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ABSTRACT

Electrostatic charge distributions have been computed for
three feldspar structures for assumed reasonable values of the pure
5i-0 and Al-O distances and for reasonable coordination members of
the large cations. The positive charges on the cations were distributed
in proportion to the inverse squares of the interatomic distances, to
the anions (oxygens). The measure of charge unbalance was taken to be
the sum of the deviations from 8.000 e.s.u., on each tetrahedral group

of four oxygens within the structure.

Anorthite (CaAl2Si208) was chosen first for study as it
represents the most general case of the end-member feldspar structures;:
a FORTRAN IV program was written to carry out these calculations on an
I.B.M. SYSTEM 360/DOS computer. Since no satisfactory low charge
unbalance could be obtained for anorthite within a reasonable time,

the study was directed towards the simpler low and high albite structures.

Calculations for low albite (NaAlSiBOS) were carried out with
the aid of a set of four FORTRAN II programs written for the I.B.M. 1620
computer. The results revealed that low albite has an almost perfect
electrostatic charge distribution (unbalance = 0.0l4 e.s.u.) for a 6-~fold
coordination of the sodium atom and for assumed Si-O and Al-0 distances
of 1,602 and 1.777 R respectively; these distances indicate that the

structure is about 82% ordered with respect to Si and Al.

High albite (NaAlSiBOg) exhibits an appreciable charge unbalance
(0.27 e.s.u.) for sodium (treated as a single atom) in 6-fold coordination,

whereas, for 10-fold or higher coordination, the structure has a small




unbalance value (about 0.06 €.5.U.) but not quite as small as for low

albite. This result is interpreted as indicating that the sodium in

high albite has the 'frozen in' coordination represented by the sodium
atom at a high temperature when the thermal anisotropism is large and

the sodium has a larger effective enviromment. It is proposed that

as the temperature decreases, the thermal vibration of the sodium atom
decreases until the low-temperature stable state is reached, that is

when the effective coordination of the sodium is reduced to 6-fold and

the structure has achieved the form of low albite, Electrostatic charge
unbalance is invoked as the principal reason for the Si : Al ordering
which occurs during the inversion from high-temperature to low-temperature
albite (Ferguson, Traill and Taylor, 1958). Tetrahedral site T1(0) in
high albite has marked excess electrostatic charge for 6-fold coordination
of the sodium, and therefore the Al in the structure will migrate
preferentially into this site in order to reduce the amount of excess

positive charge.
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CHAPTER I

INTRODUCTION

(i) General Considerations

The research leading to this thesis was conducted in an
attempt to clarify some of the fundamental crystallographic aspects
of the feldspar group of minerals particularly with reference to
silicon-aluminum order-disorder. In 1958, Ferguson, Traill and Taylor
proposed that the most stable low-temperature feldspars were those
whose S5i-Al distribution leads to the most satisfactory electrostatic
charge distribution within these structures. This interpretation is
not in agreement with most other workers in this field who prefer the
'full ordering theory' which assumes that the most stable low-temperature
feldspar is fully ordéred with respect to Si-Al. Of the three authors
who first proposed the 'charge balance! or 'ionie! theory in 1958,
Ferguson has been the strongest proponent; he has considerably embellished

the original ideas in a succeeding paper (Ferguson, 1960).

The present study was undertaken by the author under the
direction of Dr. Ferguson to investigate more fully the charge balance
theory of the feldspar structures. The study involved the calculation
of electrostatic charge distributions within the low and high albite
and the anorthite structures. In the first instance the subject of the
thesis was suggested by Dr. R. B. Ferguson of the Department of Geclogy
of the University of Manitoba. As has already been mentioned, Ferguson has

done a considerable amount of work on the distribution of electrostatic




charges within various end-member feldspar structures; and he has
considered the implications ¢f these results (Ferguson, Traill and
Taylor, 1958; Ferguson, 1960)., The approach taken by Ferguson and

his associates was directly related to their study of the structures

of low and high albite in 1958 (Ferguson et al., 1958). At that time,

it appeared that a study of the valence bond strengths within the
structures would possibly explain some of the structural features,
especially in relation to Si-Al order-disorder within the feldspar
group., Preliminary calculations by Ferguson et al. (1958) at that time
appeared to support the view that the feldspar minerals may be treated
as if they were ionic in character. This in turn led to the prediction
that the low-temperature varieties of the feldspars should be locally
balanced as far as the distribution of electrostatic charges is
concerned. The reverse should be true for the high-~temperature feldspars.
The calculations which were carried out for publication in 1958 were done
for low and high albite using the atomic parameters derived from their
two-dimensional Fourier refinements. The present study has revised and
elaborated the method of these calculations, and has resulted in the
development of a computerized method to complete iterative sets of
calculations. A large number of variables have to be taken into account,
and it is an extremely tedious task to carry through even a small part
of these calculations by hand. The computer-based methed is so designed
as to handle the required varisbles, and the programs have been tested
for the feldspar structures with the space group CI (low and high albite,
and the microcline structures). Some modification of the programs will

be required to deal with the other feldspar structure types.




A comparison between the results obtained by Ferguson et al.
(1958) and the present set of calculations, reveals some important
differences, The earlier results calculated using the two-dimensional
parameters for low and high albite are considerably less conclusive
than the present results using the more accurate parameters derived

from the three-dimensional analysis by Ribbe, Megaw and Taylor (1967).

The earlier work on the feldspar minerals led Ferguson,
Traill and Taylor to believe that important aspects of feldspar crystallo-
graphy could be clarified by a study of the electrostatic charge
distributions within the structures, and this in turn implies that the
structures have to be treated as if they were ionic in character.
This is the most fundamental assumption which hgs to be made in order
to investigate the validity of the earlier authors' views. It can be
demonstrated that valence or electrostatic charge is important in
determining the possible elemental substitutions which may take place
in the feldspar structures, The plagioclase group is often cited as
an ideal example of this type of substitution. Albite (NaAlSiBOS) may
be expressed as Na%1A1+3313A052; 16 positive charges satisfy 16 negative
charges, which may be interpreted as the attainment of electrostatic
charge balance. Anorthite (CaA123i208), the calcium-rich end-member
of the plagiocclase series, has an increased positive charge on the
calcium atom (+2) compared to the charge on the sodium atom (4+1) in the
albite end-member, and this increased positive charge results in the
requirement that sufficient trivalent aluminum be admitted into the
structure in place of tetravalent silicon in order to balance the

positive and negative charges., Various plagioclase minerals of inter-




mediate composition between albite and anorthite have long been

recognized, and throughout the series similar changes in the

S:i.“%-l’t:.&ld!“3 ratio have to take place in order to satisfy the valence
+1

or electrostatic requirements necessitated by the Na :Ca:h2 ratios

of the particular plagioclase,

The second assumption which has to be made in connection
with this type of study is that the low-temperature members will,
with the attainment of a stable state, in general achieve local
electrostatic charge balance, whereas the high-temperature members
will not necessarily possess this characteristic,

The preliminary calculations by Ferguson et al. have shown

Hhese assinybtorss valiy
that appear. to be sy however, some caution should be
observed as these calculations were carried out by hand and, owing to
the length of the computation, only a few coordinations of the large
cation could be tested. Furthermore, the work on the albite members
was effected using the original parameters of the atoms derived from
only the two-dimensional Fourier refinements. The following tabulation
gives a brief summary of the electrostatic charge unbalance values
given by Ferguson et al. (1958, Table 10):

Total Charge Unbalance on Low and High Albite derived by

Ferguson et al. (1958)

Large cation Total Charge
and Unbalance

Feldspar Type Coordination No, (TA) e.s.u.
Low albite Na (6) 0.12 ) Assumed Si-Al
. distribution

Low albite Na (7) 0,33 ) identical

High albite Na (6) 0.34 ) Assumed Si~Al
v distribution

High albite Na (7) 0022 J Sqortical




larger
The above tabulation indicates that there is a charge

unbalance for high albite compared to that for low albite with sodium
in 6-fold coordination; and there is also a difference in the coordina-
tion of the sodium atom yielding the minimum charge unbalance, Further
complications arise as to the degree of Si-Al ordering of the low albite
structure. The present study was initiated in order to take account of
these factors and to devise a practical computer program system to
calculate charge distributions taking into account all the reasonable

variables.

However, all the first calculations were carried out with
respect to the anorthite structure because it represents the most
general case of the end-member feldspars; any computer program applicable
to anorthite would be sufficiently general that it could be fairly simply
applied to other members of the feldspar group. Compared to the albite
end-member of the plagioclase series, anorthite is more complex. The
unit cell of anorthite is twice as large as the unit cell of albite,
and furthermore has only a P lattice compared to the C lattice of albite;
as a result, anorthite has four times the number of non-equivalent atoms,
each of which has to be considered in detail in conducting studies of
the electrostatic charge distributions. A computer program in FORTRAN IV
language was written for the IBM SYSTEM 360/ DOS to take gccount of all
the expected variables in the anorthite structure. A complete printout
of this program and its description may be found in Appendix I with
more details in Chapters II and III. Chapter II in particular describes
in detail the progress of the work on anorthite, and presents various
important changes in the train of thought which were required as more

information became available as a result of these detailed calculations,




The results of the anorthite calculations were unsatisfactory owing to
the complexity of the structure, and therefore the last part of the

study was devoted to the simple albite structures.

(ii) Fundamental Feldspar Crystallography pertinent to the Distribution
of Electrostatic Charges within the Structures

The basic structural components of the feldspar minerals are
the (Si,Al)~0 or (T-0) tetrahedra which are joined together to form
L—-fold rings. The rings are linked in such a way as to produce chains
of these rings set nearly at right angles to one another in an alternate
fashion like a 'Greek Key' pattern, These chains lie parallel to the
a-axes of the structures. This arrangement results in each oxygen atom
being common to two tetrahedra. These chains of 4-fold rings of
tetrahedra are connected to one another by a few T - 0 - T bonds and by
alkali or alkali earth cations occupying the largest interstices between
adjacent chains., Thus each oxygen atom in the structure is bonded to
two tetrahedral cations and possibly to one or more of the large cations

(Deer, Howie and Zussman, 1963 and 1966).

The tetrahedral sites vary in "size" (mean T-0 bond length)
depending upon the statistical amounts of Al and Si which occupy them,
The pure Si~0 tetrahedron is distinctly smaller than the pure Al-O
tetrahedron. Since the experimental structural data represent the
statistical average of virtually an infinite number of unit cells, the
average sizes of these tetrahedra reflect the statistical amount of
5i and Al occupying those sites; if the ideal Si~C and Al-0O values can

be determined, then the Si : Al ratio within a tetrahedron can be deduced,




Further discussion upon this matter follows in Chapter II where

details of the charge distribution calculations are given.

The coordinationsof the large cations (Na, K or Ca) are also
an uncertain factor and they are usually deduced, more or less
arbitrarily, by counting the number of nearest neighbouring oxygen
atoms to the cation in question., As these cations occupy large,
irregular cavities in the structure, the number of nearest neighbours
may be a matter of opinion. This problem has been taken into
consideration in the charge distribution calculations, and sets of
calculations have been completed over a range of coordinations in an

attempt to clarify this matter.

(1ii) Sources of Primary Data

(2) ILow-Temperature and High-Temperature Albites

Two sources of information were available to the author concern~
ing the albite structures. The first is the original paper describing
the two-~dimensional refinement of these structures (Ferguson, Traill and
Taylor, 1958), published in the interim while the authors prepared final
data for the more accurate three-dimensional refinement., The latter
information is not generally available as yet; however, Professor
Ferguson has received the kind permission of Dr. W. H. Taylor of the
Crystallographic Laboratory at Cambridge, England, to use the
three-dimensional results which are about to be published (Ribbe, Megaw

and Taylor, 1967); see also Ribbe, Ferguson and Taylor (1962).




(b) Anorthite

The primary data for the anorthite structure were taken from
the three-dimensional refinement by Kempster, Megaw and Radoslovich (1962)

and the discussion thereof by Megaw, Kempster and Radoslovich (1962).
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CHAPTER II

THE CALCULATION OF ELECTROSTATIC CHARGE DISTRIBUTION IN A

FELDSPAR USING THE ANORTHITE STRUCTURE AS

AN EXAMPLE

(i) Charge Distributions from the Cations to the Oxygens

Of the factors governing the structures of the rock forming
minerals, the ionic size and the electrostatic charge may be considered
as being most important. The latter is the principal force which holds
ions together and is a force of electrical attraction between oppositely
charged bodies, The set of principles or rules which are currently
accepted for studies concerning the distribution of electrostatic charge
were given by Pauling (1929). Pauling's rule may be stated as follows:

"Divide the valency of a given positive ion by the number
of surrounding negative ions, The resulting fraction is
the contribution of the positive ion towards satisfying
the valency of each negative ion. If we now consider a
given negative ion it is found that the sum of the
contributions from its neighbouring positive ions is
equal or approximately equal to its valency."

In a highly symmetrical structure such as NaCl, the distribution
of electrostatic charges is greatly simplified by the obvious coordination
number of the cations and by the fact that the cation-anion bond lengths
are usually equal; these two facts negate the need for any complicated
calculations. However, when attempting to apply similar methods to
asymmetric structures like the feldspar minerals, the matter is greatly
complicated by the irregular coordination of the large cations and by

the fact that the cation-anion bond lengths are rarely equal. In an

asymmetric structure, it is necessary to take account of the inter-atomic



distances. The simplest statement to describe the method used to
distribute the charge is as follows: The positive charge on the
cations is distributed proportionally, according to the inverse squares
of the bond distances, to the surrounding anions. An alternative
method would be to distribute the negative charges on the anions to

the nearest cations in a similar manner. In practice the calculations
are simplified if the former method is employed since there is a
smaller number of cations than anions in the feldspar structures, and
the decision as o which anions are the nearest neighbours to a

particular cation is facilitated.

The actual method used here for calculating the charge distri-
bution is best explained under two separate headings: (a) Electrostatic
Charge Distribution within the Tetrahedral Groups, and (b) Electrostatic
Charge Distribution from the Alkali or Alkali Harth Cations to the
Surrounding Oxygens. For all the feldspar structures similar methods
may be used, but anorthite, being the most general, is used as an
example. An IBM SYSTEM 360/DISK OPERATING SYSTEM computer program was
devised to process the data for the anorthite structure and a complete
documentation of this program is given in Appendix I at the end of this

thesis.

(a) Electrostatic Charge Distribution within the Tetrahedral Groups

The distribution of charges within the tetrahedral groups

depends on the effective positive charge on a particular tetrahedral cation

!
which is in turn determined by the statistiecal proportions of Si+4 and

Al+3 occupying the site, This amount of positive charge is then
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distributed proportionally according to the inverse square of the

distances, to the four surrounding oxygen atoms.

Before treating the method in detail a few comments concerning
the tetrahedra are required. Table 1 lists the tetrahedral oxygen
distances for the anorthite structure as given by Megaw, Kempster and
Radoslovich (1962). The tetrahedra are, in general, all asymmetric
regardless of the feldspar variety. Hence in each tetrahedral group,
there are four different tetrahedron-oxygen (T-0) distances to be taken
into consideration. In general all the independent tetrahedra contain
different proportions of Si and Al, although in the low-temperature
structures there are usually two distinct groups, one with small
(S8i-rich) tetrahedra and one with large (Al-rich) tetrahedra. In the
high-temperature varieties all the tetrahedra are nearly the same size,
though they each show minor differences, and in both low- and high-tempera-
ture varieties of the feldspars, each T-0 distance requires individual

attention.

Anorthite with a cell content of 4 [CaAl,$i,0,] has 16
non-equivalent tetrahedral sites; 8 of these are Si-rich and 8 are
Al-rich. Hach tetrahedral site has 4 oxygen atoms associated with 1t,
but each oxygen is common to 2 tetrahedra. Thus there are 32
non-equivalent oxygen atoms in the structure. Despite this equivalence
of the oxygen atoms, there are 64 T-0O distances to be taken into

consideration in performing the calculation.

The first step in the calculation is to assume possible ideal

values for the pure Si-0 and Al-O tetrahedral bond lengths. These
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assumptions are treated in more detail in Section (ii) of this Chapter.
From these ideal or assumed values it is possible to calculate the
proportions of Si and Al in each one of the tetrahedral sites,
following the method of J. V. Smith (Smith, 1954). The relationship
may be expressed as follows:

(TOm - Si0)

Al= '06..'.0.00.(1)
(A10 - 8i0)

where: Al is the statistical aluminum content of a tetrahedron
expressed as an atomic fraction,

TOm is the size or mean bond length of a particular tetrahedron (R),
Si0 is the assumed size of a pure Si-O tetrahedron &),
A10 is the assumed size of a pure Al-O tetrahedron (%).
In the computer program the Al-contents of all the non-equivalent tetra-
hedra in the unit cell of the anorthite structure are calculated by this
method, The sum of all these Al-contents should approximate to the
stoichiometric requirements of the structure. In the case of anorthite,
this value ( £ Al) should be close to 8. Table 2 lists the Al-contents
of the 16 non~equivalent tetrahedra in the anorthite structure for a

particular case, namely for Si-0 = 1,602 % and A1-0 = 1,762 X; the Table

also shows the ZAl value.

The amount of effective positive charge on a particular tetra-

hedral site may now be calculated from the following relationship:

P = l} bt Al uoooooo-no.o(z)
where: P is the positive charge on a tetrahedral site in e.s.u. and

Al is the fractional Al-content derived from equation (1).




AL

T1 T1(0000) CONTENT T 1 0.069
T2 T1(001i0) AL _CONTENT T 2 0..088
T3 T1(mzOc) AL CONTENT T 3 0.038
T 4 TL(mzic) AL CONTENT T 4 0.150
TS5 - T2(0z00) | AL _CONTENT T 5 0.069
Té6 T2(0zi0) | AL - CONTENT T 6 0.050
T7 T2(xm00¢c) AL CONTENT T 7 0.0
T 8 T2(mOic) Al CONTENT T 8 N.163
T9 T1(0z00) AL CONTENT T 9 - 0.975
T10 T1(02zi0) AL CONTENT TI10 0.900
11 T1(m00c) | AL CONTENT _.T1l] 0.938
T2 T1(mOic) AL CONTENT TI12 0.869
T13 T2(0000) AL - CONTENT T13 0.900
T, T2(00i0) FAL  CONTENT Ti4 0.944
T15 T2(mz0c) AL CONTENT TI15 0.888
T16 T2(mzic) AL  CONTENT T1l6 0.938
TOTAL AL-CONTENT = 7.975

Table 2. Anorthite: Example of Al- Contents of the 16
Non-Equivalent Tetrahedra..'

| ,::Sl-—O =1.602 8 and
A1-0.= 1.762 &,

-

Colunn 2 gives the Megaw (1956) notatlon

e f,,for the tetrahedral 31tes.,

R
-
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The above relationship assumes that the charge on the silicon
is +4 and that on the aluminum is +3. Therefore the amount of positive

charge on a site which is statistically neither pure Si nor pure Al

must be between 3 and 4 and is directly related to the amount of aluminum

in that tetrahedral site,

A further factor must be taken into account before the actual
electrostatic charge distribution can be calculated. If one considers
that the electrostatic forces vary as the inverse squares of the bond
distances, then this factor, called the Tweighting factor!, has to be
calculated in order to evaluate the proportion of the positive charge
which is to be distributed to a particular oxygen atom as a function of
the inverse square of the bond distance. The 'weighting factor! is the
sum of the inverse squares of the four (T-0) distances which make up

any one tetrahedron, and may be expressed as follows:

WT = Z[ : ] e (3)

102
where: WI  is the 'weighting factor! or 'proportionality factor! and
TO is the T-O distance (R).
This factor has to be calculated for each of the 16 non-equivalent
tetrahedra.

The final step in this part of the calculation is the actual
proportioning of the positive charge on the tetrahedral site to each of
the surrounding four oxygen atoms, according to the inverse square #f
the distance of that oxygen from the centre of the tetrahedral site.

The calculation is effected as follows:
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_ P
CT - —-_—_-—2_—_-'—0003""""""(4)
(TO)" x WI
where: CT is the positive charge in e.s.u. given to a particular
oxygen atom from a particular tetrahedral site,
P is the effective positive charge in e.s.u. on a

particular tetrahedral site, derived from eguation (2),
TO is the tetrahedral-oxygen distance (&), and

WP is the 'weighting factor! calculated for a particular
tetrahedron from equation (3).

This tetrahedral charge contribution calculation is carried out in the
program for all oxygen atoms associated with each tetrahedron; in other
words, this value must be calculated for 64 T-0 bond lengths. Since
these will include some T-0 bonds for eguivalent oxygen atoms, the
values have to be sorted out and the positive charges which have been
contributed to those oxygen atoms which are equivalent must be added
together. In effect this reduces the number of final answers to 32,
the number of non-equivalent oxygen atoms in a single anorthite unit
cell, Each of these numbers will be composed of the sum of the positive
charge contributions from 2 tetrahedra sharing a common oxygen. An
example of a set of these tetrahedral charge contributions is given in

Table 3.

(b) Electrostatic Charge Distribution from the Alkali or
Alkali Earth Cations to their Surrounding Oxygens

The amount of charge available from the alkali or alkali earth
cation is, of course, dependent upon its valency. In the case of the
anorthite unit cell, there are 4 non-equivalent calcium atoms, each with

a charge of +2. An appropriate set of calcium-oxygen distances must be
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I

cNeoNoRoNoNoNoNoNe]
NVR-~gowm-WwWhH

@]
B2
o

012
013
014
015
016
OL7
o018
019
020
021
022
023
024
025
026
027
028
029
030
031
032

- 0A(1000) TET CHARGE ON OXY O 1 1.671
- 0A(12z00) TET CHARGE ON OXY O 2 1.682
-  04A(10i0) |—TET CHARGE ON_DXY. 03 14741
- 0A(lzio) TET CHARGE ON OXY O 4 1.715
- 0a(2000) TET CHARGE ON OXY 0O 5 1.689
- 0A(2200) TET _CHARGE _ON_OXY___ 0 6 1.738
-~ O0A(20i0) | TET CHARGE ON CXY O 7 1.691
- O0A(2zi0) | TET CHARGE ON DXY O 8 1.768
- 0B(0000) TET CHARGE ON..OXY 0 9 l.721
- 0B(0z00) | TET CHARGE ON OXY 010 1.770
- 0B(00i0) TET CHARGE ON OXY 011 1.728
- 0B(0zi0) TET CHARGE _QON 0OXY (12 1.723
- 0B(m000) TET CHARGE ON OXY 013 1.846
- OB(mz00) | TET CHARGE ON OXY 0O1l4 1.743
- OBE(mOiO) TET CHARGE ON_OXY 015 1.728
-~ O0B(mzi0) | TET CHARGE ON OXY 016 1.809
- 0c(0000) TET CHARGE ON OXY 017 = 1.770
oc(oZoo) TET CHARGE ON 0OXY_ 018 1.773
- 00(00i0) | TET CHARGE ON OXY 019 1.829
-~ 00(02i0) | TET CHARGE ON OXY 020 1.810
- OC(mOOO) TET CHARGE ON QOXY 021 1.758
- 0c(mz00) | TET CHARGE ON OXY 022 1749
~ 0C(m0i0) | TET CHARGE ON OXY 023 1.733
- 0C(mzi0) TET CHARGE ON_QOXY . 024 1..761
-~ 0D(0000) | TET CHARGE ON OXY 025 1.767
- 0D(0z00) |' TET CHARGE ON OXY 026 1.755
-  OD(00i0) |—TET CHARGE-ON OXY 027 1.656
- 0D(0zi0) TET CHARGE ON OXY 028 1.690
- OD(mO0O) | TET CHARGE ON OXY 029 1.748
- OD(mz00) |—TET CHARGE ON _0OXY__ 030 1.827
- OD(m0iO) || TET CHARGE ON OXY 031 1.868
- OD(mziO) || TET CHARGE ON OXY 032 1.768

. e m

Table 3. Anorthite: Example of the Tetrahedral Charges

Contributed to the 32 Non-Equivalent Oxygen Atoms.

5i<0 = 1.602 £ and
A1-0 = 1.762 R.

Column 2 gives the Megaw (1956) notation for the
32 non-equivalent oxygen atoms.
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determined for each of these calcium atoms prior to the calculation

of the charge distribution. The Ca-0 environment is closely related

to the Ca-0 bond lengths, and to a first approximation, the nearest
neighbours, say twelve, may be counted and taken as being bonded.

In the course of the investigation it became apparent that the
electrostatic charge distribution may involve either more or fewer
oxygen atoms than the nearest twelve in each Ca-0 environment; therefore
a complete set of Ca-O bonds was calculated to a distance of 6.50 R from
each caleium atom, which involves about the nearest 50 oxygens in the
environment of each calcium. An IBM 1620 computer program was written
to effect these calculations and a full documentation is given in
Appendix IIB. The atomic parameters and the derived Ca-0 distances

are given in Tables LA and LB.

Having now established the bond distances in the calcium-oxygen
environments, the +2 charge on the calcium may be distributed to as many
of the surrounding oxygens as are considered to be in coordination, in
a manner similar to that which was done with the tetrahedral groups.
Again the charge on the cation must be distributed proportionally to the

inverse square of the distances,

In the first part of the calculation a 'weighting factor' has
to be determined in order to proportionally distribute the charges
according to the inverse square law. This 'weighting factor!' is obtained

from the following expression:

W =Z [ 022 ] R ¢,

where: W  is the 'weighting factor' for a particular large cation, and

CO 1is a particular large cation-oxygen bond distance (X).
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x/a

(Fractions of Cell Edges x 1

y/b

o)

z/c

Ca(000) 7353 (2647) 0156 (9844 ) 9127 (0873)
Ca({z00) 2681, 0312 5438
€a(010) 2268 (7732) L6L6 (535L) 4578 (5422)
Ca(zi0) 2364 (7636) 4933 (5067) 9260 (0740)
0A(1000) 0276 1234, 9957
0A(1z00) 9814, 1237 4808
0A(1010) 5127 (4873) 37hdy (6256) 5135 (4865)
04(1210) 4871 (5129) 3744 (6256) 0030 (9970)
04(2000) 4276 (572L) 0091 (9909) 8549 (1451)
04(2200) 4268 (5732) 0099 (990L) 3602 (6398)
0A(2010) 0732 L8876 6330
0A(2210) 0755 4925 1363
OB(0000) 8114 1027 0792
0B(0200) 8071 0996 6046
0B(0010) 6637 (3363) 4062 (5938) 3955 (60L5)
0B(0210) 7088 (2912) 3964 (6036) 9181 (0819)
0B(m000) 1852 (8148) 1481 (8516) 8546 (145L)
0B(mz00) 1910 (8090) 1490 (8510) 3982 (6018)
OB(m0i0) 2983 3575 6113
O0B{mzi0) 3382 3606 1309
0Cc(0000) 0120 2780 1351
0c(0z00) L77 2900 64,86
0c(001i0) 4918 (5082) 2222 (7778) 3689 (6311)
0C(0z10) 4898 (5102) 2031 (7969) 8500 (1500)
0C (m000) 9996 (0004) 3198 (6802) 8937 (1063)
0C{(mz00) 9917 (0083 ) 3102 (6898) 3983 (6017)
0C(m0i0) 5150 1794 6090
0C(mzi0) 5067 1947 0974
0D{0000) 1795 1072 1919
0D (0200) 2153 1057 6862
0D(00i0) 3008 (6992) 3969 (6031) 3221 (6779)
oD(0210) 3079 (6921) 3986 (6014) 800C (2000)
0D (m000) 7073 (2027) 1277 (8723) 7894 (2106)
0D(mz00) 8246 (1754) 1443 (8557) 2830 (7170)
OD{m0i0) 6861 3637 7335
0D(mzi0) 6999 3691 1993

Values given in brackets are the original atomic parameters of Kempster
et al. (1962), for atoms which have been inverted by the author into the
asymmetric part of the unit cell.

Anorthite: The Original Atomic Parameters (Kempster et al.,
1962) - transferred intoc the Asymmetric Part of the Unit Cell,

Table LA,
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The 'weighting factor! is equal to the sum of the inverse squares of
the large cation-oxygen bond distances of all those oxygen atoms which

are taken to be coordinated with that large cation.

The actual charge distribution from the large cation to a

neighbouring oxygen may now be calculated from the following equation:

PC
C; = (00)2 . N ().
where: CC is the positive charge in e.s.u. contributed to a given
oxygen atom from a given large cation,
PC is the positive charge in e.s.u. on the large cation,
GO0 is the bond distance (1) of a given oxygen atom from

a given large cation, and

W is the 'weighting factor! calculated for a given large
cation environment from equation (5).

In the anorthite structure, if for example l2-fold coordination
is assumed for each of the 4 non-equivalent calcium atoms, the above
calculation has to be done for each of the Ca-0 distances which will
result in 48 numbers. These numbers represent the positive charges
contributed to each of 48 oxygen atoms, and it now remains to sum those
positive charge contributions which have been given to equivalent oxygen
atoms, thus arriving at a list of the 32 non-equivalent oxygen atoms and

their corresponding amounts of charge received from the various calcium atoms.

Two separate sets of charge contributions have now been calculated,
the tetrahedral-oxygen contributions and the calcium-oxygen contributions;
these two numbers have to be summed for the non-equivalent oxygen atoms
to determine the total amount of charge contributed to those oxygen atoms.

These values should approximate to #= 2 e.s.u. in order to satisfy the
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requirements of the valency or the electrostatic balance., An example

of these computed data for the anorthite structure are given in Table 5.

At this stage in the calculation all the basic information has
been obtained for a complete calculation of the charge distribution within
the anorthite structure, using assumed ideal values for Si-O and Al-O
as well as assumed coordination numbers for the calcium atoms. The set
of calculations described above has no meaning unless the ideal Si-0
and Al-0 tetrahedral sizes and the calcium coordination numbers are stated,
and this has been done in Tables 2, 3, 5, 6 and 7. These computed data

now require further processing so that their significance may be evaluated.

(ii) The Calculation of Charge Unbalance

It might be expected that, if the local electrostatic charge
distribution is balanced for a given structure, the sum of the charge
contributions to each of the oxygen atoms should approximate closely to
2.000 e.s.u. in order that the negative charge on these oxygen atoms
would be neutralized. However, a more realistic view concerns the Si-Al
distribution within the structure which is dependent, as we have seen
earlier, upon the assumed ideal sizes of the pure Si-O and Al-O tetra-
hedra. The distribution of Si and Al in the structure is considered to
be closely related to the electrostatic charge distribution and a test
of this would be to evaluate the total charge contribution to each of the
16 tetrahedral groups of four oxygens. Ideally, if the structure exhibits
perfect local electrostatic balance, the charge on each tetrahedral group
of four oxygens should sum to 8,000 e.s.u. An example of these computed

values for the anorthite structure is given in Table 6, from which it may
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TOTAL CHARGE ON OXY 01 2.031
_TOTAL CHARGE ON QXY 0 2 2,067
TOTAL CHARGE ON OXY 0 3 2.154°
TOTAL CHARGE ON OXY 0 4 2.086
TOTAL CHARGE ON _(OXY 0. 85 2.086
TOTAL CHARGE ON OXY 0 6 2.132
.TOTAL CHARGE ON OXY 0O 7 2.124
TOTAL CHARGE ON. QOXY_0 8 2.072 !
TOTAL CHARGE ON OXY 0 9 2.052
TOTAL CHARGE ON OXY 010 2.016
TOTAL CHARGE ON 0OXY 011 1.948
TOTAL CHARGE ON OXY 012 1.998

TOTAL CHARGE ON OXY 013 1.985
T0TAL CHARGFE ON OXY 014 1.996
TOTAL CHARGE ON OXY 015 1.960
TCGTAL CHARGE ON OXY 016 1.983
_T0TAL CHARGE 0ON OXY Q17 1.987
TOTAL CHARGE ON OXY (018 1.914
TOTAL CHARGE ON OXY 019 1.503
TOTAL CHARGE ON_0OXY 020 1.931
TOTAL CHARGE ON OXY 021 1.969
TOTAL CHARGE CON OXY 022 1.942
TOTAL _CHARGE ON _0OXY 023  1.904
TOTAL CHARGE ON OXY (024 1.G34
: TOTAL CHARGE ON OXY, 025 1.971
— - TCOTAiP CHARGE ON OXY 026 2,016
TOTAL CHARGE GON OXY 027 1.958
, -TOTAL CHARGE CN OXY 028 1.969
— T07TAL CHARGE ON OXY 029 1,992
TOTAL CHARGE ON OXY " 030 1.G66
TOTAL CHARGE ON OXY D031 1.951
——TOTAL _CHARGE CN COXY 032 1.879

Table 5. Anorthite: Example of the Total Charge
- Contributions to the 32 Non-Equivalent
Oxygen Atoms.

Si-0 = 1.602 R.
A1-0 = 1.762 R.

Calcium in the following coordination:

ca(000)-16; Ca(z00)-18; Ca(0i0)-1k4; Ca(zi0)-16.



" TOTAL CHARGE ON TETRAHEDRON T 1 8.041
TOTAL CHARGE ON TETRAHECRON - T 2 7.962
TOTAL CHARGE ON TETRAHEDRON T 3 7.971
TOTAL CHARGE ON TETRAHEDRON T 4 7.983
TOTAL CHARGE ON TETRAHEDRCN T 5 8.045
TOTAL CHARGE ON TETRAHEDRON - T & 1990
TOTAL CHARGE ON TETRAHEDRON T 7 7.988
TOTAL CHARGE ON TETRAHEDRCON T 8 7.996
TOTAL CHARGE ON TETRAHEDRON T 9 8.013
TOTAL CHARGE CN TETRAHEDRCN T10 7.984
TOTAL CHARGE ON.TETRAHEDRON T1l . 7.978
TOTAL CHARGE ON TETRAHEDRCON . T12 _1.999
TOTAL CHARGE ON TETRAHEDRON T13 - 8.007
TOTAL CHARGE ON TETRAHEDRON Tl4 7.993
TOTAL CHARGE ON TETRAHEDRON _T195 B.0Q02
- TOTAL CHARGE CN TETRAHEDRGN T16 . 8.000
"POSITIVE UNBALANCE 0.107

e NEGATIVE UNBAILANCE 0.157
SUM OF DEVIATION K = 88 0.264

"Table 6, * Anorthite: Example of the Total Charge Contributions

to the 16 Non-Equivalent Tetrahedral Groups of Four

- Oxygens and the Total Charge Unbalance Value,
5i-0 = 1,602 &, and |

AL-0. = 1.762 3.
Calcium in the follow1ng coordination:
Ca({000)-16; Ca(z00)-18; Ca(Olo)-lh, Ca(z10)—16

K is the ‘iteration number whlch is explalned ‘
R 1n the text.« : ‘

T
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be seen that there is small deviation from the predicted ideal values,

either greater or less than 8.000C e.s.u.

A measure of the degree of electrostatic charge unbalance for
the structure as a whole may now be obtained by summing the differences
from 8,000 e.s.u. on each of the tetrahedra; this value represents the
total electrostatic charge unbalance in the structure, and it is also

shown in Table 6.

The above description of the calculation of electrostatic charge
distribution is in its basic form and does not take into account variation
in the ideal values of Si-0, Al-O and the calcium coordination numbers.
Computations of this nature require that these variables be treated, and
to do this, computer-based calculations are essential. The following

section of this Chapter discusses and takes account of these variables,

(iii) Additional Variables

(a) Assumed Si-0O and Al-O Values

The ideal values of Si-0 and Al-O which are to be assumed for
the purpose of these calculations are of great importance in relation to
the 5i-Al order-disorder probkém in the feldspar structures. It is upon
these values that the statistical Al-contents of the tetrahedra depend.

A first attempt at reaching reasonable values for these distances was
made by J. V. Smith (1954) who concluded from a study of various alumino-

silicate structures that the best values should be as follows:

5i-0 = 1.60 ¥ 0.00 § and A1-0 = 1.78% 0.02 §.
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Later, in conjunction with S. W. Bailey, Smith revised these distances
(Smith and Bailey, 1963) and they proposed the following ideal values
for the feldspars:

5i-0 = 1.61 & and A1-0 = 1,75 £.

As was mentioned in the discussion of the electrostatic charge
balance calculations, ideal values for 5i-O and Al-O have to be assumed
in the first instance in order to calculate the statistical amount of
Al present in a particular tetrahedral site so that the amount of positive

charge on that site may be determined. The assumed values may, however,
be varied later in order to establish more accurate ideal values for the
structure under consideration. To fulfill this, the $i-O and Al-O values
were inserted into the FORTRAN IV computer program as variables, so that
sets of iterative caleculations could be performed, varying the Si-O and
A1-0 values for each set of calculations. Starting values of Si-0 and
A1-0 were arrived at by an examination of all the tetrahedral distances
in the anorthite structure. The smallest mean tetrahedral bond length
would represent the largest possible size for an ideal Si-O tetrahedron

S Vo

and so the actual ideal value could only be that value or o In
this way the number of iterations required to determine the best values
was reduced and the starting values determined for anorthite were:

Si-0 = 1.602 8 and  A1-0 = 1,758 & (see Table 1, p.13)
The computer program is written such that after the first iteration, a
value representing the total charge unbalance is obtained, and then an
adjustment of ~0.001 2 is made to the Si-O value. The second iteration
is then calculated and the total charge unbalance values are compared.

If the total unbalance value has decreased, thus indicating an improved
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charge distribution, then a similar change would be made to the 31-0

value and the third iteration calculated. This would continue until the
total charge unbalance value is larger than that of the previous iteration
and the best ideal value of Si-O is attained. Now changes are made to

the A1-O value of +0,001 ﬁ, and similar changes continue to be made until
the total charge unbalance on one iteration is greater than that of the
previous iteration. In this way the best values of Si-0 and Al-O are
obtained. These two values are then kept constant for the remaining
caleulations during which a series of iterations are performed varying the
coordination numbers of the calcium atoms as described in the next section.
Additional details of this operation may be found in Appendix I where there
is a complete description of the computer program including the printout

and the complete program documentation.

(b) Coordination of the Calcium Atoms

The coordination numbers of the calcium atomsﬂ¢eiuncertain and
additional complications arise when one considers that it is possible
that the four czlcium atoms may have different coordination numbers. The
iterative form of the computer program is suited to this kind of problem,
and after the best Si-0 and Al-O values have been determined, the
succeeding iterations vary the coordinations of the caleium atoms. Here
again the problem is compounded by the presence of 4 inter-dependent
variables, and the impossibility of being able to treat them as such,
owing to the magnitude of the calculation. As a compromise it was decided
that the best approach would be to vary the coordination number of each

calcium atom in turn, increasing them from a low reasonable value, say of 12.
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The program was set up in such a way that it would accept or reject any
oxygen inte coordination depending on whether the increased coordination
lowered or raised the total electrostatic charge unbalance value.

Similar decisions were maede for each of the 4 calcium atoms. Table 7

gives an example of the printed output from the program and gives the
radius of the calcium environment scanned, and the number of oxygens within
that environment which have been coordinated to the calcium atom. Since
this anorthite is presumably a low-temperature feldspar it may be expected
to have a charge unbalance near zero; consequently, decisions like the

one above were used as a means of finding the correct combination of the
coordination numbers which will yield a minimum unbalance value. The
decision to accept a given oxygen into coordination with a given calcium
atom 1s then based on whether the increased coordination reduces the charge
unbalance in the structure. However, it became apparent during the
investigation that there is a possibility that some of the closer oxygen
atoms may be rejected in favour of others further away from the calcium
atom. This may be explained in terms of a 'shielding effect! in which

some of the closer oxygen atoms are ungble to receive electrostatic charge
from a calcium owing to their being shielded by other still closer atoms.
More is said about this matter in Chapter III where some of the details

of the results on the anorthite calculations are discussed.

In the program the following results are printed cut for each
iteration, an example of a complete printout for one iteration being given
in Appendix I(f):

(a) The Si-0 and Al-0 values used and the iteration number (K),

{(b) The Al-content {fractions of atoms) of each tetrahedron,
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ITERATION NUMBER 88

LIMIT FOR

CAT-0

(O0=0RD0OF (AT

LIMIT FOR

CO-CRD OF
LIMIT. _FOR

1

5.290
16 '

CAT-0

CAT2
CAT=0

2

2

s

5.193
18.

5.295 i

CO-0ORD DF
LIMIT FOR

CAT3
CAT-0
CAT4

14,

5.232
16

CO0=0RD _(QOF

Table 7. Anorthite: Example of the Limiting Ca-0 Distances
: ‘ and ‘the Coordination Numbers of the 4 Non-Equlvalent

Calcium Atoms.(,
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charge distribution, then a similar change would be made to the 31-0

value and the third iteration calculated. This would continue until the
total charge unbalance value is larger than that of the previous iteration
and the best ideal value of Si-O is attained. Now changes are made to

the A1-O value of +0,001 ﬁ, and similar changes continue to be made until
the total charge unbalance on one iteration is greater than that of the
previous iteration. In this way the best values of Si-0 and Al-O are
obtained. These two values are then kept constant for the remaining
caleulations during which a series of iterations are performed varying the
coordination numbers of the calcium atoms as described in the next section.
Additional details of this operation may be found in Appendix I where there
is a complete description of the computer program including the printout

and the complete program documentation.

(b) Coordination of the Calcium Atoms

The coordination numbers of the calcium atomsﬂ¢eiuncertain and
additional complications arise when one considers that it is possible
that the four czlcium atoms may have different coordination numbers. The
iterative form of the computer program is suited to this kind of problem,
and after the best Si-0 and Al-O values have been determined, the
succeeding iterations vary the coordinations of the caleium atoms. Here
again the problem is compounded by the presence of 4 inter-dependent
variables, and the impossibility of being able to treat them as such,
owing to the magnitude of the calculation. As a compromise it was decided
that the best approach would be to vary the coordination number of each

calcium atom in turn, increasing them from a low reasonable value, say of 12.



(e)

(d)

(e)

(£)

(g)

(h)

(1)
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The total Al-content of the structure (expressed as numbers
of atoms),

The tetrahedral charge contributions (e.s.u.) to each of the
32 non-equivalent oxygen atoms,

The coordination numbers of the 4 calcium atoms and the
corresponding radii (&) of the environments which have been
examined to this stage in the calculations,

The total charge contributions (e.s.u.) to each of the
non-equivalent oxygen atoms,

The total charge contributions (e.s.u.) summed for each
tetrahedral group of 4 oxygens,

The sum of the excess positive charge (e.s.u.) on the
tetrahedra and the sum of the charge deficiency on the

tetrahedra, and

Four betrahedval wnits F e
The total electrostatic charge unbalance (e.s.u.) in the
structure and the iteration number (K) which may be used to
refer to the variables used for that particular iteration.

When the calculations have been completed amd a minimum charge

unbalance has been determined for the whole structure, a summary of each

iteration is printed out in tabular form. An example of such a summary

is given in Table 8.
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CHAPTER III

RESULTS AND DISCUSSION OF THE ELECTROSTATIC CHARGE

CALCULATIONS FOR THE ANCRTHITE STRUCTURE

(i) General Remarks

Chapter II dealt with thevprinciples involved in the distri-
bution of electrostatic charges within a complicated structure such as
anorthite, This Chapter describes briefly some of the calculations of
charge unbalance in the anorthite structure, pointing out some of the
modifications in approach which were employed in an attempt to obtain
more meaningful results, In the last section of this Chapter it is
shown that the anorthite structure presented more of a challenge than
hag originally been anticipated, and that it was considered advisable
by the author and his supervisor to embark on a thorough study of the
simpler low- and high-temperature albite structures in order to establish
a workable system that could, at a later date, be applied to the anorthite
and other feldspar structures. Despite the fact that, at present, the
work concerning the anorthite structure is incomplete, certain interesting
features of the electrostatic charge distribution have come to light as

a result of these first calculations.

Owing to the large number of non-equivalent atoms in the anorthite
structure, programming is difficult as the equivalence of the oxygen atoms
must be established during the tetrahedral part of the calculations so
that the charge distributions may be summed on the non-equivalent atoms.

An additional difficulty is the fact that there are 4 non-equivalent calcium
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atoms and thus 4 sets of Ca-0 distances are involved; even more difficult
is the equivalence of the various oxygens in each of these 4 calcium atom
environments. The over-riding control (the charge unbalance value)
governing changes in the variables in the computer program is based on

the assumptions that this anorthite is a low-temperature feldspar and

that it can therefore be expected to yield a low total electrostatic
charge unbalance value. Reference to the tabulation on page 4 indicates
that the minimum charge unbalance hitherto obtained for any feldspar is
that of 0.12 e.s.u. for low albite (Ferguson et al., 1958). A consequence
of this is that the unbalance value for the anorthite structure must be

at least comparable to that for low albite in order to support the
original assumptions., As mentioned in the previous Chapter, the charge
unbalance is measured by the sum of the deviations from 8,000 e.s.u.

on each of the non-equivalent tetrahedral groups of 4 oxygens in a feldspar
structure, Thus for low albite the unbalance wvalue is given by the sum

of the deviations on A4 independent tetrahedra, Since anorthite has 16
non-equivalent tetrahedra, the comparable charge unbalance value to that
of low albite will differ by a factor of four, that is to say, 0.12 x 4 = |

0,48 e.s.u,

(ii) Calculations Using the Same Coordination Numbers for each of
the Four Calcium Atoms

The first calculations to be carried out concerning the electro-
static charge distributions within the structure of anorthite were
attempted using equal coordinations for the 4 calcium atoms, and varying

the ideal sizes of the pure Si-0 and Al-0 tetrahedra, It was thought
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at this stage that a minimum charge unbalance value, comparable to that
of low albite, could be obtained in this way. Table 9 shows a few
selected values which characterize these calculations, and it may be

seen that the minimum charge unbalance value (0.794 e.s.u.) was obtained
using a coordination number of 11 for all the calcium atoms. This value
of 0.7%9% e.s.u. is almost twice as great as the best comparable low
albite value, although the best ideal values for Si-0 and Al-O vary only
slightly and appear to be reasonable. From information of this nature

it was obvious that the variables, Si-O, Al1-O and the coordination numbers
of the calcium atoms are all strongly inter-dependent. The problem of
allowing for this inter-dependency is virtually insuperable in the
anorthite structure in that it would involve calculating all possible
combinations of the several variables, and this would require very
extensive computer time, At this point it was felt that the 4 calcium
atoms may have different coordination numbers and the program was modified

accordingly as described in the next Section.

(iii) Calculations Using Different Coordination Numbers for
the Four Calcium Atoms

(a) Coordination by a Number of the Nearest Oxygen
Ltoms in each Calcium Environment

Continuing from the study described in the previous Section, it
was thought that different coordination numbers of the different calcium
atoms would possibly give more satisfactory results; comsequently the
computer program was modified in order to vary the coordination numbers
of each calcium atom independently of the others. The coordination was

again controlled by the charge unbalance value and a new attempt was made
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CO-ORDINATION TOTAL

BEST BEST OF ALL FOUR CHARGE UNBALANCE
si-0 (&)  4a1-0 (8) CamATOMS (e.s.u.)
1.602 1.767 6 2,211
1.600 1.763 10 1.067
1.602 1.763 11 0.79%
1.602 1.763 12 0.835
1.602 1,766 13 1.215
1,602 1.762 14 1.083
1,602 1.762 15 0.813
1.602 1.764 16 0.859

Table 9, Anorthite: Examples of Electrostatic Charge Unbalance
Values for Various Coordinations of the Calcium Atoms.
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to reach a low charge unbalance value. The coordination numbers in
these calculations represent the number of nearest oxygen atoms around a
particular calcium atom. The program first attained the best 5i-0 and
A1-0 values with a low starting coordination for all four calcium atoms;
then the coordination of the first calcium, Ca({000), was increased by
one and a comparison made between the unbalance number obtained on the
previous iteration with the unbalance obtained on the current iteration;
if the charge unbalance had decreased, a similar change was made to the
coordination of Ca(000) and again tested. This procedure was continued
until the charge unbalance number on the current iteration was greater
than that of the previous iteration, at which point the best coordination
number for this calcium atom had been established, The program then
moved on to adjust that coordination of the second calcium, Ca(z00),

and arrived at its oxygen environment in a similar manner; and so on for
the remaining 2 non-equivalent calcium atoms, Table 10 gives some
selected values for various complete sets of iterations, and it can be
seen that the minimum total electrostatic charge unbalance value is
0.734 e.s.u., representing a slight decrease from the minimum value

given in Table 9. This value was obtained with generally large
coordination numbers for the calcium atoms. These coordinations are
considerably larger than those predicted by geometric considerations, and
it was felt that they may be unreal. However, the large number of oxygen
atoms in a given calcium environment suggested that possibly the charge
on the calcium is effective to large distances, and that it may be necessary
to consider an even larger calcium environment in order to attain a small
charge unbalance value for the structure. Such an idea would be departing
from the strict concept of coordination, but nevertheless it was thought

advisable to investigate this possibility.
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COORDINATION NOS. OF TOTAL
BEST BEST cal  Ca2  Ca3  Cak GHARGE UNBALANCE
si-o(®)  41-0(8) (000) (z00) (0i0) (2iO) (evs.u.)
1.602 1.763 1, 13 12 11 0.747
1.602 1.761 12 11 10 11 0.838
1.602 1.764 15 16 16 16 0.73L
1.600 1.763 12 11 10 11 0.762

Table 10, Anorthite:

the Four Calcium Atoms.

Examples of Electrostatic Charge Unbalance
Values for Different Coordination Numbers of each of
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(b) The Investigation of a lLarger Oxygen Environment
for Each Calcium Atom taking into Account a
tShielding Factor!

This investigation was based on a concept that the charge on
the calcium atoms was effective for large distances in all directions
around the atom, Therefore, if this were the case, it would be necessary
to distribute the charges to all the oxygens in a wide enviromment about
each calcium atom. The resulting coordinations would probably be large,
but perhaps the number of oxygens involved in this environment should not

be considered as being 'coordinated' in the accepted sense of the word.

The computer program was once again modified and provision was
made to test an oxygen environment of radius 6.5 2 about each of the
L calcium atoms, in a manner similar to that described in Chapter II.
This large environment would include about the nearest 50 oxygens to each
calcium., The method involves testing each oxygen atom in order of
increasing Ca-0 distance, and if the total charge unbalance number is
reduced, then that oxygen will be considered as an effective part of
that calcium environment. Similar tests are then made on the oxygen
enviromments of each of the other calcium atoms until they have all been
examined to given limits. It was thought that with these modifications,
the charge unbalance value would be a sensitive indicator as to whether

or not a given oxygen was electrostatically bonded to a given calcium atom.

This approach also offered the possibility that some of the
oxygen atoms might be taken into coordination with a calcium atom in

favour of others which are closer to that calcium atom. This was explained



as being due to electrostatic 'shielding'! of some oxygens by other

closer atoms, either oxygens or calcium atoms. Using this new method
described above, several sets of calculations were completed, and it
became apparent that the inter-dependency of the variables was a real
problem. This was brought to light by the fact that the final charge
unbalance value produced by the program was strongly dependent upon

the assumed starting coordinations for the calcium atoms. The starting
values for the ideal Si-0 and A1-O values appeared to be less significant.
However, the coordination numbers assumed at the start of the program

for the calcium atoms had a strong bearing on the finel charge unbalance
value. On account of this a further small modification to the computer
program was made so that the coordinstions of the calcium atoms could be
varied in turn, thus gradually scanning through the enviromment, in such
a manner that the radius of the scan remained approximately the same for
all the calcium atoms at any given time. This appeared to be a compromise
to the problem of treating the coordination numbers as inter-dependent
variables. Table 11 gives an example of the summary of each iteration
for a complete set of these calculations and it may be seen that a

marked decrease in the charge unbalance value for the anorthite structure

was effected.

Several more sets of these iterative calculations were performed
using this method and using different starting values for Si-C and Al-0Oj
scanning the calcium envirornment to 6.50 E, resulting in larger ccordina-
tion numbers than are shown in Table 11, It may be seen from the examples
shown in Table 12 that a further decrease in the charge unbalance value

was effected, and that regardless of the starting values for the ideal
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CO-ORDINATION NOS. OF TOTAL
BEST BEST Cal Ca2 Ca3 Cal,  CHARGE UNBALANCE
si-0(®) 41-0(8) (000) (200) (0i0) (=i0) (e.5.u.)
1.602 1,762 16 22 1 16 0.130
1.602 1.762 16 19 14 16 0.143
1.602 1.762 16 20 1 16 0.148
1.602 1.762 18 20 1 16 0.136

Table 12. Anorthite: A Comparison between Different Sets of

Calculations which Yielded Small Charge Unbalance
Values using Different Starting Values for the
Ideal Si~0 and Al-O Mean Tetrahedral Sizes.
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Si-0 and A1-0, the best values arrived at in each case are the same.

The values listed in Table 12 are all extremely low for the total
electrostatic charge unbalance for anorthite and are equivalent to

even smaller values for the low albite structure. For example, 0.130
€.5.,u. on anorthite is equivalent to 0.130/4 = 0.032 e.s.u. on the

low albite structure. However, examination of the structure model of
anorthite, purchased from Crystal Structures Ltd., Cambridge, England,

in conjunction with detailed studies of the results, indicated that

some oxygen atoms were being taken into coordination with calcium which
were completely shielded by other closer atoms. The realization of this
fact made it clear that further calculations along similar lines would

be of no value as the small charge unbalance values which had been obtained
were of no significance since they had been produced mathematically without

due regard to the actual crystal structure of the mineral.

Despite this, it may be said that the computer program in its
present form (as detailed in Appendix I) provides a basic method of
handling the calculations required for the anorthite structure, although

modification is required to take account of crystal structure considerations,

(iv) Conclusions Regarding Anorthite

Although it must be admitted that the work on the electrostatic
charge distributions within the structure of anorthite is incomplete,
certain information may be considefed as being of value. In the first
place, all the calculations which were performed indicate that the ideal

values for the sizes of the pure Si-O and A1-0 tetrahedra for anorthite
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are probably close to 1,602 % and 1.762 & respectively. The final

values for the structure may be slightly different, but will almost
certainly be of this order. Information concerning the best coordination
numbers of the calcium atoms is unsatisfactory, and recent work dealing
with the albite structures (described in the next Chapters) indicates
that these coordination numbers may be considerably lower than those
which were assumed for most of the calculations detailed above, say in
the range 6~fold to 9~fold, rather than in the range 12-fold to 16-fold.
However, it remains to be seen whether this is actually the case and

further work along these lines is anticipated.

It now remains to comment on some of the very low charge
unbalance values which were obtained for the anorthite structure, but
which are considered as being unreal. It is rather surprising that any
set of assumed values for several variables should yield a low unbalance
even if they are unreal. This was one of the original assumptions which
was used in designing the computer program to handle these calculations
and, as has already been mentioned, these calculations were performed

without due consideration of the actual crystal structure of anorthite.

The very low charge unbalance value was obtained as a result of
seversl factors., The first is that the program was designed to reach a
minimum value on the basis of the total electrostatic charge unbalance
value. This means that once the best Si-0 and A1-O tetrahedral values
were established, the coordination of the calcium atoms was varied,
the method of variation being based on the assumption that if any change

in coordination yielded a reduction in the charge unbalance value, then
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that change in coordination was considered to be acceptable. Thus

the final results for the low charge unbalance values gave coordinations
for the calcium atoms which were quite high, and not only different from
each other, but also not necessarily representing the nearest number of
oxygen atoms to a given calcium atom. Examination of the crystal structure
model indicated that some of the oxygens which had been taken into
coordination:were unreasonable in that they were completely shielded from
the calcium atom by other atoms closer to the calcium than the given
oxygen. This, taken into consideration with the fact that the program
was designed to yield a minimum charge unbalance value, led to the
unrealistic arrangement of oxygens (considered as coordinated oxygens)
about a given calcium atom which yielded the smallest charge unbalance
values. Thus, in the opinion of the author, all these values are unreal
and no conclusions may be drawn using these numbers. In fact they may

be considered as being the product of a 'mathematical game!.

Recent work concerning the albite structures has shown that the
lowest charge unbalance value can be obtained by systematically varying
the coordination of the sodium atom. This, however, only involves the
single sodium atom and the complications which may arise are minimized.
Nevertheless, it may be practical to use a similar method to solve the
anorthite structure; it is necessary to consider the oxygen environment
about the calcium atoms in order of nearness, and to calculate their solid
shielding angles in order to determine the amount of a given oxygen which
is shielded from a given calcium atom, by atoms closer than itself. This

method is at least erystallographically sourd and has been shown to be of
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value in similar calculations concerning the albite structures. The
remaining alternative concerning anorthite is that the assumed
coordination numbers of the calcium atoms are considerably less than
had been anticipated and that there is a possibility that a small charge
unbalance value may be obtained using smaller coordination numbers,

possibly different for each of the four non-equivalent calcium atoms.

(v) Conclusions Leading to the Study of Low and High Albite

The foregoing discussion concerning the results obtained in
attempting to distribute the electrostatic charges within the structure
of anorthite, indicate the changes in the lines of thought which came
to light during the progress of the research.

was
The last series of calculations concerning anorthite based

on the false premise that the measure of electrostatic charge unbalance
would be a sensitive measure of the 'shielding! effects. It is evident
that some atoms are shielded by others and that these atoms are unlikely
to receive any charge contributions from the calcium atoms. it also
became apparent, by visual examination of the anorthite structure model,
that some of the oxygen atoms are only partially shielded by other atoms,
It was therefore strongly evident that charge balance calculations such as
have been described should take careful account of these factors. Hvery
oxygen atom in the structure should be examined and the amount of
shielding by atoms closer to a given calcium atom than itself should be
determined. This last view appeared to be the logical conclusion to the
previous studies and various means of determining the amount of shielding

were investigated.
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At the outset it was apparent that visual estimation with
the aid of the crystal structure model would be unsatisfactory since
the charge distribution is extremely sensitive to all changes in the
variables as is shown in previous sections of this Chapter. Therefore
it appeared that the amount of shielding would have to be arrived at
by mathematical means. Dr. H. R. Coish of the Physics Department of
The University of Manitoba was kind enough to assist in this matter and
he derived the required formulae which could be used to accurately
calculate the amount of shielding of any given atom by other closer ones.
These formulae included the use of solid geometry and consequently required
calculations which were expected to be extensive. The large number of
non-equivalent atoms in the unit cell of anorthite made the task
extremely formidable and it was considered advisable to assess the
feasibility of these calculations by a study of simpler structures
such as low and high albite. In this matter the author received the

complete cooperation of his supervisor.
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CHAPTER IV

ELECTROSTATIC CHARGE DISTRIBUTION WITHIN

THE LOW ALBITE STRUCTURE

(1) Description of the Method

The method used to calculate the electrostatic charge distri-
butions within the structures of low and high albite was the outcome
of studies concerning the charge distribution in anorthite. The method
was developed using the IBM 1620 computer since it was more readily
available to the author than the IBM SYSTEM 360 used for anorthite;
also, it provided a quick method of 'de-bugging' the programs because
it was in the direct control of the author. The method of calculating
the charge distribution may be equally well applied to both low and high
albite, and with the present set of IBM 1620 FORTRAN II programs, may be
applied to any feldspar structure with the space group CI. Documentation
of the 4 programs required to do these calculations is given in Appendix II
at the end of this thesis. The main difference between these calculations
and those of the anorthite structure is that account is now taken of the
tshielding' of the outlying oxygen atoms, a factor which at the start
of the albite project was thought to be important. The amount of
shielding which occurs for each oxygen in relation to a particular sodium
atom is calculated, and from this, the fraction of that oxygen exposed to
the sodium charge may be derived; from this, in turn, is calculated the
proportion of positive charge it receives from the sodium. It is upon this
basis that the electrostatic charge distribution was carried out for the

albite structures.




- 53 -

The four programs were written especially for the above
calculation, and in their present state require a small amcunt of
handling before the data from one program can be used for the next.

Following are brief notes describing the four programs:

Program #1 ~ Scan of Interatomic Distances: 4 program to
calculate, within given limits (£), all the
interatomic distances in a given environment
about a particular atom,

 Program #2 —~ Scan of Interbond Angles and Shielding Angles:

This program used the cation-oxygen distances
obtained from Program #1 (re-arranged in
increasing order of bond length), and calculates
all the required angles in order to establish
the overlap relationships between the atoms.

Program #3 ~The Solid Angle Shielding Effect: This program

uses data directly from Program #2 without
modification in order to calculate the shielded
fractions of the oxygen atoms relative to the
large cations.

Program #l, - The Electrostatic Charge Distribution Program:

This program uses data from Program #3 with minor
modification and also requires additional data,
namely the list of T-0 distances (R). It
calculates the distribution of the electrostatic
charges within the given structure, and takes
into account the shielding of one oxygen by other
atoms closer than itself to the large cations.

Listing and documentation of these Programs may be found
in Appendices IIA, IIB, IIC, and IID.
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(a) Program #1 - Scan of Interatomic Distances

The first operation required to process the original data is
the calculation of the interatomic distances in Xngstrgm units. The
original cell dimensions were those of Ferguson et al. (1958) and the
original parameters were those derived by three-dimensional methods by
Ribbe et al. (1967). These parameters have to be transferred, if
necessary, into an asymmetric part of the unit cell. An asymmebric
part of the unit cell for the albite structures with space group
CI is la, b and 3c. The parameters thus defined are given in Table 13,
and these are taken as being the original positions of the atoms throughout
this .text. The computer program is so designed as to calculate the
complete list of bonds within a particular distance around a given atom.
Uppef and lower limits are provided in order to reduce the number of
calculations. Since a complete scan of the environment of a given atom
is required, this involves a complete set of translation operations of
+1 and ~1 for each atom in each of the equivalent positions. For example,
equivalent position (x, y, %) would be translated as follows:

xtLl,y,z 5 x,ytl,2 5 x,y,ztl 3 xtl,y+l,z s xtl,y+l, 2+l ; ete.,
until a complete environment has been scanned. Only those bonds falling
within the given limits are recorded, and for each of these the following
information is punched on cards (see Table 14):
Column (1) The number of the atom in a given environment
whose symbolic name, Megaw notation (1956),
is given in column 3,

(2) The symbolic name of the atom whose environment
is being scanned (N4).

(3) The Megaw notation for the atom in the given environ-
ment, corresponding to the atom number in (1).
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ATOM+NO.
NA 01
OA{1) 06
OA(2)y 07
0B{(0O) 08
oB(M) 09
0C{0) 10
0C(M) 11
OD(0O)Y 12
OD(M) 13

X/7A

7682
4945
0929
8124
3200
0132
5239
2075
6840

Y/B

4888
3692
4974
1101
3512
3035
1935

1091

3681

2/C

1462
0336
2808
1905
2587
2690
2291
3890
4348

Table 13, Low Albite: The Original Parameters
' (Ribbe et al., 1967) Transferred into
the Asymmetric Part of the Unit Cell.
(Expressed as fractions of cell edges x 107).
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(4) EQV - The number which indicates the equivalent _
position of that atom. The code in the case of Cl is:

- %72

- X,¥,2

- xtd, 7,z
2’y+2’

i 1
= X=~Z3J2,2

W o M

(5) XY Z - The amount of translation, in terms of x,y and z
which has taken place relative to that equivalent position.

& (8) X/i, ¥/B, Z/C - The derived parameters of the atom in
fractions of the cell edges.

(9) BOND (A) - The bond length ().

(10) SER. NO, - A serial number referring to that particular
bond.,

A listing of the Na-0 and Na-Na bond lengths less than 6.500 R calculated
for the low albite structure by this method is given in Table 14, arranged
in order of calculation in Table 14A and in order of increasing bond

length in Table 14B.

(b) Program #2 - Scan of Interbond fAngles and Shielding Angles

The second series of calculations are performed using the data
obtained from Program #l, re-arranged in order of increasing bond length
(Table 14B), as well as the cell dimensions given by Ferguson et al. (1958),
These are the calculations which provide the angular relationships between
the bonds necessary for calculating the 'shielding factors!. The angles

calculated are defined as follows (Fig. 1):
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® is the plane angle subtended at the centre of the
sodium atom by the radius of the oxygen being shielded.
Sine = ROX/Na—O_

Assumed values of Rox = 1,32 ﬁ,

/? is the plane angle subtended at the centre of the
sodium atom by the radius (R) of the closer atom causing
the shielding. Sing = R, /Na-0 or sing = RNa/Na-O, and

Y is the inter-bond angle subtended at the centre of the
sodium atom by the atom being shielded and by the shielding
atom (oxygen or sodium).

The output from this program lists only those angular values which indicate
that overlap does occur, but it does not calculate that overlap., Table 15
lists these values for the low albite structure, and the following information
is contained in this Table:
Columns (1)
(2) and (3) The serial number of the atom which is being shielded;
its Megaw symbol and distance (R) from the sodium atom.

‘(4) The symbol of the cation urder consideration (NA&).

(5) and (6) The Megaw symbol of the atom which is causing the
shielding, and its distance (X) from the sodium atom,

(7), (8),(9) The three angles ", ﬂoand ¥ S, defined as above and
shown in Fig. 1.

(10) The sequential number from Program #1 of the Na-O
bond distance of the atom which is being shielded.

The angles o¢ ,/é? and Y are sufficient to determine if there is
an overlap, this occurring when ¥< (<x +/? ). Only if this relation is

true are the angles recorded.

From these data it is now possible to determine the amount of
overlap which has occurred and hence to calculate the amount of shielding

which takes place with respect to a particular oxygen atom.
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(¢) Program #3 - The Solid Angle Shielding Effect

Program #3 was written to process the data obtained from
Program #2, and to calculate the amount of shielding. The mathematical
relationships are given in detail in Appendix IIC and may be referred
to there. At this point it will be sufficient to note that there are
four possible angular relationships which may exist, and their

consequences with respect to overlap:

(1) When Y. > (% +% )no overlap occurs.

(2) vhen =Y £ o the amount of maximum overlap is equal to
or less than the effective radius of the atom which is
being shielded.

(3) WhenYS /2 <(v+ o) the amount of maximum overlap is
greater than the effective radius of the atom which is
being shielded.

(4) When B = (Y+) the atom in question is being totally
shielded by the closer atom.

The four cases require slightly different mathematical treat-
ment, and a series of tests are made at the beginning of the program
to determine which case is true in a given situation. Once this is
determined, the calculation proceeds along the appropriate channel
until the amount of shielding for that case has been calculated. This
continues for each of the data cards which represent overlap occurrences.
The program takes into account cases where more than one oxygen is
shielding another, adding all the shielding values for one oxygen when
necessary. Table 16 lists the shielded fractions for all oxygen atoms
in the sodium environment to a distance of 6,500 8, defining the atom
by its atom number (Table 13), and by its bond length (X), and the

corresponding serial number from Table 1LA.
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SHIELDED ATOM NA=O

SER«NOe
FRACTION NOo BOND
1 0.0000 1 0.000
2 0,0000 6 26537
3 04387 7 T 5.98¢4
& 02026 8 44865
5 07150 9 4,518
1) 6874 11 4,536
7 20161 13 2991
g 5545 7 6178
9 1,1825 9 5,903
10 1.0912 13 4,954
11 « 9636 6 - 6ol 23
iz 0.0000 7 2377
13 29011 9 4499
14 - 0269 10 26953
15 1.0000 12 5803
16 21573 7 3,726
17 1.0773 9 46912
18 «5398 10 4ol 47
19 1.0234 12 5870
20 29071 13 5,862
21 0.,0000 1 0.000
22 0.0000 5 2:664
23 01114 7 3,719
24 0036[\’* 9 36465
25 03175 10 5,035
26 09240 . 11 . 46951
27 65557 13 44592
28 0,0000 1 0,000
.o s.cOnbinued/
Table 16. Low Albite: Shielded Fractions of the

Oxygen Atoms Involved in the Bonds
Listed in Tables 1LA and 14B.
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SER.NOo

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55,
56
57
58

0 71972
e 7736
0.0000
1,0798
1.1109
286659
«9022
«1379
e 1534
00678
0.0000
1.0487
071972
22522
04489
06970
11597
«6733
1.,0000
«3767
e 9717
" 05248
«3677
«5730
04203
0.0000
03723
0.,0000
« 4031

102051

SHIELDED ATOM

FRACTICN NO.

13
1
-

190
6
8
9

10

11

12

13

12
8
8

12
9

10

211

12
8
9

11

12

13
1
6
8

11

13

NA-O
80OND

bolilily
46482
0000
60269
6+263
5510
44621
4 o647
L!-0657
30262
24435
56729
56547
40,095
60432
6337
60132
4+580
60245
46,199
5.321
6,091
Go771
4281
5.554
0,000
5.191
2455
40278
6,058
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(d) Program #L - The Electrostatic Charge Distribution Program

Program #4 uses data derived from Program #3 with minor
modification. The charge distribution program is essentially similar
to that described for the anorthite structure in Chapter II where
details of the tetrahedral cation to oxygen charge calculations are
given. The difference between this program and the basic form of
the anorthite program is that account is now taken of the amount of
a particular oxygen atom which is exposed to receive charge from the
large cation. The amount of exposure (EX) is calculated from
( 1 - the shielding factor). The following equations were developed,
and reference numbers to the corresponding equations in Section (i)b

of Chapter II are given for the purposes of comparison:

To calculate the fweichting factor'! W (Egquation #5 in Chapter II):

[ 1
W =E — x EX
| co?
r
> =
co?

where EX is the amount of a given oxygen atom exposed to the sodium atom.

To caleulate the charge contribution of a sodium atom to a given
oxygen atom (Equation #6 in Chapter II):
PC
C = "-"—"'2'—-"-—XEX
(COY" x W

+1 x EX

(co)’ x w
EX

(c0)° x W

where EX is defined as above.
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In the interests of saving time, Program #4 does not vary
the ideal Si-0 and Al-O values as does the program for anorthite.
The albite charge distribution program assumes ideal values of Si-0
and Al-0 and proceeds to calculate the charge unbalance for a series
of different scdium coordination numbers. These results may then be
examined to determine the coordination number of the sodium atom which
results in the minimum charge unbalance value, and then minor adjust-
ments can be made to the ideal 3i-0 and Al-0 values by successive runs

of the program.

(ii) Presentation of Results

Using the method described above, several sets of calcula-
tions were carried out on low albite using the original x,y and z
parameters taken from the three-dimensional structure refinement by
| Ribbe, Megaw and Taylor (1967). All the values quoted in this part of
the text are computed and they have not been rounded off. They are
given to the fourth decimal place and the remainders have simply been
removed. A satisfactorily small unbalance value of 0,014 e.s.u. for
the whole structure was, in due course, derived using the following
values of the variables: Si-0 = 1.602 B, 41-0 = 1.777 2 and a
coordination number of the sodiﬁm atom of 6. The numerical results
of the computations are presented in two ways, first as the print-out
of the data in Table 17, and then graphically in Fig. 2. Table 17
gives the complete listing of the computgfed results for the set of

calculations yielding the smallest charge unbalance value.
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Table 17

Low Albite : Print-out of the Complete Set of Electrostatic

Charge Balance Calculations for Coordination Numbers of

the Sodium from 4-fold to 17-fold with Si-0 = 1,602

and A1-0 = 1,777 A. This Set Includes that with

(1)

(2)

(3)

(%)

(5)

(6)

(7)

6~fold Coordination of the Sodium which

Yielded the Smallest Unbalance Value
Obtained, 0,014 e.S.u.

The Table occupies six pages and the following
information is given for each of the tested

coordinations of the sodium atom:

The ideal values of Si-0 and Al-O assumed for this set
of calculations (recorded only in the first set of
results, i.e. the set for sodium coordination of 4).

The Al-contents of each tetrahedron and the total
Al~content of the structure as fractions of atoms
(also only recorded as the data in (l».

The coordination number of the sodium and the maximum
Na-0 value to which it corresponds.

The charge contributed by the sodium to each non-equivalent
oxygen (e.s.u.) (These are identified by their atom number
listed in Table 13).

The total charge on each of the non-equivalent oxygen atoms
(€eselo)

The total charge contributions to each of the non-equivalent
tetrahedral groups of four oxygens (ees.u.).

The total electrostatic charge unbalance value (e.s.u.)
for that set of variables.
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Fig. 2 is a plot of the essential results of Table 17,
namely a plot of the total electrostatic charge unbalance against
the coordination number of the sodium. The diagrammatic form is
the more satisfactory presentation as the rate and amount of change
in the total electrostatic charge unbalance value with coordination

number of the sodium atom can be seen very easily.

From these results for low albite, especially as they are
shown in Fig. 2, it is clear that the electrostatic balance is almost
perfect (0.0l4 e.s.u.) for a coordination number of 6 oxygens around
the sodium atom, and for Si-O = 1,602 ® and 41-0 = 1.777 £ (Table 18).
These results strongly support the original premise that local charge
unbalance should ideally be zero in this low-temperature feldspar
structure. Furthermore, Fig. 2 shows that the unbalance value for
any coordination of sodium other than six is large and that there can
be no doubt that 6-fold coordination of sodium is the most favourable
to the low-temperature albite structure. The oxygen atoms which are
involved in this coordination with the sodium atom are the nearest

six and these are listed in Table 18.

As previously mentioned, the smallest charge unbalance for
the calculations presented in this thesis for the low albite structure
is 0.014 e.s.u. This represents a marked reduction from the smallest

(0-12 es.u.) ] )
valuerbtalned by Ferguson, Traill and Taylor (1958) also using a 6-fold

coordination for the sodium atom. Several significant differences between

these two calculations should be pointed out. The calculations of

Ferguson et al. (1958) did not take account of the cation-oxygen distances,

and also they used Smith's (1954) ideal values for Si-0 and Al-O,
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(e.s.u.)

NCE

s,
1

W

CHARGE UNBALAL

°
N

ELECTROSTATIC

i

|

/
Igeal Si-0 = 1.602 £
Ideal A1-0 = 1.777 &
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COORDINATICN NUMEER OF Ti

THE SCDIUM ATCM

Fig. 2.

Low Albite: Variation in Electrostatic Charge
Unbalance with Coordination Number of the o
Sodium Atom for S5i-0 = 1,602 & and 41-0 1.777 £.
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Table 18

Low Albite: Summary of the Conditions

Yielding Near-~Zero Electrostatic

Charge Unbalance

Original Cell Dimensions of Ferguson et al. (1958) and the original
three-dimensional atomic parameters of Ribbe et al. (1967).
A1l cation charges distributed according to the inverse square of

the cation-oxygen distances.

Si-0 = 1,602 & A41-0 = 1.777 &

Al-contents of tetrahedra in fractions
of atoms

T1(0) 0.823
T1(M) 0.046
T2(0) 0.074
T2 (M) 0.057

Total Al-Content 1.000

Coordination of Sodium by 6 Oxygens

Nearness Megaw Na-0 Fractions Charge Contributions
Number Symbol & Shielded from the Sodium

1, 04(2) 2.377 0 0.192

2. oD(0) 2.435 0 0.183

3. OB(0) 2.455 0 0.180

L, 0A(1) 2-537; Og

5. 0A(1)  2.684 0 0.322

6. oc(0) 2.953 0.03 0.121

teeeeases.continued/
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Table 18 - Continued

0A(1)
0A(2)
0B(0)
OB(M)
oc(o)
oc(M)
oD (0)
oD(M)

2.113
2.108
1.984
1.977
1.940
10955
10970
1.954

Total Positive Charges ( Z ) Received by each Tetrahedral Group of

Four Oxygens and Differences from 8,000 ( A ),e.s.u.

T1(0) - 0A(1)
OB(0)
oc(0)
oD(0)

p>

lal

T2(0) - 0A(2)
OB{0)
oc(M)
oD(M)

Z

|al=

i

2.113
1.984
1.940
1.970

8.007

0.007

2.108
1.984
1.955
1.954

8.001

0,001

T1(M) - 0A(1)
0B(M)
oc (M)
oD (M)

> =
lal=
T2(M) - 0A(2)
OB(M)
oc{(0)
0D{(0)
E p—y

lal=

2,113
1.977
1.955
1.954

7.999
0.001

2,108
1.977
1.940
10970

7.995
0.005

TOTAL ELECTROSTATIC CHARGE UNBALANCE FOR LOW ALBITE,XL&' = 0,014 e.s.u.
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1.600 and 1.780 R respectively. If a given tetrahedron was calculated
to have less than zero for an Al-content, this value was adjusted to
zero. These two facls, together with the less accurate two-dimensional
structure refinement of Ferguson et al. (1958L account for the differ-
ences in the smallest charge unbalance value for the low albite
structure, compared to those given in this thesis. Of further note

is that in 1962 Paul Pushkar (personal communication to Dr. Ferguson)
re-calculated the charge unbalance on low albite using a 6-fold
coordination of the sodium atom, taking account of the Na-C and T-O
distances, and he arrived at a total charge unbalance value of

0,064 e.s.u. It should be noted that at the time these calculations
were carried out, Ferguson was strongly in favour of the ideaz that if
proper account were taken of the crystallographicconsiderations, i.e.,
the cation-anion distances, and the Al-contents of the tetrahedra, a nea¢§;

perfect balance for this low albite could be calculated.

Several other sets of calculations were carried out for the
low albite structure (Ribbe et al., 1967) for comparative purposes and
some of the details of the results are shown in Table 19, and
graphically in Fig. 3. The tabulation given below compares the curves

shown in Fig. 3:

Curve in Ideal Ideal Al-content Coord. Minimum Unbalance
Fig. 3 si-0(®) a1-0(®) (Atoms) of Na Value (e.s.u.)
A 1.602 1.777 0.9999 6 0.014
B 1.600 1.780 1.016 6 0.050
(Smith, 1954)
C 1.610 1.750 1.021 6 0.187

(Smith and Bailey, 1963)
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Fig. 3 compares the best results with those using the ideal values of
Si-0 = 1.60 £ and 41-0 = 1.78 £ proposed by Smith in 1954 and with the
revised ideal values of 1.61 £ and 1.75 & put forth by Smith and Bailey
in 1963, The latter values gave a minimum charge unbalance (also for
6-fold coordination of the sodium) of 0.187 e.s.u., about three times
greater than the value yielded by Smith's 1954 ideal values, for which
the unbalance is 0.050 e.s.u. The two curves remain essentially the
same shape and both categorically define the 6~fold coordination of the
sodium. On the assumption that this low-temperature feldspar should have
a minimum charge unbalance of ideally zero, the author is obliged to
accept the Si-0 and Al-0 values close to those first proposed by Smith
in 1954. This leads to the further conclusion that low albite is only

about 82% ordered with respect to Si-Al.

Although the most important point about the charge distribution
is, as mentioned earlier, the closeness to 8 e.s.u. of the positive charges
contributed to the tetrahedral groups of four oxygens, it is of some value
to consider the total charges contributed to the oxygens individually.

The total positive charge contributions to the non-equivalent oxygens in
the structure are given in Table 18 for the conditions that yield the
lowest charge unbalance value of 0.0l4 e.s.u. The greatest deviation from
the ideal value of 2,000 e.s.u. is for oxygen OA(1l) which is +0.1126 e.s.u.
and results from the fact that two of the eguivalent atoms of this kind

are close to the sodium atom (the Ath and 5th closest atoms). Consequently,
when treated as a non-equivalent atom, it receives almost one-third of the
total positive charge of +1 from the sodium atom (Table 18). The other

oxygen atom which receives an excess charge (+0.1076 e.s,u.) is OA(2) and
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this results from the fact that this oxygen is involved in the shortest
Na-0O bond length in the structure of 2,377 R 3 thus, it receives more
charge from the sodium atom than another other single oxygen by virtue

of the inverse square law used in distributing the charges.

The remaining oxygen atoms in the structure are all slightly
undercharged but to a lesser extent than the OA oxygens are overcharged.
The least charged oxygen is 0C(0) with 1.939 e.s.u. It is the sixth
nearest oxygen to be coordinated with the sodium and hence is at the

greatest distance; it is also partly shielded by O04(2).

Considering now the oxygens taken in tetrahedral groups of
four, (Table 18), it may be seen that the sum of the charges in each
such group is extremely close to 8.000 e.s.u. and that the maximum
deviation is +0.0063 e.s.u. on T1{0). The sum of the deviation from
8,000 e.s.u. for the four independent tetrahedra, as emphasized earlier,
is 0,014 e.s.u, From these results it may be concluded with confidence
that the electrostaﬁic charge distribution in low albite is locally
balanced with particular reference to the tetrahedral groups of four
oxygens. The results indicate clearly that the Al is concentrated to
the extent of 82%, but only to that extent, in the one site Tl(O), and
that any appreciable change in the assumed amount of Al in this site
would upset the almost perfect balance of electrostatic charge which

this structure exhibits.

{iii) Summary of Conclusions

1. Low albite possesses a nearly perfect electrostatic charge

distribution provided a reasonable set of assumptions is



La
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accepted. Because this is so, the atoms in the structure
are thought of as behaving as ions. It implies that the

structure is ionic in character.

This near-zero electrostatic charge balance is attained
only if the sodium atom is taken as being in 6-fold
coordination with the nearest 6 oxygen atoms. Therefore,
one may say that the electrostatic influence of the sodium
atom extends to a radius of more than 2.953 2 but less

than 2.991 2  from the centre of the sodium atom,

Ideal values for the pure mean sizes of the Si-0 and A1-0
tetrahedra that yield the smallest unbalance value are
Si-0 = 1.602 £ and 41-0 = 1.777 &; these values are close
to those proposed by Smith in 1954. Using the new ideal
values of Si-0 and Al-O, the total Al-content of the
structure is 0.9999 atoms, and the following are the
Al~contents of thé L, independent tetrahedra, expressed as
fractions of atoms: T1(0) = 0.8228, T1(M) = 0.0457,

T2(0) = 0.0742, and T2{M) = 0.057L.

From the above information, low albite is not fully ordered,
but is only largely ordered, about 82%, with respect to

Si-Al.
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CHAPIER V

ELECTROSTATIC CHARGE DISTRIBUTION WITHIN

THE HIGH ALBITE STRUCTURE

(i) General Remarks

The unit cell of high~temperature albite has the same size,
cell content and space group as low-temperature albite. Slight
differences in the positions of the atoms are evident from their
parameters as determined by the refinements of the structure., On
account of the close similarity between the structures it is possible
to apply to high albite the methods used to calculate the distribution
of electrostatic charges in low albite. Thus the same four computer
programs may be used and corresponding values obtained: Na-O and Na-HNa
bond lengths in a given sodium environment and the corresponding
inter-bond angles, overlap angles and shielded fractions of the oxygen
atoms. The reader is referred to the introductory section of Chapter IV
on low albite, and to the four IBM 1620 FORTRAN II programs in

Appendix IT for the details of the computation method.

The cell dimensions used for this high albite are those of
Ferguson et al., (1958) and the original atomic parameters are those
of Ribbe et al., (1967) derived from the three-dimensional structure
refinement. Both the papers referred to above noted strong anisotropism
of the sodium atom amd have pointed out the difficulty of defining

exactly the position of this atom, For the purposes of these calculations
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the sodium atom has been treated as a single atom and its parameters are
taken as those given by Ribbe et al., (1967) for the single atom.

Tablgﬁip lists the atomic parameters of the non-equivalent sodium and
th;&yi oxygen atoms for the high albite structure. These have been moved

into an asymmetric part of the unit cell which for the space group CI is

la,%b,%c. Table 20 is directly analagous to Table 13 in Chapter IV.

In Chapter IV it was mentioned that for low albite the Na-0 and
Na-Na bonds were calculated to a distance of 6,500 2 from the original
sodium atom. It was found that this included an unnecessarily large environ-
ment, and therefore the bonds for the environment of the original sodium
atom in the high albite structure were calculated to a maximum distance of
4.600 2. This considerably reduced the calculation time for the programs

and it produced egqually satisfactory results,

(ii) Preliminary Data Required for the Distribution of Electrostatic Charges

The following Tables give all the data necessary for calculating
the actual charge distribution in the high albite structure and are directly

analagous to those given for low albite in Chapter IV:

Table 21. High Albite: List of Bonds Less Than 4.600 &
Given in Order of Increasing Bond Length.

Table 22, High Albite: Inter-Bond Angles and Overlap Angles
for all Oxygens with Na-O less than 4.600 '

Table 23. High Albite: Shielded Fractions of the Oxygen Atoms
Involved in the Bonds Listed in Table 21,

(Tables 21, 22 and 23 are analagous to Tables 14B, 15 and 16
respectively in Chapter IV.)
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ATOM+NO. X/A Y/B 2/C
NA 01 2743 0076 1320
OA(1) 06 4943 3651 0149
OA(2) 07 0923 4910 2781
oB(0) 08 8213 1091 2002
OB(M) 09 3187 3477 2456
0C(0) 10 0158 2906 2765
OC(M) 11 5217 1870 2191
o0b{(0) 12 1957 1123 3877
OD(M) 13 6884 3679 4260

Table 20, High Albite: The Original Parameters
(Ribbe et al., 1967) Transferred into
the Asymmetric Part of the Unit Cell
(expressed, as fractions of the cell
edges x 10%).
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SERNOo

VONOTVLE VLN -

SHIELDED ATOM
NO.

FRACTION

0.,0000
+ 8028
01360
«8041
«0183

0.0000
«4379
e 7367

0.0000
«3123

0.0000
«3991

0,0000
« 0626

00,0000

0,0000
e 1206
¢3903

00000
«0497
«0123
«5005
e 6397

NA-O
BOND

04000

4elits5
44391
44509
24909
24506
44138
44506
24526
44272
0000
4el74
2¢342
34367
24713
34133
3.834
4eti32
24604
34533
34169
44479
44331

Table 23, High Albite: Shielded Fractions of the Oxygen
Atoms involved in the Bonds listed in Table 21.
(For details, see Chapter IV, end of Section (i)ec.)
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(iii) Presentation of the Results

Using the method described in Chapter IV, the electrostatic
charge distribution within the structure of high albite was calculated.
The procedure is directly comparable to that used for the low albite
structure. Several sets of charge distributions were calculated, each
set using different assumed ideal values for the pure Si-0 and Al-0
distances, but each covering a range of coordination numbers for the
sodium atom from 5 to 16. The charge was again distributed proportion-
ally according to the inverse square of the bond length (B) taking the
shielding effect into account. The smallest charge unbalance value
obtained for any set of calculations was 0.062 e.s.u. using a 12-fold
coordination for the sodium atom, and with Si-0 = 1,600 £ and A1-0 = 1.778 £.
This set is accordingly used to illustrate the detailed results for high
albite, and the print-out of these results is given in Table 24. Fig. 4
shows graphically, for this same set of calculations, the variation in
electrostatic charge unbalance as a function of the coordination number

of the sodium atom.

As indicated earlier, several sets of calculations were carried
out for different 5i-0 and Al-0 values, and Fig. 5 is a plot of some of
the charge unbalance values obtained for the high albite structure. The
following list details the values of the variables used and the corres-

ponding smallest unbalance values:
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Table 24

High Albite: Print-out of a Complete Set of Electrostatic
Charge Balance Calculations for Coordination Numbers
of the Sodium from 5-fold to 1§-fold with Si-0 = 1,600 Y
and A1-0 = 1,778 A. This Set includes that with
12~-fold Coordination of the Sodium which
Yielded the Smallest Unbalance
Value Obtained, 0.062 e.s.u.

Note: This Table occupies the following six pages and is
analagous to Table 17 in Chapter IV. Additional
notes concerning the content of this Table may be

found at the beginning of Table 17.
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0362
«233
200

04000

04000
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ON TETRAHEDRON
ON TETRAHEDRON
ON TETRAHEDRON
jUNBALANCE ON HIGH ALBITE

269
+ 247
219
241
17
NO
NO.
NO .
NO e
NO«10
NO.11
NOe12
NOe13
NO« 1
NOs 2
NO. 3
NOe 4

O o -~Jdo

NO.
NOe
NO
NOs 9
NOe10
NOa11
NOe12
NOe13 °
NOe 1
NOs 2
NOe 3
NOe 4

0 ® o S s

1,778

24217 0
i 2087
24084

l1.923
1.875
1.883

- 24057
1894
- Be234
- Te918
vvﬁ7o949
7 Te942
UNBALANCE ON HIGH ALBITE{QC
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24171
'»:20057
24058 .
o le923
ﬂ 10875‘m
24012

2030

14894
430135‘
84001
..Be022
‘70386

j'0272
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NOe
NQes 9

NO.IO"
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NOs12 = =

NO«13
NOe 1
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NOes 7 ‘
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24026
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NO.
NOe
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NOe
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NOe 2
NOe 3
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NOe«
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NO.
NO e«
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NOe13
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7
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- 24095
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20016
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v 14945
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14988

14980
84045
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CHARGE UNBALANCE ON HIGH ALBITE
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24080
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Minimum
Curve in Ideal Idea]l Al-content Coord. Unbalance Value
Fig. 4 si-0(®) a1-0(8) (Atoms) of Na (e.s.u.)
A 1.600 1.780 0,966 12 0.068
(Smith, 1954)
B 1.600 1.778 0.977 12 0,062
C 1.610 1.750 0.957 12, 13 & 14 0.085
(Smith and Bailey, 1963)
D 1.601 1.781 0.9%L4 11,12,13,14 0.111
and 15
E 1.600 1.780 0.966 1 0.074
(No account taken of shielding)
F 1.602 1.777 0.9999 11,12,13,14 0.103
and 15

(iv) Summary of the Main Features of the Charge Distribution
Results for High Albite

The lowest charge unbalance value for high albite was 0.062 e.s.u.
and was obtained using 3i-0 = 1,600 R and A1-0 = 1.778 & with a coordination
number for the sodium atom of 12. (Table 24 and Fig. 4). However, this
value (0.062 e.s.u.) is only one of several nearly as low unbglance values
for sodium coordinations of 10-fold and higher (Table 24). Several other
complete sets of calculations were performed using different values of
5i-0 and A1-0 (see Tabulation above) and all these calculations yielded low
unbalance values for coordinations greater than 10-fold (see Fig. 5).
Another striking characteristic common to the curves shown in Figs. 4 and 5
is a marked charge unbalance value for a 6-fold coordination of the sodium
(about 0.30 e.s.,u.), but this unbalance value is still appreciably higher
than the unbalance values for 10-fold or greater coordinations of the sodium

atom, ranging from 0.06 to 0.13 e.s.u.
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Because the interpretation of these results is closely
related to the interpretation of the low albite results, it is held

over to the next Chapter,
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CHAPTER VI

DISCUSSION OF THE CHARGE DISTRIBUTION RESULTS FOR

HIGH ALBITE IN COMPARISON WITH THOSE FOR

LOW ALBITE

(i) Consideration of the Sodium-Oxygen Environment in High Albite

A major issue in the charge distribution in high albite is
the low unbalance value of 0,062 e.s.u, obtained with a high coordination
of the sodium atom. This value is fairly close to zero and at first
appears to be contrary to the hypothesis proposed by Ferguson, Traill and
Taylor (1958) that high albite should exhibit a distinct electrostatic
charge unbalance. This new value is appreciably smaller than that
derived by Ferguson et al. of 0.28 e.s.u., obtained with low ccordinatiocn

of the sodium aton,

The main issue appears now to be whether to treat the low
coordination of sodium or the high coordination of sodium as the most
representative of the structure. If the smallness of the charge unbalance
value is to be taken as the sole criterion, then one would have to accept
an indefinite coordination of sodium ranging between 10-fold and 1l6-fold,
and possibly even higher. However, the low albite results strongly
suggest that the best charge unbalance value can be obtained if the
coordination of sodium is taken as 6-fold, and/or the charge on the sodium
is only effective to a distance of about 2.9 8 from the centre of the

sodium atom. If one were to apply this principle to high albite, treating
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the sodium as a single isotropic atom, rather then as an anisotropic
atom, then it seems unreasonable to consider the oxygens in more than
6-fold coordination with the sodium because they will be beyond the
tinfluence' of the charge on the sodium atom. Ferguson, Traill and
Taylor (1958), and Ribbe, Megaw andﬁgéylor (1967), have clearly shown
that the sodium atom in high albite is markedly anisotropic, roughly
parallel to the b-axis of the structure, and ascribed to either spatial
or temporal causes. Williams and Megaw (1964) conducted structure
refinements on low and high albites at -180°C. and noted that the degree
of anisotropism of the sodium in high albite had not changed.,

Their conclusion was that this suggested a spatial rather than a temporal
variation in the position of sodium in the high albite structure. Ribbe
et al. (1967) show that the strong anisotropism of the sodium atom may
be interpreted as the effect of two "half-atoms" which are separated by
a distance of about 0.61 £. They calculated the Na-O distances from the
two "half-atoms", and these values are reproduced in Table 25. A study
of this list (Table 25) shows that there is only one non-equivalent

oxygen, 0C(0), which is not amongst the closest 6, or within 2.96 g,

of either "half-atom". Therefore, it may be argued that a high coordination

of the single sodium atom is in keeping with the sodium coordination and/or

the Na-O bonded distances derived from the low albite results, as the

sodium in high albite behaves as two "half-atoms" with appreciable separation.

It was not possible for this thesis to calculate the electrostatic

charge distributions in terms of "half-atoms" for the sodium, but the

present results suggest that the high albite structure may exhibit almost
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perfect charge balance if the closest 6 oxygens around the two "half-atoms"
were considered., By studying Table 25 it can be seen that a coordination
of the 6 closest oxygen atoms to each sodium "half-atom" correspords to a
coordination ef-d4—seerdinatien of a single sodium atom of 8-fold, but in
the latter case it involves four oxygens receiving proportionally large
shares of charge from two "half-sodium atoms" (effectively one whole sodium
atom), these particular oxygen atoms and their corresponding "sodium half-atom®
to oxygen distances being: OA(1) at 2,74 & ; OB(M) at 2.88 & ; oc(u) at 2.68 &,
and OD(M) at 2.8} 2. Thus the charge unbalance for the closest 8 oxygens
taken in coordination with the sodium atoms is quite large (0.232 €eSelle,
Table 24). However, as the coordination increases around the
single sodium, the proportion of charge contributed to each oxygen atom is,
of course, reduced and this apparently approximates more closely to the
best situation; say 6-fold coordination about two sodium "half-atoms";

since the charge unbalance
value decreases rapidly as 10-fold coordination‘of sodium is approached and
remains nearly unchenged through the higher coordination numbers, this
suggests that these coordinations are all nearly equally satisfactory.
It is necessary to re-state here that the 'shielding factors® have all
been calculated for the oxygen atoms and that these are all taken into
account during these calculations; thus the actual numbers are indicative
of the given situation since careful consideration has been given to the
crystal structures of both high and low albite. From a different and more
general viewpoint, it may be said that in an ideally disordered high albite,
all the oxygens are shared by two tetrahedral cations, both of which have
the same effective positive charge; it follows therefore that all the

oxygens in the structure receive essentially the same amount of tetrahedral




e (9) gz

(L) 0L6°T €ET°c (Wao 8EY°0 8ET° 7 (0)40 AN
(Mes*e ALK (2) TL6°T 90¢*z (0)ao T2T°0 wee ¢ (2)vo 1T
()89 e ANS (9) 696°T 606°z  (3)00 050°0 €65 (2)vo 0T
e ¢ 3 0z°¢ (6) 9¢6° T L9g e (0)00 290°0 L9 ¢ (0)00 6
, (9)88°2 st g (8) 966* T 69T°¢  (W)€0 2T10°0 69T°€ (H)€0 8
o mwmﬁ.q 0 €eT°C (M)ao L
9 (9)¢este (Misez (£) 120°¢ gzs¢*z (0)H0 8T0°0 606°2 (H)00 9
" k(5:081 0 £TLe (T)v0 s
o €eee. €es e 0 1097z (T)v0 K
e (T)ece (T)le°z (D 680°2 ez (2)vo 0 925°z (0)4do £
e6°e (S)lz (9) (€Tl 0 905°2 (0)do 2
(2)sh°e (€)sz (' $90°2 {%09°2 (1)v0 0 Zez (2)vo T
, wole-eN 2 mﬁﬂmsd«d.m.wv
woye-JTeY; 22BN JONerITRY, TeN sT3UTS woJay SUCTANQ TIqUO) y° st ue3LxQ UoT408L] ¥ "asta U2 LxQ Jaqumpy
AMV o~zeN mwvoxﬁmz *ON SSaudraN 23aey) Teq0] O-eN PapIoTyg 0—eN SSOUIBON
(ST °TqBL - L96T *T® 12 2qqry wodJ) (6T ®Taey ©9s) ¥ 8LL°T = O-Ty PU® ¥ 009'T = 0-TS J0F
~ wSUOYY-JTBH, . gonTR) UOTINQTIQUOD 9ZFaey) {ZT JOo JSQUMY] UOTJBUTPIOO)
wunipog Uusopimv S90URYSTQ ULFAX) - U3TM UMTPOg WoGy-dTSUTS 9yl punody suwoly ueSLxp

woqy WNIPoOg 8y} punode suoly usfLx() oq Surqerey sTTeIe( 93TATV USTH

§Z 914zl




- 110 -

charge; thus the equal distribution of the charge on the sodium atom to
all the non-equivalent oxygen atoms would lead to an ideally perfect
balance. It may be suggested that the coordination numbers from 10 and
greater approximate to this ideal condition. However, this is not the
case with the low albite structure since the tetrahedral charges are not
distributed equally to all the oxygen atoms, and this leads to a large
difference in the charge unbalance values for low and high albite at high

coordinations of the sodium as indicated in Fig. 6.

As mentioned previously, the curves for high albite (Figs. 4 and 5)
have a low charge unbalance value at the 6-fold coordination of the sodium
atom, but not as low as for coordination numbers higher than 10-fold. In
attempting to explain this feature of the high albite curves, the reasoning
follows in a manner similar to that given immediately above. Again, by
comparing single atom Na-0 distances with the two sets of "half-atom"

Na-O distances in Table 25, it may be seen that the smallest six single-atom
Na-0O distances include five of the smallest "half-atom" Na-O distances,
but not in the same order, and not the same five, For example, the 7th
smallest single-atom Na-O length includes one of the 6th smallest "half-atom"
Na-0 lengths, and the 8th smallest single-~atom Na-0 length includes the
other 6th smallest "half-atom® Na-0 length. It is difficult to analyze
these numbers further except to suggest that the low unbalance value at
the 6~fold coordination of the sodium is probably related to the 6-fold

coordination requirement of sodium as deduced from the low albite results.

If it is possible to carry out similar calculations treating the
sodium as two "half-atoms", a clearer understanding of these relationships

between charge unbalance and coordination in high albite will probably result.
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(ii) Consideration of the Tetrahedra in High Albite

In 1958, Ferguson et al. concluded that high albite has a
distinctly higher minimum charge unbalance:-value than low albite, and
they proposed that differences in charges contributed to corresponding
tetrahedral groups of four oxygens offered a general explanation as to
why the aluminum in disordered high albite tends to migrate preferentially

into a particular tetrahedral site, T1(0), in low albite.

In considering the new and more accurate results of charge
distribution in these structures, the most important development is that
a set of conditions has been established which will yield a low charge
unbalance value for high albite (0.062 e.s.,u.). This value is not quite
as low for all the possibilities tested, as that for low albite (0.0l e.5.u.)
but nevertheless, sufficiently low thaf it may no longer be reasonable to
invoke a difference in the unbalance values to explain why high albite
tends to order the Si-Al towards the low albite distribution. In the
next Section, a related but new reason is offered as an explanation as

to why there is the tendency for Si-Al ordering.

At present it must be established if there is a reason why the
Al+3 in disordered high albite will tend to migrate into the particular
tetrahedral site T1(0) in low albite. To evaluate this, it is necessary
to compare charge contributions to corresponding tetrahedral groups of
four oxygens in high albite and in low albite. The values to be considered
for low albite are clearly those yielding the smallest charge unbalance,

but the matter is not as obvious in considering the high albite structure;
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there are two possibilities, either the set’of values yielding the
smallest charge unbalance (say 12-fold coordination of the sodium atom),
or the set of values corresponding exactly to the set of conditions which
yielded the smallest charge unbalance value in low albite (i.e., 6-fold
coordination of the sodium). The Tabulation given below illustrates

these alternatives:

LOW_ALBITE HIGH ALBITE

si-0 & 1.602 1.600 1.602

A1-0 % 1.777 1.778 1.777

C.N. of Na 6 12 6

T1(0) 8,006 e.s.u. 7.997 e.s.u. 8,150 e.S.u.
T1(M) 7.999 8.000 8,016

T2(0) 8.001 8.053 8,037

T2 (1) L.9% 1.993 7,901

za 0.0L4 0.062" 0.302

*
This value has been summed from four values which have not been
rounded off and are listed only to three decimal places. The
summed value is correct if rounding off of the numbers is considered.

If the above values are compared and one considers first the
values for high albite which yield the smallest unbalance (0.062 e.s.u.),
3

there is no reason why the AI+ should migrate into any particular site
or even migrate at all. In comparing the second set of values, however,
one may see that these offer strong confirmation of the suggestion by

Ferguson, Traill and Taylor (1958) that the A1.+3 would tend to migrate
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into site T1(0) so as to reduce the high excess charge of +0.150 e.s.u.
on that (disordered) tetrahedral group of four oxygens. Reasons are
offered in the next Section as to which interpretation is regarded as

the more likely, and also how to reconcile the two concepts.

(iii) 4 Possible Reason for the High Albite to Order Si-Al to
Low Albite on Prolonged Cooling

The problems involved in making this kind of interpretarion
have been stated in the previous Section; if high albite has
nearly as low a charge unbalance value as low albite, there appears
little or no reason for Si-Al ordering to occun It is
reasonable to examine the charge distribution for a 6-fold coordination
of the sodium atom in high albite as a possible explanation of the

migration of A1'> into the tetrahedral site T1(0).

The answer to these difficulties appears to lie in the strong
anisotropism of the sodium atom in high albite. The reasoning may be

given as follows:

High albite, existing at a high temperature, has Si-Al disorder

as a result of the high thermal motion. Because of the Si-Al disorder

and the presumed strong thermal vibration of the sodium atoms, these atoms

occupy large cavities anisotropically, either in point of time or space
or both. Such conditions can be thought of as being "frozen in" when

the crystal cools relatively quickly to normal temperature.

As discussed in Section (i) of this Chapter, the 12-fold
coordination of the single-atom sodium in high albite which yields the

smallest charge unbalance is only one of several equally small values
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yielded by coordination numbers of 10 or greater. It was further
indicated that the unbalance values for the single sodium atom are
probably reasonable, approximating to the values which would have been
obtained had it been possible to calculate charge unbalance values for
two "half-atoms" taken in 6-fold coordination, the deduced ideal

coordination from the low albite calculations,

Thus it may be said that high albite has largely satisfied the
charge distribution requirements for a strongly anisotropic sodium atom.,
However, as the high albite crystal cools slowly, the thermal vibration
would tend to decrease and therefore the effective coordination of the
single-atom sodium could also be expected to decrease, in due course
approximating 6-fold coordination, at which stage the charge distribution
would be similar to that shown in column 3 of the Tabulation in Section (ii)
of this Chapter, and at which stage, furthermore, there would be strong
charge unbalance mainly represented by excess charge on site T1(0) which

would tend to cause Al+3

to migrate into this site; hence the structural
framework would begin to adopt the Si-Al configuration that it finally

achieves at normal temperatures, that of low albite, about 82% ordered,
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CHAPTER VII

SUMMARY AND CONCLUSIONS

(i) Assumptions and General Method of Calculation

The original assumptions in this work were fundamental, and
there was no way of establishing their validity until the work had been
completed., The first assumption was that the feldspars may be treated
as ionic compounds, and as a consegquence the electrostatic charge
unbalance could be used as a measure of the stability of their structures.
The second assumption was that the low-temperature feldspars would, in
general, exhibit a perfect local charge balance and that the high-tempera-
ture feldspars would be less well balanced, The third and final assumption
was that the particular values for pure Si-O and Al-O that resulted in a
near-zero charge unbalance could be considered as the “ideal" values for
that structure. These ideal Si-0 and Al-0 values are important in that
they determine the distribution of silicon and aluminum in the structure

which is important in determining the Si-Al order-disorder relationship.

In order to examine the validity of these assumptions, a method
was devised for calculating the distribution of electrostatic charge
throughout a particular structure, The first attempt at the application
of these methods was made with the anorthite structure as it was considered
to be the most general case; the crystallographic requirements were such
that if a computer program were written to deal with this structure, the

same program would be sufficiently flexible that it could be used for the
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other feldspar minerals. In the course of the study on the anorthite
structure a number of complications arose which greatly increased the
difficulties which were bteing encountered, and thus the full deteils
of this structure were left unfinished while complete studies were

conducted for the low and high albite members of the feldspar group.

The electrostatic charge distribution calculations were
performed in two parts. First, the positive charges on the tetrahedral
sites were distributed to their immediate tetrahedral oxygen environment
proportionally according to the inverse squares of the T-0 distances.

In this way the values for the tetrahedral charge contributions to the
non-equivalent oxygen atoms were obtained. It should also be mentioned
here that the influence of the positive charge on a given tetrahedral
site is unlikely to extend beyond the immediate tetrahedral group of
four oxygens, as this grouping results in the small, positively charged

atom being completely enclosed by its oxygen environment.

The secord part of the calculation involved the distribution
of the electrostatic charges from the large cations (sodium in low and
high albite) to the neighbouring oxygen atoms. This similarly took
account of the inverse squares of the Na-0 bond lengths () and also the

fraction of that particular oxygen atom which was not shielded either by

other oxygen atoms or by other sodium atoms., The total charge contributions

were then summed for the non-equivalent oxygens, and these values again
summed for the appropriate tetrahedral group of four oxygens. Since the
balance of charge is basically dependent upon the distribution of silicon

and aluminum in the tetrahedral sites of the structure, it was considered
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that the sum of the deviations from 8.000 e.s.u. was the most realistic
measure of the degree of charge unbalance in the structure. The albite
calculations were programmed for the IBM 1620 in the FORTRAN II language,
and the program allowed a number of charge distribution calculations to
be performed for a range of coordinations of the large cation (sodium)
for fixed assumed Si-0 and Al-0 values. In this way the unbalance value

could be related directly to the coordination of the sodium atom.

The programs for albite mentioned above were developed as a
result of a long series of calculations for the anorthite structure which
were done using a FORTRAN IV program written by the author for the
IBM SYSTEM 360/D0S. The experience gained from the mumerous failures
and inconsistencies that arose during the progress of developing this

program greatly assisted the writing of the IBM 1620 programs for albite.

(ii) The Anorthite Structure

Chapters II and III contain a detailed account of the studies
conducted on the anorthite structure. The results are inconclusive as the
calculations are incomplete; this came about since the numbers of variables
which had to be treated were large, and even with the elaborate computer
program it was not possible to treat them inter-dependently. Although
some of the latest results produced near-zero charge unbalance values for
anorthite, it was felt that these were unrealistic. A1l the first
calculations yielded high charge unbalance values, and on account of these
the program was modified through various successive stages in an attempt
to reduce the charge unbalance value. Most of the high unbalance values
were obtained using large coordination numbers for the calecium atoms, and

this is considered to be the reason for the high unbalance. More recent
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studies concerning low and high albite have suggested that the effective
coordination number of the large cation reduces from the high-temperature
structure to the low-temperature structure. Thus, since the anorthite
studied was considered to be a low-temperature feldspar, the coordination
rnumber of the calcium atoms is likely to be smaller than those for which
the majority of the calculations were carried out. It is thought therefore
that the coordination of the calcium atoms is likely to be between 6-fold
and 12-fold, rather than 12-fold or higher. Time did not permit further
calculations of this nature but it is believed that these smaller
coordination numbers may yield a low or near-zero charge unbalance for

the structure. This would probably result in a change in the ideal values
for the sizes of the pure Si-0 and A1l-0 tetrahedra obtained by the author

so far for the anorthite structure.

The study on anorthite was finally left incomplete in favour of
a study of the simpler albite structures. The information obtained from
the anorthite calculations was useful in determining the approach which

was applied to the albites,

(iii) Low-Temperature and High-Temperature Albites

A description and discussion of the electrostatic charge balance
studies of low and high albite are detailed in Chapters IV, V and VI.
The final results were of great interest, and are best considered in
comparison with each other., The main conclusions are given below:
1. An almost charge unbalance value of 0.01lL e.s.u.
was obtained for low albite for one set of assumed conditions.

Perfect charge unbalance is considered as being the most stable
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state for this low albite, and the conclusions are therefore
based upon the set of ideal conditions which gave rise to this

unbelance value.

For the best unbalance value of 0.0l4 e.s.u., the mean sizes
of the pure Si-0 and Al-0O tetrahedra assumed for this low
albite are 1.602 and 1.777 £ respectively. These values are
close to those suggested by Smith in 1954, Si-0 = 1.60" 2
and A1-0 = 1,78 £. Under these conditions this low albite
is about 82% ordered with respect to Si and Al. It is not

fully ordered.

The coordination number of the sodium atom in low albite with
the best unbalance value is 6~fold, and this represents the
most satisfactory arrangement of oxygen atoms with respect to

the sodium atom.

The high albite studied yielded a low charge unbalance value
of 0.062 e.s.,u., with a coordination number of 12 for the
sodium atom and with Si-0 = 1.600 £ and 41-0 = 1.778 8. This
low unbalance value is about four times greater than the
smallest obtained for the low albite. Again the ideal Si-0O

and Al1-O values are close to those proposed by Smith in 1954.

Anisotropism of the sodium atom is thought to account for the
marked difference between the best coordination number for

the low albite structure (6) compared to that for high albite (12).
It is suggested that the anisotropism gives the sodium atom a

greater effective radius of influence in high albite, and therefore
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the mumber of oxygens which are coordinated to the sodium
in high albite, (12), is much larger than the number of
oxygens coordinated to sodium in low albite, (6). 4&s the
high albite passes through a long period of cooling, the
anisotropism decreases and therefore the radius of influence
of the sodium atom decreases, thus reducing the effective

coordination of that atom.

Comparison between the set of conditions yielding the minimum
charge unbalance for low albite and the same set of conditions
for the high albite structure gives some significant informe-
tion. A reason for the Si - Al ordering is suggested by a
study of the total positive charge contributions to the tetra-
hedral groups of four oxygens. In high albite the site T1(0)
has excess positive charge and this is considered to be the
reason why the trivalent Al will tend to migrate preferentially
into that site in order to reduce the positive charge contri-
butions to that group of oxygen atoms, so as to achieve near

perfect charge balance,
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APPENDIX I

A. THE BASIC DESCRIPTION OF THE COMPUTER PROGRAM

Since these calculations are extremely long and tedious,
and in view of the fact that a large number of iterations are required
to arrive at a minimum charge unbalance value, it was necessary that
the calculations be adapted to a computer program. The calculations
themselves involve simple arithmetic, but nevertheless the crystallo-
graphic relationships and the changes required to make the various
adjustments to the variables resulted in the program being fairly long.
The program was written originally for the IBM 1620 Data Processing Unit
in FCRTIRAN II lénguage and later translated in FORTRAN IV in order that
it may be operated on the IBM SYSTEM 360/65 Disk Operating System which
was acquired by the University of Manitoba in September 1966, The main
advantage of this system is that the time required to perform a large
number of calculations is remarkably short in comparison with the

IBM 1620 Unit.

The Program is divided into a MAIN Program with four subroutines,

and this division provides a suitable breakdown for the description of
the program. The complete printout and simplified flow diagrams for the

program are found in this Appendix.

(a) THE MAIN PROGRAM

The MAIN Program essentially controls the subroutines which

handle the bulk of the caleculations. It'is here that the variables are
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dimensioned and defined for use by the subroutines, and also several of

the 'counters' required to handle the crystzllographic requirements are

defined. The outline of the MAIN Program is given below in point form:

1.

5

Dimension the necessary variables.

Read in the crystallographic control numbers. These
were established in order to give the program greater
versatility, and to meke it applicable to other

feldspar structures with a minimum of modification.

ARead in the assumed ideal values of the $i-0 and Al-0

distances. Read in all the tetrahedral-oxygen distances,

including the average size of each tetrahedron.
Set the iteration counter (K).

Subroutine TETRA is called in for use, and this carries
out the electrostatic charge distribution from the
tetrahedral sites to the surrourding oxygens and then

sums the values on equivalent oxygens so that a list of
the tetrahedral charge contributions to the non-equivalent
oxygens may be printed out. (See Section (b) in this

Chapter concerning TETRA),

Subroutine ALKI is called, and this carries out the main
part of the calculation involving the distribution of the
charge on the alkali or alkali earth atoms to the oxygen
environment, It also sums these values on the
non~equivalent oxygens and, in addition, sums these numbers

with the tetrahedral charges on 2ll the non-equivalent oxygens.
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In this way a complete list of the non-equivalent
oxygen atoms is printed out giving the total positive

contribution to each from the surrounding cations,

Subroutine ALKI2 is called and this calculates the total
charge on each of the tetrahedral groups. It also
determines the charge difference from the ideal value

of 8,000 e.,s.u. and arrives at the sum of these differences.
This number represents the electrostatic charge unbalance

in the structure.

Subroutine COORD is called and is used to adjust the
coordination of the alkali or alkali earth atom,

depending upon the structure type.

Return to the MAIN Program where a summary of the final
results of each iteration are printed out under the
following headings: Iteration Number; Si-0 Value;

Al-0 Value; Total Al-content; Charge Unbalance;

Charge Difference (from one iteration to the previous one);
and Coordination Numbers of the alkali or alkali earth

atoms, An example is given in Table 8.

End of Program.

The following sections involve a more detailed view of the

manner in which the calc¢ulations are performed in each of the subroutines:
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(b) SUBROUTINE TETRA

Subroutine TETRA is the least complex of 2l1l. The calculations

are as follows:

1.

3.

5.

Calculation of the aluminum content of each tetrahedral

site,

Summation of the Al-contents of all these tetrahedral
sites in order to obtain the number of Al-atoms in the

structure.

Calculation of the statistical positive charge on each

tetrahedral site.

Calculation of the 'weighting factor! used to proportion
the positive charge according to the inverse sguares of

the distances of the oxygen atoms from the tetrahedral site.

The calculation of the actual amounts of charge contributed
to each of the four oxygens associated with each of the

tetrahedral groups.

The location of those oxygen atoms which are equivalent

is given in order that the tetrahedral charges on eguivalent
oxygens may be summed; this results in a list of the
tetrahedral charges on the non-equivalent oxygens. This

is one of the sections of the program where it was
impossible to create versatility. For each different
feldspar structure this list has to be changed to suit

that particular structure.
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The aluminum content of each tetrahedral site is

printed out.

The total number of Al-atoms in the idesl structure

is listed,

The tetrahedral charges on all the non-equivalent

oxygen atoms are listed.

(c) SUBROUTINE ALKI

The sequence of calculations performed by subroutine AILKI are

expressed in point form:

1.

3.

The calcium-oxygen distances are read, and a control
card is also read which enables the subroutine to
determine the starting coordinations of the alkali or

alkali earth atoms.,

The coordination of the large cations is determined
by comparing the list of data against the control card.
Those cation-oxygen distances, less than those given on

the control card, may be taken as being in coordination.

The 'weighting factor' is calculated from the sum of
the inverse squares of large cation-oxygen distances,

as determined in step 2.

The positive charge on the cation is distributed
proportionally according to the inverse squares of the
cation-oxygen distances for each one of the oxygens in

the coordination scheme,
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The positive charges on the equivalent oxygens are

summed and the resulting list of large cation contribu-
tions to the non-equivalent oxygens is added to the list
of the tetrahedral charge contributions to the same
non-equivalent oxygen atoms. The result of this operation
is a complete amount of positive charge contributed by

all the cations in the structure.

The following information is printed out:

The radius of the sphere encompassing the oxygen atoms
which are in coordination with the large cations.

The coordination numbers of the large cations.

The total positive charge contributions to the
non-equivalent oxygens.

(d) SUBROUTINE ALKIZ2

This subroutine is a continuation of Subroutine ALKI. The steps

followed in the manipulation of the data are as follows:

1.

2

4 list of the non-equivalent oxygens associated with
each of the non-equivalent tetrahedra is given. It
should be noted that this list represents a part of
the program which has to be changed to suit different
types of feldspar structures. This list sums the
total positive charge contributed to each one of the

tetrahedra.

The difference of the total charge on the tetrshedra from

the ideal value of 8,000 e.s.u., is calculated. These
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differences are then totalled and this number is
‘taken to represent the electrostatie charge unbalance

of the structure, measured in e.s.u.

3. The following information is printed out:

A list giving the total charge contributed to the
non-equivalent tetrahedra,

The amount of electrostatie charge unbalance in the
structure for the particular set of variables used.

The amount of positive charge unbalance and the amount
of negative charge unbalance.

The amount of charge unbalance in the structure is used throughout
the program as the deciding factor in the calculations with particular
reference to the assumed values of ideal 8i-0, ideal Al-O, and the
coordination of oxygen atoms about the alkall or alkali earth atoms.

Various adjustments are made to these values and if these give a smaller
charge unbalance value, then similar changes are again made to the variables

mentioned above.

(e) SUBROUTINE COORD

This subroutine was written to handle changes in the coordination
numbers of the alkali or alkali earth atoms in the structures. It is so
arranged that a certain number of the nearest neighboring oxygens may be
taken into consideration during the first series of iterations when the
ideal Si~0 and Al-O distances are being adjusted. After the best ideal
values of these two distances have been obtained, this subroutine comes
into play to adjust the coordination values of the alkali or alkali earth
atoms, keeping the best ideal S$i-O and Al1-O values constant. The various

steps in the manipulation are as follows:




2.

b
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The coordination of the first of the alkali or alkali
earth atoms (if there are two or more of these non-
equivalent atoms in the structure) is increased. In
other words, the next nearest oxygen is allowed to take
part in the charge distribution calculation. The
charge unbalance is calculated in the next iteration

which proceeds through the whole program.

If the charge unbalance is less than that of the
previous iteration, then provision is made for that
oxygen to be considered as being coordinated with the
alkali or alkali earth atom in question., The next
nearest oxygen of the succeeding cation will then be
brought into coordination for the succeeding iteration

and the program moves again through the next iteratiom.

If, in this case, the amount of charge unbalance is
greater than that obtained on the previous iteration,
then this subroutine will reject that oxygen as being
structurally coordinated with the alkali or alkali earth
atom and it will print out this information, indicating
the distance of the oxygen from the cation and also the
number of the oxygen which may be related to the
sequential numbering system used in the treatment of

the data.

This procedure is followed with respect to each one of

the alkali or alkali earth atoms in turn until all those
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oxygen atoms within a radius of 6.500 2 of the cation
have been considered. Thus the coordination of each

non-eguivalent alkali earth atom is inecreased in turn
and decisions made as to whether the particular oxygen
atom in question should be accepted into coordination

or rejected.
In order to facilitate the sequential storage of the data, the
interatomic distances were stored on the basis of the Megaw Notation (1956)

for the feldspars.
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B. PROGRAM DOCUMENTATION
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APPENDIX I

B. PROGRAM DOCUMENTATION

(a) PROGRAM DEFINITIONS

Title: ELECTROSTATIC CHARGE BALANCE CALCULATIONS FCR
FELDSPAR STRUCTURES

Author: R. I. GAIT, University of Manitoba (1967)

Language:  FORTIRAN IV

Operation: IBM SYSTEM/360 DOS

Capacity: Maximum storage space reserved to handle the
anorthite structure. Up to 300 iterations
may be processed.

Core: COMMON. « o« « o o s o o o o 5 s o s « « « 20,600 bytes
MAIN. & & ¢ o o o o ¢« o « o v o o o« « o 17,128 bytes
TETRA . . & ¢ ¢ v ¢ ¢« e v ¢ o ¢ v s « « o 1,320 bytes
AIKI. v v v v ¢ o ¢ e e o o o s o s o o+ 1,756 bytes
AIKI2 . . v v e s v o o o a o o o o o« » 1,628 bytes
COORD & ¢ v 4 ¢ v o o o o s o o o o o o o 16,196 bytes

Total Core. « « v v « v o « o o« « « o« « « 48,628 bytes

Timez For 221 iterations including compiling time:
21 minutes 31 seconds.

Output: All printout.

The complete program is listed on the following pages.

(b) PROGRAM PRINTOUT

The complete program may be found on the following nine pages.
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ELECTROSTATIC CHARGE BALANCE CALCULATIONS
FOR FELDSPAR STRUCTURES -
APRILs 1967

MAIN PROGRAM

ODIMENSION A(16s5)9W(1695)90C(32)9SI0(300)sALO(300)sD(12894)>
1DX (30094 )5C(128)sSUMX(4)sDV(300)sSUMOC(128)sDVDI(300),
2SUMCO(30054)sT(16)sSUMC(128)sSUMO(128)sZM{300)sN(300s4)

COMMON K9AsWs0CsSTOsALO»DsDX s Cs SUMX 9DV s SUMOCsDVD» SUMCQs T s SUMC s
1SUMOsZMs TOX s ICAT s ITETsIEQX9sCHCAT sKMAX s IPUN2JOK » JOKEsMULT 9 IToISI,
2IAL

FORMAT(5F53)
FORMAT(5I29F241)
FORMAT(2F543)

READ (15319)I0XsICATSITETSIEQX sMULTsCHCAT
READ (144)S14+S2

TEQX=TEQX*2

MULT=MULT*2

KMAX=0

WRITE (345109)

IT=2

JOK=1

JOKE=1

DvD(11=0,000

K=1

SIO(K)=S51

ALO(K)=S52

K=0 _
READ (1e2)((A(IsJ)oJt=105)sI=1sITET)
K=K+1

IF(K=299)401+4004+401
KMAX=K=-1

GO TO 153

IF(IT-4)314+544314

CALL TETRA

GO TO 300

ZM{K}=ZM(K~-1)

SIO(K)=STIO(K-1)

ALC(K)=ALO(K-1)

CALL ALKI

CALL ALKIZ2

IF(IT-4)119331511

GO 70 1

CALL COOCORD

IF (KMAX-K160351534+603

GO TO 1

WRITE (34154)KMAX

WRITE (3+41)

WRITE (34+40) -
WRITE (3442)((D{IsJ)ed=1sICAT)sI=151EQX)
WRITE (2s45)10(D(TsJ)sJ=1sICAT)sI=14I1EQX)
CONTINUE

DO 164 K=1sKMAX

DO 164 J=15ICAT

N{KsJ)=SUMCO(K»J)

CONTINUE
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M=1
L=30
443 WRITE (3+50)
WRITE (3+53)
DO 52 K=MsKMAX
IF(K- L)559444955
444 |L=1+30
M=L-30
GO TO 443
55 WRITE (3951)K’SIO(K)9ALO(K);ZM(K)9DV(K)9DVD(K)9N(Kal)sN(K92)9N(K9
1)eN(Ks4) X
52 CONTINUE
WRITE (34+165)K

40 FORMAT(1H 910X»5HCALI-0510X95HCA2-0910X35HCA3-0910Xs5HCA4-0)
41 FORMAT(1H1910X9e32HLIST OF CALCIUM OXYGEN DISTANCES)

42 FORMAT(1H s4(10XsF6. 3))

45 FORMAT(4F10.3)

50 FORMAT(1H1,10Xs86H ITERATION  SIO ALO TOTAL AL CHAR

1E CHARGE COORDINATION NOSe OF )
51 FORMAT(1H »10XsI173s4F10e35F12e355X9415) ey
53 FORMAT(1H »10Xs86H  NUMBER  VALUE VALUE CONTENT  UNBALA =~
1CE DIFFERENCE CAl CA2 CA3 CA4 )

109 FORMAT(1H 210X s21HFELDSPAR CALCULATIONSs15Xs8HRe1Is GAIT)
154 FORMAT(1H »10X+20HMAXIMUM VALUE OF K =513}
165 FORMAT(1H leXoB?HMINIMUM CHARGE UNBALANCE ON ITERATIONsIS&)

60 CALL EXIT
END
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SUBROUTINE TETRA
ODIMENSION A(16,5)5W(1695),OC(32),SIO<300),ALO(300)9D(128,4),T

lDX(300’4),C(128),SUMX(Q)9DV(30Q)9SUMOC(128);DVD(300)9
2SUMCO(30054)sT(16)sSUMC(128)sSUMO(128) sZM(300)

COMMON KsAsWsOCsSIOsALOsDsDXsCsSUMX»DV s SUMOC sDVD s SUMCO s T s SUMC »
15UMO9ZM’IOXQICAT9ITETsIEQXoCHCATfKMAX,IPUN’JOK9JOKE9MULT71T,ISI9
2IAL

IM{K})=0,

DO 3 I=1s1TET
Z={A(I91)-SI0O(K))/(ALO(K)}=SIO(K))
ZM(K)Y=ZM(K)+2Z

IF(I=1)17+15917

WRITE (396)KsSI0O(K)sALO(K)

WRITE (3s7)1s2

CONTINUE

Y=4 ¢~2
X=(1e/(A(TI»2)%A(I192))1)+(1e/(A(Is3)%A(Is3)))
1401 e/ (ACT 04 ) ¥A(T94) ) )+(1a/(A(TI95)%A(195)))
DO 3 JU=2s5

WlTsd)=Y/Z(A{TIsJI*A(]sJ)#X)

CONTINUE

WRITE (35199)ZM(K)

THE FOLLOWING CARDS MUST BE CHANGED FOR DIFFERENT FELDSPARS
ANORTHITE NON-EQUIVALENT OXYGENS RECEIVING TETRAHEDRAL CHARGE
OC{1)=W{1s2)+W(11s2)

OC{2)=W({342)+W{9s2)

OC(3)1=W(2+2)4+W(12s2)

OC(4)=W({492)+W{104+2)

OC (S )=W(Ts2)1+W{13+2)

OC(6)=W(5+2)4+W(15+2)

OC(T7)=W(8s2)+W(14s2)

OC(8)=W(6+2)+W(16+2)

OC(9)=W(193)+W(13+3)

O0C(10)=W(5+3)+W(9s3)

OC{11)=W(2+3)+W(1443)
OC(12)=W(693)+W(10s3)
OC(13)=W(793)+W(11¢3)
OC{14)1=W(3+3)+W{15+3)
OC(15)=W(8s3)+W{12s3)
0C(16)=W(493)+W(1693)
OC(17)=W(1l94)+W(16s4)

OC(18)=W(8+4)+W{Ts4)

OC({19)1=W(2e4)+W(15s4)
OC(20)=W(T7e4)+W(10e4)
OC(21)=W{6s4)+W{11s4)
OC(22)=W(3s4)+W(14s4)
OC(23)=WI{594)+W(12+4)
OC(26)=W{4s4)+W(13s4)
OC(25)=W({1+5)1+W{15s5)

OC(26)=W{Ts5)14+W{9s5) -
OC{27)=W(295)+W(165}
OC(28)=W(8a5)+W(lO?5)
0C(29)1=W{5+51+W(11+5)
OC(30)=W{3+5)+W(13+5)
OC{31)=W(695)1+W(12s5)
0C(32)=W{4+5)+W{1495)

WRITE (3s5)(Is0C(I)sI=1sI0X)
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FORMAT(1H 910Xs20HTET CHARGE ON OXY 0OsI23F943)
FORMAT(1H1910Xs14HSIOs ALOs K=9I1432F743)
FORMAT(1H »s10Xs14HAL CONTENT T9I2+F9.3)
FORMAT(1H »10Xs30HTOTAL ALUMINUM IN STRUCTURE

RETURN
END

sF9e3)
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38
202
77
40

204

205

203

207

81

10
75
19
22
84

- 140 -
SUBROUTINE ALKI

ODIMENSION A(1695)’W(16’5)9OC(32)9510(300)9ALO(300),D(12894)’
1DX(30094):C(128),SUMX(4)9DV(300)95UMOC(128)9DVD(300)9
25UMCO(300’4)9T(16)9SUMCK128)9SUMO(128)’ZM(300)

COMMON K9A9W9OC’SIO9ALO9D9DX9C9SUMX$DV9SUMOC9DVD9SUMCOaT9SUMC9
15UMO9ZM9IOXoICAT’ITET;IEQXaCHCATsKMAX;IPUN9JOK,JOKE9MULT91T9ISI9
2IAL

FORMAT(4F543)

FORMAT(4F1043)

IF(K=1)19691975196

READ f1932)(DX(19J)9J=19ICAT)
READ (1933)((D(IsJ)sJ=19ICAT)s»I=1+IEQX)
DO 433 I=1+1EQX '
SUMOCI(I)=0.

SUMC(I)1=0,

SUMO(I)=0,

CONTINUE

DO 445 U=1+ICAT

SUMX{J)1=0,.

SUMCO(KseJ) =0,

CONTINUE

WRITE (3+10)K

DO 203 JU=1sICAT

WRITE (3975)1JsDX(KsJ)

DO 202 I=1,IEQX
IF(DX(KeJ)~D(I9J)138+39,+39
SUMCO(KsJ)=SUMCO(KsJ)+1,
SUMX(J)=SUMX(J)+(1./(D(IQJ)*D(I9J)))
Cl1)=0,

CONTINUE

WRITE (3+79)JsSUMCO(KsJ)

DO 203 I=1s1EQX
IF(DX(KsJ)=DlI+J}))2049+2055205
SUMC(I)=SUMC(I)+C.

GO TO 203 .
SUMC(I)=(CHCAT/(D(IQJ)*D(I9J)*5UMX(J)))+SUMC(I)
CONTINUE

DO 207 I=1s10X

IPN=I*MULT

N=MULT-1

DO 5 J=1sN

L=IPN-J

SUMOC(I)=SUMC(L)+SUMOCI( I}
CONTINUVE .
SUMOC(I)=SUMOC(I)+SUMC(IPNI+0OC(])
CONTINUE

WRITE (3422)

WRITE (3984)(195UMOC(I)9I=l’IOX)
CONTINUE

FORMAT(1H1916HITERATION NUMBERsI4)

FORMAT(1H s10Xs15HLIMIT FOR CAT-0sI2sF7e3)
FORMAT(1H 510X913HCO-ORD OF CAT»sI1sF740)
FORMAT(1HI1)

FORMAT(1H +10X+22HTOTAL CHARGE ON OXY 09125F743)
RETURN

END
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SUBROUTINE ALKI2

ODIMENSION A(1695);W(1695);OC(32)9510(300)9ALO(300’9D(128,4)9.
10X(30094)9C(128)9SUMX(4)9DV(300)aSUMOC(128)9DVD(300)a
25UMCO(30054)9T(16)sSUMC(128)sSUMO(128)+ZM(300)

COMMON KsA’W9OC9SIO’ALO9DvDX’C;SUMX9DV9$UMOC9DVD’SUMC09T,SUMCs
ISUMO,ZM’IOX9ICAT9ITET’IEQX,CHCATaKMAX9IPUN9JOK9JOKE9MULT9IT9ISI,
2IAL

THE FOLLOWING CARDS MUST BE CHANGED FOR DIFFERENT FELDSPARS
ANORTHITE TOTAL CHARGE ON 16 NON-EQUIVALENT TETRAHEDRA
T(1}=SUMOC(1)+SUMOC{9)+SUMOCI(17)+SUMOC{25)
T(2)=SUMOC(3)+SUMOC(11)+SUMOC(19)+SUMOC(27)
T{3)=SUMOCI(2)+SUMOC(14)+SUMOC(22)+SUMOC(30)
T(#)=SUMOC(4)+SUMOC(16)+SUMOC(24)+SUMOC(32)
T(5)=SUMOC(6)+SUMOC(10)+SUMOC(23)+SUMOC(29)
T(6)=SUMOC(8)+SUMOC(12)+SUMOCI(21)+SUMOC(31)
Tl7)=SUMOC(5)+SUMOC(13)+SUMOC(ZO)+SUMOC(26)
T(8)=SUMOC(7)+SUMOC(15)+SUMOC(18)+SUMOC(28)
T(9)=SUMOC(2)+SUMOC(10)+SUMOC(18)+SUMOC(26)
T(10)=SUMOC(4)+SUMOC(12)+SUMOC(20)+SUMOC(28)
T(11)=SUMOC(1)+SUMOC(13)+SUMOC(21)+SUMOC(29)
T(12)=SUMOC(3)+SUMOC(15)+SUMOC(23)+SUMOC(31)
T(13)=SUMOC(5)+SUMOC(9)+SUMOC(24)+SUMOC(30)
T(14)=SUMOC(7)+SUMOC(11)+SUMOC(22)+SUMOC(32)
T(15)=SUMOC(6)+SUMOC(14)+SUMOC(19)+SUMOC(25)
T(16)=SUMOC(8)+SUMOC(16)+SUMOC(17)+SUMOC(27)

WRITE (3s89)(IsT(I)sI=1sITET)
CONTINUE

SX:O‘O

SY=0,0

DO 50 I=1,ITET
IF(8e=T(1))45946346
X=8e=T(1) )

SX=5X+X

GO TO 50

Y=T(I)-8,

SY=SY+Y

CONTINUE

DV (K) =5X+SY

GO T0 15

IF(K=1)39493
SIO(K+1)=SI0(K)-0,U01
ALO(K+1)=ALO(K)

GO TO 113
DVD(K)=DV(K~1)~-DV(K)
IF(IT-4)16+15+16
IF(ISI~4)74847
IF(IAL=-4)14415414
IF(DVDIK) )5 9494 _
"SIO(K+1)=SI0(K~1) —
ISI=4

GO 70 11
IF(DVD(K})9+10,410
ALO(K+1)=ALO(K)+04001
SIO(K+1)=SI0(K)

GO TO 113
ALO(K+1)=ALO(K~1)



15

113

115

89
116
117
118

TAL=4

GO TO 12
IT=¢4

SIO(K+1)=SI0(K)
ALO(K+1)=ALO(K)
DO 115 J=1sICAT
DX(K+19J)=DX{(KsJ)

CONTINUE

WRITE (3,117)SY
WRITE (35118)SX
WRITE (35116)KsDVI(K)

FORMAT(1H

FORMAT(1H
FORMAT(1H
FORMAT (1H

RETURN
END

»10Xs30HTOTAL CHARGE ON TETRAHEDRON T9123F943)
910X 920HSUM OF DEVIATION K =9143sF743)

510X+ 18HPOSITIVE UNBALANCE sF743)
»10Xs18HNEGATIVE UNBALANCE sF743)
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SUBROUTINE COORD

ODIMENSION A(1655)sW(1655)50C(32)5sSI0(300)sALO(300)sD(128s4) s
10X(30094)sC(128)9SUMX(4)sDV(300) sSUMOC(128)sDVD(300) s
25UMCO(30094)sT(16)9SUMC(128)9SUMO(128)9ZM(300) s
3C0(4)sCOD(4)sCX(300s4)sDMAX(300+4) s CAMCO(30094)

COMMON KsAsWsOCsSIOsALOsD9DXsCsSUMX 3DV sSUMOCSDVDs SUMCOs T s SUMC s
ISUMO9ZM’IOX,ICATyITET9IEQX9CHCAT9KMAX9IPUN9J0K9JOKE,MULT9IT9ISI’
2IAL

IF(JOKE=-2)30+31530

READ (1427)(DMAX(135J)sJ=1sICAT)
IALK=0

IAKE=ICAT+1

DO 26 JIK=1s ICAT
CX(KoJIK)=DX(KsJIK)

CAMCO (Ko JIK)=SUMCO(K sJIK)
JOKE=2

JiL=0

DO 33 JAC=1s1ICAT

IF(CX{Ks JAC)-DMAX(1sJAC}Y ) 3393434
JIL = JIL+1

CONTINUE

IF(JIL-ICAT)I37936+37

KMAX = K

GO TO 12

IF(JOK-IAKE )43 944443
IF(JOK-IALK)48 69438
IF(CX(KsJOK)I-DMAX(19JOK))1GE9GT 94T
IF(JOK-ICAT) 79497

IALK=ICAT

CX{Ks JOK)=CX{KsJOK}+0.001
CODtJOK)=0e

CAMCO(K s JOK)=CAMCO(KsJOK )Y +1,
DO 3 I=1+1EQX
IF(CX(KsJOKI=DI(IsJOK) )3 s4s4
COD(JOK)=COD(JOK}+1,

CONTINUE
IF{CAMCO(KsJOK)I=COD(JOK))5s695
CAMCO(KsJOK)=CAMCO(K»JOK) -1,
GO TO 43

JOK = JOK+1

GO 10 12

DO 21 L=1,1EQX

M=K~L

IF(DVD(M) 21923923
DVD(K)=DV(M)-DV{K)

GO 70 25

CONTINUE

IF(DVD(K) 1244424542

JOK=JOK-1

DO 7 I=1sI1EQX -
IF(CX(KsJOK)-D(I1sJOK))7818
IF(DX(K~19JOK)=D{I3JOK))GsTs7
WRITE (3+410)J0KsIsD(19J0K)
DlI+JOK)=T74000

CONTINUE

JOK=JOK+1

IF(JOK-TAKE )45 44445




44
45
12

14

10
27

JOK=1

GO TO 43

DO 14 I=1,J40K
DX(K+1sI)=CX(Ksl)
CONTINUE
SIO(K+1)=810(K)
ALO(K+1)=ALO(K )"

FORMAT(1H 916X s2HCA9I292H~091391H=9F543912H
FORMAT(4F543)

RETURN
END

REJECTED)
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APPENDIX I

(¢) LIST OF VARIABLE NAMES

The COMMON Dimensioned Variables

4(16,5)

AL0(200)

c(64)
D(6k,4)

DV(200)
DVD(200)

DX(200,4)

0c(32)
SI0(200)
SUMC (64
SUMCO (200, 4 )

SUMO(64.)
SUMOC (64 )

SUMX (4)
T(16)
Ww(16,5)

ZM(200)

The tetrahedral-oxygen distances. The five values
on each card are as follows: the first is the
average size of the tetrahedron, the remaining
four are the T-0 distances in Kngstrom units,

The values of the idealAk(—O distances used in each
successive iteration.

A 'dummy! storage.

The alkali or alkali earth to oxygen distances in
gstrom units. Provision is made for the handling
of up to four non-equivalent large cations.
(e.g.g the four calcium atoms in the anorthite structure).

The total charge unbalance on each iteration.

The difference between the charge unbalance on one
iteration and the unbalance on the previous iteration.

The values which control the coordination numbers of
the large cations, expressed as limiting alkali or
alkali earth to oxygen distances.

The total tetrahedral charge on the non-equivalent
oxygens.

The values of the ideal Si-0 distances used in each
successive iteration. ‘

The positive charge contribution of the alkali or
alkali earth atoms to the coordinated oxygens.

The coordination numbers of the alkali or alkali
earth atoms.

Not used.

The total positive charge contribution to the equivalent
oxygens in the structure.

The 'weighting factor!for up to four alkali or alkali
earth atoms and their oxygen environment.

The total positive charge contributions to the
non-equivalent tetrahedra.

The storage spaces reserved for the tetrzhedral
positive charge contributions to the oxygen atoms.

The space reserved for the total number of aluminum atoms
in the ideal structure, as calculated on each iteration,
and dependent upon the ideal Si-0 and Al-0 distances used.
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The Remaining COMMON Variables

CHCAT
IAL

ICAT

TEQX

10X
IPUN
IsT

IT

ITET
JOK

JOKE
KMAX
MULT

The charge on the alkali or alkali earth atoms.

A counter used to establish the attainment of the
best ideal Al-0Q value,

The number of non-equivalent alkali or alkali
earth atoms.

The number of equivalent oxygens in one unit cell
of the structure.

The number of non-equivalent oxygens.
Not used.

A counter used to establish the attainment of the
best ideal Si-0 value.

A counter used to establish the attainment of both
the best ideal $i~0 and Al-0 values.

The number of non-equivalent tetrahedra.

A counter used in the subroutine COORD.

A counter used throughout the program.

The meximum number of iterations calculated.

The multiplicity of the structure type.

Additional Variables Used in the MAIN Program

Dimensioned Variables

N(64,4)

A fixed point variable used to change the coordination
numbers of the alkali or alkall earth atoms to integers

from floating point rumbers.

Simple Variables

L and M

Simple counters.

Additional Variables Used in Subroutine TETRA

X
Y
Z

The 'weighting factor! used in the tetrahedral calculation.

The positive charge calculated for a tetrahedral site.

The statistical aluminum content of a tetrahedron
expressed as a fraction of 1.
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Additional Variables Used in Subroutine ALKI

IPN, L and N Simple counters.

Additional Variables Used in Subroutine ALKI2

SX The amount of negative electrostatic charge unbalance.

SY The amount of positive electrostatic charge unbalance.

Additional Variables Used in Subroutine COORD

Dimensioned Variables

CAMCO(200,4) Directly equivalent to SUMCO(200,4).

co(s) Not used.
coD(4) A simple counter.
cx(200) Directly equivalent to DX(200).

Simple Variables

1,J,L,M 3

IALK, IAKE ) e
JAC ;nd JiL) °F indicators.

Simple counters
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APPENDIX T

(d) SIMPLIFIED FLOW CHARTS

The Flow Charts of the program are given in

this section as follows:

Figure 1:
Simplified Flow Chart of the MAIN Program

Figure 2:
Simplified Flow Chart for Subroutine TETRA

Figure 3:
Simplified Flow Chart for Subroutine ALKI

Figure 4:
Simplified Flow Chart for Subroutine ALKI2

Figure 5:
Simplified Flow Chart for Subroutine COORD




- 149 -

CINIV TIVD
IXW TIVD

i

@00D- TIVD

Aﬁxxvog<mAMvog<,‘
(1-1)01S=(N)01S

(I-M)NZ=(I)NZ x

SNOIIVIHLI
dHL TIV
40 XIVIHNS

a HLI¥M

WVE20dd NIVH .
JHL 40 JYVHD MOTA CHIATITAWIS T d¥NOId

LIXE TAVD ]

N -

VIIAL 1TV

y=ea2 jo
Furuur8ag

NUELVILLT 3
|

‘-
!

|
P
!

i

i

1

— : © SYFINNOD
=4 wAuA”MUV+Aw 1ds




M FITYM

V9123, ANIIN09dans €od

1 D0 FIVINDTVD

{

TAVHO HO1d QHIATIANTS

M FIVINDIVY

X pue X
AIVINOTYD

o1V

01S
CAARHLY

¢ H4NOIg
00 dLI¥M NENLIy
Z 40
SANIVA  WOS Z dIVINDTIvVO

e (LIV LS




IXIV INILNOoYdns
404 IEVHD MOTd JHIATTIWIS £ 39N91d

m, _ : NaNILAY

J0KNS
- *SWLV NIDAXO | oWns

SHOAVHD KNS

M* * 0=0K0S OOWAS ALTEM
b N S
! o . :
XHNS
ALYINDTVD
. NIVRi .
WO¥d }

A

. 094dZ 0L - < .
Xa Y FITHEM CTTEVINVA 1aS —  XQ ‘Q avEd g 9




v

ZINIV ANIINOYdNS Hod LavHD MOTd QA TATTdWIS % HY09T4. . O.m.>+

RINTEY 'l.é .
A ,
AQ M
‘XS ‘1S —
1100° 0+ (1) 0TV

- 152 -~

Ad . T
ALVINOTVO 1000 (DOIS

i W ,
AS pue XS [, M.».mud,m X | ] ¢ . ]
AIVINDTIVD {3 AIVINOTYY | o..%m Mm LES<g L HLVIADIVD




NIVR
OL Nanrayg

¥00D ANILNOWanS
904 INVHOD MOTd (QATATTAWIS ¢ Hundid

Z1
RJ,

g =X . wnyidTe) JO
C 9009 T-+100=J0r
/ . asea109(
ht
“GAd FON
21BTNOTED unioge)y 3jo
| ‘ana e+ oo S T+I00=Y0r
" # ase]. puid- : OUL
5
]
!
I+1I0=TIL
Y
0DWNS=00WVD .
XVRQ pe?d
XQq=X0

AANTINOD




-~ 154 -

APPENDIX I

(e} EXAMPLES OF THE PRIMARY DATA

following
()

The primary data is entered into the program in the

form:

Si-0 and Al-0 Ideal Distances (2F5.3)

Field #

1 2

Cols. 1~10 XX XXX

Example

1.6021.759

One card only.

(ii) The Tetrahedral Distances (5F5.3)
Field # 1 2 3 L 5
Cols. 1-25  X.XXMK. XXX XXHK. XK JXX
Example 1.6131.6101.6201.6011.611

(iii)

Field #1 is the average size of the tetrahedron.

Fields #2~5 are the distances from the centre of

the tetrahedral site to the surrounding
four oxygen atoms.

One card for each non-equivalent tetrahedron in the
structure (Anorthite: 16 cards).

The Crystallographic Control Card (5I2,F2.1)

Field #

Cols. 1~12

Example
Field #1
Field #2

Field #3
Field #4
Field #5
Field #6

123456

32041664022,

The number of non-equivalent oxygen atoms.

The number of non-equivalent alkali or alkali
earth atoms,

The mumber of non-equivalent tetrahedra.
The number of equivalent oxygens.
The multiplicity.

The positive charge on the alkali or alkall
earth atoms.

(The numerical examples given are for the anorthite structure).

One card only.
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v)

Control Card for the Determination of the Initial Coordination
of the Alkali or Alkali Earth Atoms (4F5.3)

Field # 1 2 3 A

Cols. 1-20  X.XXHX.XXHX.XXXX.XXX

Example 4.,1394.1494 ,0714 . 140

Field #1 The distance of the 12 closest oxygen to the alkali
earth atom. The program will then use this number
to determine that the alkali or alkali earth atom
has 12-fold coordination.

Fields
#2,3,&, Additional fields for another 3 non-equivalent alkali
or alkali earth atoms.

(The numerical example is given for the anorthite structure with
L non-equivalent calcium atoms).

One card only.

List of Alkali or Alkali Earth to Oxygen Distances (4F5.3)

Field #1
Cols. 1-10 p.5.9.0.0.0.89.00.4
Example 2.500
Field #2
Cols. 11-20 XXXXXX.XXX
Example 8.000
Field #2
Cols, 2130 XXXXXX.XXX
Example 8,000
Field #4
Cols. 31-40 XXXXXX.XXX
Example 4.171

These four fields are placed on one card, and there will be one
card for each of the equivalent oxygen atoms; in the anorthite
structure there will be 64 cards.

These fields represent the list of alkali or alkali earth cation
to oxygen distances punched in the appropriate space for a given
oxygen. Some of these spaces will not be used as they represent
some oxygen atoms which are too far from the large cation to be
coordinated. In this case a dummy number (8,000) is used.
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(vi) Limiting Control Card for Alkali or Alkali Farth to Oxygen
Distances (4F5.3)

Field # 1 2 3 4
Cols. 1-20 X XXX 0K XX XXX
Example 60006 , 0006 0006 ,000

Fields #1,2,3,4 Similar to data card (iv) but the upper limit
of the alkali or alkali earth to oxygen distances
in Angstrom units. In the numerical example
above, the program will end only after all the
oxygen atoms in each non-equivalent alkali or
alkali earth environment has been considered
out to a distance of 6,000 £.

(The numerical example is given for the anorthite structure),
One card only.
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APPENDIX I

(f) RESULTS OF A COMPLETE ITERATION

The following three pages give the computer
listing for one complete iteration of the FORTRAN IV

Program described in this Appendix.
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SI0, ALO,  K#T4 1.602 1.761
AL CONTENT T 1 0.069

Al CONIENT T 2 0.088

AL CONTENT T 23 0.038

AL CONTENT T 4 0.151

Al CONTENT T_5 0.0869

AL CONTENT T 6 0.050

AL  CONTENT T 7 0.0

At CONIENT T 8 O.164

AL CONTENT T o 0.981

AL CONTENT T10 0.906

Al CONTENT T11 (0.9473

AL CONTENT T12 0.874

AL CONTENT T13 0. 906

Al CONTENT T1l4 0.950

AL CONTENT T15 0.893

AL CONTENT T16 0.943

TI0TAL ALUMINUM IN STRUCTURE . E.025
TET CHARGE ON OXY 0 1 1.669
TET CHARGE ON OXY G 2 1.681
TET CHARGE ON OXY_ 0. 32 1739
TET CHARGE ON OXY O 4 le714
TET CHARGE ON OXY C 5 1.688
TET _CHARGE ON_OXY 0 6 1.737
TET CHARGE ON OXY O 7 1.68%
TET CHARGE ON OXY O 8 1.767
TET CHARGE (ON_QXxY 0.9 1.719
TET CHARGE ON OXY 010 1.768
TET CHARGE ON OXY O©Ol1 1.727
TET CHARGE GON_GXY_ 012 1122
TET CHARGE ON OXY 013 1.844
TET CHARGE ON OXY O0Ol4 1.742
IET_CHARGE ON _0OXY__ Q015 1.726
TET CHARGE ON OXY Qlé 1.807
TET CHARGE ON OXY 017 1.768
TIET CHARGE ON_OXY 018 l.771
TET CHARGE ON OXY (0l9 1.827
TET CHARGE ON OXY 020 1.808
TET CHARGE ON _OXY 021 1.756_-
TET CHARGE ON OXY 022 1.747
TET CHARGE ON OXY 023 1.732
TEIT CHARGE (ON (OXY G224 l.760
TET CHARGE CN OXY 025 1.766
TET CHARGE ON GOXY 026 1.754
TET _CHARGE CN _(OXY 027 1654
TET CHARGE ON GOXY 028 1.689
TET CHARGE ON OXY 029 1.747
TET CHARGE ON_OXY__ 030 1.825
TET CHARGE ON OXY D031 1.867
TET CHARGE ON TXY 032 1.766




LIMIT FOR
CC=0RD _QF

ITERATIGN NUMBER 74

CAT-0 1
CATI

5.034
16

LIMIT FOR

CO-0ORD OF
LIMIT FQOR

CAT-0 2

CAT2 -
CAT=0_3

4.914
18.
4.926

CO0—-0ORD OF

LIMIT FOR
C0=0RD_OF

CAT3
CAT-0 4
CATS

14.

4,912
15
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~ TOTAL CHARGE ‘ON

OXY 0 1 2.031
TOTAL CHARGE ON OXY 0 2 2.061
TOTAL CHARGE GON OXY 0O 3 2.154
TOTAL CHARGE ON OXY 0O 4 2.095°
TCTAL CHARGE ON OXY 0 5 _2.086
TOTAL CHARGE ON OXY 0O 6 2.132
TOTAL CHARGE ON OXY O 7 2.126
TOTAL CHARGE . .ON OXY.__ 0. 8 2.01719
TOCTAL CHARGE ON OXY ©0 9 2.008
TOTAL CHARGE ON OXY 010 2.016
TOTAL CHARGE _QON OXY 011 1.948
TOTAL CHARGE ON OXY Q12 2.004
TOTAL CHARGE CN OXY 013 1.985
TOTAL CHARGE ON OXY 014 1.996
TOTAL CHARGE ON OXY 015 1.990
TOTAL CHARGE ON OXY 016 1.987
TOTAL CHARGE ON_OXY 017 1.989
TCTAL CHARGE ON OXY 018 1.914
TOTAL CHARGE ON OXY 019 1.903
TOTAL CHARGE ON_OXY £20 1.931
TOTAL CHARGE ON COXY 021 1.973
TOTAL CHARGE ON OXY 022 1.942
TOTAL CHARGE ON _0OXY 023 1.5Q04
TCTAL CHARGE ON OXY 024 1.934
TOTAL CHARGE ON OXY 025 1.971 .
I0TAL CHARGE ON (OXY D26 2.016
TOTAL CHARGE ON OXY 027 1.G58
TOTAL CHARGE ON 0OXY 028 1.975
TOTAL CHARGE ON _GXY_ 029 1.992
TOTAL CHARGE ON OXY 030 1.966
TOTAL CHARGE ON OXY 031 1.951
TGTAL CHARGE ON_QOXY 032 1.984
TOTAL CHARGE OCON TETRAHEDRGN T 1 7.999
TOTAL CHARGE ON TETRAHEDRON T 2 T.962
TOTAL_ CHARGE ON TETRAHEDRON T 3 7.871
TOTAL CHARGE ON TETRAHEDRON T 4 8.000
TCTAL CHARGE ON TETRAHEDRON T 5 8.045
TCTAL _CHARGE ON TETRAHCDRON T 6 8.007
TOTAL CHARGE ON TETRAHEDRON T 7 7.988
TOTAL CHARGE ON TETRAHEDRGN T 8 8.004
T0TAL _CHARGE ON TETRAHEDRON T 9 8.013
TCTAL CHARGE ON TETRAHEDRCON T10 8.005
TOTAL CHARGE ON TETRAHEDRON T11 7.981
TOTAL CHARGE ON TETRAHEDRON T12 7.999
TOTAL CHARGE ON TETRAHEDRON T13 T.963
TOTAL CHARGE ON TETRAHEDRON T1l4 8.000
TOTAL CHARGE ON TETRAHEDRON T15 8.0Q0Q02
TOTAL CHARGE ON TETRAHEDRON T16 8.013

POSITIVE UNBALANCE
NEGATIVE UNBALANCE

0.088
Q.138

SUM OF DEVIATION K

74

0.226
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APPENDIX II
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APFENDIX II

PROGRAM DOCUMENTATION OF A SERIES OF

IBM 1620 PROGRAMS TO CALCULATE ELECTROSTATIC

CHARGE DISTRIBUTION WITHIN THE LOW AND

FORTRAN II

FORTRAN IT

FORTRAN II

FORTRAN II

HIGH ALBITE STRUCTURES

Program to Calculate Interatomic Distances

Program to Calculate Inter-Bond Angles and
Solid Shielding Angles

Program to Calculate the Shielding Factors

Program to Calculate the Distribution of
Electrostatic Charge Within the Structures
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APPENDIX IT

A. FORTRAN II PROGRAM TO CALCULATE INTERATOMIC DISTANCES

(i) A Description of Program #1

The FORTRAN II Program described here is entitled : SCAN OF

INTERATOMIC DISTANCES, and was primarily written in order to calculate

a complete list of sodium-oxygen and sodium-sodium bonds in a given
enviromment of the original sodium atom. The environment of the sodium
atom is defined as a sphere of certain radius within which a number of

oxygen atoms and other sodium atoms are located.

The program involves the standard form of the interatomic
distance calculation, but scans the complete environment of the original
sodium atom, after the given atoms have been moved into the asymmetric
part of the unit cell. The complete scan of bonds is obtained by
translation of the atoms, along the axes x, y and z, by all combinations
of +1 and -1, for each of the equivalent positions defined for a

particular structure.

Provision is made for only those bonds within a given upper

limit to be recorded on punched cards.

(ii) The Program Printout

The complete printout of the program is given on the following

pages, and the description of the input data is given in Section (iii).
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SCAN OF INTERATOMIC DISTANCES

PROGRAM 1 - DATA ARE THE ORIGINAL STRUCTURAL PARAMETERS

DIMENSION X(40)sY(40)sZ(40)sS(40)sNAT(40)sPN{4)sNN(G)S1(40)
DIMENSION TX(40)sTY(40)sTZ2(40)

FORMATI(I238X3s3F6e333F8e¢53F44232123F442)
FORMAT(A35A2+1353(Fb644))
FORMAT(36HCALCULATION OF INTERATOMIC DISTANCES)
FORMAT(I233F3+s193F844)
FORMAT(I2+2(2XsA39A2)92Xs1292X9312+3F9«4sF10e35115)
LL=0

READ 1sNsAsBsCsCOSAsCOSBsCOSCsDMAXINEQsICAT
DO 2 I=1sN

READ 3s S({INeSI(INsNATIIIsX{IVsY(I)sZ(1)
CONTINUE

TYPE 4

Cl=A%*A

C2=B*B

C3=C*C

C4=A¥B*C0OSC

C5=C*A*COSB

C6=B*(C*COSA

NM=N-1

NJ=ICAT+1

DO 6 IJ=1sNEQ

READ 7sKEQ*EQX sEQYsEQZ9PXsPYsPZ

PN(1)=+0,

PN(2)=+1,

PN(3)=00"1-

DO 6 K=1s3

DO 6 L=1s3

DO 6 M=143

DO 10 I=NJsN

CTXOD) =X (T *EQX ) +PX+PN(K)

10

TY(I)=(Y(I)*EQY)+PY+PN(L)
TZ(I)Y=(Z(I)*EQZ)+PZ+PN(M)
CONTINUE
IEQX=EQX

-TEQY=EQY

- IEQZ=EQZ

NN (K)=PN(K)

NNA{L)=PN{L)

NN{M)}=PN (M)

J=0

IPUN=0

DO 6 J=1sI1CAT

DO 6 II=ICATsNM

XA={TX(II+1)=- X{(J))

YB=(TY(II+1)~ Y(J))

ZC=1TZ(11+1)~ Z2(J))

XAB=2+¥XA*YB®C4 : -
XAC=2e#ZCxXAXCH

XBC=2.%YB*Z(*(Ch
DIST=SQRT({{XA*XA)*CL)+((YB%YB)*C2)+((ZC*ZC)*C3)+XAB+XAC+XBC)
IF(DIST-DMAX)8816

BOND=DIST

LL=tL+1 :
PUNCH 11 sNAT(II+1)sS(J)sS1(J)sSIII+1)sSI(II+1)sKEQsNN(K) sNNI(L)s
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INN(MY s TX(TI+1)sTY(II+1)sTZ(II+1)sBONDsLL
CONTINUE :
IF(NEQ-KEQ)9s549 '

GO TO 14

CALL EXIT

END
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(iii) Examples of the Data

The primary data are entered into the program in the

following form:

(a)

The Main Control Card for the Program

(b)

Cols. 1 and 2 XX
Example 13
Name N

Description: N is the number of non-equivalent atoms
involved in the calculation.

Cols. 3 to 10 blank

1 2 3
Cols. 11 to 28 XX XX L XXX L XXX
Example 08.14912,88007.106
Names A B C

Description: A, B and C are the cell dimensions @)
of the structure.

+ 1 2 4 3
Cols. 29 to 52 EYE.0.000.CHP000.00.05.49.0.9 ¢
Names COSA COSB CcOSs¢C

Description: The cosines of the angles, alpha, beta and
gamma for the structure.

1 23
Cols. 53 to 60 X.
Names DMAX,NEQ, ICAT
Description: DMAX is the upper limit for the bonds
calculation.

NEQ is the number of equivalent positions
for the structure.

ICAT is the number of non-equivalent atoms
whose inter-bond distances are " reguired.

The Atomic Parameters of the Structure (transferred to

the Asymmetric Part of the Unit Cell)

One card must be given for each non-equivalent atom.
On each card the following information must be given:

1 2 3 4 5

Cols. 1 to 26 o XXXX
Example NA 01 2743 0076 1320
Names $1,52,NAT, X, Y, Z.

Description: 851,52 is an alphabetic field for the Megaw name

of the atom.
NAT is a sequential number given to that atom.

X,Y and Z are the atomic parameters of the atoms
expressed as fractions of the cell dimensions.
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(¢) The Definition of the Fquivalent Positions

The number of cards must equal the number of equivalent
positions (NEQ). On each card the following information
must be given:

1.2 .3 4

Cols. 1 to 35 xS I o xmdm modxxx xxxx
Example Ol+1.+1,4+1, 0.0000 0,0000 0,0000
Names KEQ,EQX, EQY ,EQZ, PX, PY, PZ

Description KEQ is the equivalent position number.
BEQX,EQY and EQZ are factors which will change
x,y and z parameters into X, ¥, and z if
necessary.
PX, PY and PZ are the necessary fractions of
the cell dimensions which must be added to the
x/a, y/b and z/c fractions in order to complete
the requirements of the equivalent position.
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APPENDIX II

B. FORTRAN II PROGRAM TO CALGCULATE INTER-BOND ANGLES

AND SOLID SHIELDING ANGLES

(1) A Description of Program #2

The FORTRAN II Program described here is entitled: SCAN OF

INTERBOND ANGLES AND SOLID SHTELIDING ANGIES, and was written in order

to prepare data for the third program of this series (Appendix IIC).
The angles calculated here are a necessary step before the calculation
of the shielded fractions of the oxygen atoms in the environment of a
given sodium atom, Considerable assistance was given to the author by

Dr. H. R. Coish of the Physics Department at the University of Manitoba.

The principal steps in the calculation are given below in

point form:

(1) The inter-bond angles are calculated using the
standard method. For the purposes of these
calculations, the inter-bond angle is designated
as gamma (Y ).

See Figure 1 in Apperdix IIC,

(2) Two solid angles are calculated in addition to
the inter-bond angle. These are designated as
alpha (= ) and beta ( 4 ).

See Figure 1 in Appendix IIC for the definitions

of these solid angles.



(3) The angles, alpha ( ) and beta (/d ), taken in
relation to the angle gamma ( r ), determine whether
Ooverlap or shielding occurs of ap Oxygen atom in a
given sodium environment, This shielding may be due

to another closer oxygen atom, or to a Sodium atom,

(L) & simple test is made to determine if overlap occurs,

this OVerlap are recorded on punched cards, defining

the angles and the atoms concerneq. In this way, this
Program prepares datg which is directly applicable to
the next program in the series, (Program #3 described

in Appendix II().

(ii) The Program Printout




AN NN

SCAN OF INTERBOND ANGLES AND SHIELDING ANGLES

. PROGRAM 2 USING DATA FROM PROGRAM 1

(o )00 S B OS I S

FORMAT(I29s8X93F6+4393F845)
FORMAT(I2+s2(2XsA3sA2)92X912+2X 31293F9 43F10e3911X914)
FORMAT(3FTe4sAL)
FORMAT(I492X9A39A29FT7e391X9sA491XsA33A29F7e393F11435110)

DIMENSION NAT(60)9S5(60)s51(60)505(60)s0S1(60)sKEQ(60)sIEQX(60)
1TEQY(60)s1EQZ{60)sBOND(60)sETX(60)sETY(60)9sETZ(60)sLL(60)

READ 1
READ 4>

DO

2 READ 3»

2 I=1sN

NsAsBsCsCOSAsCOSBsCOSC
XNAsYNASZNASSO

NAT(I)sS(I)sS1(I)s0S(1)s0S1(I)sKEQ(I)sIEQX(I)sIEQY(I}>

1 TEQZ(I)sETXUI)SETY(I)sETZ(I)sBONDITI)sLL(I)

Cl
2=
C3=
C4=
c5
Cé6=

DO

IF(NAT(I+1)-1)5s5+9

=A¥A

B*B
cxC
A#B*¥COSC

=C¥A¥COSB

B*#C*¥COSA

5 I=1sN

9 ALPH=(ATAN(1e32/(SQRT((BOND(I+1)*BOND(I+1))-(1e32%1, 32)))))*180.

1/3a
DO
K=

IF(NAT(K)=1)11510,11
10 RAD=

GO

11 RAD=
12 BETA=(ATAN(RAD 7/ (SQRT((BOND(K)*BOND(K)

1/3.

X1=ETX{(I+1)=-XNA

X2=ETX(K)=XNA

YI=ETY(I+1)-YNA

Y2=ETY{K)-YNA

Z1=ETZ(I+1)-ZNA

22=ETZ(K)-ZNA
ABC=(X1#X2¥C1)+(Y1#Y2%C2)+(Z1%#22%#C3)
XAB=( (X1%Y2)+(Y1%X2))*C4
YCA=((Z1#X2)+{X1%Z2))*C5
ZBC={{(Y1%#Z2)+(Z21%Y2))*%C6

1416
5 J=1l»sl
I+1)-J

1.
TO 12
132

1416

)-(RAD *RAD )))))1%*180,

COSG=(ABC+XAB+YCA+ZBC)/ (BOND(I+1)*BOND(K))

THG=SQRT((1+-COSG)/{(1e+C0OSG))
GAMMA=((ATAN(THG))*180+%2+)/341416
IF(GAMMA)5+8,+8

8 ALBE=ALPH+BETA '
IF({GAMMA+2+4)—ALBE) 73545

7 PUNCH 6sNAT(I+1)s0S(I+1)s051(I+1)9sBOND(I+1)9S0s0S(K)s0OS1(K)>»

1BOND(K) s GAMMAS ALPHSBETASLL(I+1)

5 CON
CAL
END

TINUE
L EXIT
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(iii) Examples of the Input Data

The data for this program are derived from Program #1 and

are entered in the following form:

(a)

A Control Card for the Structure Type

Cols. 1 and 2 XX
Example 23
Name N

Description: N is the number of bonds calculated
in program #1.

Cols. 3 to 10 blank

1 2 3
Cols. 11 to 52 XX . XXX  XXRKK XXX
Example 08.14912.88007.106
Names K B C

Description: A, B and C are the cell dimensions )
of the structure being studied.

1 2 3

Cols. 29 to 52 . xoooxaEx oxEx X
Example ~0.05873=0,44307-0,00495
Names cOSA~ COSB  COSC

Description: The cosines of the crystallographic angles
for the structure.

(b) The Original Parameters of the Sodium Atom (1 Card Only)
1 2 3
Cols, 1 to 21 090000089 90000.89000 4
Example- L2743  .0076  .1320
Names XNA YNA ZNA

Description: XNA = x/a for the sodium atom.
INA = y/b for the sodium atom.
ZNA = z/e for the sodium atom.

Cols, 22 to 25 XXX
Example ~NA-
Name S0

Description: SO is the name for the alphabetic field
defined above.
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(c) The Data Cards as produced by Program #1

Note: The bond list has to be arranged in increasing
order of bond length.

1 2 3 L 567
Cols, 1 to 28 0.0.0.0.9.0.0.0.0.0.0.5:0:0.000:0.0 9009060 0.0.4
Example 6 NA 6Aa(1) 1 o000
Names NAT,S1,52,05,0S1,KEQ, IEQX, IEQY , IEQZ
Description: NAT is the serial number of the atom.
51,52 are the fields for the alphabetic
representation of the name of that atom
whose environment is being determined.
05,081 are the fields reserved for the
alphabetic representation of the atom in
a given environment.
KEQ is the number of a given equivalent position.
IEQX,IEQY and IEQZ are numbers representing the
translation of the atom (defined by its serial
number in cols. 1 and 2) along the axes x, y and z.

1 2 3
Cols. 29 to 55 D0.0.0.89.0.0.0:0.09.0.99.9.0.0.0.00 5.09:9.0 ¢
Example LGL5 +3692 .0336
Names ETX ETY ETZ

Description: ETX = x/a plus translation and the operation of
symmetry according to the equivalent
position number.

ETY = y/b plus translation and the operation of
symmetry according to the equivalent
position number.

ETZ = 2z/c plus translation and the operation of
symmetry according to the equivalent
position number.

1 2
Cols, 56 to 80 pO.0.000.09.0.0.00.0:09 09060000004
Example 2,537 2
Names BOND LL

Description: BOND is the length of the bond between the
atoms defined.
LL is the sequential number of that bond
in order of calculation.
The punched card output from this program may then be used as
data for Program #3 which is defined and documented in the following

section of this Appendix.
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APPENDIX II

C. FORTRAN II PROGRAM TO CALCULATE THE SHIELDING FACTORS

(i) A Description of Program #3

The FORTRAN II Program described here is entitled: THE SOLID

ANGLE SHIELDING EFFECT, and was written by the author to process the

data which had been obtained from the previous Program (Appendix IIB)

and to prepare the final data for use in Program #4. The assistance
which the author received from Dr. H. R. Coish of the Physics Department
of this University was mainly in connection with these calculations.

It is in this Program that the angles calculated by Program #2 are
examined and categorized to determine the four different angular relation-
ships between the angles alpha, beta and gamma which require different
formulae for the integration which calculates the fraction of a given

atom which is shielded.

This Program initially examined these angles and determined
which of the four cases is being dealt with. It then proceeds to the
appropriate part of the program which performs these calculations.

Thus the Program may be thought of as being in four parts. These parts
are marked in the program by COMMENT cards. In order to assist in
determining which atom is being dealt with during any given part of the
calculation, the Program refers to the sequential number of the bond as
calculated in Program #1. This number, in effect, defines a particular
atom and the calculated amount representing a shielded fraction is listed

in punch card form, together with the fraction of that atom shielded, the
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Na-O bond length describing that atom, and the serial number of that

atom, are punched out as data cards for Program #4.

(ii) Some of the Mathematic Considerations Used in this Program

Figure 1 defines the angular relationships for a general example
of overlap between a pair of oxygen atoms which have bonds to a common
sodium atom. The angles alpha, beta and gamma are defined; the expressions

used in the integrated calculation of the fraction shielded are also given.

(iii) A Brief Description of the Formulae Used to Calculate the
Shielded Fraction of an Atom

CASE 1 -~ NO SHIELDING

When gamma is greater than beta + alpha, no shielding
occurs. This case is taken account of during the preparation of the angles
listed from Program #2. The expression may be stated as follows:

% Y</+o< %W,«wy@ W:O
CASE 2 - SMALL FRACTION SHIELDED
Statement : / < YVy< ﬁ +
o
Solid Angle Eclipsed = 2 //_(,m a F[é)a( p=)
r-f8

Note: This case takes effect when the width of the area eclipsed by one

atom does not exceed the radius of the atom being eclipsed.

CASE 3 - LARGE FRACTION SHIELDED

Statement : Y</ < Y+

Solid Angle Eclipsed = A+8B
-y ~RT
A=/ s Bl 6 dg =27f[/-—m(/5—y)]

B= Z:/M@ F{G)a(é‘

-

Note: This case takes effect when the width of the area eclipsed by one

atom exceeds the radius of the atom being eclipsed.
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CASE 4 ~ COMPLETE SHIELDING

Statement : /)7 2 Y+ x

In all four cases given above, the final answer is
expressed as a fraction of the total exposure of that particular
atom. In other words, this number represents the shielded fraction
of a given oxygen atom. These values are directly applied to the
electrostatic charge balance calculations which are described in

Appendix IID,

(iv) The Program Printout

The printout of this Program is given on the following two

pages.

(v) Examples of the Input Data

(a) Control Card:

1 2

Cols. 1 to 8 XXXXXXXX

Example 58 90

Names N M
Description: N is the number of bonds calculated by

Program #1,

M is the number of shielding occurrences
calculated by Program #2.
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THE SOLID ANGLE SHIELDING EFFECT

PROGRAM 3 USING DATA FROM PROGRAM 2
N IS THE NUMBER OF BONDS CALCULATED
M IS THE NUMBER OF SHIELDING OCCURENCES

DIMENSION NAT(100)s5(100)5sS1(100)sBC(100)sS0(100)+501(100C)»
1BON(100) sGAM(100)»ALPH(100)sBETA(100)sNSER(100)sSHI(58)
2IAT(58)sBOND(58)

6 FORMAT(I492X9A39A23FT7e396XsA35A29FTe393F11e358X912)
14 FORMATI(I149F1444s165F1243)

20 FORMATI(14)

50 FORMATI(214)

READ 50s NsM
DO 11 JJ=1>sN
BOND(JJ) = O.
SHI{(JJ)y=0,000001
11 IAT(JJY=1
DO 17 J=1.M
READ 6sNAT(J)YsS(J)sS1(J)sBO(J)sSO(J)sSO1(J)YsBON(JIYs GAMI(J)
1 ALPH(J)s BETA{J)sNSER(J)
IT=NSER{J)
IAT(IIY=NAT(J)
BOND(II)=BO(J)
17 CONTINUE
DO 19 1I=1sN
IF(NAT(1)-1)19518919
18 SHI(I1)=1,.,000
19 CONTINUE
DO 16 I=1sM _
GAM({I)=GAM(I)*3,1416/180,
ALPH{TI)=ALPH({I)%3,1416/180.
16 BETA(I)=BETA(I1%3.1416/180,
- DO 12 J=1sM~
ICASE=0
TYPE 20,sJ
TH=0.
EC=0,
-AGA= GAMI(JY+ ALPH(J)
ALBE= ALPH{J)Y+ BETA({J)
GMB= GAM(J)- BETA{J)
ALF= ALPH(J)
IF(BETA(J)-GAM(J))30+30431
30 IF(GAM(J)-ALBE}12s2531
31 IF(BETA{J)-AGA)3s4 4

SHIELDING EFFECT CASE 1 - NO SHIELDING
SHIELDING EFFECT CASE 2

2 TH=ALPH(J)+.005 -
22 TH=TH-.005
IF(ICASE-3)41540+41
41 IF(GMB-TH)115910410
40 IF(BEG-TH)15410,510
15 CO = (COS(BETA(J))“(COS(CAM(J))*COS(TH)))
COP1 = SIN(GAM(J))*SIN(TH)
COP= CO/COP1
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" THP=SQRT((1e=COP )/ (1e+COP ))

PHI = (ATAN(THP))}*2,
EC1l =SIN(TH)*PHI

EC2= EC1%2.%04005
EC=EC+EC2

GO TO 22

SHIELDING EFFECT CASE 3

BEG=BETA(J)}-GAMI(J)
A=2e%3e1416%(1.-COS(BEG))
ICASE=3 )

GO TO 2
IF(ICASE-3)25924425
EC=EC+A

ECC= 24%#341416%(1e4—COS(ALPH(J)))
ECL=EC/ECC

I=NSER(J)

SHI(I)=ECL+SHI(T)

GO TO 12

SHIELDING EFFECT CASE 4 - COMPLETE SHIELDING

CONTINUE

I=NSER(J)

SHI(I)=14+SHI(I)

CONTINUE

DO 26 I=1sN

PUNCH 145 IsSHI(I)sIAT(I)sBOND(I)

CALL EXIT
END
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(b) The Data Cards

The data cards are used directly from Program #2. Each

card contains the following information:

1 2 3
Cols. 1 to 18  XXXXXXXXXXXXXX . XXX
Example 10 0Cc(0) 2.953
Names NAT, $,S1, RO

Description: NAT the serial number of the atom being shielded.
5,51 the alphabetic field reserved for the name
of the above atom.
BO the Na-O bond of the above atom,

Cols. 19 to 24 XAXXXX

Example ~-NA-

Name none - considered as blanks for this input.
5 6

Cols. 25 to 36 XXXXXXX.XXX

Example 0A(2) 2.377

Name S0,501,BON

Description: S0 and SOl are the alphabetic fields reserved
for the name of the atom which is causing

the shielding.
BON is the Na-O bond length of the above atom.

7 8 9
Cols., 37 to 69 XXXXXXXXXXXXXXXXX «XXXXXXXXXXX XXX
Example 56.499 26.551 33.732
Names GAM ALPH BETA

Description: GAM = the angle gamma (Y').
ALPH= the angle alpha (= ).
BETA= the angle beta (/).

These angles are defined in section (ii) of this Appendix.

10
Cols., 70 to 80 XXXXXXXXXXX
Example 14
Name NSER

Description: NSER is the sequential number of the bond
in question given in order of calculation

from Program #2.
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APPENDIX II

D, FORTRAN IT PROGRAM TO CALQJLATE THE DISTRIBUTION

OF ELECTROSTATIC CHARGE WITHIN THE STRUCTURES

(i) A Description of Program #4

The FORTRAN II Program described here is entitled: THE

ELECTROSTATIC CHARGE DISTRIBUTION PROGRAM, and was written in order

to use data as processed in turn by Programs #1, #2, and #3. The
resulting data from Program #3 require only slight modification for
use with this program and represent the fraction of each oxygen atom
shielded, and the Na-O bond distance and the atom serial number serve
as identification for the oxygen atom in question. The program is
designed to calculate the electrostatic charge distribution within
the structures of low and high albite, taking into account the inverse
squares of the bond distances, and where applicable the fraction of a

given oxygen atom which is exposed to receiving charge from the sodium.

In its basic principles this program uses the general method
described in detail in Chapter IA. A few significant changes have
been made. The first is that the positive charge contributions from
sodium to a given number of coordinated oxygen atoms is calculated
before the tetrahedral charge distribution is carried out. In this way
less emphasis is placed on the relative amounts of silicon and aluminum
in the structure than was done in connection with the anorthite
calculation. Secondly, the electrostatic charge from the sodium is
distributed proportionally to the inverse square of the bond length,

taking into account the effect of shielding.
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Other differences are described below:

(a)

(b)

(c)

Assumed values of Si-0 and Al~0 are fixed for
a set of calculations.

The coordination of the sodium is increased
taking the oxygens in order of nearness.

(The coordination of the sodium is controlled
by means of the radius of the sphere (&)
encompassing those oxygen atoms whose Na-0
bond lengths are less than this radius. The
limiting value is a variable in this program).

The program makes no decisions as to the nature
of changes which may be required for the variables.

(ii) A Summary of the Operations Performed in these Calculations

The following outline of the operations performed by this

Program is given in point form, and many details are omitted. The

program printout is given in Section (iii):

(1)

(2)

(3)

%)

A control card is read which defines: the number of
atoms which may have to be considered in coordination
with the sodium, say about 20; the serial number of
the atom; the desired maximum limit of the radius

of the sphere of environment around the sodium; and
finally, the minimum limit of the same sphere.

The data cards are read in, and the number of these
must be equal to the number of atoms which may have
to be considered in coordination with the sodium.
The following information is contained on each of
these cards: the fraction of a given atom which is
shielded; the serial number of the atom in question;
and the Na-O bord distance for that atom.

The first calculation is the determination of the
amount of a given oxygen atom which is exposed to
receive charge from the sodium. This is obtained
by subtracting the shielded fraction from 1.000.

In those cases where an oxygen is completely
shielded from a sodium, this number will be
negative, or zero, and it will never be coordinated
with the sodium atom.

The electrostatic charge contributions of the sodium
to the surrounding oxygen atoms is calculated, and
these values are summed for the set of non-equivalent
oxygen atoms in the structure.




(5)

(6)

(7)

(8)

(9)

(10)

The Program is designed to treat, on an iterative basis, various

coordination numbers of the sodium atom.

- 182 -

The assumed values for Si~0 and Al-0 and all the
tetrahedral-oxygen distances are read in as data.

The amount of aluminum in each tetrahedral site

is calculated and expressed as a fraction of an
atom, When this is complete, the summation of
these values gives the total amount of aluminum
which is present in the structure, and which of
course, is a theoretical value dependent upon

the ideal values of Si-O and Al-0 which are assumed
at the beginning of the calculation.

The positive charge contributions from the tetra-
hedral sites to their appropriate oxygen atoms are
calculated and those values given to eguivalent
oxygens are summed, in order to prepare a list of
the tetrahedral charge contributions to the
non-equivalent oxygen atoms in the structure.

The total positive charge contributions to the
non-equivalent oxygen atoms are summed from the
values of the tetrahedral contributions plus the
sodium atom contribution. These values should now
approximate to 2 e,s.u.

The total charge on the four non-equivalent tetra-
hedra are calculated from the summation of the total
positive charge on those four oxygen atoms which
make up a particular tetrahedron. These values
should closely approximate to 8.000 e.s.u.

The total charge unbalance value for the whole
structure is calculated from the summation of the
differences from eight of these total tetrahedral
charge coritributions. For an ideal low-temperature
feldspar, provided suitable values for Si-0 and Al-0
have been used in conjunction with the correct
coordination value number for the sodium, this value
should be close to 0.000 e.s.u.

given to the calculation at the beginning of the Program, a series of

coordination numbers will be used for a given pair of ideal Si-O and Al-O

values. It is

were obtained,

from results like that the data for Chapters IV, V and VI

See Tables 17 and 22 for examples of these data concerning

the low albite and high albite structures respectively.

Thus, depending upon the limits
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(iii) The Program Printout

two pages.

The complete printout of Program #4 is given on the following

(iv) Examples of the Primary Input Data

(a)

A Control Card:

(b)

1 2
Cols. 1 to 8 TXXXXXX
Example 23 13
Names N NTM
Description: N is the number of bonds calculated in
Program #1.

NTM is the number of non-equivalent atoms
in the structure.

3 4
Cols. 9 to 28 D0.9.0.9.0.49.0:9:0.0.0.09.0.89 9.4
Example 2.900 4400
Names DMAX DLIM

Description: DMAX is the maximum limit of the radius of
the environment about the sodium atom.
DLIM is the minimum radius of the same
environment.

The Data Cards:

Cols. 1 to 14 are read as blanks.

1 2 3
Cols. 15 to 46 ):0.0.0.0.0.00.0.890.0:00000.000.0.0000.0.0 89004
Example 4387 7 5.984
Names ECL NAT D

Description: ECL is the fraction of a given oxygen which
is shielded (or eclipsed) by other atoms.
NAT is the serial number identification of
the above atom.
D is the Na-0 bond length involving that
particular oxygen atom.

Note: The number of cards must correspond to the number
of bonds calculated by Program #1.
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Mhnyléh,;,w,,
THE ELECTROSTATIC CHARGE DISTRIBUTION PROGRAM

PROGRAM 4 USING DATA FROM PROGRAM 3

DIMENSION ECL(58)9NAT(58)9CACH(58)9EXPO(58)9D(58)
DIMENSION A(495)sSI0(50)sALO(5C)sTCHI(495)sCHOX(13)sCHT(4)

FORMAT(2F543)

FORMAT(5F543) :

FORMAT(26HTOTAL CHARGE ON OXYGEN NOesI2sF10e3)
FORMAT ( 26HCHARGE ON TETRAHEDRON NOesI23F1043)
FORMAT (30HCHARGE UNBALANCE ON LOW ALBITEsF1043//)
FORMAT(17HAL CONTENT OF TETsI235F7e3)
FORMAT(17HTOTAL AL CONTENTsF743)
FORMAT(14XsF1b et s163F1243)

FORMAT(I105F1043)

FORMAT(55XsF1043)

FORMAT (4HSIO=sF1043s8H ALO=3F10,3)

FORMAT (18HCOORD OF SODIUM 1Ss14)
FORMAT ( 13HDMAX VALUE ISsF843)
FORMAT (14X sF14e4s16)

FORMAT(21432F1043)

READ 62sNsNTMsDMAXsDLIM

DO 33 I=1sN
READ 25s ECL{I)sNAT(I}sDI(I)

ICY = 0
ITEM = 3
SUMX =0,
NACO=0

DO 22 J=1sNTM
CACH(J)=0.00001

DO 21 I=1sN
IFINAT(I)=1)414921941
EXPO(Ir1=1.-ECL(I)
IF(EXPO(I))21921 944
IF(D(I)-DMAX)123+21521
SUMX=  (EXPO(I)/(DI{I)Y#D{I))}+SUMX
NACO = NACO +1
CONTINUE
IF{ITEM=NACO)50+37+37
ITEM = NACO

DO 24 I=1sN

CHNA = Q.
IFINAT(I)=1)45024945
IF(EXPO(I1)1249244+35
IF(D(I)-DMAX)29+24924

CHNA = EXPOCIN/(DLII®D(I ) #SUMX)
J=NATI(I)

CACH{J)=CACH{J)+CHNA

CONTINUE

PUNCH 525 DMAX —
PUNCH 36 sNACO '

DO 27 J=6sNTM

PUNCH 26s JsCACH(J)

IF(ICY-1161+60461

K =1
READ 1s SIO(K) sALO(K)
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PUNCH 34+5I0(K)}sALO(K)
ZMzoo ' )

DO 3 I=1s4

SX=0a

READ 2s (A(IsJ)sJ=14s5)
Z={A{I+s1)~-SIO(K))/(ALO(K)=SIO(K})

IM=ZM+2Z

PUNCH 15+192

Y=44~2
SX=(1e/(A(Is2)%¥A(I52)))+(1e/(A(TIs3)%A(I93)))
1+(1a/CACTs4)*A(T24) ) ) +(1e/(A(T95)1%¥A(I95)))
DO 30 J=245

TCH(IsJ)= Y/Z{A(IsJ)*A(I s J)%SX)

CONTINUE

CONTINUE

PUNCH 16 2ZM

CHOX(6)=TCH{122)+TCH(2s2)+CACHI(6)
CHOX(7)=TCH{(392)+TCH(4+2)+CACH(T)
CHOX(8)=TCH(1s3)+TCH(3+3)+CACH(8)
CHOX(9)Y=TCH(2+3)+TCH{443)+CACH(9)
CHOX(10)=TCH(1s4)+TCH(4 44 )+CACH(10)
CHOX{11)=TCH{2+4)+TCH(3s4)+CACH(11)
CHOX(12)=TCH{1+5)}+TCH{4s5)+CACH(12)
CHOX(13)=TCH(2+5)+TCH(3s5)+CACH(13)
DO 12 I=6sNTM

PUNCH 9s1sCHOX(I)

CHT(1)=CHOX(6)+CHOX(8)+CHOX(10)+CHOX(12)
CHT(2)=CHOX(6)+CHOX(9)+CHOX(11)+CHOX (13}
CHT{3)=CHOX(7)+CHOX({8)+CHOX(11)+CHOX(13)
CHT (4)=CHOX(7)+CHOX(9)+CHOX(10)+CHOX(12)
DO 14 I=1s4

PUNCH 10s IsCHT(I)
. UNBAL =0,
DO 8 I=1s4

37

38

TX=8e—CHT{1I)
IF(TX)6+88
TX=TX#{(0e~1s)
-UNBAL=UNBAL+TX
PUNCH 11, UNBAL

IF(DMAX—DLIM)37938938. 

DMAX = DMAX + .01
ICY =1

GO TO 40

CALL EXIT

END



