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Direct Observation of Dissociated Dislocations

in Garnet

F. M. ALLEN, B. K. SmITH, P. R. BUSECK

Dislocation core structures in garnet [grossularite (Ca, oFef) (Al oFel)Sis ¢O12] have
been examined with near atomic resolution transmission electron microscopy. Dissoci-
ated dislocations have been observed as parallel 2/4(111) partial dislocations that are
separated by stacking faults. The partial dislocations have narrow cores (~3 burgers
vectors), and the stacking fault zone between the narrow partial dislocations is
apparently a low-energy configuration that results from the occupancy of previously
unfilled dodecahedral and tetrahedral sites. Previous studies of garnet dislocations
suggested that dissociation involves departures from garnet stoichiometry (that is,
trace amounts of impurities), but evidence of detectable amounts of impurities has not
been found even in the highest resolution images. These results have implications for
mantle mineral rheology and transformations as well as for ceramics of material science

interest.

( : RYSTALLOGRAPHIC DEFECTS IN
dense oxides greatly influence their
mechanical, electrical, and chemical

properties, but little is known about the
atomic structure of the defects and how
defect structures control the diffusibility and
concentrations of atoms in the region of the
defect. Conventional transmission electron
microscopy (TEM) methods have been used
to determine the displacement of unit cells
on ecither side of a defect, but these oxide
materials have unit cells that contain large
numbers of atoms relative to simple ionic
solids or metals. A unit cell displacement in
some dense oxide structures may involve
hundreds of atoms, and it is difficult to
derive atomic models for such large structur-
al perturbations.

The garnet structure is common to a
number of natural and synthetic oxides and
has been studied extensively from both min-
eralogical and material science perspectives.
Synthetic garnets (for example, yttrium iron
garnet) are of interest because of their ferri-
magnetic properties, and contain well-stud-
ied defects that form during growth. Defects
in natural silicate garnets are not as well
studied, although they are significant in
some metamorphic reactions (I). Garnet
dislocations are topologically similar to
those in other high-pressure oxide phases,
and the atomic structure of garnet defects is
similar to defect structures in other oxides.
We report high-resolution TEM (HRTEM)
images of dislocations in naturally occurring
garnet. These images provide direct evi-
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dence that the garnet structure in the imme-
diate vicinity of the dislocations (the disloca-
tion “core”) is composed of a region of
structural perturbations that involve the oc-
cupancy of previously unfilled crystallo-
graphic sites.

All garnets have a body-centered cubic
unit cell and a chemical formula of
X5Y2Z30y,. In natural garnets, X and Y are
divalent and trivalent cations, respectively,
and Z is silicon, whereas X, Y, and Z are
generally all trivalent cations in synthetic
garnets. The unit cell consists of eight for-
mula units, with cell edges of ~1.2 nm; the
exact value depends upon composition. The
garnet structure can be most easily visual-
ized with a unit cell of octahedrally coordi-
nated Y cations. The octahedra occupy the
corners and centers of each octant of the
garnet cell; each octant is slightly distorted
relative to its neighbors. An octant can thus
be used as a simplification of the larger
garnet unit cell (Fig. 1). The X cation is
surrounded by eight oxygens in a distorted
cube coordination and shares opposite edges
with tetrahedrally coordinated Z cations. The
opposite edge of the Z tetrahedron defines the
edge of the next X distorted cube to produce
an X-Z alternation that trends parallel to the
cube edges of the garnet unit cell.

Displacement vectors (“burgers vectors™)
for dislocations can be defined that relate
two equivalent points of the lattice so that
no closure error is produced after complet-
ing an atom-by-atom circuit through the
structure around the dislocation. The energy
of a dislocation is proportional to the length
of its burgers vector, so that dislocations
with short burgers vectors are favored dur-
ing deformation. In garnet, the shortest

lattice vectors are #/2(111) and 4(100) in
Miller index notation (2), with lengths of
about 0.7 and 1.2 nm, respectively.

Dislocations that displace only subunits of
a unit cell are called partial dislocations, and
they are separated by a planar region of
mismatch, or “stacking fault.” Two or more
partial dislocations terminate the stacking
fault region so that all of the sublattice
translations sum to a lattice vector, and thus
perfect registry is restored. Stacking fault
regions are important sources and sinks for
trace interstitial solutes and may serve as
preferred regions for second-phase growth
(1). Dissociation is the splitting of a perfect
dislocation into two or more partial disloca-
tions, and the degree of dissociation (that is,
the area and type of stacking fault) is an
important material parameter in garnet and
other complex silicates.

The similarity of the octants in the garnet
structure led Rabier er al. (3) to propose
defects in the garnet cell based on the Y
octahedra sublattice rather than the larger
crystallographic unit cell. Dissociation reac-
tions for garnet that minimize stacking fault
energy were then proposed in which the
distortions to the octahedral sublattice are
minimized. The #/2(111) burgers vector
(that is, the body diagonal of the octant in
Fig. 1) can thus be split into two a/4(111)

Fig. 1. (A) An octant of the garnet unit cell,
defined by the octahedral Y sites on the corners of
the cube. The arrangement of X and Z sites is also
shown. The X and Z sites alternate along the
(100) directions. Underlined X and Z sites are on
the hidden faces and Y’ is at the center of the cell.
(B) The polyhedral coordination of X, Y, and Z
sites.
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partial dislocations (the body-centering vec-
tor of the octant). Another possible mecha-
nism involves the separation of #/2(111)
into 4/2(100) + 4/2(011) (equal to the sum
of a cube edge plus a face diagonal). Finally,
for a(100) dislocations, reactions involving
pairs of a/4(111), a/2(001), or 4/2(011)
displacements are also possible.

Although the octahedral distortions are
not great for these reactions, the distortions
of the X and Z polyhedra differ significantly
depending on the mechanism. They can be
classified as two types [following (3)]:

@/4(111) partial dislocations produce faults
that fill previously unoccupied sites in the
structure, whereas 4/2(001) and 4/2(011)
break the alternation of the X and Z sites but
do not fill previously unoccupied sites. Al-
though one might expect that the 4/2(001)
type of defect is more likely because it
requires only a disruption of the ordering of
X and Z sites, the 4/4(111) type seems to be
preferred (1).

TEM studies have shown that the
a/4(111) dissociation of #/2(111) screw dis-
locations occurs for synthetic garnets de-
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Fig. 2. (A) Expenmcntal [0T1] HRTEM image of a dissociated dislocation in grossular
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n diffraction pattern is shown for reference in (B). Closure of the image around the

fringes parallel to different crystallographic directions) indicates a

burgers vector of 4/2(1T1) for the undissociated segments [shown as hcavy black lines in (C)]. In the
micrograph (A), this direction is shown in projection (labelled as [1T1]tr to indicate that this is the trace
of the [111] direction). Dissociation produces two parallel a/4(111) partial dislocations separated by a
stacking fault (shaded regions in cartoon). The partial dislocations are narrow, with widths of ~3
vectors. The area marked in the black box is magnified in (D), in which thc experimental and

calculated [0T1] HRTEM images of perfect and faulted grossular
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Flg. 3. Experimental [OTl] HRTEM

image of a dissociated dipole in grossular gamet. As in Fig. 2, a

dislocation has separated into two 4/4(111) partial dislocations, but in this case by a nonconservative
process into a dipole. The closure error of the dipole indicates that dissociation entailed loss of a row of

unit cell material (arrow).
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formed at high temperatures (4) and in
natural garnets deformed in the presence of
dehydrating mineral assemblages (I). The
4/2(001) type of dissociation mechanism has
not been observed. However, dissociation
of garnet dislocations is difficult to observe
with conventional TEM techniques, and
there have been a number of earlier investi-
gations in which dissociation could not be
established (5).

The separation of partial dislocations to
observable widths is hindered in garnet and
other complex structures by the high energy
of the stacking fault region. Separation of
two partial dislocations only occurs where
similarities between the faulted and unfault-
ed structures are small, such as for displace-
ments to nearly equivalent crystallographic
sites or small rotations of coordination poly-
hedra.

The part of the structure disrupted by a
dislocation is referred to as the “core” re-
gion. For complex oxides that are even
slightly distorted by partial dislocations, sep-
aration widths may be no larger than several
unit cells, essentially equivalent to the core
of a nondissociated perfect dislocation. De-
spite the small widths, advances in HRTEM
have made it possible to obtain structure
images of dissociated defects in some chain
and sheet silicate minerals (6).

Two HRTEM images of dissociated dis-
locations are shown for grossular garnet (7)
(Figs. 2 and 3). The garnet is optically
birefringent and exhibits sector-twinning on
the {110} growth surfaces. Thin sections
were cut normal to these growth surfaces
and revealed stacks of planes that corre-
spond to differently ordered layers of atoms
(8). Strain results from lattice mismatch
across such layers and produces defects at
the boundaries. The dislocations were intro-
duced during growth of these crystals; there
is no geological evidence that the garnets
were plastically deformed at this locality (7).
Similar grown-in defects in synthetic garnets
have been studied by TEM methods (5), but
there was no unequivocal evidence for disso-
ciation.

The crystallographic orientation and con-
trast for the defect in Fig. 2A is indicative of
a straight dislocation segment parallel to
[1T1]. Closure around the dislocation indi-
cates a burgers vector of 4/2(111) for the
undissociated segments (lower left and up-
per right of image). The displacement is
parallel to the length of the dislocation such
that the segments are screw dislocations.
The dissociation of the dislocation produces
two parallel segments that are separated by a
faulted region. The dissociation reaction is
restricted to the (101) plane [inclined to the
viewing direction, as shown in accompany-
ing cartoon (Fig. 2C)] and hence is a glissile
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dissociation (restricted to slip plane) of an
a/2(111) dislocation into two parallel
a/4(111) partial screw dislocations.

Image simulations (9) were done to test
whether the modification of the lattice im-
age between the dissociated dislocation seg-
ments in Fig. 2A resulted from the occupan-
cy of previously unfilled X and Z sites (2). A
“doubling” in the image is seen at higher
magnification where the faulted and unfault-
ed structures meet (Fig. 2D). The simula-
tion for a thickness of 104.7 nm at a defocus
of =50 nm most closely resembles the ex-
perimental images in the unperturbed crys-
tal regions and at the dislocation. The model
of filling X and Z voids at the dislocation is
consistent with the apparent doubling of the
lattice image.

Deviation from garnet stoichiometry
(that is, the presence of impurities) in the
stacking fault region may be expected to
enhance or stabilize the dissociation of the
a/2(111) dislocation (I). However, no ap-
parent inclusion or other preexisting defect
is observed. Three possible explanations for
this absence may be that (i) interstitial atoms
that may stabilize dissociation are present in
low concentrations and are not visible, (ii)
atoms with nominally different valence may
reside on an existing site (such as Fe(III) on
X), which would not otherwise affect the
structural image, or (iii) the dislocation has
experienced motion after its formation as a
growth defect and that the dissociation is
glide-induced. The first two possibilities are
intriguing because they imply that low
quantities of dopant or solute atoms or
slight deviations from stoichiometry may
lead to dissociation in garnet and potentially
in other complex silicates and oxides.

Evidence to support the stabilization of
dissociated cores by trace amounts of solute
is provided in Fig. 3, in which a grown-in
dislocation has dissociated into a dipole of
two a/4(111) partial dislocations. However,
this dissociation occurred by a nonconserva-
tive (“climbing”) process, because the clo-
sure error of the dipole indicates that disso-
ciation entailed loss of material equivalent to
one unit cell (arrow). It is unlikely that these
garnets were plastically deformed, so the
only mechanism for the formation of this
dissociated dipole would be the flux of
vacancies to the precursor core segment,
which would cause the small but observable
dissociation through a Suzuki-type mecha-
nism (10).

There are several important problems in
mineral physics that are well suited for
HRTEM analysis of dislocation cores. For
example, the mechanism of the olivine-spi-
nel transformation at 400-km depth in the
mantle may depend on the dissociation of
olivine defects (11). Plastic flow of the lower
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mantle may be strongly influenced by per-
ovskite defect structures, and inferences
have been made that the core regions of
dislocations in perovskite are also dissociat-
ed (12). The crystal structures and electron
scattering of olivine and perovskite are simi-
lar to garnet; recent reports of the imaging
of dissociated olivine defects (13) demon-
strate that HRTEM analysis of defects in
dense oxides may be generally feasible.
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Horizontal Plate Motion: A Key Allocyclic Factor in
the Evolution of the Great Barrier Reef

P. J. Davigs, P. A. SyMonDs, D. A. FEAry, C. J. PIGRAM

The Great Barrier Reef complex of northeastern Australia thins dramatically and
becomes younger from north to south. These variations are a consequence of the
Cenozoic northward movement of the Indian-Australian plate. The temperate climatic
conditions that applied off northeast Australia during the early Tertiary were progres-
sively replaced by tropical conditions. The present-day south-to-north facies distribu-
tion along the eastern Australian continental margin mimics the Cenozoic vertical
facies sequence through the northern part of the Great Barrier Reef region.

HE GREAT BARRIER REEF OF
northeastern Australia, which is
comprised of approximately 2500 in-
dividual reefs and extends for ~2000 km
from 9° to 24°S, is the largest reef province
on the earth (Fig. 1). Studies in the past 10

years (I-3) have defined the major autocy-
clic factors that affect reef growth. From
these results a model has been constructed in
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