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Abstract

Dislocations in minerals have a long history: The first images of dislocations ever seen were
obtained by Seidentopf in 1905 on rocksalt (halite) with an optical microscope. Since then, and
particularly after the development of ion thinning techniques in the early nineteen sixties,
dislocations in minerals have been studied in great detail by transmission electron microscopy.
While diffraction contrast images of dislocations are similar in metals and minerals, the
structures of most minerals are very complex and of low symmetry, which leads to their having a
great variety of slip systems that change with temperature-pressure-strain rate conditions. Thus
the identification of dislocations in rock-forming minerals and the analysis of their characteristics
can be used to infer geological conditions during deformation. Recently much emphasis has been
placed on the nature of dislocations in high pressure phases that occur deep in the Earth. Here
findings from transmission electron microscopy are combined with atomic scale modeling. This
chapter provides an overview of early and modern work on dislocations in minerals and
discusses applications to different mineral groups and their geologic significance.
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1. Introduction

Minerals are naturally occurring, macroscopically homogeneous chemical compounds with a
regular crystal structure that form by a geological process. There are over 4000 different mineral
species. In about 100 of these dislocation structures have been studied in some detail. Minerals
compose rocks. They also are synthesized for industrial applications. Dislocations and
microstructures constitute a record of the various processes that formed and modified rocks and
other geological materials. Study of the constituent minerals by geologists can constrain the
conditions that have been experienced, e.g. pressure, temperature, stresses. Understanding the
rheology of crustal rocks is dependent on knowledge of the deformation behavior of their
minerals. Correspondingly, the rheology of the zones in the mantle is strongly dependent on the
plasticity of the high pressure minerals in them [1, 2]. In both cases the chemical environment
(especially water content) has an important influence on deformation behaviour and anisotropy,
e.g. fabric development.

Owing to space limitations, what follows is not a comprehensive review of what is known
about dislocations in minerals; we are obliged to be selective and to feature mainly highlights.
We also assume that readers will consult suitable texts concerning both the theory of dislocations
(e.g. [3], [4] for a more advanced treatment) and their characterization (e.g. [5], [6]).

The strain and contrast associated with large numbers of dislocations causes tell-tale
broadening of X-ray diffraction peaks (see section 5 in [7]) but techniques of much greater
resolution are needed to image dislocations and microstructures directly. Probably the first
images of dislocations ever obtained were from a geological material - the mineral, halite (NaCl).
These were obtained in 1905 when Seidentopf [8] examined naturally-coloured rocksalt with an
optical microscope. His observations (of dislocations decorated with sodium metal) pre-dated
the theoretical concept of a dislocation in an elastic medium [9] and the ideas that dislocations
might play an important role in plastic deformation [10, 11, 12, 13]. Thus the significance of
Seidentopf’s results was not recognized. Much later, Rexer [14] inadvertently decorated
dislocation lines in rocksalt crystals with colloidal sodium. His work gave rise to the decoration
methods used successfully to study dislocation behaviour in alkali halides [15, 16]). Fig. 1a
shows an extensive decorated network. Decoration methods are of limited value in revealing
dislocation microstructures, however, because a thermal treatment is usually required and this
causes recovery. Exceptions are the print-out effect in silver halides [17], the first direct
observation of dislocations where they were properly identified, and olivine [18, 19, 20]. Olivine
requires heat for the dislocations to become decorated but apparently at temperatures and times
for which climb (see section 2.4) is minimal. For an excellent report of early work on
dislocations in many materials, including some minerals, see Amelinckx [5].

Growth twins in minerals, e.g. in calcite, have been known for centuries; observation of
mechanical twinning also has a long history. But the dislocations often associated with both
types of twinning remained undiscovered. The link between twinning and dislocations only
emerged in the 1950s, after thin metal foils were first examined in the transmission electron
microscope (TEM) by Hirsch et al. [21] and Bollmann [22]. Thereafter the association was
found in minerals that are well known for their twinning, like calcite (e.g. [23]).

Although results from TEM studies on metals forged ahead of those from minerals prior to
the widespread adoption of the ion-milling method [24, 25], mineral crystals played key roles in
earlier work. For example Griffin [26] recognized groups of monomolecular surface steps on
beryl crystals as indicative of the emergence of screw dislocations (Fig. 1b). Some 20 years
earlier, Honess [27] described various surface features that we now recognize as associated with



dislocations, e.g. tails or “beaks” extending from etch pits into the interiors of many mineral
crystals (caused by dissolution following impurity atmospheres or decorating particles along
dislocations). Dislocations in minerals can be preserved and locked against movement through
geological times by the pinning of impurities or the segregation of a second phase [28]. In
general new dislocations must be nucleated for plastic deformation to proceed.

The study of dislocations by etch pitting was useful in early studies of plastic deformation.
One of the best illustrations is the work of Gilman and Johnston [29] on synthetic lithium
fluoride. Successful etch-pitting reagents were also devised for other minerals, such as halite
[30] and olivine [31], but by then X-ray topography [32] and TEM had emerged as preferable
techniques because of their potential for obtaining images capable of providing 3-D information.

The first TEM studies of defects in minerals were mostly carried out on layer-structured
crystals that could easily be cleaved to electron transparent thicknesses. These included mica
[33], graphite [34], molybdenite [35, 36] and talc [37]. The study of dislocation networks in talc
[38] is an early milestone in dislocation analysis. Thereafter, the ion-milling method (and, more
recently, the FIB (focused ion beam) technique) made it possible to investigate dislocations and
other defects in a wide range of minerals, crustal rocks and extraterrestrial materials.

The lunar samples returned by the Apollo 11 mission first demonstrated the value of ion-
milling in TEM investigations of minerals. The resulting investigations helped convince
geologists of the importance of detailed studies of microstructures and dislocations for the
interpretation of the deformational and thermal history of geological materials. Various studies
on lunar rock specimens (e.g. [39], [40], [41], [42]) made geologists, who already used SEM and
EPMA, suddenly aware of the power of the TEM to analyse mineral microstructures, cosmic ray
tracks, etc., leading to the acquisition of ion-milling equipment and TEMs by numerous
laboratories. There followed a very active period during which many TEM papers were
published detailing the relationships between microstructures, macroscopic properties and
mineral behaviour. Although much progress was made [6], the boom in such studies was soon
over and today only a few earth science laboratories work with the TEM, perhaps a reflection of
the time-consuming nature of specimen preparation and the rigorous analytical approach
required. There remains some interest in high-resolution imaging (HRTEM). Although the latter
supplies valuable information about stacking disorder, grain boundary structure, polytypism and
phase transformations [43], it seldom informs about dislocation behaviour.

2. Dislocation microstructures in different environments:

2.1 Dislocations and other defects introduced during growth and crystallization

Minerals form by various processes, embracing a wide range of temperatures. Those of
sedimentary and low temperature (LT) origin tend to start as poorly crystalline and often
disordered solids. Unsurprisingly, dislocations are not usually observed in minerals in this state
(e.g. geologically young dolomites). More equilibrated LT minerals such as clays often show
stacking defects but in general are not noted for significant numbers of dislocations. However,
ancient calcian dolomites and other rhombohedral carbonates that exhibit compositional
fluctuations producing lattice strain often contain collections of dislocations.

Minerals grains formed at higher temperatures (HT) by crystallization from melts, by phase
transformations, or by reactions, generally contain “grown in” dislocations. The densities of such
dislocations are typically low to moderate (i.e. below about 10* cm™), unless special factors
apply. Recrystallized grains are often dislocation-free. Most HT minerals have cooled over



geologic times, enabling equilibration, which favours low dislocation densities in the absence of
subsequent deformation. An additional source of dislocations in any mineral that has cooled
very rapidly can be the collapse of the lattice around clusters of point defects, especially
vacancies.

Many minerals have ordered structures and they may exist in both ordered and disordered
states. Ordering can occur when two different atomic species A and B utilize the same lattice
sites and order is achieved when the two types of atoms occupy alternate adjacent sites, i.e.
ABABABA. Typically at high temperatures the site occupancy is random; ordering commences
as the mineral cools. Because the ordering usually starts at many places simultaneously
antiphase boundaries frequently occur where ordered domains impinge, e.g. ABABA|JABABA
(e.g. p.211 in [44]). Igneous rocks generally contain ordered minerals, whereas
unmetamorphosed sedimentary rocks tend to contain disordered minerals. Generally speaking,
order-disorder transitions do not appear to cause changes in the numbers of dislocations.
Ordered structures, however, allow for a new type of dislocation, a superdislocation, which is a
line defect of the both the A and B sublattices. Superdislocations in some structures are able to
dissociate into super-partials.

An antiphase boundary is a type of stacking fault. Stacking faults also occur in materials that
do not order, the simplest example being a fault in the normal close-packed layering in face-
centred cubic metals, like copper, represented by CABCABJABCABC. Stacking faults, formed
during crystal growth or as a result of deformation (slip), are bounded by partial dislocations.

2.2 Deformation, slip, slip system analysis, Burgers vector

Deformation is the main source of dislocations in rocks and minerals, although what is
observed may have been modified subsequently. If the original deformation is brittle in nature
there will be much cataclasis, but this may also generates dislocation because of the high stresses
present at advancing crack tips. The detailed analysis of such cataclastic materials can be
difficult even if subsequent annealing has occurred. Laboratory deformation of single crystal
minerals has often been used to elucidate slip systems. The results must be applied with care
when interpreting natural rock deformation because normally this has taken place at strain rates
several orders of magnitude below those obtainable experimentally. Other considerations apply
when interpreting natural shock deformation but here too laboratory experiments have played a
useful role. Shock deformation effects in terrestrial and meteoritic minerals have been reviewed
[45, 46].

Plastic deformation creates many dislocations, possibly accompanied by effects such as
twinning and kinking, grain boundary sliding and competition from climb (see below). The first
two processes can themselves add to the production of dislocations. Depending on the symmetry
of the mineral, slip may proceed on one or on several planes. The slip planes in simple structures
are close-packed planes or, in more complex structures, planes for which the breaking of bonds
is relatively easy and/or does not bring oppositely charged ions into closer proximity. The
choice of slip direction is also governed by several structural considerations. In any case, too
much energy is required for slip to occur simultaneously over a large area of slip plane and so
instantaneously the slip is of limited extent - the boundary between slipped and unslipped
material defines a dislocation in the atomic structure [44]. Slip occurs incrementally by the glide
of dislocations across the slip planes. The motion of a dislocation out of its original slip plane
can occur either by cross-slip onto an intersecting slip plane (provided there is a common slip
direction) or by climb (if the diffusion of point defects is possible). Dislocations are typically



curved, not straight, expanding from a small source under the action of applied stress. Where a
dislocation is perpendicular to the direction of slip it is said to have edge character, where it is
parallel it is screw-like (see, e.g. [3] for an explanation); where it is neither, the dislocation is of
mixed character. A slip system is specified in terms of a slip plane {hkl} and either a slip
direction <uvw> or the associated Burgers vector, if it is known. Table 1 lists the slip data for
many important minerals and they will be discussed in later sections.

A dislocation is characterized by its Burgers vector, b. This is a measure of the local
displacement of the lattice after a dislocation has passed through it. The Burgers vector is a
translation vector of the unit cell. It determines whether, or how, a dislocation will interact with
other dislocations. To analyse microstructures, to understand how they have formed and how
they relate to macroscopic properties like texture, strength, etc., it is crucial to have complete
information about dislocations (and other defects), slip systems and Burgers vectors. Diffraction
methods enable dislocations to be imaged, their properties identified and their Burgers vectors
determined. X-ray topography and TEM are both suitable for this work; by comparing the
visibility of dislocations in images recorded using several Bragg reflections in turn, one can
ascertain Burgers vectors. TEM is the more widely applicable diffraction contrast method [47]:
the conditions g.b = 0 and g.b x u = 0, where g is the diffraction vector and u is the direction of
the dislocation, apply when a dislocation becomes invisible. Fig. 2 shows darkfield images of
quartz with some dislocations in and out of contrast, depending on which g is used [48].
Analysing dislocation strain fields by this method is dependent upon setting up “two beam
conditions” for imaging. This requires that there is only one strong electron reflection (only one
reciprocal lattice vector g operating). Achieving and/or recognizing out-of-contrast conditions
for a dislocation in a mineral is often not straightforward because 1) anisotropy in elastic
properties may forbid complete invisibility and give residual contrast; ii) crystal symmetry
considerations can make it impossible to achieve two-beam conditions in certain crystal
orientations with respect to the electron beam,; iii) radiation damage may decorate dislocations
and this effect will be seen even when the dislocation’s strain field does not interact with the
electron beam (Fig. 2b) . Less widely used TEM technique for characterizing Burgers vectors
without any a priori assumptions are Large Angle Convergent Beam Electron Diffraction
(LACBED), as first demonstrated by Carpenter and Spence [49] and Ishida fringes [6].

The characteristics of stacking faults and other defects can also be found using both
diffraction contrast [6] and convergent beam techniques [50]. Simple stacking faults and other,
more complex, planar faults commonly occur as a result of slip in minerals. Because the strain
energy of a dislocation is proportional to |b|*, it can be energetically favourable for a dislocation
to dissociate into two partials, b, and b,, separated by a ribbon of stacking fault. Dissociation is
favoured in minerals where cations in identical sites have large separations. Fig. 3a illustrates
this behavior in experimentally deformed dolomite slipping on the basal plane, according to

¥4<2110> — %4<1100> + 14<1010>.
In addition to slip, mechanical twinning may occur as a deformation mechanism. Twin
boundaries are often decorated with dislocations to relieve local strain (Fig. 3b).

2.3 Hardening

Much less is known about the hardening of minerals caused by plastic deformation than is
the case for metals and alloys [51]. This is attributable to 1) the long-standing importance of
understanding and optimizing the mechanical properties of metals, ii) the poorly known and
complex geological settings and conditions that pertained when rocks were deformed, and iii) the



comparatively few laboratory studies of mineral deformation. Nonetheless, we know from the
stress-strain curves of minerals and rocks plastically deformed at low-to-moderate temperatures
to moderate strains that the effect of strain is to increase resistance to further deformation, i.e. to
strengthen and harden the material. This hardening is largely due to a) increased dislocation
densities, formation of tangles of dislocations, etc., making the passage of newly nucleated
dislocations more difficult and b) a lack of activatable slip planes and slip systems. In the more
ductile minerals strained to a few percent, cellular dislocation microstructures can develop that
are similar to those seen in the stage I1I work hardening of metals (see p.167 and figs. 11b, 12b
in [52]). Thus there are similarities in behaviour, so mineralogists and geologists can look to the
large literature on metals for help in understanding the microscopic behaviour of minerals and
rocks. Complications arise with minerals, however, because of the inability of many minerals to
conform to the von Mises [53] criterion because of a symmetry-related lack of slip systems and
hence their tendency to fracture. Nicolas and Poirier [54] give a good description of various
hardening mechanisms and the role of climb and other processes in softening minerals, together
with a discussion on how dislocation substructures relate to applied stress. Note that flow laws
and hardening behaviour have been quantified for only a few minerals.

2.4 Climb and recovery

Below temperatures where point defects are mobile, an edge dislocation and a mixed
dislocation with an edge component are unable to move out of their glide planes (screws have no
glide plane and so are not similarly confined). Interactions are therefore limited, being restricted
to dislocations in a given glide plane unless a process like cross-slip is possible. But if point
defects are mobile they can interact with a dislocation and gradually change its position: edges
may move out of their glide plane; screws may become helices. Such effects are manifestations
of a process called climb. Climb is the rearrangement and interaction of dislocations to reduce
the stored elastic energy —i.e. it is partial equilibration. Climb only occurs at temperatures above
~ 0.5Ty, where Ty, is the melting point in degrees Kelvin. Climb is only possible if all the
relevant point defect species are mobile.

Annealing allows high energy configurations of dislocations created by deformation to
reduce their energies — by mutual annihilation, reactions and climb. The dislocation density is
reduced but all the dislocations are not eliminated; many will persist in the form of networks and
other types of low energy sub-boundaries dislocation arrays. Fig. 4a) illustrates the effect of
climb in quartz.

2.5 Recrystallization

Recrystallization implies that a crystal or an existing grain structure is replaced with another. It
is a solid state process, driven by a need to reduce energy stored in the assembly and so it can
proceed by more than one mechanism. The strain energy is directly proportional to the
dislocation density [55, 56]. Recrystallization occurs during diagenesis and metamorphism (a
reduction of chemical free energy). The replacement of heavily deformed grains by new
undeformed grains of the same type (giving a reduction of strain energy) is also known as
recrystallization - short for strain-induced recrystallization. This process is a more drastic
equilibration than can be achieved by climb. A wave of atomic rearrangement passes
systematically through each heavily deformed grain, sweeping out any dislocations and generally
leaving most grains free of dislocations and other extensive defects. Where a completely new
grain structure is formed the grain boundaries are almost all high angle (>10°).




Static recrystallization is triggered when a heavily strained material is rapidly raised to a
critical temperature. New dislocation-free grains are nucleated and swiftly grow by consuming
heavily deformed material until they impinge on their neighbours. The resulting grainsize
depends on the relative successes of the two competing mechanisms, nucleation and growth. The
equilibration to a new grain structure is catastrophic and primary recrystallization, the initial
stage of generating the new grain structure, is complete within seconds if all the material is at the
same temperature. Grain growth and secondary recrystallization take the form of some grain
enlargement at the expense of much smaller grains, thus reducing total grain boundary area (and
energy), together with some grain boundary flattening, equilibration at triple junctions, etc.

Although massive submicroscopic rearrangement has occurred, the macroscopic process
described above is called static recrystallization, to distinguish it from dynamic recrystallization.
The latter occurs while a material is under stress and being deformed at an elevated temperature,
one such that point defects are mobile and usually other stress-reducing mechanisms are also
active (e.g. cross-slip, grain boundary sliding). Dynamic recrystallization causes some softening
to mitigate the effects of the hardening that usually accompanies plastic deformation. It does so
by providing new grains with relatively low defect densities [54]. In metals, these are often
elongate in the direction of the macroscopic deformation [57]; the same effect is seen in ductile
minerals, e.g. halite and calcitic marbles. Fig. 4b illustrates nucleation in regions of high
dislocation densities in quartz [58]. The degree of softening during dynamic recrystallization is
dependent on the strain rate and other factors because the new grains deform and acquire
dislocations as they grow (e.g. see the case of olivine: [59, 60]).

2.5 Preferred Orientation

The macroscopic effects of the processes of pervasive deformation (and recrystallization) are
the development of anisotropy in properties, due to preferred orientation or texture. Clearly
texture development is closely linked to movement of dislocations on slip planes and Taylor
[61] introduced the first comprehensive theory to model texture development by slip that is still
widely used. Interestingly there is no mention of dislocations or slip systems in Sander’s [62]
famous treatise on fabric analysis. It was only through the classical “Yule marble studies” of
Griggs and Turner that metallurgical concepts to link microscopic mechanisms with macroscopic
properties, i.e. the linkage of dislocations and texture patterns, became accepted in structural
geology and has played a dominant role ever since (e.g. [63, 64]). The role of this micro-macro
linkage is twofold: Firstly, if slip systems of constituent minerals in rocks are known, we can
predict the evolution of texture patterns during tectonic deformation in the crust (e.g. [65]) or
convection in the mantle (e.g. [66, 67]) and then use texture to interpret geological history or
seismic anisotropy. Secondly, if slip systems are not known, for example because ultrahigh
pressure phases cannot be quenched and studied by TEM, experimental texture patterns recorded
in situ at highest pressures with diamond anvil cells can be used to infer slip systems (e.g. [68]).
Not just deformation textures but also recrystallization textures can be related to dislocation
structures, in terms of individual grain deformation that controls nucleation and growth [69].
There is no space here to discuss preferred orientation in minerals and several reviews exist [42,
70, 71]. In the next sections we will look at dislocation in a variety of mineral systems and their
variation with physical conditions, mainly temperature, strain rate and pressure.
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3. Dislocations in various minerals

Dislocations have been studied in many minerals of both geological and materials science
interest. We review investigations on some mineral systems in considerable detail, without trying
to achieve completeness. Slip systems and Burgers vectors of important minerals are
summarized in Table 1. Many advances have been made since earlier reviews by Christie and
Ardell [72] and McLaren [6]. Minerals are discussed in order of chemical groups, except for high
pressure minerals relevant for the deep earth; these are the subject of the last section. We must
mention briefly results that have relevance in other disciplines. For example, diamond and other
various forms of carbon are very important technologically; a concise summary of relevant
findings is given by Bernaerts and Amelinckx [73]. Ceramic materials are polymineralic and the
microstructures of the constituent grains can strongly influence bulk properties [74].
Extraterrestrial materials, especially meteorites, embrace a wide range of minerals, sometimes
with unique or unusual microstructures [75]. Recently considerable attention has been given to
dislocation structures in ice [76].

3.1 Halides

The susceptibility of halides to radiation damage and, for some also, to atmospheric attack,
has meant that there are few direct observations of dislocations within them. Much of our
knowledge comes from optical observations of surface slip traces, etch pits and decorated
dislocations. For a review of plastic deformation and dislocations in ionic crystals see Castaing
[77]. The highly ionic nature of halides imbues them with the interesting possibility of their
dislocations being charged. Despite this, there has not been much research into the subject of
charged dislocations since the earliest days and so there are relatively few definite results. The
most important halide minerals are cubic in structure. Only halite (NaCl), fluorite (CaF;) and
lithium fluoride (LiF) will be considered here, and the latter only because of early work that was
very influential in the study of defects in non-metals. For this reason LiF is briefly considered
first.

3.1.1 Lithium Fluoride

Lithium fluoride is unimportant from the geological viewpoint but it has great value for
optical components: lenses, prisms, windows, which transmit from the vacuum ultraviolet to the
infrared and, when doped, as a laser material. Like halite, the LiF structure is cubic and has two
interpenetrating face-centred cubic lattices, one of cations and one of anions. Studies of synthetic
lithium fluoride using the etch-pitting method [78, 79] were amongst the first to reveal the
behavior of dislocations during plastic deformation. This ground-breaking work proved the main

slip system to be{110}<110>; it also demonstrated the glide and climb of dislocations, the
expansion of surface half-loops under stress as well as the blocking of dislocations on one slip
system by an orthogonal one.

3.1.2 Fluorite

The crystal structure of fluorite is most easily visualized as a primitive cubic lattice of
fluorine ions with calcium ions at alternate body centers. Granular fluorite aggregate is a source
for the chemical industry and large pure crystals have applications in modern optics.
Unlike the main minerals with the rocksalt structure, fluorite cleaves on {111} planes and slips

on {100} in the <011> direction [80]. Above 200°C, slip on {110}<110> is also possible. Above
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320°C polycrystalline plasticity is observed with the {100} planes providing three independent
slip systems and the {110} planes giving two more [81]. Dislocations in fluorite have been
studied by etch-pitting methods, and by TEM [82] but the latter is not without difficulty, since
the mineral rapidly damages under electron and ion irradiation. A cubic symmetry void
superlattice can be formed in TEM if the radiation flux is not restricted [83].

Possible core structures for dislocations gliding during {111} slip have been considered with
a view to possible charge effects [84, 85]. A model of jogged dislocations with alternate
positively and negatively charged segments to achieve overall neutrality was proposed [86].
Straight and jogged edge dislocations lying in {100} have no intrinsic charge when moving; the
anions must move normal to the Burgers vector, i.e. along the dislocation [87, 88]. A core model
assumes a uniformly neutral edge dislocation at rest and atomistic movements that could operate
to accommodate charge balancing during the glide of various types of dislocation. This has some
similarities with the synchroshear mechanism for sapphire [89]. Straight edge and screw
dislocations in the {110} planes of the fluorite structure are uncharged [90]. Brantley and Bauer
[88] examined various dislocation configurations in the fluorite structure for the presence of
long-range electrostatic charge, assuming slip systems of the {001}<110> type. They concluded
that neither pure edge or screw dislocations nor jogs and kinks on edge or screw dislocations
need necessarily give rise to long-range charge, although it could be produced by adsorption or
desorption of anions and cations. They also considered the possible effects on dislocation glide
and the likelihood of charge transport by dislocations. Stacking fault energies for the {100},
{110} and {111} planes in CaF, were calculated and in all cases the energy was high so that only
weak dissociation is to be expected [91].

Further ideas about the behaviour of dislocations in fluorite can possibly be derived from the
literature on oxides and oxide fuels [92], because some of these materials have the fluorite
structure and they have been more widely researched than fluorite.

3.1.3 Halite

Halite (rocksalt), NaCl, with the same cubic structure as LiF, deforms by slip easily and
single crystals can sustain large strains provided failure by cleavage is suppressed. Halite has
been studied extensively owing to its importance as a component of fault zones and oil traps in
sedimentary basins, nuclear waste repositories, and a pressure medium for high-pressure
experiments. Early studies often attributed deformation to twinning or kinking, but Pratt [93]

showed that slip was the dominant mechanism. At low temperatures {110}<110> is the principal
slip system, with 72<110> as the Burgers vector. Each of the {110} planes contains only one slip
direction, so there are only two independent slip systems and the Von Mises [53] criterion for
plasticity in polycrystals is not met unless other systems are activated [94]. To a considerable
degree, the mechanical properties of KCl (sylvite) are like those of halite.

Deformation and etch-pitting experiments on rocksalt crystals have shown that both {100}
and {111} slip can occur although electrostatic considerations make these planes less favoured
than {110}. Carter and Heard [95] deformed single crystals with various orientations at
temperatures up to 500°C at several strain rates and found that at room temperature {110} slip
was greatly favoured but already at 300°C {100} and {111}slip became equally active. The
stress-strain curves and hardening behaviour of pure halite resemble those of single crystals of
f.c.c. metals, with the three typical distinct stages [54, p225]. Duplex slip, glide polygonization
and the creation of deformation bands characterize stage II. Cross-slip and the formation of
dislocation tangles occur in stage III. X-ray topography was used to study the nature of
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deformation bands formed in stage I [96]. Possible hardening mechanisms have been
investigated for several NaCl-type crystals, pure and doped [97]. The finding that the flow stress
for the onset of stage III is thermally activated [98] led to the proposal and theoretical evidence
that screw dislocations can dissociate in the {110} planes and that cross-slip into {100} requires
stress-assisted, thermally activated recombination [99, 100]. This suggests that cross-slip should
be favoured by increase in hydrostatic pressure [101].

As mentioned previously, the direct observation of dislocations in NaCl poses problems,
although as mentioned in section 1, the very first observations of dislocations were made using
halite crystals some 100 years ago. About 50 years later, decorated dislocations in doped and
thermally-treated crystals provided much information [102, 15]. Frank [103] studied theoretically
the geometries of regular dislocation networks in the rocksalt structure using Thomson’s notation
[104], while Amelinckx [5] found ways to analyse less regular networks. In the following years
most dislocation studies relied on the etch-pitting and stress-birefringence methods, which

obviate the need for annealing. Fig.5a shows {110}<110> slip bands in a lightly bent bar of
halite, as revealed by the etch-pitting method. The dislocation density is locally very variable but
it is approximately 10° cm™. Fig. 5b shows the etch-pit pattern due to edge dislocations arranged
in low-angle tilt sub-grain boundaries formed by the annealing of a strongly bent bar of halite.
There is evidence for negatively charged dislocations in pure NaCl and positively charged OH-
doped NaCl, after deformation by bending [105] with a Bauschinger effect, which is associated
with the movement of charged dislocations.

The only report of TEM images of dislocations in deformed alkali halide crystals is by Hobbs
and Goringe [106], who used special thin-sample preparation techniques, a TEM fitted with a
liquid-He cooled stage and fast-emulsion photographic plates, the latter exposed using very low
electron flux densities. Their diffraction contrast images lack any obvious signs of radiation
damage and show <110> screw and <100> edge dislocations and tangles in KClI crystals
deformed to 15% strain and <110> screws, and dipoles and debris in NaCl deformed to 10%.

3.2 Carbonates
3.2.1 Occurrences and Structures of Carbonate Minerals

Rock-forming carbonate minerals at room temperature are rhombohedral (e.g. calcite, and
dolomite) or orthorhombic (e.g. aragonite). Calcite, CaCOj3 and the ordered double carbonate,
dolomite, CaMg(COs3), predominate. High temperature forms are often associated with
rotational disorder of the carbonate groups [107]. Biogenic carbonates are predominately high
magnesium calcite, dolomite and aragonite. They importantly occur as very strong but
lightweight protective constructions in the phyla mollusca and echinodermata. The fracture
toughness of nacre is more than tenfold that of geological calcium carbonate [108]. Such
biological constructions have therefore received attention from scientists interested in designing
and making novel synthetic materials. Biogenic carbonates are not considered here because of
their diversity of both occurrence and structure and the current evidence that they lack grown-in
dislocations and deform in brittle mode (their complex microstructures probably inhibit the
nucleation of dislocations and hence their strength).

Calcite has trigonal symmetry, R3c. The four-digit Miller-Bravais crystallographic indices
used for calcite in this section refer to hexagonal axes and a (true) hexagonal structural cell. For

this cell the calcite cleavage planes {r} have indices {1014} and the commonest twin planes {e}

are {I018}. Use of a true cell enables one to properly assign all reflections observed in X-ray
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and electron diffraction patterns to sets of planes with integer indices. Older literature mostly
employs a rhombohedral cell, often the morphological (cleavage) cell containing 2 CaCOs

molecules, which is not a true cell. Dolomite crystallizes in the point group R3. Aragonite is the
orthorhombic (Pcmn) polymorph of calcium carbonate. It is only a stable phase at high pressure,
but notwithstanding this, the mineral occurs widely in marine sediments and in marine
organisms, both skeletally and as nacre. For an earlier review of microstructures in carbonates
see Wenk et al. [109].

3.2.2 Calcite

The plastic deformation of calcite usually involves both slip and twinning; both generate
dislocations. Slip and twinning in thombohedral carbonates have a preferred sense, i.e. a definite
direction of shear.

TEM results from the grains in naturally deformed calcites usually indicate that two or more
deformation systems have operated, leading to complicated arrangements or tangles of
dislocations. Even single crystals experimentally deformed to low strains generally contain
complex dislocation configurations that defy analysis. A further handicap is the tendency of most
calcite specimens to suffer electron beam damage, making it impossible to analyse dislocation
properties from a set of images under various diffraction conditions. The eventual proof that the
basal slip system can operate [110], subsequent to a long-held suspicion [111], necessitated the
torsion at high temperature of a single crystal orientated to suppress the activation of all other
slip systems.

Studies of limestones and marbles from various geological settings [112, 113]) showed a
fairly good correlation between the microstructures, metamorphic grade and geologic history.
For example, very high dislocations densities (~10° cm™) were found in a deformed low grade
fine-grained limestone, whereas rocks of high metamorphic grade generally had lower
dislocation densities. Greenschist facies samples could be distinguished from those of
amphibolite facies on the basis of their microstructures. However, recovery was in evidence
even in low grade samples; as a consequence, the densities varied greatly between the grains in a
fine-grained mylonite with a complex history. Dislocations in calcitic rocks clearly could move
at much lower temperatures than in quartz rocks so that calcite was not suitable as an indicator of
conditions in major tectonic events because of ease of subsequent recovery.

Analysis of TEM images of dislocations, together with structural considerations, indicate that

the Burgers vectors for r, f and ¢ slip are respectively ¥3<2021>, ¥<1011> and %4<2110>. There
is no evidence for basal dislocations in calcite and marbles deformed at low temperatures.

Activity on (0001)<2110> in high temperature samples is characterized by many long straight
screw dislocations. Slip on r in the negative sense occurs over a wide range of temperatures, as
shown for single crystals [63] and for polycrystals [64, 114]. Slip on fis also important,
especially when twinning is less favoured. The dislocations generated by both r- and f-slip do
not have well-defined geometries. Those produced by r-slip are not crystallographically
controlled; they tend to be strongly curved, are unregimented and seldom adhere strictly to their
slip planes or form slip bands (this is in strong contrast to the situation for dolomite). The
Burgers vectors are long (0.77 nm for r-slip and 0.81 nm for f-slip, but only 0.49 nm for c-slip).

Despite the theoretical possibility of dissociation in the r-planes to partials with '/g<2021>
Burgers vectors and the creation of a stacking fault in the COj lattice, there is no evidence for it.
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Deformation twinning on both the e and r planes can produce several types of interaction and
the generation of microcracks [115]. Twinning in calcite usually creates numerous dislocations,
explaining why repeated twinning and de-twinning is not possible [116, 117]. Dislocations
typically occur in the twin boundaries, within the twins and also external to them, especially
when one twin impinges on another twin or an obstacle. Crossing twins [118] occur readily,
producing rhombohedral channels, as first reported by Rose [119], after whom they are named.
Stopping twins (these do not taper to a point) are common in polycrystals where many obstacles
to propagation exist. Their terminations are important sites for dislocation nucleation and the
initiation of microcracks (which themselves may create more dislocations).

In highly deformed calcite rocks e-twinning is usually profuse, which is consistent with their
thermal history. Stress relief by twinning decreases as the temperature increases and in calcitic
marbles deformed under suitable geological conditions it is possible to find grains completely
free of twins but with cell-like dislocation microstructures (Fig. 3b), resembling those observed
in work-hardened metals.

3.2.3 Dolomite

The characteristics of dislocation configurations seen by TEM in dolomite are markedly
different from those for calcite. In comparison, active slip systems for dolomite are more easily
identified in deformed and unrecovered samples because dislocations tend to keep to their slip
planes and frequently are geometrical in shape. Slip bands are common in experimentally
deformed specimens. Because dolomite is an ordered mineral with a superlattice of both cations
and anions (COj; groups), perfect dislocations in the structure are, senso strictu,
superdislocations.

Examples of grown-in dislocations are found in ancient calcian dolomites and calcian
ankerites. These minerals frequently exhibit fine-scale modulated microstrostructures with
wavelengths commonly between 7.5 and 20 nm [120]. The modulations arise directly during
growth, have been attributed to compositional or ordering fluctuations and superstructures [121,
122], and are usually associated with a finescale growth banding closely perpendicular to the
modulations [120]. The latter is a manifestation of plane concentric zoning and probably reflects
small compositional changes during growth [123]. The dislocations in these ancient dolomites
and ankerites are oriented perpendicular to the growth zoning and thus roughly parallel to the
modulations (fig.10-3 in [120]). They probably nucleated at the growing interface and being
unable to terminate, traverse the growth sector.

Metamorphic dolomites can contain quite high dislocation densities, between 10° and 10° cm’
2. Evidence of recovery in the form of dislocation networks is commonly seen (e.g. [124]).
Generally speaking, there is a correlation of dislocation density with metamorphic grade:
Crevola marble, a medium to high grade amphibolite facies rock [125] has a low dislocation
density and is therefore suitable for deformation experiments [126]. To judge both from both
experimental specimens and rocks, recovery does not appear to occur as readily as in calcite and
so dolomite should be a better indicator of tectonic conditions. Fig. 5 illustrates microstructures
in experimentally deformed single crystals. At low temperature dislocations are concentrated in
bands (Fig. 6a). At higher temperature climb produces more open microstructures with loops
(Fig. 6b).

Dolomite is much less prone to electron damage than calcite and so it is easier to determine
Burgers vectors using diffraction contrast methods. The vectors for perfect dislocations are

13<2110> and ¥4<2201>. However, dislocation dissociation is also possible in dolomite; when it
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occurs in the basal planes pairs of superpartials separated by region of stacking fault are formed

[124, 127]. The Burgers vector of the basal partial dislocations is ¥3<1010>. Long ribbons of
stacking fault can result from this dissociation in experimentally deformed dolomites (Fig. 3a).
The basal slip system is considered to be responsible for the unusual increase of strength with
temperature demonstrable with single crystals [128, 129]. Strengthening apparently occurs due to
inability of basal dislocations to overcome obstacles because a mechanism (e.g. cross slip) is
lacking.

Dislocation dissociation accompanying slip on the f-planes presents more complex
possibilities [127]. The slip directions and Burgers vectors lie along the intersection of two f-

planes and therefore a superdislocation with a Burgers vector ¥3<2201> can glide on two planes
simultaneously in a vee-like configuration, or alternatively, as a closed rhombohedron-shaped
loop using two planes of each orientation (this is known as pencil glide). If an f-slip dislocation

dissociates to give partials of type '/6<2201> the passage of such a partial gives a fault in both
the cation and COj sublattices, resulting in what is normally called an antiphase boundary
(APB). The diffraction contrast properties of such faults in practice, however, are not those
expected for APBs. Therefore they have been called complex stacking faults [127]. Usually
many dislocation dipoles and small loops result from f-slip at moderate temperatures, on account
of various interactions and the ease of cross-slip. When f-slip can occur, as in most grains in
polycrystalline dolomite, it masks the increasing strength-with-temperature behaviour associated
with e-slip.

3.2.4 Aragonite

There are very few reports of observations of dislocations in either geological or biogenic
aragonites although the slip systems are known (see Table 1) and {110} twinning occurs in both
types. Studies of the aragonite — calcite transformation have shown that dislocation tangles and
twins can serve as nucleation sites for calcite [130]. In an in situ TEM study of the
transformation [131] there was no evidence of a martensitic mechanism [132] but the moving
interphase boundary was seen to sweep away dislocations and twins. Recent interest in
biomimetic materials has led to studies of the plasticity and microindentation of nacre. The
results have provided new information about aragonite slip systems [133], but to date, no direct
data about dislocation behaviour.

3.3. Oxides

Several oxides that occur as significant minerals in nature are also important as ceramics or
as components of ceramics, or as technological materials. Such materials are mostly synthesized
for reasons of obtaining appropriate volume, mechanical properties or special geometry, control
over impurities and crystal defects, achieving functional doping, etc. These aspects of oxides will
not be considered here. Bretheau et al. [134] carried out a comprehensive review (in French with
English summary) covering the properties and behaviour of several technologically important
oxides. The review points out that dislocation glide in oxides is not well documented and that
interpretations of observations from different oxides are often contradictory. Dislocation climb is
the mechanism of interest at the elevated temperatures that are relevant to ceramics. To test
possible theories, data about diffusing species are required and models of dislocation cores and
jogs are necessary. Some methods of making core models have been proposed (e.g. [135, 136]),
but generally these are lacking.
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3.4.1 Corundum
Corundum, aluminum oxide (sapphire), a-Al,Os, has a crystal structure in which oxygen ions
are close-packed and the aluminium ions occupy two-thirds of the octahedral interstices. The

mineral is trigonal (R3c) and the close-packed oxygen plane is basal, i.e. (0001).

The extreme plastic anisotropy of sapphire was first reported by Wachtman and Maxwell
[137] who detected basal creep in tensile specimens at 900°C but found that when specimens
with a c-axis were stressed in tension, no creep occurred until the temperature exceeded 1600°C.
The earliest TEM observations of dislocations in Al,O3[138, 139] used chemically-thinned pure
and doped synthetic sapphire imaged grown-in dislocations: sections of low-angle sub-
boundaries and regular networks were seen in undeformed specimens while helices and loose
networks were seen in specimens deformed in creep. Subsequent optical and TEM results

established that slip is in the <1120> close-packed direction and the Burgers vector of the basal

dislocations is ¥5<1120>. It was suggested that basal dislocations would need to glide by a
mechanism of synchroshear involving dissociation of dislocations into quarter partials and the
cooperative movements of anions and cations [89]. Further work showed that important

additional slip systems for high temperatures are {1120}<1100> [140, 141] and {1011}<0111>,
with a Burgers vector of %<1101> [142, 143, 144]). Slip on {1012}<1011>, and possibly on
{1011}<1210> was also reported. TEM studies of the dislocations arrays around room
temperature indentations showed that slip can also take place on the pyramidal planes {1123} in

the <1100> direction , with the Burgers vector <1100> [145]. Basal twinning [146, 145] and
rhombohedral twinning are additional deformation mechanisms [147, 148, 149]. Both can occur
at room temperature and rhombohedral twinning has been observed in deformation up to
1700°C. Thermal shock often causes rhombohedral twinning.

Pletka et al. [150] examined various possible strengthening mechanisms in sapphire. The
early stage of work-hardening in pure samples deforming by basal slip is due to the formation of
obstacles to dislocation glide in the form of many edge dipoles created by the trapping of
dislocations on parallel planes (Fig. 7a). As deformation proceeded further the dipoles were seen
to break up by climb, forming small loops. When the rate of dipole accumulation became equal
to the rate of their annihilation the rate of work hardening became zero. Several studies
investigated the role of dislocations in the plastic deformation of Cr- and Ti-doped sapphire [150,
151, 152, 153]. The effect of chromium concentration has little effect on dislocation
multiplication mechanisms and dislocation velocities during basal slip between 900 and 1500°C
[154].

The slight dissociation possible for some dislocations in Al,O3 has been illustrated by several

authors; two examples are: a) the two arms of a [1120] dipole are each dissociated into two
partials, the adjacent inner partials then annihilate to leave a wider ribbon of stacking fault,

bounded by ¥<1010> partials [155]; b) the dissociation of a dislocation with b =[0110] into
three partials that recombine where there is a change in angle [156].

3.4.2. Hematite
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Hematite, a -Fe,0s, is a major ore mineral. Itis isostructural with corundum and it seems
reasonable to expect that it would slip on similar systems. There have been few deformation
experiments on single crystals, however, and even fewer direct observations of dislocations in
hematite.

At room temperature the only easy deformation mechanisms in hematite appear to be

twinning on the basal and pyramidal planes, {0112}. Prismatic slip, {1120}<1100>, was shown
to occur at 200°C and above [157], although brittle fracture can still occur in tension at about
1200°C in the absence of confining pressure [158]. At low strain rates, 25 to 700°C and under

confining pressure, hematite tested in compression was made to slip on (0001)<1120> and {112

0}<1100> [159]. There is TEM evidence for dislocations at twin interfaces and basal slip [160].
High resolution TEM has been used to study symmetry and twinning in hematite [161, 162] and
intergrowths of hematite and magnetite [163, 164] (Fig. 8a).

3.4.3. llmenite

Ilmenite, FeTiOs, is also isostructural with corundum. Cations are ordered in alternate layers
parallel to the close packed oxygen layers, i.e. (0001). Ilmenite is an important ore mineral for
titanium. One might expect the same slip systems for ilmenite as with corundum. But similarly,
slip on any plane transverse to the basal plane would require a perfect dislocation to have a large
Burgers vector. Otherwise such slip would proceed by means of partials, generating regions of
antiphase stacking, which would be likely only at high temperature. The mechanisms of plastic
deformation of ilmenite have not been studied.

The interfaces between finescale exsolution lamellae of ilmenite in hematite have been
investigated and most were shown to be coherent and dislocation free [165]. Due to differences
in lattice parameters, dislocation arrays decorate the interface (Fig. 8b). Contrast analysis
revealed a hexagonal grid of rhombohedral dislocations [166] rather than dislocations with basal
Burgers vectors [167]. The ordering phase transition in ferrian ilmenite from the high

temperature R3c disordered structure to a R3 lower temperature ordered structure results in the
creation of twin domains [168, 169]. No dislocations were involved.

3.4.4. Periclase and Wiistite (see also 3.8.1.)

Periclase, MgO, has the rocksalt structure. It is rare in the Earth’s crust but is thought to be a
major component in the lower mantle in a solid solution with FeO (magnesiowiistite). As with
NaCl, the easy glide plane at low temperature is the electrically neutral plane, {110} and

dislocations in MgO have Burgers vector ¥2<110>. At higher temperature glide also occurs on
{001}<110> and {111}<110>. Dislocation structures formed during creep of MgO single
crystals were investigated by etch-pitting [170, 171]. Later work has relied more on TEM for the
interpretation of microstructures [134]. Most of the plasticity of fine-grained polycrystalline
MgO above 1000°C was attributed to diffusional processes except for some evidence of

dislocation glide [172, 173]. Single crystal MgO shows plasticity due to slip on {110}<110>
from below room temperature to moderate temperatures. Above 1200°C the {001}<110> system
is activated [174].

Waustite, Fe; <O, with x commonly lying between 0.05 and 0.15, occurs as a phase in iron scale.

The primary slip system is {110}<110>, as in NaCl. A steady state can be attained in
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deformation experiments of polycrystalline FeO above 1000°C and strain rates are proportional
to the fourth power of stress, indicating that dislocation climb is active [158]. Diffusion creep is
observed at yet higher temperatures. High strain experiments were performed in torsion and
under confining pressure on magnesiowliistite aggregates by Heidelbach et al [175] to investigate
texture development and associated changes in mechanical behaviour. The initial deformation

texture was compatible with <110> dislocation glide on all three possible slip systems: {111},
{110} and {001} and this was confirmed by TEM results. The microstructure evolved into one
of subgrains at a relatively low homologous temperature (<0.5Ty,), which was possibly promoted
by cross-slip between the active systems. Rotation of the subgrains ultimately led to a
recrystallization texture. Dislocation creep and strain partitioning of olivine-wiistite aggregates
deformed to large strains has been studied by Bystricky et al. [176].

3.4.5. Magnetite

Magnetite, Fe;O,, crystallizes in the inverse spinel structure (cubic), with Fe*"in the
tetrahedral sites and both Fe*" and Fe’" in the octahedral sites (space group Fd3m). Many
cationic substitutions occur. It is an important iron ore and occurs in many geological
environments, as aggregates, veinlets, and inclusions.

There is relatively little information about dislocations in massive magnetite. Small crystals
are usually dislocation-free: magnetosomes in magnetotactic bacteria are perfect single crystals
[177]; the magnetites in the carbonates in the Martian meteorite, ALH84001, are also
dislocation-free [178, 179]. Preferred orientation measurements on magnetite ores deformed at

300°C suggest the action of {111}<110> slip [180]. This mechanism was shown to be active at
least up to 1000°C [158].

3.4.6. Spinel
There is a large range of spinels, including magnetite as discussed above, but the most

important, is the magnesium aluminate, MgO(Al,O3),. Slip systems for this mineral have been
researched thoroughly [181]. In stoichiometric samples (n = 1, i.e. MgAl,O4) deformed at high

temperature (1800°C), slip occurs on {111}<110> (glide of dislocations on the close-packed
plane and direction) as predicted [182], and includes dissociation of <110> dislocations into
quarter partials [89]. One can deform spinel at temperatures below 0.5T, if a uniaxial
compressive stress is applied in the presence of a confining pressure [183]. Even deformation at
room temperature is possible under special conditions [184]. Dislocation configurations
associated with indentations made on spinel at room temperature have been studied by TEM
[185, 186].

Veyssiere and Carter [187] deformed a stoichiometric single crystal of spinel along <110> to
cause primary slip on {111} with cross-slip occurring onto a {001} plane. Weak beam imaging
indicated that all dislocations associated with the primary slip plane were dissociated out of that
plane, no matter what their character (Fig. 7b). Deformation proceeded by gliding of the partials
on parallel planes. The accompanying stacking faults have to migrate; this is achieved by a local
shuffling of cations. Weak beam images of screw dislocations gave a stacking fault energy of
530 + 90 mJ m™ for conservative dissociation on {001} at 400°C.
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The effect of cation vacancies in alumina-rich samples is to change the slip plane from {111}

to {110}, with glide still in the <110> direction [181, 188, 189, 190]). Dissociation into quarter
partial dislocations is again observed but with a larger separation [188].

3.4.7. Perovskite (see also 3.8.5.)

Perovskite, CaTiOs is one of a large group of minerals with formula AA’BB’’O; owing to
the ease of substitution of the cation species. The structure is unique in having a large cation site
in 12-fold coordination. Perovskites have a cubic or cube-octahedral structure but symmetry is
often reduced to tetragonal or orthorhombic by ordering or distortion [191]. There are many
“perovskites” of scientific curiosity or industrial importance for devices (e.g. the ferroelectric
tetragonal oxide BaTiOs and tetragonal/ rhombohedral Pb(Ti, Zr)Os). The perovskite structure
also attracts much attention because of its associations with high-temperature superconductivity
in compounds such as YBa,Cu3zOg. For geosciences, the perovskites (Mg, Fe)SiO; and CaSiO;
are thought to be the main constituents of the lower mantle and control its rheology. Dislocations
in these silicate perovskites will be discussed in the section on high pressure minerals.

The easy glide systems in pseudo-cubic CaTiO; are {110}<110> and {010}<100> [192].
Other slip systems can also be activated under special conditions, e.g. {001}<110> and
{110}<001>. There is very little information about dislocations and microstructures in CaTiO;
[193] but a large amount about them in other perovskites such as SrTiO;. Dislocations in
perovskites, including SrTiOs, are widely observed to dissociate. Also a very marked flow stress
anomaly in SrTiOs3 suggests that dislocations in the cubic perovskite structure may possess
several core structures [194].

3.4.8. Rutile

The structure of rutile, TiO,., is tetragonal, with a pseudo-hexagonal packing of oxygen ions
in the (001) plane (space group P4,/mnm). Rutile is commonly oxygen deficient. It is an ore for
titanium and occurs in quartz veins in metamorphic rocks and as placer deposits.
The plastic behaviour of rutile is surprising at first sight: (001) is not a slip plane at low to
moderate temperatures and does not feature in the primary system at high temperatures, which is

{101}<101>[195, 196]. The secondary HT system is {110}[001]. Dissociated <101>
dislocations and long stacking faults have been observed [197] but dislocations with [001]
Burgers vectors are not dissociated [198]. The amount of dissociation appears to be associated
with stoichiometry. Suzuki et al. [199] studied dislocation dissociations in rutile and
isostructural SnO, by HRTEM and confirmed that [001] dislocations did not dissociate, while
<101> dislocations did. Furthermore they observed edge dislocations with b = <100>. These

were found to dissociate on the {101} plane into sessile types by the reaction [100] — ¥2[101] +
1%[101].

3.4 Quartz

Quartz (Si0,) is one of the most abundant minerals in the Earth’s crust. Owing to its
ubiquitous occurrence in zones of high strain tectonic deformation, its rheological properties are
commonly used to model the mechanical behaviour of continental regions (e.g., [200]). In
addition, dislocation glide mechanics in quartz (specifically double kink nucleation) have been
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applied to model the rheological evolution of grain scale asperities on faults during earthquakes
[201].

The low-temperature polymorph (a-quartz) is trigonal (P3;21). The high temperature
polymorph (B-quartz; transition at 573°C, increasing to ~900°C at a pressure of 1.5 GPa) is
hexagonal (P622). Low quartz is elastically very anisotropic, with a direction perpendicular to

the negative rhomb {0221} almost twice as stiff as the direction perpendicular to the positive

rhomb {2021}. High quartz is fairly isotropic.

Dislocation imaging in quartz has a long history, but it was only with the development of ion
beam thinning that dislocation microstructures could be quantified with TEM analysis [202].
Dominant slip systems in quartz have been studied by analysis of dislocations in deformed single
crystals as well as experimentally and naturally deformed quartz rocks (quartzites). One of the

first determinations of Burgers vectors identified r = %4[2110] [48]. Contrast analysis is
complicated by the fact that quartz undergoes rapid beam damage. Slip takes place mainly in the
a, ¢ and <c+a> directions on numerous low index planes containing these directions, but

dominant under most conditions are (0001) and {1010} planes [72]. Creep tests on wet synthetic
crystals conducted at room pressure suggest a dominance of ¢ slip at low temperatures [203].
Furthermore, extrapolation of the temperature dependence for ¢ and a slip to higher temperature
indicates a transition from c to a slip (Fig. 9). Evidence for a slip in quartz single crystals at
lower temperatures has been reported (e.g., [204, 205]) but the data are not unambiguous [203].
Recent high pressure (P = 1.5 GPa) experiments on wet synthetic crystals do suggest that slip on

(0001)%s <1120 > is easier than {1010}[0001] at 600°C, and that the activity of ¢ slip and a slip
become similar at 900°C, consistent with transitions in texture patterns observed in quartzite
[206].

The effect of temperature on the microstructures and dominant slip systems determined from
textures are similar for both experimentally and naturally deformed quartzites (e.g., [207, 208,
209, 210]). Inferences about slip systems from textures are not unequivocal, especially because
many texture studies rely only on c-axis orientations and not the full orientation distribution.
There are very few TEM investigations identifying dislocation geometries in natural quartzites.

The newer studies are consistent with the concept that (0001) %4[2110] slip dominates at lower
temperatures, with a transition to {1010}% <1 120 > slip at intermediate temperatures (~900°C in

the laboratory, 500°C-600°C in the Earth) and finally {1010}[0001] slip at temperatures above
600°C-700°C in the Earth [208]. Slip on the rhombohedral planes in the a and ¢ directions is
also observed. The different transition temperatures observed for experiments and rocks
recovered from natural settings are interpreted to reflect a kinetic trade-off between the
temperature and strain rate. Experimental samples creep at rates 10° to 10 times faster than
deformation occurs in the Earth.

Experimental data suggest that the displacive a-f transition may not strongly influence the
dominant slip systems. This is not unexpected because the main basal and prismatic slip systems
have “hexagonal” symmetry. However, textures are distinctly trigonal in most natural quartz
rocks, with very different orientation distributions for positive and negative rhombs (e.g. [211]).
The trigonal textures may arise for various reasons: conceivably rhombohedral slip systems are
important. They may be due to mechanical Dauphiné twinning, which is geometrically a 180°
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rotation about the c-axis but achieved through slight structural distortions [212, 213, 214].
However, twins are rarely observed in natural quartzites in a wide range of conditions [200].
Interestingly, in situ heating experiments in the TEM documented the role of dislocations for the
propagation of twins in the vicinity of the a—[3 transformation [215] (Fig 10a). Most natural
quartzites are recrystallized, rather than plastically deformed and recrystallization under stress of
this highly anisotropic material may induce the trigonality of the preferred orientation pattern
[216, 217,218, 219].

The stress required for dislocation slip in quartz depends strongly on water fugacity. Under
dry conditions, quartz is extremely strong, owing to the strongly covalent Si-O bonding. Dry
gem-quality single crystals support stresses in excess of 1.0 GPa at a temperature of 1300°C
(~0.8 T/Tm) and confining pressure of 0.3 GPa. At these conditions, strain is accommodated
dominantly by microcracking, and dislocation glide is largely isolated to crack tip regions [220].
By contrast, hydrothermally synthesized quartz crystals exhibit yield stresses in the range of 140
MPa at 750°C [221, 222, 203]. The effect of water content on dislocation creep has also been
documented for quartz aggregates, where creep rate is observed to increase approximately
linearly with increasing water fugacity [223, 224].

While the effects of water are well documented, and further substantiated by measurements
of enhanced diffusion and dislocation recovery at high water fugacity [225, 226], the
mechanisms by which water (or hydrogen) influence dislocation mobility are still not well
understood [227, 228]. Some water is in the form of bubbles associated with dislocations (Fig.
10b) [229]. Microstructural evidence for enhanced dislocation climb, as well as rapid rates of
dislocation recovery, suggest dislocation mobility is increased by enhanced diffusion rates under
hydrous conditions [230, 231, 224]. However, climb was inhibited in deformation experiments
on water-poor quartz, tested under P, T conditions that kept the residual water dissolved in the
lattice and only basal and c + a slip were rendered active, glide being aided by dislocation
dissociation [232]. Enhanced diffusion rates under hydrous conditions are interpreted to result
from an increase in the concentration of H-related defects with increasing pressure [231, 233].
Such a process explains differences in the behaviour of wet quartz at different water fugacities.
However, the drastic changes in the behaviour of dry quartz and quartz with ~500 H/10°Si may
represent true “hydrolytic weakening”, where Si-O-Si bonds are hydrolyzed to form weaker Si-
0O-H-H-O-Si, lowering the Peierls barrier to dislocation glide [222].

Various TEM studies of quartz rocks illustrate systematic changes in microstructures with
metamorphic grade and deformation conditions. Average dislocation densities range from <10’
Jem? in high temperature environments to >10° / cm’ in heavily deformed cold-worked material
(e.g. [58, 234, 210, 235].

3.5 Olivine

Olivine, (Mg;.Fe,)>S10s4, is the primary mineral in Earth’s upper mantle with x = 0.1. The
olivine crystal structure is orthorhombic in spacegroup Pbnm. Deformation of olivine has been of
longstanding interest, because this mineral is the major component of the Earth’s upper mantle
and controls its rheology. Furthermore, preferred orientation of olivine attained during mantle
deformation by dislocation creep results in high and systematic seismic anisotropy [236, 237], an
observation that has been exploited by geophysicists to investigate the dynamics and kinematics
of mantle convection.

The dominant slip systems in olivine at high temperatures (low differential stresses) are
(010)[100] and (001)[100] with (010)[001] and (100)[001] playing a greater role at lower
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temperatures (high differential stresses) [238, 239, 240] (Fig. 11). However, TEM observations
have revealed dislocations with [010] Burgers vectors as components of low-angle tilt
boundaries [241], and high-resolution lattice fringe images demonstrated their dissociation into
three or four partial dislocations [242] (Fig. 12). The transition between [100] and [001]
dominated slip also occurs with increasing pressure [243]. At high temperatures, climb provides
a portion of the strain as evidenced by analyses of the change of shape of single crystals
deformed in compression [244] and by the kinetics of formation of low-angle tilt boundaries
[241].

A substantial number of laboratory studies of the rheological behavior of olivine have been
undertaken, both on single crystals and on polycrystalline samples [244, 245, 246, 247, 248].
These experiments demonstrate that the strength of olivine is sensitive not only to temperature
and pressure but also to Fe content, oxygen fugacity, and water fugacity. In samples deformed
under anhydrous conditions, four distinct deformation regimes have been identified: grain
boundary diffusion creep, dislocation-accommodated grain boundary sliding, dislocation creep,
and lattice friction creep. For samples deformed under hydrous conditions, the dislocation-
accommodated grain boundary sliding regime appears to be absent, possibly because of the
enhanced role of dislocation climb. In addition to temperature and pressure, ‘water’ has a major
effect on the strength of olivine. The water-weakening effect is associated with the introduction
of hydrogen ions into olivine grains, analogous to doping a semiconductor material because
olivine can be treated as a wide band gap semiconductor [245, 249, 250].

Transitions between slip systems have also been reported as a function of water fugacity.
Five different regimes in stress — water fugacity space have been reported [251]: (010)[100] at
low stress, low water content; (001)[100] at low stress, intermediate water content; (100)[001] at
intermediate stress, high water content; (010)[001] at high stress, high water content; {0k/}[100]
at high stress, low water content. The relative roles of stress, water content, temperature, and
pressure in the transitions between dominant slip systems is complex as it is not possible to vary
one of these parameters without varying another. For example, to reach high water contents, it is
necessary to go to high pressures [252]. Deformation at low stresses requires high temperatures,
while deformation at high stresses requires high confining pressures and generally low
temperatures.

3.6. Other silicates

3.6.1 Garnet (see also 3.8.2.)

Garnets are cubic minerals with a wide range of chemical substitutions that occur in
metamorphic rocks from the Earth’s crust and as a volumetrically significant fraction of the
upper mantle. Some end-members are almandine F632+A12(Si04)3, grossular Ca3Aly(SiO4)3,
pyrope Mg3;Al»(SiO4); and majorite MgzMgSi(SiO4)s. Some synthetic garnets are also important
technologically. Gadolinium gallium garnet, (GGQG) thin films and yttrium aluminium garnet,
YAG (the latter with various dopants, e.g. neodymium), have applications in magnetic bubble
devices, and optical laser devices and waveguides, respectively. Some reports about growth-
induced dislocations in these materials (e.g. [253, 254]) may have relevance to mineral garnets.

One of the earliest reports about dislocations in a natural garnet is that of Carstens [255] who
studied Norwegian and Czech pyrope-rich garnets by etching them with hydrofluoric acid. Long
etch channels extending from the surfaces, similar to those observed earlier [27], were attributed
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to deformation-induced dislocations. Tangled arrangements and cell structures were interpreted
as indicators of dislocation creep.

TEM was used to elucidate the characteristics of dislocations in naturally deformed silicate
garnets and olivines in garnet-peridotites and silicate garnets in eclogites [256]. It was found that
1) dislocation densities in garnets from garnet-peridotites were always almost an order of
magnitude less than those in the co-exisiting olivines; i) dislocation densities of garnets in
eclogites that were within garnet peridotites were almost ten times greater than those in the
garnets surrounding garnet peridotites. The Burgers vector, b was predominantly <100> for
garnets with dislocation densities of 10° — 10° cm™, but b was %<111> for dislocation densities
of 10" -10° cm™.

Two very different but characteristic microstructures were identified in eglogites from the
Alps [257]. One is indicative of only local microplasticity but overall brittle behaviour,
consisting largely of microfractures. The other, occurring more widely, was a dislocation
microstructure that is the result of dislocation creep associated with dynamic recovery in the

form of climb. Slip systems found to be operative were {110}4<111>, {112}%4<111>, {123
1A<111>, {010}<100> and {011}<100>.

Several analytical methods, including electron back-scatter imaging and diffraction, were
used to study elongate natural garnets that were deduced to have deformed at ~700°C [258]. In
low strain regions, subgrains with small misorientation between neighbours were observed;
boundary misorientations increased when approaching areas of higher strain. A polygonal
microstructure was present in high-strain areas.

With HRTEM dissociations in a completely stoichiometric garnet were observed [259],
contrary to the notion that dissociation is linked to traces of impurities. Parallel and narrow
74<111> partial dislocations were separated by stacking faults that corresponded to a low energy
configuration resulting from the occupancy of previously vacant dodecahedral and tetrahedral
lattice sites.

3.6.2 Orthopyroxene

Enstatite-hypersthene, (Mg,Fe)Si,0¢, the second most abundant mineral in upper mantle
rocks, is orthorhombic (Pbca). Pyroxenes are chain silicates, with SiO; chains extending along
the c-axis. Dislocations with [001] Burgers vectors dominate deformation with glide on the (100)
and (010) planes [260, 261, 262, 263, 264, 265]. There are also (100)[010] dislocations with a
[100] line direction [275] (Fig. 13a). The critical resolved shear stress for the (100)[001] slip
system is significantly smaller than for (010)[001]. With a limited number of slip systems, it is
inferred that climb and grain boundary sliding must also be important deformation mechanisms
in orthopyroxene rocks [266].

3.6.3 Clinopyroxenes

The clinopyroxenes are monoclinic: diopside CaMgSi,0g, augite Ca(Mg,Fe)Si,Og and
spodumene LiAlSi,Os crystallize in space group C 2/c, pigeonite (Ca,Mg,Fe)Si,O¢ and
clinoenstatite MgSiOs in space group P2;/c and omphacite (Ca, Na)(Mg, Fe, Al)Si,O¢ in P2/n.
Based on TEM analyses of experimentally deformed diopside, plastic deformation takes place by
mechanical twinning on (100)[001] and (001)[100] with dislocation glide on (100)[001],
(100)[010] and (010)[100] at temperatures of <500°C [267, 268, 269, 270, 271, 272, 273]. At

higher temperatures, slip is activated on (100)[001], {110}'5<110>, {110}[001], (010)[001],
(100)[010], and (010)%2[101] [273, 274, 275, 269]. The easiest slip system appears to be
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(100)[001] at temperatures 500° < 7'< 800°C, which alters to {110}'%5<110 > and {110}[001]
for 7> 800°C [274, 243].

Burgers vector and dislocation line analysis of naturally deformed augite-enstatite crystals
indicate activation of many slip systems such as (100)[001], {110} 2<110>, {110} "»<112>,
(100)[010], (010)[100], (010)<101> and {110}<111>, the first two being the most active [275].
The study demonstrates that most dislocations are dissociated and stacking faults are produced
that can be interpreted based on the complex structure of these chain silicates. In naturally
deformed augite from a pyroxenite with lamellar exsolution %2 [101] dislocations in (010)
combine single to double chains, yielding so-called chain multiplicity faults [276].

An interesting role of dislocations is in the stress-induced phase transformation of
orthoenstatite to clinoenstatite [277, 278, 279].

As with other nominally anhydrous silicate minerals, the addition of a small amount of
hydrogen in clinopyroxene results in a significant decrease in high-temperature viscosity, both in
the diffusion creep regime and in the dislocation creep regime [273, 280, 281, 282]. Compared
to olivine, the dependence of creep rate on water fugacity is similar to that reported for olivine
with an approximately linear relationship between creep rate and water fugacity [282].
However, in the dislocation creep regime, the dependence of creep rate on water fugacity is
significantly larger for clinopyroxenes for which creep rate increases roughly as the third power
of water fugacity [281].

Omphacite is a clinopyroxene that can be disordered, but is rarely disordered in nature
because it typically occurs in eglocite facies (metamorphic) rocks as a main phase with garnet.
Mg and Al cations order convergently on the M1 positions of the monoclinic structure, leading to
omphacite with the space group P2/n. The '4[110] translational symmetry is lost in the ordering
transition so that antiphase domains (APDs) with the displacement vector R = '4[110] can form
[283, 284].

Omphacite samples have been found to contain a range of crystal defects: free dislocations,
deformation twin lamellae on (100), chain multiplicity faults parallel to (010), non-
crystallographic faults terminating in dislocations, APDs, low-angle grain boundaries,
recrystallising grains, exsolution lamellae [285]. Apart from the APDs and exsolution lamellae,
all these defects result from deformation followed by or contemporaneous with recovery. The
first determinations of the Burgers vectors of dislocations in omphacite were made by TEM by
Van Roermund and Boland [286]. They identified the Burgers vectors [001], /2<110> and
¥2<112> (the latter at dislocation nodes) and concluded from the presence of many sub-
boundaries that plastic deformation had been dominated by dislocation creep. These results and
conclusions have been investigated in more detail in naturally deformed omphacites [287, 288,
289, 290] and in experimentally deformed disordered (C2/c) omphacites [291].

Spodumene the lithium clinopyroxene has a Burgers vector {010] and a glide plane (100)
[292]. In addition (100) twinning has been documented.

3.6.4. Amphiboles

Clinoamphiboles are monoclinic (C2/m) hydrous double-chain silicates that are common in
metamorphic rocks. Dislocation structures have been studied in hornblende ((Ca,Na,K),-
3(Mg,Fe,Al)s(OH,F),(S1,Al),Si160,2) and glaucophane (Na,Mg3;Al,(OH,F),Sis022).

Mechanical (-101)[-10-1] twins have been identified in experimentally deformed hornblende
single crystals, as well as dislocations on the (100)[001] slip system [293, 294]. In hornblendes
from naturally deformed rocks dislocations on {hk0} planes were documented, mainly [001]




25

screws [295, 296, 297, 298]. A systematic investigation of dynamically recrystallized hornblende
from a high temperature shear zone discovered microstructures typical of dislocation creep, with
subgrain boundaries and free dislocations [299]. The primary slip system is (100)[001] consistent
with experimental results. Secondary slip systems are (010)[100] and {110} 72<110>. There is
evidence for cross slip of [001] screws producing helical microstructures (Fig. 13b). Amphibole
structures are intermediate between pyroxenes and sheet silicates and indeed “chain multiplicity
faults” have been described [300] and transitional structures may be facilitated by movement of
partial dislocations [301].

Studies of glaucophane from high pressure-low temperature metamorphic rocks reveal a
variety of slip systems: (100)[001], {110}[001], (010)[100], {110}72<110> and (001)72<110>
[302].

3.6.5. Mica

Micas are some of the earliest minerals where dislocations have been studied [303, 33] using
multiple beam interferometric techniques and imaging screw dislocations in the basal plane (001)
of dioctahedral muscovite (C2/c) (KAl,(OH,F),AlSi30;¢). Burgers vectors were determined with
TEM [304, 305]) and X-ray transmission topography [306]: }2[110], '2[-110] and [100].
Dislocation microstructures play an important role in recrystallization of mica [307, 308]) (Fig.
14). Experimental deformation of trioctahedral biotite (C2/m) (K(Mg,Fe);(OH,F),AlSi30,0)
confirmed %2<110> and [100] as Burgers vectors [309]. Mica minerals are also of industrial
interest because of their unique electrical and thermal properties and dislocations are important
[310].

3.6.6. Sillimanite, Mullite

Sillimanite and mullite are silicates with Si-Al tetrahedral chains. They occur in high
temperature metamorphic rocks and mullite is an important ceramic material. TEM analyses
identify [001] as Burgers vector in sillimanite [311, 312]. Dislocations are generally of screw
type in the [001] direction (Fig. 14b) and sometimes are dissociated [313]. Dislocation-assisted
high temperature deformation has been documented in mullite [314]. The influence of
dislocations and strain on the aluminosilicate phase transformations were investigated for kyanite
[315].
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3.6.7. Feldspars

Feldspars are the most abundant mineral in the Earth’s crust and probably on the crusts of
the Moon, Venus and Mars as well. Feldspar compositions vary within two solid solutions, the
alkali feldspars (KAISi3;0s-NaAlSi;Og) and plagioclase feldspars (NaAlSi;0g-CaAl;Si,0s).
Feldspars have two excellent cleavages, (001) and (010); these have also been identified as slip
planes. All feldspars have low symmetry: C2/m for the high temperature alkali feldspars high
sanidine with complete disorder of Si and Al in tetrahedral sites above approximately 1000°C
and partially ordered low-sanidine (orthoclase). Lower temperature alkali feldspars albite and

microcline are triclinic in the C1 space group. (A centered unit cell is chosen to conform with the
traditional morphologic unit cell and more or less parallel axes in all feldspar structures. Miller
indices in this section all refer to the c= 0.7 nm albite unit cell unless indicated.). The Ca end

member of plagioclase (anorthite) is in space group P1 at temperatures below ~250°C, and

transforms to 11 at higher temperatures due to positional disorder [316]. Feldspar structures of
intermediate composition are extremely complex due to the competing forces of ordering (Al-Si)
and exsolution (Na-K and Na-Ca). Many feldspars display complex microstructures with fine
exsolution lamellae (perthite, peristerite, labradorite, bytownite), antiphase boundaries (anorthite)
and pervasive twinning (microcline). There is a large literature on TEM studies of these
microstructures. The investigations of dislocations are more sporadic and work has been
reviewed by Tullis [317] and Gandais and Willaime [318]. While feldspars are major
components of a large majority of igneous and metamorphic rocks they are generally quite
undeformed and occur as porphyroclasts in a matrix of highly deformed quartz, calcite and
pyroxenes.

Experimental and microstructural studies of granitic rocks demonstrate that feldpars are
stronger than quartz [226]. By contrast, plagioclase feldspar becomes a weak and interconnected
phase controlling the rheology of more mafic gabbroic rocks [200], which are common in the
lower continental crust and oceanic crust.

Analyses of dislocations in experimentally and naturally deformed feldspars by TEM
indicate that the dominant slip plane is (010). The (010) plane may be favourable due to its low
density of largely covalent Si(Al)-O bonds (2 per unit cell, [317, 318, 319]). With this criterion,

other possible slip systems include (001), (110), and (101) (with 4 Si(Al)-O bonds per unit cell),
(100), and (111) (with 6 4 Si(Al)-O bonds per unit cell). [001] is the dominant Burgers vector,
which is supported by TEM analyses of experimentally and naturally deformed samples (e.g.,
[320, 321, 322] but many other dislocations have also been identified.

In alkali feldspar experimental studies on Westerley granite with ordered microcline
[323, 324] and disordered sanidine [325, 326, 327, 328] show that (010)[001] slip is active in

both. Other dislocations are (010)[101] (Fig. 15a), (001)}2[110] and (121)[101]. In naturally
deformed alkali feldspars, subgrain formation was observed, indicative of climb [329, 330, 331,
332]. It has been suggested that shear-induced mechanical Albite and Pericline twinning in
potassium feldspar may facilitate ordering [333] but this has been disputed [334]. Dislocations
have no effect on diffusion in alkali feldspar [335].

There is a considerable literature on dislocations in plagioclase but only few
experimental studies. In single crystals deformed in orientations with high Schmid factor for both
(010)[001] and (001)<110> slip [336], dislocations from both systems are equally abundant (Fig.
15b). This agrees with work by Marshall and McLaren [337, 338]. High temperature deformation
of anorthite aggregates has been conducted at conditions near the transition from diffusion creep
to dislocation creep mainly produces microstructures typical of diffusion creep [339, 340, 341];
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intriguingly, samples deformed dominantly in the diffusion creep regime develop significant
preferred orientation [342].

Many slip systems have been observed in naturally deformed plagioclase: in amphibolite
(010)[100], (010)[101], (010)[201], (001) 4 [110], (111)1/2[110], (001) Y2[110], (111) 4[110],
(111) % [112],and (110) %2 [111] [320, 343], gabbro (010)[001], (001) %2 [110] [344], albite
schist [100] [345]. Similar results were obtained in other studies (e.g. [346, 321]). TEM analysis
of Burgers vectors in intermediate 11 plagioclase (with ¢ = 1.4 nm) shows dissociation of [100]
dislocations: [100] —'5[100]+ %2[100]; these partials would be unit dislocations in the C1
structure (¢ = 0.7 nm).

Texture analysis and subgrain misorientations in both naturally and experimentally
deformed plagioclase feldspar are also consistent with (010)[001] as an easy slip system [344,
342,346, 322, 319, 347, 348]. Other studies suggested additional (010)[100] and (001)[100] slip
(e.g., [349, 350, 351]. Obviously a polycrystalline aggregate cannot deform ductilely on a single
slip system and other mechanisms including mechanical twinning, dynamic recrystallization,
climb or grain boundary sliding have been observed to occur [352]. Subgrain misorientation axis
data in porphyroclasts suggest a dominance of (010)[001] slip in porphyroclasts with dominant
slip on (010)[100] and (001)[100] in matrix plagioclase. The relative importance of the [001] or
[100] Burgers vectors may be a function of temperature, strain rate, H>O activity or confining
pressure [349, 340]. There is experimental evidence for mechanical twinning on the Albite and
Pericline systems in plagioclase [353, 354, 355] but the significance for natural plagioclase is not
clear [317].

3.7. Sulphides

Early investigations of the deformation modes of various sulphide minerals observed
both plastic and brittle behaviour [356, 357, 358, 359]. Considerable subsequent work
established slip and twinning mechanisms in several important sulphide ore minerals [157]. We
consider here only what is known about dislocations and related phenomena in the most
important sulphides.

3.7.1. Iron Sulphides- General

The crystal structures of iron sulphides are straightforward in principle but various
aspects of some structures and their behaviour are still uncertain. We emphasize that iron
sulphides and iron oxides in natural rocks are often not in equilibrium.

3.7.2. Pyrite
The structure of pyrite, FeS, can be considered as a modified NaCl structure (cubic, Pa3):

Fe atoms occupy fcc lattice positions; S-S covalently-bonded pairs are also centred on fcc
positions but they alternate in directionality. This alternation destroys the overall face-centred
symmetry. Pyrite is stable up to 743°C at which temperature it breaks down to pyrrhotite and
sulphur [360]. The phase relationship between pyrite and the orthorhombic (Pmnn) polymorph,
marcasite, is still enigmatic [361]. In marcasite, S-S pairs point in the same direction in each
layer. This causes a distortion from cubic to orthorhombic. The b dimension of the marcasite unit
cell is almost identical with the lattice parameter of pyrite. In the transformation of marcasite to
pyrite an orientation relationship {001}p // {101}y, with <100>p//[010] v is observed [362]. For
the reverse transformation of pyrite to marcasite the similar atomic arrangement in pyrite {001}
and marcasite {101} planes was mentioned [363].



28

Pyrite is usually considered to be hard and brittle, deforming by cataclasis up to 400°C
and 600MPa confining pressure [364]. However, glide bands were revealed by metallographic
methods on the surfaces of some natural samples [365, 366], indicating plastic deformation. Van
Goethem et al. [367] studied by TEM what they believed were translation faults in pyrite and
concluded from their diffraction contrast analyses that the glide elements were {100}<011>.
Plastic deformation can occur under confining pressure at elevated temperatures, predominately
by slip on the {100}<010> system [368, 369, 370]. The resulting dislocations tend to be
dissociated into partials with co-linear Burgers vectors of type 72 [010]. Planar defects formed in
pyrite during growth lie parallel to the {100} planes [371]. The faults were interpreted either as
antiphase boundaries (APBs) with a displacement vector, R of type Y2[110] [367], or as stacking
faults with R==0.29 [110] [371]. In natural pyrites perfect dislocations with a<100> Burgers
vectors were identified. The Burgers vectors of partials bordering growth stacking faults are out
of the defect plane, with the form b =+ R + a<100>, where R, the fault displacement vector, is
a[0, 0.27, 0.5] [372].

The growth faults may correspond to marcasite lamellae in the pyrite [372, 373]. Indeed
HRTEM and electron diffraction revealed them as single (101) layers of marcasite inserted
between (002) layers of pyrite [374]. Dislocation loops formed during the growth of pyrite also
have the a[0, 0.27, 0.5] fault vector [370]. This translation was predicted as the most probable in
a coincidence-site-lattice study [375].

A deformation mechanism map for pyrite in the range 0 — 743°C [376] shows that
pressure solution [377] and cataclastic flow are the dominant mechanisms operating at geological
strain rates under low-grade metamorphic conditions. Diffusion creep occurs under high-grade
conditions. Dislocation glide and power-law creep only occur at higher stresses, above ~ 400°C
and at fairly high strain rates. Table 1 lists the known slip systems for pyrite.

3.7.3. Chalcopyrite

Chalcopyrite (ccp) is a common accessory mineral in metamorphic and igneous rocks and
is found in many types of ore deposits. It is tetragonal and can be envisaged as an ordered
sphalerite structure. Both texture determinations and optical studies of deformed samples (e.g.
[378] provided the first information about deformation mechanisms in chalcopyrite.
Experimental deformation of chalcopyrite single crystals to low strains at 200°C indicated slip
on {112}, {100} and (001) [379, 380, 381].

A comprehensive study of dislocation behaviour established the existence of various slip
systems (see Table 1) by applying stresses to crystals in different directions at different

temperatures [382]. Deformation twinning according to {112}<111> also occurred, with high
densities of screw-character twinning dislocation in the boundaries. At 200°C {1 12}<§1 1> slip
was the main mode of deformation, with perfect dislocations having %<311> Burgers vectors,

whereas at 400°C the main slip system was {112}<111>, with a Burgers vector of ¥<111> for a
perfect dislocation (Fig. 16a). A marked change in slip mechanisms occurs in moving from 200

to 400°C: coarse {112}<311> slip bands predominated at the lower temperature whereas
homogeneously distributed dislocations were characteristic of deformation at 400°C.
Dislocations with %2<111> Burgers vectors were able to cross-slip by means of (110) planes. All
the types of perfect dislocation were found to dissociate and many different dislocation reactions
were also noted.
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3.7.4. Galena

Galena, PbS, crystallizes in the cubic NaCl structure. The deformation of polycrystalline
galena has been studied experimentally at temperatures up to 500°C and strain rates down to 10™
! [383, 384, 378, 385, 386, 387, 377]. Atkinson [388] derived flow laws and calculated
deformation maps for polycrystalline galena. According to the latter, dislocation glide is the
predominant mechanism at low temperatures and high stresses. The slip systems are two of those
found for NaCl, but unlike for NaCl ,{001}<110> is the primary system for galena whereas the

primary system for NaCl, {110}<110>, is secondary for galena. These systems have different
CRSSs and very different dependences on temperature up to 400°C [157]. When compression
was applied along <111> to achieve non-zero Schmid factors for {001} <110> slip, dislocation
glide was activated at low stresses, corresponding to CRSSs of 5-10MPa at room temperature
[383]. The strain in deformed polycrystalline specimens is usually distributed inhomogeneously,
being largely concentrated in kink and deformation bands [389].

TEM studies of dislocations in deformed natural and synthetic galena show that Burgers
vector of perfect dislocations is usually 72<110>, as in NaCl. Up to 200°C, slip on the {001}
planes mostly involves edge dislocation dipoles and dislocations lying at 45° to their Burgers
vector [390]. The density of dipoles increases as the test temperature is decreased. The numbers
of “45° dislocations” is largest at low temperatures, which is consistent with the difficulty of

activating {110}<110> slip. Dislocation segments inclined to the planes of the TEM specimens
were observed to glide in {001}, {110} and also {111} planes under thermally induced stresses
[391], which can be attributed to the commonality of the Burgers vector for all three types of
plane. This behaviour is probably confined to elevated temperatures in bulk specimens. That the
dissociation of dislocations is possible in galena is suggested by high resolution TEM images of
dislocations, lying in both {001} and {110} planes, separated by distances of 1nm and 0.6nm,
respectively [392].

Many dislocation interactions occur when multiple slip systems operate, as in milled
samples, variously resulting in dislocation annihilation, elimination of dipoles, new segments of
dislocation and networks [393]. Some of the complex arrangements observed, e.g. dislocation
bundles winding around nodes, were attributed to the special conditions created during milling.
Cross-slip was observed on {110} and {111} planes, giving rise to segments in the {001} planes
and superjogs. Galena that had been naturally work hardened by tectonic events and then
softened by annealing shows that rates of softening (due to both recovery and recrystallization)
are temperature dependent and related to the amount of deformation [394].

3.7.5. Sphalerite

Sphalerite (zinc blende) is the cubic polymorph of zinc sulphide, ZnS, a II-VI semiconductor.
The sulphur atoms form an f.c.c. array and the zinc atoms fill half of the tetrahedral interstices.
Glide and dislocations in sphalerite have been researched both directly and indirectly, the latter
because several important semiconductors like GaAs (III-V) and CdS (II-VI) are isomorphous
with cubic ZnS. Many studies of defects in the III-V compounds have been carried out and so,
by inference at least, various aspects of the behaviour of the mineral sphalerite can be
anticipated.

Sphalerite consists of alternate planes of Zn and S, stacked in a sequence represented by
AaBbCcAa ..., etc. Slip occurs on the {111} planes, which are parallel to the stacking layers of
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atoms, and in the close-packed directions <110>. The other deformation mode is {111}<1 12>
twinning. Slip on the {111} planes causes a flow of charge in the direction of slip [395], thought
to occur because the dislocations are charged. Charged dislocations were predicted in ionic
crystals many years ago; the electrical effects associated with dislocation motion in ZnS are
strong evidence for such defects.

Sphalerite deformed at temperatures up to 500°C and strain rates between 10~ and 107 s
produced no twins in Fe-rich sphalerite [396, 397] but abundant twinning in purer specimens
[397], together with slip under all test conditions. The annealing of naturally and experimentally
deformed sphalerites suggests that static recovery is possible above 300°C and proceeds rapidly
above 500°C [397]. Recrystallization produces new grains with numerous growth twins.

The plastic deformation of ZnS indicates that dislocations glide between planes of aB type
stacking and not between planes of Aa type [398]. This was determined from the direction of the
current generated by slip in relation to the known absolute orientation of the crystal. Dislocation
mobility in covalent semiconductors like ZnS is controlled by the high friction Peierls regime
[399]. As a consequence, dislocations with a 72<110> Burgers vector lie along <110> atom rows
of the {111} glide planes and a dislocation glide loop consists of two types of segment, screw
and 60°. In compound semiconductor one can also identify two types of 60° dislocation,
depending on the nature of the atom species ending the associated extra half plane; these are a or
B dislocations in the usual semiconductor terminology [400]. Dislocations are usually

dissociated into two '/¢<112> partials that bound a stacking fault; these partials are either 30° or
90° in character.

Because of the high lattice friction, dislocation glide in compounds like ZnS involves two steps
[4]: the nucleation of a kink pair on the dislocation and the migration of these kinks along the
line. Thereby the line is able to move smoothly. There are only small differences between the
velocities of the various types of dislocations in ZnS [401], which contrasts with the findings for
III-V semiconductors [402]. The dislocation mobility in ZnS is found to be greatly enhanced by
electron radiation [401] although the Peierls regime still operates [403]. Apparently, the
enhancement is due to the non-radiative recombination of charge carriers at electronic energy
levels associated with the dislocations. The height of the Peierls barrier and the flow stress
depends on the charge on dislocations; the latter is increased by illumination [404]. For this
reason ZnS shows a positive photoplastic effect, i.e. there is an increase in the flow stress when
the sample is illuminated. An after-effect is also found — the flow stress continues to increase
after the illumination ceases [405].

3.7.6. Pyrrhotite
There is little information about dislocations in pyrrhotite, a mineral that can occur in several

polymorphs, including monoclinic and hexagonal forms. Deformation experiments [378, 364,
397] at temperatures up to 500°C to establish flow laws and to study textures have incidentally
identified basal glide in hexagonal NC pyrrhotite. Fracturing contributes to deformation at low
temperatures but decreases with temperature; twinning occurs above 200°C.

3.8. High Pressure Minerals

Samples of the Earth to a depth of about 400km occur at the surface as xenoliths brought up
from depth by volcanic eruptions. Minerals in the deeper interior are inaccessible to direct
observation, but we know broadly about their conditions from geophysical data. One now can
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reproduce the high pressure (>300 GPa) and high temperature conditions (>5000 K) in the
laboratory. With multi-anvil equipment we can perform deformation experiments at pressures
<25GPa on sample with a volume of about 5Smm’ and a fair degree of control over the sample
environment. At higher pressures, diamond anvil cells are used; and the diamond anvils not only
exert pressure but also a compressive stress that deforms the material at pressure. With a
resistance furnace or laser heating temperarature can be applied to diamond anvil cells [406].
Some materials can be quenched and investigated ex-situ with the TEM. High pressure minerals
such as stishovite, majorite and MgSi0O; perovskite have been studied this way. But other
minerals such as post-perovskite MgSiOs (a phase of the lowermost mantle) or e-iron
(composing the Earth’s inner core) can only be examined in situ by optical, spectroscopic and X-
ray diffraction techniques. The determination of slip systems can be inferred from texture
patterns that develop during diamond anvil compression [407]. An alternative method is to
predict deformation activity from first principles based on the Peierls-Nabarro model [408, 409,
410]. We review here briefly what is known about deformation mechanisms of minerals in the
lower mantle [411].

3.8.1 Magnesiowustite (see also 3.4.4.)
Magnesiowustite (Mg s Feo,0) is thought to be the second most abundant phase in the lower
mantle and probably the weakest. Dislocation creep experiments produced textures consistent

with slip on both {001} and {110} slip planes in the <110> direction [412]. The microstructures
formed indicated that recovery rate was fast because dislocations were highly mobile and
climbed rapidly. Subsequent high-strain deformation experiments on aggregates to shear strains
as large as y = 15.5 produced first a deformation texture, compatible with dislocation glide in the

<110> direction on all three probable slip systems {111}, {110} and {001} and then transformed
into a recrystallization texture [175]. Study of the dislocation microstructure by TEM confirmed
the assignment of slip systems. It appeared that the formation of subgrains at relatively low
homologous temperatures (<0.57,,) was promoted by cross slip of dislocations between the
different glide planes.

3.8.2. Majorite Garnet (see also 3.6.1.)

(Mg, Fe)SiOs garnet, i.e. majorite — a high pressure phase of pyroxene, is believed to be a
major constituent of the transition zone of the mantle. Majorite also occurs in impact melt veins
in heavily shocked ordinary chondrites [413]. Majorite in shocked meteorites is cubic, apparently
because they cool very quickly. Synthetic majorite transforms at around 1950°C from the cubic
phase to a tetragonal structure during its cooling [414]. Studies of majorite in the Tenham
meteorite [415] and in the Acfer 90072 (shock grade S6) meteorite [416] have provided
important indications about the origins of dislocations in the majorite grains. Dislocations with
¥2<111> and <100> Burgers vectors may be largely the results of growth and not plastic
deformation. Twin and tweed microstructures seen in synthesized majorite at 20 GPa and 1950-
2000°C are believed to form due to the cubic-tetragonal transition during quenching [414].

3.8.3. Wadsleyite

As mentioned previously, wadsleyite (B-Mg,Si10,) is a high pressure polymorph of forsterite.
In wadsleyite deformed at pressures of 14GPa and 1450°C, dislocations with [100] Burgers
vectors were identified, many in tangles, although creep had caused numerous dislocations to
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form walls [417]. In wadsleyite synthesized from forsterite in a multi-anvil apparatus and
deformed in compression in another multi-anvil apparatus at 15-19GPa and temperatures ranging
from room temperature to 1800-2000°C, TEM and LACBED studies identify [100], 72<111>,
[010], <101> and [001] dislocations [418], the lattermost resulting from dislocations reactions,
not slip. Wadsleyite is elastically almost isotropic but slip occurs predominately on planes that
do not break Si-O bonds (e.g. (010) and (001)) and dislocation dissociation is crucial [419].

3.8.4 Ringwoodite

Ringwoodite, y-Mg»Si04, another high pressure polymorph of olivine with spinel-structure is
found in shocked meteorites [420] and believed to be present in the mantle transition zone. Like
wadsleyite, 3-Mg,SiO4, ringwoodite is a high pressure phase of forsterite. Peierls-Nabarro
modelling of dislocations at 20GPa and 0°K suggest that the Burgers vector for both {110} and

{111} slip is %4<110> [421]. This is compatible with in situ texture information at 6-10GPa
compared with polycrystal plasticity simulations [422]. The curvature of glide dislocations can
be used as a method of estimating the resolved shear stress [423] in ringwoodite in multi-anvil
deformation experiments.

3.8.5 MgSi0Os Perovskite and Post-perovskite

Two important lower mantle minerals are MgSiOj3 perovskite and post-perovskite, the latter
being a layered CalrO; -structured mineral [424] and thought to be the most important phase in
the lowermost region (D”-layer). The slip planes for MgSiO; perovskite are {010} according to
experiment [425] and theory [426]. For post-perovskite theory suggests that the slip plane is
{110} [426], but in situ experiments suggest that slip on (100) or (110) is dominating [68].
Simulations based on the Peierls-Nabarro model provide models for the structure of dislocations
cores in perovskite [427] as well as in post-perovskite [136].

3.8.6 Coesite

Coesite is a monoclinic silica mineral that exists at pressures above a few GPa and
transforms to stishovite above about 10GPa. Coesite was first identified as a natural phase at
Meteor Crater, Arizona [428] and coesite can assist in the recognition of meteorite impacts. The
mineral occurs as a shock-induced phase in meteorites and tektites. It also is found in some high
pressure metamorphic rocks as in the Dora Maira massif of the Western Alps. A TEM study
found Burgers vectors [100], [001] and [110] which correspond to a and a + ¢ [429]. Twinning
occurs on (021) [430].

3.8.7 Stishovite

Stishovite is the tetragonal silica polymorph with a rutile structure, stable at pressures in
excess of 10GPa. It was found in both terrestrial and meteoritic shocked samples and studied by
TEM (e.g. [431, 432]. In experimentally deformed stishovite, Burgers vectors are <100>,
<001>, <110> and <101> [433] comparable to rutile (section 3.4.8). Stishovite experimentally
deformed at 14GPa and 1300°C [434] shows evidence for slip in the <100> directions on the
(001), 010}, and {021} planes, and slip in the [001] direction (corresponding to the shortest

Burgers vector) on {100}, {110} and {210}, and in the direction <110> on {110} [435] (Fig.
16b).
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4. Simulations

Most dislocation studies in minerals rely on observations with the transmission electron
microscope as described in previous sections. These observations are used to determine the
dislocation geometry, slip systems and microstructural configurations. But simulations
increasingly complement observations. These simulations are on two levels: To predict slip
systems, atomistic simulations of generalized stacking faults (e.g. with density functional theory)
are combined with a continuum-based description of the dislocation core within the framework
of the Peierls-Nabarro model [408, 409, 436]. To investigate microstructural changes during
deformation, e.g. during hardening, a discrete dislocation dynamics model has been developed
by metallurgists [437]. Both of these approaches are still restricted to single crystals and do not
take dislocation interactions across grain boundaries into account.

The Peierls-Nabarro model has been used to determine properties of dislocation cores, the
misfit energy and particularly changes with pressure. This is based on the assumption of a planar
core which is the most able to glide. It has direct implications for slip systems. In order to move,
a dislocation must overcome an energy barrier under an applied stress. The Peierls- Nabarro
model has been used to constrain dislocation core sizes and Peierls stresses in several oxides and
silicates relevant to the earth’s mantle, particularly periclase [438], olivine [439, 440],
ringwoodite [421], silicate perovskite [427] and silicate postperovskite [441]. In olivine the
Peierls modeling explained why pressure affects some slip systems more than others [410].

Dislocation dynamics has been recently applied to minerals such as periclase [442] (Fig. 17)
to explore the hardening in this material through interactions and reactions between dislocations
gliding in non-coplanar slip systems and olivine [410]. Such simulations may in the future
become important tools to predict plasticity based on dislocation geometry for a variety of
conditions that cannot be explored experimentally.

5. Dislocation densities and strain energy

It is not easy to obtain an accurate estimation of dislocations densities from TEM images.
X-ray topography is more reliable but is only applicable to materials with low dislocation
densities. Fortunately, X-ray diffraction provides a way of estimating and monitoring dislocation
densities and other defining parameters of microstructure. For example, a cellular dislocation
microstructure gives an asymmetry in diffraction profiles according to Wilkens [443]. In recent
years, analysis of diffraction peak profiles and line broadening [444, 445] has emerged as a
powerful tool for the determination of such parameters, although so far mostly applied to metals
and composites (e.g. [446, 447]). The effect of dislocation contrast on line broadening has also
been investigated [7].

As a result of this research, it is now recognized that various different properties of
diffraction peak profiles address several microstructural parameters by modelling crystallite size
and strain. These profile properties are peak broadening, asymmetric peak shape, peak shift and
anisotropic broadening [448, 449]. The method has been applied to the characterization of
diamond/graphite [450] and forsterite [451] and it can be expected to be used increasingly.

The effect of dislocations on the reactivity of minerals has been investigated mainly for
quartz with a few studies on feldspar and calcite, both experimentally and theoretically. The
strain energy in a crystal lattice caused by dislocations can be described using ideal elastic
behaviour [452, 453, 4]. The increase in the internal energy of quartz caused by dislocations can
be calculated by the following equation [452]:
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AE = D(ub%/8nK)In((ry> + d*)/ry?) (1)
with:
rh2 = usz/ SnzKAHm

and where symbols are (with values for quartz in parentheses):

D = dislocation density (cm™)

p = shear modulus (44.4 GPa)

v = Poisson’s ratio (0.077)

V = molar volume (22.688 cm’® mol™)

AH,, = enthalpy of melting (8.159 kJ mol™)

b = magnitude of Burgers vector (0.4913 to 0.7304 nm)

d = mean distance between dislocations (1/D)"?

K = constant related to the Burgers vector orientation, where K = 1 for a screw dislocation and K
=1 - v for an edge dislocation, where v is Poissons ratio.

The internal energy is also dependent on the orientation of the dislocation relative to the
Burgers vector. The equation assumes that the dependence is small, and is represented by the
constant K [454]. Substituting the values into equation (1), one can calculate the increase in
energy of quartz caused by a particular dislocation density on a particular slip system containing
a certain type of dislocation. This equation indicates, even for a dislocation density as high as
10" ¢cm™, that the energy contributed to quartz is only 6% of the dissolution energy.

Dislocations may not contribute much to the bulk energy increase of a mineral, but they may
nevertheless affect the reactivity by providing favorable areas for chemical processes such as
precipitation and dissolution to occur. The local strain energy is more concentrated around the
dislocations themselves, and is not distributed through the bulk crystal. Frank [455] has shown
that the large amount of energy released locally at a dislocation site during dissolution decreases
or eliminates the energy barrier (caused by the change in free surface energy) that prevents the
removal of atoms. This may lead to regions where the reactivity is enhanced, potentially
allowing also reactions other than dissolution to occur at higher rates [452, 456]. For dissolution
it corresponds to etch pits, dissolution spirals or hollow cores at dislocations.

An increase by 2 to 3 orders of magnitude in dislocation density has been shown to increase
the dissolution rate by as much as a factor of 3 and this is highly significant for the stability and
dissolution of quartz [457, 458], of feldspars [459, 460] and of carbonates [461]. Based on strain
energy produced by dislocations in subgrain boundaries, Twiss [462] developed a theory to use
the recrystallized grain size as a paleopiezometer.

Dissolution properties of minerals have some significant industrial applications. Concrete
produced with highly deformed aggregate rocks such as mylonites, where quartz has high
dislocation densities, are subject to the deleterious alkali silica aggregate reaction [463, 235]. As
the dislocation density increases by an order of magnitude, the expansion becomes threefold.
(Fig. 18). This causes ultimate fracture of the structure.

6. Conclusions

In spite of the enormous structural complexities, from triclinic plagioclase feldspar to
piezoelectric trigonal quartz, from plasticity of ice at ambient conditions to post-perovskite
deforming at highest pressures and temperatures in the lowermost mantle, from simple salt rocks
to a polyphase material such as gneiss, dislocations in minerals are remarkably similar to those in
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metals and similar descriptions and interpretations apply. As in metals, dislocations are most
relevant in the understanding of deformation processes. They provide the mechanism for
deformation by slip that produces on the macroscopic scale preferred orientation and anisotropy.
Dislocation microstructures are a driving force for recrystallization. They also play important
roles in chemical reactions as well as in dissolution. Minerals compose rocks, and rock
deformation is a key ingredient to understanding the dynamic earth, both mountain building and
shearing in the crust as well as convection in the deep earth. Similar flow laws apply to metals
and rocks because mechanisms are similar, even though time scales are entirely different.
Geologic times and slow strain rates compensate for the much slower dislocation mobility in
minerals. Based on Orowan’s equation, long-term deformation associated with mantle
convection and flow in the crust is accommodated by dislocations with velocities in the range of
107 to 10™"° mys.

But minerals are not just significant in the context of geologic history. They are also
important raw materials: most ceramics or their constituents are minerals: alumina, silica,
perovskite, spinel. Cement minerals are extremely complex compounds and their strength and
stability is of enormous technical importance. We are convinced that a close interaction between
materials scientists, mineral physicists and structural geologists will continue as an extremely
stimulating endeavour. The investigation of dislocations remains an exciting field of research.
Advanced experimental techniques allow for sophisticated imaging at all scales. Modeling of
dislocation movements and dislocation interactions has become possible with high-speed
computers.

This chapter of the last volume of “Dislocations in Solids” has been dedicated to dislocation
in minerals. As we have shown, minerals were among the first materials in which dislocations
were observed and with the advent of transmission electron microscopy and sample preparation
techniques in the early nineteen-sixties a wide range of studies were undertaken to describe and
quantify dislocation microstructures in the wide diversity of minerals. While compiling this
review, what was perhaps the most striking revelation is what we still do not know: for example
the Burgers vectors in the common mineral - quartz, hardening behaviour while undergoing high
strains, the actual mechanism of recrystallization in many deformed rocks and the deformation of
polymineralic aggregates, to name just a few. With such a rich background we are sure that
future researchers will be inspired to continue investigating the roles of dislocations in minerals.
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Mineral Main slip systems Known Burge
vectors
(* is the shorte
Low temperature High Temperature
Carbonates:
Calcite r {1004}<2021>, f {1012}<1011> | ¢ (0001)<2110>, r {10i4}<2021>, | ¥4<2021>, V4<1011:
f{1012}<1011> Y4<2110>*
Dolomite <2110>, £ 11 <1011> - - . - .
¢ (0001)<2110>, £-{1012}<1011 ¢ (0001)<2110>, r <10[4}<2021> | ¥<2110>*, 14<202
f{1012}<1011> Y4<1011>
Aragonite {100}[001], {110}[001] {100}[001], {110}[001] [001]*
Felspars:
Plagioclase - (010)[001], (001)<110>, [001]*, [100]

Alkali-felspar

(001)[100], (010)[100]

(010)[001], (010)[101],
(001)[110]

[001]*, %4<110>

Halides:

Halite (rocksalt)

{110}<110>, {100}<011>,
{111}<110>

{110}<110>

Y2<110>*

High P ressure phases:

Coesite

Majorite

(010) [001]

[001], [100]*, [110

Yo<111>*, <100>

o - ] ] \ .

Magnesio-wustite {0011<110>, {110}<110> V2<110>

Post perovskite —_—

Ringwoodite {111}<110>, {100}<0 11> Va<110>*

Stishovite (001)<100>, {010}<100>, <100>, [001]*, <11

B— : <101>

{100}<001>, {110}<110>

Wadsleyit

adsieytte _ {101}<111>, (010)[100], Vo111, [100]*

{011}[100] ’

Olivine (010)[001], {110}[001] {0k1}[100], (010)[100] [001]*, [100]
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Sulphides: - - -
Chalcopyrite {112}311>, (001)<110> {1123<11i>, V<31 1>, Yol 11>
Pyrite {100}<010>, {100}<011> <010>*
Galena {001}<110> {001}<110>, {1{0}<110> V<110>*
Sphalerite {111}<110> {111}<110> 15<110>*
Pyroxenes
Orthorhombic — (100)[001] [001]*, [010]
Monoclinic - (100)[001], {110}[001] [001]*
Ocxides:
Corundum (0001)<1120> (0001)<1120>, {1011}<0111> | Va<1120>*, ¥<011
Hematite (0001)<1120>, {1120}<1100> (0001)<1120>, {1120}<1100> ¥4<1120>*, <1100:
Periclase, wustite - - - Yo<110>*
{110}<1i0> {110}<110>, {001}<110>
Perovskite -
- {110}<110> 72<110>%, [010]
Rutile -
— {101}<101>, {110}[001] [0o1]*

. - - 1 *

Spinel (111}<110>, ({110}<1i0> when | {110}<170> /<110
non-stoichiometric)
Magnetite . /e<110>*
{111}<110>

Quartz (0001)<1120> (0001)<1120>, {1010}[0001], Y4<1120>*

{1010}[1210], {1010}[1213]

Table 1. The main slip systems and Burgers vectors for major minerals. A dash means that
either there is no activity or that there is no reliable data.
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Fig. 1a Darkfield optical micrograph of an extensive dislocation network in halite revealed by the
decoration of the dislocations with colloidal silver [16]. (b) Optical phase image of growth steps,
one unit cell high (0.79 nm) on the prism surface of a beryl crystal. The inner step joins a pair of
opposite-handed screw dislocations, which are imaged as dots. The c-axis is almost parallel to
the straight edges [26].

2

Fig. 2 Transmission electron micrographs of slip dislocations in quartz: a)all in ontrasi, (b)
some out of contrast (note spotty electron beam damage, typical of (“wet”) quartz after
irradiation) [48].
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Fig. 3 Dislocations in carbonates: (a) Darkfield TEM image showing dislocations and stacking

faults on the <2110> planes generated by basal slip in a dolomite single crystal deformed at
420°C [126]. (b) Dislocations associated with crossing mechanical twins in calcite (TEM, bright
field) [115].
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Fig. 4 Dislocations in naturally deformed quartz: (a) Micrograph showing sub-boundaries
resulting from dislocation climb [109]. (b) Recrystallization with nucleation in regions of high

dislocation density [58].
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Fig. 5 Etch-pits marking the emergence sites of dislocations in halite: (a) Slip bands in a bent
single crystal with glide-polygonization in the bands (i.e. alignment perpendicular to the slip
direction). The crystal was etched before and after bending; the larger etch-pits define where
grown-in dislocations emerged at the surface. (b) Mostly tilt sub-boundaries formed by the

annealing of a bent single crystal. The apices of the “vees” are aligned along the neutral axis of
the bar. (Barber, unpublished.)

. § PN - ia-' "‘. LR
Fig. 6 TEM images of microstructures in experimentally deformed dolomite single crystals
[126]: (a) At low temperature dislocations are concentrated in slip bands. (b) At higher
temperature climb and dislocation interactions produce dislocation loops.
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Fig. 7 Dislocation in oxides: (a) Bright filed TEM image of dislocation microstructure consistin

of long 4<1120> edge dipoles, multipoles and debris of numerous small loops formed at the
early stage of work hardening in corundum (sapphire), compressed at 1400°C and deforming by

basal slip; basal foil, g = 3030 [150]. (b) Weak beam dark field TEM image of a region in a
spinel crystal deformed at 400°C and slipping on {111} planes. The field is dominated by cross-
slip of the ¥2<101> screw dislocations (vertical) on (010). All the dislocations are dissociated out

of the primary slip plane but their widths vary (all the inserts have the same magnification)
[187].
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Fig. 8. TEM micrographs of dislocations in hematite intergrowths: (a). Magnetite-hematite
intergrowth with zonal dislocation structures [164]. (b)Exsolution of ilmenite platelets in
hematite. [lmenite is decorated with a network of misfit dislocations to account for lattice strain
caused by differences in lattice parameters [166].
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Fig. 9. Axial creep rates for wet synthetic quartz single crystals deformed in orientations to
promote prism <c> slip and <a> slip [203].
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Fig. 10‘. TEM images of dislocation structures in quartz. (a) In situ heating experin{ent near the
o-P phase transition with arrays of Dauphiné twins that are pinned by dislocations [215]. (b)
Water bubbles in (“wet”) quartz are associated with dislocations, especially loops [229].

e o

Fig. 11 Dislocation structures in experimentélly deformed olivine. (a) rysél deformed at 800C
with [001] screws. (b) Dislocation loops in a crystal deformed at 100C. Also here b=[001] [72]
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Fig. 12 HRTEM image of a dissociated dislocation with & = [010] in olivine grain from the
Uenzaru peridotite in Japan [242]. The partial dislocations lie along [100]. Offsets in the lattice
fringes are best viewed by observing the electron micrograph at an oblique angle. The schematic
drawing illustrates (020) and (001) lattice. The stacking faults lie on the (010) and {021} planes.
The dissociation reduces the elastic strain energy by a factor of ~3.
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Flg 13 (a) HRTEM i image of a [010] edge dislocation in enstatite [275]. (b) TEM image of helix
formation due to cross slip of [001] screw dislocations in hornblende [299].
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Fig. 14 (a) Weak beam darkfield image of dislocations in biotite. The trace of the slip plane (S) is
indicated as well as dislocations bowing out (X). [307]. (b) Darkfield image of screw
dislocations in sillimanite [311].

F1g f 15 (a) BF i image of (010)[101] dislocations in experlmentally deformed samdme [3 18] (b)
Weak beam dark field images of dislocations in experimentally deformed plagioclase favourably
oriented for (010)[001] slip; b =[001] dislocations exhibit long screw components [336].
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Fig. 16 (a) TEM image of dislocations in experimentally deformed chalcopyrite at 400°C.
Several screw dislocations are in contrast: b=1/2 [-1-1-1] in (11-2) planes (N 45°W), b=1/2 [-1-
11] in (112) planes (N 65°E) and b=1/2 [1-10] (N 10°E) [382]. (b) Weak-beam dark field TEM
image of [100], [010] and [001] dislocations in stishovite deformed in a multianvil apparatus at
14GPa and 1300°C [435].
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Fig. 17 Map of the interaction between dislocations in MgO as function of angles that define the

orientation relative to the intersection of slip planes. Grey shades display interaction force (white
attraction, black repulsion. (a) Lomer lock, (b) Hirth lock [442].
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Fig. 18. Plot of the average 30-day expansion value of concrete samples with increasingly
deformed granitic rock aggregate as function of average dislocation density in quartz [235].
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