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ABSTRACT
Organic-rich Carboniferous shales with associated coal seams, from the Bacia Carbonífera do
Douro-Beira (north Portugal), have been studied by TEM as well as by a variety of other methods.
NH4 and K micas and berthierine form small subparallel packets of a few layers separated by lowangle boundaries. One- and two-layer ordered polytypes, with some spot enlargement typical of
minor disorder, occur in the NH4 micas (i.e., metamorphism tobelites). They exhibit all the characteristics commonly described for sub-greenschist-facies, including a lack of textural and chemical
equilibrium. The compositions of the 2:1 layers vary considerably for both K- and NH4-micas, and
except for Ti, exhibit similar compositional ranges. The most significant compositional variations
are explained by phengitic substitution (Si from 3 to 3.25, Fe + Mg from 0.1 to 0.3), but no evidence
of an illitic substitution has been found. NH4 in tobelites was determined by analysis of NH3 using
Nessler’s reagent, basal spacing, and 1–(K + Na). The resulting values indicate NH4 contents ranging from 30 to 59% of the interlayer site occupancy. At very low temperatures of metamorphism
(e.g., North Sea), the intergrowths of NH4 and K in micas is on the nanometer-scale. With an increase
in temperature (e.g., Pennsylvania), NH4- and K-micas are present as different minerals. The DouroBeira samples represent a still higher-temperature case and, therefore, NH4 and K can be present in
the same interlayer sheet but with one cation being dominant. NH4- and K-dominated micas have
segregated into well-separated packets with scarce intergrowths and almost no mixed-layers. Hence
they show a solvus relationship.

INTRODUCTION

Synthetic examples

The most common interlayer cation in low-grade metapelite
micas is K. If the rock contains enough Al, Na micas may also
be present; there may be a miscibility gap between the K-rich
and Na-rich micas and the possible presence of micas with intermediate compositions. These intermediate phases have been
described as illite-paragonite mixed-layers (Frey 1987), metastable intermediate NaK-mica (Jiang and Peacor 1993) or nanometer-scale mixtures of muscovite and bramalite (Livi et al.
1997). In addition, the presence of NH4 represents a third important interlayer component (Guidotti and Sassi 1998a) that
has not been studied thoroughly. This has been due, in part, to
the intrinsic difficulty of analyzing NH4 by in situ methods and,
in part, to the typical defective character and small grain size
of minerals in very low-grade metamorphic rocks, as most natural tobelites have been described in sub-greenschist-facies rocks
(see below). In the present study, transmission electron microscopy (TEM) and analytical electron microscopy (AEM) have
been employed to overcome this last limitation. Dioctahedral
NH4-dominant mica was discovered in nature and termed
tobelite by Higashi (1982).
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NH4 micas were first described as synthetic products by
Barrer and Dicks (1966), Eugster and Muñoz (1966), and
Shigorova et al. (1981). NH4 illite was produced as the final
product of a series of experiments involving NH4-bearing
phyllosilicates (Hashizume et al. 1995). Intermediate products
contained mixtures of randomly and ordered mixed layers of
NH4- and Na-montmorillonite and NH4-illite. Sucha et al. (1998)
found that the nature of the products obtained during hydrothermal synthesis of NH4-illite strongly depends on the starting material. Tobelite with equimolar contents of K and NH4
was obtained from synthetic gel at 300 ∞C.
Natural occurrences
Duit et al. (1986) determined the NH4 content in metapelite
micas and found a maximum of 1500 ppm for trioctahedral
and 500 ppm for dioctahedral micas, the amount progressively
diminishing with an increase in metamorphic grade. Similar
concentrations were determined by Boyd (1997) by capacitance
manometry. Cooper and Abedin (1981) found that the amount
of fixed NH4 in Gulf Coast shales in some cases constituted
7% of the fixed interlayer cations. Cuadros and Altaner (1998)
showed that the bentonite illite-smectite samples contained
considerable amounts of NH4, averaging between 9 and 22%
of the total fixed-cation content.
Juster et al. (1987) described NH4-illites in mudrocks asso-

