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The join CaMgSizO -Ca MgSi O<CaTiAl O  in the 
system CaO-MgO-Al O -TiOz-SiO  and its bearing 

on titanpyroxenes 
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SUMMARY. The phase equilibrium diagrams of CaMgSi2Oa-CaTiAl206 with Io, 20, and 30 wt % 
CazMgSi207 in the join CaMgSizO6-CazMgSi2OT-CaTiA120~ were determined. Six three-phase 
assemblages, six four-phase assemblages, and two five-phase assemblages (isobaric trivariant, 
divariant, and univariant) were confirmed. The univariant assemblages are diopsidess+forsterite§ 
gtkermanitess + perovskite + liquid and diopsidess -t- gtkermanitess -t- perovskite § spinel + liquid.I Because 
of the complex solid solutions of diopside and fikermanite the crystallization ceases before invariant 
assemblages are reached and the final phase assemblage in the diopside-rich region is diopsidess+ 
fikermanitess-- perovskite, in the diopside-poor region diopsidess + gkermanitess § perovskite + spinel. 
Two invariant points, diopsidess+forsterite+~tkermanitess-t-perovskite+spinel§ and diop- 
sidess+gtkermanitess+anorthite+perovskite§ in the silica-poor region of the system 
CaO-MgO-AI~O~-TiO2-SiO2 are estimated. The diopside solid solution in this join is discussed with 
its bearing on the natural titanpyroxenes from alkalic rocks including melilite. 

THE system CaMgSi206-Ca2MgSi207-CaTiA1206 is a part  of the system CaMgSi~Os- 
Ca2MgSi2Ov-NaA1SiO4-CaTiA1206 and a join in the quinary system C a O - M g O -  
A12Oa-TiO2-SiO2. In our previous paper (Yagi and Onuma, 1969) the data for liquidus, 
some subsolidus, and solidus temperature regions of the present join were presented. 
However, more complete data for subsolidus and solidus temperatures are given in 
the present paper together with descriptions of  phase relations. 

Osborn and Gee (I969) have presented the liquidus data for the 15 wt. % 
A12Oa+TiO2 plane in the system CaO-MgO-Al~O3-TiO2-SiO2; this study was made 
to contribute primarily to an understanding of the role of titanium from a ceramic 
rather than a petrologic viewpoint. In the present paper we have discussed the phase 
relation between diopside, gtkermanite, perovskite, and spinel, which are encountered 
in the present join, with emphasis on the mineralogical and petrological aspect of the 
equilibrium in the silicate systems. 

Experimental results. In the present investigation ordinary quenching methods were 
employed. The starting material was prepared by complete crystallization of homo- 
geneous glass at temperatures between 800 ~ and ~ooo ~ The furnace used in 
quenching experiments was regulated to a precision of • I ~ Pt-PtsTRhla thermo- 
couples used to measure the temperature were calibrated at the standard melting 
points of  NaC1, 8oo'4 ~ Au, IO6a.6 ~ and diopside, I39I '5  ~ (the Geophysical 

I SS = solid solution. 
�9 Copyright the Mineralogical Society. 
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Laboratory temperature scale was used for consistency with our previous data). The 
duration of runs was 2 to 3 hours at temperatures above 125o ~ 5 to 6 hours around 
124o ~ 2 to 4 days around I23O ~ and 7 to 14 days at temperatures for beginning 
of melting. 
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FIG. I. Phase equilibrium diagram of  the join CaMgSi~Os-Ca2MgSi~OT-CaTiA1206 at liquidus. 
ss = solid solution. 

Diopside (Di), ~kermanite (Ak), forsterite (Fo), spinel (Sp), and perovskite (Pv) 
are the crystalline phases encountered in the present join and the first two are not 
pure compounds but solid solutions. The phase equilibrium diagram at the liquidus 
temperature is given in fig. I. Because of the quinary nature of the join the points 
K and L in fig. I, showing four-phase assemblages Pv+  Fo + Akss (ss: solid solution)+ 
L (liquid) (K) at t24o ~ and D i s s + F o + A k s s + L  (L) at I268 ~ are neither eutectic 
nor piercing points. 

Sections with io, 20, and 30 wt. % Ca~MgSi2Ov (Ak) were studied (figs. 2, 3, and 4; 
table I). Each section exhibits a closed field of forsterite crystallization, which demon- 
strates a forsterite-liquid reaction. In these compositions this leads to the complete 
resorption of forsterite prior to solidification. Thus forsterite is resorbed in the 
equilibria: F o + D i s s + L ;  F o + D i s s + P v + L ;  Fo+Dis s+Akss+L;  and Fo+Dis s+  
Akss+Pv+L.  
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TABLE I. Result o f  quenching experiments. 

Composition Primary Liquidus 
(wt. %) phase temp. 

(o c )  
Di Ak Tp 

Data  at lower temperatures 

80 I0 I0 Di I33O /~k in I268, Pv in i222, 
B.M. I185 

70 IO 20 Di 1273 /~.k in I238 , Pv in 1238, 
B.M. 119o 

68 lO 22 Fo I265 Di in 1263, Fo out 124o, 
Pv in 1233 , Ak in 123o 

62 IO 28 Fo I265 Pv in 1256, Di in I230, 
Fo out 1224, Ak in 1223 

60 lO 30 Pv i25o Di in I229,/~k in 1215, 
B.M. I2iO. 

54 lO 36 Sp 13oo Pv in 128i, Di in 1235, 
Ak in I228 

5o IO 4o Sp 1347 Pv in 133o , Di in 1229, 
B.M. 12io 

4o IO 5o Sp 1443 Pv in 1373, Di in 1234 
70 20 lO Di I321 Ak in I25O , Pv in 1227, 

B.M. 118o 
60 2o 20 Fo 1261 Di in 1249 , Pv§  in I233 , 

Fo out 1242, B.M. II85 
55 2o 25 Fo 1255 Di in I239, Pv in I233, 

Fo out 1234,/~k in 1232 
5o 2o 30 Pv 125o Di in 1236, Ak in 1233 
4o 2o 40 Sp I265 Pv in 1348, Di in I228, 

Ak in t223 
6o 30 lO Di 13o8 /~k in 13o6, Pv in 123o 
58 30 i2 D i+ /~k  13Ol Fo in 1280, Fo out 1275, 

Pv in I234 
54 30 16 ]kk 1285 Fo in 1273, Di in i268, 

Fo out I235, Pv in 1233 
50 30 20 /~k I275 Fo in I262, Di in I249, 

Fo out 123I , Pv in 1228 
48 3o 22 /~k I268 Fo in 1255, Di in 1234, 

Pv in 1232, Fo out I225 
4o 30 30 Pv 1307 /~k in I248, Fo in 1231, 

Di in I229, Fo out I225 
30 30 40 Sp 1386 Pv in 1378, ,~k in 128o 

Di in 1223, B.M. I19O 
2o 30 5o Sp 145o Pv in I445,/~k in > 13oo, 

Di in I225, B.M. 1195 
/~k: ~tkermanite; Di: diopside; Fo:  forsterite; Pv: perovskite; Sp: spinel; 
Tp, CaTiAI~O6; B.M. : beginning of melting. 
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T h e  m a x i m u m  t e m p e r a t u r e s  a t  w h i c h  t he  a s s e m b l a g e s  D i s s + ~ k s s + F o + P v + L  

a n d  D i s s § 2 4 7  were  e n c o u n t e r e d  as  p i e r c i n g  p o i n t s  a re  I234J~  5 ~  

a n d  12244-5 ~ respec t ive ly .  

As  a r e s u l t  o f  t h e  ex tens ive  so l id  s o l u t i o n  in  d i o p s i d e  a n d  in  ~ k e r m a n i t e ,  c rys t a l -  

l i z a t i o n  ceases  b e f o r e  a n y  s ix -phase  a s s e m b l a g e  ( i n v a r i a n t  a s s e m b l a g e )  is e n c o u n t e r e d .  
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F~GS. 2 (top) and 3 (bottom). Phase equilibrium diagrams of Io and 2o wt % CazMgSi207 sections 
in the join CaMgSi~O6-Ca2MgSi2OT-CaTiAI206. ,~,k, &kermanite solid solution; Di, diopside solid 

solution; Fo, forsterite; Pv, perovskite; Sp, spinel. 
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In the diopside-rich region crystallization ceases in the equilibrium Diss+Akss+Pv4-L 
and elsewhere in the equilibrium Diss4-Akss4-Sp4-Pv+L, which was encountered 
from I224~5 ~ down to 12o5• ~ in the IO % section, izoo• 5 ~ in the 2o % 
section, and 1195• ~ in the 3o % section. 

The composition of the gtkermanite solid solution that crystallizes at iooo ~ in 
7 to 14 days in the 3o % section was assessed from its d2~t spacing (fig. 5). The &ker- 
manite solid solution is constant in the three-phase assemblage Diss+Akss4-Pv 
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FIG. 4. Phase equilibrium diagram of 30 wt % Ca=MgSi207 section. 

indicating that as CaTiA1206 increases, only the diopside solid solution changes. At 
higher CaTiA1206 contents spinel appears and at the same time the fikermanite solid 
solution becomes more aluminous (gehlenite-rich). 

Suggested flow diagram for parts of the system CaO-MgO-A1203-TiO2-SiO2. A 
suggested flow diagram (fig. 6) shows six-phase assemblages (invariant) in pentagonal 
boxes (liquid is omitted from all asemblages) and five-phase assemblages (univariant) 
as lines. The five-phase assemblages shown by the heavy lines were encountered in the 
sections studied over the temperature ranges reported above and repeated in fig. 6. 
None of the inferred six-phase assemblages has been experimentally encountered. 
However, combining these two five-phase lines and those estimated from O'Hara 
and Biggar's study (I969) (Diss+Fo4-/kkss4-Sp+L and Diss+An+,A, kss+Sp4-L), 
two six-phase assemblages are produced (A and B in fig. 6). 

The four-phase assemblages are diagramatically represented as light lines, which 
form crosses on the five-phase lines and are elaborated in the lower part of fig. 6. 
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The dot-dashed line represents an equilibrium crystallization path in which forsterite 
is resorbed and ~kermanite solid solution appears in the ~kermanite-poor region 
([o and zo % sections). After forsterite is resorbed the crystallization trend leaves the 
four-phase line (Diss+Fo+Pv+L)  to follow the dot-dashed line (Diss4-Pv+L), 
where diopside solid solution changes its composition and perovskite continues to 
crystallize until another four-phase line (Diss+Akss+Pv+L) is reached. 
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FIG. 5. Change of 2i I d-spacing and composition of the ~kermanite solid solution crystallized at 

[ooo ~ for 7 to 14 days in the 3o wt % Ca~MgSi207 section. 

In the gtkermanite-rich region (30 % section) the crystallization on the four-phase 
lines of both Diss+/ ikss+Fo+L and F o + A k s s + P v §  reaches the five-phase line 
D i s s+Akss+Fo+Pv§  at various temperatures between I225 ~ and I234 ~ 
where forsterite begins to react with liquid. When forsterite disappears along this 
five-phase line, the crystallization turns its course to the four-phase line Diss+Akss+ 
Pv+L.  

Crystallization on the remaining four-phase lines, which do not include the forsterite- 
liquid reaction, is simple and needs no special description. 

The pyroxenes in the join and in natural rocks. X-ray diffraction patterns of the diopside 
crystallized at Iooo ~ for 7 to I4 days are shown in fig. 7. It is evident that the oo2 
peak shifts to lower angles and 2~2022~_002 becomes larger with increasing CaTiA1206 
in the mixture from which diopside solid solution crystallizes out. 

In the diopside-rich region the three-phase assemblage Diss§247 was 
encountered at the solidus temperature and the following reaction is expected: 

CaMgSi~O6 § Ca2MgSi207+ 2CaTiAI206 
diopside ~tkermanite 

= 2MgSiO~+ CaAI~SiO~+ Ca~A12SiOT+zCaTiO3 
enstatite Tchermak's gehlenite perovskite 

molecule 
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FIG. 5. Suggested flow diagram for parts of the system CaO-MgO-Al20~-TiOrSiO2, showing con- 
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figure show crystallization trends. 
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FIG. 7. X-ray diffraction patterns of diopside solid solutions crystallized at IOOO ~ for 

7 to 14 days, showing the shift of the 002 peak. Tp: CaTiAI206. 

TABLE I I .  Molecular composition of titanpyroxenes 

1 2 3 4 

Ca(Mg,Fe)Si2On 69 '5 66"5 73 '4 88 "4 
(Mg,Fe)SiOz 5"0 1 "5 2.1 2"3 
Ca(AI,Fe3+)2SiO6 12" 7 19"O I0"2 
CaTi(A1,Fe3+)~O6 8"7 11 "7 10"7 57 
NaFe3+Si206 4'6 2.8 5'I 2"7* 
Si02 --0-8 --I.8 --0"5 I'5 

* Including Na~SiO3 0"9 wt %. 
I. Titanclinopyroxene, kalsilite-bearing olivine melilitite, Nyiragongo, Africa (Sahama and Meyer, 
I958). 
2. Titanaugite, melilite nepheline dolerite, Scawt Hill, Co. Antrim (Tilley and Harwood, i931 ). 
3. Titanclinopyroxene, melilite leucite nephelinite, Nyiragongo, Africa (Sahama and Meyer, i958 ). 
4- Groundmass pyroxene, melilitite, Nyiragongo, Africa (Sahama I962). 
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On the other hand, the four-phase assemblage Diss-?/~kss+Sp+Pv was obtained at 
the solidus temperature in the diopside-poor region. This assemblage is expected from 
the reaction: 

CaMgSi206 ~- 2Ca2MgSi20 7 + 5CaTiA1206 
diopside fikermanite 

= 3CaAI2SiO6 + 2MgSiO3+ Ca~A12SiO7 +5CaTiO3+ MgAI20~ 
Tchermak's enstatite gehleni te  perovskite spinel 

molecule 

The diopside solid solution in the join, therefore, is assumed to consist of CaMgSi2On, 
CaAlzSiO6, CaTiA1206, and MgSiO3. Of these CaTiA12On is found to be incorporated 
in the diopside solid solution up to I I wt % in the join CaMgSi2On-CaTiAl~O6 
(Yagi and Onuma, I967), but the reactions show that it may be possible that in the 
quaternary join CaMgSi20~-CaTiA1206-CaAlzSiOrMgSiO3 more CaTiA1206 is 
soluble than this limit after perovskite separates out. 

The present join is closely related to the undersaturated mafic alkalic rocks, 
especially melilite-bearing rocks from the view point of mineral assemblages 
(Yagi and Onuma, I969). Therefore, the constituent molecules of natural titaniferous 
pyroxenes in the melilite-bearing rocks from various localities were cMculated in 
terms of these molecules. Since the natural pyroxenes, however, contain FeO and 
Fe2Oa, Ca(Mg,Fe2+)Si~On (diopside), (Mg,Fe2+)SiO3 (hypersthene), Ca(A1,Fe3+)2SiO" 
(Tchermak's molecule), and NaFe3+Si206 (acmite) are calculated instead of iron-free 
molecules. If A12Oz is less than TiOz, CaTiFe~+On is calculated to form CaTi(A1, 
Fe3+)206. 

The results of this calculation (table II) clearly show that the titaniferous pyroxenes 
of melilite- and nepheline-bearing rocks consist mainly of diopside, hypersthene, 
CaTi(Fe ~+, A1)206, and Tschermak's molecule, Ca(Fe z+, A1)zSiO6, and have very small 
amounts of Na20, though these rocks always include nepheline. 

According to the possible differentiation course of the melilite- and nepheline- 
bearing rocks (Onuma and Yagi, ~967), olivine melilitite--~ olivine melilite nephelinite 

melilite nephelinite, the samples ~, 2 and 3, and 4 in table II may represent the 
pyroxenes at the early stage, middle stage, and later stage, respectively. So far as 
experimental data are concerned, if at the early stage melilite or forsterite or both 
crystallize, then as they include negligible amounts of titanium, the residual liquid 
becomes gradually rich in titanium and the pyroxene that is separated out from this 
liquid also becomes gradually rich in titanium. Thereafter the residual liquid begins 
to become poorer in titanium and furthermore, if perovskite begins to crystallize 
the decrease of titanium content in the liquid becomes more pronounced. In the 
natural magma titanium goes into not only perovskite but also into some oxide 
minerals such as ilmenite or magnetite. Consequently the pyroxenes crystallizing from 
such liquid at the later stage would be poorer in titanium. 
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