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High-angle annular dark field scanning
transmission electron microscopic (HAADF-
STEM) study of Fe-rich 7 A-14 A
interstratified minerals from a hydrothermal
deposit
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ABSTRACT: The distribution of octahedral cations in the two component layers of a 7 A-14 A
interstratified mineral with a bulk chemical composition (Fe3';,Mg o7Mng o1 Al g0l o 11)(Siz 56AL; 42)
0,0(OH)g was investigated using high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) in combination with the image simulations. In the 14 A component layers,
comparison between the observed and simulated images revealed that the M4 sites of the interlayer
sheets were occupied preferentially by Al together with a small amount of Fe; the other M1, M2 and M3
sites were occupied by dominant Fe and residual Al in equal proportions. Two types of octahedral sheets
with disordered and ordered cation distributions were recognized in the 7 A component layers. The two
types of sheets were similar to the octahedral sheet of the 2:1 layer and the interlayer sheet in the 14 A
layer above, respectively. Irregular vertical stacking and lateral contact of the different component layers
in structure and chemistry characterized the interstratification, which may be caused by rapid
precipitation and accretion of the component layers in hydrothermal environments.

Keyworps: HAADF-STEM, interstratified minerals, Fe-rich chlorite, berthierine, octahedral cation distribution.

Chlorite, berthierine and their interstratified minerals
are common phyllosilicate minerals that occur in a
wide range of geological environments including
diagenesis, low- to medium-grade metamorphism
and hydrothermal alteration. The crystal structure and
cation distribution in clinochlore (a Mg-endmember of
chlorite) have been refined using X-ray diffraction

*E-mail: inouesayako@gmail.com

TThis work was originally presented during the session
“The many faces of chlorite’, part of the Euroclay 2015
conference held in July 2015 in Edinburgh, UK.

DOI: 10.1180/claymin.2016.051.4.05

(XRD) and spectroscopic techniques (Rule & Bailey,
1987; Bailey, 1988a; Zheng & Bailey, 1989; Welch
et al., 1995). Chlorite has a 14 A unit structure
consisting of alternation of the 2:1 layer (TOT) of
{M1(M2),(T),0,0(OH),} and the interlayer sheet or
the hydroxide sheet (B sheet) of {(M3),M4(OH)},
where M1, M2, M3 and M4 are the octahedral sites
occupied by cations such as Fe?", Mg, Al, Fe** and so
on, and T are the tetrahedral sites usually occupied by
Si and Al Trivalent Al and Fe** preferentially occupy
the M4 sites in the B sheet of clinochlore (e.g. Rule &
Bailey, 1987; Bailey, 1988a; Zheng & Bailey, 1989;
Welch et al., 1995). The structural formulae of 7 A
serpentine group minerals are expressed by a half of
chlorite, (M);(T),05(OH),, in which the distribution
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of cations in T and M sites is generally known to be
disordered in the Mg-endmembers (e.g. Wicks &
O’Hanley, 1988; Bailey, 1988b). In contrast, the
structure of Fe-rich chlorite, especially the cation
distribution in the octahedral sites, has been poorly
understood because of its fine grain size and frequent
stacking disorder. A similar situation is recognized in
Fe-rich serpentine-group minerals such as berthierine
and odinite. Furthermore, interlayering of the two
minerals occurs frequently (Ahn & Peacor, 1985; Jiang
et al., 1992; Slack et al., 1992; Hillier, 1994; Xu &
Veblen, 1996), which makes it more difficult to obtain
information about the details of crystal structure by
convenient techniques.

High-resolution transmission electron microscopy
(HRTEM) has contributed significantly to overcome
such a difficulty. In particular, a recent imaging
technique, referred to as high-angle annular dark
field (HAADF) in a scanning transmission electron
microscope (STEM), offers the ability to obtain
information on the detailed distribution of cations in
silicate minerals such as phyllosilicates (e.g. Kogure &
Drits, 2010) and pyroxenes (e.g. Kogure & Okunishi,
2010; Xu et al, 2014), because the contrast in
HAADF-STEM images is roughly proportional to
the square of average atomic number (Z) (Pennycook
& Jesson, 1992). Local composition and occupancy of
individual sites can be obtained from measured
contrast intensities (Xu et al, 2014). In this study,
Fe-rich interstratified minerals of 14 A chlorite and 7 A
berthierine, which were collected from a hydrothermal
vein-type ore deposit, have been investigated by a
combination of HAADF-STEM observations and the
image simulations to elucidate the distribution of
cations in the octahedral sheets in the component layers
and the characteristics of their vertical and lateral
contacts in the interstratified structure.

SAMPLES AND METHODS
Samples

The sample studied was collected from the Ashio
deposit, Tochigi, Japan which is a hydrothermal vein-
type ore deposit (Shikazono, 2003). The interstratified
mineral of interest occurred as a gangue mineral in
mineralized quartz veins. The chemical composition was
determined by energy-dispersive X-ray spectrometry
(EDS) in scanning electron microscopy (SEM) using
thin sections of quartz veins containing the minerals. The
chemical formula obtained was expressed as (Fe3'j,
Mg.07Mng 01 Al go[Jo.11)(Si2.56A11.44)019(OH)g, on
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average, assuming that total iron was ferrous and the
number of oxygen atoms was 14, and where [ ] denotes
the vacancy. The formation temperature was estimated
to be 321°C based on the chlorite geothermometer of
Bourdelle et al. (2013). The value was consistent with
the homogenization temperatures of fluid inclusions in
quartz (Shikazono, 2003). For more detailed descrip-
tions of the geological setting and mineralogical
characteristics involving chemical compositions,
XRD, TEM and the formation temperatures, the
reader is referred to Inoué¢ (2016) and Inoué and
Kogure (2011).

HAADF-STEM

Two specimens for STEM observations were
prepared from the selected areas in petrographic thin
sections using a focused ion beam (FIB) apparatus with
the micro-sampling system (Hitachi FB-2100). The
STEM observations were carried out on two instruments,
a JEOL JEM-2800F without a spherical aberration (Cs)
corrector and a JEOL ARM-200F with a Cs-corrector for
the probe-forming lens. Both instruments were equipped
with the Schottky-type field emission electron guns
operated at 200 kV. The image resolution expected for
the STEM images was 2 A and 0.8 A, respectively; the
beam convergence semi-angle of the probe was 8.8 mrad
and 24 mrad for JEM-2800F and ARM-200F, respect-
ively. The detection semi-angles of the HAADF-detector
were between 55 (inner) and 248 (outer) mrad for the
JEM-2800F, and between 68 (inner) and 280 (outer)
mrad for the ARM-200F. Images taken with the JEM-
2800F are referred to as ‘Cs-uncorrected’ and those taken
with the ARM-200F, as ‘Cs-corrected’ throughout this
study. The HAADF images recorded were processed
using a Wiener-filter (developed by K. Ishizuka,
HRTEM Research Inc.) which was implemented in a
Gatan DigitalMicrograph (Kogure & Okunishi, 2010) to
remove noise contrast (Marks, 1996; Kilaas, 1998). All
images were recorded along one of the X; (i=1 to 3)
directions defined by Bailey (1969) (see Fig. 1a). If the
structure is viewed along one of these directions
(Fig. 1b), all octahedral sites in the chlorite structure
can be recognized as individual spots of 1.5 A
periodicity, particularly in Cs-corrected images.

HAADF-STEM image simulations

Comparison with image simulations for a given
structure model is useful to verify the assignment of
observed HAADF-STEM images. In the present study,
HAADF images were simulated using the FFT
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FiG. 1. (a) Schematic diagrams of the B sheet viewed along X and Z directions showing the positions of M3 and M4 sites

and X; directions (i=1-3). (b) Simulated Cs-uncorrected (1) and Cs-corrected (2) HAADF-STEM images of a

hypothetical chlorite ((FesAl)(Si;Al)O;,(OH)g) and the corresponding crystal structure viewed along one of the X;
directions (i =1-3).

multislice method (xHREM) developed by K. Ishizuka
(2002). The structure models of chlorite-1bb (Bailey &
Brown, 1962) and serpentine of polytype 17 (Bailey,
1969) were adopted in the simulations. The values
described above were input for the optic and detector
parameters of the HAADF-STEM throughout the
simulations. The defocus value was set to —3 nm
based on the preliminary image simulations (A.
Kumamoto, pers. comm.).

RESULTS AND DISCUSSION

HAADF-STEM image simulation of 14 A
chlorite

Figure 1b shows simulated HAADF images of a
hypothetical 14 A Fe-chlorite of (FesAl)(Si;Al)
0,0(OH)g for both Cs-uncorrected and Cs-corrected
images, along with the corresponding crystal structure.
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The simulations assumed a structure model in which
octahedral Al preferentially occupied the M4 sites;
tetrahedral Si and Al were distributed randomly in the
T sites following previous studies (e.g. Bailey, 1988a;
Welch et al., 1995). The presence of tetrahedral Fe was
ignored, taking into account the evidence about Fe
distribution in the study sample determined by
preliminary Mdssbauer spectroscopic measurements
(Inoué, unpublished data). Assuming the structure
model and chemical composition, the interlayer B
sheet with Al and Fe in the M4 and M3 sites was
characterized separately by an array of two bright spots
and one dark spot, and the octahedral (O-) sheet in
TOT exhibited an array of spots with equal brightness
because of the identical population of Fe in the M1 and
M2 sites. The tetrahedral sheets exhibited a mass of
much darker spots between the two octahedral sheets.
These features were verified more clearly by the
simulations of the Cs-corrected HAADF-STEM image
(Figs 1b, 2). Although the simulations of Cs-corrected
HAADF images (e.g. Figs 1b, 2) highlight the
presence of oxygen in the tetrahedral sheets together
with the two sites because of the high density in the
direction, the presence of the spots was unclear in the
actual images of sample.

Figure 2A shows simulated Cs-corrected HAADF-
STEM images as a function of sample thickness for
two different composition models. Differences in
thickness affected not only the brightness of the
images but also the contrast ratios between M3 and M4
sites, although the correspondence between contrast
and structure model was preserved regardless of
specimen thickness (Fig. 2B). The effect of compos-
ition is discussed below.

Distribution of octahedral Fe and Al in a 14 A
layer

Figures 3 and 4 show examples of Cs-uncorrected
and Cs-corrected HAADF images of 14 A layers
observed in the interstratified minerals after the noise-
reduction process. In both images three types of spot
arrays were recognized: an array consisted of a set of
two bright and one dark spots, a continuous array
of spots with nearly identical contrast and that of
relatively dark spots, which is similar to the results of
simulation on the whole. These features were com-
monly observed within the specimens studied. Profiles
on the lower parts of images correspond to the line
profiles of spot-contrast along the a and b lines of Figs
3 and 4. In addition, that on the right-hand side shows a
profile of contrasts integrated along the lateral
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directions of image. Taking into account the results
of previous simulations (Figs 1, 2), the three types of
spot arrays can be assigned to the interlayer B sheet, the
octahedral sheet of the TOT layer and the tetrahedral
sheet in the 14 A layer, respectively. Such assignment
was again easier in the Cs-corrected image (Fig. 4). In
the B sheet, one dark spot and two bright spots
correspond to the M4 and M3 sites, respectively, and
the contrast ratio of M4 to M3 sites was 0.38 =0.08 on
average, measured using a function of a Gatan Digital
Micrograph. The bright spots in the O sheet correspond
to the M1 and M2 sites, and the contrast ratio of M1 to
M2 sites was 0.96 + 0.04 on average. That of M2 to M3
sites was 0.90 £0.01 on average. These contrast ratios
imply that the average Z numbers of cations which
occupied the M1, M2 and M3 sites are almost equal in
the 14 A layers of sample studied. The integrated
contrast of the B sheet along the lateral direction of the
image was always darker than that of the O sheet. The
contrast ratio of the B sheet to the O sheet was constant
at ~0.8, regardless of Cs correction or not (Figs 3, 4).

To elucidate the more detailed distribution of
octahedral cations in the B and O sheets, the results
of HAADF-STEM observations were compared with
image simulations for the actual chemical composition
of the sample, assuming various models of cation
distribution (Fig. 2). Upon simulation, ferrous and
ferric irons were distinguished in order to estimate the
numbers of vacancies quantitatively. Inoue et al.
(2009) and Bourdelle et al. (2013) proposed different
geothermometers to estimate the temperature of
chlorite formation using chemical-composition data.
The former method required the data of ferric iron
content to be determined independently, whereas the
latter did not. Nevertheless, the two methods gave
similar estimates of the formation temperature
(Bourdelle et al. 2013). If this is the case, assuming
that the formation temperatures (321°C) estimated by
Bourdelle’s method are the same as those of Inoue
(2009), the Fe**/XFe ratio of the present sample can be
estimated, and the result is 0.05. As a consequence, the
structure formula of the sample was expressed
approximately by (FejosFeg2Al; s[lo2)(Sir.5Al, 5)
0,0(OH)g. Here the small amounts of Mg and Mn
present in the sample were regarded as Al and Fe,
respectively, because of the negligible effects on the
HAADF-STEM image contrast due to the similarity in
the Z numbers.

Previous studies of clinochlore using XRD (e.g.
Rule & Bailey, 1987, Bailey, 1988a; Zheng & Bailey,
1989), nuclear magnetic resonance (NMR: e.g. Welch
et al., 1995) and Mdossbauer spectroscopy (Smyth
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FiG. 2. (A) Simulated Cs-corrected HAADF-STEM images of chlorite with two types of models of octahedral cation
distribution (a and b) as a function of sample thickness (see text for the details). (B) The relationships between the
contrast ratios of M4 to M3 sites and the sample thickness.

et al., 1997) suggested that octahedral trivalent cations  clinochlore-11ob indicated that the preferential occu-
preferentially occupy the M4 site of the B sheet. In  pancy of trivalent cations in the M4 site increased the
addition, calculating the interlayer bonding energy of stability of structure (Bish & Giese, 1981). The
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Fi6. 3. Cs-uncorrected HAADF-STEM image of 14 A component layers viewed along one of the X; directions, the
contrast profiles measured from areas in boxes a and b (bottom) and the integral contrast profile of the image perpendicular to
the stacking direction (right-hand side). T: tetrahedral sheet, O: the O sheet in the TOT layer, B: the B sheet.

preferential occupancy of the vacancy in the M4 site
was not considered in the present study because the
effect of the number of vacancies on image simulation
was not verified clearly in the preliminary simulations.
The following two models were assumed for the
distribution of octahedral cations in the O and B sheets
of the present Fe-rich chlorite so that the total positive
charges in the two models equalize that of the chemical
formula mentioned previously:

() (Fe34sFep13A10 3000, 12m1+m2(Fet s3Feg 00
Al 200.08)m3(ADwa

(b) (Fe345Aly 43000.12)m1m2(Fet 310 200,083

(Feg 22Alg 78)as-
Based on the analysis of contrast profiles in the B- and

O sheets in Fig. 4 mentioned above, the chemical

compositions of the M1, M2 and M3 sites were
assumed to be the same. The results of image
simulation for the two models are shown in Fig. 2.
At first glance, the images for the two models were
indistinguishable from each other. However, the
contrast ratios in bright spots between the M4 and
M3 sites, measured on the simulated Cs-corrected
HAADF-STEM images, were varied by the composi-
tions of two sites; the more Fe content there is in the
M4 site, the more the contrast ratio of the M4/M3
increases (Fig. 2B). For the ‘type a’ model, when the
Al/Fe ratio of the M4 site is 1.0, the contrast ratio of
the M4/M3 sites was much smaller than that in the
experimental Cs-corrected images (0.38 +0.08) at any
specimen thicknesses (Fig. 2B). On the other hand, the
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Fi6. 4. Cs-corrected HAADF-STEM image of 14 A layers viewed along one of the X; directions, and the contrast

profiles measured from areas in boxes a and b (bottom) and the integral contrast profile of the image perpendicular to the
stacking direction (right-hand side). T: tetrahedral sheet, O: the O sheet in the TOT layer, B: the B sheet.

contrast ratio of the simulated image for the ‘type b’
model was close to the contrast ratios of M4/M3 sites in
the experimental Cs-corrected images at any sample
thicknesses. In addition, the integrated contrast ratio of
the O and B sheets for the model b was 0.75 at 16.0 nm
specimen thickness, which was close to those (0.8) in
the experimental images (Figs 3, 4). The slight
differences between the simulated and experimental
images may be because the actual Fe**/ZFe ratio in the
studied sample was somewhat larger than the assumed
value (0.05). Nevertheless, comparison between the
simulated and experimental images suggests that the
M4 sites in the B sheet of a 14 A layer are occupied by

Al, associated with a small amount of Fe, probably
ferric iron, which is represented approximately by the
cation distribution model b. The other sites of M1, M2
and M3 have a similar cation population with an Al/Fe
ratio (~0.17), which is quite different from that (~3.5)
of the M4 site.

Distribution of octahedral Fe and Al in a 7 A
layer

The samples studied were, in fact, interstratified
minerals consisting of the 7 A and 14 A component
layers. As for the distribution of octahedral cations in
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Fic. 5. Cs-uncorrected HAADF-STEM images, together with a schematic diagram showing the stacking sequence

(right-hand side). The magnified images of the disordered (a) and ordered (b) types of 7 A layers are shown in the insets.

Trapezoids represent tetrahedral sheets; the white rectangles represent O sheets and disordered-type octahedral sheets in
7 A layer, and the shaded ones represent the B sheet and ordered-type octahedral sheets in the 7 A layer.

the 7 A component layers, two types of 7 A layers with
different octahedral sheets in terms of the contrast were
recognized in the Cs-uncorrected HAADF-STEM
images (insets in Fig. 5). One type was the 7 A layer
with an octahedral sheet which appeared to be a nearly
continuous bright line and the other type was that with
an octahedral sheet which appeared to be a bright line
with interruptions (insets in Fig. 5). To avoid
confusion, here, the 7 A layer with the former type of
octahedral sheet was named the disordered type and

that with the latter type of octahedral sheet was named
the ordered type. The contrast profiles of the dis-
ordered and ordered types of octahedral sheets
resembled those of O and B sheets in 14 A layers
mentioned in the previous section, respectively. In the
7 A layer minerals, three octahedral sites, namely the
A, B and C sites, are distinguishable (Bailey, 1969).
The HAADF-STEM observations (Fig. 5) indicated
that the octahedral cations were distributed randomly
in the three sites of the disordered-type 7 A layers
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FiG. 6. Magnified Cs-corrected HAADF- and bright field- (BF) STEM images showing the lateral-contact relations of

octahedral sheets with different types of cation distribution. Contrast profiles (a—d) were measured along the lines a—d

marked in the images. The notched features which appeared in the images were due to artificial noise during image

acquisition. (a) B sheet, (b) O sheet, (c) the contact between the disordered octahedral sheet of the 7 A layer and the B
sheet, (d) the contact between the disordered octahedral sheet of the 7 A layer and the O sheet.
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because of the array of spots with almost equal
contrast, like a line. While an ordered site occupancy
of Al occurred in the A sites, it is expected that the
ordered-type octahedral sheet exhibits a contrast image
similar to the B sheet with M4 sites preferentially
occupied by Al in the 14 A layer.

Vertical and lateral arrangements of 7 4 and
14 A layers

In the HAADF images shown in Fig. 5, the 14 A
layers gave a regular repetition of TOT-B in a packet
locally intercalated by the two types of 7 A layers
defined above. The entire stacking arrangement of
14 A and two types of 7 A layers appeared to be
random within a packet. More interestingly, the
stacking of disordered- and ordered-types of 7 A
layer with opposite polarity was visible locally
(Fig. 5), which is a new discovery for the stacking
mode in the interstratification of 7 A and 14 A layers.
Previous studies have reported the interstratified
sequence between 14 A and 7 A layers with the same
polarity (e.g. Baronnet, 1997).

Figure 6 highlights the lateral contact relations
between the 7 A and 14 A layers in the Cs-corrected
HAADF images. Two types of lateral contacts in the
octahedral sheets of 7A and 14 A layers were
distinguishable: one was the contact between the
disordered-type octahedral sheet of the 7 A layer and
the B sheet of 14 A layer (line ¢ in Fig. 6) and the other
was that between the disordered-type octahedral sheet
and the O sheet of 14 A layer (line d in Fig. 6). The
lateral contact between the ordered-type octahedral
sheet and the B sheet was not found in the present
study. If the present observations are a general case,
taking into account the statistical problem of observa-
tion under TEM, the restricted lateral-contact relations
between octahedral sheets in 7 A and 14 A layers in
interstratified structure may reflect the growth process
of the mineral in hydrothermal environments. The cause
of irregularity may be due to the rapid precipitation of
the minerals in hydrothermal environments.

CONCLUSIONS

The HAADF-STEM techniques were applied to
extremely Fe-rich interstratified minerals of 7 A
berthierine and 14 A chlorite. Comparison of observed
and simulated images indicated convincingly that Al
occupies preferentially the M4 site of the interlayer
sheet in Fe-rich 14 A chlorite. The 7 A component
layer, e.g. berthierine, has two types of octahedral
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sheets, ordered and disordered. Specifically, irregular
vertical and lateral contact relations of the component
layers were observed within the interstratified structure in
the HAADF images. Although the exact cause remains
to be resolved, the present study demonstrated not only
that HAADF-STEM was able to visualize the distribu-
tion of cations in the component layers of fine-grained
minerals such as Fe-rich interstratified minerals of 7 A
and 14 A layers, but also that the new technique provided
a clue to understanding the growth mechanism of
interstratified minerals at an atomic scale.
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