American Mineralogist, Volume 80, pages 930-936, 1995

Transmission electron microscope observations of planar defects in
ferrierite from Kamloops Lake, British Columbia
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ABSTRACT

Transmission electron microscope images of the zeolite ferrierite, prepared by ultra-
microtomy as cross sections of the main-channel axis, revealed several types of crystal-
lographic defects. Both shear faults and sigma transformations occur in the vug-filling
bundles of ferrierite near Kamloops Lake, British Columbia. Sigma contraction {110}
planes occur as discrete domains several unit cells thick. Shear faults involving displace-
ments of (a + b)/2 on {110} planes occur in lesser amounts. In addition, mordenite occurs
in the Kamloops Lake sample, underscoring the frequent association of these zeolites,
their crystal chemical and structural affinities, and the importance of TEM-scale obser-
vations in petrologic studies of fine-scale intergrowths of zeolites.

INTRODUCTION AND BACKGROUND

The subject of defects in zeolites is important for un-
derstanding the rich diversity in mineral behavior and
the potential for industrial catalytic and separations ap-
plications of these minerals. Defects in ferrierite are no
exception. Ferrierite is an uncommon zeolite, having been
recognized in fewer than 30 occurrences worldwide. Al-
though exploitation of natural zeolite deposits for catal-
ysis is hindered by impurities, study of zeolite mineralogy
provides insight into some of the chemical and physical
properties relevant for their application. Increased atten-
tion to synthetic ferrierite for use in the petrochemical
industry motivated the present study. Previous micros-
copy studies of ferrierite (Gramlich-Meier et al., 1984;
Sanders, 1985; Smith, 1986) concentrated on inferences
from selected-area electron diffraction (SAED) patterns
because of difficulties in obtaining high-resolution TEM
(HRTEM) images of these beam-sensitive materials. Pre-
liminary TEM studies on ferrierite from the Lovelock
deposit indicated that several distinct types of defects oc-
cur (Rice et al., 1990). Smith (1986) presented some im-
ages parallel to [100] that did not show defects at high
resolution. A recent modeling study of powder X-ray
(XRD) and electron diffraction data for Lovelock ferrier-
ite (Rice et al., 1994) indicated that they are consistent
with ¢/2 shear faults primarily on (040) and secondarily
on (400). Sigma transformations (Shoemaker et al., 1973)
could not explain the data.

The present study of ferrierite was initiated to image
directly the ferrierite framework close to the [001] axis
and to confirm the presence of planar defects. The Kam-
loops Lake ferrierite occurs in bundles of radiating pris-
matic crystals. To obtain electron micrograph views par-
allel to the c-axis ten-membered ring channels,
ultramicrotomed thin sections of oriented fibers were
made. If, as hypothesized by Gramlich-Meier et al. (1984),
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sigma transformations contribute significantly to the
streaking observed in SAED patterns, the [001] projec-
tion should reveal such faults.

Ferrierite crystal chemistry

Ferrierite was first reported by Graham (1918) as a
vug-filling mineral associated with chalcedony and calcite
in altered olivine basalt near Kamloops Lake, British Co-
lumbia. Since then, nearly 30 ferrierite occurrences have
been reported worldwide. The crystal structure was de-
termined by single-crystal X-ray structure refinements on
crystals from Kamloops and simultaneously reported by
Vaughan (1966) and Kerr (1966). It has orthorhombic
symmetry, space group Immm, and unit-cell parameters
a=1.92, b = 1.41, and ¢ = 0.75 nm. Ferrierite is clas-
sified structurally as a member of the mordenite group
(Gottardi and Galli, 1985), which includes mordenite,
ferrierite, epistilbite, bikitaite, and dachiardite. Intersect-
ing ten-membered ring (0.55 nm) and eight-membered
ring (0.43 nm) channels parallel to ¢ and b, respectively,
characterize the channel system of ferrierite (Fig. 1) and
make it a potentially very interesting molecular sieve and
catalyst. Mordenite has twelve-membered ring channels,
with a free diameter of about 0.7 nm. The recently dis-
covered zeolite boggsite (Pluth and Smith, 1990), the first
to contain intersecting ten- and twelve-membered ring
channels, has a ten-membered ring projection similar to
ferrierite.

The chemical composition for ferrierite is approxi-
mately (Na,K)Mg,Ca, ;(AlSi;0;,): 18H,0. The frame-
work composition is restricted to between ALSi,, and
Al 5Si,; s (Wise and Tschernich, 1976), but the exchange-
able cation composition is quite variable. As with many
zeolite structures, exchangeable cation positions in fer-
rierite are not completely known. The Na* ions in fer-
rierite are probably located in the main (ten-membered
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ring) channels (Vaughan, 1966). The only cation located
with certainty in structure refinements is Mg, which is
coordinated by six H,O molecules occupying six-mem-
bered ring cages. Alberti and Sabelli (1987) refined the
crystal structure of the ferrierite from Monastir, Sardinia,
in space group Immm. They argued that one of the bridg-
ing O angles (T4-O5-T4) is constrained to 180°in Immm
and that the true, lower symmetry does not require this
energetically unfavorable configuration. They also noted
that the true symmetry of the Mg(H,0)?* octahedron
within the six-membered ring cage suggests a lower sym-
metry consistent with the subgroup Pnnm. A monoclinic
variety of ferrierite was reported by Gramlich-Meier et
al. (1985). This particular specimen has low Mg (~1 Mg/
unit cell), which permits the six-membered ring cages to
collapse and distort, thus producing monoclinicity.

Although Graham (1918) also found {010} and {101}
forms, the habit of ferrierite in vug occurrences, such as
at Kamloops Lake, is predominantly prismatic needles
parallel to [001], often in bundles radiating from a com-
mon point. Ferrierite with prismatic habit occurs com-
monly in the Lovelock deposit (Rice et al., 1992), but in
much smaller proportions than the laths. Perfect cleavage
occurs parallel to {100} planes, a behavior readily un-
derstood from the crystal structure. Unfortunately, im-
ages in this direction provide the least information about
the proposed defects. The [001] and [010] views are dif-
ficult to obtain in dispersion preparations, which is why
sections were made in the present study.

Types of defects in ferrierite

Sigma faults. The sigma transformation is a mecha-
nism proposed by Shoemaker et al. (1973) and consists
of the insertion or removal of planes of tetrahedra in a
zeolite framework, often at positions of mirror symmetry.
In ferrierite, planes of Si and Al tetrahedra normal to
[010] could be added or removed, causing the structure
(and, particularly, the ten-membered rings) to expand or
to contract (Fig. 2). Expansion causes the ten-membered
rings to become twelve-membered and the six-membered
rings 10 become eight-membered, whereas contraction
causes the ten-membered rings to become eight-mem-
bered and the six-membered rings to become four-mem-
bered. In the contraction case, the five-membered rings
become distorted six-membered rings. Clearly, a large
number of faults changes the sieving and exchange prop-
erties of the material but does not affect the [010] projec-
tion (Fig. 2B).

An analogous set of sigma faults on the {110} planes
would have the same relative size effects on the ten-mem-
bered ring channels and the six-membered ring apertures.
However, there are some differences between these and
(010)-type sigma transformations. The contraction fault
on (110) planes results in a displacement of ¢/2, offsetting
the eight-membered ring channels (Fig. 2D), whereas the
expansion fauit requires no such displacement. Further-
more, with expansion, four-membered rings are created
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Fig. 1. Structural model of unfauited ferrierite viewed down
[001] (A) and [010] (B). Solid dots in A denote Mg at z = 0;
open dots z = 0.5.

with the same chain topology parallel to [001] as the dou-
ble-crankshaft building blocks in feldspar structures.

Shear faults. One type of shear fault occurs parallel to
(100) planes through the shear of adjacent ferrierite col-
umns or wollastonite chains by ¢/2 (Fig. 3A and 3B). This
would produce streaking in SAED patterns perpendicular
to ¢* and parallel to a*. When viewed along {010], the
shear-faulted portion of the structure places the eight-
membered ring channels directly adjacent to one another
and transforms the five-membered ring sheet into a sheet
composed of alternating four- and six-membered rings.
In contrast, the [001] axis view is identical to the un-
faulted version. The fact that the shear is constrained by
the structure to be increments of ¢/2 means that streaking
appears only on the / = 2xn + 1 rows. Shear faults with a
translation of ¢/2 are also possible parallel to (010) planes,
but HRTEM evidence of this is difficult to obtain because
of the scarcity of [010] views. XRD evidence for both of
these faults was obtained for the Lovelock ferrierite (Rice
et al., 1994).

Another type of shear fault occurs parallel to {110} and
involves a shear of (@ + b)/2 or (a — b)/2 (Sanders, 1985)



932

RICE: TEM STUDY OF FERRIERITE DEFECTS

Fig. 2. Structural model of sigma transformations in ferrierite. (A and B) Type (010) viewed down [001] and [010], respectively.
(C and D) Type (110) viewed down [001] and [010], respectively. In A and C lower portion of the model is contracted, upper
portion expanded. The (010) faults leave the [010] projection unaffected but change ten- and six-membered rings of [001] projection.
The (110)-type faults alter ten-membered rings (C), block eight-membered ring channels (D).

(Fig. 3C and 3D). Both of these could occur and intersect
within the same crystal and alter its sorption and diffu-
sion properties. The connectivity of the ten-membered
rings is disturbed by the fault; instead of alternating six-
and eight-membered rings, there are seven-membered
rings alternately pointing in opposite directions. Connec-
tivity changes accompanying these planar defects could
induce some steric or local framework charge effects.

Kokotailo et al. (1989) described potential faults cre-
ated by rotation through 90° of adjacent layers parallel to
(001) planes. Gramlich-Meier (1986) used double, triple,
and quadruple chains to build frameworks related to fer-
rierite. These theoretical structures are interesting from a
topological standpoint but do not appear realistic in view
of the observed diffraction patterns for ferrierite.

METHODS
An altered olivine basalt from Kamloops Lake, British
Columbia, was obtained from Parker Minerals (Living-
ston, New Jersey). Zeolite occurs in small vugs that are

often lined with a chalcedony coating up to 1 mm thick.
Clean bundles of lath-shaped crystals were plucked using
tweezers and embedded and microtomed following tech-
niques of Csencsits et al. (1985). Sections were estimated
on the basis of interference colors to be ~40 nm thick.

Images were obtained on a Philips 420ST, operated at
100 kV at an electron optical magnification of 100000 x,
after allowing the specimen to desiccate overnight in the
microscope vacuum to reduce beam damage rates related
to H,O content. Under these conditions, crystallinity of
natural zeolites is preserved only for a few seconds under
a condensed electron beam. Thus, care was taken to sub-
ject thin sections to as little electron flux as possible, using
a Philips Minimum Dose Unit. Microscope imaging con-
ditions (e.g., focus, stigmation, and exposure settings) were
established on a region nearby the field of interest, and
the field itself was irradiated only during the recording of
the micrograph.

Compositional data for zeolite crystals were obtained
using energy-dispersive X-ray microanalysis at 200 kV
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Fig. 3. Structural model of shear-faulted ferrierite. Blocks of ferrierite are shifted along {001] by ¢/2, leaving [001] unaffected
(A), but eight-membered ring channels offset by ¢/2 in unfaulted ferrierite (right side of B) are juxtaposed (left side of B). (C and
D) An (a — b)/2 shear fault viewed down [001] (C) and [010] (D). Solid dots in C denote Mg at z = 0; open dots z = 0.5. Shear

parallel to (110) planes blocks eight-membered ring channels (D).

on a JEOL 2000FX analytical electron microscope and
the Cliff-Lorimer thin-film approach (k factors were de-
termined using biotite, hornblende, plagioclase, and or-
thoclase) (Cliff and Lorimer, 1975).

Image simulations for ferrierite were obtained using the
MacTempas multislice program (Kilaas, 1987) available
from Total Resolution, Berkeley, California.

REsuLTS
HRTEM imaging of ferrierite

Kamloops Lake ferrierite described in this study does
not consist of single-crystal fibers. Instead, it consists of
several crystallites that share a common c¢ axis but are
mostly misaligned in the other crystallographic direc-
tions. Crystallite distinction is ambiguous because some
crystallites may be faulted portions of others. Figure 4
shows several 10—15 nm crystallites intergrown to pro-
duce what typically appears in a scanning electron micro-
scope as a single octagonal crystal. The crystallites them-
selves tend to approximate octagonal shapes as well.

Crystallites in Figure 4 show variable orientation. The
crystallite in the northeast quadrant shows only (200)
fringes in the top-right portion, whereas in the lower half
the ten-membered ring channels create a newly hexagonal
array of white dots. In the area between A and B and
along the trace C-D, (200) fringes are offset by 12[200].
These may be Y2(a = b) shear faults hypothesized by
Sanders (1985). Although the [001] projection for these
faults appears very similar to the unfaulted case, the dis-
placement juxtaposes Mg-filled six-membered ring cages
across the fault plane, which are at different heights in
the unfaulted structure (compare Figs. 1A and 3C). For
this reason the image contrast is reversed across the in-
terfaces A-B and C-D in Figure 4. Further support for
this conclusion is that the ~56° angle between C-D and
the (200) fringes makes C-D consistent with a trace of
{110} planes.

Grain E in Figure 4 is closely aligned with [001], but
the contrast appears reversed from that near F in Figure
4. Instead of white dots, as there are near F, the contrast
at E is best described as dark dots in a white matrix.
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Fig. 4. TEM micrograph of microtomed section of Kam-
loops Lake ferrierite. On the right, (200) fringes are strong. The
interface regions labeled A-B and C-D represent shear-fault
boundaries, along which (200) fringes show an apparent shift
12[200]. See text for further explanation.

Figure 5 shows enlarged views of E and F with inset sim-
ulated images for comparison. Image simulations of fer-
rierite approximately parallel to [001] assumed only Si
atoms in tetrahedral sites, half the six-membered ring
sites filled with Mg cations, and Na cations in the ten-
membered ring channels. Because beam damage is a ma-
jor factor, the homogeneous atomic displacement effects
of damage were mimicked by introducing a 0.2 nm me-
chanical vibration. These calculations indicate that the
contrast between areas E and F is not simply reversed.
Where there are white dots in a dark matrix (Fig. 5A),
the white dots correspond to the ten-membered rings,
and where there are dark dots in white matrix (Fig. 5B),
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(A and B) Enlarged view of areas E and F of Fig. 4,
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Fig. 6. TEM micrograph of microtomed section of Kam-
loops Lake ferrierite. Region in middle of micrograph is con-
tracted ~40%, consistent with a (110)-type contraction fault.

the dark dots correspond to the six-membered ring po-
sitions. Simulations are in reasonable agreement with the
experimental images, indicating that both crystallites are
close to the [001] axis, differing by only several millirads.
Subtle changes in crystal orientation and cation contents
can result in large differences in the images calculated for
ferrierite and must be considered for image simulations
of other natural zeolites as well.

Because the Kamloops ferrierite specimen examined
here consists of polycrystalline bundles, the question aris-
es whether the structural data of Vaughan (1966) and
Kerr (1966) were obtained from single crystals. The re-
finements may represent an average structure of several
small, slightly misoriented crystals, and the crystals may
also contain defects. Alberti and Sabelli (1987) refined
the structure of a Sardinian ferrierite and obtained posi-

respectively, with simulations inset. Thickness 40 nm; defocus
—60 nm. In A specimen is tilted 1 mrad about a axis. In B
specimen is tilted ~3 mrad about b axis and 5 mrad about a
axis.

Fig. 7. TEM of crushed grain mount of Kamloops Lake spec-
imen. Mordenite [001] projection.
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TasLe 1. Chemical compositions of ferrierite and mordenite (on the basis of 72 and 96 O atoms)
Kamloops ferrierite Av. mordenite
Kamloops ferrierite Kamloops ferrierite (Wise and Tschernich, Kamiloops mordenite (Gottardi and Galli,
(this study) (this study) 1976) (this study) 1985)

Si 294 +1.8 392+ 20 302+18 4179 £ 2.2 39.67 + 2.0
Al 6.47 + 0.4 8.6 =04 581 03 8.70 = 0.5 8.18 £+ 0.4
Ti 0.0 0.0 — 0.06 + 0.01 —
Fe 0.09 + 0.01 0.12 + 0.02 0.04 + 0.01 0.17 + 0.02 0.17 = 0.02
Mg 0.79 + 0.80 1.05 £ 0.10 1.64 + 0.22 0.15 + 0.02 0.18 = 0.02
Ca 1.28 + 0.12 1.71 £ 0.18 0.07 + 0.01 219 + 0.22 1.87 = 0.19
K 0.52 + 0.05 0.69 = 0.07 0.35 + 0.05 0.92 + 0.95 0.41 + 0.04
Na 2.30 = 0.4 3.07 £ 0.38 1.55 + 0.22 2.64 + 0.30 3.51 + 0.36
(o) 72 96 72 96 96
Si/Al 4.6 46 5.2 48 48

tional parameters and symmetry consistent with previous
investigations. It is not known whether their ferrierite
consisted of defect-free individual crystals.

The most common planar defect observed in the Kam-
loops ferrierite involves intergrowths of material with pe-
riodicities different from the host periodicity. These in-
tergrowths represent several percent of the crystals imaged
in cross section. Figure 6 shows a 3 nm thick intergrowth
with an apparent spacing of 0.35 nm compared with the
predominant (220) spacing of 0.57 nm. This material is
interpreted to be a discrete sigma contraction domain for
the following reasons: (1) The viability of this ferrierite
contraction on {110} planes was demonstrated by a mod-
el construction (shown in the lower half of Fig. 2C) and
a distance least-squares (DLS) calculation. (2) The ob-
served fringe spacing is about 40% smaller than the ideal
ferrierite (220) spacing, compared with a theoretical con-
traction of 44% as measured from the [001]-equivalent
projection of the DLS model.

It is conceivable that these intergrowths represent an-
other set of planes in the ferrierite structure (d,.,, = 0.353
nm; dy;; = 0.349 nm) or even another zeolitic phase.
Mordenite has several d values close to 0.35 nm (e.g., d.»;
= 0.363 nm; d;,, = 0.357 nm; d,,, = 0.353 nm; d,y, =
0.348 nm,; dy,, = 0.342 nm; and dy5, = 0.339 nm). How-
ever, these would not necessarily intergrow coherently
along (220) of ferrierite. The most likely possibility for a
coherent intergrowth would be the ferrierite [010] direc-
tion mating with the mordenite [100] direction, both of
which have eight-membered ring apertures. Not only is
the topology too distorted for intergrowth, but there are
residual tetrahedral linkages left dangling across phase
boundaries. Attempts to construct physical models using
tetrahedra and tubing, in which ferrierite and mordenite
intergrow coherently across planar boundaries parallel to
rational crystal faces, met with failure. Intergrowth mod-
els using chain linkages of the type envisioned by Gram-
lich-Meier (1986) combined with DLS calculations could
be fruitful.

Considering the mirror planes normal to b and the sup-
posed ease with which sigma faults could occur at these
mirror positions, why do (110)-type faults occur instead
of (010)-type faults? The reasons may relate to the Mg
content of the ferrierite. The Kamloops specimen has a

Mg content of 0.8-1.6 out of a possible 2.0 per unit cell.
The (010)-type faults would alter the ferrierite cages and
render them less favorable for Mg occupancy because the
cages themselves would contract or expand. On the other
hand, it is clear from Figure 2 that (110)-type sigma faults
do not significantly affect the ferrierite cages, and, con-
sequently, the presence of substantial Mg may stabilize
these faults. As with the (010)-type sigma faults, (110)-
type faults produce streaking in an SAED pattern, in this
case oriented parallel to [110]* for all (00/)* rows.

To evaluate whether microtomy affected sigma fault-
ing, crushed grain mounts were examined for [001] pro-
jections because this view best reveals sigma faulting. An
extensive search in image and diffraction modes was con-
ducted on ~5000 crystals. One SAED pattern aligned
closely with the [001] axis was obtained, and it revealed
no evidence of faulting. The lack of [001] views is due
largely to the prominent (100) cleavage.

Mordenite in the Kamloops Lake, British Columbia,
specimen

The zeolite mordenite occurs in the Kamloops speci-
men. It was probably not observed in previous work be-
cause of its low abundance, and it was observed during
this study while searching for ferrierite defects. The spac-
ings between crystallographic planes in Figure 7 are close
to a (110)-type sigma expansion hypothesized for ferrier-
ite, but close inspection of d-value ratios reveals that it
is mordenite. A thorough SAED examination of the spec-
imen revealed the occasional presence of mordenite. Unit-
cell parameters obtained from these patterns are a = 1.80,
b =2.02, and ¢ = 0.752 nm. Chemical compositions in
Table 1 were obtained by averaging analyses from several
crystals of mordenite and ferrierite.

Just as the Mg occupancy in the ferrierite framework
may influence the type of defect that occurs, stability of
ferrierite with respect to mordenite relates to the micro-
chemical environment of crystallization. Ferrierite is the
only natural zeolite that requires Mg for its formation, as
judged from the presence of Mg as a significant constit-
uent in all known natural ferrierite samples (Sameshima,
1986). In the sedimentary ferrierite deposit near Love-
lock, Nevada, mordenite is the second most abundant
phase (Rice et al., 1992), so the observation of mordenite
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in the Kamloops specimen is not surprising. Also, like
the Lovelock deposit, the Kamloops ferrierite crystals an-
alyzed in this study are more magnesian than the mor-
denite. However, the Mg concentration (0.8/unit cell)
measured for ferrierite in this specimen is one-half the
value reported for another Kamloops specimen by Wise
and Tschernich (1976) and lower than that of the mono-
clinic Altoona ferrierite. I conclude that mordenite co-
crystallization was favored by relatively low Mg in the
crystallizing fluid in the small pocket represented by this
specimen. This is the first report of mordenite from Kam-
loops, and it underscores the frequent association of these
two zeolites worldwide and the need for TEM studies to
characterize the fine-scale mineral associations found in
many zeolite assemblages.
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