
EF'F'ECT OF PrlESSURE AND TEMPErlATU E 

F NEPHELINE 




EFFEC OF PRESSUlib AND E~IPE£ AT 'g 

N TTIC~ AhAM~TERS 

Or' NEPH:b.LINE 

By 

ED~. A- D BICKN£11 Fl1EEt~AN , B. A. 

Jl.. Thesis 


Submitted to the Faculty of Graduate Studies 


in Part i al Fulfilment of the Requirements 


for the Degree 


Master of vcience 


McMaster Univer sity 


September 195S 




M S ER OF SGI~NCE (1958 ) Mel\ TEft U IVl~·~ I Y 
( Geology) I amilton, Ontario 

TITLE: 	 Ef fe ct of Pressure and Temperature on 
Lattice Parameters of Nepheline 

AUT '0 .: 	 ~ ward Bic nel l Fr eema n, B. A. ( Unive r s ity 
of Brit i sh Col um i ·) 

SUP \ VI SO ' : Profes sor B. J. Burley 

N~IB~ ' OF PAG~S : vi, 50 

SCOPE 1 ND CO · EN" S: n experimental invest i gation 

was ma de involving t he s ynthesis of nepheline 

( NaAlSi ~4) under v·rying conditions of tempera ture 

and a water pressure of 20 ,000 psi . he a ve r age 

l a ttice par ame t er 2022 - 2130 fo · each synthesized 

charge wa s obtained using X- r a y di f fract ion methods . 

I t wa s found t hat t he r esults of i ndividua l r uns 

ro vided a n erratic lattice parameter var i at i on 

with t emperat ure i n t he range ~00° to Soooc . How

e ver , a l east s quare s curve indi cates t hat no change 

in lat t ice pa r meters in t he low- ne pheline pol ymorph 

occurs with t mpe a t ure of f ormation, f or 95 percent 

prob bilit y . 

( i i) 



Abstract 

MacKenzie ( 1957) from X-ray s tudie s shm'ied t hat 

variat i on in la·ttice paramete r in synthetic albite wa s 

related to condit ions at t he time of crystallization . 

Si milar work conducted by the author on synthetic 

nephel ine indicates that no change in the cell parameter 

2022 - 21)0 occur s wit h increase of temperature from 

500° to 800°C . 'l'hus t it i s believed no lattice 

paramet er variation is observable in the low- nephel ine 

polymorph when using quenching techniques . This 

conclusion agrees "~i t h G. Donnay {1956b) . Correlation 

of variat i on with pre ssure was not attem ted in this 

study, and all nephel ine s were synthesized at 20 , 000 ps i . 

A survey of the l i terature shows that there are 

many d i fferent causes f or l att ice pararae t er vc:~.riation in 

nepheline . 

(ii i } 
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I. I N'rRCDUC'riC N 

l\: epheline i s one cf ::t group of miner3.ls with the 

appr oxima te compo s ition KNa3Al4Si4Cl6 (a ccording to Buerger, 

Klein, s.nd H::tDburger, 1911-7), a nd bein~ a prominent feldspa th

oid a knowled~e of its manner of form a tion is desirable in 

undor s t and"Lr.:; the ori::; in of the a lk9.lic rocks . The studies 

of t h i s miner::tl have been prima rily concentra ted unon its 

rela tion ship tc other minerals within a closed system a nd 

within a magma ; thi s rel a tion ship c an be seen d i agr ama tica lly 

in f i ,::;ur e 1. 

Forsterite Forsterite 
Fayalite SiO Fayalite 

Diopside Diopside 
Anorthite Anorthite 

NaA1Si04 KAlSi01... 
(Nepheline,Carnegieite) ( Kalsilite,Kaliophilite) 

Figure 1. Diagram showing relations of eight simple systems 

to petrogeny's "residua" system, after Schairer and Bowen (1956) . 


Cix po lymorphs1 of ne pheline a r e kno'm t c form under 

the c onditions of exce ss \nt e r ::tnd 3. t mo spheric pre s ~~ure. High 

ca rne h i e ite (i sometric) cry st3.llize s from the liqu idus a t 

1~ po lymo rph i s a chem ica l compound th::t t cry stallizes 
in mo re th~n one cry s t a l class . 

1 

http:miner3.ls
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1526°C to 124S°C, however·, it m y persist into the nepheline 

field and inve t to a metastable triclinic form - low 

carnegie ite - at p roxi ately 6C0° C. .igh nepheline 

( rthorhombic) crystallizes from l24S°C to approximately 

900°C when it inverts to the common hexagonal form of low 

nephel i ne hich is s tabl e to abo-~.t 440° G. The nephel i ne 

hydrate s . I and II , are both orthorhombic vdth pro abl st· 

bil i ty fi_ l ds of 330° - 375° C an 375° - 440°C respectivel y . 

The chemi ca l di fference between the two hydrates is tlat 

nephel i ne hydrate I contl'::lins t wi ce as much water as ne pheline 

hydra t e I I, and nepheline hydrate 1 has a more open framework 

structur·e than ne phel i ne hyd ate II ( Ba T er and lfhite, 1952) s 

Ma cKenzie's (1957} i nves t igation into the modifications 

of albit e i nitiated the programme of e search upon whi ch th is 

t hesi s i s based . epheline was chosen because i t bears some 

chemic·l simi larity to albite, exists i n high an low t emper 

ature form , and is not di ff i cul t to synthe s ize . t is to be 

expe c ted th· t the latt ice parameter aria t ion, i f any , ith 

change s in temperature and pressure d 1 be small . For exampl e , 

Smith and Sa 'lama (1954) obt ained cons'stent results for the 

K/{ K+ a + Ca ) content of any natural nep eline simply by 

me· suring tLe latt i ce parameter,,: . Bece1use this me tho is 

a ccura t e t ap proximate l y 1.5 rcent, then other factors deter 

mi ni ng l atti ce para ete variation must smal l . ~vidence 

that there is no variat i on i n cel1 parame~.:.ers come s from the 

work of G. onnay ( l956b) who me sured the cell parameters of 

10 synthetic nepheline s of composi t i n taA i 04 ynthesi zea. 
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at atmospheric press .re and at t mperatures on both sides of 

the trans · tion from lo to hig1 nepheline. She r eported that 

there was no ap~recidble cull variation in either poly~orph . 

·towever, Lac enzie (1957) founci th&t t 1e lattic parameter shift 

was slight fo albite, an it is likely to & similarly small 

for other minerals such ~s nepheline. Smith and Tuttle (19~7} 

thought t h·t small chang sin the low-repheline polymo ph 

occurred aue to difference in temperature of formation of the 

nepheline. 

The present thesis pr~sents a pressure temperatu·e 

study on the low-nepheline polymorph.. pr· ssurc of 20,000 psi 

was cho en sine it w s within the ane of tbe experimental 

equipment and also would presumably iv~ some indication of 

r lations at de~th within the earth . The tem erature range 

cho en for study was 5000 - aoooc and. was controlled by the 

lower limi t of nepheline stabilit y on the one hand and on the 

other hand, by tl1e temperat re of failure of th . pre su e 

vessel u ed . 

\he r s lts of thi investieation , >h icl ~ ·rectively 

cover t h l0\'1 - nephel:.i.ne polymorph stability !'31lg at 20 , 000 psi , 

support Donn&y's (1956b) statement that no oi gni ficant lattice 

para1ueter chang o cc urs in the l ow- nepheline polymorph . 

http:l0\'1-nephel:.i.ne


II. S q•g P .. EVIOUS NEPHLLINE. STULIES 

In order to aid future research workers and to provide 

a general ba ckground for readers of thi s thesis, some previ ous 

nephelin studies are reviewed at thi s time. ha ch sub e ction 

de s cribed below resents a hase of nepheline investigation . 

0ince some chemical stud ·es on neph line i n icate that cell 

variation cepends u on t he pr St'nce or absence of certain 

ele1ents , · r view of t hese studies is apro,os also. 

1 . Tran it i onal $tu ies On Nephulin! 

Lemberg , i n 1888, us ing gl asses produced by f sing 

n tura l nephel i ne, was a.~ parently the first person to discover 

the possibil ity of two mo ifi cations of e pheline. Lemberg 

heated the glasses of dubi ous cherdcal composition, rt a t mo s

pheric )ressure , to approximate l y 200° C i n the presence of 

excess wat er , then observed th~ results opticall y. However , 

Thugutt i s better known for f i nding ifferent modifications of 

nepheline. He synthesized a hydrated neph line (Thugutt, 1$92) 

by dissolvine 16 . $ grams NaUH in 105 cubi c centimeters of 

water, and havi n this solution react -v· ith 35 g ams of kaolin 

at approximate l y 200° C for an unstated time . However , no 

i dentifyi ng phys i cal data were given for the nerhel ine hydrate . 

Two years later hugutt (1$94) fused t he previously .repar d 

nephel .ine hydrate and obtained t he hi gh temperature fo m of 

neph line which was called so a anorthite at t h·t time$ 

'he name so a anorth i te rvferred to t e hi gh temperature 
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co. pleAly t\·tin HH tnod ifica io 1 of n~J rwl inu un il ·~~~ hin p; l.on 

an • i .c;ht 910) .r.· n· ... ud it. c r·neg'o1t after tt fou · 

of t he Goo nysi cal ·nstituLe in ~&shington , D.C . ilese 

~uthors poatul~ted tl t so. id solution of & triclinic a t· btb 1 

fo . m of n pte ino with t ne ~l~gioclbsu ·elJep ·· e pl~in•d he 

c e leal a'bnor ::tality 'n · mi:rpr · 1 t Jay ere st c ing . ·'he 

erystaJ sy. t. m, t im · ne: 1·' , cleava.r. , c.ltl · l • r n , o he 

minar•l wer~ those of a rl· ~ioclase, an optic~l \O k inticated 

~na y .. i of t~ : in .ral hott; d exc · · c~ cium '"rw al · lll1 tiu.m 

-w: t h . · de " a · t ~-;f ail ic· if the m· terial act.u.\:1 y W<;ts an<.Hl sin • 

1' 'refore , t.he ' $S.:;u e anot ier (ine r 1 t' be ·11 e •. nt. in 

sol1 d solut lon d t.h a plb ".iocl' ,.,e to · ccount for thi~ cmornoly, 

und c .o •e a tr.icl i n i.e ! .&.g-h· t , peratur ~ wo i ic · t ·on of nep-..e ir o . 

They nu ed this roo ific.:ttion c~rntH:iei\.e 1.n Gl o r to c;;sca : e 

thD COnnotation f f~ldspar ~one ·i ~ contains in th tarn «so a 

e1nort i te tt. 

Bo Em (l912b) , in the i.rat · ciae ork i n tbe nep a~l ne 

sy e~ , establ i 1ed t neph J ine-e· negi i ... inv~r · ion o 

124~3.0G t1 d t it nH.a l ·t · nL p~oin t. ··o purt: s nLh.:;ti c cb ~n ··rtieit~ to 

be 15r °C ut · tl'iJQ..,pheric pr sure .. The establi tul'lbnt uf 

m Lrie~ ~it . one o · ~ore ?} 


metastQ.bl · inVUl"'"'iOn6 o a t\'dnne< lo tea;Jperutu. for 


o c curring · t p ro 1 ·tel y G~0° ·-nd 225° ~ ( dou · me., e 

b ~o en ·nd 04 e ig (1925) ~ "nephelin hy·r te i: usti;ation 

http:metastQ.bl
http:124~3.0G
http:hinp;l.on


was c.....rried o t b L ~~or:io {1940), 10 Gtudi ·d th · n ·p cl ine 

ydr~te of Le~ rg (5na2al2Si20 .~H2) ~nd aelin ••t c yat• l 

for1::Js , crystal systaw, und intorfi;~cla. cmg a,. ~.e fot nd thu.t 

tr.e cryst 1 wh ... n he· t d to 115°v ""!'~. able to rcsor · water 

pon cooling, and · s the incr· ·l . · s · f rent f o.n · ny known 

z oli 

\.or by uttle and Smith (1952}, i .n tr eir inv stiu,ation 

of ~te ~AlSi~4 - ~~ l~io4 syst~m , b ~u~ht to liFht B n~w 

orthorho ~ io : ol m 1)h of nt-pheJ i c diich the) n cnec 1 i ·,h 

ep ~ J ine . " is st y ,. s c· rried out at the Cuop y ic··l 

.~.nstlt. tE~ in ,as i !{~ton , ' .c. , (:-D(~ e a se it i"' 1- tioned in 

de cri rtion of iJ polymorp li'Jl:i5 g.i. v ~n by fm'th ·nd Tuttle 

(1957). 'fwo nepi !:!linG hytr~tB bod II). a.onc 1 th ~ ny othe · 

min~rals t we1e th i ed and t b.l'ty ficl s 

atm~snh~ric r ssur i ~n €;)..C ss o •·o ,u ion by 

B rr and ~hitE 1952) . 

to gels of min<:ard.l compoBitions lowerttH'l tl1e t mpe at r o.f the 

Jtability fie ds for the minerals studied rand ~re,atly nh~d1ced 

crys llization, b, provide very ittle , if ny , 8t r lich 

co 1 b u in tt stud of ·h • ori ~;in of n e · nd iti".) 

r•lationahi p o · · ~m~ . Ho ~ver , the ~ete mi ation of he 

crystal. sym netr.ry an e ppro::dtnate s ility fi l ds of the nelheline 

1y t s with scanty o·servations on tteir inter.1·l tructuro i s 

impor o.nt. s it i th<:! 0 r~ubl1sl' d d tail ~d inform tion about 

the.se p · s e to J e . s· n :-- · nd c s· or. (1957) in tudy 

of t ' e ~yst m t~2 - A L03- Si0 2 - H20 determined the bo r de r 

at 
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etween the stability f iel ds of low-nephel ine and nepheline 

hydrat e to be 460°C at 15,000 psi. These authors further 

me ntion that they conf orm to Barrer ·nd White's (1952) desig

nation of t he ne heline hydrates . However, Barrer and \'lhite 

de signate t he high temperature nepheline hydrat e as II and 

the lo\t temperature ne pheline hydrate as , whereas Sand , 

·oy, and Osborn designate t he high temperature form as I . 

furt her compl ication is that Barrer and ~ bite's low tern-

pe r atu e nepheline hydrate I pattern conforms closely to 

and , fioy, and Osborn's hi gh temperature nephelin hy rate 

I . This pecul iarity is not mentioned nor is it expl ained by 

Sand, oy, and Os born . Further investigation , there f ore, in 

the low temperature aqueous part of t he nephel ine system 

seems to be necessary; especially now that a superfluity of 

terms appears to be developing in the fields of the nephel ine 

hydrates. Conf i c ation and delineation of the terms l embe gite, 

nepheline hydrate I , and nepheline hydrate II are needed . 

2 . "Solid- Solution" Studies QE. Nepheline 

I t was discovered in the very early 1900's t hat natural 

nepheline did not a pear to have a consist ent chemical formula, 

but rather t hat silica, potassium , and calcium fr equently 

a ppeared in excess of t he chemical formula accepted for nw p.eline . 

(i) Silica Studies 

Foote and radley (1911), in thei r studies of solid 

solution2 in minerals , thought t hkt t he excess silica in 

n 2rt is sual to t hink of solid solutions in terms of 
molecules" or "co pon nts", ·lthough it is kno\n th t solid 
solutions occur by ionic adjustment in ~ mineral st u cture . 



nepheline was due to a form of solid solution ~ They proposed 

that the silica w·s taken up by the nepheline in· manner an 

logoua to salt dissolved in a be ker of water. The excess 

silica would not take part in the formation of nepheline, but 

would exist there in some nknown manner . Schaller (1912) 

was the fi st to propose that three isomorphous molecules vtere 

present forming n pheline; n ~mely, NaA1Sio4, KA1 Si04, and 

NaAlSiJOg . Bowen {1912a) on the basis of experim ntal work on 

synthetic nephelines a ~reed wi th Schaller on the three 

compone nts for ing nepheline . He proved experimentally that 

the excess silica present in nepheline was in solid sol ution 

and mo;;;>t probabl y in the form of albite. However , he 

believed that the con itions f vorable for albite to saturate 

nepheline were unat tainable in nature and that the natura l 

nephelines we probably never satu 'cit ed with albite i . e. , 

sil i ca) . Foote and Bradl ey (1912} disagreed with Bowen (1912a) 

and attempted to show tha t there \\fas a def:i.nite sil i c 

satu ation l i mi t i n nephel i ne . Cl arke (1914) a greed with 

Schaller (1912) and Boiien (1912a) i n princ i ple, but thought 

that the excess sil i ca was due to the exi stence of a polymorphic 

variety of albite havin the com osition NaJA13(SiJOg)3 , His 

view w s that the replacement of the Si04 molecule by the 

Si JOg mole cul e was fai r ly common among the s i licates . The 

theory of Clarke and Schaller on tle su stitution of Si30g 

groups for Si04 ::roup"', was dis roved by \v'h rry ( 192.3) who 

showed that vo l ume :relationsh i ps would not allow t his sub

st i tution to occur . 
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Bowen {1917) performing experimental ork in the 

~Ja A lSi04 - K l Si04 system belie ed t hat com lete so~. id 

solution occurred between t hese molecules. He concluded from 

t his that NaAlSi04 nd KAl Si 4 er the fundamental ·molecules 

of natural nephelines. However, he also )Ointed out that 

experim ntal wo rk ( Bo en, 191 2a and l912b) in icated that 

plagioclase enter d into soli solution with nepheline; t he 

albitic plagioclase explainine the excess silica, and tho 

anorthitic plagioclase the c·lcium present in numerous analyses . 

Therefore, he thought nephel ine should be represented by four 

components : Na 1Si 04 , K l Si04, CQ l2Si20g, and a lSiJOg. 

Evidence for s i li ca fo r ming a solid solution in natural nephel i ne 

w s sho'n b Bow n (1922) 1 hen he demonstrated t hat nepheline 

acted as a desilicating agent upon diopside. 

Cherbuliez and Rosenburg (1928) f ound that when a 

mixtur e of nepheline and quart z ~ s heated i n the range 900° 

1000oc t here was a decr ease in conductivity at any one constant 

temperature~ This proved that the two minerals reacted to form 

one homogeneous compound, and showed that silica is nsoluble" 

in nepheline& Bannister (19Jl) agreed with Schiebold (1930) 

t hat the excess silica present in ne heline was ue to nepheline 

being deri ved from t he tridymite structure al ong the lines: 

tridymite nepheline 
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A st.udy, revealing that silica was soluble to 15 percent in 

nepheline at atmospheric pressure, was performed by Gre ig and 

Barth (1938). Shand (1939), from a study on staining 

feldspathoids, noticed that zoned nepheline& c~ntaining lime 

and/or pot · sh were stained ho ogeneously, but that nephelines 

containing excecs silica (albitic nephelines) were zonally 

sta"ned . He attributed this to solia solution of albite in 

nepheline resulting in an a l teration of silica-rich and silica-

poor zones . 

Barth and Kvalheim (1947), in a aper written in 1944, 

found that spectrographic anal sic.· of a tridymite-like mineral 

from Antarctica revealed a content of , .2 percent nephe line . 

Th authors knew silica to be soluble to 15 percent in 

n .. heline (Greig an ·~arth, 1938}, on, presumed that n pt elin 

wa soluble in tridymite as well, therefore, incomplete solid 

solution occurred in the system N hlSi 4 - '102 • he authors 

propo ed th name "chri tensenite" for the soli · solution 

members in t he series, neph line - tri ymite. fow ve , since 

this serie s lso includes albite, the term "chri tensenite" 

includ s three separate mineral species. lso, these minerals 

participate in extensive solid solut i ons with other minerals , 

and the use of the term "christensenite" to 1elineate part of 

the e solid solutions appears superfluous . I4a cKenzie (1953) , 

in hi~ investigation of t he nepheline - a lbite - water system , 

found that (p . 119 ) "the l i mit of ne heline solid solutions 

richer in silica t han Na.A1Sio4 was •• • about Ne75Ab 25 at 750° C" 
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and 14, 500 psi ater pr e ssur e. Thi s amounted to a 10 per cent 

increase over Greig and Bart h 's (1938) result in the •dry' 

s ystem at atmospheric pressure. 

Eitel (1954), in hi s review of t he phys ical chemistry 

of t he silicates, outlined a process which he believed explained 

excess sil.ica in most ne phelines. hat is, tridymite lamella 

lying parallel to the basal pinacoid in the nephelin structure, 

or as othe rt-vise stated, Si 04 groups isomorphously r placing 

Al04 groups within nepheline . No elaboration a ccompanied 

mention of this process. '> hn and uerger (1955), · n t heir e

taile · discussion on the structure of nepheline, stated t hat 

incomplete re placement of silicon atoms by aluminium atoms 

accounted f .or the excess silica found in t he nephel ines . This 

view is t he antithesi of ' itel's (1954) i dea as stated above ~ 

At present it, p ears t hat several a gencies may cause 

excess silica to be present in nepheline . There is little 

doubt t hat limited solid solution of a.lbite and/or tridymite 

can occur in nepheline, and also that t hese solid solutions 

co 1 cause excess silica to be present. ahn and B erge r 's 

(1955 ) idea of incomplete substitution of atoms with the 

tridymite structure woul d also account f o some xcess silica . 

It therefore appear probable t hat all of the aforement ioned 

causes of xcess ilica are o oer·t ive · nd t hat excess silica in 

nepheline i. a result of any one or a comb ination of these~ 
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(i i) Potassium and calcium tudi s 

Bowen (1912b) discovered xperiment lly th t C Al2Si20g 

{anorthite) wa soluble up to 35 percent by weight in solid 

solution in nephelin at atmospheric pressure. Becke <:tnd 

Hibsch {1925) ascribed some natur 1 zoned nephelines support ing 

Bowen•s experimental evidence th t NaAlSi04 and CaAl2Si 2 g 

for ed solid solutions. The following year they di cussed the 

cryst als in greater detail giving further chemica l analyses 

( Becke and Hibsch , 1926) . '1' (Jmel {1930) demonstrated from 

synthesis and -r·y ork on ne.heline that the replac me nt of 

sodium by calcium in valence proportions depended upon the 

s preading of the oxygen lattice by aluminium. itel, Herl inger , 

and Tr5rnel (1930) confirmed Tr5mel's (1930) work and pointed 

out that X-ray studies on the two end members, NaAl Si 04 ~nd 

K 1Si04 ~, made i't very doubtful t a1; these two com ounds formed 

a complete isomorphous series as Bowen (1917) had stated. This 

has since been proved correct (see Tuttle and Smith, 1952) • . . 

One of the most detailed and comprehensive stu ies on 

nepheline and its relati0n~hip to chemical composition was that 

of Bannister (1931) . He established tat the volume of t h 

unit cell and refractive index increased proport ionally ith 

th number of' potassium atoms pre sent. 'l'his increase wa s 

rathe erratic (see fi gure 2b). He also inferred that calcium 

woul d produ ce an effect similar to that of potassium. 'fhus, 

variation in sodium, potassium, and/or calcium content of the 

unit cell may explain the recorda d "fferences in lattice 
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parameters of natural nepheline"'. C9lciurn cou d not of course 

increase the cell d imensions as much as potass ium du 3 to its 

smaller size. Foster (1942} fo nd that fro m 5 to 10 pl.:rcent of 

CaGiOJ C\lwlla 'tonit ) woul d pc.rtic i pate i n solid solution in 

nephel ine at etmospheric pressure. ·uerger, Klein, and 

Hamburger ( 19L~7) i.'ound that chemicf.ll analysas support~ t he 

t he sis that pota ssium substitutes for sodium and thet the i..Jeal 

formula of nepheline should be KNaJAli..,OJ 6• Go l dsmith (1949), 

in an experimental study in the system NaA1Si04- caO •Al20J, showed 

that in the stability fi · ld of nepheline , nepheline can absorb 

at least 60 percent CaAl204 in solid S()lution at atmospheric 

rcsst1re . ~fuon ( 1950) also domonstrated th.at nep elintt can not 

exist in a pure st' te in the pre ence of lime compoun ' s . 

Therefore, it is stien that a f w minerals and compounas, 

notably k&liophilit.E~ ana lime compounds, participate in part ial 

solid solution with nepheline, and probably could e:xp1a:l in other 

ro corded deviations b si ...:es silica fro• the th oretical formula 

K~a3Al4Ji4016 of Buerg~r, Kle in, and Hamburger (1947). he 

va riation of cell di 1ensions primarily uepends upon t he pre-sence 

o absence of certain el€:m nts (potassium and calcium) or com

pounds as is seen in fi;ure 2 . t is probable that ·esults 

obtliined using pure synthetic nephe "ine would not be v·lid in a 

study of the compositionally complex n2:1.tura l nephelines . 

Howe ver, the unoerstanding of the complex nepheline· must arise 

from an understandin~ of t he simple pur• synthet ic nephelines . 

http:chemicf.ll
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Studies .2!_ Nepheline 

Buerge , Klein, and Hamburger ll947) successfully 

app·o imated the nepheline structure and showed that Schiebold 

(1130) was correct in his idea that the stir cture of nepheline 

was based upon the tridymite structure with lalf the silicon 

~toms replaced by a uminium atoms , and with l kali atoms placed 

in the .voi s of the open high tridymite structure to s"ti ~fy t ''le 

valency requirements. Chemical analyses lent support to the 

thesis that the true formula for i eal nepheline should be 

KlA3Al4Si4016• The 1947 paper was expanded nd clarified by 

Buerger , Klein p and Donnay {1954). 'ahn and Buerger(l955} 

publ~shed the most etailed and ref·ned account of the structure 

of nepheline to date . They found that their nepheline was very 

sligl tly non-centro rnmetri c wi h a sp ce group P63. They also 

found that oxygen atoms ep rted considerably from sp1 rical 

symmetry, and thought that this represented strong thermal 

motion. twas found tlat rot·tional collapse occur ed, which 

reduced 3/4 of t he voids in the nepheline structure an increased 
1/4 of the voia.s. These two void size became filled with 

pot ssium, sod ium, · nd a fe\'1' calcium atoms until the v·lency 

requi ements were met. 

G. onnay (l955a) observed t hat there are t o compo sitions 

in nepheline here hi h order transitions occur: namely, ·at 

x : 1/4, and x : 2 (where x • the number of pot·ssium atoms per 

unit cell) . he two transition points i vide the compot~itional 

range NaAl Si04 - KAl Si04 into three segments, for which sh_e 
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proposed the term 1 su phases' 6 She also pointed out that the' 

ne phelin Hahn and Buerge (1955) used was situated on t he 

transition border x • ' 2 and ) · therefore, was un er internal 

stress which mi ht account for some of t heir o~ygen ato s 

b inq displaced from the thr eefold axes. 

ecently, Saha a (195S) found one sample of natural 

nepheline which showed, from a ingl crystal l - . ay investi 
o 

gation, that t he unit cell we are accustomed to (eeg.,a0 = lO.OA, 
0 

=S. 4A} is in r 0ality a pseudocell and the true nephel inec0 
0 0 

cell has dimensions of a 0 =17.4A, =76.0 • The true cellc0 

is · lso hexagona l with the a-axes at angles of 60° and 120° 

to one another . However , the extra r~flections of the t r e 

cell were too we~k to allow determi nation of the s pace group . 

Since ~11 other nephe ine studies se the old c 11 di ens i ons 

and the new values have not as yet been corroborated, t he 

measurements in t he present study wer taken between lattice 

planes defined usin the old values for the unit cell of 

nepheline. 

From t he pr esent st te of knowledge, nepheline C~ ppears 

to be derived from the t idynite structure with aluminium l:itoms 

substitutine, fo r half of t he si ] icon atoms. So iwn an potas sium 

atoms, and/or calcium atoms fill oids produce by rotational 

collapse of the tri ymite structure, nd satisfy the valency 

requirements produced by the substitution of aluminium for 

silicon~ Hahn an · Buerger (1955) state that isorder occurs 

in their nephe i ne, with 12 of the 16 te trahedra in the unit 
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cell being disordered with res ect to the sill on and aluminium 

atoms. 

4· Cell Vari tional Studies ~ Ne pheline 

Bannister 19)1) was the first person·to conauct a 

cell dimension variational study on ne pheli.ne. He correlated 

the cell dimensions wit h chan£e in co .!:'osition , and found that 

the cell dimensions increased wit h addition of potassium to 

the nit cell . his is seen in figure 2b, and s can be seen 

th correlation was not very good. Tuttle and Smith {1952) 

f ound as Ba nnister (1931) had that the cell dimensions of 

nepheline vary with composition . However, they also mention 

that temper at.ure causes a variat ion i n cell volume. he re sults 

of the ir work are presented in fi ~ure 2- • Miyashiro and 

Miyashiro (1954) prepared mixtures in varying propor't ions of 

NaAlSi04, KAlSi04, CaAl2Si2Ug, an SiU2• Part of the i r resul ts 

ere present ed in figure 2c, n as can be seen these results 

do not agree very well wi t h later investigations, .n addition 

to the increase in unit cell and l at t ice parameters with 

composition, t hey found that excess anorthit e and silica 

de creased cell edge and increased cell e dge c0 ca 0 

G. Donnay (1955b}, in a stu y of solid solution in 

the system Na AlSi0 4 - CaJ!l 2o4 , found that double substitution 

(calcium for sodium and aluminium for silicon) caused variation 

with composit i on in cell sizes. This indicates th· t calcium 

might cause var iati on in cell sizes in nepheline . 'he also 

found that omiss i on solid solution caused no variation in 

cell dimensi ons i n pure syntheti c nep eline . The following 

http:nepheli.ne
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FIGURE 2 
(a) 	 Diagram showing change 

in a0 with composition in 
nepheline. 

(IJ 	B c) Diagram1 •howing 
change in a2c with 

compo•ition in nephelintl. 
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year ( • Donnay, l 956a), she i mplied t hat substitution

omission solid solution &1 o occurred in nepheline, but little 

affect ed cel l dimensions . In the same report , but in another 

article (G. Donnay, 1956b), she ut il ized information obtained 

from synthesizing 10 pure nephel i ne s a t diff erent temper tures 

and for d i fferent lengths of time , and concluded that there 

was no observable cell variation in t he po lymorphs of nephel ine . 

A further di s cussion of t h is paper is left t o the inte pretation 

of r €sults where it is compared with the results of the present 

study . 

Smith and 'l'uttl (19 57) ound t hat t he la tice parameters 

f or pu e synthetic n phel ine preparea hy rothermally were the 

sam after J hours as after 34 hour at 4000 psi . Thi s 

indicate d t ~at lattice param ters mi gh t be independent of t he 

time equir d fo r s ynt hesis of ne ph line . h variations of 

l at tice paramete s a0 and fo • nepheline-kalsilite solic0 

solutions were given, and anomalous r esults were f ound for pure 

synthetic nepheline. Some of their re s ults are pres nted in 

fi gure 2c. It ~as found t hat lattice parameters of synt heti c 

nepheline v~ried s l i ghtly among different s p cimens and t at 

( p . 302- 303) ttto some extent these variations are related to t he 

therma l history of the samples . " 'rhe cause for these variations 

wa, s no t known , but Smith and Tuttle put t wo hypotheses forward 

(p . 303) : "first, orde - disorder bet ween t he silicon and 

alu inium ions and secondly t he presence of H+ ions in t he 

latt ice perhaps as OH- r placing o 2- . " 
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Mac enzie (1957, p . 513) stated : 

that the differences between high- and low
temper ature forms of both sodium and potassium 
fel dspar are principally due to different 
d gr·ees of order in the distribution of Al and 
Si atoms •• • although the possibility that 
slight chemical differ ences may be partly 
r e s ponsible for the lattice variations cannot 
be completely ruled out . 

Thus , minor lattice para eter variations in any one silicate 

olymorph woul d a pear to be primarily caused by different 

kinds or degrees of or er- disorder in t he silic te n twork. 

It is t e princi ·1 aim of t his study to differentiate 

between Do nnay's (l956b) and Smith and Tutt l e's (1957) 

conclusions on t he amount of lattice parameter variation with 

temperature of formation in synthetic nephelines ~ 



III. EXPEHH1£N 'AL ME 'HODS 

1. Description of Apparatus 

The apparatus used intis study is the usu·l pressure 

and temperature synthesis equipment comtlon in pressure

tempe ature laboratories in North merica. The essential com

)O nents of the experimental apparatus consist of an air-driven 

ump unit to supply r.ssu e, a pressure vessel or "bomb" to 

contain the pressure along with the charge to be synthesized , 

and a controlled furnace to supply the temperature required . 

(i) The air- driven pump 

The rump used was ma nufactured by the S rague 

Engineering Corporat i on of Gardena, Cal i fornia under t he model 

number S- 216C-JOO . The rinciple of operation of this pump 

is quite simple . tilizing the pr inciple of differenti 1 areas, 

laboratory air was introduced onto a large area piston at low 

pressure in order to develop hi gh pressure by forcing a 'mall 

area piston against a small volu - of fluid , in t his case, 

w ter . Thus , a ater pressure is formed . is water pressure 

depends upon the ...:urface area of t he two pistons. herefore , 

if the upper or ai ·surface oft e piston has a surface a·ea 

3 0 times greater t han t he lower surface, and laboratory air 

i s supplied at 100 psi, the r sulting water press r eveloped 

is 30,000 psi . he model used (S- 21 C-300) had an input to 

20 
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output ratio of 1 : 335, and maintained a set output pressure 

to within 700 psi . he pump used broke own several times 

dur ing the experimental period, ruining several runs. Whether 

these break owns were due to echanical or operational faul t s 

could not be determined , howeve , all known precautions were 

taken during t he operat i on of t he , u p. The pressure supplied 

by the ump was _conducted by hi gh pressure tubing to the 

pre s ure vessel . 

{ii) The pre ssure vessel 

Sev ral bombs have been de ·eloped f or use in pre ssure 

temperature s}rstems ove t he last 60 ears However, t e bestG 

de sign and the type us d in t i ;;ll st1 y was develope by 

Tuttle (1949). his bomb is machined from "Stellite 25", an 

plloy of cobalt,ch ~orn i um , and tungst en, which provi es a 

hi ghly tem erature and pressure resistent bomb. 'he dimensions 
l j . 3jof t he bombs used were 1 4 inches out ide diameter x 8 inch 

inside diameter· x 12 inche s in 1 ngth . A bomb of these 

dimensions would fail un er a pres sure of 20 , 000 psi at 

approximately 90ooc \hen used for , rolonged periods of time 

(e. g . , over 2 days }. A sketch of thi s bomb type and t he 

anner in wh ich it was utilized in the experi mental pp·ratus 

is shown in figure ) . Tempe ature was supplied to the bomb 

by a controlled cylindrical furnace . 
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Gold 
capsule 

Furnace 

{iii ) The temperature apparatus 

'l'he equipment used to suppl y and cont r ol t he temperature 

for any one bomb was as follows: a nHevi-Duty" furnace , e. chromel 

alumel thermocouple, and a Bristol Indicating Millivoltmeter 

Pyrometer Controller , Model 47SL . 

The furna ce , sold under t he trade n· me "Hevi-Duty", was 
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manufactured by the deal Furnace Company. The urnace was of the 

ordi nary cylindr i cal type with an inside diamete equal to t he out

s i de diameter of the bomb, and was capable of producing tempera

tures up to tho l i mit of the control ler which wa s ll00°C . The 

heating eleme nt consi ste of heavy duty nicrome wire backed wi t h 

asbestos insulation. The furnace would be improved throuqh the use 

of a metal clamp to fa cilitate closing of t he furnace around the 

bomb . 

Ea c 1 controller was su plied wi th its own ther ocoupl e 

and si nce t he contr ollers were not cor rectly calibrat ed, a 

work i ng curve of actual versus recorded tenperature had to be 

establ i sh .d for ea c controller and its thermocouple . 'he se 

working curves are believed a ccura t e t o ±l 0° C. More prec i se 

equipment should be used to control t emperature in any furt her 

ressure - temperature l attice parameter studi es . 

Ea ch thermocoupl e consistgd of a positive wire of chromel 

( an alloy of approxi mat ely 90 perce nt ni c el and 10 pe cent 

chromi um) and a negat i ve wire of a l umel (an alloy of approxi rnate l y 

95 percent nickel, 5 per ce nt alumini um, mangane se , an sil icon ) . 

The wires used were No . 8 AWG. IJue t o the high ni ckel cont ent of 

t hi s type t her mocoupl e wi r .e and its large diameter, it i s re 

sistant to oxi dat i on and can be used to re cord t emperature from 

oo to 1250°C. Utili zing the t hermo couple , the controller v1as 

abl e to maintain temperat ure s from r oom temperature to 1100° C • 

• he apparat us as used in this stud consisted of f our 

contro l lers , t hermocoupl e s, furna ces , · nd bombs . These coul d 
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all be run concurrently under the same pressure, while the 

tempera.ture for each bomb could of course be individually 

controlled . 

2 . Preparation for~ 

(i) Sample Preparation 

The formation of a dry mixture of the composition 

NaA1 Si 04 was accomplished by mixing <><Si 0 2 , -a' Al 2o3 , and Na 2sio
3 

together by weigh t i n molecular proportion: Na 2o •si 2 , 43% : 

'6 Al203, 3&;"o : O(Si02, 21%. o< Si02 and ~Al2o3 ·were used because 

they are highly reactive components. The ~ · 1 2 and ¥Al 2o3 
were prepared separately by heating spectro~raphically pure 

oilicic acid and aluminium chlorid in fu naces at the 

appropriate temperature to achieve the require transfo mations . 

The a2Si03 was prepared fro m Na 2Si03 •9I20• Since this compound 

is deliquescent, accurate weighing of portions was difficult . 

In order to overcome this difficulty the water as evaporated 

off in a drying oven and the compound was \'feighed out as 

After the three powders had been weighed out in the 

correct pro . ortions to form ·aA1Si0
4

, they were plac din ·n 

hour-glass mixer and mixed until t he powder beca e homogeneous . 

The fa ct t hat nepheline was easily synth sized from t he mix

ture used would indicate t hat the mixing wa s dequate , and 

thot t he Na2Si03 used di not contain a signific~.nt amount of 

http:signific~.nt
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(ii) Sealin~ of Sample 

In order to s ynthesize nephel ine under known 

conditions, the starting material and excess water were 

pl aced in gold cylinders whi ch were then sealed and weighed. 

The method used is one which was described by Yoder in a 

personal communi cation to the a thor. The procedure, ith 

minor changes made by the author ~ was as follows. One end of 

a gold cylinder, 25.0 mm . long, outsi e diameter J . O rnrn ., 

inside diameter 2e5 mm. , was crimped and f .sed shut in a 

carbon arc. Distilled wat~;:;r, in excess of t he amount of 

mixture to be used, was then placed in the botto of the cylinder 

by means of a capillary tube., Th 1 powdered mixture was tlren 

added and the top edge and inf ' de lip of the cylinder cleaned 

with a cotton swab . ~ A pair of flat ...faced pl iers was used to 

crimp shut 4 - 6 mm . of t he cylinder and the crimp then eened 

tightly closed. 'rt e crimped end. of the cylind r was then 

placed in a s all vise whose jaws were approximately l mm ~ 

thick and the vise tightens • It was found that shearing of 

t he gold occurred if too much pressure was xerted and that 

care was nee ed then tightening the cylinder in the vise . 

The vise as then placed in a di re ct current electrical 

system as shown i n Figure 4. 
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Spectrographic 

~1o- 40 
variable resistor 

110 o.c. 

I 
Figure 4. Sketch after Yoder (personal communication} of 

the welding circuit used to seal the gold cylinders. 

The resistor was ~et at. about 20 ohms, the circuit was closed , 

and the cylinder welded. Welder's goggles were necessary 

durin ~ this process. Upon com 1 tion of welding, the cylinder 

was removed and examined un 'er a binocular microscope (3 5x) 

for any defects. If t h re w re none, t he cylinder ~as t hen 

weighed and placed in one of t he bombs availa le • 
• 

{iii) Starting of Run 

'he bombs were tightened and inserted into the 

pressure circuit in t he laboratory. Eac run consiste ' of 

four bombs , each bomb containing a sin le cylina.er . An 

arbitrary t emperature and a pre s sure of 20~000 psi we e then 

a pplied to ea ch bomb for the length of the experiment ~ 

3. Qu·enching 2£. Runs 

he u'lethod of quenching is important since the 

formation of any metastable phases ust be prevented. Several 

methods were tried before the equipment was renovated , but 

http:cylina.er
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th y ~ere only moderately success f ul . However, t he 

quenching procedu e Llsed for t he last hc:tlf of t he experiments 

was quite successful. This met hod consisted of removing 

the furna ce and t hermocouple, ~ nd simply raisi ng a cold 

buc ·et of water o er t he bomb . The pressure in t he syst em 

was ma intairred during the quench i ng process so U at t he gold 

cyl in ers wo 1 not burst . ':hen the bombs had b en quenched, 

t hey ere remo ved from t he pres su e s ystem and opened. The 

c lin ers ere t hen reuoved ana weighe · to det rmin i f t 1ey 

.had com open duri ng t e run . A new set of gol cyJinders 

was t hen :l.nserted in t he bombs for another run . 

In or 'er t o X- ay the syn~hesized nepheline , the 

.owder wa s removed from the go ld cylinders and gr ound. Care 

~as ake n to grind all the runs to the same grain size in 

o ·der t o minimize any error introduced by varying grain 

size . :B nzene wa · a de to the synthe sized rnineral(s) in 

t :1e mo r .ar to faci.litate grinding. he ~round )Owder was 

run pon a 1orel co high ngle i ffra ctometer to determine 

the phases present . he machin was set t o oscillate between 

22 . 5° and 30.0° 29 since t his interv 1 contained t he p .aks 

2021, 21)0, and 2022 which ~ er found suitable for 

mea su in~ lattice parameter s 1ift. At least six patterns 

we e run over t his interva l and t e dist nces betfeen peaks 

were t hen measured upon t he Norel co Film Illumina~or ~nd 

• 
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Measuring evice. rfhese measurements are accurate to ±0 .0008 

of an inch. How ve , the thickness of any on line i s 0.02 inches 

and the line idth can vary up to 0.005 inches . The changes in 

lattice parameter were t hus ea.sured directly on the six chart 

patte ns, averaged, an t hen plotted upon a graph (see figure 5, 

and table 2). t is t ought that ave aging or the six valu s 

reduced any measuring error to les than 0 . 0050 2~L 

The diffractometer settings used were s canning rate, 
1/4° 2Q per minute; chart speed, 1/a inch per minute; rate 

m ter s cale fac or, 4; multiplier, 1; and time constant , 4. 

5. Problems ncountered !11£ Sources 2.£ Error 

A number of problems were enco ntered during the 

experl.ments . First, the !{ore leo diffractometer gave varied 

readings for the lattice parameters; the avera e error for 

95 percent prob bility being ±0 . 012° 2Q . Second, the Fisher 

py ometers were not correctly calibr<:.lted and a set of 

correction curves had to be constructed so t hat one could 

determine the temperature of the bombs . These curves are 

believed accurate to ±10°C . '1ird, several small leaks 

occur ed in the ressure system, causing pr~ssure v· iation in 

the runs . However, this variation wa s not greater than ±700 ps i 

from the set pressure value of 20 , 000 psi . Fourt1, t he pump 

which was used did not maintai n the necessary pressurt~ on '11 

the runs, thus caus·ng the gold cylinders to burst from their 

high internal pressure. Fifth, because Yoder's m tho of 

sealing the gold tubes was not us ed until the very end of the 
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experimental period, runs which 'had lBake~' or absol~~'ed water 
1 \ l 

I 

during t he experi ment had to be 'included in the result Since ' 
\ 
' 

this h ·· s had t o be do ne, then the problem p\~~ leach ing ne~ds to 
t I \ \ 

be cons i dered . \ '· 

l ,( I 

Hydraulic fluid may enter a !e.,ap s ule i ~ither at t h~ \ ;:':.' 
', , I ! \ I \ 

beginnin of a run due to f• ulty sea~l ing or; ~}1e ca psule' ~r at. 
~i 

1 
\ I \ 

the end of a run hen t he pre s s ure ~s dropp~d \fo quenchinF .1
I , ·, 

rowever , in runs of 96 ho urs durati~n since1: ru'p 19 , the 
\ ', I 

pressu e was ITlB.intained until the bo~bs we~ij quenched C<nd , 
I •'I ' \·. 

t herefor e , the capsules coul d not bu~"st . Thus~. almost all 
I 

the c a p sules leake be cause of faulty sealin~ illo ing the \ 
.\ 
I 

hydraulic flui d to be in contact with the ,ynthet'ic ne pheline
' ' .I' \ 

for t he d u ation of t he run . he f luid aff·ecte;,d t he charges
\ ' 

and, judg ing from t he results of t he runs/ Na201\ •. nd
I 1 \ 

a 
, 
2o3 

probably were l ea ched away . The followiryg equ<i~ions c ould 
i ! •, 

illustrate some of t he reactions which mi ght haye occurr'~d 

during the expe rime ntal peri.od . For runs 17, 2f, and 55 : · 

: 
' 

1 
\ 

t· 
211ilAlsto,.llllao~lOiilAlsto,•'llll41st1o8o411z0+...,1Si308+s~2o•SA12o3..i.~\J 
For r uns 53 and 56 : 1\ \ 

I I 
' t\ 

\, 

teNUlS10~ + :11.~0 ~l2HI.AlSiO.._ + 2NaA1S120g •2~0 +Na.20 +.Al2~S + •BeG 
And for runs 1$ , 21 , 58, nd 60 : ll 

II 

I 
I 

9BaA1SiO" + ·~o eiU1s1o, + NU1Si3o8 + Na 2o -+4t2o3 + ·~07 1

l
I 
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Although it i s i mproba l e t ·lat Na 2o an Al203 both 

dissolv d at equa l rat es, t he general relationshi p is seen 

whereby both soda and alumina i ght have been lea ched out of 

t he charge , leaving an exces of silica over· t he limits of 

solid solution whi ch mi ght react wit h the nephel i.ne present 

to form analcite and/or albite . 11 t he bases present 

after synthesis had occurred could not be dete mined, but the 

presence of artificial noselite and/or sodalite proves t hat · 

so3 a nd/or NaCl were added to a few of t he charges i n some 

mann r . The sulphur may have come f om t he oil us d to 

lub icate the pump; f o each time the hydr· ulic fluid liiBS 

dra ined after a r un , oil was noticably pr sent and could have 

acted ur. on any cha ge whose cylinder wa s insufficiently 

sealed . The NaCl pre s nt in four of t he 53 char es mi ght 

have come from careless han ling of t he tools used to place 

t he charge into tte ~ol cylin 'ers . he preparation of 

charges took pl a ce in the pressure-temperature l aboratory where 

t he room tempe ·ature frequently exceeded 80°F. Thi s is a good 

illustration of \vhy laboratory methods should be carried out 

carefully and under t e cleanest conditions poss i bl e . Further 

.reference is made to sources of error in the section entitle 

"Interpretation of esults" . 

http:nepheli.ne


I'V.. hESULTS 

n order to det r ine wh ich eaks mi ght be suitable 

for use in measuring lattice parameter shif't, an X-ray 

po\der diffra ction pattern was r nand indexed on a natural 

nepheline from Brevik, .•Jorway (rlieM:astel' University collection 

number, ~ 681). The in exed po de:r pattern of this natural 

ne pheline appears in table 1~ The peaks 2021, 2130 , and 

2022 were chosen fo r meas uring cell dimension dan E:.S because 

of t heir str ng intensity , an beca use t ese peaks were found 

useful in measu ing cell dimensional variation in nepheline 

by other workers {e. g ., S lith and Sa hama, 1954; G$ Donnay, 

1956b; and Smith and T ttle , 1957} . 

Nephe line was s nthesized in 53 runs to determine t he 

variation of 2Q in 2022 - 2130 and 2130 ... 2021 with temper

~ture of formation . 1ese runs were t en quencbe and 

analys d using X-ray diffraction. Of t he 53 samples , 28 

consisted of pure ne phel ine only. The other 25 contained 

other minera l (s) besides ne pheline s Th~ results of each run 

and the conditions under which each c a rge was synthesized 

are l i sted in table 2 . Fi gures 5a and 5b show t he effect of 

temperature of format :i.on upon A 2022 - 2130 . J<~arly in the 

·nvestigation it was seen t hat 6 21)0 - 2021 was too erratic 

to establish any trend in lattice parameter variation with 

temperature . 

11 
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TABLE 1 

INDEXED POWDER PAT!ERN OF A NATufu\L NEPHELINE 

Material: McHaster collection No. -M-681, containing 32.5±1.8 K/(K+Na+Ca) 

Method: Smear mOlmt, no internal standard. CuK""' 

Lattice parameters: hexagonal, a • lO.o8R, = 8.46R
0 c0 

'd' spacing Cbs. sin2e Calc. s1n29 Indices 

4.37 20.3 .0311 .0312_ 2020 
4.23 21.0 .0332 .0332 0002 

. 3.88 
3.82 

22.9 
23.3 

.0394 

.0407 
.0395 
.0410 

2021 
10l2 

3.30 
3.04 

27.0 
29.33 

' .0545 
.0641 

.051+6 

.0644 
21.2,0 
2022 

2.90 
2.60 
2.51 ' 

30.8 
34.5 

' 35.7 

.0705 

.0879 

.0939 

.0702 

.0878 

.0936 

30.2,0
21}2

' 2240 
2.42 
2.37 

37.2 
38.0 

.1017 

.1o6o 
.lOll+ 
.1059 

3140 
2023 

2.32 
·2.18 

38.75 
41.5 

.1101 

.1255 
.1097 
.1248 

3141
4o4o 

2.14 42.3 .1302 .1293 2133 
2 •. 11 42.9 .1337 .1328 0004 
2.09 ' 43.2 .1355 .13lt-6 3142 
2 .-o5 
2 .oo ' 

44.2 
45.45 

.1415 

.1493 
.ll~06 
.1482 

lOI4 
3250 

1.94 ' 46.75 .1574 .1565 3251 
1.91 
1.90 

47.5 
48.0 

.1622 

.1654 
.1638 
.1640 

41,20 ' 
2024 

1.85 
1.81 
1.77 

' 49.2 
50.55 
51.5 

.1733 

.1823 

.1888 

.1721 
' .1814 
.1874 

41,21 
32,22
2134 

' 
' 

1.72 53.32 .2013 .1996 4043 
1.70 

, 1.65 
53.85 
55.85 

.2051 

.2194 
.2033 
.2184 

5051 
42b0 

1.64 56.0 .2204 .2189 ' 33bl 
1.63 
1.61 

56.6 
57.3 

.2248 

.2298 
.2264 
.2282 

2244 so52 
1.57 58.85 ..2415 .2418 516'0 
1.48 62.95 .2727 .2750 5lb2 
1.46 
1.45 

63.65 
'64.4 ' 

.2782 

.2840. 
.2777 
.2853 

30}5 
33'53 

1.44 64.95 .2884 .2891 60bl 
1.39 67.5 ' .3087 .3089 3145 
1.38 68.00 .3127 .3125 5211 
1.33 70.95 .3369 .3354 611'0 
1.33 71.15 .3386 .3374 5212 
1.32 71.50 • 3422· .3434 3364 
1.32 71.75 .3435 .3437 6171 
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T,\.BLE 2 


EXPER I IVIE I'(TAL RESt.JLTSi:· 


Run 	 Wt . be f ore 1-Jt . after Hr Temp . 2022-21)0 Phases 
R ' R s. oc.No . un 1n gms un, gms . 	 in ° 28 Pr esent 

10 
11 
12 

. 6957 

. 6701 

.6910 

. 6958 

. 6701 

. 6911 

95 
95 
95 

650 \ 
625 
640 

2 . 464 ± . 0200 
2.506 ± .015 
2 . 486 ± .019 

Ne 
Ne + : "!'; -t ?A 
Ne + A ~ + ?A 

13 .6374 .6460 95 660 2.462 :t . 007 Ne + ?B 

15 
16 
17 
18 
20 

. 6680 

. 6883 

. 6869 

.7106 

.6737 

. 6722 

. 6912 

.6927 

. 7196 

. 6836 

~§! 
95* 
954 
96 

700 
710 
500 
550 
565 

2.451 ± . 011 
2 . 446 :!: . 024 
2.445 ± . 009 
2 . 438 1: . 008 
2 . 461 '!: . 025 

Ne +·?B 
Ne 
Ne+!\na}. + Ab 
Ne + Ab 
Ne 

21 . 5790 .5576 96 585 2.451 ±.012 Ne + Ab 
22 .4847 .5132 96 600 2 . 437 1:. ,013 Ne + Ab + Anal 
23 . 5768 . 5511 96~ 680 2.425 ± .007 Ne + Ab + ?B 
24 . 8044 . 8687 96 565 2. 45/~ ± . 007 Ne 
25 .6778 . 6649 96 585 2.448 :t .oo6 Ne 
26 .6948 . 6934 96 600 2. 447 1:. .009 Ne 
27 .7745 . 7701 96 680 2 . 433 ± .012 Ne 
28 . 5523 . 5523 96 680 2 . 459 :!: .007 Ne + Nos or 'Sod 
29 .7790 .7777 96 565 2.442 :!: . 011 Ne 
30 .8053 .8053 96 585 2 . 444 :! .016 Artif • Nos + Ne 
31 • 6770 .6717 96 600 2.448 ! . 009 Ne + Nos or Sod 
32 .6499 .6410 96 680 2.460 :t .009 Ne 
33 . 6286 .6286 96 550 2 . 460 -t . 006 Ne + Nos or Sod Ab 
34 . 7984 . 8190 96 620 2 .444 ~ . 009 Ne + ?C 
35 . 7288 .7288 75? 640 2 . 465 :t .013 Ne 
36 . 6610 . 6687 96 660 2o474 t . 013 Ne 
41 . 6364 . 6376 96 550 2 . 440 ± .016 Ne. 
42 . 6891 . 6655 96 620 2 .470 ±.002 Ne .'~ 

43 .7388 .7379 96 6Lw 2 . 448 ~ .009 Ne 
44 .8206 .8041 96 660 2.471 -:!: . 005 Ne 
45 
46 
47 
48 

.7700 

.7609 

.7770 

. 7804 

• 8 • . • 
.7251 
.7948 
.7303 

62y 
621 
62r 
622 

550 
620 
640 
660 

2.466 t.013 
2 . 449 t . 009 
2.471 ± . 020 
2.451 ± . 009 

Ne 
Ne 
Ne 
Ne 

49 .6861 . 6637 96 ' 550 2.450 1:. .011 Ne 
50 .7276 . 7079 96 620 2 .422 ~ . 014 Ne 
51 .7088 . 6822 96 640 2.457 :! . 012 Ne 



TABLE 2 -- Cor.t inued 

52 .7250 . 6902 96 660° 2.458 ~. 006 Ne 

53 . 6440 . 6356 96 515 2 .448 ~ . 014 Ne + Anal 
54 .6317 .61CC 96 535 2.445!: . 012 l\'.1 e 
55 .63CO . 6117 96 515 2.440 -±: . 012 Anal + Ne + Ab 
56 . 6337 .6136 96 535 2 . 41..5 ! . 011 Ne + Anal 
57 .6220 .5741 96 700 2.463-!.017 Ne 
58 . 6273 .. 6022 96 710 2.463 "l: . 015 Ne + Ab 
59 . 6121 .5848 96 730 2 .1 ...59 ± .016 Ne 
60 
62 

. 61+16 

. 62.85 
.6110 
burst 

96 
93_1. 

785 
8CO 

2. 467 t. . 011 
2 . 441 ± .008 

Ne 
Ne 

+ Ab 
+ ?D 

63 
64 
65 
6.6 

. 5218 

. 6279 

. 6225 

.6060 

.6069 

. 6243 

. 57114 

. 5666 

93t 
93; 
96 
96 

730 
785 
800 
Boo 

2.457 :t .013 
2 . 469 t . 009 
2.1...44 t . 005 
2 .461, 't . 019 

Ne + ?B 
Ne + ?B 
Ne + ?Anal ? 

. Ne + ?B 
67 . 6229 .5940 96 730 2 . 1 ...23 !. .025 Ne 
68 . 6171 .5721 96 785 2.453 ~ . 012 Ne + ?B 
73 .5850 .5850 96 535 2.440 1: .010 Ne 

-t}A.11 runs at 20,000 psi. 
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FIG UR E 5 
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V. I NrERPREr h.TIC N CF RESULTS 

In pure synthetic nepheline, the 6 2022 - 2130°26 for 

individual runs shows a.n apparent err:J.. tic increasing and 

decreasing with rise in tempera ture. An elementa ry study of 

order-disorder in crysta ls, shows the rela tionship betwe en 

tl;le interna l (or total) energy of a cryst:J.l a nd temper 3. ture 

to be gradual. Specifically, the ch::ir EJ. cteri s tic fe .:.1ture of 

any type of order-di sorde r transforma tion is an ever increa s

ing r a te of disord er with temperature incre EJ.se . This is illus

trated in figure 6. 

~ 
Q;l 
'd 
~ 
0 
Ol 
•r-l 
'd 

0 
~ 

Q;l 

§ 
bD 

..t:: 
(.) 

Co-! 
0 

Q) 

~ ro 
ll:: 

rl 
ttl 
~ 
Ol 
:>. 
~ 
(.) 

Co-! 
0 Temperature rA.nget g covered in present Complete disorder 

study' _/1 achieved~ ~ 
Q;l ----~t~',,~,,~,;'~;',~' I, '~,0~'1-rl--- 

I~ s:: high1-. low polymorph 
1 I 

Q) I polymorph 1 
~ s:: 
H (I' ITc 

Temperature - - -?

Figure 6. Diagram illustrating the relationship bet'Ween 

temperature and the internal energy of a polymorphic crystal, 

based on Buerger (1949). Tp = polymor phic transition temperature . 

Tc • critical temperature where disorder becomes complete. 


Presumably interch:J.. nge d i so rde r and distortional 

d i sorde r occur in nepheline ( e.c; ., see, Buer ge r, 1949; Hahn 

and Buerger, 1955; and Donn ay, 1955a). Interchan ge d i sorder 

http:increEJ.se
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only concerns t he interchanging of luminium and silicon atoms; 

which is achieved throu ,h i ncreas of temper· ture . Increase 

of temperature can also cause a gradual transi tion an dis

t ortion of some mineral struct res. This is disto ·tional 

disorder , and can be visualis ri as occ r ing in t e following 

manner. At low te peratures the linked polyhedra of the net

work structt res slump to ac uire lower internal energy through 

inc eased coordination. An increase in temperature incr ases 

the tendency of the polyhedra to rotate or swing . Thus, at 

any partie lar tam eratur , a probability exists t hat one of 

the olyhedra may obtain enou h rotational energy to drag 

with i t some of its adjacent polyhedr • herefore, a ort ion 

of the structure becorn s reversed with resp ct to t he average 

re ain er of t he structure . ¥ith furt her incr ease of ~emper-

ature more and ore such centres of di ordered polyhedra 

occur until the crystal becomes completely disordered as shown 

in fi ~ure 6. Since an increas of lattice parameter is 

di r ectly related to t he internal energy of the crystal, a graph 
'.. 

of lattice parameter versus increasing temp t> ra.ture shoul show 

the same relationship as fi gure · , ot er things being equal, 

in a crystal i n which disorder trans f ormation occurs. In the 
~ 

t~mpe ature rl;i~ge of t e stu y, 500° - 00°C, we are only 

concerned with one polymorph of nepheline in whi.ch the dis

ordering transformations described above have been reported in 

the literatu e. Therefore, a graph of cell dimension variation 

ver eus temperature increase should give rise to & rel•tionship 
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similar to the sha ed ar~a in f gure 6, i ce 1 ' imension 

variation is "frozen" in the neph ine structure on quenching . 

Utilizing the method of least squa es or l inear r e

gre s sion analysis, a statistically based line for fi~u e 5& 

and 5b was drawn . The equation Y = A + B( X - X) holds for the 

experiment al da t a ; where Y: me·n value of A2022- 2l)0°2G, 

A : value of Y f or a corre spond ing value of X on t he line , 


B = slope of the line, X = any one experimental temperature , 


and X= mean value of a ll experi mental temperatures . Solution 


of t hi s equation f or figure 5a yi e l ds : 


y = 2. 450l02Q + 0 .000037° 2Q (X - X), 

and for fi ure 5b: Y= 2 . 4505°2Q + 0 .000025° 2Q (X - !) . 

For figure 5a , 95 percent confidence limits f or t he value of 

Y are ± 0 .003 2° 29, and for the slope of the line ··.re 

±. 0 .000036° 2Q. l<""o figure 5b, 95 percent conf i dence limits 

for t he value of Y are ± 0 .0054°2G , and fo r t he slope of the 

line are ± 0 . Q000$6° 29. Comparison of t he equations shows 

t hat t he slopes of t he l ines are negl i gible in compar ison with 
- - 0t he mean values of 2022 - 2130 2Q obt a i ned by quenching pure 

s yntheti c nephelines between 500° and 800°C. Comparison a lso 

s hows that t he mean value of 2022 - 2130°29 is the same within 

experiment al error for both f i gure 5a and 5b . 'fherefoie , 

crystallization of other mineral s in proximi t y wi th nepteline 

does not ap ear to affect the latt ice parameter of nepheline. 

From the statist ical analyses, t he conclusion can be drawn 

t hat t he value of t he low-ne heline pol ymorph l attice 

parameter 2022 - 21)0°29 i s 2.450 ± 0 .005° 29 for t he temperature 

r ange 500° t o 800° C. The 'a shed lines in figur e 5a and 5b 
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arc t he limitin~ va lues of 2022 - 2l)0°2Q for 99 . 75 percent 

conf i dence in pure synthetic ne phel ine . although none of t he 

plotted values of 2022 - 2130°2G lie outside t he da s 1ed lines 

in fi gur e 5a and 5b, a review of t le factors influencing 2022 

-~21J0°2Q seems ct ppropriat e here. Factors which may cau e a 

variance in 2022 ~ 2l)0°2Q are variation in : (1) water p essure ; 

(2} duration of experiment ; (3) tempe ature of runs; \l~) c is 

order; (5) or i ginal chemical co mpone nts through addition 6f 

new material; ( ) temp erature of sample at time of X- r y 

diffra ct i on; (7) diffractometer response , goniOmeter s eed , 

ad/ or chart speed; ( 1) le ching ; (9) initial Gr· in size 

of the char ~e ; or (10) t hrough crystallization of other 

compon~ nt ·s besiaes nepheline durin~ a run~ 

(l) ·~> ater res sure and ( 2) auration of ex eriment were 

kept r latively constant and should not have caused ·ny vari 

a t i ons, (3) t any one part icular temperature, the flu ctuation 

was no t mar t han ±10°C on the surfa ce of any one bomb . 

' herefore, temper a t ure should be regarded as a constant as well 

since the t hicknes of t he bomb should smooth out nearly 11 

temperat ur e fluctuation . ( 4) "he aut hor did not fin any ce.se 

in the l i terature where isoraer in any one pol morph va ies 

o t her than uni ormly, nor is there rea son to suppose that it 

shoul d var y ot herwise . he points in fi~ure 5 should lie 

upon a vary i ng line i f disorder has affected t12022 - 2130°2Q 

in quenched s ntheti c ne pheline . (5) 'here can b · no doubt 
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that ad ition of matter to t h starting material has occurred 

as runs 28, 30 , 31, ana 33 testify. !owever, none of these 

runs g·ve values of 2 22- 2130°29 which lie off the curve 

in fi~ure 5a except ossibly run 33 . .erefor , it must be 

concluded that although excess ch mi cals were present in 

these runs, it ·pp ars that they l "d little, if any. effect 

upon the lattice parameters. (6) Although the temperatures 

at wh ich X- ra diffraction patterns are un affect lattice 

p· rameters , the slight variation of room te pel atUl e <uring 

the running of the X-ray patterns i ntroauces a negl" gible 

effect. As has be n s o n in (3) the temperature for any 

ve tical group of values i n figures 5a and 5b was kept con~tant 

as •ell . (7) The X- ray iffra ctometer u~ed w· s new and 

imilar machines have given accurate rea ings for other 

invest iga t ors . Al o , ~henever t he achine was checked using 

the silicon standard a good degree of accuracy was obt ina • 

Thus , it i s unli kel y that the diffractometer response, the 

goniometer speed, or t he chart s peed varied to an extent t o 

c use a few erratic v lue s~ (8) Th op~ ortunity for leaching 

has occurred in a l o t ever y run, an probably caus d albite 

and ana l cit t o crystallize with nephel ine in co e charges. 

It i s not to be expected that t he few runs hich re errat ic 

are the result of l eaching which affected neurly ~very run ; 

however, t.bis pos s i bi l ity shoul d not b completely i gnored. 

( 9} The initial gr a in di mete· · used in all t he cha g s was 

fairly uni form , · nd averaged 0 . 0005 i nches. The limiti ng 
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grain di ameter s observed mi croscopically wer 0 . 0015 and 

0 . 0 01 inches. ·~ cKenzie (1957), in a study of the effect of 

t he gra i n size of starting ma terial on l at tice parameters of 

synthet ic albite, found that Al31 - 1)1 for a gra in size less 

t han 0 .003 inches wa s 1.908° 2Q while 6 131 - 1)1 for &n a verage 

ra i n size of 0 .000$ i nches was 1 . 900°29 . Thus , for a variation 

of 0 . 0022 inche s in grain diameter VacKenzie f ound a corres end

ing variation of 0 . 008°2Q in lattice parameter . The variation 

of grain diameter in t' is study is 0 .0014 inche s a nd ven a 

0.010°29 v&riat ion is not enou h to bring all t he value s ob

tained into coinci ence with the curve in fi gur s 5a and 5b . 

Since t he starting materlal used in this study was different 

than MacKenzie's , a s t r ict compari son should not be ade between 

the t o. owever, t e composition and crystalli zat i on fie1 s 

are similar and i t is t hought t hat the var iation in cell di 

mensions due to va r iable grain size of t he starting mate ial wa s 

not pronounced enough to ~ccount fo r all the a berrations. 

(10) Lastly, change s in lattice parameter s of art i f icial nephel ine 

due to simultaneous crystallization of the other component s is 

negligible ac seen from comparison of figure 5a and 5b . 

G. Donnay (1956b) found t hat all pure synthetic 

nephel i nes acauired the same lattice paramete s when allowed 

to cool slo l y , a nd t hat hen pure synthet ic nepheline was 

f ormed a ove 1000°C and quenched it acqu i red another uniform 

set of 1 ttice parameter~. From these facts she made t he 

statement ( p . 239) , 
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In contradistinction to albite, which exl · its 

a unique stable crystalline form for each tem

perature ••• , ne ph line shows on y tvo "oms $ 


She also pe ·formed a s tudy of ~2022 - 21)0°2 with temper

ature at atmo pheric pressure in a heating c mera. The re sults 

of er investigation s.owed t t as t he temperature increased 

so d i 

increas d too. The amount of her increase in 2022 c0 

If upon quenching a run t is increase v;as "frozen" in the 

ne pheline structure it should result in a relat i on ·hip 

where ..1 2022 - 2130°29 increased with temperature. '£hat a 

c1anae in lattice parameter can be "frozen" in a crysta l 

structur was shown by M.ac ·{enzie (1957) . However, in the 

pr sent investigation the curve .' n fi gure 5b is a horizontal 

straight line ithin the limi ts of error of the experiment . 

The anamoly at 660°C is unexplainable . Ther efore, t his study 

suppor ts G. onnay's (1956b) st tement t hat pol ymorp s of 

synthetic ne pheline have t he same lattice parameters through

out t heir stability ranges . 



VI. CO 'CLUSIONS 

Experimental investigation of synthet ic nephelines 

under 20,000 psi water pressure has revealed within t he 

limits of er ror no general increase in lattice parameters 

from 5 0°- $00°C. Thus , no evidence was fo1nd to 

corro orate the existence of order-di sor der, wh ich several 

investigators cla im occurs in ne pheline (e. g ., see, Buer·er , 

1949; Hahn and Buerge , 195 5} • .H.lso t.he nature of the 

curve in fi gure 5b tends to disprove on ~uggestion by Smith 

and uttle (1957) t hat rep~acement of o2- by OH- mi ght cause 

variation of lattice parameters in synthetic nephe line with tem

perature of formation. I t is expected t hat thi s replacement 

woul d probably cause some variation in lattice ar ameters with 

temperature whereas t his study indicates that no change 

occurred. 

An examination of t he probable causes within the 

exp rimental method for departure of lattice arameter values 

from the least squares curve of A2022 - 2l)0°2Q versus 

temperature was made , and no satisfactory explanation for the 

discrepancies was found. However, if more accurate equi pm nt 

was used a better correlation mi ght e obtainBd. 
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APPENDIX 


Determination of Linear Regression Analysis* 


The equation required for 11. linear regression analysis is: 

Y ; A+ B(X-X). This equation will yield a straight line when solved 

using the present data; where Y • mean value of b2022 - 21}0°28, A = 

value of Yfor a corresponding value of Xon the line, B • slope of the 

line, X: any one experimental temperature, and X= mean value of all 

experimental t e mpera t ures . 

If Yx denotes our estimate of the mean Y when X is given we 

have: Yx = Y+ B(X-X). Therefore, Y can be taken a s the value of A for 

the value of X. The solution of B depends upon the relationship: 

- L:XiL:YiLXiYi 
B = n 

(!Xi)2
l.xi2 n ·: ~ 

.. Th~ val ues required in the solution of the equation, Y = 

A+ B( X-X), for figure 5a and 5b are: 

For figure 5a For f~gure 5b 

n = 44, where n • no. observations n = 22 , where n =no. observations 
L: Xi Yi : 690~0.415 !XiYi = 33770.04 
Z:Xi Yi = 3038994.76 ~xi Yi = 742893.58 
2.: Xi2 = 18397850.0 Z.:Xi2 = 8716850.0 
('L;Xi)2 = 794676100o0 ( L: Xi) 2 = 189888400.0 
y = 2.54009 y = 2.45050 

Sol1ition of the equation Y. = A+ B( X-X) requires that the values 

for A and B be fo1md, for figure 5a: 

*Hethod and eq ·~':.tions from: Dixon , vJ . J. and Massey, F.J. (1951) 
Introduction to Statistical Analysiso lst eo. Toronto: McGraw-Hill Book Co. 
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B - 69080.415 - 3038!!4.76 = 690~0.415 - 69068.062 • 0.00003665028 
1839?850 .0 - 18060820.418397850.0 - 7946761 o.o 

44 

For f igure 5b: 

A : 'Y: 53- 9ll = 2.45050°28 
- 22 

J37Ti .04 - 742S93.28 
22B = -----~::-,.-__ = 33770.04- 33767.89 

87l6g5o .o - 189888400 .o 8716850 . 0 - 8631290.9 
22 

Formulae for computing error for A and B 1.,rith 95 percent 
confidence limits are: 

The values required in the solution of the 
equations ar e : ~5 = 1.68 for figure 5a , and 
1.72 for f'ienre 5b, vlhere tg5 = t value for 

B !. t,..., 
~'1 5 

Sv .x 
95 percent confidence limits and n-2 degreesSx n-1 of freedom. 

Sy.x = 0.0124399 for fi~1re 5a, and 0 .014221 

for figure 5b, where Sy•x = the standard error 

of estimate. 


Sx =88o 532 for fig. 5a ; 63. 830 for fi g. 5b. 

Sol utions of 95 percent confidence l imit s for A and B. 

For figur e 5a: 

A± (1 . 68) 0 . 0l24399 : A~ 0 .0032° 28 
6.6333 

B ± (1.68) O. Ol24399 "' B± 0 .000036°28 
88 .532(6.5574) 

For figure 5b: 

A + (1 72) 0 . 014221 = A+ o on5lo2"'- • 4. 6904 - • ~ t'f 

B:t (1.72) 0.014221 = B±0 .000086°28 
63 .830(4.5826 . 

Because the slopes of the lines (the B's) are negligib~e the 
value of A can be consider ed equal · to Yfor any value of X. Thus, the 
line for fi gur e 5a and 5b is a horizont al straight line at 2022 ~ 2!J0°28 

= 2 . 540°28. 

http:33770.04-33767.89
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