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INTRODUCTION

One of the most important variables in the deformation of
rocks is the mechanical properties of their constituent miner-
als. As such, micas are an important class of minerals because
they are geologically abundant and because relatively small
shear stresses are required for the onset of plastic deformation.
Dislocation glide in the (001) basal planes of crystals is ulti-
mately responsible for the easy plastic deformation of micas,
regardless of the orientation of compressional axes (Borg and
Handin 1966; Etheridge et al. 1973; Bell et al. 1986; Mares
and Kronenberg 1993). The strength of foliated rocks is con-
trolled by the volume fraction of mica present and the
interconnectivity of mica lenses (Shea and Kronenberg 1993;
Wintsch et al. 1995; Borg and Handin 1966); in fact, the strength
of rocks in fault zones may approach that of single phyllosilicate
crystals if there is a strong preferred orientation and contiguity
of mica grains (Wintsch et al. 1995). Because of its impor-
tance, considerable work has been devoted to the mechanical
deformation of biotite crystals. Although dislocation glide is
confined to the basal plane, biotite crystals are highly aniso-
tropic and there are multiple regions within a single unit cell
where glide could occur. Both the octahedral sheet and the
interlayer have been proposed as the region in which the dislo-
cation cores responsible for deformation are present.

Previous work concerning the placement of dislocations in
the biotite structure has generally relied on indirect techniques
and produced contradictory results. Additionally, most of the
work has been performed on samples that were deformed un-
der laboratory conditions and may not accurately reflect natu-
ral processes. Relevant studies include “bend” tests (Mügge
1898; Friedel 1926), analyses of kink banding (Borg and
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Handin 1966; Hörz and Ahrens 1970; Etheridge et al. 1973;
Sanchez-Navas and Galindo-Zaldivar 1993; Bell et al. 1986),
partial dislocations (Meike 1989; Christoffersen and
Kronenberg 1993; Bell and Wilson 1981), microcleavages
(Baños et al. 1983), TEM amplitude-contrast experiments
(Meike 1989; Christoffersen and Kronenberg 1993; Bell et al.
1986), stacking faults (Bell and Wilson 1977 and 1981), and
deformation experiments (Kronenberg 1990; Mares and
Kronenberg 1993; Christoffersen and Kronenberg 1993;
Etheridge et al. 1973; Borg and Handin 1966; Noe et al. 1999).
To determine the region where dislocation glide occurs in
mylonitic rocks, naturally deformed biotite crystals were ex-
amined by high-resolution transmission electron microscopy
(HRTEM). Analysis of sub-unit-cell scale lattice fringes around
defects allowed for a direct determination of where disloca-
tion cores were present in the structures.

THE BIOTITE  STRUCTURE

Anions form two different types of planes in the mica struc-
ture. The first type is a pseudo-closest-packed plane of anions
(referred to here as the hydroxyl plane) that forms the apical
plane of anions coordinated to tetrahedral cations, and with an
adjacent hydroxyl plane completes the coordination of the oc-
tahedral sites. Although anions in the hydroxyl plane maintain
a closest-packed geometry, the spacing between them (0.307
to 0.311 nm, in the biotite refinement of Brigatti and Davoli
1990) exceeds that found in many structures with closest-packed
oxygen atoms (e.g., approximately 0.258 nm in the spinel struc-
ture). The second type of anion plane has been referred to as the
“basal plane” of oxygen atoms. Because the term “basal plane”
has been used variably to refer to both this anion plane and the
(001) plane in general, this anion plane will be referred to as the
“basal oxygen plane.” The term “basal plane” will be reserved
for the (001) plane in general. Pseudo-hexagonal rings are formed
by the removal of one third of the oxygen atoms from a plane
that could otherwise be envisioned as closest-packed. Oxygen
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atoms in the basal oxygen plane complete the four-fold coordi-
nation to the tetrahedral cations and are also bonded to interlayer
cations. Anion-anion spacings in this plane are much closer to
those typically found in closest-packed oxygen planes (0.269
nm, in the refinement of Brigatti and Davoli 1990).

EXPERIMENTAL  DETAILS

Sample material and preparation

Naturally deformed biotite crystals were obtained from
mylonitic rocks that displayed biotite “fish,” a metamorphic
texture produced from intense shearing. Source material was
obtained from a set of teaching specimens of unknown locality
and from samples of the Ruby Mountain mylonite kindly pro-
vided by Arthur Snoke (Hurlow et al. 1991; Lister and Snoke
1984). Most crystals had undergone some degree of recrystal-
lization, but un-recrystallized regions were identified based
upon textures described by Lister and Snoke (1984). HTREM
samples were produced from the un-recrystallized cores of crys-
tals in petrographic thin sections and were thinned by Ar bom-
bardment until specimens of the desired thickness were
produced. Samples were examined with the Philips 420ST trans-
mission electron microscope (TEM) located in the Johns
Hopkins University Department of Earth and Planetary Sci-
ences, operated at 120 keV, the JEOL 4000EX TEM located in
the University of Pennsylvania Laboratory for Research into
the Structure of Matter (LRSM), operated at 400 keV, and the
300keV Philips CM300-FEG TEM at the National Institute for
Standards and Technology (NIST). The images presented in
this paper were obtained with the 420ST; a limitation of this
microscope is that cross-fringes are not resolved in [010] and
<310> zone axis images. Images are therefore presented only
from the [100] and <110> zone axes.

Mechanical damage is always a potential problem arising from
the thin-sectioning process, but especially when the object of study
is mechanical deformation. Thin sections were produced from the
Ruby Mountain mylonite using conventional methods, but care
was taken to limit induced deformation by “gentle” use of the
grinder and polisher, and by leaving the thin section considerably
thicker (~60 µm) than the standard 30 mm. TEM specimens pro-
duced from these thin sections required more ion milling than most
specimens, but damage produced by ion milling should not mimic
the deformation features of concern.

HRTEM image simulations

HRTEM image simulations were calculated to correlate
experimentally derived lattice fringes with the underlying
atomic structure. These simulations were performed with the
EMS set of programs (Stadelmann 1987) and the MacTempas
program using standard procedures.

Dislocation simulations were calculated using the MacTempas
and CrystalKit programs. These simulations are of limited util-
ity because the strain field around these dislocations cannot be
quantified accurately, but they do qualitatively illustrate the ef-
fects on different portions of the structure. A portion of the model
was compressed along [010] by shortening the b axial length by
20%, such that five unit cells fit along a distance formerly occu-
pied by four. Two unit cells of undistorted structure were added
to either end of this region (Figs. 1, 2, and 3), creating a unit that

formed one side of the hypothetical glide plane. An undistorted
portion of the structure was added adjacent to this unit, to form
the other side of the glide plane. The rectangular region of dis-
torted contrast in these images is from the shortening of the b
axial length to create the dislocation core. The area of greatest
interest in these features is immediately adjacent to the glide
plane; the effect upon images immediately above the glide plane
(in the undistorted region of the structure) can be qualitatively
assessed. Dislocations were simulated in the interlayer, octahe-
dral sheet, and tetrahedral sheet.

Stacking fault diffraction pattern simulations were per-
formed to determine if streaking in the k ≠ 3n diffraction rows
could be correlated with the crystallographic location of stack-
ing faults. Crystalkit was used to translate selected portions of
the biotite structure model to imitate 1/3[010] stacking faults.
Stacking faults were simulated between interlayer cations and
the basal oxygen plane and between octahedral cations and the
hydroxyl plane. The latter type of stacking fault merely repre-
sents a local change in the polytypic sequence. The crystallo-
graphic models used to simulate stacking faults are presented
in Figure 4.

RESULTS

Defect simulations

Meike (1989) noted that the observed advance of disloca-
tions during dynamic testing of biotite was consistent with an
edge character. Based upon this finding and the greater com-
plexity required in screw dislocation models, only edge dislo-
cations were simulated. The simulations (Figs. 1, 2, and 3)
suggest that dislocation cores present in the interlayer will dis-
rupt the relatively intense fringes observed in this region,
whereas dislocation cores in the octahedral sheet will have little
effect on interlayer fringes. Dislocation cores present in the
tetrahedral sheet have an intermediate effect upon interlayer
fringes, but the fringes still remain distinct and well defined.

Stacking fault simulations produced smeared reflections in
[110] axis diffraction patterns for all rows of k ≠ 3n (Fig. 5).
This confirms that the smeared reflections commonly observed
in diffraction patterns can arise through the presence of stack-
ing faults. Although there are slight differences between the
simulations, the location of the stacking faults within real crystal
structures cannot be inferred from the smearing; this is due to
the nonideal nature of real crystals and a loss of resolution in
the TEM. The HRTEM simulations (Fig. 6) demonstrate that
stacking faults in the octahedral sheet have little effect on fringes
in the interlayer, and that stacking faults in the interlayer have
little effect on fringes in the octahedral sheet.

HRTEM dislocation analysis

Figure 7A shows an HRTEM image of mylonitized biotite
imaged down [100]. Low-angle kink band boundaries are
present, as are dislocation networks, stacking faults, and areas
of parting. In the upper center of the less magnified view is a
dislocation core, and in the lower right is an area of parting.
Because this area of parting (microcleavage) coincides with a
row of bright fringes, and cleavage has been shown to occur in
the interlayer, the bright fringes must coincide with the
interlayer. This interpretation is supported by image simula-
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FIGURE 1. Crystallographic model and results for the simulation
of a dislocation between the basal oxygen layer and interlayer cations.
Note the disrupted fringes in the interlayer region immediately above
the simulated glide plane, as was expected for a dislocation here. The
region that was compressed to form the dislocation model is outlined
with dark lines. Defocus = –73 nm.

FIGURE 2. Crystallographic model and results for the simulation
of a dislocation between the hydroxyl layer and octahedral cations.
Note the disrupted fringes in the octahedral and tetrahedral region,
as was expected for a dislocation here. The region which was
compressed to form the dislocation model is outlined with dark lines.
Defocus = –73 nm.

tions. Because dislocation cores are fairly wide in this material
(displacement tends to occur over approximately 1 to 2 nm),
Burgers circuits must be performed over a relatively large area.
Small dots have been placed on the bright fringes in the magni-
fied view to simplify Burgers circuits and to make the disloca-
tion easier to see. These dots are placed in rows along [001] on
every fifth cross-fringe along [010]. Where the rows become
offset, a dislocation core is present. Dislocations can also be
seen by holding the figures at a low angle and sighting along
[001]. Examination of the dislocation core reveals that the bright
fringes remain relatively undisturbed near the dislocation core,
whereas the region between rows of bright basal fringes is
greatly distorted. Based upon the image simulations of dislo-
cation cores, the core itself must not be present in the interlayer.
Interestingly, there is a slight offset of fringes across the (001)
plane containing the dislocation (best seen by observing the
bright fringes), indicating that the dislocation core is present in
a basal plane that also contains a stacking fault.

Figure 7B demonstrates dislocation cores along the edge of
a low-angle kink band. In the less magnified view, a network
of four dislocations can be seen to the right of the kink band
boundary, where the sample has been imaged down [100]. To
the left of the boundary, the lattice fringes become fuzzy and
indistinct, suggesting that the fold axis is not completely con-

tained within the basal plane. An image simulation is presented
at “S” in the less magnified view; the bright fringes in this simu-
lation were found to correspond with the interlayer. The area
surrounding the dislocations has been expanded in the magni-
fied view. Once again, dots have been placed on the image to
facilitate visualization of the dislocation. As before, the bright
fringes remain relatively undisturbed, indicating that the dislo-
cation in not in the interlayer. In contrast to Figure 7A, this
dislocation is not present in a basal plane containing a stacking
fault (no stacking faults are identifiable in this image).

The micrograph in Figure 7C was imaged down [100]. The
results are similar to those from previous figures, but the im-
age resolution is slightly better. Little or no disruption of the
bright interlayer fringes has occurred. An image simulation is
presented adjacent to the “S” in the less magnified view. No
stacking faults are apparent in this image.

Figure 7D, taken down <110> from a sample of the Ruby
Mountain mylonite, shows a dislocation core and numerous
stacking faults. The image simulation present at “S” in the less
magnified view confirms that bright fringes correspond with
the interlayer. An examination of the magnified view demon-
strates that the bright fringes remain relatively undisturbed near
the dislocation core, indicating that dislocations in crystals from
this locality are not present in the interlayer.
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FIGURE 3. Crystallographic model and results for the simulation
of a dislocation between the hydroxyl layer and tetrahedral cations.
Note the disrupted fringes in the octahedral and tetrahedral region,
as was expected for a dislocation here. The region which was
compressed to form the dislocation model is outlined with dark lines.
Defocus = –73 nm.

FIGURE 4. Crystallographic models used to simulated stacking
faults in the interlayer and the octahedral sheet.

HRTEM stacking fault analysis

The image simulation in the lower right corner of Figure 8
indicates that the interlayer and the basal portion of the tetra-
hedral sheet form a serrated strip of bright fringes. There is a
very high density of stacking faults, indicated by arrows along
the left side of the image. Because the original polytypic se-
quence of this region cannot be identified, one alignment of
fringes was arbitrarily chosen as the unfaulted arrangement of
the crystal. The offsets due to the stacking faults can be seen to
occur between adjacent strips of bright fringes, rather than
within the strips themselves. This indicates that the stacking
faults must be present between the hydroxyl plane and either
the octahedral cation or tetrahedral cation planes. These re-
sults partially confirm those of Bell and Wilson (1981), who
found that stacking faults were in the octahedral sheet based
upon an analysis of defect vectors.

Dislocation amplitude-contrast experiments

Attempts to determine the line directions and Burgers vec-
tors of dislocations were not successful. Other workers have
generally reported Burgers vectors parallel to [100] or <110>
from dislocation contrast experiments in crystals that were ex-
perimentally deformed, leading to an assumption that slip oc-
curred in the interlayer. For comparative purposes, a knowledge

of Burgers vectors and line directions was desired for the
mylonitic samples; the TEM images, however, contained abun-
dant Moiré fringes and an intense, mottled contrast that made
unambiguous identification of dislocations impossible. Noe and
Veblen (1999) describe this mottled contrast in greater detail.

DISCUSSION

Because micas are oxide structures, dislocations propagate
by disrupting bonds between cations and anions. Dislocation
glide has been identified as occurring only within (001) basal
planes, indicating that cross-slip and climb processes are not
active between adjacent layers. Assuming that cross-slip and
climb do not occur within layers either, an analysis of disloca-
tion glide can be simplified to models in which dislocation cores
propagate between planes of anions and cations, without a
physical break in either plane; this assumes that dislocations
will tend to be present in the region through which they can
most easily propagate. There are four regions in which dislo-
cation glide could then occur: (1) between the hydroxyl plane
and the plane of octahedral cations, (2) between the hydroxyl
plane and the plane of tetrahedral cations, (3) between the basal
oxygen plane and the plane of tetrahedral cations, or (4) be-
tween the basal oxygen plane and the plane of interlayer cat-
ions.
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FIGURE 5. Diffraction pattern simulations of stacking faults in the
interlayer and octahedral sheet. Notice the smearing of intensity in
rows of k ≠ 3n.

FIGURE 6. Image simulations of stacking faults in the interlayer
and octahedral sheet. Stacking faults in the two different regions are
easily differentiated by where offsets occur between fringes. Defocus
= –73 nm.

The HRTEM analysis indicates that the observed disloca-
tion cores are not consistent with possibility 4 (basal oxygen
plane/interlayer cations). The remaining three possibilities could
best be evaluated by considering calculations of dislocation
glide energies. This type of analysis is exceedingly complex,
even for simple metallic structures. Because the strain field
around a dislocation core in biotite has not been quantified (al-
though the HRTEM images indicate that it may be relatively
large, with considerable disruption in bonding over the width
of a few unit-cells), energy calculations are not currently pos-
sible. The remaining possibilities can be evaluated, however,
based upon an analysis of Burgers vectors and bond strengths.

Peierls-Nabarro type models of dislocation glide have two
energy components, accounting for the elastic energy of the

dislocation and the misfit energy associated with distorted bonds
(Hirth and Lothe 1968). The elastic energy of a gliding dislo-
cation is generally assumed to be constant in these simple mod-
els, so the total energy required for glide is controlled by the
misfit energy and is a periodic function. If the width of a dislo-
cation is relatively narrow, only a limited number of bonds in
the unit cell will be disrupted at any given time, and planes
with individually strong bonds will resist glide more than planes
with weaker individual bonds. In other words, if the disloca-
tion width is narrow, a hypothetical plane with a few strong
bonds may resist dislocation glide more than a plane with nu-
merous weak bonds, even if the sum of the strengths of these
weak bonds exceeds that of the strong bonds. This condition
arises because a gliding dislocation may not encounter all of
the bonds at the same time.

In the case of biotite, however, the HRTEM images suggest
that dislocations are relatively wide and disrupt bonding over a
width of several unit-cells. Because glide is then affected by
all of the bonds in the unit-cell, the plane with the weakest
total bonding is an attractive candidate for dislocation glide.
This approach does not apply to the interlayer, due to the wide
anion rings in the basal oxygen plane; interlayer cations are
partially recessed into cavities within these rings. If shear were
accommodated by dislocation glide between interlayer cations
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FIGURE 7. Regional (less magnified; unprimed) and magnified (primed) views of dislocation cores in biotite. Stacking faults, low angle kink
bands, and cleavage cracks can be seen in many of the images. Image simulations are presented adjacent to the “S” in several of the micrographs.
Fringes associated with the interlayer are relatively undisturbed, indicating that the dislocation cores are not in this portion of the structure.
Defocus of A(A') = –67 nm, B(B') = –75 nm, C(C') = –63 nm, D(D') = –75 nm. The specimen in D(D’) is from the Ruby Mountain mylonite; all
others are from the mylonite of unknown provenance. All micrographs were obtained using the Philips 420ST.
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and basal oxygen plane anions without dilatation along [001],
interlayer cations would be forced to “plow” their way through
the basal oxygen plane, disrupting bonding between anions in
this plane and the tetrahedral cations.

The strength of individual bonds can be approximated us-
ing Pauling’s Second Rule (Pauling 1929), in which the total
strength of valency bonds reaching a ligand is equal to the charge
of the ligand. For a divalent octahedral cation, the strength of
an individual bond is 1/3 valence unit (v.u.). For a single
(polytype 1M) unit cell there are 3 octahedral sites, and the
total strength of bonds between octahedral cations and anions
is 6 v.u. Each octahedral cation is bonded to two hydroxyl
planes, so the strength of bonds between octahedral cations
and a single hydroxyl plane is 3 v.u.

The total valence of tetrahedral cations in an average unit
cell is +15. Each tetrahedral cation is bonded to 4 anions, so the
average strength of each bond is 15/16 v.u., which will be ap-
proximated as 1 v.u. Each tetrahedral cation is bonded to three
anions in the basal oxygen plane, so the average bond strength
between a tetrahedral cation and the basal oxygen plane is 3 v.u.
There are four tetrahedral cations in a formula unit, divided be-
tween two tetrahedral sheets, so the average bond strength be-
tween a tetrahedral plane and a basal oxygen plane is 6 v.u.

Each tetrahedral cation is bonded to one anion in the hydroxyl
plane, so the average bond strength between a tetrahedral plane
and the hydroxyl plane is 2 v.u. A dislocation gliding between
the tetrahedral plane and the hydroxyl plane would also disrupt
bonding within the OH group of the hydroxyl plane, contribut-
ing an extra v.u. The average bond strength disrupted by a dislo-
cation gliding through this region would then be 3 v.u.

These calculations suggest that glide will be favored between
the hydroxyl plane and either the octahedral or tetrahedral cat-
ions, both of which require the disruption of 3 v.u. per unit-cell.
Glide between the basal oxygen plane and tetrahedral cations
probably does not occur. Based upon stacking fault defect vec-
tors of 1/3[010], 1/6[310], and 1/6[31

–
0], Bell and Wilson (1981)

identified the octahedral sheet as the probable location of stack-

FIGURE 8. Stacking faults in mylonitic biotite. Stacking faults occur
between the hydroxyl plane and either the octahedral or the tetrahedral
cations. An image simulation is presented at “S”; defocus = –100 nm.
Specimen from the Ruby Mountain mylonite, imaged down the <110> axis.

ing faults in the biotite structure, because this vector connected
nearest-neighbor octahedral cations. However, this is also the
expected stacking fault vector caused by the passage of partial
dislocations between the hydroxyl plane and tetrahedral cations.
The resolution of HRTEM images used in this study was not
sufficient to determine whether stacking faults and dislocation
cores were in the octahedral or the tetrahedral sheet.
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