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LETTER

Novel high-pressure behavior in chlorite: A synchrotron XRD study of clinochlore to 27 GPa
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ABSTRACT
The high-pressure behavior of synthetic end-member IIb clinochlore, Mg5Al(Si3Al)O10(OH)8, has
been studied by synchrotron X-ray powder diffraction to 27 GPa at 300 K. A non-quenchable, reversible transformation occurs between 9 and 10 GPa that is dominated by compression normal to the
structural layering and has an associated small but significant shear of the β angle from 97.2 to 96.3°.
The high-pressure chlorite is more compressible than the low-pressure phase. Diffraction patterns of
the high-pressure chlorite are very similar from 10 to 27 GPa, indicating that it persists stably with
no significant change in β to very high pressures: β is effectively locked at the transformation to the
high-pressure structure. It is proposed that the transformation is not polytypic and that the distortion
reflects reorganization of the interlayer hydrogen bonding, possibly involving novel proton behavior
as adjacent sheets of cations of the brucite-like and tetrahedral layers close down on the sheet of interlayer protons. The transformation is likely driven by O atom close-packing requirements imposed
by pressure.

INTRODUCTION
It is estimated that around 90% of the water entering the
mantle at subduction zones is contained in the oceanic crust
(Peacock 1990), primarily in the form of structural OH and H2O
within hydrous silicates such as mica, amphibole, chlorite, and
lawsonite. Chlorite is an important constituent of the oceanic
crust and one of the most water-rich of the major silicate minerals. Below 900 °C, chlorite rich in the clinochlore end-member,
Mg5Al(Si3Al)O10(OH)8, is also the major aluminous phase in lowalkali hydrous peridotites (Jenkins 1981), and pyroxene-chlorite
xenoliths have been recovered from the upper mantle. As such,
Mg-rich chlorites are likely to be important in the transport and
storage of water in “cold,” old subduction zones. The physical
properties of chlorite are, therefore, highly relevant to understanding the deformation of mantle rocks. Layered materials
can also undergo pressure-induced polytypic transformations,
some of which may be of geophysical significance (Kirby 1987;
Johnston et al. 2002; Dera et al. 2003).
Clinochlore is a sheet silicate with a structure comprising two different polyhedral units: a brucite-like (B) layer of
[Mg,Al](OH)6 octahedra and a talc-like (TOT) layer of two
tetrahedral (T) sheets sandwiching a sheet of MgO4(OH)2 octahedra (O). Extensive hydrogen bonding provides structural
cohesion between the two types of layer, and one-third of the
atoms of chlorite are involved in hydrogen bonding. In addition
to its geological relevance, chlorite also offers a chance to study
the effects of pressure upon hydrogen bonding in a topologically
simple layered structure. Here we report unusual high-pressure
behavior of the interlayer hydrogen bonding of chlorite that may
be of geophysical relevance to the seismic structure of old subduction zones. The structural behavior of chlorite at high pressure
* E-mail: mdw@nhm.ac.uk
0003-004X/04/0809–1337$05.00

has eluded investigation because the quality of natural crystals is
usually too poor to obtain well-constrained data, such as for the
bulk modulus and the pressure response of interlayer hydrogen
bonding (e.g., Hazen and Finger 1978). However, IIb clinochlore
synthesized at high pressure (e.g., 1.4 GPa, 700 °C) is stoichiometric and well crystallized with little stacking disorder, and so
is very suitable for high-pressure spectroscopic and diffraction
studies (Welch and Marshall 2001; Welch and Crichton 2002;
Kleppe et al. 2003). Neutron diffraction to 5 GPa (Welch and
Marshall 2001) shows that pressure does not strengthen hydrogen
bonding in clinochlore, but reduces O-H…O angles (shortens OO distances) considerably from 170 to 155°. Extrapolation of the
structural data of Welch and Marshall (2001) to higher pressures
indicates that at ∼ 8 GPa the O atom O2–-O2– contact distance of
2.7 Å is reached, whereupon anomalous structural behavior may
occur. We have undertaken studies of the high-pressure response
of synthetic end-member clinochlore by Raman spectroscopy
and synchrotron X-ray powder diffraction to 27 GPa to investigate possible novel transformation behavior (Kleppe 2002).
The spectroscopic results are reported by Kleppe et al. (2003)
who found that abrupt and very large δν/δP increases for the
hydrogen-bonded OH groups (Δν > +120 cm–1) at 9-10 GPa are
associated with a transformation, indicating major reorganization of the interlayer hydrogen bonding, probably in response to
the close approach of adjacent sheets of B and T cations to the
interlayer protons. In contrast, νOH of the TOT layer increases
monotonically through the transformation. Spectra collected at
the beginning and end of the compression/decompression cycle
are essentially the same, implying that the transformation is
completely reversible.
Johnston et al. (2002) and Dera et al. (2003) observed a
reversible polytypic transformation in the clay mineral dickite,
an Al2Si2O5(OH)4 polymorph, between 1.9 and 2.5 GPa. (300
K). The transformation involves a substantial (a/3) shift in the
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