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Burgers vector determination in clinoamphibole by computer simulation

RanporrH J. CUMBEST
Department of Geological Sciences, Virginia Polytechnic Institute, Blacksburg, Virginia 24061, U.S.A.

HermAaN L. M. VAN ROERMUND
Instituut voor Aardwetenschappen, Rijksuniversiteit Utrecht, 3584 CD Utrecht, The Netherlands

MARTYN R. DRURY
Research School of Earth Sciences, The Australian National University, G.P.O. Box 4, Canberra ACT, Australia

CAROL SIMPSON
Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, Maryland 21218, U.S.A.

ABSTRACT

Diffraction-contrast experiments compared with computer simulation of dislocation im-
ages confirm that the primary unit Burgers vector in clinoamphibole is [001]. This infor-
mation, along with operative glide systems and calculated dislocation energies, is consid-
ered in order to propose a possible model for the [001] unit Burgers vector in the

clinoamphibole structure.

INTRODUCTION

The physical and chemical properties of crystals can
often be strongly influenced by their defect content. Po-
tentially, this can result in modification of crystal behav-
ior during geologically important processes such as nu-
cleation (Smith, 1985), chemical reaction (Wintsch and
Dunning, 1985), and diffusion (Yund et al., 1983), as well
as deformation (White, 1976). The utility of clinoamphi-
bole in both metamorphic and isotopic studies makes
important both the characterization of the types of de-
fects it can contain and the influence, if any, of these
defects upon its physical and chemical properties.

Experimentally deformed clinoamphibole typically de-
forms by twinning on (101) in the C2/m setting (Buck,
1970; Rooney et al., 1970, 1975; Morrison-Smith, 1976).
Dollinger and Blacic (1975) reported slip on [001])(100)
based on an analysis of kink bands. From TEM analysis
of experimentally deformed clinoamphibole, Morrison-
Smith (1976) reported [001](100) as the predominant slip
system and suggested that slip on [001](010), [100](010),
and [100](001) may also be possible. In contrast, (101)
twinning is not reported from naturally deformed speci-
mens except in environments characterized by exceed-
ingly high strain rates (Chao, 1967; Borg, 1972). In their
TEM analysis of naturally deformed clinoamphibole, Bier-
mann and Van Roermund (1983) reported [001](100) as
the predominant slip system with expanded glide loops
consisting mostly of screw segments. Stacking faults on
(010) and (100) deformation twins have also been re-
ported (Biermann, 1981; Biermann and Van Roermund,
1983). In naturally deformed samples, subgrain bound-
aries are typically parallel to {#k0} and are reported to
consist primarily of screw dislocations parallel to ¢ (Bier-
mann and Van Roermund, 1983; Brodie and Rutter,
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1985). These previous Tem studies utilized the g-b = 0
(Hirsch et al., 1965) invisibility criterion for Burgers vec-
tor identification, where g is the reciprocal lattice vector
representing the diffracting planes and b is the dislocation
Burgers vector. The g-b = 0 invisibility criterion is strict-
ly true only for pure screw dislocations and for elastically
anisotropic crystals (Head et al., 1973). In other situa-
tions, it may be necessary to calculate the image by com-
puter-simulation techniques (Head et al., 1973; Gandais
et al., 1982) and to compare the computer images with
those obtained experimentally. This technique has been
applied to olivine (Boland and Buiskoal Toxopeus, 1977),
quartz (McCormick, 1976), alkali feldspar (Gandais et
al., 1982), and plagioclase (Olsen and Kohlstedt, 1984).
In this study we present the results of a TEM study of
naturally deformed clinoamphibole that confirms [001]
as the primary unit Burgers vector by computer-simula-
tion techniques.

SAMPLE DESCRIPTION AND EXPERIMENTAL
TECHNIQUES

The clinoamphibole in this study is from a mylonitic
amphibolite contained within Caledonian successions on
the island of Senja, Norway. The rock is compositionally
layered, consisting of plagioclase-rich domains interlay-
ered on a millimeter scale with domains enriched in cli-
noamphibole. The matrix contains a well-developed L-S
(linear-planar) fabric defined by preferred alignment of
clinoamphibole needles. Within the matrix occur larger
clinoamphibole grains with significant amounts of intra-
crystalline strain and core and mantle structures that are
interpreted to be o,-type porphyroclasts (Passchier and
Simpson, 1986). The clinoamphibole ranges in compo-
sition from actinolitic hornblende to tschermakitic horn-
blende. Based on amphibole compositions, the last stages
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of deformation and metamorphism probably occurred at
550 °C and 6.5 kbar. A more detailed account of the
sample location and description, in addition to micro-
structural characteristics, compositional variation, and
metamorphic evolution is described in Cumbest et al.
(1989).

TEM analysis was carried out at the Institute of Earth
Sciences, State University of Utrecht, The Netherlands,
using a JEOL 200c fitted with double-tilt stage. Crystallo-
graphic orientations of various defects were determined
by conventional trace analysis (Hirsch et al., 1965). Bur-
gers vector determination was accomplished by diffrac-
tion-contrast experiments using the two-beam technique
(Hirsch et al., 1965) in conjunction with computer sim-
ulation of defect images using a version of the FORTRAN
program Twobis (Head et al., 1973), modified to accom-
modate crystal lattices more general than cubic. A de-
scription and FORTRAN code for these modifications to
TWODIS is available upon request. The intricacies of uti-
lizing this method for crystals with large unit cells are
discussed in detail in Montardi and Mainprice (1987) and
apply here. It should be noted that the clinoamphibole
was found to be extremely stable in the electron beam.

All crystallographic calculations and indexing were done
with the lattice parameters and equivalent positions re-
ported for a hornblende by Trojer and Walitzi (1965).
The lattice parameters are ¢ = 0.986 nm, b = 1.807 nm,
¢ = 0.533 nm, 8 = 105.5° In calculating the scattering
factors for each equivalent position, we used the follow-
ing composition and site assignments, which are more
representative of the clinoamphibole in our study (Cum-
best et al., 1989):

(Ko02Nag 1)(Nag 03Ca, gsMng 3 Feg o5)-

(A) M4)
(Feo 5sMg; 75 Tio 02AL 37)(Al 53515 47)02,(OH),.
M1,M2,M3) (M ©

Using these data, calculated extinction distances for some
reflections commonly used in this study are reported in
Table 1. Elastic constants used for calculating defect im-
ages are those for hornblende 11 (Alexandrov and Ry-
zhova, 1961), as reported in Birch (1966). However, Al-
exandrov and Ryzhova (1961) reported no composition
for either hornblende I or hornblende II. It was found
during the course of the study that hornblende II gave
the best match to observed images.

The input parameters to TwobIs are described in detail
in Head et al. (1973). However, a brief description will
be given below so that the images can be compared with
a minimal amount of effort. The input parameters that
characterize the dislocation are the Burgers vector (b) and
dislocation line direction (u); b and u are specified in
terms of direct lattice vectors [#vw]. The TEM sample is a
very thin foil that can be geometrically approximated by
a thin slab. The orientation of this slab with respect to
the crystal lattice is characterized by the foil normal (FN),
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TasLe 1. Calculated extinction distances for selected diffraction
conditions
Diffraction vector Calculated extinction distance
9 & (nm)
002 384
202 384
404 82.4
020 20.3
200 25.2
110 209

a vector normal to the surface of the slab that makes an
obtuse angle with the electron flux. Since the specimen
can be tilted in the microscope, the FN and electron flux
are not generally parallel. FN is specified in terms of a
reciprocal lattice vector 2kl The thickness of the slab
(THICK) is specified in terms of extinction distance. Since
the extinction distance is a function of, among other
things, the operating two-beam diffraction condition,
THICK changes with the diffraction vector, although the
true thickness of the slab remains constant. The anoma-
lous absorption coefficient (ANO) determines how the
electron beam is attenuated within the foil and has the
practical effect on the image of causing the defect contrast
to be attenuated in the center of the foil (i.e., the center
of the image) as the value of ANO is increased. ANO is
determined by trial and error by comparing computed
images with electron micrographs. The orientation of the
specimen with respect to the electron microscope is given
by the electron-beam orientation (BM) and is expressed
in terms of the direct lattice vector [uvw] that is, by con-
vention, opposite in direction to the electron flux. The
diffraction condition is specified in terms of the reciprocal
lattice vector g = hkl, representing the diffracting planes
and the dimensionless deviation parameter (w) that de-
scribes the distance from the exact Bragg condition for
these planes. The parameters START and FINISH con-
trol the framing and magnification of the computed im-
age.

TEM ANALYSIS

TEM analysis of clinoamphibole porphyroclasts re-
vealed relatively high defect densities (5 x 10 cm™2),
including high densities of free dislocations, dislocation
arrays, subgrain boundaries, and planar defects. Most of
the free dislocations consist of long straight segments.
However, dark-field, weak-beam images (Fig. 1, arrowed
a) show that even where curved segments are present, the
line directions show strong crystallographic control. Trace
analysis of line directions (Fig. 2) for free dislocations
show strong point maxima that indicate that most of these
are subparallel to ¢ or lie on planes between (110) and
(110).

Dislocations showed the most well-defined contrast
when imaged with g = 202. Figure 3 shows free disloca-
tions imaged with g = 202 along with computer-simulat-
ed images for all possible unit dislocations in the cli-
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g=202

500 nm

Fig. 1. Dark-field, weak-beam electron micrograph (s, = 1.3 x 10~! nm, w = 4.85) of free dislocations showing strong crystal-
lographic control on dislocation line directions (arrowed a), interaction of dislocations on different glide planes (arrowed b), and

dissociation of unit dislocations (arrowed c¢). BM = [010].

noamphibole structure. Since the left ends of the
dislocations showed the most detailed contrast effects, the
computer-simulated images were calculated with this part
of the dislocation enlarged to provide maximum detail
for comparison. The [010] Burgers vector can be imme-
diately excluded because the detailed character of its
computed image is significantly different from the con-
trast in the TEM micrograph (Fig. 3). The qualitative dif-
ference between the remaining possible Burgers vectors
is not as great, and exclusion of any of the others based
on this diffraction condition alone would be disputed.
Two-beam analysis of these dislocations for three dif-
ferent diffraction conditions are shown in Figure 4, along
with associated computer-simulated images for all pos-
sible unit dislocations in the clinoamphibole structure. It
should be kept in mind that, in matching computed im-
ages to the electron micrographs, it is consistent to rotate
the computed image 180° about a vertical axis if neces-
sary since this only results in changing the sign of the

diffraction vector (Head et al., 1973). Also, the image
width of a dislocation is approximately one third the ex-
tinction distance effective for the image-diffraction con-
ditions (Hirsch et al., 1965, p. 253). For the diffraction
conditions g = 020 and g = 110, the dislocation images
appear narrower since the extinction distances for these
diffraction conditions are shorter than for g = 202.

For g = 202, all experimental images show significant
contrast. However, for g = 020 and g = 110, dislocations
show extremely weak contrast in the TEM micrographs.
The computer-simulated images for g = 020 and g = T10
show significant amounts of contrast for all Burgers vec-
tors other than b = [001]. For g = 020 and g = 110 with
b = [001], the computer-simulated images show very weak
contrast at the tips of the dislocations only. Therefore,
matching the computed images with these diffraction
conditions reveals that the [001] Burgers vector is the best
match between computed images and electron micro-
graphs. The facts that most dislocation line directions are
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Fig. 2. Contoured, upper-hemisphere, equal-arca stereo-
graphic projection of dislocation line directions. ¢ is vertical.
Contoured at 1, 2, 3, 4, 5, 6, 7, 8, and 9 points per 2.3% area;
43 data points.

subparallel to ¢ (Fig. 2) and [001] is the Burgers vector
indicate that most dislocations have predominantly screw
character.

DiscussION

The predominance of the [001] Burgers vector in the
clinoamphibole structure is consistent with ¢ being the
shortest unit translation (i.e., 0.533 nm for ¢ compared
with 0.986 nm for a and 1.807 nm for b). Because the
energy of a dislocation is proportional to the square of
the length of its Burgers vector (Hull and Bacon, 1984),
[001] will be by far the most energetically favored unit
Burgers vector. It is also the one most commonly report-
ed (Morrison-Smith, 1976; Biermann and Van Roer-
mund, 1983). However, Morrison-Smith (1976) also re-
ported the possible existence of [100] as a Burgers vector
for hornblende crystals that were experimentally de-
formed at a strain rate of 10~% s~! and temperatures up to
600 °C.

The structure and crystal chemistry of clinoamphiboles
are reviewed in detail by Hawthorne (1985). Figure 5a

. F.ig. 3. Bright-field electron micrograph of free dislocations with accompanying computer-simulated images for g = 202 and
indicated Burgers vectors. Parameters used for computer-simulated images are u = [T15]; FN = (221); ANO = 0.07; START =

3.25; FINISH = 6.75; THICK = 6.25; BM = [101]; w = 0.05.
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b=[100]  b='4[110]

Fig. 4. Bright-field electron micrographs of free dislocations with accompanying computer-simulated images for indicated dif-
fraction conditions and Burgers vectors. Parameters used for computing simulated images are u = [115]; FN = (221); ANO = 0.07.
For g = 202, START = —1.00; FINISH = 7.25; THICK = 6.25; BM = [101]; w = 0.05. For g = 020, START = —1.00; FINISH
= 12.82; THICK = 11.82; BM = [101]; w = 0.03. For g = 110, START = —1.00; FINISH = 12.54; THICK = 11.54; BM = {113];
w = 0.03. Stars mark the same reference point in each photograph.

shows the undeformed clinoamphibole structure pro-
jected onto (100). If the M2-O4 and M4-04 bonds were
broken and the T2 tetrahedron translated along the [001]
direction (Fig. 5b) to the equivalent lattice position, this
would leave the T2 tetrahedron that was originally bond-
ed to M2B now unbonded, creating an extra half plane
in the clinoamphibole structure and a dislocation defined
by b = [001]. The illustration in Figure 5b is meant to be
schematic and intended only to illustrate the relative
movements of the structural units. The strain associated

with the [001] translation will be distributed more uni-
formly in the crystal lattice proximal to the dislocation
core than is shown in Figure 5b, as indicated by the oc-
currence of significant contrast in the electron micro-
graphs.

Figure 6 illustrates the “I-beam” representation of the
clinoamphibole structure projected onto (001). Possible
configurations for the slip plane in the (110) and (100)
planes are also shown. The configurations result from jogs
in the dislocation line around the “I-beams” so that only
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b

Fig. 5. Schematic illustration for possible configuration of
[001] Burgers vector in the clinoamphibole structure viewed down
(100) (adapted from Hawthorne, 1985). (a) Undeformed lattice.
(b) Lattice with [001] Burgers vector. Downward-pointing tetra-
hedra stippled; displaced upward-pointing tetrahedra black.

the 6-coordinated (M2) and 8-coordinated (M4) bonds
are disrupted, and possibly also the 12-coordinated “A”
site. For a unit dislocation, this configuration seems en-
ergetically more favorable than a dislocation line passing
through the layer of 6-coordinated (M1,M2,M3) cations
that bond the double chains. It is also apparent from
Figure 6 that with the dislocation line configuration il-
lustrated, no tetrahedral bonds will be broken by move-
ment of the dislocations. Similar arguments would apply
to any glide plane between (110) and (110). However, the
{110} glide planes should have slightly lower dislocation
energies per unit length since the repeat in the [110] di-
rection is slightly longer than the repeat in the [100] di-
rection. Therefore, for dislocations with the same amount
of edge or screw character, a dislocation on a {110} plane
should disrupt fewer bonds per unit length than a dislo-
cation lying on a plane closer to (100). Figure 7 illustrates
calculated dislocation energies using the program of Head
et al. (1973, p. 329) for the [001] Burgers vector versus
the dislocation line direction. As this diagram shows, dis-
location energies become progressively less as the plane

Fig. 6. Schematic illustration of possible location of slip planes
in clinoamphibole structure projected onto (001) (adapted from
Hawthorne, 1985). Black dots indicate locations of M4 sites.

201

Fig. 7. Contoured, upper-hemisphere projection of calculat-
ed dislocation energies for b = [001]. Contour intervals are in
terms of In(r/ry) x 10~ N where r and r, are the inner- and
outer-cutoff radii, respectively (see Hirth and Lothe, 1969, p.
62-63). Shaded areas denote levels below 1.15. Traces of select-
ed lattice planes indicated.

containing the dislocation goes from {110} to (100). The
pattern is not simple, however, as dislocation energies in
the (010) plane show several minima and maxima. The
minimum in the [104] orientation corresponds approxi-
mately to the maximum in the number of dislocations
subparallel to ¢ observed in the natural sample (Fig. 2).
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