
A THEORETICAL DISCIJSSIoN O N  TI-IE CI-IEh~IC,lI, 

CONSTITUTION OF GARNETS AS RKVIMLTKI 

BY X-RAY INVESTIGATIONS 

From the funclmental ~~lvestigatioi~s oE hilen/erl on the Lr\  \t,rl 
structure of garneiq and the later nark of IIerrtsc11- rt can be g,~th~recl 
that the structme of gmlets coilsists ot an oslgen 4celetan 111 the 
interspaces of svh~ch the ~netall~c ions are pxkecl As a result of the 
above investigations ~t has been establ~shed that all galnets rega~dlcs, a£ 
thelr cornpostt~on and properties l~avc the aame CI J s t ~ l  struthre and 
they have the same space g~ oup, V I L  , 0:; space group 11 it11 the bnrh - 
centred lattice of the holol~ecli '11 rlasc oi the cubic st ctem 

Mei~zer tired to fit In tht three \pace gio~~p" , I /  , T;;' 0;; ,111~1 (I):! 
with the 5tructure of garnets, but he ~ciccted Ti as it insnl~ ed a f x e -  
centred latt~ce So he select\ foi di~cusvon 0111) the sp'lce g m u p  
0; and 0:; Both these space g r o u p  'ue Lippl~cablt, to the g'1inet 
structure as they have a body-centred I a t t u  and both these yuce  
groups possess 16-24-, and '36- number posit~ons So e ~ c h  unlt cell 
c ~ u  acconmoclate eight molecules oi I<; R: Si,OI1 In thc \pace grnup 
O;, the type of. structu~al i o r ~ l ~ u l ~  proposecl 111 Moro~ewlcc (I?" I<: 
S120, Ri Si0,) 1s also yoss~ble IF it is rewritten as follows - 

F!; 13" 
/ s Sl,O,.j 

R X 
But Menzer discards tlm formula as ~t i s  aqalnst the observed 

facts, V I A ,  that in the garnet lattice the tnolecules R" R, SIJ>, and 
R,SIO, do not occu~ separated flom one another, but occur mtcr~nln:rIetl 
so that all the SI and 0 atoms appear to be eq~nv~~lcnt  He pnmk out 
further that the forrnzda of Tscllerrnck aglees imth 11011e OE the cuh~c 
space groups He comes to the co~~clusion that tsen the yhlce gro('Up 
0: IS Inadequate a5 ~t doe4 not fulhll d l  the requirements ot tile g.trltet 
structure and only the space g~uup 0:; ilt\ 111 exactly 



Fultllel, tllcse X-lay studies of g n ~ n d \  1 cveal i h d  tllc R&, 
gioup C L ~  such docs riot emst ~n g.~netb and 50 f l l ~  o~ljillldl gci1er;ll 
foinlula 3R0 R,O, 3S10, is i n c o ~ r e ~ t  It 1s furllic~ shown illat the 

Iinlmg oC oxygen and si[icon is not the s m e  ns 1ndlc;~ttccl by the nbove 
formula, but IS entirely diflerent This natu all J' PI TOWS doubt on the 
stdndaid molecular ratio foi ga1net5, viz , RO R,o, S l o ,  (3 1 3) 
which results lroin such a formula Though tlus iatlo 1s valucible for 

all practical purposes and can be used lor estlinating the cairectness ol 
the cheil~~cal analyses, stdl lt does not show the structural chaiacteilstics 
Beca~~se, this ratio completely ignoles the fact t h d  nlost ot the elements 
piesent in the galllet molec~de ale capable of leplacing one another in 
the crystal lattlce and that the R,O, gioup as such is nonexistent 

In this cotlnection, I would l1ke to ment~on the wolk of Alcler- 
inan' who has analysed a garnet from Botdlack, Coinw;dl which gives 
the following compos~tlon - 

Si0, 35 58, T10: trace, A1,0, 21 94, Fe,O, none, FeO 38 54, 
IllnC) 0 70, MgO 0 68, CaO 1 68, and I-I,O (below 105") O 12 per cent 

On i ecalculatlng the above analysis in tex 111s ol: 11xi1ei a1 nlolecules 
the Collowing composition is obtalnecl 

Alillarlclde= 89 00, Spessartlte= 1 65, P y ~ o p e  = 2 29, G~ossula~i te  
=4 51, Coiunclurn r= 1 79, qua it^ = 0 06, Wcttei = 0 12 pel cent, 
" Consldeilng the gainet molecules alolle and lalsmg to a w ~ ~ m a t i o n  of 
100, we have " 

Almandite = 9 1  33, Spesasrtite = 1 69, Pyrope = 2 35 and Glos- 
sulGirite=4 63 pel cent Aldeiman expresses this compositioi~ 11-1 a 
molecular formula (Fei,, Mn,, Mg,, Ca,,), R1, (SlO,), This type of 
Io~mula, though it IS not collect, appears to be better sultecl to expicss 
the exact mlneialoglcal composit~on "of garnets them the v,ltlous formulte 
ploposecl to the galnet g ~ o u p  of minerds I t  shows the l m e i a l  
composition of the galnet wltllout golilg outside the scope of the 
stiuctural foimula the atom numbers of which, as they do not show the 
exact lnineralogical composition at first sight, are ieplaced by the 
pe~centage composition of the rndivtdual pure garnet wllrch 1s represent- 
ed by ~ t s  c l~aractei~st~c dlvalent metnl. 



A serious deEcct with tlus tvpc ot fc ) r i~ lu l~~ 1s t 1 ~  r q ~ r c ~ ~ i l t a t ~ o n  
of the tnvalent m t d  Of Louise ~t 1% easy n l m  the tr~vdent metal 1s 

single, but rt oflers considerable clifficulties m gainets where the trivalent 
group contams more than one metA So this foimula 1s q p l ~ ~ n b l e  only 
to those gxnets whelc the tilmlent gioup coiltms only one metal I11 

galnets wheie thts i1~1inbei 1s more tllm one, ~t I\ 110 use emplovmg t h ~ s  
formula as it complicates the whole pioklein 

Coilslclei~ng all these difiicnlt~es, it 15 bettei to use the generallt 
accepted stiuctural folillula of the unit cell of the garnet a\ grven by 
X-ray lnvestig~tions 

The X-ray studies of gainets show that the unit cell of galnet 
coiltams 24 atoins of bivalent metals, 24 atoms of sillcon, lG atom\ oi 
tnvalent metal? and 9G atonx of oxygen Thus the umt cell 1s exactly 
8 times as big as the g ~ i n e t  molecule and 50 its f o ~ i ~ ~ u l ~ ~  C L ~  he 
exyessed as iollo~vs -- 

Ri, R;b SJ,, O,, 
Or bettel sttll mole compactlj as 

eithei S (Ri Ry S I , ~ , , )  01 S[R'j R2' (SiO,),] 

The last one ts perhaps the must satisfactory as tt is in agreement 
with the oiigmal molecular fo~mula for garnets ac; well as w~th  the X-rdy 
~ilvestlgations showing the exact litllrage of the sillcon atom\ m the 
umt cell of the garnet Thc \t~uctmal fornlula RI;,R;,SI,,O,,, 1s liere 
employed to examine some oT the cllemlcal malyses of garnets, 111 older 
to see whetbei they ale m keeping with the results of S - i c r > r  nivestr- 
gations 

As the fo~mula involves cumbersome calculations, ~t c m  be 

ieplaced by the e m p ~ r i ~ a l  folmula R'; Ri Si,O,, and the resultc obtained 
can be multiplied by 8 to fit m w t h  the formula of the umt cell, VIL ,  

8(R'; R; SI ,~ , , )  

The  empilical formula shows the composition of a slngfe garnet 
molecule Even though this garnet inolec~~le as such is ~ionexrstent 
accordmg to the results of X-ray ~nvestgat lan~,  ~t is co~lrenient to keep 
m such a molec~~le for purposes of calculat~o~~ The g m e t  nlolecuk 



contms therefore, 3 atoms ol dlvalent metals, 2 atonls o£ tlivalent 
metals, 3 atoms of silicon and 13 atoms of oxygen The\e twelve 
a t o m  of oxygen per molecule form the laigest 10115 nnd folln the body 
work of the gdrnet structure So this number of twelve oxygen doms 
1s of fundamental impoitance to the garnet structule and to the garnet 
molecule and therefore, it is of gieat chemml significance like the 24 
atonls of oxygen to the tremolite structure' Vanous galnet dnalyses 
therefore can be dlscussecl in teims of the number of atoms of each 
kmd m the nlolecule The number of atoms of each kind in d l  cases 
are calculated on a bass of 12 0 The results thus obtamed ale then 
tabulated as 111 table I, and the composition is represented accolding 
to the garnet structural formula 

Method of culculatzng tlze ?z?imber of atoms of each I l z m i 4  - 
The var~ous oxldes are first arranged, as shown m the following 
table, m the order of increasmg effect~ve rad~us of the respective metal 
ion in the first column and m the second tlle percentage by weight: ol 
the corresponding oxrdes are given In the third coltlmn the nmnbcrs 
of oxide inolecules obtained by dividlng the percentage amount of oxide 
by ~ t s  corresponding moleculdr weight ale given Then I~guies in 
column few ale obtained by multiplying the number of niolecules 
shown in coluiiin three wlth the number of oxygen atoms in the 
coriespondmg oxlde molecule Now all the figures m column loui are 
added up and t h ~ s  sum dmded mto 12 glves the i a t ~ o  by wlilch the 
whole analysis is multiplied to put it on a basls of 12 0 With this in 
view colu~nn 3 is now multipliecl by thls ratlo and also by the number 
ot ineta1 atoms m the correspondmg oxlde molecule ancl the results 
obtained are expressed in column 5 Thus column 5 shocvs the 
number of metal atorns of each kind on a bas15 of 12 0 Now the 
f~gures in column 5 are multlplled by 8 so that they can fit 111 with the 
formula Rid RTb SI,, O,, and tlle results are expressed In coluim 6 
The ideal composltlon 1s given m column 7 Column 8 shows the 
domrc proportron Let us now take into considerat~on a conciete case 
and work it up Here m the foIIowing table a recent analys~sQf a 
garnet is employed for this purpose 





From the table I ,  ~t can 1x gatheled that this gal net shows an 
excess in the divalent metal gioup mc1 a cleficlcilcy 111 the triv~lent 
metal qroup mcl silicon 

'L'he Collowmg Llbles show the values calculatecl on the same 
bas~s lo1 the vailous analyses Only 5 coluilins of iigui es ale glven, 
columns 3, 4 and 7 of the above table being dropped out, as they ale 
not necess~uy Fiist of all one analysis of the Nelloie gnrnetsx is taken 
for consideration anci ~t is not proposed to deal wlth the otlle~ analyses 
of Nellore g m ~ e t s ,  as they are of specimens from which the includecl 
matend IS not ~emoved The TIO, content was not taken into cons~de- 
rat~on, as ~t was piesent as a sepalate t~tanmm nlineial 

Now the data given in table II(A) shows many interesting points 
fol study The number of metd dtotns calculated on CL basis ol 96 0, 
though xt includes Fractions, appioach veiy closely that of the garnet 
stiuctural forinula The numbel of Si atoms cori esponcls exactly to 
that oE the stiuctu~al foilnula and so the excess of A1 111 this Lase is 
not ,xcounted fol The most striking thing, howevei, IS the clehc~eilcy 
sliowii by the d~valent group of metals So to make up tlus cleilc~ency 
the excew A1 and the f e r ~ ~ c  1ron ~ l l e  acldecl on to the d~vden t  metal 
gl our 

The interesting fact revealed by table I1 (B) 1s that the 
atlalys~s not only shows an excess of Al, as it would have been 
~onslclerecl as such previously, but also sliow~, appreciable cleilclency 111 

the divalent metal g ~ o u p  and sil~con Even after restoring this cleficl- 
ency by the excess Al, ~t is found that st111 some excess A1 is found 
which could not be accounled for 

Now let us take the analysis of Wagner quoted by Fernlor In 
his recent papel on Khol~arite" and see whether ~ t s  composition shotvs the 
snme relationship to the structural formula as the othei garnets The 
number of atoms 01 each kmd IS calculated From t1m ailalys~s on the 
basis of 1 2  0 and is shown In table I1 (C) 

" " Proc Ind Ac'id Sci ", Vol V, No 2, Sec A, 1937 (Au tho~)  
I 
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TABLE I1 ( C )  

?er cent 
)y weigh 

Nunher of 
metal atom: 
on the  bas^ 

of 12 0 

-- 

Nunlber of 
metal d tom 
on the 1 ~ ~ s  

01 91; 0 

24 416 

9 024 

6 413 15 917 

0 480 

1 6  032 

t 
:; GSS 83 330 

3 ,500 1 
This same analysis when cdculated into gnrnet molecules hy 

Fermoi gave an excess of 1 17 pel cent of Fe,O, tvhrle the above tnble 
shows a sligl~tly lower val~ze for the tr~valent metal group The dtvallcnt 
group of metals also show an appreciable deficiency cmcl i~r t l ler  t h ~ \  
deficiency cannot be made up as the trivalent qroup ~ t d f  +ans no 
excess The excess vahe  shown by SI IS perhaps due to quart/ 

Now an analys~s of a garnet from the garnet mmes, Snrw,r, 
Klshengarh State (Rajputana) (J,371), glven by Fermur7 1s t:ikc11 for 
consxderat~on as ~t shows some resemblance to the Nelfore garnets 
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TABLE I1 (D) 

Number of metal 
atoms on ille 
basls of 96: 0 

ox'c1c' 

It can be gathered from the above table that this analysis shows 
a general deficiency in all the t h e e  groups, the whole of the ferric Iron 
shown by the analysis bemg taken into the divalent g ~ o u p  of metals 
But when these results are calct~latecl Into garnet molecules, according 
to Ferrno17, they glve a surplus of 0 26 per cent of A1,0, a i d  1 30 
per cent of Fe,O, The microscopic exammatlon, howevei, did not 
reveal the presence of ferrlc oxlde 

This garnet is peculiar in one respect that its mxcioscoplc pro- 

Per cent 
'y 

pertles are not supported by the cl-ien~~cal cornpositron either when it is 

Number of 
metal atom 
on the basl: 

calculated 111 rnlneral niolecules or when it is calculated as the nuinbe1 
of metal atoms on the basis of 96 0 This wlll becolne apparent when 
the observed microscopic ploperties are c om pared wlth the calculai ed 
values Fermor7 glves the mlcroscoplc characters as follows - 

" J 371 - 

"%lit 
of 0 

Undel the microscope this garnet is piactically colourless, and 
shows i~tuneious ~nclusions of t h e e  sorts The most abundant ale 



minute needle5 arranged In ceoeral parallel sets, ortentcd ~lrc\u~nitt,]~ 
w t h  some reference to the c~ystallogr~q~hic hnhlt of the n~itic~,rl, l)ut ,t* 

the spec~men sectioned 41omed no ciystnl i a ~ e s  tlus relatmllch111 15 11,)t 
obvious The refractive index of thme ncedle'r 1s gre'zter th,m tll,tt of 
gpnet  , the polarizat~on tints range up to blne ot the fmt orrler, illL 
extinction IS obhque, ranging iron1 15" up to 39" wit11 releren~e to tllc 
long axls of the needles, the rtn nearest the vertical a m  hemg some- 
tstnes that of lesser and sometim~s that 01 greatel elast~c~tj  The ~olour  
of these needles is very pale yellownh The second blild oi mcluslons 
IS m broader needles, polarsug in f~ r s t  order grey There are also :r 
few grains of a mineral 01 lower refractive 111clex than the g'arnct ,md 
very low birefringence, and pobably 'tpat~te The h o k e  114  of 
inclusions 5ounds fo~m~clable, but the totd anlount 14 exceedingly mull " 

From the above microscopic evlclen~e ~t q p e a i ~  tint the , t ~ i c  tlltir 
inclusion5 met with ill this galnet are prohlhly of q h e m  nr kymte  
But, the presence of titanium is not mdrcated in the che~nit,al ,an,aI\ct~, 
and ~t IS not known whetller the presen~e nlr titanlum nlr\  testccl for 1 2  
1s cllfic~~lt to take it as kpanite (Al,Ou SIO?) '1s the  ito om^ c d c ~ l ~ ~ t i o ~ ~  
ow, the b n s ~ s  of 96 0 shows t l ~ l t  hot11 Si an11 A1 are defmeut But thi, 
deficiency is not borne out e~tlier hy the ratlo ok ' L ~ I ~ I ~ L  proport~on~, 
whch is 52 '38 3 3 05 (KO 1:-C), S10,) or by t l l ~  ratiu oi inolccnl'rr 
proportions, which 1s 3 98 1 2 05 in thew garnet., 

Column 5 (a) shows the atotntc i 'atlo of this 1;mi~t ~ t ~ s u n ~ i ~ i j :  t h d  
a11 the fclric Iron 5hown l y  t h t  ,u~,rlvs~s i\ clue to tlic nxiciat~on of the 
orlgmal lerrous lion and i (13) s1lo.i~~ the rAm ,r~siirn~n< h t  all thc 
ferric Iron is present as sucll in the garnet 

Ac tlle\c calculxt~ons ,rln104. ,ilw,i_s 5 i11vn1.c utl tr,~it~on:il rciults t t t  

Ile applmd to the mdiv~ilrdda atom i ~ ~ m ~ l ~ r r s ,  it 15 I ~.L~OII.SIIL ti) p ~ t t d a t t *  
that ~t i'r 11ot clue to c ~ p c r i ~ n w t ~ ~ l  ultlr hut 1% title p ~ r l l a p  tii WIW 





structural pheno~l ieno~~ a5 suggested by Ferinor1-" Tlre extetlt to 
which thc percentage proportions of the galnet ' i n o l ~ ~ u l e s  ' cc~l~nut be 
adjusted to mtegial fractions of 34 for the divalent atoms and nf 16 for 
the tr~valent atoms must be regarded, m so far as ~t is not due to 
experrnlental error, as a measrne of slight vartation from the conlposit~oil 
of one unit cell of galnet to another in the same spewmen " 

Recently it was discovered by X-rdy studies of qarnch that the 
mxsclbillty gaps between almaild~te and grossular~te', aImandite ancl 
andrad~te, andradite and pyrope, pyrope and grossularite ~anno t  he ex- 
plained directly by the ~ t i u c t u ~ a l  propel t ~ e s  of garnet, because there xc; 110 

feature in the st~ucture of galnets to war ra~~ t  the assumption of hmlted 
m~scibility amongst the vailotts members of the g'unet group T h ~ s  
reasoning 1s aptly presented by Fermor 111 h s  reccnt paper on 
Khohm ~ t e ,  a new garnet, to pomt out that the iniscihtlity gap between 
almandtte and andiadite-gross~ll~uite cannot be explained by structural 
values He quotes many malyses tv111c11 fall in the m~scib~llty gap of 
Boeke's diagram" to show that the theory that miscrbil~ty gaps have a 
chemical or structu~cll srgnificance 1s not tennble Fermoi's reasonmg 
rs that, as the atornlc structme does not offer any structzzral reason for 
the 11mited ~nrscib~l~ty in garnets, thls lrmited nlrscthility 15 perhaps 
controlled niainly by the mode of orlgn of the gdrnet 111 new of the 
vatlous data collected from 1lterr~ture, I should think that this dppears to 
be the best view of the matter As drfferent crystals from the same 
hand specimen of rock show d~flereilce m compos~tton, it has to be 
assumed that the composho~l of the garnet is controlled by the mode 
of orlgln of the ii~dtvldual clystal which again 1s dependent on the 
colnposlt~oil of the parent rock mass and also the way in which the 
various elements were concentrated in the parent rock just befare the 
crystallisation of garnet Fo~dlO also expresse5 a slinllar oplnton, 
" The question mturally arlses m tills connectton, whether thls l~rnrted 
mlscib.il~ty of the difierent garnet molecules depends upon ~nllere~lt 
chaiacteristics of the garnet group ancl that In a certarn case only a 
clefinlie amount of one molecule can combme w~th  one another, or 
whether it is bro~zght about by natural restrictions OF the ord~nary mode 
of occurre~~ce ol thdt garnet In other worcls, thzs lzmofed f l ~ 1 ~ ~ ~ f i ~ l l f . Y  



w$ay ,id d r p l l d  v p n  o l e w w a l  ~ e d r  o ~ t @ n & ,  6 ~ 4  ? ~ f h ~  /!Jl(lj/ / OSLYW- 
born, imposed hy  the condoteons oJ the of Lgtn of the gat w e / $  " 

T ~ L I S  it can now be concluded that the n~lscibdlty gdp5 prc\ent 
in the garnet gloup of minerals is merely acude1d.d .md is ~ ~ i a ~ n l y  
brought about by the particular mode of orrgm of thc g.uncts .rind ilic 
chemical composlt~o~l of the parent rock mass, that IS, the m o u n t  mcl  
dlstsibution oi: avadable elements present in the orlglnd rock It 1% 

perhaps due to varrahons m the usual mode of origin t h d  thc cumpo\l- 
tion of many garnet crystals fall exactly in the 4Alstlcally csthllshecl 
misciblllty gaps Such garnets, though rare, are not p e c u l ~ i  They 
are as natural as any other garnet 

SUMMARY 

1 X-ray lnvest~gatrons on the garnet structure Iny Mci17ct and 
Herrtscl-r are ~ e v ~ e w e d  w~th  a view to apply them to some: ol thc 
analyses of garnets and to the galnet forintlla m general 

2 The formula proposed by Alderman .to the specimens oi 
galnet iiom Botallack, Coinwall, 1s crdically examlned 

3 Cons~dering various dl!hculties, it 1s found tlml it is betlei 
to use the geneially accepted structural lormula of the umt cell of 
garnet as given by X-ray mvestigatlons The madequdcy 01 tllc stc~ncldicI 
molecular ratio R"0 R i  0, Si0, to explain the vanom intr~cate pio- 
blems connected wlCh the mineidogical study ol galnets is pointed out 

4 The structu~ai formula Ri, R';', SL, O,, is employed to 
examme some of the che~nlcal analyses of garnets in order to rec 
whether they die m keeping with the results of X-my ~nvestlgat~ons 
For this pmpose the vanous analyses ale calculatacl into number of 
atoms of each kind on a bas s  of 12 0 or 96 0 

5 The method employed to calculate the number of atoms of 
each kmd 1s dlustrated by a table The followxng analyses were taken 
for this critical examinat~on - 

(a) Analysis of one of the purlfled Nellore garnets (the 
author) (Y) 

(b) Analysis of the Botallack garnet (Alderman) 



(c) Analysrs of Wagner quoted by Fcrmor in 1 ~ 5  recent 
paper on I<hoharite 

(d) Ailalysis of a garnet from the garnet mi&\, Smv'~r, 
I<lshengarh Stale, Rajputmi (J 371 given 111 one of 
the papers of Femor )  

(e) Analysis of an Alnlandite tiom Dlllenberg give11 by 
Gossner 

G The misclbillty gaps present in the gxnet  group uf minerals 
remalns unexplained except on the view that they are drlc to the 
particular mode oi origin of the garnets, and thc ~hemrcA comp&ition 
of the sui~our~dlng rock mass durrng the folmd~on of h e  gari~et 

The m t h o ~  1s very much mdebted to L)r I< IC I<rislinastvnmi fur 
111s helpful critlcisin during the preparation o-t this paper 

-- 
A p~elilninaly sulvey of this cl~s~ussion was o ~ ~ q ~ n , ~ l I y  mdde 111 my 

Assocrateshlp thesis 
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