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Abstract We have experimentally determined the soli-
dus position of model lherzolite in the system CaO-
MgO-Al2O3-SiO2-CO2 (CMAS.CO2) from 3 to 7 GPa
by locating isobaric invariant points where liquid coex-
ists with olivine, orthopyroxene, clinopyroxene, garnet
and carbonate. The intersection of two subsolidus re-
actions at the solidus involving carbonate generates two
invariant points, I1A and I2A, which mark the transition
from CO2-bearing to dolomite-bearing and dolomite-
bearing to magnesite-bearing lherzolite respectively. In
CMAS.CO2, we ®nd I1A at 2.6 GPa/1230 °C and I2A at
4.8 GPa/1320 °C. The variation of all phase composi-
tions along the solidus has also been determined. In the
pressure range investigated, solidus melts are carbon-
atitic with SiO2 contents of <6 wt%, CO2 contents of

~45 wt%, and Ca/(Ca+Mg) ratios that range from 0.59
(3 GPa) to 0.45 (7 GPa); compositionally they resemble
natural magnesiocarbonatites. Volcanic magnesiocar-
bonatites may well be an example of the eruption of such
melts directly from their mantle source region as evi-
denced by their diatremic style of activity and lack of
associated silicate magmas. Our data in the CMAS.CO2

system show that in a carbonate-bearing mantle, solidus
and near-solidus melts will be CO2-rich and silica poor.
The widespread evidence for the presence of CO2 in both
the oceanic and continental upper mantle implies that
such low degree SiO2-poor carbonatitic melts are com-
mon in the mantle, despite the rarity of carbonatites
themselves at the Earth's surface.

Introduction

The realization that carbonatite magmas have an upper
mantle origin prompted numerous studies of the role of
CO2 in mantle assemblages, primarily in the system
CaO-MgO-SiO2-CO2 (CMS.CO2) (Wyllie and Huang
1976; Wyllie 1977; Eggler 1978). These early studies in-
dicated that initial melts from carbonated peridotite at
pressures >2.5 GPa are CO2-rich (>40 wt% CO2) and
approximate carbonatites in composition. These sug-
gestions were later con®rmed by experiments in natural
systems (Falloon and Green 1989; Thibault et al. 1992;
Dalton and Wood 1993b) and have led to suggestions
that some carbonatites represent primary melts from the
Earth's upper mantle (e.g. Bailey 1989, 1993). This
conclusion is, however, not universally accepted and
controversy still exists as to whether carbonatites are
primary melts or whether they are the end-product of
di�erentiation (crystal fractionation or liquid immisci-
bility) of a carbonated silicate magma (see review by Lee
and Wyllie 1994).

Equally controversial is the problem of kimberlite
petrogenesis. Until quite recently it was thought that
kimberlites were formed by low degree partial melting of
carbonated garnet peridotite in the diamond stability
®eld under upper mantle conditions (Eggler and
Wendlandt 1979; Wyllie 1980; Canil and Scarfe 1990).
However, the discovery of majoritic garnet (now pyr-
ope + exsolved pyroxene) in kimberlitic xenoliths
(Haggerty and Sautter 1990; Sautter et al. 1991) and as
an inclusion in diamond (Moore and Gurney 1985),
prompted some workers to suggest that kimberlites have
a much deeper origin, perhaps in the transition zone of
the Earth (Ringwood et al. 1992; Haggerty 1994; Girnis
et al. 1995). Critical to any model of carbonatite or
kimberlite petrogenesis is a knowledge of the solidus
topology and near-solidus melt compositions of car-
bonated lherzolite (Eggler 1987a). Figure 1 shows the
solidus for model lherzolite in the system CMS.CO2. The
most distinctive feature of the solidus is the almost iso-
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baric drop in solidus temperature as carbonate becomes
a solidus phase through the reaction:

CaMg CO3� �2 � 4MgSiO3 � CaMgSi2O6 � 2Mg2SiO4 � 2CO2

Dolomite Opx Cpx Olivine Fluid �1�
Emax Emax Emax Emax

which intersects the solidus at the invariant point I1 lo-
cated by Wyllie et al. (1983) to be near 2.75 GPa/
1225 °C and by Eggler (1978) to be at 2.9 GPa/1240 °C.
Dalton and Wood (1993a) showed that the carbonate
involved in reaction (1) is not stoichiometric dolomite
but is a solid solution between dolomite and calcite, a
feature also observed by Wyllie et al. (1983). At higher
pressures dolomite is replaced as the solidus carbonate
by magnesite at a second invariant point I2 (Fig. 1). The
positions of reactions (1) and (2) on Fig. 1 are from
Wyllie et al. (1983) and Brey et al. (1983) respectively,
and the solidus below 3 GPa is from Eggler (1987b). The
CMS.CO

2
solidus shown in Fig. 1 at pressures greater

than I2 is taken from Canil and Scarfe (1990) and we
have extended this down to I1.

The appearance of carbonate on the peridotite soli-
dus at I1 results in initial melts being CO2-rich as dis-
cussed above. In the CMS.CO2 system, Wyllie and
Huang (1976) inferred that such melts would have about
45 wt% CO2, less than 10 wt% dissolved silicates, and
Ca/Mg ratios >1. This general composition has been
con®rmed by several determinations of near-solidus melt
compositions in natural carbonated peridotite at pres-
sures £3 GPa (Wallace and Green 1988; Thibault et al.
1992; Dalton and Wood 1993b; Sweeney 1994) but there
are some di�erences. These primarily result from dif-
ferences in choice of bulk composition and as yet there is
no consensus as to the range of primary carbonate melt

compositions that can be produced from peridotite. In
fact, none of these studies has produced carbonate melt
in equilibrium with four phase anhydrous lherzolite.
Dalton and Wood (1993b) presented data on the com-
position of carbonate melt in equilibrium with anhy-
drous harzburgite and wehrlite and suggested that
carbonate melt in equilibrium with anhydrous lherzolite
would be Ca-rich with a Ca/(Ca + Mg) (Ca#) ratio
>0.5. In order to test models of carbonatite petrogen-
esis, it is imperative that the composition of carbonate
melt in equilibrium with lherzolite at various pressures
be obtained. This latter point is particularly important,
as from Fig. 1 it is evident that the composition of the
solidus carbonate changes at I2 from dolomite to ma-
gnesite. It has been suggested that such a transition may
also mark a change in the near-solidus melt composition
with the melts becoming Mg-rich and possibly trending
towards kimberlite compositions (Brey et al. 1983;
Katsura and Ito 1990). However, the almost complete
lack of experimental data in this pressure range has in-
hibited further discussion of such ideas.

In order to address these issues, we present here the
melting relationships of carbonated model lherzolite in
the system CaO-MgO-Al2O3-SiO2-CO2 (CMAS.CO2)
from 3 to 7 GPa. We use these data to constrain models
of carbonatite and kimberlite petrogenesis.

Experimental procedures

For a given pressure, the solidus of model carbonated lherzolite in
the CMAS.CO2 system corresponds to an invariant point where
olivine + orthopyroxene + clinopyroxene + garnet + carbonate
+ liquid coexist. By determining the compositions of all the phases
at such a point, it is possible, through the methods of Presnall
(1986), to determine whether the point is a eutectic or peritectic and
to calculate the proportion of each phase involved in the melting
reaction. The advantage of this approach is that bulk compositions
can be constructed that maximize the amount of liquid in the run
product. As long as all six phases are present, the system remains
isobarically invariant and the compositions of the phases do not
change. Thus, the composition of carbonate melt in equilibrium
with lherzolite can be readily analyzed by electron microprobe. As
the only data in the CMAS.CO2 system at pressures >3 GPa are
those of Canil and Scarfe (1990), we began with a starting com-
position close to CCMAS1 of Canil and Scarfe (1990, Table 1) but
with slightly more (4.8 wt%) CO2 added. Initial experiments at
6 GPa using this composition were used to approximately locate
the position of the solidus to guide further experiments and to
obtain compositional information on the coexisting phases. The
amount of liquid in these runs was very small and occurred inter-
stitially but some acceptable analyses were obtained. With these
data we could then construct a new bulk composition with the
desired phase proportions (e.g. 40% liquid), locate the invariant
point precisely with the new bulk composition, and analyze the
compositions of all the phases.

Five or ten grams of each bulk composition were prepared from
high purity oxides and carbonates. Carbon dioxide was added as
natural magnesite (Victoria, Australia), kindly donated by Prof.
D. H. Green, which contains <0.5 wt% CaCO3 and <0.03 wt%
FeCO3 (Brey et al. 1983). The silicate portion of each starting
composition was ground under methanol for 50 min and then ®red
for 2 h at approximately 1550 °C. The resultant glass (�crystals)
was then crushed and ground for a further 50 min before the ma-
gnesite was added. The entire mixture was then ground under

Fig. 1 Solidus curve for model carbonated lherzolite in the system
CaO-MgO-SiO2-CO2 (CMS.CO2). Note the sharp drop in solidus
temperature as carbonate becomes a solidus phase at I1
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methanol for 50 min to ensure homogeneity. Approximately 1 mg
of the required starting composition was loaded into a 1.2 mm
O.D. platinum capsule that had previously been sealed at one end
by arc-welding. The capsule plus starting composition was dried at
250 °C for at least 12 h, weighed, welded shut and weighed again.
Capsules were discarded if a weight loss of >10% (excluding
capsule weight) due to decarbonation occurred during ®nal weld-
ing. Total capsule length was 2 mm.

All experiments were performed in a multianvil apparatus at the
University of Texas at Dallas. Experiments were conducted with
18 mm octahedra (95% MgO, 5% Cr2O3), WC cubes with 11 mm
truncations, stepped graphite furnaces, and Al2O3 spacers and
thermocouple sleeves. Temperatures were measured with W5%Re/
W26%Re thermocouples positioned along the axis of the graphite
heater and in contact with the Pt capsules (Fig. 2). Temperatures
were automatically controlled by a Eurotherm 818 solid state
controller to within �1 °C and were uncorrected for the e�ect of
pressure on the EMF of the thermocouple. On the basis of repeated
determinations of the melting point of diopside at 2.5 and 5 GPa,
temperature reproducibility is believed to be �10 °C. Pressure
calibration of the 18 mm assembly at high temperature is the same
as that described by Dalton and Presnall (1997). The pressure
calibration curve is linear in the pressure range 2.5±6 GPa and we
have extrapolated this curve to 7 GPa where we do not expect any
signi®cant departure from linearity. Load was applied to the as-
sembly until target pressure had been achieved and then tempera-
ture was raised at a rate of 100 °C/min. Only successful

determinations of isobaric invariant points are reported in Table 1
although many more runs were made.

Attainment of equilibrium and hydrogen diffusion

The isobaric invariant points were not reversed and we must
therefore look to other criteria to determine if our experiments
approached equilibrium. Irving and Wyllie (1975) noted that re-
action rates in carbonate systems at high pressures and tempera-
tures are quite rapid with equilibrium being achieved in run times
of less than 60 min. In more complex carbonate-bearing silicate
systems, equilibrium has been demonstrated in run times of less
than 5 h based on reversed reactions (Lee et al. 1994). Experimental
durations in our experiments were in excess of these values and the
high proportion of liquid in our runs is likely to facilitate equili-
bration. In fact, the elevated calcium content of residual olivines
(Table 2) is consistent with equilibration with a Ca-rich liquid as
has previously been noted for carbonate (Brenan and Watson 1991;
Dalton and Wood 1993b) and silicate (Watson 1979) systems.
Detailed backscattered electron imaging of the run products did
not reveal any zonation in any of the phases. This suggests that
equilibrium or near-equilibrium conditions were approached in our
experiments.

Pyrophyllite was used as the gasket material in the multianvil
runs, which opens up the possibility of hydrogen di�usion from the
gaskets to the sample where it could combine with oxygen to form
water. To minimize this possibility, the octahedral assembly was
dried for at least 1 h at 120 °C before being immediately employed
in the assembly. No evidence for H2 di�usion was found in these
runs in the form of hydrous phases or anomalously low melting
temperatures, which suggests that our experiments were anhydrous
or nearly so.

Analytical procedures

At the conclusion of each experiment the entire capsule was
mounted longitudinally in epoxy resin and ground under oil. Due
to the often fragile nature of the charge, it was necessary to
vacuum-impregnate the capsule repeatedly with epoxy resin and re-
grind until a satisfactory surface for diamond polishing was ob-
tained. This technique successfully minimized plucking of carbon-
ate melt and crystalline carbonate, enabling the attainment of a
¯at and well polished surface necessary for electron microprobe
analysis.

The compositions of the crystalline phases and of the melt were
determined by wavelength dispersive electron microprobe analysis
using a 5-spectrometer JEOL JXA 8600 Superprobe. The silicate
phases were analyzed with a focused beam using an acceleration
voltage of 15 kV and a beam current of 15 nA. Standards employed
were olivine (Mg), wollastonite (Ca, Si) and garnet (Al). Data were
processed using the Bence-Albee matrix correction routine with the
alpha coe�cients of Albee and Ray (1970). Except for garnet, at
least 20 analyses of each silicate phase were made. Solid carbonate

Table 1 Experimental condi-
tions and results Experiment Pressure

(GPa)
Temperature
(°C)

Time (h) Resulta

KM48 3 1245 6 Ol, Opx, Cpx, Gt, Dmtb, Liq
KM50 3.5 1270 6 Ol, Opx, Cpx, Gt, Dmt, Liq
KM19 4 1290 6 Ol, Opx, Cpx, Gt, Dmt, Liq
KM25 5 1330 6 Ol, Opx, Cpx, Gt, Mst, Liq
KM14 6 1380 6 Ol, Opx, Cpx, Gt, Mst, Liq
KM29 7 1430 6 Ol, Opx, Cpx, Gt, Mst, Liq

aOl olivine, Gt garnet, Dmt dolomite, Mst magnesite, Liq liquid
bDmt refers to a carbonate phase that is a solid solution between CaCO3 and CaMg(CO3)2

Fig. 2 Construction of the 18 mm pressure assembly used in this
study
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phases were analyzed according to the methodology of Lane and
Dalton (1994). Brie¯y, carbonate standard compositions are en-
tered into the standard ®le as MO4 instead of MCO3. ZAF calcu-
lations by means of O stoichiometry with metals of false valence 8
yield compositions as wt% oxide (MO4) in the unknown carbonate,
which are recalculated as metal carbonate to yield the wt% of
elements in the carbonate. This method gives a total of 100%�

���
n
p
n

(where n is the number of counts and
��
n
p
n is one standard deviation

error due to X-ray generation statistics) which provides an indi-
cator of analytical quality. Beam conditions were 15 kV and 5 nA
for acceleration voltage and beam current respectively. For mag-
nesian carbonates it was found that a 5 lm beam gave good ana-
lyses while for the calcium-bearing carbonates a broader beam was
used where possible. Standards employed were calcite (Ca) and
magnesite (Mg), the data being processed using the ZAF matrix
correction routine. At least ®ve analyses of the carbonate phase in
each run were obtained.

Carbonate melt is problematical to analyze for two reasons.
First, it is beam-sensitive and does not quench to a glass; therefore
a defocused beam must be used. Second, the quenched matrix is
dominantly composed of Ca-Mg carbonates but also contains a
small silicate fraction. Thus, a representative analysis of such a
melt cannot be quantitatively obtained with either of the two an-
alytical procedures outlined above, because in each case informa-
tion concerning elements present in the melt is missing from the
correction routine(s). However, it is common practice to analyze
carbonate melts using the same routine as for analyzing silicates.
Low totals (50±60 wt%) result because CO2 is not included in the
correction routine. Although it is not an ideal procedure to assume
CO2 by di�erence, this is currently the most satisfactory method
available and accordingly we have analyzed our melts this way.
Consistency in analytical totals was achieved when analyzing the
melt with all totals falling at 55 � 1 wt%. The melt was analyzed
with a 15±20 lm beam using Bence-Albee matrix correction pro-
cedures. For each experiment, 5±10 analyses of the melt were ob-
tained.

Experimental results

General observations

Experiments that produced well-crystallized assemblages
of olivine + orthopyroxene + clinopyroxene + gar-
net + carbonate, together with analyzable amounts of
liquid, are considered successful determinations of iso-
baric invariant points. Tables 2 and 3 give the compo-
sitions of the phases at each invariant point. In the
pressure range investigated (3±7 GPa), the solidus melts
are CO2-rich (>40 wt%) and SiO2-poor (£6 wt%), and
can be considered carbonatitic in composition (Table 3).

In all cases, quench liquid occurs both interstitially
and as a separated volume located at the top of the
charge. Occasionally, separated liquid is also found at
the bottom of the charge. This indicates that the tem-
perature pro®le in the furnace is slightly saddle-shaped
with a shallow thermal minimum in the center of the
charge. Positioning of the capsule from run to run varies
slightly, which accounts for the observed di�erences in
liquid positioning from experiment to experiment. The
texture of the liquid separated from the crystals is typical
of carbonate melt in experimental products (e.g. White
and Wyllie 1992; Dalton and Wood 1993b; Sweeney
1994) with acicular and often feathery quench carbonate
interwoven with subordinate amounts of rod-like
quench silicate (Fig. 3a, b). Melt that occurs interstitially
has a similar type of texture except that the amount of

Table 2 Composition of silicate phases

Run KM48 KM50 KM19 KM25 KM14 KM29
P (GPa)/T ( °C) 3/1245 3.5/1270 4/1290 5/1330 6/1380 7/1430

Clinopyroxene
CaO 21.08 (38)a 20.86 (50) 23.37 (79) 24.00 (69) 23.32 (70) 22.59 (62)
MgO 20.50 (48) 21.21 (38) 19.61 (82) 19.00 (45) 19.56 (73) 20.26 (52)
Al2O3 4.12 (54) 3.19 (45) 2.31 (50) 2.49 (49) 1.90 (44) 0.78 (10)
SiO2 54.12 (39) 55.11 (44) 54.52 (62) 54.24 (47) 54.77 (66) 56.07 (35)
Total 99.82 100.37 99.81 99.73 99.55 99.70

Orthopyroxene
CaO 1.85(30) 2.44 (56) 2.19 (33) 1.65 (17) 1.81 (39) 1.80(20)
MgO 36.76(41) 36.60 (29) 36.92 51) 37.97 (48) 37.79 (51) 37.82(45)
Al2O3 4.01(29) 3.66 (32) 2.46 (44) 1.12 (29) 1.05 (14) 0.95(11)
SiO2 57.62(41) 57.26 (68) 58.98 (52) 59.39 (52) 59.66 (43) 59.81(48)
Total 100.24 99.96 100.55 100.13 100.31 100.38

Olivine
CaO 0.24(3) 0.30 (8) 0.25 (40) 0.12 (5) 0.19 (11) 0.20(5)
MgO 56.82(36) 56.77 (36) 56.64 (40) 57.00 (65) 56.49 (42) 56.10(59)
Al2O3 0.04(3) 0.06 (6) 0.03 (4) 0.01 (1) 0.03 (3) 0.04(2)
SiO2 43.36(23) 43.18 (40) 43.37 (39) 43.31 (41) 43.34 (31) 43.53(18)
Total 100.46 100.31 100.29 100.44 100.05 99.87

Garnet
CaO 6.47(66) 7.00 (43) 8.80 (65) 8.19 (31) 8.25 (39) 8.70(13)
MgO 24.95(46) 24.19 (35) 23.18 (60) 24.14 (37) 23.77 (36) 23.12(17)
Al2O3 24.60(34) 24.37 (28) 24.75 (38) 24.12 (32) 23.91 (30) 23.89(12)
SiO2 44.27(47) 44.95 (30) 43.54 (59) 44.08 (32) 44.22 (32) 45.26(24)
Total 100.29 100.51 100.27 100.54 100.15 100.97

aValue in parentheses is one standard deviation in terms of least signi®cant digits based on at least 20 spot analyses for cpx, opx, and
olivine, and at least 5 spot analyses for garnet
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the quench silicate component is lower, which may in-
dicate quench modi®cation of the liquid. To avoid this
problem, analyses of quench liquid presented in Table 3
are all from the top of the capsule well away from the
crystals.

The silicate phases always display subhedral to eu-
hedral forms. Orthopyroxene (opx) is by far the largest
phase present in experiments at pressures ³4 GPa, fre-
quently attaining sizes of 100 lm or more in length. In
the lower pressure experiments (3 and 3.5 GPa), opx is
still tabular in form but is generally £25 lm in size. Tiny
(<5 lm), rounded inclusions of garnet, clinopyroxene,
and carbonate are commonly observed in orthopyrox-
ene. Olivines generally contain fewer inclusions and
rarely attain sizes greater than 40 lm. Garnet and
clinopyroxene are always the smallest of the silicate
phases present with the former displaying a rounded
subhedral form and sizes of 10 lm or less. Clinopy-
roxene (cpx) on the other hand, is usually 10±15 lm in
size and almost always displays good euhedral form.
Analysis of cpx in experiments KM14, 19, and 25 oc-
casionally gave compositions distinctly di�erent from
the mean cpx analysis presented in Table 2. In particu-
lar, the Ca/Mg ratio and Al2O3 contents of these cpx are
consistently lower than the dominant cpx compositions
although they are indistinguishable in terms of form.
These cpx display good stoichiometry, which rules out a
spatial averaging e�ect during electron microprobe
analysis, i.e. the primary excitation volume is located
entirely within the cpx and not infringing on melt or
other crystals below the cpx grain. Currently, we believe
that these minority cpx, which account for less than
20% of the total number of cpx analyzed, are metastable
cpx that formed while temperature was being raised to
the ®nal run conditions.

Carbonate in the experiments is either magnesite (5,
6 and 7 GPa), dolomite (4 GPa) or magnesian calcite
(3.5 and 3 GPa) (Table 3). Magnesite typically forms
subhedral to slightly rounded crystals 15±20 lm in di-

Table 3 Composition of carbonate and liquid

Run KM48 KM50 KM19 KM25 KM14 KM29
P (GPa)/T (°C) 3/1245 3.5/1270 4/1290 5/1330 6/1380 7/1430

Carbonate Dolomite Dolomite Dolomite Magnesite Magnesite Magnesite
CaCO3 72.30 (80)a 67.69 (1.2) 62.51 (98) 10.12 (30) 8.17 (20) 6.42 (22)
MgCO3 28.27 (70) 31.83 (1.0) 38.02 (70) 90.54 (25) 91.46 (24) 93.61 (25)
Total 100.57 99.52 100.53 100.66 99.63 100.03
Ca/(Ca+Mg) 0.68 (3) 0.64 (4) 0.58 (4) 0.09 (4) 0.07 (4) 0.05 (6)

Liquid
CaO 33.44 (26) 31.55 (28) 30.76 (88) 29.11 (65) 28.03 (89) 25.94 (80)
MgO 16.63 (20) 17.82 (25) 18.70 (73) 20.24 (50) 20.91 (1.3) 23.26 (1.1)
Al2O3 0.64 (5) 0.85 (5) 0.64 (14) 0.55 (10) 0.66 (12) 0.31 (4)
SiO2 5.44 (24) 6.08 (28) 5.22 (82) 5.36 (80) 5.79 (93) 5.17 (1.1)
CO2

b 43.85 43.70 44.68 44.74 44.61 45.32
Total 100.00 100.00 100.00 100.00 100.00 100.00
Ca/(Ca+Mg) 0.59 (1) 0.56 (1) 0.54 (3) 0.51 (3) 0.49 (5) 0.45 (3)

a Value in parentheses is one standard deviation in terms of least signi®cant digits based on at least 5 analyses for both carbonate and
liquid
bBy di�erence

Fig. 3A,B Secondary electron (A) and backscattered electron (B)
micrographs of the separated liquid region in experiment KM25
(5 GPa/1330 °C). Beam conditions were 15 kV and 15 nA. Note the
distinctive carbonate melt quench texture in (b) and the boundary
between melt and residual crystals at the base of the micrograph
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ameter while dolomite occurs in a more elongated,
subhedral form commonly 20±25 lm in length. It can
be seen from Table 3 that the magnesite contains ap-
preciable amounts of Ca in solid solution. Also, the
calcium content of magnesite decreases linearly with
increasing pressure from 5 to 7 GPa in agreement with
the observations of Brey et al. (1983), who bracketed
the position of reaction (2) (Fig. 1). Dolomite at 4 GPa
has a Ca# of 0.58 and is thus slightly enriched in Ca
with respect to stoichiometric dolomite. With decreas-
ing pressure from 4 GPa, the calcium content of the
solidus carbonate increases such that at 3.5 and 3 GPa,
it is best described as magnesian calcite. However, in
Table 1 and Fig. 1 and all subsequent tables and ®gures
we have, for simplicity, retained the term dolomite to
describe the carbonate phase that occurs between and
including I1 and I2 on the carbonated lherzolite solidus
even though the carbonate is a solid solution between
CaCO3 and CaMg(CO3)2. Magnesian calcite in KM50
(3.5 GPa) and KM48 (3 GPa) is frequently small
(<5 lm) and sometimes di�cult to distinguish from the
carbonate component of quench interstitial liquid.
However, occasional grains ³10 lm in size were ana-
lyzable and from Table 3 we have Ca# of 0.64 and 0.68
for 3.5 and 3 GPa, respectively. The calcitic nature of
carbonate in peridotitic compositions in the 2±3 GPa
pressure range has been noted by previous workers
(Wyllie et al. 1983; Dalton and Wood 1993b) and our
data support the conclusion that magnesian calcite is a

stable carbonate phase at upper mantle pressures and
temperatures. The Ca# of 0.68 for carbonate at 3 GPa
(KM48) is in good agreement with values of 0.68±0.7
reported by Dalton and Wood (1993b) for carbonate in
equilibrium with olivine, opx, spinel and liquid at
3 GPa and 1300 °C.

Tables 2 and 3 give the compositions of all of the
phases at each isobaric invariant point. These data are
used to determine the melting reaction at each such
point (Table 4) following the procedure of Presnall
(1986). It can be seen that for each pressure investigated,
invariant points correspond to peritectics. In the ma-
gnesite stability ®eld (5, 6 and 7 GPa), Table 4 shows
that the melting reaction changes from 6 to 7 GPa with
garnet moving from the right hand side to the left hand
side of the melting reaction. This indicates the occur-
rence of a singular point at some pressure between 6 and
7 GPa. The compositional data in Tables 2 and 3 can
also be used to determine the univariant reactions and
reaction coe�cients about the invariant points I1 and I2
for the CMAS.CO2 system and these are given in Ta-
ble 5. To avoid confusion with the CMS.CO2 system,
we have termed the invariant points I1 and I2, I1A and
I2A respectively in CMAS.CO2 (Fig. 4). A comparison
of Tables 4 and 5 reveals that there must be two singular
points on the carbonated lherzolite solidus between I1A
and I2A. The ®rst of these occurs between I1A and 3 GPa
as garnet moves from the right hand side of the
lherzolite solidus reaction at I1A (CO2-free reaction in

Table 4 Melting reactions
Pressure (GPa) Reactiona

7 45 Mst + 0.5 Gt + 54.5 Cpx = 5 Ol + 44 Opx + 51 Liq
6 44 Mst + 56 Cpx = 7 Ol + 40 Opx + 1 Gt + 51 Liq
5 45 Mst + 55 Cpx = 7 Ol + 39 Opx + 3 Gt + 51 Liq
4 76 Dmt + 23 Opx + 1 Gt = 10 Ol + 10 Cpx + 80 Liq
3.5 68 Dmt + 32 Opx + 0.1 Gt = 10 Ol + 18 Cpx + 72 Liq
3 69 Dmt + 31 Opx + 0.1 Gt = 8 Ol + 19 Cpx + 73 Liq

aOl olivine, Gt garnet, Dmt dolomite, Mst magnesite, Liq liquid

Table 5 Univariant lines about
the invariant points I1A and I2A
in CMAS.CO2

Reactiona

I1A (2.6 GPa)
64 Dmt + 36 Opx = 10 Ol + 22 Cpx + 2 Gt + 66 Liq (CO2)

b

78 Opx + 22 Dmt = 36 Ol + 49 Cpx + 5 Gt + 10 CO2 (Liq)
7 CO2 + 12 Ol + 4 Cpx + 76 Dmt = 4 Opx + 96 Liq (Gt)
7 CO2 + 10 Ol + 2 Opx + 80 Dmt = 0.002 Gt + 100 Liq (Opx)
7 CO2 + 8 Ol + 3 Opx + 81 Dmt = 0.004 Gt + 100 Liq (Cpx)
4 CO2 + 20 Opx + 76 Dmt = 11 Cpx + 1 Gt + 88 Liq (Ol)
37 Ol + 47 Cpx + 4 Gt + 12 CO2 = 74 Opx + 26 Liq (Dmt)

I2A (4.8 GPa)
84 Dmt + 11 Opx + 4 Cpx + 1 Gt = 11 Ol + 89 Liq (Mst)
52 Dmt + 28 Cpx + 20 Mst = 10 Ol + 11 Opx + 78 Liq (Gt)
55 Cpx + 45 Mst = 49 Dmt + 1 Ol + 48 Opx + 2 Gt (Liq)
72 Dmt + 17 Cpx + 11 Mst + 1 Gt = 11 Ol + 89 Liq (Opx)
84 Dmt + 1 Gt + 15 Opx = 11 Ol + 86 Liq + 3 Mst (Cpx)
53 Dmt + 2 Gt + 45 Opx = 50 Cpx + 42 Mst + 9 Liq (Ol)
56 Cpx + 44 Mst = 7 Ol + 1 Gt + 40 Opx + 51 Liq (Dmt)

a Phase abbreviations as in Table 4
bAbsent phase in parentheses
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Table 5), to the left hand side of the solidus reaction at
3 GPa as seen in Table 4. The second singular point
occurs between 4 and 4.8 GPa (I2A) where cpx moves
from the right hand side of the lherzolite solidus reac-
tion at 4 GPa (Table 4), to the left hand side of the
solidus reaction at I2A (magnesite-free reaction, Ta-
ble 5).

It is also evident from Table 5 that the two sub-sol-
idus, liquid-absent reactions in the CMAS.CO2 system
which terminate at I1A and I2A are not identical to the
liquid-absent reactions in the CMS.CO2 system,
reactions (1) and (2), which terminate at I1 and I2 res-
pectively on Fig. 1. In the Al-bearing system, the liquid-
absent reaction that introduces dolomite as a solidus
phase at I1A is:

78 Opx� 22 Dolomite �36 Olivine� 49 Cpx

� 5 Garnet� 10 CO2

�1A�

while the liquid-absent reaction that marks the change
from dolomite-bearing to magnesite-bearing lherzolite at
I2A is:

55 Cpx� 45 Magnesite � 49 Dolomite� 1 Olivine

� 48 Opx� 2 Garnet:
�2A�

We have labeled these reactions 1A and 2A to distin-
guish them from the liquid-absent reactions in the
CMS.CO2 system (Fig. 1). Brey et al. (1983) determined
the position of reaction (2) in the CMS.CO2 system
using both piston-cylinder (to 4 GPa) and belt appara-
tus (to 5 GPa). In Fig. 1 we show only their piston-
cylinder determination in order to be consistent with
Wyllie et al. (1983), who located reaction (1) in a piston-

cylinder apparatus. From the phase compositions in
Table 1 of Brey et al. (1983) we can calculate coe�cients
for reaction (2) in the CMS.CO2 system:

56 Cpx� 44 Magnesite � 48 Dolomite� 52 Opx:

For the purposes of this calculation we have assumed
that olivine is not involved in this reaction although this
may not strictly be the case if olivine contains a small
amount of CaO. The good agreement in reaction coef-
®cients between reactions (2) and (2A) is encouraging,
and implies that the two reactions are not far apart in
PT space. This is because the compositions of diopside,
enstatite, dolomite, and magnesite are sensitive to
changes in P and/or T (Brey et al. 1983; this study), and
thus one would expect to see very di�erent reaction
coe�cients for (2) and (2A) if they were in very di�erent
PT positions. Reactions (1A) and (2A) are more repre-
sentative of the natural situation than reactions (1) and
(2).

Lherzolite solidus in the CMAS.CO2 system

Figure 4 shows the position of the carbonated lherzolite
solidus in the CMAS.CO2 system from 3 to 7 GPa de-
termined in this study. In agreement with Canil and
Scarfe (1990), we ®nd that the essential topology of the
corresponding solidus in the CMS.CO2 system is re-
tained when Al2O3 is added to the system. The dT/dP
slope of the CMAS.CO2 solidus is approximately the
same as that for the temperature minimum on the soli-
dus and liquidus between calcite and dolomite, the latter
being some 30±40 °C higher in the 3±6 GPa pressure
range (Irving and Wyllie 1975). This con®rms the sug-
gestion of Wyllie (1977) that the carbonated lherzolite
solidus at pressures above I1 would have a dT/dP slope
parallel to the carbonate fusion curves and illustrates the
strong control of the temperature minimum in the
CaCO3-CaMg(CO3)2 system on the solidus temperature
in CO2-bearing peridotite systems (Wyllie and Huang
1976). We show the volatile-absent CMAS solidus on
Fig. 4 (Gud®nnsson and Presnall 1996) to emphasize the
large di�erence in temperature between the volatile-ab-
sent and volatile-bearing solidi at pressures >2 GPa.
Although we have no data on the location of the
CMAS.CO2 solidus at pressures below I1A, its position is
constrained to be at lower temperatures than the vola-
tile-absent solidus. With decreasing pressure, the two
solidi approach each other as the solubility of CO2 in
silicate melt becomes lower with decreasing pressure
(Mysen 1975) until at 1 atm (0.101 MPa) the two curves
will be at e�ectively the same temperature. The low-
temperature cusp in both of these solidi at a pressure of
approximately 0.9 GPa results from the intersection of
the subsolidus spinel lherzolite to plagioclase lherzolite
transition with the solidus. Likewise the intersection of
the spinel lherzolite to garnet lherzolite transition with
the solidus also generates a cusp on the CMAS.CO2

solidus at approximately 2.1 GPa (Fig. 4).

Fig. 4 Solidus curve for model carbonated lherzolite (Ol + Opx
+ Cpx + Gt + carbonate) in the system CaO-MgO-Al2O3-SiO2-
CO2 (CMAS.CO2) determined in this study. The volatile-absent
lherzolite solidus in the CMAS system is from Gud®nnsson and
Presnall (1996)
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In the preceding section it was made clear that the
two liquid-absent reactions in the CMAS.CO2 system,
(1A) and (2A), are not equivalent to reactions (1) and (2)
in the CMS.CO2 system shown on Fig. 1. The involve-
ment of small amounts of garnet in reaction (1A) and
both garnet and olivine in reaction (2A), requires that
these two reactions have di�ering PT coordinates to
reactions (1) and (2) respectively. However, we have no
data on the position of these reactions, nor is it possible
to calculate their position for pure phases and then ad-
just for non-ideality, because there is no other aluminous
phase to balance garnet in either of these reactions.
Thus, until experimental data become available, we have
recalculated the positions of reactions (1) and (2) to in-
clude the e�ect of solid solution on these reactions based
on our data in the CMAS.CO2 system (Tables 2 and 3)
and the equations of Dalton and Wood (1993a) and we
show these as dashed lines in Fig. 4. For these calcula-
tions, olivine and garnet, although present in small
amounts, have been ignored. With these approximate
positions for curves (1A) and (2A), we obtain approxi-
mate positions for the two invariant points I1A and I2A
for the CMAS.CO2 system at 2.6 GPa/1230 °C and
4.8 GPa/1320 °C, respectively (Fig. 4). In accordance
with Schreinemakers' rules we show a slight change in
the slope of the CMAS.CO2 solidus at I2A where the
sub-solidus reaction intersects the solidus. The location
of I2A is supported by our experiments that show ma-
gnesite as the stable carbonate phase in equilibrium with
lherzolite at the solidus at 5 GPa, and dolomite as the
stable carbonate phase at the lherzolite solidus at 4 GPa
(Table 1). These runs bracket the intersection of reaction
(2A) with the solidus (i.e. I2A) between 4 and 5 GPa. We
do not have the same level of constraint on the location
of reaction (1A) but it is unlikely that the addition of a
small amount of garnet to this reaction would shift its
position signi®cantly.

White and Wyllie (1992) recently presented data for
the CMS.CO2 system and show I1 to be close to
2.87 GPa and 1265 °C (Fig. 3, White and Wyllie 1992).
This position is consistent with the data of Eggler (1978)
on the position of the CMS.CO2 solidus at pressures
>I1, and with the Wyllie et al. (1983) position of reac-
tion (1) in the CMS.CO2 system. Our determination of
I1A in CMAS.CO2 at 2.6 GPa/1230 °C is also consistent
with a location for I1 in CMS.CO2 at between 2.8 and
2.9 GPa and 1260±1270 °C, i.e. at slightly higher pres-
sure and temperature than in the CMAS.CO2 system.
Furthermore, the ~30 °C di�erence between I1 in
CMS.CO2 and I1A in CMAS.CO2 is in good agreement
with the observed 50 °C di�erence between the
CMAS.CO2 solidus (data from this study) and the
CMS.CO2 solidus at 7 GPa (Arima and Presnall, work
in preparation).

Figure 5 compares our determination of the
CMAS.CO2 solidus together with the CMS.CO2 and
CMAS.CO2 solidi of Canil and Scarfe (1990). Note that
our solidus occurs at much higher temperatures than
either the CMS.CO2 or the CMAS.CO2 solidus of Canil

and Scarfe (1990). In fact, our solidus is consistently
about 100 °C higher than the CMAS.CO2 solidus of
Canil and Scarfe (1990) but has essentially the same
slope. We have no certain explanation for this discrep-
ancy or for the observation that the CMS.CO2 and
CMAS.CO2 solidi of Canil and Scarfe (1990) cross at a
pressure of approximately 6.65 GPa (Fig. 5). However,
in the pressure assembly employed by Canil and Scarfe
(1990), the thermocouple is inserted through the side of
the heater. As discussed by Herzberg et al. (1990), a
thermocouple inserted in this manner will read melting
temperatures that are too low. From our data and that
of Arima and Presnall (in preparation), the estimated
position of the CMS.CO2 solidus at pressures above I1 is
shown as a dashed line in Fig. 5 together with reactions
(1) and (2) in CMS.CO2 and the solidus below I1 (all
from Fig. 1). From Fig. 5 it can be seen that the width of
the solidus ledge is less in CMAS.CO2 than in
CMS.CO2. It should be noted, however, that as we have
no data on the position of the CMAS.CO2 solidus below
I1A, the ledge could be broader than shown in Figs. 4
and 5, although it will always occur at a lower temper-
ature than the CMS.CO2 solidus.

Composition of carbonate melts

Table 3 shows that solidus melt compositions are car-
bonatitic in nature with high CO2 and low SiO2 con-

Fig. 5 Comparison of the carbonated lherzolite solidus in the
CMAS.CO2 system determined in this study with the carbonated
lherzolite solidi in the CMS.CO2 (dash-dot) and CMAS.CO2 (dotted)
systems determined by Canil and Scarfe (1990) from 4 to 12 GPa.
Also shown by the ®lled square is the position of the carbonated
lherzolite solidus in the CMS.CO2 system at 7 GPa determined by
Arima and Presnall (in preparation), and the CMS.CO2 solidus and
decarbonation reactions from Fig. 1 together with the estimated
position of the solidus above I1 (all dashed lines)
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tents, neither of which shows any signi®cant variation in
the pressure range investigated. However, the Ca and
Mg contents of both the carbonate melt and coexisting
crystalline carbonate change along the solidus and this is
shown in Fig. 6 as a plot of Ca# against pressure.

Solidus melts in the magnesite stability ®eld

Figure 6 and Table 3 show that carbonate melt com-
positions in the magnesite stability ®eld are dolomitic in
character with Ca/(Ca + Mg) ratios of 0.45, 0.49, and
0.51 for 7, 6, and 5 GPa, respectively. The coexisting
magnesite in these experiments shows a substantial Ca
content in this pressure range that systematically de-
creases with increasing pressure along the solidus
(Fig. 6). This is re¯ected in the Ca content of the coex-
isting carbonate melt, which likewise shows a decrease in
Ca content with increasing pressure from 5 to 7 GPa.
However, the Mg/Ca ratios of these melts (0.96±1.4) are
still lower than those determined for natural kimberlites
(>2.5), which argues against a transition in solidus melt
composition from carbonatitic to kimberlitic-like melts
with increasing pressure, certainly to 7 GPa. Thus, the
presence of magnesite rather than dolomite as the stable
carbonate phase does not lead to a signi®cant increase in
the Mg content of the melt as has been suggested (Brey
et al. 1983; Katsura and Ito 1990). It is also noteworthy
that the SiO2 and CO2 contents of the melts in the ma-
gnesite stability ®eld are indistinguishable from those in
the dolomite stability ®eld (Table 3). This implies that as
long as carbonate is a stable phase in mantle assem-
blages, solidus melts will always be CO2-rich and SiO2-
poor, even at pressures signi®cantly higher than the
maximum achieved in our data set. Such carbonate
melts may be important in pre-enriching the source re-
gion(s) of both kimberlites and carbonatites, but the

relationship of these melts to primary kimberlite melts, if
they exist, remains uncertain.

Solidus melts in the dolomite stability ®eld

As pressure decreases from 4.8 GPa at I2A, the carbon-
ate melt and coexisting carbonate trend towards in-
creasingly calcitic compositions. It has already been
noted that carbonate compositions at 3.5 (Ca#, 0.64)
and 3 GPa (Ca#, 0.68) are magnesian calcite in com-
position (Table 3). Dalton and Wood (1993a) showed
that at temperatures exceeding the crest of the calcite-
dolomite solvus (�1020 °C at 3 GPa), the carbonate
involved in reaction (1) is disordered and is a solid so-
lution between calcite and dolomite. They distinguished
a ®eld of carbonate solid solution at temperatures above
the solvus crest and pressures above reaction (1) but
below reaction (2), where the carbonate becomes more
magnesian (i.e. closer to dolomite) with increasing
pressure. The carbonate data presented in Fig. 6 con®rm
this trend and indicate that the Ca# of dolomite at I2A
would be �0.5 and that of magnesian calcite at I1A
would be �0.72, in good agreement with the experi-
mental data of Brey et al. (1983) and Wyllie et al. (1983)
respectively in CMS.CO2. The experimental demon-
stration that magnesian calcite is stable in lherzolitic
assemblages is supported by the recent ®nding of mag-
nesian calcite in lherzolitic xenoliths from Spitsbergen
(Ionov et al. 1996).

Wyllie (1977) and Eggler (1978) suggested from phase
relations in CMS.CO2 that near solidus carbonate melts
at pressures at and just above I1 would have Ca# >0.5.
Our present data at 3.5 (Ca#, 0.56) and 3 GPa (Ca#,
0.59) in CMAS.CO2 con®rm these earlier suggestions
that the composition of carbonate melt in equilibrium
with carbonated model lherzolite in CMS.CO2 and
CMAS.CO2 at pressures at and just above I1/I1A is not
dolomitic, but is enriched in calcium relative to dolomite
(Table 3; Fig. 6). However, the Ca# of the carbonate
melt at 3 GPa determined in this study is less than the
value of 0.68 given by Dalton and Wood (1993b) for
carbonate melt in equilibrium with natural harzburgite
at the equivalent pressure. To resolve this discrepancy,
we repeated the 3 GPa experiment of Dalton and Wood
(1993b) using the same starting composition (SM57)
except that more cpx was added to ensure cpx satura-
tion. Analyses of the separated liquid phase at 3 GPa
and 1250 °C in which olivine, cpx, opx and carbonate
were present, gives a Ca# of 0.57 with the SiO2 content
of the melt ranging from 5 to 8.5 wt%. These values are
in excellent agreement with the current data for
CMAS.CO2 at 3 GPa. Compared to the separated liq-
uid, the SiO2 content of the interstitial liquid in this run
is generally lower (<3 wt%) and the Ca# is higher, with
values up to 0.69, i.e. the liquids are compositionally
similar to those reported by Dalton and Wood (1993b).
In fact, a similar pattern emerges from analyses of in-
terstitial liquid in the CMAS.CO2 runs. For example, a

Fig. 6 Plot of pressure (GPa) against the Ca/(Ca + Mg) ratio of
coexisting crystalline carbonate (open circles) and carbonate melt
(®lled circles). Data are taken from Table 3. The dashed lines represent
the location of the invariant points I1A and I2A on the CMAS.CO2

solidus (Fig. 4)
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broad beam (15 lm) analysis of interstitial liquid in
experiment KM48 (3 GPa) gives a Ca# of 0.64 and an
SiO2 content of 1.62 wt%. Thus, the value of 0.68 re-
ported by Dalton and Wood (1993b) is attributed to
quench modi®cation of the interstitial melt that they
analyzed. In Table 3 we report only analyses of the
separated liquid.

From an analysis of phase relations in the CMS.CO2

system at pressures just above I1, Wyllie and Huang
(1975, 1976) concluded that the ®rst liquid produced by
partial melting of an assemblage of forsterite + diop-
side + enstatite + carbonate would have a composi-
tion strongly in¯uenced by the position of the
temperature minimum on the liquidus for the CaCO3-
MgCO3 system (see Fig. 9 of Wyllie and Huang 1976).
Irving and Wyllie (1975) determined phase relations for
the CaCO3-MgCO3 system at 3 GPa and reported a
temperature minimum (Tm) at ~1290 °C for a compo-
sition near 58 mol% CaCO3 (i.e. Ca# 0.58). Our data for
the CMAS.CO2 system at 3 GPa with a liquid compo-
sition of Ca# 0.59 are in agreement with the observa-
tions of Wyllie and Huang (1975, 1976) and demonstrate
that the addition of Al2O3 does not greatly alter the
liquidus relationships in CMS.CO2 as was indicated by
experiments on the join grossularite-calcite at 3 GPa
(Maalùe and Wyllie 1975). Although there are as yet no
data available for the CaCO3-MgCO3 system at pres-
sures above 3 GPa, it is likely that the movement of Tm
towards MgCO3 discovered by Byrnes and Wyllie (1981)
in the pressure interval 1±3 GPa continues at high
pressures. If so, the correlation between the Ca# of the
temperature minimum in the CaCO3-MgCO3 system
and the Ca# of carbonatitic melts in equilibrium with
model lherzolite in both CMS.CO2 and CMAS.CO2

must extend to at least 7 GPa. This explains our ob-
servation that at pressures >I2A, an Mg-rich carbonate
(magnesite) coexists with a carbonate liquid of much
lower Mg content. Figure 6 also shows that in the do-
lomite ®eld, the Ca# of the melt is lower than the Ca# of
the coexisting carbonate whereas the opposite is true for
experiments in the magnesite stability ®eld. This would
be expected if, as discussed above, the melt composition
is strongly in¯uenced by the composition of Tm, as a
carbonate on the Mg-rich side of Tm (magnesite) will
coexist with a less Mg-rich melt while the converse is
true for a carbonate (magnesian calcite) on the Ca-rich
side of Tm.

Comparison with experimental data
on natural compositions

In other experimental studies on carbonated peridotite
in natural systems, Thibault et al. (1992) equilibrated
carbonate melt with phlogopite lherzolite at 3 GPa and
1100 °C while Sweeney (1994) equilibrated carbonate
melt with phlogopite-bearing, garnet clinopyroxenite at
3.4 GPa, also at 1100 °C. The Ca# of these melts are

0.51 and 0.53 respectively, in contrast to the more Ca-
rich melts found in this study. However, a direct com-
parison of our data to these studies is not realistic as
they were all conducted on Na and/or K-rich bulk
compositions in the presence of water, all of which have
a signi®cant e�ect on the phase relations. Lee and Wyllie
(1997) suggested that with alkalis present in the bulk
composition, the Ca# in the melt decreases, an e�ect
that is consistent with the di�erences between CMAS.-
CO2, natural depleted lherzolite (Dalton and Wood
1993b) and the data of Thibault et al. (1992) and
Sweeney (1994). Bulk composition, including volatiles,
has a strong e�ect on the solidus and near-solidus car-
bonate melt composition, and primary carbonate melts
will vary in, among other things, Ca# and alkali content,
as discussed by Dalton and Wood (1993b).

Concerning carbonatites

The experimental demonstration from this study and
others that carbonate melt is in equilibrium with
lherzolite under upper mantle conditions begs the
question of the relationships between such melts and
natural carbonatites found at the Earth's surface. It is
not the purpose of this study to discuss at length the
many debates surrounding carbonatite petrogenesis but
our data do allow us to make a few observations.

The majority of carbonatites of both the intrusive
and extrusive variety are calcitic with higher Ca# than
those generated in high pressure experiments, i.e. the
average Ca# of natural intrusive calciocarbonatites
compiled by Woolley and Kempe (1989) is 0.95 com-
pared to a Ca# of 0.59 for carbonate melt in equilibrium
with garnet lherzolite at 3 GPa (Fig. 6). Thus, the ex-
perimental melts at pressures at and above I1A are much
closer in composition to natural magnesiocarbonatites,
the intrusive variety of which has an average Ca# of 0.59
(Woolley and Kempe 1989). An intriguing possibility,
therefore, is that some magnesiocarbonatites represent
direct eruption of carbonate melt from the mantle source
region in a manner similar to kimberlite emplacement.
Bailey (1989) described magnesiocarbonatite pyroclastic
deposits from Rufunsa, Zambia, that carry melt droplets
of high Sr, high Mn, Fe-free dolomite (Ca# 0.5±0.52)
containing microphenocrysts of magnesiochromite that
are compositionally equivalent to those found in mantle
xenoliths in kimberlites. There are no associated silicate
magmas at Rufunsa and the volcanological features are
indicative of high-velocity diatremic eruption. These
facts led Bailey (1989) to suggest that the Rufunsa vol-
canics were of direct mantle origin with the style of ac-
tivity resembling that displayed by kimberlites. Our data
are consistent with Bailey's suggestion, and a compari-
son of the Ca# of carbonate melts determined in this
study (Table 3; Fig. 6) and that of the Rufunsa ma-
gnesiocarbonatites suggests generation from pressures of
at least 3 GPa.
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Any reasonable path of ascent of the Rufunsa car-
bonatite from its mantle source to the surface would
cross the prominent solidus ledge shown in Figs. 1 and 4,
which could cause crystallization and decarbonation,
thereby preventing ascent. The ledge on the lherzolite-
CO2 solidus shown in Fig. 4 is represented by the reac-
tion:

Olivine� Cpx�Garnet� CO2 � Opx� Liquid: �3�
Carbonate (as melt or solid) is unstable in the presence
of lherzolite at pressures below reaction (3). Conse-
quently, a carbonatitic melt in equilibrium with lherzo-
lite will crystallize and decarbonate on encountering the
ledge as pressure decreases. However, this assumes that
the ascending melt is in equilibrium with the peridotite
wall-rock, which may not be the case (Wyllie 1980;
Eggler 1987b). Given the low viscosity of carbonatitic
melt (Janz et al. 1979), calculated eruption speeds of
CO2-rich melts from the upper mantle of 90 km/h)1

(McGetchin and Ullrich 1973), and the diatremic style of
eruption at Rufunsa, it is not unreasonable to suggest
that this volcanic magnesiocarbonatite may well be an
example of the eruption of carbonatitic melt directly
from the mantle source that was out of equilibrium with
the wall-rock through which it ascended. The possibility
exists that other magnesiocarbonatites may have been
generated in a similar manner.

Low degree melts from peridotite ± silica-rich
or silica-poor?

There has been much controversy over the composition
of low degree partial melts of peridotite, highlighted
recently by the experiments of Baker et al. (1995) at
1 GPa, which suggest that near-solidus melts from fertile
peridotite are enriched in SiO2 (up to 57 wt%), Al2O3

and Na2O. As pointed out by Kinzler and Langmuir
(1995), the data of Baker et al. (1995) are at odds with
natural data from alkaline rocks of both oceanic and
continental settings, which indicate low SiO2 contents
for near-solidus melts and that the discrepancy could
result from the fact that the experiments of Baker et al.
(1995) were volatile-absent. From our data in CMAS.-
CO2 from 3 to 7 GPa, it is evident that CO2 has a dra-
matic e�ect on the melting behavior of lherzolite. At
pressures greater than reaction (1A), even the smallest
amount of CO2 present in the mantle is stored in a
carbonate mineral (Fig. 4) given appropriate conditions
of mantle oxygen fugacity (Dalton and Wood 1995).
Therefore, initial liquids from a lherzolite containing
any amount of carbonate will be produced at the car-
bonated lherzolite solidus. In the presence of H2O,
melting will occur at lower temperatures than the model
lherzolite-CO2 solidus shown in Fig. 4 (White and
Wyllie 1992). Although alkali content and Ca/Mg ratio
of the solidus and near-solidus melt are dependent on
bulk composition, these melts will be CO2-rich and very
poor in SiO2 and Al2O3 (Table 3), quite the opposite to

the results for melting of volatile-absent lherzolite. That
this situation exists in the mantle is demonstrated by the
presence of CO2-rich ¯uids in mid-ocean ridge basalts
(Moore et al. 1977; Delaney et al. 1978; Kingsley and
Schilling 1995), CO2 inclusions in mantle xenoliths
(Roedder 1965, 1984; Green and Radcli�e 1975; Rose-
nbaum et al. 1996), and the widespread occurrence of
mantle xenoliths showing evidence of interaction with
carbonatitic melts (Yaxley et al. 1991; Dautria et al.
1992; Hauri et al. 1993; Ionov et al. 1993; Rudnick et al.
1993). The rarity of carbonatites themselves at the
Earth's surface most likely re¯ects lithospheric condi-
tions rather than an absence of these magmas in the
mantle source regions(s), and is supported by the repe-
tition of carbonatite magmatism in speci®c areas over
long periods of geological time (Barker 1996). These
observations imply that low-degree carbonatitic melts
are widely and readily available, with due consequences
for mantle metasomatism and magmatism.
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