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COMPOSITION OF THE MELILITE GROUP
Harry BErRMAN, Harvard University.

INTRODUCTION

Many workers have made studies of the interesting series of
minerals comprising the melilite group in the attempt to get
satisfactory end members to explain their composition. Schaller?
in 1916, summarized the previous work and contributed a careful
study of all the existing analyses. Later Ferguson and Buddington?®
prepared a series of synthetic equivalents of the members of the
melilite group in which they showed that Ca,MgSi;O; and
CayAl,SiO; were completely miscible. Then Buddington® using
these two end members and adding the sarcolite molecules, as
interpreted by Schaller, made an elaborate study of synthetic
mixtures, with only partial verification of the validity of the sar-
colite molecules, as given by Schaller. In 1924 Winchell,* for the
first time considered the melilite group from the standpoint of
volume isomorphism. He recognized the fact that all melilites
are essentially of the formula R;07 with R equal to all the bases,
including silicon. He also pointed out the improbability that such
dissimilar molecules as Schaller and Buddington had suggested
could enter into the melilite composition. In his study in addition
to the dkermanite and gehlenite membhers, as suggested by Bud-
dington he proposed the molecules Na,Si;07 and Ca;Si,Oy, in agree-
ment with his general R;O; formula.

The study of this group was undertaken by the author in the
belief that the theory proposed by Winchell was essentially correct
but that the simplification of the composition of the group did
not adequately explain the analyses. A study by the author on all
the available analyses has led to a somewhat different interpre-
tation of the group,due mainly to the fact that more informationon
the composition of the silicates has recently been disclosed by
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x-ray structure studies on some of the more complex minerals.
W. Wah!® and B. Gossner® have in recent papers attempted to write
structural formulae for this series. It is the opinion of the author
that a more direct means of studying the structure of the silicates
is available in the x-ray methods of Bragg’ and his school, who are
at this time making a careful study of such complex silicates as
the amphiboles and pyroxenes, topaz, andalusite, sillimanite, etc.,
with results that seem to justify the treatment accorded the meli-
lites in this paper. '

All of the available analyses of melilites have been collected in
Table I. With each analysis is given the calculated composition
according to the theory proposed in this paper, and also the
differences between the reduced analyses and the theoretical com-
position. There is also given, for comparison, the discrepancies ob-
tained by the use of Schaller’s theoretical end members.

In Table IT the analyses are given in terms of the atomic com-
position with a constant number of oxygen atoms. The numbers
refer to the analyses numbers in Table I. Both the found and
theoretical atomic compositions are given in the same table to
facilitate comparison. A detailed discussion of this table is given
in the theoretical part of the paper.

Table III gives the molecular percentage composition of the
analyses according to the end members adopted in this paper.

I. THEORY

All the available analyses (Table I) of members of the melilite
group have been reduced to their atomic ratios on the basis of
70 oxygen atoms, as has been suggested by Winchell’s R;O7
formula, and by the two most likely end members, dkermanite
Ca,MgSi;O7 and gehlenite CasAl,SiO;. That this is a fundament-
ally sound procedure, is verified, in the author’s opinion, by the
results obtained in Table II which is a list of the analyses in
this manner. If the artificial dkermanite, gehlenite series is
a series corresponding to the natural melilites, then there is a
constant value for Mg+ Al+-Si of 30 atoms to 70 atoms of oxygen,
and any intermediate members having Mg, Al, Si, will have as
their total 30 atoms. This fact is amply borne out by Table II.
The sum of Mg+ Al+Si is in all cases very close to 30 when the
oxygen atoms are taken as 70. The deviation from 30 is significant
in but a very few analyses and is within the limits of error in most.
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TasLE IIT

MoLEcULAR PERCENTAGE COMPOSITION OF THE MELILITE GROUP

A. CasAlSiO; Gehlenite molecule.

B. Ca,MgSi,0y Akermanite molecule.
C. Na; Si;0;  Soda-melilite molecule.
D. Ca Si;0;  Sub-melilite molecule.

Schaller’s
No. Anal. Mineral A B C D anal. no.
1. Akermanite 2.0 90.7 0.0 7.3  4and5
2. Akermanite
(Humboldtilite) 30.6 58.6 10.8 0.0
3. Akermanite
(Humboldtilite) 28.7 53.1 18.2 0.0
4. Akermanite
(Humbolduilite) 34.3 51.7 14.0 0.0
5. Melilite 30.9 45.8 13.4 9.9 16
6. Melilite 32.8 45.1 22.1 0.0
7. Melilite 36.1 46.1 13.7 4.1 13
8. Melilite 36.2 44.2 15.5 4.1
9. Melilite 37.1 44 .1 15.5 3.3 11
10. Melilite 372 45.2 12.8 4.8 12
11. Melilite 38.7 41.6 18.0 1.7 10
12. Melilite 41.8 38.9 15.9 3.4 15
13. Melilite 41.8 38.9 15.9 3.4 14
14. Gehlenite 50.9 37.2 11.9 0.0
15. Gehlenite
(Fuggarite) 55.7 35.3 9.0 0.0 17
16. Gehlenite 66.8 29.2 0.0 4.0 7
17. Gehlenite 67.3 25.4 0.0 7.3 8
18. Gehlenite 67.3 21.5 1.4 9.8 9
19. Gehlenite 71.1 28.9 0.0 0.0
20. Gehlenite
(Velarderite) 79.2 19.9 0.9 0.0 6
21. Sarcolite 62.8 10.4 18.5 8.3 3
22. Sarcolite 64.5 0.0 14.3 21.2 2
23. Sarcolite 65.6 0.0 11.4 23.0 1

However the expected total of Ca+Na=20 is not in evidence for
most analyses although the assumed end members have each 20
atoms of calcium. There is the significant fact evident, however,
that the total of Ca+Na does not materially exceed 20 atoms in
any analysis. This deficiency it seems cannot be explained by error
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in analyses and must be accounted for in an adequate explanation
of the series. A general formula of the melilites may from these de-
ductions be written for the whole group, as follows:

(Ca+Na)zo—x MgyAlSizo — y-+2 070

From the analyses as given, the probable limits of #, v, 2, can be
stated as follows:

(a) x may be 0 or some small number probably not greater than
3 (in any known melilite).

(b) ¥y may have as its maximum value 10 and its minimum value
0. This corresponds in the first case to a melilite composed en-
tirely of the end member dkermanite, and where Mg=0 to a meli-
lite with no dkermanite present; it is evident that a value greater
than 10 Mg would necessitate more than 20 atoms in the Ca+Na
member, and this is not found in the series.

(c) z varies from 0 to 15.7 in the series. This variation indicates
that the gehlenite molecule (Ca;Al,SiOr) is absent in some melilites
and that velardefiite (#20) is an almost pure gehlenite, the
pure molecule having 20 atoms. The value 20 may be taken as the
maximum Al content of the melilites since more aluminum would
necessitate more than 20 Ca+ Na atoms.

(d) The silicon as given in the general formula is 30— (y+2)
atoms. Inspection of the table shows that the minimum number of
silicon atoms is ten. The maximum number of atoms noted in the
table is 20.7. If however v and 2 could both be zero then the maxi-
mum number would have to be 30. In Winchell’s hypothetical
soda melilite this value is used and the formula is NagSizoOqo.
This molecule will be discussed in another section of this paper.
There is another possibility of using the theoretically maximum
amount of silicon in a formula such as CaiSiz0O70. This formula
has only 10 Ca atoms rather than 20 (or a number near 20) and
therefore cannot be considered as a true melilite molecule. How-
ever, it can be used to explain the fact that the total Ca+Na is
in most cases less than 20, as will be shown later.

An examination of the group formula indicates that sodium re-
places calcium and that Mg, Al, Si are replaceable to the extent
noted above. In the tables of ionic radii of Goldschmidt,® which are
now generally accepted, the calcium and sodium ions are of the
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same order of magnitude,the Mg, Al, Si are considerably smaller and
of comparative similar radii among themselves. Oxygen is the
largest of the atoms present in the composition of the series. There
is then an adequate reason for the relationship established. There
are seemingly two kinds of basic elements, the Ca and Na together,
and the Mg, Al, Si elements in another set. Thus Winchell’s
R;0~ is really X,Y3;07 which is the less exact form of the author’s
general formula as given above.

The question as to the replaceability of calcium and sodium
atom for atom cannot be definitely answered by the data in
this paper because there is no real constancy in the number of
atoms of both in the melilites. However, in other recent treat-
ments of the relationship of these two atoms in isomorphous com-
pounds there is little doubt left but that these two elements can
substitute for each other, atom for atom, provided the valences
are balanced after substitution by some further changé such as
for example an attendant substitution of magnesium for aluminum.
The amphiboles, pyroxenes, feldspars,® etc. are evidences of this
type of replacement.

As to the replacement of Mg, Al, and Si there seems to be ex-
cellent evidence in the actual analyses of this series that this has
taken place. Itis gratifying to the author that while this paper was
in preparation, that further evidences of this type of replacement
were pointed out in tourmaline!® and the amphiboles and pyrox-
enes'* by F. Machatschki in two very recent papers. The prob-
lem of composition and isomorphism is treated in a manner sim-
ilar to that given in this paper.

That the atomic volume relationships are not the only deter-
mining factors in isomorphism is obvious. What the other factors
may be are not as yet known, but it is safe to say that volume iso-
morphism is one of the most important considerations in the study
of a series such as the melilites, or, as Machatschki has pointed out,
in the tourmalines and amphiboles and probably all other silicates.

The end members adopted by the author have been chosen to
agree with the general formula as follows:

A. CayAl,Si0;  Gehlenite

B. Ca;MgSis0; Akermanite

C. Na.SizO Soda melilite

D. CaSi;O4 Sub-melilite molecule
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The molecules A and B can enter into combination in all
proportions as indicated by the analyses of natural melilites and
by the work of Ferguson and Buddington on synthetic preparations.
Na;SizO7 enters only to a limited extent as indicated in the analy-
ses. This hypothetical molecule does not occur in the natural
melilites to a greater extent than about 23 per cent.

CaSi;07, the sub-melilite molecule can be used to show the
extent to which the formula falls short of having (Ca4Na)=20.
This molecule is usually of very minor importance in the com-
position exceeding 10 per cent in only two analyses.. This type of
molecule is interpreted by the author as being an indication that
part of the melilite structure is open, because all the negative
charges of oxygen have already been satisfied by Mg+ Al+Sj,
which is constant and more firmly bound in the structure, and ionic
equilibrium, so to speak, has been reached without filling up the
holes which normally would be occupied by Ca or Na. That this
can occur to only a limited extent without the breakdown of the
structure is evident, so that such a molecule could only be expected
to be present in limited amounts. CaSi;O7 need not be of the same
structural type as the other members of the group, and still enter
in the solid solution to the limited extent noted in the analyses of
the natural occurrences. It is doubtful whether CaSi;Oy, prepared
artifically, would be a true melilite.

II. Other THEORIES

The principal theories advanced to explain the composition
of the melilite group have been those of Schaller, Buddington and
Winchell.

Schaller proposed as end members the following:

Sarcolite 3Ca0- Al,O;- 3Si0; or CazAlsSizOis
Soda-sarcolite 3Na,0- Al,0;3- 35i0;  NagAlySizOq2
Akermanite 4MgO-8Ca0:9Si0,  MgsMgsSigOso
Velardepite 2Ca0 - AL,O3- Si0; Ca,AlLSiOy

Winchell has pointed out that the compounds proposed by Schaller
are much dissimilar in character and not likely to be end members
of the same group. In general Schaller’s end members give cal-
culated compositions about as well as those of the author. Soda sar-
colite, in small amounts combined with a large amount of sar-
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colite gives agreement with the end members CasAl,SiO7, Na,Si;O4
and CaSi;Oy proposed by the author. The other two end members
are essentially the same as the author’s molecules. An objection
which may be raised against Schaller’s molecules is that sarcolite
(CasAlSiz0y) and velardediite (CapAl:SiO;) are composed of the
same elements in slightly differing amounts. That the melilites
can have two end members of such similarity seems unlikely.

The chief difference between the end members proposed by
Winchell and those of the author is that Winchell has as one of
his compounds CasSi207. An examination of this molecule in com-
parison with the type formula of the author suggests that it is
not likely to yield satisfactory results because the 3:2:7 ratio is
not found to be present in the natural melilites. When this mole-
cule is used there is an apparent excess of silica in the analyses
which may be as high as 9 per cent. The molecule used by the
author can be derived from Ca3SisO; and silica in the following
manner:

Ca3Si207 + 75102 = 3CaSi307

CaSi;07 can therefore be used and no excess of Si0O, will be
observed in the analysis. The excess silica is explained by Winchell
as being interatomic because the silicon and oxygen atoms are
small enough to fit into the atoms without disturbing them.
At the time that his paper was written there had not been much
experimental work to verify the size of the oxygen atoms and it
was considered one of the smallest. Present measurements, how-
ever, are in general agreement that oxygen is one of the largest of
atoms entering into the composition of the silicates, so that this
theory seems highly improbable on the basis of later knowl-
edge.

Buddington has attémpted to show that the end members pro-
posed by Schaller form solid solutions, by preparing synthetic
mixtures corresponding to the end members and studying the
properties of the resultant compounds prepared under the proper
conditions. As Winchell has pointed out, his evidence is rather
inconclusive. There are many cases where nonhomogeneous crys-
tallizations result. In fact, when the sarcolite molecule, pro-
posed by Schaller, was used with artificial 4kermanite and gehlen-
ite, the whole series failed to show solid solution. Only when a
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charge approximating thé actual sarcolite composition was used did
homogeneous crystallizations result. This seems, to the author, to
indicate that the sarcolite and soda sarcolite molecules are not
an adequate explanation of the composition of natural sarcolite.
In this paper no attempt has been made to apply the molecules
proposed to an analysis of Buddington’s synthetic mixtures since
some of the components used are, in the author’s opinion, not those
which occur in the natural melilites and, therefore, out of the
scope of this paper, which is concerned only with the natural
occurrences.

Di1scUSSION OF ANALYSES

All the available satisfactory analyses of members of the
melilite group are given in Table I. The calculated values given
in the table are derived from the theoretical composition as com-
puted from the author’s molecules. In reducing the analyses
AlLO; and Fe;0; are grouped together, as are Na;O and K»0, and
also FeO, MgO and MnO. Only where the FeO or Fe;O; are im-
portant constituents are they calculated separately as iron-
dkermanite or iron-gehlenite. Differences between calculated and
reduced analyses are given in order to quickly show the diver-
gence of the theoretical composition from the actual analysis.
Differences obtained by use of Schaller’s molecules are also given
for comparison. The numbers of the analyses in Table T are used
in Tables IT and III for the corresponding atomic and molecular
compositions, respectively.

Since there are already adequate names in established use for
the various members of the group no new ones will be here pro-
posed. The various members of the group are here defined in terms
of their molecular percentages as follows:

(a) Akermanite—those members of the group giving over 50
per cent of the dkermanite molecule (Ca;MgSi;O7) and less than
25 per cent of the soda-melilite and sub-melilite molecules com-
bined (NazSi307) + (C3.51307) d

(b) Gehlenite—those members of the group having over 50
per cent of the gehlenite molecule (CayAl:SiO7) and less than 25
per cent of the soda-melilite and sub-melilite molecules combined
(Na28i307+ CaSi307).
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(c) Melilite—those members of the groupwhich have neither the
dkermanite molecule nor the gehlenite molecule present to the ex-
tent of 50 per cent, and have less than 25 per cent of the other two
molecules combined.

(d) Sarcolite—those members of the group having over 25 per
cent of the soda-melilite and sub-melilite molecules combined.

The above classification is in conformity with the long estab-
lished nomenclature in the group. The more recent names, velar-
denite and humboldtilite, are not used. Fuggarite is here con-
sidered as a gehlenite. Since this name has been applied to but one
member of the group which is within the limits defined for geh-
lenite there seems to be no reason for retaining the name in the
classification.

AXERMANITE

There are two analyses available of almost pure ikermanite
(Anal. 1,—Table I) which are obviously of the same material.
The calculated composition agrees very well with the observed
percentages. Analyses 2, 3, 4, of Table I (Humboldtilite of Bud-
dington) are also good analyses and agree with the calculated com-
positions. There is a considerably greater percentage of the geh-
lenite molecule in these three 8kermanites than in the other mem-
ber noted above.

MELILITE

The analyses of these intermediate members of the group are
in general agreement with the theory. The substitution of
AlO; for Fe0; is not accompanied by any appreciable discrepancy
in the calculated composition (see analyses 12, 13). There are
some analyses for which the theory does not hold very accurately
but in view of the fact that most of the analyses do adequately
fit the end members, it seems likely that obvious discrepancies may
be explained by impurities in analyzed material, and other sources
of error. Table III, giving the molecular composition, shows that
these members have about 16 per cent of the soda melilite mole-
cule and about 4 per cent of the sub-melilite molecule.

GEHLENITE

There are two modern analyses of this species both of which
agree well with the theoretical composition (Anal. 19 and 20). The
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others, while older analyses, are in rather good agreement also,
with the exception of analysis 18, which has a deficiency of 1.23
per cent of CaO. The gehlenites in general have a low percentage
of the minor molecules Na,Si;O; and CaSisOs.

SARCOLITE

The sarcolites differ from the other members of the group in
having a rather large percentage of the soda melilite and sub-
melilite molecules. The calculated compositions do not agree
especially well with the analyses. The two older analyses are not
especially good ones (Anal. 22 and 23, Table I). The more recent
one by Pauly, however, does not give good agreement with the
theory. The calculated compositions by Schaller are also not in
very close agreement with the observed percentages.

The fact that this species has such a large percentage of the
sub-melilite molecule as compared to the other members of the
group leads to a speculation as to whether it is really a true melilite.
An x-ray spectrographic study of sarcolite with this in view will
be undertaken later as well as a new analysis. Gossner? in a re-
cent paper has shown that sarcolite is not closely related to the
melilites but instead is related to the scapolites.

SumMMARY AND CONCLUSIONS

The theory as to the composition of the melilites may be here
summed up as follows:

General formula:

(Ca+Na)p_Mg,ALSig.y1.90m0

where x=0 to 3

y=0 to 10
z=0 to 20
This formula gives rise to the melilite molecules as follows:
Akermanite Ca,MgSi,07
Gehlenite CaALSiO;
Soda melilite Na,Si;0;
Sub-melilite CaSi; Oy

The first two of these may be present in any amount. The
third (soda-melilite) in the natural occurrences does not exceed
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25 per cent, the fourth (sub-melilite molecule) is the least im-
portant and with but two exceptions does not exceed 10 per cent.

There are no facilities in this laboratory to conduct experiments
on the artificial compounds of the compositions of these end mem-
bers, it is suggested that this would possibly prove an interesting
problem. The study of the space group of melilite and a comparison
of the x-ray spectrographs of gehlenite, melilite and sarcolite will
be published at a later date.

Sub melilite Cladiy Oy
Sodq melilite Na s Oy

Gerlenite TR

o, 3/, Fig. 1
Composition of the ltelilifes

The optical properties of the various members of the group
have not been recorded in this paper because in the artificial
CapAl,Si0;— CapMgSi,Oy series a careful optical study was made.

Since these are the two dominant molecules present the prin-
cipal optical differences arise from the percentages of these present.
An additional reason for omitting an optical study was lack of type
material in order to study the effect of the soda melilite and sub-
melilite molecules on the optical properties.

A diagram (Fig. 1) shows the composition of the various mem-
bers of the melilite group. The soda melilite molecule and sub-
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melilite molecule have been combined in order to better represent
the composition on a plane diagram.

The author wishes to express his thanks for the critical exam-

ination of the manuscript of this paper by Professors Palache and
Larsen and Dr. T. Barth.
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