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Abstract

    Ten per cent CaTiA1206 is added to the system diopside-akermanite-nepheline.

This plane is a part of six-component system and two reaction relations and a eutec-

tic relation are confirmed. The first reaction occurs at 11600±50C with phase
assemblage of forsterite+nepheline+melilite+spinel+perovskite+liquid. At
this temperature spinel disappears to react with liquid and perovskite comes in.

The second reaction, marked by disappearance of fbrsterite and appearance of

diopside, is at 11300±100C with phase assemblage of forsterite+diopside+
melilite+nepheline+perovskite+liquid. The eutectic is at 11000±100C and is
also a goal of crystallization of the system diopside-akermanite･-nepheline-

CaTiA1206. Thephaseassemblageofthispointisdiopside+melilite+nepheline+

perovskite+corundum+liquid.
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introduction

    The most abundant minerals in undersaturated mafic alkalic rocks are olivine,

clinopyroxene, nepheline, and melilite. These minerals all occur on the liquidus

in the system diopside･-akermanite-nepheline (ScHAIRER and YoDER, 1964;

                                 135



136 K. ONuMA and K. YAGi

ONuMA and YAGi, 1967). While the clinopyroxene in this undersaturated mafic

rocks contains considerable amount of Ti. The chemistry of this titaniferous

pyroxene shows that substitution of Ti2Mg is accompanied by AleSi (KusHiRo,

1960 ; YAGi and ONuMA, 1967) and the system between diopside and the hypothetical

titanpyroxene molecule CaTiA1206 (henceforth abbreviated Tp) was investigated

by YAGi and ONuMA (1967) to understand the solubility of Tp in diopside.

    In this study 10 weight per cent Tp molecule is added to the system diopside-

akermanite-nepheline, so that we can find the equilibrium relations in the most

crucial plane of the pseudo-quaternary system diopside-akermanite-nepheline-

CaTiA1206. This join provides a clue to understand the relation between titani--

ferous pyroxene and other minerals and the behavior of Ti in undersaturated alkalic

rocks. The equilibrium in this systern as the whole and its petrologic application

are discussed by the present authors elsewhere (YAGi and ONuMA, in Press).

lixperimentals

    Homogeneous glasses in the present system were prepared by melting pure

chemicals in a platinum crucible. Pure quartz, A1203, CaC03, MgO, and Ti02
certified reagents from Fisher Scientific Co. and pure sodium disilicate were used.

Sodium disilicate was made by the same method as described by ScHAiRER and
BowEN (19S6). The homogeneity of the glass was tested under the petrographic

microscope by the uniformity of refractive indices. The refractive indices of the

glasses are shown in Fig. 1.

    The crushed glasses were held at temperatures between 900 and 10000C until

crystallization of glass was complete. The crystalline phase assemblages of these

starting niixtures, determined by X-ray diffractometer, are given in Table 1.

    A platinum-wound resistance furnace was used for quenching experiments,

regulated to an accuracy of ±10C. The Pt-PtgoPhio thermocouple used to mea-
sure the temperature was calibrated at standard melting.points of NaCl 800.40C,

Au 1062.60C and pure diopside 1391.50C.

    A small platinum envelope containing completely crystalline mixture was

placed in the hottest portion of the quenching furnace. After equilibrium was

attained, the charge was quenched by dropping rapidly into water. Crystalline

phases were identified both by microscope and X-ray difiliractometer.

9uenching dnta and egttitibrium diagram

    The result of quenching experiments are given in Table 2 and the phase equili-･

brium diagram with isothermal line is presented in Fig. 3. Diopside, forsterite,

spinel, melilite, nepheline, and carnegieite appear as primary phases in this plane.

All these crystalline phases except spinel are solid solutions of variable, but un-
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Tab!e 1. Phase assemblage of starting materials (crystallized at 1000DC).

Composition (wt %)

Di Al< Ne Tp
 Time for
crysta!lization

Phase assemblage

68

6

50

40

39

67

20

27

10

4

5

21

2

57

30

46

46

2

10

10

10

10

10

10

18 'days

18 days

14 days

48 days

30 days

7 days

mel+di+ne
mel+di+ne+pv+cor
mel+di+ne+pv+cor
mel+di?+ne+pv+cor
mel+di?+ne+pv+cor
mel+di+ne+pv?.?+cor?

di:diopside; mel:melilite; ne:nepheline; pv:perovskite; cor:corundum

known, composition and the details of these phases are discussed elsewhere (ONuMA

and YAGi, 1967; YAGi and ONuMA, 1967).
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    There are three points V, S, and G' at which three crystalline phases coexist

with liquid. The phase assemblages at these three points are as fo11ows: for-

sterite+melilite+spinel+liquid at V (117SOC, Di3g.sNe4s.sAksTpio), melilite+

nepheline+spinel+liquid at S (11940C, Dis.sNes7Ak27.sTpio), and diopside+
forsterite+melilite+liquid at G' (12920C, Di6gNei,sAkig.sTpio)･ The runs for

almost all mixtures show that with fa11ing temperature the fourth crystalline phase

joins to the assemblage of the three crystalline phases and liquid. After that,

however, liquid still remains and the four crystalline phases continue to crystallize

together. For example, the quenching data on the mixtures of Di4oNe46Ak4Tpio

and Di3sNe4sAk7Tpie, both of which are close to V, show that nephelinejoins to the

assemblage of forsterite+melilite+spinel+liquid at 11740C as the fourth phase.

This assemblage continues to crystallize together until spinel begins to disappear

and perovskite comes in at about 11600C. This fact indicates that V, S, and G'

are not piercing points in a quaternary system, but merely the points at which three

primary phase volumes meet together.

    The quenching data on the mixtures in the vicinity of V show that spinel dis-ny

appears and perovskite appears at 11600±50C. Perovskite continues to crystallize
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Fig. 2.

X-ray diffiraction patterns of the starting material crystallized at 10000C.

D: diopside, M: melilite, P: perovsl<ite, N: nepheline, C; corundum.
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together with forsterite, nepheline, and melilite. Forsterite disappears and in

its stead diopside comes in at around 11300C. Finally the starting materials after

quenching runs at about 11000C remain loose powder, indicating that liquid has

already been consumed. The final phase assemblage is diopside+melilite+
nepheline+perovskite+corundum as shown in Figs. 2 and S.

    The quenching data on the mixtures which have more than 60 per cent CaMgSi2-

06 show different crystallization sequence. Since forsterite disappears at various

temperatures, it can coexist with diopside for variable temperture ranges. For

example, the quenching data for the mixture of Di67Ak2iNe2Tpio shows that diop-

side appears at 13000C, while forsterite is consumed at 12300C. The final phase

assemblage for this mixture is diopside+melilite+nepheline+perovskite, but cor-

undum is not confirmed.
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2. Quenching data for the plane diopside-akermanite-nepheline-10% CaTiA1206

141

Refractive
 index of
   glass
  +O.O03

Composition (wt %)

Di Ak Ne
Temp.OC Time Phases

1.S68

1.572

1.554

1.564

1.580

1.587

1.560

5

6

10

10

10

15

20

29

27

10

20

30

2S

10

56

57

70

60

50

50

60

1200

1195

1190

118S

1180

1175

1200

1195

1190

1295

1290

1225

1220

1110

1100

1235

1230

1225

1220

1170

1160

1100

1090

1215

12tO

1190

1185

1180

1110

1100

1205

1200

1195

1185

1180

1170

t245

1240

1220

1215

1175

1170

1

2

2

15

4

72

2

2

2

1

1

6

15

7

7

IS

15

17

4

72

96

7

7

2

1

4

18

72
7

7

 2
 1

4

18

72

96

 2
 4
 4
15

96

96

1/2 hr

hr

hr

hr

hr

hr

hr

hr

hr

1/2 hr

112 hr

hr

hr

days

days

hr

hr

hr

hr

hr

hr

hr

days

hr

112 hr

hr

hr

hr

days

days

hr

112 hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

trace mel+glass

mel+glass

mel+cg+glass
me!+cg+sp+g!ass
mel+cg+sp+ne+glass
mei+sp+ne+glass
glass

trace sp+glass

sp+cg+mel+glass
glass

cg+glass

cg+glass

cg+sp+glass
barely fritted calce

loose powder

glass

sp+glass

sp+glass

sp+ne+glass
sp+ne+glass
sp+ne+mel+glass
barely fritted cake

loose powder .
glass

mel+glass

mel+glass

mel+sp+glass
mel+sp+ne+glass
barely fritted cake

loose powder

glass

mel+glass

mel+sp+glass
mel+sp+glass
mel+sp+ne+glass
mel+sp +ne +trace fo +glass

glass

trace sp+glass

sp÷glass

sp+ne+glass
sp+ne+glass
sp+ne+me1+fo+glass

Continuedi
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Table 2. Quenching date for the plane dio pside-akermanite-nephel ine- 10% CaTiAi 206

Refractive
 index of
  glass

 ±O,O03

Composition (Wt %)

Di Ak Ne
Temp.Oc Time Phases

1.576

1.572

1.580

1.588

1.S76

1.576

20

30

30

30

37

38

20

10

15

20

9

7

50

50

45

40

"

45

1100

1090

122e

1215

118S

1180

1175

116S

1200

1195

1185

1180

1170

1165

1160

1100

1090

1205

1200

1180

1175

117e

1220

1215

1190

118S

1180

1175

1165

1160

1200

1195

1180

1175

1170

1190

1185

1180

1175

1170

1165

1160

 7
 7
 4
 4
72

72

96

96

 2
15

20

 2
72

96

48

 7
7

15

15

 1

72

 2
15

4

4

72

72

72

96

96

1

IS

4

2

72

3

2

2

2

96

96

96

days

days

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

days

days

hr

hr

1/2 hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

112 hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

 barely fritted cake

loose powder

glass

sp+glass

 sp+glass

sp+ne+glass
sp+ne+mel+glass
sp+ne+mel+fo+glass
glass

sp+glass

sp+glass

sp+ne+g!ass
sp+ne+glass
sp+ne+fo+glass
sp+ne+fb+me1+glass
barely fritted calce

loose powder

glass

mel+glass
mel+glass

mel+sp+glass
mel+sp+fb+glass
glass

mel+glass

mel+glass

mel+fo+glass
mel+fo+glass
mel+fo+sp+glass
mel+fo+sp+glass
mel+fb+ne+glass
glass

trace mel+glass

mel+glass

mel+fo+glass
mel+fo+sp+glass
glass

mel+sp+glass
mel+sp+glass
mel+sp+fo+glass
mel+sp+fo+ne+glass
mel+sp+fo+ne+glass
mel+pv+fo+ne+glass

Continued
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Table 2. Quenchingdatafortheplane diopside-akermanite-neph eline-10% CaTiAl 206

Refractive
 index of
  glass

 ±O.O03

Com position (wt %)

Di Ak Ne
Temp.ec Time Phases

1.576

1.574

1.584

1.600

1,580

1.596

1.612

39

40

40

40

42

50

50

5

4

10

20

8

10

20

46

46

40

30

40

30

20

1190

1185

1180

1175

1170

1165

1160

1180

1175

2170

1165

1160

1200

1195

1165

1160

1100

1090

1245

1240

122S

1220

1090

1205

1200

1195

1190

1165

1160

1130

1235

1230

1225

1220

lt70

1160

1140

1130

1265

1260

1255

1250

 2 hr

 2 hr

 2 hr

 2 hr

96 hr

96 hr

96 hr

 2 hr

 4 hr

15 hr

96'hr

96 hr

 2 hr

15 hr

96 hr

48 hr

 7 days

 7 days

18 hr

 2 hr

18 hr

18 hr

 7 days

 1 1/2 hr

 2 hr

18 hr

 2 hr

96 hr

96 hr

96 hr

 2 hr

 2 hr

18 hr

18 hr

48 hr

72 hr

96 hr

96 hr

18 hr

 2 hr

 2 hr

 2 hr

glass

trace sp+glass

sp+mel+glass
sp+mel+fo+ne+glass
sp+mel+fo+ne+glass
sp+mel+fo+ne+glass
pv+me1+fo+ne+glass
trace+sp+glass

sp+mel+fo+tracene+glass
sp+mel+fo+ne+glass
sp+mel+fo+ne+glass
pv+mel+fo+ne+glass
glass

mel+fo+glass
mel+fo+glass
mel+fo+ne+glass
barely fritted cake

loose powder

glass

mel+glass

mel+glass

mel+fo+glass
barely fritted cal<e

glass

mel+glass

mel+glass

mel+fo+glass
mel+fo+glass
mel+fo+ne+pv+glass
mel+di+ne+pv+glass
glass

fo+g!ass

fo+glass

fo+mel+giass
fo+me1+glass
fo+mel+di+glass
fb+mel+di+trace pv+g!ass

ne+mel+di+pv+glass
glass

mel+glass

mel+glass

me!+trace fo+glass

Continued
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Table 2. Quenching data fbr the plane diopsi de-al<ermanite-nephe line-10% CaTiAl 206

Refractive
 index of
  glass

 ±O.O03

Composition (Wt %)

Di Ak Ne
Temp.OC Tirne Phases

1.628

1.608

1.624

1.624

1.630

1.632

50

60

60

60

65

67

30

10

15

20

30

21

10

20

15

10

5

2

1185

1180

1170

1150

1140

1310

1305

128S

1280

1240

123S

1170

1100

1090

1260

1255

1250

124S

1200

1195

1170

1090

1270

1265

1110

1090

1290

1285

1280

1275

1260

1255

117S

1110

1100

1300

129S

1280

1275

1315

1310

1305

20

72

72

96

96

 2
 2
2

2

72

2

7

7

7

18

18

2

18

15

18

72

7

1

9

9

7

18

2

2

2

18

18

72

7

7

1

4

2

4
1

15

1

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

hr

days

days

days

hr

hr

hr

hr

hr

hr

hr

days

1/2 hr

1/2 hr

days

days

hr

hr

hr

hr

hr

hr

hr

days

days

1/2 hr

hr

hr

hr

1/2 hr

hr

112 hr

mel+fo+glass
mel+fo+di+glass
mel+trace fo+di+glass

mel+di+glass
mel+di+pv+glass
glass

mel+glass

mel+glaSs

mel+trace fo+glass

mel+fo+glass
mel+fo+di+glass
mel+di+pv+glass
barely fritted cake

loose powder

glass

fo+glass

fo+glass

fo+trace mel+glass

fo+mel+glass
fo+mel+di+glass
mel+di+glass
barely fritted cake

glass

mel+trace fo+glass
barely fritted cake

!oose powder

glass

me!+giass

mel+glass

mel+fo+glass
mel+fo+glass
mel+fb+trace di+glass

mel+di+glass
barely fritted cake

loose powder

glass

mel+fo+glass
mel+fo+glass
mel+fo+di+glass
glass

trace me!+glass

mel+fb+glass

Continued
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Table 2. Quenching date for the plane diopside-akermanite-nepheline-10% CaTiA1206

Refractive
index of
  glass
 +O.O03

Composition (wt %)

Di Ak Ne
Temp. C Time Phases

1･620

1.622

1.624

70

70

70

10

10

15

10

5

5

129S

1290

1230

1200

1290

128S

1265

1260

125S

1100

1090

1315

1290

1285

1230

122S

1110

1100

1300

1295

1290

1285

 3 hr

15 hr

96 hr

96 hr

18 hr

 2 hr

18 hr

18 hr

18 hr

 7 days

 7 days

 1 112 hr

 3 hr

18 hr

96 hr

96 hr

 7 days

 7 days

 2 hr

 4 hr

IS hr

 3 hr

mel+fo+glass
mel+fo+di+glass
mel+trace fo+di+glass

mel+di+ne
glass

trace fo+glass

fo+grass

fo+di+glass

fe+di+mel+glass
barely fritted cake

loose powder

trace di+glass

di+glass

di+fo+trace mel+glass

di+trace fo+mel+glass

di+mel+glass
fritted cal<e

loose powder

glass

fo+glass

fo+trace di+glass

fo+di+mel+glass

mel:melilite; cg:carnegieite; sp:spinel; ne:nepheline;
di: diopside

pv : perovsl<ite ; fo : forsterite'
         '

Czystalll2;ation

    Since the number of the component oxides of the system under investigation is

six (Na20-CaO-MgO-A1203-Ti02-Si02), the system may actually be a six-com-
ponent system. However, the number of the crystalline phases, which are mostly

solid solutions never exceeds five in number in one assemblage, and consequently

the system is regarded to behave like a five-component system, The range of tem-

peratures of each reaction lies within 100C. Fig. S is not an ordinary flow sheet

but shows only the phase assemblages and their mutual relation in the system. The

lines, showing five-phase assemblages, are actually divariant phase assemblages

and the points I, II, and III are actually not points with definite temperatures, but

sections of lines with small temperature ranges, probably less than 100C, represent-

ing univariant or six-phase assemblages in a six-cbmponent system. Of these I

and II show the reaction relation, and III the eutectic relation.

    As stated befbre, fo11owing reaction occurs at 11600C forsterite+melilite+
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nepheline+spinel+liquid=forsterite+melilite+nepheline+perovskite+liquid (I
in Fig. 5). The left-side and right-side phase assemblages of this rection shows the

divariant phase assemblages of a six-component system. The five-phase assemb-

lage, forsterite+melilite+nepheline+spinel+liquid, passes through V at 11740C

(Fig. 3) and the composition of the liquid at this point is about Di3g.sAksNe4s.sTpio･

When this five-phase assemblage reaches I spinel disappears, with simultaneous

crystallization of pefovskite and another five-phase assemblage, forsterite+ meli-

lite+nepheline+perovskite+liquid, is generated from this point.

    The second reaction, marked by the disappearance of forsterite, is reached at

about 11300C. With falling temperature the five-phase assemblage, forsterite+

melilite+nepheline+perovskite+liquid, reaches the second reaction relation,

where forsterite begins to react with liquid to produce diopside. After forsterite

is completely consumed, crystallization of diopside, melilite, nepheline, and per-

ovskite proceeds with decreasing temperature toward III.

    Besides these two, another five-phase assemblage, diopside+forsterite+melilite

+perovskite+liquid,isalsoconfirmed. Thephaseassemblagediopside+forsterite

+melilite+nepheline+liquid, though not yet confirmed, can be generated in the

basal join diopside-akermanite-nepheline and will meet together with other
five-phase assemblages.

    III represents a eutectic relation and may presumably be a goal of crystalli-

zation in the system diopside-akermanite-nepheline-CaTiA1206. The five-phase

assemblage diopside+melilite+nepheline+perovskite+liquid generated from II
is joined by corundum at III, where the liquid is consumed at about 11000C.

Comparison with the system dibpside-akermafzite-netpheline

    The primary phase relation in the system diopside-akermanite-nepheline
changes considerably by addition of 10 weight per cent CaTiA1206. The primary

field of diopside becomes smaller while that of forsterite larger. The primary field

of spinel appears between those of forsterite, melilite and nepheline, iso that the

four-phase assemblage of forsterite+nepheline+melilite+liquid disappears and

two new four-phase assemblages, forsterite+melilite+spinel+Iiquid and melilite+

spinel+nepheline+liquid appear instead. In the system diopside-akermanite-
nepheline, four-phase assemblage is univariant and G and H in Fig. 4 are peircing

points (ONuMA and YAGi, 1967). In the plane diopside-akermanite-nepheline-
10% Tp, however, four-phase assemblage is not univariant, because of the behavior

as six-component system. The assemblages of spinel+melilite+nepheline+
liquid (S in Fig. 3) and diopside+forsterite+melilite+liquid (G') become
divariant assemblages by addition of perovskite and that of forsterite+melilite+

spinel+liquid (V) by nepheline, Addition of the component Tp changes the

quaternary invariant point in the system diopside--akermanite-nepheline to a



                    TEN PER

point on the divariant plane of

melilite+nepheline+liquid.

CENT Ca"I"iA1206 PLANE
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Acknowletigements

    Most of the present research was carried out at the University of Pittsburgh and

was financially supported by the Grant GP-5494 from the National Science Foun-q

dation, which is gratefu11y acknowlged. We express our thanks to Dr. E. G.

LiDiAK of the University of Pittsburgh fbr helping to prepare the manuscript and

to Mr. S. TERADA of Hokkaido University for his help in preparation of the figures.

                          Referenees cited

KusHiRo, I. (1960): Si-Al relation in clinopyroxenes from igneous rocks, Am. J. Sci.

   258, 548-554.
ONuMA, K. and YAGi, K. (1967) : The system diopside-akermanite-nepheline, Am. Min.

   45, 227-243.

ScHAmER, J. F. and BowEN, N. L. (19S6): The system Na,O-Al,O,-Si02, Am. J. Sci.

   254, 129-19S.
ScHAiRER, J. F. and YoDER, H. S., Jr. (1964): Crystal and liquid trends in simplified

   alkali basalts, Carnegie Inst. Wash. Yb. 63, 65-74.

SpENcER, A. B. (1966): Alkalic igneous rocks of Uvalde County, Texas, Ph. D. dis-

   sertation, Univ, of Texas, Austin pp. 168.

WiNcHELL, H. (1947): Honolulu series, Oahu, Hawaii, Geol. Soc. Am. Bull. 58, 1-48.

YAGi, K. and ONuMA, K. (1967): The system CaMgSi,O,-CaTiAl,O, with special
   reference to the titanaugite, J. Fac. Sci. Hokkaido Univ. Ser. IV, 13, 463-483.

YAGi, K. and ONuMA, K., (1969): An experimental study on the role of titanium in

   alkalic basalt in light of the system diopside-akermanite-nepheline-CaTiA12C6, Am.

   J. Sci. ScHAIRER volume (in press)

YoDER, H. S., Jr. and TiLLEy, C. E. (1962) : Origin of basaltic magmas: an experimental

   study of natural and synthetic rock systems, J. Petr. 3, 342-532.

                                         (Manuscript received August 2, 1968)


