A THEORETICAL DISCUSSION ON THE CHEMICAL
CONSTITUTION OF GARNETS AS REVEALED
BY X-RAY INVESTIGATIONS

By N Jayaraman

From the fundamental mvestigations of Menser* on the crystal
structure of garnels and the later work of Iertsch tt can be gathcered
that the structuie of garnets consists of an oxsgen <keleton m the
interspaces of which the metallic 1ons are packed As aresult of the
above investigations 1t has been established that all gainets regaidless of
thewr composition and properties have the same ciystal structure and
they have the same space gioup, viz, O} <space group with the bocy-
centred lattice of the holohechal class ot the cubic system

Menzer tued to fit 1n the three space groups, vie, T ) and OV
with the structure of garnets, but he 1ejected T as it mnvolied a face-
centred lattice So he selects for discussion only the space groups

»and O} Both these space groups ate applicable to the gainet
structure as they have a body-centred lattice and both these space
groups possess 16—-24-, and 96— number posittions  So each umt cell
can accommodate eight molecules of R; R 81,05,  In the space group

) the type of structwial tormula proposed by Morozewics (R” R;

SLO; R; S10,) 15 also possible if 1t 15 rewritten as follows —
R; R”
/
8 stOp’\
R,

But Menzer discards tlus formula as it 15 against the observed
facts, viz, that mn the garnet lattice the molecules R” R, $1.0, and
R,S10, do not occw separated fiom one another, but occur mtermmgled
so that all the S1and O atoms appear to be equivalent  He pomnts out
further that the formula of Tschermak agiees with none of the cubic
space groups He comes to the conclusion that cien the space group
O? 1s madequate as it does not fulhll all the requirements ot the garnet
structure and only the space group OF fits m exactly
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Fuither, these X-iay studies of gainets 1eveal thal the R,0,
gloup 4 such docs not exist i garnets and so the ougmal general
formula 3RO R,0, 3810, 1s mcorrect It 18 furthe shown that the
Iinking of oxygen and silicon 1 not the same as mcicated by the above
formula, but 1s entirely different  This natwally throws doubt on the
standard molecular ratio for ganets, viz, RO R,O, S0, (3 1 3)
which results from such a formula Though this 1ali0 15 valuable for
all practical purposes and can be used for estimatmg the coirectness of
the chemical analyses, stil it does not show the structural chaiacteiistics
Because, this ratio completely 1gnoies the fact that most of the elements
plesent mn the garnet molecule aie capable of 1eplacing one another m
the crystal lattice and thal the R,O, gioup as such 1s nonexisient

In this connection, I would like to mention the woik of Alder-
man® who has analysed a garnet from Botallack, Coinwall which gives
the following composition —

310, 3558, Ti0, trace, ALO, 21 94, Fe,O, none, FeO 38 54,
MnO 070, MgO 068, CaO 168, and H,O (below 105°) 0 12 per cent

On 1ecalculating the above analysis mn terms of mmeral molecules
the lollowing composition 1s obtaned

Almandite =89 00, Spessartite=1 65, Pyiope=2 29, Grossulatite
=451, Coiundum =179, Quaitz =006, Water =012 per cent.
“ Considerng the gainet molecules alone and 1asmng to a summation of
100, we have ”

Almandite =91 33, Spesasrtite=1 69, Pyrope=2 35 and Gios=
sularite =4 63 pe1 cent  Aldeiman expresses this compostion m a
molecular formula (Feyq Mn,;, Mg,, Ca,,), Al, ($10,), This type of
formula, though 1t 1s not coriect, appears to be better sued to expicss
the exacl mmeralogical composition ‘of garnets than the vaious formule
proposed to the gainet gioup of mimerals It shows the nuneial
composition of the gainet without gomng outside the scope of ihe
stiuctural foimula the atom numbers of which, as they do not show the
exact mumneralogical composition at first sight, are 1eplaced by the
percentage composition of the mdividual pute garnet which 1 represent-
ed by 1ts charactenstic divalent metal,
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A serious defect with thas tvpe of formula 1s the representation
of the trivalent metal  Of comse 1t 15 easy when the {rvalent metal 1s
single, but 1t ofters considerable difficultics mn gainets where the trivalent
group contams more than one metal ~ So this formula 15 applicable only
to those garnets wheic the tirvalent gioup contams only one metal In
gainets whete this number 15 more than one, 1t 15 no use emploving this
{ormula as 1t complicates the whole pioblem

Considerng all these difficulties, it 15 better to use the generalls
accepted stiuctural foimula of the unit cell of the garnet as given by
X-ray mvestigations

The X-ray studies of gainets show that the umt cell of ganet
contains 24 atoms of bivalent metals, 24 atoms of silicon, 16 atoms of
irivalent metals and 96 atoms of oxygen  Thus the umt cell 15 exactly
8 times as big as the gunet molecule and <o s {foimula can be
expressed as follows —

Ry Ry Sy Oy
Ot better still more compactly as
either § (Ry Ry 81,0;,) o1 8{Ry Ry (810,),]

The last one 18 perhaps the most satisfactory as it 1s 0 agreement
with the onigmal molecular formula for garnets as well as with the X-ray
mvestigations showmyg the exact linkage of the wilicon atoms m the
unit cell of the garnet The stiuctmal formula Ry Ry81,0,,, 15 here
employed to examume some of the chemical analyses of garnets, m oider
to see whether they ae m keeping with the results of X-1ay mvesti-
gations

As the formula mvolves cumbersome calculations, 1t can be
1eplaced by the empirical formula R R, S1,0;, and the results obtamed
can be multiplied by 8 to it m with the formula of the umt cell, viz,
8(R; Ry S1,04,)

The empuical formula shows the composition of a single garnet
molecule Even though this garnet molecule as such 1s nonexistent
according to the results of X-ray mvestigations, 1t 1s conventent to keep
m such a molecule for purposes of calculation The garnet molecule
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contains therefore, 3 atoms of divalent metals, 2 atoms of livalent
metals, 3 atoms of siicon and 12 atoms of oxygen These twelve
atoms of oxygen per molecule form the lagest 1ons and {foim the body
work of the garnet structure ~ So this number ol twelve oxygen atoms
15 of fundamental impottance to the garnet structuie and to the garnet
molecule and therefore, 1l 1s of gieat chemical sigmficance Iike the 24
atoms of oxygen fo the tremolte structure’ Various gainet analyses
theretore can be discussed m teims of the number of atoms of each
kind m the molecule The number of atoms of each kmd m all cases
are calculated on a basis of 12 O The results thus obtamed aie then
tabulated as mn table I, and the composition 1s represented according
to the garnet structural formula

Method of caleulating the number of atoms of each hwnd'—
The various oxides are first arranged, as shown m the following
table, 1n the order of increasing effective rads of the respective metal
1on 1 the first column and i the second the percentage by weight of
the corresponding oxides are given  In the third column the nuinbers
of oxide molecules obtamed by dividing the percentage amount of oxide
by ils corresponding molecular weight aie given Then figmes
column four we obtamed by multiplymg the number of molecules
shown in column three with the number of oxygen atoms m the
cor1esponding oxide molecule  Now all the figures in column [ow are
added up and this sum divided mto 12 gives the 1atio by which the
whole analysis 1s multiplied to put it on a basis of 12 O  With {lus m
view column 3 15 now multiplied by this ratio and also by the number
ot metal aloms in the corresponding oxide molecule and the results
obtamed are expressed m column 5 Thus column 5 shows the
number of metal atoms of each kind on a basis of 12 O Now the
figures 1 column 5 are multiplied by 8 so that they can fit m with the
formula Ry Ry Si,, Oy and the results are expressed m column 6
The 1deal composition 1s given m column 7 Column 8 shows the
atomic proportion  Let us now take mto consideration a conciete case
and work it up Here i the followng table a recent analysis® of a
garnet 1s employed for this purpose
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From the table I, it can he gatheied that tlus gainel shows ap
excess it lhe divalent metal gioup and a defictency m the trivalent
metal group and silicon

The [ollowing {ables show the values calculaled on the same
basis [o1 the vaiious analyses  Only 5 columns of figuies ate given,
columns 3, 4 and 7 of the above table being dropped out, as they aie
not necessay  Fust of all one analysis of the Nellore garnets* 1s taken
for consideration and 1t 1s not proposed to deal with the other analyses
of Nellore garnets, as they are of specimens from which the mcluded
material 1s not 1emoved  The T10, confent was not taken mto conside-
ration, as it was ptesent as a sepatate titantum mmeial

Now the data given i table IT(A) shows many mteresting pomts
for study  The number of metal atoms calculated on a basis of 96 O,
though 1t includes fractions, appioach veiry closely that of the garnet
stiuctural formula  The number of S1 atoms coriesponds exactly to
that of the stiuctmial foomula and so the excess of Al m thus case 1s
not accounted for  The most striking thing, howevetr, 1s the dehiciency
shown by the divalent group of metals So to make up tlus deficiency

the excess Al and the feruc ron aie added on to the divalenl metal
group

The interesting fact revealed by table I1 (B) is that the
analysis not only shows an excess of Al, as it would have been
considered as such previously, bul also shows appreciable deficiency n
the divalent metal gioup and silicon Even after restormg this defici-

ency by the excess Al, it 1s found thal still some excess Al 15 found
which could not be accounted for

Now let us take the analysis of Wagner quoted by Fermor in
lus recent paper on Khoharite’, and see whether its composition shows the
same relationship to the structural formula as the other garnets The
number of atoms of each kind 1s calculated from this analysis on the
basis of 12 O and 1s shown 1n table IT (C)

* “Proc Ind Acad Sa”, Vol V,No 2,Sec A, 1937 (Auihor)
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TasLe II (C)

Number of |  Number of
of 12 0 ot 96 O
S10, 4079 3 052 24 416 680 307
AL,0, 1281 1128 9 024 125 6% 2
Fe,O, 14 35 08054 6 443115 947 89??(?21 3 2
Cr,0, 103 | 060 0 480 6 72}(12,9
=13
MgO 17 89 2 004 16 032 447
FeO 739 0461 3688123 220 | 103 648 2 925
CaO 546 04375 3 500 i 98

This same analysis when calculated mto garnet molecules by
Fermor gave an excess of 1 17 pe1r cent of Fe,O, while the above table
shows a shghtly lower value for the trivalent metal group  The dwvalent
group of metals also show an appreciable deficiency and turther this
deficiency cannot be made up as the trvalent group itself shows no
excess The excess value shown by St is perhaps due to quarts

Now an analysis of a garnet from the garnet munes, Sarwar,

Kishengarh State (Rajputana) (J.871), gwven by Fermor’ 15 taken for
consideration as 1t shows some resemblance to the Nellore garnets
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TapLE II (D)

Number of
Per cent Number of metal
Oxides ) b metal atoms atoms on the Atomic proportion
ylt on the basts basts of 96 O
weight | of 12 0 ;

S10, 3901 29230 {23 384 923 384 | 650 2 98
ALO, 22 25 19618 |15 694 15 694 | 436 9
Fe,0, 787 04424 3 539 98
MgO 10 64 11960 9 568 266 644 =

) |, 123910 3 03
FeO 17 56 1 0960 87682 9244

= 566

MnO 095 0.0601 0481 | 13
CaO 242 0 1943 1554 43

It can be gathered from the above lable that this analysis shows
a general deficiency m all the thiee groups, the whole of the ferric won
shown by the analysis bemg taken mto the divalenl gioup of metals
But when these results are calculated into garnet molecules, according
to Fermot”, they give a surplus of 026 per cent of ALO, and 1 80
per cent of Fe,0, The microscopic examination, howevei, did not
reveal the presence of ferric oxide

This garnet 1s pecuhar i one respect that #ts mucioscopic pro-
perties are not supported by the chemucal composition either when it 15
calculated 1n mieral molecules or when 1t 1s calculated as the numbei
of metal atoms on the basis 0f 96 O  This will become apparent when
the observed microscopic pioperties are compared with the calculated

values  Fermor® gwves the microscopic characters as follows —
“7 871 —

Unde: the mucroscope this garnet 1s practically colourless, and
shows numeious mclusions of thiee sorts The most abundant ae
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minute needles arranged in several parallel «ets, ortented presumahly
with some reference to the arystallographic habit of the nmmerdl, but .
the specimen sectioned showed no civstal taces tus relabinnship 15 not
obvious  The refractive mndex of these ncedles 1 greater than that of
garnet, the polarization tmts range up to blue ot the first order, the
extinction 1s oblique, ranging {rom 15° up to 39° with relerence to the
long axis of the needles, the ray nearest the vertical axis bemng some-
times that of lesser and sometimes that of greater elasticity  The colour
of these needles 1s very pale yellowish  The second kind of mclusions
1s m broader needles, polarising in first order grey  There are also a
few gramns of a mineral ot a lower refractive mdex than the garnet and
very low bwefringence, and piobably apatite The above Tist of
mclusions sounds formudable, but the total amount v eaceedmgly small

From the above microscopic evidence 1t appears that the aciwc ular
inclustons met with m tlhus gainet are probably of sphene or kvande
But, the presence of titanium 1s not mdicated mn the chemical analysi,
and 1t 1s not known whether the presence of titanium was tested tor It
1s difficult to take it as kyamte (ALO, S10)) as the atomic calculaton
on the basis of 96 O shows that both S1 and Al are deficient  But this
deficiency 1s not borne out either by the ratio of atomie proportions,
which 15 298 2 305 (RO RO, S10)) or by the ratio ot molecular
proportions, which 15 2 98 1 3 05 m these garnets

Now we shall take mto conswderation another analysis wlich
shows deviations from the noimal ratio R O R, 00 510 This analysts
15 of an almandite from Dillenberg given by Gossuer” and 1~ caleulated
as shown 1n the following table mtu number of mictal atoms on the basis
of 96 O

Column 3 (a) shows the atomuc 1atio of this garnct assuming thal
all the feiric won shown hy the analysis 15 due to the oxidation of the
original ferrous uon and 5 (b) shows the ratio assummng that all the
ferric won 15 present as such m the garnet

As these calculations almost always wvolved trachional resualts to
he applied to the mdivistble atom pumbers, it 15 1ed sonable tn postulate
that 1t 15 not due to espermmental cior but s due perhaps to sume
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structural phenomenon as suggested by Fermor—* The extent fo
which the percentage proportions of the gainet ‘ molecules ' cannot be
adjusted to mtegial fiactions of 24 for the divalent atoms and of 16 for
the trivalent atoms must be regarded, m so far as it 1s not due to
experimental error, as a measwie of slight varation from the composition
of one unit cell of gainet to another in the same specimen

Recently it was discovered by X-ray studies of garncts that the
miscibility gaps between almandite and grossularte®, almandite and
andradite, andracite and pyrope, pyrope and grossularite cannot be ex-
plamned directly by the stiuctual proper ties of garnet, because there 1s no
feature m the stiucture of gainets to warrant the assumption of imited
muscibility amongst the vaiious members of the gainel group This
reasonmng 1s aptly presented by Fermor m his recent paper on
Khohatte, a new garnet, to pomnt oul that the miscibility gap between
almandite and andiadite-grossulaitte cannot be explamed by structural
values He quotes many analyses which fall i the muscibihity gap of
Boeke’s diagram’, to show that the theory that muiscibility gaps have a
chenucal or structuial significance 1s not tenable  Fermoi’s reasoning
ts that, as the atomic structure does not offer any structural reason for
the himited muscibihty m garnets, this lmuted miscibiity 15 perhaps
controlled maimly by the mode of origin of the garnet  In view of the
vatous data collected from hterature, 1 should think that this appears to
be the best view of the matter As different crystals from the same
hand specimen of rock show difference m composition, 1t has to be
assumed that the composttion of the garnet is controlled by the mode
of origin of the mdvidual ciystal which agam 1s dependent on the
composition ot the parent rock mass and also the way in which the
various elements were concentrated m the parent rock just before the
crystallisation of garnet  Foid also expresses a sumular opimon.
“ The question naturally arises m this connection, whether this hmited
mscibility of the ditterent garnet molecules depends upon herent
chatacteristics of the garnet group and that in a certan case only a
definile amount of one molecule can combme with one another, or
whether 1t 15 brought about by natural restrictions of the ordinary mode
of occurrence of that garnet  In other words, this limated masebrlity
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may not depend upon chemucal restrections, but rather upon 1 estrye
1R
bons, imposed by the condatons of the oregin of the garnels

Thus it can now be concluded that the miscibiity gaps present
in the garnet gioup of mumerals 15 merely acudental and 15 mamly
brought about by the particular mode of origm of the ganets and the
chemucal composttion of the parent rock mass, that 15, the amount and
distribution of avadable elements present m the origmal rock It 1
perhaps due to variations m the usual mode of orign thal the compos-
tion of many garnet crystals fall exactly i the statistically established
nuscibilty gaps  Such garnets, though rare, are nol pecular  They
are as natural as any other garnet

SUMMARY

1 X-ray mvestigations on the garnet structurc by Menzer and
Heutsch are 1eviewed with a view to apply them {o sume of the
analyses of garnets and to the gainet formula m general

2 The formula proposed by Alderman {o the specimens of
gainet {1om Botallack, Coinwall, 15 critically examined

3 Consudering various dithculties, it 15 found thal it 15 beiles
to use the geneially accepted structural formula of the umt cell of
garnet as given by X-ray mvestigations The madequacy ol the standad
molecular ratio RO Ry O, 810, to explamn the various mtiicate pro-
blems connecled with the mineralogical study of gainets 15 pomied out

4 The structma] formula Ry Ry S1, Oy 1s employed to
examme some of the chemical analyses of garnets m order to sec
whether they aie m keeping with the results of X-ray mvestigations

For this pwupose the various analyses aie calculated mto number of
atoms of each kind on a basis of 12 O or 96 O

5 The method employed to calculate the number of atoms ot
each kind 1s illustrated by a table  The following analyses were laken
for this critical exammation —

(a) Analysis of one of the punfied Nellore garnets (lhe
author) (Y)

(b) Analysis of the Botallack garnet (Alderman)



75

(c) Analysis of Wagner quoled by Fermor in his recent
paper on Khoharie

(d) Analysis of a garnet from the garnet munes, Sarwar,
Kishengarh State, Raputana (] 871 given n one of
the papers of Fermor)

(e) Analysis of an Almandite hom Dillenberg given by
Gossner

6 The miscibility gaps present m the garnet group of mmerals
remams unexplamed except on the wiew that they are duc {o the
particular mode of ornigin of the garnets, and the chemical composition
of the smiounding rock mass during the foimation of the garnet

The author 15 very much indebted to Dr K R Krishnaswanu for
lus helptul criticism during the preparation of this paper

A preliminaiy smvey of this discussion was orginally made m my
Associaleship thesis
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