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ABSTRACT

Electrostatic charge distributions have been conpuüed for
three feì-dspar strr¡ctu-res for assumed reasonable values of ùhe pure

Si-O and A1-0 distances and for reasonable coordi-nation members of
the large cations, The positive charges on the cations were disiributed

in proportion to the inverse squares of the interatomic distances, to
the anions (o>ygens). The measure of charge unbalance was taken to be

the sum of the deviations from 8"000 e.souo on each tetrahedral group

of four oxygens v¡ithin the structure.

Anorthite (Ca"tfrSirOr) was chosen first for study as it
represents the most general case of the end-member feldspar sùructures;

a FORTRAN fV program was written to carry out these calcufations on an

r"B.l'1. SYSTEM 36o/Dos computer. since no satis:factory low charge

unbal-ance could be obtained for anorthite v¡ithin e reasonable time,

the sludy was directed towards the simpler low and high albite structures 
"

Calculations for low albit,e (maAmirO*) were carried out r¿¡ith

the aid of a set of four FORTRAN If programs written for the I.B.I,I. 1620

computer" The results revealed that low albite has an al-most perfect

electrostatic charge distribution (unbalance : 0,014 e.s.u.) ror a ó-fo1¿

coordination of the sodium atom and for assumed Si-O and A1-0 distances

of 1.ó02 and r,777 I respectively; these distances indicate that the

structure is about 82fl ordered with respect t,o Si and AI,

High albite (lJalmirO6) exhibits an appreciable charge unbalance

(O"Z? e.s.u.) for sodium (treated as a single atom) in 6-rolo coordinatÍon,

whereas, for l-O-fold or higher coordinationn the structure has a small
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unbalance value (about 0"06 eosorì") ¡ut not quite as small as for l_ov,,

albiüe. This result is interpreted as indicating that the sodium in
high atbite has the tfrozen i.nt coord.ination represented by the sodium

atom at a high tenperature when the thermal anisotropism is large and

the sodium has a larger effective environment. rt is proposed that
as the temperature decreases, the thermal vibration of the sod|um atom

decreases unti] the low-temperature stable state is reached, that is
when the effective coordination of the sodiu¡n is reduced to 6-fold and

the structure has achi-eved the form of low al-bite, 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

al-bite (Ferguson, Traill and Taylor, lgjs). Tetrahedral site T1(o) in
high albite has marked excess electrostatic charge for ó-folo eoordination

of the sodium, and therefore the .4.1 in the structure will migrate

preferentially into this site in order to reduce the amount of excess

positive charge.
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CHAPTER ]

INTRODUCTTON

(i) General Considera!íons

The research leadi-ng to this thesis was conducted in an

attempt to clarify some of the fundamentar crystallographic aspects

of the feldspar group of ¡ainerals particularly with reference to

silieon-alu¡ai¡un order-disordero In 1958r Ferguson, Trail1 and Taylor

proposed that the most stable low-ternperature feldspars were those

r,¡hose Si-Al distribution leads to the nost satisfactory electrostatic

charge distrj-butÍon within these structures. This interpretation is

not in agreenent r¿ith most other rçorkers in this field who prefer the

rfull ordering theoryt which assumes that the most stable low-temperature

feldspar is fully ordered r+ith respect to Si-Al. Of the three authors

who first proposed the rcharge balancet or rionict theory in 1958r

Ferguson has been the strongest proponent; he has considerably enbellished

the original ldeaa i¡ a succeedirig paper (Ferguson, L96O).

The present study was undertaken by the author under the

direction of Dr" Ferguson to investigate raore fulLy the charge balance

theory of the feldspar structures. The study involved the calculation

of elect¡ostatic charge distributions within the 1ow a¡rd high albite

and the anorthite structures, In the first instance the subject of ühe

thesi-s was suggested by Dr. Rn B. Ferguson of the Department of Geology

of the University of Manitoba" As has already been mentioned, Ferguson has

done a considerable anount of work on the distribution of electrostatic
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charges w'ithin various end-nember feldspar structures" and he has

considered the ir:nplicalions èf these results (Ferguson, Trail1 and

Taylor, t958; Ferguson, 1960), The approach taken by Ferguson and

his associates was directly related to their s'r"udy of the structures

of low anc high albite in 1958 (Ferguson et a1., 1958). At that time,

it appeared that a study of the valence bond strengths within the

structures woul-d possibly explain some of the structural features"

especia-lly in relation to Si-At ord.er-disorder r,rithirr the feldspar

groupo Prelìm'inary calculations by Ferguson et aI. (fçfg) at that tine

appeared to support the view that the feldspar mÍ.nerals rnay be treated

as if they were ionic in character" This in turn led to the prediction

that the Iow-tenperature varieties of the feldspars should be locally

balanced as far as the distribution of electrostatic charges j-s

concerned. The reverse shoul-d be true for ',"he high-temperature feldspars.

The calcuLati-ons which were carried out for publication in 1958 were done

for low and high albite using the atomic par¡meters derived from their

two-dimensional Fourj-er refinements" The present study has revised and

elaborated the raethod of these calculations, and has resulted in the

development of a computerized method to conplete iteratj.ve sets of

calcuLations. À large number of variables have to be taken into account,

and it is an extremeì-y tedious task to carry through even a snall part

of these calcuÌations by hand. The computer-based ¡nethod is so designed

as to handle the required variables, and the progra&s have been tested

for the feldspar sbructures w'ith the space group Ci (low and high albite,

and the nicrocline structures)" $ome modification of the prograrns r..r-ill

be required to deal u'ith the other feldspar structure t¡4pes"
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A eoqparison between the resuLts obtained by Ferguson et al.

(1958) and the present set of calculations, reveals some i-nrportant

differences. the earlier results calculated using the two-dimensional

parameters for low and high albite are considerabl)'Iess conelusive

than the present results using ^r,he more aecurate parameters derived

fron the three-dimensional analysis by Ribbe, lvlegaw and Taylor (t967)"

The earlier work on the feldspar rninerals Ìed Ferguson,

Traill and TayJ-or to beÌieve that important aspects of feldspar crystallo-

graphy could be clarified by a study of the elect¡ostatic charge

distributions wj-thin the structures, and this in turn irnplies that the

structures have to be treated as if they were ionic in character.

This is the most fundamental assumption which has to be nade in order

to investigate the validity of the earlier authorsf views. It can be

demonstrated that valence or electr"ostatic charge 1s imFortant in

determining the possible elemental substitutions which may take place

in the feldspar structureso The plagiocfase group is often cited as

an ideal exarnFle of this type of substitution" Albite (ruaRfSirO6) or"f

be expressed as rvJ1u+3síf\Z i 16 positive charges satisfy 16 negative

charges, whieh nay be interpreted as the attai¡nent of electr"ostatic

charge balance. Anorthite (CaAtrS:-r0*), tfre calcir.rm-rich end-member

of the plagioclase seriese has an increased positive charge on the

calcium aton (+2) compared to the charge on the sodi-r.rm aton (+1) in tne

albite end-member, and this increased positive charge resul-ts in the

requirement that sufficient trivalent aluninum be adnitted into the

structure in place of tetravalent sj-Licon i-n order to balance the

positive and negative chargesu Varj-ous plagioclase mj-nerals of inter-



mediate composition between albiÈe and anorthite have

recognized, and throughout the series si¡nilar changes

Si+4rAt+3 ratio have to take place in order to satisfy

electrostatic requirements necessitated by the Na{

the particular plagioclase,

The second assunrption which has to be made in cor¡aection

with this type of study is that the row-tenperature members ïrirl,
with the attainment of a stabre state, in general achieve locaL

eLectrostatic charge balance, whereas the high-tenperature members

w-il1 not necessarily possess this characteristic"

The prelininary calculations by Ferguson et af" have shoran
r'Ázsc .tcrurzrlþ-ùs v"A'/

ùhat appear. to be ¡ however, some caution should be

observed as these caleulations Ì¡ere caried out by hand. and, owing to

the length of the computation, onry a few coordi¡ations of the rarge

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 swunary of the electrostatic eharge unbalance values

given by Ferguson et al_" (f959, Tabl_e l0):
Tota1 Charge Unbalance on Low and Hieh Á,lbite derived bv

rergËgn et al" (1958)

Large cation
and

Feldspar þpe Coordinati-on Nou (>¡ ) êoscìto

long been

in the

the valence

_+2:ua retr-osor

of

lotal Charge
Unbalance

trow albite
Low albite

High albite
I{igh albite

Na (6)

Na (?)

Na (6)

Na (7)

0.12 ) Assr¡ned Si-At

^ ae .,, distributj-onvo)) ) identical
O.34 ) Assr¡med Si-At
n an .i distributionv.4é I -.' ].d.enfr-cal
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/øger
Tire above tabr¡-lation indicates that there is a charge

unbalance for high albite compared to that for lov¡ albite with sodium

in 6-tol-¿ coordination; and there is also a di-fference in the coordj.na-

tion of the sodiun aton yielding the ¡ninimr¡¡n charge unbalance, Further

complications arise as to the degree of Si-41 ordering of the Lov¡ albite

structure. The present stud¡' was in:ifiated in order to take account of

these factors and to devise a practical conputer prograrn system to

calculate charge distributions taklng inLo account aLl- the reasonable

variables"

However, all the first caLcul-ations were carried out with

respect to the anorthite structure because it represents the most

general case of the end-member feldspars; any computer progra-n applicable

to anorthite would be sufficiently general that it couLd be fairly sinply

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 ce]l 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 vrtrich has to be considered in detail in conducting studies of

the electrostatic charge distribubions. A computer progra-n in FORTRAN IV

Ianguage was written for the IEl,{ SYST}ll{ 360/ ÐOS to take account of aJ.l

the expected variables in the anorthite structure, A complete printout

of this prograrn and its descri-ption 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 wl'rich were required as more

info::uration beca¡ne avaÍIable as a result of these detaiLed calculations"
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The results of the anorthite calculations were unsatisfactory owing to

the conplexity of the structurer and therefore the l-ast part of ihe

study was devoted to the simple albite structures.

(ii) _!'unda¡nental Feldspar Cr:rstallography perLinent to the Distribution
of Electrostatic Charges within the Structurgg

The basic structural components of the feldspar minerals are

the (SirAl)-O or (t-O) tetrahedra whi-ch are joined together to for"n

4-fo1d rings. the rings are linked in such a way as to produce chains

of these rings set nearly at right angles to one ar¡other in an alternate

fashion like a rGreek Keyr pattern, These chains lie parallel to the

g-axes of the structures. This arrangement results in each orygen atom

bei-ng conmon to tu'o tetrahedra, These chains of 4-fold rÍngs of

tetrahedra are connected to one another by a few T - 0 - T bonds and by

alkali or alka1i earth cations occupyi-ng the largest interstices between

adjacent chains" Thus each o)rygen ato¡n in the structure is bo¡rded to

two tetrahedral cations and possibly to one or more of the large cations

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

The tetrahed.ral sites vary in rrsisetr (nean T-O bond length)

dependingç upon the statistical arnounts of Al- and Si l¡hich occupy themo

the pure Si-O tetrahedron is disti¡ctly smaller than the pure .{1-0

tetrahedron, $ince the experi¡iental structural data represent the

statistical average of virtually an infi¡¡ite number of unit cells, the

average sizes of these tetrahedra reflect the statistical a¡rount of

$i and AI occupying those sites; if the ideel $i-C and A1-O values can

be deternrined, then the $i : Al ratio w'ithin a tetrahedron can be deduced,
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Further discussion upon this matter follows il Chapter II where

details of the charge dist,ribution calculations are given.

The coordinatiorø of the large cations (Na, K or Ca) are also

an r¡ncertain factor and they are usually deduced, more or less

arbitraril-L bn counting the number of nearest neighbourilg oxygen

atoms to the cation in question. As these cations occupy large,

irregular cavities in the structure, the number of nearest neighbours

nray be a matter of opinion. This problem has been taken into

consideration in the charge distribution caJ-cul-ations, and sets of

calculations have been completed over a range of coordinations in an

atte,mpt to cLarify this matter.

(iii) $ources of PriEarlr Data

(aì _ low-lemperature and Hieh-Temperature Albi-te_s

Two sources of info¡:nation 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, L95S), published in the interim while the authors prepared final

data for the more accurate three-di-nensional refinement. The latter

infonmtion is not 6¡enerally available as yet; however, Professor

Ferguson has received the kind perrission of Ðr. W, H. Taylor of the

Crystallographic Laboratory at Ca¡nbridge, England, to use the

three-dimensional resr:lls which are about to be published (RiUbe, Ì'legaw

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

The primary data for the anorthite strucLure were taken from

the three-dimensionaJ- refinement by Kernpster, l,Iegaw and. RadosLovich (lg6Z)

arrd the discussion thereof by Megaw, Kempster and Radoslovich (L962)"

(iv) Aclcnohrled.gements

The study represented by this thesis was conducted r:nder the

supervision of Dr. R" B. Ferguson of the University of Ìufanitobar and

without his continuing support and assistance couLd not have been

successfully completed. Throughout the entj-re period of research
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CHAPTER TI

THil CTILCULATIOI'J 0F ELECTROSTATIC CHARGE DISTRIBUTION IN A

FEI,DSPAR UST{G THII ANORTHITE ÊgìUCTURE AS

AN EXAMPI,E

(i) Charge Distributions from the Cations to the ftqrgens

0f the factors governing the structures of the rock forming

minerals, the ionic size and the electrostati"c charge may be considered

as beÍng most important. The latter is tire principal force u'|rich holds

ions together and is a force of electrical- attraction belween oppositely

charged bodies. The set of principles or rules whlch are currently

accepted for studies concerning the distribution of electrostatic charge

were gi-ven by Pauling (1929), PauJ.ingts rule rnay be stated as foll-ows¡

rrDivide the val-ency of a given positive ion by the number
of surrounding negative ionsu the resulting fraction is
the cont,ribution 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 sr.¡¡i of the
contributions frorn its neighbouring positive ions is
equal or approximately equal to its valency.rr

In a highly syrnnetrical structure such as NaCl, the distribution

of eLectrostatic charges is greatly simplified by the obuious coordination

nunber of fhe cations and by the fact that the cation-anion bond lengbhs

are usuaLly equal; these two facts negate the need for any complicated

calcul-ations, However, when attempting to apply similar methods to

as¡'mmetric 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 equaI, In a¡¡

asyrunetrie structure, it is necessary to take account of the inter-atomic
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distances" The sirnplest statement to describe the method used to

distribute the charge i-s as foll-or+s: The positive charge on the

caNions is disNributed proportionally, according to the inverse squares

of the bond distancese t,o the surrounding anions" .An alternative

method v*ou-l-d b e to distribute the negative charges on the anions to

the nearesL cations i:r a sjmilar mannerê Tn practice the calculations

are sirqolified Íf the fo¡:ner method is employed since there is a

smaller number of cations than anions in the feldspar structures, and

the decisi.on as to r^iri"ch anÍons are the nearest neishbours to a

particular cation is facilibated"

The actual- method used here for eaJ-culating the charge distri*

bution is best explained under two separate headings; (") ElecLrostatic

Charge Dis',ribubion within the Teirahedral Groups, an¿ (U) ElecLrostatic

Charge Distribution from the Âlkali or Âlkali Earth Cations to the

Surrounding Orrygens. For al] the feldspar strilctures si¡rilar methods

may be used, but anorthite, being the most general, is used as an

exar,rple" An IBM SYSTE]"Í 36O/DI.ïK OPERATING SYST!ìÌ.{ computer progratn rtras

devised to proeess the data for the anorthite structure and a complete

docrunentation of this program i-s given in Appendix I at the end of this

thesis"

@)- Ll ec tfo s t ati c_ Ch grg-e- Ð-i sl-{i.b uti_qq r*r'it l-riL-th e T e t rah e d, re} QFq Up s

The distribution of charges w-ithin the teírahedraJ- groups

depends on the effective positive charge on a particuLar tetrahedral caLion

iuhich is j¡ turn deternrined by the statisLieal proportions of Si+4 and

.L?
åi'- occupying the site" This anount of posi-r,ive charge is then
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distributed proportionally according to the inverse square of the

distances, to the four surrounding o)rygen atoms"

Before treating the method i¡ detaif a few comments concerning

the tetrahedra are required. Tab}e 1 lists the tetralredral o)rygen

distances for the anorthite structure as given by Megaw, Kempster and

Radoslovlch (19ó2). The tetrahedra are, in general, dI as¡n'nmetric

regardless of the feldspar variety. Hence i-n each tetrahedral group,

there are four d.ifferent ietrahedron-o)rygen (T-O) distances to be taken

into consi-deration, In general all the independent tetrahedra contaj¡t

different proportions of Si and 41, although in the low-temperature

structures there are usuafly two distinct groups, one with smal-I

(Si-ricn) tetrahedra and one with large (¿]-rictr) tetrahedra. In the

high-tenperature varieties aII the tetrahedra are nearly lhe same size,

though they each shor* minor differences, and in both l-ow- and high-tempera-

ture varieti-es of the feldspars, each T-0 distance requi-res individual

attention,

Anorthite r,rrith a ceII content of 4 [CaafrSiz0'] has 1ó

non-equivalent tetrahedral sites; I of these are Si-rich a¡d I are

Al-rich. Each tetrahedral site has I orrygen atoms associated with it,

but each olcygen is cor¡rnon to 2 tetrahedra. Thus there ate 32

non-equivalent o)rygen atons in the structure. Despite this equivalence

of the o)cygen atoms, there are 64 T-O dista¡rces to be taken into

consideration in perforroing the calculation"

The first step in the catculation is to assume possible ideal

values for the pure Si-Q a¡rd, A1-0 tetrahedral bond lengths. These
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assutrptions are treated i-n more detail in Section (:-i) of this Chapter.

From these ideal or assìrmed values it is possible to calcuLate the

proportions of Si and Al- in each one of the tetraLredral sites,

following the naethod of J. V. Snith (fttith, L95l+). The relationship

may be e:<pressed as foll-ows ¡

(ro_ - sio)'m
Al- : (1)

(Aro - sio)
where: A1 is the statistical aluminun content of a tetrahedron

expressed as an. atomic fraction,

TO- is the size or mean bond }ength of a particuLar tetraLredron (R),
m

$iO is the assumed size of a pure Si-O tetrane¿r'on (l),

AIO is the assumed size of a pure A1-O tetratre¿ron (f)"

Tn the computer progrâm the Al-contents of all the non-equivalent tetra*

hedra in the unit ceII of the anorthite structure are ca-lcul-ated by this

method" The su¡n of all these Al-contents should approxi-rnate to the

stoichiometric requirements of the structure* In the case of anorthite,

this value ( 2 AL) should be close to 8. Tab1e 2 lists the Al-contents

of the Ió non-equivalent tetrahedra in the anorthite structure for a

particular case, narnely for Si-O : L"6O2I anO AI-0 = L,762 R; the TabLe

also shows the )41 vaIue,

The amount of effective positive charge on a particular tetra-

hedral site may now be calculated from the follor+ing relationship:

P = l+ .fl-l , o o. o o. "... "(2)

where: P is the positive charge on a tetrahedral site in eos.u. and

Â1 is the fractional Al-content derived from equation (1)"



-$-

11
T2
T3
T4
T5
T6
L(
T8
T9
T10
l]-t
T12
TL3
T14
T15
Tr6

TL(oooÒ)
u(ooio)
11(mzOc )
11(¡rzic )
T2(0200)
tz(ozio)
T2(rnOOc)
T2(¡nOic)
T1(ozoo )
T1(02i0)
11(n00c)
T1(rnOic )
12(0000)
12(ooio)
T2(nzOc)
T2 (¡nzic )

Table 2. Anorthite: Example of Al-Contents of the ló
Non-Equivalent Tetratredrê c

Si-O =I.6o?î and

A1-0, - I.?6e R.

Column 2 gj-ves the ì,fegaw (tgS6) notation -.'. 'for the tetrahedral sftes,'

AL CONTËNT

AL CONTENT
ÄL CONTËNT

0.038
0. I50

AL CONTENT
AL COi!TENT

AL CONTENT
AL CONTENT

o.975
0.900
n-o?R

AL CONTENT 1 L2
AL CONTENT TI3

O. Bó9
0.900

ENT Tt4 n.gaa_
AL CONIENT T I5
AL CONTENT T I6

0.888
0.93 B
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The above relationship assuraes that the charge on the sili-con

is +d and that on the aluninun is +1. Therefore the a¡nount of positive

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

must be between 3 and 4 and is direct]-y related to the amount of al-unrinr.rm

in that tetrahedraL site"

A further factor rnust be taken i-nto 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 factoro called the tweighting factort, has to be

calcul"ated in order to evaluate the proportion of the positive charge

which is to be distributed to a particular oxygen atorn as a function of

the inverse sguare of the bond distarrcea the tweighting factorl is the

sun of the inverse squares of the four (T-0) aistances which make up

any one tetrahedron, and may be expressed as follows:

1rr= t[#] ß)

where: lfl is the tweighting factorr or rproportionality factort and

T0 is the T-0 distanc" (R)"

This factor has to be calculated for each of the 1ó non-equivalent

tetrahedra.

The final step in this part of the calculation is the actual

proportionÍng of the posiLive charge on the tetrahedral site to each of

the surror:nding four o>ygen atoms, according to the inverse square'tif

the distance of that orygen from the centre of the tetrahedrnl sùte.

The calculation is effected as follows:
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tt= (4)
(to)2 x vn

where, CT is the positi-ve charge in e.s.u, given to a particular
olygen atom from a particular tetrahedral site,

is the effective positive charge in e.s.u. on a
particular tetrahedral site, d.erived from equation (2),

is the tetrahedral-o>rygen distance (R), an¿

is the tweighting factort calculated for a particular
tetrahedron from equation (3).

This tetrahedral charge contribution calculation is carried out in the

progran for alL olqygen atoms associated with each tetrahedron; j-n other

words, this value must be calcuLated for ó4 T-0 bond lengths. $ince

these will include some T-O bonds for equivaleni o)cygen atoms, the

values have to be sorted out and the positive charges which have been

contributed to those o)rygen atoms which are equivalent must be added

together" In effect this reduces the number of final a.nslfers lo j2,

the number of non-equivalent o>qrgen atoms il a single anorthite unit

ce]l. Each of these munbers will be composed of the sun of the positive

charge contributions from 2 tetrahedra sharÍng a common o)rygen. An

example of a set of these tetrahedral charge contributions is given in

Tab1e 3.

(¡) El-ectrostatic Charse Distribution fro¡r the Alkali or
Alkali Earth Cations to their Surrounding ù<ygens

The amou¡rt of eharge available fron the alkali or alkali earth

cation is, of course, dependent upon its valency. In the case of the

anorthite u¡rit cell, there are l¿ non-equi-valent calcium atoms, each with

a charge of *2. An appropriate set of calcir:m-orygen distances must be

P

TO

rJfr
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Table 3, Anorthite¡ Eæample of the Tetrahedral Charges
eontrlbuteci to the 32 Non-Equlvalent Orygen Atome.

5i-0 = I.602l and
A1-O = I.762 8,.

Column 2 gives the Megaw (fç¡0) notatlon for the
32 non-equivalent o)iggen atome.

01
o2
o3
04
o5
0ó
o7
08
09
010
011
012
013
014
0r5
01ó
017
018
019
020
o2I
o22
o23
024
025
026
o27
o28
o29
030
03r
032

0A(1000)
o¿(rzoo)
oA(loio)
on(rzio )
oA(2oop)
ol(zzoo)
oA(2oio)
on( ezio)
0B(0000)
oB(ozoo)
oB(ooio)
os(ozio)
0B(m000)
OB(m200)
0n:(m0i0)
OB(mzi0)
oc (oooo)
oc (ozoo)
oc (ooio)
0C (02i0)
0c (m000)
0C (inz00)
0c (n0i0)
0c (mziO)
oD (oo0o)
0D (0200)
on'(00i0)
oD (ozio)
0D (m000)
0D(nz@)
0D(m0i0)
OD(nziO)

-EJ-c H A R G E-O N-rl X-Y----!--3--------l- J-Q"-

TET CHARGE ON OXY O I
TET CHARGË Oi\ OXY O 2

TET CHARGE ON OXY O 4
TET CHARGE ON OXY O 5

TËT CHARGE ON CXY O 1
TET CHARGE ON OXY O B

TET CHARGE ON OXY OIO
TET CHARGE ON OXY OII

TET CHARGE ON OXY 013
TET CHARGE ON OXY OI4

TET CHARGE ON OXY 01ó
TET CHARGE ÛN OXY OI7

TET CHARGE ON OXY 019
TET CHARGE ON OXY O2O

L.67 L

L.682

L.7 L5
I. ó89

I.ó91
I.7óB

_JE_I_LHAR G F 0 N-0XY---O--6-------L-73 B-

ARG F 0N__0)LY___--O--9-I-J-? 1

L.770
r.7 28

-J-Erov 021 1'758

1. 84ó
L.743

I.809
1.770

L"829
1.810

L.749
L.733

:7_3_

TET CHARGE ON OXY 422
TET CHARGE ON OXY A23
TtrT rL.l^Þctr nN nYV n)¿. 1^-lh1

. TET CHARGE ON OXY A25' TET CHARGE ON OXY D26

TET CHARGE ON OXY O28
TET CHARGE ON OXY O29

--jI-ËT-CHARG€--ON-OXy----027 I " ó5r'

L"767
r.155

l. ó90
L.748

LJ-EJ--J.II,û'RGE ON-OXY 030 1.827
i rEr cHARGE oN oxY 03t t.868
I rer CHARGE oN oxY o3z 1.7óB
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dete¡nined for each of these cal-cium atoms prior to the calcul-ation

of the charge distribution. The Ca-O environ¡nent is closely related

to the ca-o bond lengths, a¡rd to a first approximation, the nearest

neighbours, say twerve, may be coun'r,ed and taken as being bonded.

rn the course of the jrrvestigation it became apparent that the

electrostatic charge distribution rnay 5-nvolve ej-ther more or fewer

o)q¡gen atoms than the nearest twelve in each Ca-O envirorunent; therefore

a complete set of Ca-O bond.s was cal-cuJ-ated to a distance of ó.50 R trom

each calcium atom, which j-nvolves about the nearest 50 oxygens in the

environment of each calciu::r. Án IBì"f 1620 conrputer program was written

to effect these carcuratj-ons and a fuLl docr:mentation is given j-n

Appendix ÏIB. the atomic para.neters and the derived Ca-O dj-stances

are given in Tab1es 4A and /*n.

Having now estabtrished the bond dista¡rces in the calcj-um-oxygen

environmentsr the *2 charge on ùhe calcium may be di-stributed to as nêny

of the surrounding oxygens as are considered to be in coorclination, in

a manner siurilar to that which was done with the tetrahedral groups"

Again the charge on the cation must be distributed proportionally to ùhe

inverse square of the distances"

In the first part of the calcul-ation a tweighting factorf has

to be deten,ined in order to proportionally distribute the charges

according to the inverse square law. This fweighting factorr is obtained

from the follorring expression:

tr =r t*"]
the tweighting factorr for a particular large cation, and

a particular large cation-o:ygen bond distance (ß).

(s)

1''¡ is

C0 is

where:
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Values given in
et ar. (1962),
as¡nnmetric part

brackets are the original atonic paramet,ers of Kempster
for atoms rv'hich have been inverted by the auNhor into the
of the unit ceIl.

Table 4¡1" S,northite: The Original Atomic Parameters (Kempster et, a1,,
1962) - transferred. i¡to the Asymrnetric Part of the Unit CeIl"
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The rweightirg factorr is equaJ- to the surn of the inverse squares of

the large cation-o>grgen bond distances of all those oxygen atoms which

are taken to be coordi¡rated with that large cation.

the actual- charge distribution from the large cation to a

neighbouring o>qrgen may now be calcul-ated frorn the following equation:

cc
(co)2 x l"¡

(6)

where: CC is the positíve charge in e.sou. contributed to a given
o>rygen atom from a given large cation,

is the positive charge in e.s.uu orf the large cation,

is the bond distan"e (9) of a given o)cygen atom fron
a given large cation, and

is the fweightÍng factorr cal-culated for a given large
cation envi-ronment fro¡n equation (5).

In the anorthite structure, if for example L2-fo1d coordination

is assumed for each of the 4 non-equivalent calcium atoms, the above

cal-culation has to be done for each of the Ca-O distances which wil-1

resul-t in 48 numberso These numbers represent the positive charges

contributed to each of l¡8 o>rygen atoms, and it now remains to sum those

positive charge contributions whj-ch have been given to equivalent oxygen

atorns, thus arriving at a list of the l2 non-equivalent oxygen atoms and

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

'lw-o separate sets of charge contributions have now been calculated,

i;he tetrahedral-o>rygen contrj-butions and the caLcium-o]rygen contributions;

these two numbers have to be summed for the non-equivalent o>ygen atoms

to det,ermine the total amount of charge contributed to those oxygen atoms"

These values shoul-d approximate to # 2 ecselro i¡¡ order to satisfy the

Pc

Pc

c0

TÍ
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requirenents of the val-ency or the electrosiatic bal anceo An example

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

At this stage in the caJ-cul-ation 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 a¡rd A1-0

as well as assurûed coordination numbers for the calcium atoms. The set

of calculations described above has no meaning unless the ideal Si-O

and Å1-O tetrahedral sizes and the calciuro coordinati-on numbers are sùated,

and this has been done in lables 2e 3t 5, 6 and 7. These computed data

now requÍ-re further processing so that their significance may be evaluated'

(ii) The Ca1cul-ation of_Charge Unbalance

It might, be expected that, if the local electrostatic charge

distribution is baJ-anced for a given structure¡ the sr¡m of the charge

contributions to each of the oxygen atoms shoul-d approximate closely to

2.000 €os.uo in order that the negative charge on these olçrgen atoms

r+ould be neut'ral-ized. However, a more realistic view concerns the S1-AI

distribution withj¡r the structure which is dependent, as v'Ie have seen

earlier, upon the assumed ideal sizes of the pure Si-O and A1-0 tefra-

hed.ra. The distri-bution of Si ánd A1 in the structure is considered to

be closely related to the electrostatic charge distribution and a test

of this would be to evaluate the totaf- charge contribution to each of the

16 tetrahedral- groups of four o>rygens" IdeaLln, if the structure exhibits

perfect loca1 electrostatic balance, the charge on each tetrahedral group

of four o)rygens should sum to 8.000 êns.rro An example of these computed

values for the anorthite structure is given in Table ó, from which it rnay
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TOTAL CHARGE ON OXY O L 2.031
Tnr^t arJ^onE rì¡\r nYV rì 2 ) ñÁ.-7

TOTAL CHARGE ON OXY O 3 2.L54
TOTAL CHARGE ON OXY O 4 2.086
TOTAT C

TOTAL CHARGE ON OXY O 6 2.L32
TOTAL CHARGE ON OXY O 1 2.L24
TOT¡¡-I THAIGE nN OXY n s 2-072
TOTAL CHARGE ON OXY O 9 2.052
TOTAL CHARGE ON OXY OTO 2.0L6
TnrAt at-{^ar:tr nñt nYV nll l_q/.4
TOTAL CHARGE ON OXY OT2 I.998
TOTA L CHARGE ON OXY O 13 I.985
TnTILL rHAR.GF nU nXY nì4 r-95Á-.
TOTA L CHARGE CN OXY O 15 I.990
TOTAL CHARGE ON OXY OIó I.983
TOTAL cHÀlLGtr 0N OKY 0I7 L.487
TOTAL CHAR.GE ON OXY 018 I.9I4
TOTAL CHARGE ON OXY OI9 1.903
TCTAL CH-ARGE=ON-@
TOTAL CHARGE ON OXY OzL L.969
TOTAL CHARGE CN OXY O22 L.942
TOrÂ r C-HAft CF LIN_=O-LY____O23____1-SA4--
TOTAL CHARGE ON OXY A24 L.934
TOTAL CHARGE CN OXY. A25 I.971
TNTA¡ THÀRGF ON OXY 026 2.OI6
TOTA L CHARGE ÛN OXY O27 I .95 B

TOTAL CHARGE CN OXY 028 1.969
TÜTAI CHARGE ON ONL 029. 1.992
TOTAL CHARGE ON OXY O3O I.9óó
TOTAL CHAR.GE ON OXY 031 I.95I

, rrìIAL_CHARGE-_CN__CX_L A72 L -9f I

Table 5. Anorthite: Example of the Tota1 Charge. Contributions to Lhe 32 Non-Equi-valent
ùqrgen Atoms.

Si--O : 1.602 8.
A1-O = L.?62 R,

Calcium in the following coordination:
ca(ooo)-r6 3 ca(200)-1s; ca(oi0)-14; ca(zio)-ló.
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TOÏAL
TOTA L

CHAR.GE ON

CHA RGE OII
T ETRAH EDRON
TETRAHEDRON

T E TRAH ED RON

T ETRAH E DRCN

I
z
j
4
5
É
7
B

T
T
I
T
T
I
T
T

8"041
7.962

7.983
8.045

7 "98B7.996

TO TÀL
TOTA L

CHARGE ON

CHARGE ON

TCITA L
TOTA L

CHARGE ON

CHARGE ON

T ETR AH ED RON

TETRAHEDRON

7.984
7.918

8.007
7.993

.TOTAL CHARGE CN

POSI TIVE UNBALAN
T ETRAHEDRCN Ï 1ó
cE 0.107
1ç ô^ I q?

TOTAL CHARGÊ CN TETRAHEDRCN
TOTAL CHARGE ON TETRAHEDRON

TOTAL CHARGE ON TETRAHEDRON TI3
TOTAL CHARGÊ ON TETRAHEDRON 1L+
TNTÂL CHARGF ON TFTRAHFDRON TI5 8-.-OO2-

g .000

SUM OF DEVIATION K =

Tab}e 6. AnorLhite: Dta.nTple of the Tota1 Charge Contributione
, to the 1ó Non-Equivalent Tetraheâral Groups of Four

O>çrgens and the Tota1 Charge Unbalance Value.

A1_0.: L,762 l.
Calcium in the following coo¡'dination:: ca(ooo)-r6. ca(zao)-1s; ca(oio)-r4; ca(zio)-r6.
K is the iteration nunber which is expJ.ained

in the text. .
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be seen that t'here is small devj-ation from the predict,ed. ideal- values,

ei-ther greater or l-ess than 8"000 e.s.u.

A measure of the degree of electrostatic charge unbalance for
the structure as a whol-e may now be obtained by summing the differences

from 8.00O e.soìI. orl each of the tetrahed,ra; this value represents the

total electrostatic charge unbalance in the structure, and it is also

shol¡n in Table 6.

The above description of the calculation of elecòrostatic charge

distribution is in its basic form and does not take i-nto accowrt variation

in the ideal- va.l-ues of Si-O, A1-O and the calcium coordination numbers.

Computations of this nature require that, these variabl-es be treated, and

to do this, computer-based caJ-cuJ.ations are essential-. The follorlring

section of this Chapter discusses and takes account of these variableso

(ii-i) Additionat Variabtes

(a) Assuned Si--O and. ÂI-O Values

The ideal values of Si-O and At-O which are to be assr¡ned for

the purpose of these calculations are of great importance in relation to

the Si-41 order-disorrler probÈèn in the feldspar structures. It is upon

these values that the statisti-cal Al-contents of the tetrahedra d.epend.

A first attempt at reachi¡g reasonabl-e values for these distances was

rnade by J. V. Slúth (:.954) who concluded. from a study of various ah¡nino-

silicate structures that the best values shoul_d be as follows:

si-O = 1.60 f 0.ü L and A1*o :1,?8t o.c2 8.
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Later, in conjunction with S. i'i" Bailey, Smilh revised these distances

(Smitfr and Bailey, L963) and they proposed the follovring ideal values

for the feldspars:

Si-O : 1.61 R and A1-O : I.75 8.

As was mentioned in the discussion of the electrostatic charge

balance calculations, ideal values for Si-O and A1-0 have to be assumed

i-n the first instance in order to calculate the statistical amount of

Al present in a particular tetrahed.ral site so that the amount of positive

charge on that si-te may be determj¡ed. The assumed values may, hov;ever,

be varied l-ater in order to establish more accurate ideal values for the

structure under consideration. To fulfill this, the Si-O and A1-0 values

were inserted into the FORTRAN fV computer program as variables, so that

sets of i-terative calculations could be perforrned, varying the Si-O and

A1-0 values for each set of cal-cul-ations. Starting values of Si-O and

A1-O were arrived at by an exaürination of aII the tetrahedral distances

i¡ the anorthite styucture. The smallest mean tetrahedral bond length

woulci represent the largest possibLe size for an ideal Si-O tetr"ahedron
¡ma//æ

and so the actual ideal value could only be that l-alue or , In

this way the number of iterations required to detemine the best vafues

was reduced and Lhe starting values deLerndned for anorthile vlere:

Si-g : t.6OZ I and A1-0 : L.758I (""u Table 1, p. f3 )

The computer program is i.¡ritten such that after the first iterati-on, a

value representing the total charge unbalance is obtained, and then an

adjustment of -0.001 I is nade 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 decreasedn thus inclicating an improved



*32:

charge Cistribution, lhen a similar change ruouli be rnade io the Si-O

.¡alue ancl the thirC iterati-on calculated. This would continue until the

tolal charge unbalance value is larger than that cf the previous iteraLion

and the besL icieal v-alue of Si-0 is attained" Ilolv changes are nade to

the A1-0 value of *0.001 8, aird sindlar changes continue 'uo be made until

tþe toial charge unbalance on one iteration is greater than that of the

previous iteration" In this way the best values of Si-O and.A'l--0 are

obtained.. These ir¡o va]ues are then kept conslant for the remai-ning

calculations during r,¡hich a seri"es of i'¡,erations are performed varying the

coordination numbers of the calcium atoms as described in Nhe next, section'

Additional Cetail-s oÍ this operation may be founC in Appendix -L- r'¡here there

is a ccmpl-ete description of the comp':ter program including Lhe prinLout

and the coroplete progï'aul documentation"

(b)- Coo:"diea.tion of the Calcium Atonis

M-
The coordination numbers of the calcium atotns uneertain and

additional- cornplicaticns arise u.hen one consider"s that ii is possible

that the four calcium atoms may have different coordination numbers. The

iterative form of fhe computer program is suiled to thi-s kind of problem,

and after 'r,he best Si-C arxl Al-C values have been detertnined, Nhe

succeedingiLerationsVar}r|hecoo¡dinaLionsofthecalcj.umatoms"Here

agai:r the problem is compounded by the presence of 4 inter-dependent

variables, anC the impossibility of being able to treat them as such,

owing to the magniLude of the calculation" Às a compc'omise it'¡as decided

that ihe best approach would be to var¡r lþs coordÍnati'on number of each

calcium aton in turn, increasing them from a low reasonable value, say of L2,
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The prograJn tras set up in such a Ì.ray that, it r+ouLd accept or reject any

olrygen inio coordination depending on ir'heiher the increased coordination

lo',^'ered o¡. raised the total electrostatic charge unbalance value.

Similar decisions i{rere mede for each of the À cal cium atc'ms " Table 7

gives an example of the printed output fro¡n the prograrn and gives the

radius of the calcium environment scanned, and the number of o>rygens within

that environment lt'hich have been coordinated ùo the cal-cium atom" Si-nce

this anorÈhite is presunably a low-temperature feldspar. it may be expected

to have a charge unbalanee near zero; consequently, decisions like the

one above were used as a means of finding the correct eonbj-nation of the

coordination numbers r^¡hich will yieJ-d a minjmum unbalance value " The

decision to accept a given oxygen into coordinaiion with a given calcium

atom is then based on v¡hether the increased coordination reduces the charge

unbalance in the structure" Hcr¡¡ever, it becane apnarent during the

investigation that there is a possibility that some of the closer oxygen

atcms may be rejected in favour of others further away from the caLciu¡r

atom" This may be explained in terms of a rshielding effectt in which

some of the closer o)rygen at¿ms are unable to receive electrostatie charge

from a calcium owing to their being shielcied b]'other stil-I closer atoms*

I{ore is said about this matter in Chapter ïïI where some of the details

of the results on the anorfhite calcul-atíons are discussed.

In the prograrn the following resul-ts are prinLed out for each

j-t,eratione an example of a cornplete printout for one iferation being given

+ / n\l-n ¡IppenQIX l- \I. / :

(a) The SÍ-O and A1-0 values used and lhe iteration number (X)u

(b) The Al-content (fractions of atoms) of eaeh tefrahedron,
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I TERATiON NUMBER BB

lålå;"-*-ffJ_,;:"q -
LIMIT FOR CAT_O 2 5.193
CO-CRD OF CATz ]. B,

c0-0RD DF CAT3 t 4"
LIMIT FOR CAT-O 4 5.232

#

Table 7. Anortirite: &ample of the Limlting
and the Coordinatlon Numbers.of the
Calclum'Atoms. . .

Ca-O Distances
4 Non-Equivalent
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charge Cistribution, lhen a similar change ruouli be rnade io the Si-O

.¡alue ancl the thirC iterati-on calculated. This would continue until the

tolal charge unbalance value is larger than that cf the previous iteraLion

and the besL icieal v-alue of Si-0 is attained" Ilolv changes are nade to

the A1-0 value of *0.001 8, aird sindlar changes continue 'uo be made until

tþe toial charge unbalance on one iteration is greater than that of the

previous iteration" In this way the best values of Si-O and.A'l--0 are

obtained.. These ir¡o va]ues are then kept conslant for the remai-ning

calculations during r,¡hich a seri"es of i'¡,erations are performed varying the

coordination numbers of the calcium atoms as described in Nhe next, section'

Additional Cetail-s oÍ this operation may be founC in Appendix -L- r'¡here there

is a ccmpl-ete description of the comp':ter program including Lhe prinLout

and the coroplete progï'aul documentation"

(b)- Coo:"diea.tion of the Calcium Atonis

M-
The coordination numbers of the calcium atotns uneertain and

additional- cornplicaticns arise u.hen one consider"s that ii is possible

that the four calcium atoms may have different coordination numbers. The

iterative form of fhe computer program is suiled to thi-s kind of problem,

and after 'r,he best Si-C arxl Al-C values have been detertnined, Nhe

succeedingiLerationsVar}r|hecoo¡dinaLionsofthecalcj.umatoms"Here

agai:r the problem is compounded by the presence of 4 inter-dependent

variables, anC the impossibility of being able to treat them as such,

owing to the magniLude of the calculation" Às a compc'omise it'¡as decided

that ihe best approach would be to var¡r lþs coordÍnati'on number of each

calcium aton in turn, increasing them from a low reasonable value, say of L2,
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(*) The total Al-content of the structure (expressed as mrmbers
of atons),

(A) The tetrahedral charge contributions (e.s.u,) to each of the
J2 non-equivalent oxygen atoms,

(") The coordination numbçrs of the l¡. calcium atoms and the
correspond.ing radii- (8) of the environnents which have been
exanined to thj-s stage in the calculations,

(f) The total charge contribuùions (e.s.u,) to each of the
non-equivalent orq¡gen atoms,

(g) the total charge contributions (e.sou.o) sunmed for each
tetrahedral group of /¿ o>rygens,

(tr) The sum of the excess positive charge (e.s.u,) on the
tetrahedra and the su¡n of the charge deficiency on the
tetrahedra, and

4u, l¿/ro/rd"o/ ¿ta i lt 
"'l rf,-(i) The total electrostatic charge unbalance (e.s.u.) j.n t'he¡

structure and the iteration number (K) v¡hich nay be used to
refer to the variables used for that particular iteration.

ÏJhen the calculations have been completed ard a mini:num charge

unbalance has been deten'nined for the whole structure, a sunmary of each

iteratj-on is printed out in tabular form. An exarnple of such a sulmary

is given in Table I,
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CHAPTER ÏÏÏ

RESULTS ANID DTSCUSSION OF THE ELECTROSTATIC CIíARGE

CAï,CULATIOI'IS FOR THE ANORTHITE STRUCTUAE

(i) GeneraL Remarks

Chapter II dealt with the principles involved. in the distri-
bution of electrostatic charges within a complicated structure such as

anorthiüe* This Chapter descri-bes briefly some of the calculations of

charge unbalance in the anorthite structure, pointing out some of the

modifications i¡t approach which were employed i-n an attempt to obtain

more meaningful results" In the last section of this chapter it is
shov¡n that the anorthite structure presented more of a challenge than

haÉ originally been anticipated, and that it was consi.dered. advisable

by the author and his supervisor to embark on a thorough study of the

simpler Iow- and high-temperature albite structures j¡ order to establish

a workable system that could, at a later date, be applied to the anorthite

and other feldspar structureso Ðespite the fact that, at present, the

work concerning the anorthite structure is inconiplete, certain interesting

features of the el-ectrostatic charge distri-bution have come to li-ght as

a resuLt of these first calculations.

Owing to the large number of non-equivalent atoms in the anorthite

structurer programo:i-ng is difficult as the equivalence of the olqrgen 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 d non-equivalent cal-cium
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atoms and thus 4 sels of Ca-O distances are involved; even more difficu-l-t

is the equivalence of the various orygens in each of these 4 calcirim atom

environmentso The over-riding control (the charge unbalancé value)

governi-ng changes in the variables in the computer progra¡n is based on

the assumptions that this anorthite is a lor"¡-temperature feldspar and

that it can therefore be expected to yield a low toLal eLectrostatic

charge r:nbalance value. Reference to the tabul-ation 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 at., 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

ori,ginaJ- assumptions. As mentioned in the previous Chapter, the charge

r¡nbalance is measured by the sum of the deviations from 8,000 e.s.u,

on each of the non-equivalent tetratredral groups of d o4rgens j¡¡ a feldspar

structure. Thus for low albite the u¡balance value is given by the sr:m

of the deviations on 4 independent tetrahedrao Since anorthite has 16

non-equi-valent tetrahredra, 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"sou"

(ii) d U the
the Four Calcium åtoms

the first calculatj-ons to be carried out concerning the electro-

static charge distributions within the structure of anorthite were

attenpted using equal coordi¡ratj-ons for the 4 calcium atoms, and varying

the ideal sÍzes of the pure $i-0 and A1-0 tetrahedrao It was thought
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at this stage that a minimum charge unbalance value, comparable to that

of 1or^¡ albite, could be obtained in this way" Table 9 shows a few

selecteC values r,;hich characterize these calculations, anc it may be

seen that the minimum charge unbalance value (o.794 e.s.u.) was obtained

usÍ-ng a coordination number of 11 for aIL the calcium atoms. this value

of 0.794 e.s.u. i-s almost twice as great as the best comparable low

albite varue, althcugh the best ideal values for si-0 and A]-0 vary onì-y

slightly and appear to be reasonable. From Ínformation of this nature

it nas obvious that the variables, Si-O, Al--0 and the coordÍnation numbers

of the calcium atoms are a}l 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 possibl-e

co¡rbinations of Lhe several variables, and this would require very

extensive computer time. At this point it was felt that the 4 cal-cium

atcms may have ciifferent coordination numbers and the prograJn was modified

accordingly as described in the next Section,

_(iii ) Calculations Usine Different Coordination Numbers for
lhe Four Calcium Atoms

(r) Coordination by a Number of the Nearest O:çyeen
Atoms in each Cal-cium Envi¡onment

Continuing from the study descri-bed in the previous Section, it

was thought that different coordination numbers of the different calcium

atoms would possibly give more satisfactory resuJ-ts; consequentþ the

computer program ln¡as nodi-fied in order to vary the coordination mimbers

of each ealeium atom independently of the others" The coordination uas

again controlled by the charge unbalance value and a new attempt was made
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BEST
¡Çr\ä,/

BEST
^ zO rAr-u \A/

CO*ORDII'JATICN
OF AtL FOUH,

Ca-ATOl'fS

TOTAL
CH.A,RGE UNBATANCE

(e"s"u")

I oOU4

1"600

LâOtJ¿.

L,602

L^602

1,602

I.602

r.602

L,767

L"763

L"763

r.766

!"762

r,762

I.761+

10

It
'lôLL

1t,

$
T6

¿ è /,Lr

1,067

a"791+

0"835

Lo4L)

l- o uÕJ

^ 
ê1 ?

n Êco

Table 9, Anorth-ite ¡ trxamples of ELectrostatic Charge Unbalance
Values for Various Coordinati-ons of the Calcium Atoms,
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to reach a low charge unbalance value" The coordination numbers j-n

these cal-culations represent the nu¡aber of nearest ox¡rgen atoms around a

particular calcium atom. The program first attained, the best Si-O and

A1-O values with a low starting coo¡rlination for all four calcium atoms;

then the coordination of the first calcium, Ca(000), was i¡tcreased by

one and a comparison made between the unbalance ni¡mber obtai¡red on the

previous iteration with the unbalance obtained on the current iLeration;

if the charge unbafance had decreased, a similar change was made to the

coordination of Ca(000) anC again tested. This procedure was continued

until- the charge unbalance nur¿ber on the current iteration was greater

than that of the previous iteration, at which point the best coordj¡raLion

number for this calcium atom had been estabfished* The program then

moved on to adjust that coordination of the second calcium, Ca(zOO),

and arrived at its o>qrgen environ¡nent in a sjmilar manner; and so on for

the remaining 2 non-equivalent calciwn atomso Table 10 gives some

sel-ected values for various complete sets of iterations, and it can be

seen that the nrinim¡m total- electrostatic charge unbalance value is

O.73t+ e.s.u., representing a slight decrease from the ralninrura value

given i-r¡ Tab|e 9. This value was obtained with generally large

coordination numbers for the calcium atoms" These coordinations are

considerably larger than those predicted by geornetric considerati-ons, &d

it rnes fel-t that they may be unreal. However, the Large number of o4rgen

atoms in a given calcium environment suggested that possibly the charge

on the calcium is effective lo large distances, &d that it may be necessary

to consider an even lar¿¡er calcium environment in order to attai¡r a small

charge wrbalance val-ue for the structure. Such an idea would be departing

from the strict concept of coordj-nation, but nevertheless it was thought

advisable to j¡rvestigate this possibility.
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BEST
si-o (1)

COORDTNATION NOS. OF

BEST CaI CaZ Ca3 Cal+

¿r-o(8) (ooo) (zoo) (oiq) (zio)

TOTAL
EHARGE UNBALANCE

(e.s.u.)

L.602

L"602

L.602

1.600

L,763

1.761

I"761+

L.763

U+

L2

v
L2

tâ)-)

11

16

11

L2

10

L6

10

It

I1

1ó

11

o"747

0.838

o.734

o^762

Table 10, Anorthite: Exanples of Electrostatic Charge Unbalance
Values for Diffeient Coordinati"on Numbers of each of
the Four Calcium Atoms'
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(U) The Investigation of a Larger ùq¡gen Enï-1rorunent
for Each Calcium Atom takins into Account a
tShield j¡rg Factor t

This investigation was based on a concept lhat the charge on

the calcium atoms was effective for large dist,ances in all direcùions

around the atom, Therefore, if this were the case, it would be necessary

to distribute the charges to all the o>qrgens j-n a wide environment about

each calcium atom. The resulting coordinations would probably be large,

but perhaps the number of oxygens involved in this environment should not

be considei'ed as being lcoordinatedt in the accepted sense of the word"

The computer prograrn r,ras once again modified and provi-sion was

made to test an o)cygen environnent of radius 6,5 ß about each of the

4 calcium atoms, in a manner si¡rilar to that described in Chapter II.

This large environment r,¡ould inclucie about the nearest 50 olrygens to each

calcium. The method involves testj-ng each oxygen atom in order of

i-ncreasing Ca-O distance, and iÍ the total charge unbalance number is

reduced, then that oxygen will be consicÌered as an effective part of

that calcium environnent. Similar tests are then made on the o>qrgen

envirorunents of each of the other calcium atoms until ühey have all been

exar¡ined to given hmits. It was thought that u'ith these modifications,

the charge unbalance value lvoulci be a sensitive indicator as to whether

or not a given olqrgen was el-ectrostatically bonded to a given calcium atom"

This approach also offereci the possibility ihat some of the

oxygen atoms might be taken into coordinaiion with a calciun atom in

favour of others n'hich are eloser to that calcium atom. This was explained
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as being ciue to erectrostatic rshieldingt of some o>çrgens by other

cl-oser atoms, either oxygens or calcium atoms" using tiris new nethod

described aboveu several sets of calcuLati-ons Ìîrere completed, and it

became apparenù that the inter-dependency of the variables was a real

probJen. This was brought to light by the fact that the final charge

unbal-ance val-ue produced by the prograJtr was strongly dependent upon

the assumed starting coordinations for the calcium atoms. The starting

values for Lhe ideal Sí-0 and A1*0 values appeared to be less significant"

However, ùhe coordination numbers assumed at the start of the progråJn

for the calcium atoms had a strong bearÍng on the final charge unbalance

value" 0n account of this a fu¡ther small nodification to the cornputer

prograrn n'as made so that the coordinations of i;he caLciuni atoms could be

varied in turn, thus gradually scanning 'r,hrough the enviroriment, in such

a manner that the radius of the scan remained approxi:nately the sa¡ne for

all the calcium atoms at any given tjme" This appeared to be a comÞromise

to the problem of treating the coordination numbers as inter-dependent

variables. Table 11 gives an example of the sturmary of each iteration

for a complete set of these caleulations and it nay be seen that a

marked riecrease in the charge unbalance value for the anorthite stmcture

r.¡r< offoa*a¡l

Several more sets of these iùera-r,ive ealculations were performed

using this mebhod anci usirg different starting values for Si-C and AI-0;

scanning the eaicium environment to ó.50 8, resulting in larger coordina-

tion numbers bhan are shown in Table LL" It may be seen from the examples

shorrurr in lable 12 that a further <iecrease in the charge unbalance value

t'as effected, ano that regardless of the starting values for the ideal
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BEST
si-o(8)

CO-ORDINATION NCS. OF

BEST ^ Cal- Ca2 Ca3 Ca4
AI-o(E) (ooo) (zoo) (oto¡ (zio)

TOTAL
CHI'RGE UNBAT.AI\ICE

(e.s nu, )

L,602

L"602

L,602

r.602

r.762

1"762

L.762

r.762

16

16

L6

18

14

14

th

14

1ó

L6

t6

16

¿¿

19

20

20

o.130

o"u3

o.l¿8

o.L36

Table 12. Anorthite: A Conparison between Different Sets of
Calcul-ations which Yielded SnalL Charge Unbalance
Values using Different Starting Values for the
Tdeal Si-O and A1-0 Mean Tetrahedral Sizes,
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Si-O and AL-O, the best values arrived at in each case are the same.

the values listed in Tab]e 12 are all extremely low fcn the total

electrostatic charge unbalance for anorthite ard are equi-val-ent to

even sÌnâller values for the low albite structure. For example, 0.130

€¡s¡rr. on anorthite J-s equivalent to O.I3O/4: 0.032 €.s.tl. on the

low albite structure. Hoviever, examinati-on of the structure model of

anorthite, purchased from Crystal Structures Ltd., Carnbridger Englandt

in conjunction with detailed studies of the results, indicated that

some oxygen atoms were being taken into coordination with calcium which

$¡ere completely shielded by other closer atomso The realization of this

fact made it clear that further calculations along si:nilar lines would

be of no value as the snall charge unbalance values which had been obtained

were of no significance since they had been produced mathenatically without

due regard to the actual crystal stnrcture of the mineral.

Despite this, it nray 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

nodifÍcation is reouired to take account of crystal stmcbrre considerations.

(iv) Conclusi.ons Resarding Anorthite

Although it m.rst be adnitted that the v¡ork on the electrostatic

charge distributions w'ithin the structure of anorthite is i.ncomplete,

certain infornation meÏ be consid.ered as being of value. In the first

place, all the calcul¿tions which were performed indicate that the ideal

values for the sizes of the pure Si-O ard A1-0 tetrahedra for anorthite
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are probably close to 1"602 I and L"?62I respectively" The fi-nal

values for the strucLure roay be slighùly differento but will aLmost

eertainiy be of this order" Information concerni:rg the besL coordination

numbers of the calcium atours is unsatisfactory, and recent' v¡ork ciealing

rribh the albite structures (described in the next Chapters) indicates

that these coordi-nation numbers may be considerabÌy lotrrer than those

wirich r.rere assì.¡med for most of the calculations detailed above, say in

the range 6-io]¿ to 9-fotd, rather than in the range I2-fold to 16-fol-d.

Ïlowever, it remains to be seen vrhether this j-s actually the case and

fwther work along these lines is anticipated"

It nor+ remains to comment on some of the very 1ow charge

unbalance values rvhich r¡ere obtained for the anorthite structure, but

which are considered as being unreal" ft is rather surprising that any

set of assurneci. values for several variables should yield a low unbalance

even if they are unreal. This was one of the original assumptions lr'hich

was used in designing the computer prograrn to handle these calculatj-ons

and, as has already been mentioned, these calculations Írere performed

wiLhout, due consitleration of the actual crystal structure of anort'hiteo

The very low charge unbalance vû"Iue was obta.ined as a result of

several factors" The first is thaù the program ïras designed to reach a

minimum value on the basis of the total electrostatie charge unbalance

value" Thia means Èhat once the best Si-O and Al-:0 tetrahedral vaLues

r,¡ere establlshed, the coor,Cination of the calcium atoms was variedu

the method of variation being based on the assumption that if any change

in coordination yielded a reduct,ion in the charge unbalance va}¡ee then



that change in coordination was considered to be aeceptabre. Thus

the final results for the low charge unbal-ance values gave coordinations

for the calcium atoms which were qui-te high, and not only different f,rom

each other, but also not necessarily representing the nearest number of

oxygen atoms to a given calcium aùom" Exanination of the crystal structure

model indicated that some of ùhe olrygens u'hich had been taken into

coordination","s¡ere unreasonable in that, they were completely shield.eci fron

the calcium atom by other atorns closer to the calcium bhan the given

o]rygen. Thís, taken into consideration r^,{-th Èhe fact that the progr.arii

was deslgned to yield a ninimum charge unbal-ance va1ue, led to the

unrealistic arrangement of oxygens (considered as coordinated oxygens)

about a gi-ven calci-um atom which yíe1ded the snallest charge unbalance

values. Thuso in the opinion of the author, all these values are unreal

and no conclusi-ons may be drawn using these numbers, In fact they nay

be considered as being the product of a lmathematical gamer"

Recent work eoncerning the albite struetures has shovsn that the

lowest charge unbal-ance value can be obtai¡ed by sysLematicalty varying

the coorciination of the sodj-um atom" This, however, only involves the

single sodiun atom and the complications r{hich may arise are minimized"

Nevertheless, it may be practieal No use a simi].¿¡ method to solve the

anorihite structure; it is necessary to consider the o:qfgen enviror:ment

about the calcium aùoms in order of nearness, and to calculate their solid

shielding angles in order bo determine the amoun-r, of a given o)rygen which

is shielded from a given calcium atom, by atoms closer than itself" this

method is at least erystallographically sourd and has been shr:lm to be of



value in similar caleulations concerning the albite strucLures. The

remaining alternative coneerning anorthite is that the assumed

coordination numbers of the calcium atoms are eonsiderably less than

had been ¿n¡isipated and that there is a possÍbility that a srnall- charge

unbalance value may be obtained using smaller coordination numbers,

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

(v) Concfusions Leadins to the Study of Low and Hieh Atbite

The foregoing discussion coneerni¡rg the resulùs obtained in

attenpting to cÌistribute the electrosÈaùic charges within the strucùure

of anorthite, indicate Lhe changes in the lines of thought t¡hich caiue

to light during the progress of the research"

The last series of calculatj-ons concerning anorthi r" 
*ot 

based.

on the false premise that the measure of electrostatic eharge unbalance

would be a sensitive neasure of the rshieldingr effects. It is evident

that some atons are shielded by others and that these atoms are unllkely

to receive any charge contributions from the cai-cium etoms ' It also

becene apparent, by visual- exs¡ûination of the anorthite stmcbrre model,

f,hat some of the olcygen atoms are only partially shielded by other atons.

Tt v¡as therefo:.e strongly evident that charge balance cålculations such as

have been described should take careful account of these factors. Every

oxygen atom in the structure should be examined and the amount of

shielding by atoms closer io a given calcium atom than it'self should be

deternÍned. This last view appeared to be the logical ænclusion tc the

previous studies and vario'ús means of detennining the annount of shielding

were i-nvestigated.
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Ât the outset it was apparent that visual estination with

the aicÌ of the crystal stmcture nodel would be unsatisfactory since

the charge distrj-bution 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 meens. Dr. H. R, Coish of the Physics Departnrent of

The University of Manitoba was kind enorgh to assist in this matter and

he derived the required formulae which could be used t,o accurately

calculate the amcmnt of shiel-ding of any given atom by other closer ônes.

These formrlae includ.ed. the use of solid geometry and consequently required

ealculations which were e)çpected. to be extensive. The large number of

non-equivalent atoms in the unit cell of anorthite made the task

extremely fornidable and ít was consid.ered advisable to assess the

feasibility of these calculations by a study of simpler strucùures

such as low and. high albite. In this matter tf,re author received the

complete eooperation of his supervisor.
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CHAPTER TV

ELECTROSTATIC CHARGE D]STRIEUTÏCN I'JITHIN

T}IÐ LOI\I ALBITE STRUCTURE

(i) Ðescription of the Method

The nethod used to calculate the electrostatic charge distri-

br¡tions within the structures of low and high albite was the outccrne

of studies concerning the charge distribution in anorthite. The method

was developed. uslng the IBtrl 1ó20 conputer sÍnce it r^as more readily

avail-able to the author than the IBM SYSTEM 360 used for anorthite;

also, it provided a quick method of tde-buggingt the prograns because

it was in the direct control of the author. The method of calculating

the charge dist,ribution may be equally weIL applied to both low and high

albite, and with the present set of fBM 1ó2O FoRTRAI'I II programsr 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 nain difference between these calculations

and those of the anorthite strueture is that account is now taken of the

tshieldingt of Lhe outlying o)rygen atoms, a factor which at the start

of the albite project was thought to be important. The amount of

shielding r^¡hi-ch occurs for each olqfgen in rel-ation to a particular sociium

atom is calculated, and from this, the fraction of that oxygen exposed to

the sodium eharge nay be derived; from ùhis, in turn, is calculated the

proportion of positi-ve charge it receives frorn the sodium. It is upon this

basis that the electrostatic charge di-stribution r"¡as carried out for the

albite structures"
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The four prograrns were r..ritten especiarly for the above

calcul-ation, and in their present state requi-re a smarl amcunt of
handring before the data from one program can be used for the nex¿.

Following are brief notes describing the four progrelns:

: Å progran ro

calculate, r,rrithin given limits ç8), att ttie

i-nteratomic distances in a given environment

about a particular atomu

This prograrn used the cation_oxygen distences

obtained fron progran #l (re_amanged in
increasing order of bond length), and calcuLates

alJ. the required angles 1n order .r,o establish

the overl-ap relationships betv,,een the atoms.

Program #3 -The solid Angle shieldi¡g Effect: This program

uses data direetly frr:m progrcm fi7 without

modification in orcier to calculate the shi.elded

fractions of the oxygen atoms relative to the

Iarge cations.

This program uses cÌata from prograri #3 r¡ittr ninor

modification anC also requires additional daÈa,

nameÌy the list of T-0 distances (8). It
carcurates the distribution of ùhe electrostatic

charges within the given stn¡eture, and takes

into account the shielding of one o)r¡¡gen by other

atoms eloser than itself to the 1arge cations,

Lisùing and documentation of these programs may be found
fIAe IIB, fIC, and ITÐ.

bqnd .A,neles and Shield

in Appendi-ces
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The fi¡st operati-on required No process the origlnal data is
the calculation of the interatomic disiances in Sr,gutrån units" The

original ce]l dimensions were those of Ferguson et al" (195s) and the

originaÌ parameters $Iere those Cerived by three-dimensional methods by

Ribbe et al. (1967). These parameLers have t<r be transferred, if
necessary, into an asJnnnetric part of the unit cel1. .A.n as¡rmmetric

part of the unit cel-1 for the al_bite structures r^¡-ith space group

CÏ is ta, $U and |c" The parameters thus ciefined are given in TabÌe lJ,
and these are taken as being ùhe orÍginal positions of the aLoms throughout

this ;text" The computer program i.s so designed as to cal-culate ùhe

complete list of boncl.s r,¡ithin a particular distance around a given atom"

Upper and Lower li¡nits are providecì in o¡ier io reduce the number of

calculations" Since a complete scan of the envirorunent of a given aton

is required, this involves a complete set of translation operations of
*L and -1 for each atom in each of the eo¡ivalent posj-t,ions. For example,

equÍvalent position (x, y, z) r.¡oulc be transrated as follows:

x*IuyuzS xry*l-rz3 xryrz*l ; x*Iry*Irz; x+lry*Irz*l ;etc",
until a complete environment has been scanned. OnJ-y those bond.s falling
v¡ithin the given lÍmits are recorded, and for each of these Nhe foJ-lovring

information is punched on cards (see Table 14):

coi"umn (1) The number of the atom in a gi-ven envi¡onment

i:";T":rllt::riff";"t"*** notation (tEso)'

{2) The s¡rmboli-c name of the atom whose enviror¡nent
is beÍng scanned. (mA) 

"

{3) The l*fegaw notati-on for the atom in the given environ-
ment, corresponding tc the atom number in (1).
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ATOM+NO.

NA 01
oA{1) 06
oA(2) 07
oB(o) 08
oB(M) 09
oc(o) i0
oc(M) 11
oD(o) t2
oD(M) 13

xlA Y/3 Z/C

7 682 4BBB 1462
4945 3692 0336
0929 4974 2B0B
BI24 1101 1905
3200 3512 2581
or32 3075 2690
5239 !935 2291
2075 1091 3890
ó840 3681 4348

Table 13, Lor+ Albite: The Original Parametei's
(RiuUe Et, al ., L967) Transferred into
the As¡rmmetric Part of the Unit CeII.
(i*pi""""d as fractions of cel-I edges x ro4).
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(¿) EQV - The number which irdicates
posi-tion of that atom. The code

1 xryrz
2 î'Y 

'¿
3 - x+r!rYr$, z

4 *-È,v-È,ã

the equivalent
in the case of CÏ is:

$) X Y Z - The amount of translation, in terms of xry and z
r'¡hich has taken place relative to that equivalent position.

(6)
Q)

e (s)

(e)

(ro¡

x/A,, t/n, z/C - The derived para.meters of the aton in
fractions of the celI edges.

BOI{D (A) - The bond lengtrr (f).

SER. N0, - A serial nu¡rber referrÍng to ühat particular
bond.

A listing of the Na-O and Na-Na bond lengths less than 6.500 I calculated

for the Iow albite structure by t'his meùhod is given in Table 14, arranged

in order of calculation in Table 144 ard in order of increasing bond

length in Table 148.

(U) Propra¡n #2 - Scan of Interbond Ansles and ShieLdine Aneles

The second series of calculations are performed using the data

obtainec" from Program #1, re-aranged in order of increasing bond length

(ta¡le 148), as wel-I as the cel1 dimensions given by Ferguson et al. (1958)r

These are the calculations vd'rich provide the angular relationships between

the bonds necessary for calculating the tshielding factorst. llre angles

calculated^ are defined as foLlows (¡'ie. 1):
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o<. is the plane angle
sodi-um atorn by the
Sin< : Ro*/Na-O.

Assumed values of R

subterded at the centre of the
radius of the o)rygen being shielded.

o* 
: 1.32 8.

I is the plane angle subtended at the centre of the
/ sodium atom by the radius (n) of the closer atom causing

the shieldi.ng. Stnp : Ro*/Na-O or sinV = n*"/Na-O, ánd

f i" the inter-bond angle subtended at the centre of the
sodium aton by the atom being shielded and by the shielding
ator:n (oxygen or socÌium).

The output from this program lists only those angular values v¡ltich indicate

that overlap does occur, but iù does not calcul-ate that overlap. Table 15

lists these values for the low albite structure, and the follor¿ing information

is contai¡ed in this Tab1e:

Columns (r)
(Z) an¿ (3) The serial number of the atom wþich is being shielded¡

its Megaw symbol and distance (X) trom the sodium atom.

'(4) The s¡mrbo1 of the cation urder consideration (NA).

(5) and (ó) The }îegaw symbol of Lhe atom ryhich is causing the
shielding, ând its distance (8) fro¡n the sodlum atomo

(?), (s), (9) The three angles no, F"ano ro, d.efined as above and
shown in Fig. I.

(fO) tne sequenti-al number from Progra¡ #1 of the Na-O
bond distance of the atom which is being shielcÌed.

The angles d r / and, { are sufficient to d.ete¡mine if there is

an overlap, this occurring when f( ( n *F ), Onty if this relation is

tn.e are the angles recorded.

From these data it is now possible to determine the amount of

overlap which has occurred and hence to caÌculate the amount of shielding

which takes place with respect to a particular oxygen atom.
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(c) Proera.n #3 - The So1id Anq1e Shieldi¡e Effect

Program #3 was written to process the data obtained from

program fiz, attd to calcul-ate the amount of shielding. The mathematical

relationships are given Ín detail in Appendix IIC and may be referred

to there. At this point, it i.ñ11 be suffieienù to note that there are

four possible angular rel-ationshi-ps which may exist, and their

consequences with respect t'o overlap:

(r) Ì/hen /, > V +<)no overlap occurs.

(Z) Wnen / S .¡z < -c the amount of maximum overlap is equal to
or less than the effecti-ve radius of the ato¡r which is
being shielded.

ß) lühenYS p S(Y+<) the amount of maximum overlap i's
greater than the effective radius of the atom wiTich is
being shielded"

(lù When ê à (Y+*) tf," at-on 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 progran

to determine which case is true in a given situation. Once this is

determj-ned, the calculation proceeds along the appropriate channel

until the arnount of shielding for that case has been ealculated. This

conti.nues for each oí the data cards which represent overlap occurrences.

The progra¡n takes into account cases where more than one o:rygen is

shielding another, adding atl the shielding values for one o>çygen when

necessary. Table 1ó lists the shielded fractions for aII orygen atoms

in the sodium environment to a dista¡ce of ó,500 8, defining the atom

by its atom number (Table fl), and by its bond. lengtf, (8), and the

corresponding serial number fron Table 144'
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Table Ió. Lolv- Aibite : Shielcecl Fractions of the
O>rygen Ai;oms ïn'.'olved in the BoncÌs
.Listeci in Tables 144 and l-48.
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(d ) Proe4anl #4 - The _Electrostatic Charge Distribution Progran

Program #4 uses data derived from Progran #3 witir minor

modifieation. The charge distribution progran is essentialLy similar

to that described for the anorthite structure in Chapter II where

details of t'he tetrahedral- cation to oxygen charge calcul-ations are

given. The difference betr*een this program and the basic form of

the anorthite program is that account is now taken of the anornt of

a particular oxygen atom which is exposed to receive charge fron the

large cation. The amount of exposure (nX) is calculated fron

( f - the shÍelding factor). The following equations were developed,

and reference numbers to the corresponding equations in Section (i)U

of Chapter If are given for the purposes of comparison:

hI :D[
coz

r[+]
where EX is the amount of a given oxygen atom e:posed to the sodiun atom.

Tçrlalculate the charee contribution of_-a sod:tum atom to a given

Ptr

(/ a(co)' x w

+lxEX
--....'-.._(co)' x w

EX

xEX

(co)2 x w

EX is defined as above,

x -]

where
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fn the interests of saving time, Program #4 does not vary

the ideal Si-O and A1-0 vafues as does the progran for anorthite"

The albite charge dístribulion program assumes ideal values of Si-O

and ,41-0 anC proceeds to calculate the charge unbalance for a series

of different sodium coordination numbers. These results may then be

exarnined to determine the coordination number of the sodium atom which

results in 'r,he minj-rnr¡¡r charge unbalance value, and Lhen ¡ninor adþst-

ments can be nacÌe to the ideal Si-O and A1-0 vafues by successive runs

of the prograln"

(ii) Presentation of Eesults

Using the meùhod described above, several- sets of calcula*

tions were carried out on low albite using t,he original xuy and z

parameters taken from the three-oimensional structure refineraent by

Ribbe, tr{egaw and Taylor (fç67)" All the values quoted in this part of

the text are eomputed and they have not been rounded off" They are

given t,o the fourth decimal place and the remainders have simply been

removed. A satÍsfactorily small unbalance value of 0.0Ll¡ e'snllu for

the whole structure 'r,ias, in due course, derived using the folloa'ing

values of the variables: si-O : I"602 8, ¡t-o : L"777 B and a

coordination number of the sodium atcm of ó" ?he nunerical resul-ts

of the conputations are presented in two wayse first as the print-out

of the data in Table 1?, and then graphically in Fig. 2" Teble 17

gives the eomplete listing of the comput$#ed results for the set of

calcuLations yielding the smallest charge unbalance value.
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lable 17

Loi.¡ Albite-: Pri-nt-out of the Co¡nplete Set of Electrostatic
Charse Balance Calculations for Coordination Numbers of

Tielded the Smallest Unbalance Value
Obtained, 0.014 e.s,u"

The Table occupies six pages and the followi-rrg

inforr¿ation is given for each of the tested

coordinations of the sodium atom:

(1) The lCeal values of Si-O and A1-0 assuned for this set
of calculations (recorded only in the first set of
results, i.e. the set for soCium coordination of 4)-

(2) The Al-contents of each tetrahedron and the total
Al-content of the structure as fractio-ns of atoms
(ãruo 

-oJy 
recorded as the ¿ata in (ID

ß) The coord.ination number of the soCium and the maxj:num
Na-O value to whi-ch it corresponds.

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

{S) The total charge on each of the non-equivalent o)rygen atoms
(e,s.u.).

{6) the total charge contributions to eaeh of the non-equivalent
tetrahedral grõups of four o)rygens (e.s.u.).

0) 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 Tab1e 17,

na.nely a plot of the total electrostatic charge unbalance against

the coordi-nation number of the sodium. The diagra¡unatic form is

the more satisfactory presenüation as the rate and a¡nount of change

in the total electrostatie charge unbalance value with coordination

number of the sodium atom can be seen very easily.

From these resul-ts for low albite, especially as they are

shown in Fig, 2, Í-t, is clear that the efeetrostatic balance is almost

perfect (0.O14 e,sou.) for a coordi-nation number of 6 oxygens around

the sodium atom, and for Si-O : t.óOe I and A1-0 : L.77? I (ta¡te t8),

These results strongly support the original prenrise that loca1 charge

unbalance should ideally be zero in this 1ow-temperature feldspar

structure. F\rthernore, Fig. 2 shows that the unbalance vafue for

any coordination of sodium other than six is large and that there can

be no doubt that ó-fo1d coorCination of sodium is the most favourable

to the low-temperature albite süructure" The o)rygen atom.s which are

involved in this coordinati-on with the sociiurn atom are the nearest

six ard these are listed in labIe 18.

As previously mentioned, the snal-l-est charge unbalance for

the calculations presented in this thesis for the low albite structure

is 0.014 e,s.u. This represents a marked reductÍon from the srnal-.lest
(o ' tz e.s .u.)

valuerofüãineä'by Ferguson, TraiIL and Taylor (f-958) also using a 6-fo1a
4

coordj-nation 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 di-stances,

and also they used Sraithts (L951+) ideal values for Si-O and A1-0
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Table 18

Lov¡ Albite: Summa¡rr of the Conciitions

ïieldir\q Near-Zero Electrostatic

Charge Unbalance

Original Cell Ðj¡ensions of Ferguson et al. (1958) and the original

three-dinensional atan-ic parameters of Ribbe et aI . (1967).

AIL cation chargeS distributed according to the inverse square of

the cation-o]rygen distances.

si-o : l.6oz E A1-0 : r.77? R

Al-contents of tetrahedra in fractions
of atoms

r1(o) 0.823
TI(M) 0.046
T2(o) O.OT|
T2(lf) o.o57.

Total Al-Content 1.000

Coordination of Sodium by 6 Orrygens

Nearness Megaw Na-O Fractions Charge Contribufi-ons
Number S¡mnbol (H) Shielded from the Sodiun

1. 0A(2) 2.377 0 0.192
2 n 0D (0) 2.t+35 0 0.183
3, oB(O) 2"455 o 0.180
t+. oA (1) 2.5.2?) 9¿ 0322
5 " 0A (1) 2.66t+) 0)6. oc (o) z.gí3 o.o3 0.12r

. r .,.conÈinued/
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TabLe 18 - Continued

Total PositÍve Charges ReceÍved by Each Non-equivalent O>rygen, e.s.u.

2"I]-3
2"LOg
1.994
t,977
r.940
r"955
L,970
L"954

0A(1)
oA(2)
oB(o)
oB(I,r)
0c(0)
0c (M)
0D (0)
0D(t'f )

îotaL Positive Charges (
Four O:rygens and

r1(o) -

Ð ) Received by each Tetrahedral Group of
Differences from I,O0O ( A )re.sou"

oA (r)
0B(IvI)
OC (M)
oD (M)

oA(1)
0B(0)
0c(o)
oÐ(o)

s_

oA(2)
oE'(M)
0c (0)
0D(0)

2"rr3
L"984
1,940
1.970

rl(M) -

r2(M) -

8.0o7

0.007

2.I08
1,gglf
r.955
r.954

8.O01

0.001

2.TI3
L"977
r,955
I.951+

lal= o.ool

2.108
L.977
1.940
1.970

l¿l= o.oo5

l¡l :

r2(o) - oA(2)
oB{o)
oc (M)
oD(M)

l¿l=

TOTAI EIECTROSTATIC CHARGE UNBALÁNCE FOR LOI.,J AI,BTTE,EIAI : 0.014 €.SO1I'



l-,óOO and 1.?8O I respectively. If a given tetrahedron was calculated

to have less than zero for an Ll-content, this value was adjusted to

zero. These two facts, t,ogether with the less accurate two-dimensional

strueture refinement of Ferguson et aI. (W5S), account for the differ-

ences in the smallest charge unbalance va.lue for the low al-bit,e

structure, compared to those given in this thesis. 0f further note

is that ín L962 PauI Pushkar (personal comnnrni-cation to Dr. Fergusr:n)

re-calcufated the charge unbalance on low albite using a 6-folA

coordination of the sodium atom, taking account of the Na-C and T-O

di-stances, and he arrived at a total- charge unbalance value of

0,064 e.6ou. It should be noted that at the tine these calcul-ations

were camied out, Ferguson was strr:ngly in favour of the idea that if

proper account r,¡ere taken of the crystallographi¿considerations, i.eo,

the cation-anion distances, Ðd the Al-eontents of the tetrahed.ra, a aeet44
/

perfect balance for this low albite coul-d be caleulated.

Several other sets of calcul-ations were carried out for the

low albite structure (Ri¡¡e et aI ., L967) for comparative purposes and

some of the details of the results are shown in Tab1e lp, and

graphically in Fig. 3. The tabulation given belov¡ compares the curves

shown in Fig, 3:

Curve
Fig.

Ideal
si-o(8)

fdeal
A1-o(8)

Coord.
of Na

in
a

A1-content
(¿toms )

I'lini¡num Unbalance
Va1ue (e.s .u. )

6

6

A

B

L.602 L"777

1.600 1"780
(sn_ittr, l-g5,h)

1.ó10 r.75o
(Smittr and Bailey,

o.gggg

1.016

1.O21
re$)

o.014

0"050

0.18?
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Fig.3 compares the best results r"¡ith those using the i<ieal values of

sÍ-0 : l.6o I and .ar-0 : 1.ZB I propou"d by smith in 1954 and with the

revised. ideal values of 1,ó1 I ana I,75 Ê put forth by smith and Bailey

ín L963. The latter values gave a nininum charge unbalance (also for

ó-fol¿ coordination of the sodiun) of 0.187 e.s.u., about three tines

greater than the value yielded by Smith ts L954 ideal- values, for rn'hich

the unbaLance is 0.050 e.sou. The two curves ¡remain essentially the

same shape and both categorì-caIIy defÍne the ó-fo1d coordination of the

sodir¡m. 0n the assumption that this low-tmperature feldspar should have

a minimum charge unbalance of ideally zero, the author is obliged to

accept the Si-O and AI-0 values close to those first proposed by Smith

in 1954. This leads to the fbrther conclusion that low albite is only

about 82fi ordered l,rith respect to Si-41.

Although the most important point about the charge distribution

i-s, as mentioned earli-er, the cl-oseness to I e.s.ü. of the posi-tive charges

contributed to the tetrahedral groups of four o:Vgens, it is of some value

to consider the total charges contributed to the o>ygens indiuidually.

The total positive charge con'r,ribr¡tions to the non-equivalent orqrgens in

the structure are given in Table 18 for the conditions that yield the

lowest charge unbalance value of 0.O1{ ê.sou. The greatest deviation fronr

ihe j-deal value of 2"000 €.scrf. is for o>qrgen 0A(1) which is *0.1126 e.s.u.

and results from the fact that two of the equivalent atoms of this kind

are close to the sodium atom (the 4th and Jth closest atoms). Consequent\r,

when treated as a non-equivalent atom, it receives al¡rost one-third of the

total positive charge of +1 from the sodium aton (Table 18). The other

o)rygen atom which receives an excess charge (+O,tO?6 eosru¡) fs OA.(Z) and



this results from the fact that this oxygen is involved in the shortest

Na-O bond length in the structure of 2.377 R; thus, it receives more

charge fr~~ 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 ac(o) with 1.9396 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 OA(2).

Considering now the oxygens tqken 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 Tl(O). 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 electrostatic 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 ass1xmptions is



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.

2. 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 Rbut less

than 2.991 R from the centre of the sodium atom.

3. Ideal values for the pure mean sizes of the Si-O and AI-o

tetrahedra that yield the smallest unbalance value are

Si-O = 1.602 ~ and AI-O = 1.777 ~; these values are close

to those proposed by 'Smith in 1954. Using the new ideal

values of Si-O and .11.1-0, the total 1\l-content of the

structure is 0.9999 atoms, and the following are the

AI-contents of the 4 independent tetrahedra, expressed as

fractions of atoms: Tl(O) = 0 08228, Tl(M) = 0.0457,

T2(0) = 0.0742, and T2(M) = 0.0571.

4. From the above information, low albite is not fully ordered,

but is only largely ordered, about 82%, ~~th respect to

Si-AL
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CHAPTER V

ni,ncmosr¿rlc cunnon DISTRIHJTÏ0N1'.']ITHIN

THE HTGH ALBTTE STRUCTURE

(i) GeneraL Renarks

The unit eell of high-tenperature albite has the same size,

ceIl content and space group as low-temperature albite. Slight

differences in the positions of the atoms are evidenÈ from their

parameters as deternined by the refinements of the structure. 0n

account of the close simiLarj-ty between the structures it is possible

to apply to high albite the methoCs used to calculate the distribution

of electrostatic charges in low albite. Thus the sane four computer

progråns may be used and corresponding values obtained: Na-O and Na-Na

bond lengths in a given sodium enr¡ironnent ard the corresponding

j-nter-bond angles, overlap angles and shielded fractions of the o>rygen

atoms, The reader is referred. to the introductory section of Chapter ÏV

on low albite, ard to the four IBIVI 1ó20 F0RTRAN II programs in

Appenciix II for the details of the computation method.

The celL dimensions used for this high aJ-bite are ùhose of

Ferguson et al., (fg¡g) and the original atomic parameters are those

of Ribbe et a1. , (L967) derived from the threedimensional structure

refi¡rement" Both the papers referred to above noted strong anisotropism

of the sodiun atom ard have pointed out the difficulty of defining

exactly the position of this atom. For the purposes of these calcul-ations
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the sodium atom has been treated as a single atom anl its paraneters are

taken as those given by Ribbe ei a1., (L967) for the single atom.

Tabl-e 20 lists the atonic parameters of the non-equivalent sodiun and
øùAt

the o)rygen atons for the high albite stmcture. These have been moved

into an as¡nnnetric part of the unit cel1 utrich for the space group CÏ is

tarlUrlc. Table 20 is directly analagous to lab1e 13 in Chapter IV.

fn Chapter IV it was mentioned that for lcr¡¡ albite the Na-O and

Na-Na boncis v¿ere calculated to a distance of 6,5O0I f"or the original

sodiu,n atom. ft was found that this included an unnecessariÌy large environ-

ment, and therefore the bonds for the enuironment of the original sodi-um

atom in the high albite structure were calculated to a maximum distance of

4.óOO 8. Thj-s considerably reduced the calculation time for the programs

and it produced equally satisfactory results.

.,(!i) h"eliminary Ðata Requiled for Lhe Distribution of ElectlostatÍc Chëqees-

The follor¡ing Tab1es gi-ve all the data necessary for calculating

the actual charge distribution in the high albite structure and are directly

analagous to those given for lorv aLbite in Chapter IV:

TabIe21.HighA1bite:ListofBondsLessThan4'6oo8
Given in Order of Increasing Bond Length.

TabJ-.e 22. High Albite: Inter-Bond Angles and Overlap^Angles
for all O>rygens r^rith Na-O less than 4.600 X.

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

(Tables zLe 22 and 23 qre analagous to lables l4B, 15 and 1ó
respectiveþ in Chapter IV. )
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ATOM+NO.
NA OI
oA(11 06
oA(2) 07
oB(o) 08
oB(M) 09
oc(o) 10
oc(M) L1
oD(ot 12
oD(M) 13

x/A Y/B Z/c
2743 007ó 1320
4943 3651 0149
0923 4910 278I
8213 1091 2OA2
3787 3477 2456
0158 2906 2165
,2L7 1870 2I9r
1957 IL23 3877
6884 3679 4260

Table 20. High Albite: The Original Parameüers
(RiU¡e et al., 1967) Transferred into
the As¡rrunetric Part of the Unit CeII
(expressed., as fractions of the ceLL
edges x 104).
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SER.NO.

I
2
3
4
5
ó
7
I
9

t0
11
L2
T3
l4
15
t6
L7
18
19
20
2L
22
2?

SH I E LDED
FRACT ION

0.0 000
.9029
.1360
.8041
.0 193

0.0000
.4379
.7 ?67

0.0 000
.3I23

0 .0 000
.?ggI

0.0000
.o 626

0.0000
0.0000

. L206

.3903
0.0000

.o497

.o L23

.5005

.6397

ATOM
NOo

I
I
9

10
l1
t?
I

t2
I

11
I

l2
1

10
6

l3
1

10
6
7
9

T3
l3

NA-O
BOND

0.000
4.445
4 o39I
4.509
2 c909
2.506
4 oL38
4.506
2.526
4.27 2
0.000
4.I7 4
2.342
3.367
2.7 L3
3 cI33
3.834
4.432
2.604
3.533
3r169
4.479
4,33I

Table 23. High Albit,e: Shielded Fractions of the O:rygen
Atoms involved in the Bonds Listed in Table 21.
(For d.etails, see Chapter W, end of Section (i)c.)
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(iii).- Presentation of the Results

Usi-ng the nethod described i¡r Chapter IV, the electrostatic

charge distribution within the structure of high albite was calculated.

the procedure Ís directly cornparable to that used for the low albite

structure. Several sets of charge distributions were calculaüed, each

set using different assumed idear values for the pure si-o and Ar-o

distances, but each covering a range of coordi¡raüion numbers for the

sodium atom from 5 to 16. The charge was again distributed proporti-on-

a1þ according to the inverse square of the bond length (8) taking the

shielding effect into account. The smallest charge unbalance value

obtained for any set of calculations was 0"062 e.scu, using a l2-fold

coordi¡lation for the sodium atom, and w'ith Si-0 = 1.600 I an¿ A1-O = 1.??8 8.

This set is accordingly used to illusùrate the detailed resul-ts for high

albi-te, and the prÍnt-out of these results is given in Table 24, Fig. 4
shows graphically, for this same set of caleul-ations, the variation in

electrostatic charge unbalance as a f\rnction of the coordination number

of the sodium atom.

As indicated earlier, several sets of calo¡lations were carrj-ed

out for different Si-0 anC A1-0 values, and Fí9" 5 is a plot, of some of

the charge unbalanee 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

Hish Albite: Print-out of a Conp_Ietg Set of Elect{ostatic
CharEe Balance Calculations f

th Si-O = 1.
and A1-0 : 1.778 Ã. This Set includes that wi

Ì2-fo1d Coordinat&n of the Sodium r,¡hich
Yielded the $mallest U¡balance

a

Noüe: 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 Tab1e 17"
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DMAX VALUE IS 2.900
COORD OF SODIUM IS 5

6 ..762
7' .233

. I .200
9 0.000 '

10 0.000
I I .0 .000

' 12 .2O3
13 0¡000

SIO= l.ó00 ALO=
AL CONTENT OF TET L 1269
AL CONTENT OF TET 2 .247
AL CONTENT OF TET 3 .2L9
AL CONTENT OF TET 4 I24I

1.778

TOTAL AL CONTENT .977
TOTAL CHARGE ON OXYGEN NO. 6
ïoTAL CHARGE ON OXYGEN NO. 7
TOTAL CHARGE ON OXYGEN NO. 8 .

TOTAL CHARGE ON OXYGEN NO. 9
TOTAL CHARGE ON OXYGEN NO. IO
TOTAL CHARGE ON OXYGEN NO.11
TOTAL CHARGE ON OXYGEN NO. I2
TOTAL CHARGE ON OXYGEN NOT I3
CHARGE ON TETRAHEDRON NO. 1
CHARGE ON TETRAHEDRON NO. 2
CHARGE ON TETRAHEDRON NO. 3
CHARGE ON TETRAHEDRON NO. 4
CHARGE UNBALANCE ON HTGH ALBITE

DMAX VALUE IS 2.910 ' 
..

cooRDoFsoDIUMIS 6,, ':
6 .315
7 o2O3
I .L74 :' ,'
9 0.000 :

10
11
t2
l3

0.000
o729
.177

0r090
TOTÅL EHAR6Ë ON OXYGËN NO. 6
TOTAL CHARGE ON OXYGEN NO. 7
TOÏAL CHARGE ON OXYGEN NO. 8
TOTAL CHARGE ON OXYGEN NO. 9
TOTAL CHARGE ON OXYGEN NO.IO
TOTAL CHARGE ON OXYGEN NO.II
TOTAL CHARGE ON OXYGEN NO.12
TOTAL CHARGE ON OXYGEN NO.13
CHARGE ON TETRAHEDRON NO. 1

CHARGE ON TETRAHEDRON NO¡ ?
CHARGE ON TETRAHEDRON NO. 7
CHARGE ON TETRAHSDRON NO. 4
CHARGE UNBALANCE ON HIGH ALBITE

. .?

2.2L7
2.08 7 '

2.O84
L.923
1.875
1.883
2. O5'l
1.894
8 o234
7o918
7.949
7.942

'' o424

2,17 L

2.057
2.O58
Lt923
1.875 '

?.OLZ
2.030
1.894
8¡135
8.001
8. O22
7¡886

,', o 2'l 2':
. .,, 'i t.' "'l ',
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DMAX VALUE IS 3.140
COORD OF SODIUM iS 7

6 .287
7 .I82
I .156g o.0oo

10
11
T2
T3

0.000
o116
.159
. 101

TOTAL CHARGE ON OXYGEN NO. 6 ]

TOTAL CHARGE ON OXYGEN NO. 7
TOTAL CHARGE ON OXYGEN NO. 8
TOTAL CHARGE ON OXYGEN NO. 9
TOTAL CHARGE ON OXYGEN NO¡ 1O
TOTAL CHARGE ON OXYGEN NO.11
TOTAL CHARGE ON OXYGEN NO.12
TOTAL CHARGE ON OXYGEN NOo13 '

CHARGE ON TETRAHEDRON NO. 1

CHARGE ON TETRAHEDRON NO. 2
CHARGE ON TETRAHEDRON NO, 3
CHARGE ON TETRAHEDRON NO. 4
CHARGE UNBALANCE ON HIGH ALBITE

t t, '

DMAX VALUE IS 3.170
COORD OF SOD¡UM IS 8 ' .

6 ., oZ58 "' : 
-7 .166 :

I ¡L42
9 .089

0.000
.105
.I45
.092

TOTAL CHARGE ON OXYGEN NOT 6
TOTAL CHARGE ON OXYGEN NOo 7 , .',
TOTAL CHARGE ON OXYGEN NOO 8
ïOTAI çHARGE 0N 0XYGEN N0¡ 9
TÓTAL CHARGE ON OXYGEN NO.1O
TOTAL CHARGE ON OXYGEN NO.Il ,

ÎOTAL CHARGE ON OXYGEN NO.12
TOTAL CHARGE ON OXYGEN NO.13
CHARGE ON TETRAHEDRON NO. 1
CHARGE ON TETRAHEDRON NO. 2
CHARGE ON TETRAHEDRON NO. 3
CHARGE ON TETRAHEDRON NO. 4
CHARGE UNBALANCE ON HIGH ALBITE

. : j,'

10
1t
L2
l3

2.138
2o036
2.040
L.9 23
1.875
1.999
2.QIZ
1.996
8.067
8.05?
8.07 2
7.947

¡35O

2.TL? '

2¡019
2. 026
2eALZ ,

1.8?5
1.989
l¡998
1.987
8.013 ,

8.102
8.022
7.9Ob'' o232
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DMAX VALUE IS 3.370 , 'I .

COORD OF SODIUM IS g
6 .24O ', '

7 .istr
I .]^3Z ' ' l

a' ¡083
10
11
T2
I3

' .070
.0gg
.134
r 086

TOTAL CH,ARGE ON OXYGEN NOT 6
TOTAL CHARGE ON OXYGEN NO. 7
TOTAL CHARGE ON OXYGEN NO. B ] 

.

TOTAL CHARGE ON OXYGEN NO. 9
TOTAL CHARGE ON OXYGEN NO.lO '

TOTAL CHARGE ON OXYGEN NO.II ' l
TOTAL CHARGE ON OXYGEN NO. 12 :
TOTAL CHARGE ON OXYGEN NO.13
CHARGE ON TETRAHEDRON NO. 1
CHARGE ON TETRAHEDRON NO. 2
CHARGE ON TETRAHEDRON NO. 3
CHARGE ON TETRAIiEDRON NO. 4
CHARGE UNBALANCE ON HIGH ALBITE

DMAX VALUE IS 3.540 ' .'

COORD OF SODIUM IS iO : ', ,l..:

' 6 .225
7 .205
I oLZ4
9 .078

10
11
t2
13

.065

.092

. I26

.0gl
TOTAL CHARGE ON OXYGEN NOO ó
TOTAL CHARGE ON OXYGEN NOO 7 ': 

,

TOTAL CHARGE ON OXYGEN NO. 8 :

TOTAL CHARGE ON OXYGEN NON 9 |.I

TOTAt CHARGE 0N OXYGEN N0c tg
TOTAL CHARGE ON OXycËN NO¡II :'
TOTAL CHARGE ON OXYGEN NO.1?
TOTAL CHARGE ON OXYGEN NO.13
CHARGE ON TETRAHEDRON NO. I
CHARGE ON TETRAHEDRON NO. 2
CHARGE ON TETRAHEDRON NO. 3
CHARGE ON TETRAHEDRON NO. 4
CHARGE UNBALANCE ON HIGH ALB¡TE

2.095
2.oog , '

2.0 16
2.006
r.945
1.981 '

1.988
1.980
8.O45
8.064
7.987
7.949

2.080
2. O59
2.00g i,
2.001
ls94Q
1.975
1.980
I.97 5
80010
8.033
8.019
7.992
" ¡080
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DMAX.VALUE IS 3.84O

6.2L5,.':
7 .24L
I .ll9g co74

I0 .062
11 "08812 .I20
13.O77,:'

TOTAL CHARGE ON OXYGEN NO. 6 2.070-. TOTAL CHARGE ON.OXYGEN NO. 7 '" 2.095
i . 

TOTAL CHARGE ON OXYGEN NO. 8. 
". 

. 2.OQ2
TOTAL CHARGE ON OXYGEN NO. 9 ,r , 1.997].'ToTALcHARGEoNoXYGENNo.1O.L.g37

' TOTAL CHARGE ON OxycEN NO.11, , ' 1.971 ,

TOTAL CHARGE ON OXYGEN N0.12 T.974".
TOTAL CHARGE ON OXYGEN NO.13 1.g77
CHARGE ON TETRAHEDRON NO. 1 7.985' CHARGE ON TETRAHEDRON NO¡ ?. '.'; B.OII :i';

CHARGE UNBALANCE ON HIGH ALBITE .. .073
..,.1 :.:,.., ..., ;. . 

.,.., 
:

DMAX VALUE IS 4.T40
COORD OF SODTUM IS L2

. 6 .2O9 r'..'l 
', ' ,

7 .235 : 'l ,,. ' ì' '': B .l4O I I ;::, ' ,: ,'
g .O12 , ",,:. ' 10 ¡061 ,,i , ,, 

"
1 t .085 ,',: 

,:,

12 .118 I':
l? oO75 ' 

,

" TOTAL CHARGE ON oXYGEN No. e ,: ; .2.o65. TOTALCHARGEONOXYGEN.NO.T 2.089

TOTAL CHARGE ON OXYGEN NO. g 1.99ó
TOTAL CHARGE Ohl OXYGEN NOo10 ' 1c936
TOTAL CHARGE ON OXYGEN NO.ll 1.969
TOTAL CHARGE ON OXYGEN NO.12 1.97I . : I:

TOTAL CHARGE ON OXYGEN NO.13 L.97Q
CHARGE ON TETRAHEDRON NO. 1 7.997 I

CHARGE ON TETRAHEDRON NO. 2 8.OOO
CHARGE ON TETRAHEDRON NO. 3 8.053. CHARGE ON TETRAHEDRON NOE 4
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DMAX VALUE IS 4.I80' cooRD oF soDIuM Is l? _ , ,.t ,', ' 
' 

:

7 .23O
I .136

11 .OB3 :' ''
: tZ .14tJ .. ,"

13 .o73
TOTAL CHARGE ON OXYGEN NO. ó i...' .' 2.060
TOTAL CHARGE ON OXYGEN NO. 7 2.093..':,, ''".i,, 

.

TOTAL CHARGE ON OXYGEN NO. B 2.02O
TOTAL CHARGE ON OXYGEN NO. 9.." 1.994
TOTAL CHARGE ON OXYGEN NO.IO L.g34 ,,

TOTAL CHARGE ON OXYGEN NO. 1 I. 1.96ó
TOTAL CHARGE ON OXYGEN N0.12 I.993
TOTAL CHARGE ON OXYGEN NO.13. 1.9ó8
CHARGE ON TETRAHEDRON NO. 1 8OOO9 :

CHARGE ON TETRAHEDRON NO¡ 2 7.989
CHARGE ON TETRAHEDRON NO. 3 . Ie039 ;i;,..
CHARGE ON TETRAHEDRON NO. 4 ,,, Bo006 ,-,' ''

cHARGE UNBALANCE ON HIGH ALB¡ IE ,i.i: ,,' ''.066 | 
,,::.|'..'.

DMAX VALUE IS 4.?80 ': ,. . : ' ' '

COORD OF SODIUM IS 14

I l-l33
9 ro69 ';:r' "'t"'10 .058 .,, : : ', t '

ll .10g ,', ,;, ,,:. , ,, ,

LZ .136 ';'.";' " r. :: :':

L3 .07 1

ToTALcHARGEoNoXYGENNoo6.''2.O54'....
TOTAL CHARGE ON OXYGEN NO¡ 7 .'.'' 2C077
TOTAL CHARGE ON OXYGEN NO. 8 , 2.0L7
TOTAL CHARGE ON OXYGEN NOr 9 ', trqgZ ' , I 

'. 
'TOTAL CHARGE ON OXYGEN NO.10 '. !.933 ,

TOTAL CHARGE ON OXYGEN NO¡11 1¡99I
TOTAL CHARGE ON OXYGEN NO.12 1.989 ' , . ,I.'
TOTAL CHARGE ON OXYGEN NO.13 i.çOO
CHARGE ON TETRAHEDRON NO. f , 7.gg4 ',. ,

CHARGE ON TETRAHEDRON NO. 2 8OOO4
CHARGE ON TETRAHEDRON NO. 3 8.052 :

CHARGE ON TETRAHEDRON NO. 4 7O993
CHARGE UNBALANCE ON HIGH ALBTTE T068
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" DMAX VALUE IS 4.340 .

COORD OF SODIUM IS 1'5
6 e196 .

3 :å3å
.

tl 0106
I 2 tI34
1 3 .094

TOTAL CHARGE ON OXYCEN NO. 6 2.052
TOTAL CHARGE ON OXYGEN NC. 7 2.074
TOTAL CHARGE ON OXYGEN NO. I Z.OL,
TOTAL CHARGE ON OXYGEN NO. 9
TOTAL CHARGE ON OXYGEN NO. lO L.932
TOTAL CHARGE ON OXYGEN NO.11 ' 1.989
TOTAL CHARGE ON OXYGEN NO.12' 1.988
TOTAL CHARGE ON OXYGEN NO.13 Ir978, CHARGE ON TETRAHEDRON NO. 1 7.987

. CHARGE ON TETRAHEDRON NO. 2 8.01I

CHARGE ON TETRAHEDRON NO. 4 '7 
og86

CHARGE UNBALANCE ON HIGH ALBITE .095

':

I. . COORD OF SODIUM IS 16 .:
. ..

.

g .0g6
10 .o55
11 .103 .'
12 .L30 ,â

l? .081
, . TOTAL CHARGE ON OXYGEN NO. ó 2.046 ,' ','

TOTAL CHARGE ON.OXYGEN NO. 7 . 2.068
TOTAL CHARGE ON OXYGEN NO. 8' 2.011 ..
TOTAL CHARGE ON OXYGÊN NO. 9 .I 2.019 ' .

TOTAt €HARGE 0N OXYGEN NOa10 Ie930

TOTAL CHARGE ON OXYGEN NO.12 1¡984". ÎOTAL CHARGE ON OXYGEN NO.13 Io976 , :. r'l

CHARGE ON TETRAHEDRON NO. 1 7.972
CHARGE ON TETRAHEDRON NO. 2 8T028. EHARGE ON TETRAHEDRON NO. 3 ', 8.042.CHARGE ON TETRAHEDRON NO. 4 8OOO2
CHARGE UNBALANCE ON HIGH ALBTTE .1OO

; 
''l
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(i-vì su¡mnarv of the Main Features of the charee Distribution
Results for Hieh Albite

The lowest charge unbaLance value for high albite was 0.062 e.s.u.

and was obtained using Si-O : 1.600 I ana AI-0 = L"778 I *itf, a coordination

number for the sodium atom of 12. (taule 2l+ anð. Fig. 4). Hor,¡ever, thj-s

value (O.O6Z €os.uo) is only one of several nearly as low unbalance values

for sodium coordinations of l0-fold and higher (laUle 24). Ser¡eral other

complete sets of calculations were perforned using di-fferent values of

Si-O and. A1-0 (see Tabulation above) and. aLL these calculations yielded low

unbalance values for coordinations greater than 10-fo1d (see Fig. 5).

Another striking characteristic corlmnon to the curves shown in Figs. 4 and 5

is a marked charge unbalance value for a ó-to10 coordination of the sodium

(about 0.30 e.sou.), Uut this unbalance value is still appreciably higher

than the unbalance values for lO-fold or greater coo¡dinations of the sodiu¡a

atom, ranging frorn 0"06 to 0,13 €.s¡u.
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Because the i-nterpretation of these results is closely

related to the interpretation of the low atbite results, it is held

over to the next Chapter,
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CHAPTER VT

DISCUS$IoN OF Trq CHARGE DTS.BTBTJTION RESULTS FoR

HICII ALBITE IN COMPARTSON T.IITH THOSE FOR

LO'I{ ALBITE

(i) Consideration of the Sodir¡m-O:cysen Environment in HiEh A1bÍte

A major issue in the charge distribution in high albite is

the low unbalance value of 0"062 e.s"u" obtained hrith a high coordination

of the soCium aùomo This value is faír1y close to zero and at first

appears to be contrary to the h¡4pothesis proposed by Ferguson, Traill and

Taylor (fgES) that high albite should exhibit a distinct electrostatic

charge unbalance" This new value is appreciably smaller than that

derived by Ferguson et aI. of 0.28 ers.rr., obtained v¡Íth J.ow coordi¡ation

of the sodium atomo

The main issue appears now to be r.¡hether to treat the low

coordination of sodium or lhe high coordination of sodium as the most

representative of the stmcture, If the smallness of the charge unbalance

value is to be taken as the sole criterion, then one would have ùo accept

an indefinite coordination of sodium ranging between 10-fo1d and ló-fo1d,

and possibly even higher. However, the low albite results strongly

suggest that the best charge unbalance value can be obtained if the

coordination of sodjum is taken as ó-fo1d, and/or the charge on the sodiurn

is only effective to a dista.nce of about 2.96 8 from the centre of the

sodir:¡r atom" If one r,¡ere to apply this principle to high albite, treating
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the sodium as a single i-soiropic aton, rather than as an ani-sotropic

atom, then it seems unreasonable to consider the o:Eygens in more than

ó-tot¿ coordj.nation with the soclium because they rdÌr be beyond the

tinfluence t of the charge on the sodium atom" Ferguson, Trailr and

raylor (rç¡g), Ðd Ribbe, Megaw anafayror (196?), have clearty shov¡n

that the sodium atom in high albite is narÌ<edly anisotropic, roughly

paraJ-le} to the b-a:cis of the structure, and aseribed to either spatial

or temporal causes. r¡lilliams and Lfegaw (196Ð conducted structure

refinements on low and high albites at -18OoC, and noted that the degree

of aruisotropisn of the sodium in high albite had not changed.

TheÍr concl-usion was that this suggested a spatial rather than a temporal

varÍation in the position of sodium in the high albite structure. Ribbe

et aÌ. (f967) show that the strong anisotropism of tÌæ sodium atom may

be Ínterpreted as the effect of two rrhalf-atomstt which are separated by

a distance of about O.ó1 8. They calcula.ted the Na-O distances from the

tr¡otrhal-f-atomstt, and these varues are reproduced in Table 25. A study

of this list (TabLe 25) sho**s that there is only one non-equivalent

o)rygen, 0C(0), which is not amongst the closest ó, or within 2,96 R,

of either rthalf-atomrt. Therefore, it may be argued that a high coordination

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

the Na-O bonded distances derived fr<rm the low albite results, as the

sodium ín high albiùe behaves as tlr,'orrhalf-atomsttwith appr.eciable separation.

It tras not possible for this thesis to calculate the electrostatic

charge distributions in terms ofrrhalf-atomstr for the sodium, but the

present ¡esulÈs suggest that the high albite structure may exhibit almost
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perfect charge balance if the closest ó o>q¡gens around. the two tthalf-atomsrl

rlere considered.. By studying Table 25 íL can be seen that a coordination

of the 6 closest orygen atoms to each sodium tthalf-atomil corresponds to a

coordination e{-â-+ee+dj*e*i€* of a single sodium atom of 8-foì-d, but in

the latter case it involves four orrygens receiving proportionatly large

shares of charge from two tthalf-sodium aùomstr (effectively one whole sodium

aton), these particular o)rygen atoms and their corresponding t'sociium half-atomtr

to o>rygen d,istances beÍng: OA(1) al 2.?4I ; Og{M) at 2,88 I ; OC(i"t) at 2.68 R,

and OD(M) at 2.84 8. Thus the charge unbalance for the elosest I o>rygens

taken i-n coordination with the sodium atoms is quite large (a.Z3Z e.s.r.l.,

Tab1e 24). However, as the coordinabion increases around the

single sodium, the proportion of charge contributed to each o>rygen atom is,

of course, reduced ard this apparently approximates more closely to the

best situation; say ó-fold coordination about two sodiumtthalf-atomsrt;

since the ckrarge unbalance

value decreases rapidly as lO-fold coordination of sodium is approached and

remains nearly unchanged through the higher coordination numbers, this

suggests that these coordÍnations are all nearly equally satÍsfactory.

It is necessary to re-state here that the rshi-e1dÍ-ng factorst have all

been calculated for the o)rygen atoms and that these are all taken into

accsunt during these calculations; thus the actual numbers are indi-cative

of the given situation since caref\rl consideration has been given to the

crystal structures of both high anci low albite. From a different and more

general vienpoint, it may be said that j-n an ideally disordered high albite,

all the o)rygens are shared by two tetraheciral cations, both of which have

the sane effective positive charge; it follows therefore that all the

o)ygens in the structure receive essentially the sane âmount of tetrahedral
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charge; thus the equal distribution of the charge on the sodium atom to

all the non-equivalent oxygen atoms would lead to an idealþ perfect

balance. It may be zuggested urat the coordination numbers from 10 and

greater approximate to this ideal eonditi-on, Hor^.'ever, this is not the

case with the lov¡ al-bite structure since the tetrahedral chargeo are not

distribuled equally to all the o:rygen 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-fot¿ coordination of the sociium

atom, but not as low as for coorciination numbers higher than l0-fold. ïn

attempting to explain this feature of the high albite curves, the reasoning

folIor,¿s in a manner similar to that given inrLediately above " Again, by

comparing single aton Na-0 distances wj-th the two sets of trhalf-atomrt

Na-0 distances in Table 25, íl may be seen that the snallest sj:< single-aton

Na-O distances include five of the small-est tthalf-atomrt Na-O distances,

but not in the same order, and not the same fÍveo For example, the |th

smaJ-lest single-atom Na-O length includes one of the óth süal-lest tthalf-atomtt

Na-O lengths, and the 8th smal1est single-atom Na-O length includes the

other óth snallest tthalf-ato¡n¡! Na-O length. ft is difficult to analyze

these numbers further except to suggest that the low unbalanee value at

the 6-fo1d coordination of the sociium is probably relaÈed to the ó-fo1d

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

If it is possible to carry out sinilar calculations treating the

sodium as two rthalf-atomst', å clearer understanding of these relationships

between charge unbalance and coordination in high albite will probably result"
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(ii) ConsicÌeratj-oq of the Tetrahedra iå Hish Albite

In 1958, Ferguson et aI. concluded that high albite has a

distinctly higher nini¡ru¡n charge unbalance,vafue than lov¡ albiùe, and

ihey proposed that differences in charges contributed to corresponding

tetrahedral groups of four o)çfgens offered a general e:çlanation as to

why the aluminun in disordered hígh albite tends to migrate preferentially

j-nto a parti-cuIar tetrahedral site, T1(0), in low albÍte.

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 rrrhich v,.i11 yield a low charge

unbalance value for high albite (O"O6Z e.s.u,). This value is not quite

as low for all the possibilities tested, as that for low albite (O"Of+ e.s.u.)

but nevertheless, sufficiently 1or+ thaù it may no longer be reasonable to

invoke a difference in the unbal-ance values to expì.ain why high a1bÍte

tends to order the Si-41 towards the low albite distribution. Ïn the

next Section, a related but ner,¡ reason is offered as an explanation as

to wtry there is the tendency for SÍ-Al orderingo

At present it rnust be established if there is a reason why the

-t?Al-' in disordered high albite will tend to n-igrate into the parti-cular

tetrahedral site T1(0) in low albite. To evaluate thi-s, it is necessary

to compare charge contributions to eorresponding tetrahedral groups of

four o>qygens in high albite and in low albite. the values to be considered

for 1ow 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

s¡nallest eharge unbalance (say l2-fold coordi-nation of the sod,ium atono),

or the set of values correspondi-ng exactly to the set of conditions tn'hich

yielded the smallest charge unbalance value in low albite (i."., 6-fold

coordination of the sociiun). The Tabulation given below illustrates

these alternatives:

LOI..T ALBITE -
si-0 I L.602

A1-0 I r.7?7

C.N. of Na 6

HÏGH AT,BÏTE

1"ó00

r,779

L2

r"602

r,777

6

T1(0) 8.00ó e.s.u o 7o997 e.soì.I.o 8.150 €os.ll.

Tl-(I,f ) ?,999 8,ooo 8"016

T2(o) 8.001 8.053 8,037

T2(M) 7 .99t+ 7,993 7"901

> A 0.014 0.062* O JA}

O Thi" value has been sunmed from four values lrùrich have not been
rounded off and are listed only to three deci¡ral places. The

summed value is correct if rouncÌing off of the numbers is considered'

If the above val-ues are compared and one consi-ders first the

values for. high albite which yield the snallest unbalance (O.A6Z e.s.u.),

there is no reason why the A1+3 =h*fd migrate ínto any particular site

or even migrate at all. In comparing the second set of values, however,

one may see that these offer strong confi-rmation of the suggestion by

Ferguson, Traill ard Taylor (f9¡S) that the A1*3 ,rroul-d tend to rnigrate
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into site T1(0) so as to reduce ihe hÍgh excess charge of +0.150 €ns.uo

on that (disordered) tetrahedral group of four olq¡gens, Reasons are

offered in the next Section as i;o which interpretation is regarded as

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

(iii) .& Fossible Reason for the High Albite to Order Si-41 to
Low Albite on Proloqged Cooling

The problems involved j.n naking 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 ft is

reasonable to exanine the charge distribution for a ó-fold. coordination

of the sociium ai:om in high albite as a possible explanation of the
+?

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

The answer to these difficulties appars to lie in ühe strong

anisotropism of the sodium atom in high albite" The reasoning may be

given as follows:

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

as a result of ühe high thermal motion. Because of ihe Si-41 disorder

and the presumed strong thernal vibratj-on of the sodium atoms, these atoms

occupy large caviti-es anisotropically, either in point of time or spece

or both. Such concitions can be thought of as being rrfrozen inrr r'¡hen

the crysùal cools relatively quickly to normal temperature'

Äs discussed in Section (i) of this Chapter, the 12-fo1d

coorcÌination of ùhe single-atom sodiuin in high aLbite uhich yields the

smallest charge unbalance is onty one of several equalLy snal-I values
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yielded by coordinatj-on numbers of 10 or greater" It r*as further

indicated that the unbalance values for the single soclium atom are

probably reasonable, approximating to the val-ues uhich r,¡ould have been

obtaj¡red had it been possible to cal-culate charge unbalance values for

two ilha1f-atomsrt taken in 6-folA coordination, the deduced Ídeal

coordination from the Low albite calculations.

Thus it may be said that high albite has largely satisfied the

charge dislribution requirements for a strongly anisotropic sodium atomo

However, as the high albite crystal cools slowly, the thermal vibration

would tend to ciecrease and therefore the effective coordination of the

single-atom sodir:m could al-so be expected to decrease, in due course

approximating 6-fold coordinati-on, at drich stage the charge distribution

v¡ould be similar to that shornrn in cofumn 3 of ühe labulation in Secti.on (ii)

of this Chapùer, and at v¡hich stage, furthermore, there would be strong

charge unbalance mainly represented by excess charge on site T1(0) which

world tend to cause A1+3 to n-igrate into this site; hence the structural

framework would begÌn to adopt the Si-41 configuration that it finally

achieves at normal temperaùures, that of low al-bite, about 82f ordered,
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CHAPTER VTT

su¡,ryaRÏ ANp c0NctusroNs

(i) .{ssumptions and General i'lethod of Calculation

The original assumptions in this work were fundamental, and

there was no rvay of est'ablishing their validity until the work had been

completed. The first assumption was tJrat the feldspars may be treated

as ionic compounds, Ðd as a consequence the electrostatic charge

unbalance could be used as a measure of the stability of their structures.

The second assumption r,¡as that the J-ow-temperature feldspars wouId, in

general, exhibit a perfect local charge balance and that the high-tempera-

ture feldspars would be less wel-l balanced. The third and final assumption

r+as that the particular values for pure Si-O anri A1-0 that resulted in a

near-zero charge unbalance could be considered qs the tridealtr values for

that structu¡en These ideal Si-O and A1--0 values are imporùant in that

they determine the distribution of silicon and aluminum in the structure

which i-s irnportant in deùerni¡ri¡g the Si-Al orderdiso¡der relationship.

In order to exa¡nine the validity of these assunptions, a nethod

was devis.ed for calculating the distribution of electrostatic charge

throughout a particular structure. The first attempt at the application

of these methoCs was made with the anorthite st¡ucture as it was considered

to be the most general case; the crystalJ-ographic requirements were such

that if a computer progran were written to deal with this structure, the

sane program would be sufficiently flexible that it could be used for the
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other feldspar rninerals " In the course of the str:¿y on the anorthite

structure a number of conplications arose r¡¡hich greatly increased ühe

difficulties rftich r'rere beíng encountered, and thus the fbll detaÍls

of this structure were left unfinished whil-e complete studies were

conducted for the low and high albite members of the fel-dspar grcÂtpr

The electrostatic charge distribution calculations were

perforned in two parts" First, the posit,ive charges on the tetrahed¡al

sites were distributed to their irunediate tetrahedral o>rygen enviroûnent

proportionalþ according to the inverse squares of the T-0 distancese

In thís way the values for the tetrahedral charge contributions to the

non-equivalent orqrgen atoms were obtained. It should also be mentioned

here that the j-nfluence of the positive eharge on a given tetrahedral

sÍte is unlikely to extend be¡rcnd the i¡niediate tetrahedral group of

four oxygense as this grouping rezults in the smaII, positively charged

aton being completely enclosed by its o)rygen environ:nent.

The secord. part of the eal-culation involved the distribution

of the electrosùatic charges from the large cations (sodiun in low and

high albite) to the neighbouring olÇrgen atoms. Thj-s similarly t,ook

account of the inverse squares of the Na-O bond lengths (l) anA also the

fraction of that particular o)rygen atom which was not shielded either by

other orrygen atoms or by other sodium atomso The total charge contrj-buüions

were then zunned for ühe non-equivalent oxygens, anci these velues again

su¡ured for the appropriaùe tetrahedral group of four o)cygens. Since the

balance of charge is basically dependenü upon the distribution of silicon

anci alur¿inum in the tetrahedral si"tes of the st¡'ircture, it was considered
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that the sum of the cieviations from 8"000 e.sou.'wås the most realistic

measure of the degree of charge unbalance in the structure" The albite

calculations þrere progranned for the IBI'I t6ZO in the FORTRAN rI language,

and the program allowed a number of charge distribution calculations to

be performed for a range of coordinations of the large cation (sodiu¡n)

for fjxed assumed Si-O and A1-0 values. In this way the unbalance value

could be related directly t,o the coordinaLion of the sodium atom.

The progra.ros 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 progra.m r^,,ritten by the author for ùhe

IBI4 STSTEIL 360/nOS. The experience gaÍ-ned from the numerous failures

and inconsistencies that arose ciuring the progress of developing this

prograrn greatly assisted the writing of the IBM 1620 progra¡rs for albite,

(ii) The Anorlhite Structure

Chapters II and ITI 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 w"ith the efaborate computer

prograrn it was not possible to treat them i¡ter-dependently. Although

some of the laiest results produced near-zero charge unbal-ance values for

anorthite, it rrras felt that these vrere unrealistic. All the first

calculations yielded high charge unbalance values, and on account of these

the prograa was ¡aoCified through various successive stages in an attempt

to reduce the charge unbalance vefue. Most of the high unbalance values

i^¡ere obtained usÍng large coordination nunbers for the calcium 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

coor"dination number of the large cation reduces from the high-temperature

structure to the loLr-temperature structure. Thus, since the anorthite

stuoied was considered to be a low-temperature feldspar, the coorcÌination

number of the ealcium atoms is likely to be smaller than those for which

the majority of the calculations hrere carried out. It is thcmght therefore

that the coordination of lhe calcium atoms is like1y to be betr¡een 6-tot¿

and 12-fo1d, rather than l2-fold or higher. Time did noü permit fbrther

calculations of thi-s nature but it is believed that these smal-ler

coordination numbers nay yielcÌ a low or near-zero charge unbalance for

the structure. This would probably result in a change in the ideal values

for the si-zes of the pure Si-O and A1-0 tetrahedra obtained by the author

so far for the anorthite structure.

The study on anorthite was finaì-ly left inconplete in favour of

a study of the si.:npler albite structures. The information obtained from

the anorthite calculations r¡as useful in determinilg the approach whi-ch

was applied to the albites.

(iii) low-Temperature and High-Îe¡nperature Albites

A descripLir:n and discussion of the el-ectrostatic charge balance

studies of 1ow and high albite are cÌetailed in Chapters fV, V and VT.

The final results were of great Ínterest, and are best considered in

comparison with each other. The main concl-usions are given below¡
f¿4.

1. An almost charge unbalance value of 0.014 e.s.ur

v¡as obtained for low albite for one set of assumed conditions.

Perfect charge unbaLance is consÍdered as being the most stable
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staùe for this lov¡ al-bite, and the conclusions are therefore

based upon ùhe set of ideal corrlitions l.,.hich gave rise to this

unbal-ance value.

For the best unbal-ance val-ue of 0"014 e.sou., the mean sizes

of the pure Si-O ancÌ A1-0 tetrahed.ra assumed for this 1ow

albite are ]- ó02 and I"??T B respectively. These values are

close to those suggested by Smith in I95h, Si-O = f.ó0,. I

and A1-O : 1.?8 f. Under ihese conditions this 1ow albite

is about 82fl ord.ered with respect to Sí and 41. It, is not

fully ordered"

The coordination rnrmber of the sociium at,om in 1ow albite with

the best unbalance value is 6-fo1d, and this represents the

most satisfactory arrangenent of olg¡gen atoms r,d-th respect to

the soCium atou.

The high albite studied yielded a lov¡ charge unbalance value

of 0.0ó2 e.s.11, with a coord.ination number of 12 for the

sodium atom and with Si-O : 1.ó00 I and At-O : I"7?8 8,. This

low unbalance value is about four times greater than the

smal-lest obtairæd for the l-ow albite, Again the ideal Si-O

and Al-0 values are close to those proposed by $mith in 1954.

Anisotropism of the sodiun 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 (tZ¡.

ït is suggested that the anisotropÍsm gives ùhe sodium atom a

greater effective radius of influence in high albite, and therefore

3,

4.

5,
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the number of o>ç¡gens r¿¡hich are coorciinated to the sodium

in high aì-bite, (t27, is nruch larger than lhe number of

olqfgens coordinated to sodium in l-orv albite, (6) " As the

high albite passes through a long perioC of cooling, the

anisotropism decreases ard therefore the radius of infl-uence

of the sodium atorn decreases, thus reducing the effective

coordination of that atom,

6. Comparison between the set of conditions yielding the mini-mum

charge unbalance for Iov¡ albite and the se¡re set of conditions

for the high albite structure gives some significant informa-

tion. A reason for the Si - A1 ordering is suggested by a

stuciy of the total positive charge contributions to the tetra-

hedral groups of four o)rygens. In high albite the síte T1(0)

has excess positive charge and this is considered to be the

reason why the trivalent AI will tend to migrate preferentially

into that sj-te ín order to reduce the positj-ve charge contri-

buti"ons to that group of oxygen atoms, so as to achieve near

perfect charge bala,nce,



-I22-

EEFERENCES

Deer, 1'{. Â., Howie, R. A. arrd Zussman, J.,
1963¿ Rock Forrning i"linerals, Vol. 4, pp. L-L65.

Longmans, Green and Co. Ltd., Londono

Deer, I4I. 4., How-ie, R" A. and Zussman, J,,
L966t An Introduction to the Rock Þ¡mine lvlinerals,

Longrnans, Green and Co. Ltdo, London.

Ferguson, R.B.r
L96Oz the Low-Tanperature Phases of the Alka1i Feldspars

and lheir Origin.
Can. ]{i¡r. Vol. 6, Part 4¡ pp. Lù5-1+36"

Ferguson, RoBo, Traill, R.J. and Taylor, W.H.,
1958: The Crystal Structures of Low-Tenperature and

High-Tæperature Al-bites.
Á,cta Cryst" VoI, 11, pp. 33L-31+8,

Kempster, C.J"E., i"Iegaw, H"D" and Radoslovich, E. Iif,,
L962¿ the Structure of Anorthiter CaAlr$irO*.

I. $tructure Änalysis.
A,cta Crystu Vo.l-. 15r pp. 1005-1017"

Megaw, H. Ð.,
I956t Notation for Fe]-,Spar Structureso

Acta trysto Vol. 9, p. 56.

Megaw, H. D", Kempster, C.J.E" and Radoslovich, E.'vrl .,
Lg62r The Structure of Anorthiter CaAlrsirO*.

II" Ðescription and Discussiono '
Aeta Cr:rstl Vol" f5, pp. IOIT-1035.

Ribbe, PoHn, Ferguson, R"B. and Taylor, I'LH.,
1962r A Three Dimensional Refinement of the Structure

of Low Albite.
I'iorsk Geologisk Tidssklift, Bind 42, 2. Halvbind

a

Ribbe, P,H., lulegaw, H.D. and Taylor, T,I.H., (based on experimental
measurements by Ferguson, R.Bo, and Traill, R.J"),

L9672 The Albite Structures.
$lbraitted to Acta Cly'stallographic-a.

Paulilg, L" Jou¡n" 4¡rer_r__Çhgn"__Es-cn Vol. 51, p" 1010.
L929t

Sni f,þ, J. Vo ,
1954t A Review of the A1-0 and Si-O Distances.

Acta Crystu Vol, 7, pp, 479-1,ßL"

Srr.ith, J.V" and Bailey, S"Wu,
19632 Second Revie¡¡ of Àl-O and Si-O Tetrahedral Ðistances.

A,cta -Crysto VoI. 16, pp, 801-811,



*r23_

J.PPENDÐ( Ï



*L24_

APPENDD( I

THE DISTRIBUÎTCN OF ELECTROSTATIC CHARGBS

WITHI}I T}M ANOSTHITE STRUCTUP.E

IABI,E OF CONTENTS^

(a)

(u)

(")

(o)

(.)

T¡M ÞßIN PR.OGR¡JVI.

SUBROUTINE TETRI^.

SUBROUTINE ALKT

SUBROUTINE ALKI2.

ôaa¡

a.

PAC"E

l,25

128

Lzg

130

13r

B" PROGRA},Í DOCUI,ENTATION

PROGRAM DEFTNTTIONS. . . . caraaaaaa

PROGRAI'I PRTNTOUT

(a)

(b)

(c)

(¿)

(u)

(r)

SUBROUTTTE COORD

LTST OF VARIABLE NAI"ffiS

SIMPLIFIED FLOi^l CHARTS

EXAMFLBS OF TIü PRB{ÄRY DATA

RESULTS OF A COI.ÍPI,ETE ITER.(TTON.

l35

t35

Ll+5

148

l-5l+

r57

$4 TO CALCULATE

T.

As
].lt

Appendix I is exceptionally long,
order to faciLitate its use.

a Table of Contents is given



_r25_

AP}ENDIX I

A. THE BASIC DESC.RIPTION OF TiiE COI'ÍPUTER FROGÈAj,I

since these calcul-ations are extremeJ-y rong and tedi-ous,

and in viet'¡ of the fact that a large number of iterations are required

to arrive at a raini-¡mrm charge unbalance value, it was necessary that

the calculations be adapted to a computer progren. The calculations

themselves involve simple arithnetic, but nevertheless the crystallo-
graphi-c relationships an<Ì the changes required to rnake the various

adjustments to the variables resulted in the program being fairly 1ong.

The program was written originally for the IBM 1620 naüa Processing Unit

in FCRTìJ'N iI language and later translated in F0RTMN fV in order that

it may be operaled on the IBlvÍ STSTELI 360/65 Disk 0perating System rrrhich

was acquired by the University r:f Manitoba in September 1966. the mai-n

advantage of this system is that the time required to perform a large

m¡mber of calculations is remarkably short in ccmparison with the

IBM 1620 Unit"

The Program is divided into a l,fAIN Program l,¡ith four subroutines,

and this divísion provides a suitable breakd.ov¡n for the description of

the program. The conrplete printout anci simplified flow cliagranrs for the

progra& are found in this Appendix.

(a ) Tm MAIN PRoGR¡J'I

The MAIN Program essentiall-y controls the subroutines which

handle the bulk of the calculations. It is here ühat the variables are
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di'nensioned and defined for use by the subroutÍnes, a,nci also several of

the rcounterst required to hancll-e the crystallographic requirements are

defined. The outline of the MArN Program is given below in poiat for.m:

1. Dimension the necessary variables.

1. Read in the crystallographic control numbers. These

were established in o¡der to gÍ-ve the program grea.ter

versatility, and to make it applicable üo other

feldspar structures l^rith a rnininum of modification.

Read. in the assumed icÌea1 values of ihe Si-O and Al--Ð

distances. Reaci in all the tetrahedral-o>ygen distances,

including the average si-ze of each tetr.aìedron.

S,et the iteration counter (K).

Subroutine TETRA is called in for use, ard this carries

out the electrostatic charge distribution from the

tetrahedral sites to the surrcnirding olqfgens and then

siuns the values on equivalent orcygens so that a list of

the tetrahedral charge coniributions to the non-equivalent

o>q¡gens may be pri.nted out. (See Section (b) i-n this

Chapter concerning TETRA).

Subroutine ÂlKf is called, and this carries out ùhe main

part of the ealculation invoJ-ving the distribution of the

charge on the alkal-i or alkali earth atoms tc the olrygen

envi-ronment. It also sums these values on the

non-eo¡-:.Ívalent o)Ç¡gens and, í-n addition, sums these numbers

n'ith the tetrahedral charges on all tf,re non-equivalent Õ)rygens.

?

l+"

5,

6,
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In tÌris lray a complete list of the non-equivalent

o)rygen atoms is printed out giving the total positive

contribution to each from the surrounciing cati-ons,

7. Subroutine i:.LKI2 is called and this calculates the total

charge on each of the tetrahedral groups. ft also

deternr.ines the charge difference from the ideal value

of 8,000 ecs¡u. and arrlves at the sum of these differences.

This number represents the electrostatic charge unbalance

in the structure.

8. Subroutine COORD is called and is used to adjust the

coordination of the alkali or al.kali earth atom,

ciepending upon the structure type.

9, Return to the l,tAIN Program where a surmery of the final

results of each iteration are printed out under the

following headings: fteration Nu¡nber; Si-O Value;

A1-0 Value; Total Al-content; Charge Unbalance;

Charge Ðifference (fron one iteration to the previcus one);

and Coorclination Nu¡¿bers of the alkali or alka1i_ earth

atoms. .{n example is given in Table 8.

l-0" End of Program,

The foll.owing sections i-nvolve a more detailed viev¡ of the

lrhich the calcfulations are perforrned in each of the subroutineslmanner r_n
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(¡ ) suenüJtrÀr¡ rnrna

Subroutine TETRA is the

are as follows:

1.

leasN complex of al]." The calcul-ations

Calculation of the aluminum conient of each tetrahedral

site.

2. Srimnation of the Al-contents of all these tetrahedral

sites in order to obtain the nu¡rber of A1-atoms in the

structure "

Calculation of the statistical positive charge on each

tetrahedral site "

Calculation of the rweighting factor I used to proportion

the posiòive charge according to the inverse squares of

the di-stances of the o>rygen atoms fron the tetrahedral site.

5, The calcul-ation of the actual amounts of charge contributed

to each of the four oxygens associated r,¡ith each of the

teùrahedral groups"

6, The locatir:n of those o:rygen atoms rn'hich are equivalent

is given in order that the tetrahedral charges on equivalent

oxygens may be summed; this results in a list of the

tetrahedral charges on the non-equivalent olrygens. This

is one of the sections of the progran n'here it r^¡as

impossible to create versatility. For each different

feldspar structure this list has to be changed to suj-t

that particular sùructure.

3.

l+,



- l2q -

7 " The alu¡rinum eontent of each tetrahedral site is

printed out.

8o The toòal number of I.l-atoms in the ideal structu¡e

is listed.

9" The tetrahedral charges on aL-l- the non-equivalent

o>Çfgen atoms are listed.

(c ) sunnoutriw ¡r,rr

The sequence of calculations perforrned by subroutine AIJ{I

expressed in point form:

1, the calcium-orqygen distances are read, and a control

card is al-so read v¡hich enables the subroutine to

determine the starting coordinations of the al-kali or

al-kali earth atoms,

2. The coordination of the large cations is determi:red

by cornparing the list of data against the control card.

Those catÍ-on-o:rygen distances, less than those gi-ven on

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

3. The rweighting factorr is calculated from the sum of

the inverse squares of large cation-oxygen distances,

as deterrnined in step 2.

4" The positive charge on the caticn is distríbuted

proportionally accorciing to the inverse squares of the

cation-oxygen distances for each one of the o>'Xrgens in

the coordination scheme,



-r30-

5 " The posÍtÍve charges on the equivaLent o)rygens are

surmned and the resulting lisi of large caticn contribu-

tions to the non-equival-ent oxygens is added to the list

of the tetrahedral charge contributions to the same

non-equivalent o>qrgen atoms " The result of this operation

i-s a complete amc¡unt of positive charge contributed by

all the cations in the structure.

6" The following information is printed out:

The radius of the sphere encompassing the o)rygen atoms
v¿hich are in coorcÌinaticn i'rith the large cations.

The eoorCina.tion numbers of the large cations.

The total positive charge contributions to the
non-equival-ent o)rygens c

(a) suenoutrNE Ár,Krz

This subroutine is a continuaticn of Subrouti-ne A.LKI. The stens

followed in the manipulation of the data are as follows:

1. .4. list of the non-equival-ent olrygens associated lrith

each of the non-equivalent tetrahedra is given. It

should be noted i;hat this list represents a part of

the program H'hich has to be changed to suit different

types of feJ-dspar structures. This list sums the

total positi-ve charge contributed to each one of the

tetrahedra.

2, The oifference of the tctal cha.rge on the tetrahedra from

the ideal value of 8,000 €os.u., is calculated. These
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differences are then totalleri and tlris number is
.taken to represent the electrostatic charge unbalance

of the structure, meâsureC in e.solro

3, The foll-or'iing infcrmation is printed out:

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

The amount of electrostatÍc charge unbalance in the
stru-cture for the parti-cu1ar set of variables usedo

The amount of positive dtarge unbalance ar¡d the amount
of negati-ve charge unhal¿nce.

The amo¡nt of charge unbalanee in the structure is used throughout

the progra-rn as the deciding factor in the cal-culatj-ons with particular

reference to the assumed. values of ideal- Si-O, ideal A1-0r and the

coordination of oxygen atoms abor¡t the alkaIi or alkali earth atoms.

Varir:us adjustnents are made to ihese values and if these give a smaller

charge unbalance value, then sinilar ehanges are agai-n made to the variables

mentioned above.

fe) susnoutrNn cooRe

This subroutine was written to hardte changes in the cooriination

numbers of the alkali or alkali earth atoms in the structures" It is so

arranged that a certain number of the nearest neighboring o>rygens may be

taken into conslderation during the first series of iterations r^'hen the

ideal Si-O and Ä,1-0 distances are being adjuste,l" After the best ideal

values of these two di-stances have been obtained, this subroutine comes

into play to adjust the coordination values of the alkali or al-kali earth

atoms, keeping the best ideal Si-O ard Al--0 val-ues constant. The various

steps in the manipulation are as follows:
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The coordination of the first of the a1kali or a1kali

earth atoms (if there are two or more of these non-

equi-valent atoms i¡r the structure ) is increased o In

otherruords, the next nearest oxygen is allor,,'ed to take

part in the charge distribution celorlation. The

charge unbalance i-s calculated in the next iteraùion

v¡hich proceeds through the vrhole prograrn.

If the charge unbalance is less than thaù of the

previous iteration, then provision is made for that

o)rygen to be considered as being coordinated with Lhe

alkal-i or alkali earth alom in question. The next

nearest o)cygen of the succeeding cation wi}l then be

brought into coordinatj-on for the succeeding iteration

and the program moves again through the next iteration.

If, in this case, the amcunt of charge unbalance is

greater than that obtained on the previous iteration,

then this subrortine will reject that o:rygen as being

structurally coorciinated v¿ilh lhe alkali or alka1Í earth

atom ancÌ it r¡r-ilI prinù out Lhis infornation, indieating

the distance of the o>rygen from the cation ard also the

number of the olqfgen r.¡hich may be related to the

sequential m¡mbering system used in the treatment of

the data"

h, This procedure is follorn¡ed u,'1th respect to each one of

the a1kali or alkali earth atoms in turn until aI[ those

4.a

2
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olrygen atoms v:ithin a ¡.aciius of ó.500 I of the cation

have been considered. Thus the coordinalion of each

non-equi-valent alkali earth atom is increased in turn

and decísions made as to whether the partÍcufar oxygen

atom in question should be accepted into coorciínation

or rejected.

In order to facilitate the sequential storage of the data, the

interatomi-c distances v,'ere stored on the basi-s of the Megaw lilotation (1956)

for the feldspars.
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B. PRæRAM DOCU}4FÀJTATI ON
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APPENDTX I

B. FROGRAM DOCU},IONTATION

(a) rnocn¡u ¡n¡'ttrlrrro¡¡s

Title: ELECTROSTATIC CHARGE B¿IANCE CAT,CULATIONS FOR

FEIDSPAR STRUCTURES

Author: R. f" GAIT, Universüy of ManitoUa (196?)

Language: FORTRAN IV

Operation: IBM STSTEM/360 DOS

Capacity: Ma¡ri-uum storage space reserved to handle the
anorthi-üe structure. IIp to 3O0 iterations
may be processed.

Core: eOþfl.l0N, o.... r r. . o o. ! o .201600 bytes

MAIN. . o . c .. 7rI28 bytes

IETRA, . J-r32) bytes

ALKI. .. .. . i . r Lr7|,6 bytes

ALKT2 . r . o . o ø . Lr628 byfes

C00RD.. ¡. .o . 16.19óbytes

Total Core. . . .481628 bybes
:

Tl¡ag¿ For 22l- iterations including conpiJ-ing ùirne:

21 minutes Jl seconds.

Output: All printout.

The conplete program is listed on the foIlow'ing pages.

(u) rnocn¡¡r mrttlrgrt

The complete progran may be fourd on the following nine pages.
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C ELECÏROSTATIC CHARGE BALANCE CALCULATIONS
C FOR FELDSPAR STRUCTURES
C APRILT 1967
c
C MAIN PROGRAM
c

0DI MENS ION A ( 1ó r5 ) rlJ ( 16 r 5 ) rOC ( 32t ¡SIO ( 300 I rALO ( 300 ) tD I I2B ¡41 ;
lDX(300r4t çC( 128 ) rSUMX(4 ) rDV(300) TSUMOC( l2g ) rDVD(3OO) r
2SUMCO(300r4) rT ( 16 )TSUMC (128) rSUMO( tZA ¡rZM( 3C0 ) rN( 3OOr4)

c
COMMON K r A rW rOC r S IO r ALO r D r DX r C r SUMX r DV r SUMOC r DVD r SUMCOT T r SUMC r

' lSUMO ¡Zl4tIOX r i CAT r I TET r I EaX TCHCAT r KMAX r I PUN rJCK r JOKE r MULT r I T r I S I r
2l AL

c
2 FORMAT (5F5.31

319 FORfqAT (,512¡F2.I )

4 FORMAT (2F5.31
c

READ ( 1r319) IOXr ICATr ITETTIEQX TMULTTCHCAT
READ ( 1r4lS1rS2
I EQX= I EQX*2
MULT=MULT*2
KMAX = 0
WRITE (3r109)
TT =2
JOK=1
JOKE= 1

DVD(1)=0.000
K=1
SIO(K)=S1
ALO(K)=S2
K=0
READ (I¡21 ( (A( I rJ) rJ=lr5) rI=lr ITET)

I K=K+1
I F { K-299't 401 r400 r40 I

400 KMAX=K-1
GO TO I53

401 IF ( IT-4 l314¡54s3L4
3T4 CALL TETRA

GO TO 300
54 ZM(K)=ZM(K-l)

SIO(K)=SIO(K-I )

ALO(K)=ALO(K-1 )

3OO CALL ALKI
CALL ALK I 2
fF(IT-4)11r331r1I

11 GO TO I
33I CALL COORD

IF ( KMAX-K ) 603¡ L53 ç6A3
ó03 GO TO I
I53 WRiTE (3¡154)KMAX

WRITE (3¡4Ll
WRITE (3r40)
WRITE l3ç42) ( (D( IrJl rJ=lrICAT) rI=ITIEQX)
l,JR ITE (2 ¡45 ) ( ( D( I rJ ) rJ=l r ICAT ) r I=l r iEQX )

162 CONT INUE
DO 164 K=lIKMAX
DO 164 J=lrICAT
N(KrJ)=SUMCO(KrJ)

164 CONT INUE
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M=1
L=30

443 þJRITE (3r50)
WR I TE (3 ¡53,
DO 52 K=MTKMAX
IF ( K-L 155 ¡444¡55

444 L=L+30
M= L-30
GO TO 44?

55 WRITE ( 3r51 )KTSIO( K) IALO (K) rZM ( K) rDV(K ) rDVD( K) rN( Krl ) rN( Kr2 ) rN(Kr
l.)rN(Kr4)

52 CONT INUE
WRITE (3¡1ó5)K

40 FORMAT ( I H r 10X r 5HCA 1-Or 10X r 5HCA2-O r 10X r 5HCA3-O r 10X r5HCA4-O )

41 FORMAT(1HlI1OXI32HLIST OF cALcIUM oXYGEN DISTANcES)
42 FORMAÏ (1H r4( 10XrF6.3) )

4, FORMAT (4F10.3 )

50 FORMAT(IHlrIOXr8óH ITERATION SIO ALO T0TAL AL CHAR
lE CHARGE COORDINATION NOS. OF )

51 FORMAT(1H rl0XrÍ7¡4F 10.3 sF12.3t5X¡4I5)
53 FORMAT ( lH r 10X r86H NUMBER VALUE VALUE CONTENT UNBALA

lCE DI FFERENCE CAI CAz CA3 CA4 )

109 FORMAT(1H TI0XT2IHFELDSPAR CALCULATIONSTI5XTBHRrI rGAIT )

L54 FORMAT(1H rl0Xr2OHMAXiMUM VALUE OF K =t13 )

165 FORMAT(1H TI0Xr3THMINIMUM CHARGE UNiIALANCE oN ITERATIONTI4)

óO CALL EXIT
. END
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SUBROUTINE TETRA

0DIMENSION A ( 16 r5 ) rW ( 16r 5 ) rOC ( 321 tSIO( 300 ) rALO ( 3OO ) rD( 12 I ¡4t ¡
lDX (300 ¡41 tC( 128 ) rSUMX(4)'DV( 30Q) TSUMOC( 128 ) rDVD(300) r
2SUMCO( 300r4) rT ( 16) rSUMC ( 128 ) rSûl¡o( tzg I rZM ( 300 )

COMMON K r A r!'J I OC r S I O r ALO r D r DX r C r SUMX r DV r SUMOC r DVD r SUMCO r T r SUMC r
lSUMO¡Zì4¡IOXIICATT ITETIIEQXICHCATIKI.IAXI IPUNTJOKIJOKETMULTT ITT ISIT
2I AL

ZM(K)=0.
D0 3 l=lrITET
Z=lA ( I r1 )-SIO( K) ) / ( ALO( K)-SIO( K) )
ZM(Kl=ZM(K)+Z

16 IF(I-1)17r15r17
15 bTRITE' (3¡6)KrS IO(K ) rALO( K )

17 |{RITE (3¡71'!.;Z
98 CONTINUE

Y=4.-Z
X= ( 1o / ( A(I ¡21*A( I ;21I l+( 1. / I A( LSlxA( I r3 ) ) )

l+( 1./ (A( I ;4)rfA( I r4l ) )+( l. / (A(Tr5)*A( Ir5) ) )

DO 3 J=2;5
W( I rJ)=Y/ ( A( I r J)xA( I rJ) xX )

3 CONTINUE
WRITE (3rl99lZM(K)

c
c

THE FOLLOW I NG CARDS þIUST
ANORTHI TE NON-EOUIVALENT
OC(11=W(1r2)+W(llr2)
OC(2)=l{(3 ¡21+W(9;2t
OC(31=W(2r2)+W (12¡2t
OC(4)=W(4¡21+W(10r2)
OC ( 5 I =hl( 7 ¡21+W ( 13 ¡Zt
OC (6 ) =W( 5 ç2t+Vt ( 15 tZt
OC(7)=W(Br2)+w(14tZt
OC ( 8 ) =t/( ó r2 )+l.J ( 16 tZI
OC(9)=W(lr3)+W(13ç31
OC( 10 ) =tJ l5 t3l+W( 9 r3 )

OC ( 11) =W (2¡31+t¿J ( 14 r3 )

OC( 12 ) =þJ I 6¡3)+W( 10r3 )

OC ( 13 ) =!{ (7 ¡31+þ/ ( 11 r3 }

OC( 14l =tJ (3 t3)+þJ { I5 ¡3 I
OC( 15 ) =W ( I r3 )+W( 1 2¡3 I
OC( 1ó )=W ( 4¡3t+W ( lór3 t

OC ( 17 ) =t¡J ( 1 r4 )+V/ ( 16 r4 )

OC( 18 ) =W( 8 ;4)+t¡/( 9 r4 )

OC( 19 )=W {2ç4)+W( 1 5 ;4t
OC ( 20 ) =W ( 7 r4)+tJ ( 10r4 )

OC( 21 ) =W ( 6 ¡4)+t¡J ( I 1 r4 )

OC ( 22 ) =W l3 t4)+W( 14r4 )

OC( 23 ) =W l5 ¡4)+ì'.J ( I 2 ¡41
OC I 24) =W ( 4 r4 )+l¡J ( 13 r4 )

OC ( 25 )=W( I r5 ¡+W( I 5 ¡5 I

OC(26)=W(7r5)+W(9t51
OC ( 27 )=W ( 2t5t+W( 16 r5 )

OC( 28 ) =W( I r5 )+þ/( I0 r5 )

OC ( 29 ) =W ( 5 ç5t+l¡J ( l1 r g )

OC ( 30 l =W l3 t5 t+W ( 13 ç5 I
OC ( 3l ) =W (ó r5 )+tj ( I Z ¡5 I
OC | 72) =l.l ( 4'5 )+W ( L4 ç5 I

BE CHANGED FOR DIFFERENT FELDSPARS
OXYGENS RECEIVING TETRAHEDRAL CHARGE

13 WRITE (3¡5) (IrOC( I) rI=1rIOX)
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.5 FORMAT(1H rl0Xr20HTET cHARGE oN oxY ot12¡F9.3t
6 FORMAT(1H1r10X;14HSIOr ALOr K=rI4¡2F7.31' 7 FORMAT ( 1H r l0X r 14HAL CONTENT T tI2¡F9.3t

199 FORMAT(1H rl0Xr30HToTAL ALUMINUM iN sTRUCTURE rF9.3t

IO2 RETURN
END



suBRourINE ALKI - 140 -

0DI MENSION A( ló r5 ) rw (16¡5 ) rOc ( 32t ;sIo ( 3oo ) rALO ( 300 ) rD ( I 28¡4t ¡
lDX (300 ¡4t ;c( 128 ) rSUMX(4 ) rDV(30O) TSUMOC( 128 ) rDVD( 300) I
2suMco( 300r41 ¡T ( t6) rsuMc( 1zB) rsuMo( 128 ) rZM( 300 )

COMMON K r A rW rOC r S Io I ALo r D rDX r C r SUMX r DV r SUMoC r DVD r SUMCoT T r SUMC rl SUMO ¡ZI4¡ T'O X I I CAT T i TE T I I EGX T CHCA T T KMAX I I PUN T JoK I JoKE I MUL T T I T T I S I I2IAL

32 FORMAT (4F5O3I
33 FORMAT(4FI0.3)

IF(K-11L96¡I97;L96
197 READ (7¡32) (DX(l;J) rJ=1r ICAT)

READ (I¡7? ) ( ( D ( I rJ ) rJ=1r ICAT ) r I=1r i EeX )
196 DO 433 I=lrIEQX

SUMOC
SUMC (

SUMO (

437 CONT TNUE
DO 445 J=lrICAT
SUMX(J)=0.
SUMCO(KrJ)=0.

445 CONTINUE
l,/RIïE (3r10¡¡4
DO ZO3 J=lrICAT

7L WRITE l3t75tJçDX(KrJl
DO 2OZ I=lriEOX
tF ( DX (KrJ )-D( I rJ ) ) 3B ;39 ¡39

39 SUMCO ( KrJ ) =SUt"lCO (K rJ ) +1.
SUMX(J)=SUMX(J )+(I./ (D( I rJ)*D( I rJ) ) )

38 C( I )=0o
202 CONTINUE
77 WRITE l3¡79tJ TSUMCO( KrJ )40 DO ?03 I=lrIEAX

IF (DX (KrJ )-D( I ¡ Jt I 204r-ZO5¡205
2O4 SUMC( I )=SUMC( I )+0.

GO TO 203
2o5 suMc( I )=(cHcAT /(D(r rJ)xD( IrJ)r+suMx(J) ) )+suMC( I )2O3 CONTINUE

DO 2O7 I =1 r IOX
I PN= I +MUL T

N =MULT- 1

DO 5 J=l rN
l-= I PN-J
SUMOC( I )=SUMC ( L )+SUMOC( I I

5 CONT INUE
SUMOC ( I ) =SUMOC ( I )+SUMC( IpN)+OC( I )

2O7 CONTiNUE
WRITÊ. l3çZZt

8l WRITE l3r84) ( I TSUMOC( I ) rI=lrIOX)
4T CONTINUE
c

10 FORMAl( 1H1 rtóHiTERATION NUMBER r Ia)75 FORMAT(IH rloXrl5HLIMIT FoR cAT-o trz¡F7o3r79 FORMAT ( 1H r10X r t3Hco-oRD oF cAT r I 1 rF7.o )

22 FORMAT ( 1H1 )

84 FORMAT ( 1H r 10X rz2HTorAL CHARGE oN oxy o¡ rztF7.3t
RE TURN
END

I )=0.
) =0.
) =0.
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SUBROUTINE ALKi2

0DIMENSIoN A( 16 r5 ) rw( 1ór5 ) roC( 32t ¡SIo(3oO) rALo ( 3oO) rD( t2Br4) rlDX(300¡4) ¡C(128) rSUMX(4) rDV(300) TSUMOC(.128) rDVD(3OC) r
2SUMCO( 300r4) rT ( 16 ) rSUMC (IZe)TSUMO( l2A I rZM( 300 )

COMMON K r A r W I OC I S I O r ALo r D r DX r C r SUMX r DV r SUMOC r DVD r SUMCO r T r SUMC rl sUMo ¡ZM¡'1'oX r ICAT r I TEI r I EQX TCHCAT r KMAX r I PUN rJoK, ¡ore rMULT r I T r I S I r2I AL

THE FOLLOWING CARDS MUST BE CHANGED FOR DIFFERENT FELDSPARS
ANORTHITE TOTAL CHARGE ON 16 NON-EQUIVALENT TETRAHEDRA
T( I )=SUMOC( r )+suMoc( 9 )+SUMOC( 17 )+sUMOC ( 25 )
T I 2l=suMoc ( 3 )+suMoc( tI ) +suiqoc ( 19 )+suMocrzT r
T( 3 )=suMoc ( z )+suMoc ( 14) +suMoc ( 2z )+suMoc ( 3o )
T( 4 )=SUMOC ( 4 )+SUMOC( 16 ) +SUMOC ( 24 )+SUMOC(32t
T( 5 )=SUMOC (ó t+SUMOC( 1O ) +SUMOC ( 23 )+SUMOC( 29 )
T( 6 ) =SUMOC (B l+SUl"tOC ( 12 ) +SUMOC ( Zl )+SUMOC ( 3t )
T( 7 )=suMoc ( 5 )+SUMOC( 13 ) +SUMOC ( 2O )+SUMOC( 26 )
T( I l=SUMOC (7 )+SUMOC ( t5 ) +SUMOC ( tB )+SUMOC( 2B )
T( 9 )=SUMOC(2 )+SUMOC( 1ü) +SUMOC( r8 )+SUMOC( 26 )
T ( I 0 ) =SUMOC ( 4 ) +SUMOC ( I2 ) +SUMOC ( 2O ) +SUMOC ( Z8 )ï( 1r )=sUMoc( 1 )+suMoc( 13 )+suMoc( 21 )+suMoc( 29 )
T (L2) =SUMOC( 3 ) +SUMOC ( 15 )+5UMOC ( 23 ) +SUMOC( 31 )
T( 13 ) =suMoc ( 5 )+suMoc( 9 ) +suMoc( 24)+suMoc ( 3o )
T ( 14) =SUMOC (7 ) +suMOc ( 1 I )+SUMOC ( 22 ) +SUM OC(32t
T( 15 ) =SUMOC( 6 ) +SUMOC ( 14 ) +SUMOC ( 19 )+SUMOC( 25 |
T( 16 I =suMoc( I )+suMoc ( 16 )+suMoc ( 17 )+suM oc( 21 r

87 þ/RITE (3r89) (I rT( I I rI=lrITET)
I98 CONT iNUE

SX=0.0
SY=0r0
DO 50 I=1 r ITET
IF(8.-T( I tt45¡46t46

46 X=8.-T(I)
SX =SX+X
GO TO 50

45 Y=T( I )-8.
SY =SY+Y

5O CONTINUE
DV(K)=SX+SY
GO TO 15
IF(K-Il3¡4ç3

4 SIO(K+1 )=SIO(K )-0.û01
1t ALO(K+1¡=4¡9¡6,

GO TO 113
3 DVD(K }=DV(K-1) -DV( K)

IF{II-4)tórt5rI6
16 IF(ISI-4)7¡8¡7
8 IF(IAL-4)14r15¡14
7 IF(DVD(K))5s4¡4
5 SIO(K+1)=SIO(K-1)

ISI=4
GO TO 11

14 IF(DVD(K))9rl0r1O
1O ALO ( K+1 ) =ALO ( K ) +0.OOl
LZ SIO(K+l)=SIO(K)

GO TO II3
9 ALO ( K+I ) =ALO ( K-l )

c
c
c

c
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I AL=4
GO ïO L2

l5 I T=4
SIO(K+1)=SiO(K)
ALO(K+11=ALO(Kl

lL3 DO 115 J=lrICAT
DX(K+1rJ)=DX(KrJ)

I15 CONTINUE
tJRITE lVr117)SY
þtRITE (3r118)SX
þJRITE (3r116)KrDV(K)

89 FORMAT(tH rl0Xr30HTOTAL CHARGE ON TETRAHEDRON f;12¡F9.3t
116 FORMAT(1H rl0Xr2OHSUlvl OF DEVIATION K =rI4¡F7o7l
117 FORMAT(1H rl0XrlSHPOSiTIVE UNBALANCE tF7 l.3t
118 FORMAT(IH TI0XrlSHNEGATIVE UNBALA¡¡CE¡F7.3t

RETURN
END
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SUBROUTI NE COORD

0DIMENSION A( 16 r5 ) rW ( lór5 ) rOC( 321 tSIO(300 ) rALO ( 3OO ) rD( tZ8r4 ) r
IDX( 300r4) rC( 128 ) rSUMX(4) rDV( 30O) rSUù10C(128 ) rDVD( 3OO) r
2suMco(300r4) rT ( l6) rsuMc( 128) rsuMo( 128 ) rZM( 300 ) r
3co(4! rcoD l4l ¡cx( 3Lr0r4) rDMAX(300r4) rcAMCo( 3oor4)

COMMON K r A rl'J rOC r S I O r ALO ¡ D r DX r C r SUMX r DV r SUMOC r DVD r SUMCOT T r SUMC r
lSUMO rZM r IOX r I CAT r I TET r I EQX TCHCAT rKMAX r I PUN rJOK r JOKE rMULT r I T r I S I r
2I AL

f F (JOKE-2130¡3L¡30
30 READ (l-¡27) (DMAX( I rJ) rJ=lrICAT)

I ALK=0
IAKE= I CAT+l'

3L DO 26 JI K=1 r ICAT
CX(KTJIK)=DX(KTJIK)

26 CAMCO(KrJI K ) =SUMCO( K rJIK )

JOKE=2
JIL=0
DO 33 JAC=lrICAT
IF ( CX ( KrJAC ) -DMAX ( I r JAC I I 37 ¡i4 ;34

34 JIL = JIL+l
33 CONTiNUE

IF(JIL-ICAT)37 ¡36ç37
?6 KMAX = (

GO TO L2
42 IF( JOK-IAKE 143 ¡44t43
43 IF( JOK-IALK)48 r6 r4B
48 IF(CX (KTJOK)-DMAX( I rJOK ) )46r 47 ¡47
47 IF(JOK-ICATll¡49¡1
49 IALK= ICAT
46 CX ( KrJOK ) =CX(K rJOK)+0.001

COD(JOK)=0.
CAMCO ( K rJOK ) =CAMCO ( K rJOK ) +l ¡
DO 3 l=lrIEOX
IF (CX (KTJOK)-D ( I rJOK I li¡4ç4

4 COD ( JOK) =COD(JOK )+1r
3 CONT INUE

IF (CAMCO ( KrJOK ) -C0D ( JOK ) ) 5r6r 5
5 CAMCO (KTJOK) =CAMCO( K rJOK ) -1.

GO TO 43
6 JOK = JOK+I

GO TO T2
37 D0 2I L=lrIEOX

M= K-L
IF(DVD(M) )2Lt23;23

23 DVD(K)=DV(M)-DV(K)
GO TO 25

2I CON.T I NUE
25 IF(DVD(Kll24t42¡42
24 JOK=JOK-1

DO 7 l=lrIEQX
tF(CX(KTJOK)-D( I rJOK) )7rBrB

8 IF(DX(K-1 rJOK)-D( I rJOKt t9t7 ¡7
9 WRITE (3rI0)JOKTITD( IrJOK)

D( I rJOK)=7.000
7 CONTiNUE

JOK=JOK+I
IF ( JOK-IAKE I 45 c4t+ ç 45
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44 JOK=1
45 GO TO 43
12 DO 14 I=lrJOK

DX(K+IrI)=CX(KrIl
14 CONT I NUE

5IO(K+1)=5IO(K)
ALO(K+11=ALO(K)

10 FORMAT(1H r16X r2HCA ¡12..ZH-Or I3r 1H= ¡F5.3¡LZH REJECTED)
27 FORMAT I4F5.3I

RETURN
END
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APPEND]X T

(c) r,rst or v¡nr¿gi,¡ Mtl,qs

The COMÌ.ÍON Dimensioned Variables

A(1615) The tetrahedral-o>rygen distances, The five ta,lues
on each card are as follows: the first is the
average size of the tetrahedron, the remaining
four are the T-0 distances in Ãngstrom units,

ALO(200) the values of tr,he idealA(-o d.istances used in each
successÍve iteration.

C (64) A tciumnr¡r t storage .

D(6h,rl+) fhe alkali or alkali earth to o:rygen distances in
Engstrom units. Provision is made for the handling
of up to four non-equivaleni large cations.

(e.C", the four calcium atoms in the anorth-ite structure).
DV(200) The total charge unbalance on each iteration.
DVD(200) The differenee bettoreen the charge unbalance on one

iteration and the unbalance on the preuious iteration"
fX(e00r4) The values which control the coordination numbers of

the large cations, expressed ¿5 J-imi ting alkali or
alkali earth to o:çygen distances.

AC(32) The total tetrahedral charge on the non-equivalent
oxygens.

SI0(200) The values of the ideal Si-O distances used in each
suceessive iteration.

SIiMC(64) The positive charge contribution of the alkali or
alkali earth atoms to the coordinated oxygens.

SUMC0(200'4) The coordination numbers of the alkali or alkali
earth atoms.

SUMO(64) Not used.

SUM0C(64) The total positive eharge contribution to the equivalent
o>rygens in the structure.

SUI,Ð[(4) Thetweighting factcrrfor up to four alkali or alkali
earth atoms ard their oxygen environment.

T(fó) The total positive charge contribuiions io the
non-equivalent tetrahedra.

hI(I6r5) The storage spaces reserved for the tetrahedral
positive charge contributions to the o>grgen atoms'

ZM(aOO) The space reserved for the total number of aluminr:m atoms
in the ideal- strrrcture, as calculated on each iteration, '

and dependent upon the ideal ,Si-O and Al--0 distances used.
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The Renainine COI'MON Variable,s

CHCAT The charge on the al-kali or al-kali earth atoms.

IAI

ICAT

IOX

IFUN

TST

IT

TTET

JOK

JOIG

KMAX

MULT

A counter used to estabU-sh the attainment of the
best icieat A1-0 value.
The number of non-equivalent alkali or alkal-i
earth atoms,

ïEQJ( The number of equivalent oxygens in one unit ceIL
of the structure.
The number of non-equivalent or,ygens.

Not used.

A counter used to establish the attainment of the
best ideal- Si-O value.
A counter used to establish the at,tainment of both
the best icieal Si-O and Al-O values.
The number of non-equivalent tetrahedra.
A counter used in the subroutine C00RD.

A counter used throughout the program.

The maximun number of iterations calculated.
the multiplicity of the structure type,

.Additional Variables _Used in the MAIN Prosram

Dimensioned Variables

N(64r4) A fi-><ed point variabl-e used to change the coordination
numbers of the alkali or alkal-i earth atoms to integers
from floating point numbers.

Silgp1e Veriables

L and M Simple counters.

Additi-onal Variables Used i¡r Subroutine TETRA

The rweighting factort used in the tetrahedral calculation.
The positive charge calculated for a üetrahedral site.
The statistical alunrinum content of a tetrahedron
e>çressed as a fraction of 1.

X

r
z
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Additional Variables Used in Subroutine ALKI

ïPN, L and N ginrple counters.

Additional Variables Used in Subroutine ALKf?

SX The amcn¡nt of negative electrostatic charge unbalance.
SY The amcunt of positive electrostatic charge unbalance.

AddiÈional Variables Used in Subrortine C00RD

Djgensioned Variables

CAMCO(20014) Directly equivalent to SUIvÍCO(200,4).

CÐ(4) Not used.
C0D(4) I simple counter.
CX(200) DÍ-rectly equivalent to DX(2OO).

Simple Variables
\IrJrLrI\t ) sirpre counters

TALK. IAKE )
Jñ-årxl ;r¡i or indicators'
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APFENDIX I

(¿) s¡,tplrrmD ¡Lou cH/rRTs

The Flow Charts of the progran are given in

this section as follows:

Fizure 1:

Si-nplified Flow Chart of the MAIN Progra,n

Fi-gure 2;

$imflified Flow Chart for Subroutine TETRA

Fizure 3:

SÍ-nplified Flow Chart for Subroutine ALKI

Fizure 4:

Simplified Flor,r Chart for Subroutine ALKI2

Fizure 5:

SÍmplified Flow Chart for $ubroutine C00RÐ
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APPENDIX I

(e'ì tr,{T{PI,ES OF THE PRIMARY DATA

The primary data is entered into the progran in the

following form:

(i) Si-O ana A1-0 Ïdeal Distances (2F<.3)

FÍeld # L 2

Col-s. 1-10 x.xx$.xnr
hanple L.6O2L.759

One card only.

(ii ) The Tetrahedral Dístances ßfS 3)
Field# I 2 3 l+ 4)

cots. t-2J x.)o4.@.xntr.udx,Ðrx
Exanple 1.6131.ó101.6201.6011.6L1

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
stnrcture (Anorthite: 16 cards).

(illì the Crystalloeraphic Control Card. (qI2"F2.1)

Eield# L23456
cors. 1-12 x$d)oü($ufi.
Example 320l+1664022,

Field #1 The number of non-equivalent o:rygen atoms.

Field #2 The number of non-equivalent alkali or aLkali
earth atoms.

Fie1d #3 The nu¡rber of non-equivalent tetrahedran

Field #4 The number of equivalent olqfgens.

Field #5 The m.rltiplicity.
Field #6 The positive charge on the alkali or alkali

earth atons.
(The nunerical examples glven are for the anorthite stmcture).

One card only.
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Cont nation of the Initial Coordination
the Al-kali or Alkali

123
x.)o0ù.r00ft.xruft.ns
4.1394.U94,0714.UO

Field #1 The distance of the 12 closest o)rygen to the alkali
earth atom. The progra¡ wiLl then use this number
to deternine that the alkali or alkali- earth aton
has 12-fo1d coordination.

Fields
#2r3r&t+ Additional fields for another J non-equivalent alkali

or a1kali earth atoms.
(Ttre nunerlcal example is given for the anorthite structure with
4 non-equj-val-ent calcium atons).
One card onJ-y.

(v) List of Alkali or AlkaIi Earth to O:<ygen Ðistances (4F5.3)

Field #1

Cols. 1-10 )iXOO(Nlf.nX
Exanple 2.5OO

Field #2

Co1s. 11-20 ffiOüX.XXX
Exernple 8.000

Field #3

Cols, 21+30 100(ÐO(.XTN
Example 8.000

Field #4
Cols. 31-¿10 ]t[xxl0r.X)ü
Example l+.].7L

These forr fiel-ds are placed on one card, and there wiJ-l be one
card for each of the equivalent o)S¡gen atoms; in the anorthite
structure there will be 64 cards.

These fields represent the list of alkali or alkaU- earth cation
to orrygen distances punched in the appropriate space for a given
o)rygen. Some of these spaces w1ll not be used as they represent
some o)rygen atoms which are too far from the large cation to be
coordinated. In this case a dunny number (8,000) is used.

Field #
Cols. 1-2O

Exa,npIe



Field #

Co1s. 1-20

Exanple

Fields #Lr2r3r4
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1231+
x.)fi#.ÐüF.xx$.xxx
6,0006"000ó"oooó.ooo

Sirnìlar to data cara (iv) but the upper linit
of lhe alkali or alka1i earth to o:rygen distances
in Àngstrom unitso In the numerical exanple
above, the program will end only afber all the
orygen atoms i-n each non-equivalent alkali or
alkali earth envi-ronment haq been consid.ered.
out to a distance of 6"000 X.

(The nunericar example is given for tt¡e anorthite structure),
Orre card only.
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APPENDIX T

The follow'ing three pages give the conputer

listíng for one complete iteration of the FORTRAN IV

Program described in this Appendix.
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sIo, ALO, K#74 1.ó02 L.76L
AL CONTENT T I 0.069

' 
^L CONIET\IT T 2 0; O8 R

AL CCINTEi\JT T 3 O. 03 8
. AL CONTENT 1 4 O. I5I

ÀL CONTEÀjT T 5 0-069_
AL CÛNTENT T 6
AL CONTENT T 7
AI l-N\ITtrÑiT T Ê

0.050
0.0
Õ.1/.,L

AL CÛNTENT T 9
AL CONTËNT T]O
AI l-NNITtrN¡ T T] I

0.981
0.906
n-qá?

AL CONTENT ÏL2
AL CONTENT T I3

0.874
0.90ó

^l 
rnNTtrNr T Tlá l)-qqô

Tnr^L ALrlÈu¡lu

AL CONTENT T I5
AL CONTENT TIó

TET CHARG
TET CHARG

0.893
o .947

E ûN OXY 0 t 1.669
E 0N OXY 0 2 r.ó81
,: n¡r¡ fìVV n 2 1??OI-F]--CHA,RG

TET CHARGE ON OXY O 4
TET CHARGË Ci\¡ OXY O 5

r.714
l. ó88

IFr CI-{A_RGÉ_0rLOXY O ó l.f3j',
TET CHAR.GE ON

T ET CHARG E Oi\j
T FT CHÂRG F QI.I-

OXY O7
OXY O8
NXYfiC

l.ó89
L.767
t-7lc

T ET CHAR.G E CN OXY O IO
TET CHARGtr ON OXY ÛII
TÉT CHARCF Ni\I NXY N12

1.7ó8
1.7 27
i -7?2

TET ChAKGE 0t.¡ OXY 013
TET CHARGE I]N OXY OI4
TtrT (^HARGF NÑ NXY N] 5

L.844
L.7 4?
1^1?6

lEr CHAR(;E 0Nr_OXY____O_IA_ 1 -71 |

TET CHARGË ON OXY 01ó
TET CHAR.GE ON ûXY O 17

TET CHAR.GE ON OXY OI9
TET CHARGE ON OXY O2O
TÉT THADí:tr NN ìYV N)1

r.807
I.7ó8

L.827
1.808
1 -fq(

TET CHARGE ON OXY O22
TET CHARGE DN OXY A23

L.747
L.7 32

I-ET CHARCÉ NI.r nYV ît)L 1 -7É.fl,

TET CHARGÉ 8N OXY O25
TET CHARGE ÛN OXY 426

.L .7 66
L.7 54
1 - Aq¿rIËT-C.HA.R.GL-CÀI-CXY î2-7

TET CHÄRGË OhI iJXY 028
TËT CHARGE ON OXY O29

I. ó89
I.741

TFT THARGF NN OXY C?O -].E25
TET CHARGE ON¡ OXY Û3I I.8ó7
TET CHARGE 0N tXY C,32 1.7óó
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iTER.ATIÜN NUiqBER 74

, cc-oRcL-€E-C+LLI Ió. '

LIMIÏ FOR CAT-O 2 4.gL4 .

CO-ÛRD ÛF CATZ IB.
{+¡{tf--€OR_CALO-3-4 Õ)L

cO-o.RD 0F cAT3 L4.
LIMiT FOR CAT-O 4 4.9L2
c0-0Ro oF cAT4 15.
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TOTAL CHARGE ON OXY O L 2.03I
TnT^l atl^Þl:tr fìf\l nYV n ) ) 

^t,-7
TCTAL CHARGE ON OXY O 3 2.L54
TOTAL CHARGE ON OXY O 4 2.095
TCIAr CHAR_G€__ON__OXY n _5_ 2.O5Á
TOTAL ChARGE ON OXY C 6 2.L32
TOTAL CHAR.GE ON OXY C 7 2.L26
TIITÀI CHÂRCF NN NXY N d ?^N79
TOTAL CHARGE ON OXY O 9 2.OOB
TOTAL CHARGE ON OXY OIO 2.0L6
TnT^r f^HÀR-GE___OÀLOjÍY fill 't -g4E
TOTAL CHARGE ON OXY OI2 2.0O4
TOTAL CHARGE ON OXY O13 1.985
IOIA].__CHAgGE__¡N__-OXy Ot 4 I J.9-6
TOTAL CHARGE ON OXY OI5 1.990
TOTAI CHARGE ON OXY OIó I.987

TÀL_-CHARGE ON OXY OI.7-1-.9€-9-
. TCTAL CHARGE ON OXY OIB L.9L4
. TOTAL CHAR,GE ON OXY OI9 I.903

TOTÀL CHARGE ON-OXV O2O I.A3
TOTAL CIIAR.GË ON OXY 02I L.973
TCTAL CHAÈ.GE ON OXY A22 T.942
TnIAI--CBj.RGE--flÀLOXY____!2? 1 .9!4
TCÏAL CHARGE ON OXY T24 L.934
TOTAL CHARGE ON OXY 425 I.97I
TnTAt CttAlìGF oNi nXy n26 2.0ì,6
TÛTAL CHARGE Oi\ OXY A21 I.958
TOTAL CHARGE DN OXY A2B L.975
ToTALlllAÈCF SNL_OXIL cr2a. 1-992
TOTAL CHARGE ON OXY O30 I.9óó
TOTAL CHARGE Oi\j OXY 031 I.95I
TÍìTA I CjjARGF NN NXY O32 I.984
ÏOTAL CHA.d,GE ON TETRAHEDRCN T I
TOTAL CI-iARGE ÜN TETRAHEDRÙN T 2

1.999
7.962

TnT^r rH^RCtr nN TtrTA'^l-ttrnanN T ? 7 -471
TOÏAL CHARGE ON T ETRAHEDR.ON T 4
TCTAL CHARGE ON TETRAHEDIION -I 5

TOTAL C¡-IÀRGE ON TETRAHEDRÛN TIO
TOÏAL CHARGE ONJ TETRAHEDRON TII
Ï&TÂL-CTIÂ!*G Ë O N-T-ETÂÁjaED-ÈON_._-LL2
TOÏAL CHARGÊ ON TETIìAHEDRON T13
TOTAL CHARGE ÛN TETRAHEDRON TI4

I .000
8.045

T.CLIAI--C}IÂ.R-GF f'ìr\-IEI-RÁ.tsLiORO
TOTAL CHAR.GE OI\ TETRAHEDRON T 1 7.988
TOTAL CHAIìGE CN TETRAHEDRCIN T 8 B.OO4
Ï.OEAL_-C]jARGE-ON-T.ET.R.AH€DÀON T q Ê-nla

9.005
7 .98L
7-gqq
7.963
8.000

: ÏOTAI CHA&GE NN¡ TFTRÁHFNRCN T15 8.002
TTTAL CHARGE ON TETRAHEDRON T ió 8.013
POSITIVE UNBALANJCE 0.088
NEGÀIIVI-UNIIÂLAiuCF o - I 38
SUM OF DEViATION K = 74 0.226
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APPENDIX II

PROGRAM DOCUMENTATION OF A SERIES OF

IBM 1620 PROGRAMS TO CALCULATE ELECTROSTATIC

CHARGE DISTRIBUTION WITHIN THE LOW AND

HIGH ALBITE STRUCWRES

Ao FORTRAN II Program to Calculate Interatomic Distances

B. FORTRAN II Program to Calculate Inter-Bond Angles and

Solid Shielding Angles

Co FORTRAN II Program to Calculate the Shielding Factors

Do FORTRAN II Program to Calculate the Distribution of

Electrostatic Charge Within the Structures
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APPENÐIX ÏT

A. FORTBAN TI PROGR¡J{ TO CAìIOULATE TNTERATOMIC-DISTANCES

the FORTRAN If Progran described here is entitled : SCAN OF

INTERATOMIC DISTANCES, and was primarily rritten i-n order to calculate

a complete list of sodium-oxygen and sodium-sodiun bonds in a given

environment of the original sodium atom. The envirorunent of the sodium

atom is defined as a sphere of certain radius within urtrich a number of

oxygen atoms and other sodium atoms are located.

The program involves the standard foru of the interatomic

d.istance ealculation, but scans the compl-ete environment of the original

sodium aton, after the given atoms have been moved i¡rto the asyunetric

part of the unit cel]. The conplete scan of bonds is obtained by

translati-on of the atons, along the alres x, y and z, bY aI1 combinations

of +I and -I, for each of the equivalent positions defined for a

particular stnrcture.

Frovision is made for only those bonds r+ithin a given upper

limit to be recorded on punched cards.

(ii) The Proeran Printout

The complete printout of the program is given on the following

pages, and the description of the input data is given in Section (iti).



c scAN oF TNTERAToMT.;rt'l;..,
c
C PROGRAM 1 - DATA ARE THE ORIGINAL STRUCTURAL PARAMETERS
c

DIMENSIoN xt +o ) rY( 4 o) çZ( 4O ) 'S 
(40 ) rNAT( 40 ) rPN( 4 ) rNN ( 4 ) rS1( 40 )

DIMENSION TX(40) rTY(40) :TZ(40)
c

1 FORMAT ( I2 rBX ¡3F6 t3 s3FB.5 çF4.2 s212¡F4.21
3 FORMAT(43 çÃ2¡I3t3lF6.4l I

4 FORMAT(36HCALCULATTON OF INTERATOMIC DISTANCES)
7 FORMAT ( I2t3F3. I ¡3F8.4 )

11 FORMAT ( l2¡212X; A3 ¡A2l ç2X¡ I2¡2Xt3I2t3F9.4¡FL0.3 r I 15 )

LL=0
READ I rN TATBTCTCOSATCOSBTCOSCTDMAXTNEQ r ICAT
DO 2 I=1rN
READ 3¡ S(I)rSI( I)rNAT(I )rX(IlrY(I)rZ(I)

2 CONT INUE
TYPE 4
C 1 =AxA
C2=BxB
C3 =CxC
c4=Ax.B*.CO SC
c5 =c*Axco sB
có =B*c*co sA
NM=N- I
NJ= I CAT+ I
DO 6 IJ=1rNEQ

l4 READ TTKEQTEQX TEQYTEQZTPX¡PY tPZ
PN(1)=+0.
PN(2)=*Ir
PN(3)=0.-1'
DO 6 K=lr3
DO 6 L=lr3
DO 6 M=1r3
DO 10 I=NJrN

. TX( I ) =(X ( I )*EQX )+PX+PN(.K )

TY( I l =(Y ( I )r+EQY)+PY+PN( L )

TZ( | I = (Z( I ).'rEQZ ) +PZ+PN ( M )

1O CONTINUE
t EOX = EQX

'I EAY=EQY
I EQZ= EQZ
NN(K)=PN(K)
NN(L)=PN(L)
NN(M)=PN(M)
J=0
I PUN=0
DO 6 J=lrlCAT
DO 6 II=ICATTNM
XA={TX(II+I)- X(J))
YB=(TY(II+1)- Y(J))
ZC=(TZ(ll+1t- Z(Jtt
XAB=2.*XA*YB.)+C4
XAC=2.xZC+XA*C5
X BC= 2. *.YB*ZCìÊC 6
DI ST=SQRT ( ( ( XA*XA ) ãC I )+ ( ( YE*YB) xCT't + I (ZCYZC )* C3 ¡ +XAB+XAC+XBC )

IF(DIST-DMAX)8rBr6
I BOND=DIST

LL =LL+ 1

PUNCH 11 INAT ( I I+1 ) IS(J ) IS1 (J) Isi T I+1 ) ¡ 51 ( I I+1 ) cKEQ¡NN( K) INN ( L ) I
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lNN(M) rTX ( I I+1) rïY( I I+1) r IZ(II+1) TBONDTLL

6 CONTINUE
IF(NEO-KEQ)9s5¡9

9GOTO14
5 CALL EXIT

END
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(iii) Examnles of the Data

the primary data are entered into the program i¡r the

following forn:

(a) The Main Control Card fjr the Prgeram

CoIs. 1 and 2
Exa.nple
Name
Description: N is the

involved

XX
L3

N

number of non-equivalent atoms
in the calculation.

,12352 lx.xxmxlx.noculx.xxxm
o . o 5 

g7 
3 -O . hl+3 07 -o . oo hg 5cosA cosB cosc

The cosines of the angles, alpha, beta and
ganma for the stmcture.

r 23
60 r.xxMr

DMAX,NEQ, ICAT
DMAX is the upper limit for the bonds
calculation.
SEQ is the nu¡rber of equivalent positions
for the structure.
ICAT 1s the nunber of non-equivalent atoms
whose inter-bond distances are required"

given for each non-equivalent atom.
following infornation must be gÍven:

CoIs. J to 10 blank
r 2 ,3

cors. 11 to 28 xx.lüSü.noftx.xl4
E:<anple 08.14}12.88007.106
Na.mes A B C

Description: A, B and C are the cell dimension" (Ê)
of the structure,

Cols. 29 to
Example
Names
Descriptfon:

CoIs. 53 to
Na.mes
Description:

The
the

Atonic Pa of the Structure
A f t

One card mtrst be
0n each card the

Cols. I ùo 2ó
kample
Names
Ðescripüion: S]rS2 i.s an alphabetic field for the Megaw narne

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

XrY and Z are the atomie paraneters of the atoms
e:rpressed as fractions of the ceLI dimensions.

1 ?, 3, 4, 
'loüxxÐOF"roü# 

" 
Ð00{x "x)00(NA ot 27t+3' oo7ó L32O

slrs2rNAT, X, T, Z.
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(cl The Definition of the Equivalent Positions

Cols. 1 to
Þra.uple
Names
Description

The nnmber of cards must equal the number of equivalent
positions (¡¡fq). 0n each card the follow'ing information
must be given:

35 *"ti.t?.t*.¡o.ri*{*.*"S*r.rlo
01+1.+1"+1. 0.0000 0"0000 0.0000
KEQ, EQX, EQT, EQZ, PX, N rfl

I@ is the equivalent position number.
&XTEQT and EQZ are factors which w-iIL ehange
xry and z parameters inùo l, Í, ana ã ir
necessaryo
ffi, H and W are the necessêry fractions of
the ceII dimensions wtrich must be added to the
x/a, y/a and z/e fractions in order to complete
the requirements of the equivalent position.
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APPENDTX II

B. FORTRAN TI FR,OGRAM TO CALCULATE TNTER-BOND ¡.NGLES

AND SOLTD SHIELDTNG ANGI,ES

(1) A Description of Proeram #2

The FORTRI$ II Program described here is entitled: SCAN 0F

INTERBOND ANGLES AND SOLID SHTELDING ANGIES, ad was w¡itten in order

to prepare data for the third program of this series (Appendix IIC).

the angles calculated here are a necessa.ry step before the calculation

of the shielded fractions of the oxygen atoms in the environment of a

given sodium atom. Considerable assj"stance was given to the author by

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

The principal steps in the calculati-on are given belo¡¡ in

point form:

(1) The inter-bond angles are calculated using the

standard nethod. For the purposes of these

calculations, the inter-bond angle is designated

as ga¡nna ( I ).
See Figure I in Apperdix IIC.

(2) Two solid angles are calculated in addition to

the inter-bond angle. these are designated as

alPha ( '( ) a¡rd beta ( ,6 ).

See Figure 1 in Appendix ffC for the definitions

of these solid angles.
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ß) The angles, alpha ( o ) and beta ( É l, taken inrelation to the angle gaftma ( tr ), deter¡rine whether
overlap or shieldlng occurs of an oxygen atom in agiven sodiun envi¡onment. ?his shielding may be dueto another closer oxygen aton, or to a sodium aton.

h) A sinple test is made to determine Íf overlap occürs.ff garmra is less than alpha plus bet,a ( I L o< * F )then overlap occurs a¡d the angula¡ relationships offhis overlap are recorded on prrnched cards, defÍning
the angles and the atoms concerned.. fn this way, this
progra¡n prepares data r¿trich is direetþ applicable tothe next progra& in the seri.es. (prograrn #3 described
in Appendix ffC).

(1i\ The proeraxi printout

The prlntout of the above
and a description of the input data

Progra.n follows on the next page,
are given in Section (iii).
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C SCAN OF INTERBOND ANGLES AND SHIELDING ANGLES
c
C - PROGRAM 2 USING DATA FROM PROGRAÞl 1

c
1 FORMAT( I2rBX ¡3F6.3 ;3FB.5l
3 FORMAT ( I2¡2(2X ¡ A3 ç A2l ¡2X¡ I2c2Xt3I2¡3F9 "4¡F LO.3s11Xr i4 )

4 FORMAT l3F7.4tA4l
6F0RMATlI4¡2XçA3¡A2çF7.3r1XlA4l1XlA3;A2lF7.3¡3FI1¡3lI10)

. DIMENSION NAT( 60 ) rS( 60) rS1 (60 ) rOS(60 ) rOSl ( 60 ) rKEO( ó0 ) r iEAX( 60 ) r
lIEOY(ó0 ) r IEOZ( ó0 ) rBOND( ó0 ) rETX ( 60) r ETY (60) rETZ( O0) rLL(60 )

READ 1r NTATBTCTCOSATCOSBTCOSC
READ 4t XNATYNATZNATSO
D0 2 I=1rN

2 READ 3; NAÏ( I ) rS( I ) rSl( I ) rOS( I ) rOSl( I ) IKEQ( I ) r IEQX( I ) rIEGY( i ) r
1 TEOZ(I )IEÏX( I ) IETY( I)IETZ(I ) IBOND( I )ILL( I }

C 1 =AxA
C2=BxB
C 3=CXC
c4-A*B*COSC
c5 =cx.A*co sB
c6= B*CxCOSA

DO 5 I=1rN
IF(NAT(I+1)-1)5;5¡9

9 ALPH=(ATAN(L.32l(sQRT( (Bol.lD(I+1¡xgg¡D( I+1 ) )-(1c3Zx-L.32tl ) ) )*'180.
I / 3 .1416
DO 5 J=lrI
K=(I+1)-J
IF(NAT(K)-1)11r10r11

10 RAD= 1.
GO TO 12

11 RAD=I.32
12 BETA=(ATAN(RAD /(SQRT( (BOND(K)+BOND(K) )-(RAD *RAD ) ) ) ) )x'180.

I/3.141ó
X1=ETX( I+1 }-XNA
XZ=ETX(K)-XNA
Y1=ETY( i+1 )-YNA
Y2=ETY{K)-YNA
Z1=EfZ(I+1 )-ZNA
ZZ=ETZ(K ) -ZNA
ABC= ( Xl*X 2xCI) + ( ylår-y 2+C2) +(Z 1*.ZzxCal
XAB= ( (X1*Y2 )+( YIxX2 ) lnC4
YCA= ( (21l+X2 ) +( X 1xZ2) ) r+C5

ZBC= ( ( YlxZZl+( Z 1*Y2 ) ) *C6
COSG= ( ABC+XAB+YCA+ZBCI / ( BOND( I+1 )XBOND ( K) )

THG=SART ( ( l.-COSG) / ( 1.+COSG) )

GAMMA= ( ( ATAN( THG ) ) *'180.*2. I /3.1416
IF(GAMMA)5rBr8

8 ALBE=ALPH+BETA
IF( (GAÞ1MA+2. )-ALBE)7 tDç5

7 PUNCH órNAT(I+l ) rO5( I+1 )rOSl( I+1)TBOND( i+t ) TSOTOS(K) rOSt (K) r
lBOND( K ) TGAMMATALPHTBETA rLL ( I+1 )

5 CONT I NUE
CALL EX I T
END
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(iii) Exanples of the Input Data

The data for this program are derived fron Progran #1 and

are entered in the follow-ing form:

(a) A Control Card for the Structure T¡rce

Cols. land2 )g
Example 23
Name N
Description: N is the number of bonds calculated

in prograrn fI.

CoIs. 3 to IO blank
123

Cols. LL to 52 xx.)üS0(.x*x.)üN
Exa^nple 08.1491e.880O7.106
Names A B C

Ðescriptlon: A, B and C are the cell djmension" (8)
of the stnrcture being studied.

r23
cols. 2g to j2 tx.:gxxxtx"nrxxxlx.)ooüx
Exa,np1e -O.O5&73-O.LL3O7-O.O0i+95
Na,nes COSA GSSB COSC

Description: the cosines of the crystallographic angles
for the stnreture.

(b) The Orieinal Paraneters of the Sodiun Aton (1 Card Onl-y)

123
CoIs. I to 21 IU.XXïIOLï.XïXXXX.)O0{N
Example " .2743 .0076 "I32ONames XNA TTIA ZNA

Description: XNA = x/a for the sodium atom.
TNA = y/b tor the sodium atom.
ZllA = z/e for the sodium atom.

Cols. 22 to 25 ÐOü
Exa,mple -NA-
Na,me S0
Descriptíon: SO 1s the na.me for the alphabetic field

defined above.
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in increasing

t+ 567

(c\ The Data Cards as pro_dueed by progran #1

Note¡ The bond list has to be arranged
order of bond length.

123
CoIs. 1 to 28
Exa.nple 6 NA 9A(t) 1 OOo
Names NATrSlrS2rOSrOSlrKEerEQXr IEQY,IEQZ
Description: tùAT Ís the serial number of the atcmr.

S1rS2 are the fields for the alphabetic
representation of the name of that aton
whose environnent is belng determlned.
0Sr0S1 are the fields reserved for the
alphabetic representation of the atom in
a given environrnent.
KEQ is the nr¡nber of a given equivalent position.
IEQXTIEQT and @Z are numbers representing the
transLation of the aton (defined by Íts serial
number in cols. l and 2) along the axes x, y and. z,

Cols. 29 io 55
Exa,nple
Na,mes
Descrlption: ETX

EfF

ETZ

Co1s, 56 lo
B1çenple
Na,nes
Description:

le00( .xÐooüüx .xxxxnxx onü(t
"l+91+5 .3692 .0336
ETX ElY F,V

= x/a plus translation and the operation of
s¡rmnetry according to the equivalent
position number.

= yh plus translation and the operation of
s¡mmetry aceording to the equivalent
position nuaber.

= z/e plus translation and the operation of
symnetry according to the equivalent
position r:umber.

12xxxxxx.w
2.537 2
BOND Lt

BOND is the length of the bond between the
atoms defined.

Lt is the sequential number of that bond
in order of calsulation.

output from this progran nay then be used

is defi¡ed and documented in the following

80

The punched card

data for hogram #3 which

section of thls AppendÍx.
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APPENDIX II

c. FoRTRANJI PRoGRAM TO CALSULATE TrrE SHIELDING FACToRS

(i) A D-escriptlon of Proera.n #3

The FORTRAN II Program described here is entitled: IHE SOTID

ANGLE SHIEIÐING EFFECT, ad was written by the author to process the

data which had been obtained from the previous Progran (AppendÍx IIB)

and to prepare the final data for use i-n Program #4. The assistance

whlch the author recelved from Dr. H. R. Coish of the Physlcs Departnent

of this University was nainly in connection with these calculations.

It ls in this Program that the angles calculated by Progra¡n #2 are

examined and categorized to deterrn-ine the four different angular relation-

ships between the angles alpha, beta and gaûtra which require different

fonnulae for the integration wtrich calculates the fractlon of a given

aton which is shielded,

This Frogran initial-ly examined these angles ard dete¡uined

which of the four cases is being dealt with. It then proceeds to the

appropriate part of the program which performs these caleulations.

Thus the Program nay be thought of as being in four parts. These parts

are marked in the progran by COI'ÍMENT cards. In order to assist in

deter"n:ining which atom is being dealt with during ar¡y gi-ven part of the

calculation, the Program refers to the sequential number of the bond as

calculated in Program #1. This nunber, in effect, defines a particular

atø and the calculated amount representlng a shielded fraction is listed

in punch card forn, together w"ith the fraction of that aton shielded, the
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Na-O bond length describing that atom, and the serial number of that

abam, are punched out as data cards for Program #l+.

(ii) So¡ne of the Mathenatic Considerations Used j-l_this PEoeram

Figure 1 defines the angular relationships for a general exanple

of overlap between a pair of o:çygen atoms which have bonds to a conmon

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 Ðescription of the Formulae Used to Calculate the
Shiglded Fraction of an Aton

CASEl - NOSHIETÐING

When ga^mra is greater than beta + alpha, no shielding

occurs. This case is taken account of during the preparation of the angles

listed fron Program #2. The expression may be stated as follot'¡s:

4 Y < 6 * e t*,é"/"/, 4 u@td = o
///

CASE 2 - SI.{ALL FRACTION SHIELDED

Statement z ,4 S f < ß+oc
/ r< 

t

solidAngleEclipsed= 2 lru¿ê Ffu)¿AJ\
r-F

Note: This case takes effect l*rhen the width of the area eelipsed by

aùom does not exceed the radius of the aton being eclipsed.

CASE 3 - TARGE FRACTION SHIELDED

Statement , Y <f t Y+æ

SolldAngle Eellpsed= A +B

Note: this

atom

case takes

exceeds the radius of the atom being eclipsed.
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0ASE 4 - CoMPIETE SHIEiÐING

Statenent , /

In all four cases given above, the final answer is

orpressed as a fraction of the total exposure of that particular

atom. fn other uords, thls nunber represents the shielded fraction

of a given olqfgen atom. these values are directly applied to the

electrostatic charge balance calculations which are described in

Appendix IID.

(iv) The Progran Printou,t

The printout of this Program is given on the following two

pages.

(.) Control Ca¡d:

Cols. I to I
B¡anFle
Nanes
Description:

12
)üxxxlo{x

58 90
NM

is the number
Program #1o
is the number
calculated by

N

M

of bonds calculated by

of shielding occurrences
Program #2.
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C THE SOLID ANGLE SHIELDING EFFECT
c
C PROGRAM 3 USING DATA FROM PROGRAM 2
C N IS THE NUMBER OF BONDS CALCULATED
C M IS THE NUMBER OF SHIELDING OCCURENCES
c

DIMENSION NAT( 100) rS( 100) rSl( 100 ) rBO( 100) rSO( 100) rS01 (100) r

lBON( 100) rGAM( 100 I rALPH( 100) rBETA( 100) rNSER( 100 ) rSHi ( 58 ) r
2f AT ( 58 ) r BOND ( 58 )

c
6 FORMAT ( I4¡2X¡A3¡ A2;F7.3 ¡6Xt A3 t A2¡F7.3¡3FI 1.3 tBX¡ l2l

14 FORMAT ( I 1 4 ¡F14.4r I6 ¡F12.3l
20 FORMAT ( i4 )

50 FORMAT t2t4 )

READ 50r NrM
DO 11 JJ=lrN
BOND(JJ) = 0.
SHI (JJ)=0.000001

11 IAT(JJ)=1
DO 17 J=lrM
READ grNAT(J)rS(J) rSl(J) rBO(J) rSO(J) rSOl(J) rBON(J) r GAM(J) r

1 ALPH(J) r BETA(J) rNSER(J)
II=NSER(J)
IAT( I I )=NAï(J)
BOND(II)=BO(J)

17 CONTINUE
DO 19 I=1rN
IF(NAT( I )-1)19r18r19

18 SHI(I)=1.000
19 CONTINUE

DO 16 i=1rM
GAM(I
ALPH (

16 BEÏA (

=GAM ( I )x3.1416/I80.
) =ALPH ( I ) ìr3.1416/ 180.
) =BETA ( I ) *3.I416l 180.

. DO 12 J=l rM
I CASE=0
TYPE 20 tJ
TH=0o
EC=0.

'AGA= GAM(J)+ ALPH(J)
ALBE= ALPH(J)+ BETA(J)
GMB= GAM(J)- BETA(J)
ALF= ALPH(J)

IF (BETA( J ) -GAi'4 ( J) ) 30 r30 r 31
30 IF (GAM( J ) -ALBE I 2t2¡3I
3I IF( BETA( J )-AGA lV ç4¡4

c
C SHIELDING EFFECT CASE I - NO SHIELDING
c
C SHIELDING EFFECT CASE 2
c

2 TH=ALPH( J )+.005
22 TH=TH-.005

IF( ICASE-3r4I r40r41
41 IF(GMB-TH)L5r10r10
40 IF(BEG-TH)15r10r10
15 CO = (COS( BETA(J) )-(COS(GAM(J) )IÉCOS( IH) ) t

COPI = SIN(GAM(J) )xSIN(TH)
COP= CO/COP1
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THP=SART( ( 1.-COP I / (I.+COp
PHI = (ATAN(THP))*2.
ECI =SIN ( TH )*PHI
ECZ= ECI+,Z. *0.005
EC= EC+EC2
GO TO ?2

SHIELDING EFFECT CASE 3

3 BEG=BETA(J)-GAM(J)
A=2.*3.141ó* ( I .-COS ( BEG ) )

ICASE=3
GOTO2

10 IF ( ICASE-3125 t24 ¡25
24 EC=EC+A

))

c
c
c

25 ECC= 2.x3.I41óx ( 1.-COS(ALPH( Jt ) )

ECL=EC /ECC
I=NSER(J)
SHI(I)=ECL+SHI(I)
GO TO 72

SHTELDING EFFECT CASE 4 COMPLETE SHIELDING

CONÏ I NUE
I=NSER(J)
SHI(I)=1.+SHI(I)
CONT INUE
DO 26 I=1 rN
PUNCH 14¡ IrSHi( I)rIAT(I ) rBOND( I)

CALL EX I T
END

c
c
c

t2

26
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(b ) The oata Carus

the data cards are used direetly from Progran #2. Each

card contains the foJ*lowing infornation:

123
Cols. 1 to 18 )üXX)ü-XXX)0(XXX.XXX
Exanple 10 0C(0) 2.953
Nanes ¡IAT, SrSl, E0
Description: N¡.T the serial nunber of the aton being shielded.

SrSl the alphabetic field reserved for the na.me
of the above atom.

EO ùhe Na-O bord of the above atom.

Cols. 19 to 2l+ ffËOü
hample -NA-
Name none - considered as blanks for this input.

56
cols. 25 to 36 ]O(ÐüXTX.IOffi
Example 0A(2) 2.3??
Na¡ne SOrSOlrB0N
Description: S0 ard S01 are the alphabetic fields reserved

for the name of the atom which is causing
the shÍ.elding.
BON Ís the Na-O bond length of the above atomo

789
cols. 37 ro 69 XXXXIü(X.XXJ(XX)ü(XXI.XXXXII)0(XXXJ0(X
Exa.nple 56.1+99 26"551 33.732
Names GAM AIPH BETA

Description: GAM: the angle gêmma (f).- 
ALPH= the angle alpha (* ).
BETA= the angle beta (p).

these angles are defi.ned i¡¡ section (ii) of this Appendix"

10
Cols. 70 to 80 ÐüXÐOOOüü
Ex"nFIe 14
Nane NSER

Description; NSEB is the sequential number of the bond
in question gi-ven in order of caleulation
from hogram #2.
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APPENDIX TI

Ð. FoRTRAIT Ir ry,oGRAM T0 CATiOJI4TE Tr-{E DTSTRTHJTJo-N

0F ILECTROSTATIC CHABCE_ i,¿IIgIN THE STRUCTURES

(i) A Descri-ption of Proeran #À

The FORTRAN II Program described here is entitled: ru
EI,ECTROSTATIC CHARGE DISTRIBUTION PROGFAM, ad was written in order

to use data as processed in turn by Progra"ns #1, #2, and #3. The

resulting data fron Program #3 require only slight nodification for

use with this progra¡n and represent the fractlon of each o:rygen 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 distri.bution urithin

the structures of low and high albite, taking into acco¡nt the inverse

squares of the bond distances, and where applicable the fraction of a

given o:rygen atom which is exposed to receiving charge fron the sodlum.

In its basic principJ-es this progrên uses the general nethod

described in detail in Chapter IA. A few significant changes have

been nade. The first is that the positive charge contributions from

sodium to a given nunber of coordinated o>rygen atoms is calculated

before the tetrahedral charge distribution is camied out. fn this way

less enphasis is placed on the relative anounts of silicon and aluninum

in the structure than was done in connection r¡ith the anorthite

calculation. Secondly, the electrostatic charge from the sodium is

distributed proportionally to the inverse square of the bond lengtht

taking into account the effect of shi-elding'
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0ther differences are described below:

(a) Assumed values of Si-0 and A1-O are fixed for
a set of calculations.

(b) The coordÍnation of the sodiu.n is increased
taking the o:ygens in order of nearness.
(The coordination of the sodium is conlrolled
by neans of bhe radius of the sphere (H)
encompassing those o>rygen atoms whose Na-0
bond lengths are less than this radius. The
liniting value is a variable in this program).

(c) The prograa makes no decisions as to the nature
of changes which may be required for the variables.

(ii) A Sunna¡rr of the Operations Performed in these Calculations

The following outline of the operations perforued by this

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

prograln printout is given in Section (iii):

(1)

(z)

A control card is read which defines: the number of
atoms which may have to be eonsidered in coordÍnation
with the sodium, say about 20; the serial number of
the aton; the desi¡ed marcimr¡rn finit of the radius
of the sphere of environment around the sodium; and
finally, the ninimt¡n Ii¡tit of the same sphere.

the data cards are read in, and the number of these
mr¡st be equal to the number of atoms which may have
to be considered in coordination with the sodiun.
The follou-ing infornation is contained on each of
these cards: the fraction of a given atom ut¡ich ls
shielded; the serial number of the atcm in question;
and the Na-O bord distance for that atom.

The first calculation is the determination of the
amount of a given oxygen aton wtrich is exposed to
receive charge fron the sodiu¡n. This is obtained
by subtracting the shielded fraction from 1.000.
In those cases where an oxygen is conpletely
shielded from a sodium, this nrlmber w-i1l be
negative, or zero, and it will never be coordinated
with the sodiun atom.

The electrostatic charge contributions of the sodiun
to the surrounding oxygen atons is calculated, and
these values are sutned for the set of non-equivalent
o:iygen atoms in the structure.

ß)

(4)
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$) The assumed values for Si-O and A1-O and aIL the
tetrahedral-onygen distances are read j_n as data.

(6) The amount of aluninum in each tetrahedral sÍte
is calculated and expressed as a fraction of an
atom. ht¡en this i.s complete, the sunmation of
these values gives the total amount of aluminun
t+Lrich is present in the structure, ad l¡hich of
course, is a theoretical value dependent upon
the ideal values of Si-O and A1-0 which are assu¡ned
at the beginnlng of the calculation.

Q) The positive charge contrÍbutions from the tetra-
hedral sites to their appropriate oxygen atoms are
calculated and those values given üo equivalent
oxygens are surrrted, in order to prepare a list of
the tetrahedral charge contributlons to the
no¡-equivalent olrygen atoms in the structure.

(8) The total positive charge contributions to the

ii;:,* å;'ff :'. :iffi :. ::ïï .;;: dTff :i "';ü"'ffi "sodium atom contribution. These values should now
approrimate to 2 e.s.u.

O) The total charge on the four non-equivalent tetra-
hedra are calcuLated fron the sunnation of the total
positive charge on those four o:rygen atoms rt¡hich
nake up a partieular tetrahedron. These values
should closely approxinate to 8.000 €¡sou.

(fO¡ The total charge unbalance value for the rùole
stnrcture is calculated frorn the sunmation of the
differences from eight of these total tetrahedral
cha¡gs coritributions. For an ideal low-temperature
feldspar, provided suitable values for Si-O ard A1-0
have been used ln conjunction with the correct
coordination value nunber for the sodium, this value
should be close to 0.000 €os,u.

The Progra.n is designed to treat, on an fteratÍve basis, varj-ous

coordinatj-on numbers of the sodium åtom. Thus, dependÍng upon the llmits
glven to the calculation at the begÍruring of the Progrêtrr, a series of

coordination numbers r¡i-Il be used for a given pair of ideal Si-O and A1-O

values. ft is from results Iíke that the data for Chapters fV, V and Vf

were obtained. See Tables lZ and 22 for exanples of these data concerning

the lorl albite and high albite stnrctures respectiveþ.



- 'lÊ? -

(iii ) The Proera¡n Printout

The complete printout of Progra.n #4 is given on the follou'ing

two pages.

(iv) Exe¡nples of the Pri¡ary fnput Data

(a) A Control Card:

12
Cols. 1 to I )O0O{Ð0O(
Exanple 23 13
Names N NÎM
Description: N is the nunber of bonds calculated in

Program #1.
NTM is the nu¡nber of non-equivalent atoms

in the stmcture.

34
CoLs. 9 to 28 XJ(XXXX*TXJ0OQQO(X.XIG
Exaurple 2,9OO 4,400
Names DI{AX DIIM
DescriptS-on: DMAX is the naximum linit of the radius of

ühe environment about the sodiun at@.
DLIM is the ninÍ:rn¡n radius of the sane

environment.

(b) _rhe_¡ela_QexdE:

Cols. I to l4 are read as blanks.
123

cols. 15 to 46 Xl00{Ð00o(offi.xxx
ÞçernFle "4387 7 5"984
Ne.mes ECL NAT D
Description: ECL is the fraction of a gj-ven oxygen which

is shielded (or eclipseA) by other atoms,
NAT is the serial nr.¡mber identification of

the above atom.
D is the Na-O bond length involving that

particular olrygen atom"

Note: the number of cards must correspond to the nunber
of bonds caleulated by Pr"ogram #1*
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C THE ELECTROSTAT I C CHARGE DISTR I BUT ION PROGRAM

C PROGRAM 4 .USING DATA FROI4 PROGRAM 3
c

DIMENSION ECL( 5B) rNAT(58 ) rCACH( 58 ) rEXPO(58 ) rD(58)
DIMENSION A(4r5) rSIO(50) tALO(50) rTCH(4r5) rCHOX( 13) rCHT(4)

c
1 FORMAT (2F5.31
2 FORMAT (5F5.3)
9 FORMAT(ZA¡ITOTAL CHARGE ON OXYGEN NO.rI2çF10.3)

10 FORMAT ( 2óHCHARGE ON TETRAHEDRON NOr r l2¡F 10.3 )

11 FORMAT(30HCHARGE UNBALANCE ON LOw ALBITETFIO.S//l
15 FORMAT ( l7HAL CONIENT OF TET r f2tF1.3l
16 FORMAT ( lTHTOTA L AL CONT ENT r F7 .3 )

25 FORMAT ( 14X rF14. 4 ¡ l6 çF12.3 I

26 FORMAT( I10rF10.3)
V2 FORMAT ( 55X rF10.3 )

34 FORMAT(4HSIO=rF10.3rBH ALO=rF10.3)
36 FORMAT ( lBHCOORD OF SODIUM IS r I4 )

52 FORMAï( l3HDMAX VALUE ISrFB.3 )

55 FORMAT ( l4X ¡F14 .4 ¡ I6't
62 FORMAT (214¡2Fl-0.31

c
READ 62 rN TNTMTDMAX rDLIM

c
DO 3? I=1 rN

33 READ 25¡ ECL(I)rNAT(I)rD(I)
ICY - O

ITEM . 3
40 SUMX =0.

NACO=0
DO 22 J=1 rNTM

22 CACH(J)=0.00001
DO 2I I=1rN
IF(NAT(I)-1141¡21r41

4L EXPO(I)=1.-ECL(I)
IF(EXPOllll2ItZL;44

44 IF(D( I )-DMAXl23¡2L¡2I
23 SUMX- (EXPO(I I/(Ù( I)*'D{ I ) )}+SUMX

NACO = NACO +l
2T CONTlNUE

IF ( I TEM-NACO ) 50 r37 ¡ 37
50 ITEM = NACO

DO 24 I=1rN
CHNA = 0e
IF(NAT( I )-I)45¡24¡45

45 IF(EXPO( I I 124t24t35
35 IF (D( I )-DMAX 129t24t24
29 CHNA = EXPO(ïl/ (D(I){'D(I)*SUMX)

J=NAT ( I )

28 CACH( J ) =CACH(J )+CHNA
24 CONTINUE

PUNCH 52ç DMAX
PUNCH 3ó rNACO
DO 27 J=6rNIM

27 PUNCH 26ç JTCACH(J)
IF(ICY-1)ó1r60r61

61 K = ]
READ 1r SIO(K)rALO(K)
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PUNCH 34¡SIO(K ) rALO( K)
ZM=O.
DO 3 I=1¡4
SX=0.
READ 2ç (A(IrJ)rJ=1r5)
z=(A( I r1 )-SIO( K) ) / (ALO( K )-S10( K) )

Zl4=Zl4+Z
PUNCH 15 ¡I:Z
Y=4.-Z
SX= ( L./ ( A( I ¡21*A ( I ¡21I ) +( 1¡ / ( Al I r3 )xA( I 13 ) ) )

1+( 1./ (A(l¡4)rÉA( I r4) ) )+(1. /t A(Ir5 )*A( Ir5 ) ) )

DO 30 J--2¡5
TCH( I rJ)= Y/ (A( I rJ)*A( I rJ)xSX)

3O CONTINUE
3 CONT I NUE

PUNCH 16 r Zl4

60 CHOX ( 6 ) =TCH (I¡21 +TCH (2¡21 +CACH ( 6 )

CHOX ( 7 ) =TCH ( 3 ¡ 2l +T CH ( 4 ' 2 ) +CACH ( 7 )

CHOX( 8 )=TCH( 1 r 3 ) +TCH ( 3 ¡3 1+CACH ( 8 )

CHOX ( 9) =TCH( 2 r3 ) +TCH (4¡3)+CACH ( 9 )

CHOX( 10 ) =TCH( 1 r4 )+TCH(4r4 )+CACH( 10 )

CHOX( 11)=TCH(2 r4)+TCH (3t4 )+CACH( 11)
CHOX ( 12 ) =TCH( I r5 )+TCH ( 4 ¡5 I+CACH( I2 )

CHOX ( l3 ) =TCH( 2 r5 )+TCH (3 ¡5)+CACH( t3 )

DO 12 I=6rNTM
L2 PUNCH 9;ltCl-lOX(I)

cHT ( I )=CHOX(6 )+CHOX ( I )+CHOX ( 10 )+CHOX ( 12 )

cHT ( 2 )=CHOX(6 ) +CHOX ( 9 )+CHOX ( 11 )+CHOX ( 13 )

CHT ( 3 ) =CH0X(7) +CHOX ( 8 )+CHOX ( t1 )+CHOX ( l3 )

CHT ( 4) =CHOX( 7 ) +CHOX ( 9 )+CHOX( 10 )+Ct-tOX ( 12 )

DO 14 I=l 14
14 PUNCH 10r IrCHT(I)

. UNBAL =0.
DO I I=1r4
TX=8.-CHT(I)
IF(TX)6r8r8

ó TX=TX++(0._1.)
8'UNBAL=UNBAL+TX

PUNCH 11r UNBAL

I F ( DMAX-DL i ì4137 s38 t38
37 DMAX = DMAX + .01

ICY - 1

GO TO 40
38 CALL EXiT

END


