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Abstract
Scanning transmission electron microscopy images of the 00l white mica planes in crystals from
central Switzerland and Crete, Greece, reveal that domains of paragonite, margarite, and muscovite
are ordered within the basal plane. Energy dispersive X-ray analyses show that both cations in the
interlayer and in the 2:1 layer have ordered on the scale of tens to hundreds of nanometers. Domain
boundaries can be both sharp and crystallographically controlled or diffuse and irregular. A model
outlining the domain formation process is presented that is consistent with X-ray powder diffraction
and transmission electron microscopy data. The domain model incorporates aspects of a mixedlayered and a disordered compositionally intermediate phase models. The main feature of the model
is the formation of mica species that segregate within the basal plane and contradict the notion of
homogeneous layers within mixed-layer phases. Implications for the formation of all diagenetic and
very low-grade metamorphic 2:1 sheet silicates are discussed.
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Introduction
Layered silicates—especially the 2:1 dioctahedral species—
are the dominant reactants during diagenesis and very low-grade
metamorphism (VLGM) of clastic sediments and igneous rocks.
Be they smectite, saponite, mixed-layer phases, or illite at the
lowest temperatures, or pyrophyllite, muscovite, paragonite, or
margarite at higher temperatures, the cation occupancies of the
2:1 minerals reflect the relative metamorphic grade and the bulk
composition of the system. Several reviews of the occurrences
and crystal chemistry of micas have been written. Guidotti (1984)
thoroughly reviewed the chemical variability of metamorphic
micas above the greenschist facies. From this collection of data,
it is obvious that micas adjust their chemical compositions to
the physical conditions and bulk and fluid compositions during
metamorphism. The basic context for interpretation of mica
compositions is thermodynamic equilibrium.
Our understanding of low-temperature metamorphism is less
complete than processes at higher grades. At subgreenschist
conditions, the assumption of equilibrium is usually not valid;
reactions are kinetically controlled, and most importantly, the
reaction pathways become important. Therefore, an unambiguous
understanding of a system requires a more complete description
of the state of the minerals, including whether assemblages
adhere to the phase rule, degree of compositional heterogeneity, surface energy issues such as size and grain boundary
construction, and internal defect concentrations. To complicate
matters, the fine-grained nature of low-grade minerals makes
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this description more difficult.
From the earliest days of VLGM studies, X-ray powder diffraction (XRD) has been a powerful method for describing both
short-range structural features, such as intercalation of different
sheet structures, and average properties of many grains such as
illite, and other sheet silicate crystallite sizes (Árkai 2002). Electron microprobe (EMP) and scanning electron microscope (SEM)
analyses have been successfully used to determine chemical
variations of low-grade minerals on the 2–5 µm scale. However,
many variations of composition and structure occur below this
scale. Transmission electron microscopy (TEM) has made great
advances in clarifying the non-periodic defect structures of phyllosilicates at low grades (Merriman and Peacor 1999).
The current investigation revisits the classic study of the very
low- to low-grade metamorphic Liassic black clastic sediments
of central Switzerland that began with Martin Frey (Frey 1969,
1978). From the Liassic shales, Frey described the evolution of
the XRD patterns and mineral assemblages as metamorphism
increased. This included the first description of a mixture of
paragonite (Pg), muscovite (Ms), and an interstratified Pg/Ms
(Frey 1969). This description was based on XRD intensities
intermediate between Pg and Ms that were best observed in the
(00,10) reflections. At the same time, Eugster et al. (1972) were
describing the miscibility gap between Pg and Ms. It was therefore assumed that Na and K would not be found with significant
solid solutions and must be separate phases. The interstratification was assumed to segregate Na and K onto separate planes
and create separate and distinct Pg and Ms layers.
Combining these data with observations at lower and higher
grades, Frey (1978) hypothesized that the kinetic steps toward

