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ABSTRACT 

Many carbonatite masses exhibit inhomogeneit ies on both large and small scales. Evidence for 
large scale differentiation is offered by the successive intrusion of sovite, ankeritic sovite, and finally 
siderite carbonatites at complexes such as Chilwa Island. On a smaller scale, the segregation of minerals 
is illustrated by the development of apatite-rich bands and lenses in the carbonatite. In the system 
CaO-MgO·FeO-H20, the minerals calcite, portlandite, periclase, and iron oxide are stable on the 
vapor-saturated liquidus above 600°C at pressures below about 900 bars, with brucite, dolomite (or 
ankerite), and siderite appearing on this liquidus only at successively higher pressures. In the system 
CaO-CaF2-P20s-C02-H20, apatite and calcite may crysta llize simultaneously through a wide range of 
pressures and temperatures (as low as 575°C). However, any liquid containing initially more than a 
small percentage of P20s precipitates apatite before calcite. The synthetic carbonatite magmas are very 
fluid, and crystal settling occurs within a few minutes. Paths of crystallization and the sequence of 
minerals precipitated are dependent upon several variables, including changes in temperature , in 
pressure, and in the composition of the vapor phase (C02-H20) in equilibrium with liquid and crystals. 
It can be shown from the phase relationships in these systems that fractional crystallization of synthetic 
carbonatite magmas is capable of producing differentiation sequences similar to those occurring at 
Chilwa Island and elsewhere. 

INTRODUCTION 

The recognition of reasonably low tempera
ture melts in the system CaO-C02-H20 which 
can precipitate calcite was regarded by Wyllie 
and Tuttle (1960a, 1960b) as verification for the 
magmatic origin of carbonatites when the field 
relationships were consistent with this interpre
tation. The " synthetic carbonatite magmas" 
in the ternary system are extremely fluid, and 
crystal settling occurs within a few minutes. 
The possibility of fractional crystallization and 
differentiation in more complex systems was 
discussed briefly in the earlier papers. 

Accounts of the varied field relationships 
of carbonatites and associated igneous rocks 
have been provided in reviews by Pecora (1956),
Smith (1956), and by King and Sutherland 
(1960). There is good field evidence that some 
carbonatites, at least, are magmatic in origin, 
and the available experimental data now sup
ports this conclusion. Many carbonatite masses 
exhibit inhomogeneities on both large and small 

scales suggesting the operation of differentiation 
processes. Evidence for large-scale differentia
tion is offered (but not proven) by the successive 
emplacement of calcitic sovite, ankeritic sovite, 
and finally sideritic carbonatites (Garson and 
Smith, 1958). Similar sequences are quite com
mon, and five other examples were cited by 
Garson and Smith (1958, p. 110). Another 
effect which may be related to differentiation 
processes is provided by von Eckermann 's con
clusion (1948, p. 148) that in the magma column 
of the Alno carbonatite complex, the sovite 
magma (calcite) formed at an upper level (esti
mated pressure 900 bars), whereas the beforsite 
magma (dolomite) formed at greater depth and 
at greater pressure (estimated 2,400 bars). 

The Chilwa Island complex also provides 
examples of the segregation of minerals on a 
smaller scale, with the development of apatite
rich bands and lenses in the carbonatite. This 
is a common feature of many carbonatites. 

•Contribution number 64-69 from the College of Mineral Industries, The Pennsylvania State University. 
t Present address: Department of Geophysical Sciences, The University of Chicago, Chicago, Illinois. 
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The present contribution summarizes experi
mental data from synthetic systems in which 
dolomite and apatite can be precipitated along
side calcite in order to see whether crystalliza
tion differentiation in the " synthetic carbona
tite magmas " is capable of reproducing the 
natural differentiation products occurring in the 
examples cited. 

THE SYSTEM CaO- MgO-C02- H20 

Wyllie and Tuttle began investigation of the 
quaternary system in 1958 with the intention of 
finding out whether liquids in the system could 
precipitate first calcite and then dolomite. 
However, problems of interpretation were en
countered and the experimental study still 
awaits completion. The preliminary experi
mental data available, together with data from 
the bounding ternary systems, provided the 
basis for a theoretical analysis of the system 
(Wyllie, J 965). The key to the symbols used as 
abbreviations of phase names is given in Table 1. 

Decarbonation Reactions and Liq11idus Relationships 

The upper temperature stability limits of 
brucite, magnesite, and dolomite in the systems 
bounding the quaternary system are given in 
Fig. 1, a long with the melting relationships in 
the system CaO-C02- H 20. The lower melting 

curve, E11 corresponds to the ternary eutectic 
where melting begins in the system. 
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Fig. I. The system CaO-MgO-COrH·10. For abbre
viations see Table I. Univariant reactions 
with one silicate reaction for comparison 
(calcite+quartz ~ wollastonite+C02). E , is 
the minimum liquidus temperature in the 
system CaO-CO~H~O. and Ez is the same for 
quaternary system (see F ig. 2). 1n the rea
ction E,, pcriclase is replaced by brucite and 
then dolomite at successively higher pressures 
(see Fi g. 5). After H arker and Tuttle (1 955, 
1956), Go ldsmith and Heard (1961), Roy and 
Roy ( 1957), Wyll ie and Tuttle (1960a), and 
Raynor and Wyllie (unpublislied). 

TABLE 

The system CaO- MgO-CO,- HiO 

Key to invariant and univariant assemblages in F ig. 5. There are eight phases invo lved : calcite (CC), 
portlandite (CH), dolomite (Do) , magnesite (MC), brucite (MH), periclase < P), liquid (L), and vapour (V). 

Qi - cc 
Q z - cc 
QJ - cc 
R1 - cc 
R~ - cc 
Ro - cc 
SJ - Do 
E1 cc 
Ez cc 
EJ CH 

+ CH + MH + p + L + v. E, cc + MH + p + 
+ C H + Do + MH + L + v. Es cc + C H + MH + 
+ Do + MH + p + L + v. Eo cc + CH + MH + 
+ CH + MH + p + v. E, cc + Do + MH + 
+ Do + MH + p + v. Es CH + Do + MH + 
+ CH + Do + MH + v. E, cc + CH + Do + 
+ MC + MH + p + v. E10 cc + CH + Do + 
+ CH + L + v. E11 Do + MH + p + 
+ CH + p + L + v. E12 cc + Do + p + 
+ MH + p + L + V. E13 cc + Do + MH + 

Additional a bbreviations used for phases are: hydroxylapatite-HAp, .fluorapatite-FAp, 
the hypothetical carbonatapatite - CAp. 

L + v. 
L + v. 
p + v· 
L + V. 
L + v. 
L + v. 
MH + L. 
L + v. 
L + V. 
p + L . 
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Wyllie and Tuttle (1960b) found in their 
preliminary work at 1 kilobar pressure that the 
quaternary eutectic, E 2, where melting begins, 
occurred at 620°C, 25°C lower than in the 
ternary system. The dashed curve E~ in Fig I. 
is an estimate for the quaternary reaction, 
located 25°C below the ternary eutectic reaction 
E1. Marcello Carapezza, a visitor to the Penn
sylvania State University from the University 
of Bologna, has recently confirmed that the 
reaction curve lies between 590°C and 6l0°C at 
4 kilobars pressure. 

It will be shown in the following discussion 
that the magnesian phase involved in the eute
ctic reaction E2 may be periclase, or brucite, or 
dolomite, depending upon the pressure. The 
change from periclase to brucite occurs at a 
pressure very close to 1 kilobar, and at 500 bars 
pressure, periclase is certainly stable rather than 
brucite. 

Fig. 2 shows schematically the liquidus phase 

MgO 

PRESSURE 
500 ears 

Fig. 2. The system Ca0-Mg0-COr H20. For abbre
viations see Table 1. Schematic liquidus field 
boundaries and primary phase volumes at 
500 bars pressure. 

relationships in the quaternary system at 500 
bars pressure. The ternary field boundaries and 
phase fields for the primary crystallization of 
lime, of periclase, of calcite, and of portlandite, 
extend into the quaternary system as surfaces 
and phase volumes, respectively, separated by 

quaternary field boundaries. The preliminary 
results of Wyllie and Tuttle (1960b, and un
published) confirm that only a small amount of 
MgO (probably less than 5 weight percent) is 
soluble in the ternary eutectic liquid Eh and 
that this depresses the minimum liquidus tem
perature in the quaternary system by about 
25°C, at E2• From the quaternary field boun
daries limiting the primary phase volumes for 
calcite and portlandite there rise two isobaric 
divariant surfaces, one giving compositions of 
liquids saturated with both periclase and lime, 
and the other of liquids saturated with periclase 
and a vapor phase. 

The four ternary field boundaries which are 
saturated with vapors from the edges of the 
quaternary vapor-satu rated surface which gives 
the compositions of liquids coexisting with a 
crystalline phase or phases, and with a vapor 
phase on the vaporus surface, which is effect
ively coincident with the join C02-H20. The 
vapor-saturated liquidus surface includes fields 
for the primary crystallization of periclase, 
calcite, and port landite, these fields meeting at 
the quaternary eutectic E2• As the liquids on 
this surface change composition from the 
carbonate to the hydrate side of the tetrahedron, 
so does the vapor phase change composition 
from C02 to H 20 . The vapor phases in equili
brium with the eutectic liquids Ei and E2 are 
very rich in H 20. This is why neither magnesite 
nor dolomite appear on the liquidus at this 
pressure, despite the fact that the eutectic 
reaction curve E2 lies well within the stability 
fields for these minerals in the presence of C02 

(Fig. 1). In order to appreciate the effect of 
vapor phase composition on the stability fields 
of dolomite and magnesite, and to compare 
these stability fields with the Iiquidus rel ation
ships, it is necessary to use a diagram in which 
the vapor phase composition is represented. 
The petrogenetic model (Wyllie, 1962) has 
proved useful for this purpose. 

Composition of Vapors: The Petrogenetic Model 

Fig. 3 illustrates schematically an isobaric 
section through the petrogenetic model for the 
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quaternary system at a pressure of 500 bars. 
Only reactions or assemblages involving a vapor 
phase are shown on the diagram, and the hori
zontal axis gives the composition of the vapor 
phase in each assemblage at various tempera
tures. Univariant reactions are represented by 
points, and the lines represent the intersections 
of divariant reaction surfaces with the isobaric 
section. Fig. 3A is drawn approximately to 
sca le, with some distortion near the H20 compo
sition so that the relationships may be seen, 
and Figs. 3B and 3C are enlarged to illustrate 
two ways in which the sub-solidus reaction 
curves cou ld intersect. In subsequent discus
sions, only the arrangement in Fig. 3B will be 
considered. 
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(Wyllie and Tuttle, 1960a, Fig. 14). When the 
vapor phase is diluted with H20 the melting 
temperature is lowered, and when the vapor 
phase contains more tnan about 80 weight per 
cent of H 20 the melting temperature decreases 
markedly for each slight increase in H 20 con
tent. This reaction curve meets the portlandite 
melting curve (isobaric field boundary) at E1, at 
655°C, where the vapor phase composition is 
very rich in H20. The liquidus field boundaries 
on the vapor-saturated liquidus surface for the 
quaternary system (Fig. 2) involve the additonal 
phase periclase. These boundaries are repre
sented by the curves located approximately 2::>°C 
below the ternary curves in Fig. 3, and they 
meet at the quaternary eutectic E2• Below E2 

40 Go so co2 H
2
o 5 co

2 
~O 5 

VAPOR PHASE COMPOSITION (Weight per cent) 
Fig. 3. The system CaO-MgO-C02-H20. For abbreviations see Table I. Schematic isobaric section through 

the petrogenetic model at 500 bars pressure. A. Approximately to scale; relationships near the H20 
axis are not distinguishable. Band C. Alternative arrangements for reactions near the H~O axis . 

The arrangement of the two ternary liquidus 
reactions (isobaric field boundaries) meeting at 
the ternary eutectic E1 is based on experimental 
data (Wyllie and Tuttle, 1960a ; Fig. lOB for 
1 kilobar pressure). In the presence of C02 at 
500 bars pressure, calcite melts at about l,240°C 

there extends a curve for the sub-solidus assem
blage, CC+ CH+P + V. 

The r. rrangment of the sub-solidus reaction 
curves meeting at S3 is based on results from 
the system MgO-C02-H20 (Walter, Wyllie and 
Tuttle, 1962, Fig. 6). The three reactions which 



96 P. J. WYLLIE & G. M. BIGGAR 

involve the dissociation of magnesite, the dis
sociation of brucite, and the conversion of 
magnesite to brucite have been illustrated in a 
l kilobar isobaric section through the petro
genetic model by Wyllie (1962, Fig. 3). Their 
positions within the petrogenctic model are 
changed only slightly by the presence of dolo
mite as an additional phase. The assemblage 
Do + MC + P + V represents the dissociation of 
magnesite, in the presence of dolomite, and 
the reaction curve therefore extends from the 
point for the dissociation of magnesite in the 
presence of pure C02, to lower temperatures as 
the vapor phase is diluted with H 20. This 
meets the similar curve for the dissociation of 
brucite at S3, and extending to lower tempera
tures from this point is a curve for the conver
sion of brucite to magnesite, in the presence of 
dolomite. The fourth curve extending to lower 
temperatures from s3 is necessitated by the 
presence of dolomite, but this need not concern 
us in the present discussion. The temperature 
and the vapor phase composition for s.j have 
been determined experimentally by Walter, 
Wyllie and Tuttle (1962) at presures of 1 and 4 
kilobars. Greenwood (1962) has discussed simi
lar reaction curves in thermodynamic terms. 

In the presence of C02 at 500 bars pressure, 
dolomite dissociates at a temperature about 
60°C higher than magnesite (Fig. 1), and in 
Fig. 3 the reaction curve for the dissociation of 
dolomite in the quaternary system has therefore 
been placed about 60°C higher than that for the 
dissociation of magnesite (in the presence of 
dolomite). This curve meets that for the disso
ciation of brucite at the univariant point R2• 

Other univariant sub-solidus reactions are repre
sented by the points R1 and R3, where the dis
sociation reaction curves intersect the subsolidus 
curve below the eutectic E2• 

Fig. 3 shows that although liquid, dolomite, 
and magnesite are simultaoeously stable through 
a limited temperature range at 500 bars pressure, 
these phases cannot coexist because each phase 
assemblage is in equilibrium with a vapor phase 
of different composition. In the presence of an 

aqueous vapor phase with the composition of 
the vapor 'in equilibrium with liquidus near the 
eutectic E2, dolomite and magnesite, as well as 
brucite, are stable only at temperatures lower 
than that of the eutectic E2 • 

An isothermal line can be drawn through 
Fig. 3A in such a way that it intersects the 
curves for the reactions CH+P+L+ V, CC+P 
+L+ V, CC+Do+P+ V, and Do+ MC+P+ V. 
The points of intersection give the compositions 
of the vapor phase in each assemblage at 500 
bars pressure and at the temperature of the iso
thermal line. Since the compositions of the 
crystalline phases are known (neglecting solid 
solution) and the liquid composition is known 
approximately, a knowledge of the vapor phase 
composition provides sufficient information for 
the construction of an isobaric isothermal phase 
diagram for the quaternary system. Fig, 4 illus
trates such a diagram for 1 kilobar pressure and 
770°C; these conditions were selected because 
the vapor phase compositions are better known 

CC+P+L+V1 
CC+Do+P+~ 

Do+MC+P+V~ 

MgO(P) 

I Kbor 
770°C 

F ig. 4. The system Ca0-Mg0-C02-H~O . For abbre
viations see Table 1. I sobaric isothermal 
section at l kilobar pressure and 770°C show
ing three 4-phase tetrahedra. 

experimentally at 1 kilobar pressure than the 
schematic values for 500 bars given in Fig. 3. 
The four-phase tetrahedron for CH+ P + L + V 
has been omitted for simplicity. 

Fig. 4 shows that the four-phase tetrahedron 
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involving liquid , CC+ P + L + Vi. is separated 
from the four-phase tetrahedron involving dolo
mite, CC+ Do+ P + Vz, by the three-phase space 
CC+ P + V1_ 2 • The plane CC-P-V1 is a barrier 
separat ing the liquid from the large stabi lity 
fields for dolomite and magnesite. With decreas
ing temperature, the vapor phases Vi. V 2 and V 3 

all change composition towards H20. It can 
be seen from Fig. 3 that in a given temperature 
interval V 2 and V ~ change composition for more 
than does Vi. so that V2 and V3 approach V1 in 
composition. At 500 bars pressure (Fig. 3) and 
at l kilobar pressure (Wyllie and Tuttle, preli
minary results) the liquid is consumed in a 
eutectic reaction (E2) before V2 overtakes V1 so 
that dolomite cannot reach the liquidus. How
ever, at higher pressures, V 2 does overtake the 
vapor phase of a four-phase tetrahedron involv
ing a liquid phase, and then dolomite does have 
a sta bility field on the liqu idu s. 

The Effect of Pressure 

Fig. l shows that the temperatures of the 
univariant melting reactions involving a vapor 
phase decrease slightly with increasing pressure. 
The temperatures of the univariant dissocia tion 
reactions, on the other hand, increase apprecia
bly with increasing pressure. In isobaric sections 
through the petrogeuetic model at increasing 
pressures, therefore, t he divariant sub-solidus 
reaction curves will move upwards in the section 
until they intersect the liquidus reaction curves 
which simultaneously are movi ng downwards. 
It can be seen in Fig. 3B that as the pressure is 
increased above 500 bars, the divariant curve 
f or the dissocia tion of brucite, R1 R2S~, will 
intersect the solidus at E2, generating an 
invariant point (Q1) where E2 and R 1 become 
coincident, and then move to higher tempera
tures; brucile will then be stable on the liquidus. 
At a higher press ure, the divariant curve for the 
dissociation of d olomite, R2R 3, will in turn 
intersect the solidus at an invariant point (Q2), 

producing a stability field for dolomite on the 
liquidus. These changes are illustrated in detail 
in Figs. 5 and 6. 

Fig. 5 is a schematic PT projection for the 
quaternary system which is based on the availa
ble experimental da ta, a qualitative considera
tion of tJ1e effect of pressure on the reactions in 
the petrogenetic model (Figs. 3 and 6), and the 
application of Schreinemakers' principles for 
the invariant points Ql> Q2, and Q3• The uni
variant reaction curves labeled E refer to 
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TEMPERATURE °C 

Fig. 5. The system Ca0-Mg0- COr H 20. For key t<> 
the reactions see Table I. Schematic uni va
riant reactions around inva r iant points Q . 

The react ions E in volve a liquid phase, 
whereas R and Sare sub-solidus. The heavy 
line through Q, and Q2 gives the temperature 
of beginning of melting (equiva lent to E2 in 
Fig. 1). 

reactions including a liquid phase, and the 
subsolidus reaction curves are labeled R or S. 
Table 1 lists the phase assemblages for each 
reaction. 

The three reactions Ri. R2, and S3 lie at 
temperatures just below the dissociation curve 
for brucite (Figs. 1 and 3B). The reaction E1 is 
the eutectic melting reaction in the ternary 
system CaO-C02- H 20 (Figs. I and 38). The 
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heavy line corresponds to the dashed line E2 in 
Fig. I, representing the quaternary eutectic 
melting reaction. In Fig. 5, this is divided into 
three portions by the invariant points Q1 and Q2, 
each portion corresponding to one of the three 
assemblages listed in Fig. I : E2 represents 
the assemblage CC+ CH+ P + L + V, E5 the 
assemblage CC+CH+MH+L+V, and E9 the 
assemblage cc+cH+Do+L+ V. 

Fig. 6 provides a key to the reactions plotted 
in Fig. 5. Fig. 6A is reproduced from Fig. 3B, 
an isobaric section through the petrogenetic 
model at 500 bars pressure. The curve mm 
represen ts the upper stability limit of brucite, 
and dd represents the upper stability limit of 
dolomite. The invariant point Q 1 is generated 
at a pressure in the region of J kilobar when R1 
meets E2, as shown in Fig. 5. Four reaction 
curves extend to higher pressures above Q., each 
including brucite and liquid in the phase assem
blage. The vapor-absent reaction (£6, Fig. 5) 
is not rep1esented in the petrogenetic model, 
Fig. 6C. 

At a higher pressure, the reaction R 3 meets 
the quaternary eutectic E5 as shown in Fig. 5 
(see also Fig. 6C). Above this pressure, dolo
mite becomes stable on the liquidus below the 
univariant reactions E, and E8 (Fig. 6£). Recent 
studies by Carapezza suggest that the point Q2 

may occur in the region of 1.5 kilobars (personal 
communication). The third invariant point, Q3, 

is generated when the reactions E4, E7 , and R~ 

become coincident (see Fig. 6E). Another 
invariant point may be generated at a very high 
pressure when the reactions S3 and E11 become 
coincident. The composition of the vapor phase 
involved in the reaction S3 becomes richer in 
H 20 with increasing pressure. It contains 94 
weight percent of H20 at I kilobar, and 96 
weight percent of H 20 at 4 kilobars (Walter, 
Wyllie and ;Tuttle, 1962, Fig. 6), but since the 
vapor phase in the reacti on Ell probably con
tains at least 98 or 99 weight percent of H 20, 
considerably higher pressures would be required 
before the reaction curves would intersect. 
Above this hypothetical invariant point, mag-

nesite would have a field of stability on the 
liquidus. 

The right-hand diagrams in Fig. 6 illus
trate schematically the primary crystalline 
phases on the vapour-saturated liquidus surface 
of the quaternary system at various pressures. 
Fig. 6B corresponds to the situation illustrated 
in Fig. 2, where periclase, portlandite, and 
calcite are the only crystalli ne phases stable in 
equilibrium with liquids and vapours. Fig. 60 
illustrates the appearance of brucite on the 
vapor-saturated liquidus surface, and Fig. 6F 
shows the field for do lomite. With increasing 
pressure the dolomite field expands until it 
separates the field for brucite frnm the calcite 
field . The stability fields for brucite and 
dolomi te in equilibrium with liquid extend 
towards CaO from the vapor-saturated liquidus 
surface, just as the fields for portland ite and 
calcite do in Fig. 2. If magnesite does become 
stable on the liquidus at very high pressure, its 
stability field would replace and extend from the 
peritectic E11 in Fig. 6H. 

The phase assemblages at the univariant 
points and divariant curves in the petrogenetic 
model diagrams can be read directly from the 
diagrams showing the liquidus surface. For 
example, the univariant assemblage E5 in Fig. 6C 
consists of L + V plus the three crystalline 
phases CC+ CH+ MH occurring around the 
point E5 in Fig. 60. The divariant assemblage 
between E 4 and E5 in Fig. 6C consists of L + V 
plus the two crystalline phases CC + MH 
occurring on either side of the line E4E5 in 
Fig. 6D. 

FeO as an Addirional Component 

Addition of iron to the system introduces the 
minerals siderite, ankerite, and iron oxides. 
It also introduces problems involving oxida
tion states and a vapor phase of more complex 
composition than CO~+ H 20, which makes 
both experimental and theoretical analysis of 
the system difficult. H owever, it is known that 
siderite dissociates at much lower temperatures 
than magnesite and dolomite. At 1 kilobar 
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Fig. 6. The system CaO-MgO- CO;-H;O. For abbreviations see Table l. mm is the upper temperature stability 
limit of brucite, and dd is the same for do lomite. The heavy Imes give the temperature of beginning of 
melting in the presence of each vapor phase composition. Schematic diagrams illustrating the effect of 
increasing pressure on the phases stable on the vapor-saturated I iquidus surface. Compare the r ight-hand 
diagrams with Fig. 2, and the left-band diagrams (isobaric sections through the petrogenetic model) 
with Fig. 3. The uni variant reactions E, R, and Sare illustrated in Fig. 5 and tabulated in Table 1. 
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pressure, for example, magnesite dissociates at 
820°C (Fig. 1), whereas siderite dissociates at a 
temperature near 450°C (preliminary results of 
Raynor a nd Wyllie). The dissociation tempe
rature is very dependent upon the oxygen 
fugacity in the system (French and Eugster, 
1963). The isobaric dissociation curve for 
s iderite in the petrogentic model (with the 
vapor phase components other than C02 being 
plotted jointly as " H 20 ") would thus be 
located well below the corresponding curves for 
magnesite and dolomite shown in Fig. 3. There
fore, much higher pressures would be required 
for the siderite dissociation curve to reach the 
solidus in the system, and only then could 
siderite become stable on the liquidus. A 
moderate amount of FeO in the system would 
probably lead to the precipitation of ankerite 
rather than dolomite. Any excess of iron above 
that soluble in ankerite would probably be 
precipitated as iron oxides through a wide 
pressure range, and only at very high pressures 
would the precipitation of siderite from the 
liquid be possible. 

Processes of Crystallization 

Crystallization may proceed in this system 
as a result of changes in temperature, changes 
in the pressure, and changes in the composition 
of the vapor phase in equilibrium with the 
liquid . The path of crystallization, a nd the 
sequence of minerals precipitated, is therfore 
d ependent upon several variables. The effects 
of each of these must be considered in turn. 

At sufficiently high, constant pressure, Fig. 6H 
shows tha t for a liquid coexisting with a vapor 
a nd precipitating initially calcite, the calcite 
would be joined a t a lower temperature by one 
of the phases periclase, dolomite, or portland ite. 
With fractional crystallization the fina l liquid at 
E3 would precipitate calcite, dolomite, and 
p ortlandite. Thus, under isobaric cond itions, 
the sequence of crystallization for the carbonates 
is calcite, followed by calcite plus dolomite. 

Consider a liquid on the primary fi eld for 
c alcite in F ig. 6H, near to the field boundary 

E12E9, coexisting with calcite and vapor. An 
increase of pressure causes the size of the dolo
mite field to increase, and the field boundary 
could therefore cross the liquid composition, 
placing the liquid in the primary phase field of 
dolomite. If equilibrium is maintai ned, the 
calcite crystals in the origin al liquid would be 
converted to dolomite. Thus, we could have 
the same liquid composition precipitating 
calcite at lower pressures, and do lomite a t higher 
pressures, with no change in temperature or 
vapor phase composition. The detailed change 
in phase rela tionships are actually quite com
plex. 

N ow, consider a liquid on the field boundary 
E12E9 in Fig. 6H, coexisting with calcite, dol o
mite, and vapor. If the vapor phase composition 
is enriched in H 20 under isobaric isothermal 
conditions, and if equilibrh1m is maintained, 
Fig. 6G shows tha t the calcite would dissolve, 
and the liquid compositio n would move across 
the dolomite field, with the dolomite dissolving. 
Conversely, if the vapor phase were enriched in 
C02 under isobaric, isothermal conditions, the 
liquid would crystalfae completely, leaving an 
assemblage of calcite and dolomite. 

The final liquid produced by fractional crysta
llization of synthetic carbonatite magmas in this 
system, as in other related systems, always pre
cipitates hydrous minerals such as portlandite. 
Portlandite has not been reported from carbo
natites. It is possible that the extremely H20-
rich composition of the vapor phase in equili
brium with the final liquids (e.g. E9 in Fig. 6G) 
may rarely be attained in natural occurrences 
because of the restraints imposed by the regional 
controls. If there is a regional limit for the 
m aximum H 20-content of vapors, this could 
cause the carbonatite magmas to crysta llize 
completely to carbonates, with a ll H 20 being 
given off to the vapor phase. For example, 
crysta ll izatio n could be completed at some point 
on th e field boundary E1~E9 in Fig. 6H, before 
the vapor phase composi tion reached E9 (see 
Fig. 6G). For this to occur, there would have 
to be rather sensitive regiona l control on the 
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vapor phase composition, because the tempera
ture of the solidus in Fig. 6G is clearly very 
sensitive to small changes in vapor phase com
position. 

Comparison with Natural Carbonatites 

There are so many ways in which liquids in 
the system Ca0-Mg0-Fe0-C02-H20 could 
crystallize, that any detailed exposition of how 
differentiation might occur would not be mean
ingful. It has been demonstrated in a general 
way how the paths of crystallization and the 
nature of the crystalline phases being precipi
tated or resorbed are affected by changes in 
temperature, in pressure, and in the composi
tions of coexisting vapor phases. The effect of 
each variable was considered in turn, but it is 
unlikely in nature that only one of these varia
bles would be changing during crystallization. 
All three may be included among the regional 
factors which exert independent, external con
trols on the behaviour of a carbonatite magma. 

Crystallization would proceed in a carbona
the magma as a result of decreasing temperature. 
However, since explosive activity is an impor
tant feature in the history of carbonatite com
plexes, pressure variations may play at least as 
significant a role in their crystallization as does 
decrease in temperature. Furthermore, it is 
probable that the vapor phase composition 
during the crystallization of a carbonatite 
magma would not be governed entirely by the 
crystallizing magma, but in part, at least, by the 
regiona l conditions. The chemical potentials 
of H 20 and C02 and, in a general way, there
fore, the compositions of the vapor phase may 
be determined by the regional chemical poten
tial gradients. However, during periods of 
volcanic activity, significant deviations from 
the regional gradients may be anticipated, and 
it may well be that regional chemical potential 
gradients cease to have any local significance. 

lt has been shown that at a sufficiently high 
pressure, the sequence of precipitation of carbo
nates from the system Ca0-Mg0-Fe0-CO~
H20, with decreasing temperature, could be 

calcite, dolomite, and finally s.iderite. The 
intrusion of carbonatites at Chilwa Island 
(Garson and Smith, 1958) fo llows the same time 
sequence, with calcitic sovite being followed by 
the emplacement of ankeritic sovite, and finally 
by sideritic carbonatites. This intrusion sequ
ence, th en, could be explained by crystalliza
ti on differentiation of a carbonatite magma. 

The composition of the carbonate minerals 
being precipitated from a synthetic carbonatite 
magma is pressure dependent. At low pressures, 
a liquid can precipitate only calcite and not 
dolomite or siderite; but at higher pressures the 
same liquid would precipitate dolomite or 
ankerite, wi th siderite being precipitated only 
at very high pressures. This pressure effect may 
provide an explanation for von Eckermann's 
demonstration (1948, p. 148) that the sovite 
magma (ca lcite) in the Alno carbonatite magma 
formed at an upper level (estimated pressure 900 
bars), whereas the beforsite magma (dolomite) 
formed at greater depth (estimated pressure 
2,400 bars). 

THE SYST E'VI CaO-CaF2-P20 s-C02- HzO 

Apatite is a ubiquitous accessory mineral in 
carbonatites, and it may become highly concen
trated in bands and lenses. The behaviour of 
apatite in synthetic carbonatite magmas has 
been studied experimentally by G. M. Biggar, 
who determi.ned the solid-liquid-vapor phase 
relationships in the systems CaO-CaF2-P20 i.
H~O and Ca0-P20 5-C02- H 20 (Fig. 7) for his 
Ph.D. degree at the University of Leed, (Biggar, 
1962). The results were presented orally in 1962 
(Biggar and Wyllie, 1962), and some possible 
applications of the work have been published 
(Wyllie, Cox, and Biggar, 1962). The main 
results of the study, extracted from manuscripts 
in preparation by Biggar and Wyllie, are out
lined below. 

Fig. 7 shows the two quaternary systems 
which were investigated, and the inner tetra
hedra marked by the heavy lines show the com
position range of starting mixtures which were 
used. The phase relationships at I kilobar 
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pressure are illustrated in these subtetrahedra 
in Fig. 8. The phase relationships do not change 
significantly within the pressure range 500 bars 
to 4 kilobars. Temperatures shown in Figs. 8 
and 9 were measured experimentally, except for 
those enclosed in parentheses, which were esti
mated. 

CaO-P20s-C02-H20 

Liquidus field boundaries within the compo
sition join CaC03-Ca(OH)2-Ca3(P04)2-H20 at 
1 kilobar pressure are illustrated in Fig. 8. This 
join is not a quaternary system because calcite 
melts incongruently, and the vapor phase 
coexisting with the liquids has compositions 

Fig. 7. The compositions investigated in the systems CaO-CaF2-P20 ;-H!O and CaO-PiO~-CO,-H;O are indicated 
by the subsidiary tetrahedra marked by heavy lines. 

CaO-CaF2-P20r;- H 20 

Fig. 8 shows the liquidus field boundaries in 
the quaternary system Ca(OH)2-CaF2-Ca3(P04)2-
H20 at 1 kilobar pressure. The join Ca(OH)2-
CaF2-Ca3(P0~)2 is a ternary eutectic system at 
this pressure, with only a few weight percent of 
Ca3(P04) 2 soluble in the low temperature liquid 
on the join Ca(OH)2-CaF2• The liquidus surface 
with apatite as a primary phase rises steeply 
from the ternary eutectic at 675°C. In the 
presence of H20 the phase relationships are very 
similar. A few percent of H 20 dissolves in the 
ternary liquids, depressing the liquidus tempera
ture by small amounts. The eutectic at 665°C 
is the minimum liquidus temperature in the 
system, and this liquid coexists with fluorite, 
portlandite, apatite (composition 55 hydroxy
lapatite, 45 fluorapatite, weight percent), and a 
vapor phase composed essentially of H20. 

varying between H20 and C02 • The join CaCOa
Ca(OH)2 does not remain binary above about 
950°C, which causes the liquidus field boundaries 
to leave this composition tetrahedron near 
CaC03• Hydroxylapatite occurs in the system, 
and no definite evidence for the formation of a 
carbonatapatite was obtained. 

Despite these differences from the fluorite 
system, the general pattern of the phase relation
ships is very similar. Only a few weight percent 
of Ca3(P04) 2 is soluble in the synthetic carbona
tite magma near the join CaC03-Ca(OH)2, and 
the primary field for apatite rises steeply from 
the quaternary eutectic at 639°C on the vapor
saturated liquidus surface. The liquid at the 
eutectic coexists with calcite, portlandite, apa
tite (mainly hydroxylapatite, with possibly some 
carbonatapatite in solid solution), and a vapor 
phase composed of H 20 + C02 which is very 
rich in H20. 
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Ca3(P0,)2-CaF,-CaCOa-Ca(OH)~ 

Fig. 9 illustrates schematically the liquidus 
phase relationships in this system at a pressure 
of 1 kilobar. It is based on results for the 
system CaC03- Ca(OH),-CaF2 (G ittin s and 
Tuttle, 1964) and the results shown in Fig. 8. 
No vapor phase is represented in the diagram, 
but because ca lcite melts incongruently at this 
pressure there is a vapor phase rich in C02 in 
part of the system. The quaternary eutectic 
liquid, at an estimated tem perature of 575°C, 
coexists with calcite, fluorite, and portlandite. 
Addition of H20 to the system would not 
change the relationships significantly; a few 
weight percent of H 20 would dissolve in the 
liquid causing liquidus temperatures to be 
depressed slightly (compare Fig. 8). 

and Biggar (1962) has shown that these relation
ships persist through a wide pressure range. 

Apatite crystals coexisting in equilibrium 
with liquid or vapor were small and equant, 
whereas those precipitated from a melt during a 
rapid quench formed acicular prisms exhibiting 
a variety of parallel and skeletal growths 
(Wyllie, Cox, and Biggar, 1962). Liquids in the 
system are extremely fluid . It was observed tha t 
even the Jong apatite needles precipitated from 
the liquid during a quench tended to settle 
towards the bottom of the capsule containing 
the charge. 

Segregation of Apatite in Carbonatites 

The experimental data establish the facts 
that a carbonatite magma containing initially 

PRESSURE I Kbar 

Fig. 8. Liquidus phase relationships encountered in the systems of Fig. 7 at 1 kilobar pressure. The phase rela
. tionships in the CaC03 tetrahedron are quaternary, but they cannot be represented in this tetrahedron; 

the complete tetrahedron in Fig. 7 is required for representation of the vapor phase composition, for 
example. Temperatures in parentheses were estimated. 

Figs. 8 and 9 show that the presence of a 
small percentage of P20 5 in a synthetic carbona
tite magma is sufficient to produce apatite as a 
crystalline phase on the liquidus. The diagrams 
also show tha t calcite and apatite can be preci
pitated simullaneously from a synthetic carbo
natite magma through a wide temperature range, 

more than a few percent of P20 5 would begin to 
precipitate apatite before calcite, and that 
calcite and apatite could be co-precipitated 
through a wide temperature interval. The 
synthetic carbonatite magmas are very fluid, and 
crystal settling occurs with both calcite and 
apatite. Given a carbonatite magma precipita-
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ting these minerals, there is a good chance that 
partial segregation of the minerals could occur 
as a result of crystal settling during quiet 
periods. With the onset of explosive activity, 
producing movement within the magma column, 
any accumulations of apatite-rich mixtures 
would become streaked out forming bands 
parallel to the fl ow structures in the crystallizing 
magma. There is little difficulty in accounting 
for the observed flow banding and segregation 
of apatite on the basis of a magmatic carbona
tite intrusion . 

e~;.s'T.?""-----~~ 
Co(OH)2 

PRESSURE 
I Kbor 

Fig. 9. Schematic diagram of the l iquidus phase rela
tionships in the system Caa(PO,h-CaF2-
CaC03-Ca(OH)2 at I kilobar pressure. Tem
peratures in parentheses were estimated. 

Detailed examination of apatites in carbo
natites might be worth while. For example, 
material enclosed by dendritic or skeletal 
apatites could provide information about the 
composition of the magma from which the 
apatites crystallized. This might be one of the 
most promising places to seek portlandite. 

CONCLUSION 

The geological history of a carbonatite 
complex is undoubtedly complicated, probably 
with different processes occurring simulta-

neously within the magma, as well as in succes
sion. Repeated intrusions of fluid, reactive 
volatile-charged carbonatite magma may be 
followed by differentiation, the action of vapors 
and solutions given off by the crystallizing 
carbonatite or emanating from greater depths, 
metasomatism occurring within as well as 
around the complex, and the development of 
explosion breccias with concommitant changes 
in pressure on the magma at greater depth. 
Superimposed on the effects of these processes 
may be the effects of remobilization, plastic 
flow, later metamorphism, shearing and recry
stallization. Reconstruction of the history of 
each carbonatite complex is the responsibility 
of the geologists studying them in the field, and 
the function of the experimental petrologi st is 
to provide a foundation of reasonable possibi
lites for sound recons1ruction. Conclusions 
reached from experimental and theoretical 
examination of the phase relationships in the 
systems Ca0-Mg0-Fe0-CO~-H20 and Ca0-
CaF2-P205-C02-H20 indicate that the intrusion 
sequences recorded at some carbonatite com
plexes could be explained on the basis of 
differentiation processes occurring during the 
crystallization of a carbonatite magma. Changes 
in temperature, is pressure, and in vapor phase 
composition may all play an important role in 
crystallization processes. This adds support to 
the magmatic hypothesis when such an origin 
is proposed on the basis of field studies. 
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DISCUSSION 

A. D. Edgar (Dept. Geology, University of 
Western Ontario, London, Canada) : Have you 
considered the effect of the addition of alkalies 
to the systems discussed in this paper? Would 
the replacement of CaO by Na20 and K20 in 
the systems Ca0-Mg0-Fe0-C02-H20 and CaO
CaF2-P205-C02-H20 be expected to lower the 
final crystallization temperatures? 

Author's reply: Addition of Na2C03 and 
K 2C03 would defioitely lower the final crystalli
zat ion temperature in these systems. Th~ effect 
of alkalis on the melting of CaC03 has been 
known for many years. For example, the 

liquidus for the system CaC03-Na2C03-K2CO~ 
was described by P. Niggli in 1919 (Z. anorg. u. 
al/gem. Chem., Vol. 106, p. 131). More recently 
J. Gittins and 0. Tuttle have studied the 
melting relationships in the systems Ca0-Na20-
C02-H20 and Ca0-K20-C02-H~O at 1 kilobar 
pressure, and some of their results will be 
included in the forthcoming book on " Carbo
natites" (editors J. Gittins and 0. F. Tuttle; 
John Wiley & Sons Inc.) The possible role of 
alkali carbonatite magma was mentioned briefly 
by P. J. Wyllie and 0. F. Tuttle in a note on 
"Carbonatitic lavas" (Nature, Vol. 194, p. 1 269~ 

1962). 




