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ABSTRACT 

The genetic relationships among kimberlites, carbonatites, and associated alkaline igneous rocks 
are being investigated by phase equilibrium studies in a number of silicate-carbonate systems, with 
special emphasis on liquidus studies. The precipitation of calcite from melts in the system Ca0-C02-

H20 at temperatures near 650°, through a wide pressure range, was regarded by Wyllie and Tuttle as 
experimental verification for the magmatic origin of carbonatites. Addition of silicates has yielded signi
cant results in the systems: CaO-Si02-C0 2-H20 (J. L. Haas), Ca0-Mg0-Si02-C02-H20 (G. W. Fran:z:) , 
albite-nepheline-CaCOj-Ca(OHh-H20 (D. H. Watkinson), and anorthite-albite-Na2C03-H20 (A. F. 
Koster van Groos). The heterogeneous phase relationships in these systems indicate that a variety of 
petrogenetic processes may be effective. There is a persistent thermal barrier on the liquidus of several 
systems which suggests that normal peridotite magmas are incapable of yielding a residual lime-rich 
carbonatite magma by fractional crystallization. However, there is evidence in other systems that 
crystallization of an alkaline magma may yield a residual carbonatite magma. Liquid immiscibility has 
been discovered between some silicate melts and sodium carbonate melts, adding support to ·the sugges
tion that carbonatite magmas may be derived as immiscible fractions from parent alkali peridotite 
magmas. This fact also provides support for the hypothesis that a primary alkali carbonatite magma 
could form and persist without significant contamination by silicates until conditions (pressure, tempera
ture, or composition) were reached where the immiscibility relationship ceased to exist. Mineral 
assemblages in the systems studied are closely comparable with those in many carbonatite complexes. 
The wide distnbution of melilite is notable. 

INTRODUCTION 

The field evidence that many carbonatites 
are intrusive and possibly magmatic was incom
patible with available experimental data until 
Wyllie and Tuttle (1960) demonstrated that 
liquids in the system Ca0-C02-H20 precipitate 
calcite at temperatures down to 640°C through 
a wide pressure range. Liquids in this system 
were described as "synthetic carbonatite mag
mas". Neither the experimental data nor the 
field and petrographic studies provide reliable 
estimates of the compositions of natural carbo
natite magmas at their time of intrusion. This 
is clear from the variety of hypotheses to be 
found in the geological literature. The compo
sition and physical characteristics of a carbona
tite magma must depend upon the processes 
involved in its formation. Systems more com
plex than Ca0-C02-H20 have been investigated 
in efforts to elucidate two problems : the physi-

cal and chemical nature of carbonatite magmas, 
and the origin of carbonatite magmas. The first 
problem has been discussed by Wyllie and 
Biggar (1965), and the present paper deals with 
the second problem. It outlines an experimental 
program that is designed to test the various 
hypotheses of origin which have been proposed 
on the basis of petrological studies and inferen
ces. Although the experiments are concerned 
with melts, it is recognized that even if some 
carbonatites are emplaced as magmas, it does 
not follow that all carbonatites are magmatic. 

Hypotheses for the origin of carbonatite magmas 

The origin of carbonatites has been discussed 
in some detail in several reviews (Pecora, 1956; 
Smith, I 956 ; King and Sutherland, 1960 ; Tom
keieff, 1961 ; Kukharenko and Dontsova, 1964; 
King, 1965). The experimental results re;iewed 
in this paper have bearing on three of the hypo-

1 Contribution number 64-71 from the College of Mineral Industries. 
2 Present address: Department of Geophysica l Sciences, The University of Chicago, Chicago 37, Illinois. 



68 PETER J. WYLLIE 

theses of ongm that have been proposed for 
magmatic carbonatites on the basis of field and 
petrological investigations : 

(l) Carbonatite magmas are residual melts 
derived by fractional crystallization of a "car
bonated alkali peridotite magma". King and 
Sutherland (1960) have discussed the evidence 
for this view. 

(2) Carbonatite magmas are primary, poss
ibly extremely rich in alkali carbonates. Such 
a magma was proposed by von Eckermann 
(1948) as the parent magma for the alkalic rocks 
of the Alno complex. Attention has been focus
sed on this hypothesis by the recent eruption in 
Tanganyika which produced a lava.fiow compo
sed almost entirely of carbonates of sodium and 
calcium (Dawson, 1962). 

(3) Carbonatite magmas are derived as 
immiscible liquid fractions from a kimberlite 
or melilite-basalt parent magma (von Ecker
mann, 1961). There has been an increasing 
awareness in recent years of possible genetic 
connections between kimberlites and carbona
tites (von Eckermann, 1948, 1958 ; Dawson, 
1960, 1962, 1964; Garson, 1961 ; Davidson, 
1964). 

Experimental approaches 

Three approaches have been adopted in the 
investigation of the phase relationships in 
systems more complex than Ca0-C02-H20. The 
first is to study the phase relationships in a series 

of quaternary systems where one component has 
been added to the ternary system. Results 
obtained in systems with MgO and P20 5, respec
tively, as the fourth component provide some 
insight into differentiation processes in carbona
tite magmas (Biggar, 1962 ; Wyllie, 1965 ; Wyllie 
and Biggar, 1965). The system with Si02 as the 
fourth component is the simplest system comb
ining silicate minerals and carbonates (Haas and 
Wyllie 1963; Wyllie and Haas, 1965). 

The second approach is to add to the ternary 
system silicate minerals such as feldspars, nephe
line, pyroxenes, and olivine. These systems 
contain five or six components an d it is there
fore impossible to follow paths of crystallization 
even under isothermal isobaric conditions. 
However, useful information can be determined 
directly from the phase field s intersected by 
selected composition joins through the systems. 

The third approach is to start with silicate 
" mineral components " and to add to these an 
excess of alkalis in the form of carbonates. 
Experimental determination of the phase fields 
intersected by joins through the tetrahedron 
CaAl2Si20 8- N aAl Si30 8-N a2 CO;;- H 20 provides 
information about the relationships between a 
silicate magma and a hypothetical alkali carbo
nate magma. 

Abbreviations u sed for the phases encoun
tered in the various systems discussed are 
sum-marrzed in Table 1. 

T ABLE 1 

Abbreviations used for phases in figures and text 

.v Vapor c~s Ca2Si04 En Enstatite 

L Liquid C3S Ca3SiO.; Fo Forsterite 

cc Calcite Sp Spurrite Ab Al bite 

CH Portlandite Ch Calciochondrodite An Anorthite 

MH Brucite Di Diops ide Ne Nepheline 

p Periclase Ak Akermanite NC Na2C03 

QZ (Q) Quartz Me Melilite No Noselite 

Wo Wollastonite Mo Monticellite Can Cancrinite 

Ra Rankinite T Tridymite Co Corundum 

Carng Carnegeite Cr Cristobalite Mu Mullite 
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THE SYSTEM CaO- Si02-C02- H 20 

This is the simplest system combining the 
" synthetic carbonatite magmas" and silicate 
melts, and the phase relationships provide a 
basis for interpretation of the more complex 
systems. Phase relationships at liquidus tempe
ratures in the presence of excess vapor have been 
determined at a pressure of I kilobar (Haas and 
Wyllie, 1963 ; Wyllie and Haas, 1965). 

The Vapor-Saturated Liquidus Swface 

Fig. 1 is a schematic diagram showing the 
position of the vapor-saturated liquidus surface, 
ABCD, which gives the compositions of liquids 
coexisting with a crystalline phase and with a 
vapor phase on the vaporus surface extending 

Fig. 1. The system CaO-Si02-C02-H20. For abbrevia
tions see Table 1. A schematic isobaric 
tetrahedran for 1 kilobar pressure. The large 
shaded area represents the vapor-saturated 
liquidus surface, and the small area represents 
the vaporous surface. 

between C02 and H 20. The vaporus surface 
will be treated as the line CO,-H20 in subse
quent discussions, because the vapor phase at 1 
kilobar pressure contains only a small propor
tion of dissolved solids. The vapor-saturated 
liquidus surface lies close to the composition 
plane Ca2SiOcCaCoa-Ca(OH)2, and intersects 
it along the line MON. Crystalline phases 
encountered in the portion of the system studied 

all lie on this composition plane ; they are 
dicalcium silicate, spurrite, calciochondrodite, 
calcite, and portla ndite. Phase relationships on 
the lower part of the liquid us surface are there
fore almost ternary, and it is convenient to 
project the Jiquidus surface on to the composi
tion plane. The results are shown in Fig. 2. 
Hydrous phases other than portiandite and cal
ciochondrodite were not encountered in this 
study, but from the available data (Roy, 1958) 
it seems possible that phase Y (Dellaite) in the 
system Ca0-Si0~-H20 might have a stability 
field as a primary phase on the liquidus at 1 
kilobar pressure. 

Extending from the ternary eutectics and 
peritectics Eh E2, P3, P 4 , and P5, whose positions 
are shown schematically in Fig. 1 and in projec
tion in Fig. 2, there are quaternary liquidus field 
boundaries giving the compositions of liquids 
coexisting with two crystalline phases and a 
vapor phase. These meet in the quaternary 
peritectics and eutectic P8, P7, and E6, represen
ted in projection in Fig. 2. The ternary eutectic 
liquid E1 coexists with the vapor V1 (Fig. 1), 
which contains only a very small proportion of 
C02• It can be shown on theoretical grounds, 
although it was not proven experimentally, that 
the vapors coexisting with the quaternary peri
tectic and eutectic liquids al so have composi
tions close to V 1. 

From the results shown in Fig. 2, and from 
what is known of the bounding binary and 
ternary systems, it is poss ible to deduce the 
phase relationships for the whole system. The 
result is shown in Fig. 3, which is somewhat 
distorted in order to show the isobaric liquidus 
field boundaries at 1 kilobar pressure. Fig. 2 is 
a key to the primary phase volumes in the lower 
part of Fig. 3. The phase relationships above 
the composition Ca2Si0~ are reasonable esti
mates based on known experimental data for 
the systems Ca0-Si02 and Si02-H20. It is 
assumed that the tw?·liquid field does not reach 
the vapor-saturated liquidus surface. This is 
probably true for the system Ca0-Si02-H20, 
but possibly not for the system CaO-Si02-C02• 
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The small liquidus fields for rankinite and for 
tricalcium silicate are omitted for simplicity. 

Fig. 2. The system Ca0-Si02-C02-H20. For abbrevi
ations see Table 1. Liquidus field boundaries 
and primary phase fields for I kilobar pres
sure projected from the vapor-saturated 
I iquidus surface (Figure I) on to the plane 
Ca2SiO.-CaCOa-Ca( OHb 

The plane Ca2Si0~-C02-H20 intersects the 
vapor-saturated liquidus surface in the line XY, 
which is a temperature maximum corresponding 
to the melting of Ca2Si0, in the presence of a 
vapor phase. Silicate liquids with compositions 
.above this thermal divide yield on crystallization 
only silicate minerals and vapors, whereas 
liquids with compositions below this line yield 
a residual melt corresponding to the synthetic 
-carbonatite magma. At temperatures below 
860°C at 1 kilobar pressure the residual liquid 
precipitates spurrite, calciochondrodite, calcite, 
.and portlandite, as illustrated in Fig. 2. 

It is of interest to note that although there is 
a large field for spurrite on the liquidus, exten
·ding down to temperatures of 677°C at l kilobar 
pressure, wollastonite has no stability field on 
the liquidus below the thermal divide XY in 
Fig. 3, despite the fact that wollastonite is nor
mally regarded as a low temperature mineral 
-compared to spurrite in carbonate dissociation 
sequences. However, it can be shown that at 

higher pressures wollastonite does appear on the 
low temperature liquidus between the fields for 
spurrite and calcite. In order to illustrate how 
dissociation reactions become involved with 
liquidus reactions it is necessary to use a dia
gram showing the vapor phase compositions. 
The petrogenetic model (Wyllie, 1962) has 
proved useful for this purpose. 

Composition of Vapors: Tire Petrogenetic Model 

Fig. 4 is an isobaric section through the 
petrogenetic model for the system at I kilobar 
pressure, showing divariant curves for one 
liquidus and for one sub-solidus reaction. The 
upper curve extending to the ternary eutectic E1 
was measured experimentally by Wyllie and 
Tuttle (1960, Fig. lOB), and it gives the 
compositions of the vapor phase in equilibrium 
with liquids on the field boundary BE1 in 
Fig. 3. The lower curve was calculated using 
the available data for the formation of spurrite 
from calcite and wollastonite in the presence of 
Co2 (Harker and Tuttle, 1957). Greenwood 
(1962) discussed similar curves in thermodynamic 

Fig. 3. The system CaO-Si02-C02-H20. For abbre
viations see Table 1. Schematic liquidus field 
boundaries and primary phase volumes at I 
kilabar pressure. Compare Figure 2. The 
dotted line XY represents the intersection of 
the vapor-saturated liquidus surface with the 
plane C2S-COr H20. This is a thermal barrier 
on the liquidus. 
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terms. The possible intervention of a narrow 
stability zone for tilleyite has b een ignored in 
the present discussion (Harker, 1959). This 
diagram shows that although wollastonite is 
stable in the presence of C02 to temperatures 
well above the eu tectic Ei. its upper stability 
temperature limit lies below E1 when the assemb
lage involves a n aqueous vapor phase. Thus, 
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Fig. 4. The system Ca0-SiO,- COr H20. For abbre
viations see Table 1. I sobaric section through 
the petrogenetic model at 1 ki lobar pressure. 
The upper reaction curve gives the experi
mentally located position of the ternary field 
boundary BE, in Figure 3. The lower reaction 
curve shows the calculated position of a 
qunternary subsolidus reaction. This figure 
shows the proper scale for the schematic 
Figures 5 and 6 which fo llow. 

the low temperature assemblage is not stable on 
the liquidus of the system at this pressure, 
whereas the high temperature assemblage, spur
rite + vapor, is stable with the liquids. With 
increasing pressure, however, the dissociation 
reaction moves upwards through the section until 
it intersects the liquidus curves producing a 
stability field for wollastonite on the liquidus. 

D etails of the liquidus and sub-solidus rela
tionships in the petrogenetic model are shown 
in Figs. 5 (liquidus) and 6 (sub-solidus). These 
figures are schematic, being distorted near the 
H 20 composition in order to show the various 
reaction curves. The true scale is indicated by 

the curves in Fig. 4. The lettering of the peritec
tics and eutectics corresponds to the lettering in 
Figs. I, 2, and 3. The sub-solidus assemblages. 
in Fig. 6 are of two types. From each peritectic. 
or eutectic on the vapor-saturated liquidus sur
face, one sub-solidus assemblage (including a 
vapor phase) extends to lower temperatures, and 
these are intersected by the curves for dissocia-

PRESSURE I Kbor 

H./) c 2 
VAPOR PHASE 

Fig. 5. The system CaO- Si02-C0 2-H20. For abbrevia
tions see Table 1. Schematic isobaric section 
through the petrogenetic model at 1 kilobar 
pressure showing liquidus relationships. 
Lettering corresponds to that in Figure 2. For 
correct scale see Figure 4. A is an enlarged 
version of the relationships near H20 in B. 

tion reactions : decarbonation reaction curves. 
extending from the C02 axis, and dehydration 
reaction curves extending from the H 20 axis. 
The more important of these dissociation rea
ctions are shown schematically, and the points 
of intersection, S1 and S2, represent univariant 
assemblages. The temperatures of S1 and S2 are 
not known. 

The effect of increasing pressur e on these 
reactions has been discussed by Wyllie and Haas 
(1966). With increasing pressure the tempera
tures of the liquidus reactions decrease slightly, 
whereas the temperatures of dissociation rea
ctions increase appreciably. The uni variant rea 
ctions S1 and S2 in Fig. 6 therefore move upwards 
towards P8 and P1. At the pressure where S2 

reaches P 7, an invariant point is formed marking 
the coexistence of six phases W o + CC + Sp 
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+ Ch + L + V. Wyllie and Haas (1966) 
illustrated the univariant reaction curves exten
ding from this point, and these include uni
variant reaction curves P9, P10, and P11 extending 
to pressures above the invariant point which 
include wollastonite and liquid a mong the 
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Fig. 6. The system CaO-SiO,-COc- HjO. For abbre
via tions see T able 1. Schemat ic isoba ric 
section through the petrogenetic model at 1 
k ilo oar pressure showing subsol id us relation
ships. Lettering and scale corresponds to 
that in F igure 5. 

equilibrium assemblage. Wollastonite thus has 
a stability field on the low temperature liquidus 
at pressures above this invariant point. This is 
illustrated in Fig. 7, which is a projection of the 
vapor-saturated liquidus surface similar to that 
of Fig. 2, only at a higher pressure. 

Fig. 16 does not include all of the possible 
decarb onati on reactions that may occur in this 
system at L kilobar pressure. For example, if 
tilleyite had been included in this diagram, a 
field for primary tilleyite should appear on the 
liquidus in F ig. 7, in the region of P11, if tilleyite 
remained stable at the unknown higher pressure 
of Fig. 2. 

Conclusions 

The Si02 content of the eutectic liquid E6 is 
about 1% by weight, and the Ca2Si04 content is 
about 3%. Thus, it appears that silicate compo
nents are not very soluble in the low tempera
ture " synthet ic carbonatite magmas " with 

compositions near the join CaC03-Ca(OHh. 
Solution of 1% Si02 in the eutectic liquid E1 

depresses the melting temperature'by 8° C (Figs. 
2 and 3), and when more Si02 is added to the 
system, liquidus temperatures rise rapidly from 
E6, with calciochondrodite and spurrite appea-

cc 
CaC03 

F ig. 7. The system Ca0 -Si02-COr H 20 . For abbre
viations see Table I . Schematic liquidus fie ld 
boundar ies and primary phase fields fo r a 
high p ressure projected from the vapor
saturated liquidus surface (F igure 1) on to 
the plane Ca2SiO.-CaCOa-Ca (OH)2. Com
pare F igu re 2; an area for primary wollasto
ni te has replaced the peritectic P 7• 

ring as primary crystalline phases. These mine
rals have not been reported in carbonati tes. 
The in tervention of a wollastonite field between 
spurri te and calci te at higher pressures (Fig. 7) 
is therefore of interest, because many carbona
tites do contain a pyroxene, and the occurrence 
of wollastonite in a simple synthetic system may 
indicate the occurrence of p yroxene in a similar 
position in a more complex system (cf. King, 
1965, p. 78). 

This system is too simple to provide a useful 
model illustrating possible relationships bet
ween alkalic igneous r ocks and carbonatites, 
but one feature of the phase relationships is 
significant. Liquids with compositions above 
the plane XY-Ca2Si04 (Fig. 3) can yield only 
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silicate phases and vapors on crystallization, 
whereas liquids below this plane follow crystal
lization paths leading to the low temperature 
liquids precipitating hydrated and carbonated 
phases. With fractional crystallization, these 
liquids would reach the eutectic E6 or its vapor
absent equivalent next to the CaO volume. If 
this relationship persists in more complex sys
tems, and the magnitude of the temperature 
maximum along XY suggests that it would, then 
it may be concluded that residual carbonatite 
magmas could be produced only from silica
undersaturated magmas, with the minimum level 
of silica-undersaturation required being given 
by the ratio Si02/Ca0 = 1/2. 

The high temperature silicate melts are sepa
rated from the low temperature "carbonatite " 
melts by a pronounced thermal barrier (XY). 
According to Fig. 3, the silicate minerals preci
pitated from the high temperature melts do not 
coexist with the carbonated and hydrated crystal
line phases. However, Fig. 7 shows that under 
appropriate conditions, wollastonite, a " high 
temperature " silicate mineral, can be precipita
ted from a low temperature melt alongside 
calcite. 

THE SYSTEM CaO-MgO- Si0 2-C02- H20 

Addition of MgO to the system just described 
introduces several other silicate minerals that 
are found in carbonatites and associated igneous 
rocks, as well as providing liquids with composi
tion approaching those of the ultrabasic magmas 
that have been proposed as the parents of these 
rocks. The system also contains several mine
rals occurring in kimberlites. Franz (1965) has 
recently. completed a doctoral thesis dealing 
with the melting relationships in this system; 
only a brief account of his results is given 
following the preliminary account of results in 
the system Ca0-Mg0-Si02-H~O. 

CaO- MgO- SiO,-H,O 

Fig. 8 shows the compositions of the mine
rals occurring in this system, and the positions 
of the two compositions joins investigated (the 
heavy lines) at 1 kilobar pressure by Franz and 

Wyllie (1963). Fig. 9 shows schematically the 
positions of the liquidus field boundaries in the 
ternary systems which include H 20 as a compo
nent. The field boundaries for Ca0-Si02-H20 
are taken from Fig. 3 and the field for rankinite 
has been included. Those for the system CaO-

Si02 

Fig. 8. The system CaO-MgO-Si02-H20. · For a bbre
viations see Table 1. The two heavy lines are 
the composition joins studied. They intersect 
the dashed compatibility tetrahedron C2S
Mg0- Ca(OH)2-H20. 

PRESSURE I Kbor 

Fig.9. The system CaO-MgO- SiOr H20. For abbre
viations see Table I. Schematic liquidus field 
boundaries at 1 kilobar pressure for the 
ternary systems CaO-MgO- H20, CaO-SiO,
H20 (Figure 3), and Mg0-Si0z-H 20 . 
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Mg0-H20 are taken from Wyllie (1965). Those 
for MgO-Si02-H20 are schematic, based on the 
reasonable assumption that H 20 under pressure 
dissolves in the liquids of the binary system 
MgO-Si02 , depressing the liquidus temperatures 
but not affecting the phase relationships signifi
cantly. It is assumed that the two-liquid field 
disappears before the H 20-saturated liquidus 
field boundary is reached. The H 20-saturated 
liquidus field boundaries in Fig. 9 form the three 
edges of the H20-saturated vaporus surface for 
the quaternary system. 

The primary phases and liquidus field 
boundaries on the H 20-saturated liquidus sur
face are shown schematically in Fig. 10. The 
general arrangement of the phase fields on this 

S102 

·PRESSURE I Kbor 

Fig. 10. The system Ca0-Mg0- Si02-H20. For abbre
viations see Table 1. Schematic field bounda
ries and primary phase fields on the vapor
saturated liquidus surface (shaded: compare 
Figure 9) at 1 kilobar pressure. The phase 
relationships on the lower left part of the 
surface are distorted. Temperatures in paren
theses are estimated. XY is part of a tempera
ture maximum on the vapor-saturated liquidus 
surface corresponding to the line of inter
section of the surface with the plane Ca2Si04-

Mg0- H20. 

surface is similar to that for the dry system 
Ca0-Mg0-Si02• A small percentage of H20 
dissolves in the liquids of the dry system, de
pressing the liquidus temperatures but probably 
causing few significant changes in the phase 

relationships except towards the portlandite 
corner of the surface. It can be seen in Fig. 9 that 
the primary phase volume for CaO is screened 
from the H20-saturated surface by primary 
phase volumes for periclase, portlandite, calcio
chondrodite, and dicalcium silicate. The tem
peratures of the peritectic at 900°C and the 
eutectic at 725°C in Fig. JO were measured by 
Franz and Wyllie (1963). The temperatures in 
parentheses are estimated. Franz (1965) has 
revised these temperatures to 875°C and 725°C, 
and estimated the compositions of the peritectic 
liquid as 62.1% Ca(OH)2, 25.6% Ca2Si04, 11.3% 
MgO, and 1% H 20 by weight, and of the eutec
tic liquid as 92.7% Ca(OH)2, 4. 3% Ca2Si04, 

2.5% MgO, and 0.5% H20. 
The plane MgO-C2S-H20 forms one side of 

the dashed compatibility tetrahedron in Fig. 8, 
and this plane intersects the H 20-saturated 
surface along a line, part of which is the dashed 
line XY in Fig. 10. This line is a temperature 
maximum on the liquidus, corresponding to the 
temperature maximum along C2S-Mg0 in the 
dry system, and it acts as a thermal barrier. 
Liquids with original compositions above XY 
(extended towards MgO) cannot yield low 
temperature residual liquids precipitating the 
hydrated phases. 

Ca0-Mg0- Si02-C02 

From what is known of the systems CaO
Si02-C02-H20 (Figs. 2 and 3), and Ca0-Mg0-
C02 (Wyllie, 1965) it can be concluded that the 
C02-saturated liquidus surface for the system 
Ca0-Mg0-Si02- C02 would be similar to that 
for the hydrous system in Fig. 10, with less 
vapor dissolved in the liquids, possibly with 
part or all of the two-liquid field extending to 
the C02-saturated surface, with higher liquidus 
temperatures, and, most important, with a pri
mary phase field for calcite replacing the port
landite field, and with a more extensive primary 
phase ·field for spurrite replacing the calcio
chondrodite field. Additional phase fields may 
also be involved. A compatibility tetrahedron 
corresponding to that illustrated in Fig. 7 would 
still be present, and the temperature maximum 
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corresponding to XY (extended towards MgO) 
would also persist as a thermal barrier. Liquids 
with original compositions above XY would 
therefore be unable to produce residual liquids 
capable of precipitating the carbonated phases. 

CaO- MgO-SiOr C02-H 20 

Fig. 10 can also serve as a model for the 
five-component system Ca0-Mg0-Si02-C02-
H20 at 1 kilo bar pressure, with the two volatiles 
C02 and H20 represented by the same corner 
of the tetrahedron. The general arrangement of 
the silicate phase fields on the vapor-saturated 
liquidus surface (surface similar to the shaded 
surface above XY in Fig. 10, with the liquids 
containing dissolved C02 and H 20, and coexis
ting with a vapor phase whose composition 
varies between H 20 and C02) would be similar 
to that shown in Fig. 10. However, the situation 
becomes more complex for liquids below XY, 
because the compositions of the primary phases 
change as the vapor composition changes from 
H20 towards C02• The low temperature liquids 
correspond to synthetic carbonatite magmas. 
Near the compositions portlandite and calcite 
on the Cao-volatile join, the liquids would 
persist to lower temperatures than those indi
cated in Fig. 10, precipitating spurrite, calcio
chondrodite, calcite, and portlandite, as indica
ted in Fig. 2, with these phases coexisting with 
periclase, as indicated in Fig. 10. Brucite would 
appear instead of periclase when the liquidus 
temperature becomes less than about 630°C. 
Other phases would appear as a result of the 
additional decarbonation reactions occurring in 
this system. 

In the system CaO-MgO-Si02-C02 there are 
several decarbonation reactions involving "high 
temperature" silicate minerals and the carbo
nated minerals spurrite and calcite. Considera
tion of the petrogenetic model indicates that the 
presence of H 20 in the vapor phase will cause 
the divariant dissociation reactions to become 
involved with the low temperature liquidus rea
ctions, giving rise to the appearance of " high 
temperature" minerals such as forsterite, monti-

cellite, pyroxenes, and akermanite on the low 
temperature liquidus equivalent to that below 
XY in Fig. 10, as well as on the high tempera
ture liquidus above the thermal barrier (XY in 
Fig. 10). Franz (1965) has confirmed that at 1 
kilobar pressure, melting begins in this system 
at 605°C as a result of the univariant reaction : 

Calcite + brucite + portlandite + monti
cellite + vapor ~ liquid. Forsterite becomes 
stable in equilibrium with the liquid at a reaction 
occurring at 895°C. 

A temperature maximum equivalent to XY 
(extended towards MgO) would persist in the 5-
component system (see Fig. 3 for Ca0-Si02-

C02-H20, Fig. 10 for Ca0-Mg0-Si02-H20 and 
for CaO-MgO-Si02-C02, with the differences 
noted above). This temperature maximum would 
act as a barrier separating the high temperature 
silicate liquids, corresponding to ultrabasic 
magmas, from the low temperature synthetic 
carbonatite magmas. At 1 kilobar pressure, 
original liquids in this system precipitating 
minerals such as olivine, pyroxene, monticellite 
and melilite (akermanite) could not yield resi
dual liquids precipitating the carbonated and 
hydrated phases. However, some of these "high 
temperature" minerals may be precipitated 
alongside calcite from the low temperature 
synthetic carbonatite magma. 

Effect of Pressure 

The temperature maximum across the dical
cium silicate liquidus, corresponding to XY in 
Fig. 10, is a very prominent feature. It is 
unlikely that even very high pressures, in the 
presence of volatile components, could be effec
tive in destroying this thermal barrier. It has 
been shown that at higher pressures in the 
system Ca0-Mg0-C02-H20 dolomite should 
appear as an additional mineral stable on the 
synthetic carbonatite liquidus (Wyllie, 1965). 
Similarly, at higher pressures in the system 
Ca0-Si02-C02- H 20, wollastonite becomes sta
ble on the synthetic carbonatite liquidus (Fig. 7). 
Thus, at higher pressures, dolomite and wollasto
nite could appear on the low temperature 
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liquidus in the five-component system. Other 
silicate minerals could appear in similar posi
tions as a result of changes in the relative posi
tions of decarbonation reactions and liquidus 
reactions in the petrogenetic model, as previous
ly shown for wollastonite. The possibilities 
even in this five-component system are many. 
The results obtained by Franz (1965) indicate 
that at quite low pressures (2 to 3 kilobars) 
forsterite shou ld replace monticellite in the 
equation given above for the beginning of melt
ing in the system. 

Conclusions 

The above considerations lead to the conclu
sion that at I kilobar pressure and, indeed, 
through a wide range of pressures, high tempera
ture silicate melts precipitating originally mine
rals such as olivine, pyroxene, melilite, and 
monticellite are incapable of yielding low tempe
rature residual melts which precipitate carbona
ted and hydrated phases. On the basis of this 
evidence, therefore, it appears to be unlikely that 
a carbonated peridotite magma could yield a 
carbonatite magma by crystallization differentia
tion. However, the parent magma envisaged by 
proponents of this hypothesis is a carbonated 
alkali peridotite magma, and as shown ir. the next 
section, the addition of mineral components 
such as nepheline may provide alternative 
crystallization paths which by-pass the thermal 
barrier and lead to low temperature liquids. 

The presence of calcite in many ultramafic 
igneous rocks has been generally attributed to 
late stage alteration. However, it now appears 
possible for mineral assemblages involving 
olivine, pyroxene, monticellite, melilite, and 
calcite to be precipitated simultanec usly from 
magmas at tow to moderate temperatures (in the 
range 600°C to 800°C). These resu lts suggest 
that some carbonate minerals in ultramafic rocks 
may be primary rather than secondary, and this 
suggestion may be particularly applicable to 
some kiroberlites. 

ALBITE- NEPHELINE-CaCOJ-Ca(OH)2-H 20 

Fig. 11 is a composition tetrahedron for the 

system Ca0-Na20-Al 20 3-Si02, which contains 
a representative of the basic oxides (CaO) and 
the alkalis (Na20). In order to bring the system 
into reasonable conformity with carbonatite 
compositions it is necessary to add C02 and H20 
as components, and a six-componen t system is 
difficult to handle, both theoretically and 
experimentally. One way to tackle such a system 
is to consider the phase relationships in the four
component system illustrated " in the presence 
of C02 and H20 under pressure ". Another way 
is to plot empirically the phase fields intersected 
by the composition joins selected for study; 
usually, the compositions of vapors, liqu ids, 
and many of the crystalline phases encountered 
do not lie on this join at all. 

Na10 

Fig. 11. The system CaO-Na10-Al,0 :1-SiOr H20 . For 
abbreviations see Table I. The composition 
joins Ab ·Ca(OH)2 and Ne-Ca(OH),. 

Results obtained in two joins in Fig. I l 
(NaA 1Si:10 s(Ab)-Ca(OH)2- H 20 and NaA1Si04 

(Ne)-Ca(OH)2-H20) have been presented orally 
(Watkinson and Wyllie, 1963), and Watkinson 
(1965) recently completed a detailed experi
mental study of these joins with calcite added 
for his doctoral thesis. 

From Watkinson 's results it appears that 
original liquids precipitating plagioclase feldspar 
cannot yield residual synthetic carbonatite 
magmas because there is a thermal barrier exten
ding across the field for the primary crystalliza-
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tion of dicalcium silicate similar to those des
cribed for simpler systems (Figs. 3 and 10). 
However, the phase fields intersected by the 
composit ion join nepheline-CaC03-Ca(OHh
H20 indicate that a nepheline-rich melt can 
yield a residual synthetic carbonatite magma 
precipitating calcite. During fractional crystalli
zation in this system, there is evidence that soda 
is displaced from the residual melt into the 
coexisting vapor phase. This vapor phase in 
nature would be a most effective feJJitizing agent. 
There is also evidence from the experiments 
indicating that fractional crystallization of a 
nepheline-rich melt with coexisting vapor would 
eventually lead to a stage where the remaining 
melt and vapor phases exhibited continuous 
solubility (or critical phenomena), becoming a 
single, homogeneous fluid phase. If this is 
confirmed, it suggests that fractional crystalli
zation of a nephelinitic magma could yield a 
carbonatite magma which after further crystalli
zation would be transformed continuously into 
a soda-rich hydrothermal or " carbothermal " 
solution. 

The melilite occurring in this system is soda
rich, as indicated by refractive index measure
ments. The melilite is stable only above a 
univariant reaction curve which passes through 
625°C at I kilobar pressure, and higher tempera
tures with increasing pressure. The reaction is 
a complex one, involving the breakdown of 
meli!ite and the formation of a hydrogarnet. 
The equivalent reaction in nature would involve 
the formation of a garnet from melilite. 

The sequence of minerals precipitated during 
fracti onal crystallization of nepheline-rich melts 
in the nepheline composition join is similar to 
the parageneses occurring at some carbonatite 
complexes. The very wide range of composi
tions where melilite coexists with liquid and 
other crystalline phases is notable, and the 
similarity is most striking for those carbonatite 
complexes where melilite is developed. Watkin
son (1965) considered the fractional crystalliza
tion of a liquid with the composition 90% 
nepheline and 10% calcite, saturated with H 20 

vapor (with 25% HP added to the charge) at 
1 kilobar pressure. From his experimental 
results, the sequence of mineral assemblages that 
would develop are: nepheline (l 105-l070°C), 
nepheline + melilite (1070-950°C), melilite + 
n oselite (950-875°C), melilite + cancrinite (875-
8000C ), and calcite+ melilite _._ cancrinite (800 to 
less than 650°C). He compared these mineral 
assemblages with some of the parageneses at 
the Oka carbonatite complex (Gold, 1963): the 
nepheline-pyroxene rocks (jacupirangite, ijolite, 
urtite), nepheline okaite (nepheline and meli
lite), okaite (hauyne and melilite), and finally 
the calc-silicate carbonatite with melilite and 
calcite. 

THE SYSTEM CaO-Na20-A'203-Si02-C02-H20 

The effect of excess alkalis on the phase 
relationships in silicate-carbonate systems is 
being investigated by studying the phase fields 
intersected by composition joins through the 
system CaO-Na20-Al20a-Si02 (Fig. 11) in the 
presence of C02 and H 20 under pressure. The 
C02 has been added as the "mineral compo
nent" Na2C03, and various percentages of H 20 
have been added to mixtures on the join NaAl 
Si30 8(Ab )-CaA12Si20 8(A n)-N a2COa. Prelimi
nary results have been presented orally (Koster 
van Groos and Wyllie, 1963A), and a brief note 
has been published (Koster van Groos and 
Wyllie, 1963B). A wide miscibility gap was 
recognized in this system between the silicate 
liquid and the carbonate liquid. Beca use of the 
complexity of the system, the initial exploratory 
work was followed by investigation of the 
anhydrous system Na20-Al20 3-Si02-C02• 

Albite-Na2COa-C02-H ,O 

Fig. 12 shows the results obtained in the 
anhydrous join at 1 kilobar pressure, in the 
presence of excess C02 • A trace of a mineral 
with the noselite structure (No) was present in 
most runs, but this is regarded as a non-equili
brium phase. Under these conditions, it is not 
expected that much excess C02 dissolves in the 
liquid phases, and the compositions of each of 
the immiscible liquids is believed to be repre-
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sented approximately by the horizontal axis. 
This agrees reasonably well with results publi
shed for the join albite-Na2C03 in the presence 
of excess H 20. The temperature of the solidus 
could not be ascertained because without the 
coexistence of the carbonate melt (L2), the 
silicate glass starting material refused to 
crystallize. 

w 
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40 60 80 
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Fig. 12. The system Na20-Al20 a-Si02-C0 2• For abbre
viations see Table 1. Phase fie lds intersected 
by the composition join NaA1Si30 rNa2C03 

in the presence of excess C02 at 1 kilobar 
pressure. The join is shown in Figure 15. 
Compare the miscibility gaps in Figures 12 
and 15. 

In the composition join albite-Na2C03-H20 
at 1 kilobar pressure, a similar miscibility gap 
occurs (Koster van Groos and Wyllie, 1963B) 
at temperatures above 750°C (Fig. 13). Charges 
quenched from the two-liquid field consist of 
mixtures of the silicate glass (L1), and aggrega
tes of sodium carbonate which crystallized from 
the carbonate liquid (L~) during the quench. 
Partial separation of the two liquids on a gross 
scale is observed in most runs, and Fig. 14 
illustrates the separation of the two liquids on a 
finer scale. This is a photomicrograph of 
crushed fragments in immersion oil, with the 
nicols crossed. The silicate glass is isotropic, 
but a large glassy fragment is outlined approxi
mately by the distribution of birefringent specks 
which represent the original globules of carbo
nate-rich liquid in the silicate liquid. These 

have crystallized to fine-grained aggregates of 
sodium carbonate during the quench. Their 
spherical shape can be seen where their density 
is least, towards the thin edges of the glass 
fragm ent. 

It is worth emphasizing the fact that the two 
liquids L1 and L2 in Fig. 13 are true melts. They 
coexist with a third fluid phase called here a 

PRESSURE ' I KIL OBAR VAPOR PRtSENT IN ALL RUNS 

0 . 

NC • L1 • l 2 ° :/ 
-- .0.. . - --ir --o ·-----· . ~- - .• -- •'\" .. -- - • -- ··'\, 

.. 
0- ~;___A_D_·~NC_·_L,~~i!--~~-+-~~-+-=:::::-.z 

Ab . ~( 

Abite 20 40 60 80 
W 11h 10% H, 0 by wt 

Fig. 13. The system Na20 - Al20 a-SiO,-CO.-H20. 
For abbreviations see Tab le I. Preliminary 
di agram showing the phase fields intersected 
at 1 kilo bar pressure by the join Ab-Na2C03 
in the presence of 10 weight percen t H20 (see 
Figure 26). Cancr inite and noselite a re also 
present in parts of the di agram. 

F ig. 14. The system N a20 - Ab03-Si0,-CO,-H20. Pho
tomicrograph of immersion oil mount of a 
crushed charge from the field L1 + L2 in Figure 
13 (nicols c rossed). The isotropic s ilicate 
glass is crowded with small spheres composed 
of sodium c arbonate crystal aggregates. 

vapor, which is a dense aqueous solution con
taining some C02, a small proportion of disso
lved silicate and an unknown proportion of 
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dissolved sodium carbonate. In some p arts of 
the system there may be continuous solubility 
relationships between a soda-rich liquid and the 
vapor phase, but in the pressure, temperature 
and composition range of the present investi
gation the existence of two liquid phases and a 
vapor phase appears to b e well established. 
This points to the complexities of the phase 
relationships in natural carbonatite systems, 
where alkalis may play an important role. 

The phase relationships intersected by the 
join illustrated in Fig. 13 are more complex 
than indicated, because a mineral with the 
cancrinite structure has a considerable range of 
stability across the diagram ; this is not signifi
cant in connection with the liquid immiscibility, 
however. 

Plagioclase Fe1dspar- Na2COrH20 

The phase fields intersected by joins of this 
type are very complex. With Ab80An20 in the 
presence of 10 weight% H 20 the two-liquid 
field is still intersected, although it is somewhat 
narrower, a nd the fields for th e silicate liquid 
and the carbo nate liquid are correspondingly 
wider. The solidus temperature at the silicate 
end of the diagram is hardly changed. Other 
phases which appear are a mineral with th e 
noselite structure a nd woll aston ite. 

In their reference to preliminary data from 
this plagioclase join, Koster van Groos and 
Wyllie (l 963B) reported tha t nepheline was one 
of the n ew phases produced. This has not been 
confirmed, but there is now evidence from the 
j oin Ab5oAn50-Na2C03-H20 that nepheline may 
h ave a stability field bel ow the solidus. 

Na20-Al~OrSiOrC02 

Fig. 15 shows schematically the position of 
the vapor-saturated liquidus surface in this 
system at a fairly high pressure. The composition 
joins albite-Na2C03 and nepheline-Na2C0 3 are 
shown. The shaded area on the vapor-saturated 
liquidus surface represents the quaternary 
volume of liquid immiscibility intersected here 
by the vapor-saturated liquidus surface. Accord
ing to unpublished work on the composition 

join albite-Na2C0 3 by Koster van Groos and 
Wyllie (see Fig. 12) this miscibil ity gap is 
intersected through a wide range of pressures. 
Jf the pressure is decreased, however, reactions 
occur in the system Na20-Si02-C02 causing the 
compatibility join Na2C03-Si02 to be replaced 
b y a series of joins connecting Na2C0 3 with 

CClz 

SiOi 

Jl.\20~ 

Fig. 15. The system Na20 -Al20 3-Si0,-C02• For· abbre
viations see Table I. Schematic diagram for 
a pressure of about 1 kilobar showing-the 
intersection of a liquid miscibility gap 
(shaded) by the vapor-saturated liquidus 
surface. 

sodium silicates. This has the effect of lowering 
the position of the vapor-saturated liquidus 
surface in Fig. 15 in a series of steps, each step 
corresponding to one of the reactions, and the 
size of the miscibility gap intersected by the 
surface also decreases. At a fairly low total 
pressure, less than approximately 30 bars, the 
miscibility gap is not encountered at all by 
compositions on the join albite-Na2C03• These 
reconnaissance results indicate that a n originally 
homogeneous liquid in the system can be made 
to split into two immiscible liquid phases by 
increasing the pressure. In a more complex 
system, it is possible that the same effect may 
b e achieved by increasing the partial pressure of 
C02. 

Conclusions 

Although much experimental work remains 
to b e completed in this complex system, the 
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results obtained do draw attention to the 
p ossible role of liquid immiscibility in the 
genesis of carbonatites and associated igneous 
rocks. It is difficult to understand how a deep
seated primary magma composed largely of alka
li carbonates could be generated in the mantle of 
the earth, and it is difficult to understand how 
such a magma could persist until it reached a 
high level in the earth's crust without the occur
rence of almost complete reaction with the sili
cates of the crust. The lava flows composed 
essentially of carbonates of sodium and calcium 
erupted recently from Oldonyo Lengai in Tanga
nyika, whatever their origin, managed to reach 
the surface without becoming contaminated by 
silicates (Dawson, 1962). An immiscibility 
relationship between an alkali carbonate magma 
and the silicates is a possible explanation . 
Further experimental studies are required to 
test von Eckermann 's (1961) proposal that 
carbonatite magmas represent an immiscible 
fraction from a melilite-basalt or kimberlite 
magma, but at least it has been established that 
liquid immiscibility does exist between silicate 
and carbonate melts. 

The miscibility gap may be encountered as a 
result of changes in temperature, bulk composi
tion (albite and plagioclase joins), partial 
pressure of H20 (Figs. 12 and 13), total pressure 
in the anhydrous system( as discussed for Fig. 15), 
and possibly the partial pressure of C02 • With 
this degree of variability, there are many 
processes which could lead to the intersection 
of a two-liquid field, or to the coalescence of 
two liquid phases. 

SU MMARY A N D CONCLUSIONS 

Many of these conclusions are based on 
preliminary experimental data, and they serve 
only as working hypotheses. The experimental 
results will be extrapolated directly to natural 
occurrences by using the terms "silicate magmas" 
and "carbonatite magmas" instead of the correct 
terms " silicate liquids with compositions 
approaching those of silicate magmas " , and 
"liquids with compositions approaching possible 
carbonatite magmas". 

There is a persistent thermal barrier on the 
liquidus of the systems studied which suggests 
that only undersilicated liquids are capable of 
yielding a residual lime-rich carbonatite magma. 
Even peridotite magmas of the tholeiitic type 
would be too rich in silica to yield a residual 
carbonatite. However, a nepheline-rich silicate 
magma can produce a residual carbonatite mag
ma by a process of fractional crystallization. An 
alkali peridotite magma may therefore be capa
ble of yielding the same product. It is not known 
how much nepheline or alkali would need to be 
added to a system such as Ca0-Mg0-Si02-CO.
H 20 in order that it could yield a residual carbo
natite magma, and therefore it is not known 
whether a kimberlite magma could yield a resi
dual carbonatite magma. However, it has been 
established that two of the important "high 
temperature " minerals of a kimberlite, forsterite 
and monticellite, can coexist in equilibrium with 
a carbonatite magma at temperatures as low as 
605°C. This suggests that the carbonates which 
occur in abundance in many kimberlites cannot 
safely be relegated to the role of secondary 
minerals, the product of late stage alteration. 
Immiscibility between silicate liquids and carbo
nate liquids has been established. The composi
tions of the liquids involved are not closely rela
ted to normal concepts of silicate magmas and 
carbonatite magmas, but the results do indicate 
that the separation of a derivative carbonatite 
magma as an immiscible liquid fraction from a 
parent peridotite or kimberlite magma is a 
possibility. It also provides some support for the 
hypothesis that a primary alkali carbonate mag
ma could form and persist without significant 
contamination by silicates until conditions 
(composition, temperature, or pressure) were 
reached where the immiscibility relationship 
ceased to exist. 

The conclusions thus provide support for 
each of the three hypotheses outlined in the 
Introduction : (1) Carbonatite magmas can be 
residual melts derived from a carbonated alkali 
peridotite magma, or from a n ephelinite magma 
(King, 1965); (2) A primary alkali carbonate 
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magma could form and persist; (3) An immis
cible carbonatite magma· fraction could separate 
from a parent silicate magma Linder appropriate 
conditions. 

One possible link between kimberlites and 
carbonatites is the confirmation that the carbo
nate minerals occurring in abundance in many 
kimberl ites need not represent a lteration produ
cts. Even if the carbonates do not represent 
precipitates from a carbonatite magma derivative 
from the kimberlite, they could represent preci
pitates from a carbonati te magma in equilibrium 
with the crystalline components of a kimberlite. 
If kimberlites are emplaced by a process of 
fluidization, these experiments suggest that the 
gases or " fluid s " invoked by advocates of this 
hypothesis could be replaced by carbonatite 
magma. This would probably satisfy the physical 
requirements of the process, and it would pro
vide a source for the carbonates occurring in 

k imberlites. The experimental demonstration 
that minerals such as monticell ite and forsterite 
can be precipitated a longside calcite from a 
synthetic carbonatite magma confirms that the 
association is possible. These results support 
D aly's (I 925) conclusion, based on fie ld and 
petrographic studies, that the carbonate dikes in 
the kimberlite at the Premier diamond mine 
were magmatic in origin. 

There is no reason to suppose that all carbo
natites are formed by the same process, nor that 
all are magmatic. The experimental results 
o btained so far confirm that a var iety of pro
cesses are possible, and that carbonatites could 
be developed in several ways. 
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