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ABSTRACT

Phase equilibrium experiments have been conducted in several silicate-carbonate
systems to 2.5 GPa in order to understand the magmatic processes involved in the
generation of carbonatite complexes. The studied phase fields were intersected by SiO;-
CaCOs3, NaAlSi30g-CaCO3, NaAlSiO4-NaAlSi30g-CaCOj3 and primitive nephelinite-
(Na,Ca,Mg) carbonate, which along with the analyzed liquid and solid compositions were
used to define the positions of the silicate-carbonate miscibility gap and liquidus field
boundaries on various compositional projections. These boundaries exert controls on the
evolution of silicate-CO; and carbonatitic magmas, and vary strongly with temperature,
composition and pressure. The size of the miscibility gap decreases with increasing
temperature and Mg/Ca of liquids. The extent of the Mg-free miscibility gap decreases with
decreasing pressure, whereas the magnesian one shows an opposite trend. The immiscible
carbonate-rich liquids could dissolve at most ~80 wt% CaCO3 while still containing
significant amounts of silicate and alkalis. The position of the silicate-calcite coprecipitation
boundary becomes more carbonate-rich as pressure decreases, and as composition becomes
more magnesian and aluminous. Calcite grew remarkably rounded in many experiments.
A variety of liquid paths are compared with the field boundaries at different conditions.
Partial melting of carbonated peridotite produces dolomitic carbonatites along the
coprecipitation boundary, to COz-bearing, silica-undersaturated liquids in the primary
silicate field. Both types of magmas could potentially ascend to the surface of the earth
without much modification. None of them would reach the miscibility gap at mantle
conditions. Within the crust, carbonated silicate liquids could either intersect the miscibility
gap after substantial crystallization to exsolve alkali-bearing to alkalic carbonatitic liquids,
or reach the coprecipitation boundary and evolve towards alkali-enrichment and silicate-
depletion without immiscibility. Alkali-bearing, CaCO3-rich immiscible liquids, when

separating from their silicate parents, first precipitate silicate minerals during cooling until



\%
calcite is joined, and the residual liquids become more alkalic by further crystallization of
calcite. It appears that most calciocarbonatites are cumulates from liquids along the
coprecipitation boundary, whereas the natrocarbonatites at Oldoinyo Lengai are produced

directly by immiscibility.
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This thesis is largely concerned with experimental boundarieé, particularly the limit
of liquid immiscibility, for the generation of carbonatite magmas. Each chapter is built on
a different phase equilibrium study, progressing from simple to more complex systems,
dealing with mutually related issues of the carbonatite problems. Most chapters were
prepared as independent papers which have been published or submitted for publication,
and for this reason there is overlap between the "Introductions" and "Petrological
Applications" of the chapters. This section summarizes from the chapter "Introductions”
the main petrological problems, and outlines the experimental system presented in each
chapter and the overall experimental design of the study.

The very existence of carbonatite magmas was once debated, but has gradually
become accepted due to integrated evidence from field, geochemical and experimental
studies (see Gittins and Tuttle, 1966; Bell, 1989). While the early investigations
emphasized recognition of the igneous origin of carbonatites, the generation of carbonate-
rich magmas has now been linked to several broader petrological problems, such as the
formation of carbonatite complexes, CO,-budget within the mantle, the contribution of
carbonate in subduction magmatism, the role of carbonatitic melts in metasomatism, and
the enrichment of some economical trace elements associated with carbonatites.

There is a wide variety of occurrence for carbonatites. They are commonly
associated with alkaline silicate rocks, indicating a possible genetic link between the two
(e.g. Barker, 1989). Most of these carbonatites are intrusive calcite-rich rocks, with the
remainder ranging from Mg- to Fe-rich, all containing very minor alkali contents; field
relations pointed to their low emplacement temperatures (down to ~600°C). In contrast,
effusive carbonatites carrying magmatic calcite and dolomite and low in alkalis appeared to
occur at much higher temperature (~1000-1200°C), most of them having no association
with silicate rocks (Bailey, 1993). Low-temperature (550-600°C) lavas of an alkalic

variety, on the other hand, are erupting at Oldoinyo Lengai, the only active carbonatite
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volcano with a composition drastically different from all other carbonatites (Dawson,
1989).

It is evident that CO; is present in the mantle, an observation supported by the
appearance of carbonate in mantle xenoliths (e.g. Ionov et al., 1993; Pyle and Haggerty,
1994). The involvement of CO», either contributed by primordial or recycled carbonate
materials, in the melting of mantle assemblages has an important implication to carbonatite
genesis. Isotopic data point to an ultimate mantle source for all carbonatite magmas (e.g.
Bell and Blenkinsop, 1989), and extensive experimental results further demonstrate that
COj-bearing silicate to carbonatitic melts, the possible parents for carbonatites, can be
generated from carbonated peridotite. Bailey (1993) stated that "carbonate magmatism is a
crucial surface expression of deep mantle processes." There is also a prospect that under
suitable conditions, subducted oceanic crust would be partially melted, with the associated
sediments and carbonate generating CO»-rich liquids/fluids subsequently interacting with
the overlying mantle wedge.

Trace element distribution of carbonatites is significantly different from that of
most silicate rocks. Steep REE abundance patterns with very high, light REE enrichments
are typical of carbonatites (Woolley and Kempe, 1989). This unusual geochemical
signature along with the presence of secondary mineral groups in some mantle xenoliths
(i.e. conversion of lherzolite to wehrlite assemblages) suggests the possible occurrence of
metasomatic events by carbonate-rich melts (e.g. Green and Wallace, 1988). In addition,
economic mineralization associated with such enrichments makes carbonatites a major
source of Nb, phosphate and REEs (e.g. Mariano, 1989).

Although it is now generally accepted that carbonatite magmas have their source in
the mantle, what remain unclear are the detailed evolution paths of the magmas from
mantle to crust. There are presently three favored mechanisms regarding the generation of
carbonatitic magmas: by small degree partial melting of carbonated peridotite, by liquid

immiscibility of carbonated silicate liquids, and by crystal fractionation of other carbonated
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silicate liquids. In particular, liquid immiscibility has been frequently invoked to explain
the formation of large-scale carbonatite complexes and small-scale carbonate ocelli and
inclusions in mantle xenoliths (see the chapters for references). This interpretation
currently appeals to the work of Kjarsgaard and Hamilton (1988, 1989), and Brooker and
Hamilton (1990). They described the occurrence of a large miscibility gap in feldspar-
carbonate joins, extending essentially to alkali-free compositions, and concluded that the
rounded CaCOs3 phases in their experiments were immiscible liquids of the same
composition. They suggested that a whole range of alkalic to calcic carbonatites can be
produced by liquid immiscibility, mainly appealing to the appearance of the large two-
liquid field. Since then the discovery has been cited extensively to support the alleged
nearly pure CaCOj3 liquids interpreted from some petrological observations.

This thesis presents the results of phase equilibrium experiments with emphasis on
the limits of immiscibility in the formation of carbonatite magmas. The experiments were
designed to determine the compositional range of the miscibility gap in simple to complex
systems. In addition, I report another important phase feature in controlling the evolution
of carbonated silicate to carbonatitic liquids which has been neglected in most previous
immiscibility studies, namely the silicate-carbonate liquidus field boundary where the
liquids precipitate both silicate and carbonate minerals. These experimental boundaries
provide a basis for examining the three major proposed mechanisms mentioned above, and
thus enhance understanding of the origin of carbonatites. The content of each chapter is
briefly described as follows.

Debates and relevant advances about the origin and the evolution of carbonatites are
summarized in Chapter 1: (1) where carbonatites are from—mantle or crust, (2) what the
composition of parental carbonatite magma is—calcic, dolomitic, or sodic, and (3) whether
carbonatites are derived from parent silicate magmas by fractional crystallization or by
liquid immiscibility. A new experimental result in the system NayO-Ca0O-Al;03-SiO;-

CO3-H0 at 0.1 GPa is presented, confirming that crystal fractionation of a hydrous CO3-
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bearing nepheline-normative liquid at moderate temperatures may produce continuous
liquid compositions from silicate to carbonate rich. The residual liquid becomes alkali-
enriched at temperatures below the high-temperature liquid miscibility gap.

Chapter 2 illustrates the results of the join Si02-CaCOs3 at 2.5 GPa, showing no
sign of immiscibility in the alkali-free compositions. The experimental rounded CaCOs3 is
interpreted as a calcite crystal, not an immiscible liquid as previously announced (i.e.
Kjarsgaard and Hamilton, 1988, 1989). CaCOs-rich liquid in the system quenched to a
glass, which is further studied by infrared spectroscopic method to derive information
about liquid structure.

The phase fields intersected by the join NaAlSizOg-CaCO3 are presented in
Chapter 3. The corresponding silicate-carbonate liquid miscibility gap and liquidus field
boundaries in the system NayO-Ca0O-Al,03-Si07-CO; are constructed in the pseudo-
ternary diagram, (SiO; + Alp03)-Ca0O-NajyO, projected from CO;. Although the
geometrical arrangement and temperatures of the field boundaries in the synthetic model
system cannot be directly applied to rock assemblages, they illustrate the kinds of
processes and controls which may occur in nature. The results define the maximum
dissolved CaCO3 content in immiscible carbonatite liquids to be ~80%, and invalidate the
claims of immiscible, nearly pure CaCO3 (99%) liquids (Kjarsgaard and Hamilton, 1988,
1989), and thus the associated petrological applications of their followers. Several lines of
evidence that the rounded CaCOs3 is a crystalline phase are presented in detail. It is
concluded that most calciocarbonatites are cumulates along the silicate-calcite liquidus field
boundary, and that calcite ocelli in mantle xenoliths grew as crystals, not immiscible
carbonate liquids.

The effect of Al/Si in the synthetic system is explored at 1.0 GPa using the join
NaAlSiO4-NaAlSi3;0g-CaCOs3, reported in Chapter 4. The data are expressed in the
compositional triangle and the tetrahedron SiO2-Al,03-Ca0O-NaO (with excess CO») to

illustrate the variations of the field boundaries and the corresponding phase assemblages.
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The results suggest that alkali-bearing carbonatite liquids are probably quite common in
nature, and that Oldoinyo Lengai natrocarbonatites may represent the immiscible
carbonatitic liquids near the temperature minimum on the miscibility gap.

Chapter 5 shows the next step of the experimental approach toward natural rock
assemblages: determination of the Mg-bearing miscibility gap intersected by nephelinite-
dolomite-NapCO3 at 1.0 to 2.5 GPa. The miscibility gap is restricted to more alkali-rich
compositions compared to the Mg-free gaps, but expands somewhat with decreasing
pressure. The alkali-poor join nephelinite-CaCOs3 does not intersect the miscibility gap at
1.0 GPa. The possible reactions for the melting of various carbonated peridotite
assemblages are summarized, and the compositions of experimental mantle carbonatitic
melts along with several natural rock types are also compared with the miscibility gap.
None of the liquid compositions are likely to intersect the liquid immiscibility volume in
mantle processes.

Variations and limits of the miscibility gap and liquidus field boundaries as a
function of pressure, temperature and composition are further summarized in Chapter 6,
and used to construct generalized phase diagrams in the tetrahedron (SiO; + SiO7 + TiO9)-
CaO-(MgO + FeO)-(NayO + K70) (+ COj). The phase diagrams provide a model
framework for understanding the formation of a variety of alkaline and carbonatite rocks.
The bulk compositions of three categories of silicate-carbonatite assemblages are compared
with the framework: (1) effusive calciocarbonatites with mantle debris, (2) mantle
carbonate globules and associated glasses in mantle xenoliths, and (3) alkaline complexes
with various crystallization trends. It appears that some mantle carbonatite magmas may
reach the surface of the earth without much modification, perhaps as diatremes, with their
compositions projecting near the silicate-carbonate coprecipitation boundary. Both liquid
immiscibility and fractional crystallization are important in the generation of crustal
carbonatites. The results also reinforce the conclusion that mantle carbonate ocelli cannot

be immiscible carbonatite liquids.
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Finally, because of the overlap and repetition in the "Petrological Applications" for
each independent chapter, I present an itemized summary of the petrological conclusions
following approximately the sequence of applications and conclusions reached in

successive chapters.
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CHAPTER 1

EXPERIMENTAL DATA BEARING ON LIQUID IMMISCIBILITY,
CRYSTAL FRACTIONATION, AND THE ORIGIN OF
CALCIOCARBONATITES AND NATROCARBONATITES

(Lee W.-J. & Wyllie P. J., 1994. International Geology Review 36: 797-819)
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ABSTRACT

Controversies about the role of carbonate-rich melts in processes ranging from
mantle metasomatism to carbonatite eruptions involve debates about the following: (1) are
carbonatite magmas primary from the mantle, or differentiates from silicate parents in the
crust? (2) are parental carbonatite magmas calcic, dolomitic, or sodic? (3) are carbonatite
magmas derived in the crust by liquid immiscibility or crystal fractionation? Experimental
data provide the following constraints: primary carbonatite magmas formed in mantle
lherzolite at depths greater than ~70 km are dolomitic; melts richer in calcite can be formed
only in wehrlites at shallower depths; immiscible carbonatite magmas formed in the crust
have variable Ca/Na, with no more than 80% dissolved CaCO3, and commonly less;
dolomitic melts from fertile peridotite, and more calcic melts from immiscibility, can
fractionate to yield sodic melts.

A test experiment confirms previous results in the join NaAlSiO4-NaAlSi3Og-
CaCO3(Ne-Ab-CC)-H7O (at 0.1 GPa and below 960 °C), illustrating that fractional
crystallization of nepheline-normative silicate-CO5 liquid can yield a residual carbonatitic
liquid, precipitating calcite and becoming enriched in NapCO3; the fractionation path
passes below the silicate-carbonate liquid miscibility gap which exists at higher
temperatures. The experiment with 10% H,O (near Ne35CCgs by weight) at 833 °C
identifies the crystallization reaction: 1 liquid + 0.2 melilite(sodic) + 0.2 CO; = 0.5
cancrinite + 0.6 calcite + 0.1 H,O. The liquid quenches to a fine-grained assemblage
including laths of nyerereite, equant grains of cancrinite, and calcite mostly precipitated in
quench overgrowth rims enclosing cancrinite which border the round, primary calcite
crystals. The liquid composition was determined from SEM and EDS analyses over areas
up to 2,500 um?2, modal counts, and mass balance calculations; the maximum HO content
was assigned using published solubility data, yielding a liquid composition: 26% CaO,

10% Naz0, 14% Aly03, 15% SiO7, 23% CO;, and 11% H,O, equivalent to 36%
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nepheline, 43% calcite and 9% nyerereite with HoO and about 1% Al»O3, slightly enriched
in NapCO3 compared with the starting material. Deductions from available experimental
studies indicate that fractional crystallization of a hydrous COj,-bearing nepheline-
normative magma at moderate temperatures may produce continuous liquid compositions
from silicate to carbonate-rich, precipitating a series of mineral assemblages analogous to
rocks at the Oka Complex. Alkali-enriched carbonatite melts capable of precipitating
cumulate sovites can be generated in several ways at crustal depths, but there is as yet no
experimental evidence for petrological processes capable of forming nearly-pure CaCO3
liquids at feasible temperatures and pressures. Previous claims for such liquids through
immiscibility are now revised. The proposed existence of calciocarbonate parental

magmas needs substantiation by a viable process.

INTRODUCTION

Three current debates about the origin and evolution of carbonatites are highlighted
in the book edited by Bell (1989). Debates are concerned with: (1) where carbonatites
come from, mantle or crust, (2) the composition of parental carbonatite magma, calcic,
dolomitic, or sodic, and (3) whether carbonatites are derived from parent silicate magmas
by fractional crystallization or by liquid immiscibility. This contribution is concerned with
specific experimental data bearing on the third debate, but the discussions show that all of
these problems overlap in terms of petrological processes.

Gittins (1989) addressed the first question by referring to the dichotomy "between
those who saw carbonatites as developing essentially within the crust, or only slightly
below it, by modification of a mantle-derived magma and those who emphasized the vexed
question of a kimberlite-carbonatite association and took a quantum leap into the bowels of
the earth to seek the birthplace of carbonatites." Isotope studies of carbonatites provide an

unambiguous mantle signature (e.g. Bell, 1989), but Gittins (1989) pointed out that "what
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was not settled, and still remains unclear, is whether carbonatite magmas originate by direct
mantle melting or whether they evolve from a silicate, mantle-derived magma during low-
pressure fractionation in the crust."

Barker (1989) reviewed the generally accepted field-based conclusion that most
carbonatites are subordinate to associated silicate rocks, and therefore likely to be derived
from a silicate parent in the crust. He found little evidence from the field relationships of
carbonatites for primary carbonatite magma ascending directly from the mantle. Bailey
(1993) challenged this view, arguing strongly that effusive calciocarbonatites (Keller, 1989)
with mantle debris represent primitive melts from a mantle source. Haggerty (1989)
concluded that carbonatites are derived by melting (fractional distillation) of a strongly
metasomatized mantle layer about 50-75 km beneath rift zones. Gittins (1989) favored a
scheme of primary carbonatite magmas from the mantle, which become "dominantly
calcitic" by the time they reach the crust. There is microscopic evidence for primary
calcite-rich magmas in mantle xenoliths. Pyle and Haggerty (1994) described the presence
of natrosilicic and carbonatitic conjugate melts (calcite ocelli) in metasomatized eclogite
xenoliths from Jagersfontein kimberlite. Kogarko and Pacheco (1994) similarly
interpreted rounded oval segregations of calcite in silicate glass in a harzburgite nodule
from the Canary Islands as quenched primary carbonate melt. These examples, and
Bailey's (1993) candidates for mantle-derived calciocarbonatite magmas remain
problematic because so far they lack an explanation in terms of feasible phase relationships.

Experimental data reviewed by Eggler (1989), Wyllie (1989), and Wyllie et al.
(1990) demonstrate that carbonatite melts can be formed from COj-bearing mantle
lherzolite at depths greater than about 75 km, but this melt is dominated by calcic dolomite,
not calcite. They noted that while the occurrence of primary mantle carbonatite magmas
was an interesting possibility, they expected the normal geological expression of such
magmas to correspond more closely to that of kimberlites than to the common occurrence

of carbonatites as small plutonic intrusions associated with much larger volumes of alkalic
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rocks. Eggler (1989) provided an extensive discussion about possible primary mantle-
derived carbonatite magmas, with useful displays of primary silicate melts and evolved
carbonatites in Figs. 22.2 and 22.3, and cited only two examples among rare candidates for
primary carbonatites. Dawson's (1994) description of the lavas and tuffs of the Igwisi
Hills in Tanzania appear to match this expectation. He described the lavas as effusive
kimberlites, but noted the similarity of the olivine-free matrix to carbonatite, with about
20% CO9, 44% (CaO + MgO), and 15% SiO;. Many carbonatites have SiO; this high
(Woolley and Kempe, 1989), but it is lower in the near-solidus carbonatite melts
determined from experiments with lherzolite; SiO; content increases with increasing
temperature, however, and this lava is a possible example of primary mantle-derived
carbonatite magma. Bailey's (1989) account of a mantle-derived carbonate melt (dolomitic)
in Zambia is evidence that such melts may sometimes reach the surface. The Polino
diatreme containing tuffisite of monticellite calciocarbonatite with mantle xenoliths
described by Stoppa and Lupini (1993) is another occurrence with physical characteristics
consistent with a mantle source, but again there is the problem of calcite rather than
dolomite (see Dalton and Wood, 1993).

The second question, about the composition of parental carbonatite magmas, tends
to be clouded by the extent to which carbonatites are viewed as cumulates, or as close
representatives of magma composition. The only observed molten carbonatites are the
unique natrocarbonatite lavas of Odoinyo Lengai, and Le Bas (1981) proposed that the full
diversity of carbonatite rock types could be derived from this type of parental magma.
Koster van Groos (1975) interpreted experimental data in terms of primary sodic
carbonatite from the mantle being parental for the crustal, calcic carbonatites. Dawson et al.
(1987) proposed that some calciocarbonatites are calcified alkali-carbonatites. Twyman
and Gittins (1987) and Gittins (1989) rebutted this scheme, explaining the sodic carbonatite
melt as a late-stage fractionation product which is consistent with phase relationships

(Cooper et al., 1975). Bailey (1993) pointed out that the phase relationships were in fact
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more consistent with an origin by remelting of alkali carbonates perhaps deposited in the
volcanic edifice as high-temperatre sublimates. There is evidence that natrocarbonatites
may be derivative from other carbonatite parents. Kogarko et al. (1991) concluded from
the population of Na-rich carbonate inclusions in perovskite and calzirtite from a
calciocarbonatite intrusion in Siberia that the parental magma was Ca-rich and developed
Na-rich differentiates only during the latest stages. Veksler and Nielsen (1994) reached
similar conclusions from carbonate inclusions in melilites from the Gardiner intrusion.
Wallace and Green (1988) suggested that natrocarbonatite magmas could form by
fractionation of a primary dolomitic magma from a fertile mantle.

The most abundant carbonatites are sovites, and Keller's (1989) recognition of the
widespread occurrence of juvenile melt-droplets in carbonatite volcanism points to the
eruption of magmas of calcium carbonatitic composition. Cooper and Reid (1991)
presented spectacular textural evidence for quenched carbonate-rich liquid which they
concluded were compatible with a Ca-rich carbonatite magma carrying liquidus calcite and
dolomite and quenching into a subvolcanic environment. Bailey (1993), with additional
evidence from calciocarbonatites intrusions occurring without associated silicate rocks, also
assigned a major role to parental melts with composition near calcium carbonate. The
central problem, therefore, is to determine the parental magma or magmas which
precipitate sovites—are CaCO3-rich magmas possible?

With respect to the third question, fractional crystallization or liquid immiscibility,
Barker (1989) concluded that the tardiness of carbonatite emplacement into coeval, SiO7-
undersaturated, mafic, silicate plutonic rocks was consistent with their derivation by liquid
immiscibility from fractionated silicate magma within the crust, and that silicate-rich
carbonatites could be explained by mechanical mixing of nepheline-pyroxene cumulates
from ijolitic magma with carbonatite (compare Treiman and Essene, 1985), or by
carbonate metasomatism of silicate rocks. For carbonate-rich rocks (carbonatites)

associated with kimberlites, however, he concluded that the mineralogical data favored an
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origin through crystal-liquid fractionation, not liquid immiscibility. Dawson et al. (1994)
presented evidence for coexisting carbonatite and silicate magmas in study of alkali
carbonatite lavas from Oldoinyo Lengai. Experiments by Kjarsgaard and Peterson (1991)
supported strongly an origin for Shombole carbonatite as immiscible melts from
nephelinite, but they added that Mg-carbonatites may have more than one origin. Veksler
and Nielsen (1994) concluded that primitive liquids observed as inclusions in Kugda
perovskites could produce melilotites and associated carbonatites by fractionation of mica.
Wyllie (1966), Watkinson and Wyllie (1971), Fanelli et al. (1986), and Otto and Wyllie
(1993) presented experimental evidence that fractional crystallization in some silicate-CO
systems could yield residual melts precipitating calcite or dolomite.

Experiments by Kjaarsgaard and Hamilton (1988, 1989) led them to strong
advocacy for universal carbonatite origin by liquid immiscibility over the experimentally-
based conclusion of Watkinson and Wyllie (1971) that fractional crystallization of some
silicate magmas could yield carbonatites. We present here a test and confirmation of the
latter conclusion. Both processes may occur and the problem is to define the conditions
(mainly magma composition and pressure) leading to one or the other (Lee and Wyllie,
1992a, 1992b, 1992c). We also reaffirm from phase relationships the problems of
forming liquid magmas with compositions approaching pure CaCO3 by any process under

reasonable geological conditions.

PREVIOUS EXPERIMENTAL STUDIES ON IMMISCIBILITY AND
FRACTIONATION

Here, we summarize the two lines of experimental data which need resolution.
Watkinson and Wyllie (1971) concluded from experiments in NaAlSiO4-CaCO3-HO that
fractional crystallization of the high-temperature nepheline-normative silicate liquids could

yield low-temperature, calcic, carbonatite-like liquids. Kjarsgaard and Hamilton (1988,
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1989) concluded from high-temperature experiments that a silicate-carbonate liquid
miscibility gap cut across the compositions NaAlSi3Og-NaAlSiO4-CaCO3, extending to

alkali-free compositions.

Carbonate-silicate liquid immiscibility

Koster van Groos and Wyllie (1966, 1968, 1973) reported immiscibility between
silicate and carbonate liquids in plagioclase feldspar-NayCO3 systems at 0.1 GPa, with and
without HpO, and compared the products with silicate magmas, carbonatite magmas and
fenitizing solutions. Koster van Groos (1975) extended the range of compositions and
pressures, and petrological applications. Verwoerd (1978) studied the miscibility gap in
more complex systems at pressures between 0.2 and 1 GPa. Wendlandt and Harrison
(1979), Hamilton et al. (1989), and Jones et al. (1995) reported trace element distributions
between silicate and carbonate liquids. Hamilton et al. (1979) and Freestone and Hamilton
(1980) determined the two-liquid field between natrocarbonatite lavas and phonolitic or
nephelinitic magmas from the Oldoinyo Lengai volcano between 0.07 and 0.76 GPa and
900-1250 °C. A simplified version of the projection adopted by Freestone and Hamilton
(1980) is used in Fig. 1 to illustrate the more recent results in synthetic systems. Silicate
minerals and liquids plot in the lower left region of the triangle, and carbonate minerals and
liquids plot near the CaO-NayO side.

Kjarsgaard and Hamilton (1988, 1989) confirmed the occurrence of liquid
immiscibility between feldspars and calcite at 0.2 GPa and 0.5 GPa, and 1250 °C. The
dashed lines A-A define their generalized, CO;-saturated miscibility gap for several
silicate-carbonate joins at 0.5 GPa and 1250 °C. The two notable features of A-A are that
the miscibility gap extends all the way to the alkali-free join (contrast Koster van Groos and
Wyllie, 1973), and that almost pure CaCO3 liquid coexists with immiscible silicate liquid

at 1250 °C. Brooker and Hamilton (1990) reported three immiscible liquids at 1.5 GPa



Projected Na,O

Figure 1. Field boundaries for published liquid miscibility gaps (with excess CO,)

projected into the triangle used by Freestone and Hamilton (1980), after Lee et al.
(1994), with selected mineral components (open circles). Curves A-A: boundaries at
1250 °C and 0.5 GPa in the joins feldspars-(Ca+Na)carbonates according to Kjarsgaard
and Hamilton (1988, 1989). Curve B-B: the solvus reported by Lee and Wyllie

(1992a) in the join NaAlSizOg-CaCO3 at 2.5 GPa. Curves C-C: the miscibility gap

revised from curves A-A by Kjarsgaard and Hamilton (in preparation; see Macdonald
et al,, 1993). The composition join Ne-CC intersects the two-liquid field, and the
starting mixture SM used in this study is within the projected miscibility gap.
Abbreviations: Ls - silicate liquid; Lc - carbonate liquid; CC - calcite, Ne - nepheline,

Ab - albite, Nye - nyerereite, Can - cancrinite, Geh - gehlenite.
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and 1225 °C, silicate- and carbonate-rich as expected, with the third almost pure CaCO3 in
composition.

Lee and Wyllie (1992a, 1992b) confirmed the miscibility gap in NaAlSizOg-
CaCOs3 at 2.5 and 1.5 GPa, and followed it to subliquidus temperatures. Their 2.5 GPa
results are represented in Fig. 1 by the miscibility gap B-B. This does not reach the alkali-
free compositions, and a conjugate carbonate-rich liquid contains at most 80% dissolved
CaCO3 (with about 10% each of NapCO3 and silicate components). Macdonald et al.
(1993) presented C-C in Fig. 1 as a revised version of the miscibility gap A-A (Kjarsgaard
and Hamilton, in preparation), which is similar in shape to our result B-B at 2.5 GPa, with
even less CaCOjs in the carbonate liquid. According to Kjarsgaard (personal
communication, 1994), the revision involves textural reinterpretation of the original runs.

In a more complex system, Kjaarsgard and Peterson (1991) found that immiscible
liquids between lavas from Shombole volcano and carbonates, at 0.2 GPa and 0.5 GPa
between 975 °C and 925 °C, projected into the appropriate, corrected fields in Fig. 1.
Additional, similar results were given by Hamilton and Kjarsgaard (1993, Fig. 3). Baker
and Wyllie (1990) located the silicate-liquid miscibility gap at 2.5 GPa using mantle-
derived, primitive nephelinite, dolomite and alkali carbonate. When projected into Fig. |
with additional components included (TiO; added to SiO; MgO and FeO added to CaO;
K5O added to NayO), the gap is significantly smaller than those plotted in Fig. 1 for the
feldspathic compositions; the immiscible carbonate liquids are restricted to more alkalic
compositions. This result added to those in Fig. 1 indicates that the size of the miscibility

gap is dependent not only on pressure, but on bulk composition.

Selected phase relations in NaAlSizOg-NaAlSiO4-CaCO3-H,0: fractionation

Watkinson and Wyllie (1969, 1971) determined the phase fields intersected at 0.1
GPa by the joins NaAlSi30g-CaCO3-Ca(OH), and NaAlSiO4-CaCO3-25%H,0. The
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results for NaAlSiO4-CaCO3-25%H70 based on runs at 960 °C and below are reproduced
in Fig. 2; the position of this composition join (HpO-free) is plotted in Fig. 1 (dashed line).
The interpretation of phase assemblages was based on optical study of crushed fragments
in immersion oils, and x-ray powder diffraction. Evidence for liquid immiscibility was
sought, but none was found. Patches of dendritic quenched minerals occurred within glass,
but without the sharp and rounded interface boundaries that would be expected if the partly
crystalline material represented an immiscible liquid.

Figure 3a shows a photomicrograph of crushed fragments of a quenched charge
from Watkinson (1965). The open square in Fig. 2 shows the run conditions. The bulk
composition corresponds to the square in Fig. 2 plus Ca(OH);, which causes melting to
begin at lower temperature than the solidus in Fig. 2. The primary minerals cancrinite,
melilite, and calcite are quite distinctive. The dark material attached to some minerals is
fine-grained quenched liquid. Details of its texture and components cannot be discerned,
although the birefringence of the aggregates indicates the presence of calcite. Watkinson
and Wyllie (1971) concluded that the somewhat rounded grains of CaCO3 represented
calcite crystals, and not a liquid immiscible with the fine-grained silicate-carbonate quench
aggregates. Wyllie and Tuttle (1960) interpreted subrounded and rounded CaCO3 grains in
Ca0-CO0O7-H,O (without silicates) to be calcite crystals, and similar interpretations were
consistent with observations of Huang and Wyllie (1974), Maaloe and Wyllie (1975), and
Lee et al. (1994) in other silicate-carbonate systems.

Kjarsgaard and Hamilton (1988) noted that the join NaAlSiO4-CaCO3 on Fig. 1
cuts across their two-liquid field, A-A. This is also true for the more recent results, curves
B-B and C-C. The absence of a miscibility gap in Fig. 2 led Kjarsgaard and Hamilton
(1988) to conclude that "the two sets of data are in conflict". Wyllie (1989, p. 522)
responded: "Let us avoid 'conflict' where none is established. The two sets of experiments
represent very different conditions: those of Kjarsgaard and Hamilton (1988) were at high

temperatures, super-liquidus, and mostly HpO-free, whereas those of
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Figure 2. Phase fields intersected by the join NaAlSiO4-CaCO3 with 25% HO at 0.1
GPa, after Watkinson and Wyllie (1971), based on runs at 960 °C and below and known
data for CaCO3-H7O (Wyllie and Tuttle, 1960). SM gives the composition of our starting
mixture (Fig. 1) projected onto this join, and the temperature of our new experiment. The
blank square is a projection of an experiment by Wakinson (1965), with results illustrated
in Fig. 3a. Abbreviations: Ne - nepheline, CC - calcite, Can - cancrinite, Mel - melilite,
HH - hydroxyhauyne, L - liquid, and V - vapor. The numbered fields are: 1 - HH + Mel +
Ne+L+V,2-HH+Mel+V,3-Can+HH+Mel+V,4-Can+Mel+V,5-Can +
HH +Mel+ Ne + V,6-Can+ HH+Mel+L+V,and 7-CC+L + V.
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Figure 3. Photomicrographs of experimental runs: (b)-(d) are back-scattered electron
images from SEM of Run SM.
(a) Crushed fragments in immersion oils from a run at 680 °C and 0.1 GPa in the join
NaAlSiO4-CaCO3-Ca(OH)y (wt.%-30: 63: 7) with 25% H,O (Fig. 2) illustrating the
phases Can + Mel + CC + L; from Watkinson (1965), see Watkinson and Wyllie (1971).
The run projects to the open square in the subsolidus region of Fig. 2; the product contains
the Fig. 2 phase assemblage plus liquid, because of the additional component Ca(OH);
(Wyllie and Tuttle, 1960). It shows stubby prism of cancrinite (high relief), subrounded
calcite, rectangular melilite plates, and dark masses of very fine-grained quenched L. Scale
bar: 100 um.
(b) Low magnification. There is no sign of immiscible silicate liquid beads. Large
euhedral crystals (melilite, light) and small calcite (light spots) are distributed uniformly
through the quenched carbonate-rich liquid (dark area, with light spots). The pits include
vapor bubbles and cavities produced by plucking during polishing.
(c) Intermediate magnification. The large euhedral melilite crystals (lightest portion within
the crystal outline, up to 100 pm) enclose calcite (somewhat darker, rounded), and
quenched liquid. Calcite crystals (~10 pm, light) with irregular shapes are distributed
through the quenched liquid (dark matrix). The dark equant grains (1-2 pm diameter) in
the liquid and marginally enclosed in the calcite are quenched cancrinite. Primary cancrinite
is much larger, as shown by the single, dark rounded crystal (~20 um) in the upper left
corner.
(d) High magnification. Calcite and quenched liquid. Calcite crystals have borders
enclosing quench cancrinite. The quenched liquid consists of nyerereite (grey laths),

quench cancrinite, and rare specks of calcite (1-2 um).
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Watkinson and Wyllie (1971) were subliquidus, from 960 °C to 625 °C, and with 25%
H70." However, the interpretation of these complex systems with non-quenchable phases
nearly 30 years ago, using x-ray diffraction and optical examination of crushed fragments
in immersion oils, was rudimentary compared with modern methods. Therefore, we
considered it necessary to check the earlier results (Fig. 2) with the superior visual aid of a

scanning electron microscope.

NEW EXPERIMENTS

The test was to check whether the presence of immiscible silicate and carbonate-
rich liquids had been undetected by Watkinson and Wyllie (1971) in the many
experimental runs used to construct Fig. 2, as implied by Kjarsgaard and Hamilton (1988,
1989). We chose one composition within the 2-liquid field of Fig. 1 (the solid square SM),
very close to the join NaAlSiO4-CaCO3 (Figs. | and 2), and ran it at 833 °C and 0.1 GPa.

The product was consistent with the previous results, with no evidence for two liquids.

Experimental Methods

The starting material was a mixture of primary standard grade calcite (Alfa
Products) and a gel (made by A. F. Koster van Groos) with composition (by weight) 90%
NaAlSiO4 and 10% NaAlSi3Og. These materials were mixed under ethanol for an hour in
the proportions 65% calcite and 35% silicate gel. The HoO content of the mixture was at
least 1.6%, determined by weight loss after heating at 300 °C for 2 hours. The mixture
was sealed in a gold capsule along with 8.3 wt.% added H>O, making a total of 10%.

The experiment was done in a rapid-quench cold-seal vessel with external
thermocouple, designed and calibrated by Ihinger (1991). Pressure and temperature are

accurate to + 10 °C and *+ 10 bars. The capsule was fixed to the top of a metal rod, which
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can be moved up and down within the pressure vessel by means of an external magnet.
The capsule was placed at the hot-spot of the vessel and held at 833 °C and 0.1 GPa for 24
hours. The run was terminated by removing the magnet and causing the capsule to drop
into a water-cooled part of the pressure vessel, where it cooled nearly isobarically to room
temperature within 2-3 seconds.

The capsule was peeled open and the sample was separated into two parts. One
part was mounted with epoxy in a brass holder and polished without water, and the other
part was ground with ethanol. Minerals present were identified by x-ray powder
diffraction. The texture was studied on the polished surface using reflected light
microscopy and scanning electron microscopy (SEM), providing the basis for distinction
among minerals, quenched liquid, and vapor phases. Analyses were made by energy

dispersive x-ray spectrometry (EDS).

Experimental Results

X-ray diffraction of the powdered sample after quenching revealed only the
minerals melilite, calcite and cancrinite; peaks for portlandite were not detected. The

observations described below confirm a phase assemblage of:

sodic melilite + calcite + cancrinite (trace) + liquid + vapor

which is consistent with the result obtained by Watkinson and Wyllie (1971) for the
similar composition and temperature on the join NaAlSiO4-CaCO3-25%H;0 (Fig. 2),
despite the lower HyO content and addition of a few % of component NaAlSi3Og.

The polished surface of the white sample, viewed by the reflected light microscope,
shows about 30-40% of large minerals evenly distributed through a sugary matrix. There

is no sign of silicate glass beads, large or small. Small rounded cavities probably represent
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a former vapor phase, but other cavities are caused by the plucking of minerals during
polishing.

Figures 3b-d present back-scattered electron images. Figure 3b shows clusters of
euhedral melilite crystals up to 100 pm diameter with smaller calcite grains set in an
indeterminate matrix of quenched liquid. Note the cavities left by plucking. A large (70
um) euhedral crystal of melilite is shown at higher magnification in Fig. 3c. The host
melilite (lightest shade) encloses many subrounded calcite crystals (slightly darker grey)
with diameters up to 10 um, and some fine-grained, quenched liquid. About 50% of the
sample (excluding the melilite) consists of somewhat irregular calcite grains commonly
somewhat larger than the inclusions. Much smaller (1-2 pm), darker grey equant minerals
of cancrinite are intergrown marginally with the calcite, and occur also in the regions of
quenched liquid. There are also a few larger (~20 pm), subrounded polyhedra of primary
cancrinite like the one in Fig. 3¢ (compare Fig. 3a).

Enlarged details of the calcite and quenched liquid are shown in Fig. 3d. The calcite
has marginal overgrowths of calcite enclosing small cancrinites, with a few occurring in the
centers. Only cancrinites are readily identified in the spaces between the calcite crystals with
overgrowths, and these are set within a uniform matrix of similar color. The matrix
includes laths of nyerereite (see below). There is no calcite visible within the interstitial
matrix in Fig. 3d, and only rare traces elsewhere in the charge. It appears that during the
quench, the calcite component of the liquid nucleated almost exclusively on the prexisting

calcite crystals.

Phase compositions

EDS analyses of the mineral and liquid phases are listed in Table 1, and projected

into Fig. 4. Melilite compositions plot near A, with about 8 wt.% NayO, representing solid

solution between gehlenite and soda melilite (63%). This is consistent with Watkinson and
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Wyllie's (1971) identification of sodic melilites from refractive indices. Cancrinite analyses
plot near B, with the compositions of quench crystals (triangles) somewhat richer in CaO
than primary minerals (squares). Quench cancrinites were so small that only spot analyses
could be made, and their different composition could be due to sodium migration during
analysis, as suggested by analyses of the larger primary cancrinites. Table 1 shows that
cancrinite analysis by spot mode has about 3 wt.% less NayO than the analyses by
rastering mode. The laths occupy a range of compositions near C (filled diamonds),
corresponding to nyerereite exhibiting various degrees of Na-migration during analysis,
and contaminated by small amounts of cancrinite and possibly calcite. Calcites were
analyzed, but not tabulated; some analyses contain trace amounts of Na, Al or Si, but these
are interpreted as below the detection limit in the EDS system, or as contamination by the
surrounding material.

The original liquid composition could not be obtained by direct measurement of the
quench matrix, because calcite was removed during quenching to the overgrowths, and
H,O was lost. In order to determine the liquid composition, we first performed two
defocused-beam analyses (open diamonds D, Fig. 4) in the rastering mode of large areas
(2,500 um?2) between the melilites, including the primary calcite grains, and the quenched
liquid, quenched cancrinite, nyerereite quench laths, and calcite overgrowths on the primary
crystals. The average norm (by mass balance calculations) of the material D is: cancrinite
= 44%, calcite = 47%, nyerereite = 9%. Stoichiometric compositions for the three mineral
components were used, because of the difficulty in obtaining precise mineral analyses, as
outlined above (e.g., Na-migration problem). There was about 2% of Al,O3 unaccounted
for in the bulk analysis, and this must either be AlpO3 in the liquid, or perhaps
contamination from the alumina polishing powders.

The amount of calcite quenched from liquid was estimated from modal
measurements. Mineral boundaries were traced from SEM photos (Fig. 3d), and for each

calcite grain, two sketches were made, estimating the maximum and minimum width of
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Table 1. EDS/SEM analyses for Run SM on a volatile-free basis.

SM A B --
[Mel] [Can] [QC]
Wt. % (@Y) (2) * (6) *

Na,O 10.2 7.8 20.7 17.1 16.8
CaO 51.0 28.8 10.1 10.1 13.8
Al,O3 16.8 26.3 33.6 34.5 329
S10, 22.0 37.1 35.7 38.2 36.6

[Nye] [L + CC]

Wt.% *

Na,O  50.7 45.8 45.9 41.2 25.5 14.7 13.4
CaO 44.8 40.8 52.6 55.7 71.5 43.8 46.4
Al,O3 1.5 6.3 0.5 1.3 1.0 20.8 20.6
SiOy 2.0 7.0 L 1.8 2.0 20.6 19.6

Abbreviations. SM: starting mixture; A: melilite (Mel); B: primary and quenched
cancrinite (Can and QC, respectively); C: quenched nyerereite (Nye); D: quenched liquid
+ primary calcite (L + CC) over area of 2500 mm?2; *: analyses by spot mode. The
parentheses indicate the number of analyses made. The data are all normalized results on a
volatile-free basis from original analyses. Notice that all nyerereite analyses (C) are
tabulated to show the variations due to contamination by surrounding material and Na-

migration during the analyses. The data for calcite are not listed in the table.
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Projected Nazo 0.1 GPa, 83300
from CO,

—

Figure 4. The Hamilton projection (abbreviations, see Fig. 1), giving the compositions
of phases analyzed from experiment SM (Table 1). Open circles (A) are sodic melilite
(Mel), open squares are cancrinite (Can), open triangles (B) are quenched cancrinite,
open diamonds (D) are analyses in raster mode including the dark matrix, quenched
cancrinite and calcite grains in Fig. 3d, and closed diamonds (C) are analyses of dark
lath-like material (quenched nyerereite, Nye) in Fig. 3d. L is the estimated composition

of liquid, calculated from analyses, partial modes, and mass balance.
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the quench overgrowth as identified and mapped from the distribution of cancrinite
inclusions. The sketches were then point-counted for the areas of the primary calcite and
the calcite overgrowths. The minimum estimates for primary calcite included in the two
modes averaged 9%, and the maximum amount averaged 15%. Subtraction of primary
calcite from the analyses of material D indicates a small range of liquids represented by the
area L in Fig. 4.

Table 2 compares the composition of the starting mixture, SM, with the liquid
under run conditions. The HyO-free liquid is the average composition resulting from the
two analyses of D (Table 1, Fig. 4) less the two modal estimates for primary calcite.
Notice that the appropriate Al;O3 has been assigned into the HyO-free value in Table 2, but
it is actually determined later, as indicated in the next paragraph. The 25% CO; determined
stoichiometrically is a maximum value, because some CO; may have been extracted from
the vapor during quench. The normalized CO;-free (volatile-free) liquid composition is
also listed; this corresponds to liquid L projected into Fig. 4.

The complete liquid composition listed in Table 2 was derived by distributing the
10% H;O in the mixture between liquid and vapor. Experimental data on the ratios of
H;0 to HyO + CO3 for a CaO-CO7-H;O liquid at 0.1 GPa and 833 °C (Wyllie and Tuttle,
1960) were used to calculate the maximum possible amount of HyO that would dissolve in
the liquid L. A set of mass balance calculations is preformed, using the known
compositions of the primary phases, melilite, calcite, and the liquid corresponding to the
norm calculation (not listed). These calculations determine the vapor composition, the
amount of excess Al»O3 in the liquid, and the proportion of each phase, assuming only
CO, and H,O in the vapor, and negligible primary cancrinite. The values obtained, X H,0
=0.33 and XVH20 = 0.55 (weight fraction), are consistent with results in other systems,
where HyO is preferentially partitioned into vapor rather than into carbonate-rich liquid.
The phase proportions from the calculations are: liquid 52%, melilite 16%, calcite 26%,

vapor 6%, and trace cancrinite. The actual vapor composition contains dissolved solid
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components. Watkinson and Wyllie (1971) recorded crystals of NaHCO3 precipitated
from vapor during the quench in carbonate-rich compositions in their join, with 25% rather

than 10% H;O, but quantitative data are not available.

INTERPRETATION OF RESULTS

Crystallization reaction

Figure 5a shows the four measured and estimated phase compositions for the
starting mixture SM at 833 °C, 0.1 GPa (Figs. 2 and 4; Tables 1 and 2). The reaction tie-
figure is projected from (CO7 + H7O), and vapor is not shown. The chemography of the
tie-figure shows that with decreasing temperature, melilite is resorbed as cancrinite and
calcite are precipitated. This figure is opened into a tetrahedron in Fig. 5b, with apex CO;
+ H»O, neglecting the unknown solubility of other components in the vapor. Cancrinite
contains 8.4% CO; (stoichiometry), and the liquid contains about 23% CO; and 11% HyO
(Table 2). Whether the tie-figure is drawn using analyses normalized for CO; alone or for
CO3 + Hy0O, the geometry is as shown in Fig. 5¢ with the line Can + CC piercing the

triangle Mel + L + V, consistent with the reaction relationship between melilite and liquid:

liquid + melilite + vapor = cancrinite + calcite

with coefficients determined on the basis of the measured and the estimate phase
compositions (Tables 1 and 2):

1 liquid + 0.2 melilite + 0.2 CO, = 0.5 cancrinite + 0.6 calcite + 0.1 HO.

Figures 5b and ¢ show that in a closed system at equilibrium, CO3 is extracted from vapor

as well as from liquid for the precipitation of cancrinite and calcite.



Table 2. Analyses of liquid and vapor compositions from run SM.
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SM  HpO-free Volatile-free Complete  Vapor
Liquid Liquid Liquid

Wt%
CaO 33.1 30 41 26 --
NayO 6.6 12 16 10 -
AlyO3 11.6 16 20 14 -
SiO; 13.6 17 23 15 --
COy 26.0 25 -- 23 45
H,O 9.1 -- -- 11 55
Total 100.0 100 100 99 100
H,0/(H20+COy) 0.26 -- -- 0.33 0.55
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Figure 5. The 5-phase assemblage in Run SM (phase compositions from Fig. 4)
corresponds to the reaction CC + Can = Mel + L + V or, with decreasing temperature, a
reaction relationship between melilite and L + V, associated with the precipitation of calcite
and cancrinite as indicated in Fig. 2. (a) The tie-figure for the vapor-absent assemblage
(Fig. 4). (b) The 5-phase tie-figure within a quaternary projection of the 6-component
system. (c) The tie-figure from (b) showing relative compositions of the reaction phases.

Abbreviations: see Fig. 2.
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Possible phase diagram for NaAlSiO4-CaCO3-H,0

The Kjarsgaard and Hamilton (1988, 1989) results in Fig. 1 (curves A-A revised to
curves C-C in Macdonald et al., 1993) demonstrate the occurrence of a miscibility gap at
high temperatures in the join NaAlSiO4-CaCO3, which is confirmed by our results (curve
B-B in Fig. 1). Koster van Groos and Wyllie (1973) found that a miscibility gap persists
between plagioclase feldspars and NapyCO3 with HpO added, so we assume that adding
10% H»O does not destroy the miscibility gap in NaAlSiO4-CaCO3. Therefore, we have
represented this high-temperature miscibility gap by the phase field between A and B in
Fig. 6 (based on curves C-C in Fig. 1).

Our starting mixture, SM, has composition in the middle of the interval AB (Fig.
1), but there is no evidence for liquid immiscibility. This result is consistent with the
results of Watkinson and Wyllie (1971), and we conclude that in the presence of 10%
H,O, immiscible liquids are not encountered at temperatures below 960 °C. Therefore,
concluding that both sets of experiments are correct, we present Fig. 6 as an interpretation
showing the main features of the phase fields intersected by the join NaAlSiO4-CaCO3 in
the presence of H>O, with the high-temperature miscibility gap terminating downwards at
some undetermined temperature, and without attempting to devise detailed connections
with the lower temperature phase relationships transferred from Fig. 2. This interpretation
is bolstered by new detailed results in NaAlSi30g-CaCOj3 at higher pressures (Lee and
Wyllie, 1992a, 1992b, 1992c¢), where we have determined that there is indeed an interval
for [crystals + liquid + vapor] between the high-temperature miscibility gap and the

solidus, even without HpO to lower the solidus temperature.

Crystallization paths and liquid compositions

Comparing the phase fields and compositions in Figs. 4, 5, and 6, we obtain the
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Figure 6. Partly schematic phase diagram showing how two different sets of results can be
combined to satisfy both. The phase fields intersected by the join NaAlSiO4-CaCO3 with
25% H70 at 0.1 GPa, after Watkinson and Wyllie (1971), modified from Fig. 2 to include
the high-temperature miscibility gap A-B between silicate-liquid Ls and carbonate-liquid Lc
, which is based on C-C in Fig. 1 (Kjarsgaard and Hamilton's revision of their 1988, 1989
curves, A-A). The dotted line is an arbitrary connection, which could be completed in
different ways. Note the piercing point P (see text). The liquid composition L from Fig. 4
(run SM) is projected onto the join as the shaded circle [L]. Abbreviations and numbered

phase fields: see Fig. 2.
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following generalizations about closed-system crystallization trends from high
temperatures at the silicate end of Fig. 6 to lower temperatures at the carbonate end.
Original silicate liquids with dissolved CO5 and HpO become enriched in carbonate
components, as they precipitate or react with silicate minerals and vapor, and eventually
they precipitate cancrinite and calcite. Details of paths of crystallization cannot be read
from Fig. 6 because this is a slice through a 6-component system, and mineral and liquid
compositions diverge from the join (Fig. 4). Watkinson and Wyllie (1971) approached the
problem of interpretation by constructing field boundaries and following paths of
crystallization in a schematic pseudoternary system nepheline-melilite-calcite. They
described paths of equilibrium and fractional crystallization, and used them to reach the
following conclusion derived from the phase fields intersected in Fig. 2. The successive
crystalline products of fractional crystallizatio