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Atomic-resolution transmission electron microscope evidence for the mechanism by which
chlorite weathers to 1:1 semi-regular chlorite-vermiculite
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ABSTRACT

Atomic-resolution transmission electron microscope (TEM) images reveal that IIbb (b
5 978) Mg,Al,Fe-chlorite from Koongarra, Australia, transforms to vermiculite via a range
of intermediate chemical and structural states. Semi-quantitative analysis of contrast in
atomic-resolution images of layer silicates with ;1.4 nm basal spacings indicate that the
interlayers range from brucite-like to having ;0.3–0.6 interlayer cations per formula unit.
Octahedral cations (predominantly Mg and Fe) tend to be removed from every second
interlayer, leading to semi-regular 1:1 interstratifications of chlorite-vermiculite. Further
loss of interlayer cations is accompanied by partial to complete interlayer collapse in the
vacuum of the TEM. Resulting intergrowths of chlorite and semi-regular 1:1 chlorite-
vermiculite retain the primary chlorite orientation, morphology, and sense of octahedral
tilt in 2:1 layers. Although vermiculitization is a continuous process that occurs by a solid-
state mechanism, the reaction involves important structural modifications. Atomic-resolu-
tion [010] images indicate initial loss of interlayer cations is accompanied by ;a/3 shifts
of 2:1 layers and cations in brucite-like interlayers. Displacements of interlayer cations
change the interlayer stacking from IIbb to Iab and shift of the following 2:1 layer converts
it from Iab to the Iaa. Displacements are driven by the lower energy of a-type interactions
when vacancies occur in sites above tetrahedral cations. Shift of a 2:1 layer alters the
subsequent interlayer from IIbb to IIab. Stabilization of every slightly altered second in-
terlayer by introduction of a-type stacking explains development of semi-regular 1:1 chlo-
rite-vermiculite interstratifications. Displacements occur before significant modification of
interlayer electron density can be detected in high-resolution images. This observation is
consistent with previously reported inhibition of layer shifts by low interlayer charge. Layer
displacement may occur by an elastic process (no rupture of bonds within the 2:1 layer)
at the tip of the growing vermiculite portion of the intergrowth. Removal of cations from
the chlorite-vermiculite junction may be facilitated by rapid diffusion along the vacancy-
rich interlayer. Mg is removed in solution, Fe is precipitated locally in aggregates of
nanocrystalline Al-, Si-, and P-bearing goethite.

INTRODUCTION

Geochemical and biogeochemical cycles near the
Earth’s surface are greatly impacted by weathering reac-
tions that release cations to solution and produce clay min-
erals. Most mineral weathering studies involve measure-
ment of dissolution rates under conditions that preclude
formation of clay minerals. In contrast, some natural
weathering reactions produce abundant clays that develop
topotactically on primary mineral surfaces (e.g., Eggleton
1984; Banfield and Barker 1994; Hochella and Banfield
1995). Because of structural coherence between the pri-
mary and secondary phases, polymers may be inherited by
weathering products. The mechanisms of solid state or par-
tially solid-state transformations are different from disso-
lution-reprecipitation and thus require different kinetic
models.

The best evidence that low-temperature reactions can
involve considerable structural inheritance comes from

studies of naturally weathered layer silicates. Lattice-fringe
TEM images indicate a layer-by-layer biotite-to-vermicu-
lite transformation mechanism (Banfield and Eggleton
1988; Kogure and Murakami 1996) accompanied by grad-
ual reduction in the K content of the interlayer (Kogure
and Murakami 1996). Direct formation of vermiculite from
biotite can also be inferred from experimental studies
showing incongruent dissolution (e.g., Acker and Bricker
1992; Kalinsowski and Schweda 1996), which may be es-
pecially important at pH . 4.0 (Acker and Bricker 1992).
This paper examines the detailed structural rearrangements
that accompany the weathering of chlorite to vermiculite.
From these data, we propose a reaction mechanism and
explain the formation of semi-regular interstratified chlo-
rite-vermiculite.

SAMPLES AND EXPERIMENTAL METHODS

Samples examined in this study are from diamond drill
core from a weathered portion of the Koongarra uranium


