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Abstract 

Bons, A.-J., 1988. Deformation of chlorite in naturally deformed low-grade rocks. Tectonophysics, 154: 149-165. 

The intracrystalline deformation of chlorite in naturally deformed low-grade rocks was investigated with transmis- 

sion electron microscopy (TEM). As in other phyllosilicates, the deformation of chlorite is dominated by the (001) slip 

plane. Slip along this plane is very easy through the generation and movement of (partial) dislocations with Burgers 

vector b = l/n[ UVO]. After initial bending of the (001) planes through a flexural slip mechanism, accommodated by 

slip along (OOl), the misorientation is concentrated in tiltwalls subnormal to (OOl), which are formed by (partial) 

dislocations with b = l/n[uvO]. Tiltwalls subparallel to (001) are formed by arrays of dislocations with a total Burgers 

vector [OOl]. These boundaries are either initiated at the grain boundary and move inwards by dislocation climb, or 

form by movement of free dislocations towards the tip of propagating boundaries by glide along planes inclined to 

(001); once a boundary is formed, the increasing misfit is accommodated by climb of these dislocations along (001). 

Due to the combination of very easy slip along (001) and the ability to form subgrain boundaries subparallel to (001) 

by dislocation climb and activation of hard slip systems, chlorite deforms plastically even at temperatures below 

300°c. 

Introduction 

The deformation of a rock and its microstruc- 
tural development are controlled by a number of 
parameters, one of which is the intracrystalline 
deformation mechanism of the constituent miner- 
als. Low-grade pelitic rocks are mainly composed 
of phyllosilicates, in casu mica and chlorite. To 
understand the deformation of these rocks it is 
necessary to understand the deformation mecha- 
nisms of the phyllosilicates. 

Studies of the deformation of phyllosilicates 
have concentrated almost completely on micas 
(e.g., Etheridge et al., 1973, 1974; Etheridge and 
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Hobbs, 1974; Bell, 1978; Wilson and Bell, 1979; 
Bell and Wilson, 1981; Bell et al., 1986). In- 
tracrystalline deformation of chlorite has been 
reported by several authors (e.g., Van der Pluijm 
and Kaars Sijpesteijn, 1984; Dimberline, 1986; 
Gregg, 1986), but the intracrystalline deformation 
mechanism of chlorite is not known in detail. This 
study aims to describe the intracrystalline de- 
formation of chlorite under (sub)greenschist meta- 
morphic conditions. 

Samples 

Two types of deformed chlorite were studied: 
(1) kinked crystals from the Alps (greenschist 
facies), and (2) more complexely deformed chlo- 
rites in very low-grade slates from the Pyrenees. 

The kinked chlorites were collected in the 
Sesia-Lanzo Zone in the Western Alps, near 



Traversella (Italy). The chlorites were deformed 

during greenschist facies metamorphism, which 

took place in the Eocene after the Eo-Alpine high 

pressure-low temperature metamorphism (Dal Piaz 

et al., 1972). The crystals are platelets up to a 

centimetre wide and several millimetres thick. The 

width of the kink bands is of the order of 200 pm 

(Fig. la). EDS analyses indicate a penninite com- 

position (classification of Hey, 1954): 

Mg,.,Fe,.,Al,.,[(Si,.~Al,.,)O,,/(OH)~] (OH)U 

The slate samples were collected in the Seo 

Slates, Orri Dome, Central Pyrenees, Spain. These 

rocks are of Cambro-Ordovician age; during 

Variscan folding a slaty cleavage was developed 

(Hartevelt, 1970: Speksnijder. 1986). The degree 

of metamorphism is estimated using illite crystal- 

linity. Illite crystallinity indices, measured using 

the approach of Kisch (1980. 1983), are in the 

range 0.23-0.30 O, 28. This indicates metamor- 

phism in the anchizone (Kubler, 1967: Kisch, 

1983). which corresponds to temperatures of ca. 

200-350” C (Teichmtiller et al.. 1979). The slate 

samples consist almost entirely of interlayered 

muscovite and chlorite. Grain sizes vary from a 

few microns up to 100 pm. The average composi- 

Fig. 
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1. a. Kinked chlorite crystals from the Traversella region, Italian Alps (plane polarized light). b. Deformed chlorite- 

:gate in very low-grade slate from the Spanish Pyrenees (crossed nicols). The slaty cleavage is vertical. The chlorite (dark 

IS undulose extinction on a very small scale, while the muscovite (white) is hardly undulose; new muscovite grains are grc 

he1 to the cleavage planes, e.g. in region A. 
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tion of the chlorites in the slate samples is tipido- 

lite: 

Mg,.,Fe,.,Al,., [(Si5.2Al2.8)020/(OH)41 (OH)11 

During slaty cleavage development the chlo- 

rite-muscovite aggregates were deformed. The de- 

formation structures inside the chlorite include 

undulose extinction, folds, and low- and high-an- 

gle boundaries within grains (Fig. lb). The 

muscovite shows folds and kinks, but the grains 

show hardly any undulose extinction (see also 

Gregg, 1986). Serrated kink band boundaries and 

new muscovite grains growing into deformed 

grains indicate that migration recrystallization 

dominates during the deformation of muscovite at 

these conditions. 

Truncation of grains, and reduction of the 

quartz content in areas of strong cleavage develop- 

ment in layers which are otherwise rich in quartz, 

indicate that pressure solution processes were ac- 

tive during slaty cleavage formation. Nevertheless, 

the extensive internal deformation of the chlorite- 

mica aggregates indicates that it was only of minor 

importance to the deformation of the phyllosili- 

cates. 

Methods 

For the TEM study selected areas from thin 
sections were fixed to copper support grids and 
thinned down to perforation by ion beam milling. 

The samples were then coated with carbon and 

studied in a JEOL 200C electron microscope, fitted 

with a side-entry goniometer stage, operating at 
200 kV. 

Often the dislocations were so closely spaced 

that they could not be resolved by conventional 

bright field (BF) or dark field (DF) methods. The 

techniques that have been used in this case are 

weak beam imaging (WB) and high resolution 

electron microscopy (HREM). During HREM 

axial illumination was used, i.e. the transmitted 

beam lies on the optic and the diffracted beams 

are symmetrically disposed about it, so that the 

position of the resulting lattice fringes is indepen- 

dent of crystal thickness (Edington, 1975). 

Crystal structures 

The intracrystalline deformation of phyllosili- 

cates is dominated by the highly anisotropic crystal 

TALC MICA CHLORITE 

pl/lbA tetrahedra 
....:. ,,,,. .::. ,. : KiL :. octahedra o OH- @ cations 

Fig. 2. Crystal structure of chlorite. A. Tetrahedral sheet; the crystal axes a and b are indicated, together with their equivalent 

directions (a-axis: f [llO] and *[IlO]; b-axis: +[310] and +[310]). B. Schematic representation of the structure of talc, mica and 

chlorite, projected parallel to the b-axis. See text for further details. 



152 

structure; therefore a brief description of the 

crystal structure will be given below. For a more 

detailed description and for further references the 

reader is referred to the literature (e.g., Bailey, 

1975, 1984). 

The basic structure of all phyllosilicates is a 

sheet of (Si, Al)O,-tetrahedra linked together in a 

pseudo-hexagonal pattern (the tetrahedral sheet or 

T-sheet), in which the a- and b-axes lie (Fig. 2A). 

In the group of 2 : l-phyllosilicates, to which talc, 

mica and chlorite belong, two of these tetrahedral 

sheets are sandwiched together to form a sheet of 

octahedral sites in between (the octahedral sheet 

or O-sheet). The octahedral sites can be occupied 

by various metal ions. This packet of tetrahedral- 

octahedral-tetrahedral sheets is often called the 

“talc” layer or T-O-T layer, although the term 

“2 : 7 layer” is preferable (Bailey, 1980). The 2 : l- 

layers are stacked in the direction of the c-axis 

with or without interlayers. 

Because of the pseudo-hexagonal symmetry of 

each sheet, every direction in the (001) plane has 

more or less equivalent directions at 60 o intervals. 

For example, the equivalent directions for [loo] 

are [llO] and [ilO], and the equivalent directions 

for [OlO] are [310] and [310] (Fig. 2a). 

In talc the 2 : l-layers are electrostatically neu- 

tral and they are stacked in the direction of the 

c-axis without any layer in between. In the case of 

micas the electrical charge of the 2 : 1 layer is 

compensated by an interlayer of cations (Fig. 2B). 

The chlorite structure consists of alternating 

2 : l-layers and brucite-like Mg,Fe-hydroxide in- 

terlayers. A single chlorite unit is formed by one 

2 : l-layer and one interlayer; the total thickness is 

about 14 A (Fig. 2B). Brown and Bailey (1962) 

determined that four different structural units, 

consisting of four different relative arrangements 

of 2 : l- and interlayers are theoretically possible. 

These structural units can be stacked in various 

ways, leading to a large number of regular one- 

layer polytypes. However, many chlorites have 

irregular stacking sequences. In diffraction pat- 

terns they show sharp k = 3n reflections and con- 

tinuous streaking of the k # 3n reflections, indi- 

cating that the layers are related to one another by 

shifts of magnitude 6/3 and still maintain hydro- 

gen bond contact. This is termed semi-random 

stacking (Brown and Bailey, 1962; Bailey. 1975). 

The shifts can occur both at the level of the 

interlayer and within the 2 : 1 layer (Spinnler et 

al.. 1984; Bons and Schryvers. 1988). 

Deformation of ph~vllosilicates 

Because the crystal structure of chlorite is 

closely related to that of talc and micas, it is 

convenient to discuss the deformation of chlorite 

in view of what is already known about the de- 

formation of the other phyllosilicates. 

Studies of phyllosilicate deformation have con- 

centrated mainly on micas. Many experimental 

studies have shown that the slip plane is (001) and 

that the dominant slip directions are [loo], + [ 1101 

and _+[ilO] (Miigge, 1898; Griggs et al., 1960; 

Borg and Handin, 1966; Horz and Ahrens, 1969; 

Hiirz, 1970; Schneider. 1972; Etheridge et al., 

1973). Early studies on dislocations in mica have 

reported dislocations parallel to the (001) plane 

with Burgers vectors b = [loo], b = l/211 lo] and 

b = 1/2[ilO], without any visible dissociation (Silk 

and Barnes, 1961; Amelinckx and Delavignette, 

1962; Demny, 1963a); these dislocations occur in 

the cation interlayer. where dissociation into par- 

tials is unlikely (Olives, 1985). These dislocations 

are not mobile in the electron microscope, not 

even when the foil is heated (Silk and Barnes, 

1961). 

Bell and Wilson (1977, 1981, 1986) have re- 

ported stacking faults and dislocations in musco- 

vite and biotite. The stacking faults were the result 

of both crystal growth processes and deformation. 

The observed stacking fault vectors were $1/3 

[OlO], + l/6 [310] and k l/6 [310]. These stacking 

faults were supposed to occur in the octahedral 

sheet of the 2 : l-layer without significant increase 

in energy, rather than in the cation interlayer, 

where the increase in energy would be consider- 

able (Bell and Wilson, 1977; Olives, 1985). The 

dislocations were all contained in the (001) plane; 

some of the dislocations were clearly dissociated 

into partials with stacking faults inbetween. In 

regions where the mica lattice was gently curved 

slip occurred parallel to (001) by the generation 

and movement of (partial) dislocations, and sub- 

grains were developed, bounded by dislocation 
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walls subparallel and subnormal to (001). With 
increasing rotation the strain was no longer 
accommodated by dislocation creep but dilation 
along the (001) cleavage plane occurred. This 
deformation mechanism is thought to be typical 
for crystalline materials with only one active slip 
plane (Nicolas and Poirier, 1976; Bell and Wilson, 

1981; Bell et al., 1986). 
Amelinckx and Delavignette (1962) studied 

deformed talc crystals with TEM. They observed 
dislocations with Burgers vectors btotal = [loo], 
b tota, = 1/2[110] and btota, = 1/2[liO], dissociated 
into wide dislocation ribbons of four partial dislo- 
cations; the Burgers vectors of the partials are 
bp = +1/6 [OlO], bp = +1/12 [310] and bp = 

f l/12 [310]. These dislocations, and the associ- 
ated stacking faults, occur inbetween the 2: l- 
layers, where stacking fault energy is very low due 
to the weak bonds between the layers. 

It is clear that the deformation of phyllosili- 
cates is dominated by the (001) slip plane, while 
slip directions are parallel to [loo], [OlO] and other 
directions which are equivalent due to the 
pseudo-hexagonal symmetry in the (001) plane. 
The slip can take place either at the level of the 
octahedral sheet of the 2 : l-layer or inbetween the 
2 : l-layers. 

TEM observations 

Practical aspects of the TEM observation of chlorite 

Most phyllosilicates are rapidly damaged by 
the electron beam (Demny, 1963b; Bell and Wil- 
son, 1981; Ahn et al., 1986). Indeed, the musco- 
vites in the slate samples were very sensitive to 
radiation damage and were destroyed within sec- 
onds. The chlorites, however, were relatively stable 
and could be studied for several minutes. 

All chlorites studied show sharp k = 3n reflec- 
tions and streaked k # 3n reflections, which indi- 
cates that they have a semi-random stacking se- 
quence (Brown and Bailey, 1962; Bailey, 1975). 
Many electron micrographs of chlorite show a 
diffuse contrast of overlapping fringes in the back- 
ground (see e.g. Fig. 3). This is the case in almost 
all micrographs where the (001) plane is inclined 
to the electron beam, but it is never observed in 

cases where (001) is perpendicular or parallel to 
the beam. It is most likely that the fringe contrast 
is caused by the stacking disorder: the irregular 

offsets of chlorite layers are essentially the same as 
stacking faults and give rise to fringe contrast if 
the (001) plane is inclined to the beam. Because of 
the close spacing between the offsets the fringes 
overlap and give the complex background contrast 
observed. This background contrast seriously 
hampers the interpretation of the lattice defects. 

Although the radiation damage rate is lower 
than in micas, there still is little time for tilt 
experiments, which makes it difficult to do a 
complete Burgers vector analysis of the disloca- 
tions. Another problem is the difficulty of obtain- 
ing two-beam conditions. This effect is typical for 
strongly layered materials with weak bonds be- 
tween the layers. During electron diffraction each 
layer acts as a single crystal with almost zero 
thickness. Every diffraction spot is thus extended 
into a “spike” in reciprocal space, and will inter- 
sect the Ewald sphere even at very large deviations 
from the Bragg angle. If (001) is at a large angle to 
the electron beam the spots of a strong reflection 
zone remain visible even after tilting over several 
tens of degrees. The diffraction pattern itself 
becomes distorted and cannot be properly index- 
ed; therefore these orientations cannot be used for 
quantitative analysis of dislocations. 

Deformation structures 

In the kinked chlorite crystals three deforma- 
tional domains can be distinguished: (1) the areas 
outside the kinkbands, (2) the areas inside the 
kinkbands and (3) the kink hinges. The rotation 
axes of the kinkbands lie in the (001) plane. Elec- 
tron diffraction patterns of the kinkband of Fig. 
la and Fig. 3 show that the rotation axis is paral- 
lel to [loo]. 

In the areas outside the kinkbands the crystal 
lattice is straight (Fig. 3a). Dislocation density is 
low to moderate (< 3 - 10’ cmp2). The disloca- 
tions are usually arranged in dislocation bands; 
apart from this the dislocations are homoge- 
neously distributed throughout the crystal and no 
subgrains have developed. The areas inside the 
kinkbands show much higher dislocation densities 
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Fig. 3. Dislocations in the kinked chlorite crystal of Fig. la. 

a. BF transmission electron micrograph of an area outside the kinkband; dislocation density is low. A single dislocation band is 

visible between the arrows. The background fringe contrast, caused by the stacking disorder of the crystal, is parallel to the 

(001 )-trace. 

b. DF micrograph of an area inside the kink band, showing a much higher dislocation density. Dislocations are arranged in 

dislocation bands; one dislocation band is indicated by A. Dotted lines indicate the intersections between the dislocation band A and 

the upper and lower surfaces of the thin foil. No subgrain walls have developed. 

c. BF micrograph of the kink hinge area; the (001).trace is indicated by black dotted lines. Dislocation density IS very high; 

dislocation walls subnormal to (001) (short arrows) and subparallel to (001) (long arrow) are visible. 



Fig. 4. Subgrains in deformed chlorite from one of the slate samples. a. BF micrograph of subgrains with boundaries subnormal (A) 

and subparallel (B) to (001); the dilation parallel to the (001) cleavage planes is caused by electron beam irradiation. The arrow at C 

indicates a boundary along which the misfit decreases from 30“ at the grain boundary to 0 ’ inside the crystal. b. Selected area 

diffraction pattern of 001 reflections showing discrete rotations of the crystal. 

(> 2 - 10’ cme2), but the dislocations are still 
homogeneously distributed and subgrains are ab- 
sent (Fig. 3b). 

Detailed study of the kink hinges (Fig. 3c) 
reveals that the rotation takes place over a wider 
area, instead of in one discrete kink as has been 
assumed in crystallographic models of kink bands 
in micas (Starkey, 1968; Baronnet and Olives, 
1983). Bell et al. (1986) observed the same thing in 
kinked mica crystals. In chlorite the kink hinge 
zone is a few microns wide and it is divided into 
subgrains. Within each subgrain the crystal is only 
very slightly bent. At the subgrain boundaries 
there is a rotation of about 2”. The subgrain 
boundaries show two preferred orientations: (1) 
subparallel to (001) and (2) subnormal to (001). In 
these areas the dislocation density is so high that 
the individual dislocations cannot be dis- 
tinguished. Apart from dilation during electron 
beam irradiation (Fig. 4a), no dilation along (001) 
planes has been observed. 

The deformed chlorites from the slate samples 
show similar structures. In areas where the crystal 
is not bent dislocation densities are low, and dislo- 

cations are evenly distributed through the crystal. 
If the crystal is bent subgrains are developed, with 
subgrain boundaries subnormal and subparallel to 
(001) and dislocation density is very high. The 
discrete rotations between subgrains are also 
clearly visible in electron diffraction patterns (Fig. 
4b). 

Individual dislocations 

When dislocations are imaged using HREM 
two types of dislocations can be distinguished: (1) 
dislocations associated with terminating (001) 
lattice fringes, and (2) dislocations that do not 
affect the (001) lattice fringes. Because their 
Burgers vectors can be written in a general form 
as [OOw] and [uoO] (see below), these two groups 
will be referred to as [OOw] and [uuO] dislocations, 
respectively. 

(a) [uuO] dislocations. In general the dislocation 
densities are low where the (001) planes are 
straight. Most of the dislocations in these areas 
are of the [uuO] type. When the foil is heated by 
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concentrating the electron beam on a small area 

the [uuO] dislocations become mobile and start 

moving parallel to the (001) plane. 

Although a complete Burgers vector analysis 

was not achieved, some general information on 

the Burgers vector directions could be obtained. 

In lattice fringe images of [uuO] dislocations the 

(001) fringes are continuous, indicating that these 

dislocations do not affect the (001) planes. Fur- 

thermore, these dislocations are always out of 

contrast if the operating reflections are of the 

form 001. This indicates that the Burgers vectors 

have no component in the direction of the c-axis, 

and can therefore be written in a general form as 

b = [ UUO]. 

Figure 5 shows two DF-images of [ UUO] disloca- 

tions taken under two-beam conditions. There are 

three groups of dislocations: 

(1) dislocations visible for both g = [134] * and 

g=[13Q*; 

(2) dislocations visible for g = [134] * but invisi- 

ble for g = [lsj] *; 

(3) dislocations visible for g = [I%]* hut invisi- 

ble for g = [134] *. 

where g is the vector normal to the reflecting 

plane. Using the invisibility criterion: 

g.b=O 

and taking into account that the Burgers vectors 

lie in the (001) plane, this means that there are at 

least three different Burgers vectors, with direc- 

tions + [310], f [3iO] and [ UUO] (a # f 3~). 

Sometimes the [ UUO] dislocations are associated 

with planar defects; these planar defects are paral- 

lel to (001). Generally the nature of planar defects 

can be analysed using the fringe pattern which is 

visible when the defect plane is inclined to the 

beam (see, e.g., Edington 1975). Unfortunately 

this was not possible in the chlorites. due to the 

omnipresent background fringe contrast described 

Fig. 5. Example of a contrast analysis of [ UUO] dislocations. a. g = [IA] *; several dislocations are visible, e.g. the cluster around A. b. 

g = [134] *; the dislocations around A are now out of contrast. The background fringe contrast is parallel to the (001) trace. 



above. This problem is presently being investi- 

gated with HREM. 

(b) [OChv] dislocations. The other type of dislo- 

cation is associated with terminating (001) lattice 

fringes, which indicates that their Burgers vector 

has a component in the direction of the c-axis. 

Under special conditions (dislocation parallel to 

the beam, axial illumination; see Edington, 1975) 

terminating lattice fringes may be interpreted as 

terminating lattice planes; therefore these disloca- 

tions can be described as edge dislocations with a 

total Burgers vector b = [OOl]. Similar dislocations 

have been described by Knipe (1981), Lee et al. 

(1984, 1986) Ahn and Peacor (1985) and Bell 

(1986). 

Dislocation walls 

At the subgrain boundaries the dislocations are 

so close to each other that they cannot be resolved 

using conventional BF or DF techniques. How- 

ever, WB or HREM images show that these 
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boundaries are formed by arrays of dislocations 

(Figs. 6 and 7). 

One group of subgrain boundaries is oriented 

at a very high angle to (001) (Fig. 6). The miso- 

rientation across the walls is in the range of 1-3”. 

The dislocations that form the boundary are con- 

tained in the (001) plane and they are always 

parallel to [loo], [OlO], and equivalent directions. 

Lattice fringe images show that the (001) planes 

are continuous across the boundaries (Fig. 6b), 

indicating that the dislocations are of the type 

[ UUO]. Invisibility of the dislocations for 001 reflec- 

tions confirms this. Diffraction patterns (Fig. 4b) 

and lattice fringe images (Fig. 6b) show that the 

walls are pure tilt walls and that the rotation axes 

are parallel to the dislocation lines. This indicates 

that the dislocations are pure edge dislocations, 

and that their Burgers vectors are parallel to [OlO], 

[ 1001, and equivalent directions. 

The other group of subgrain boundaries is sub- 

parallel to (001) (Fig. 7). HREM images show that 

Fig. 6. a. WB image of a tilt wall subnormal to (001); the dislocation lines are parallel to [llO]. The spacing of the dislocations along 

the wall is variable. The (001) trace is indicated. b. HREM image of the boundary showing continuous (001) lattice fringes. 
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Fig. 7. a. WB micrograph of a dislocation wall subparallel to (001). The spacing between the dislocation lines is on the order of 0.01 

pm. b. (001) lattice fringe image of the boundary. The bright fringes are numbered on both sides of the picture. Fringes 25 and 26 

gradually wedge out from right to left; this can best be seen by viewing the page at a glancing angle in a direction parallel to the 

fringes. 

they are formed by a series of terminating crystal 

layers (Fig. 7b). These layer terminations can be 

described as edge dislocations with Burgers vector 

h = [OOl]. If the boundary is inclined to the beam, 

the dislocations become visible (Fig. 7a). The 

spacing between the dislocations is very small. In 

the case of Fig. 7a the spacing is on the order of 

100 A. Measurements on lattice fringe images 

indicate an angle of misfit between 2” and 3”. 

Because the boundary is asymmetric, the equa- 

tion: 

]b]/d=sin6 

applies (where 1 b 1 = length of the Burgers vector, 

d = spacing between dislocations, and 0 = angle of 

misfit; Hull and Bacon, 1984) indicating that the 

Burgers vector has a magnitude on the order of 

3-4 AL which is much smaller than the unit vector 

of 14 A. The presence of partial dislocations along 



Fig. 8. a. Subgrains in deformed chlorite; subgrain boundaries are subnormal (A) and subparallel (B) to (001). The arrow at C 

indicates the tip of a propagating boundary where there is a cluster of [OOw] dislocations. b. (001) lattice fringe image of the cluster of 

[OOw] dislocations at the tip of the subgrain boundary; B = subgrain boundary, D = dislocation. The strain fields (S) of the 

dislocations are visible as regions with high contrast; the strain fields extend from one dislocation to another. 

these subgrain boundaries has been confirmed by 

HREM (Zwart and Bons, 1987). 

The subgrain boundaries subparallel to (001) 

often terminate inside the crystal. Usually there is 

a cluster of [OOw] dislocations just ahead of the tip 

of the boundary (Fig. 8). 

Both types of subgrain boundaries can grade 

into high-angle boundaries. Along boundaries sub- 

parallel to (001) the misfit can increase within one 

micron from zero to more than 30’ (Fig. 4a). 

Discussion 

Dislocations and dislocation walls 

In the previous section it has been shown that 

there are two groups of dislocations: [ UUO] disloca- 

tions and [OOw] dislocations. These two groups 

will be discussed separately. 

(a) [uuO] dislocations. Both the dislocation lines 

and the Burgers vectors of these dislocations are 

contained in the (001) plane. As in talc and mica, 

the Burgers vectors are parallel to [loo], [OlO], and 

equivalent directions. The magnitude of the 

Burgers vectors is unknown. Regarding the magni- 

tude of the unit displacement vectors, which vary 

from 5.2 A for b = [loo] to 9.2 A for b = [OlO], it 

is unlikely that they are unit dislocations (al- 

though unit dislocations with b = [loo] (5.2 A) do 

occur in the cation layer of micas-Silk and 

Barnes, 1961; Amelinckx and Delavignette, 1962; 

Demny, 1963a). If they are partial dislocations, 

they would be expected to be associated with 

stacking faults. However, only a few of the dislo- 

cations are visibly associated with a planar defect. 

In this context, it is necessary to consider the 

consequences of the stacking disorder. The stack- 

ing disorder itself is caused by displacements of 
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b/3, which take place both within the 2 : 1 layer 

and at the interlayer (Spinnler et al., 1984; Bons 

and Schryvers, 1988). Because most chlorites have 

disordered stacking sequences, displacements of 

l/3 [OlO] (or its equivalents l/6 [310] and l/6 

[?lO]) can apparently occur without any increase 

in energy. If, due to deformation, partial slip 

occurs along (001) over a distance b/3 in one of 

the appropriate directions, the resulting crystal 

would not have a higher energy state than before. 

The plane where the partial slip was induced 

would not differ from any other plane where the 

offset of b/3 was an original feature of the crystal 

(Fig. 9b), and it would therefore not show any 

additional contrast. In the case where slip is re- 

stricted to a limited area within one (001) plane, 

the area of slip would be bounded by dislocations. 

Although these dislocations are partial disloca- 

tions, the surface in between can hardly be called 

a stacking fault. Also, the sum of the partial 

dislocations would not necessarily be a unit vec- 

tor. Only those stacking faults which have a dis- 

placement vector other than b/3 will give rise to a 

visible planar defect, although the contrast will be 

obscured by the background contrast. 

Most of the observed dislocations, including 

those of Fig. 5, are not visibly associated with 

stacking faults; often the Burgers vectors are 

parallel to [OlO] or equivalent directions. In view 

of what was stated above these dislocations can be 

interpreted as partial dislocations with Burgers 

vectors h = t l/3 [OlO], b = t_ l/6 [310] and b = 

f l/6 [310]. The few dislocations which are visi- 

bly associated with stacking faults either have a 

displacement of b/3 in an area with a (short-range) 

regular stacking sequence, or have a totally differ- 

ent displacement vector, e.g. with direction [loo]. 

The tilt walls with Burgers vector directions [loo] 

are possibly formed by unit dislocations, because 

no stacking faults are visible on either side. 

(b) [U&V] dislocations. Every chlorite crystal 

shows some free [OOw] dislocations. In regions 

with straight (001) planes the dislocation density is 

low; if the crystal is bent the dislocation density is 

much higher and tiltwalls subparallel to (001) are 

formed. 

The formation of dislocation walls requires the 

generation and/or movement of dislocations. Fig- 

ure 10 shows two different models for the forma- 

tion of a [OOw] dislocation wall. In model A a 

number of [OOl] dislocations is distributed evenly 

throughout the undeformed crystal. Such disloca- 

tions have been observed frequently in phyllosili- 

cates, especially in diagenetic and anchimetamor- 

phic rocks (Knipe, 1981: Lee et al.. 1984, 1986; 

Ahn and Peacor, 1985; Ahn et al.. 1985; Bell, 

Fig. 9. Schematic representation of partial dislocations with b = l/3 [OlO]. The black dots indicate dislocation cores. A. A crystal 

with a regular stacking sequence; there are stacking faults in between the dislocations. B. A crystal with stacking disorder: the crystal 

structure in between the partial dislocations does not differ from the overall crystal structure and no stacking faults will be visible. 
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Fig. 10. Two models for the formation of [OO/] dislocation walls. Model A: dislocations which are originally evenly distributed 

throughout the crystal move towards the boundary by slip along (h/co) planes. Model B: dislocations nucleate at the grain boundary 

and move into the crystal by climb, which involves transfer of material. Most boundaries are formed by a combination of these two 

processes. (001)= (OOl)-trace; -I = edge dislocation. 

1986). If the crystal is strained the dislocations 

start to move and align themselves in a dislocation 

wall subparallel to (001). The movement of dislo- 

cations involves slip on (hk0) planes and climb 

along (001). In model B the dislocations nucleate 

at the edge of a perfect crystal, and move into the 

crystal by climb along (001). The surface of the 

crystal acts as a vacancy source. This process 

involves transport of material by diffusion along 

the boundary. In both models an increasing misfit 

across the boundary is accommodated by increas- 

ing the dislocation density along the boundary. 

The TEM observations on chlorite indicate that 

both models for the formation of [OOw]-disloca- 

tion walls may apply. Many boundaries, such as 

the boundaries in Fig. 4a, run from high-angle 

boundaries at the surface of the crystal into low- 

angle boundaries inside the crystal, and terminate 

somewhere inside the crystal. Apparently one sec- 

tion of the crystal is displaced relative to the rest 

of the crystal (cf. Gregg, 1986, fig. 2a); the strain 

is accommodated by the formation (and subse- 

quent movement by climb) of [OOw] dislocations 

(Model B). 

Other subgrain boundaries do not reach the 

crystal surface (e.g. Fig. 8). At the tip of these 

boundaries there are often clusters of [OOw] dislo- 

cations (Fig. 8b); this geometry can be interpreted 

in terms of dislocations moving towards the tip of 

the boundary. This involves dislocation glide along 

(hk0) planes. The absence of bands of [OOw] 

dislocations along (hk0) planes indicates that it is 

not an easy slip plane. The strain contrast around 

the dislocations in Fig. 8b extends from one dislo- 

cation to another, indicating that not only the 

strain field, but also the stress field extends from 

one dislocation to the other. Apparently the 

stresses at the tip of the subgrain boundary are 

large enough to activate hard slip systems. 

Most subgrain boundaries show characteristics 

of both models shown in Fig. 10; they have reach- 

ed a high-angle stage at the crystal surface, grade 

into a low-angle boundary inside the crystal and 

terminate in a cluster of [OOw] dislocations. Thus 
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it can be concluded that usually both mechanisms 

of subgrain boundary formation operate simulta- 

neously. 

The fact that intermediate stages of the devel- 

opment of subgrain boundaries are preserved in 

these samples indicates that the propagation of a 

wall is relatively slow, even if the wall has devel- 

oped into a high-angle boundary some distance 

away. The termination of a subgrain boundary 

inside a crystal leads to long-range stress fields at 

the tip of the boundary (Hull and Bacon, 1984). In 

materials with multiple slip systems (e.g., metals. 

quartz, olivine) these stress fields are reduced by 

rapid propagation of the boundary by the attrac- 

tion of free dislocations, and no intermediate stages 

are observed (e.g., White, 1971; Boland et al.. 

1971, Takeuchi and Argon, 1976; Hull and Bacon, 

1984). In chlorite the subgrain boundary can reach 

a relatively high angle of misfit before the stresses 

at the tip of the boundary are large enough to 

activate the hard (hk0) slip systems. 

Both conventional TEM images and HREM 

images of [OOM;] tilt walls indicate that the magni- 

tudes of the Burgers vectors are on the order of 

3-4 A (see above), which is a fraction of the unit 

vector of 14 A. This could be explained by the 

termination of the 14 A unit layer being divided 

into steps of the size of one tetrahedral or oc- 

tahedral sheet (Zwart and Bons. 1987). thus mini- 

mizing the core energy of the dislocation. This 

process is called climb dissociation (Poirier. 1985). 

Deformation of chlorite 

Kinks can only be produced without creating 

voids between layers if slip along the layers is 

possible; therefore the kinks in chlorite indicate 

slip along (001). In the example of Fig. 3 the 

rotation axis is parallel to [loo], which indicates 

slip in the [OlO] direction. The kink bands in the 

chlorites are relatively narrow and widely spaced 

(Fig. la), so it can be assumed that most of the 

slip took place inside the kink band. This slip 

leads to the development of a high [uuO] disloca- 

tion density, while outside the kinkband, where 

the amount of slip is limited, dislocation density is 

much lower. Thus it is clear that slip along (001) is 

accommodated by the generation and movement 

of [uvO] dislocations. Due to the short Burgers 

vectors and the low stacking fault energy, move- 

ment of these partial dislocations should be rela- 

tively easy. This inference is supported by the 

observed mobility of the dislocations in the micro- 

scope; unit dislocations in muscovite are not mo- 

bile under these conditions (Silk and Barnes, 1961). 

In contrast to mica and talc. where the disloca- 

tions occur either within the 2: 1 layer or at the 

cation layer, the dislocations in chlorite can occur 

at various levels in the unit layer with equal ease. 

Thus higher dislocation densities (and therefore 

higher strains) can be reached, before the disloca- 

tions interfere with each other. 

A slight curvature of the lattice, as is observed 

inside the subgrains, is usually associated with 

moderately high dislocation densities, on the order 

of 5 . 10’ cm-‘. Apparently the bending is accom- 

modated by some slip along (001) (flexural slip). If 

the bending increases, the dislocations pile up in 

dislocation walls subnormal to (OOl), thus con- 

centrating the misorientation in a discrete sub- 

grain boundary (glide polygonization). 

If the amount of rotation varies in a direction 

normal to (001). as is often the case because the 

deforming grain is constrained by its neighbours, 

the misorientation has to be compensated in some 

way. In the deformed chlorites the m&orientation 

is accommodated by the formation of subgrain 

walls subparallel to (001) which is achieved by the 

generation and/or accumulation of [00 w ] disloca- 

tions, as has been shown above. By a combination 

of dislocation glide along (hi? 0) planes and climb 

along (001) these dislocation walls can accommo- 

date any amount of misorientation. 

If a crystal is to deform plastically while it is 

constrained by the surrounding grains, at least five 

independent slip systems are required; this is the 

Von Mises criterion (see Paterson, 1969). If there 

are insufficient slip systems available, the stresses 

will finally exceed the strength of the bonds be- 

tween the crystal layers and cleavage cracks will 

occur (Nicolas and Poirier, 1976, p. 44), unless 

other mechanisms such as diffusion and extensive 

kinking are active (Paterson, 1969). 

In the case of phyllosilicates, there are several 

easy slip directions in the (001) plane, thus provid- 

ing two independent slip systems. Other mecha- 



163 

nisms are clearly necessary to allow a general 

plastic defo~ation. Most phyllosi~cates show 
extensive kinking, which can increase the number 
of effective slip systems to a total of four (Pater- 
son, 1969). However, many phyllosilicates cannot 
provide the required five slip systems and cleavage 

cracks are common (Bell et al., 1986). 
No cleavage cracks have been observed in chlo- 

rites, indicating that completely plastic deforma- 
tion is achieved. There are several mechanisms 
that either reduce the required number of slip 
systems or add to the two slip systems that are 

always present. 
The Von Mises criterion applies strictly to 

homogeneous, constant volume deformation. Pres- 
sure solution, although of minor importance in 
this case, combined with the diffusion processes 
associated with dislocation climb, will cause 
volume changes. Furthermore, the deformation is 
clearly inbomogeneous in all chlorites observed. 
Therefore less than five slip systems may be suffi- 
cient for plastic deformation. 

In chlorite there are several mechanisms which 
add to the two slip systems to achieve plastic 
deformation. One mechanism is kinking, which is 
observed in the samples from the Alps, but which 
is only of minor importance in the slates. Another 
process is the movement of [OOZ] dislocations along 
(~~0) planes at high local stresses. Although this 
system is only activated locally, it is important 
because it is essential in the formation of subgrain 
boundaries subparallel to (001). As these 
boundaries are formed by very closely spaced 
parallel dislocation lines, they provide easy paths 
for diffusion, possibly facilitating dislocation 
climb. 

Thus, although there are only two independent 
slip systems, chlorite can deform plastically; this 
apparently occurs by a combination of dislocation 
glide, kinking and diffusion. The two types of 
chlorite investigated here show essentially the same 
deformation and polygonization mechanisms, de- 
spite the fact that the penninite was deformed 
under greenschist facies conditions, and the 
ripidolite was deformed under anchizone (sub- 
greenschist facies) conditions. 

Conclusions 

Intracrystalline deformation in chlorite involves 
a complex polygonization mechanism, which di- 
vides the crystal into subgrains bounded by dislo- 
cation walls subnormal and subvertical to the 

(001) plane. 
As in other phyllosili~ates, the deformation of 

chlorite is dominated by the (001) slip plane. Slip 
along this plane is very easy through the genera- 
tion and movement of (partial) dislocations with 
b = [ UUO]. 

After initial bending of the (001) planes through 
a flexural slip mechanism, accommodated by slip 
along (OOl), the misorientation is concentrated in 
tiltwalls subnormal to (001). These tiltwalls are 
formed by (partial) dislocations with b = [uuO]. 

Tiltwalls subparallel to (001) are formed by 
arrays of dislocations with a total Burgers vector 
[OOl]. These dislocations either nucleate at the 
grain boundary and move inwards by dislocation 
climb, or move towards the tip of propagating 
boundaries by glide along planes inclined to (001); 
once a boundary is formed the increasing misfit is 
accommodated by climb of these dislocations 
along (001). 

Due to the combination of very easy slip along 
(001) and the ability to form subgrain boundaries 
subparallel to (001) by dislocation climb and the 
activation of hard slip systems, chlorite deforms 
plastically even at temperatures as low as 
250-350 o C. 
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