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abstRaCt

It is well known that oriented iron and titanium oxide inclusions occur in pyroxenes and plagioclase 
of anorthosites and granulites, and they are attributed to exsolution at subsolidus conditions. The oxides 
occur as needles or platelets. In this study, we determine the morphology of oxide needles as well as 
their orientation in plagioclase (An 30–35) in anorthosite gneiss from the Adirondack mountains (New 
York). The investigation was done with electron backscatter diffraction (EBSD) in a scanning electron 
microscope, as well as Laue diffraction with a microfocus synchrotron X-ray beam at the Advanced 
Light Source in Berkeley. It was observed that the needle direction is [110] in magnetite and [1010] 
in ilmenite. The needle direction is consistently parallel to [001] of plagioclase. Furthermore, (111) 
of magnetite and (0001) of ilmenite are sub-parallel to (120) and (120) of plagioclase. We note that 
for directions [110] in the magnetite structure and [1010] in ilmenite, O atoms are close-packed, and 
(111) and (0001) are close-packed planes, correspondingly. In plagioclase, [001] is a direction with 
open channels as well as approximate alignment of Si tetrahedral edges, thus providing nucleation 
sites with a coincidence lattice relationship. (120) and (120) in this triclinic mineral are planes with 
approximate tetrahedral sides so that the relationship is structurally plausible. From Laue diffraction, 
we can determine that the magnetite needle axis is subject to an extensional stress, most likely attained 
during cooling of the inclusions within the plagioclase host.
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intRoduCtion

Pyroxene and plagioclase crystals of mafic plutonic and 
high-grade metamorphic rocks commonly contain inclusions 
of iron-titanium oxides (Feinberg et al. 2004), ranging in size 
from several nanometers to hundreds of micrometers. They often 
appear as needles, thin plates, or blades (Fleet et al. 1980). Most 
important to the paleomagnetic community are titanium-poor 
magnetite inclusions, as their silicate hosts may protect the 
magnetic particles from alteration during weathering and meta-
morphism, preserving their remanent magnetism (Hargraves and 
Young 1969; Davis 1981; Feinberg et al. 2004; Usui et al. 2006). 
The older the rock, the more likely that it has undergone some 
level of metamorphism, thus these exsolved particles allow us 
to see beyond secondary geologic events, to gather information 
about even the earliest geodynamo (Tarduno et al. 2006).

The oxide inclusions in pyroxenes are often found in great 
abundance and are oriented in two to three visible directions 
within a single grain. Iron is incorporated in the silicate crystal 
structure during primary crystallization and is then exsolved 
during cooling to grow magnetite along convenient directions in 
the silicate host, guided by an optimal fit between the two crystal 
lattices (Davis 1981). This optimal fit can be used to determine 
the temperature at which the oxide particles were formed. The 
exsolution temperature is essential when determining the origin 
of remanent magnetization (Feinberg et al. 2004). Magnetite 

particles formed above the Curie temperature of pure magnetite 
(585 °C at atmospheric pressure) would acquire thermo-remanent 
magnetization, which is the ideal form of magnetization for pa-
leomagnetic studies (Tarduno et al. 2006). Feinberg et al. (2005) 
documented a domain microstructure in magnetite inclusions in 
Precambrian anorthosites in which iron-rich platelets were sur-
rounded by ulvöspinel lamellae on the micrometer scale. It was 
suggested that compositional boundaries prevented magnetic 
domains from moving, thus enhancing magnetic stability.

The relationship between the structures of pyroxene host and 
magnetite particles has been well established (Bown and Gay 
1959; Fleet et al. 1980). These studies found that magnetite (Mag) 
inclusions in augite are arranged in two orientations known as 
X and Z, which are subparallel to the [100] and [001] crystal-
lographic directions of clinopyroxene (Cpx), respectively (Renne 
et al. 2002). Inclusions subparallel to [100]Cpx have [110]Mag//
[010]Cpx, (1 11)Mag//(101)Cpx, and [112]Mag//[101]Cpx. Inclu-
sions subparallel to [001]Cpx have [110]Mag//[010]Cpx, (111)
Mag//(100)Cpx, and [1 12]Mag//[001]Cpx (Feinberg et al. 2004). 
The relationship between feldspar and magnetite inclusions is 
complicated by the triclinic lattice structure of plagioclase, and 
little work has been done to characterize this relationship.

This study focuses on a sample of anorthosite gneiss from the 
Adirondack Mountains in New York. The sample was found in the 
Frank Turner research collection at Berkeley (57-I-23) and was 
probably collected by Harry Hess near the border of the anorthosite 
mass in connection with his investigation of optical properties of 
clinopyroxenes (Hess 1949). The petrology and metamorphism of 
Adirondack rocks have been studied in detail (e.g., Buddington 
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