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The Ultrastructure of Pyroxenoid Chain Silicates.
I. Variation of the Chain Configuration in Rhodonite
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Abstract

Two samples of the silicate mineral rhondonite have
been examined, in the natural state and after heat
treatment, by high-resolution electron microscopy.
Planar faults parallel to (001) and (110) have been
observed. Computer-simulated images and optical
diffraction studies have confirmed that at (001) faults
strips of pyroxmangite structure are inserted into the
parent rhodonite matrix. The second type of fault has
been found to be equivalent to the stacking faults
observed in wollastonite, and similarities and dif-
ferences between this type of fault in the rhodonite and
wollastonite structures are discussed.

Introduction

The pyroxenoids are a family of silicate minerals with
general formula MSiO, (where M can represent Na*,
Ca?*, Mg?, Mn?*, Fe?*, AP’*) in which SiO, tetra-
hedra are corner-shared to form chains within the
crystal structure. In the pyroxenoids, as opposed to the
amphibole minerals, corner-sharing occurs in one
direction only, such that single chains are formed, the
only structural differences between the various mem-
bers of the pyroxenoid family being in the repeat
pattern, and hence the periodicity of the basic unit of
the single (SiO,), chain.

The five known structures of minerals in the pyrox-
enoid group are shown schematically in Fig. 1. The
simplest is the pyroxene configuration (Fig. 1a) where
SiO, tetrahedra are linked in a zig-zag fashion to
produce a straight chain with a 5 A repeat unit con-
taining two tetrahedra. The more complex structures
can then be visualized as consisting of strips of the
zig-zag chain, these strips being linked to one another
by additional tetrahedra rotated by some 30° with
respect to those of the pyroxene strip (Figs. 1b—1le).

* Present address: Facultad de Ciencias, Universidad Com-
plutense, Madrid-3, Spain.

Where the zig-zag strips are eight tetrahedra in length,
ferrosilite III (Burnham, 1966) results. Where the
zig-zag strips are respectively six, four and two tetra-
hedra in length, pyroxmangite (Liebau, 1959), rhodonite
(Lieubau, Hilmer & Lindemann, 1959), and wollasto-
nite (Mamedov & Belov, 1956) occur. The minerals
pectolite (Prewitt, 1967) and bustamite (Peacor &
Buerger, 1962), which also fall within the pyroxenoid
group, are believed to have the same chain configuration
as that of wollastonite.

The obvious relationships between these various
structures have been formalized by Liebau (1972).
Although structural classification is on the basis of the
configuration of the silicate chain, Liebau suggested
that the octahedral ribbons, to which two corners of
every SiO, tetrahedra are bonded, are the main factor
in influencing which particular chain repeat is adopted.
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Fig. 1. Schematic projections of the five known pyroxenoid
structures on to the close-packed planes. (@) Pyroxene, (100)
projection; (b) ferrosilite I11, (100) projection; (c) pyroxmangite,
(100) projection; (d) rhodonite, (100) projection; (e) wollaston-
ite, [101] projection. In each case the chain repeat distance is
indicated, SiO, tetrahedra are shown as polyhedra, and metal
cations are indicated by filled circles.
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As with all silicates containing SiO, tetrahedra and
MO, octahedra, a misfit will occur between those two
components unless average dimensions of octahedral
and tetrahedral cations lie within a limited range.
Outside the range, any misfit can to some extent be
accommodated by distortions, particularly of the
(Si0,), chains, but if the misfit becomes large a change
in structural configuration will be required since
incommensurate sublattices are unlikely in view of the
requirements of electroneutrality. Liebau envisaged the
pyroxenoids as an example of this behaviour, with
progressively more frequent breaking of the basic,
zig-zag pyroxene chain, and consequent insertions of
extra tetrahedra, as the size of the octahedral cation
becomes greater. This cumulates in the wollastonite
structure (Fig. le), where only pairs of the original
zig-zag chain remain, and any further increase in
octahedral cation size necessitates an abandonment of
the chain configuration and the adoption of ring
structures. More recently, Ohashi & Finger (1975)
have suggested that pressure and temperature of
formation have a similar effect to variation in cation
size.

If the pyroxenoids are truly a complete structural
series it might be expected that, under certain con-
ditions of temperature, pressure and composition, a
situation could arise where more than one chain
configuration would be stable and intergrowths could
occur. Temperature-induced topotactical changes in
structure have been observed by single-crystal X-ray
methods, for rhodonite/wollastonite (Dent-Glasser &
Glasser, 1961) and pyroxmangite/rhodonite (Maresch
& Mottana, 1976; Aikawa, 1979) but studies of this
type give little indication of the relative sizes and
distribution of domains of one structure type within
another. These latter factors are important because
there should, in principle, be at least one structural
configuration, either one of those already known, or
one hitherto unreported, for any conditions of for-
mation and composition, in an analogous manner to
the behaviour of certain metal oxides (Wadsley, 1964).
Accordingly, an electron microscopic investigation of
the mineral rhodonite was undertaken, as this technique
alone could give unambiguous information on the
disposition and number of structural irregularities.

Experimental

Two samples of rhodonite were selected, one from
Devon, England and one from Pajsberg, Varmland,
Sweden. The latter (BM No. 50045) was supplied by
Dr A. C. Bishop of the British Museum. Samples were
examined in the natural state and after several hours of
heat treatment at 1070 K in a vacuum furnace.
Specimens of crushed grains were deposited from
suspension onto copper grids which had been pre-
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coated with holey carbon films, and were examined in a
Siemens Elmiskop 102 electron microscope equipped
with a double-tilt (+45°) goniometer stage. Micro-
graphs were recorded at magnifications in the range
250000-500000 x.

In any attempt to characterize structural imper-
fections observed in micrographs of relatively close-
packed structures, care is necessary in interpretation of
image contrast and, in particular, the true structural
resolution of the instrument concerned (Thomas &
Jefferson, 1978) must be taken into account. For the
Siemens 102, operating under optimum conditions, this
figure of resolution is of the order of 3-8 A, greater than
cation—cation distances in rhodonite, which range from
2.5 to 3-5 A. For this reason the images obtained could
not be regarded as a complete representation of the
crystal structure, being merely the superposition of
various fringe systems showing some, but not all, of the
features associated with the crystal itself.

To some extent, the resolution problem can be
overcome by employing instruments with greater
structural resolution (ca 2 A) and this has proved
practicable with pyroxenoids (Jefferson, Thomas,
Mallinson & Smith, 1979) but conditions for good
correspondence between image contrast and object
structure are more severe at the higher resolution.
Furthermore, even at 2 A resolution, interpretation of
image contrast in terms of cation positions and silicate
chain configuration is possible only in one structural
projection: consequently, for a preliminary study such
as this, lower resolution examination was preferred.

In order to extract reliable information from images
obtained at ca 4 A resolution, it was necessary to
predict by computer simulation the images obtained
from perfect rhodonite and a series of models of
defective rhodonites over a range of values of crystal
thickness and objective-lens defocus, from the known
aberration constants of the Siemens 102. This was
achieved with programs written by one of us (DAJ)
which employed the multislice method of Cowley &
Moodie (1957), models for defective structures being
calculated with artifically large unit cells in the manner
of Grinton & Cowley (1971). Although simulated
images of the latter type in general contained erroneous
contrast arising from overlapping Fourier images
(Rogers, 1969), this effect was relatively slight over a
useful range of objective-lens defocus and crystal
thickness, within which an excellent agreement with
experimental images was obtained. When comparison
with experiment indicated that an important factor
determining the nature of image contrast was objective-
lens defocus, an attempt was also made to simulate this
effect upon models of defects by optical reconstruction
which could not simulate the effect of increasing
specimen thickness, but enabled much larger arrays of
atoms to be employed. This technique also gave some
measure of agreement with observed images.
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analyse. As with the (001) defects, the sharp image
contrast at the line of the defect, coupled with the fact
that (110) defects were only observed in projection
down [110], suggested that the latter were true planar
defects on (110). However, the fact that (110)-type
defects were of limited extent in two dimensions made
image calculations of proposed models for these defects
virtually impossible, owing to the extremely large
number of beams which would have to be handled.
Consequently their exact nature could only be inferred
by analogy with similar defects observed in wollaston-
ite. Planar stacking faults have frequently been ob-
served in wollastonite (Jefferson & Thomas, 1975) and
play a role in the determination of the polytypism of
this mineral. The plane of these defects in wollastonite
is (100), which is equivalent, owing to a change in axes,
to (110) in rhodonite. It therefore seems likely that the
(110)-type defects in rhodonite are similar to those
observed in wollastonite, bearing in mind the close
similarity of the two structures. Nevertheless, whereas
such defects are common in wollastonite, they occur
only rarely in rhodonite, and invariably are of limited
extent, a feature only occasionally found in wollastonite
(Morales, Jefferson, Hutchinson & Thomas, 1977).
Also, although regular arrays of defects in wollastonite
can produce alternative polytypes, no polytypism has
been noted in rhodonite.

A possible explanation for the differences in
behaviour of this type of defect in the two structures is
indicated in Fig. 9. Here the structure of wollastonite is
projected in a direction approximately perpendicular to
the plane of the octahedral ribbons (Fig. 9a), and are
also shown schematically viewed down the chain axis
(Fig. 9b). In wollastonite the plane of the stacking faults
is inclined at approximately 45° to the plane of the
octahedral ribbons. At such stacking faults slabs of
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Fig. 9. Geometry of stacking faults in wollastonite: (a) [101]
projection; (b) [010] projection. Directions of mutual displace-
ment are indicated in (a).
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structure are displaced in the direction of the chain, as
shown in Fig. 9(a), a process which, judging from the
frequency with which such faults occur, involves little,
if any, strain energy. When the rhodonite structure is
viewed along the chain axis, similar defects appear
equally likely, but when this structure is viewed in the
plane of the octahedral ribbons, as in Fig. 1(d), one
important difference between the two structures is
evident, namely that, whereas in wollastonite the
octahedral ribbon is straight, the equivalent structural
component in rhodonite is kinked, and adjacent ribbons
are locked togther. Any displacement of one ribbon
with respect to its predecessor in rhodonite must
therefore necessitate considerable structural disruption,
particularly to the silicate chain which bridges the gap
between ribbons, and if such defects occur, they might
well be expected to have high stacking-fault energy and
consequently be of limited extent. As this corresponded
exactly to the behaviour observed in images of
(110)-type defects in rhodonite, it was concluded that
these were wollastonite-like stacking faults, of limited
lateral extent bounded by a dislocation loop. This
agrees with the observed images of Fig. 5, the strain
contrast being associated with the dislocation loop.

The authors acknowledge the assistance of the
Department of Mineralogy, British Museum, London,
for providing samples and many useful discussions, and
also Dr A. Howie, Cavendish Laboratory, University
of Cambridge, for making available time on the
Siemens 102. One of us (NJP) is in receipt of a SRC
CASE Studentship and this is gratefully acknowledged.
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Abstract

A systematic investigation of the effect of phase errors
of different types on E maps is presented. Both random
and systematic errors have been considered with
distributions depending in different ways on the
resolution of the data. Considerably large random
errors can be tolerated without great loss of structural
information in the £ maps, while smaller systematic
errors have greater destructive effects. These effects are
explained by the introduction and analysis of a
phase-error function.

Introduction

The final outcome of any direct-methods procedure is a
set of approximate phases with which an £ map is
computed. It is obvious that the quality of the map is
related to the errors in the phases and it is this
relationship which we study in this work. The interest of
this analysis is also related to the possibility of
comparing the power of different direct-methods
procedures, from tests on known structures, by giving
the value of the mean phase error or the root-
mean-square deviation of the phases.

Phase errors and resolution

Parthasarathy (1978), assuming a normal distribution
for the errors of the atomic positions, has calculated the
* With a grant from the Consejo Nacional de Investigaciones
Cientificas y Técnicas de la Republica Argentina.
t Present address: Istituto di Chimica-Fisica, Universita, Corso
Massimo D’Azeglio 48. 10125 Torino, Italy.
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average of the absolute value of the phase errors,
(14!}, as a function of the average of the absolute
value of the coordinate errors, {I4rl), for different
resolutions. An analysis of Fig. 1} shows that, at a
given value of {l4r!}, the phase error is high at high
resolution and low at low resolution. For instance, we
can see that for {(l4rl) = 0-4 A the corresponding
phase error is 70° at a resolution of 0-77 A, while it is
13°atR=5A.

From Fig. 1 we have graphically derived Fig. 2
which within the error of the graphical derivation shows
a linear trend of {I4rl) as a function of the resolution
for different values of (Id¢l). The extrapolation of
these lines to R = 0 indicates that, when assuming a
normal distribution for Ar, with an infinite set of data
the structure is exactly defined even when the average
phase error is very close to 90° ({idel) = 90°
corresponds to completely random phases).

From these observations we can infer that it is more
important to consider not only the overall average
phase error but also the distribution of the error as a
function of the resolution. In fact, as far as the
consequences on the accuracy of the atomic positions is
concerned, a set of phases with relatively high overall
{ldpl}y, due to large errors in the high-angle reflexions,
will be preferable to the same set of reflexions with
smaller (I4g!) but with large errors in the low-angle
reflexions.

In order to verify this hypothesis we have performed
some tests on the known structure of a photolysis
product (Karle, Karle & Estlin, 1967) (KARLE:
P2,2,2,, 17 atoms in the asymmetric unit). Using a
routine which generates random numbers with a normal

T Fig. 1 is a reproduction of Fig. 3(a) of the paper by
Parthasarathy (1978) with a modified notation.
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