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The direct observation and analysis of
dislocations in experimentally deformed

plagioclase feldspars
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Transmission electron microscopy has been used to observe and analyse the dislocations
in a series of plagioclase feldspars which had been experimentally deformed in com-
pression. The results indicate that a moving dislocation in these materials leaves behind
a fault in the structure. Two types of fault are observed but both define the slip plane of
the associated dislocation. From these observations, together with stuctural consider-
ations, the visibility of the dislocations and the orientatation of the applied shear stress
it has been possible to determine the slip system uniquely for a number of dislocations.
The origin of the dislocations and the nature of the faults are also discussed.

1. Introduction

The plagioclase feldspars form one of the most
important groups of rock-forming minerals.
Although they are strong and brittle under normal
conditions of temperature and pressure, there is
abundant geological evidence for their ductility.
When they are experimentally deformed in triaxial
compression, intragranular flow is observed only at
high temperatures and pressures. Borg and Heard
[1,2] found that for strain-rates of 2 x 10 5sec™?
ductile deformation was mainly absent for con-
fining pressures of 5 kbar and temperatures ranging
up to 700° C. However, their optical observations
indicate that, at confining pressures of 8 to 10 kbar
and at temperatures of 800°C, faulting and
cataclassis (local fracture) are much suppressed
and mechanical twinning and (010) slip (as
deduced from the geometry of kink bands) become
common.

More recently, electron microscope observations
have been made of the substructures in naturally
deformed plagioclase. Lorimer et al [3,4] des-
cribed dislocation cell-structures characteristic of
recovery in naturally deformed sodic (sodium-rich)
plagioclases. White [5] and Marshall and Wilson
[6] described the deformation substructures and
recrystallization of naturally deformed sodic
plagioclases and Lally ez al. [7] found evidence
of recovery and recrystallization in lunar plagio-
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clase.

The present investigation involves the use of
transmission electron microscopy for the direct
observation and identification of the crystal defects
responsible for the ductility of a series of experi-
mentally deformed plagioclases. Deformation
takes place by three main mechanisms: (1) brittle
fracture, mostly along cleavage planes; (2) mech-
anical albite and pericline twinning; and (3) slip
due to the generation and motion of dislocations.
In addition, “micro-shear bands” are produced,
but they contribute very little to the total strain
and therefore will be discussed elsewhere. This
paper is concerned only with the detailed nature
of the dislocations and identification of their slip
systems. An important observation is that a
moving dislocation always appears to generate a
strip of fault which defines the slip plane. From
this and other structural considerations, it has
been possible to determine the slip systems
uniquely for many dislocations.

2. Structural considerations
The feldspar structure is based on a framework of
TO,4 (T = Si, Al) tetrahedra, where the O atoms of
the framework form irregularly shaped cavities
which are occupied by Na, K or Ca cations [8].
The plagioclase feldspars form the mineral series
from albite (NaAlSizOg) to anorthite (CaAl,Si,0g)
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and they are all triclinic except for the high tem-
perature form of albite (monalbite). Most speci-
mens also contain some orthoclase (KAlSizOg).
Specimens are usually classified according to the
anorthite content (% An) together with the
structural type which is deduced from the X-ray
diffraction pattern. There are four structural types:
(1) the high albite structure C1, with a-reflections
(h+k=2n, 1=2n) only, (2) the body-centred
structure 71, with ¢- and b-relfections ( + k = 2n
+1, I=2n+1), (3) the primitive structure P1
with a-, b-, ¢- (h+k=2n, I=2n+1) and d-
reflections (h + k =2n + 1, I = 2n), (4) the super-
lattice structure which appears to be based on a
sublattice of the type IT and therefore designated
I1* [9]. This superlattice gives rise to pairs of
e-reflections in place of b-reflections, and f-reflec-
tions as satellites to the a-reflections.

Ideally, any particular crystal would exhibit a
single structural type which, in general, is depen-
dent upon its An content and its thermal history.
However, most real crystals consist of a complex
microstructure based on these structural types.

On cooling from the melt, pure anorthite under-
goes the transformations C1 —I1 -~ P1 in which
there is progressive ordering of the Si and Al on
the T sites. Consideration of these structures [9]
shows that, at each transformation, antiphase
domain boundaries may be produced.

The number of stable dislocation Burgers
vectors for a given structure is restricted by the
requirements that (1) the Burgers vector of a per-
fect dislocation is a lattice vector and (2) a stable
dislocation must not be able to lower its energy
by dissociating into two or more dislocations.
Since the energy of a dislocation in an isotropic
medium is proportional to % a dislocation with
Burgers vector b, is unstable if two lattice vectors
b, and b exist such that b, = b, + by and b3 > b3
+ b% (i.e. the angle 8 between b, and b, is less than
90°). This restricts the number of Burgers vectors
in an approximately isotropic triclinic system to
7. The effects of anisotropy are difficult to esti-
mate since an explicit relation for dislocation
energy cannot be written, but it could result in
the dislocation being stable when @ is less than,
but close to, 90°. The stable Burgers vectors,
determined by finding the three shortest non-co-
planar lattice vectors a, b and ¢ and finding which
ofatb,btc,atcandatb*csatisfy the above
conditions, are shown in Table I for the three
structures C1, IT and PI. Also included are the
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unstable Burgers vectors for which the angle ¢ is
close to 90°.

A perfect dislocation b; can also dissociate
into partial dislocations b, b3 connected by a
plane of stacking fault if the energy of b, is larger
than the sum of the energies of b}, b3 and of the
stacking fault. There are no obvious low-energy
stacking faults in the C1T structure so partial dis-
locations are not expected. However, as a result of
the structural transformations C1 - I1 - P1, low-
energy stacking faults associated with b-, ¢- and d-
reflections are available in the /1 and P1 structures.
All the Burgers vectors listed under these structures
in Table I (except [100],3[111] and 3{171})
could dissociate into two partial dislocations with
Burgers vectors from those listed under the C1
structure and connected by a plane of stacking
fault. If dissociation occurs, then the stacking fault
would be observable with b-, ¢- and d-reflections
but not with a-reflections. The two partial dis-
locations would be observable with g-reflections
providing their separation is greater than the
resolution of weak-beam images (about 350 A).
However, if their separation is less than this value
they could be inferred only by detailed compari-
son with computed electron micrographs [10].

TABLE I Posssible Burgers vectors for plagioclase
structures

1 I1 Pi
b [bI(A) B |BIA) b BI(A)
L0013y 7 [100] 8 [100] 8
L1110] 7 Li111] 9 {o10] 13
im0l 7 iy 9 1001] 14
L111] 9 Li111 12 [110] 15
L1119 LT 12 [101}7 12
{100] 8 [0o1] 14 [011} 19
[201] 8 [1o1] 12 [111] 18
[010] 13
11T11]* 1279 (1101* 1587°
[1T0]* 1585 [110]* 1589°
{0111* 1987°
[p111* 1886°

* These Burgers vectors are unstable according to iso-
tropic criteria, but the angle 8 is close to 90°.

If a dissociated dislocation is glissile, then the
Burgers vectors of both partial distocations must
lie in the slip plane. Therefore, the possibility of
dissociation of a dislocation into partial disloca-
tions separated by less than 50 A can be discounted
if it can be shown that the dislocation is glissile
and that either of the possible partial dislocation
Burgers vectors does not lie in the slip plane.



Burgers vectors of dislocations in elastically
isotropic materials can be directly determined in
the electron microscope by use of the invisibility
criteria g+b=0 and g-bh xu=0. Although the
elastic anisotropy of the plagioclase feldspars is
not high, the use of these criteria here can be mis-
leading unless supported by direct comparison of
the observed dislocation images with those pro-
duced by computer simulation [10] or by other
information.

Nevertheless, in many cases, Burgers vectors can
be identified indirectly or the number of possi-
bilities can be reduced. For example, since no
more than three of the Burgers vectors listed in
Table I are co-planar, knowledge of the slip plane
reduces the number of possibilities to three or
less. It will be shown below that planar faults
associated with the dislocations define their slip
planes and in favourable cases a unique deter-
mination of the Burgers vector is possible. Addi-
tional information can be obtained from the
direction of the resolved shear stress if the stress
distribution is known to be uniform.

3. Experimental methods and specimen
details

The specimens listed in Table Il were experi-
mentally deformed to about 5% shortening at a
temperature of 800° C with a confining pressure
of 10 to 15 kbar and at a strain-rate of ~ 10 5sec ™.
They were in the form of right circular cylinders
6 to 10mm long and with length-to-width ratios
2 2. The specimens fall into two groups:

(1) The Borg—Heard group. This comprises
three specimens (An;, Ansg and An,;) deformed
by Borg and Heard [1,2]. Transmission electron
microscope observations showed: Ang, is I1
structure with antiphase domains; Ansg consists
of domains of IT* structure in a matrix of C1
structure; An, is the C1 structure.

(2) The Hogarth Range specimen (Ansq) which

TABLE II Details of experimentally deformed specimens

was a sample deformed by Christie and Willaime.
Electron microscope observations showed that it
has the CT structure.

Thin sections of the deformed specimens, cut
parallel to the cylinder axis, were thinned by ion-
bombardment and examined in a JEM 200A elec-
tron microscope operating at 200 kV.

4. Observations
4.1. General description of dislocation
substructures

In one specimen (Ang) a range of dislocation sub-
structures was correlated with varying amounts of
strain. Most of the strain was accommodated by a
large fracture which traversed the specimen at
about 45° to the compression axis. Near the frac-
ture plastic strain was evident optically and the
degree of strain decreased as the distance from the
fracture increased.

The most heavily deformed areas were com-

Figure 1 Misoriented domains of tangled dislocations in
the most heavily deformed regions of specimen Ang,.
Dark-field image with g = (004).

Specimen Composition*® Origin Structural state Deformation conditions
An  Ab Or
An, 1.0 983 0.7 Greenwood, Maine Cc1 800° C 10kbar, 2 X 1075 sec™?
Ang, 38.0 61.0 1.0 Sannidal, Norway Ciand IT*
An,, 76.9 22.7 0.4  Crystal Bay, n
Minnesota — €barse-grained gabbro _
Ang, 50.1 47.5 24  Hogarth Range, N.S.W. C1 800° C, 15 kbar, 10" * sec™*

Phenocrysts from basalt

* The composition is given by the mol % anorthite (An) albite (Ab) and orthoclase (Or).
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posed of irregularly shaped domains (1 to 5um
across) of tangled dislocations with densities up to
10" ¢m™. Examples are shown in Fig. 1. The dis-
location density varied between domains by a
factor of about 2, and the domains were mis-
oriented by up to 0.5°. Fig. 2a shows the disloca-
tion substructure typically observed within the
domains. It will be seen that there are two inter-
secting sets of dislocations which indicates that
two slip systems (at least) are operating in this
area of the specimen. This will be discussed in
more detail in Section 4.4.

In the less heavily deformed areas, the tangled
dislocations are arranged in walls whose orientation
is about 15° from (00 1). Examples are shown in
Fig. 3a. In other regions there is a second set of
walls whose orientation is about 15° from (1 01),

Figure 2 Dark-field images of_ dislocations in the same area
of specimen Ang,. (a) g=(204), (b) g=Q202),(c) g=
004).
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as shown in Fig. 3b. Across these walls there is
usually a misorientation of about 0.5°. These walls
are similar to the walls of the tangled dislocations
that develop approximately parallel to the slip
planes in experimentally deformed synthetic
quartz [11, 12].

At distances greater than about 1 mm from the
main fracture, the dislocation density decreases
and the dislocations tend to be in isolated regions.
In the centres of these regions there are dense
tangles of dislocations, but on the margins the dis-
location density is lower and the dislocations are
straight. Many pairs of straight dislocations were
shown to be dipoles on the basis of the following
observations: (1) the strong beam images are related
by 180° rotation, implying that the Burgers
vectors are opposite, and (2) the relative displace-
ments of the dislocations in weak beam images
indicate that their Burgers vectors are opposite.
Thus the dislocation substructure may be correlated
with the degree of plastic strain. Increasing strain
changes the dislocation substructure from isolated
regions of dislocations, to walls of dislocations, to
domains of high density tangled dislocations with
varying dislocation density between the domains.

In areas where the dislocation density was low
enough for the strong beam images of the dis-
locations not to overlap, planar faults were found
to be associated with the dislocations. Two dif-
ferent kinds of fault were identified. They are dis-
cussed in detail in Sections 4.2 and 4.3.

4.2. Slip-plane faults

Fig. 4a and b show examples of the very faint
fringe patterns associated with dislocations in
Anyg and Angg The fringe contrast, although
variable from one specimen to another, is weak
under all diffracting conditions. However, the
contrast is maximum in dark-field when s~ 0,
where s is the deviation from the exact Bragg
angle. Often the fringes cannot be discerned on the
screen of the electron microscope and careful
examination of the photographic plate is necessary
to detect their presence.

Faults showing similar contrast have been
observed by Clarebrough {13,14] in Cu—Al,
Ni—Al and Cu—Zn. He showed, by comparison
with computed images, that the fringes were
due to a dilation across the fault plane of between
1/150¢1 11> and 1/200(1 1 1). He proposed that
this was caused by destruction of short range
order.



Figure 3 Walls of tangled dislocations in specimen An,,, imaged in dark-field with g = (0 04) under weak-beam con-
ditions (s = 0.004). In (a) the walls are oriented about 15° from (0 0 1). In (b) there is a second set of walls oriented

about 15° from (1 07T).

Detailed examination of the fringe contrast
here indicates that the fringes are out of contrast
for reflecting planes that are normal to the fault
plane and in contrast, although weak, for all other
reflecting planes. This implies that the fault vector
is normal to the fault plane and the fault is either
due to the dilation or compression across the fault
plane. The contrast of the fringes is similar to that
observed by Clarebrough, so the magnitude of the
dilation or compression is probably similar.

The faults are not produced by a structural
transformation (see Section 5) and must, therefore,
be produced by the movement of the dislocations.
Regardless of the detailed mechanism of their
formation they are potentially useful for the deter-
mination of slip planes and will be called “slip-
plane faults”. Furthermore, they indicate the

sense of movement of the dislocation on the slip
plane and, therefore, can be used to determine the
relative sign of the Burgers vector.

4.3. 1/x [010] faults

Examples of the second kind of fault associated
with the dislocations in specimens An; and Angg
are shown in Fig. 5a and b, respectively. In An,
(and Ans;) the faults are on (101) and in Ansg
they are on (102). Dark-field images of all these
faults show the following characteristics: (1) the
faults are out of contrast for all reflections of the
type g = (h0I). Application of the visibility criterion
g R=n implies that the fault vector is of the
form R = [000]; (2) the fringes are in contrast for
all (hki) reflections with k # 0. This was tested for
k up to 14 in Angg and for kX up to 10 in An,;. The
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Figure 4 (a) Slip-plane faults in specimen An,, imaged
in bright-field with the (00]) row of systematic reflections
operating. (b) Slip-plane faults in specimen An,, imaged
in dark-field with g = (202) at s = 0.

fault vector is, therefore, of the form R = 1/x
[010] where x is not an integer. R is parallel to
the plane of the faults in all cases.

4.4, Dislocation contrast

Although attempts were not generally made to
determine Burgers vectors by application of the in-
visibility criteria discussed in Section 2, two
examples of complete (or almost complete) invisi-
bility were found in Ange. These are shown in Fig.
2a to ¢ where the electron beam is almost normal
to (0 10). Fig. 2a shows that with g = (2 04) there
are two intersecting sets of dislocations which are
aligned parallel to the traces of (00 1) and (1071).
It follows that the dislocations are aligned parallel
to u; = [100] and u, = [101], respectively. In
Fig. 2b it will be seen that with g = (2 02) the dis-
locations aligned parallel to [100] are in strong
contrast, whereas the dislocations aligned parallel
to [101] show only weak residual contrast. For
g =(004) the dislocations parallel to [100] are
completely out of contrast, while those parallel to
[LO1] are in strong contrast, as shown in Fig. 2c.
Head et al. [10] considered the conditions under
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Figure 5 (a) 1/x [010] faults F and microfractures X in
specimen An, . Bright-field image. (b) 1/x [010] faults
in specimen An,, imaged in bright-field with the (0k0)
row of systematic reflections operating.

which complete invisibility of dislocations in an-
isotropic media can occur. They found that if the
dislocation line is parallel to an even-fold axis of the
crystal or normal to a mirror plane then the iso-
tropic invisibility critera apply. Furthermore, there
are other special cases where invisibility occurs for
dislocations that are not necessarily pure edge or
pure screw. However, in all cases where invisibility
does occur, both g« b and g+ b x u are zero. These
are, therefore, necessary, but not sufficient,
conditions for zero contrast.

Of the possible Burgers vectors listed in Table I
for the C1 structure only b = [100] satisfies the
invisibility criteriafor g= (004) and u, = [100].
u, is also a pseudo-tetrad axis. This suggests that
the dislocations aligned parallel to [100] are pure
screw. The most likely slip planes are (00 1) and
(010). Since for Anse there was zero resolved
shear-stress on (010), but high resolved shear-
stress on (00 1), it must be concluded tentatively



that the slip system of these dislocations is (00 1)
[100]. However, a definite identification would
require the use of computed images [10] .

For the dislocations aligned parallel to [101]
the slip plane must be of the type (hkh). Of the
Burgers vectors listed in Table I for the CT struc-
ture only 2 [111] and 4 [111] satisfy g-bh=0
(but not g+bxu=0) forg=(202) and u=u,
=[101]. Both these Burgers vectors require the
slip plane to be (#0/) so that the simplest slip
system could be (10T)% [1T1] or (101) 4
[L11]. However, these speculations clearly
require further evidence to justify them (see
Section 5.4).

b. Determination of slip systems using
planar faults

A planar fault which is bounded by a dislocation
can be produced by (1) the movement of the dis-
location (in which case it defines the slip plane), or
(2) the movement of the interface of a structural
transformation past a dislocation (for example, if a
dislocation in the CT structure has a Burgers vector
which is a lattice vector of €1 but not of /1, the
transformation CT - IT will produce an antiphase
boundary which ends on the dislocation but does
not define the slip plane). The only faults that are
produced by structural transformations in plagio-
clase are those associated with b-, ¢-, and d-
reflections. These faults will be out of contrast in
dark-field images from ga-relfections. Therefore,
any faults associated with dislocations and
observed with a-reflections must be a result of
movement of the dislocation and, regardless of the
detailed mechanism of their formation, they
should define the slip plane. In this section identi-
fication of slip planes from the faults described in
Sections 4.2 and 4.3 is used in conjunction with
Table I to determine the slip systems of the
dislocations.

5.1. Specimen An,

This specimen was a single crystal which contained
large growth albite twins. The direction of the
applied stress relative to the crystallographic axes
was, therefore, different within the two twin indi-
viduals; it favoured mechanical albite and pericline
twinning within one twin and opposed it in the
other. The planar faults to be discussed here were
only in the latter twin so their development is sen-
sitive to the direction of the applied stress. The
plane of the faults is (1 0 1)and dark-field images

show the characteristics of 1/x [0 1 0] faults. They
are often bounded at both ends by microfractures
but many are bounded at one or both ends by
dislocations (Fig. 5a).

Since the plane of the faults is (1071) the slip
plane of the dislocations bounding the faults is
(10T). Of the Burgers vectors in Table I only b, =
3 [111] and b, =4 [111] are parallel to (1 01).
The Schmidt factor for b, is 0.49 and for b, itis
zero. Since the faults occur only in one twin and
are widely distributed throughout that twin, it
appears that the dislocation movement was prod-
uced by the applied shear stress rather than local
inhomogeneity of the stress field. If this is the
case, the Burgers vectorisbh, =% [111].

5.2. Specimen Ansg

Most of the dislocations in Ansg are associated
with slip-plane faults which are curved and vary
between (130) and (T20) as can be seen in Fig.
4a. Since they are not perfectly planar, cross slip
of the dislocations must have occurred. The only
Burgers vector in Table I that is parallel to the
surface of the faults is 3 [00 1] which is parallel
to both (13 0) and (120). The slip systems (1 3 0)
3 [001] and (120)4 [001] both have high re-
solved shear stress, with Schmidt factors of 0.50
and 0.49, respectively.

In several isolated areas, 1/x [010] faults were
found to be parallel to (102). The only Burgers
vector possible for this slip plane is [0 1 0] which,
from the structural considerations of Section 2,
should not be stable in the C1 structure. However,
this specimen contains domains of IT* structure,
which is based on the 1 structure and in which
[010] is a stable Burgers vector.

5.3. Specimen An,

This specimen was polycrystalline and has the /1
structure. Observations of planar faults in two
grains have been selected for discussion.

The first grain occupied about half of the
specimen and contained slip plane faults on (1 1 2),
(132) and (010), with (1172) being the most
common. Table III shows the possible Burgers
vectors for these slip planes, together with Schmidt
factors for the applied stress.

Dark-field images from b-reflections indicate
that antiphase boundaries are associated with most
of the (112) slip planes and a few of the (132)
and (0 1 0) slip planes. However, most of the (13 2)
and (010) slip planes do not show antiphase
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TABLE 111

Slip plane  Possible Burgers vectors  Schmidt factors
112 F[201) 0.50
F{110] 0.25
L{111) 0.25
132) L1201] 0.43
LiT11] 0.32
010 +{201] 0.20
[100] 0.32
L1001} 0.16
[101] 0.05

boundaries. The faults have been interpreted as
slip-plane faults rather than the result of growth of
IT domains during the CT - IT transformation of a
crystal containing dislocations because (1) the
faults show the weak contrast from a-reflections
which is characteristic of slip-plane faults, whereas
perfect antiphase boundaries show no contrast,
and (2) the trace of the faults is parallel to {20 1]
throughout the grain, an area much larger than the
size of b-domains*

All the slip planes are parallel to [201],
suggesting that »=1% [201] is a common Burgers
vector. However, other Burgers vectors must be
involved since dislocations with b =1 [201]

require an antiphase boundary across the slip plane
and not all slip planes are associated with an anti-
phase boundary. The following slip systems are
consistent with the above observations and the
Schmidt factors calculated from the direction of
the applied stress: (112)3 [201],(132)% [201]
and (010) 3 [201] for the slip planes associated
with antiphase boundaries, and (132) % [T11]
and (010) [100] for the slip planes not associ-
ated with antiphase boundaries.

The second grain contains fine-scale albite and
pericline twins inclined at an angle of 70° to the
foil and dislocations in an average density of about
10® cm™2. In the area with pericline twinning, the
dislocations are generally arranged in low-angle
boundaires parallel to the pericline twin plane
within one twin orientation but not in the other.
This is shown in Fig. 6, where the twin orientations
are labelled A and B, respectively.

Faults with the low-contrast characteristic of
slip plane faults lead up to, and terminate at, the
dislocations in twin A. These slip plane faults are
parallel to (101). This plane is common to both
twin individuals since the twin axis is [010]. It
can be seen in Fig. 6 that the faults are continuous

Figure 6 (a) Arrays of dislocations forming low-angle boundaries which are parallel to pericline twin boundaries in
Specimen An,, . Dark-field image with g = (2 2 0). (b) This is a composite of two micrographs A and B corresponding to
the two pericline twin individuals. The micrographs are joined along the twin boundary. mn Ag=(220)andinBg=
(220). The faults associated with the dislocations in A are continuous across the twin boundary. The fringe contrast is
higher in B than in A. However, this contrast difference is greater than shown because A was printed on a more contrasty
grade of paper in order to make the fringesin A more clearly observable.

* A b-domain is a region bounded by an antiphase domain boundary which is imaged in dark-field with a b-reflection

[19].
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across the twin boundary except where they ter-
minate on a dislocation that lies on or close to the
boundary. However, within twin B they show
higher contrast. In fact they show the contrast
characteristic of 1/x [010] faults. Therefore, the
faults change their nature on passing through the
twin boundary.

Within twin A the fault contrast is low for both
a- and b-reflections, so the Burgers vector of the
dislocations is a lattice vector of the J1 structure.
Since the slip plane of the dislocations is (10 1) the
possible Burgers vectors from Table I are [010],
[101],3 {111] and § [111]. However, the dis-
location direction is [010], so if the Burgers
vector is [0 1 0] the dislocations are screw. Since it
is impossible to form a low-angle boundary free of
long range stresses with a single set of screw dislo-
cations [15], this Burgers vector can be eliminated.
Ideally, such a boundary should consist of a set of
pure edge dislocations with the Burgers vector
normal to the boundary. This condition is almost
satisfied for b= [101] since [101] is only 6°
from the normal to the boundary (the rhombic
section) and the dislocations are only 4° from the
pure edge. However, if the Burgers vector is 3
[111] or4 [1T1], the dislocations would be 40°
from the edge orientation. Therefore, the Burgers
vector b = [10 1] appears most likely.

Since the slip plane faults are observed to pass
through the twin boundary, the interaction of the
dislocations with the boundary must be considered.
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[o] \\ér"’" | [og]
5
g
TwinB Twin A
{b,| = bsin4’=0:07|b|
b= [101] = 124
fa)  2p =013[010]

The slip plane, (1 01); is unchanged across the
boundary but all lattice vectors within the slip
plane except [010] are changed. A dislocation
with Burgers vector [010] could pass unaffected
through the boundary, but this is not so for other
Burgers vectors. The situation for = [101] is
shown in Fig. 7a. There are two possibilities.
Firstly, »=[101] in twin A could be resolved
into two components, b and b,, parallel and per-
pendicular to {0 10]. Both of these directions are
unchanged across the boundary, so both com-
ponents could pass through the boundary. However,
the Burgers vector b is not a lattice vector of twin
B, so its propagation requires a fault with fault
vector R = 2b, = 0.13 [010] to be left in the slip
plane. Alternatively, the Burgers vector b could
dissociate into b’ + 2by leaving 2by in the twin
boundary and propagating b’ = [101] which is a
lattice vector in twin B.

The observations are consistent with the first of
these mechanisms since the fauits in twin B were
observed to have an associated fault vector of the
form 1/x [010] in agreement with the fault vec-
tor R=2b,=0.13[010] calculated above.
Furthermore, no dislocation is observed in the
twin boundary where the faults cross. However,
this observation may not be conclusive because the
small Burgers vector (0.13 [010]) may not give
detectable contrast. It is interesting to note that
with either mechanism a jog is left in the twin
boundary where the dislocation crosses.
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Figure 7 Diagrams showing the interaction of a pericline twin boundary and a dislocation with Burgers vector » and
direction u = [0 1 0], when the dislocation passes from twin A into twin B. @) »={101], ()b =%[111]
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The mechanism for b=4%[111] or b=3%
[1T1] is shown in Fig. 7b. The possibilities are
the same as for & = [101] except that the fault
vector for the first mechanism is R =5" = 0.07
[010], and, for the second mechanism, b =3
[111] in twin A becomes 8’ = [111] in twin B
and vice versa.

The Schmidt factors for the applied stress are
0.5 for (10T)[111] and 0.38 for (10T)[101].
However, their reliability is doubtful because this
grain was a small one and it is likely that the applied
stress does not represent the true stress distri-
bution. Both of these slip systems are therefore
possible, although (101)[10 1] appears to be more
likely from considerations of the nature of low-
angle boundaries.

5.4. Specimen Ang,

This specimen contains slip-plane faults which are
mostly parallel to (101). Therefore, the possible
Burgers vectors are % [111] or 4 [1T1]. The
directions [111] and [111] are structurally
pseudo-equivalent (since [010] is a pseudo-diad
axis) and the Schmidt factors for the applied stress
are equal. Thus both Burgers vectors probably
exist. This is in agreement with the considerations
of the contrast of dislocations in this specimen
(Section 4.4).

5.5. Summary of slip systems
From the observations of dislocations given above
it is possible to summarize the observed slip
-systems. This is done in Table IV.

To this must be added the slip (001)[100]
determined from contrast considerations in Section
44

TABLE IV

Specimen Slip plane Possible Burgers

vectors

"An, aon Li111]

An,, Not planar; $[001]
varies between
(130)and (120)

An,, grain 1 (112) £[201] _
132) L1201],4[111]
©10) +[201]1,[100}

grain 2 aon [101orf[111]

and L[1T 1]
Ang, aoi ${111] and/or
FT1]
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6. Discussion

It is clear from this study that there are many slip
systems available in plagioclase feldspars, that
cross slip is common and that slip by dislocation
motion is a major mechanism of deformation.
Therefore, it is important to consider the mech-
anisms of dislocation generation. In Ans, they
were only produced in areas close to the main
fracture where there are also abundant microfrac-
tures. This suggests that these fractures are associ-
ated with at least the initial production of dislo-
cations. Li [16] has suggested a mechanism of
punching half loops of dislocations from ledges of
a free surface. In this case the surface ledges would
be cleavage steps or ripples commonly observed on
fracture surfaces [17]. Evidence for the operation
of surface dislocation sources in experimentally
deformed quartz has been represented by Morrison-
Smith [12]. Also, in this and several other speci-
mens, isolated regions of dislocations were found
to be centred on irregularly shaped voids. Near
these voids the dislocations are tangled and the
dislocation density decreases away from the voids
with the dislocations becoming straighter. The slip
plane faults of the dislocations all lead back to the
areas of tangled dislocations, indicating that the
dislocations all originated from that area. This
implies that the voids play some role in the gener-
ation of dislocations. Similar isolated regions of
dislocations are produced by inclusions in quartz
[12].

Planar faults appear to be produced by the
movement of all dislocations in the plagioclase
feldspars and these faults have proved to be useful
indicators of slip planes. However, the structures
of the faults are not clear. The slip-plane faults
involve only a very small displacement normal to
the slip plane and Clarebrough [13] has shown
that in Cu—Al this can be produced by destruction
of short-range order across the slip plane. However,
detailed discussion of this mechanism is precluded
by the lack of knowledge of the detailed nature of
short-range order in plagioclase. Another mech-
anism which could produce this kind of fault is the
imperfect reconstruction of Al/Si—O bonds after
the passage of a dislocation. Any displacements
parallel to the slip plane would on average cancel,
whereas those normal to the slip plane might not.

The 1/x [010] faults involve a displacement
vector R which is parallel to the plane of the fault



but is not a simple fraction of a lattice vector.
Such a fault could be produced either by a simple
displacement in the fault plane or the formation of
a thin coherent layer of a different structure or a
different orientation (twin) which produces relative
displacement R of the crystal either side of it. It is
difficult to envisage how a simple stacking fault of
this nature could occur, but one possible mech-
anism was suggested by the consideration of dislo-
cation interactions with a pericline twin boundary
in Section 5.3. There it was found that one way in
which a dislocation, on a slip plane common to
both twins, could pass through the twin boundary
was to continue with the same Burgers vector
which is not a lattice vector of the second twin.
This requires a fault with R =0.07 [010] orR =
0.13 [010] to be left in the slip plane. Faults of
this type have been observed in An,; - However,
pericline twins were not observed in An; and only
a few narrow deformation pericline twins were
found in Anag. Furthermore the only Burgers vec-
tor possible for Ansg is [0 10]. This is common to
both pericline twin orientations so it would not
produce a fault. If the fault is produced by a
coherent layer then two possibilities that would
give the required displacement parallel to [010]
are the monoclinic feldspar structure or a pericline
twin. The pericline twin appears to be more likely
because this twin is commonly found in these ma-
terials, whereas exsolution of the monoclinic
structure is never found. The lowest energy inter-
face for pericline twins is the rhombic section
[18] but, since it is an axial twin law, it is geo-
metrically possible for any plane parallel to [01 0]
to be a composition plane. Although the planes of
the 1/x [010] faults vary, they are always parallel
to [010]. A layer of pericline twin would produce
a displacement (R = 2¢ tan ) of the lattice either
side of it, where ¢ is the thickness of the layer and
6 is the obliqueness of the twin.

As already pointed out, slip by dislocation
movement is only one of the mechanisms of
deformation. The other mechanisms and their
interactions with each other and with dislocations
will be discussed elsewhere, together with the

relevance of these experimental observations to
the deformation of feldspars in nature.
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