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ABSTRACT

High resolutlon electron microscopy has provided information on

the submlcroscopic structure of a (Na, Ca) 00, cancrinite from Ontarlo

3
'aﬁd this information asSisted in re-refining the averhge'cryatal structure
(R = 2.9%) by standard X-ray techniques. '

| . The superstructure of this mineral is commensurate and super-
latticé reflectiéns can be indexed on a Sco - superceli. Six out of
" the seven such reflections have been observed by electron and X-ray
diffractions. It is shown that the ordering of the 003 lons in the large
channels is responsitle for the superlattice reflections.

Furthermore, ‘cancrinites' reported in the literature show
superstructures that can be indexed on supercells of 500, ?co, 8c0, 11&0,
1400 and 1600. The &mdering of the 033 ions 1s again responsible for
these extra reflectlons.

Moreo&er, the framework structures of three new mineral phases
(liottite, afghanite and franzinite) that have recently been discovered
are the same as that of cancrinite. They differ only as regards the

intraframework anions (804, 00, and (1). The chlorine is statistically

3
distributed with H,0 in the cages and the ordering of “the 80, and €0

3
in the 1arge‘;hannels gives rise to commensurate superstructure reflec-
tions which can be indexed on multiple subcells i,e., 3c0, 400, and 500
for liottite, afghanite and franzinite respectively.

In addition, losod and nicTosompite (or davyme) also fit within

the framework of the proposed model. Losod can be considered as 200 -

i1



cancrinite and microsommite whose a-dimension lia twice that of
cancrinite (but with the same c-dimenaion) can be gonaidered'as ﬁaﬂing
different ordering in adjacent channels. However, superstxucture data
are not yet awailable for these minerals.

These new minerals should all be consldered as "NC -~ cancrinite"
as this term is necessary and sufficient to describe cancrinitea. The
value of N should be glven on the basis of the multiple subeell

-

observed.

iv



ACKNOWLEDGEMENTS

I would like to expreas my gratitude to my auperviaof Dr. H. D.
Grundy for suggesting this project and for his productive suggestions and
continuous support and encouragement throughout the preparation of this
thesis. But most of all, for tolerating repeatédly over-optimistic
reports about the project's progress and completion.

I also wish to express my appreciation to Dr. P, R. Buseck for
making avaiI;;le the facllities at the Centre for Solid State Sclence at
Arizona State University and Dr. I. MacKinnon and Mr., J. Wheatley of
A.S.U. who gave invaluable assistance in sample preparation and in
electron microscopy. Mr. J. Whorwood was most kind in preparing some of
the more difflcult photographs.

My sincere thanks to my wife Jackie; who contributed in many
ways to the success of this project and also for her patienéS:ﬂnd
support, and typing of thls manuscript. Alsc thanks to Azar who made me
look at my models from a lighter point of view.

Finally, F want to aclmowledge the financilal support of the
Natural Sclences and Englneering Research Council of Canada and thé

Department of Geology, McMaster University for a Graduate Assistantship.



" TABLE OF CONTENTS.

INTRODUCTION

Statement of Problem
Previous Works
Crystal Structure of Cancrinite

" TRANSMISSION ELECTRON MICROSCOPY

TEM vs X-ray Diffractlon
Fundamentals of M

Flectron Diffraction and. Imaging
Calculated Images for HRTEM

EXPERIMENTAL

Sample Preparation

Electron Microscopy

Electron Diffraction Pattemns
Descripticn of Specimen '~

-HRTEM RESULTS

Electron Diffraction Patterns of Cancrinite
Characterization of Incommensurate Superstructure

in Cancrinite

Flectron Beam Damage of Cancrinite

Calculated Images of Cancrinite

Matching of Crystal Structure, Experimental and

Calculated Images

XRD RESULTS

X-Ray Refinement for (Na,Ca)CO., Cancrinite

Bond Valence Analysls 3

THE SUBMICROSTRUCTURE OF CANCRINITES

Superstructure Instability

Model for the Superstructure in Cancrinlte
Structure Factor Calculation for Superlattice
reflections for a (Na,Ca)®0. Cancrinite

Chemistry of Cancrinite Mingrals
Geologlical Implications
Conclusions

PAGE

-t

[ S WY IN

12

16
18
22

26

26
28
29
30

31
31
33
36
39
50
56

56
63

67

68
69

79
83
93
93

96



N

TABLE
1.1
b1
4.2

4.3

5.1
5.2

5.3
6.1
6.2

6.3

6.4
6.5
6.6
6.7

LV

LIST OF TABLES

PAGE
Cancrinite Minerals _ ~ 2
Summary of values for Cancrinite Superstructure 35
Range of image interpretaxion in tems of the crystal
structure (a-axis projection) \ 40
Range of image interpretation in terms of the crystal
structure {c-axis projection) ks
Parameters of raf1n§7 (Na.Ca)003 Cancrinite 58
Anisotroplc Temperature factor coefficlents for
refined Na,Ca)003 Cancrinite 59
Bond distance and Bond strength in refined qsncrinita 64-65
Summary of values of 'cancrinites"superstruétures 71
Comparison of observed and calculated superstructure
spacings based on multiple subcells 72-7%
Caloulation of 001 reflection intensity based on the
003 group positioned as in Figure 6.1 a 82
Carbonate-rich cancrinite analyses . 84
Cancrinite and vishnevite aﬂalyses 85
Microsommite (or davyne) analyses . 86
Losod, Liotiite, Afghanite and Franszinite analyses - 89

vii



1.4

1.5

2.1

4,1

b.2

k.3

bbb

4.5

4.6

4.7

LIST OF FIGURES

-~

PAGE
The structure of cancrinlte viewgd down the c-aiis 7
The structure of cancrinite viewed down the a-axlis 8
11~hedral cancrinite cages, showlng method of 8

linkage

&

“A unit cell of cancrinite viewed down the c-axls

showing the atom posltions

A unit cell of cancrinite viewed down the a-axis
showing the atom positlons

Ray diagram showing the principles involved in
forming a phase contrast image of a pexrdodic object 19

Flectron diffraction pattern of a cancrinite crystal
taken with the inclident beam normal to the :
(001) plane ) 32

Flectron diffraction pattern of a cancrinite crystal
taken with the incident beam normal to the
(100) plane 32

Diffraction pattems showing the effect of increasing
radistion damage to the (100) reciprocal-lattice

plane _ 38

Computed images of cancrinite projected down the a-axis
at thicknesses (H) from 12.75 to 102.0A and at defocus
values (DF) from 600 to -1500% -1y

Computed images of cancrinite projected down _the
c-axis at thicknesses (H) from 5.1k to 102.8% and

_ at defocus values (DF) from 600 to -1500% 4649

Bright-field high-resolution structure image of

cancrinite (68024) taken at the optimum defocus of

about —9003,'Hith'the electron beam normal to the

(100) plane ) 51

Bright-fleld high-resclution structure image of
cancrinite (68024) taken at the optimum defocus of

about -900%, with the electron beam normal to the
(001) plane . 53

»

vili



o~ L
FIGURE o S PAGE
5.1 Difference fourier section through the carbon-sites,
calculated with the ca.‘r:bons removed from the | ;
structure model - - 61
5.2 Stereoscopic pairs of cations envi.romnents (a=d)
and also of the iunit cell wiewed down 'the c-axis
(e) and down the a-axis (f) - 62
6.1 Electron diffraction pattem of cancrinite shouing
. six sets of superlattice reflections _ 76

6.2 Arrangement of 0, lons in & 8c supercell of
cancrinite to givg observed supgrla.ttice reflectlions 81

6.3 , Arrangement of €0, and S0, ions in a 3c, supercell .
of liottite to glve observed supsriattige reflections 91

PLATES

PLATE 1 Fectron diffraction pattems and corresponding low. After

resolution images of liottite, afghanite and. _ " Page
franzinite ) ) IS 55

-

ix



—————e .

CHAPTER 1

INTRODUCTION

The mineral cancrinite is a representative of the framework class

of aluminosilicates; it is characterlzed by a varlable content of water

. molecules, the large (alkali and alkall earth) cations (Na.+,K+,Caz+) and,

anlon groups (0032“,5042',1@03". including Gl and OH); this situation is

breflected in the fact that the mineraloglcal literature (Bdgar and Burley,
i963; Edgar, 1963; Deer, Howle gﬂﬂlZussman, 1966) glves a nonrigozous
chemical formula for cancrinite, (Na'ca'K)G-B(Al6Si602h)(coj'sah’Gl’OH)i—z'
1-5H20 (Deer, Howie and Zuésman, 1966). The structure of cancrinite is
characterized by six-membersd {(Si.A;)éoiz} Eﬂngs which a;e linked to
form a continuous three-dimensional framework, The ring units give rise
to hexagonal nets 4n a projection onto the (001) plane. The frameworks
of the cancrinite minerals are commonly described by stacking sequences,
that is, by the number of’layers oﬁ six-membered iings in a particular
sequence. Cancrinite has an AB StaCRiéf sequence, resulting in a 5.12%

¢ Tepeat. There is a whole family of related structures of chemical

" composition similar to that of cancrinite and in terms of ‘stacking

sequences, there 1s theoretically infinitely many different framework

structures, Some very complicated stacking sequences of naturally occur-

ring phases have been discovered recently (Table i.1). !

/
1.1 Statement of Problem

X-ray diffraction studies of cancrinite (Jarchow, 1965; Chen,
1970; Brown & Cesbron, 1973; Foit, Peacor & Reinrich, 1973) show diffuse

1
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to strong non-Bragg reflections. These authors suggested that these
satellite reflections are due to the intraframework cations and anions.
However, Rinaldi and Wenk (1979) suggested that these reflections
indicate a high density of stacking_}anlts. Thus t#e cancrinite-related
minerals appeared to be a goéd candidate for an investigatlon Hifh the
transmission electron miéroscqﬁe. In fact, £icent1y such a stﬁdy has
been done, at relatively low resolutlon, on liottite, afghanite and
franzinite (Rinaldl and Wenk, 19?95. These authors were able to show
(Oobl) stacking faults amd periodic superstructures in afghanite and
franzinite and also satéllites in the hko diffraction patterns of the latter.
. In this study, a specimen of natural capcrinite from Dungannon
Township, Ontario was studled by high resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD). The specimen show strong
superstructure reflectlons on precessiﬁn photographs and hitherto, nelther
the origin of these superstructure reflections nor the détailed structure
of cancrinite is known. |

1.2 Previous Works

In the 1930s mucﬁ work had peen done on the structure of nosean
(Pauling, 1930; Barth, 1932) and cancrinite (Pauling 1930, Kozu ;nd Takane,
1933). The similarity betwsen the two minerals has been noted by Gsssner
and Mussgnug (1930) before the structure of either had been worked out.
They showed that if the c-axls of the hexagonal cancrinite was placed
parallel to the [111] axis of the cublic nosean and the a-axis placed paral-
lel to the [011] axis of the cube the resulting cells have thé same dimensions.

Similarity between the two structures exists. The structure of
nosean looking down the [111] axis éonsists of six-fold rings of altemat-

ing silicon and aluminum tetrahedra (Pauling, 1930). These rings are
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12,78 apart on a hexagonal cell, with the layers stacked in an ABG
arrange}:xent. The cancrinite structure looking down the c-axls conaists
of éxactly similar layers of six-fold rings the same distance apart but
stacked in an AB arrangement (Pauling, 1930). Kozu and Takane (1933) =
suggest a similar structure but with an AA arrangement glving rise to
the sﬁa.ce group P63. '

Gancrinite from Blue Mountain, Ontario was studied by Phoenix and
Nuffield (1949). They reported cell parameters and chemical analysls and
suggest 'that some Al substitute for other catlons because the sum of Al
and S1 was greater than 12, based on 0=2l4, From density and charge
considerations, they suggest that unfilled sites are common in cancrinite.

In 1955, P. Nithollon deteﬁnined the structure of a cancrin-
1te from Liichfleld, Ma.ine; based on the zeolite structurs which consists
of rings of six tegahedra around the three-fold axes. The channels

2+ 2-

formed by the rings are occupied by H,0,Ca”" and (XJ3

Most of lthe work done on cancrinite before 1955 has been of a

érystallog‘riphi nature. /However, in 1963, Bdgar and Burley and in 1964,

Edgar, syntheslz ous carbonate, blcarbonate and hydroxy cancrinltes
to determine their stabllity fields and breakdown products. They con-
cluded that the chemical compositions of cancrinite controls their
tempe;:atu.re stabllity and also their breakdown pro(iucts.

" Jarchow (1965) reported that (Ca,Na)co, cancrinite from
Litchfield, Maine show diffuse satellites ‘oh x-ray photographs. The
satellites having indices (hkﬂtj/?). The crystal structure was determined
from the relationships of the transformation hauyne to cancrinite. The
structure was refined on three-dimensional data by the least-squares

method to R = 0,089,



Chen (1970) studied cancrinites from Ontarlo and reported
superstructure reflections that differ from one specimen to another with
regard to thelr intensities, abundance and relative positions with
respect to the main lattice reflections. In heated séecimens, these
satellite reflection; decrease in intensities, shift in positions and
streak parallel to a¥.

Barrer e‘ﬁ;al. (1970, 1971) synthesized cancrinlte in the sodalite
crystallization field at 80% by addition of sodium nitrate, chromate or

molybdate‘and found that the crystals contaln thffe salts as guest
speciés in the place of the carbonate often found in natural cancrinite.
_ They also abtempted structure determinations for cancrinite nitrate

(R = 0.12) and for a basic cancrinite (without 0032‘) (R = 0,07). In

a separate study in 1971, Barrer et al. found that cancrinlte hydrates
take up substantial volumes of rare gases such as Ne, Ar, and Kr. These
gases were éfapped within the crystal when the temperature was lowered,

Brown and Cesbron (1973) and Folt et al. (1973) studled cancrinites
from different sources, found superstructures characterized by values of
¢ parameter equal to 5c0, 1100. 16c0 and 2100 where c = 5.1 3. Some of

these values are questlonable and will be discussed in sec on'6.1 where

the data are reexamined. The diffraction pattern of all these

cancrinites differ as regards the satellite reflections but do not dlffer
in the positions and intensities of the sharp spots. The authors suggested
that "cancrinites" have the same aluminoslllcate framework structure,
differing only in the ordering of the cations outside the framework,

which leads to the appearance of the satelllte reflectlons, Or alter-
natively the satellite reflections are due to stacking faults (Rinaldi &
Wenk, 1979). |
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Even though 3;dimansional data refinements for cancrinite hgv;
been reported by Jarchow (1965) and Barrer eﬁ\alf-(197o). 1t should be
noted that these refinements are poor (R > 7%). They reported quite iaxge
temperature factors for the intra-frameuork cations and anion groups.
Furthermore, the aunnt-of these ions reported in the chemlcal analyses

are less than that required by symmetry (P63).

1.3 Crystal Structure of Cancrinite

The three-dimensional framework structure is uniquely accepted
(Jarchow, 1965; Barrer et al. 1970), but the location of the alkall
~ (alkali earth) cations and the anion groupsjls st111 a subject of
controversy.

The crystal structure of cancrinite, space group P63. a = 12.75,
¢ = 5,14, was determined by Paulling (1930) and refined by Jarchow (1965).

The rigld three-dimensional framework (composition AL SL0,)
of cancrinite has an ordered dlsposition of (Si,Al)Ou tetrahedra
(Jarchow, 1965; Barrer et al., 1970) and three different kinds of
channels when viewed down the c-axis: (1) Alwide channel system along
the 63 aXes. These channels are circumscribed by puckered ﬁwelveﬂmember
rings with free dlameter ~8.73. (2) A smaller channel system along
3-fold axes. These channels are clrcumscribed by slx-menber rings of
~5.2% free dlameter. . (3) A still smaller channel system consisting of
four-member rings. The main 12-ring channels are surrounded by six 6-ring
channels and six 4-ring channels (Fig. 1.1).

Two types of non-intersecting channels can be seen in the cancrin-
{te structure when it is viewed down the a-axis i.e. a*-c* section,
(Fig. 1.2).  These aie double sets of 6-member rings separated by 4-member
rings., '
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Figure 1,1:

The structure of cancrinite view down the

c-axis showlng the three different non-intersecting
channel systems. The main 12-ring channels are
surrounded by six 6-ring channels and six L-ring
channels. A unit cell is outlined. Atoms are
identified in FiguresLlk and 1.5. (ORTEP, Johnson,
1965; Data from Jarchow, 1965),



Figure 12: The structure of cancrinite view down the
a-axls (a*-c* section) showing the two different
non~intérsecting channel systems. These are
double sets of 6-member rings separated by
" 4-member rings. A unit cell is outlined. )
(ORTEP, Johnson, 1965; Data from Jarchow, 1965).

Figure 1.3: 11-hedral cancrinite cages, showing method of -
linkage. (After Barrer et al., 1970).
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The hexagonal cancrinites framework can readlly be envigaged as
the result of stacking in an ABAB ; « + sequence ldentical layers of
linked 6-rings: ‘;;ch ring is linked to three rings in the preceding
layer and to three other—rings in the suoceeding ons., Flgure 1.3 shows
the method of linkage. giviné rise to smal} cages ang £he cages' dis-
torted six-ring opened windows. Thé ABAB . . . stacking sequence glves
a éystém of three types of non-intersecting channels, parallel to the
caxis (Fig. 1.1), However, stacking faults, in which occaslonal ABC
iayer sequence interrupt the AB sequence in 1deal cancrinite, can bloék
the wide channels by having 6-ring cﬁannels coincident with the large

channels, (Barrer et al., 1970; Brown & Cesbron, 1973; Folt, Peacor &
Heinrich, 1973).

Pésitions of Cations and Anlons

The 1deally ordered (Na.Ga)CO3 cancrinite unit cell may accom-
modate 2H,0, 2003. and Na and Ca atoms in two equipoints of rank 6 and
- 2 respectively to account for P63 space group (Foit et al., 1973). How-
ever, in natural cancrinite there tend to be excess and/or deficiency for
some of the intraframewofk molecules, catlons and anion groups indicating

that the space group P63 is pseudo-space group of cancrinite,

I
e et A A
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Figure 1.4;

Figure 1.5;

(Top) A unit cell of cancrinite (cell edge a=12.75%)
view down the c-axis, ‘

(Bottom) A unit cell of cancrinite view down the
a-axls (C=5.143; 1/a*=11.043). The oxygen of H20
is disordered over three slightly different

positions and they project on the Na {unlabelled)

atom in the cage. Na and Ca are statistically
distributed. Oxygen atoms are unlabelled and hydrogen
atoms are not shown. (ORTEP, Johnson, 1965; Data from
Jarchow, 1955). ’
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Jarchow showed that Na' and Ca®' catlons occupy both of two

kinds of channels aligned parallel to the 6 and 3-fold axes. The ¢

3
cations in the main channel are in front of the dlstorted six-ring

windows opening to the cages. They spiral down the main channels.
Thoselcations along the 3-fold axes are at different fractlons of heights
of the unit cell.- The H,0 molecules are in the cages (1 molecule in each
cage) on 3-fold axes while calcium carbonate salts are in the main
channels. Figures 1.4 and 1.5 ippw the catlon positions when viewed

down the c-axis and down the ar;xis respectively. Barrer et #l. (1970)
found similar ion sites for cancérinite ‘as Jarchow. However, for "basic"
cancrinite (without co,f’), the site found by Jarchow in front of the
6-ring opening to the maln channel (Jarchow's Naz(Ca) site) is divided
into two positions Na(1l) and Na(2). Also, they placed the two water

molecules in the main channels rather than in the cages.



CHAPTER 2
TRANSMISSION ELECTRON ‘r_ucnoscoPY (TEM)

Since the early 70s, transmission electron microscopy;ﬁTEH) has
added numerous important new data to mineralogy and has considsrably
changed its outlook. This is partly due to the fact that metallurgists
and crystal physiclsts have begun to show a greater interest in the
complicated structures of minerals, and partly to recent lmprovements in
experimental techniques, mainly the aya;labiiity of lon-thinning devlces
and increasing resolution in the electron microscope. While slectron
microscoplsts have become increasingly iﬁterested in minerals,
minerélogists have realized advantages oﬁﬁﬁhe new technique and have
applied it with increasing frequency. | ‘

Before this new era, mineraloglsts have been mainly accustomed
to two classical tools i.e. the polarizing microscope ana X-Tray
diffraction technlques. With the optical micioscope We are ablé to
determine the morphology and optical properties; wWe can see twins and
exsolutiénllamellae which are larger than the wave length of light. From
x-ray diffraction data we can &erive accurately the position of atoms in
the unit cell on the scale between 100 and 10,0003. However, such a
crystal structure determination gives us an average over many thousands
of unit cells and assume tﬁat the cells are identical.

Increasingly lmportant to‘the mineralogist are the important
structures contained in minerals on the scale 1 - 1008, which could not

be directly imaged wlth conventional techniques. Furthemmore, crystals

12
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are not perfect but con'l:ai\;n defects at the un.it cell scale. Thé .electron
microscope is the ideal :\nstn;ment to invastiga:te this range of
inhomogenities in minerals which also contailn important geological
mfomation on parameters describing the cooling history of minerals and
rocks and on the conditions of deformation (Wenk, 1976).

Since images obtained with the electron microscope are related to
st:r:uc‘tuxgs determmined from X-ray studies,' it is interesting to compare

TEM with x-ray diffraction a little more closely.

2.1 TR vs X-ray Diffraction

ij ' . XRD
1. Electrons a.re.sca.ttered bgr electro- .1. X-rays are diffracted mainly
s(;.aa.tic potential fleld. Thus scattering by the orbital electrons.
by an atom involves both.i‘l‘:s nuclieus and
its slectrons. . : : ¢
2. Sinceanelectron beamconsists of 2. X-rays camnot be focused.
changed particles, high beam intensgities )
can be focused to a mall spot (or very small

area) by electromagnetic lenses.

3. The wavelength of electrons 3. For x-rays CuK, have = 1.54%,

: typically used for transmission nearly two orders of magnitude -

| electron microscépy have A = 0.037%. greater. Therefo:‘ne, the Bragg
Thus the Bragg angle, § , is much angle, 8 , is much larger. Fewer ‘
smaller leading to an increase in planes fulfill Bragg conditlonm. ’
the number of planes that simul- The radius of the Bwald sphere ;

" taneously fulfill the Bragg condition. is smaller and one must go to

e e et e st e g P
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Furthermore the radius of the Eg?ld‘
sphere tﬁ larger'gnd 1?; surface more
‘closely apprﬁaches'a plane and thus |
can more nearly coinéide witﬁ a8 piana
of the reciprocal lattice.

4. Physics of electron diffractich
is more complicated since interactions
of the elactrons with atoms is much
stronger; ‘Thus double or multiﬁle
diffraction 'of, the electrons commonly
produces some "fbrbiédén" reflections.
This becomes a serious problem for‘
thick speciﬁens. Another problem ls
the effect of absorption produced by
inelastic scattering., The combined
effect of the above factors mak§s the
interpretation of electron diffraction
patterns difficult. Thus a dyﬁamic
treatment for diffraction ls required.
5. The electron diffraction pattemns
are immediately visible on a
fluorescent screen.

6.' Flectron diffraction patterns a%e
easily obtaineémfrom very small .

specimens (~1 un diameter).

LU

A

complicated precession motlons

to obtain similar planes of.the’

"reciprocal lattice. U

Q. 'Ehyaics'of x-ray diffraction
is less complicated since the
interaction of x-rays with |
atoms 1s less strong so ons

uses a kinematical treatment.

5. Diffraction patterns require

extended photographic exposures.

ézeJﬁéai\\iifii/jPecimens.




7. Electron images can be obta:ined
from the diffracted beams.

8. The data are riot averaged over. -
nearly as many unit cells as for
x-rays. The difference 1§ velumes
studled is at least 14 orders of
magnifude! One can observe polnt to
point resolution of 3} (intermediate
between bond length and unit cell
dime%sions) and consequently observe
deviations from ideal structures.
Thus the great sirigle advantage of EM
is the ability to observe locallized
Tine details. | 7

9. The images observed by TEM are to
a first approximaxion related to the
corresponding electron diffraction
patterﬁs through thelr Fourdier
transfomms.

10. Can obtain images of sets ofk
unit cells.as well as some of the

detalls within individual unit cells.

-
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7. Images cannot'be obtalned
fron dilffracted bea&s.

8. Data are averaged over

many unlt aells. Thus the

great advantage of x-rays 1ls the
ability to average structure

over relativaly largé volumes.

9. X-ray diffraction pattexn
is the Fourier transform oflthe

electron density.

10. There is no way that direct

visual lmages of mineral struc-

~

tures can be obtalned.

We can clearly see that EM has distinct advantages over X-ray

diffraction but it must be kept in mind that for all quantitative

caleulations in EM the crystal structure must in principle be known

first and therefore M does not replace X-ray diffraction studies. On ~



the gpther hand there are inany examples where electron microscopic

evidence was instrumental in the interpretation of X-ray data (Wenk, 1976).

The two techniques ideally complement each other,

2.2 Fundamentals of M

The information that is obtained by electron mlcroscope methods
is derived from the scattering processes that take place when the
electron beam travels through the specimen. The two main types of
scattering are: (1) elastic -- the interaction of the electrons with
the effective potential fiald of the muclel, involving no energy losses
and which can be coherent or incohsrent, 2) inelastic -- the
interaction of the electrons and the elec:Z:;i)in the specimen involviné
energy losses i.e. absorption.” It is the elastic scattering that produces
a diffraction pattern; and if the scattering centers in the specimen are
arranged in an orderly: regular manner such as in crystals, the scatter-
ing is coherent énd results ln spot patterns, Kikuchi pattems and, if
the sample is a fine—grained polycryétal, ring patterns.

The basic reason for the utllization of the electron mlcroscope
is its superioé resolutlon resulting from the very small wavelengths of
electrons compaxred to other forms of radiation for ﬁhich an optical
system can be constructed. The regolution is glven by the Rayleigh
formula which is derlved by considerlng the maxdmum angle of elsctron
scattering (a) which can pass through the objective lens. This formula iss

R = 0.61A (1)
x

where R is the size of the resolved object, A 1s the wavelength, and

a 1s identical to the effective aperture of the objective lems.

e ————— e e ——— 2
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In the electron microscope, the effectlve apértuie is iimited )
ohiefly by spherical aberration. The spherical aberration error iss
as = C§m3 (2)
where CS is‘the coefficlent of spherical aberration of the objective
lens (= focal length eig. ﬁm). : . .
Thersfore, R increases with decreasing « ; whereas aAS decxreases

with decreasing o . Thus, one arrives at an oppimum‘aperture and

ninimum resolution given by:

& ot = A(i%)cs_%. o (3)
angy =3 e}, ()

where A and B are constants of order 1.

P

The relativistic wavelength of electrons depends on the

accelerating voltage and is given by the modifled De Broglie wavel

A= h/ (2m eE(1 + eE / 2mocz))%

= 12.26 / E% (1 + 0.9788 x 10'61?:)% Q (6)

where h = Planck's constant, LR is rest mass and e the change of'the
electron, E 1s the accelerating_potentiél (volts), and ¢ is the velocity

<
of 1ight. Thus when E = 100kV, a is 0.037%, c‘opt ~ 6 x 10 rad and

AR, = 6.53 for ¢, 3.3mm ' N

Another advantage of the small wavelength of electrons is that the -

depth of field and depth of focus are very large in electron nicroscopes.
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2.3 Eleotron Diffraction and Imaging

~

The essential stages in the formation of an image in an electron
microscope can be described in terms of the Abbe.Theory of the formation
of the image by the objective lens. That is, the image is to a first
Approximation related to the, corresponding electron diffraction pattemm
through Fourler transforms. This wave theoxy can be illustrated by
reference to the geometric optics dlagram, Figure 2.1, which shows that
the image is a magnified plcture of a diffractlon spot selected by the
aperture in the back focal plane of the objective lens. The inter-
mediate lens can be focussed at the back focal plane of_the objective
thereby allowing the diffraction pattern to be observed on the screen
and photograph. If an aperture with diameter D 1s placed in the image
plane, only electrons passing through an area D/M on the specimen can
reach the final screen. (M = objective lens magnification).

For a parallel incident beam the amplituds distribution axlthe
exlt face of a thin crystal is gilven by the transmisslon functlon
f(x,y), where x and y are the Cartesian coordinates for all points on
the crystal, relative to a set of arbitrary axes.,

In very thin objects the lateral spread of the electron wave due
to Fresnel diffraction effects may be neglected and the electron wave may

he considered to travel straight through the object, suffering only a

phase change proportional to the electrostatic potential it has ekpe:ienced

along a straight-line path. The object is therefore a phase object with

transmission function

f(x,yj = e-ia¢(x.y) (7)

where ¢ is the interaction constant (¢ = T/AE; 1s the wavelength and E



19

Selecting Argq i
Aperture ’ ) e

3
!
of - . 1
. ~
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Fig. 2.1: Phase contrast imaging from a periodic object. The °
diffraction pattern is formed in the back focal plane. The
perlod d 1s imaged as magnified fringes if the diffracted and
transmitted beams recombine at the image plane (when 2§<e),
Notice the inversion between diffraction pattern and image
relative to the object. The mathematical functions appropriate
to the varlous positlons are indicated; see text for details.
(After Van der Bisst and Thomas, 1976).

1s the accelerating potential) and ¢(x,y) is the projection of the

three-dimensional elsctrostatic potential distribution within the thin

crystal, along the electron beam direction, defined to be the z-axdls.

A1l the variables in equation (7) are in general known and hence £(x,¥y)

can be evaluated.

From Figure 2.1, we see that all radiation scattered at a
particular angle from the object 1s brought together at one point in the
back focal plane of the objective lens. Theé amplitude distribution

F(u,v) in this back focal plane is the Fraunhofer diffraction pattem
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of the object and is calculated by taking the Pourier transform of the
transmission fUnctionrfﬁx,y)s ' -
Pluy) = T () (8), |

analogous to the x-ray diffractlon pattern being the Fourler transform
of the electron density. Under ideal conditions, the formation of the
image in the Gausslan image plane of the objective lens can be regarded
as a further process of Fraunhofer diffraction, described by the
Fourier transform: . |

(xy) =3[rw)] = 2§ - P (),
since the transform of the transform is the original function. Hence
the lens, ideally, takes the radiation transmitted and scattered from
each point of the object and brings it together with the corrsct relative
phase to form the amplitude wave function, % (x,y), 1.e. the lens recreates
the transmlission function of the object, inverted and magnified by a
factor M. We can refer the image to the scale of the object and write
instead,

€(x,y) = £(x,¥) (10).

Dus to'several instrumentally introduced effects, the image cannot be
considered as a simple Fourier transform, Thus, the diffraction functilon,
P(u,v), is modified by a.phase term, eix, and an objective aperture
function A{u,v), so the resulting relationship takes the form

lay) = F(uv) . e AQw,v) l (11).
The phase term, eix. 1s introduced by spherical aberration of the
objective lens and optlcal defocussing, For a given set of operating

conditione X is constant and can be evaluated.
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The objective aperture function, A(u,v), is the result of the
insertion of a screen with a hole (~350um diameter) centred about the
incident elec%Fnﬁ beam to stop high.ordgr dlffracted beams from con-
tribﬁting- to the image, as they suffer increased phase change. The
value of A(u,v) is 1 for each beam that is allowed to pass through the
aperture and O‘forlﬁhoae beams that are blocked.

The expression for the image at optimum defocus can now be
determined by taking the Fourler transform. of the corrected diffraction
function. The resulting expression for the intensity, I(x,y), in the
image plane is

I(xy) =ve* =1+ 208(x,y),  (12)
where ¢ (x,y) is the projectlon of the three-dimensional electrostatic
potential distribution within the cr&stal; along the beam directlon.
The intensity distribution (image contrast) in the electron micrographs
of cerystal structures have bagn shown to be approximated by equation (125
(Cowley and Iijima, 1972; Allpress and Sanders, 19';3; Cowley and Iijima,
1976). Consequently, using electron microscopy we can see the projected
structure dlrectly.

Since cohtrast observed in the electron image derives from
electrogtatic potential dlfferences in the crystal, then columns of
heavy atoms or dense.rows or other regions of high electrostatic
potentlal appear dark and low atomic number atoms or reglons appear
light. In the case of a mineral which contalns only light elements, the
contrast in the electron image 1s developed between empty channéls and
the surrounding atoms, as in the case of beryl (Buseck and Iijima, 1974)

and cancrinite, to be presented in this report.
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2.4 Calculatsd Tmages for HRTEM

The use of the transmission electron microscope to obtain high

.resolution iméges which show structure within the unit cells of minerals

and synthesized crystals, is one of the more interesting recent
developments in solid state écience. However, the interpretation of such
images has, on occaslon, been a subject of controversy because a given‘
crystal can produce a variety of images, depending on parameters such as
the objective aperture, crystal thickness and the value of defocus of

the objective lens, Such controversies can be resolved since it is now
possible to produce calculated images of a given (or trlal) structure and
obtaining matches of these withtexperimental images (0'Keefe, Buseck and
Iijima, 1978).

Recently, a computer program has been developed at Arizona State
University (Fejes, 1973; Skarmulis, 1975) and 1t can be used to calculate
the images expected from a given model structure.. The program uses the
Cowley-Moodle multislice formulation {Cowley and Moodle, 1957) and |
considers effect of dynamic diffraction; specimen parameters such as
thickness and orientation; microscope paiamaters such as size of objective

aperture, acceleratlng voltage, objective lens defocus and-aberraiions,

~and. the finlte 1lluminating angle produced by the condenser lens., With

the use of thls program, problems of ambiguity in interpreting HRTEM
images can be minimized by computing images for varlous operating condi-

tions and obtalning matches of these computed images with experimental

ones.,
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In view of the importance of computed images as an ald in
interpreting structure lmages obtained experimentally, the physical
princlples involved will be summarized. _

In prinelple, the Cowley-moodie multislice formulatlon deals Hitﬁ
multiple scattering Hitgin a crystgl by dividing the crystal into slices
of such thickness that multiple scattering within each slice can be
neglected. The wave amplitude scattered by each slice can then be
represented ass |

y(x,¥) = exp i ¢ (x,y) Az ' o - (13)
where ¢ (x,y) 1s the wave amplitude, Az is.the slice thickness and o is

the interaction parameter defined as:

By

a=§—g 1—+%m2/02) : | . (14)
where A 1s the electron wavelength, E the accelerating potential, v the
electﬁon velocity and ¢ the velocity of light. The slices are represented
by planes, separated by vacuuﬁ gaps, the emergent wave amplitude being
calculated by allowing for successive Interactions of the wave-front
with each plane in turn, followed by propagation across the vacuum gap
to the next slice and so on. Therefore, ¢1(x,y), the wave amplitude
immediately following the first plane, after propagation across the gap
to the next plane, i1s of the form:
2 yz)—é-

¢£(x,y) = exp lo¢(x,y)Az*exp 2ri (Azz+x - Az} (15)
. : X

where * slgnifies convolution. After the second plane, the wave front

becomes:

bxay) = ¥ (xy) e toe(xy) Az (16)



Hence, the wave amplitude, after the nth plane can be written in terms
of that after the (n-1)°" plane as:
L] ' 1 .
_\"n(x,y) = %_l(x,y)*expg% {(Azz-t-xz-i-ya)a - Az}f exp Lo o (x,y) Az
_ (17)

In thls way the emergent wave~front can be wrltten in !grms of that on
the first plane and the number of individual operations depend on the
number of slices into which the crystai 1s initially divided. This
method 1s quite suitable for computatlon and, once established, can be
used as a routine technique for calculating the image feamureé generated

by a given (or tri:‘a.l) structurs.
For cancrinite the slice thickness was limited to 5.14% end

12.?53 for calculatlons down c- and a;axis respectively. Thé emergent
wave amplitudes wés calculated for specimen thickness ranging to about
1008. After modifications by the phase contrast function (Erickson and
Klug, 1971) and aperture function, the amplitudes wers Fourier transformed
to produce theoretical (Okf) and (hk0) images. Defect of focus (defocus)
was sampled at intexvals of 100% in the region from +600 to 15008, The
region of -800 to -1200% 1s particularly important for image interpretation
in temms of projected structure, because, at these values of underfocus,
approximately equal instrumental phase shifts occur in all the diffracteq
beams contributing to the image (Mallison, et al., to be published). The
objective aperture radius in reciprocal space and the coefficlent of
spherical aberration (G ) are dependent upon the focal length of the
objectlve lens, which in turn varied with specimen height. Images were
calculated for a number of objective aperture radii to obtaln a realistic
radius that does not eliminate important diffracted beams. This radlus

was found to be 0.3083'"1 (resolution = 3.2%) and it agrees quite well with
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that obtalned from the diffraction pattern (radius = 0.4237%). Trial
calculations involving increases in objective lens spheiical aberration
and compensation for chromatic aber;;tion indicated that these factors

had 1ittle effect upon 1lmage contrast wlth the aperture slze employed.

All calculatlons wers carried out on'an IEM computser at McHasfer

University Business Centre.



. CHAPTER 3

EXPERIMENTAL

3.1 Sample Preparation

Specimens were prepared by two diffefent methods for elecfron
microscopic 1nvestigati;n. Small fragments were removed from each
specimen, embrittled by imersion in liquid nitrogen and crushed under
acetone to a fine powder 1n an agate mortar. The.bowder was then
suspended in chloroform or acetone by ul?rasonic dispersion and a drop of
the speclmen was deposited on holey carbon grids. Specimens prepared in
this way éave many small wedge-shaped crystals, with edges sufficiently
thin to produce lattice images when the crystals lay over holes in the
support film. Due to extensive radiation damage suffered by cancrinite,
particularly the a*-c* section, the crushed sample method of obtaining
Images was quite Fedious. It requires orxlentation and recording of images
to be done in a very short time. However some images were obtained by
this method mainly by using the part of the crystal fragment that lies on
the carbon fllm for orlenting the zone axis of interest parallel to the
electron beam and "sneaking up" on £he undamaged. part of the crystal that
overlap the carbon film and photographing the image within a few seconds.
The radiatlion damage of cancrinite is so rapld that a defocus serles was
not possible to obtain from any particular area of a crystal and often
oniy a few usable images were obtalned from a crushed fragment.

This tedious and laborlous task of obtaining images from crushed

fragments was particularly overcome by using lon-thinned specimens, which

26

e o e R i A e R £ e



ot

]

2
@ 7

s o .
contained very large thin areas in approximately the same orlentatlon.

The samples were examined in hand specimen and by recognitlon of cleavage

faces were cut and made into petrographic thin-sectlons whose normals éra__

close to the zone axes of interest. A copper-slotted grid was glued onto
the thin-section using an Eastman 910 adhesive. (This adheslve bonds
rapidly, 1s non-soluble in acetone and the bonds do not break on heating.

. e
The epoxy .cement for making the thin-section is soluble in acetone and

the bonds are easily broken on heating). The specimen, after bonded to

the grid, was cut into a dlsc of the same size as the grid, using a
dlamond knife. The thin-section was then placed on a hot plate and ;fter
the epoxy bonds were brok;n, the grld was removed and cieaned in acetone,
which essentially gets rld of the epoxy. The thin sectlon was also
removed fro; the hot-plate and saved for making more grids, 1f necessary..

The specimen was then placed in an lon-thinner  and thinned by argon ion

‘bombaxdment for about 12-18- hours.

Even though very large thifmreas in approximately the same
orientation were obtained by making lon-thinned specimens, the "sneaking
up” method, descfibed earlier, was used to photograph images, as
cancrinite suffered rapid electron beam damage. Unfortunately, even
though this metﬁod produced a few good images, the majority of images
obtained ar; poor, since no time is allowed for cessatlion of stage drift.
Furthermore, as two different sample preparation technlques were employed,
and similar results were obtained with samples prepared by each method,

the observed mlcrostructures are not related to sample preparation. This

is also conflmed by matching computed and experimental lmages.

A}
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3.2 Elsctron Microscopy

All specimens were examined in a JEM 100B microscope gqﬁipped
wiiﬁ a-goﬁ;fiqd top-entry gonlometer stage, extra‘anti—contamigaiion
devices and a non;convgntionél‘highrmagnificétion intermediate lens
(Buseck and Iijina, 1974):- The high resolution gonlometer stage combines

2 180° rotation and a * 30° tilt from the horigontal for obtalning the
proper orientations of the crystal. Before $i1ting; the orientation of

the specimen should 1ie within the 30° of the desired zone axis relative
to the ®lectron beam, |
. Good structural information is obtained from specimens whose
thickness do not exceed = 1503. Ther§fore, one must locate a crystal of
sultable thickngss and proper orlentatlon for studying particular features
of interest. |
~
The microscope was operated at an accelerating potential of
100kV. All photographs were obtalned by imaging the beams passed by a
50 um diameter objective aperture centered ;bout the incident beam. The
50 um diameter corresponds to a‘Fadius of ~ O.QZSfl in the électron
diffraction pattern. -The diametef of the condenser aperture was 150 um
and initial magnifications ranged from 200,000 to 400,000 times.
| Optimum imeges for structural detall should be obtalned at a
critical value of underfocussing of approximately $00% relative to the

Gaussian image plane. To ensure that the optimum image is viewed, a

through-focus series of images are usually recorded under various

f:::ji:if/panei%ions. Since cancrinite damages rapldly in the electron
b through-focus serles was not obtained, rather many images were
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obtained for different experimental condltlons at differsnt sections of
the cz.ystal'a.nq, these images are matched with the calculated images to
select a few images that best represent the projectlon of the cancrinite

"structure. .

3.3 HElectron Diffraction Patterns

A sultable crystal 'fmgment, or, In thg case of ion-thinned
s'pecimens, a sultable part of the crystal, must.be ioc#ted to produce a
lattice image. Once located, the crystal must be tllted and rotated to
obtain the a.pp:m‘pria:be zone axls parallel to the electron beam., The zone
axls and fhe electron beam should be within 0. 5° to px;oduce goad lattice
images. In the ca:se of a zone axis [uvw] y Parallel but in opposite sensé
to the electron beam; reflections hkl that satisfyA the criterion
hutkwrlw=0 will appear. For example, for [100] colncident with the
" electron bea;m, the set of ;‘eﬂections okl will be in a proper Bragg
diffraction position. For the cancrinite samples studied, two major
| zone axes were set coincident with the electmr}' beam. These are firstly,

the c-axls, [001] , having the hko set of reflections in the proper Bragg
diffraction position and secondly, the a-axis, [100], having the okl set
of reflections in the proper Bragg diffra:ction position. In these two
orientations the images could reaﬁily be interpreted in temms of the
projected charge density (PCD) approximation (I@ch, Moodie and 0'Keefe,
1975).

Correct orientation is obtained by viewing the diffraction pattern
d;Jriﬁg tilting and rotation. The orientation is judged correct if pairs'

of diffraction spots on opposite sides of the incident beam are of egual

-

r

intensity. In the diffraction mode, during tilting and rotation the




crystal can- easily be lost. To avold this, the intermediate lens 1a
sofocussed slightly so that the crystal of interest can be.wéwed within
thé diffraction spoﬁs and its poaltlon adjusted so that it does not
move out of the fleld during tilting or rotation. After critical beanm
alignment, insertion of the objective aperture and stigmating of lenses,
lattice images can be viewed at (2-5) x_106 times magnification on the
fluorescent screen of the microscope. Images were recorded within 2 to

" &4 seconds.

3.4 Description of Specimen

The specimen used in this study is part of the same specimen
used by Chen (1970) in her studies. The specimen is 68024 (pinkish
white, Dungannon Township, Ontario). On the basis of chemlcal analysis,
the following formula was reported by Chen, on the basls of 1 + Al = 12,
6802t (Nas geCay 51%g o) (8¢, 02585, 98%3.90) (®3)1, 570,06 1+ 70
This analysis is similar to other (Na,Ga)003 cancrinite analyses reported

in the literature. A further discussion on the chemistry of cancrinite
will be given in section 6.1.



CHAPTER 5
HRTEM RESULTS

‘4,1 Flectron Diffraction Patterns of Cancrinite

Flectron diffraction patterns showing various reciprocal-lattice
sectlons of the cancrinite crystal were examined. ¥Flgure L1 shbws a
well-oriented electron diffraction pattern taken with the incident
electron beam normal to the (001) plane. The circle drawn in the figure
indicates the size and the position of the objective aperture used for
taking the images in this study. The size corresponds to ~ 04281 1n
'reciprocal.spacé_tcorresponding tq a resolution ~12.43) and enables
about 80 diffracted waves to contribute to imaging. Since (hko)
reflections afe permitted by the aperture, the rosulting image is neces~"
sarily a two-dimensiénal structure image and it contains much more infor-
‘mation than the one-dimensional lattlce fringes obtalned by using (ooﬁ),
(0k0) or (h00) reflectlons.

The a*-c* reciprocal-lattice planes are quite interesting as they
show many important features. Figure 4.2 shows such a section in which
the electron beam is parallel to the a-axdls. The qain lattice reflectlions
(a = 12.590; ¢ = 5.117%) are quite étrgﬁé compaxed 1o the non-Bragg reflec-
tions (superstructure reflections). Since cancrinite possesses a 2, screw
axls, hklreflections, where h = k = 0 and f=2n+ 1 are absent on X-ray

precession photographs. These reflectlons whose intensities are less
| than the permissible reflections, are seen on electron diffraction patterns.

These forbidden reflections can be explained as resulting from a vexy
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Figure 4.1:

Figure 4.2:

Flectron diffraction pattern of a cancrinite
erystal taken with the incident beam normal

to the (001) plane. The circle shows the size
of the objective aperture used for imaging.

~

Electron diffraction patiern of a cancrinite
crystal taken with the incident beam normal to
the (100) plane. The circle shows the sige
of the objective aperture used for imaging.

¢* is vertical; a* 1s horizontal.
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slight 114 of the crystal and thus a small deviation ih the [;00} axis
orientation thereby pexmitting the forbidden reflections. These are
enhanced by multiple diffraction when the crystal thickness is great
(Iijima =nd Buseck, 1978). In fact.. sma.ll' changes in the oriéntation of
a partlcular crystal, as detected by examination of the diffraction
pattern, during sfudy in the electron microscoﬁa are frequently observed,
doubtless they are due to specimen heating, with conseqpent‘bending and
stage drift. Altgrnatively, thege extra reflectlons may be real,
suggesting that the 21-screw axls 1s a pseudo axis. Similar observatlon
was made by Barrer et al. (1_970) using XRD.

Four sets of superstructures are seen in Figure %.2. The two sets
that 1lie closer to the main reflectlons are of lower intensity than the

two sets that lle further away.
1_,‘

4.2 Characterigation of Incommensurate Superstructures in Canéiinite

Superstructures aré seen in dlffraction patterns as satellites
or superstructure reflections (non-Bragg reflections) in addition to the
main reflections corresponding to the fundamental structure. The
satellites usually divide the interval between the main reflections into
simple integral parts, indicating that the unit cell of the superstructure
is a simple multiple of that of the fundamental structure. However,
studies on mineral phases, tﬁat i1s, decomposition or tfansfoxmaiion from
th9 high temperature forms to the low temperature forms- show that complex
superstructures are assoclated with such phase transformations (Sadanaga,
et al. 19?8). For these superstructures, only lower order satellites are
oﬁservable, such as first, second and third order ones, and these

satellites move continuously in reciprocal space, according to




H
compositlon and temperature, with no practical change in either intensity
or position of the maln reflectipns. In the case of these superstructures,
the interval between-the'saﬁellitea and main reflection (t) cannot be
expressed as a simple fraction of the interval between the maln' reflec-
tions (7). This chéracter was emphasized by Sadanaga et al. (1978) on
consideration of the periods of the supercells, expressed by N (= T/t).
When N is Integral, the structuré 1s called integral or commensurate, \\

!

otherwlse, the strﬂcture is called non-integral or incommensurate, The 1/’
electron diffraction pattern of cancrinite is shown in Fig. 4.2, where f/
a* and c* represént the reciproqal axes. Aloﬂg the c*-axds the repeat |
distance for the maln reflections (= T in Fig. 4.2) is N times as large
as the distance between the a*-axls and the nearest satellites (t). The
N-values are non-integral such as 3.98 and 2.65, and are represented, as
3.98g+ and 2.659. The structure of capcrinite can therefore be repre-
sented as a supercell of the NC type‘with a = A and ¢ = NC where A and
C represent the translation vectors of the hexagonal type cell ( co =
5.117R‘énd l/ag = 10,903%). N-valueé and NC-values for varlous can-
crinites are summarized in Table 4.1.

¥RD studies reveal three or fewer sets of superstructure
reflections for cancrinite from different localities (Table 4.1). How-
ever, Fig. 4.2 clearly shows four sets of supefstructure reflections.
It is interesting to note that Chen, 19?0 XRD studles reveal only thres

sets of superstructures in spite of tﬁg fact that the same samples were

used in both this and her studles. Furthermore, the distribufion of the

+g is a vector quantity. From now on, underlined letters
represents vectors whose scalar values will not be underlined.
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sgpefstructure reflections (Fig. 4,2) is quite regular and higher orders
of reflections are observable-by BM than by XRD. In addition, as
electron beams are diffracted by electrostatic potential fields of both
the nucleus and orhital electrons, the intensity of the superstructure
reflections for TM is greater than for XRD, where X-rays are diffracted
only by the orbital electrons. This indicates a distinct advantage of
EM over XRD :Ln the studles of superstructure. Rinaldl and Wenk (1979)
were able to observe diffuse satellites in the hkO diffraction patterns
for fianﬁinite first by electron diffraction and later confirmed by XRD

using monochromatic Mo K, radiation for strongly exposed precesslon

Pﬁ:ﬁiﬁraphs'

4,3 Electron Beam Damage of Cancrinite

A great deal of experimental difficulties were encountered in
this study. These include the exact allgnment of the crystal aﬁd
prﬁblems of avoiding electron-induced radiation damage. These problems
were also encountered by Iljlma and Buseck, (1978), in thelr studles of
sfacking disorder in micas. Rate of slectron beam damage was not -
reported by these authors. However, to overcome thesé'difficulties,
Iigima and Buseck resorted to one-dimensionsal lattice imagling, obtain-
able from thicker samples agg'requiring neither exact alignment of the
crystal nor high magnification for recording the images. It 1s not
surprising, in view of the above.difficultieé, that no HRTEM work has
been published on cancrinlte (Buseck, ﬁersonal communication).

Electron~induced radiation damage is particularly severe for the

at-c¥ section. This is clearly seen on examination of the diffraction

patterns obtained from such a section (diffraction patterns are recorded
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in 10 to 15 seconds after critical orientation of the crystal).

Figures 4.3a-4.3e show increase -in radiation damages to various extent.
Figure 4.3a is typlcal of an undamaged crystal. Figure 4.3b shows the
more intense sets of superstructure reflections with the less intense
sets completely disappeared. Flgures 4,3¢c and 4.3d are deliberately
over-exposed with Figurs 4.3c showing the superAtructure reflections as
diffuse streak parallel to a* but indlvidual spots are-étill recogniz-
able, while with increasing damage the spots are no longer spots but
diffuse streak (Fig. 4.3d) until they completely dlsappear (mg. 4,3e).
Essentially the same results were obtalned by themmogravimetrlc and
x-ray diffraction analy;es of heated crystals (Chen, 1970; Foit et al.,
19?3). These authors interpreted thelr observatlons as dué to a ioss of

volatiles, in particular H.,0 and CO, and concluded that these volatiles

2 2
are the major contributors te the formation of the superstructure
raeflectlons. |

In temms of radiation damage seen in the lmages, the thinner the
crystal the more severe 1s the radiation damage. However, there is a _
marked difference in radiation damage experienced bty the sectlons normal
to the c-axls and that of -the a-axis. For the (001) plane, damages begin
at the thin edge and progress to thicker reglons. In the (100) plane,
damage begins randomly_at discreet centres and sﬁread outward as elipses
with the long-axes approximately parallel to [élo], indicating a place
of strictural or chemical weakness perpendicular to ¢. This, may he the
basal cleavage (001) of cancrinite ghich, however, is poor compared to

(100) cleavage which is perfect.



Figure 4,3:
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LI B Y

Diffraction patterns showing the effect of increasing
radiation damage to the (100) reciprocal-lattice plane.

(a) is typical of an undamaged crystal; (b) superstructure
reflections of the less intense sets completely disappear

and only the strong sets of reflections are seen; (c¢) super-
structure reflections are seen as diffuse streak with indivi-
dual .spois still recognizable while in (d) only faint streaks
are seen until they completely disappear in (e). (c) and (d)
are deliberately overexposed to show the faint streaks. a* is
horizontal; c¥* 1s vertieal,.
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4.4 Calculated Images of Cancrinlte
&
It is necessary to compute images which are comparable to lmages

obtalned experimentally since thls leadsto uﬁambiguoua interpretation
of structure images. However, in the past, 1t was a common practice to
obtaln a defocus series of images experimentally. This serles commonly
include an image at the optimum defocus conditions. Computations were
then mﬁde to reproduce the defocus serles of images obtained experi-
mentally, rather than reproduce any one glven experimental image. This
serves as a check bn the computation accuracy to reproduce images
obtalned experimentally, which was questionable.
It was‘not possible to obtain a defocus serles experimentally
for cancrinite due to the severe radiation damage it suffers in the
glectron beam., However, as the accuracy of the computed images have
increased cqﬁsiderably in recent times, it is no longer necessary to
obtain a defobus sefies experimentally. Instead,limages are‘compufed for
various operating conditions until a ﬁatch can.be made with an image
obtalned experimentally. Having obtained such a ﬁatph, the defocus
series can then be-reproduced by computations (0'Keefe et al. 1978). All
of this, of course, assumes that the crystal structure 1s known.
‘ Calculated images of cancrinite (based upon site occupancies as
determined by Jarchow, 1?65) are shown in Figures 4.4 and 4.5 which

correspond to the a-axis projection and the c-axls projection respectively.

4

(a) Calculated images for a-axis projection

The calculation simulated the inclusion of 19 diffraction beams
within the objective aperture (centred about the incident beam). The

serles of images_calculated at thickness ranging from 12.75 to 102,08




4o

ot values of defocus ranging from +600 to -15008 are shown-in Figure 44,
The range of general image 1n£erpretation in terms of the crystal

structure 1s glven in Table 4.2.

Table 4.2: Range of image interprétation in terms of the crystal

structure (a-axls projection)

Thickneés }]) . " Defocus %
12.75 : -200 to -1100
25.5 -200 to -1100
51.0 : -200 to -1100
76,5 -100 to -1100

©102.0 ' -100 to -1000

" The photographs gf the images are not very good as reglons
appeariﬁg white in fact show some contrast. In termms of the crystal
structure, the bést reglon 1s for defocus values ranging ffom -700 to
-1000%. There is overall gradual variation in contrast for some
j:ndividual image. This is due to 1ineprlntér faults and also slight tilt
in the camera when taking the pictures.

The images in Figure 4.4 are oriented such that the c-axls is.
across the page and the a*-direction is vertleal. A unit cell can

easily be recognized by comparison with the structural plan shown in

Figure 1.2.
-

(b) Calculated images for c-axis projection.

The calculation simulated the inclusion of 55 diffracted beams

within the objective aperture (centred about the incldent beanm).
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The slice thickness was limited to 5.14% and calculations were
"made for gradually increéﬁing crystal thickness to a maximum vaiye of
102,88, Defect of defocus was sampled at imtexvals of 1008 in the “
reglon from +600 to 15008 for the c-axis projection.

| Flgure 4.5 shows that there are maxke& changes in iﬁase contrast

as physical parameters (thicknéss-and defocus) change. Thé images can
be interpreted, in terms of the crystal structure, within the range.
given in Table &.3.

Table 4.3: Range of image interpretation in temms of the crystal

structure (c-axis projectian)

Thickness (%) Defocus ()
. 5,14 -400 to -1100
25.7 -400 to -1100
51.4 -200 to ~1000
77.1 0 4o -800 °
102.8 +400 to 0

Within this range, a unit cell can easiiy be identified if the
image 1s compared to the structural plan shown ingngure i.1,

Table 4.3 shows that the range of crystél structure interpreta-
tion shifts to higher (more positive) defocus valﬁes as the crystal
thickness increases. Parallel to this trend 1ls continuous change in
contrast and eventually there 1s complete reversal of contrast. This is
clearly seen by comparing the "ideal" image (H = 51%; DF = -900%) with
inage (H = 103%; DF = +2603). The former, shows the large 63 éhannels
having light contrast and the trigonal channels having heayq contrast

while the latter shows the exact opposlte.

-~
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The range of image interpretation in terms of the crystal

structure is given in Table 4.3,

2
contrast shifts to hi

Computed images of cancrinite projected down the ¢
creases.,

thicknesses (H) from 5.14 to 102,

from 600 to -1500

5

Figure 4,

\
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4,5 Matching of;g;gstal structure, experimental and calculated 1magesf
An intuitive interpretation of contrast in the experimentally
observed imasges 1s possible since it has been shown experimentally and
theoretically (Skarnulis, Iijima and Cowley, 1976} that light contrast
1s produced by regions of low electrostatic potential (eg. llght atoms
_and empty channels), while heavy contrast is produced by reglons of high
plectrostatic potential (eg..heawy‘atoms. éolumns of heavy atoms or )
dense‘rowsj. If the projected distances between the heavy atoms are
sufficiently large compared with the resolution of the microscope
(~3 in the instrument used in this study), they are ed as separate
dots; otherwise they are smeared into large blobs. In Yhe case of
cancrinite, contrast in the electron image 1s developed Petween the

channels and the surrounding framework atoms. //,/

{a) A-axis projection of Cancrinite

In spite of the difficultles encountered in recording images of
the a-axls projection of cancrinite, an excollent image is shown 1n
Pgure 4,6, which corresponds to the (okf) electron diffraction pattern
shown in Figure 4.2. A unit cell is outlined in Figure 4.6 (c = 5.117%;
1/a* = 10, 903%) and itsisize sorves to indicate the magnification. This
image should be compared with the structural plan shown in Figure 1.2,
as there is a direct correspondence between the two. This image 1s quite
interesting as it gives the general contrast expected when considering |
the structural plan. From the structural plan, one would expect to

resolye the double set of 6-member rings (free dlameter ~4.58) that are



Figure 4.6

51

Bright-field high-resclution structure image of cancrinite
(68024) taken near the optimum defocus of about -9OOR, with
the electron beam normal to the (001) plane. The unit cell
outlined (¢ = 5.12, 1/d'= 10.90) serves to indicate the
magnifiecgtion,



:

parallel to the c-axls. These sets of rings would be expected to

show light contrast and be separated by the four-member rings (free

dlameter ~3R) that are expected to show heavy contrast, as’these rings
are smell and cannot be resﬁlved at the resolution obtainable from the
microscope used. : ' e

Figure 4,6 shows small distinct rows of spofs parallel to the

c-axls. These spots are approximately of the same slzes and their

geometry conforms to that expected from consideration of the structural

plan and calculated images (eg. H + 51%; DF = -900%, Fig. 4.4). It
should be pointed out-that images of the a* - c* sectlons are quite
regular, that is, they do not show any unusual featurés such as stacking -
faults, which was believed by Rinaldi & Wenk '(1979) to be common in

cancrinite and were responsible for its superstructurs.

(b) C-axls projection of cancrinite
; good example of one of the best eg@eriméntally observed images
is shown in Figure 4,7, which corresponds to_the.electron diffraction
pattern shown in Fig. 4.1. In Figure 4.7, a unlt cell is outlined and
its size (a = 12.598) serves to indicate the magnification. Matching can
generally be made among the observed lmage, computed 1mage and the
structural plan 1f the varlation in contrast seen in the observed image i
1s ignored for the moment. From the structural pian (Fig. 1.1) one I
would expect the two types of ch;nnels to have about equal intensity
since the trigonal ¢ els (diametern~5.23) are presumably filled with
two Na(Ca) Emd.twn H0 per channel per cell while the 6. channels

3

(diameter~8.7) are pFesumably filled with 5 Na(Ca) and 1.5 CO, per

3
channel per cell, which results in about equal electron density per unit



Figure 4.7: Bright-field high-resolution structure image of cancrinite
(68024) taken near the optimum defocus of about —900§ with
the electron beam nommal to the (001) plane. The unit
cell outlined (a = 12.593) serves o indicate the magnification.



afea. Both channels appear light siﬁce the contrast 1s developed
bétween the channels and the surrounding framework Ptoms. Thls predic-
tion is confirmed by the computed imaged (eg. ¢ - 513 ;mf = 900%, Fig. 4,5).
The computed 1hages show the large 63 channels to have iighter contrast
£han the trigonal channels which is due to the photographer not belng
able to reproduce low intensity in these large channels.

' The experimental image shown in Figure 4.7 show little variatich
in contrast among the trigonal channels. However, there 1s defi;;éé\\\h—
variation in contrast. among the 1a¥ge 63 channels in a near-random |
manner. Furthermors, the large 63 channels show heavier contrast than
the trigonal channels. This would suggest that all the Ca is in the 63
channels, -1n opposition to Jarchosss model, in which Ca 1s statistically-
" dlstributed with'Na in the cages. BExcept for the variation in contrast
of the 63 channels, fg::giperimenéal image "corresponds to the computed
inage (¥ = 51%; DF = -900R).

The above observatlons allow one to make the followlng éeneral
statements: (1) the trigonal channels are quite ordered in terms ofkthe
chemical constituents it contalns since there 1s no appreciable variation
in contrast for theée types of channels. (2) The light contrast seen in
the trigonal channels suggest that they do not contain Ca, whigh con-
sists of twice as much electron dénsity as Na. Conseépenﬁly,'these
channéls are filled by Na while the Ca is restricted to the large 6;

channels. (3) The dark 6, channel regions varlation in intensity in a

3
near-random manner indicates the variabilityhof the proportioﬁs of Ca,
Na and CO3 in the lines of atoms projected in these sites, with little

tendency for ordering. Similar variation in contrast observed in HRTREM
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study of touxmaline érystals were interpreted in a similar way (Iljima
et al. 1973). |

Since stacking faults were belleved to be common 1n cancrinite
(Rinaldd & Wenk, 1969), and as nome were observed in'this study, it 1is
~ interesting to consider what stacking faults would look like in electron
micrographs for égncrinite—r&latad minerals. Piate 1, taken directly
from Rinaldl and Wenk (1979) shows electron diffraction patterns_of'
liottite, afghanite and franzinite and their corresponding electron images
at low resolution, It should be noted that no obvious superstructure
reflectlons qf'the cancrinite type are ésserved in thése minerals. Even
though stacking faults ars demonstratéd. they are not common on a few
unit cell scale. These observations will be re-equined in the ?inal

chapter, in view of a model for the superstructures in cancrinite,
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STACKING VARIATIONS IN CANCRINITE MINERALS “

L. 2 Flectron ditraciion pattenss of G hottine, W atighamte, and eblrsmie, < s hongontal, Nouee the correspondence of retlechions
IR 6wy DUR b amd R, T ed which denote the hisie 2060 A stacking unit, Satetlites about 00,1000 (¢) {arrow Yare probably
due to share nge AL S1order.

PLATE 1

Taken from Rinaldi and Wenk (1979)

P 30007 Troges e atghanite, smaged m dark fickd, wi Regon
with reguiar 283 A Tnimges, () Local arca with 2+ and 3+ 213
votrges due to peasdic staching. The two stackang seguences
OUCun Nt Lo vl oder u the sale ory sl s Wk

Fig. 4. Dark ticld photomiceographs of franzinite:

ta) displays stacking fauhs imaged at low magnitication; (b) a1 high luti
we see numeraus faults which interrupe the regular 26 A stacking with insertion b.r:cr' its; Vis taben at the samme
magnification a» {41 bus of 3 pant of the gy g Lo sl 8 in n of smalier and : units; {¢) is taken at the same

)
b



(HAPTER 5

On the basis of the HRTEM results, it seems possible to re refine
~ the crystal structure of cancr:l.n_ite using X-ray diﬁ‘fg.ction methods,
Calcium is a sironger scatterer than sodium, thus structural investigation
could be successful i.n determining t;hether the Ca is in the large channels
or in the cages. Also, the asbundance of carbonate ion with 1ts high
point symmetry and the fact that the group as a whole is a3 reasonable
scatterer of x-rays, should help define positlonal disordez.: of this in

the structure.

5.1 X-Ray Refinement for (Na, Ca)mqfcancrinite

The standa.r_d procedures for collecting X-ray data, reduction of
data and final refinement are described in detail elsewhere (Buerger,
1960; Hawthorne, 1973). The computer proérams for data processing and
refinement were from X-Ray 78, Program System for X-Ray Crystallography,
compiled by J. M. Stewart, University of Maryland, adapted by H. D. Grundy
for the CYBER ?30.‘ The X-ray system at McMaster University is described
at length by Hasthorne (1973). |

Initieil..parameters for least-squares refinement were the final
parameters of the structure as determined.by Jarchow (1965). At a very
early stage in the ré.fina:ne.nt, e ﬁopuia:tion parameter for Ca (in cages)
suggest that there were too much electron density in 'thg cages. .Thus,
| following the electron microscope observations,' all the calcium wexe

‘ .56
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placed iﬁ the large channels and two sodiums weie placed in the cages.
The population parameters were refined for Na(1), Na(2) and .5 and they
were fixed at the values ghown in Table 5.1 for the remaining st:uctu:e
refinement., The refiﬁed parameters for Na(6.0),c(1.52) and Ca(t.53)
agrees well with the chemical analysls (Table 6.1), .

" The restdval R-factor (R =2 (IF) ~ [F] )/ 2TIF]) 1s qiite low
(R = 0.029) and thus indicates a well refined structure for cancrinite.
Final atomic coordinates and isotropic temperature factors are given in

Table 5.1. Anisotropic temperature factor coefficients of the form

=4 E e

" are glven in Table 5.2.

Anisotmpic temperature fautors are difficult to compare directly
as they have both magnitude and directlon (tensors). However, the iso-
tropic temperature factors have only magnitude and can be compared directly
Generally, the framework a.toms together with Naz(Ca.) are well definsd, both
thermally and positionally in agreement with previous observations of
complete Al-Si order in cancrinite.

Initlally, oxygen of H,0 (0(6)) had a large temperature factor
which indicates positional disorder and following Jarchow (1965)? the -
water molecules were statistically distritsuted over three simllar sites
close to the three-fold axes. This immedlately leads to a reduction in
the tﬁnperature factor. Studies on the proton of H,0 in cancrinite by
the PMR method (Sokolov et al , 1977) suggest thdt there are hydrogen
bonding between the H,0 molecules and palrs of 0(2) anions of the

aluminio-silicate framework. There are three possible 0(2) anions pairs
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and hydrogen bonds are statlstically formed to each pair; The two-fold
axis of the water molecule is approximatgly‘parallel to.the 63axis.
The'o(é)-o(z)‘diatance 6733) suggest that thé hydrogen bonds are fairig'
veak (Brown, 1976). :

Since H0 is poaitionally disordered and Na(l) forms one of its
bond to #,0, 1t is expected that Na(l) should disorder in a menner similar
to H,0. Furthermore, the large temperature factor for Na(l) would suggest
some disorder,

The position of the carbonate group at the initial stage of the

refinement were those of Jarchow (1965). This resulted in a rather large

‘temperature factor for the atoms oflthe 0D3 group.which strongly suggested

. positional disorder. Difference Fourier maps wWere calculated with carbon

removed from the structure model. Flgure 5.1.sh9ws a difference Fourler

"section through the carbon sites. The maximum denslty is clearly seen in

four places. This shows that there are two non-equivalent crystallographic
sites for carbon (G(1) and ¢(2)). These positions were then used in the
refinement and there was a drastic decrease in the temperature factor.
However, it is still falrly large suggesting large thermal motion together
with possible disorder along the c-axis. The thermal ellipsoids of the

atoms of the 003 group have their iong—axas pafallel to the c-axls which

is also the orientation of the ellipsoid for Na(1) (Fig. 5‘.2). This would
suggest that there is chemical communication between the large channels ‘
via the Na(1) in the cages. Therefore, the large channels are not
independent of each other.

In terms of the coordination sphere for Naz(ca), either of the

'non-equivalent sltes are equally good for coordinatiocn to Naz(Ca). This
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Stereoscopic pairs of cations environment (2 - d4) and also

of the unit cell view down the c-axis
(£).

(e) and down the. a-axis
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- 1s clearly seen in the stereoscopic pairs shown in Flgures. 5 2. In

Figure 5 2a both envi:onmant are shown together while Figure 5 2b and
Figure 5.2c show each environment separataly These stereoscopic pairs
are seen looking down -the a-sxls.

| The chemical environment of sodium (Na(1)) within the cage is
shown in stereoscopic pairs iooking down the a-axis, (Fig. 5.2d) and
finally, Figure 5.2e and Flgure 5,2f show a unit cell in stereoscope-as

seen look;ng downt the c- and a-axis respectively.

5,2 Bond Valence Analysis #

Calculations were made on bond-strengths using the model of Brown
and Shannon (1973). The bond lengths are transformed into bond valences

which have the property that the sums of the valences around each atom

equal the atomic valence. Two different sets of curves ('a' = "indivigual"

curves; 'b' = universal curves (Brown and Shannon, 1973)) were gLed and
the results are given in Table 5.3. |
The curves of sets 'a' give better results than curve 'b' for
both Al and Si'and bond strengths values are very cldser;o that expected.
The two similar environments for Naz(Ca) have comparable bond
strengths values for similar sets of curves. However, curves for set
' have values closer to that expectea (1.13). The coordination for
Naz(Ca) is 8-fold but the coordination sphere is distorted (Fig. 5.2).°
The bond strength values around Na(i) calculated from both sets.
of curves afe close to 1.0 but set 'a' tend to glve a slightly betfer
value., The caorﬂination for Na(l) is 8-fold and its coordination sphere
is more Tegular than Na,(Ga), but the bond to the K,0 above Na(1) is

shorter than the bond to the Héo below it;



~ Table 5.3 Bond Distance (R) and Bond . Streng'l'.h (Vale.nce units) in
Refined Cancrinite :

Bond

A-0(1)
-0(2)

-0(3).

-0(4)

5i-0(1)
- -0(2)

-0(3)
()

Naz(ca)

Mean

Mean

-0(1)
-0(3)
~0(3)

. =0(l)

-0(k)
-0(51)
-0(51)
~0(51)
Mean

.Distanceg 'i)

1.728(3)

1.717(3)
1.741(3)
1. 747(3)
1.733

1.608(3)
1.601(3)
1.619(4)
1.621(3)

1.612

2.507(3)
2.427(4Y
2.859(3)
2.44(3)
2.891(6)
2.411(11)
2.1432(20)
2. 41(11)
2,552 -~

Total

Total

‘Bond Strength (v,u.)

L »
0.823(7) 0.762(5)
0.849(7) 0.783(5)
0.793(6) 0..738(5)

. 0.779(6) - 0.72%(5)
3.204(14) 3.011(11)
1.048(08) 1.038(8)
1.069(12) 1.057(11)
1.017(14) 1.008(13)
1.011(08) 1.003(7)
I, 146 %.106(20)
0.146(0) 0.154(0)
0.175(1) 0.177(1)
0.070(0) 0.088(0)
0.168(1) 0.172(0)
0.066(0) 0,084(0)
0.181(4) 0.183(3)
0.173(7) 0,176(6)
0.169(K)  0.173(3)_
1.146(10) 1.208(8)

Total




Table 5.3 (Cont'd.)

Bond

| Naz(ca)do(l)

~0(3) =
-0(3)
-0(4)
-0(k)
-0(52)
~0(52)

- -0(s2) -

N;(i)-o(é)
-0(6)
-0(1)*3

-0(2)*3

ca(1)-0(6)
~0(6)
-0(1)*3
-0(2)*3

Mean

Mean

Distance!ﬁz )

2.507(3)

2.427(4)
2.859(3)
2,444(3)
2.891(6)
2.413(13)
2.424(21)
2.433(11
2.550

2.875(15)
2.3 9(15)
2.864(3)

2.451(3)
2.633

2.875(15)

. 2.339(15)

2.864(3)

2.451(3)

Bond Strength (v.u.)
= b
0.146(0) 0.154(0)
0.175(1) 0.177(1)
0.070(0) 0.088(0)
0.168(1) = 0.172{0).

0.066(0) 0.084(0)
0.180(5) 0.182(%4)
0.176(8) 0.178(6)

QAR 0.176(3)
Total 1.152(1i1) 1.212(8)
0.068(2) 0.086(1)

. 0.215(7) 0.208(5)
0.207(0) 0.261(0)

. 0.495(1)  0.510(0)
Total 0.985(5) 1.065(3)

" 0.100(3) 0.086(1)
0.345(13) 0,208(5)
0.306(0) 0.261(0)

Total 1.534(9) 1.065(3)

&
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Further evidence that the cage doesn't contain calcium (1abelled

-¢a{t) in Table 5.3) in the place of sodium (Na(1)) is provided from bond

strength calculations. Set 'b' curve indicates a valence of 1.5 (0.75 Ca) ' .
and set 'a' curve a valence of 1 (0.5 Ca) instead of the 2 valence

required for calcium. The latter value is posslble. but there 1s nd

physical reason why. Ne;rerthelesa, if Caz were in the cages, there would

be considerable charge balance deficiency in the large channels.



CHAPTER 6 .

THE SUBMICROSTRUCTURE OF GANGRINITES

!§ken though a well refined average structure for cancrinite ls
., how determined, the preclse cause of the suparstructure maxima remalins -
%o be defined. X-ray diffraction may not provide this information as
X-ray data 1s averaged ovefﬁthousands of unit cells and assﬁme that the
cells are identlcal. Thus one must seek other evidence. At the initial -
, stage of this‘study, it was hoped that HRTEM sfudies couldlﬁe successful
in locating the positlons of the calciﬁm atoms since they are twice as
. good a scatterer as sodium. Also, if stacking faults are present, theyi
could éaéily be imaged., However, as the results indicated, there are no
stacking faults and calcium positions could only be identified on the
c-axis projection, not the a¥-c* projection which is more desirable.
Both XRD and HRTEM indicates that the frameﬂork and the cages
are well defined and ordered. Consequently, the caui?’EEHEPe suPe?-
structure maxima 1s in the large channels and are due to the intra-

framework lons in that channel.

Chemical analyses of (Na,Ca)C0. cancrinites from different

3
localities (to be discussed in section 6.4) consistently shows a

¢
deficlency of CaGDB. The way(s) in which ca?" and 0032—

the vacant sites, are distributed is unknown. However, the electron

y together with

diffraction patterns of the a*-c* reciprocal lattice (and corresponding

electron images) show that the superstructure maxima are quite regular;

67
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This suggests that the distribution of the lcns and vacant sites in the

large channels ave quite regular.

6.1 Superstructure Instability:.

Diffraction patterns show that all reflections are initially o£
noderately strong intensity snd the lntensity within each reflection Tow
is about:qual. After a few minutes of exposure to a 100 kV electron
bean, thé' auperlattibé reflections become:progr;ssivély less intenss,
and they stresk and eventually become extinguished, If the specimen has
ﬁot bent baﬁly because of béam heating, the initial intensity of these
ieflections mean that the atoms glving rise to the superlattice reflections
are in well defifed sites (partial prdering); Exposure tﬁ high
energy and high frequency radiation prognces displacement, an elastic
effect which eheqts atoms from £he crystal and progresaively destroys
the order. . '

' Folt et al. (1973) studied the behaviour of the superstrugture
reflection intensity as a fﬁnction of temperature. Thé} show-th;l, .
there were no significant variations in substructure intensitles with
increasing temperaturs but the superstructhrerintensities decrease
considerably. Substructure intensities return to thelr original values
upon cogg;ng the crystal, but superstructure inte;sities, although
increasing with decreasing temperature, retumed to only a fraction of
thelr original values and at the same time, they ave much more diffuse,
Telative to substructure intensities. These authors attribute the
.decrease in superstructure intensity as loss of H,0. Chen (1970)
suggest that both%()z and H,0 are lost on heating. The water is strongly

bonded to the cations in the cages and thus it ismore likely CO5 1s lost on




P
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-

heating and as w11l be showmn later, it ia the 003 that 1s responsible
for the superstructure reflectlons. It 1s interesting to note that Kozu
(1931). (in Deexr et al. 1963) observed that the loss of weight curve of a

cancrinite (Table 6.2, anal. 2) shows bresks at 300°c and 400°c, and

.interp;eted these breaks as due to loss of carbon dloxige.

@hen (1970) also shows that when the hedted ;;ystals are quenched
to room temperature, the positlons of.supeistructure reflections shift
towérds the origin that 1s, the supérstructuré spacings incréase with
inéreaging'temperaiu§§;\ Sincﬂ,éoz is lost on heating, the rema;ning
carbonate ionS'yould Te-order differently and since the amount is less,

they must order themselves over a greater distancs.

6.2 Model for the Superstructu:é in Cancrinite

No present medel can adequaégly describe the superstructure in
cancrinite. The diffraction image of cancrinite Aay be the result of a
simple harmonic structural perturbation in the c—axis direction (Jarchow,
in Folt et al. 19?§) Description of the structure as nomal (unmodulated)
based on some gupémgﬁl;/preéﬁmably cannot be exacp, since such a
description is in conflict with the continuou$ change of the super-
structure maxima in reciprocal . fpace, with temperatu?e (Dubbeldam and
DeWolff, 1969). '

Modulated structures can océpr ;; substitutional type i.e.
ordering of substituting atoms and/br defects, such as described recently
by Sadanaga et al. (1978) who described the‘superstructures'df sulfides -
(;}rrhotite-andlthg ninerals belonginélko the bomite-digenite join) and

silicates (intermediate plagioclase, miilite and hauyne). It should be



]

© noted that the sulfides are groasly: de.fectiva nonstoichionstric com-

-‘-.\

pmmda; ____‘_‘_'-'.15 canmnite. :

Dubbeldan and DeHo‘.Lf:E‘ (1959) described the supers'tmuctu:m of

‘- Nazm (pexfect s‘toichionetry) ‘al: onlering of the anion ozienta.tion. -
Howsver, DeWolff group (Van Aslst et al. 1976) 1a.ter described this
s}lperstruqtlme as a harmonic displacive modulation (displacement
modulaﬁén). -In cancrinite, such a -displacement modulation of the Cl')3
ion seex’ hardly possible since the 00 .lon 1s "locked” in specific .- -~
onéntation by the surrounding Na-.(Ca.) cations. ' : :
) The superstructure in cancrinite if .‘gt ?.Q-“modulaﬁed, seems most
‘111:313' to be that of the substitutional type, similar to that of the ¥
wﬂ.ﬂdes. Gonseq_héntiy. we are concemed with the orlentation and

positions of the 0., ion, and its vacancies and to a lesser degree, catlons

3
b and thelr vacang:les. Before tﬁis i1s examined, the supef;structum spacings
Fhemselves need to be reexamined in detail. g
‘ NC-values for a few cancrlnites were given in Ta'ble L1, Ta.hle

6.1 .‘Lngludes thesq NC-velueés together with additional data for cancrinites
B fi:om diffmﬁt sources. In Tabld 6.1, NC-values for the varlous samples
are listed 80 thai.: "-.--". E:orresponds to the reflections not observed%
when the reﬂections are indexed on some multiple subcell. Upon' cursory
examina.tion of the NC—values. the superstmcﬁmes of cancrinites seen ‘bo
be incomensura:l:e and thus 19.odula‘ted. However. if one considers that -%he
HC—values i‘o:.; any one cancrinite 'asﬁpart o£ a series of reﬂec_:tionaathat.
can be expréssed a§ 2 simple fraction of the interval 't‘setweéﬁ the main '-
reflections, then the NC-valués agree quite well with a supercell that

@san exact multiple of the subcell, This is clearly shown in Table 6.2.

-9
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Table 6.2 Compa:t.-ison of observed and calculated superstructure spaclngs -
' . ba,;sqd on multiple subcells, {Mineral numbers are ‘the. same as
for Table 6.1) ’ |

Supercell/ ‘Calculated o Sample No. / N
Superstructure  Superstructure observed superstructure
Reflectlons Spaclings - - Spacings
5e | .
bkl . 25.60 . 25.60
2 - 12,80 . 1280
.3 8.53 . 8.3% ,
T 6.50 6.50 e
5 5.12(Main) (Matn)
7% 2 3. ks
hki . 3584 . . 33.28 .
2 19.72 " em- — e
3 11,95 ' 11.75 12,0 _—
E 8,96 8.68 —— 9.2
5 7.17 —e- - —.
6 5.97 RN R— -
7 - 5.12(Main) | - (Main) . (Main) (Main)
8cy ‘ . e
hki 40,96 40,96  + 40,96
2 20.48 20.50 20,37
3 13.65 13.60 13.56-
i 10, 24 — —
5 8.19 - 8.1 .  8.2h
6 . 6.83 ) ——— 6486
e . 585 L e 5.85"
8  5.2(Main) (Main)  (Main)
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Table 6.2 {(cont'd.)

" Supercell/ Calculated - ' Sample No. /
Superstructure Superstructure . observed superstructure
. Reflsctions Spacings , . Spacings
dic, o 8.
hki 56,52 | —
2 ‘28,16 —
3 18.77 -
L . 14,08 14,1
5 11,26 — .
6 9.39 ‘ -
7 8.05 | “-
8 7.04 . —
9 6.25 ’ e
10 563 -
11 5.12(Main) (Main)
Lhc, . : 2. _10.
. hkl 71,68 R— -
2 35.84 - 36.31
3 23.89 C-—- 249
4 17.92 17.8 -—
5 14,3 1,4 13.77
6 11.95 — —
7 10,24 -— —
8 8.9 1 J— 8.68
9 7.96 7.9 | -e-
10 7.17. _ -—- 6.89
11 6.52 " —— -—
12 5.97 -—= 6,05
13 5.51 - ---
14 5.12(Kain) (Main)  (Main)
. vei/



. ‘tg

L

. fable 6.2 (cont'd.l)

. Supercell/ . Calculated | Sample No. /
i Superstructure- Superstructure ~ observed superstructure
o Reflections Spacings - _ Spacings !
hk1 . 81,96 _ _—
2 40,96 40,96
3 27.31 ==
I 20,48 . —
5 16.38 _—
6 13,65 —_—
7 11,70 11.70°
P8 10.24 ‘ -—-
P9 9.10 | 9.31
P10 8,19 —-
P 7.5 e
P12 6.83 e
{ 13 6.30 —-—
14 5.85 5.9
15 5.46 . J—
16 5.12(Main) (Main)



Hence, the superstructures for cancrinites are“commensﬁra.te and thus un-
modulsted. The fact that only certain reflections of the series of
reflections for any multipie cell are observed, does not mean that the
’pthera are non-exlstent. On the cqntrary.'they.ma& bp very weak and ‘
cannot be observed easlly. In fact, Brown and ‘Cesbron observed all the
L;eflections for cancrinite -- Mandaoria, Inds.(BM-no. 1930.115) based on "
o Sco aupércell.\ More;ver, gfter this théorﬁ was developed, the anth;r
looked carefully at Qhen's (19?0) precession photographs and electron

. diffractlon patterns of this study and found two.additional superstructure
reflections for cancrinite (68024) that corresponds to 40.96% (Chen, ;
1970-Plate 4) and 5.853. Figure 6.1 shows both of these reflections. ' I
‘Thus six out of seven supersiructure reflectionsf;based on an 8c, supeii
cell, Were observed. Precession photographs currently being taken are
confirming éll of .these supesrlattice reflections.

o Table 6,2 shows\that the cancrinite samples from different sources
can be indexed on supercells of sco, ?éo, Sco, e, the, and 16c°.
Jarchow (1965) and Foit et al. (1973) noticed 3/7 and 4/11 fractions
respectively for their superstructure reflactions. Brown and Cesbron
(1973) claim that sample Nos. 1, 2, 10 and 11 can be indexed on a multiple
cell of 5¢,, 16c°, 21c, and 1lc,'respectively, kdweve;, the super-
structure spacings for these samples were Temeasured by the author ;nd
fhey seem to correspond to'jco, 7Cos 14co and 16co‘;espective1y. _

The commensurate nature of the superstructure reflections raiﬁeé-
an imporfant question as to the v;lidity of structure of recently
discovered new min;ral phases which have been referred to by Qarious

authors: liqtt,{te (Merlino and Orlandi, 1977a; Merlino and Mellini, 17976;
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Figure 6,1: Electron diffraction pattem of cancrinite (68024) taken
with the incident beam normal to the (100) plane, c* is
vertical and a* is horlzontal. Note the six sets of
superstructure reflections: 002, 003, 005, 006, 007 and
009, ' In particular, 007 and 009 which corresponds to
5.85% and 40.96R% respectively, as they are not seen in
Figure 4.2.
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Rinaldl and Wenk, 19795; afghanite (Bariand et al., 1968; Merlino and
Mellindi, 1'97.6; Rinaldl and Wenk, 1979); franginite (Merlino and
Orlandi, 1977b; R:Ln'ald.’.L and Wenk, 19?9!\ Merlino and Mellini, 1976); and - -
possibly also microsommite (Klaska and Jarchow, 1977); and "Losod" ;
‘(Sieber and Meier, 1974). WAith the exception of “nifcrosommite, whose
a-dimension is twice that of cancrinite, -all the othe& minerals mentioned
have the same aédimensions‘as cancrinite but their c-dimenslons are
integral multiple of cancrinite c,-- nicrosommite (c,)s Losod (2¢,)s
liottite (3c°): afghanite (hco); franginite (5c°). This fits elegantly
'with the model of commensurate superstructures for cancrinite, Con-
sequently, what are being considered as 'main' reflections by the vaxious
authors_who studied these ﬁew mineral phases are in fact superstructure
.feflections of cancrinite proper (supexlattice data is not available for
microsommite noxr losod as yet and speculations are not strictly épélied
to these two minéréls). As a result of considering the new minerals as
being different from cancrinite, some very complicated stacking sequences
had to be proposed (Tghle 1.1). The very nature of these complications
would suggest that theyua?e not valld framework structures. -
Furthermore, different stacking sequences for these minerals

wouid seen untikely to eliminate.superstructures of the cancrinite type.
Wenk (1978) published the lattice fringe images of afghanite (see

Plate 1) m%éxﬁferre& to the 43% and 64% fringes as superstructures ;f
corresponding m;gnitudes. However, Rinaldi and Wenk (1979) diffraction
patters of afghanite (Plate 1) does not show any "superstructure
reflections" that corresponds to suchlperiodicities. These authors

noted that the 42% and 64% repeats were found in local areas. Thus it
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seems 1ikely that these repeats correspond to entirely different phases
that may not be related to franzinite, liottlte or afghanite. The

_electron diffraction patterns of these new mineral phases (Plate 1) have

quite regular intensities with the exception of franzinite. However,

. electron diffraction pattems of cancrinite (Fig. 4,2) also show

regular intensitles for the superstructure reflections but x-ray
precession photographs (Chen, 1970; Folt et al., 1973; Brown and Cesbron,
19?3)' show that these intensities are irregular. Th; physics of |
electron diffraction is very compllcated and it 1is ﬁuph easlier to .
compare inteﬁsifies obtained by‘ XRD methods. To the author's knowledge,
only one x-ray photograph has bee-ﬂ published by Bariand et al. (1968)
for afghanite.‘ This photograph clearly ‘shows that 'l;he reflections that
ave being considered as 'main' reflections by Rinaldi and Wenk (1979)
are in fact superstructure reflections that are very similar to those of
cancrinite, Therefore, liottite, dfghanite and franzinite are cancrinite
pﬁoper. |

Losod is possibly the same in thls respect as’lit can be index;d
on a 2c0 .subcell. bu'l'; suplerstmcfure data is needed to define the super-
lattice. In addition, Microsommite is related to the cancrinite cell by
a= 2a°; c=co The doubling of the a-dimension seems to indicate that
adjacent channels la.re di?ferent in terms of the ordering of the same or
different chemical constituents it contains. Therefore; it seems likely “
that the framework of microsommite is the same as cancrinite. Here
again, further work needs to be dome on micmsommite as superstructure

data iz not yet available.




-~ . .To summarize, all the new mineral phaaes have the same framawork

e by © e —— e

structure as cancylnite. They differ from each other 1n terms of
orderingvof.the same or diffbrent-anions in the large channels which in
turn are responsible for-thair different commeﬁsurate.superatructures.ﬁnb
This should clearly be reflected in the chemistxy of these phases.

However, before this is done, it is necessary to show that the ordering

of the anions in the large channels are responsible for the superstructure

reflections, -

6.3 Structure facter calculation for superlattice reflections
for a La.,Ca.)GOq Cancrinite,

Based on the model of multiple subcell, structure factor (FC)
calculation was attempted to reproduce the intensities of the super
lattice reflééti&ﬁs for cancrinite (6802%). The multiple subcell;fgr
this sample is 8c°. Due to the h?gh symmeéry of the 003 sroﬁp and 1its
vacant sites, calculations were‘ﬁnﬁe only for the 003 reflecfions using
only the atoms of ths 003 groﬁp as they are believed to be the major

cause of the superstructure reflections.

‘ Ihtensity of the form
oLty o 1 artmy 7+ 20,F

was used and it was corrected for Loreptz and polarizatiop for preces-
slon photographs taken with #= 30° (zero level). 7

| - Since the 003 group is considered~to be the major contributor to
the superstructure reflectlons, they were positioned in such a way as to .
glve a 800 repeat, ﬁith dus consideration for the chgmistry.' The

average structure shows that there are two equally probable positipns

5
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for the 003'groués. If the C1 site is represented by x‘and the C2 site
bﬁ 0, then Figure 4.2 shows the positlons of: the 003 ions in a 305 super-
cell. In this figure, a filled site is repmesentéd by Cl or C2, This

a:rangement of ﬁha 0., ions accounts well for its chemistry (1;625-model

3
vs 1,57 or 1.62-duplicate anelyses).

Intensities for the oo’ reflections are given in Table 6.3. The
Intensities were not corrected for tgmperaxure factor (1sotropic) since
at small values of sine/k.the correction terms were close to unity. The
values for thelintensities were rounded to the nearest 100. All
necessary data for the calculations were taken from: International
Tables for X-ray Crystallography. |

Of the 00£ reflections,only three reflectims (00,13; 00,27;
00,29) are seen on precession photographs (Chen, 1970). The other 00£
reflections are either blocked by the beam stop or éré'coiefed by streak-
ing of the maln reflsections. Howsver, reflection 00,13 is véiy strong
and this is clearly confirmed by the calculation, Reflections .00,27 and
00,29 are modgratsly strong and they are about equal intensity. This is
also conflrmed by the calculation,

The calculation seem to confirm the observed intensities in a
general way. However, if the'Na2 (Ca) atoms in the large channels do
not strictly confirm to P63 symmetry then these atoms would modify the
calculated intensities. From consideration of the temperature factor of
these catioﬁs. it would seem that they are possibly positionally disordex.
Nevertheless, since the 1ntensity of 00 1313 so strong. it is not
"likely that the Naz(Cg) atoms would affect ?Pis reflection to any great

degres, T . : ‘ :




-
+ Mgure.-§.2+—Arrangement of me;OM in a Bc supercell Filled sites .

are rspresented 0L or €2, %(x = C1 site} O = (2 sites
diagran 1s not to scale). :

x ci
. 0
x -G1 - h
R
‘ 69 x cl
1.900 '
3.23 x
L e
0 c2
‘X
Y |
x cl
0
x cl1
0
x at
0 ) c2
< |
0o @ 1
X 1
0 .
x c1 "
O -
x C1
0 . -
X
0 c2
X
0 2
X
-0
X ot
0 | .
x ct )
|
0,56 b |
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Table 6.3r Galculatd.on of 00l reflectiona ‘based on the 00,4 gr.oup
. poaitioned as’in Figure 6.1

- Visual Iniansity

ol Tl e
001 40,96 Q_J 1300
2 20.48 800 ’
-3 13.65 - 90
) 4 10.24 . ; 1200
5 8.19 3000
6 . 6.82 36400 - B ’
7 5.85 15300 C
8___\. 5.12 T 2900
9 o 1600
10 ) 1600
11 2000
12 8500 .
13 126800 VVs
1k 3900
15 1100
16 1300
17 . 1000
18 2200
19 - 45600
20 200
21 600
22 300
23 . 200
24 L 300
25 . 1200 v
26 2000 '
27 100. Ms
.28 o0
29 - 200  MS

00 .
S 00 |
20111

oW
= O
q

bS]
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'Simé)ar calculaxion can be made to ancount for te cancrinites’
ehouing different euhcell multiples. Eeeentially one needs, to poaition
'the_ vacant anion sites ad equally epa.oa‘aa possible and 'be‘have‘the
appropriate multiple cell repeat. It should mot be assuned that 01-C1"
aandncﬁas are the only bullding mit. The model selected must give
approximately equal occupanciee of both Cl and C2 (44% occupancy of Ci

and 38% occupancy of C2) and it must also account for the cecmistry.

4

6.4 Chemistry of Cancrinite Minerals

Chemical analysee of cancrinite (mainly ca:bonaxe-rich) from
different sources, calculated on the basis of 12(Si + Al) are given in
Table 6.4, Ideally, the number of (Na+ K + Ca} should be 8., There

is a consistent deficiency in the sum of these catlions (with the

exception of analyses No. 11, synthetic sample). This suggest that.
cation vacancles are common in cancrinite. The number of (033 + 50,)
should ideally be 2, but Table 6.4 shows that this sum (with the
exception of analysis 10) is less than 2 0, suggesting that some of
these anion sites are vacant. Furthermore, the total amount of water
in nearly one-half the number of analyses, ehow an excess of Héo over
the 1deal value of 2, which indicates that water is £111ing the sites
of cation vacancles.

For completeness. the chemistry of the sulphatic varieties

L
L]

" (vishnevite) and (K, C1) varieties (microeommite or davyne) ehould also

.
be consldered. Table 6.5, taken from Deer et al. 91963) and Table.6.6,

taken from Barland et al. (1968) give the composition of these varietles.

In general, high Ca contents are™associated with high values of 00,

i

whereas the more sulphatic varieties are relatively Tich in sodium.

D ‘. . . .,‘-.-
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Table 6.6: (Taken from P. BARIAND, P. CESBROX ET R. GIRAUD, 1968).

- TasLzav O,.6a . .
Analyses chimiques de duvyne et nombre d'ions sur la base de 12 (SI + Al.

L % 3 4 5 6
5i0,.... 32,21 32,38 31,04 32,23 33,12 38,40
AI,(S,. 29,22 28,64 28,18 28,08 28,60 *27,80
Ca0.. . 12,60 10,55 10,23 10,36 9.91 13,82
Na,0. 10,14 10,74 11,35 11,01 7.22 9,07
K, O... 6,79 6,44 7.84 7.11 11,91 6,07
Cl..... f.71 7.14 7.04 6,95 5:14 g.:g
50,.... 4:43 4,03 - 3.69 4, 1L 2,38 78
CO,.... —_ . T1.63 1,47 1,26 2,88 —_
102,10 101,55 , T10z,24 102,01 ' 101,16 102,13
OmCl. —1,51 — .61 — .59 — 1,56 — 1,16 — 1,17
Total.. roo,59 99,94 100,65% 100,45 100,00 100,06
-1 8i.... 5,800 5,8 5,884} .82 5,946 ) 5,871}
1AL, 6,2013} 2 6,:23 12 6,116 ) 12 g.‘w; 3 12 f,054 ) T2 6,129 12
Ca... z.431 2,081 2.017) 2,006 1,907 2,7692 )
Na... 3,539 ‘ 7.530 3777 | 7-318 4,228 ' B,086 3,858 7,503 2.513{7.149 3,288 7,505
veen . I,500 1,490 ! t,841 J 1,639 , 2,720 ’ 1.448’
CL.. 2,047 2,19% 2,196, 2,120} 1,564 :.645!
S.... °-598}2.645 0,548 1 3,147 0,510 3,075 0,557 } 2,997 0,321 ‘z.sot 1,232} 2,877
— 0,404‘ 0,3 0,311 0,706 o=

1. Davyne, Monte Somma ; A, Scacchi (1876).

2, 3, 4- Davyne, Monte Somma ; H. Rauff (1878).
5. Davyne, Monte Somma ; H. Traube (1895).

6. Davyne, Vésuve; F. Zamboaini (1910).

'\Com ition mnsvcnnc : o ) Clenel50 10 alCO)
(N83,33Ca0, 10Ky 10055001130 35,0} Cli {50 ores(COs 0]
ot (N2, Ca. K)rg(Si, Al)sOn(Clr SO €0 et 2ol

" TanLzav 6.6b

Analyses chimiques de mirrosgmmite et nombre d'ions sur In

base de 12 (Si + Al),

. T2 + 3 4 5 6
Sio, . .. 33.0 32,12 30,74 30,40 3r.70 ' jo.gs
Al,é,. - 29,0 -29,07 31,57 3o.37 3z,o7 31,75
Ca0.... I,z 11,19 10,77 10,94 14,72 14.68
Na,0... . 8,7 9,30 8,46 9.75 2,45 7,18
K,0... 11,5 6,38 8,97 8,36 $.+27 Ir.3z
Cl..... g,t 8,17 .65 7.64 6.99 5.30
50, ... | 6,04 3,17 4,57 — -
104,2 102786 103,33 102,93 102,20 101,15
O0=Cl. —2,05 — 1,84 — 1,73 Ce— 1,72 ~— 1,58 — 1,20
Total. . 102,15 101,02 101,60 101,21 100,72 99,68
Si... 5,803, 5,806 ) 5.428 5.607) ., 5:473 ) 5,432
Al.. &,1071 1% 6,194 ) 12 6,572 Iz 6,393 § 7 6.527 § = 6,363 1 fz
Ca... 2,144 2,167 ) . 2,038 } V74 2,722 2,760
Na.. 3,o0rz \ 7:777 3,465 7,103 2,806 (6,955 3,375 {7,354 -4.166 ! 7,828 2,443 7.737
K... 2,621 1,471} 2,021 } 1,905 |- 0,040 | 2,534 |
... 2, 50 2,280 2,317 2,0 1.57061 _ __
gt o138 | 2082 1P 5,322 0l035 ] 19T o'dialamzy T g 055 1570 o

f. Microsummite, Vésuve; G. von Rath (1873).
2, 3. 4 3 0. Microsommite, Vésuve ; A. Seacchi (1875).
Composition movenne X
N it 1y Ky ng) (513,41 Aly, 1900 [CLe0a (SO, ) 5] '
ol (Na, Ca, Ky {Si. Al,04,(ClL S0,). .
A
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The sulphatlc varietles has a significantly lower.numb;r of (Na + Ca + K)
lons and a correspondingly smaller rhumber of (003 + sou) anlons per _
formula unit than the caébonaié rich members. Thus in vishnevite, more
of the catlon and anion sites in the large channels are vacant and this
also.account for the lower density. This is to be expected =ince the |

003 ion is planar while the SOu ion is tetrahedral and so the. latter

. occupies more space. 1

Vishnevite contaiﬁs more K than carbénaie—riéh cancrinite and
also the former contains some chlorine, In this respect, vishnevite 1is
more closely related chemically to microsommite than fo-carbonats-rich
cancrinite.‘ Chlorine is the dominant anion in micrbsommite and also there
is élaignificant inérease in K for thls mineral,

The microsommite ‘analyses (Table 6.6) show that there is virtually

no water. The water which is in the cages for cancrinite plays an

‘ important role in the coordination of theé cations in the cages. Since

water is absent in microsommlte, chlorine must occupj that site.
Consequently, for microsogmite, the excess chlorine atoms over 2.0 1s the
anount that remains to be placed in the large channels. Table 6.6 shows
that tﬁe amount Qf chlorine in all the samples is less than or close to
tWwo and thus there is no éxcess chlorine for the large channels. Whexe
there 1s deficiency, it would appear that {he chlorine would be randomly
distributed in the cages (Anal. #5 and #6, \T\aue 6.6a). Table 6.6b
shows that a few analyses (for example, Anal. #1 and #2) indicate an
excess of chlorine over 2.0. This excess chlorine in the large channels
is not.expected to be positioned on the 63 axis as this would not

provide a good coordination sphere for the catlons. It seems llkely
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that the excess chlorine is 1n a three-fold position Bimilar to the

oxygens of the 003 group. _
As suggested in aectlion 6 1 1iott1te, afghanite and franzinite
and perhaps losod are cancrinitq proper since they seem to have the
same framework struéture.' Thus the chem%Ft:y of these minerals 1s
compared'witb other cancrinit?s. To do this, the compositions given
Table 1.1 must be dlvided by the appropriafgiheltiple of the cancrinite
subcell, The resulting chemlstry is glven in Table 6.7. It should be
noted that the compositions given in Table 1.1 includeé some hydroxy ﬂ

. ) \ .
jons, However, Table 6.7 does not show any hydroxy ions as it does not

.seem likely that the water 1s in thls form, except for losod which seems

to have both OH  and H0.

In the discusslon of ﬁicrosommite, it was polnted out that
chlorine occupies the same site as water and therefore the sum (Gl + HZO)
must be considered, This sum is close to 2.0 for liottite and afghanite
but is less than 2.0 for franzinite.‘ Consequently, the chlorine and
water are statlstically dlstributed over the samé gltes in these minerals
with some sites actually vacant 1n franzinite or there may be partial
ordering of (1l and HZO'

f. Losod (synthetic sample, no natural sample is found as yet) shows
an excess of H20 over 2.0. This e&cess must be OH and they argfip the
large channels and possibly occupying similar sites as the oxygen of the
(0, group. This.mineral can be considered as hydroxy-cancrinite,

Liottite and franzinite have the full comﬁliment of cafions but
afghaniﬁe definitely shows an excess over the ldeal value of 8.0. It

appears that there 1s no room for any excess cations and perhaps the

éfghanite analysis is In error,




Losod(20,,) 3

Liot'tite(gc,,)' |

6.0

5.5

5.75

8.5

5.89
0.05

-3.59 8,01

3.10
1.27

1.30
1.87
0.57

0.87
' 2.08
1.21

6.11} :
12,0 -

6‘89

- Table 6.71 'Gﬁamical aﬁalyaaé of a few cancrinite-related minerals.

Af&a&ite(hco) - Fransinite( 5.

2 12,0
5.87

3.52 9.06

L.86
0.68

1.27}
38
0.11 b

0.47

1-55} :
‘ 2.02

6.26
5474

} b

0.0t

0.04
2,50 7.89

4,30
1.&#

1.54}
" 1.95
0.41

0.12
- 1.33
1!21
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‘ The catlon sites for cancrinite are well defined and 1t appears
that they would be tﬁe same fof all the cancrinite related minerals,
However, to predict the anion sites for the cancrihite‘ralatéd ninerals,
We need data for thelr superstructures. This is_ﬁot avallable for |

1 crosommi te (or davyne) nor losod. Thus detall analyses of these
structures beyond what have already been discussed is not necessary as
yet. However, complete data 1s avallable for liottite, afshénite and
franzinite and for these, only the 00 and S0, pc;sition‘s remain to be
predicted. On the basis 6f theoretical conslderations of the sou grﬁup,
it can easily be sesn that the maximum amount of sou that can be accbm-
modated by the cancrinite structure is 1.33, which 1ndicates‘that,tﬁe
Sbb detemmination for franzinite is in error.

As Was done‘for the carbonate-rich cancrinite, the arranéggpnt '
of 50, and €04 for liottite only will be considered, as similar orcfep/
ing can be determined for afghanite and franzinite. Figure 6.3 shows
fhe orderlng pattern of these anions In the large channel of liottite.
In this flgure, the "basal"” oxygens of th: Soq_ group are positions in
the planes of the C1 and C2 sites. However, to accommodate the 003

group, the SOu groups must be displaced in the d;rectioﬁs of the arrows.

This displacement is about 0.53. The calcﬂlated.chemistry.compared with

the chemical analyses (Fig. 6.3) agree quite well with each other, for
~ thls ordering pattern,

In this ordering of the S0), and 00, lons, no appavent anion
sites are vacamt., Consequently, more regular superstructure reflegtighs

and higher intensities are seen for these minerals. As mentioned before,
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Figure 6,3t The arrangement of S0, and 003 in liottite to give a 3o,
- multiple subcell, Thé arrows-show the direction of
displacement E~0. 53) of the S0, ions to accommodate the

004 groups. Diagram is not séaled),.
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this obsefyation has been misiﬁferpreted gy the authors who studied
these minérals in that they ﬁgnsider the superstructure reflections as
'main' reflections. As a fe%ult; complicated gtacking sequénces had to
be proposed for thesse mineraﬁs and consequeﬁtly. the refipement of these
ninerals on that basis.has resulted in quite large R-values (-f16% for
liottite and afghanite and ~27% for franzinite =~ Merlino and Mellini,
(1978) in Rinaldi and Wenk (19?9).' | |

| Even though losod and micibsommite (or davyne) has not been
considered In detail, it seemé likely that they fit the proposed‘model.
It should be noted that the R-value obtained for losod is 40% (Sieber
and Meier (1974), which is quite poor.

In summary, all the minerals mentioned in this report appears
to have the same aluminosilicate framework structure as cancrinite and
hence the same AB... stacking sequence. IThey differ only as regards
the intraframework anions and catlons. The arrangement of the anfons
(SOMZ Cb3 and OH) in the large channels give rise to different commen-
surate superstructure reflections, all of‘which can be indexed on
various multiple subecells.

On this basis, it does not seem justifiable to name the new
phases liottite, franzinite, etc. but instead they should be called by
the appropriate subeell multiplg -- for exampie 3co-caﬂcrinite for
liottite, 500- cancrinite for franzinite, etc.

In general, the name hNC - cancrinite" is necessary and suffi-

clent to describe cancrinites, ~
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6.5 Geologlcal Implications

The chemistry of céncrinite.indicaies that some of the volatile
components (SZ’ 0,, HCL and H20) are always present in cancrinites. It
seema likely that the fugacity or partlal pressure of‘these volatile
components dictates what anion would be taken up in cancrinite structure.

For example, a high P may result in the formation of carbonate-rich

*

CO2

cancrinite while az high would result in the formation of hydroxy

PH20
cancrinlte, The varlabllity of the superstructure reflections may
indicate the chemlcal and physical conditlons in which a cancrinite was

formed.

o

6.6 Conclusions

The developmént of HRTEM has provided a new methed to study
superstructures and obtain inform;tion ﬁot only of average, but alse local
structures. Particularly the'applications of the lattice image and .
electron diffraction techniques have opened A new field in, the study of
superstructures, These techniques present information}on the subtmicro-
scoplc structure, which can hardly be obtained by XRD. HﬁTEM.has
provided information on the submicroécopic structure of‘cancrinitepwhich
asslsted in determining 1ts average crystal,structﬁre (R = 2.9%) by x-ray
d%ffraction techniques. Furthermore, it has been shown that the frame-
work structure of liottite, afghanlte and franzinite and possibly losod
and microsommite are the same as cancrinite. ' They differ only as
regards the Intraframework anlons and cations. The anlons are dlfferent
for d;fferent cancrinites and they are ordered in different ways. 4s a
result; they glve different commensurate superstructure reflectlions --

all of which can be indexed on various multiple subcells.

3



The positlons of S0,, Cl and OH have been predicted but this
remains to be confimed by XRD. Also the variability of the super-

: stm’ctWeﬂectiona seam to reflect the chemical and physical conditions
of formation of cancrinite. A

»
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