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Abstract
Plagioclase-hosted submicrometer to micrometer-sized oriented needle- and lath-shaped magnetite 

micro-inclusions with their elongation direction aligned parallel to the plagioclase [001] (PL[001]) 
direction were investigated using correlated optical, scanning electron, and scanning transmission 
electron microscopy. The PL[001] magnetite micro-inclusions formed from older generations of 
differently oriented magnetite micro-inclusions by recrystallization during hydrothermal altera-
tion. Six orientation variants of PL[001] magnetite micro-inclusions occur, and they share the same 
shape orientation but differ in their crystallographic orientation relationships to the plagioclase host. 
The magnetite-plagioclase interfaces are facetted. High-resolution scanning transmission electron 
microscopy revealed that interface facets are aligned parallel to low-index lattice planes correspond-
ing to oxygen layers of either magnetite or plagioclase. In addition, the linkage between prominent 
crystal structure elements of magnetite and plagioclase across the interfaces and accommodation 
mechanisms minimizing misfit between the two crystal structures were discerned. Combined evidence 
suggests that the shape and shape orientation, as well as the crystallographic orientation relationships 
between the magnetite micro-inclusions and the plagioclase host, are crystallographically controlled. 
The close crystal-structural link between magnetite precipitates and plagioclase host ensures a low-
energy configuration driving recrystallization of older generations of differently orientated magnetite 
micro-inclusions into those that are aligned parallel to PL[001] and facilitates the underlying reaction 
kinetics. Due to their single to pseudo-single domain characteristics, the plagioclase-hosted magnetite 
micro-inclusions are particularly robust carriers of natural remanent magnetization. Recrystallization 
of differently oriented preexisting magnetite micro-inclusions into magnetite micro-inclusions with 
uniform shape orientation parallel to PL[001] has interesting consequences for the magnetic anisotropy 
of magnetite-bearing plagioclase grains.
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Introduction
Plagioclase (PL) from mafic plutonic rocks frequently 

contains needle-, lath- and plate-shaped magnetite (MT) micro-
inclusions (Wager and Mitchell 1951; Davis 1981; Feinberg et 
al. 2006b; Selkin et al. 2014; Ageeva et al. 2016, 2020; Cheadle 
and Gee 2017). The inclusions typically show systematic crystal-
lographic orientation relationships (CORs) and shape orientation 
relationships (SORs) to the plagioclase host (Sobolev 1990; 
Ageeva et al. 2020). For needle- and lath-shaped magnetite 
micro-inclusions, two basic orientation types are discerned. The 
first type is represented by the so-called “plane-normal” type 
inclusions, which are elongated parallel to one of their MT<111> 
directions and are aligned parallel to the normal direction of 
specific plagioclase lattice planes. The second inclusion type is 
elongated along one of the MT<110> directions, which is aligned 
parallel to the PL[001] direction. The magnetite inclusions of 

the plane-normal type are probably formed by precipitation 
from Fe-bearing plagioclase during late magmatic stages (Bian 
et al. 2021). The MT{222} planes correspond to densely packed 
oxygen layers in the crystal structure of magnetite, and they are 
aligned with plagioclase lattice planes corresponding to oxygen 
layers in the crystal structure of plagioclase, indicating that a 
good fit between the oxygen sublattices of the two phases rep-
resents the basis of the observed orientation relationships of the 
plane normal type inclusions (Ageeva et al. 2020). The “PL[001] 
type” micro-inclusions typically occur in the outermost regions of 
the plagioclase grains, and they are the dominant micro-inclusion 
type in samples that experienced hydrothermal overprint at 
sub-solidus conditions (Pertsev et al. 2015). The PL[001] type 
magnetite micro-inclusions are thus ascribed to hydrothermal 
processes (Ageeva et al. 2022). PL[001] type magnetite micro-
inclusions have also been described from metamorphic rocks 
(Feinberg et al. 2004; Wenk et al. 2011).

Magnetite is the most important carrier of rock magnetism, 
and the systematic SORs of the magnetite micro-inclusions 
with the plagioclase host lead to the magnetic anisotropy of 
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