‘Fig. 3 BSE micrograph showing complex nature of interlayering

in a chlorite—smectite stack. The delicate growth projection at the

right-hand end of the stack is unlikely to have survived long-
distance transport.

appear to have been incorporated during growth. Finally,
groups of chlorite, illite and kaolinite crystals sometimes show
complex textural intergrowths with each other and with quartz,
feldspars, and authigenic dolomite-ankerite crystals (Fig. 4).
We feel that the most likely explanation of these textural
intergrowths is authigenic development of the clay stacks. The
relatively large size and apparent fragility of the aggregates
makes a detrital origin unlikely, and it is difficult to see how
such features could be produced by differential alteration of
detrital micas.

Further evidence suggests that growth of the clay stacks may
have occurred at shallow depths during early diagenesis. First,
the long axes of the stacks show a general sub-paralielism to
the bedding (Fig. 1), except in the vicinity of what appear to
be small burrows where the sediment fabric has been disturbed.
Second, the finer-grained matrix surrounding the larger stacks
often shows signs of deformation, suggesting growth of the
stacks in soft, uncompacted sediment. Third, the concentration
of clay stacks is often highest just below organic-rich laminae,
which probably represent periods when inorganic sedimenta-
tion slowed or ceased. Finally, in several cases clay stacks have
been observed to be cemented by glauconite or pyrite which
are probably of near-surface origin. Clay stacks have also been
observed to occur within calcite concretions, features which are
generally accepted on the basis of isotopic and other evidence
to be early diagenetic®®. Although we consider that the
hypothesis is not yet fully proven, it seems possible that most
clay mineral stacks formed at, or very close to, the sediment-
water interface during periods of slow sedimentation.
Diagenetic reactions are generally considered to be of minor
importance in explaining the pattern of clay mineral assem-
blages in the modern oceans'®"?, although some authors have
postulated large-scale neo-formation of clay minerals penecon-
temporaneous with deposition'®. Early authigenic chamosite
and glauconite are found in a variety of modern marine environ-
ments'> '8, and there appears to be no reason why other clay
mineral stacks should not form in the right geochemical condi-
tions.

We have attempted to show that BSE-EDXA analysis of
shale thin sections can provide useful information about the
nature of interstratification in clays as well as textural data
which help to eludicate their origin. The SEM provides a
valuable link between the optical microscope and bulk
chemical-mineralogical data on the one hand and TEM results
on the other. Our observation that clay minerals may exist in
Jurassic shales as silt or fine sand-size particles suggests that
conventional XRD procedures need to be modified to obtain

a fully representative picture. A tremendous variation exists in -

size, shape and internal structures of clay minerals, as well as
other fine-grained constituents of shales, which has not formerly
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Fig. 4 BSE micrograph showing authigenic intergrowth of illite~
smectite (1-S), kaolinite (K) and chlorite (C).

been fully recognized. Although this creates problems for the
mudrock petrographer, it also offers hope that very detailed
physical and chemical changes with time can be observed and
understood.
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Compression, nonstoichiometry
and bulk viscosity of wiistite
Raymond Jeanloz

Department of Geology and Geophysics, University of California,
Berkeley, California 94720, USA

Robert M. Hazen

Geophysical Laboratory, Carnegie Institution of Washington,
Washington DC 20008, USA

Wiistite (Fe,_,0) is a complex oxide that is invariably non-
stoichiometric (0.04 = x = 0.12). Point defects associated with
this nonstoichiometry are clustered and result in a modulated
crystal structure that has been extensively studied, but is not
well understood’ . Many of the properties of these compounds,
such as chemical diffusivity, electrical conductivity and magnetic
transitions, seem to be significantly affected by the non-
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stoichiometry and resulting ordering of defects®®. We summar-
ize here new and existing data on the elasticity of wiistite; these
data indicate virtually no correlation between the bulk modulus
and stoichiometry. There appears, however, to be a systematic
difference between static and dynamic measurements. This
behaviour suggests the presence of a frequency dependence to
the bulk modulus that can be ascribed formally to a finite bulk
viscosity of Fe,_,0. Such an effect has not previously been
described in oxide or silicate minerals, and it is presumably
caused by pressure-induced changes in defect ordering and
subsequent relaxation within the incommensurate structure of
wiistite,

The bulk modulus of wiistite has been determined by several
techniques, as illustrated in Fig. 1. Dynamic measurements
include ultrasonic and shock-wave experiments that probe the
sample on time scales of microseconds or less. In contrast, static
determinations are carried out over periods of 10°-10° s, Jack-
son et al’ extrapolated ultrasonic data on polycrystalline
(Mg, Fe)O samples to yield a bulk modulus of FeO that is in
agreement with Mizutani’s earlier determination on polycrystal-
line wiistite®'® and the more recent single-crystal measurement
of Sumino et al.'' (based on cube-resonance interferometry).
These results are consistent with the shock-compression data
of Jeanloz and Ahrens'? on polycrystalline wiistite in defining
a dynamic value for the zero-pressure isothermal bulk modulus
of wiistite:

K™ =178(+6) GPa

The hydrostatic compression of wiistite has recently been
studied in two independent experiments'>*. The measure-
ments are in agreement with previous, nonhydrostatic determi-
nations of the bulk modulus of wiistite’>'”. Thus, we find a
value of the static bulk modulus:

o7 =155(x5) GPa

Nonhydrostatic conditions, which obtain in some of these
experiments, do not seem to affect the results, contrary to what
might be expected from previous static-compression studies’®.
Note that three pressure calibrations were utilized: Mao et al.'”
and Will e al.'® used NaCl and Fe, respectively, as pressure
standards, whereas the ruby-fluorescence technique was
employed in the hydrostatic experiments'*>™"”. This multiplicity
of pressure standards reduces the possibility of systematic bias
among the static—compression studies. We have used Eulerian
finite-strain theory (Birch equation of state) to reduce the data
of Will er al. and Mao et al. in accord with the analysis of the
hydrostatic—compression data'*'®. Only the low-pressure data
of Mao et al. have been considered because of the evidence for
distortion of the crystal structure of wiistite that is associated
with a second-order transition at high pressures (at or above
about 10-20 GPa, depending on the degree of uniaxial
stress)'*2°,

There is no compelling evidence among either the dynamic
or static data for any change in bulk modulus with stoichiometry.
In particular, we note the results of Hazen’s experiment that
was carried out simultaneously on three samples (x =0.055,
0.07 and 0.10)". The relative values of the compression of
these samples (which are more precisely determined than their
absolute values) yield dKor/dx —64 GPa, as shown by the
dot—dash curve in Fig. 1. This slope is in agreement with several
mode! calculations' that lead to predictions of a value for
dKor/dx ~£0.5 Kor, as illustrated by the shaded region in Fig.
1. Continuum models, on the one hand, lead to predictions of
an increase in Kor with increasing x, because the volume of
wiistite decreases with increasing nonstoichiometry'*2'22,
Atomistic models®™?*, on the other hand, lead to predictions
of a slight decrease of the bulk modulus as x increases, as does
a model that treats the defect clusters in wiistite as magnetite-
like microdomains'*. The relative change in bulk modulus can
be as large as £100% of the change in x (ref. 14); the sign and
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Fig. 1 Isothermal bulk modulus of wiistite as a function of
composition or nonstoichiometry. Dynamic measurements are
indicated by circles and a diamond, whereas static measurements
are shown as squares and rectangles. Composition was determined
from the lattice paramter quoted in each study®®>°, The techniques
used include -ultrasonic and cube-resonance interferometry
(circles: JLR, Jackson et al.g; M, Mizutanim; SKNP, Sumino er
aI.“), shock-wave compression (diamond: JA, Jeanloz and
Ahrens'? 2 hydrostatic compression (filled square and rectangles:
H, Hazen 3; JS, Jeanloz and Sato-Sorensen’ ) and nonhydrostatic
compression (open squares: CD, Clendenen and Drickamer'?;
WHN, Will et al.'®; MTBWA, Mao et al.'”). The shaded region
illustrates the effect of nonstoichiometry on the bulk modulus that
is expected according to several theoretical and empirical models
discussed in the text. (A value of 180 GPaatx =0.0is assumed."g
The dependency of the bulk modulus on x observed by Hazen'

is shown by the dotted—dashed line (relative uncertainties among
these determinations of bulk moduli are indicated by the sizes of
the rectangles). Adiabatic moduli have been corrected to isother-
mal values, and static-compression measurements are all reduced
according to finite-strain theory. Also, the data of Mao ef al.’

have been reanalysed, as discussed in the text.

magnitude of the calculated change depend on the choice of
parameters used in these calculations. In the light of data shown
in Fig. 1, however, it appears that the bulk modulus of wiistite
is essentially independent of stoichiometry. It is not possible,
therefore, to ascribe the systematic difference between static
and dynamic values of the bulk modulus to a dependency of
Kor on sample composition, x. This conclusion is supported by
the differing results of the experiments of Jeanloz and Ahrens",
and Jeanloz and Sato-Sorenson'®, that were carried out on the
same sample material.

The difference between static and dynamic moduli can be
interpreted as a modulus defect, AK ~23 GPa (ref. 25). If this
interpretation is correct, then the data summarized in Fig. 1
imply that wiistite exhibits a bulk viscosity of magnitude « ~
AK7, where 7 is the characteristic time for the relaxation
mechanism that is involved. We cannot distinguish between
anelastic and viscoelastic types of relaxation from these data,
so we refer to bulk viscosity in only a loose sense without
necessarily implying that finite volumetric strains of any
significant magnitude need occur. As structural relaxation is
observed in experiments lasting days to weeks, the magnitude
of 7 would be expected to be about 10°-10° s, or less. In fact,
a value 7~10%s is consistent with the data of Hazen et al.,
which suggest that wiistite undergoes an irreversible (thus,
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viscoelastic) change in lattice parameter at high pressures®. A
rough estimate of r can be made from high-temperature
diffusivity measurements, which may be used to determine the
atomic jump frequency I'. An extrapolation of the data of Chen
and Peterson® from ~1,100K (activation energy Q=
123 kJ mol™?) combined with the assumption that the diffusive
length scale is the shortest distance between sites in the defect
clusters (~0.03 nm) yields a predicted value of 7=I""'~10"s
at room temperature. (We use Morin’s?’ value of ~0.6 for the
correlation factor.) Alternatively, 7 is ~10°s if the activation
energy of defect migration Q ~115 kJ mol™', which is within
the range that has been reported®®?®. Therefore, we can esti-
mate the magnitude of the bulk viscosity in wiistite « ~
10'*-10"" Pass. Similar effects might be observed in the mag-
nesiowiistite series (Mg, Fe)O, because samples with as much
as 40% Mg substitution for Fe display nonstoichiometric
characteristics™?°,

. The unusual occurrence of bulk viscosity in a simple oxide
is consistent with the complex defect structure that is found in
wiistite>*. We infer that defect clusters are rearranged under
hydrostatic compression, such that the bulk viscosity is a macro-
scopic description of what is, on a microscopic level, a pressure-
induced, order—disorder transformation of the defect structure.
This phenomenon is not a polymorphic transition; the main
NaCl-type crystal structure of wiistite remains unchanged to
pressures of ~10 GPa or more'*?*?, Consequently, we would
expect no difference between static and dynamic moduli for a
hypothetical defect-free FeO. (Note that defects can occur in
stoichiometric wiistite if equal numbers of vacancies and inter-
stitials are present; bulk relaxation may thus be observed even
for x =0.) We therefore consider the dynamic modulus, rather
than the static modulus, to be representative of interatomic
bonding forces in wiistite. The observed modulus defect pro-
vides a new constraint on models of the defect-ordering
behaviour within this nonstoichiometric compound.
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Fe-free clinozoisite
stability relative to zoisite
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Orthorhombic zoisite, Ca;Al,Si;0,,0H, and its monoclinic
polymorph, clinozoisite, are key indicator minerals in low- and
middle-grade basic and calcareous metamor, lphlc rocks, and

Both minerals
contain variable amounts of Fe** replacing Al, but clinozoisite
always contains more Fe**, with as much as 30-40% substitu-
tion in typical epidote. Interpretations of their relative
stabilities, based on field relations’™ and experimental
studies*®, have conflicted markedly. No unambiguous experi-
mental demonstrations of reversibility of a zoisite—clinozoisite
equilibrium have yet been performed, and it may well be that
such an equilibrium relation, if it exists, lies in a portion of the
P, T plane which is inaccessible to direct investigation. We
present here experimental reversals of the Fe-free equilibrium:

2Ca;Al;Si30nOH + AleiOs + Sio: = 4CaAlei203 + Hzo (1)

zoisite or kyanite quartz anorthite
clinozoisite N

using both clinozoisite and zoisite. At 550 °C, the reaction with
zoisite is in equilibirum at 6.3010.25 kbar and the reaction
with clinozoisite is in equilibrium at 7.3010.15 kbar. Therefore,
clinozoisite is considerably less stable than zoisite at this tem-
perature, and the reaction with clinozoisite, though reversible,
is metastable. Reliable thermodynamic data for the phases
show, with the present experimental data, that zoisite has lower
Gibbs free energy at 550 °C by 1,0201400 cal mol . Published
composition data of natural coexisting zoisite and clinozoisite,
together with first-order assumptions as to the equilibrium
temperatures of the parageneses, suggest that zoisite entropy
is ~2.5 cal mol™* K" higher than that of clinozoisite and that
Fe-free clinozoisite becomes stable relative to zoisite below
about 200 °C.

An internally-heated gas-pressure vessel with Ar medium
was used to investigate reaction (1). Pressures were measured
accurately to £50 bar with both a manganin pressure cell and
a bourdon-tube gauge. Two Cr-Al thermocouples at the ends
of the sample showed 1-2 °C differences. Run durations were
4 days.

Starting materials were, with the exception of clinozoisite
and quartz, crystalline phases synthesized from reagent-grade
oxides or hydroxides. Natural quartz was from Lisbon, Mary-
land. Clinozoisite plus quartz was synthesized from a natural
scolecite, CaAl,Si;0;4, + 3H,O at 500 °C and 15 kbar for 4 h.
The scolecite contained <0.01wt% Na,O as the principal
impurity. Two homogenized reversal mix powders were made
which consisted of nearly equal proportions of reactants and
products in reaction (1), one mix with zoisite and the other
with clinozoisite. Portions of each mix were sealed in Pt tubes
with ~25% H,0 and placed side-by-side in the pressure vessel.
The direction of a reaction produced during a run was deduced
from changes of X-ray diffraction peak heights.

The experimental results at 550 °C are shown in Fig. 1. Only
diffraction patterns showing large apparent changes, ~30% in
the relative amounts of product and reactant phases, are shown
as defining the directions of reaction. Between 6.6 and 7.2 kbar,
zoisite grew relative to anorthite, but clinozoisite broke down.
Therefore, zoisite is stable with kyanite and quartz to lower
pressures than clinozoisite by at least 600 bar and at most
1,400 bar at 550 °C.

Run charges with the clinozoisite mix were checked for the
spontaneous appearance of zoisite by searching for the distinc-
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