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Indicative properties of accessory magnetite and ilmenite from mixed
magmas of Petrohan pluton, Western Balkan, Bulgaria
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Accessory iron-titanium oxide minerals (magnetite-
ulvöspinel and ilmenite-hematite solid solution se-
ries) are actively used in petrology for assessment of
temperature and oxygen fugacity in igneous and
metamorphic rocks (Ghiorso, Sack, 1991; Karsli et
al., 2008) as well as in paleomagnetic reconstruc-
tions. The present study aims at clarifying the effects
of magmas mingling and mixing onto the chemical
composition, structures of exsolution and replace-
ment of accessory iron-titanium minerals on the ex-
ample of Petrohan pluton, Western Balkan. The plu-
ton is built up by gabbroic to granitic rocks with prev-
alence of the acid and intermediate varieties (Pey-
tcheva et al., 2006; Tacheva et al., 2006). For the present
study a series of samples of hybrid gabbro, granodior-
ite as well as of mafic magmatic enclaves (MME) in
granodiorite were chosen and examined using optical
microscopy, electron microscopy and electron micro-
probe techniques. The pluton rocks are characterized
by diverse accessory mineralogy including titanite,
apatite, allanite, zircon, garnet, and Fe-Ti oxides (mag-
netite, ilmenite, hematite, and rutile). The data on il-
menite, hematite and rutile from the Petrohan pluton
are described here for the first time.

Forms of occurrence of Fe-Ti oxide
minerals

Magnetites and ilmenites in the studied rocks con-
stitute below 1 modal %. Commonly both minerals
form polyphase grained aggregates sized to 0.9 mm
distributed among the femic minerals (Fig. 1a) with
apparent prevalence of magnetite and relationships
between the two minerals indicating their simultane-
ous crystallization. In rare cases there are magnetite
grains containing well developed lamellar ilmenite
exsolutions with width to 10 µm and length to 200 µm.
Individual magnetite and ilmenite grains are seldom
occurred. Almost all magnetite grains enclose very
fine (0.3×5 µm) ulvöspinel exsolutions distributed spo-
radically in two orientation systems forming an an-
gle of 90° (parallel to {100} of magnetite).

The ilmenite microstructure is more variable than
that of magnetite and brings signs of initial crystalliza-
tion, subsolidus transformations and postmagmatic
hydrothermal alteration. Every studied ilmenite grains
are strongly inhomogeneous due to the presence of
numerous micro- and nanoscale exsolutions of hema-
tite I distributed parallel to the (0001) crystallographic

Fig. 1. a — Magnetite (Mt) — ilmenite (Ilm) aggregate among biotite (Bt) in granodiorite. Magnetite contains inclusions of
potassium feldspar (Kfs), thorite (Th) and apatite (Ap); b — Ilmenite with exsolutions of hematite I (Hem I) replaced by rutile (Rt)
and hematite II (Hem II) in hybrid gabbro
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plane of ilmenite (Fig. 1b). It is found that in more
basic varieties of the pluton rocks (gabbro and MME),
the lamellar exsolutions of hematite in ilmenite are more
pronounced and with larger size. In all rocks studied
the ilmenite is corroded by late magmatic titanite com-
monly showing a zonal structure. Another type of hem-
atite inclusions in ilmenite (Hem II in Fig. 1b) is formed
during the oxidation decomposition of ilmenite at post-
magmatic conditions giving rise to an aggregate of hem-
atite and rutile as secondary products.

In both, magnetite and ilmenite, there is a lot of
inclusions of early crystallized rock forming and ac-
cessory minerals as biotite, amphibole, feldspars, zir-
con and apatite, evidencing the late magmatic origin
of Fe-Ti oxides. In some of magnetite grains there are
inclusions of plagioclase not typical for the consid-
ered rock (acid plagioclase for hybrid gabbro and basic
plagioclase for granodiorite) indicating the time of
magnetite crystallization — after the mixing of mag-
mas. Besides direct crystallization from melt, there is a
magnetite in granodiorite formed during magmatic
replacement of biotite by amphibole.

Chemical composition

It is found that magnetite of different studied rocks
does not show any essential differences in chemical
composition thus confirming the conclusion on crys-
tallization of the mineral after the magmas mixing.
Most important minor elements in the mineral are V
and Al (V2O3 0.21—0.66 wt.%, Al2O3 0.37—1.2 wt.%)
while the other minor elements as Mn, Cr, Mg and
Ti occur sporadically.

In contrast to magnetite, the composition of ilmen-
ite is more variable and shows as the features evidenc-
ing the influence of magmas mixing (increased con-

tents of pyrophanite MnTiO3 molecule in the ilmen-
ites from gabbro and MME — to ~20 mol.% which is
more typical for granitoids) so the indications of spe-
cific influence of each of the studied rocks (more sig-
nificant content of Mn in the ilmenite from granodi-
orite — to ~35 mol.% and more wide variations in the
content of Al and Fe3+ in the ilmenite from more ba-
sic rocks). These findings are well illustrated in Fig. 2
where the compositions of ilmenite (spot analyses) and
of ilmenite-hematite intergrows (area analyses) from
different rocks are plotted in Fe3+-Mn and Al-Mn
coordinates (in atoms per formula unit). The diagrams
show very clear differentiation of ilmenites of grano-
diorites from other rocks mainly due to the increased
content of Mn and the lower contents and variations
of Fe3+ and Al. At the same time, ilmenites from gab-
bro and MME being very close to each other in con-
tents of Mn and Fe3+ show pronounced differences
in the Al contents (Fig. 2). It is noticeable that the
contents of Al in ilmenites from MME are very close
to those of granodiorite being resulted from the influ-
ence of composition of the surrounding granodiorite
magma onto the included more basic enclaves. The
effects of magmas mixing can be seen also in the pres-
ence of varieties of ilmenite with contrasting compo-
sition not typical for the considered rock (these varie-
ties are indicated in Fig. 2 by arrows).

Concluding remarks

The performed investigation show that both, magnet-
ite and ilmenite, bear in their microstructure and com-
position distinct signs of magmas mixing performed
in the Petrohan pluton. The magnetite seems to record
more general characteristics of the mixing magmas
while the ilmenite rather emphasizes their differences.

Fig. 2. Composition of ilmenite and ilmenite-hematite intergrows plotted on the diagrams
Fe3+-Mn and Al-Mn (in apfu)
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