetite. {100} 
exsolutions of spinel Si locally have been 
overgrown by ilmenite Is. Fine grained spinel 
is concentrated in ilmenite I s adjacent to the 
contacts with magnetite (X 600). 

2. An exsolution lamella of ilmenite Is passes into 
a rim of ilmenite Is. Ilmenite I s is almost 
absent along the contact that cuts the favored 
{111} exsolution plane of ilmenite I2 (X600). 

3. Spinel concentrations of adjacent contact inter-

growths pass into a string of spinel Si exso-
lutions that has been formed along the mutual 
magnetite boundary (X 600). 

4. Irregular intergrowth of ilmenite and spinel 
in primary magnetite. Ilmenite shows the 
same optical orientation all over the inter-
growth. Spinel is concentrated along the con-
tacts between magnetite and ilmenite, causing 
an atoll-like texture. The ilmenite probably 
has been formed by early oxidation-exsolution, 
causing dump of spinel along the borders of 
magnetite remnants (X 240). 
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