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In an orienting study of the quaternary system' NarO-CaO-BzOa-

SiOz, Moreyl found that the mineral danburite, CaO'BzOa'2SiOz, melts

with formation of two liquid layers. Since in each of the two limiting

make this system one of unusual interest.
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miscibility in the system, CaO-BzOr, to extend from 23 to 0'2 per cent

CaO. In the binary system' BsOr-SiOr, there is no indication of im-

miscibility. Homogeneous glasses can be obtained over the entire range

of composition by mixing, repeated grinding and subsequent fusion,

but mixtures high in SiOz are difficult to obtain as homogeneous glasses

because of the volatility of boric oxide at the high temperatures re-

quired.s The glasses have refractive indiceso and densitiesT lower than

correspond, to an additive relationship between the two components.8

when cao is added to the binary system, Bzoa-Sior, it immediately

results in the formation of a second liquid phase. cao is almost insoluble

* Presented at the New York Meeting of the Mineralogical Society, Dec. 26, 1935.

Abstract, Arn. MineroJ.,vol.2l,p. 194, 1936.
1 Morey, G. W ., Jou,r. Am. Cerarn. Soc., vol. 15, p. 457 , 1932'
2 Greig, J.W., Am. Joar. Sci. ,vol.  13, p. 7, 1927.
s Guertler, W., Zei.t. anorg. Chem., vol. 40, p. 337' 1904'
a Carlson, E. T., Bur. Stand.ards J . Research, vol. 9, p. 825, 1932'
5 The glass in this system richest in SiOz tllat has been described is that containing

89.2/6 (Greig, op. cit.,p. 139).
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in the layer richer in boric oxide and silica, which is the layer of rower
density and refractive index. The amount of cao dissolved is not suffi-
cient to raise the index to 1.46.

The amount of CaO dissolved by the lighter layer in the ternary sys-
tem is indicated by the following experiments. When 0.5/6 CaO was
added to a homogeneous glass containing 60/6 B2OB, 40To SiOz, the
cooled glaqs appeared solidly white. With 0.2|ya, the glass appeared
clear and homogeneous at 1400o, but became cloudy on cooling, at a
temperature probably above 1000". A mixture containing 0.I/6 CaO re-
mained clear and transparent. rt is concluded that the lighter liquid at
1000o contains less than 0.25/6 cao, and as the temperature is raised
the CaO-content is slightly increased.

U  O U
O  C O M P O S I I I O N S  O F  O R I G I N A L  i l I X T U R L 5 .

g Y  C O N T R O L L E D  S V I I T E S I S

\  C O B P O S I T I O N S  O F  S E P A R A ' E O  L  Y E R S .

Frc. 1. The compositions of the mixtures used in determining the tie-lines, and of the
two la5zers obtained for analysis. Each of the liquids contains some of the other phase, but
the separation is much better in the CaO-rich layer.

The heavy l iquid in the binary system, CaO-SiO2, contains 27.STo
CaO. As BrOe is added this increases to a maximum of 38/e CaO at a
ratio of BzOs to SiOz of 4070 BrOs to 60/6 SiOr. The curve representing
the composition of the heavier layer accordingry is concave toward the
side BzOe-SiO2, as shown in Fig. 1. For this reason it is possible to mix
homogeneous glasses in the two limiting binary systems, CaO-SiOz and
CaO-BrOa containing less than 38/o CaO and obtain two immiscible
liquids.

on raising the temperature the cao-content of the heavier liquid
phase diminishes slightly, although the change is more evident than is
the change in composition of the lighter layer. With increasing tempera-
ture the compositions of the two liquids tend to approach each other,
and at a sufficiently high temperature it is possible that the two layers
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would disappear in the middle of the diagram, giving rise to two critical

solutions and two separated regions of immiscibility.
The compositions which separate into two liquid layers are easy to

determine by making up mixtures of varying composition and observing

if they give clear glasses or contain globules of a second layer of difiering

refractive index. The determination of the coexisting liquids themselves,

that is, of the direction of the tie-lines, is not so easy. It is necessary to

prepare mixtures within the region of immiscibility, to make them as

homogeneous as possible by repeated heating and grinding, and to allow

the two layers to separate at a temperature a little above that of co-

existence with a solid phase. The separation into two layers is not al-

ways satisfactory. Mixtures containing more BzOs than SiOz are fluid

enough to give a poor to fairly clean separation of the two layers, but

mixtures rich in silica are so viscous that a clean separation is not pos-

sible. The difficulty is evident from the fact that the upper layer at the

melting of danburite, 1000o, contains almost 85/e sllica. The several

tie-Iines determined are shown in Fig. 1 and the compositions in Table 1.

Tl.lrn 1

Tnn COuIOSTIIONS Or,rrrn MrXrUneS US6O rn DBtnnltNrNC rnB TrB-r-rNBS' AND OF TIIE

Two Lavnns OsrA.txon lon Anllvsrs. Eecn ol rne LrQuros CoNrcNs

SouB ol'run Orrrnn Prresr, lut tnn SnpanattoN rs Mucrr

B"tt". t. t"" CtO-*

SiOz CaO BzO*

Originall 6.0
Upper 9.5
Lower  2 .4

t L . o  8 2 . 0
1  .2  89 .3 '?

23 0  7+.6

1 2  . 0  7 5  . 0
4 . 0  7 7  . 2

2 3  . 2  7 2 . +

r 7  - 7  6 2 . 6
3 . 9  5 3 . 6

24.2  69 .7

19.4  48 .8
, 9 . 0  4 0 . 0
2 7  . 0  5 9 . 8

25 .3  34 .  0
1 6 . 8  2 7 . 8
34.1  38 .2

2 9 . s  2 r . 7
19.1  17  .9
3 7  . r  2 5 . 9

Original
Upper
f,ower

Original
Upper
Lower

1 3 . 0
1 8  . 8

i l

19.7
4 2 . 5
6 . 1

Original 31 .8
Upper 51.0
Lower 13.2

Original 40.7
Upper 55.5
Lower 27 .7

Original 49.0
Upper 62.0
Lower 37 .0

1 All original compositions by controlled syntheses.
2 BzOa determined by difference in analyses of the upper and lower layers'
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2. CorxrsrBNcE wrrn CnysrerltNn FnasBs

When mixtures of the three components within the composition area
of immiscibility are heated at sufficiently high temperatures, they sep-
arate into two liquid phases, and a vapor phase, consisting essentially of
BzOs. This region is consequently divariant. When the temperature is
lowered crystalline phases make their appearance; and the divariant
region of immiscibility is bounded by several divariant regions represent-
ing equilibrium between solid, liquid and vapor. The line of contact
between these regions represents equilibrium between four phases, and
is consequently univariant. The compositions studied in outlining these
fields, and the results of their study, are indicated in Fig. 2. The com-
positions of the mixtures and the details of their experimental study are
given in Table 2.

T,{srB 2
Tnn CovposrrroNs or. rnp Mrxrunrs Usrn rN Srtmvrrqc rnr Pn,lsn Eeurr-renruM

Rntetroxsrnotstnil"l""tTiTJKH,ff 
:llTorruvrscmt'trv'

Time I Temp

30'
45',
30'
45',
+.)

4J

45'
4.)

30'
I  hr .

30'

10 '
lo'
10,
10/

45'
t < t

20,

9 7 6 . 2
9 7 5 . 9
974.7
973.7
971.s

972.3
971
969
968

973
972
968

1029
1025
1023
1022

t037
1034
1030

Glass
Glass
Glass*CaO. 2BzOg
Glass*CaO.2BzOr
Glass*CaO'2BzOg

Glass
Glass
Glass*CaO.2BzOs
Glassf CaO. 2BzOs*CaO' BzO:

Glass
Glass*CaO'BzOr
Glass*CaO.BrOa

Glass
Glass
Glass*CaO.B:O:
Glass*CaO.BsOr

Glass
Glass
GlassfCao BrO3

S i O z l C a O  l B , O ,
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Tnnr;r 2-(Continwed.)

Tnn CouposruoNs oF um Mrxrunns Uspl rN SrrmvrNc rne Pnasr EQurrrnntuu
Rrr-lrromsurrs rn axo Anl.lceNT To rEE RBcroN oF IMMrsctstr,ttv,

AND TIrE Dnrarr,s ol rrm Expnnrlmxrar- Sruov

Ternp.

4L

SiOz

49.6

20.2 40.4 39.4

3 9 . 8 35 .3

30.  3 40.4 29 .3

32 .2 J l  - z

Glass
Glass
Glass*CaO'BzOr
Glass*CaO'BzOa
Glass*CaO'BzOs

Glass
Glass
Glass*CaO'BzOs
Glass*CaO'BzOs
Glass*CaO.BzOs

Glass
Glass
Glass*CaO'BrOg
Glass*CaO'B:O:

Glass
Glass
GlasstCaO'BzOg
Glass*CaO'BzOg
Glass*CaO'BzOa

Glass
Glass
Glass*CaO.BzOs
Glass*CaO'BgOs

Glass
Glass
Glassf  CaO.SiO,
GlassiCaO'SiOz
GIass*CaO'SiOz

2 glasses
2 glasses

2 glassesf CaO. SiOz-FCaO' BzOs
2 glassesf CaO' SiOz*CaO' BzOs

2 glassesf CaO' SiOz*CaO' BzOr

10'
10'
10 '
10'
10'

1122
1101
r097
1095
1093

10'
15',
30'
30'
70'

30'
r nr-
I hr.

30'

45',
30'
30'
2 hr.
2h r .

30'
30'
30'
2 hr.

10'
10 '
10'

10/

1052
1051
1049
1047
lo46

1029
1026
1024
1022

1034
1027
1020
1019
1017

10r7
1011
1009
1007

1007
994
992
990
985

982
980
979
978.6
978

30'
45',
30'
30,
30'
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29.0  |  30 ' ,

2 3 . 4  |  2 5 '

2r .6  |  30 '

1 0 . 4  t 1 0 '

Temp.

1018
1012
1011
1007
997

113 1
1 1 1 5
1lo7
r097
1079

I 104
1088
1087
1076
1065

I 156
1147
Il44
1 133

133 1
l3 l2
1308
1306
l28r

t256
1248
1206

1298
1294
t29l
1288
r283

1397

r370
1367
1358
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Trw-r. 2-(Continued.)

Tnn CouposruoNs or rrrn Mrxrunns Usno rN SrulvrNc run Pgesa Eeurr-rsnruM
RelerroNsnrps rN aNo AlyecnNr ro rr{E Rncrox ol Iuurscrnrrrrv,

34 .  5

CaOSiOz

40.2

39 .0

39.2 39.2

3 9 . 8

2 glasses

2 glasses
2 glassesf CaO.SiO,
2 glassesf CaO.SiO,
2 glassesf CaO SiO2

2 glasses
2 glasses
2 glassesf CaO'SiO2
2 glassesf CaO'SiO,
2 glassesf CaO'SiO,

Glass
Glass
GlassfCao SiO,
Glass*CaO'SiOz
GlassfCaO SiO,

Glass
Glass*CaO'SiOz
GlassfCaO.SiOz
Glassf CaO'SiOz

Glass
Glass
Glass*CaO'SiO:
GIass*CaO'SiO:
Glassf  CaO'SiO,

2 glassesf trace CaO' SiOz
2 glassesf CaO'SiOg
2 glasses*CaO'SiOz

2 glasses

2 glasses*CaO'SiOz
2 glassesf CaO.SiO2
2 glasses{CaO'SiO,

2 glassesf CaO.SiO,

Glass
Glass
Glass
Glass*CaO SiOz
Glassf CaO'SiO,

5 9 . 3
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Trn:rn 2-(Continued')

Tnr CoruposrtroNs or rnp Mrxtunns Usro rx SrunvrNc rnn Pnesn Equrr'rnnruu

RELATToNSET?srNaxnAn;ncaNTTorrrERncroNolllrutscrnrtttv'
AND THE Drrlrr-s ol rur ExpnnruBNrer' Sruov

SiOz CaO n,o, I 
ri-" Temp Phases

6 1  . 3 33 . lJ 4 . 9 r nr.
40'
r nr.
t  hr.

t427
1409
1387
1363

2 glasses

2 glasses*Sioz (?)

2 glasses*SiOz

2 glasses*SiOzf CaO' SiOz

The compounds whose fields are ad'jacent to the region of immiscr-

bil i ty are: taO'2BzOr, CaO' BzOe, CaO' SiOz and sil ica' in the forms of

cristobalite and tridymite, respectively, above and below 1470'' The

positions of the invariant points at which pairs of these compounds can

C o 0
O  O N E  L I O U I D

O  T W O  L I Q U I D S

@  o A N B U R T T E

o v

4 ! 6

? n 86 9b s'o.

Frc.2.Theboundar iesof theregionof immiscib i l i tyandtheadjacentf ie lds,and
the compositions of the mixtures used in their study'

coexist in equilibrium with two liquids are indicated in Fig' 2' These

invariant points are quintuple points, and from each proceed five uni-

variant equilibria' Th" ..q,r".tie of' P-T curves around the quintuple

points -uy b.d.drrcedand correlatedwith the ?-X diagram from general

th.o.y,n but in this case may be deduced from simpler considerations'

From the quintuple poin i  V*L '*Lq*CaO'2BzOe*CaO'BzO" f ive

univariant equilibria -ay b. obtained by the disappearance of each

s Morey, G. W., and Williamson, E.D'' Jow' Am' Chem' Soc'' vol' 40' p' 59' 1918'

NIorey, G. W ., J our. Franktrin Inst., vol' 194, p' 425, 1922'
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3. Tun INvanraNr porxrs ol ruo Typr
V*L r *S r *Sz*Ss

one per cent at about 50 per cent SiOs, hence the field is exceedingly
narrow. Irlevertheless, within this narrow strip several important phase
changes must take place.
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fields within the area between the region of immiscibility and the side

of the triangle, and there must be fields corresponding to each of the

compounds adjacent to the curve giving the composition of the heavy

Iiquid. These, in order of increasing SiOz content of the liquid, are:

to the (unknown) boundary of the field of crystalline BzOs, and the field

of crystalline boric oxide cannot come into contact with the region of

immiscibility. But in the binary system' CaO-SiO2, the two liquid layers

U o ( . ,

Frc. 3. Diagrammatic representation of the phase equilibrium relationships in the ternary

system, CaO-BOrSiOz, adjacent to the region of immiscibility'

are in equilibrium with crystalline silica, cristobalite, the field of which

extends on both sides of the area giving the composition of the two



46 TEE AMERICAN MINERALOGIST

rn the narrow strip of compositions between the region of immiscibility
and the side of the triangle there must, then, be a fierd of silica which
continues to the field of BzOs, and between the silica field adjacent to the
side and the curve giving the composition of the lighter liquid, fields of
CaO.SiO2,  CaO.BzOs,  and CaO. 2BzOz.

we know nothing about the phase equilibrium relations in the binary
system, BrOa-SiOz, but from the isotherms and tie-l ines in the ternary
system we can make some inferences. fn general the content of CaO
along the boundary of the silica field cannot difier much from one-tenth

perature must fall rapidly on addition of BzOs to SiOz, because the tie_
lines terminating at about l0/o B2o3 correspond to about 1000o. The
Iighter l iquid at the invariantpointV{Lr*Lr*CaO . 2F,zOaJ-CaO. BzOs
contains about 55/6 B2O3, and the temperature is 900". It is therefore

dynamic necessity that as the content of sioz approaches zero the slope
of the melting point curve shall approach infinity.

4. Trra Mor,rrwc op DaNeunno

The melting of danburite takes place at a temperature lower than
corresponds to the univariant equil ibrium VfLrfLz*CaO.B2O3, and
the heavy liquid should partially crystallize to calcium borate, with
change in composition of both liquids. This series of reactions can be
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realized in part by long-continued heating, but complete attainment of

equilibrium would require protracted heat treatment'

we have nol been able to re-form danburite by heat treatment below

the melting temperature' even though the materials were repeatedly

finely grouird and re-heated. Its synthesis is possible by hydrothermal

means, and the effect of the addition of water and other components

to this system is being studied.


