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ABSTRACT

Interstratified clay mineral reflects weathering degree and records climatic conditions and
the pedogenic processes in the soil. It is hard to distinguish a few layers of interstratified
clay mineral from the chlorite matrix, due to their similar two-dimensional TOT structure
and electron-beam sensitive nature during transmission electron microscopy (TEM)
imaging. Here, we used multiple advanced TEM techniques including low-dose high
resolution TEM (HRTEM), high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) imaging combined with energy dispersive spectroscopic
(EDS) mapping to study interstratified layers in a chlorite sample from Changping,

Beijing, China. We demonstrated an interstratified mica or pyrophyllite monolayer could
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be well distinguished from the chlorite matrix by projected atomic structures, lattice
spacings and chemical composition with advanced TEM techniques. Further investigation
showed two different transformation mechanisms from mica or pyrophyllite to chlorite:
either a 4 A increase or decrease in lattice spacing. This characterization method can be

extended to other electron-beam sensitive minerals.

Keywords: Chlorite; Interstratified layer; HRTEM; STEM
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INTRODUCTION

Clay minerals are phyllosilicate with the basic structure of an octahedral sheet (O sheet,
marked by red dashed box in Fig. 1) sandwiched by two tetrahedral sheets (T sheet). The
main constituent of the two T sheets is Si*" which sometimes substituted by AI**. Mg, Fe,
Al are common O sheet cations with important substitution of Cr, Ni, Mn, V, Cu, Zn etc.
(Bailey, 1988). According to the difference in the interlayer (I sheet, marked by red solid
box in the right in Fig. 1), some clays have no interlayer cation such as talc and
pyrophyllite. Some have interlayer cations K, Na etc. countering the imbalance electricity
caused by the AI** substitution to Si*" in the tetrahedral sheets, such as mica. Other clay
mineral such as chlorite has brucite-like sheets (B sheet, marked by red solid box in the
left in Fig. 1) in the interlayer. Due to the above differences, the lattice fringes of

pyrophyllite, mica and chlorite are 9.5, 10 and 14 A respectively.

Mixed layer clays, as intermediate products of clay mineral transition and weathering,
ubiquitously present in nature. Since Hendricks and Teller (1942) first mentioned
partially ordered stacking layers in micas and other similar minerals, interstratified clays
such as illite-montmorillonite, chlorite-vermiculite, illite-chlorite-montmorillonite etc.
were abundantly reported in sedimentary rocks (Weaver, 1956; Reynolds and Hower,
1970; Bettisonvarga, 1997; Banfield and Murakami, 1998). Changes in weathering

degree and climatic conditions generate the pre-existing clay phases to transform into

3
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other species through a sequence of intermediate interstratified phases. Consequently,
mixed layer clay minerals indicate the pedogenic processes that have occurred in the soil
and provide a progressive structural and compositional transformation sequence of the
solid-state reaction (Hong et al., 2012). Both regular and random 1:1 interstratifications
of 24 A clays (referring to a combination of contiguous 14 A lattice and 10 A lattice)
were reported in weathering reactions or transition process (Srodon, 1999). Such mixed
layer clays includes chlorite/mica (Lee and Peacor, 1985; Cruz, 2001), chlorite/talc
(Schreyer et al., 1982; Ahn et al., 1988), chlorite/pyrophyllite (Kong et al., 1990; Kong et

al., 1992; Kong et al., 2000) and chlorite/biotite (Veblen, 1983; Xu et al., 1996).

Due to their high similarity in structure and composition to the end-member clays, it is
hard to identify the mixed layer minerals. Traditionally, they were revealed by
petrographic methods, chemical methods, X-ray powder diffraction (XRD) and TEM
(Srodon, 1999). For nearly a century, XRD remained as one of the most widely used tools
of mixed layer clay identification, quantification, nomenclature and ordering research
(Moore and Reynolds, 1989). Typically, different mixed layer clay minerals perform
differently in the low-angle region of the XRD pattern for ethylene glycol-treated samples
(Srodon, 1981). Over the past fifty years, conventional TEM together with HRTEM and
analytical electron microscopy (AEM) were widely applied to identify the lattice spacing

and bulk crystal composition (Srodon et al., 1990). Most researchers used lattice fringes
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combined with XRD patterns to identify bulk mixed layer clay minerals (Shau et al.,
1990; Srodon et al., 1990; Arroyo et al., 2018; Hoang-Minh et al., 2019). Scanning
transmission-electron microscopy (STEM) also applied to the investigation of
phyllosilicates (Shen et al., 1988; Kameda et al., 2009; Inoué¢ and Kogure, 2016).
HAADF-STEM image is a Z-contrast image, whose contrast is roughly proportional to
the square of average atomic number (Z), offering detailed cations distribution

information (Inoué and Kogure, 2016).

However, of all above methods, specimen for XRD is easy to prepare and easy to obtain,
but it fails to provide individual crystal information as the tool averages millions of
crystals. In order to characterize the specific nature of an individual interstratified clay
layer or a packet of interstratified layers, it is necessary to directly image layers using
TEM techniques (Lee et al., 1984). Viewing the interstratified layers via TEM/STEM
requires edge on direction, which is hard to obtain due to the preferred orientation of
these scaly clay minerals. The existence of hydroxyl in their crystal structures also adds
difficulty in obtaining high quality images for even necessary tilting is improbable
because of the severe e-beam damage. Therefore, for ordered interstratified clays with
consistent crystal structure and chemical composition, bulk crystal information and
limited TEM images can provide some information, whereas, for the few layers of

non-regular repeated intermediate products, which are more common in nature, it is hard
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to differentiate them from the matrix using these methods.

In the present work, we utilized multiple advanced TEM techniques including HRTEM,
HAADF imaging combined with EDS mapping to identify small amount of irregularly
repeated mixed layer clay minerals in a chlorite sample from Changping, Beijing and
then investigated the intergrowth mechanism. We verified the new approach could help to
identify the interstratified mica or pyrophyllite monolayer from chlorite via lattice
spacing, HRTEM images, HAADF images and EDS mapping. We expect this

characterization method can be well extended to other e-beam sensitive materials.

MATERIALS AND METHODS

The sample was collected from Changping, Beijing, China. The sample was prepared by
cutting a chlorite-rich section from the rock chip. Those with little quartz were crushed
with a hammer and further ground into powder with a hammer mill. Stoke's law was used
to concentrate the < 2 um fractions. Random and oriented powder samples were prepared
for XRD. Rock chips were directly used for scanning electron microscopy (SEM) and
Electron Probe Microanalyzer (EPMA). For TEM samples, the rock chip was thinned by
argon milling using a Gatan 695 PIPS II under the conditions of 4.5 keV and 6° incident

angle until perforation, followed by 0.2 keV milling for 0.5 h for final polishing.
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Powder XRD patterns were collected using an X'Pert Pro MPD diffractometer with an
X'Celerator detector. The measuring conditions of XRD were Cu Ka radiation (A =
1.54056 A), 40 kV and 40 mA, 5-75° (20) scanning range, 0.017° (20) step size. Field
emission scanning electron microscope (FESEM) measurement was performed with a
QUANTA-650FEG microscope operating at 10 kV. Chemical composition was obtained
by a JXA-8100 EPMA at 15 kV and 1 x 10~3 A, beam spot diameter 1-2 um. TEM and
HRTEM images were taken using a transmission electron microscope called Argonne
Chromatic Aberration-corrected TEM (ACAT) operated at 80 kV with a low-dose rate of
~20 e/ A%s. Typically, 50~100 images were taken under low-dose imaging conditions at
high magnification, then, all images without noticeable beam-damage effects were
aligned to remove image drift and summed together for a final HRTEM image. ACAT is
equipped with an image corrector to correct both spherical and chromatic aberrations to
ensure an information limit better than 0.1 nm at 80 kV. HAADF-STEM images and EDS
mapping were taken on a FEI Talos TEM with 200 kV accelerate voltage. The recorded
TEM images were processed using a Wiener-filter implemented in a Gatan Digital
Micrograph to remove noise contrast. HRTEM image simulation was carried out using a

MacTempas software.

XRD analysis shows that the sample is dominated by chlorite and small amounts of

quartz. SEM images show that the chlorite crystals are generally scaly in shape with
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about 5 um population size in diameter. The EPMA analysis reveals that the average
structural formula is:

Nag.07Ko.40 (Fe >*2.52Mgo.80Cao.07Al1 8000.34)6(Si3.32Ti0.01Alo.67)4010(OH)s,

assuming that the total iron is ferrous and the number of oxygen atoms is 14, and where o

denotes the vacancy.

RESULTS

Distinguishing phases using lattice spacing and SAED

XRD and EPMA compositional analyses only show the existence of chlorite, while from
the low magnification TEM image (Fig. 2a), the existence of distinct lattice spacings
indicated the presence of extra phases with different lattice spacing from that of chlorite.
These phases are in an almost consistent orientation between each crystal without clear
crystal boundaries. However, small-scale variations in crystal orientation also exist,
which was revealed by the relatively different contrasts in sub-parallel crystal packets.
Amorphous zones damaged by the electron beam showed no contrast and lattice (traced
by the dashed lines in Fig. 2a). Several lattice defect zones (traced by the solid lines in
Fig. 2a) were also captured where cracks well extended along the lattice fringes without

any structural discontinuity.

A higher magnification lattice image (Fig. 2b) shows dominant 14 A lattice spacing and a

8
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few 10 A lattice spacing in between. Combined with XRD and EPMA compositional
analyses above, the 14 A lattice can be assigned to chlorite. However, it is hard to
determine which phase corresponds to the 10 A lattice, since three possible clay minerals
like mica, talc and pyrophyllite have a 10 A lattice. Successive 14 A lattices are
commonly observed, indicating the chlorite is dominant. The observation of successive
10 A lattices are absent and those 10 A phases appear only as a monolayer adjacent to the
14 A chlorite. The interface between 14 A and 10 A phases are atomically sharp, showing
a consistent orientation. Previous investigations showed 24 A chlorite/mica, chlorite/talc
and chlorite/pyrophyllite interstratification. As exhibited in Fig. 2b, the irregular repeated
24 A intermediate products (intergrowth of a 10 A unit and a 14 A chlorite layer) occur
commonly in the sample. However, as there is no successive 10 A lattice area, it is
extremely difficult to characterize the 10 A phase using compositional analysis and

impossible by selected-area electron diffraction (SAED).

SAED pattern (Fig. 3b) of distinct lattice spacings area shows more than three order
reciprocal lattice rows with & # 3n, and the average distance between lattice rows is 0.216
1/A. The irrational 00/ diffractions and streaking 40! diffractions formed the “defective
electron diffraction patterns” reported by Li and Wang (2019), they considered these
patterns are caused by many factors including defects (Kogure and Murakami, 1998) and

local disorders (Spinnler et al., 1984) such as spacing variation or the fast electron
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radiation damage. In our study, the contribution from the fast electron radiation damage
can be ruled out since SAED used an extremely low dose rate below 0.5 e¢/A%s. Due to
spacing variation caused by the random interlayering between different phases, the
reciprocal-lattice rod lengthened thus inducing the streaking of 00/ diffractions and /0!
diffractions in Fig. 3b. And the more striking streaking of 40! diffractions than 00/
diffractions are due in part to the defects in Fig. 3a. The small arc-like 00! diffractions
furthermore developing into two sets of 00/ diffractions are resulted from the planner
defects where the 00/ plane on either side is not parallel to each other but inclined a small
angle. An intensity profile in Fig. 3¢ along the 00! diffractions reveals different periodic
peaks of 14 and 24 A phases. The strong 14 A periodic peaks correspond to intense

diffraction, indicating 14 A phase dominates.

As lattice images can be conveniently obtained in thick area and does not require tilting
sample to exact zone-axis, these images are commonly observed within the studied
specimens and can be easily captured with less beam damage. However, this also results
in missing important information to identify exact crystal structure and phases. SAED can
help to determine the periodicity and the dominant phase, but it fails to provide
information about how many layers of each phase there are. Therefore, additional TEM

analytical characterization are still needed to complete the identification.
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Distinguishing phases using HAADF

HAADF image shows different phases with both lattice spacing and different Z-contrast.
The brighter fringes represent higher Z number while the darker fringes represent lower Z
(Williams and Carter, 1996; Williams et al., 1998), when the HAADF collection cut-off
angle is larger than 75 mrad. Significant difference in Z-contrast exists in Fig. 4a. The left
part of Fig. 4a shows consistent lattice spacing with bright contrast, while the middle and
right part exhibit different lattice spacings in alternatively dim and bright contrast. In Fig.
4a, two types of lines are identified: the first type (marked as arrows in Fig. 4b) are bright
lines (formed by continuous bright spots) with nearly identical contrast, and the second
type (marked as arrows in Fig. 4c) are relatively dim lines. Between the two bright (or
dim) lines, there is a bright (or dark) band (marked as asterisk in Fig.4b and Fig.4c,
respectively). Considering crystal structure information, the bright lines and bands can be
assigned to the 14 A chlorite. The bright lines are the octahedral sheets (both O sheets
and B sheets) of chlorite while the bright bands represent the tetrahedral sheets (T) of
chlorite. In the magnified image Fig.4b, the integrated contrast of the B sheets is a little
brighter than that of the O sheets, which means B sheets have more higher Z number
atoms (Fe in this sample) than O sheets. The contrast ratios of the dim lines and bands
(about 10 A as a whole) imply the average Z numbers of occupied cations in the 10 A
layers has lighter cations than that in the 14 A layers. Combined the HAADF images with

chemical composition of different clays minerals, the 14 A chlorite in this sample has Fe
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in the octahedral sites, while common 10 A clay minerals such as micas, talc,
pyrophyllite usually has no or less atoms with Z number as high as Fe. However, it is still

unclear what the 10 A phase is.

The chlorite layers, consisting of more than 20 consecutive 14 A chlorite layers (right
part of Fig. 4a), are well-developed without much edge dislocations or other defects. The
10 A layers are subparallel or nearly subparallel to the 14 A chlorite layers, implying they
are parts of the same phyllosilicate crystal. Fig. 4d shows a change from brighter line to
darker line, demonstrating a distinct transformation from 28 (14 + 14) A to 24 (10 + 14)
A with a B sheet termination. Detailed transformation mechanism will be discussed in the

following section.

Distinguishing phases using HRTEM

According to the unique lattice spacing, distance and angle between adjacent spots and
columns, HRTEM image confirms the predominant 14.3 A phase is chlorite. Chlorite can
be classified into four subgroups according to the octahedral structure of both TOT layers
and B sheets. The smallest TOT structural unit (half) contains three octahedral sites.
When they are all occupied by divalent cations, it is known as trioctahedral, while if only
two are occupied by trivalent cations, it is dioctahedral (Wang et al., 2017). Trioctahedral
chlorite, the most common form, refers to both O and B sheets are trioctahedral. When

cations in O and B sheets are all trivalent, it belongs to dioctahedral chlorite. If O sheet is
12
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dioctahedral but B sheet is trioctahedral or otherwise, it belongs to di-, trioctahedral or
tri-, dioctahedral, respectively (Bailey, 1988). Whether a mineral is dioctahedral or
trioctahedral can be determined by HRTEM. Under current resolution condition,
dioctahedral sheet can be identified as dots for it has fewer cations, while trioctahedral
sheet appears as a line. As it can be seen from Fig. 5a, tetrahedral sheets appear as bright
dots while the octahedral sheets (thinner bright stripes) and brucite-like sheets (thicker
bright stripes) appear as both lines and dots, implying the octahedral sheets are
dioctahedral but in some areas trioctahedral. Fig. 5b reveals single ~10 and ~9.5 A layers
interleaved within the dominant 14.3 A chlorite. The ~9.5 A phase without interlayer
cations is probably pyrophyllite or talc. Pyrophyllite is dioctahedral with AI** occupied
the octahedral sites, while talc is trioctahedral with Mg?* occupied the octahedral sites. As
dots can be seen in the octahedral sheet of ~9.5 A phase and the crystal structure fits well
with that of pyrophyllite (Cruz et al., 2004; Cruz and De Galdeano, 2005), it is probably
pyrophyllite. The ~10 A phase with interlayer cations may be mica. Simulated image
using major simulation parameters (thickness 6 nm, Af = -20 nm, Cs = 10 pm) confirms
the above results. However, as these layers are rare and more likely to appear as a single
layer, it is hard to identify their composition by EDS, so HAADF with EDS mapping was

used for further verification.
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Distinguishing phases using HAADF+EDS

As discussed above, the bright lines with bright bands in HAADF are 14 A chlorite while
the dimmer lines with dim bands correspond to ~10 A phases. EDS Mapping results and
element profile are shown in Fig. 6a and 6b, respectively. In Fig. 6a, the 14 A area is
marked with area 1 and the ~10 A areas are marked as area 2, 3. EDS mapping shows
that the ~10 A areas 2 and 3 have lower Fe, and area 3 has higher K content than the 14 A
area 1. Semi-quantitative analysis in Table 1 further supports the area 2 has a decrease in
Fe content and correspondingly a slight enrichment in Al and Si. Combined with HRTEM
results above (the ~9.5 A phase is locally dioctahedral without interlayer cations), the
phase can be identified as pyrophyllite. In the area 3, mapping images and element profile
show characteristic K with lower Fe, Al signals and a slight increase of Si content than
chlorite. Qualitative analysis also indicates the existence of K. Combined with HRTEM

results above (the ~ 10 A phase has interlayer cations), the phase is identified as mica.

DISCUSSION

Identification of interstratified mica or pyrophyllite monolayer from chlorite

Using multiple TEM techniques combined HRTEM, STEM with EDS mapping, three
mineral phases can be well identified as above demonstrated. HAADF is lattice spacing
and contrast sensitive, TEM (combined with HRTEM) is sensitive to lattice spacing and

atomic column arrangement, and EDS is helpful in identifying characteristic elements.
14
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Table 2 shows a brief summary of the difference between mica, pyrophyllite and chlorite
in lattice spacings and appearances under different imaging conditions. Using these three
mineral phases as an example, Fig. 7 illustrates how the interstratified mica or
pyrophyllite monolayer was identified from chlorite. Firstly, TEM and HAADF shows
the lattice spacing, then SAED determines crystal orientation. Afterwards, low-dose
HRTEM helps to obtain atomic position and arrangement. In this case, the two ~ 10 A
phases arrange distinctively regarding the interlayer cation. Apart from structural
differences revealed by lattice spacing and atomic arrangement, compositional
differences was revealed by EDS to identify the characteristic elements in these phases.

This method can be well applied to the identification of other layer structure materials.

Intergrowth mineral reaction

Although much has been learnt about the transition from mica to chlorite, the detailed
structural change during the transformation has not been reported by HRTEM. From Fig.
8a, a clear transformation from 24 to 28 A indicates an increase in volume. It can be seen
from the magnified image that such a transition involves a termination of the brucite-like
sheet between two adjacent chlorite TOT layers; sometimes such a termination is also
accompanied with a lattice distortion. Two mechanisms involving volume increase during
the transformation from mica/semctite to chlorite have been raised (Veblen, 1983; Veblen
and Ferry, 1983; Xu et al., 1996; Bettisonvarga, 1997). The first mechanism proposed a

14 A spacing increase, which involves the dissolution of one T-O-T layer and then
15

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-7074

followed by the T-O-T B T-O-T unit reprecipitation. In this case, the spacing increase
should be 14 A rather than 4 A. The second mechanism concerns the growth of a
brucite-like sheet into the interlayer region between two TOT mica layers and a 4 A

spacing increase, which fits well with Fig. 8a.

Another transformation involves volume decrease with the lattice spacing change from 32
to 28 A. One mechanism was proposed to concern the volume decrease before (Veblen
and Ferry, 1983). It considers the formation of a brucite-like sheet by removal of the two
tetrahedral sheets of one TOT mica layer, where the spacing decrease should be ~8 A.
Dash line in the middle of Fig. 8b shows two lines terminate into one brucite-like sheet
involving 4 A spacing decrease. This intermediate product demonstrates the transition
from the TOT mica layer to a brucite-like sheet is a gradually reaction, and the two T

sheets are dissolved step by step.

IMPLICATION

Irregular mixed layer clay minerals are common in nature. Since different interstratified
mineral phases appear only as few layers, they are difficult to identify by conventional
methods such as XRD or TEM. We developed a new method combining multiple
advanced TEM techniques (HRTEM, STEM with EDS) to identify mixed layers in a

chlorite sample. Via lattice spacing, HRTEM images, HAADF images and EDS mapping,
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we distinguished the parallel-growing monolayer mica and pyrophyllite from chlorite
domains. This method can be well extended to other minerals, especially these e-beam
sensitive minerals. The application of the above low-dose TEM techniques provides
detailed structural and compositional information with minor damage, which is of great
importance to the identification and characterization of mixed layer minerals and the

study of weathering process.
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List of figure captions

Figures:

Fig. 1 Schematic crystal structure of chlorite (left), mica (middle) and pyrophyllite (right).

T-sheet refers to tetrahedral sheet; O-sheet refers to octahedral sheet marked by red

dashed box; I-sheet refers to interlayer marked by red solid box in the right; B sheet
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refers to brucite-like sheet marked by red solid box in the left. Pyrophyllite has no
interlayer cation, and mica has K, Na etc. as interlayer cations, while chlorite has a
hydroxide sheet (B-sheet) in its interlayer

Fig. 2 (a) TEM lattice images shows distinct lattice spacings and multiple phases. (b)
Higher magnification of TEM lattice image which are from (a) shows 10 A phase
interleaved within the dominant 14 A chlorite

Fig. 3 (a) TEM lattice images show distinct lattice spacings and more than one phases. (b)
SAED pattern of (a) shows more than three lattice rows with k& # 3n. The pattern shows
irrational 00! diffractions with streaking non-00! diffractions. (¢) An intensity profile
along 001 diffractions of (b) shows the existence of periodic 14 and 24 A phases. The 14
A (or 24 A) group are marked with upward (or downward) arrows on the left (or right) of
the transmission diffraction spot (0 point), respectively

Fig. 4 (a) STEM lattice images taken from the same area to the TEM images. (b)
Magnified image of the top left rectangle (marked by 1) shows the straight and
continuous 14 A chlorite fringes, the bright lines with identical contrast (marked as
arrows) are assigned to the octahedral sheets (both O sheets and B sheets) of chlorite, the
integrated contrast of B sheets are a little brighter than that of the O sheets. The band
(marked as asterisk) separated by two bright lines are the tetrahedral sheets of chlorite. (c)
Magnified image of the right rectangle (marked by 2) shows the dark 10 A phase within

the 14 A chlorite grains, the relatively dark lines (marked as arrows) represent the O
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sheets and the band between (marked as asterisk) represents the T sheets. (d) Magnified
image of the middle rectangle (marked by 3) shows a change from brighter line to darker
line, demonstrating a distinct transformation from 28 (14 + 14) A to 24 (10 + 14) A with
a termination of the B sheet

Fig. 5 (a) HRTEM image of chlorite (14.3 A) interstratified with ~9.5 and ~10 A phases.
The brucite-like interlayer is imaged as a bright stripe (dots and lines), tetrahedral sheet
as bright spots and the octahedral sheet as a thinner bright stripe (dots and lines). (b)
Magnified image of the white rectangle in (a) and a schematic of HRTEM image. The
~9.5 A clay phase has the TOT structure without interlayer ion. The ~10 A clay phase has
K" as interlayer cation. The 14.3 A chlorite has a brucite-like sheet in the interlayer. T
refers to tetrahedral sheet, marked as yellow sheets. O refers to octahedral sheet, marked
as light blue sheets. B refers brucite-like sheet, marked as dark blue sheets. (¢) Simulated
image for the [100] zone of chlorite, mica and pyrophyllite with the defocus value of 200
A and the thickness value of 60 A

Fig. 6 (a) Mapping results show different Mg, Al, Si, K, Fe contents of 14 A area
(marked as 1) and two ~10 A areas (marked as 2,3) within one scanning. (b) The element
profile along the marked yellow line and the three areas 1, 2, 3 are corresponding to (a)
Fig. 7 A flow diagram shows how the interstratified mica or pyrophyllite monolayer is
identified from chlorite

Fig. 8 Intergrowth mineral reaction mechanisms. (a) Transformation from 24 to 28 A
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indicating an increase in volume. Dash line in the middle shows the termination of
brucite-like sheet between the two adjacent chlorite TOT layers, the broken line shows
brucite-like sheet distortion. (b) Transformation from 32 to 28 A indicating a decrease in

volume. Dash line in the middle shows two lines terminate into one brucite-like sheet
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involving 4 A spacing decrease

Tables
Table 1
STEM/EDS results (at %*?) of the three marked area in Fig. 6.
Area 1 2 3
K 0.5+0.3
Mg 3.0+0.8 29+1.0 3.7+0.9
Fe 11.2+1.5 84+1.5 84+12
Al 6.7+12 84+1.7 6.1+1.1
Si 11.3+1.3 13.2+1.9 152+1.5
O 67.8+7.7 67.1 £8.5 66.1 7.4
total 100.0 + 12.6 100.0 £ 15.5 100.0 £12.3

2. standard deviation values are in a 3o level.

Table 2

A brief summary of the difference between mica, pyrophyllite and chlorite.

Spacing HAADF HRTEM Mapping Chemical composition
(Figs. 2,3) (Fig.4) (Fig.5) (Fig. 6)
14 A T: spots  High Fe (R R*)6(Sis-xAlx)4O010
Chl 14 A Bright O/B: low K _
contrast  spots & (OH)s  (Bailey, 1988)
lines
(K> Na)x +y(Mg,F62+)x(Al,
10 A T: spots  High K X
N .
Mica 10 A Dark O: spots  Low Fe Fe") - xo[Sis - y(Al
contrast & lines Low Mg Fe),]010(OH),
(Rieder et al., 1998)
9.5 A T:spots  High AL.Si  Al[Si4010](OH)2
Py 95A Dark O: spots Low Fe (Wardle and Brindley, 1972)
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contrast low K

Note: Chl: chlorite; Py: pyrophyllite; T: tetrahedral sheet; O: octahedral sheet; B:
brucite-like sheet
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Figure 3b
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