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We present new experiments, combined with a re-evaluation of pub-
lished data, to characterize the topology of the silicate—carbonate
two-liquid solvus in the five-component system Si0y-NaoO—
Al;05-Ca0—-CO, (SNACH COy). Conjugate liquid compositions
have been determined for a wide range of pressures (0-1—2-5GPa)
and temperatures (1225-1700°C) as well as variable degrees of
CO, saturation. The expansion of the two-liquid field with increas-
ing pressure and/or decreasing temperature, and the contraction of
the two-liquid field for conditions where Peoo <Py ts accurately
presented for the first time. The shape of the two-liquid solvus sug-
gests  that  alkali-rich  carbonatites can have a range of
81004 Al,0 5 contents down to very low values (<Jwt % ), but
that low-alkali or alkali-free immiscible carbonatites will always
have S1054 Al,O5 contents greater than 1015wt % . The most
commonly observed carbonatite rock compositions observed at the
Earths surface all tend towards low contents of alkalis S10, and
Als0 5 and would have fractionated silicate phases from the carbona-
lite parental melts, possibly associated with alkali loss to coexisting
Sluids. Our results also show that carbonate liquid exsolution can
occur from a COq-undersaturated (Pcoo<P,,) silicate melt.
Although the expanded high-pressure miscibilily gap appears favour-
able for producing natural silicate melt compositions, a low-pressure
(<1-0 GPa) magma chamber in the crust or perhaps in the shallow
mantle below a rift provides the most likely environment for immusci-
bility to arise owing to the lower CO, demand of the silicate
magma. Unusual textures in some experiments, suggestive of a de-
Jormable liquid state for the CaCO 5 phase, are conclusively shown
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to be characteristic of a non-quenchable, high-temperature polymorph
of solid calcite. Simalar calcite globules with this rounded appear-
ance, which are also observed in some nephelinite lavas and mantle
xenoliths, must be solid calcite and not tmmuscible liquids. This is
consistent with the high S105+ Al,05 requirement of low-alkali
or alkali~free immuscible carbonate liquids.
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INTRODUCTION

Numerous experimental studies on silicate—carbonate
liquid immiscibility have been undertaken during the past
four decades, and the results have been used to speculate
on the origin of carbonatite magmas. Liquid immiscibility
is a particularly attractive petrogenetic model, given the
apparent bimodal distribution of rock types at numerous
alkaline silicate—carbonatite complexes (e.g. Le Bas, 1987),
and is currently the favoured mechanism for a number of
localities including Oldoinyo Lengai (Ireestone &
Hamilton, 1980; Kjarsgaard ez al., 1995; Veksler et al., 1998;
Mitchell, 2009), Shombole (Kjarsgaard & Peterson, 1991;
Kjarsgaard, 1998), Kerimasi (Guzmics et al., 2010), the
Gardiner complex (Nielsen, 1980) and Gronnedal-ITka
(Halama et al., 2005). However, ~25% of all carbonatites
worldwide have no associated silicate rocks (Woolley &
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Kjarsgaard, 2008), and it is difficult to invoke exsolution
from a silicate magma as a viable process for these occur-
rences. The two other main petrogenetic hypotheses for
the generation of carbonatite magmas involve partial melt-
ing of a carbonated mantle peridotite (e.g. Wallace &
Green, 1988; Gittins, 1989; Dalton & Wood, 1993; Moore
& Wood, 1998; Brey et al., 2009) or extensive fractionation
of a silicate magma to produce a late-stage, carbonate-rich
liquid (e.g. Watkinson & Whyllie, 1971; Lee & Wyllie, 1994,
1998). There are a number of pitfalls associated with all
three of these models (e.g. Bell et al., 1998). For example, the
most common alkali-free carbonatite compositions have
not been reproduced by immiscibility in experiments, the
low-degree direct mantle melts may have problems being
extracted from the mantle source and passing a thermal
barrier (‘ledge’), and extensive fractionation to produce car-
bonate precipitating melts results in high crystal fractions
that make the magmas difficult to intrude. It is also possible
that carbonatites exposed at the Earth’s surface are gener-
ated in a range of environments from the mantle to the shal-
low crust, via a variety of processes rather than just one.
Hence it is important to fully investigate each of these
three postulated petrogenetic processes over an extensive
range of pressure—temperature conditions using laboratory
experiments. In this study we investigate the two-liquid
miscibility gap (solvus) and phase relations in the simple
system S109—Nay,O—AlyO3—CaO (SNAC) 4+ COy at crustal
to upper mantle conditions (0-1-2:5GPa; ¢. 3-80km
depth). We report the results of over 80 experiments, provid-
ing analyses of silicate and carbonate liquids, as well as 29
bulk CO, determinations on silicate glasses.

We note that the geological literature on liquid immisci-
bility has been guilty of using the incorrect term
‘two-liquid solvus’ when in fact a solvus can only technical-
ly apply to a solid solution. Binodal, binodal curve and
binodal surface are the correct terms for coexisting liquids
or fluids. However, as most researchers in this field are fa-
miliar with the term solvus we continue to use this here.
Also, to make descriptions clearer we refer to several
‘solvi, which may be incorrect as they are often different
traces of a single solvus (or binodal) surface. We have used
the term ‘quasi-ternary’ as opposed to ‘pseudo-ternary’ as
this avoids the mixing of Greek and Latin origins in the
latter and the meaning is clear.

PREVIOUS EXPERIMENTAL
STUDIES ON SILICATE-
CARBONATE LIQUID
IMMISCIBILITY

Simple analogue systems

Numerous experimental studies have used the

SNAC 4 COg system as an analogue to model the condi-
tions required for silicate—carbonate liquid immiscibility

(e.g. Koster van Groos & Wyllie, 1966, 1968, 1973;
Kjarsgaard & Hamilton, 1988, 1989a; Brooker &
Hamilton, 1990; Lee & Wyllie, 1994, 1996, 19974). The
SNAC system has a number of experimental advantages
over natural compositions. In particular, the absence of Fe
reduces the need to control fO, and eliminates problems
of iron loss to capsule materials; the exclusion of MgO
minimizes the precipitation of solid phases, which can
complicate textural interpretations. Another advantage is
the limited number of components, allowing for more ac-
curate graphical representation of the experimental data
on phase diagrams. The disadvantages include unrealistic-
ally high liquidus temperatures and precipitation of min-
erals that are not observed in natural carbonatite
complexes (e.g. scapolite, plagioclase). These factors, com-
bined with the difficulty in graphically comparing simple
and complex natural compositions, can lead to problems
in relating the experimental results to whole-rock geo-
chemical and mineral chemistry data from natural rocks.
Studies in the 1960s and 1970s by Wyllie and co-workers
at moderate to high alkali contents established the sili-
cate—carbonate two-liquid field in the SNAC+CO,
(£H,0O) system, but suggested that immiscibility was con-
fined to very high-alkali compositions, that are not repre-
sentative of mnatural Ca-rich carbonatites. However,
subsequent experimental studies in more complex multi-
component systems (Koster van Groos, 1975; Verwoerd,
1978; IFreestone & Hamilton, 1980) indicated that a
two-liquid field exists to much lower alkali compositions.
Kjarsgaard & Hamilton (1988, 19894) were the first to
suggest an even larger two-liquid field in the
SNAC 4 COy system, extending to alkali-free compos-
itions at 02 and 0-5GPa. In the experiments of
Kjarsgaard & Hamilton (1988, 19894) an almost pure
CaCOj phase was interpreted as a liquid, thus giving an
analogue composition comparable with many natural
low-alkali, silica-free calciocarbonatites. Subsequent ex-
periments in the SNAC 4 CO, system at 15GPa by
Brooker & Hamilton (1990) were interpreted as containing
three immiscible liquids: silicate liquid, Ca—Na carbonate
liquid and an almost pure CaCOj5 liquid. Because all pre-
vious studies illustrated the expansion of the two-liquid
solvus with increasing pressure, the extension of
the two-liquid field to alkali-free compositions in the
SNAC 4 CO, system was, in part, reconcilable with the
smaller two-liquid fields observed in the earlier,
low-pressure (0-1 GPa) studies. In a study of COy-saturated
SNAC melts of sodamelilite composition (NaCaAlSi,O5),
Mattey et al. (1990) showed the expansion of the two-liquid
solvus with increasing pressure for this relatively low
alkali bulk composition, with one liquid at 0-5-10 GPa,
but two liquids at 2:0 and 3:0 GPa. Lee & Wyllie (1996)
studied nine bulk composition along the albite (Ab)—cal-
cite (Cc) join at 10,15 and 2-5 GPa, and provided analyses
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of quenched conjugate liquids from seven experiments at
2-5GPa. Silicate (3-7-7-8wt % NayO) and carbonate
(5:3-11-8 wt % NayO) liquids all have low alkali contents.
Based on these experiments, Lee & Wyllie (1996) suggested
a significant expansion of the two-liquid field from 10 to
25 GPa, and provided a schematic interpretation of the
two-liquid field in SiOy 4+ Al,O5 — NayO — CaO space at
10 and 2-5 GPa, utilizing conjugate liquid pair compos-
itions from previous studies undertaken with moderate- to
high-alkali bulk compositions.

Preliminary reports for experiments in the alkali-free
system  S109—Al,O5-MgO—-CaO +COy by Novella &
Kershav (2010) have identified two liquids at 2:0-2-6 GPa,
suggesting that the two-liquid field expands all the way to
alkali-free compositions.

Natural compositions

Experiments utilizing natural rock powders from Oldoinyo
Lengai (Ireestone & Hamilton, 1980; Kjarsgaard et al.,
1995) and Shombole (Kjarsgaard & Peterson, 1991
Hamilton & Kjarsgaard, 1993; Kjarsgaard, 1998), at pres-
sures from 0-07 to 0-76 GPa, observed that the miscibility
gap closed off at low alkali contents, before reaching
alkali-free compositions. Experiments at 0-2 GPa utilizing
eight- to ten-component synthetic systems also observed
solvus closure at low alkali concentrations (Suk, 2001,
2003). These experimental studies all confirmed an in-
crease in the size of the two-liquid field with increasing
pressure or deceasing temperature. In contrast to results
that show an expansion of the two-liquid solvus, Baker &
Wyllie (1990) observed a very small two-liquid field at
2:5GPa, and based on this and further results in a syn-
thetic nephelinite—carbonate system, Lee & Wyllie (19976)
suggested a decrease in the two-liquid field in higher pres-
sure experiments and attributed this to an increased MgO
content. A re-examination of the Baker & Wyllie experi-
ments by Brooker (1998) concluded that the decreased size
of their two-liquid field resulted from a low bulk CO, con-
tent in the starting composition leading to CO, under-
saturation in these experiments (i.e. Pcoo<Piol) The
use of graphite liners in experiments with natural
(Fe-bearing) compositions (e.g. Baker & Wyllie, 1990; Lee
& Wyllie, 19976) may also have led to further CO, under-
saturation, as CO can be produced to dilute any excess
fluid. Experiments by Dasgupta et al. (2006) examined
melts formed in equilibrium with a simulated mantle as-
semblage at 3-0 GPa and found a wide two-liquid field at
very low (<2wt %) alkali contents. These 3-0 GPa results
are consistent with the expanding high-pressure field
shown by the SNAC + CO;, data and the alkali-free results
of Novella & Kershav (2010). Wallace & Green (1988) also
noted apparent immiscible textures in their study of carbo-
nated peridotite melting at 3-1 GPa, although no compos-
itions were reported.

SILICATE-CARBONATE LIQUID IMMISCIBILITY

Solid calcite and carbonate liquids

Historically, the determination of the true extent of the
two-liquid field has been complicated by the interpretation
of ‘pure CaCOj5 globules’, which appear to have liquid-like
textures. In particular, for low-alkali and alkali-free
SNAC + CO, experiments, the suggestion has been made
that that two-liquid pairs with conjugate CaCOs liquid
‘globules’ indicate that the solvus does not close off at low
alkali contents in experiments at low pressures (0-2 and
0-5 GPa). This textural interpretation, originally made by
Kjarsgaard & Hamilton (1988, 1989«), was subsequently re-
interpreted by Kjarsgaard, and a revised phase diagram
was presented in fig. 5b of Macdonald et al. (1993) with
the CaCOj ‘globules’ being reinterpreted as a solid phase
and the two-liquid field being closed off at low alkali com-
positions. Lee et al. (1994) and Lee & Wyllie (1994) pre-
sented new data, and interpreted rounded calcite grains to
be a solid phase and suggested that the revised interpret-
ation of Kjarsgaard (in Macdonald et al.,1993) was correct.

Subsequently, Lee & Wyllie (1997) studied six bulk com-
position along the albite—nepheline (Ne)—calcite join at
10 GPa and provided analyses of quenched conjugate li-
quids from seven experiments. Silicate (7-5—17-6wt %
NayO) and carbonate (16:0-40-2wt % NayO) liquids
have low to moderate alkali contents. Lee & Wyllie (1996,
1997a) importantly presented phase equilibria data and ar-
guments that the round CaCOj globules in their experi-
ments were a solid phase (as proposed by Lee & Whyllie,
1994). However, several studies on mantle xenoliths with
rounded carbonate ‘globules’ have tended to ignore the in-
terpretation of Lee & Wyllie (1994), and suggested instead
that these carbonates represent melts of an immiscible
origin (e.g. Chalot-Prat & Arnold, 1999; Kogarko et al.,
2001; Laurora et al., 2001).

Based on previous experimental studies, it is clear that a
re-examination of two-liquid % calcite phase equilibria is
required at variable P—7-X, including the minimum
amount of alkalis required, if any, for silicate-carbonate
immiscibility to occur at a given pressure and temperature.
This would help to constrain the potential spatial associ-
ation of carbonatite and silicate rocks in alkaline com-
plexes, as well as the origin of carbonates in mantle
xenoliths. In this study we have completely re-evaluated
our previously published (Kjarsgaard & Hamilton, 1988,
19894; Brooker & Hamilton, 1990) and unpublished
(Kjarsgaard, 1990; Brooker, 1995) results, and present a
complete characterization of the two-liquid field in P—7—
X space at 0-1-2-5 GPa and 1225-1700°C. The data are pre-
sented using the ‘traditional’ quasi-ternary plot, projected
from CO,, with SiOy and AlyO3 combined at one apex;
that 1s, the projection originally developed by Hamilton
et al. (1979) to represent complex multi-component natural
systems, and subsequently utilized by many workers to
compare experimental data with natural compositions.
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EXPERIMENTAL AND
ANALYTICAL METHODS

Experimental methods

The majority of the experiments were carried out at
Manchester University (MU), using an internally heated
pressure vessel (IHPV) for experiments at 0-2 and
0-5GPa or an end-loaded piston cylinder apparatus for
the experiments at 15 GPa. Details of the IHPV tech-
niques have been described by Kjarsgaard & Hamilton
(1988, 19894). The MU piston cylinder experiments utilized
19 mm talc—Pyrex assemblies with a tapered furnace (see
Kushiro, 1976) and a Pt—Pt/Rhg; (S-type) thermocouple.
Additional piston cylinder runs were also carried out at
10-2-5 GPa in a non end-loaded piston cylinder apparatus
at Arizona State University (ASU) using 12 mm NaCl-
Pyrex assemblies and a W/Re;~W/Regs (W-type) thermo-
couple. Further details for the ASU experimental methods
have been provided by Brooker ¢t al. (1998). A few addition-
al experiments at 0-1-0-2 GPa (RB579, RB580, RB620)
were performed in a rapid-quench TZM pressure vessel at
the University of Bristol.

All reported piston cylinder pressures remain uncorrect-
ed for frictional effects, but this has been shown to be less
than 3% for the talc—Pyrex assembly and negligible for
the salt cells using the ‘hot piston out’ method (e.g.
McDade et al., 2002). However, comparison of results be-
tween the MU and ASU piston cylinder experiments sug-
gests that the S-type thermocouple (MU) gave low
readings at temperatures above 1200°C. Some of this may
be caused by the high pressure dependence of the e.m.f. in
S-type thermocouples (possibly requiring a 13°C correc-
tion at 1250°C and 15 GPa; Clark, 1959) compared with
the negligible effect in the W-type. However, changes in
the power requirements of the piston cylinder apparatus
during runs suggest that a significant portion of the error
is related to some time-dependent contamination of the Pt
thermocouple, possibly from boron originating in the
Pyrex parts of the assembly. To achieve internal consistency
between the ASU and MU results, several experiments
were repeated. Results from these experiments indicate
that MU experiments at temperatures from 1175°C to
1200°C require correction by 4+25°C and experiments at
temperatures from 1225 to 1325°C require correction by
+50°C. All higher temperature experiments were per-
formed at ASU and results for the melting point of calcite
in the ASU apparatus (between 1510 and 1520°C at
15GPa) are in excellent agreement with the data of
Wyllie (1989). It should be noted that temperatures origin-
ally reported by Brooker & Hamilton (1990) were not sub-
ject to the temperature corrections noted above.

Starting materials for all experiments were silicate
glasses (prepared from gels) and reagent grade Nay,COsg
(Nc), CaCOg3 (Cc) and AlyOs (Al). The nominal glass
compositions (as confirmed by electron microprobe) are

as follows, with ratios in wt % SiOy/Al;O5/CaO/NayO;
R’=695/19-710-8/0-0; E’=631/12-8/24-1/0-0; An=43-2/
36:6/20-0/0-0; Ab =68-7/19-4/0-0/11-8; 2N = 381/20-0/0-0/
419. All starting materials were stored at 110°C and peri-
odically dried at higher temperatures. Most of the silicate
glasses (and hence the experiments) have an Al,O3/SiO,
wt % ratio of 0-28 (equivalent to albite), although this
ratio was varied up to 0-5 in some runs to cover the range
found in typical alkali silicate extrusive rocks from car-
bonatite complexes. For piston cylinder experiments, start-
ing mixes were weighed out, welded into 5 mm platinum
capsules and loaded into the piston cylinder apparatus.
Initially, 0-5 GPa of pressure was applied and the sample
heated to 650°C, then temperature and pressure were
increased in 0-1 GPa and 100°C steps to the required run
conditions. The pressure was then overstepped and
reduced (hot piston out). Piston cylinder experiments that
showed evidence of blackening and carbon infiltration
into the capsule were generally excluded from this study
as the Pcoo may be lowered owing to the formation of
CO and C from COy (Brooker et al., 1998). Runs were
quenched isobarically and the recovered capsules exam-
ined for evidence of leakage during the run. Most
fluid-saturated experiments gave an audible hiss on open-
ing, but others did not. However, vesicles were usually pre-
sent in the latter and results from these runs are consistent
with fluid-saturated conditions. It is assumed that the
fluid in these experiments was lost during or after the iso-
baric quench.

Analytical methods

Obtaining reliable quenched melt compositions was an im-
portant objective of this study. Analysis of volatile-rich,
quenched carbonate and silicate melts is known to be a dif-
ficult problem. Thus considerable care was taken to ensure
the reported compositions were as accurate as possible.
Capsules were mounted in resin and polished to reveal the
sample, using anhydrous lubricants. The composition of
phases was determined by electron microprobe analysis
(EMPA) using a Cameca Camebax electron microprobe
at Manchester University for the majority of samples,
and a Jeol 8600 JXA at Arizona State University for some
additional experiments. The Cameca utilized an
energy-dispersive spectrometer and a Link systems
ANI000 computer running ZAF4 software. Accelerating
potential was 15kV and specimen current 3-0nA.
Standards employed were: Si, Ca (wollastonite); Al (cor-
undum); Na (Amelia albite). The Jeol EMP used four
wavelength-dispersive spectrometers and a Tracor com-
puter with Bence—Albee reduction of raw data.
Accelerating potential was 15kV and specimen current 10-0
nA. Standards employed were: Si, Ca (diopside); Al (cor-
undum); Na (jadeite). On the Camebax a focused spot
beam was rastered over a 100 pm square. This was found
to be the minimum size required to record accurate Na
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totals on synthetic quench carbonate melt standards on the
NayCO3—CaCOj join with >10wt % NayO, and also
some alkali-rich (but COs-free) silicate glass compositions
prepared and utilized as internal standards. This min-
imum raster size may be related to the time taken for the
beam to return to a given point and the migration time
for Na to diffuse away from the beam, and then back to
that position. The sizes of quench intergrowth textures
and the distribution of any exsolved silicate spheres further
dictate the size of the area for representative analysis of
quenched carbonates. Similar results to the Cameca were
obtained on the JEOL instrument utilizing a 50—100 pm
defocused beam, with a short acquisition time for Na (15
s). It was noted that the use of an increasingly smaller
raster area (Cameca) or a more tightly focused beam
(JEOL) decreased the Na total whilst the other compo-
nents show a proportional increase. This occurs up to the
point where the total shows a dramatic decrease and per-
manent beam damage to the sample is apparent. A lower
beam current can be used with less damage, but the inher-
ent lower count rate requires a large number of analyses
to obtain statistically accurate data. o some extent our
method represents a compromise, as the opportunity for
large raster analysis is limited by the quench texture and
the variable quality of the polish. In some cases we have se-
lected a few analyses as being the most representative of
the carbonate liquid; in other cases the presented data are

SILICATE-CARBONATE LIQUID IMMISCIBILITY

the average of up to 10 analyses. Silicate liquid analyses
quoted in Tables 1-3 are the average of a minimum of five
analyses. We have not reported errors or standard devi-
ations in the data tables as some qualitative selection is
involved (as discussed above) and data were acquired on
different microprobes using different methods. However,
for the majority of the data the deviation in the values
used to create an average would plot within the size of the
symbols in the quasi-ternary plots of this study. During
the course of this study we were able to identify analyses
with low totals by comparing shortfalls in microprobe
data with the LECO COy analyses (see below). In general
‘bad’ analyses with low totals tend to plot at lower NayO
values.

COy contents of selected silicate glasses were determined
using a LECO C/S 300 analyser (see Brooker et al., 2001,
for details). For most samples, three aliquots were analysed
and the results were all within 5% of the quoted values.
LECO values were used to evaluate the validity and accur-
acy of using shortfalls from the electron microprobe ana-
lysis totals to estimate the COy content by assuming that
COy is the only unanalysed component (note, however,
that minor amounts of water, up to 0-5wt %, have been
identified by Fourier transform infrared spectroscopy in
some run products). For silicate glasses the accuracy of the
EMP shortfall method for CO, is £10-20% (for silicate
glasses with high CO, contents). The accuracy of this

Table I:  Experimental run conditions, starting compositions and run products in SAC + CO» (in wt % )

Run no.: RB25 RB31 RB37 RB40 RB45 RB55 RB56 RB70 RB75 RB91 RB289 RB445 RB443 RB457 RB458 RB470 BK 70
7 (°C): 13256 1325 1325 1325 1375 1325 1325 1275 1325 1375 1325 1400 1500 1435 1450 1435 1250
P (GPa): 15 15 15 156 15 15 15 15 15 15 15 15 15 15 15 15 06
Run duration (h): 3 10 2 3 18 21 29 20 17 4 20 55 0-75 1 1 45 12
Starting composition

Cc70 Cc75 Cc60 Cc40 Cc60 Cc73 Cc78 Cc78 Cc78 Ccb2 Cc*73 Cc*75 Cc*75 Cc*80 Cc*90 Cc*90 Cc85

E'30 An25 R40 R60 R40 F27 R22 R22 R22 R4 F27 E'25 E'25 E'20 E'10 E'10 An15
SiO, 1893 1080 2780 4171 2780 1704 1529 1529 1526 3337 1704 1506 1511 1216 6-19 6-19 5-39
Al,O3 38 916 787 1180 787 345 433 433 433 944 345 3-:06 3-08 2:47 126 126 4567
CaO 46-43 47-04 3793 2889 3793 4739 4604 4604 4606 3431 4739 4588 4581 4783 518 518 5266
CO, 30-80 3300 2640 1760 26-40 3212 3432 3432 3432 2288 3212 36:00 3599 3754 4069 4069 3741
Melt composition
SiO, 3990 2961 3727 4163 3060 3975 3936 4309 3955 n.a na. 2464 1530 1318 623 1168  26-93
Al,O3 844 1961 1127 12110 938 962 1172 12117 1185 5-:06 326 272 133 252 2722
Ca0 4132 4124 4191 3269 4324 4194 4010 3643 41-67 4770 5100 5151 5365 52:02 4246
Shortfall 10-34 954 955 1378 1683 869 882 831 693 2260 3044 32569 3879 3378 3-39
Solid phases Cc Cc Cc QCc Cc Cc Cc Cc Cc Cc Cc Cc

Cc, calcite (see text for other starting materials); QCc, quench calcite in experiment; n.

difference between the total of analysed components and 100%.
*Calcite cleavage rhombs included in starting material.
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BROOKER & KJARSGAARD

SILICATE-CARBONATE LIQUID IMMISCIBILITY

Table 3:  Experimental run conditions and run products using the RBI00* bulk composition (in wt % )

Run no.: RB100a RB100c RB100f RB100b RB100d RB100e RB100g RB100i RB100h RB100i RB100k RB100m RB100n RB1000 RB100p RB100j RB100I
T (°C): 1300 1300 1300 1550 1600 1425 1300 1575 1700 1575 1275 1275 1300 1300 1300 1275 1275
P (GPa): 25 20 10 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Run duration (h): 17 6 25 1-25 075 150  4-00 1

0-25 1 25 5 2 3 3 5 6

Loaded CO, 3179 3179 3179 3179 3179 3179 3179 3179 3179 3179 22:03 2479 2479 2203 1980 1578 11-00

Silicate liquid

SiO, 59-30 5850 5236 4115 3819 49:00 5590 4142 4079 4142 2652 3798 3829 2540 2336 n.a.f n.a.f
Al,O3 17-43 17561 1665 1365 1306 1566 1757 1394 1347 1394 908 1282 12:62 816 7-34
CaO 310 409 984 1671 182 1164 694 1732 17771 1732 2601 2082 2066 2681 2826
Na,O 16-09 1638 1762 1835 1854 17442 1690 1791 1821 17991 2144 1884 1838 2169 2240
Shortfall 408 352 362 10114 121 628 269 941 981 941 169 954 1005 1804 1861

Carbonate liquid

SiO, 075 087 227 769 79 3-38 139 748 91 7-48 1459 696 806 1630 1565 n.a. No CL
Al,O3 02 014 013 16 17 042 010 145  1.97 145 329 081 113 4N 391
CaO 31-82 3118 3058 27365 2775 2967 32446 2893 2980 2893 2757 2871 2943 2794 2757
Na,0 22:34 2407 2488 2547 2488 2463 2352 2409 2319 2409 2544 2585 2464 2462 2594
Shortfall 44-86 4375 4214 379 3777 42:00 4254 3805 3593 3805 2912 3767 3674 2703 2693

*All starting composition same as RB100 in Table 2 except for runs with loaded CO,<31-79. For these experiments the
other components are in same proportions as RB100 (see text for details).

tUnidentified crystal phases also present.
fLECO =3-05wt % CO,.

method falls to +50% with low COy contents (usually
higher ~ SiOy,  more  polymerized  compositions).
Application of the microprobe shortfall method for car-
bonate liquids from the experiments also appears to be
valid, as the stoichiometric CO, content for quenched
melts on the NayCO35—CaCOs join is reproduced. Finally,
it should be noted that poor quality surface polish appears
unavoidable for some quenched melts, and this always re-
sults in unrealistically high probe shortfalls.

RESULTS

Immiscible liquid textures of run products
Photomicrographs from selected runs are used to illustrate
some definitive textures in Figs 1-3. Experiments with
high- to moderate-Na,O bulk compositions typically con-
tained a silicate glass bead, surrounded by quenched car-
bonate melt (Fig. la). The characteristic quench textures
seen in our two-liquid experiments are similar to those
observed in previous studies (e.g. Koster van Groos &
Wyllie, 1966; Freestone & Hamilton, 1980), and are inter-
preted as representing two immiscible liquids at run condi-
tions. When there is closure of the solvus owing to higher
temperature, lower pressure, low alkali content, or CO,
undersaturation, the compositions and physical properties
of the two liquids become increasingly similar. Hence

separation of the two liquids is typically less distinct, as
shown in Fig. 1b (see also Brooker, 1998, fig. 2e).

The quench texture of the carbonate liquids varies be-
tween parallel lamellar patterns (Figs la and 2), to more
random amoeboid-like to dendritic textures (e.g. Fig. 3b).
Spheres of silicate liquid of variable size are commonly
observed in moderate- to low-alkali quenched carbonate
liquids. Occasionally, carbonate spheres are seen in the
silicate bead (Fig. 2). It is important to determine which of
these spheres have exsolved from their host liquid during
quenching and therefore represent a constituent part of
that original equilibrium liquid composition, and spheres
that represent the equilibrium conjugate liquid. Typically
a bimodal distribution of sphere sizes is observed. The lar-
gest sized spheres represent liquid that has failed to co-
alesce with the main body of liquid at run conditions (e.g.
sphere SL2 in Fig. 2).

For experiments in the IHPV, which has a slower
quenching rate than experiments run in a piston cylinder
apparatus, small, non-equilibrium, quench, exsolved
spheres are common. It should be noted that the low
SiOy + AlyO3 contents of some low-alkali carbonate
liquid analyses of Kjarsgaard & Hamilton (1988, 19894)
were generated by subtracting a silicate melt component
that was thought to represent non-coalesced ‘equilibrium’
silicate spherules. However, Kjarsgaard (1990) reassessed
the original microprobe data and noted two distinct
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(b)

'.p' ‘.

{ AN T R

Fig. 1. Reflected light photomicrographs (RLP) and backscattered electron (BSE) images of immiscible silicate and carbonate liquids and
‘globular’ calcite textures. (a) A typical two-liquid texture with a silicate bead (SL) at the base of the capsule surrounded by a quench inter-
growth of carbonate liquid (CL). RLP, experiment RBI100 (P =15 GPa, 7 =1275°C). This sample has been etched with acid to enhance the car-
bonate quench texture. (b) illustrates the non-spherical texture produced by two immiscible liquids with similar compositions, resulting in the
silicate (SL) and carbonate (CL) liquids forming blobs and inter-penetrative tubes. BSE image, experiment RBI00o (P =15 GPa,
T=1300°C). (c) CaCOj3 (Cc) ‘globules’ in silicate liquid (SL) appear to show deformation and coalescence textures similar to those in (b),
albeit at a different scale. BSE image, experiment BK66 (P =0-5GPa, T=1250"C). (d) The calcite (Cc) ‘globules’ in silicate liquid (SL) are
characterized by a defined complex structure. RLP, experiment RB37 (P =15 GPa, T =1325°C).
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Fig. 2. BSE image of stable and quench exsolution textures, experiment RB579 (P =01 GPa; 7 =1250°C.). It should be noted that both the main
silicate bead and the quench carbonate liquid have populations of small spheres. The carbonate liquid contains very small aluminosilicate
spheres that are exsolved during the quench (areas CLI, CL2). The exsolution in the carbonate liquid is particularly heterogeneous but analyses
for the two squares marked CLI and CL2 produce similar results (i.e. equivalent Si—Al contents). These small spheres are distinct from the
larger, uncoalesced silicate spheres (e.g. area SL2), which tend to occur near the capsule wall, and have not coalesced with the main silicate

bead. Analysis of the silicate areas SLI and SL2 produced similar results.

populations of silicate spheres: those >~15 pm had similar
composition to the main silicate bead, whereas spheres
<~15 um were more silica- and alumina-rich, with com-
positions more appropriate to a lower temperature silicate
solvus (i.e. these silicate spheres were exsolved from the
carbonate liquid during the slow quench of the IHPV).
The analyses for the 02 and 0-5GPa samples of
Kjarsgaard & Hamilton (1988, 19894) that are presented
in this study are either the original raw microprobe data
(without the silicate component subtracted) or new ana-
lyses. These revised and new data presented in this paper
supersede all previously published values.

Solid CaCOj; ‘globules’

The original interpretation of silicate—carbonate liquid im-
miscibility for very low-NayO and NayO-free bulk compos-
itions (Kjarsgaard & Hamilton, 1988, 19894) was based on
the presence of rounded ‘globules’ or spheres of near pure
CaCOg3 composition. These globules appeared to show
coalescing textures (e.g. Fig. lc). Increasing the run time
did not change the texture, as might be expected for co-
alescence, but then neither would the intermingling im-
miscible textures shown in Fig. 1b. Although the texture in
Fig. 1c does show similarities to the intermingling immis-
cible liquids in Fig. 1b (albeit of a different size scale), they

are similar to the equilibrium calcite crystal morphology
as illustrated in Fig. 1d.

“Three-liquid’ textures observed in the experiments of
Brooker & Hamilton (1990) included: (I) an ‘apparent’
curved meniscus between CaCOj3 and two other liquids
(Fig. 3a and b); (2) similar round spheres of silicate liquid
in both the CaCO3 phase and quenched Ca—Na carbonate
liquid (Fig. 3b); (3) apparent vesiculation in the CaCOs
(Fig. 3a). Experiments with calcite rhombs added to
low-NasO bulk composition starting mixes did not retain
these crystals during the run, giving the impression that
they had melted (e.g. Fig. 3a). Alkali-free runs at 15 GPa
appear to show ‘coalescing” and ‘deforming’ CaCOj ‘glob-
ules’ (Fig. 3c; see also Kjarsgaard & Hamilton, 1989q,
fig. 15.5). Collectively, these textures were taken to indicate
a liquid state for the ‘globular’ CaCOj5 phase.

To constrain the nature of the ‘globular’ CaCOj5 phase,
new experiments in the NayO-free system (SAC + COy)
were undertaken at 15 GPa and variable temperature.
The bulk compositions utilized and resultant silicate
liquid compositions are reported inTable 1 and Fig. 4. The
liquidus is well constrained, and in Fig. 4 this projects to
the melting point of pure calcite under COy-saturated con-
ditions. The very low SiOy + Al,O3 content (<0-5wt %)
of the CaCOj phase in all experiments is a consistent
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Fig. 3. Characteristic textures for CaCOj3 grown in the experiments of Brooker & Hamilton (1990). (a) Silicate (SL) and carbonate (CL) im-
miscible liquids are similar to those shown in Fig. la, but this experiment also contains a large CaCOj (Cc) phase with a vapour bubble (ves-
icle) and an ‘apparent’ meniscus. A single calcite cleavage fragment that was included in the starting mix is no longer apparent. Experiment
RBI30, P=15GPa, T=1275°C). (b) Round silicate spheres are found in both the quenched Na—Ca carbonate liquid (CL) and the CaCOj4
‘globules” BSE image, experiment RBI30. (c) Small CaCO; (Cc) ‘globules’ appear to deform larger ones, whereas similar-sized ‘globules’
appear to deform cach other equally before ‘coalescing’, consistent with relative differences in surface tension. Also noteworthy is the very
fine-grained interstitial quench calcite associated with the silicate glass (SL). BSE image, experiment RBI04, P=15GPa, 7=1275°C. In (d)
and (e) similar ‘globular’-shaped high-Sr, Ba magmatic calcite crystals are imaged in a nephelinite tuff from Shombole volcano, East African
Rift (sample kindly supplied by M. Le Bas).
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 Melting point

1500
1.5 GPa of CaCOg4
<« Melting of
=t [ CaCO4+CO,
—_ One Liquid + V
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Fig. 4. 7-X diagram for experiments along the NayO-free join (SiOy + Al,O5)~CaO. Circles are starting compositions; filled triangles are the
liquids in equilibrium with an almost pure CaCOj3 phase (squares). Open triangles are single-liquid experiments. Open triangle QCc is a run
that contained dendritic quench calcite. The melting points for calcite and calcite plus excess COy are from Wyllie (1989). It should be noted
that a range of bulk Al;O4/SiO, wt % ratios are represented (0-2—0-85).

feature. There is no liquid immiscibility, nor an inflection
of the liquidus to indicate an increased solubility of SiO,
and Al,Oj in the ‘globular’ CaCOg5 phase, as would be ex-
pected on approaching the high-temperature consolute
point of a two-liquid solvus.

In some alkali-free experiments there is evidence of a
‘structure’ developed by the CaCOj phase (Fig. 1d). This
dendritic ‘Christmas tree’ crystallization pattern is distinct
from the quench carbonate liquid textures observed in
other experiments. A much more random dendritic pat-
tern is observed in quench carbonate liquids (Fig. 3b). The
RB37 run products (Fig. 1d) with ‘Christmas tree’ calcite
grains represent a stable calcite solid phase, based on the
phase relations illustrated in Fig. 4. Jago & Gittins (199])
showed a similar morphology for calcite grown at atmos-
pheric pressure. The tabular to dendritic calcite textures
described here are also observed in hypabyssal kimberlites
(e.g. Dawson & Hawthorne, 1973; Mitchell, 1997).

A range of textures between the isolated calcite ‘globules’
in Fig. 1c and the more complex patterns in Fig. 1d are
observed. The initial development of these structures,
coupled with the subsequent (variable) quench rate, pro-
duces calcite crystals with the appearance of ‘coalescence’
and ‘liquid-like’ forms. The rounded ‘globular’ form of cal-
cite crystals has been produced in numerous experimental
studies (e.g. Wyllie & "Tuttle, 1960; Maaloe & Whyllie, 1975).
Experiments on a natural nephelinite composition (see
Kjarsgaard, 1998, fig. Ic) produced globular calcite in equi-
librium with two liquids and clinopyroxene. Examples of
some large natural magmatic (high-Sr, Ba) calcite crystals
that have this ‘globular’ form are illustrated in Fig. 3d and

e. These are set in an lithic tuff surrounded by ash rather
than liquid.

A further experiment designed to illustrate the wn sitw’
stability of CaCOj utilized an NayO-free bulk compos-
ition, with CGaCOj added both as a fine powder (intro-
duced as a layer across the charge) and as calcite cleavage
rhombs (see Table 1). The outlines of the original calcite
rhombs are still present and show no evidence of melting
(Fig. 5a), whereas the silicate liquid contains numerous
small CaCOg ‘globules’ (Fig. 5b). In addition, the thin
layer of calcite powder placed across the centre of the
charge remained a single layer during the run, again with
no evidence of melting (Fig. 5b). It should be noted that
the large calcite rhombs observed in this experiment are
no longer single crystals, but a mosaic of disoriented calcite
crystals (Calcite I as confirmed by X-ray diffraction),
with curvilinear internal boundaries. The observation
of Calcite I is consistent with the inversion of high
temperature—pressure calcite IV or V polymorph (see
Carlson, 1983) during quenching. It is unclear why the ori-
ginal calcite thombs are retained in these alkali-free ex-
periments but were dissolved and redistributed in the
NayO-bearing experiments of Brooker & Hamilton (1990;
Fig. 3a). This may be related to the presence of a Na—Ca-
carbonate liquid in the latter experiments and the mini-
mization of interfacial energy to give a single boundary
reminiscent of an immiscible contact (e.g. Iig. 3a and b).

Natural examples of mosaic-textured calcite crystals that
have similar textures to those of the experiments are illu-
strated in Fig. 5c¢ and d. These textures are also observed
for some carbonates in mantle xenoliths (Ionov et al., 1993,
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Fig. 5. Calcite rhomb and calcite aggregate textures from experiments and natural samples. (a) Several large calcite aggregates (with rhombic
outlines) can be seen; these are remnants of cleavage fragments added to the starting mix. This definitively illustrates that calcite remains a
solid phase in this run. RLP, experiment RB289 (P =15 GPa, 7 =1325°C). (b) Detail of (a) illustrating the rounded calcite (Cc) ‘globules’ in
silicate liquid (SL), and the remnant intact thin layer of calcite (partly plucked out) in this run. RLP, with sample acid etched. (c¢) and (d)
show rapidly quenched calcite phenocrysts from a carbonatite dyke (Brettel, Kaiserstuhl) that shows the same ‘aggregate’ texture as in (a). RLP.

1996; Tonov, 1998). Mosaic-textured calcite in some car-
bonatite lavas has been interpreted as evidence of calcite
pseudomorphs replacing various other phases such as nyer-
ereite (e.g. Deans & Roberts, 1984). Although this mechan-
ism may be true for some examples, it is clear that this
texture could also be produced by inversion of a metastable
high temperature—pressure calcite polymorph as suggested
by Keller (1989), Barker & Nixon (1989) and Jago &
Gittins (1991).

Characteristics of the silicate—carbonate
two-liquid field

T he solvus in P—"T'space

The interpretation of the CaCOj5 ‘globule’ phase as solid
calcite crystals allows us to refine and redefine the
two-liquid field for the SNAC 4+ COy system at variable
P—T conditions. The silicate and carbonate liquid compos-
itions that define the two-liquid field at 01, 0-2 and
0-5 GPa at 1250°C and at 15 GPa and 1275°C are listed in
Table 2 and plotted in Iig. 6a—c. Data for single silicate
liquid (Zcalcite and other silicate solid phases) experi-
ments are included on these diagrams, as they provide

important constraints in defining the extent of the
two-liquid field (although caution is required very close to
the solvus; see above). Excess COy fluid was present in all
these runs, hence Pcoo 1s assumed to be equal to Py, It
should be noted that the tie-lines between conjugate liquids
in these figures tend to pass slightly below the starting
bulk compositions, the offset increasing with loaded bulk
NayO content (and possibly pressure). This is the expected
consequence of an NayO-rich component dissolved in the
coexisting fluid phase, as previously documented by
Koster van Groos & Wyllie (1973), Verwoerd (1978), Seifert
et al. (1979), Wendlandt & Harrison (1979) and Freestone &
Hamilton (1980), but can also arise as an analytical artefact
(alkali loss during microprobe analysis).

Starting compositions for the 01, 0-2 and 0-5GPa
two-liquid experiments have the same Al,O4/SiO, ratio as
albite (0-28 in wt %). In the 1’5 GPa experiments samples
RBI11 and RBII2 (dashed tie-lines in Fig. 6¢) and some of
the experiments of Brooker & Hamilton (1990) Al,Og/
Si0y wt % ratios range from >0-28 to 0-5. There is no
apparent effect on the solvus topology for this range
of Al,O3/Si0, ratios, although there are considerable
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Fig. 6. The extent of the silicate—carbonate miscibility gap as plotted
on quasi-ternary plots projected from CO,. Conjugate silicate and
carbonate liquids are joined by tie-lines. Starting (bulk) compositions
are open circles, immiscible silicate liquids are filled diamonds, im-
miscible carbonate liquids are filled triangles and single-liquid experi-
ments are open diamonds. It should be noted that several

SILICATE-CARBONATE LIQUID IMMISCIBILITY

variations with respect to the solid phases that are in equi-
librium with one or two liquids. The Ab—Cic join does not
cut the 0-2 and 0-5 GPa two-liquid solvus (Fig. 6a and b).
However, the Ne—Cc joins cuts the 0-5GPa two-liquid
field (Fig. 6a) and grazes the edge of the 0-2 GPa solvus
(Fig. 6b). Further contraction of the two-liquid field at
0-1GPa (IFig. 6a) precludes immiscibility for compositions
on the Ne—Cic join, in contrast to the suggestion of Lee &
Wyllie (1994). The 15 GPa and 1275°C Abg;Ccss; data
point of Lee & Wyllie (1996) and the RB63 run are consist-
ent; both contain a single liquid, with bulk compositions
that lie outside the solvus (Fig. 6¢).

The low-NayO experiments at 15 GPa proved particu-
larly difficult to interpret. In addition to the ‘globular’ cal-
cite, several silicate solid phases are present in
experiments at temperatures below 1275°C. Calcite and
plagioclase are common phases for lower bulk AlyOs/
Si0y ratios, being replaced by calcite and scapolite
(£plagioclase and nepheline) at higher Al,O3/SiO,.
Scapolite shows a range of compositions (from 0 to 4wt
% NayO) along a join from meionite towards albite. At
lower pressures (0-2 and 0-5 GPa), wollastonite and melilite
co-crystallize with calcite. The overall effect of these solid
phases precipitating is to increase the bulk Na,O content
of the equilibrium liquid(s), effectively limiting experimen-
tal access to the low-alkali part of the two-liquid field (e.g.
see Fig. 6¢). This solid phase effect complicated one of our
objectives, which was to establish the low Na,O limit of
the two-liquid solvus. As a result, additional experiments
were performed at higher temperatures to eliminate the
solid phase(s).

The effect of temperature on the two-liquid solvus at
15 GPa is illustrated in Fig. 7a. The 1275°C data from
Fig. 6¢ are compared with a number of runs at 1325°C,
and a series of variable temperature experiments using
a single (RBI00) bulk composition (listed in Table 3).
Also shown in Fig. 7a are the bulk compositions of four
15 GPa, 1300°C experiments by Lee & Wyllie (1996) that
lie along the Ab—Cc join. Their inferred position for a

single-liquid runs are within the two-liquid solvus (see text). (a) 01
and 0-2 GPa, 1250°C (except RB84 and RB86 at 1225°C). Grey sym-
bols are the 0-1 GPa data. The grey arrow from the BK5 starting com-
position to the silicate liquid represents the effect of crystallizing
16 wt % melilite, as estimated by mass balance. It should be noted
that the bulk composition for RB579 and RB620 is the same as
RBIOO in (c). (b) 0-5GPa, 1250°C, (c) 15 GPa, 1275°C; 15 GPa data
in grey are from Brooker & Hamilton (1990); bulk compositions
RBII0, 126 and 130 are from that study, as well as RBI04, although
the temperature has been adjusted from the reported value of 1225°C
(see text for details). The dotted tie-lines are for runs with bulk wt %
AlyO3/Si0y of 0-4-0-45 (all other runs have Al,O4/SiOy =0-28). The
position of the nepheline (Ne) — calcite (Cc) join in a and b, and
the albite (Ab) — calcite (Cc) join in ¢ are indicated along with the
AbgsCes; composition of Lee & Wyllie (1996). The grey arrow from
the BK66 starting composition to the liquid represents the effect of
crystallizing 21% calcite as estimated by mass balance.
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Fig. 7. The effect of varying temperature and total pressure (with
Peoo=P,) on the two-liquid solvus. (a) The closure of the
two-liquid field with increasing temperature. The positions of bulk
compositions and phase relations of Lee & Wyllie (1996) at 1300°C
along the albite—calcite join are also indicated. Tie-lines are shown
for the 1325°C data. Selected starting compositions are shown as

portion of the one-liquid—two-liquid phase boundary at
1300°C is consistent with the data of this study (but see fur-
ther discussion above).

The effect of increasing pressure from 01 to 2:5 GPa for
isothermal, COg-saturated conditions 1is illustrated in
Fig. 7b. Experiments at 2:0 and 2-5 GPa were confined to
moderate to high alkali contents as the low-alkali experi-
ments were plagued by precipitation of solid phases. We
have no evidence to show whether the two-liquid field is
closed off at low alkali content in a similar way to the
15 GPa solvus. As a result we have drawn a dashed line to
estimate the general topology of these solvi. The two-liquid
field expands with increasing pressure, consistent with pre-
vious studies (e.g. Ireestone & Hamilton, 1980). The signifi-
cant expansion of the two-liquid field between 01 and
15 GPa should be noted, in contrast to a much more lim-
ited expansion between 15 and 2:5 GPa. Lee & Wyllie
(1996) suggested a significant expansion of the two-liquid
field from 10 to 25 GPa, but their experiments were lim-
ited to low alkali compositions along the Ab—Cic join. Also
shown in Fig. 7b are the 1300°C, 10 GPa data from Lee &
Wyllie (1997). These experiments have a very high AlyOs/
SiOy wt % ratio of 0-76 (unrealistic for natural magmas),
and although the silicate liquid compositions are broadly
consistent with our data, the carbonate liquids plot well
outside our 10 GPa solvus (i.e. at lower SiOy 4 Al,O3 con-
centrations). This may be an analytical artefact of the Lee
& Wyllie (19974) dataset, as noted above [i.e. see the vari-
able and extended range of carbonate liquid compositions
presented in fig. 5 of Lee & Wyllie (19974)]. Alternately,
this could be related to the extremely high Al,O3/SiO,
ratios of these bulk compositions.

Figure 7c illustrates both the isobaric and isothermal
closure of the solvus with increasing temperature or
decreasing pressure for the RBIOO bulk starting compos-
ition (Table 3). The temperature effect is clearly illustrated
from 1225 to 1550°C. However, from 1550 to 1700°C the li-
quids appears to unmix during the quench, so it is not pos-
sible to construct a smooth curve to the consolute point.
The textures produced in the highest temperature runs

open circles, liquid compositions at 1225°C as filled triangles, 1275°C
as filled diamonds, 1325°C as filled squares, 1425°C as inverted filled
triangles and 1550°C as filled circles. (b) The position of the
two-liquid solvus as a function of pressure is estimated using 1300°C
experiments for bulk composition RBIOO (circles) and estimated
solvus positions from Fig. 6a—c (adjusted from 1250 to 1275°C). Also
shown in grey are the starting compositions (open squares) and ana-
lysed 10 GPa, 1300°C liquid compositions (filled squares) from Lee
& Whyllie (1997a). (¢) 7-X and P—X representations of the two-liquid
solvus. The experimental data for the RBI00 bulk composition illus-
trate solvus closure with increasing temperature (7—X), or decreasing
pressure (P—X). The data at 0-5, 02 and 0-1 GPa are for 1250°C. The
bulk composition for the 0-5 GPa experiment (BK42) is not the same
as for RBIOO, but the tie-line for the conjugate liquids passes through
that point. The high-temperature closure of the field (dashed line) is
discussed in the text.
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Si0,
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Ca0

Fig. 8. The effect of P9 on solvus closure. The original COy content of the RBIOO bulk composition is 3179 wt %, but this was reduced to
24-79, 22-03 and 19-80 wt % in the COq-undersaturated experiments. Compositions for COq-saturated (RB88, squares) and COg-undersatur-
ated (RB66, diamonds) experiments are also included to show the effect of Py on solvus closure along the CaO-free join. The 0-1GPa,
1300°C COg-saturated solvus is estimated from Fig. 5a. The dashed grey line is the trace of the projection plane used in Fig. 9a.

are similar to the intermingling liquids illustrated in I'ig.
1b, but are more heterogeneous and very difficult to ana-
lyze. The average of several analyses suggests a comparable
solvus width at both 1700°C and 1550°C. As a result,
1550°Ci may represent a ‘closure’ temperature for the
piston cylinder quench rate.

The effect of €O, undersaturation

Any melt or magma is considered to be COy-undersatur-
ated (i.e. Pcoo<Piol) 1f the COy content is lower than
that required to saturate one (or both) liquids and no
excess fluid phase is present, or if other volatile phases
such as water or halogens are also present to dilute the
COgy-bearing fluid. In experiments with graphite present,
it is also possible that CO (or even CH, with water pre-
sent) might be produced to dilute the COs. In nature, it is
unlikely that silicate magmas generated in the mantle will
be COg-saturated (i.e. totally free of other volatiles such
as water). It is therefore important to understand the
effect of GOy partial pressure on the solvus.

In this study, the effect of COy undersaturation
(Pcoo <Pioa) was determined at a P, of 15 GPa, by
varying the loaded bulk COy content for a fixed starting
composition (RBI0O0) and fixed temperature (1300°C).

This was achieved by devolatilizing an aliquot of the
RBIOO starting mix and adding this back to the original
mix in varying proportions. The resultant bulk compos-
ition, CO, content, and the quenched liquid compositions
are listed in Table 3, with the data plotted in Figs 8
and 9a. RBIOO samples loaded with 318wt % CO,
showed clear evidence of excess fluid during the run (i.e.
Pcoo="Poa1)- The 15 GPa experiments with lower bulk
COy contents show no evidence of excess fluid and there
is a concomitant reduction in the width of the two-liquid
field (Fig. 8). Reducing by 25% the bulk COy from 318 to
24-8 wt % at 15 GPa produces a conjugation line similar
in width to the 01 GPa COy-saturated solvus (Fig. 8). The
runs with 22:03 and 19-08 wt % COy produced even nar-
rower two-liquid fields, with intermingling silicate and
carbonate liquid textures (see Fig. 1b). Previously, Koster
van Groos & Wyllie (1968) noted a reduction in the size of
the two-liquid field for experiments in Ab—sodium carbon-
ate (Nc) with 20 wt % HyO, this effect being very signifi-
cant for experiments with 50% HyO, as compared with
the equivalent HoO-free runs. The addition of H,O in
these experiments has reduced Proo <Py and thus
reduced the width of the two-liquid field. Similar results
with respect to the reduction of the width of the two-liquid
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Fig. 9. The two-liquid solvus in COy space for changes in (a) COy
undersaturation, (b) temperature and (c) pressure. These figures rep-
resent the plane from CO,, to a line passing through Ab (albite) and
the RBIOO bulk composition to the CaO—NayO side of the ternary
diagram (grey dashed line in Fig. 8), with some compositions pro-
jected a short distance onto this plane. Experiments using the RBI00

solvus with COs undersaturation have been described in
detail by Brooker (1998) for a nephelinite—carbonate bulk
composition.

Experiment RB66 is a further example of a COq-under-
saturated starting composition and is compared with the
COy-saturated equivalent run RB88 in Fig. 8. In this case,
CO, undersaturation in the RB66 experiment arises from
introducing a significant amount of Na,O into the starting
composition as a silicate component, rather than as
NayCOs (see Table 2). This highlights an important consid-
eration in experimental design, especially at higher pres-
sures where the silicate liquid has an increased CO,
demand (i.e. high solubility) in addition to the ‘stoichio-
metric’ requirements of the carbonate liquid. An insuffi-
cient content of loaded COy and/or production of CO (in
equilibrium with graphite capsule liners) has clearly pro-
duced COy-undersaturated conditions and a concomitant
reduction of the two-liquid fields in the experiments of
Baker & Wyllie (1990) and Lee & Wyllie (19975). These re-
sults may well simulate some specific situations that occur
in nature, but they do not represent the maximum possible
width of the two-liquid field at the stated pressure and tem-
peratures. As such, they cannot be compared with experi-
ments that have Pooo = Pow- The Lee & Wyllie (19976)
claim that increased MgO is solely responsible for the ex-
treme solvus contraction is unlikely to be true. However,
we note that we have observed a limited contraction of
the solvus at COpy-saturated conditions when 14wt %
MgO is added to the SNAC + CO, system (unpublished
data), and that Freestone & Hamilton (1980) also observed
a reduction in the width of the two-liquid field with the
addition of 7wt % MgO.

T he solvus in CO, space

The COy data, as determined by LECO for silicate liquids,
and by microprobe totals shortfall for silicate and carbon-
ate liquids, have been used to construct phase diagrams
for the plane from CO, to a tie-line from albite through
the RBIOO bulk composition to the NayO—-CaO sideline
(Fig. 8). An isobaric, isothermal representation of the
phase relations illustrates the closure of the two-liquid
field as a function of decreasing CO, content (Fig. 9a).

starting composition (or near equivalents) from Figs 7a, b and 8 are
used to illustrate the approximate COq content of immiscible liquids.
Open squares are bulk starting compositions, filled circles represent
LECO data points; open circles are estimated CO, content using the
EMP totals shortfall. In (a) the geometry of the isothermal, isobaric
two-liquid field is shown using the undersaturated, variable bulk
COy experiments from Fig. 8. Field boundaries are denoted by black
line. In (b) and (c) the change in position of the two-liquid fields as
a function of temperature (b) and pressure (c) is illustrated using the
fluid-saturated ‘end points’ from Fig. 7. The COy solubilities at Ab are
albite data from Brooker et al. (1999). The approximate limits of se-
lected two-liquid fields (grey shading) are partly schematic. The com-
position denoted by X in a circle is discussed in the text. Grey
projection lines onto the baseline are given as a visual guide.
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The two-liquid field becomes slightly narrower with
increasing temperature (Fig. 9b). However, the one-liquid
to two-liquid phase boundaries follow a similar path to
those in Fig. 9a with respect to COy space, with the COq
content decreasing as the two-liquid field expands to more
aluminosilicate-rich compositions. Similar phase relations
were shown for a more complex composition by Brooker
(1998).

This contrasts strongly with the one-liquid to two-liquid
phase boundaries shown in Fig. 9¢, where the CO, content
of the silicate liquids remains relatively constant because
of the compositional dependence of COy solubility and
the change in composition of the silicate liquid with pres-
sure (this may represent a ‘feedback’ mechanism that is an
important part of the immiscibility process). This illus-
trates the important principle that for an ascending, under-
saturated, low-COy silicate magma (corresponding to the
point marked by X in circle in Fig. 9b and c), intersection
with a two-liquid field and exsolution of a carbonate
liquid is more likely to occur as a result of decreasing pres-
sure on approaching the Earth’s surface, rather than a de-
crease in temperature. This is somewhat counter-intuitive,
given that the COy-saturated two-liquid field decreases in
size with decreasing pressure; that is, the two-liquid field
on a GOy projected plot tends to contract away from
normal magmatic compositions as the magma rises (see
also discussion by Brooker, 1998).

The spinodal curve inside the two-liquid
solvus

In this study, the preferred method of determining the
extent of the two-liquid field was to utilize a bulk compos-
ition well inside the estimated two-liquid field, so that
large volumes of each liquid are produced and available
for analysis. However, a secondary constraint can be
added by utilizing a number of bulk compositions that ap-
proach the two-liquid solvus from the one-liquid field,
thus confirming the one-liquid to two-liquid phase bound-
ary. This also simulates the most likely situation in nature,
where crystal fractionation might increase the alkali and
CO, content of a silicate liquid, forcing it towards the
two-liquid solvus (e.g. Kjarsgaard & Hamilton, 1989¢;
Kjarsgaard et al., 1995; Kjarsgaard, 1998). In theory, the
use of variable starting compositions and visual identifica-
tion of the resultant phase assemblage (i.e. one liquid or
two liquids), should have the advantage of avoiding errors
associated with analysis of the quenched liquids. Both the
‘liquid composition analysis’ as well as the ‘variable bulk
composition’ techniques have been used in this study, as
was also done, in part, by Lee & Wyllie (1996, 1997a).

In our study, we found that the position of the solvus
was not reproduced by the two experimental methods
(not even within analytical or experimental error).
Experiments on bulk compositions just inside the
two-liquid solvus typically remained as a single liquid.

SILICATE-CARBONATE LIQUID IMMISCIBILITY

This is most pronounced for bulk compositions inside the
silicate limb of the solvus, and is more difficult to detect
for bulk compositions just inside the carbonate limb of the
solvus. Examples of this effect are illustrated by 0-2 GPa
run BK32 (Fig. 6a), and 0-5GPa run BKII7 (Fig. 6b)
where the bulk compositions are clearly inside the
two-liquid solvus, but only one silicate liquid is produced.
Importantly, the COy content of these silicate glasses (see
Table 2) is much greater than expected. Non-equilibrium
single liquids with supersaturated CO, contents are
almost certainly due to a free energy effect, as illustrated
in Fig. 10. This free-energy effect inhibits immiscible separ-
ation for compositions between the two-liquid solvus and
the spinodal curve and leads to supersaturation in COy, in-
stead of exsolution of a carbonate liquid. Although the
15 GPa phase relations of Lee & Wyllie (1996) for the Ab—
Cc join are in good agreement with our data, the absence
of analyses of conjugate liquid pair compositions limits the
resolution of their one-liquid—two-liquid phase boundary
to the spacing of the bulk compositions. However, it also
appears possible that one (AbsoCcsy at 1300°C) or two
(AbgsCess at 1275°C) of the Lee & Wyllie (1996) bulk com-
positions may be in the area between the solvus and the
spinodal curve (see Figs 7a and 6c¢), resulting in inhibited
unmixing and thus slightly underestimating the true
width of the two-liquid field.

DISCUSSION

Petrological applications of liquid
immiscibility to carbonatite genesis

Data presented in this study for the SNAC 4+ CO, system
suggest that the minimum alkali requirement for liquid
immiscibility is ¢. 5wt % at 15 GPa (Lee & Wyllie 1996,
1997a; this study, Figs 6 and 7). This is particularly appar-
ent in Fig. 7a, where the two-liquid field appears to flatten
out as the temperature is lowered, being ‘pinned’ above
this minimum 5wt % amount and expanding towards
the CaO corner. It should be noted that this effect is appar-
ent before solid phases start to precipitate. Slightly lower
alkali concentrations can be realized for natural compos-
itions, as a result of lower temperatures; for example,
425wt % alkalis at 0-5GPa and 1025°C (Kjarsgaard,
1998). Above 15 GPa it is unclear from our data if the
solvus continues to expand towards the alkali-free baseline,
but low and very low alkali (<Iwt % alkalis) concentra-
tions have been reported for immiscible carbonate—silicate
liquids in higher pressure (3-:0-5:0 GPa) experiments (e.g.
Dasgupta et al., 2006; Thomsen & Schmidt, 2008) and for
the alkali-free CMAS 4 CO, experiments of Novella &
Kershav (2010) at 2:0-2:6 GPa. A highly important obser-
vation from these recent experimental studies is that
alkali-free immiscible carbonates cannot be pure CaCOg
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Fig. 10. Schematic representation of the theoretical Gibbs free energy surfaces (grey curves) appropriate to an immiscible solvus, as a function
of composition and changing P—7 conditions. The common tangents (dashed straight lines) to these surfaces illustrate that the lowest energy
condition is satisfied by unmixing to give the two liquids that define the immiscible solvus (black curve). The black curve inside the solvus is
the spinodal curve, which follows the inflection in the free energy surface where the curvature changes from positive to negative. Inside this
dashed line, unmixing is spontaneous, but between the spinodal curve and the solvus is a region where unmixing is kinetically inhibited, requir-
ing large compositional fluctuations (nucleation) to initiate unmixing [e.g. see Schmalzried (198l) for a detailed description].

under any conditions, as the solvus curves away from the
CaO corner in the quasi-ternary diagrams.

In terms of immiscible carbonatite compositions, our
study confirms the conclusions of previous studies—that
low-aluminosilicate, high-alkali natrocarbonatite compos-
itions such as those of Oldoinyo Lengai can be produced
by immiscible separation from a peralkaline silicate
parent (Koster van Groos & Wyllie, 1966, 1968; Freestone
& Hamilton, 1980; Kjarsgaard &  Peterson, 1991
Kjarsgaard et al., 1995; Mitchell, 2009). At least 15 wt % al-
kalis in an exsolved carbonate liquid appears to be the
minimum required if the aluminosilicate content is to be
below 3 wt %. Low-alkali carbonatite melts can be gener-
ated by liquid immiscibility, but these exsolved carbonate
liquids with less than 5wt % alkalis must also have a sig-
nificant aluminosilicate (>~10wt % SiOy+ AlyO3) con-
tent (Hamilton & Kjarsgaard, 1993; Lee & Wyllie 1996,
19974; Kjarsgaard, 1998; Dasgupta et al., 2006; Novella &
Kershav, 2010; this study).

Whole-rock carbonatite analyses in the literature are
dominated by examples that have <5 wt % SiOg + Al,O4
(Woolley & Kempe, 1989), consistent with the observation
that minor quantities of ferromagnesian silicate minerals
(e.g. olivine, clinopyroxene, melanite garnet, mica and
amphibole) are observed in many carbonatites (Twyman
& Gittins, 1987; Gittins, 1989; Hogarth, 1989). In contrast,
numerous carbonatites exhibit no or very limited contents

of these mineral phases and thus have very low silica and
alkali contents. For low-alkali carbonatites, this could be
taken to exclude an immiscible origin in favour of a direct
mantle carbonatite melt (e.g. Dalton & Wood, 1993). For
some cases this may be true, but an equally viable option
is that minor crystal fractionation of silicate minerals
from a separated, parental immiscible carbonate melt
would easily deplete both aluminosilicate and alkali com-
ponents (e.g. Macdonald et al., 1993; Kjarsgaard et al.,
1995; Kjarsgaard, 1998; Petibon et al., 1998), and the release
of alkali-rich (fenitizing) fluids (Le Bas, 1987) would fur-
ther deplete alkalis. Fractionation processes would be
enhanced by the high density contrast and the low viscos-
ity of the carbonatite melt. More detailed experimental
(and field) work is required to find methods for differen-
tiating between carbonatites produced by these two
processes.

Experimental  data  for low-alkali  nephelinite
(Kjarsgaard, 1998), melilitite (Kjarsgaard & Hamilton,
19896) and multicomponent synthetic systems (Suk, 2001,
2003) support the general features observed for the
alkali-poor closure of the two-liquid field in the
SNAC 4 COy system. In this context, the results from our
simple system experiments are highly relevant to under-
standing parental carbonatite magma compositions and
petrogenetic models. We speculate further on this subject
in Fig. 11, where low-pressure (0-2 GPa) and high-pressure
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Y
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Carbonatite Complexes

2 Melilitites

4 Bergalites

O Nephelinites
<  Phonolites

2-3 GPa

12251350°C / R 4 oA a0s . o ccnnnm - I
= D+
Si0, ‘% fl\ CaO+
+ Al,0, N&K N&K  MgO+
+ TiO,+ Fe, 0, FeO+MnO

Fig. 11. The compositions of alkali silicate volcanic and hypabyssal rocks found in carbonatite complexes, compared with experimental CO,-
saturated two-liquid solvi in SNAC (this study). The data for more complex compositions are plotted by adding the extra components to each
apex as shown (after Freestone & Hamilton, 1980). The SNAC solvus positions at 15 GPa, 1225°C and 0-2 GPa, 1250°C are from this study.
Also shown is the 0-5GPa solvus for a nephelinite composition compiled for a range of temperatures (1050-900°C)) from Kjarsgaard &
Peterson (1991). The 0-2 GPa 1250°C SNAC solvus passes through data for experiments on Oldoinyo Lengai phonolites at 0-1 GPa and 700°C
(Kjarsgaard et al. 1995). The tie-lines for these data are shown as representative lines for the Shombole experiments. The ‘mantle’ solvus for
2:0-3-0 GPa is estimated from this study and the compositions of Dasgupta et al. (2006) and Novella & Keshav (2010) labelled D and N&K, re-
spectively. The compositions of generic basalt (B), andesite (4) and rhyolite (R) are also shown.

(15GPa) SNAC solvi are plotted along with less
well-constrained solvi determined from natural compos-
itions. The 0-2 GPa 1250°C SNAC solvus coincides with
data for experiments on Oldoinyo Lengai compositions at
lower pressure and temperature (01GPa and 700°C;
Kjarsgaard et al., 1995). This highlights the fact that any
solvus drawn on this diagram can represent a range of
COy, pressure (or even partial pressure) and temperature
combinations, the contraction related to decreasing pres-
sure counteracted by decreasing temperature in ascending
magmas. Also shown is the 0-5 GPa solvus for experiments
on natural nephelinites from Shombole (Kjarsgaard,
1998). This solvus is polythermal, representing tempera-
tures from 1050 to 900°C (hence the slightly ‘distorted’
shape). This solvus plots inside the position of the SNAC
0-5 GPa, 1250°C solvus (see Fig. 6b), consistent with the

lower temperatures involved. Also plotted in Fig. 11 is an
estimated high-pressure solvus (2:0-3-0 GPa) based on the
2-5 GPa, 1300°C SNAC data of this study, the CMAS data
of Novella & Kershav (2010) at 2-0-2:6 GPa (to tempera-
tures above 1500°C), and the more complex natural
compositions of Dasgupta et al. (2006) at 3-:0 GPa and
1225-1350°C. It should be noted that we have not utilized
the MgO-bearing 2:5 GPa 1250°C solvus from Brooker
(1998). This would plot inside the SNAC 15 GPa, 1250°C
solvus in a position close to the Shombole 0-5 GPa data.
The additional MgO in the Brooker (1998) experiments
might explain some of the discrepancy between the SNAC
and natural composition data, but not the difference from
the Dasgupta et al. (2006) results. This may represent a
problem with comparing data from simple and complex
compositions on the quasi-ternary plot. However, one
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other possibility is that either CO (produced by reduction
of COy by FeO), or HyO was present in the Brooker
(1998) experiments, producing a CO, partial pressure
slightly below 2-5GPa. Significant fluorine in the lower
alkali compositions may also have diluted the COa.

Although there may be problems with representing more
complex compositions and solvi topology on the simple
quasi-ternary plot, we have plotted the compositions of a
number of alkali silicate volcanic and hypabyssal rocks
from carbonatite complexes worldwide. Taken at face
value (e.g. COg-saturated conditions), Fig. 11 would suggest
that melilitites would exsolve a carbonatite melt only at
mantle conditions and this would be low in alkalis or
alkali free with a significant SiOy+ AlyO53 component.
Bergalites would need shallow mantle to deep crustal con-
ditions and the exsolved carbonatite is more likely to have
a small alkali component. This may be significant as
calcio-carbonatite lapilli tuffs associated with the
Kaiserstuhl bergalites have exceptionally high CaCOg
compositions and are inferred to be molten at atmospheric
pressure (Keller, 1989), where dissociation to CaO and
COy should occur. A small amount of alkalis (now lost)
has been suggested as one solution to this dissociation
problem (Jago & Gittins, 1991), and the solvi at 10% alkalis
would also allow the observed low SiOs + Al,Og3 contents.
Primitive nephelinites may be produced at higher mantle
temperatures than melilitites (owing to higher degrees of
melting; Wallace & Green, 1988) or be the lower tempera-
ture products of fractionation. As a result they cover the
widest range of conditions from mantle to crust and may
exsolve carbonatites with alkali contents ranging from
very low up to about 50wt %. Fractionated, lower-
temperature phonolites appear most suited to exsolving
an alkali-rich carbonate liquid at mid- to shallow crustal
conditions. The alkali content is increased further by the
rotation of the tie-lines for these highly peralkaline com-
positions (Fig. 1I; Kjarsgaard & Peterson, 1991). Also
shown in Fig. 11 are the more common igneous compos-
itions: basalt, andesite and rhyolite. It is clear that these
compositions are highly unlikely to intersect immiscible
conditions in the unlikely event that they become COo-
saturated.

As illustrated previously by Brooker (1998) and con-
firmed in this study, the CO, saturation of the silicate
liquid (Pcoo rather than P,) is a highly important
factor in generating an immiscible carbonate melt. In
nature, the COg-saturated scenarios described above are
unlikely to be commonplace. The amount of COy in a
magma generated in the mantle is a function of the COq
content of the source and the degree of melting. At very
low degrees of partial melting, the melt produced can be
carbonatitic. There are questions as to whether these
small-volume melts can be extracted from the mantle, or
get past the solidus ledge’ as they ascend (e.g. Wallace &

Green, 1988). At higher degrees of melting, the magmas
rapidly become more silicic (e.g. Wallace & Green, 1988;
Moore & Wood, 1998) and the COy is probably diluted
below saturation as the CO, source is exhausted. Natural
primitive nephelinite and melilitite magmas probably con-
tain ~4 and 8wt % CO,, respectively (Eggler, 1989),
whereas COy solubilty in melts of these compositions may
be 5-10 and 10-20 wt % COy, respectively (Brooker et al.,
2001) at mantle conditions. Hence we suggest that natural
magmas at pressures equivalent to mantle or lower crustal
depths will be COy undersaturated with respect to the
two-liquid solvus. As a result, immiscibility is most likely
to occur at the low COg-saturation demand conditions
found in lower-pressure (<10 GPa) crustal magma cham-
bers, or in mantle magma chambers in areas where the
lithosphere has been thinned (e.g. the East African Rift
or the Rhine Graben). In these lower pressure conditions,
immiscibility will be induced by cooling and crystal frac-
tionation of ferromagnesian silicate and oxide minerals
that increase the alkali and CO, content of the residual
silicate melt, which then intersects the two-liquid field
that is expanding at the lower 7 conditions (Kjarsgaard &
Hamilton, 1988, 19894; Kjarsgaard et al., 1995; Lee &
Whllie, 1998).

However, the contraction of the two-liquid field with
decreasing pressure, as the magma approaches the surface
(reduced Pyya1), possibly exaggerated by escape of COq
(Pcoo <K Pioal), may cause the readsorption of any carbon-
ate liquid that has been exsolved and not physically sepa-
rated from the parental magma. This will ensure that the
preservation of actual immiscible textures in nature is
very rare, but they do exist (e.g. Kjarsgaard & Peterson,
1991; Dawson et al., 1992, 1994; Macdonald et al., 1993).
This demonstrates the importance of considering CO,
solubility in natural two-liquid magmatic systems, and in
particular the difference between COy-saturated and
-undersaturated systems. One other composition worth
considering is kimberlite; this would plot right in the
middle of the two-liquid field in Fig. 11, almost on the
alkali-free baseline at mantle conditions. However, the
high CO, content common in these compositions is
always ‘diluted’” by some significant H,O component
(Kjarsgaard et al., 2009), so lower ‘partial’ pressure solvi
would be relevant. As a result, these relatively low alkali
compositions are unlikely to experience immiscible exsolu-
tion at 3-0 GPa or during ascent through the crust.

Round calcite crystals in mantle xenoliths

The presence of CaCOg ‘globules’ in experiments is re-
interpreted in this study to reflect a solid phase (see also
Macdonald et al. 1993; Lee & Wyllie, 1994, 1996, 19974,
Lee et al., 1994; Brooker, 1995). This observation has direct
application to the numerous reports of carbonate phases
in mantle xenoliths that are either ‘globules’ or have
immiscible-like boundaries with silicate, or occasionally
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sulphide melts (e.g. Amundsen, 1987; Tonov et al., 1993; Pyle
& Haggerty, 1994; Schiano et al., 1994; Kogarko et al., 1995,
2001; Seifert & Thomas, 1995; Norman, 1998; Chalot-Prat
& Arnold, 1999; Laurora et al., 2001; Hurai et al., 2007).
Although many of these have been interpreted as quenched
immiscible carbonate liquids, none of the published ana-
lyses appear to have sufficient alkalis, silica or alumina for
this to be the case. Our interpretation of these globular cal-
cite textures supports the conclusions of Ionov (1998) and
Tonov & Harmer (2002), that these are rounded crystalline
calcite that has precipitated from a silicate melt. The
observed textures in xenoliths suggest that these calcite
crystals may play an important role in reducing perme-
ability and in trapping the residual silicate melt. When
the possibilities of mosaic textures caused by inversion of
high P—T calcite polymorphs, or radiating domains related
to single ‘christmas tree’ crystals are considered, it is clear
that interpretation of primary carbonate textures in
mantle xenoliths can be highly complex and problematic.

CONCLUSIONS

Silicate—carbonate liquid immiscibility is clearly possible
at crustal pressures, given enough alkalis (5wt %) and a
high enough CO, partial pressure. However, the high
COy demand at high (>10GPa) pressures suggests that
the process of liquid immiscibility is unlikely to be a
common process in the mantle. Common silicate magma
compositions such as tholeiitic basalt (2-3wt % alkalis
and low COy) cannot be parental to immiscible carbona-
tite melts. However, silica-undersaturated alkaline
magmas (e.g. olivine nephelinite, olivine melilitite) that
are produced by partial melting of a carbonated mantle
source (e.g. Wallace & Green, 1988; Toley et al., 2009) are
certainly viable candidates to exsolve a carbonate liquid,
especially as they differentiate to more evolved compos-
itions. The carbonatite melt produced from evolved neph-
elinites or phonolites would be high in alkalis. This is
consistent with the world’s only active carbonatite volcano
(Oldoinyo Lengai), but at odds with the vast majority of
natural occurrences. Nephelinite or melilitite magmas
appear to be the best candidates to exsolve an immiscible,
low-alkali carbonatite melt that will also have a significant
component of SiOy+ Al,O3. More work is required to
link these compositions to observed rock compositions.
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