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INTRODUCTION

In general, elements in minerals diffuse anisotropically.
However, little evidence indicating such anisotropy has been
found in deep crustal rocks. Biotite is a common rock-forming
mineral occurring in the upper to lower crust. Its Fe-Mg distri-
bution with respect to co-existing garnet is mainly a function
of temperature and serves as one of the commonly used
geothermometers. In upper amphibolite to granulite facies
metamorphism, biotite and garnet compositions are commonly
homogeneous and in equilibrium because of rapid intracrys-
talline diffusion. With cooling, the pair exchanges Fe and Mg,
indicating Fe-Mg interdiffusion, and ultimately, frozen Mg/Fe
profiles remain in each phase. Herein is reported systematic
variations of the Fe-Mg profiles in biotite and adjacent garnet
as a function of biotite crystallographic orientation in a pelitic
granulite gneiss collected from the Hidaka Metamorphic Belt
in Hokkaido Island, northern Japan. The magnitude and geo-
logical implications of diffusion anisotropy in biotite during
cooling is discussed.

SAMPLE DESCRIPTION

The analyzed pelitic granulite gneiss is mainly composed
of garnet, biotite, cordierite, plagioclase, K-feldspar, and quartz
with accessory zircon, apatite, graphite, ilmenite, chalcopyrite,
and pyrrhotite. In addition, a very small amount of retrogres-
sive fibrous sillimanite is also found in the matrix. Peak meta-
morphic conditions during the thermal event were 750–800 ∞C
based upon the garnet-biotite geothermometers of Perchuk and
Lavrent’eva (1983) and Gessmann et al. (1997), and 560–640
MPa from the garnet-biotite-plagioclase-quartz geobarometer
of Hoisch (1990). Garnet grains are rounded or flattened paral-
lel to the gneissosity and are 1–5 mm long. Biotite grains are
0.1 to 0.5 mm in length and are in contact with garnet with
various crystallographic orientations. The orientation is easily
recognized by well-developed (001) cleavage as seen using a
petrographic microscope. Photomicrographs of biotite-garnet

* E-mail: usu@nipr.ac.jp

Anisotropic Fe-Mg diffusion in biotite

TADASHI USUKI*

National Institute of Polar Research, 1-9-10 Kaga, Itabashi-ku, Tokyo, 173-8515, Japan

ABSTRACT

Marked variations of biotite Fe-Mg compositional profiles on approach to interfaces with garnet
as a function of biotite crystallographic orientation are found in a natural high-temperature metamor-
phic rock. For biotite with (001) planes nearly parallel to the interface, Mg increases and Fe de-
creases steeply toward the interface. If oblique, the profile is less steep, and if nearly perpendicular,
the profile is flat. These variations are evidences for anisotropic Fe-Mg intradiffusion within biotite
during cooling. For precise application of geothermobarometry and geospeedometry, the crystallo-
graphic orientation and compositional gradient in biotite must be considered.

pairs for which the (001) plane (cleavage) of biotite is (a) nearly
parallel, (b) oblique, and (c) perpendicular to the interfaces with
garnet are shown in Figure 1. In general, no other phases are
present in the interfaces. The pairs are surrounded by plagio-
clase and quartz, but cordierite is not observed in the vicinity.
In this report, biotite crystallographic orientation is represented
by the angle (q) between petrographic (001) plane of biotite
and the interface as measured by a petrographic microscope
equipped with a universal stage.

ANALYTICAL METHOD

Step scan analyses of both biotite and garnet in the direc-
tion perpendicular to the interface with different biotite crys-
tallographic orientations (q = 8–88∞) were performed using a
JEOL scanning electron microprobe (JSM-5600) with an Ox-
ford energy dispersive X-ray analytical system (Link ISIS 300)
at Chiba University, following the analytical method of
Yokoyama et al. (1993). A 20 kV accelerating potential and 8
nA beam current were employed with 100 s live time for count-
ing. Total iron was calculated as Fe2+.

COMPOSITIONAL PROFILES OF BIOTITE-GARNET
PAIRS

Biotite XMg [Mg/(Mg + Fe)] adjacent to garnet ranges from
0.49 to 0.63. The Ti content of the biotite is high (0.45–0.62
atoms per formula unit, apfu), which is a characteristic of bi-
otite from granulite facies metapelitic rocks (e.g., Guidotti
1984). Mg increases and Fe decreases toward garnet in all of
biotites except those with large q (Fig. 2). In addition, some
biotite grains show a slight increase in [6]Al and decrease in Ti
in the portion nearest to the interface; an inverse relationship
between Ti and Mg, and Ti decreasing with cooling are charac-
teristic of biotite (e.g., Guidotti 1984). However, the XMg gra-
dients in biotite are not caused by the Ti gradients, because
they are generally restricted to the interface (typically 10 mm
from the surface) than are the Fe and Mg gradients (Fig. 2).
The garnet grains show almost homogeneous composition
(Prp26Alm69Grs3Sps2) except at the rim in contact with biotite,
where Mg decreases and Fe increases toward biotite over a


