American Mineralogist, Volume 84, pages 160170, 1999

HRTEM and SAED investigations of polytypism, stacking disorder, crystal growth, and

vacancies in chlorites from subgreenschist facies outcrops

Davip ScHmIDTY* ano KENNETH J.T. Livi?

*Mineral ogisch-Petrographisches Institut, University of Basel, 4056 Basel, Switzerland

2Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, Maryland 21218, U.S.A.

ABSTRACT

Selected-area electron diffraction (SAED) combined with experimental and computed
high-resolution transmission electron microscopy (HRTEM) images were used to investi-
gate polytypism, stacking disorder, mixed layering, and vacancies in chlorites from sub-
greenschist facies outcrops of the Taveyanne Sandstone from the Helvetic nappes,
Switzerland. SAED patterns reveal increased ordering of the stacking sequences in chlorite
with increasing metamorphic grade. However, semi-randomness and rotational faults occur
even if the SAED photographs imply a regular ordered stacking sequence. In diagenetic
(T = 210-250 °C, P = 2.1-2.2 kbar) and anchizonal-grade outcrops (T = 270-300 °C, P
< 5 kbar) the polytypes Ibb and Il1bb of chlorite were found, whereas in epizonal-grade
samples (T = 300-360 °C, P < 5 kbar) the exclusive polytype is Ilbb. Based on SAED
and HRTEM images, a polytypic evaluation in one epizonal sample indicate that the mono-
clinic polytype l1bb-2 (55%) occurs as frequently as the triclinic polytype I1bb-4 (45%).
Our samples suggest that by far the most important influence on polytypism and stacking
disorder is temperature.

Vacancy clusters occur in the octahedral cation positions within the talc-like layers and
brucite-like sheets. The M1 and M2 positions in the talc-like layers are affected more by
the cation deficiencies than the M3 and M4 positions in the brucite-like sheets. We suggest
that octahedral vacancies are a substantial feature in natural chlorites in rocks of the Tav-

eyanne Sandstone.

INTRODUCTION

Chlorite is one of the most abundant sheet silicates in
diagenetic and low-grade metamorphic rocks. The ideal
structure of trioctahedral chlorite is characterized by a
regular alternation of brucite-like (B) sheets and talc-like
(T) layers. There are severa arrangements of B-sheets
and T-layers that produce the many one-layer polytypes
of chlorite. Bailey and Brown (1962) showed that chlo-
rites theoretically can be divided into 12 unique one-layer
polytypes and 6 semi-random structura polytypes. Fur-
thermore, many chlorite crystals contain stacking se-
guence disorder that cannot be explained simply by po-
lytypism. These defects are due to random rotations and
mixed layering defects (eg., Veblen 1983; Bons and
Schryvers 1989). A few studies have examined chlorite
structures as a function of metamorphic grade in sub-
greenschist metamorphic terrains (e.g., Hayes 1970; Cur-
tis et a. 1985; Whittle 1986; Walker 1989; de Caritat et
al. 1993; Walker 1993), but most studies are based on X-
ray diffraction techniques that are useful for identifying
the polytype of perfect crystals. However, in the case of
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disordered crystals, they only yield information on the
average structure of the crystal (Bailey 1988). Most chlo-
rite specimens contain structural disorder that can be best
studied by high-resolution transmission electron micros-
copy (HRTEM) and selected-area electron diffraction
(SAED) techniques (e.g., Veblen 1983; Spinnler et a.
1984; Bons and Schryvers 1989), but computer simula-
tions are necessary for the correct interpretation of
HRTEM images and SAED patterns.

In this study, we used HRTEM in combination with
computer simulations and SAED to (1) determine the po-
lytype and the extent of stacking disorder as a function
of metamorphic grade in subgreenschist facies areas; (2)
study the transformation of intercalated phases into chlo-
rite; and (3) investigate the presence of point defects
within the chlorite structure that might have an influence
on its non-stoichiometric behavior. This study takes ad-
vantage of the well-known metamorphic conditions
(Coombs et al. 1976; Kisch 1980; Bussy and Epard 1982,
1984; Burkhard 1988; Dietrich and Casey 1989; Schmidt
et a. 1997) of the area where the investigated chlorite-
bearing specimens were collected. Recent studies have
given a detailed description of the chemical composition
of chlorite and the interlayered phases from the same rock
chips as used here, derived by electron microprobe ana-
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lyses (EMPA) (Schmidt et a. 1997), HRTEM, and ana-
Iytical electron microscopy (AEM) (Schmidt 1997).

CHLORITE STRUCTURE

The ideal structure of trioctahedral chlorite is charac-
terized by aregular aternation of B sheets (R2+,R3"), (OH),
and T layers (R>*,R*),(Si,_,Al,)O,(OH),. Within the T
layer, there is a displacement of magnitude [100] that
defines the talc-stagger (Bailey and Brown 1962). By def-
inition, the talc-stagger should lie in the (001) plane and
its direction should be parallel to [100] to facilitate the
interpretation of HRTEM images according to Spinnler
et al. (1984). This procedure helps to overcome the prob-
lem that the talc-stagger is not always in the same ori-
entation for al 12 unique one-layer polytypes with re-
spect to their crystallographic systems. In addition, 6
structures exist having semi-random stacking sequences,
designated as laa, Iba, 1bb, llaa, I1ab, I1bb.

There are only a few studies that describe the defor-
mation mechanism of chlorites (e.g., Spinnler et al. 1984,
Bons 1988; Bons and Schryvers 1989). Spinnler et al.
(1984) and Bons and Schryvers (1989) observed the oc-
currence of stacking faults caused by a shift of magnitude
14[010] pardlel to the (001)-basa plane that occurred at
the level of the T layer and B sheet. Spinnler et al. (1984)
computed HRTEM images of al one-layer polytypes pro-
jected in <100> and <110> directions. They suggested
that the HRTEM images can be used to determine the
projected shift vectors across the T layers and B sheets.
The shifts across the T layers and B sheets can be de-
scribed by the symbols T,,T,,T_ and B,,B.,B_. The signs
under the letters describe the relative shifts that occur
within these layers. For instance, T_ indicates that the
upper tetrahedral sheet of the TOT layer in the HRTEM
image is displaced to the left by a shift vector with the
magnitude —%[010] with respect to the lower tetrahedral
sheet if viewing down aong the [110] direction. B, is
used if the upper tetrahedral sheet and the lower tetra-
hedral sheet of an adjacent TB unit are opposite to each
other (first example in Fig. 1).

Spinnler et al. (1984) could show that five distinct pro-
jections resulted from viewing down one of the <100>
and <110> directions if all possible one-layer polytypes
were considered. They concluded that the chlorite shift
vectors can be used to distinguish between severa of the
one-layer polytypes. However, because HRTEM images
are projections of the chlorite structures, more than one
structure can produce the same image. Therefore, com-
plete specification of chlorite polytypism requires either
X-ray diffraction analysis or HRTEM images from at
least two different major zones of the same crystal. All
possible chlorite shift vectors of the one-layer chlorite
polytypes as seen down the [100], [110], and [110] axes
are listed in the appendix.

SAMPLE DESCRIPTION AND METHODS

Geological setting and sample mineralogy

The chlorite-bearing Taveyanne formation from the
Helvetic nappes in Switzerland is part of a sequence of
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Ficure 1. Idealized schematic diagram of the chlorite struc-

ture viewed parallel to the layers. |-beams and stacking vectors
are used to simplify the structural components of chlorite: (a)
the magnitude of the projected offset is —b/6 acrossthe T layer
and 0 across the B sheet. (b) magnitude of the projected offset
is 0 across the T layer and +h/6 across the B sheet.

early Oligocene sediments. The rocks are mainly com-
posed of andesitic volcanic fragments that have their or-
igin in the volcanic activity that occurred during the sub-
duction/collision event of the Alpine orogenic phase
(Waibel 1993). Subsequently, the rocks underwent re-
gional metamorphism. Based on minera assemblages
found in the Taveyanne greywacke, the metamorphic
grade ranges from zeolite to lower greenschist facies
(Coombs et a. 1976; Kisch 1980; Bussy and Epard 1982,
1984; Schmidt et al. 1997). Schmidt et a. (1997) com-
pared different metamorphic facies with illite crystallinity
(IC) indexes of adjacent shales (Table 1), and correlated
mineralogy and IC with temperatures and pressures de-
rived from fluid inclusion data, stable isotope geother-
mometry, and thermodynamic analysis of the Taveyanne
greywacke samples. In addition, Ramsay (1981) and Die-
trich and Casey (1989) noted a strong increase of strain
state linked with the increase of the metamorphic grade
in this region. Six representative samples were selected
from a prograde sequence of the Taveyanne sandstone.
The mineralogy of the Taveyanne greywacke is mainly
composed of the mineral assemblage albite, chlorite, cal-
cite, K-white mica, quartz, titanite, = hornblende, = cli-
nopyroxene, = laumontite, = prehnite, + pumpellyite, +
actinolite, and = epidote. Authigenic chlorite is an ubig-
uitous phase in all metamorphic stages. In diagenetic and
anchizonal-grade samples, authigenic chlorite occurs in
the matrix and as a dense overgrowth on volcanogenic
clasts. In epizonal-grade samples, chlorite is the most
abundant mineral in the matrix of the Taveyanne grey-
wacke. As afirst approximation, the formulae of epizonal
chlorites can be expressed by Fe,.sMg,.sAl, ,Si, Al 0,0
(OH), based on EMPA of samples from the study area
(Schmidt et a. 1997). In addition, EMPA showed a cor-
relation between X(Ca + Na + K) in chlorite and the
calculated occupancy of the octahedral sites (Schmidt et
al. 1997; Schmidt 1997). Therefore, these authors sug-
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TaBLE 1. Comparison between mineral facies and metamorphic zones derived from illite crystallinity (IC)

Index no. Locality Facies Zone 1C,ean® T(°C)t P (kbar)t
FB 108 Diablerets Zeolite Diagenesis 0.48 = 0.04 (6) 210-250 2.1-2.2
EP 3 Olden Zeolite Diag./Anch. 0.41 = 0.01 (3) 210-250 2.1-2.2
EP 29 Le Sex Prh-Pmp Anchizone 0.29 * 0.03 (3) 270-300 <5
EP 23 Chumme Prh-Pmp Anchizone 0.29 = 0.03 (6) 270-300 <5
Z1 Bublet Pmp-Act Epizone 0.23 = 0.01 (2) 300-360 <5
GPB 171 Wiler Pmp-Act Epizone 0.21 (1) 300-360 <5

Notes: Inferred temperature range (based on fluid inclusion investigations, stable isotope geothermometry and thermodynamic calculations, modified
after Schmidt et al. 1997). Note that according to Kiibler (1984), the limiting values for the low-grade and high-grade boundary of the anchizone are

0.42° and 0.25° A20 CuKa, respectively.

* Averaged illite crystallinity indexes [°A20 *1 o] after Kiibler (1984) for air dried samples. (n) = number of samples.
T Inferred temperature ranges and estimated pressures (see text and Schmidt et al. 1997).

gested a minor influence of intergrown smectite, espe-
cialy in diagenetic and anchizona chlorites.

Sample preparation and analytical methods

Samples of Table 1 were investigated by a JEOL 8600
Superprobe at the University of Basel and at the Johns
Hopkins University in Baltimore. Two samples of each
metamorphic zone, as defined by IC, were made into dou-
bly polished thin sections mounted with the heat-sensitive
adhesive Crystalbond 509, for HRTEM and SAED work.
Two-dimensional |attice images using HRTEM technique
were obtained using a Philips 420ST microscope oper-
ating at 120 kV and using a 0.09 nm-* objective aperture.
Electron-transparent foils were made from fragments of
petrographic thin-sections using an argon ion mill, fol-
lowed by a light coating of carbon. Diffraction and im-
aging techniques were similar to those listed in Baronnet
(1992).

In this study, the concept of Spinnler et al. (1984) was
slightly modified using a combination of SAED and
HRTEM to determine the one-layer polytype in chlorite.
Chlorite has a pseudo-hexagona symmetry in the (001)
plane (Fig. 2a). SAED patterns were taken aong the
[010] direction or along one of its pseudo-equivalent di-
rections in <310>. Additionally, SAED patterns were
taken down one of the [100], [110] or [110] axes that
occur in between the forms <010> and <310>. Note
that only for a few samples was it possible for SAED
patterns of these two non-equivalent major zone axes to
be taken from the same crystal. In most cases these
SAED patterns were taken from different crystals, but in
the same TEM sample.

Computer simulations

Computer simulations were performed using the com-
puter programs EMS-A from Stadelmann (1987) and
MacTempasPCC. In Figure 2b, an experimental image is
compared with a calculated image with a thickness of
~3.0 nm and defocus value of —65.0 nm that were com-
puted for the 11bb-4 polytype viewed along the [110] di-
rection. The computed image is in good agreement with
the observed HRTEM image. The B sheet is represented
as a dark band whereas the T layer is shown as a zigzag
pattern between the B sheets. The tetrahedra of the T

layers are visible in the upper and lower part of the zig-
zag pattern as dark spots. Within the T layers, the pro-
jected upper tetrahedra are shifted —%[010] to the left
with respect to the projected lower tetrahedra. In contrast,
tetrahedra of the T layers on opposing sides of the B
sheets are aways exactly opposite to each other. The
stacking sequence may then be termed T_B,. To interpret
the image more easily, the white spots that occur between
the tetrahedra were used to determine the relative shifts
across the layer sequences, instead of the dark spots. Rel-
ative shifts across the B sheets and T layers were marked
with white arrows. Images were calculated as a function
of focus (defocus = 130.0 nm to —330.0 nm) and thick-
ness (3.0 nm to 21.0 nm) in both <100> and <110>
directions to ensure that the images taken close to Scher-
zer focus were unique. Image computations of a I1bb-4
polytype along the [110] direction showed that samples
with a thickness <9.0 nm observed under defocus con-
ditions between —45.0 nm and —85.0 nm are still inter-
pretable with respect to the chlorite shift vectors (Fig. 2c).

SAED patterns of chlorite polytypes were calculated
with a thickness of ~3.0 nm and defocus value of —65.0
nm viewed down the [010] axis (Fig. 2d). For simplicity,
only the natural-occurring structural polytypes were taken
into account. This approach reduced the number of con-
sidered structural polytypes from six to four (laa, Iba, Ibb,
[1bb). The number of structural polytypes is equa to the
number of the semi-random polytypes. The computed
SAED patterns include two major reciprocal axes. ¢* and
a*. Note that SAED patterns, which are obtained along
one of the pseudo-symmetrically related axes by 60° ro-
tations around c* (e.g., [310], [310]) have similar inten-
sities, but intensities may be mirrored perpendicular to
c*. Based on the angle between the major reciprocal axes
as well as the intensities of the 20l row, the different
structural types can be identified. Because of sample
thickness, misorientations, crystal lattice distortion, poly-
crystalline chlorite aggregation, and irregularities in the
stacking sequences more than % of al SAED patterns
were discarded.

REsuLTS
SAED patterns along the [010],[310],[310] axes

A few diffraction patterns from the diagenetic and an-
chizone-grade samples of chlorite taken in <010> or
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<310> directions indicate abundant irregular stacking
disorder. These diffraction patterns show streaked reflec-
tions, except for (00I) reflections. In contrast, SAED pat-
terns of chlorites from the epizone do not revea any
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Ficure 2. (@) (001) projection of a tetrahedral sheet (modi-

fied after Bailey and Brown 1962). The [100], [010] and their
pseudo-hexagonal equivalent directions are marked with arrows.
For simplicity only one tetrahedral sheet is shown. (b) Experi-
mental HRTEM image of chlorite with an ordered stacking se-
guence. The projected shift vectors across the B sheets and the
T layers are marked by white arrows. The regular stacking se-
guence can be expressed by an aternation of T_ and B, shift
vectors (see text). On the lower right side, a calculated HRTEM
image of the proposed I1bb-4 polytype structure is shown. (c)
Calculated HRTEM images of a Ilbb-4 polytype chlorite pro-
jected along [110] as a function of defocus values and sample
thicknesses. (d) Computed SAED pattern for the natural-occur-
ring structural polytypes of chlorite: laa, Iba, 1bb, I1bb. All SAED
patterns were calculated for chlorites viewing down the [010]
direction (defocus = —6.5 nm, thickness = ~3.0 nm).

streaking in <010> or <310> patterns. Some SAED pat-
terns of diagenetic chlorites reveal additional reflections
in the [00I] row with calculated d spacings of 0.9-1.0
nm. EMP and AEM data from these samples suggest that
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the additional spots are caused by intercalated smectite
(collapsed) or micalayer packets (Schmidt et al. 1997,
Schmidt 1997).

Two different structural types could be identified un-
equivocally. Diffraction patterns show that the Ibb (Fig.
3a) and I1bb (Figs. 3b and 3c) structural polytypes occur
in samples from the Taveyanne Sandstone. Experimental
intensities of the reflections were compared with calcu-
lated intensities. Most of the experimental intensities in
Figure 3 match the calculated intensities. For the Ibb
SAED photograph, some reflections do not compare well
with calculated intensities. However, because only the Ibb
polytype contains an angle of 90° between the major axes
(= a*, [130]* or [130]* vs. c*), the structural polytype
Ibb can be determined unequivocally.

SAED patterns were grouped together as a function of
metamorphic grade in Figure 4a. Type Ibb is the most
common structural polytype that could be identified in
samples FB108 and EP 3. With increasing metamorphic
grade, the occurrence of type Ibb decreases, and in the
epizone, only the type Ilbb could be identified. Several
diffraction patterns without a 90° angle between major
axes were discarded because they could not be assigned
to one of the four different structural polytypes due to
the reasons cited above.

Patterns taken along the [100],[110],[110] axes

Gradua variations of the SAED patterns were ob-
served from discrete spots as displayed in Figure 3c (ar-
rows 2) to continuous streaks for reflections with k # 3n.
In Figure 4b, SAED patterns were grouped based on the
degree of disorder indicated by the k # 3n reflections.
The first group includes diffraction patterns with contin-
uous streaks and those with strong streaks in between
intensity maximum. The second group comprise diffrac-
tion patterns with discrete spots that may also include
faint streaking. Only streaked diffraction patterns (for k
# 3n) were found in samples from the diagenesis (Fig.
4b). Non-streaked SAED patterns were more abundant in
chlorite samples from the epizone.

Twinning was observed as =30° layer rotations similar
to Veblen (1983). An epizonal-grade chlorite grain con-
tains areas with two distinct orientations (Fig. 3c): onein
the [010] direction indicating a Ilbb structural polytype
and one in the [110Q] direction, assuming a Ilbb structural
polytype. The angle between [010] and [110] axes is ap-
proximately 30°, which can be inferred from Figure 2a.

HRTEM images

HRTEM images of chlorite from anchizonal rocks con-
tain a mixture of high- and low-grade chlorite crystals.
Therefore, we focused our attention on the diagenetic and
epizonal-grade samples.

Stacking disorder in chlorites from the diagenetic
realm. A two-dimensional HRTEM image from sample
EP3/50 of a disordered stacking sequence taken mainly
along of one of the <100> or <110> axes (Fig. 5a)
shows intercalations of 1.0 nm layers, but contained only
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Ficure 3. (a) SAED photograph of a diagenetic chlorite
crystal that is mainly oriented with its axis parallel to the electron
beam. The orthogonal symmetry of the diffraction pattern is con-
sistent with the Ibb polytype (see text). Differences between ob-
served (obs) and calculated (calc) intensities may be due to sam-
ple thickness and irregularities of the stacking sequence, for
instance, rotational faults around +120°. Due to these assumed
rotational faults, the reciprocal g* vector may belong to the
[100]*, [130]*, and [130] axes. Note that the calculated SAED
pattern is a [310] pattern, which is virtually identical to a [100]
pattern but mirrored along a*. (b) SAED photograph taken along
the [010] axis from an epizonal-grade chlorite. The non-orthog-
ona symmetry (B = 97°) and intensities of the reflections are
consistent with the I1bb polytype. (c) SAED photograph showing
30° rotational twinning in an epizona-grade chlorite. Rows
marked by 1" were taken along in [010] direction of the struc-
tural polytype llbb, whereas rows marked by ‘2" were taken
along the [110] direction and are presumably of the Ilbb struc-
tural polytype.
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limited structural information. One TB unit and one 1.0
nm layer may be grouped to a 2.4 nm layer pair. Earlier
studies have shown for this sample that the 1.0nm layers
are probably smectite based on EMPA (Schmidt et al.
1997) and combined HRTEM images and AEM analyses
(Schmidt 1997). Hence, the 2.4 nm layer pairs suggest a
corrensite-like intercalation.

The chlorite shift vectors in this sample tend to change
their directions over short distances along the basal plane
within the chlorite units. At area 2 of Figure 5a, the chlo-
rite shift vector can be best described by T,B, in terms
of Spinnler et al. (1984). A few nanometers to the left
(point 1), the image dramatically changes and the result-
ing cross fringes do not match any computed images for
chlorite close to Scherzer focus over a range of thick-
nesses (<21.0 nm) using the <100> or <110> projec-
tions. Fourier analysis of these areas showed the same
spacing of the reflections in calculated diffraction pat-
terns, but the reflection intensities were different. One
explanation for this is that both images belong to one
zone axis, but with dlightly different orientations due to
lattice strain.

The experimental SAED pattern associated with Figure
5a contains streaks in the k # 3n rows. Reflections that
belong to more than one zone axis are also present in the
SAED pattern indicating that more than one crystal ori-
entation is present. In conjunction with regions where
cross fringes were not visible (e.g., area marked by ques-
tion marks), determination of the chlorite shift vectors for
diagenetic-grade samples is difficult. As a result, shift
vectors were determined only for epizone-grade samples.

Stacking disorder in chlorites from the epizonal-
grade realm. HRTEM images show that stacking se-
guences in chlorite structures from epizonal-grade rocks
can be grouped into three categories (see Spinnler et a.
1984): (1) regularly ordered stacking sequences with all
shift vectors having the same sign, (2) semi-random
stacking sequences with three distinct directions of pro-
jected shift vectors occurring within the B sheets, and (3)
presumable +120° rotational faults within the T layers.
Category 1 is illustrated in Figure 2b, which shows a
regularly ordered stacking sequence. The sign of the pro-
jected shift vectors across the T layers is negative, where-
as no shift occurs across the B sheets. As mentioned be-
fore, the stacking sequence of this area can be described
by the notation T_B,. Categories 2 and 3 are shown in
Figure 5b. On the right side of Figure 5b, alternation of
B sheets and T layers are visible, except for the middle
part where two adjacent T layers occur. In the center of
the image, an additional B, sheet appears between the two
adjacent T layers causing strain contrast (dark area) to
extend several nanometers into the upper part of the im-
age. On the left side, there is a regular aternation of B
sheets and T layers. In the upper left part of the image,
the T-layer shift vectors are always positive, but the sign
of the B-sheet shift vectors change. In the lower part of
the image, two T_ layers indicate that rotational faults
within the semi-random stacking sequence occur. Al-
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Ficure 4. (a) Number of observations of the structural po-
lytypes determined from SAED patterns in the [010], [310], or
[310] orientations. (b) Number of observations of disordering in
the stacking sequences determined from SAED patterns taken in
the [100], [110], or [110] orientations (see text).

though the termination of the B sheet is coupled with
stress within the lattice, the stacking sequence is not al-
tered from the left to the right sides. The inset illustrates
the structure around the adjacent T layers. We have ob-
served that rotational faultsin the T layers are less com-
mon than semi-random stacking faults in the B sheets.
The middle of a two-dimensional HRTEM image of a
nearly regularly ordered T_B, stacking sequence of chlo-
rite (Fig. 5¢) has two single 0.7 nm serpentine-like layers,
hereafter designated ‘S’ layers. Note that the sign under
the letter S has the same meaning as compared to the TB
shift vectors (Fig. 1). Intercalated between these S layers
isone B sheet. The inset of Figure 5c illustrates the struc-
ture around the S layers. This diagram assumes that the
white dots fal in the plane of the tetrahedral sites. This
creates a structure that is composed of aternating tetra-
hedral and octahedral sheets. In addition, the diagram
shows a proposed layer transformation process (see Bar-
onnet 1992; Banfield and Bailey 1996). The diagram as-
sumes that only the tetrahedral sheets migrate during the
transformation process of the layers. Note, that the stack-
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(2) HRTEM image of chloritic material from a
diagenetic outcrop. Distortions in the chlorite units are, in part,
caused by intercalated 1 nm layers. Two adjacent 1 nm layers
are marked by white arrows (T = talc-like layers; B = brucite-

like sheets; | = interlayer sites). In the upper left part of the
image labeled ““ 1", the chlorite structure is distorted as compared
to the upper middle part labeled ‘2. Areas with one-dimen-
sional information are marked with question marks. In the inset,
a SAED pattern is shown indicating stacking disorder in chlorite.
The chlorite layers are oriented parallel to the electron beam with
their [100] (rows *“1"), [010] (rows *‘2"), or [210] (rows **3")
axes (or with one of the pseudo-hexagonal related axes). (b)
HRTEM image of an irregular stacking sequence. In the middle
of the image, an edge dislocation of a B sheet causes distortion
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in the upper part of the chlorite stacking sequence creating strain
contrast (dark area). On either side of the image, shift vectors
illustrate that no change in the stacking sequence occurs, with
the exception of the additional B sheet. The inset schematically
illustrates the region around the edge dislocations. (c) HRTEM
image of 0.7 nm (S) layers within a regular stacking chlorite
sequence. In the middle of the image, S layers interrupt a suc-
cession of nearly ordered T_B, units. The inset illustrates the
structure around the S layers and the proposed transformation
mechanism. (d) HRTEM image of a layer transformation of two
S layers and one chlorite unit. The inset illustrates a proposed
structure of the transformation. Shift vectors illustrate that no
change in the stacking sequence occur.

ing sequence adjacent to the S layers is undisturbed. The
HRTEM image also shows the effect of beam damage.
The B sheet between the S layers has been damaged se-
lectively, indicating that it is less stable than surrounding
B sheets.

S-layer transformations can be observed in Figure 5d.
In the upper right side of the image (area 1), two S layers
marked with white arrows are visible within a semi-ran-
dom stacking sequence of chlorite. In the center of the
image, structural details become blurred. At the lower left
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side of the image (area 2), only alternating T layers and
B sheets are visible. The observed stacking sequence is
T.B_,T.B,,T.B,,T.B_. As shown in the inset, one TB
unit replaces two serpentine layers. The stacking se-
guence is not atered as a consequence of the layer
transformation.

Vacancies

In the very thin part of sasmple GPB 171/61, abnor-
mally strong differences in brightness within T layers and
B sheets were found in a pure T_B, stacking sequence of
chlorite (Fig. 6). To determine the cause for the change
in contrast, experimental HRTEM images (area Il) were
compared with computed HRTEM images (area 1) for a
I1bb chlorite structure containing octahedral site vacan-
cies. Detailed information about the computer simulations
of defects in chlorite is given in the appendix. All sim-
ulations of defects were computed at a defocus of —65.0
nm with a thickness of ~3.0 nm similar to Figure 2a
Note, that images taken at this specia defocus setting of
the microscope are often referred to as imaging code, by
which many defects in the perfect structure can be di-
rectly interpreted (e.g., Bons and Schryvers 1989).

Inareall of Figure 6a, an experimental HRTEM image
shows an aternating T_B, sequence. An abnormal white
spot is visible between the tetrahedral columns (arrow 1).
Computer simulations of chlorite vacancies indicate that
a cluster of octahedral vacancies in the M2 position may
be responsible for differences in brightness. Likewise, a
white spot within the dark band over a B sheet (arrow 2)
indicates that a deficiency of M3 and M4 octahedral cat-
ions may be present. Another example is given in Figure
6b that shows an experimental T layer with abnormal
brightness in the octahedra sheet (area Il). The anoma-
lous white areas within the T layers can be simulated by
a combination of M1 and M2 vacancies. A qualitative
evaluation of the experimental HRTEM images from
sample GPB 171/61 indicates that the occurrence of M1
and M2 vacancies within the T layers is more common
than M3 and M4 vacancies in the B sheets. Simulations
for tetrahedral vacancies were also calculated. However,
clusters of point defects that can be simulated by tetra-
hedral vacancies were only found in the damaged area
close to the rim of the sample where the ion-milling pro-
cess and beam damage have destroyed parts of the chlo-
rite structures.

Discussion
Ordering of the stacking sequence in chlorite

SAED patterns and HRTEM images show that diage-
netic chlorites from the Taveyanne Sandstone (T = 210—
250 °C) are highly disordered in their stacking sequences
and both structural polytypes [Ibb (8 = 90°) and I1bb (3
~ 97°)] can be found (Fig. 4a). However, complete spec-
ification of the unique one-layer polytypes was not pos-
sible due to streaked reflections (k = 3n) in SAED pat-
terns in the [100], [110], or [110Q] direction. In addition,
correct interpretation of the stacking sequence shift vec-

167

tmed ) 1= S0 140 1= -

T o) | =00 1

FIGURE 6.

(@) (I) Computed HRTEM image (defocus =
—65.0 nm; thickness =3.0 nm) of chlorite calculated along the
[110] axis. White spot 1 is due to calculations of the I1bb-4
polytype with M2 vacancies in the octahedral sheet of the T
layer. White spot 2 was calculated with a deficiency of M3 and
M4 cations in the B sheet. (II) Experimental HRTEM image
taken close to Scherzer focus showing similar vacancy contrast.
(b) (1) Computed HRTEM image (defocus = —65.0 nm; thick-
ness =3.0 nm) with a simulated vacancy cluster in the M1 and
M2 positions of the T layer in chlorite calculated along the [110]
axis. (II) Experimental HRTEM image taken close to Scherzer
focus showing vacancy contrast.

tors was complicated by local distortions of the crystal
lattice (Fig. 5a). Some SAED photographs that were tak-
en in the [010], [310Q], or [310] orientations show streaked
reflections. These crystals may include different structural
polytypes within the selected area aperture or may con-
tain random rotations of =120° about c*. More than two
thirds of our diffraction patterns could not be assigned to
one of the 4 structura types that occurs in nature and
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other structural polytypes may be present, especialy in
the diagenetic realm. However, in most cases intensity
distributions of the discarded diffraction patterns are more
similar to those calculations for type-11bb than to other
structural polytypes. Therefore, it is possible that [1bb
may be the most abundant chlorite polytype even in dia-
genetic outcrops (samples FB 108, EP 3).

In anchizonal-grade samples (EP 29, EP 23), SAED
diffraction patterns and HRTEM images show that the
degree of ordering in stacking sequences viewed down
the [100], [110], or [110] axes appear to be a mixture of
low-grade and high-grade crystals. Such observations im-
ply that the degree of ordering in the stacking sequences
of chlorite may be best understood with respect to local
differences in kinetic factors. These involve a great va-
riety of parameters such as fluid/rock ratio, crystallo-
graphic orientation relative to the principle strain direc-
tions, transformation mechanisms, and the nature of
starting materials.

In epizonal-grade samples (samples Z1, GPB 171), no
streaking is observed in diffraction patterns taken along
[010Q], [31Q], or [31Q]. Less than ¥ of &l photographs
taken along [100], [110] or [110] axes contained evidence
of irregular stacking disorder (Fig. 4b). However,
HRTEM images almost always revealed some irregular
shifts that occur across the B sheets or, less often, across
the T layers.

In an analysis similar to Spinnler et al. (1984), we tried
to specify the unique polytypes based on the shift vectors
of chlorite projected in [100], [110], or [110] direction.
Ten HRTEM images from epizonal-grade sample GPB
171/61 taken along the <100> or <110> axes were eval-
uated with respect to the frequency of different chlorite
shift vectors. Based on SAED patterns, the only structural
polytype that we could determine was type llbb. The
chlorite shift vectors can be converted into three unique
polytypes assuming that only semi-random stacking se-
quences of the structural polytype I1bb-even occur (see
appendix table). The llba-odd polytypes were not consid-
ered because they are equivalent to the polytype Ilab by
rotation of 180°. This group of polytypes has not been
observed in nature. Possible combinations of T and B
shift vectors can be unequivocally assigned to one of the
unique Ilbb-even polytypes. The evaluation of the ten
HRTEM images show that 55% of the projected chlorite
shift vectors in sample GPB 171/61 belong to the mono-
clinic polytype l1bb-2, 20% belong to the triclinic poly-
type llbb-4, and 25% TB units belong to the triclinic
chlorite polytype I1bb-6. Because the 11bb-6 polytype is
structurally equivalent to the 11bb-4 polytype by a 180°
rotation, sample GPB 171/61 can be considered to consist
of 55% monoclinic I1bb-2 and 45% triclinic 11bb-4 po-
lytypes. Because the energy difference between these two
structures is probably small, further investigations of
chlorite stacking sequences may find that most natural
type-11bb chlorites are best described as a mixture of the
monoclinic and triclinic l1bb chlorite, especialy chlorite
from subgreenschist facies samples.
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Influences on polytypism and disordering of the stacking
sequence

Several factors are likely to influence layer stacking
segquences and polytypism in chlorite over geological
time. These are mainly temperature, pressure, COmMposi-
tion, crystal growth mechanism, and deformation history.

SAED patterns reveal that two structural polytypes are
present in the Taveyanne samples: type-Ibb occurs under
diagenetic and anchizonal conditions and type-llbb po-
lytype is found in rocks at all metamorphic stages (Fig.
43). Following the polytype transformation sequence pro-
posed by Hayes (1970, Ib, —» Iba - Ibb - llbb), the
occurrence of both Ibb and I1bb chlorite suggests that our
samples lay in the last transition zone at temperatures
around 150-200 °C. Schmidt et al. (1997) noted, how-
ever, that sample EP 29 experienced temperatures of at
least 270 °C (Table 1), which is significantly higher than
predicted by Hayes (1970). Because type-lbb chlorite is
believed to be metastable under all P-T conditions (Bailey
1988), the final transformation from type Ibb to type I1bb
depends on kinetic processes and may be influenced by
additional factors other than temperature.

The effect of confining pressure may have an important
influence on the ordering of the stacking sequence in
chlorites as shown by Jullien et al. (1996). Because dif-
ferences in the total pressure are less pronounced in our
study (Table 1), we assume that the effect of confining
pressure is much less important than other factors in the
Taveyanne Sandstone samples.

Combined AEM analyses and HRTEM images of the
same area revealed that pure chlorites from the anchizon-
al- and epizonal-grade terrains did not show significant
differences in composition (Schmidt 1997). Hence, we
suggest that compositional variations in chlorites do not
have an important influence on the frequency of different
polytypes in this study.

HRTEM images indicate that solution-mediated solid-
state (SMSS) transformations of sheet silicates have two
common features: (1) SMSS transformations tend to pre-
serve the stacking sequence of the precursor material; and
(2) SMSS preserves the configuration of pre-existing oc-
tahedral sheets, while the cations of the tetrahedral sheets
migrate to the reacting chlorite unit. The latter observa-
tion is in agreement with previous studies that dealt with
the transformation process in sheet silicates (Baronnet
1992; Banfield and Bailey 1996). Dissolution-precipita-
tion reactions may also occur side by side with SMSS
processes in sheet silicates from the Taveyanne Sand-
stone. However, from our data, it is not possible to de-
termine the proportion of the SMSS relative to the dis-
solution-precipitation mechanism on the chloritization
rate in sheet silicates.

It is not apparent that there is any influence of stress
upon the chlorites in the Taveyanne Sandstones, although
the hand specimens from epizonal regions revea a strong
cleavage. Samples from epizonal-grade areas show a me-
soscopically increased strain state relative to lower
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grades, but they have better ordered crystals and fewer
intercalations of 0.7 and 1.0 nm layers in their chlorite
packets.

We conclude that the major factor influencing the de-
gree of order and polytype in chlorites is temperature.
The higher energy structures, like the presumably meta-
stable Ibb polytype or disordered material, invert with
increasing temperature into the regularly ordered I1bb sta-
ble polytype. The conclusion is that the relative propor-
tion of the different polytypesis arelative grade indicator.
In addition, the occurrence of the metastable |bb polytype
may indicate temperatures <300°. However, the presence
of the stable llbb polytype has no significance with re-
spect to temperature (see Walker 1993) because it can be
found at all grades.

Octahedral vacancies

Combined computer simulations and HRTEM images
from epizonal-grade chlorites indicate that octahedral va-
cancy clusters are present in the B sheets as well as in
the 2.1 T layers. However, vacancy clusters were found
only in one sample. Several factors contribute to the dif-
ficulty in imaging vacancy clusters. Beside having exactly
oriented crystals and a properly aligned column, it is nec-
essary to choose avery thin area, where the chlorite crys-
tal has not been damaged by the ion-milling process or
the electron beam. Simulations of various thicknesses of
chlorite polytypes calculated along the <100> and
<110> direction indicated that the maximum foil thick-
ness for vacancy imaging is probably less than approxi-
mately 6.0 nm. In fact, the computer simulations that best
matched observed HRTEM images used a thickness of
~3.0 nm (= 3 unit cellsin [110] direction). With increas-
ing thickness, no abnormal white spots could be found in
the chlorite units of the same specimen. We suppose that
a local deficiency of cations can only be imaged if the
investigated area is thin. If the sample specimen is too
thick, chlorite units with fully occupied sites may overlap
with vacant sites that leads to a decrease in vacancy con-
trast. The ion-milling process may have an influence on
the chlorite structure as well. Because vacancies could
only be found in the very thin parts of our samples, the
vacancy clusters illustrated in Figure 6 are close to the
amorphous edge of the ion-milled sample. We cannot rule
out the possibility that octahedral cations were extracted
during the ion-milling process. However, we suppose that
it is unlikely that the ion-milling process removes octa-
hedral cations without creating any tetrahedral vacancies
or destroying the adjacent chlorite structure as well.

Comparison of calculated HRTEM images with ob-
served images implies that vacancies are possible in all
octahedral positions. However, qualitative observations
indicate that the M1 and M2 positions of the T layer are
more likely to be vacant as compared to the M3 and M4
positions within the B sheets. This is in agreement with
site occupancies determined for di,tri-octahedral species
that place vacancies in the 2:1 octahedral sheet (e.g., Bai-
ley 1988). This aso implies that thermodynamic models
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for chlorite should account for ordering of vacancies into
these sites.
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APPENDIX: COMPUTER SIMULATIONS BASED ON
Mac TeEmPAS

The software program Mac TempasPPC was used for
the computer simulations of chlorite structures. HRTEM
images of all unique one-layer polytypes were simulated.
Computed HRTEM images that were shown in this study
were calculated for the polytype Ilbb-4, viewing down
along the [110] axis direction. Note that the talc-stagger
should lie in the (001) plane and its direction should be
paralel to [100]. As a consequence, the 11bb-4 polytype
was calculated along the [110] direction with atomic pa-
rameters as reported by Bailey and Brown (1962). In ad-
dition, al HRTEM simulations used a simplified com-
position (Mg, sFe, Al)(Si,Al)O,,(OH),, which is close to
the composition determined by EMP technique (Schmidt
et a. 1997) in chlorites from the Taveyanne Sandstone.
No ordering of tetrahedral and octahedral cations within
the T layer and B sheet were assumed, except for filling
of the M4 octahedral position in the B sheet by Al. The
|attice parameters were taken from Bailey (1980). Param-
eters describing the instrument conditions important for
computer simulations were adjusted to agree with the
Phillips 420ST microscope. The maximum reciprocal |at-
tice vector in the multisiice calculation is 0.20 nm-%;
spherical aberration 1.2 mm; the spread of defocus. 5.5
nm; the semi-angle of divergence: 0.5 mrad; radius of the
objective lens aperture: 0.09 nm-*. A mechanical vibra-
tion was introduced and set to 0.1 nm. Except for the
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through-thickness and through-focus series, al computed
images were calculated at a defocus value of —65.0 nm,
which is close to the Scherzer focus and a sample thick-
ness around 3.0 nm. The diameter of the sample thickness
correspond to 3 chlorite unit cells viewing down the [110]
axes.

For defect simulations, a super cell consisting of 3 cells
(in [2100] direction) x 3 cells (in [010] direction) x 3
cells (in [001] direction) with 1944 atom positions with
2430 atoms of a Ilbb-4 chlorite polytype was used to
simulate the effect of vacancies on the intensity distri-
bution in HRTEM images.

In Figure 6a the following octahedral atomic positions
of Mg, Fe, and/or Al were removed from the central unit
cell to simulate vacancies (atom parameters are given in
[x/y]) for crystal defect 1 at z = 0.333:

M2 = 0/0.111; 0/0.222; 0.167/0.277; 0.167/0.056; 0.333/
0.444; 0.333/0.555; 0.5/0.611; 0.5/0.389; 0.667/0.777,
0.667/0.888; 0.833/0.944; 0.833/0.722;

for crystal defect 2 at z = 0.5:

M3 = 0/0.055; 0/0.277; 0.167/0.222; 0.167/0.111; 0.333/
0.389; 0.333/0.611; 0.5/0.555; 0.5/0.444; 0.667/0.722;
0.667/0.944; 0.833/0.889; 0.833/0.777; M4 50%: 0/0.167,
0.333/0.5; 0.667/0.833.

In Figure 6b, following octahedral atomic positions of

Mg and Fe were subtracted (atom parameters [x/y]) at
crystal defect for z = 0.333:
M1 = 0/0; 0.167/0.167; 0.333/0.333; 0.5/0.5; 0.667/
0.667; 0.833/0.833; M2 = 0/0.111; 0/0.222; 0.167/0.277
0.167/0.056; 0.333/0.444; 0.333/0.555; 0.5/0.611; 0.5/
0.389; 0.667/0.777; 0.667/0.888; 0.833/0.944; 0.833/
0.722.

ApPENDIX TABLE 1. Projection of the one-layer polytypes as
seen down the [100], [110], and [110]

axes (modified after Spinnler et al. 1984)

One-layer _

polytype [100] [110] [110]
lab-1 T.B, T.B, T.B_
laa-2 ToB, T.B, T.B,
lab-3 T,B_ T.B. T.B,
laa-4 T.B_ T.B, TB,
lab-5 T.B. T.B, T B,
laa-6 T,B. T.B. TB.
llaa-1 T.B, T.B, T.B,
llab-2 ToB, T.B T.B,
llaa-3 T,B_ T.B, TB,
llab-4 ToB_ T.B, T.B_
llaa-5 T.B. T.B TB
llab-6 T,B. T.B, T.B,
Ibb-1, IIba-1 ToBo T.B_ T B,
Iba-2, llbb-2 T.B, T.B, TB
Ibb-3, 1Iba-3 T,B_ T.B, TB.
Iba-4, libb-4 T.B_ T.B_ T.B,
Ibb-5, llba-5 T.B. T.B, T B,
Iba-6, 11bb-6 T,B. T.B, TB,




