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ABSTRACT

The structure and properties of carbonate melts are fundamental to their physical 

and chemical behaviour in the evolution of carbonatites and in the upper mantle. The 

structure of carbonate melts was investigated by vibrational spectroscopy of carbonate 

glasses in the systems La(0 H)3-Ca(0 H)2-CaC03-CaF2-BaS04  and MgC03 -K2C03 and by 

computer simulation. The vibrational spectroscopy of glasses and molecular dynamics 

simulations (MDS) of molten CaC03 both suggest the presence of molecular metal- 

carbonate complexes in the melt, MDS additionally suggesting octahedral Câ "̂  sites up 

to 1 l.SGPa. The decarbonation of carbonate melts was studied using quantum mechanical 

simulations of calcite and magnesite and suggests the dissociation of C03  ̂ by electron 

delocalisation related to the field strength of the coordinated metal cation.

The physical properties of carbonate melts were investigated through molecular 

dynamics simulations of molten CaC03 and allowed a volumetric equation of state and 

expressions for expansivity and compressibility to be derived to high pressure. Estimates 

for the constant pressure heat capacity of 1.93 K g‘* and cation diffusivities of 3.98x10' 

m  ̂ s'̂  were also derived.

A two liquid field was discovered in the system La(0 H)3-Ca(0 H)2-CaC03-CaF2- 

BaSO^ at Ikbar between two conjugate carbonate melts preserved as glasses in run 

products and represents the first texturally unequivocal evidence for such phenomenon. 

A model is proposed both for the mechanisms of immiscibility based on complexed and 

uncomplexed conjugate melts and for the evolution of late-stage REE-carbonatites. The 

Ca-rich carbonate glass is a previously unreported glass forming composition.

The physical behaviour of carbonate melts in the mantle was also reinvestigated 

and suggests ascent rates of 0.2-0.7 m s'̂  in magma driven cracks. Ascent rates for 

compaction driven porous flow of 3.6x10'^® m s'̂  suggest carbonate melts may only 

separate from their source regions at low lithospheric thinning rates.
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CHAPTER 1

THE GEOLOGICAL SIGNIFICANCE OF CARBONATE MELTS.

In order to study carbonate melt structures within the framework of geological 

sciences we require an understanding of both the significance of melt structure in terms 

of the physical and chemical behaviour of a melt, and the significance of carbonate melts 

in general terms of petrology, magmatic processes and wider planetary evolution.

In this chapter I will discuss, the petrology and certain aspects of the genesis of 

carbonatites, the only true igneous carbonate rocks, as well as considering the role of 

carbonate melts on a planetary scale in terms of mantle processes and planetary 

atmospheres.

1.1 Petrological Significance.

The significance of carbonate melts in terms of igneous petrology as a whole may 

appear minimal, due to the rarity of primary igneous carbonates. Carbonates occur as 

important minerals in a number of rock types, such as, kimberlites, nephelinites and 

phonolites. The most significant occurrence of igneous carbonate minerals formed from 

a carbonate melt, sensu stricto, are the carbonatites. Within the following discussion I take 

the view of Gittins (1978),|Le Bas (1984) and Mitchell (1979), that magmatic carbonates 

associated with kimberlites, although precipitated directly fi’om carbonate melts should not 

be classified as ’carbonatites’. This conclusion is derived both from the mineralogical and 

compositional differences between these carbonate rocks and ’true’ carbonatites, and their 

proposed origin as residual liquids of the kimberlitic melt. Hence, these will be discussed
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separately.

1.2 Carbonatites.

1.2.1 Definition.

Carbonatites are defined by the IUGS(1980) as

Igneous rocks, intrusive as well as extrusive, which contain more than 50% 
by volume carbonate minerals.

This definition of carbonatites allows a large number of igneous rocks not derived

from carbonate melts to be classified as carbonatites, for example, those containing more

than 50% volume due to either metasomatism or residual fluids, and secondary alteration.

Perhaps a better definition would be provided by

Carbonatites are igneous rocks, intrusive as well as extrusive, which 
contain more than 50% by volume of primary igneous carbonate minerals 
derived from a carbonate magma.

Although this refinement restricts the rocks defined as carbonatite, the term 

igneous in this case requires clarification. Anatexis and remobilization of carbonate rocks 

under high grade metamorphism, may produce rocks which are igneous, sensu stricto, and 

yet are not carbonatites. Therefore probably a further refinement to the general definition 

would be

Carbonatites are allochthonous igneous rocks, intrusive as well as 
extrusive, which contain more than 50% by volume primary igneous 
carbonate minerals derived from a carbonate magma.

1.2.2 The Occurrence of Carbonatites.

1.2.2.a Spatial Distribution

Carbonatites are relatively rare and there are only approximately 330 occurrences 

world wide (Woolley 1990). They range in age from 2685 Ma (Kaminak Lake, Canada. 

Currie 1976) to recent (Oldoinyo Lengai, Tanzania. Donaldson et al 1987) and are 

frequently spatially localised. Their distribution may by summarised as follows:
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1. They are virtually restricted to continental cratonic areas. One of the 
very few notable exceptions, are the carbonatites of the Capej Verde Islands 
(Le Bas 1990) which overlie oceanic crust and the Tamarzeret carbonatite,

Morocco within the Atlas orogenic belt.
2. Carbonatites are frequently associated with crustal lineaments such as 
the Kapusing high, Ontario, related to the Grenville orogenic front or better 
defined lineaments such as the east African rift where carbonatite 
occurrences are clearly related to the rift zone, with major concentrations 
at rift intersections.
3. Carbonatitic occurrences frequently demonstrate an episodic nature, 
carbonatitic activity localized in certain areas over periods of ! 2.0Ga for 
example, the carbonatites of the east african rift demonstrate Proterozoic, 
Palaeozoic and Cenozoic episodes.^

Carbonatites are associated with extensional tectonism both in continental cratons 

and orogenic, hinterland and foreland, areas. Areas of carbonatitic activity are long lived 

and episodic and not related to the migration of mantle plumes, suggesting a first order 

relationship between the lithosphere and carbonatitic activity.

1.2.2.b Mode of Occurrence.

Carbonatites demonstrate a wide range of modes of occurrence from intrusive 

subvolcanic bodies to extrusive lavas and tephra and are frequently associated with 

alkaline silica undersaturated rocks such as nephelinites and melilitites and their plutonic 

equivalents. Both their field relations and textures are frequently complicated by large 

scale alteration and replacement and the scale of secondary alteration varies widely 

between complexes.

Extrusive Carbonatites.

Carbonatite lavas are being recognised from an increasing number of localities 

including recent eruptions of Oldoinyo Lengai (Dawson 1962a, b, 1966,1968, Donaldson 

et al 1987, Keller et al 1992, Jones et al 1992) to the oldest at Qasiarsuk in South 

Greenland (Hayward and Jones 1991). All carbonatite lava flow units are of limited 

thickness, from 1cm to Im and demonstrate many textures of silicate lava flows, such as.

25



scoriaceous tops (Fort Portal, Uganda, Nixon and Homurg 1973), amygdales and vesicles 

(Qasiarsuk, South Greenland) and both aa and pahoehoe flow types (Oldoinyo Lengai and 

Kerimasi, Tanzania; Got Chiewo Vent, Kenya). The low viscosity of carbonatitic lavas, 

observed at Oldoinyo Lengai in Tanzania, produce flow top textures similar to silicate 

lavas, but on smaller scales and may demonstrate rapid channelling by thermal erosion 

at flow bases. Similar small scale flow units have also been identified in calcium 

carbonatites at Got Chiewo Vent, Homa Mountain, Kenya and Kerimasi, Tanzania^

Most carbonatitic lavas observed have been porphyritic, with nyererite and 

gregoryite phenocrysts at Oldoinyo Lengai, euhedral calcite laths at Kerisami, Tanzania 

(Hay 1983), ohvine, clinopyroxene, phlogopite and tabular calcite at Fort Portal and 

calcite, fluorapatite and magnetite phenocrysts at Qasiarsuk. Also quench structures on 

weathered surfaces reminiscent of spinifex silicates in komatites may be common^

Of the 25 occurrences of extrusive carbonatite world wide nearly all are 

predominated by pyroclastic deposits. Carbonatite tephra varies from fine ashes to lapilli 

and agglomerates and depending on erupted water content are rapidly reworked or 

indurated; at Oldoinyo Lengai (Dawson 1966), recent dry fine carbonatitic ashes have 

been rapidly reworked by wind and Hay (1978) suggests that perhaps only 20% of the 

laeotil carbonatite tuffs of Northern Tanzania preserve their original air fall characteristics. 

Induration of carbonatitic tephra by cementation occurs rapidly after or during deposition 

and many of the surface limestones of Northern Tanzania are interpreted as indurated 

carbonatite tephra with 0^*0 values which suggest low-temperature interaction with 

meteoric water (Hay and O’Neil 1983). Similarly at Fort Portal, tephra which fell on wet

 ̂ Field observations conducted during this study with A. P. Jones, A. Church and / .  
Monkhouse(1992).
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ground resulted in rapid cementation by hydrous calcium silicates and the formation of 

phreatic blister ’mounds’(Barker and Nixon 1983).

Carbonatitic lapüli and cone agglomerates may be welded or agglutinated and 

demonstrate many primary igneous structures typifying eruption type. Agglutinated lapilli 

at Hedenburg in the Kaisershtul Complex, West Germany demonstrate Pelee’s tear lapilli 

suggestive of air cooled magma droplets (Keller 1981), Pelee’s tear lapilli has also been 

recognised from a recent pyroclastic event at Oldoinyo Lengai^ and as clasts in 

agglomerates at Kerimasi in Tanzania^ Agglutinated agglomerates are also common and 

those of the Ruri carbonatite complex and Got Chiewo Vent, Kenya, suggest splatter cone 

development. As well as lapilli, ballistic and airfall bombs are common in carbonatite 

tephra of the Fort Portal area often demonstrating impact and sag structures.

Carbonatite pyroclastic flow units have also been identified, with welded and 

unwelded varieties, at both Kerimasi (Hay 1983) and Fort Portal (Nixon and j Hornung

1973).

Intrusive Carbonatites.

Many carbonatites occur in swarms of parallel and radial dykes, ring dykes, cone 

sheets and diatremes and plugs which may vary in size from less than a few cm to more 

than 200m across and are often of large lateral extent.

Small carbonatite dykes, tend to be entirely calcitic with minor apatite and 

magnetite, both fine and medium grained, and frequently demonstrate flow structures 

suggesting viscous flow with flow alignment and supercooling with dendritic or skeletal 

calcite (|Kaiserstuhl Katz and Keller 1981; Shomboli, Le Bas 1990a). Small carbonatite 

dykes may frequently be related to volcanic centres (Homa Mountain, Kenya,Bahat 1979, 

Kaisershtul, Keller 1990a) and can often be related to the rise of a large magma body.
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Large carbonatite dykes are characteristically porphyritic and contain a greater 

variety of megacrysts, for example, in the Kaisershtul complex, Im wide carbonatite dykes 

contain olivine, phlogopite and xenocrysts as well as calcite, pyrochlore, magnetite and 

perovskite phenocrysts?

Carbonatite plutons are usually composite intrusions of plugs, dykes, ring dykes 

and cone sheets, frequently associated with coeval silicate rocks, and may contain large 

xenoliths of fenitised country rock. The field relations of plutonic carbonatites may 

summarised as follows:^

1. Carbonatite intrusions postdate the coeval silicate intrusions and are 
generally restricted to the central region of the complexes^.
2. The earliest carbonatite intrusions are generally calcitic carbonatites 
which may be followed by ferrocarbonatitic, dolomitic and late-stage REE- 
carbonatites.
3. Carbonatites are frequently associated with metasomatic aureoles. These 
fenitised aureoles may be of variable size and are usually associated with 
the earlier calcitic carbonatite intrusions.
4. Carbonatites may be cut by late stage ultramafic diatremic breccias, 
which are usually described as kimberlitic and may contain upper mantle 
xenoliths.

Carbonatite plutons may contain large modal amounts of phenocrystic material 

such as phlogopite, olivine, calcite, pyrochlore, apatite and magnetite, frequently defining 

magmatic layering. Intrusion contacts tend to be variable ranging from gradational 

boundaries, as at Homa Mountain, Kenya (Le Bas 1977) resulting from carbonation of 

country rocks, to sharp, complex boundaries such as Qassiarsuk, Greenland. Contacts 

between composite carbonatite intrusions, however, tend to be well defined.

Carbonatite complexes.

Carbonatite complexes are extremely variable in mode of occurrence, many are

 ̂ Although there are exceptions, such as Praire Lake, Ontario (Currie 1976) and Lues he 
pluton, Zaire (Maravic and Morteani 1980), where the core is represented by a silicate 
intrusion surrounded by younger carbonatites.
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Plate 1.1. Cenozoic carbonatite-nephelinite stratovolcano Oldoinyo 
Lengai, Tanzania in Sept 1992, note spatial relation with the rift 

escarpment.



ï

Plate 1.2 Cenozoic carbonatite-nephelinite stratovolcano Kerimasi, Tanzania. 
NP-nephelinitic pyroclastics, NL- nephelinitic lavas, CA-carbonatite agglomerates, 

CL-carbonatite lavas, CV-carbonatite vent facies.
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Figure 1.1. Typical carbonatite complexes (A) Kerimasi, Tanzania 
( Bi  Kaisershtul. Western Germany (C) Kisingiri, Kenya (D) 

Seabrook Lake, Canada and (E) Qaqarssuk. Greenland. 
(Compilation after Dawson (1962), Keller (1990a), Currie (1976), 
Le Bas (1977)).
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related to volcanic complexes and coexist with silica-undersaturated rocks with some 

apparent variability caused by differences in the level of erosion.

A number of carbonatitic complexes are related directly to nephelinitic or 

phonolitic stratovolcanoes, such as, the Cenozoic to recent volcanoes, Oldoinyo Lengai, 

Kerimasi and Shomboli, Tanzania (Plates 1.1, 1.2), where extrusive carbonatites occur 

within the volcanic edifice and, as at Shomboli (Le Bas 1990a), as small carbonatite dykes 

(fig. 1.1. A).

In more deeply eroded levels of nephelinitic stratovolcanoes, such as, the Kisingiri 

complex, Kenya, and the Kaisershtul, Western Germany, a central volcanic core is 

surrounded by the overlying remnants of the volcanic edifice. The central volcanic core 

frequently contains both carbonatite plutons and small scale dykes as well as alkalic 

silicate intrusions, whereas the surrounding extrusive rocks are predominantly nephelinitic 

tephra, lavas and rare carbonatitic tephra (Keller 1990)(fig.l.l.B-C).

Most carbonatite localities represent plutonic levels and can not easily be related 

to extrusive edifices. They frequently show central composite carbonatite plutons intruding 

earlier syenite, ijolite, juncompahgrite or pyroxenite bodies (fig.l.l.D-E).

1.2.3 The Classification and Mineralogy of Carbonatites.

1.2.3.a The Classification of Carbonatites.

Carbonatites are both mineralogically and compositionally complex, hence, it is 

difficult to produce easily implemented guidelines for their classification. Attempts have 

been made to create classifications on both compositional criteria (Woolley 1990) and on 

mineralogical data (Brogger 1921, von Eckerman 1948, Heinrich 1966 and Streckeisen

1980). The following classification system is that proposed by | Streckeisen (1980), based 

on the recommendation of the lUGS subcommittee on the systematics of igneous rocks,
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and has been chosen due to its application to field samples. However, it must be noted 

that the, often complex, textures observed in carbonatites and the presence of complex 

solid solution series may make implementation of this system difficult (Woolley 1990).

1. The following classes of carbonatite are distinguished.
(a) Calcite-carbonatite (Sovite, coarse-grained, I alvikite, medium-fine grained).
(b) Dolomite-carbonatite (Beforsite)
(c) Ferro-carbonatite (iron-rich carbonate minerals)
(d) Natrocarbonatite (essentially composed of alkali carbonates)

2. Prefixes are established via modal compositional boundaries at 10-50-90%, 
greater than 90%, calcite, dolomite etc are used, between 50 -10% then calcitic, 
dolomitic etc are used and less than 10% calcite-bearing, dolomite bearing etc 
are used.

A further type will be added to this classification, silico-carbonatites for süica-rich 

(10-50%) carbonatites, as it is both widely in use and silica-rich carbonatites have 

frequently been interpreted as carbonatites enriched in silica by both metasomatic 

processes and assimilation of xenoliths (Woolley 1990).

1.2.3.b The Mineralogy of Carbonatites.

Carbonatites although mineralogically variable may be characterised by specific 

mineral assemblages. Characteristic minerals are, of course,the carbonate minerals, but also 

include apatite, magnetite, pyrochlore and the REE- rich minerals, as well as silicate 

minerals such as amphibole, olivine and phlogopite.

Carbonate minerals in carbonatites frequently demonstrate low temperature 

recrystallisation, and hence, many do not reflect their primary igneous textures or mineral 

chemistry. Primary carbonates, however, frequently demonstrate exsolution textures and 

are generally texturally complex.

Calcite and dolomite are frequently restricted to pure end-member compositions 

in carbonatites although increases up to l-2wt% FeO and MgO in calcite can occur in 

ferrocarbonatites and magnesio-carbonatites respectively, and dolomite may demonstrate

33



FeCOs
Sideiite

Ankarite

Dolomite MagnemteCalcite
CaCOs MgCOa

Figure 1.2, Chemistry of carbonatitic carbonates. Early stage 
carbonates (dark shading) demonstrate more restricted compositions 

than later stage (light shading).
(Compilation after Anderson (1984), Samilov (1977))
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Figure 1.3. Chemistry of carbonatitic magnetites. Groundmass and 
zoned magnetites (dark shading) demonstrate higher FeO contents 

than the phenocryst (medium shading) and magnetites from 
associated rocks (light shading)(After Prins 1972).
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complete solid solution with ankerite in later stage calcium-carbonatites (Anderson 1984). 

Both siderite and magnesite have also been reported from carbonatites (Samilov 1977, 

Kapustin 1980) although they are frequently altered to calcium bearing carbonatites and 

oxides (fig. 1.2).

Discrete alkali-rich carbonates have only been reported from the natrocarbonatites 

of Oldoinyo Lengai, Tanzania and rapidly alter to hydrates during weathering. Both 

nyererite (Nao.82Ko.i8)2Ca(C03)2 and gregoryite (Nao.78Ko.o5)2Cao.77(C03)2 occur as 

phenocrysts and groundmass minerals. Both alkali carbonates demonstrate relatively high 

substitution for other elements, with up to 2.5wt% SrO and 0.59 wt% BaO as well as 

significant amounts of MgO and MnO from nyererites and up to 1.82wt% SO3, 0.4wt% 

P2O5 and 0.6 wt% F in gregoryites in lavas from Oldoinyo Lengai (Dawson 1990).

Magnetites from carbonatites may occur as both phenocryst and groundmass phases 

and are characterised by low Ti02  contents, which are lower than other igneous rocks and 

higher Pe203 contents, which approach the stoichiometric Pe304 end-member compositions 

of the magnetite - ulvospinel solid solution series. Typical phenocrysts demonstrate 

magmatic zoning, with Ti02 , CaO and MgO becoming depleted in rims and in general 

groundmass magnetites are the nearest to the stoichiometric composition (fig. 1.3, Prins 

1972).

Apatite is one of the most characteristic carbonatitic minerals and may occur up 

to 50% modal in some silica-rich carbonatites and as monomineralic apatite or apatite- 

phlogopite glimmerites in carbonatite complexes at country rock boundaries. Plluorapatite
‘ - I

hydroxyapatite, carbonate-jfluorapatite and carbonate-hydroxyapatite varieties all occur 

within carbonatites although fluorapatites are the most typical. In general, carbonatite 

apatites can be differentiated from other igneous apatites by high Sr/Mn ratios, which are
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Figure 1.4. Sr:Ba ratios of igneous apatites (After Kasputin 1990). 
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Figure 1.5. Chemistry of amphiboles from carbonatites. Amphibole 
compositions become progressively alkali-rich and Ca- and Al- poor 

from early (dark shaded) to late stage carbonatites (After Hogarth
1990).
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4
usually > 10:1. Also primary igneous fluorapatite from carbonatites show an increase 

in and Ba^  ̂from early to late stage carbonate-fluorapatite (Kapustin 1982) (fig. 1.4).

The REE contents of carbonatitic apatites are widely variable, but generally are 

high (eg: 6 .6wt% REE2O3 Chernigov carbonatite; Zhukov et al 1973); by contrast the 

secondary carbonate-hydroxl-fluorapatites contain relatively low REE. All apatites have 

high LREE:HREE ratios, of the order of 100-200, although there is some evidence to 

show lower ratios in late stage apatites. Overall REE contents and substitution CO3, SO4, 

OH and F for P2O5 increases from early to late apatites. Carbonatite apatites frequently 

demonstrate complex zoning and replacement textures (Hogarth 1990).

Pyrochlore is another characteristic carbonatite mineral and it occurs both as 

primary and secondary hydrothermal minerals, sometimes associated with late stage 

fluorite and/or barite veining. Carbonatite pyrochlore is generally high in B a \  Sr^, Th^, 

Zr“* and N b" with low P b \  REE and Sn^. Ta^, Th^, If*  and Zr"* are ftequendy 

enriched in early carbonatite pyrochlores and Ba^, Pb^ and Sr^ in later stage 

carbonatites. The latest pyrochlores are generally Ta^ poor and enriched in OH and HjO 

at the expense of F . Pyrochlore also demonstrates complex zoning and replacement 

textures (Hogarth 1990).

Amphiboles occur as both primary phenocrysts and as reaction rims on 

clinopyroxene and vary from calcio-hastingite to riebeckite. They occur sporadically in 

early stage carbonatites and may persist to late calcite veining although their main 

development is in the intermediate stages of carbonatite development (Hogarth 1990, Le 

Bas 1989).

Early carbonatite amphiboles are calcio-hastingite with high Câ "*", A l^ and 

later carbonatites demonstrating edenite, richterite, magnesio-arvedsonite and riebeckite.
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which become increasingly enriched in Si"*̂ , N a\ Amphibole zoning is complex but 

demonstrates a decrease in Ca^ and Mg^ and an increase in Fe^ and alkali’s from cores 

to rims (fig. 1.5). Amphibole reaction rims on clinopyroxene are usually edentic 

hornblende (Le Bas 1989, Vartiainen and Woolley 1976).

Biotites and phlogopites also occur in carbonatites as phenocrysts and as reaction 

rims on silicates such as alkali-feldspars and olivine. Carbonatitic micas are 

characteristically low in AI2O3 (9-12 wt%), TiOg and high in NajO (ca 1 wt%), MgO and 

FcjOs (fig. 1.6). Only phlogopites and reversely zoned tetraferriphlogopites are observed 

on reaction rims and hence are demonstratedly magmatic, whereas biotites are interpreted 

as xenocrystic fenite minerals (Le Bas and Srivastava 1989).

Low modal amounts of clinopyroxene also occur in many carbonatites and are 

represented mainly by low Nalaegirine-augite, which frequently demonstrate edentitic - 

hornblende reaction rims. Low Na^ Aegirine-augite is demonstrably a primary magmatic 

carbonatite phase, as it contains inclusions of early generation hedengite amphiboles (Le 

Bas and Srivastava 1987) and occur as reaction rims on Na^ poor xenocrystic diopsidic- 

aegirine-augites (Von Eckerman 1948, Vartiainen and Woolley 1976, Le Bas 1977).

Carbonatitic olivine demonstrates high Mg numbers between 79 - 95 Fo frequently 

occurring as resorbed phenocrysts often with well developed zoned reaction rims of 

tetraferriphlogopite, amphibole and magnetite. The lack of olivine as a metasomatic 

mineral within fenites of appropriate composition within associated silicate rocks suggests 

that olivine is entirely of magmatic origin. The high Mg numbers of carbonatitic olivine 

and its resorbed or reaction rim textural relations, indicating disequilibria with the melt 

phase, all suggest that olivine precipitates early in carbonatite melt evolution (Le Bas

1981).
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Rare occurrences of albite, K-feldspar and quartz occur in carbonatites and are 

frequently associated with phlogopite reaction rims suggesting that they represent 

xenocrystic phases, although some silico-carbonatites demonstrate late druzy quartz 

cements suggested to be due to low temperature crystallisation from silica-rich fenitising 

fluids (Woolley 1990).

Rare earth minerals within carbonatites occur as both primary and secondary 

minerals. The commonest REE minerals are the REE phosphates such as monazite (Ce, 

La) PO4 and apatite and REE carbonates ancylite [Sr Ce (C03 )2(0 H).H2O], bastnaesite 

[REE](C03)F, parisite [(REE)2Ca(C03)gF2 and syncysite [(REE)Ca(C03 )2F]. Apart from 

apatite, which precipitates at various stages of carbonatite development, primary magmatic 

REE-minerals are rare and there are only two reported occurrences of non-apatite 

dominated primary REE-carbonatites, Mountain pass, California, which demonstrates

bastnaesite-parisite with primary baryte and fluorite (Jones and Wyllie 1983) and
5

Kangankunde Hill, Malawi which demonstrates primary monazite within late stage 

ankeritic carbonatites. Primary REE-minerals are predominantly late stage.

Most carbonatite REE-minerals are related to late stage hydrothermal 

mineralisation and occur as veinlets and fine-grained polycrystalline interstitial fillings 

frequently associated with barite, fluorite, hematite, quartz, strontianite and sulphides. 

Experimental work (Rect and Ghassenii (1970)) suggests that REE’s are preferentially 

partitioned into precipitating phosphates rather than carbonates in aqueous solutions, 

hence, natural carbonatitic assemblages tend to demonstrate genetically separate 

assemblages of hydrothermal REE-phosphates and REE-carbonates.

1.2.4 The Chemistry of Carbonatites.

Whole rock compositions of carbonatites are extremely variable due both to their
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mineralogical complexity and the variability of secondary or late stage processes within 

carbonatites. Sufficient primary whole rock analyses are now available to give some 

qualitative indication of the evolution of carbonatite melts in terms of overall chemical 

budget.

1.2.4.a Major Element Chemistry.

Carbonatite compositions are dominated by Ca^, Mg^, Fe^ and Fe^ (fig. 1.7). In 

the series calcio - carbonatite, magnesio - carbonatite, ferrocarbonatite, Ca^ decreases and 

Fe^, Fe^ and Mg^  ̂ increase. Ferric iron is dominant in both calcio-carbonatites and 

ferrocarbonatites, due to the dominance of magnetite as the main iron-bearing phase, and 

only in the magnesio-carbonatites may Fe^^>Fe^ due to the predominance of ankeritic 

compositions.^

Alkali metal concentrations in carbonatites are typically low, demonstrating less 

than a few percent. However, the recent natrocarbonatite lavas at | Oldoinyo Lengai 

contain approximately 13% NaiO and 8.27%wt K2O (Dawson 1990), although it is not 

clear how these ’anomalously’ alkali rich carbonatites relate to calcium dominated 

carbonatites as no intermediate compositions exist.

Other major elements that demonstrate an increase through the series calcio - 

carbonatite to ferrocarbonatite are SiO^, Ti02  and BaO. Variations in SiOj contents are 

however, complex due to the incorporation of xenocrystic material and contamination by 

fenitising fluids. The BaO variation in carbonatites strongly correlates with SO3 variation 

and is, hence, attributed to barite precipitation.

The volatile contents of carbonatites are generally variable, only SO3 and CO2 

demonstrating vague trends with increased values in later stage carbonatites. For other 

volatiles, such as, the halogens, trends are more difficult to generalise, although an
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Figure 1.7. Carbonatite major element chemistry (After Woolley 
1990 and Le Bas 1981).

42



increase in the F:Cl ratio is seen in later carbonatites, and water content of carbonatites 

is at least partly dependent on the modal content of hydrous silicates, hydroxl-bearing 

apatites and other water-bearing REE-minerals. The complex volatile chemistry of 

carbonatites may well be a function of the development of a coexisting vapour phase, the 

composition of which will be dependent not only upon the composition of the melt phase 

but also pressure, temperature and redox potential.

1.2.4.b Rare Earth Element Chemistry.

Carbonatites contain the highest concentrations of REE and the highest ratios of 

LREE;HREE of any igneous rocks (Cullers and Graff 1984), and can contain up to 16883 

ppm La^, with La^iLu^ ratios of over 1000:1 and are, hence, extremely enriched in 

respect to normalised chondrite. Generally La and Ce increase through the series calcio- 

carbonatite, magnesio-carbonatite, ferrocarbonatite.

Carbonatites demonstrate both Ce and Eu anomalies which may be either positive 

or negative and are probably related to preferential incorporation of divalent and 

tetravalent ions within fractionated minerals as a function of redox potential.^

1.2.4.C Trace Element Chemistry.

Trace elements of the highest concentration in carbonatites are V, Cr, Co, Ni, Cu, 

Nb, Zn, Mo, Pb and Th. Nb is the most abundant and may reach ISOOOppm, it is 

however, extfemely variable from intrusion to intrusion although Nb tends to be a key 

indicator element. General increases in Co, Cr, Ni, V and Th have been identified in later 

stage carbonatites.

1.2.4.d Stable Isotope Chemistry.

Stable isotope variations in carbonatites have not been widely studied, but they do 

give indications for low temperature post-magmatic alteration and the operation of
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hydrothermal solutions. Stable isotopes may also give some indication of the source of 

carbonatite melts. The bulk of stable isotope data available from carbonatites is in 

and ratios.

The values of carbonatites vary between 4.5 to 22.4 %o relative to SMOW 

(standard men sea water) with the largest values in carbonatite lavas and tuffs presumably 

due to 5**0 exchange with meteoric water (Deines 1990). Carbon isotope values vary 

between -12 and 2.5 %o 5*̂ C relative to PDB (Pee Dee Belemnite) with a mean overall 

value of -4.98 %o S*̂ C PDB. The majority of carbonatites lie within the and 5**0 

values predicted for mantle derived magmas between 3 and 7 % o SMOW and -4 and -7 

% o PDB respectively although there is much scatter towards higher 5**0 (fig. 1.8).

Oxygen isotope fractionation between carbonatitic minerals may be used to 

determine equilibration temperatures, estimates for carbonatites without significant **0 

enrichment suggest that calcites equilibrated at approximately 660 - 680°C and dolomites 

655 - 630°C (Friedrichson 1973). It is interesting to note that these temperatures correlate 

fairly well with solidi determined from synthetic experimental studies suggesting that 

equilibration temperatures may be equivalent to crystallisation temperatures.

1.2.4.e Radiogenic Isotope Chemistry.

Typical *^Sr:*̂ Sr and *"**Nd:*̂ Nd ratios from carbonatites are 0.7034 and 0.511 

respectively. Sr and Nd ratios from Canadian and African carbonatite complexes are 

demonstrably time integrated (fig. 1.9) and are depleted in LILE in respect to the bulk 

earth isochron and the intersection of isochrons suggest that in both provinces depletion 

is due to a single event at approximately 3Ga, after which the carbonatite source reservoir 

remained essentially a closed system in respect to Rb and Sr exchange! Bell and 

Blenkinsop 1990 have suggested that for the Canadian complexes at least, the depletion
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event of 3Ga may represent separation of continental crust as it correlates with ages of 

the Grenvillian shield which would strongly suggest that carbonatite source region lies 

within the lithospheric mantle.

Anti-correlation plots (fig. 1.10) support the observed data with carbonatites plotting 

predominantly in the depleted mantle quadrant, parallel to the Atlantic GIB field, although 

well separated from MORB. Menzies and Wass (1983) have suggested that mantle 

metasomatism by COi-rich fluids will generate time integrated isotope i  ratios that lie to 

the left of the mantle (OIB) array. However, the near linear nature of the "̂‘̂ Nd:̂ '*̂ Nd 

isochron prohibits LREE enrichment unless it occurs immediately prior to magma 

generation.

Canadian carbonatites demonstrate three phases of evolution of their source region 

from “ ^Pb:^Pb systematics (fig. 1.11). Young carbonatite complexes (0 -1100 Ma) plot 

in ^^Pb:^Pb - ^ P b i^ P b  diagrams within the ranges of MORB and OIB, below the Stacy 

- Kramers (S/K) lead evolution curve, which is taken as a crustal evolution trend, 

indicating a derivation from a LILE depleted reservoir. All carbonatites of this age also 

plot to the right of the single stage isochron suggesting enrichment in relative to bulk 

earth. Regression curves fitted to young carbonatite data have similar slopes to both 

MORB and OIB trends and suggest the source region has been a closed system for 

exchange.

Canadian carbonatites of between 1900Ma-2.2Ga, however, define different 

regression curve slopes to the younger carbonatites, suggesting a major event between 

1900Ma and 1 lOOMa, although significantly ®̂ Sr:*̂ Sr ratios do not demonstrate such an 

event. The oldest alkaline complexes of the I Canadian shield, although not carbonatites, 

plot closer to the S/K evolution curve and the single stage isochron than the younger
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carbonatites. They do, however, indicate the existence of LILE depleted reservoir and 

enrichment as far back as 2.7G a.^Pb:^Pb and “ ®Pb:^Pb systematics rather than 

demonstrating the evidence for a single LILE depleted, enriched source suggest two 

suites of isotopic values, enriched and depleted. Data plots both above and below the 

conformable lead ore (COL) lead evolution curve, which is essentially the equivalent of 

the Stacy-Kramers curve, on lead ratio time plots (fig. 1.12). Neither enriched or depleted 

groups demonstrate recognisable trends and suggests the mixing of two reservoirs, which 

have been suggested to relate to the asthenosphere and sub-continental lithospheric mantle 

(Kwon et al 1990).

1.2.5 Associated Silicate Rocks.

1.2.5.a Associated Alkaline Igneous Rocks.

Carbonatites are frequently associated with both intrusive and extrusive alkaline 

silica-undersaturated rocks which demonstrate considerable variation in chemistry and 

mineralogy.

The most voluminous volcanic rocks associated with carbonatites are the 

nephelinite -phonolite series. The classification of nephelinites, phonolites and trachytes 

are shown in figure 1.13 on the basis of modal content of pyroxene, nepheline and alkali 

feldspar. Nephelinitic pyroxenes are predominantly titan-augite and diopside-aegirine 

phenocrysts with groundmass aegirine-augite, whereas aegirine augite predominates in 

phonolites. Pyrochlore, ilmenite and titanites predominate as opaque minerals and they 

may contain accessory apatite, cancrinite and calcite, olivine bearing varieties are also 

common. Rare examples of melilitic nephelinite and melilitite lavas are also associated 

with carbonatites.

There are a wide variety of intrusive silicate rocks associated with carbonatites,
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from phonolite stocks and nephelinitic tephrites (Kaisershtul, Keller and Schleicher 1990) 

to nepheline syenites, the ijolite series and pyroxenites.

Ijolites are the commonest silicate intrusive rock associated with carbonatites and 

are dominanted by aegirine-augite pyroxenes, nepheline and alkali feldspar, although other 

rocks from the ijolite series may occur, such as urtites and melteigites (fig. 1.14). Rarer 

examples of melilite-dominated intrusive rocks, such as, uncompahgrites and turjaites, as 

well as exotic rocks such as bergalite, which is a pyroxene-free, nepheline, melilite 

bearing rock and shonkalites, which are pyroxene dominated alkali feldspar bearing rocks, 

may also occur.

The whole rock chemistry of the associated silicate rocks, are extremely variable 

and no definite chemical trends assignable to fractionation processes may be determined, 

although suggestions from single complexes suggest development in the series olivine 

nephelinite - nephelinite - phonolite, and Keller and Schleicher (1990) suggests an 

alternative trend for exotic bergalites by interaction with carbonatitic melts (fig. 1.15).

Although it would appear that well defined fractionation trends do not occur for 

the alkaline series of rocks, it would appear that olivine melilites or olivine nephelinites 

represent primary melt compositions (fig. 1.16) as the rarity of the more silica 

undersaturated uncompahgrite and pyroxenites suggests that they do not represent parental 

melt compositions. Phonolites are taken as the most evolved silicate rocks associated with 

carbonatite as suggested by the phase relations in the system | alkali-feldpar, nepheline, 

kalsilite (Bowen 1928).

1.2.5.b Fenites.

Fenites are defined as alkaline metasomatic rocks associated with ijolitic and 

carbonatitic complexes (Hienrich 1966). They are typically complex and demonstrate
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multiple phases of metasomatism and may form aureoles from l-2km to a few hundred 

meters around both carbonatite and ijolite intrusions. Fenites associated with carbonatite 

intrusions may demonstrate the development of both K and Na metasomatic minerals, 

although K-fenitisation is the predominant. Potassic fenites consist essentially of 

orthoclase, frequently perthitic with minor interstitial iron oxides, and may vary from 

orthclasites to orthoclase-bearing rocks. Additionally, phlogopite rich glimmerites with 

accessory apatite may be associated with potassic fenites at carbonatite - fenite boundaries.

Sodic fenites, tend to be associated with deeper level carbonatites, for example, 

Sokli, Finland (Vartiainen and Woolley 1974)although they may be found with potassic 

fenites (Amba Donga, Viladkar 1981). Sodic fenites associated with carbonatites, are 

typified by the development of aegirine-augite, either in veins or dispersed, and albites 

which are frequently perthitic. Where associated with potassic fenitisation they are 

frequently overprinted by potassic minerals.

Other fenite mineral assemblages associated with carbonatitic intrusions are 

haematite-magnetite replacement bodies associated with the emplacement of 

ferrocarbonatites as at Homa Bay (Le Bas 1977), late stage carbonation of associated 

silicate rocks, with development of calcite replacing, melilite, nepheline and quartz. And 

also the development of fluorite, particularly within carbonatite bodies, frequently 

associated with silicification and the development of late drusy quartz.

Ijolites and urtites may develop their own associated fenite aureoles with the 

predominantly sodic mineral assemblages and also rare calcic mineral assemblages®. Sodic 

mineral assemblages, associated with ijolites, unlike those related to carbonatites may be 

zonally related to the ijolite bodies. The widest fenite zones occur above ijolite intrusions 

and are associated with the development of magnesio-arvfedsonite, aegirine-augite, albite
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and close to the ijolite body nepheline, with hydrous silicates predominant. Lateral fenite 

zones are dominated by the development of aegirine-augite and albites, with nepheline 

developed adjacent to the ijolite body, with only minor arvedsonite. It is notable that 

nephelinitisation has not been reported for carbonatite related fenitisation. Rare fenites 

associated with wollastonite urtites, such as at Usaki, Kenya (Le Bas 1977) demonstrate 

the growth of metasomatic wollastonite in earlier ijolites and represent a form of calcic 

metasomatism.

1.2.6 The Genesis of Carbonatites

The genesis of carbonatites has been a matter of considerable controversy since 

their discovery. Early hypotheses argued the basic nature of carbonatites, in which 

carbonatites were assigned as sedimentary limestones, marbles, hydrothermal deposits and 

primary igneous rocks! The later controversies have concentrated on their origins as 

igneous rocks and the evolution and origin of carbonatitic melts.

There are three main hypotheses relating to the origins of carbonatitic melts (1) 

that they represent the residual melts of a fractionated, carbonated nephelinite or melilite 

melt (2) that they are immiscible melt fractions of COj-saturated silicate melts and (3) that 

they are primary mantle melts, generated through partial melting of COz-bearing 

peridotites. As well as the primary origins of carbonatitic melts, the evolution of 

carbonatite melts and the generation of the mineralogical and chemical diversity observed, 

is controversial.

1.2.6.a Evidence for Carbonate Melts.

The origins of carbonatites as igneous rocks is now widely accepted and there is 

much evidence for the presence of carbonatitic melts at surface pressures. Perhaps the 

most dramatic evidence for carbonate melts are the natrocarbonatite lavas of Oldoinyo
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Lengai, Tanzania (Dawson 1966), where carbonatite activity can be directly observed 

(plate 1.3).

Indirect evidence for calcium dominated carbonate melts also exists in the form 

of agglutinated ’pelee’s tear drop’ lapilli in the |Kaiserstuhl (Keller 1981), Tinderet (Hay 

1983) and Kerimasi\ welded spatter cone tuffs and agglomerates in the Ruri complex (Le 

Bas 1977) and calcium carbonatite lava flows demonstrating primary igneous textures, 

such as, scoriaceous tops and amygdales. Hay(1983)and Deans and Roberts (1984)]iave 

suggested that many extrusive carbonatites represent calcified natrocarbonatites such as 

the lavas of Kerimasi, however, the presence of single crystal calcite phenocrysts and the 

marked absence of the 40% volume change which should be related to the replacement 

of nyererite by calcite in these lavas^ does not support such a hypothesis.

Experimental studies in the system Na^COg-K^COg-CaCOg (Cooper et al 1975) 

demonstrate solidi temperatures of 810C-675°C which correspond well with extrusion 

temperatures of 580-590°C for natrocarbonatites from Oldoinyo Lengai and Gittins (1990) 

has demonstrated that the addition of F to this system, corresponding to real 

natrocarbonatite compositions, will further reduce experimental solidus temperatures. 

Experimental studies in the systems, Ca0-C02-H20 (Wyllie and Tuttle 1960) and CaCOg- 

Ca(0H)2-Cap2 (Gittins and Tuttle 1964) at Ikb demonstrate solidi temperatures of 650°C 

and 575°C respectively, corresponding well with calculated calcite oxygen isotope 

equilibration temperatures of 660-680°C, indicating that calcium carbonatite melts could 

also be erupted at low temperatures.

Experimental data at low atmospheric pressures demonstrate that only alkali- 

carbonate melts are stable at 1 atm, the alkaline earth metal carbonates dissociating to CO2 

and refractory oxides. Dissociation pressures for CaCOj and MgCOj are 40-90 bars
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(Huang and Wyllie 1976) and 23kb respectively and between 40 bars - 23kb in the binary 

system CaCO^-MgCO^ (Irving and Wyllie 1975)(fig.l.l7 and fig.1.18), suggesting that 

Mg^-rich carbonatites could not exist as melts even under upper crustal pressures. 

However, it has been suggested that 30 wt% Na2C03  or as little as 15 wt% NajCOj in the 

presence of fluorine could stabilise calcium carbonate dominated melts by liquidas 

suppression even at surface pressures (Gittins 1990). However, these estimates may be 

unrealistic as they are based on liquidas intersection with the pure CaCOg dissociation 

temperature of 900°C.

The solubilities of CO2 in CaCOg and NajCOg melts at their liquidas are 11.6% 

and < 1 wt% respectively (Wyllie 1990) and correspond well with eruption styles 

observed for calcite-carbonatites and natrocarbonatites. The natrocarbonatites of Oldoinyo 

Lengai, Tanzania are typifled by quiescent eruption, with only minor development of 

splatter cones and vesicular lavas, resulting from both low viscosity and, more 

significantly, low gas contents. Calcite carbonatite extrusives are typified by pyroclastics, 

examples of lavas being relatively rare, the frequent occurrence of welded splatter cone 

agglomerates, often at some distance to vent facies, for example the Ruri complex, Kenya, 

suggest violent gas rich eruptions of carbonate melt with development of lava fountains 

(Keller 1990a).

1.2.6.b Primary carbonatite compositions

In order to determine the ultimate origin of carbonatite melts we require an 

estimate of the parental carbonatite melt composition or compositions. The composition 

of the parental carbonatite is also controversial and corresponds to the evolution of 

carbonatite composition by crystal fractionation and loss of |alkalies by fenitising fluids.

There are three main proponents for the parental carbonatite composition, the
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natrocarbonatites (Le Bas 1981), calcium carbonatites (WooUey 1982) and dolomitic 

carbonatites (Gittins 1990). As already mentioned above, carbonatite field relations suggest 

evolution in the series calcite-carbonatite through dolomite-carbonatite, to ferrocarbonatite, 

suggesting that calcite-carbonatites are the parental melt composition. However, although 

fractionation of calcites from a calcium carbonatite melt will increase the Mg-content to 

that of the eutectic of the CaCOj-MgCOj system (fig. 1.19, Irving and Wyllie 1975), 

eutectic compositions become progressively calcic with decreasing pressures. Hence, in 

order to generate dolomite-carbonatites from a parental calcite-carbonatite melt, 

fractionation must occur at high pressures, within a relatively long lived magma chamber. 

The long crustal residence time of carbonatite intrusions, deduced from the often extensive 

country rock - carbonatite interaction does, however, support this hypothesis, although the 

presence of dolomite- and ferrocarbonatites in deep seated carbonatites is not consistent 

with such a genesis.

The development of ferrocarbonatites as the end product of calcite fractionation 

must also be in question. The development of iron carbonatites, is demonstrated by 

increasing ankerite components in the outer zones of dolomites and the increase in Fe^  ̂

in the rims of silicate phases (Treiman and Essene 1983) and is probably controlled by 

oxygen fugacity. At high fOj iron will be predominately partitioned into the ankeritic 

component of dolomite, and hence, iron enrichment of the melt will occur until fOi’s 

become low enough for magnetite crystallisation to occur, when rapid depletion in iron 

will result. Initial carbonatite fOj’s are estimated to be Ni-NiO (Wyllie 1987) and will 

probably be controlled by the dissociation of and water spéciation. At low

temperatures, high Pco2 may also prevent magnetite precipitation and may result in 

haematite development, which corresponds well with late stage intrusion of
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ferrocarbonatites as sub-volcanic dykes presumably at low temperature. Calcite, dolomite 

and ankerite fractionation would also be expected to increase the alkali content of the 

melt, and if taken to its fullest extreme could produce natrocarbonatite melts. Hence, a 

parental calcite carbonatite would require fractionation at ponstant pressure, and if oxygen 

fugacities are as high as suggested by Wyllie (1987), would result in initial iron 

enrichment followed by iron depletion and the development of dolomitic carbonatites.

An alternative view proposed by Gittins (1990) is that dolomitic carbonatites 

represent parental compositions and evolution occurs by the fractional crystallisation of 

dolomites and ankerites with corresponding increases in the calcitic component in the melt 

phase. This is also supported by phase relations in the system CaCOg-MgCOg (Irving and 

Wyllie 1975), as described above, with eutectic compositions becoming progressively 

calcic at lower temperatures and pressures and hence, confinement at depth during 

fractionation is not a requirement. The development of ferrocarbonatite is suggested to be 

similar to above, however, the evolution of natrocarbonatites, although attributed to 

concentration of alkalies through fractional crystallisation is suggested to be impeded in 

most cases by the loss of alkalies by fenitisation. Gittins suggested that fenitisation is 

initialised by soluble H2O reaching its vapour point, through concentration by crystal 

fractionation. Hence, if HjO concentrations are low enough to prevent the development 

of a vapour phase then alkali loss will not occur and natrocarbonatite compositions may 

be attained. It seems probable that such H20-depleted melts will be rare and, hence, 

natrocarbonatites would be expected to be rare occurrences.

Le Bas (1981) has suggested that natrocarbonatites represent parental compositions 

and that loss of Alkalies via fenitisation will result in calcite carbonatites. The composition 

of carbonatitic fluid inclusions broadly supports this hypothesis (Aspden 1977, Rankin

62



1975, Anderson 1986), with compositions intermediate between natrocarbonatites and 

calcite carbonatites, becoming progressively calcic with decreasing temperature. The 

predominance of sodic fenites adjacent to deep seated carbonatites rather than potassic 

fenites does support the loss of sodic components at depth by fenitisation. However, such 

a variation of fluid compositions would also be expected with progressive alkali-loss by 

fenitising fluids of a calcite carbonatite with only minor Na^COg content, assuming 

preferential partitioning of alkalies into coexisting vapour. Also the volume requirements 

of such a model appear unlikely, if the natrocarbonatites of Oldoinyo Lengai represent 

primary compositions, the volume of fluid required to remove 25 wt% [alkalies even as 

’super’-saturated brine would exceed that realistically soluble in carbonatite magmas and 

would require extensive meteoric water-magma interaction, suggesting that this mechanism 

would be restricted to the upper crust.

Hence, it appears that although evidence exists for each possible parental 

carbonatite composition, it is not possible to favour one in respect to another. It may be 

that problems encountered in defining a parental carbonatite melt composition arise from 

the absence of such a composition in ’real’ carbonatites and that the primary compositions 

themselves are varied.

1.2.6.C Crystal Fractionation of a Carbonated Nephelinite.

The genesis of carbonatite melts as residual melts by crystal fractionation of a 

carbonated nephelinitic or melilitic melt, was suggested by the observation of the 

continuous crystallisation of nepheline, melilite, cancrinite and calcite from 1100°C in the 

system NaAlSiO^-CaCO^ (Watkinson and Wyllie 1971). However, although the 

concentration of CO2 will increase due to the crystallisation of nepheline, clinopyroxene 

and possibly olivine, there are however, a number of problems in generating a carbonatite

63



melt by such a mechanism.

1. CO2-saturated nephelinites wiU demonstrate immiscible behaviour with 
fractionation of clinopyroxene and olivine (Kjarsgaard 1990, section 1.2.6.d), 
and hence, a carbonate melt could not develop as a residual melt.

2. Intermediate rock types between nephelinites and carbonatites, as would be 
expected by crystal fractionation, do not occur.

3. It is unlikely that fractional crystallisation could produce the concentration of 
LREE, Nb and P seen in carbonatites (Gittins 1990).

4. If carbonatites were generated as late stage residual melts, they would not be 
expected to demonstrate the modal diversity observed.

1.2.6.d Liquid Immiscibility

Liquid immiscibility between COz-saturated alkaline silicate and carbonate melts 

occurs over a wide range of temperatures (750-1350°C) and pressures (l-15kb), and has 

been identified in a large number of synthetic and natural systems. There have also been 

limited studies into partitioning coefficients between coexisting carbonate and silicate 

liquids.

The general characteristics of silicate-carbonate immiscibility are demonstrated by 

the phase diagram in figure 1.20 which represents a compilation of experimental data after 

Hamilton 1990. The two liquid phase region generally closes with decreasing pressure and 

increasing temperature, experiments with included HjO demonstrates no significant change 

in phase boundaries until > 20 wt% H2O at which the two liquid field narrows.

It can be seen from figure 1.20 that a silicate parental melt must plot close to the 

Si02-rich two phase boundary and, hence, the coexisting carbonate will become 

progressively alkali-rich as parental melts become increasingly evolved. Experimental data 

from Bedson (1983), demonstrates that with increasing pressure the Na:K ratio of 

carbonate melts coexisting with phonolitic silicate melts increase, whereas there are no 

significant changes for carbonate melts coexisting with nephelinites. Similar data exists 

for Mg distribution between coexisting nephelinite and carbonate melts, with Mg
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Figure 1.20. Projection on to SiO^-Al^O^-CaO-Na^O-K^O of 
carbonatite-silicate liquid immiscibility. P-phonolite, M-melilitite, 

MN-melanephelinite, I-ijolite, Ml-microijolite, NS-nepheline syenite, 
P-phonolite (After Kjarsgaard and Hamilton 1990).
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Figure 1.21. Three liquid immiscibility on the projection SiOj- 
Al^Oj-NajO-CaO at 15kbar,1250°C (After Brooker and Hamilton

1990).
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distribution coefficients between the silicate and carbonate liquids decreasing from Kd>1 

at pressures <5kb to of 0.8 and 0.7 respectively at 6kb (Bedson, 1983) and 7.6kb 

(Freestone and Hamilton, 1980) suggesting that dolomite carbonatites could only be 

produced by liquid immiscibility at lower crustal pressures. It is apparent that 

compositions of coexisting carbonate melts vary not only with composition of parental 

silicate melt, but also with the temperature and pressure at which immiscibility occurs. If 

we consider the compositions of silicate rocks associated with carbonatite complexes (Le 

Bas, 1977) we see that the least evolved of the alkali silicate rocks, the melilitites 

intersects the SiOg-rich two liquid phase boundary at the highest temperature at constant 

pressure, producing calcium carbonate immiscible melts. Intersection of alkali silicate rock 

compositions with the two phase boundary is at decreasing temperature and pressure 

through the series melilites, ijolites, nephelinites and phonolites producing increasingly 

alkali-rich coexisting carbonate melts.

It is notable that evolutionary trends of alkali silicate rocks, associated with 

carbonatites, from melilitites to phonolites cannot be related to crystal fractionation alone, 

but could be produced by a combination of crystal fractionation and evolution along the 

two liquid phase boundary with decreasing pressure and temperature. This has lead 

Kjarsgaard and Hamilton (1990) to suggest that chemical diversity of carbonatites could 

be attributable to liquid immiscibility at varying depths as the conjugate silicate melt 

evolves along the two liquid field boundary. They also noted that rapid changes in 

temperature and/or pressure would result in a shift of the two liquid field boundary which 

would result in cessation of immiscible behaviour until crystal fractionation returned the 

silicate melt composition to this boundary. Thus, an incomplete series of carbonatite 

conjugate melts could be produced from an evolving silicate parent melt. However, since
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the above mechanism invokes evolution of the silicate parental melt along the two liquid 

solvus, carbonate melt fractions produced would be of small volumes. The total conjugate 

melt that could be produced will be a function of melt separation dynamics, which for low 

density, low viscosity carbonate melts are likely to be rapid. If, however, a rapid drop in 

pressure, or possibly a change in fOj occurs such that the two liquid solvi expands, more 

voluminous carbonatite melts could be produced.

The main argument against an immiscible mechanism for carbonatite melt genesis 

is the superposition of carbonatites and associated silicate rocks. Carbonatites 

predominately postdate associated silicate rocks, however, estimates of the rheological 

properties of conjugate immiscible liquids suggests that the low viscosity, low density 

carbonate melts should separate rapidly from the parental silicate melt and should be 

emplaced prior to the silicate intrusion.

An interesting experimental study by Brooker and Hamilton (1990) in the system 

Si02-Al203-Ca0 -Na2 0 -C02  demonstrates the existence of a three liquid immiscible field 

at liquidus temperatures at 15kb. The two immiscible carbonate liquids reported are a pure 

calcium carbonate liquid with minor Na^ and Si"  ̂ content and a mixed alkali carbonate 

liquid. The rheological properties of these liquids, resolved by textural relations with the 

silicate liquid, indicate that the calcium carbonate liquid may be as dense as the coexisting 

silicate liquid. This would suggest that a calcite carbonatite could be generated by an 

immiscible mechanism and yet emplaced after the associated silicate melt. It is notable 

that the three liquid immiscibility would only develop for a restricted range of parental 

melt compositions, (fig. 1.21) which would correspond well with the rarity of 

natrocarbonatites, representing the mixed alkali carbonate conjugate melt.
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1.2.6.C Carbonatites as Primary Mantle Melts.

The genesis of carbonatites as primary mantle derived melts from partial melting 

of COj-bearing mantle peridotites is based on the stability of carbonate in oxidised mantle 

at pressures >23kb (Wyllie et al 1983, Huang and Wyllie 1984). The stability of carbonate 

in the mantle is based on the carbonation reactions [1.1-1.2] which involve the reaction 

of forsterite, clinopyroxene and COj to produce orthopyroxenes and calcite-dolomite solid 

solution;

3Fo + 2Cpx + 3CO2 = 70px + Do/CQs [1.1] 

and at higher pressures, reaction of the calcite-dolomite solid solution with forsterite and 

CO2 to orthopyroxenes and magnesite.

Fo + Do/CQ, + CO2 = Opx + MQ, [1.2]

Estimates based on modal data for peridotite mineral assemblages suggest that 5 

wt% and 23 wt% CO2 is required to complete reactions 1.1 and 11.2 respectively which 

considering estimates of the total CO2 budget of the upper mantle of 0.4 wt% would 

suggest that mantle peridotites will not be fully carbonated (Gittins 1990).

The generation of melts in a peridotite upper mantle is controlled by the phase 

relations of peridotite in the presence of the dominant volatile species. Experiments in the 

system C-H-O-peridotite demonstrate that phase relations are complex and dependent not 

only on the composition of the dominant volatiles but also on the redox state. Estimates 

of the redox potential of the upper mantle from both xenocrystic and xenolithic data vary 

widely suggesting both oxidising redox potentials close to the magnetite-wustite buffer 

Mattioli and Wood (1986),Eggler 1983) and reducing redox potentials close to the iron- 

wustite buffer (Arculus and Delano 1981). It is probable that the redox state of the mantle, 

which is dependent on the buffering capacity of mantle mineral assemblages will be
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variable as a response to a fundamentally heterogenous mantle. Although there is much 

controversy over the precise nature of the phase relations of peridotite-C-H-0 (fig. 1.22) 

there are a number of features which are well accepted as described below:

1. The existence of a invariant point at approximately 23-27kb relating to 
a change in the slope of the solidi from near isothermal to sub-isobaric at 
lower pressures. This solidus ledge relates to amphibole stability. Although 
there is considerable controversy over the position and extent of this ledge,
Green (1983) and others have demonstrated that solidus temperatures are 
at a maximum in an HjO-saturated peridotite in the absence of COj. 
However, oversaturated peridotite (H^O > 0.4wt%) demonstrates no solidi 
ledge due to the presence of an HgO vapour phase (fig. 1.23).
2. The stability of amphibole-dolomite-peridotite up to approximately 27kb 
in oxidised mantle, although differences exist in the form of this stability 
field in relation to the amphibole stability ledge, there is agreement that the 
amphibole stability field extends above die solidus of dolomite-amphibole- 
peridotite.
3. The stability of phlogopite-dolomite-peridotite at pressures greater than 
27kb and an inflection of the peridotite solidus to lower temperatures in 
mantle pressures. In reduced mantle no inflection of the solidus occurs due 
to the absence of stable carbonate (Taylor and Green 1987, fig. 1.23).

The compositions of melts derived from partial melting of mantle peridotite vary,

depending on depth, redox potential, volatile content and the degree of partial melting. It

is clear, however, that both silica-undersaturated alkaline melts and carbonate melts can

be derived through small degrees of partial melting as shown in figure 1.24. Experimental

melting studies of carbonated peridotite demonstrate the existence of small volume

carbonate melts, <1 % volume, at P > 27kb, from phlogopite-bearing and phlogopite absent

peridotites. (Wyllie 1977, Eggler 1978). Carbonate melts derived from phlogopite absent

systems have higher CaiMg ratios than those derived from mica-bearing peridotites

(Eggler 1990) and Ca:Mg ratios decrease with increasing pressure until the subsolidus

reaction of dolomite to magnesite at 23kb (Brey et al 1983). Carbonate melts produced

at these depths also contain finite amounts of SiOi (5-10%wt) (Wyllie et al 1983). It has

also been suggested that small degrees of partial melting of carbonate-amphibole-bearing
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Figure 1.22. Phase relations in the system peridotite-C-H-O after (A) 
Green et al 1983(B) Olafsson et al 1983 and (C) Wyllie 1990.
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Figure 1.23. Melting relations of peridotite-C-H-0 under different 
redox potentials. (A) Reduced solidus (IW) (D) oxidised solidus, D, 

representing the amphibole stability Field, (C) water saturated 
solidus and (B) dry peridotite solidus (After Falloon and Green

1990).
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Figure 1.24. Melts generated by various degrees of partial melting 
of carbonated peridotite (After Bultitude and Green 1971).
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Figure 1.25. Compositions of carbonatites and associated rocks in 
CMS projection, the bold trend represents magnesite fractionation 

(After Eggler 1990).
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peridotites will also lead to the generation of carbonate melts particularly in HjO- 

oversaturated mantle, that is, >0.04 wt% H^O, due to the lower solidus temperatures 

(Eggler 1990, Wyllie 1990).

Primary carbonatite melts generated experimentally at pressures greater than 27kb 

suggest that dolomitic carbonatites should represent parental carbonatite magmas, 

however, experimentally derived melts do not contain the necessary elements for the 

crystallization of pyroxenes, amphiboles and alkali carbonates. The presence of phlogopite, 

however, on the peridotite solidi at P>27kb may provide K, Al, and Fe for the carbonate 

melt, Na could be provided at P<27kb by a sodic amphibole component and amphiboles 

from garnet bearing peridotite xenoliths from carbonatite complexes demonstrate up to

4.5 wt% NajO and only minor K (Keller and Schleicher 1990). However, all 

experimentally observed carbonate melts have been at pressures above the amphibole 

stability field, although recent studies demonstrate that sodic amphiboles may be stable 

down to far greater depth (Jones 1992). The sodic component of carbonate melt generated 

above 27kb could be provided by a jadeitic component of diopsidic clinopyroxene 

reacting to NajCOj.(Gittins 1990).

Fo + Jd/DL + CO2 = Opx + D0/CC3, + NC + AS [1.3]

Additionally the high incompatible element content of carbonatite melts of REE, 

P, Nd and Sr, may well be attributable to metasomatic minerals present in the source 

region.

It appears, therefore, that carbonate melts generated by partial melting of peridotite, 

at P>27kb, may be of appropriate compositions in real systems to be parental to 

carbonatites. Hence, carbonatites should demonstrate evolutionary trends from primary 

dolomitic compositions to more evolved varieties. However, projections on CMS (CaO-
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MgO-FeO-SiOi) (Eggler 1990) of carbonatites fail to predict such an evolutionary trend 

(fig. 1.25), although associated silicate rocks plot along the peridotite solidus trend 

indicative of primary mantle melts. Only the carbonatites of the Fort Portal area, Uganda, 

with Mg numbers of 0.59-0.60 (Knorring and Dubois 1961), are close to the expected 

primary melt compositions. Calcitic carbonatites, however, do fall at the Ca-rich end of 

the fractionation trend predicted by the eutectic compositions of the system MgCOj- 

CaCOj (Irving and Wyllie 1975), suggesting that the lack of primary compositions relate 

to efficient crystal fractionation of dolomite. It is notable that only the carbonate rich 

rocks associated with kimberlites plot on the mantle trend.

It is the abihty of carbonate melts to migrate from their source regions to 

carbonatitic emplacement depths that will ultimately determine'whether they are realistic 

proponents for carbonatitic melts and although the migration of low viscosity small 

volume melts through the mantle is mechanically possible (McKenzie 1985), there may 

be distinct chemical and thermal barriers to carbonate melt migration through both 

oxidised and reduced mantle. As mentioned above, CO2 cannot exist, under oxidised 

conditions, below 17kb, except in COj-oversaturated mantle, due to carbonation reactions. 

A carbonate melt migrating through COj-undersaturated mantle at P>27kb will probably 

react to solid carbonate when melt temperatures reach COj-saturated peridotite solidi. 

Migration of a carbonate melt through the mantle under reducing conditions, where vapour 

is dominated by CH4 and HgO species, would dissociate, due to the depletion of the 

soluble CP", to either CH4 and C or solid carbonate depending on the buffering of the 

reduced vapour.

The superposition of carbonate and silicate rock types in carbonatite complexes 

are not consistent with either an immiscible or a primary partial melt genesis for
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carbonatites. The rheological properties of conjugate silicate and carbonate liquids deduced 

from experimental work on immiscibility indicate that the carbonate melt should be 

emplaced prior to the silicate liquid. Similarly the generation of a silicate melt by further 

melting of carbonated mantle would lead to the emplacement of silicate rather than 

carbonate melts as a final plutonic event.

It also seems unlikely that, even if a nephelinite or melililite melt could be 

produced by further melting of peridotites depleted in carbonate by separation of a 

carbonatite melt, that the two melts could be emplaced in close spacial association after 

migration.

1.2.6.f Fenitisation.

Fenitisation is a characteristic metasomatic process associated with carbonatitic 

complexes, and may be fundamental in the evolution of the carbonatite magmas (section

1.2.6.b). The mechanisms of fenitisation are, however, poorly understood although it is 

clear that they must relate to the evolution of a coexisting vapour/fluid phase.

Gittins (1990) suggested that fenitisation occurs once the HjO content of the 

carbonatitic melt has reached saturation, resulting in a HjO-dominated coexisting vapour 

phase. He suggested that preferential Cl partitioning into an HjO vapour phase would be 

capable of removing large amounts of Na from the melt phase, producing a supercritical 

brine. Supporting this hypothesis is the depletion of F:Cl ratios in natrocarbonatites (1.11-

0.693, Dawson 1990) in respect to calcite carbonatites (3.25 av, Woolley 1990), which 

both Le Bas (1990) and Gittins (1990) consider as carbonatites which have not undergone 

loss of alkalies through fenitisation and the association of hydrous metasomatic minerals 

with sodic fenitisation.

Although such a mechanism explains the poor development of fenite aureoles in
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deep seated carbonatite, due to low HjO contents, and the dominance of potassic 

fenitisation in higher level carbonatites by Na depletion by earlier sodic fenitisation,it does 

not explain the near anhydrous nature of potassic fenites. However, it seems probable that 

early fenitisation by supercritical brines would lead to the depletion of both HjO and Na^ 

in the carbonatite melt and the evolution of an increasingly COj-dominated vapour phase 

which may be responsible for anhydrous potassic fenitisation. Fluid inclusion studies 

broadly support such a hypothesis, since studies of the Fen complex (Anderson 1986) 

demonstrates the existence of halite bearing hydrous fluid inclusions (up to 24wt%) at 

higher temperatures and pressures and the development of COg-rich carbonate bearing 

fluid inclusions at lower temperatures, and COj-rich inclusions from the Sokolo 

carbonatite suggests transport of alkali as NaHCOg and KHCO3 rather than chlorides 

(Rankin 1975). The end result of CO2 enrichment of the vapour phase, may in the absence 

of meteoric water, be a CO2 vapour capable of carbonation of earlier fenites.

1.3 Kimberlitic Carbonate-rich Rocks.

As mentioned in the introduction to this chapter primary igneous carbonates also 

occur in kimberlites, and are a prerequisite in the definition of kimberlite. Primary igneous 

carbonates occur in kimberlites in the following forms:*

1. Inclusions in Ilmenites.
2. Groundmass calcites, intimately intergrown with phlogopites and olivines.
3. Calcite replacements of olivine and phlogopite megacrysts.
4. Replacements of xenoliths.
5. |Amygdaloidal fillings
6 . Calcite segregations of varying sizes and large discrete dyke bodies, for example 
at the Premier mine. South affica.

It has been suggested that, due to the presence of discrete carbonate rich rocks in 

kimberlites, that carbonatites are genetically related to kimberlites, either as residual melts 

of a kimberlitic parental melt (Dawson 1966), or as immiscible melts at depth. However,
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there are a number of fundamental differences between kimberlitic and carbonatitic 

magmatism which have yet to be resolved. Probably most importantly, kimberlitic 

carbonates are alkali-poor, although they may be associated with phlogopite development, 

and they do not demonstrate fenitisation characteristic of carbonatites (Le Bas 1984). 

Kimberlites are also lower in Ti, Zr, Nb, and REE contents than carbonatites^ and are 

essentially potassic, whereas carbonatites and associated rocks are sodic.

Mineralogically kimberlitic carbonate rich rocks lack characteristic carbonatite 

minerals, such as, pyrochlore, sodic amphibole and REE-carbonates, being mainly 

associated with phlogopite, olivine and Umenite with occasional apatites.

Therefore, kimberlitic carbonates are not considered to be genetically related to 

carbonatites, although they are representative of crystallisation of carbonates from a 

carbonate melt generated either through crystal fractionation of, or immiscibility with 

kimberlitic melts. They may, therefore, be taken as analogues of carbonatites, in that 

carbonatitic development from nephelinitic or melilitic melts is a widely accepted 

hypothesis.

1.4. Wider Planetary Significance of Carbonate Melts.

The significance of carbonate melts within a wider planetary framework has only 

recently been realised, with suggestions arising from experimental studies on the genesis 

of carbonatites that carbonates are an important constituent of mantle assemblages, and 

that carbonate melts may provide an essential role in mantle metasomatism (Eggler 1990, 

Jones 1990, Lloyd and Bailey 1975).

Within this section I wül discuss the possible scope for carbonate melts within 

mantle processes and the possible ramifications in terms of chemical differentiation and 

planetary evolution.

76



1.4.1 Mantle Metasomatism.

The existence of metasomatic enrichment of the upper mantle has only been

realised since the early 1970’s, when observations of metasomatic mineral assemblages

in mantle nodules (Lloyd and Bailey 1975, Harte et al 1975, Best 1974) were reported and

it soon became clear that mantle metasomatism could be utilised to explain the chemical

systematics of many volcanic rocks, such as P-type MORB, Hawaiian OIB and highly

alkaline continental volcanic rocks.

The enrichment of such mantle-derived magmas in the LREE and other

incompatibles such as K, Nb, Rb, Th and U cannot be explained in terms of small degrees

of partial melting of a MORB-depleted ’normal’ lithosphere, that is, mantle depleted in

important basaltic constituents such as CaO, AI2O3, TiOj and NajO with lower

LREEiHREE ratio’s than the bulk earth. Hence, it is clear that enrichment processes must

be operating in the lithospheric mantle. A metasomatic process is defined as:

"a process by which the composition of a rock is changed associated with 
mineral growth or otherwise, due to the introduction of material from an 
external source.”(After Naumann 1826, Londgren 1912).

Hence, enrichment by intrusion of fertile silicate melts into the lithospheric mantle

could only be described as metasomatic if the composition of mantle wall rocks are

altered. Enrichment due to the fertile allochtonous veins and dykes themselves would not

qualify as a metasomatic process as would not magma mixing between fertile and

depleted magma components.

Mantle metasomatism, sensu stricto, cannot be favoured in respect to any other

enrichment process from the chemical systematics of enriched primary mantle derived

rocks alone, although it is possible to place some constraints upon the source of the

enriching agents. Quite apart from the fact that enriched components bear more
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similarities to fertile converting lower mantle (CLM) systematics than the depleted MORB 

reservoir, noble gas studies, particularly ^He:"̂ Hel ratios, suggest components derived from 

primitive undegassed mantle with values derived from Hawaiian and P-type MORB of 12- 

30x atmosphere. However, lower values than the 7-8x atmosphere derived for the MORB 

reservoir of 5x atmosphere are derived for Tristan da Cuhna and Gough P-type MORB’s, 

suggesting components depleted in respect to the convective upper mantle (CUM). Such 

data have lead to suggestions that recycled crustal material resident in CUM also 

contribute as an enrichment source (Le Roex 1987). It is clear, therefore, that not only the 

mechanisms of mantle enrichment but also the source may be more complex than can be 

attributed to a single process.

Direct evidence for the existence of mantle metasomatism does exist, however 

from the chemistry and mineralogy of mantle xenoliths and three basic types of mantle 

metasomatism can be resolved (1) Modal metasomatism (Harte 1983,1987), in which 

major-minor and trace element enrichment is accompanied by a change modal mineralogy 

(2) cryptic metasomatism (Dawson 1984} whereby only the major-minor-trace enrichment 

occurs without mineral growth and (3) cryptic metasomatism in which only trace element 

enrichment occurs without associated mineral growth.

Cryptic mantle metasomatism, which is not associated with mineral growth, is 

demonstratedly metasomatic in origin due to the enrichment in respect to ’normal’ spinel 

and garnet peridotite xenoliths, with major element enrichment of Fe, Ti, A1 and K, minor 

element enrichment of incompatibles, in particular Sr, and the trace element enrichment 

of LREE. The cryptic enrichment of LREE alone is considered a metasomatic feature due 

to the decoupling between the LREE and other incompatible elements (Lloyd and Bailey 

1975).
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1.4. La Modal Metasomatism.

Mantle xenoliths demonstrating modal metasomatism are termed metasomites and 

demonstrate the growth of mineral phases not associated with ’normal’ mantle xenoliths. 

The dominant mineral phases of normal mantle are represented by forsteritic olivine, 

clinopyroxene frequently diopside, orthopyroxene frequently enstatite and a Al-rich phase, 

which is plagioclase at P<10kb, Al-Spinel at P<22kb and Cr-pyrope at P>22kb (fig 1.26). 

Generally gamet-peridotites demonstrate higher modal orthopyroxene contents than spinel- 

peridotites, often containing less than 5 volume% clinopyroxenes and so are strictly 

harzburgites, they may also contain small modal amounts (<1 volume%) of primary Ti- 

poor phlogopites (Erlank at al 1987).

The textures and mineralogy of metasomites are complex and may give some 

indications on the form of the metasomatic agent and hence wiU be briefly discussed here 

in order to evaluate the possible role of carbonate melts in mantle metasomatism. 

Mineralogically metasomites may be categorised into the following five main mineral 

associations:

1. Alkali-clinopvroxenite metasomites.
Dominated by the development of Fe-rich clinopyroxenes and 

biotites, although titanomagnetite, sphene, apatite, calcite, feldspar and 
interstitial silicate melts may occur in highly metasomatised samples 
(Lloyd and Bailey 1987). Alkali-pyroxenite metasomatism is associated 
with spinel Iherzolites.
2. Kaersutute-mica metasomites.

Demonstrates the development of paragasitic-kaersutitic amphibole, 
phlogopite replacement of Al-spinel (Wilshire et al 1980).
3. Edenite-phlogopite metasomites.

Dominated by edenitic amphibole, Na-rich phlogopites occurring as 
replacements of garnet. Restricted to garnet harzburgites.
4. K-Richterite-mica metasomites.

Forms a series of metasomites depending on the extent of mineral 
growth, garnet peridotite (OP), garnet phlogopite peridotite (GPP), 
phlogopite peridotite (PP) and phlogopite K-richterite peridotite (PKP) 
(Erlank and Rickard 1977, Jones et al 1982). Dominated by the 
development of phlogopite in the GPP and PP metasomites by replacement
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of garnet and/or enstatite and olivine, and K-richterite in the PKP 
metasomites by the replacement of garnets or diopside olivine and earlier 
phlogopites. Diopside and spinel growth may occur in the earlier GPP and 
PP metasomites and mtile and the REE-titanites in the later PKP 
metasomites (Erlank and Rickard 1977, Jones et al 1982, Erlank et al 
1987).
5.IRPS (ilmenite-rutile-phlogopite-sulphide) metasomites.

IRPS metasomites are dominated by the development ilmenite and 
modally less significant rutile and sulphide. The occurrence of IRPS 
assemblages within discrete veins and pyroxenite sheets casts doubt on 
their metasomatic origin sensu stricto. However, changes in the modal 
proportions of ’normal’ silicate minerals in particular orthopyroxene and 
clinopyroxene and the replacement of garnet by phlogopite does support 
such an origin (Harte et al 1987).

Unlike ’normal’ mantle samples which depending on their equilibration textures 

demonstrate tectonically deformed metamorphic or igneous textures, metasomites are 

texturally complex and not equilibrated demonstating replacement textures, poikolitic 

intergrowths and common veining by metasomatic minerals.

The temporal relationship of mantle metasomatism to magmatic events associated 

to their host rocks are unclear, however, the undeformed nature and textural disequilibria 

of many metasomites suggests that metasomatism is precursory. This is supported by 

isotope dating work which suggests contemporaneous dates for both metasomatism and 

host rocks, for example, dates of 0.140a for pyroxene separates from iBulfontein PKP 

metasomites indicates that metasomatism is relatively recent (Hawkesworth et al 1983). 

This is also supported by Sr isotope work on alkaline complexes (see section 1.2.4.e) 

which suggest that the lithospheric mantle has remained a closed system to Sr:Nd 

exchange over S.OGa indicating that LREE enrichment must occur relatively soon before 

magma generation (Bell and Blenkinsop 1990).

1.4.l.b The Scope for Carbonate melts in mantle metasomatic processes.

Since alkali-clinopyroxenite, kaersutite-mica, and IRPS metasomites have aU been 

related to residual silicate magmas and there is a near absence of carbonates from mantle
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xenoliths it may appear that the role of carbonate melts in mantle metasomatism is 

limited. However, the stability of carbonates at pressures >17.5kb has been demonstrated 

by experimental studies of subsolidus phase relations in the system C-H-O-peridotite 

(Eggler 1990, Wyllie 1990) and since inclusions in Iherzolites from approximately 15kb 

indicate the coexistence of a CO2 dominated fluid phase (Griffin et al 1984, Anderson et 

al 1984) it seems unlikely that lithospheric mantle below 17kb would be as depleted in 

CO2 such that carbonates would not occur, although it is probable that the mantle is only 

partially carbonated. The lack of carbonates in mantle xenoliths, therefore, cannot be taken 

as evidence that carbonate melts do not occur under mantle conditions, instead it suggests 

that mantle carbonates are removed by either dissociation related to depressurisation or 

by melting owing to their relatively low solidi temperatures.

Although it is clear that many metasomite associations may be related to 

differentiated silicate magmas only the IRPS association occur within pyroxenite sheets, 

and may not relate to metasomatism sensu stricto. Jones (1990) suggested that richterite- 

mica metasomites are related to kimberlitic or carbonatitic melts, due to the similarity 

between the trace element systematics of titanites and MARID. However, the lack of 

’carbonatite’ major element signatures, that is, Na-dominated, Ti-poor melts, is not 

consistent with such a model, although, this does not exclude participation by carbonate 

melts. Jones (1990) argued that the high solubility of titanates for incompatibles allows 

them to adopt the trace element systematics of the coexisting fluid, similarly, the high 

solubility of carbonate melts to incompatibles could allow them to adopt the trace element 

systematics of their source region.

The composition of carbonate melts generated by partial melting of carbonated 

mantle Iherzolites was discussed above (section 1.2.6.e) and although carbonate melts
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generated at P>30kb would be expected to be increasingly Mg-rich with depth, it is 

suggested that they could contain significant KgO, Ti02 , AI2O3, due to the presence of 

phlogopite on the solidus and hence could be of appropriate compositions to produce 

richterite-mica metasomites.

1.4.1.C Cryptic Metasomites.

The occurrence of major-minor-trace element and isolated trace element 

enrichment without associated modal mineral changes cannot be related to any specific 

melt type. However, considerations of incompatible element solubilities in CO2-H2O fluids 

suggest that they may be responsible for such enrichment.

Element partitioning studies between crystals, melts and H2O-CO2 fluids at high 

pressures suggest that major elements have higher solubilities in H20 -rich fluids than CO2- 

rich fluids, which preferentially partition the LREE (Wendlandt and Harrison 1979, Eggler 

1987). Hence, it could be suggested that H20 -rich fluids are responsible for major-minor- 

trace element enrichment and C02-rich fluids for decoupled trace element enrichment. 

However, unlike melts, the mobility of fluids at mantle pressures is likely to be restricted 

(McKenzie 1985) and hence, cryptic metasomatism by fluids is likely to be only of local 

extent It is suggested that widespread cryptic metasomatism by fluid-wallrock 

metasomatism could only occur by fluid phases evolved from a coexisting differentiating 

melt phase, and that enrichment of large volumes of enriched mantle could be achieved 

by multiple vein intrusions (Menzies et al 1985, Wilshire 1987).

The existence of C02-rich fluids would only be expected at P<17kb, due to the 

buffering capacity of 5-23 wt% CO2 of Iherzolites within the carbonate stability field, 

whereas H20 -rich fluids would have restricted solubilities at P>23 kb due to the buffering 

capacities of amphibole, approximately 0.3wt%, and at P>27kb by phlogopite, 0.04 wt%
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per 1% of phlogopite (Eggler 1987), however, in KjO depleted ’normal’ mantle HjO 

fluids could exist. Therefore, at P<17kb metasomatism by COj-rich fluids, that is LREE 

decoupling, would be expected and at P>17kb metasomatism by H20 -rich fluids, that is 

major-minor-trace element, would be expected. The existence, however, of LREE 

decoupled cryptic metasomatism in garnet-bearing Iherzolites suggests however that such 

a zonation does not occur and hence metasomatism could not occur by HjO-COj bearing 

fluids alone.

1.4.l.d Mantle Metasomatism by Carbonate Melts.

A carbonate melt generated by small degrees of partial melting at the lithosphere 

asthenosphere boundary (LAB), would be at temperatures < 50°C above the peridotite 

solidus, hence, it seems unlikely it would be able to migrate large distances before it cools 

below the peridotite solidi, at which point in will become highly reactive to mantle wall 

rocks (Green et al 1990) and thermally die (Spera 1987). The crystallization of dolomite 

from the carbonate melt will result in a CO2-H2O rich fluid phase, which due to the low 

solubility of dolomite for incompatibles, will be highly enriched in such elements. At 

P>17kb the C02-rich component of the residual fluid will react, assuming CO2 

undersaturated mantle, to dolomite, resulting in an H20 -rich fluid phase which at P>23kb 

will react to phlogopite and amphibole. The partitioning of alkali’s into the fluid phase 

rather than solid alkali carbonates is supported by experimental studies in the systems 

pyrolite-K2C03-H20  (Edgar and Arima 1984) and pyrolite-K2C03-Na2C03 -H20  (McNiel 

and Edgar 1987) at 20kb and 30kb, in which dolomite was the only carbonate produced 

with and Na"̂  being partitioned into phlogopite and amphibole. Compositional 

variability due to modal proportions of phlogopite in the source region could produce low 

H2O, low AI2O3, Ti02 , Si02  dolomitic carbonate melts, which evolve COj-rich fluids,
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enriched in LREE, on precipitation dolomite, resulting in decoupled LREE cryptic 

metasomatism, or at higher modal contents of phlogopite, carbonate melts with sufficient 

alkali and HjO contents to produce major-minor-trace element cryptic metasomatism but 

not modal metasomatism, it is notable that fluids containing finite HjO but dominated by 

CO2 would demonstrate lower solubilities for major elements than HiO-rich fluids (Eggler 

1987).

As already mentioned above the low solidi temperatures of carbonate melts in 

respect to that of peridotite may restrict the mobility of carbonate melts at P>17kb due 

to reactivity to mantle wall rocks. Hence, during lithospheric thinning a metasomatic front 

would exist ahead of a rising LAB which would result in progressive enrichment and 

carbonation of the mantle to higher levels. The lateral extent of such a front would 

probably be a function both of the mobility of the carbonated melt and the extent of 

carbonated mantle in the source region. It seems reasonable to assume that at P<30kb, the 

occurrence of the amphibole stability field and corresponding solidi ledge will represent 

a major barrier to carbonate melt migration, and hence, would become extensively 

metasomatised. The implication of a metasomatic front before a rising LAB would be that 

metasomatism would be precursory to more voluminous melt generation (fig. 1.27).

1.4.2 Implications for Planetary Evolution.

As a concluding discussion on the significance of carbonate melts, and in view of 

the above discussion on mantle-metasomatism, | I will briefly discuss the possible 

relevance of carbonate melts in terms of planetary evolution.

If we consider, as the above discussion suggests, that carbonate melts provide an 

important role in the enrichment of the upper mantle, it is clear that they represent a 

remarkably efficient mechanism for chemical differentiation of incompatible elements and
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volatiles. However, to what degree do carbonate melts contribute to the evolution of the 

planetary interior?

Woolley (1990) suggests that carbonatite activity has increased with time from the 

Archean to present, if we accept that carbonatite generation requires low (degrees; of partial 

melting of carbonated lithosphere, then temporal variation in carbonatite activity would 

imply either (1) progressive lowering of geothermal gradients or (2) progressive increases 

in carbonated mantle. Since considerations of radiogenic heat production would suggest 

rapid decreases in geothermal gradient in early earth history rather than later, it would 

seem unreasonable that geotherms were significantly higher as little as 0.25Ga. It would 

seem unlikely that decreases in geothermal gradient could produce the observed increases 

in carbonatite activity (fig 1.28), we must assume, therefore, that the mantle is becoming 

progressively carbonated. However, how would such an assumption correlate with the 

concept of a degassing planetary interior?. Estimations of lithosphere depletion ages give 

values of approximately 3.0Ga, which correspond to a, possibly world wide, large scale 

melting event, with separation of basaltic or ultrabasic melts, and associated mass 

depletion of volatiles and incompatible elements from the upper mantle. Hence, the 

evolution of the upper mantle appears to have occurred due to an early large scale 

depletion of the upper mantle followed by a gradual enrichment in fertile components. If 

we accept that enrichment of the mantle occurs by migration of silicate and carbonate 

melts, then the observed increase in carbonatite activity may suggest that mantle 

enrichment has become progressively dominated by carbonate melts.

1.5 Summary.

• Petrological evidence from extrusive carbonatites suggests calcium and alkali-rich 

carbonate melts may exist as liquids at surface pressures.
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• The long lived spatial distribution, LILE-depleted radiogenic isotope data, mantle C and 

O isotope ratios all suggest carbonatite source region in the lithospheric mantle.

• Experimental and petrological evidence exists to support the genesis of carbonatites as 

both immiscible fractions of CO2-saturated silicate melts and primary mantle derived 

melts of carbonated mantle.

• Fenitisation and the evolution of a vapour phase are likely to play an important role in 

carbonatite magma evolution.

• Chemical and physical considerations imply that carbonate melts may play an important 

role in mantle metasomatism.

• Carbonate melts offer an efficient mechanism for the transport of C in the mantle and 

it is suggested that the lithosphere is becoming progressively carbonated.
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CHAPTER 2

THEORETICAL ASPECTS OF CARBONATE MELT STRUCTURE.

Within this chapter I will discuss certain theoretical aspects of the liquid phase in

order to develop constraints for physical models of carbonate melt structure. I will both

define the liquid state itself, physically and thermodynamically in relation to the other

phases of matter and discuss the characteristics of melt structures. As a concluding

discussion I will include constraints derived from previous investigations on carbonate

melts and illuminate processes which may control structure. Throughout the following

discussions both the structure of crystalline carbonates and silicate melts will be used as

comparative examples.

2.1. The Phases of Matter.

There are generally considered to be four stable phases of matter (1) solids (2)

liquids (3) gases and (4) plasmas and they are defined as follows:

1.Solids. A state of matter in which the relative positions of molecules or 
atoms are constant, atomic displacements confined to oscillations about 
mean atomic positions. Solids demonstrate relatively ordered structures and 
they have definite shape and volume.
2.Liquids. Defined as a state of matter in which constituent atoms or 
molecules are relatively free to change position in respect to each other 
resulting in a disordered structure. Interatomic cohesive forces maintain 
definite volumes.
S.Gases. A state of matter in which molecules and atoms are practically 
unrestricted by cohesive forces resulting in neither a definite shape nor 
volume. Gases in equilibrium with coexisting liquids are frequently termed 
vapours.
4.Plasmas. A state of matter consisting of an assembly of ions, electrons, 
neutral atoms and molecules in which the motion of particles is dominated 
by electromagnetic interaction. Ionisation must be in excess of 5%.
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The phases of matter may also be defined in terms of kinetic energies of their

constituent elemental particles, although as above such definitions are far from rigorous.

SOUDS < AEg (2.1)

UQUIDS Im w ' = A£g (2.2)

GASES > AEj (2.3)

PLASMAS Imu^  = M  (2.4)
2

Hence, solids are defined as matter in which the kinetic energy of component 

atoms is insufficient to break atomic bonds, liquids are matter in which kinetic energy is 

approximately equal to bond breaking energy (AEg) and gases are matter in which kinetic 

energy far exceeds the energy required for bond breaking. The fourth phase of state, the 

plasmas, other than in combustion, occur infrequently under planetary pressures and 

temperatures and are defined as matter in which kinetic energy is approximately equal to 

the ionisation energy of its constituent atoms (Al).

2.1.1. The Phase Relations of Matter.

Equilibrium phase changes between matter occur at intersections of the free energy 

surfaces of phases in P-T-AG space, the physical form of the phase transition depending 

on the relationships between the two free energy surfaces at their intersection. First order 

phase transitions, such as melting and sub-critical vaporisation, are those in which the free 

energy surfaces demonstrate different slopes with respect to temperature at intersection

and are associated with discontinuous changes in entropy S and volume V since:

8G 
5 f

= -AS (2.5)

( ^ ) r  -  Ay (2.6)

Second order phase transitions, such as critical vaporisation, are those in which the
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slopes of the free energy surfaces are the same at intersection demonstrating continuous 

changes in entropy and volume. Melting, however, always represents a first order 

transition although ’critical’ melting is theoretically possible at high pressure.

The form of the phase boundaries of matter in P-T space is controlled by the 

relationship between AS and AV described by thejClausisf-plapeyron relation (eq. 

2.7)(fig.2.1).

2.2. The Liquid State.

Liquids are inherently disordered and demonstrate dynamic structures, that is,

structures which undergo constant rearrangement. Liquid structures may, however, be

classified into one of two categories, either (1) quasicrystalline or (2) quasigaseous.

A quasicrystalline liquid demonstrates similar properties to the solid phase and is

restricted to lower temperatures above the melting point, such quasicrystalline liquids are

termed melts. Quasigaseous liquids demonstrate closer similarities to the gaseous state and

are restricted to higher temperatures (Ubbelohde 1978), in most of this discussion I wül

restrict myself to the description of melts.

2.2.1 The Classification of Melt Structures.

Melts may be qualitatively defined by their main structural characteristics into four

groups (1) molecular (2) ionic (3) metallic and (4) network melts, which relate closely to

the complementary classification of their solid crystalline phases. These melt types are

defined as follows (Ubbelohde 1965):

1.Molecular Melts. Melts which consist of covalently bonded neutral molecules, 
for example certain hydrocarbon melts.
2.Ionic Melts. Melts which consist of ionic groups, ions and cations in 
which interatomic interaction occurs by columbic forces, for example the 
chlorides and fluorides, nitrates, sulphates and the carbonates.
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3.Metallic Melts. Melts which consist primarily of metal cations and 
demonstrate electrical conduction through electron delocalisation. Melts of 
pure metals are of this type.
4.Network Melts. Melts which demonstrate polymerisation into large 
network structures, for example the sulphides, phosphates and the silicate 
melts.

All four melt types are geologically important, although only network and ionic 

melts represent important melt types in terms of magmatic activity in the mantle and 

crust

2.2.2 Fundamental Characteristics of Melt Structure.

Certain fundamental characteristics of melt structure can be determined from 

considerations of both melting and premelting phenomena and from direct observations 

of the melts at temperature.

2.2.2.a Premelting Criteria.

Observations of premelting phenomena in crystalline solids, such as, anisotropic 

vibrational behaviour and order-disorder phase transitions have lead to a large number of 

phenomenological theories of melting, which although in detail beyond the scope of this 

discussion, have implications for the structures of resulting liquid phases.

Increases in vibrational energy states at temperature result in anisotropic, that is 

non harmonic, vibrations due to the asymmetry of potential surfaces in respect to cartesian 

space (fig.2.2.A). The introduction of disparate displacements about a mean atomic 

position results in Complementary increases in entropy of the solid. Vibrational theories 

of melting propose that the limit of vibrational anisotropy would be bond breaking due 

to extreme atomic displacements and subsequent melting by disruption of solid structure 

(Lindemann 1910, Bondi 1968, Shimada and Yakota 1974).

Observations of increasing disorder in crystalline phases approaching their melting 

points, in the form ofj site vacancies, dislocations and positional disorder as well as
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Figure 2.2. The potential energy surface and vibration. Note, that 
higher vibrational energy states result in anharmonic vibrations (A) 

and may result in rotational freedom of the CO,^' group (B).

100



order-disorder phase transitions, have lead to suggestions that melting occurs by the 

incorporation of defects, resulting in increasing configurational entropies and eventual 

melting due to disruption of crystalline structure (Oldham and Ubbelohde 1940, 

Fukushima and Ookawa 1955). Order-disorder transitions at temperatures approaching 

melting are relatively common, calcite,for example, demonstrates a transition from calcite 

I to calcite n  at ca 800°C and represents the introduction of rotational disorder of the 

COj^ ionic group (fig.2.2.B and 2.3) (Jamieson 1957, Mirwald 1979).

It is notable, however, that phenomenological theories of melting have been 

unsuccessful in estimating the melting temperatures of solids suggesting that no one 

mechanism is responsible for the solid —► liquid phase transition.

The occurrence of premelting phenomena in crystalline solids undoubtedly arises 

due to the increasing kinetic energies of component molecular and atomic particles. Since 

kinetic energy is related directly to temperature, vibrational anisotropy and increasing 

disorder are only consequences of increasing temperature and are dependent on the form 

of the potential surface associated with the particular crystal lattice. The introduction of 

both configurational entropy by disorder and increased vibrational entropy by anisotropy 

lowers the total Gibbs free energy of the solid and hence, stabilise the solid phase (eq. 

2 .8).

, AG = P à V  -  T { A S y  + ASc) (2.8) )

Therefore, melting occurs once increases in entropy can no longer maintain the 

Gibbs free energy below that of the corresponding liquid phase. This may also give an 

insight into the possibility of critical melting behaviour at high pressure, that is, melting 

as a second order phase transition, in that, increases in AG due to expansion will be 

minimised, allowing both vibrational and configurational entropy to stabilise the
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crystalline phase to the point at which mechanical breakdown occurs. It is notable that 

estimates of melting temperatures by mechanical melting theories are predominantly 

higher than experimentally determined values at low pressure (Ubbelohde 1978).

The above considerations suggest that melt structures are derived from crystalline 

structures by progressive introduction of defects and energetic vibrations. Measurements 

of entropy increases on melting and increases in entropy in the liquid with increasing 

temperature indicate that liquids do not represent fully disordered states. A liquid structure 

may, therefore, represent a disordered variant of crystalline structure (Stuart 1941, 

Hildebrand and Archer 1961, Ubbelohde 1978), and it has been suggested that liquids 

consist of domains of quasi-crystalline structure within a ’defect’-rich quasigaseous matrix 

(Robinson 1960). Further evidence for the presence of crystallite clusters will be discussed 

below (fig.2.4).

2.2.2.b Direct Observations of Melt Structure.

The occurrence of quasi-crystaUine domains is also supported by direct 

spectroscopic studies of melt structure by XRD, TEM, EXAFS and Neutron Diffraction 

in which melts generally have similar bond lengths and coordination to the solid phase 

as well as demonstrating limited long range order. Due to the experimental difficulties of 

studying melts at temperature, many studies utilise quenched glasses as analogues of 

melts, the validity of this assumption will be discussed later (Chapter 3 Section 3.2). 

Limited studies on both silicate network melts and sulphate and carbonate ionic melts 

have been conducted that support the presence of domains.

Studies in SiOj glasses demonstrate Si-0 bond distances of 1.62Â which are 

comparable to those derived from crystalline SiOj of 1.601 A, 1.563À and 1.603À for 

quartz, tridymite and cristobalite respectively (Mozzi and Warren 1969). And Si'^
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coordination is predominantly four fold suggesting that the SiO^ tetrahedra is the main 

structural module in both melt and crystalline phase. Similar data exists for ionic melt 

types, in which the S-0 and C-0 bond lengths and coordination in alkali sulphate and 

alkali carbonate melts respectively, derived from direct XRD observations at temperature, 

are similar to those of the crystalline phase (Table 2.1) (Zarzycki 1961) also suggesting 

that the SO^^ and are dominant in the melt phase.

The existence of such short range order represented by the presence of SiO^^ 

groups in silicates and SO^^ and COg^ in sulphates and carbonates, does not however, 

imply the presence of clusters of quasi-crystalline structure. However, in silica glasses 

observations of limited long range order between 7Â - 13Â (Konnert and Karle 1972) 

does suggest the presence of domains of more ordered structure and visualisation of 

amorphous silica films by high resolution TEM (Phillips 1986) has also suggested the 

presence of quasi-crystalline domains. The metastable crystallisation of tridymite from 

silica glasses has lead to suggestions that quasi-crystalline clusters represent tridymite 

structures and act as nucléation sites for crystal growth. Although evidence for domains 

has been derived from glasses, such observations have not been achieved in melts, 

mainly due to both the averaging process associated with rdf’s and the dynamic nature of 

melt structure. However, evaluation of fluctuations in the mean values of rdf’s which for 

many melts is between 25-50% (Prokhorenko and Fisher 1959) suggests large fluctuations 

in microstructure. It has been suggested that such fluctuations relate to ’conglomerate’ 

structures of domains (Lemm 1970). Observations of vibrational splitting in simple melts 

such as Ar - Hg is suggested to be related to separate vibrational populations relating to 

two types of domain.

Long range order has not been observed from direct studies of sulphate or
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C-0 He S-0 ns

LijCOj 1.30 - Li^SO, 1.46 4.4

Na^CO, 1.2 2.6 NajSÜ4 1.48 4.4

K:CO, 1.34 3.2 K,SO, 1.46 4.5

Table 2.1. Bond lengths and coordination numbers in molten sulphates 
and carbonates (After Zarzycki 1961).

1100

LOOO

0.999

0.998

0.997

0.996

0.995
15 20 25 300 5 10

Temperature

Figure 2.5. Anomalous density variations in water above its melting
point.
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carbonate melts, possibly due to the poor quality of XRD spectra for these materials.

2.2.2.C Prefreezing Criteria.

Prefreezing anomalies in melts as they approach their melting points Tf, also 

support the presence of associative clusters in melts. Anomalous variations in properties, 

such as, volume, density, heat capacity and viscosity are demonstrated by many melt 

types.

Anomalous volume and density changes in melts are typified by approaches toward 

crystalline values at temperatures above Tf, or changes due to the presence of metastable 

mesophases. Density changes in water, for example, demonstrate decreases in density 

towards those of ice I from 4-0°C (fig.2.5), such behaviour has been suggested to be the 

result of increasing populations of quasicrystalline clusters within the melt (Shik Jhon et 

al 1967). Contrasting volume anomalies are demonstrated by melts that form metastable 

mesophases, that is, liquid crystals, such as large molecule molecular melts, above the 

melting point which have also been related to the presence of 'domains* of 

quasicrystalline structure in the melt^

Similar anomalous variations in heat capacity have also been reported from 

metallic melts, such as molten Li^ and Na"̂  (Schneider and Hilmer 1956), which also 

demonstrate approaches toward crystalline values (fig.2.6). The best documented 

anomalous variations, however, are represented by viscosity of melts above Tf, viscosity 

increases demonstrating departures from Arhenius behaviour up to 500°C above Tf. Such 

behaviour is observed in many silicate melts, such as albite NaAlSijOg, and metallic melts 

(fig.2.7) and has been related to cluster development. The existence of viscosity anomalies 

in ionic melts such as NaClOg (Ubbelohde 1978), coupled with anomalous electrical 

conductance variations suggests that the presence of clusters is not just restricted to large
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molecule and polymerisable melts.

2.2.2.d Supercooling.

The existence of metastable supercooled liquids, that is, liquids cooled below their 

melting points, also gives indications for the existence of associative clusters. Frequently 

melts demonstrating prefreezing phenomena have abnormally large supercooling and 

readily form amorphous solids. Since supercooling and glass formation are dependent on 

the activation energies for crystallisation (Chapter 3 Section 3.1.2), it would seem unlikely 

that metastable behaviour could occur in melts with large populations of quasicrystalline 

clusters, which would act as nucléation sites for crystal growth and facilitate spontaneous 

crystallisation. However, the presence of anticrystalline clusters, that is, associative 

clusters which do not demonstrate relatively ordered repeatable structures, may impede 

nucléation by both depletion of quasicrystalline populations and increased activation 

energies due to lower mobility of components involved in clusters.

A requirement for anticrystalline cluster formation is that they must be 

thermodynamically competitive with quasicrystalline associative clusters, that is, their 

enthalpy of formation must be equal or less than that of the quasicrystalline clusters.

2.2.2.e Melt Phase changes.

Observations of changes in density and viscosity in silicate melts at high pressure, 

corresponding to phase changes in the equivalent solid phase, also suggest similarities 

between melt and crystalline solid structures. Density studies in the systems NaAlSi206, 

jadeite (Kushiro 1976), NaAlSi^Og albite (Kushiro 1978), olivine tholeiite and andésite 

(Fujii and Kushiro 1977) demonstrate increases in density in both solid and quenched 

glass phases between 10-15kb, viscosity decreasing in the melt at these pressures, Kushiro 

(1976, 1978a) suggests that such complementary behaviour relates to the presence of a
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phase transition in the solid and melt phase (fig.2.8). The melt phase change in olivine 

tholeiite is suggested to be associated with a subsolidus phase transition from plagioclase 

to garnet (Ito and Kennedy 1971), although no evidence for octahedrally coordinated A P  

in the melt has been reported. In albite and jadeite melts the change in density and 

viscosity corresponds to an inflection on the solidi. The existence of corresponding phase 

changes in the melt could suggest the presence of quasicrystalline associative clusters and 

at the very least suggest a close relationship between melt and crystalline structure.

2.3 Carbonate Melts.

2.3.1 Theoretical Considerations on Melt Structure.

2.3.1.a Polymerisation.

Molten carbonates are defined as ionic melts and unlike silicate melts are believed 

to be incapable of polymerisation. The inability of carbonate to polymerise and the 

fundamental differences between silicates and carbonates are attributable to their electronic 

configurations and subsequent bonding characteristics. Consideration of the electronic 

configurations of Si^ and C^ demonstrates that the outer shells of both atoms have 

identical electron occupation, that is, Si"  ̂- 3s^p^ and - 2s^p^, and hence it would be 

expected that bonding characteristics would be similar. However, the electronegativities 

of Si"  ̂ and C f* of 1.9 and 2.6 respectively (Pauling 1948), indicate that Si-0 bonds will 

be more polarised than C-0 bonds, with a 50% ionic character and localised charge 

distribution on oxygen atoms. Since the small ionic radius of Si^ of 0.34 predicts 

tetrahedral coordination with oxygen, Si"*̂  readily adopts sp  ̂hybrid covalent bonds, where 

as, C^, due to its lower ionic character, is not restricted by the requirements of close 

packing and adopts a sp  ̂hybridisation in order to reduce the columbic interaction of the 

oxygen atoms (fig.2.9). Note that in both C^ and Si'*̂  the adoption of hybrid bonding
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orbitals is facilitated by the excitation of an electron from an s orbital to occupy an empty 

p orbital, which is energetically favourable due to the lower energies of the bonded orbital 

(fig.2.9.D).

A consequence of sp  ̂hybridisation is the formation of sp^a bonds between 

and nuclei and the formation of two p7t bonds, above and below the plane of the 

molecule by interaction of and p orbitals. Note, not only does the presence of a 

p7C bond result in a double bond, which is in reality shared over the three C-O bonds, but 

also results in incorporation of all bonding p orbitals in C-0 bonds, leaving only lone 

pair p orbital per oxygen orientated in the plane of the molecule. Hence, unlike the SiO^^ 

tetrahedra, which demonstrates no pTC bonding and free oxygen unpaired p orbitals, the 

trigonal group has no unpaired orbitals available for covalent bonding, and is hence, 

unable to polymerise.

The inability of to polymerise prohibits the formation of three dimensional 

network structures and as a result carbonates form structures based on ionic and 

coordination bonding.

2.3.l.b Coordination.

The stable coordination of carbon to oxygen as described above is trigonal and 

unlike silicates, in which both V fold SiOg^ and VI fold SiOg®", coordinated Si^ have been 

observed at high pressures in both crystalline and melt phases (Xianyu et al 1991, 

Stebbins et al 1989), coordination increases have not yet been reported from carbonates, 

although this may be a reflection of the lack of structural experimental data on carbonates, 

due to technical difficulties, above 15kb.

Within this Section I will discuss the mechanisms by which coordination 

changes could occur, using Si'*̂  coordination changes as comparative examples, in order
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to evaluate the possibility of coordination changes in carbonates at very high pressures.

Increases in Si'*̂  coordination from SiO^^ to SiOg®" requires relatively excited 

electronic configurations in order to produce octahedral d^sp  ̂ hybridisation, involving 

excitation of electrons into the 4d orbitals. Energetically such an increase in coordination 

may be facilitated by its mixed ionic-covalent character, which is likely to be relatively 

sensitive to the requirements of close packing at higher pressure.

An increase in coordination of from C O ^  to CO^^, however, would not require 

increased electronic excitation as the electronic configuration of in satisfies the 

requirements of both sp  ̂ trigonal and sp  ̂ tetrahedral hybridisation. However, such an 

increase in coordination would involve the breaking of the pTC bond and subsequent 

increases in energy due to resulting antibonding orbitals.

It is apparent therefore that the occurrence of at high pressure is theoretically 

possible. However, physical mechanisms suggested for Si^ coordination increases by the 

response of network structures to viscous flow under close packing (Xianyu et al 1991), 

could not apply to carbonate melts, as viscous flow would occur due to the breaking and 

forming of ionic bonds.

2.3.I.e. Complexation.

As discussed in Section 2.3.1.a the carbonate group is unable to form covalent 

bonds with metal cations due to the lack of non bonding unpaired oxygen orbitals and, 

hence, it has been suggested that there is no definite association between metal cations 

and ionic groups in carbonate melts (Trieman and Schedl 1983). If, however, such 

complexation does occur then it must be due to ionic bonding between carbonate groups 

and metal cations, and hence, may be expected to be a function of electronegativity. Also 

the presence of three lone pair oxygen p-orbitals in the plane of the could result in
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coordinate bonding to certain transition metals. Coordinate bonding is similar to covalent 

bonding except that both electrons are supplied by the same atom.

2.3.2 Experimental Constraints.

Existing experimental data on carbonate melts and the melting of carbonates are 

limited. There are however, solubility data on metal oxides in alkali carbonates at low 

pressures, derived from work on electrolytic molten carbonate fuel cells (MCFC’s) and 

experimental data on the dissociation of carbonates and carbonate melts. Within this 

Section these data and their implications for carbonate melt structure will be discussed.

2.3.2.a Dissociation.

As mentioned in Chapter 1 Section 1.2.6.a, only the light alkali rpetal carbonates 

melt at atmospheric pressures, alkaline earth and transition metal carbonates sublimating 

to a refractory oxide and CO2 vapour via a reaction of the general form of reaction 2 . 1 .

MCO3 # MO + CO2 [2.1]

Observations of weight losses due to generation of CO2 in thermo gravimetric

experiments at low pressure and the presence of CO2 vapour phases in equilibrium with

melts in the systems CaCOg and MgCO  ̂ at high pressure (Huang and Wyllie 1976)

demonstrate that similar dissociation occurs in the melt phase. The dissociation of the

carbonate group is given by the general reaction 2 .2 .
)

CO]̂  -  Q2* + CO2 [2.2]

The classical thermodynamic treatment of such reversible reactions is to utilise an 

equilibrium constant, which is the ratio of the reactants and the products (eq.2.9).

^CO’̂ OK,„ = '. (2.9)
a .

According to classical thermodynamics, the equilibrium constant should be 

independent of compositional variation. However, experimentally determined values from
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binary carbonate melts indicate that the equilibrium constant must be of the general form 

of equation 2.10 relating to reaction 2.3 and is therefore, compositionally dependent.

 ̂ (2.10)
’ n."wœ.

Similarly, calculations of equilibrium constants based on CO2 weight losses, 

measured by thermogravimetric techniques, are unreliable due to incorrect assumptions 

made in their calculation. It is assumed that dissociation occurs by reaction 2.3.

MCO3 -  M0 (,) + CO(g) [2.3]

That is, all product CO2 is assumed partitioned into the vapour phase and the oxide 

product to be a solid phase with a corresponding activity of 1. However, as already 

mentioned above (Chapter 1 Section 1.2.6.a), carbonate melts have a finite solubility for 

CO2, and since CO2 wül only be partitioned into a vapour phase once its concentration 

in the melt exceeds its solubility, it is unreasonable to assume that the weight loss 

associated with the generation of this vapour phase represents the total product CO;. Also 

experiments on unary carbonate melts do not demonstrate the precipitation of refractory 

oxides as a products of dissociation. Hence, product oxides must occur as soluble species 

within the melt phase and must, therefore, have activities differing from unity. Finally, all 

calculations of equilibrium constants in carbonate melts are dependent on assumptions of 

ideality. An ideal solution represents a solution in which electrostatic interactions between 

components are negligible, and are as such dilute. Carbonate melts are evidently far from 

ideal, the variation in dissociation of CO^^ itself is related to ionic interactions with metal 

cations.

Even in the absence of reliable equilibrium constants the dependence of 

dissociation of the CO^  ̂ group upon composition can be qualitatively determined. Plots 

of the dissociation and melting temperatures of carbonates against electronegativity of the
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metal cation (fig.2 .10), suggest a linear relationship for the aragonite structure carbonates, 

with calcite structure carbonates plotting on a separate trend. Hence, although it is evident 

that dissociation of crystalline carbonates demonstrates strong structural controls, 

increasing dissociation temperatures and hence, increasing activation energies, correlate 

with decreasing electronegativities.

Electronegativities, as defined by Pauling (1948), relate to the ability of an atom 

to attract electrons, highly electronegative metals will result in more polarised ionic bonds 

and delocalisation of charge from C-O bonds of the group towards the metal cation. 

Such charge delocalisation will reduce C-0 bond strengths and hence, facilitate bond 

breaking, lowering the activation energy for dissociation. It is notable that carbonates of 

aragonite structure demonstrate higher dissociation temperatures at particular 

electronegativity than calcite structure carbonates which may relate to the higher metal- 

oxygen coordination numbers of aragonite structure carbonates, that is DC, as compared 

to VI, for the calcite structure carbonates.

It is also notable from figure 2.10 that transition metal carbonates, of both 

aragonite and calcite structure carbonates plot above the stmctural trends, suggesting that 

dissociation in these carbonates is not related to the polarisation effects of the metal 

cation. It is suggested here, that the increased activation energies for dissociation 

suggested by the elevated sublimation temperatures of the transition metal carbonates 

relate to the dominance of coordinate bonding. As mentioned above (Section 2.3.1.a) 

coordinate bonds utilise lone pair orbitals and empty metal ligands to form bonding 

orbitals and as such bonding will not result in charge delocalisation.

2.3.2.b Metal Spéciation.

Previous studies on carbonate melts have considered metal cations and ionic groups

117



1600 Ba Aragonite
Structure

§
1000 -

Ca
Na 

Rb —

500

Mg
Calcite
Structure

0^  0.6 0.8 1.0 1.2 1^  1.6 1.8
Electronegativity

Figure 2.10. Plot of electronegativity against dissociation 
temperatures of crystalline carbonates.

118



as separate entities, utilising separate cation and anion lattices (Treiman and Essene 1990). 

However, considerations described above, such as bond length and coordination 

similarities between melts and crystalline phases and the effects of metal composition on 

dissociation of carbonates suggest a more intimate association of cations and ionic groups.

Although no direct observations of metal spéciation have been reported, soluble 

products as derived from solubility experiments on alkali carbonate melt solutes can give 

general indications to both the form and the controls upon metal spéciation in carbonate 

melts.

The Transition Metals.

The most extensive solubility studies have been conducted on the solubility of NiO 

in alkali carbonate melts, due to their uses as electrode materials in MCFC’s.

The solubility of NiO in carbonate melts is bimodal in respect to both oxygen

fugacity and gas atmosphere Pco2» and demonstrates minima at intermediate values (fig

2.11). The solubility mechanisms calculated for NiO indicate incorporation into the melt

as two different types of soluble product. At lower oxygen fugacities, at constant gas Pco2»

’basic’ dissolution mechanisms result in soluble oxide products (reactions 2.4), and at

higher fugacity ’acid’ dissolution results in soluble carbonate complexes (reactions

2.5)(Orfield and Shores 1988).

BASIC [2.4] ACID [2.5]

NiO + 0 " # NiOz NiO + CO,^ # NiCOg + O^
NiO + 0 " -  NiO^"- NiO + 200^"^ # ^ ( 0 0 3 )2"̂  +
NiO + COâ  -NiOj^ + COj

Considerations of the valence state of Ni suggest that only at lower oxygen 

fugacities would N i^ occur with soluble oxides of the form Ni02^. The presence of 

carbonate complexing at higher f02 ’s is more problematic and is a function of the activity
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of C O ^  in the melt, consideration of equation 2.4 demonstrates, that at constant Pco2> high 

C O ^  activities are required for carbonate complexation, which from the constraints of the 

equilibrium constant occur at high oxygen fugacities.

Changes in NiO solubility with Pco2 of the gas atmosphere at constant f02  also 

occur ’basic’ dissolution, that is, formation of soluble oxides, occurring at low Pco2 zmd 

’acid’ dissolution, that is, formation of soluble carbonate complexes at higher Pco2- This 

is also a function of the constraints of the equilibrium constant for dissociation of CO^^, 

as high Pco2 at constant fOj’s also increases the activity of CO^^.

Variations in NiO solubility also occur with changes in the composition of the 

carbonate melt solute. Increases in ’acid’ dissolution and decreases in ’basic’ dissolution 

occur in the series Li^ < Na^ < < Rb^ (fig 2.12) (Orfield and Shores 1988), at constant

Pco2» at any fOj. It is notable that electronegativities, and hence, as discussed above, the 

equilibrium constants for dissociation decrease in this series. With decreasing at 

constant Pco2 at any fO%, the activity of the C O ^  group in the melt increases, due to the 

constraints of equation 2.4, leading to increased metal carbonate complexation in the melt. 

Similar variations are observed in the presence of alkaline earth metals in the carbonate 

melt (fig.2.13), in the series, Mg^ < Sr^ (Doyon et al 1987) and as above 

electronegativities decrease in this series. Observations on binary alkali carbonate systems 

demonstrate NiO solubilities consistent with the mechanism for carbonate complexation, 

however, the variations in solubility demonstrate significant deviations from ideal mixing 

behaviour (Orfield and Shores 1989), suggesting significant mixing energies and indicating 

that carbonate melts in no way represent ideal solutions (fig.2.14).

Temperature effects on metal complexation in a carbonate melt can also be derived 

from NiO solubility measurements, with solubility minima at higher fOj’s at higher
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temperatures (fig.2.15). Such behaviour, is probably related to the increase of equilibrium 

constants for dissociation with increasing temperature, as a response to increased kinetic 

energies of component atomic groups.

Solubility data for other transition elements are limited and are predominantly at 

constant Pcq2 and fOj, hence, variations may not be evaluated. However, it is evident from 

proposed reaction mechanisms (reactions 2 .6) that both acid and basic dissolution occurs 

(Carthey and Kerridge 1987).

CrOj + -  Cr04^ + CO^

M0O3 + COs^ -  M oO / + CO2 [2.6]

UO3 + -  U(C03)2̂

The Alkaline Earth Metals.

Experimental data on alkaline earth metals is restricted mainly to studies on the 

corrosion of metal ceramics in alkali carbonate melts at constant Pco2 and fOz. However, 

reaction mechanisms (reactions 2.7), indicate that both acid and basic dissolution may 

occur as described above (Lessings et al 1988).

BeTi03(g) + 2Li + C03(ij ^  Li2Ti03̂ g) + BeO ĵ) + CO2 

MgTi03(,) + 2 L i \^  +  CO30) ^  Li2Ti03(,) + MgO;,) + CO2 [2.7]

CaTi03(,j + 2 U \  + CÔ ç̂ ; Li2Ti03(,) + CaCOj 

Observations that Ca^, Ba^ and Sr^ are incorporated into the melt as soluble 

carbonate complexes, and Be^ and Mg^ as soluble oxides | appear anomalous in view of 

above discussions. The electronegativities of Be^ and Mg^ are higher than those of the 

other alkaline earths and would be expected to demonstrate stronger ionic bonding to 

carbonate ions. However, high electronegativities also result in dissociation of C03^ by 

polarisation of C-0 bonds resulting in lower the activities of COg^ in the melt. In contrast
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the lower electronegativities of Ca^, Ba^ and Sr^, reduce dissociation, but are high 

enough to minimise bond breaking, allowing carbonate complexation (fig.2.16).

Observations that alkaline earth content reduces NiO solubility by acid dissolution 

in alkali carbonate melts are consistent with a model in which the equilibrium constant 

for dissociation is a function of electronegativity. The addition of highly electronegative 

alkaline earths reducing the activity of COg^ through increased dissociation. However, the 

observation that Mg^, the most electronegative additive, resulted in the least reductions 

in NiO solubility suggests that the effects of alkaline earths are two fold. Such that they 

reduce COg  ̂ activity by (1) increased dissociation due to polarisation of C-O bonds and 

(2) by removal by association to MCO3. Hence, although Mg^ reduces the activity 

of by dissociation its tendency to form soluble oxides and/or isolated species rather 

than carbonate complexes minimises its effects on activity (fig.2.17).

The Alkali Metals.

Since the alkali metal carbonate melts are used exclusively as electrolytes in 

MCFC’s, no solubility data exist, however, studies of electrolyte transport in MCFC’s 

suggest that the alkali metals are not present as soluble oxides or carbonates but as metal 

cations. Increasing transport properties in the series L f  < Na^ < (Kunz 1987)(fig.2.18) 

suggest that association | does occur and relates to electronegativity, with the most 

electronegative metal demonstrating the lowest transport properties.

The spéciation of the alkali metals as metal cations in the carbonate melt is also 

predictable from their low electronegativities, which although increase the activity of 

COg  ̂, result in low M -0 bond strengths (fig.2.16).

Volatile Spéciation.

Limited data exist on the spéciation of volatiles in carbonate melts, and is mainly

125



Electronegativity 
0.4 0.6 0.8 1.0 1.2 1.4 1.6

_ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ 2_ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _

Bond Breaking

Dissociation

Figure 2.16. Metai-caibonate bond strengths calculated from ideal charges against 
electronegativity. Shaded area represents the region of the most stable carbonate

complexation.

•olubiHty of NiO (in lo g /W W

ition

002

Figure 2.17. Schematic diagram of the variation in NiO solubility in 
the system K^CG,- Na^CO).

126



related to the efficiency of the carbonate electrolyte with particular reference to volatile 

forming reactions in the electrode regions.

Volatile reactions in carbonate melts are complicated by the involvement of CO^^, 

the main structural module of the melt, in volatile forming reactions. Apart from the direct 

dissociation of to both CO2 and CO (Appleby and Van Drunen 1980), coupled 

reactions between and HjO have been suggested under oxidising conditions (Lu and 

Selman 1989), and coupled reactions to CH4 under the reducing conditions of the cathode 

occur (Mori et al 1989). Since, volatile forming reactions are mainly dependent on the 

oxygen fugacity, they are probably controlled, in a closed system, by the dissociation of 

CO,2- '3  •

CO)"  ̂ # CO2 +

COĵ  -  CO + Oẑ

COĝ  + H2O -  CO2 + 20H [2.8]

iOH + CO2 -  COj"̂  +

3H2 + CO # CH4 + H2O

2.3.3 Constraints on Carbonate Melt Structure.

As a concluding discussion on the theoretical constraints on carbonate melt 

structure I will summarise above experimental and theoretical restrictions in order to 

outline theories for carbonate melt structure and their implications for the theological 

properties of carbonate melts.

2.3.3.a Carbonates as Ionic Melts.

Any model for melt structure must reflect the ionic character of carbonate melts. 

However, it is clear, from the above considerations, that carbonate melts can neither be 

treated as ideal solutions of a COj^ solvent with metal solutes, nor as real solutions with
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independent ionic groups and metal cations. Hence, any realistic model must 

incorporate considerations of the metal spéciation of the melt, in terms of temperature, 

pressure and composition.

As outlined above the spéciation of the alkaline earths and alkali metals is related 

to electronegativity due to the ionic nature of interactions between and these

elements. The spéciation of the transition metals, however, is not a function of 

electronegativity, due to their tendency to form coordinate bonds with

Metal spéciation is a function of both fOj and Pco2» with increased metal-carbonate 

spéciation at either high fOj’s or high Pco2- The presence of other volatiles, such as, H, 

S or P may effect the dependence of spéciation on fOj and Pco2 through coupled redox 

reactions, such as reactions 2.8. A model by which melt structure is controlled by fOz and 

Pco2 is however, only appropriate in open systems in which the activities of these gases 

are externally buffered. Most geologically applicable melts, however, demonstrate internal 

buffering and exist as closed systems for much of their evolution, the fugacities of their 

gas phases being controlled by temperature, pressure, composition of the melt phase and 

the buffering capacity of equilibrium crystalline phases.

If a carbonate melt exists as a closed system, the fO; and Pco2 will be controlled 

by the temperature, pressure and the composition of the melt by dissociation of C O ^  and 

any coupled redox reactions. In view of the above discussions it seems likely that for 

anhydrous carbonate melts at least that the lowest oxygen fugacities will be demonstrated 

by melts with high concentrations of alkali metals, as dissociation will be minimised, 

similarly such melts should demonstrate low partial pressures of COj, it also seems 

probable that both fOj and Pco2 will increase with K"̂ :Nâ  ratio. Melts dominated by the 

alkaline earths will demonstrate higher fOj’s and Prog's, increasing in the series Ba^ >
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> Mg^, which would favour the development of a coexisting vapour phase.

In terms of melt structure it seems likely that carbonate melts will consist of 

populations of isolated ionic groups, metal cations and complexed species. Alkaline earths 

such as Ca^, Ba^  ̂ and Sr̂  ̂ wül demonstrate the largest populations of carbonate 

complexes, whereas the alkali metals, such as, Na^ and will exist essentially as isolated 

cations, the spéciation of the transition metals and the rare earth elements are, however, 

open to speculation.

Pressure and temperature effects on carbonate melt structure, will be related to 

both the dissociation of and the activation energies for bond breaking of metal 

carbonate bonds. Increases in the equilibrium constant for dissociation suggest that 

spéciation of metals as carbonate complexes will decrease with temperature, in response 

to decreases in the activities of whereas increases in pressure which reduce the

equilibrium constant will produce increases in carbonate complexation.

2.3.3.b Rheological Properties.

The structure of a melt and its energetics will effectively control the macroscopic 

properties of the melt. Rheological data on carbonate melts are, however, limited and 

viscosity and electrical conductivity data exists only for the alkali metal carbonate melts.

Electrical conductivity, as described above, decreases with increasing 

electronegativity of the alkali metal cation, in response to the stronger metal-carbonate, 

metal-oxygen interactions and subsequent reductions in electrolyte mobility in the melt. 

Similarly, the presence of large soluble molecules, such as, metal-carbonate complexes 

would be expected to reduce electrical conductivity, therefore, it seems probable that the 

electrical conductivity of a carbonate melt will decrease with Ca^, Ba^ and Sr^ content.

Viscosity measurements on carbonate melts, limited to eutectic compositions in the
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system LijCOj - NajCOj - K2CO3, demonstrate viscosities between 1-5 mPa s over the 

temperature range 900 - 700°C (fig.2.19), such viscosities are approximately 2-3 orders 

of magnitude smaller than silicate melts. Since viscosity is related to flow by bond 

breaking under an external shear stress, the low viscosities of the alkali carbonate melts 

must relate to the low metal-carbonate cohesive forces. Disagreement of experimental 

results from different studies of an order of magnitude (Janz 1963, Ejima et al 1987) 

demonstrate the technical difficulties of accurate measurement of such low viscosities. It 

is clear, however, that viscosity decreases in the series Rb^<K^<Na^<Li^ occur relating to 

increasing bond strength in this series (fig.2.16). Likewise, in systems with significant 

populations of metal-carbonate and metal-oxide complexes that higher viscosities would 

occur both due to increasing bond strengths and also the presence of larger molecular 

groups, it also seems possible, that since, carbonate complexes are larger than oxide 

spéciation molecules, the viscosities of systems with high Ca^, Ba^, Sr^, contents will 

be larger than those with the other alkali metals.

No experimental data is available on the effects of water content upon the viscosity 

of carbonate melts, however, coupled redox reactions (reaction 2 .8), reduce the activities 

of in the melt by formation of OH . Hence, water content would be expected to 

reduce viscosity.

2.3.3.C Carbonate Melts as Domain Structures.

How does an ionic model of carbonate melt structure correlate with the concept 

of a domain melt structure? As discussed above, the presence of clusters or domains of 

quasicrystalline or anticrystalline structure have been inferred for many melts, however, 

in terms of an ionic melt, how could such associations be rationalised.

An ionic model assumes that equilibrium populations of different spéciations occur
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in the melt, as specified by the equilibrium constant. Changes in equilibrium structure of 

an ionic melt relate to changes in the relative abundances of these populations. A domain 

model assumes that domains of a particular structure, either quasicrystalline or 

anticrystalline, occur and that changes in structure relate to changes in the relative 

abundances and sizes of these domains. Hence, the only difference between an ionic and 

a domain model of a melt, is that a domain model places spatial restrictions on the 

distributions of species not required by an ionic model. However, the limited rheological 

data, particularly at temperatures close to the liquidus make it impossible to evaluate the 

existence of associative clusters in carbonate melts.

2.3.4 Implications for Carbonatites.

There are four main compositional types of carbonatite melt, as discussed in 

Chapter 1, (a) the natrocarbonatites, which are Na^-dominated carbonates (b) the calcitic 

carbonatites, dominated by Ca^ (c) the dolomitic carbonatites, which are Mg^ rich and 

(d) the ferro carbonatites, which are iron rich.

It is evident, from the above discussions (Section 2.3.2.a), that the alkali-rich 

natrocarbonatite melts will demonstrate the lowest and the calcitic carbonatites the highest 

viscosities, at any particular pressure, temperature and fOj, with the dolomitic carbonatites 

demonstrating intermediate values. Hence, if parental carbonatites represent dolomitic 

carbonatites, as suggested by Gittins (1990) and evolution occurs by fractionation of 

dolomite to a calcitic carbonatite and then by firactionation of calcite to a natrocarbonatite, 

then melt viscosity would be expected to demonstrate initial increases followed by 

decreases to the low values of the alkali carbonate melts. However, such, a model does 

not consider the effect of either depressurisation or cooling of the melt phase, nor changes 

in fOz.
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Rapid changes in fOj of the carbonatite melt do occur and are demonstrated by 

changes in the oxidation states of multivalent species, for example, Fe^  ̂ incorporation in 

ankerites in early stage carbonatites changes to Fe^ incorporation in magnetite during the 

evolution of the melt (Chapter 1, Section 1.2.6.b), which is consistent with estimates of 

relatively oxidised early stage melts by Wyllie (1987). Such a rapid decrease in fOj would 

result in both dissociation of C O ^  in the melt and hence, reduce viscosity.

It should be clear, however, that the macroscopic behaviour of the melt varies as 

a complex function of a large number of variables, such as, temperature, pressure, 

composition, and gas fugacities, hence, although insights into the variation of macroscopic 

properties can be derived by qualitative considerations of a system with a number of 

variables held constant, a fully quantitative description is required to fully understand the 

behaviour of a carbonate melt.

2.4 Summary.

• Liquid structures are derived from crystalline structures by the progressive introduction 

of disorder and may demonstrate domains of crystalline structure.

• Domains may also represent ’anticrystalline’ structures and may be related to prefreezing 

anomalies and abnormally large supercooling.

• The carbonate group is unable to polymerise but may demonstrate complexation with 

metal cations by ionic bonding.

• Metal-carbonate complexation is a function of gas fugacities. CaCOj melts are suggested 

to demonstrate the highest degrees of complexation.

• Dissociation of the carbonate group may be related to the electronegativity of the 

coordinated cation due to electron polarisation.
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• H2O solubility in carbonate melts is facilitated by coupled reactions with the carbonate 

group and is dependent on redox potential.

• The rheological properties of carbonate melts are likely to be dependent on the level of 

metal-carbonate association.
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CHAPTER 3

CARBONATE GLASSES.

In order to study the structure of carbonate melts an experimental approach must 

be adopted by which observation of the structural elements of the melt can be made. 

Direct analysis of melt structure at pressure and temperature is usually achieved using a 

spectroscopic pressure cell such as those used in diamond anvil cell (DAG) experiments. 

However, carbonate melts unlike silicates are highly corrosive to all possible window 

materials including diamond and hence may not be studied at temperature by such 

methods. Study in windowless pressure cells is possible at low pressures (Zarzychi 1961), 

however, only the alkali metal carbonates are stable as melts at low Pco2- Study in 

pressure cells is also prohibited by the poor X-ray scattering of carbon. Hence, an indirect 

analytical approach must be adopted using glasses as analogues of melts. Within this 

chapter the glassy state of matter and its similarities to the melt state will be discussed, 

as well as a description of carbonate glasses synthesised in this study and the theoretical 

restrictions on their structure.

3.1. The Glassy State of Matter.

Glasses or amorphous solids are metastable states of matter, that is, they do not 

represent the energy minimised equilibrium phase. Their existence, like other metastable 

states, is the consequence of prohibitive activation energies that prevent transformation 

to the stable equilibrium state.

Physically glass represents a viscous supercooled liquid, that is, a metastable liquid
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below its melting temperature. The transformation from supercooled liquid to amorphous 

solid is termed the glass transition and extends over a range of temperature although it 

is delimited by the glass transition temperature (Tg) (fig.3.1).

3.1.1 The Glass Transition.

The transformation from supercooled liquid to amorphous solid occurs once liquid 

viscosities reach approximately 10 '̂  poisef at which the liquid is unable to flow under its ^  

own weight. The glass transition represents a rearrangement of structure from the 

supercooled liquid to the amorphous solid.

3.1.1.a Thermodynamics of the Glass Transition.

The glass transition may be regarded as a thermodynamic necessity for a cooling 

liquid. The entropy of a liquid decreases more rapidly with temperature than its equivalent 

crystalline solid, the limit of such behaviour is the Kauzmann temperature at which the 

entropy of the liquid becomes less than the equivalent solid. This phenomena is termed 

the Kauzmann paradox and represents a thermodynamic catastrophe as by definition a 

liquid phase is inherently disordered in respect to the crystalline phase. Kauzmann (1948) 

suggested that a supercooled liquid would crystallise before the Kauzmann paradox as 

nucléation probability would tend to unity as the entropy approached crystalline values. 

The alternative to Kauzmann’s suggestion is that the glass transition occurs to avoid the 

Kauzmann paradox (fig.3.2).

The glass transition represents a second order phase transition with respect to 

temperature, that is, it demonstrates no discontinuous changes in entropy with respect to 

temperature. Observations of metastable critical vaporisation at pressures above the 

vaporisation curve and observations of AS and AV changes with pressure for melting 

suggest that the glass transition which is essentially a solid-liquid transition represents a
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Figure 3.1. Schematic diagram of viscosity variation through the 
glass transition.
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Figure 3.2. The Kauzmann paradox. 
(After Kauzmann 1948)
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metastable extension of critical melting to low pressures.

Entropy Changes.

Neglecting diffusion and mass flow effects, the entropy of a condensed phase 

consists of two major components, (1) the vibrational entropy, the entropy imposed by 

displacements arising from atomic vibrations and (2) the configurational entropy, the 

entropy arising from structural disorder. Considering the rate of change of these two 

components through the glass transition it is evident that while structural change is 

increasingly impeded by viscosity, increases in the change in vibrational entropy is 

minimal due to the similarity of liquid and glass structures, hence, the configurational 

entropy in the amorphous solid is virtually constant, that is, there is no structural 

rearrangement, suggesting that the change in configurational entropy through the glass 

transition must tend to zero (eq.3.1-3.3).

r ^  (3.1)
ibrat57

(3.2)

6r
Kinetics of the Glass Transition

0 (3.3)

The glass transition is demonstrably a kinetic phenomena and is, therefore, a 

function of cooling rate. There are a large number of empirical models for the glass 

transition which have implications for the nature of the glassy state. The simplest 

description of the glass transition is provided by Tools equation (eq.3.4), which describes 

the glass transition in terms of the temperature difference between any temperature in the 

glass transition and its fictive temperature Tf, the quench rate and a relaxation time x 

(Tool 1948). The fictive temperature is the temperature of intersection of the amorphous
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Figure 3.3. The parameters of Tools equation (After Tool 1948).

Thmparaton

Figure 3.4. Schematic diagram of the variation in glass transition 
temperature with increasing quench rate (qrqs).

(After Ritland 1956)
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and liquid equilibrium curves (fig.3.3) and relates to the difference between glass 

properties and liquid properties in terms of temperature and its limit is the glass transition 

temperature. The relaxation time is an empirical parameter which physically represents 

the rate structural rearrangement.

(3.4)
( r - r p  _ 5 r

X 5r

Tools equation predicts that with increasing cooling rate the glass transition 

extends over a wider range of temperature, it also suggests that the rate of structural 

change is highest in the high temperature region of the transition. Such behaviour is 

observed in real systems although variations are not consistent with the estimates provided 

due to the use of a single relaxation time for structural rearrangement. The failure of 

Tools equation to provide quantitatively accurate estimates demonstrate that there are a 

number of rearrangement processes operating through the glass transition.

Changes in glass transition temperature are also observed with quench rate, with 

higher values at higher quench rates. The dependence of glass transition temperature on 

quench rate q is logarithmic and a function of the activation energy A of the ’relaxation’ 

processes operating through the transition, hence, the rate of increase of transition 

temperature decreases with increasing quench rates becoming negligible at high values and 

glass transition temperatures approximate to 2/3 the melting temperature of the system 

(eq.3.5, Ritland 1956). It is also notable that dependence on activation energies of 

structural processes in the glass transition imposes compositional effects, systems with 

lower activation energies demonstrating less variation in glass transition temperature with 

quench rate (Ritland 1956,fig.3.4).
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T l '  -  T l '  -  (3.5)

S.l.l.b. The Mechanisms of the Glass Transition.

Considerations of the energetics of both liquid and glass structures allow the 

changes represented by the glass transitions to be evaluated. Liquid structures consist of 

a constantly rearranging assembly of structural units constrained to definite volumes and 

densities by attractive interatomic forces. The processes by which liquid structures 

rearrange can qualitatively be separated into four groups^^(l) translational motions of 

structural units (2) rotational motions of structural units (3) internal distortions of 

structural units by bond bending and (4) dissociation of structural units by bond breaking. 

All these rearrangement processes will be associated with finite activation energies as they 

operate within a potential field. However, activation energies in liquids are less well 

constrained than those for solids due to the lack of definite sites and hence will represent 

a range of values for any particular process. Glass structures, however, are static within 

the constraints of atomic vibration, the above rearrangement processes prohibited by the 

lower energy available at lower temperature.

The glass transition therefore, must represent a gradual cessation of the 

rearrangement processes described above, the differing activation energies of such 

processes will result in the gradual ’freezing’ of the liquid structure with decreasing 

temperature. A glass, therefore, cannot be taken as a ’frozen’ liquid structure as the 

mechanisms of glass formation occur over a range of temperature.

An alternative view to the above homogeneous model, is that structural processes 

within the melt become impeded by increasing cooperative rearrangement of structural 

units. Such cooperative rearrangements represent associative clusters or domains, as
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discussed in Chapter 2, and are likely to represent regions of anticrystalline structure 

(Gibbs and Di Marzio 1956).

3.1.2 Crystallisation.

Theoretically aU melts are capable of glass formation, based on the thermodynamic 

necessity of the glass transition, however, the limiting factor in most systems is 

crystallisation in both the liquid and amorphous statesT Crystallisation is a function of two 

separate processes, (1) nucléation and (2) crystal growth. In this section these processes 

will be outlined to qualitatively determine the factors favourable for glass formation.

Nucléation and crystal growth rates determine the overall rate of the growth of 

crystals in the melt or glass, both are temperature dependent with crystal growth rate 

maxima occurring at the highest temperatures. The overlap of the two rate curves 

represents the significant crystallization period of the system.

3.1.2.a Nucléation.

Nucléation is a process by which nuclei of crystalline structure are generated 

through the rearrangement of preexisting liquid structure. There are two forms of 

nucléation (1) homogeneous nucléation and (2) heterogenous nucléation.

Homogeneous nucléation occurs throughout the volume of a system and is 

associated with a finite activation energy. The activation energy for nucléation is provided 

by thermal fluctuations in the system resulting in the appearance of crystal nuclei; those 

under a certain critical radius at which lattice energy exceeds surface energy are resorbed 

back into the melt, nuclei greater than the critical radius are available for crystal growth. 

Homogeneous nucléation can be described by the nucléation frequency per unit volume 

which is given by equation 3.6 in which N is the number of atoms per unit volume, a  

the surface energy of the critical nuclei and AG the activation energy for nucléation
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(Turnbull 1949).

The nucléation rate is, therefore, proportional to the density, temperature and the 

frequency of atom transport across the nuclei-matrix boundary, v as defined by equation 

3.7, which is inversely proportional to the viscosity T) and the diameter of the diffusing 

species a.

V = (3.7)
37^^11

Nucléation, therefore, is maximised at higher temperatures in systems with low 

viscosities and small radii component species which result in low diffusion rates and 

hence, increased transport of species to the nuclei surface. It is notable that lower surface 

energies a  result in higher nucléation rates, which may result in the preferential 

development of nuclei with similar structures to the matrix.

Heterogeneous nucléation occurs by nuclei development upon pre-existing 

hetereogeneities in order to reduce the surface energies of critical nuclei. Assuming that 

one heterogeneity acts as a site for one nuclei, heterogeneous nucléation may be defined 

by equation 3.8 (Turnbull 1956).

Hence, heterogeneous nucléation is additionally a function of the number of 

nucleating heterogeneities per unit volume n, their surface area A and the efficiency of 

the nucleating heterogeneity, defined by equation 3.9, which is a function of the surface 

energies of the liquid-nuclei Ycl, nuclei- heterogeneity Yuc and heterogeneity-liquid Yhl 

interfaces, 0 is termed the contact angle defined by equation 3.10.
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9  = ~ (3.10)
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Heterogeneous nucléation is favoured by systems containing large numbers of 

heterogeneities of similar structure to the nucleating phase. Consequently heterogeneous 

nucléation may lead to memory effects where the nucleating phase has the same structure 

as the heterogeneity resulting in the metastable crystallisation of phases, for example the 

crystalhsation of tridymite in the cristobalite stability field from melt generated from a 

tridymite sample.

As mentioned above crystal growth rate maxima occur at higher temperatures than 

nucléation maxima and as a result the presence of early nucleating heterogenieties may 

be importance in terms of total crystallisation.

3.1.2.b Crystal Growth.

Crystal growth is a complex process dependent upon the transport of materials to 

the crystal-liquid interface and the mechanisms of growth upon the surface. The transport 

of material is dependent on diffusional processes and growth mechanisms on the topology 

of the crystal surface, rough surfaces allowing direct nucléation onto irregularities, smooth 

surfaces inducing crystal growth by either two dimensional nucléation at the surface or 

at step sites provided by screw dislocations. Normal crystal growth rate u on a surface 

rough on an atomic scale is defined by equation 3.11 and applies generally to materials 

in which AS^g, the entropy change of melting, is less than twice the gas constant as 

suggested for carbonates (Jackson 1958, 1967).

u  = a„v[l -  expC -A H ^.^^)] (3.11)
'R T T ^

where AH^ is the molar heat of fusion.
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Crystal growth from screw dislocations is further a function of f, which is a

function of supercooling and defined by equation 3.13. It is notable that at high cooling

rates, that is, large supercooling, crystal growth is increased resulting in dendritic ’quench’

crystals as demonstrated by some natural carbonate melts.

-AH, AT
M ^/a„v[l-exp( J l  - ) \  (3.12)

K 1 1 ^

f  -  (3.13)

3 , 1 3  Glass Formation.

Many studies have attempted to determine the factors which favour glass formation

and which systems most easily form glass. Phenomenological factors on glass formation

were recognised by Rawson (1956) as:

"A melt which forms a glass must have a relatively high viscosity at its 
liquidus temperatures....factors which tend to depress the liquidus 
temperature without at the same time lowering the viscosity or which 
increase the viscosity at the liquidus temperature will favour glass 
formation."

and Tumbull(1974):

"The systems which seem prone to glass formation in melt quenching are 
those having compositions lying at or near to abnormally low-lying 
eutectics."

Any property that reduces crystallisation rate will be favourable to glass formation. 

High viscosities and low-liquidus temperatures resulting in low diffusion rates, although 

in systems with low viscosity, crystallisation may also be impeded by poor liquid-nuclei 

heat flow (Chen 1980).

3.1.3.a Kinetic Models of Glass Forming Potential.

The most significant estimates of glass forming potential have been provided by 

considerations of crystallization kinetics. Early estimates utilised classical nucléation 

theory (Turnbull 1965, Turnbull 1967) and gave cooling rates considerably higher than
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demonstrated by real systems. More realistic kinetic models of glass forming potential

have utilised considerations of both the crystal growth and nucléation rates, to provide

estimates of the critical cooling rates required to form glasses (eq.3.14), they also utilise

a delimiting value for glass formation of 10'̂  fraction volume crystallised rather than the

appearance of the first nuclei as used in earlier studies (Christian 1975).

V
—1 = 1 -exp (-J^% j[\ dz^ d t  (3.14)

in which is the nucléation rate, u is the crystallisation rate and z  the transient time. If 

y j \  is assumed to equal 10'® a curve may be generated in temperature-time space from 

which a critical cooling rate may be derived for glass formation. Variations in critical 

cooling rates indicate a strong compositional control on glass forming potential.

3.1.3.b Effects of Composition on critical cooling rates.

The effects of composition on critical cooling rate provide valuable insights into 

the factors effecting glass formation and are demonstrated particularly well by alkali 

silicate glass forming compositions (fig.3.5.a, Havermans et al 1970). Decreases in critical 

cooling rate in the series LT>Na^>K^ relating to increasing glass forming potential occur 

and correlate with eutectic temperatures in these systems (fig.3.5.b). Low eutectic 

temperatures favour glass formation as both nucléation and crystal growth are minimised. 

Also increasing ionic radii in this series result in decreases in diffusion coefficients and 

increases in viscosity impeding transport properties in the melt phase and hence increasing 

glass formation potential. It is notable that the lowest critical cooling rates are provided 

by the binary alkali silicates due to their low melting temperatures.

3.1.4 Glass Structures.

Glass forming materials form two major structural groups (1) the network 

stmctures and (2) the chain structures, represented by metal oxides, metal alloys and oxy-
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halogenic compounds and the organic compounds respectively. Both groups demonstrate 

disordered three dimensional framework structures (Zachariansen 1932), either as networks 

or as distorted chains. Within this section the discussion will be restricted to the inorganic 

network glass structures.

Glass network structures consist of variably shared highly coordinated polyhedra, 

forming large disordered frameworks. The necessity of a three-dimensional network 

implies that at least three comers of each oxygen polyhedra must be shared. Component 

network forming polyhedra demonstrate excellent short range order and only minor 

variations in bond length, whereas, polyhedra assemblies demonstrate little or no order 

over longer ranges. Such structural characteristics are those of liquid structures. A 

consequence of a three-dimensional random network stmcture consisting of polyhedra are 

the arrangement of such structural units in ’ring’ like structures, such structures are 

observed in many amorphous solids, such as the 6 and 7 member rings derived by 

modelling of silica glasses (fig.3.6)(Keen and McGreevy 1990).

In order to form a ’rigid’ glass framework structure interaction between structural 

units must be directional and, as such, are due to covalent bonding. Hence, the main 

structural units of glass structures must be capable of polymerisation, such as the SiO^^ 

and P C /' groups. As in network melts and crystalline solids each species adopts one of 

three roles in the glass structure (Stevels 1956), (1) network formers, which form the 

framework forming polyhedra, (2) the network modifiers which deform the framework and 

(3) the intermediate elements which may act in both roles. Network formers are generally 

high field strength elements capable of forming bonds with significant covalency in order 

to form rigid three dimensional polyhedra. Such, polyhedra must be also be capable of 

polymerisation in order to form rigid three-dimensional networks and this will depend on
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Figure 3,6. The structure of SiO, glass (After Keen and McGreevy
1990).

Table 3.1. Common network formers (dark shading), modifiers (pale shading) and intermediates in silicate
glasses.
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the bonding characteristics of the particular species. Network modifiers are low field 

strength elements which are unable to take an active role in the network structure due to 

their low covalency and they frequently occur in charge balancing capacities. Intermediate 

elements are those species which may substitute for network forming species, for example, 

those with similar ionic radii and electronic structure. Common network formers, 

modifiers and intermediates for silicate glasses are listed in Table 3.1.

3.1.4.a Medium Range Order in Glasses.

As discussed in Chapter 2 Section 2.2.2.b, glasses may demonstrate limited 

medium range order, that is increased order over longer distances than that represented 

by the network forming polyhedra and can be attributed to three possible mechanisms 

(fig.3.7).

The introduction of order through phase separation, such that, network modifying 

species, such as the alkali metals, demonstrate separation into domains of modifier-rich 

and modifier-poor structure. Such a distribution would represent a less disordered 

arrangement than a homogeneous network modifier distribution. The presence of 

quasicrystalline domains or ’submicrocrystallites’, also would represent an increase in 

order over random glass structures. And finally, close packing in glasses may impose 

longer range order through the geometric constraints imposed by closely packed 

interlinked polyhedra. The consistency of polyhedra bond lengths in glasses suggests that 

such geometric constraints are not met through distortions of the polyhedra themselves 

and hence, the rearrangement of the polyhedra may be necessary to satisfy such 

requirements.

3.2. Glasses as Analogues of Melts.

Although amorphous solids represent highly viscous supercooled liquids to what
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Figure 3.7. The mechanisms for medium range order in glass (a) 
crystallites (b) phase separation and (c) geometric constraint.
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degree are glass structures equivalent to that of the melt from which they are quenched? 

Such considerations are of paramount importance if glasses are to be utilised as analogues 

of melts for structural determination.

The primary difference between glass and melt structures is that melts represent 

constantly rearranging dynamic structures whereas glass structures are static within the 

confines of atomic vibration. Complementary to this observation is the higher density of 

quenched glasses than their equivalent liquids (fig.3.8) arising from closer packing which 

indicates major differences between the structures of the two phases, although sub-parallel 

responses to temperature and pressure suggest that limited structural similitude does exist.

X-ray diffraction studies on melts and glasses, as discussed in Chapter 2, do 

demonstrate general similarities at least over short ranges, with similar bond lengths 

demonstrated by both phases. However, the disorder in both states and the averaging 

effects of radial distribution functions make similarities over longer ranges harder to 

evaluate. Close structural similarities, however, may be implied from the vibrational 

spectra of melts and glasses which demonstrate only minor changes in vibrational modes 

relating mainly to the effects of increased vibrational amplitude and the loss of 

translational and rotational external modes in the melt phase (fig 3.9).

Differences in structure do occur and are related to processes operating in the glass 

transition. Variations in both intensity and frequency of hydroxyl vibrational modes 

relating to changes in spéciation may be correlated with quench rate and relate to the 

range of temperature over which the glass transition occurs (Stolper 1991). It seems likely, 

therefore, that glasses will demonstrate elements of structure ’quenched’ from a range of 

temperatures over the glass transition as a consequence of the gradual cessation of 

dynamic processes during quenching. Considerations derived from Tools equation,

154



3.0

2.6

2.5

Ptbmiub Ckbar)

Figure 3.8. Densities of olivine tholeiite melt and glass (After Fujii 
and Kushiro 1977).

Glass

100"

1100

MeltQOÜ

1000

Wavenumber

Figure 3.9. Raman spectra of amorphous and liquid GeO, (After 
Sarver and Hummel 1960).

155



however, suggest that the most rapid structural changes occur at temperatures closer to 

the temperature of the melt from which the glass is quenched.

In summary, glass structures may in generally be taken as analogues of melt 

structures in that coordination and bond lengths of polyhedra and possibly the arrangement 

of polyhedra will be similar. Differences will arise between structural elements associated 

with low activation energies in the melt phase, such as, redox reactions involving volatile 

species.

3.3. Carbonate Glasses.

3.3.1 Carbonate Glass Forming Systems.

There are only two known systems which quench to carbonate glasses (1) K2CO3- 

MgCOg (Data and Tuttle 1962, Ragone et al 1965) and (2) La(0 H)3-Ca(0 H)3-CaC03- 

CaF2-BaS04  (Jones and Wyllie 1983). The lack of extensive glass formation in most 

carbonate systems is a direct result of the inability of the C03^ ion to polymerise, which 

prevents carbonates from forming the large molecular frameworks associated with most 

glass forming materials. Within this section the form of the carbonate glasses synthesised 

in this study will be described.

3.3.1.a Experimental Technique.

All glasses synthesised in this study were quenched from melts at Ikbar pressure 

in order to prevent dissociation of the melt phase. Externally heated hydrothermal quench 

vessels were utilised for experimental runs which allow quench rates of ca 400°K s'̂  to 

be attained, since the sample may rapidly be moved from the hot zone to a water cooled 

cold zone (fig.3.10). All samples were sealed in welded, thin wall, capsules and run in 

triply distilled water to prevent contamination by diffusion of impurities across capsule 

walls. Although quenching was essentially isobaric small increases in pressure of ca
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0. Ikbar, due to the thermal ’weight’ of the sample holder, resulted in fracturing of most 

glass samples. Experimental run times varied depending on run temperatures, samples run 

at temperatures less than 50°C above the liquidus were run for 24hrs to ensure 

equilibration.

Sample mixtures were prepared from analytic grade chemicals (>99.998 wt%), 

except for MgCO^ which was prepared by carbonation of MgO. All samples were 

stringently dried prior to preparation at 110°C although MgCO^ was dried at 200°C to 

ensure break down of magnesium hydrates. Samples were stored either in a desiccator or 

drying oven prior to encapsulation.

3.3.l.b The System La(0 H)3-CaC03-Ca(0 H)2-CaF2-BaS0 .̂

Carbonate glass may be quenched over a wide range of compositions and 

temperatures in this system from 900°C-625°C and from 0-40 wt% La(0 H)3 and over 

OH:COg ratios, of 4-0.25 molar at 1 kbar pressure (fig.3.11). A series of clear and 

coloured glasses containing variable amounts of vesicles and quench crystals were 

synthesised, demonstrating a two phase quench product with subordinate discrete blebs 

of carbonate glass contained in a matrix of a second different composition carbonate glass 

(see Chapter 5). Glasses quenched from temperatures below the liquidus also contain 

equilibrium eutectic crystals, concentrated into the bases of sample capsules by crystal 

fractionation during the run. Liquidus crystals are euhedral in shape and vary in size from 

small 10 micron diameter barytes (BaSO^) to 2mm long LaOOH laths, growth occurring 

over ca 24hr run durations (Plate 3.1).

Coloured glasses, from pale yellow to orange, are restricted to the eutectic regions 

colour increasing as the eutectic composition and temperature is approached. Samples 

prepared containing 5 wt% Ce(OH)^ also demonstrate coloured, green, glasses in the
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Plate 3.1. Plane polarised light (a and c) and (b) cross polarised 
light photomicrographs of REE-bearing carbonate glass fragments. 
Showing (a, b) LaOOH crystals (L) in a vescicle-bearing (V) glass 

matrix (G). Additionally, note the presence of subordinate glass 
blebs (B), which may demonstrate textures suggestive of convective

flow (b).



eutectic region. The existence of coloured glasses probably relates to the presence of Ba^ 

and/or La^ and is function of the electronic structure of these species which will probably 

be sensitive to local bonding environment. Variations in colour across the eutectic, 

therefore, implies changes in local bonding environment with both composition and 

temperature. Observations of colour variations within single glass samples, with colour 

increasing toward capsule cores, indicates structural variations within samples which may 

relate to differential quench rates across capsules. It would be expected that quench rates 

would be a maximum at capsule walls which represent a cold thermal boundary during 

quenching.

Quench crystals in most runs, even at subliquidus temperatures, are restricted 

entirely to capsule walls, except in those samples of compositions proximal to the margins 

of the glass forming region, and occur as aggregates of acicular crystals. This is an 

apparent anomaly, since considerations of heat flow would suggest that quench rates 

should be highest close to a cold boundary wall. Such behaviour would be expected, 

however, if crystallization occurs via heterogeneous nucléation with crystal growth from 

irregularities on the gold capsule wall. In samples containing two phase glass, modal 

quench crystals appear restricted to the subordinate glass blebs rather than the matrix 

glass, suggesting that either the bleb’s boundary wall acts as a thermal barrier, decreasing 

quench rates in the bleb volume or as a nucléation site for crystal growth, or that the glass 

forming potential of these compositions is lower than the matrix glass.

Glasses synthesised in this system are stable under ambient conditions and may 

be annealed up to 200°C without visible devitrification, they also demonstrate no 

hygroscopic tendency. The long term stability of these glasses is demonstrated by samples 

from a previous study that demonstrate no significant devitrification over a lOyr period
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(Jones and Wyllie 1983).

3.3.1.b The System MgCOa-KjCOj.

Carbonate glass may quenched in this system over 40-60% mole MgCOg and 900- 

550°C at 1 kbar, the glass forming region, as in the previous system, is centred on the 

eutectic of the system (fig.3.12). A series of colourless, vesicle-free glasses were 

synthesised with only minor amounts of acicular quench crystals at capsule boundaries. 

Samples run at sub-liquidus temperatures failed to quench to glass and consisted of mixed 

liquidus and quench crystals.

Unlike the rare earth bearing system the MgCOj-KiCOj glasses are highly 

hygroscopic due to the high concentrations of MgCOj, and rapid hydration of this 

component to crystalline hydrous magnesium carbonates occurs on contact with 

atmospheric water. Complete devitrification of glasses in this system occurs over periods 

of approximately 2 days to 2-3 seconds depending on MgCOj content and significant 

devitrification occurs even under storage in a vacuumated desiccator. These glasses are 

also unstable under annealing and devitrification occurs at temperatures of ca 100°C. The 

instability of the synthesised glasses may relate to the high purity of the starting materials, 

ca 0.001  wt%, as previous studies have not reported such problems of sample 

preservation. Recent experimental studies* demonstrate an enhanced field of glass 

formation in this system at 10 kbar pressure, it is notable, that sample stability was 

increased by the use of a natural magnesite sample for experimental mixtures.

3.3.2 The Physical Properties of Carbonate Glasses.

3.3.2.a Density and Molar Volume.

The density of the samples was measured by a| flotation technique with fluid

Work in progress. Dobson D. (1993).
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densities measured by a density bottle, systematic eirors were estimated at 1%. Random 

errors arise due to both the vesicle and ’quench’ crystal contents and are always to lower 

values.

The densities of the La^-bearing carbonate glasses are the highest and are between 

2.8 and 3.25 g/cc, with increases in density with increasing La(0H)3 content and quench 

temperature. Increases in density with La^ are undoubtedly related to the weight of this 

species, however, increases with quench temperature are more problematic. It is possible 

that such phenomena relate to an extended glass transition and are hence kinetic effects 

it may also suggest that the density of the melt phase increases over this temperature 

range which would represent a preffeezing anomaly as discussed in Chapter 2.

Density increases are also observed with increasing CaCOg content from 2.8 to 3.1 

g/cc, although at low CaCOj contents density decreases with increasing quench 

temperature. The density of carbonate glass with 5 wt% added Ce(OH% is 3.05 g/cc and 

therefore, similar to the equivalent Ce^-absent variety with a density of 3.08 g/cc.

Glasses in the system MgCOj-KjCOj demonstrate significantly lower densities than 

those in the REE-bearing systems and densities of 2.298 g/cc and 2.09 g/cc were 

determined for glasses with 42.7 and 33.3 wt% MgCOj respectively.

The molar volumes of carbonate glasses, calculated from the densities and the 

compositions of the samples, are of greater significance and may be used to give 

quantitative indications of structural variations. In the La^-bearing system increases in 

molar volume with La(OH)) content from 33.8 to 34.99 cm^ mol'^ suggest that glass 

structures are increasingly less ’densely packed’, similar variations with CaCOg content 

suggest a more closely packed structure with CaCOj content. The molar volume of Ce^- 

bearing glass are similar to the equivalent La^-bearing glass suggesting similar structures.
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The lowest molar volumes are demonstrated by the system MgCO^-K^COg with 

volumes of 47.24 cm^ mol'^ and 54.30 cm  ̂ mol^ at 57.28 to 66.75 wt% KjCOj 

respectively. The glass structure becomes less closely packed with increasing K2CO3 

content.

3.3.2.b Refractive Index.

The refractive index of a number of samples was measured by an optical 

immersion technique with calibrated fluids to an accuracy of approximately +/- 0.001. The 

refractive index of glasses in the REE-bearing carbonate system are in the range 1.563- 

1.604 with increases in refractive index occurring with increasing La(OH)g content, glasses 

in the system K2C03 -MgC0 g have lower refractive indexes at 1.496. The refractive index 

of carbonate glasses are within the range of those of silicate glasses and are consistent 

with previous studies (Jones and Wyllie 1983a and Data and Tuttle 1962).

3.3.3 Theoretical Constraints on Carbonate Glass Structure.

Carbonates as ionic matter do not, specifically, satisfy the requirements for glass 

forming materials, they do not demonstrate polymerisation and are therefore unable to 

form three dimensional network structures. As discussed above, rigid three-dimensional 

network structures reduce the mobility of species within both the melt and glass and 

facilitate glass formation by inhibiting crystallisation. However, carbonate melts 

demonstrate both low viscosities and densities unfavourable to glass formation, only the 

low eutectic temperatures of carbonate systems are beneficial for the formation of glass.

In order to justify the formation of carbonate glass a mechanism by which a rigid 

three-dimensional framework structure could be constructed without necessitating 

polymerisation is required. It is suggested here, that the only possible structure would 

consist of COg^ ionic groups linked by ’bridging’ cations (fig.3.13). However, as
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discussed in Chapter 2, the CO^  ̂ may only demonstrate ionic or coordinate bonding to 

metal cations and since ionic bonding is non-directional a model ’pseudo’-network formed 

by ’bridging’ ionic bonds would be ’flexible’ and only constrained by close packing. It 

is notable that the two carbonate glass forming systems La(0 H)3-CaC03 -Ca(0 H)2-CaF2- 

BaSO^ and MgC03 -K2C03  contain Mg^  ̂and Ca^  ̂which demonstrate the strongest ionic 

bonds with the carbonate ion. In the system MgC03-K2C03  it seems unlikely that IC will 

take an active role in the ’framework’ structure due to its low bond strengths with 

carbonate, hence, it may act in a ’framework’ modifying role existing in structural 

vacancies provided by the ring structures of disordered three-dimensional frameworks. The 

presence of charge balancing would allow limited V-fold coordination of Mg^ as well 

as the Vl-fold coordination required by charge neutrality, allowing some C O ^  oxygens 

to be non-bridging. Additionally, the presence of a large ionic radii species such as in 

ring vacancies in the glass structure may support the ’flexible’ framework structure 

(fig.3.14).

The lack of glass formation in the systems Na2C03-MgC03  and CaC03-K2C03 , 

even under the extreme quench rates provided by a liquid nitrogen quenching medium (ca 

-170°C, probably relate to the increased mobility of the smaller Na^ cation and the lower 

bond strength of Ca^  ̂ in relation to Mg^.

In the rare earth bearing system the glass structure again would be based on the 

’bridging’ of C03^ ionic groups by Ca^  ̂ cations. However, this is an extremely mixed 

glass in terms of main volatile species, molar | ratios varying from 4 - 0.25 0 H:C03^ 

former glasses although the structure is probably based on the carbonate group contain 

excessive amounts of water which may take an active role in the framework structure via 

hydrogen bonding. Other volatiles in the carbonate melts, such as, dissolved CO2 and CO
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Figure 3.13. Schematic diagram of a three dimensional flexible 
carbonate-metal framework structure.

Figure 3.14. Schematic diagram of the possible structure of MgCO,- 
K2 CO 3 glasses, demonstrating the presence of in a network 

modifing role.
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probably occur in the framework interstices, although limited metal-carbon monoxide 

coupling could occur.

3.4 Summary.

• Glasses are metastable states of matter and represent supercooled liquids.

• The glass transition is a kinetic phenomena relating to the approach in temperature to 

the Kauzmann paradox and physically occurs as a response of the structural rearrangement 

processes in liquids to reducing temperature.

• Glass formation is impeded by crystallisation rate and is maximised in systems with low 

eutectic temperatures, high viscosities and large radii or high field strength species.

• Glass structures consist of three dimensional random networks comprising network 

forming and modifying structural elements.

• Carbonate glasses may be quenched in the systems MgCOg-K^COj and La(OH)3- 

Ca(0 H)2-CaC03-CaF2-BaS04  and demonstrate densities and molar volumes between 2.8- 

3.25 g/cc and 33-47 cm  ̂mol^ and refractive indexes between 1.49 and 1.604.

• Carbonate glass structure must relate to a flexible three dimensional framework of C03^ 

groups bridged by ionically bonded metal cations supported by network modifying 

species.
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CHAPTER 4

VIBRATIONAL SPECTROSCOPY OF CARBONATE GLASSES.

Vibrational spectroscopy is an analytical method that utilizes the interaction 

between electromagnetic radiation and the vibrations of matter. It is an extremely useful 

tool in structural analysis of materials as it is non-destructive and allows results to be 

attained rapidly and can provide both quantitative and qualitative data. Within this chapter 

the theoretical aspects of infra-red and Raman spectroscopy will be discussed in reference 

to the study of glasses in order to evaluate the importance of the vibrational spectra of 

carbonate glasses.

4.1. Vibrations and M atter

At all temperatures the atoms in solid materials oscillate about their mean 

equilibrium positions as a kinetic response to energy minimisation on the potential energy 

surface, the vibrational energy state being defined by the kinetic and potential energies 

of the atom at any time. The lowest vibrational energy state is attained at absolute zero 

and relates to the zero point energy, vibration occurring as a consequence of the quantised 

nature of energy (fig.4.1).

Atomic vibration approximates to simple harmonic motion although in higher 

vibrational energy states asynunetrical vibration predominates due to the asymmetry of 

the potential surface, such anisotropic vibrational behaviour can have significant effects 

on the properties of the material. The exact nature of atomic vibrations is complex due 

to the interaction of the nuclear and electronic parts, however, it is usually assumed that
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Figure 4.1. Vibration and the potential energy curve. Note, that the 
zero point energy E„ indicates vibration even at absolute zero and 

vibrational anisotropy at higher energy levels.

Vj symmetrical stretch

V, asymmetrical stretch

Figure 4.2. The vibrations of carbon dioxide.
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due to the momentum contrast, electrons vibrate in response to nuclear vibrations and that 

this response is instantaneous.

Thermodynamic temperature, internal energy and heat capacity are all macroscopic 

phenomena of atomic vibration as are thermal conductivity, expansivity and the optical 

properties of matter. Hence, it is probably fair to state that vibration is as fundamental to 

the behaviour of solid materials as matter itself.

4.2. Theoretical Aspects of Vibrational Spectroscopy.

4.2.1. Infra-red Absorption.

When a ’light’ beam is incident upon a material certain frequencies are absorbed 

by interaction with the oscillating dipole field associated with atomic vibrations, absorbed 

frequencies lie exclusively within the infra-red frequency range.

Infra-red absorption can be explained by classical electromagnetic theoryf which 

states that an oscillating dipole is an emitter or absorber of radiation of the same 

frequency as the oscillation. The oscillation of an electron cloud localized on an atom, 

bond or molecule due to vibration results in an oscillating dipole moment which absorbs 

radiation of the same frequency as the oscillating dipole or vibrational mode. For a 

vibrational mode to be infra-red active the change in its total dipole moment must be 

greater than zero, which may be shown to be largely dependent upon the symmetry of the 

vibrational mode. A simple example is CO2 (fig.4.2), in which symmetrical stretch of CO2 

has zero change in total dipole moment due to cancellation of the individual moments, 

whereas, the antisymmetrical stretch demonstrates a net change in dipole moment and is 

therefore infra-red active. The classical mechanical condition for infra-red activity is that 

a vibration must demonstrate a finite absorption intensity which is a function of the dipole 

change 5p/5x (eq.4.1).
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I = c i $ i r  (4.1)
ox

The absorption of a vibrational transition will only be non-zero if the product of 

one of the components of the dipole moment, p, Py and p  ̂ and has the same symmetry 

as a translation.

4.2.2. Infra-red Reflectance.

The reflectance due to interaction between an incident electromagnetic beam and 

atomic vibrations is fundamentally different to the absorption or transmission of radiation. 

The reflectance of an electromagnetic beam is a complex function of the optical properties 

of the material, that is, its refractive index n and its dielectric constant e, the wavelength 

of the incident radiation and the frequency of the atomic vibrations.

The optical properties of the material are inter-related such that e=n^ and n=c/v 

where v is the velocity of light in the material. At high frequencies incident 

electromagnetic waves interact predominantly with electrons giving rise to high 

transmission velocities due to their rapid response and hence low n and e and at lower 

frequencies incident radiation demonstrates increasing interactions with atomic nuclei 

resulting in lower transmission velocities and hence higher n and c. The reflectance which 

is given by Fresnel formulae (eq.4.2), increases with increasing refractive index n.

R  = (4.2)
in+iP

An atomic vibration of frequency v demonstrating a dipole change will interact 

with the incident electromagnetic radiation and photons or polaritons will drive the nuclear 

oscillations and hence the energy of the incident radiation is reduced as phonons are 

created. The far lower transmission velocities of phonons result in increases in n and c 

towards infinity as the frequency of the incident radiation approaches that of the phonon
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Figure 4.3. The variation in optical properties and IR reflectance 
with frequency of the incident radiation. Note, diagrams (b and e) 
relate to ideal behaviour and (d and e) behaviour with dielectric 

loss. Diagram a demonstrates the variation in RI in the absence of a 
vibrational mode.
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Figure 4.4. Raman scattering spectra.
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frequency of the mode v resulting in complimentary increases in reflection (fig.4.3). Ideal 

interaction with a vibrational mode in which energy losses are zero result in reflectances 

of unity and a forbidden zone between the transverse and longitudinal frequencies of the 

mode. Note that it is the transverse mode that is optically active in IR absorption and 

Raman. However, energy losses are necessitated since absorption of radiation occurs 

through interaction resulting in reductions in reflectance, termed dielectric loss. The 

theoretical treatment of dielectric loss and reflectance in absorbing materials is complex 

and WÜ1 not be discussed here, it is sufficient to state, that reflectance peaks demonstrate 

phase shifts from absorption band frequencies with intensity maxima at lower frequencies 

between the transverse and longitudinal frequencies of the vibrational mode!^

4.2.3. Raman Scattering.

When a high intensity monochromatic light beam is incident upon a vibrational 

mode ’scattering’ either inelastically or elastically occurs producing three or more distinct 

intensity maxima (fig.4.4). Two of these, the iStokesand antistokes lines, are shifted in 

frequency above and below that of the incident radiation.

An explanation for Raman scattering may also be derived from the classic 

electromagnetic theory. When the incident light beam interacts with the vibrational mode 

it is not absorbed by the intrinsic dipole field but it induces a superimposed dipole 

moment by a change in polarisability. The change in polarisability can be physically 

visualised as a change in shape of the vibrating electron cloud, induced by the electric 

vectors of the incident radiation. The induced dipole field oscillates at three frequencies 

representing three vibrational states, one at the frequency of the incident radiation and the 

others at higher or lower frequencies, at values which are multiples of the frequency of 

the vibration. The absorption of energy by the change in polarisability instantaneously
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raises the vibrational energy state to a virtual level which degenerates by emission of 

photons.

There are three different vibrational transitions that occur in Raman scattering 

giving rise to the three parts of the spectrum (fig.4.4). The first, an elastic collision, is an 

instantaneous increase in the vibrational state by the induced dipole that returns to the 

original vibrational state after emitting a photon of the same frequency as the incident 

radiation. This produces the Rayleigh scattering. The second and third transitions occur 

as before with an instantaneous increase in the vibrational state followed by the emitting 

of a photon. However, the final vibrational states of these transitions are either above or 

below the initial states, producing the Stokes and Antistokes lines respectively. The 

frequencies of the photons released are shifted due to there different energies, the jStokes 

lines having the lower frequencies.

4.3. The Vibrational Spectroscopy of Crystals.

The vibrational spectroscopy of crystalline materials will be briefly discussed to 

enable comparisons with glassy materials to be made. The form of vibrations in crystals 

will be described although the techniques utilised in the evaluation of spectral activity, 

namely factor group analysis, is beyond the scope of this chapter.

4.3.1. Vibrations in Crystals.

The vibrational behaviour of crystalline materials is characterised by the existence 

of a number of discrete vibrations of different frequencies which are termed vibrational 

modes. If these modes are fundamental they are referred to as the normal modes of a 

crystal^

4.3.1.a. Types of Vibrational Modes.

There are a number of different types of vibration which may occur in crystalline
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materials depending on crystal type. In non-molecular crystals all vibrations are lattice 

vibrations, that is, vibrations resulting from displacements across the entire lattice. Lattice 

vibrations may be classified into acoustic and optic vibrations, which may be longitudinal, 

that is, displacement in the direction of propagation, or transverse, displacement normal 

to propagation. Acoustic vibrations are those in which the atomic displacements are in the 

same direction whereas optic vibrations are due to atomic displacements in different 

directions (fig.4.5), only optic vibrations which are associated with large changes in dipole 

moment are optically active.

The frequencies of lattice modes depend on the magnitude of interatomic forces 

which are usually low. Transverse lattice modes, which reduce the average atomic 

separation are usually of higher frequency than the longitudinal modes.

Molecular crystals, such as, the carbonates, sulphates and silicates, in addition to 

the lattice modes demonstrate internal and external vibrations of their molecular species. 

The internal modes of a molecular crystal are those due to the vibration of the atoms of 

the molecule relative to each other and are usually similar to those of the isolated 

molecule although the constraints of the crystalline environment may result in 

modifications (fig.4.6). The external modes are due to the vibration of the molecular unit 

as a whole and may be either translations or rotations, which may be involved in the 

lattice vibrations of the crystal.

Complex non-fundamental modes may also occur in crystalline materials and are 

the result of multiphonon interactions with one or a number of vibrational normal modes. 

There are two basic types of complex modes, overtones, representing the simultaneous 

interaction of a number of photons and a transition to non-adjacent vibrational energy 

states and combinations, representing simultaneous transitions in two normal modes to
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Figure 4.5. The form of lattice vibrations.

Figure 4.6. The normal modes of the carbonate ion on a site.
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non-adjacent vibrational energy states (fig.4.7). The frequencies of complex modes 

approximate to the sum of the individual normal mode frequencies, which for overtones 

relate to multiples of the fundamental frequency.

Multiphonon transitions are forbidden for harmonic oscillators since only 

transitions between adjacent energy levels may occur. However, incorporation of 

anharmonic terms in the description of an oscillator allow such behaviour, hence, the 

occurrence of overtones or combination bands implies a level of anharmonisity. 

Anharmonisity also results in modifications in the frequency of the complex mode causing 

divergences from the ideal values. The intensities of overtone and combination bands are 

usually low and are additive, depending on the vibrational density of modes in the 

material.

4.3.l.b Spectral Activity and Crystal Symmetry.

The infra-red and Raman activity of a normal mode can be predicted from its 

symmetry and changes in activity imposed by incorporation of a molecular group into a 

specific site in a crystal lattice may be evaluated from considerations of the changes in 

site symmetry. Within this section the form of normal modes in crystalline materials and 

changes in spectral activity associated with site symmetries will be discussed using the 

vibrations of the group.

The Normal Modes of a Molecular Group.

The number of normal modes demonstrated by a molecule is related to the number 

of degrees of freedom of its component atoms. Any atom has three degrees of freedom 

relating to displacements in cartesian space, therefore, the total degree of freedom of a 

molecule is 3N where N is the number of component atoms. For a free molecule six of 

these displacements represent translations and rotation of the molecule as a whole,
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therefore, the total number of normal modes is 3N-6.

The Normal Modes of a Free Carbonate Ion.

The full symmetry of a free ion is in which oxygens lie on Cjy sites and 

the carbon on the site. The six normal modes and their symmetry assignments are 

shown in figure 4.6. Note that normal modes of symmetry species Aj, A j  and A% are all 

symmetrical in that the application of symmetry does not change the form of the mode. 

The modes and Vj represent the symmetric stretch and the symmetric out of plane bend 

respectively. The modes of symmetry species E are termed degenerate, that is, they 

consist of two normal modes of the same energy and hence frequency. Modes V3 and V4 

represent the asymmetric stretch and bend respectively.

The modes are the internal modes of and all are infra-red active apart 

from V2 which does not belong to the same symmetry species as a translation, the external 

modes of the are represented by the translations T ,̂ Ty and T, and the rotations R,, 

Ry and R ,

The Normal Modes of a Constrained Carbonate Ion.

The spectral activity of the COg^ group constrained to a particular site within a 

crystalline lattice are different from that of the free ion due to the different 

symmetry assignments imposed by the site symmetry. If a group is constrained to 

Cjv symmetry, the change in the symmetry assignments of the normal modes (fig.4.8), 

results in the loss of degeneracy of the V3 and V4 internal vibrations, such that, their 

component vibrations exist as separate discrete modes and changes in the infra-red and 

Raman activity of the modes. In COg^ on a € 2, site all internal modes are infrared active.

4.4 Vibrational Spectroscopy of Amorphous Solids.

The vibrational spectroscopy of glasses will be discussed in this section by
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comparisons with the vibrational behaviour of crystalline solids, in order to evaluate level 

at which crystalline spectra may be used for interpretation of spectra derived from glasses.

In crystalline solids atoms and molecular groups occupy discrete sites 

demonstrating specific site symmetries, the local bonding environments giving rise to 

discrete force constants for vibration. Such considerations would suggest that for a perfect 

crystal the frequencies of vibration of all symmetry equivalent atoms and molecular 

groups would be identical giving rise to line spectra. However, in reality all crystalline 

materials at temperatures above absolute zero are imperfect crystals demonstrating lattice 

defects, such perturbations in crystalline structure give rise to variations in local bonding 

and hence, variable force constants for vibration. Therefore, for any particular symmetry 

equivalent group a distribution of vibrational frequencies would be expected giving rise 

to the spectra with finite peak widths, the peak maxima representing the predominant 

vibrational population. Increases in peak width with increasing temperatures may be 

observed in calcite and represent the increasing structural disorder inherent at higher 

temperatures.

In amorphous solids, atoms and molecular groups do not occupy discrete sites and 

site symmetries will generally be low resulting in the maximum spectral activity. The lack 

of discrete sites implies large variations in the local bonding environment of any particular 

atomic group which would give rise to substantial peak widening. As discussed in chapter 

3, increased order imposed by framework glass structures may lead to populations of 

structural groups with similar local structure, such populations will give rise to vibrational 

splitting of internal modes with peak maxima relating to the most abundant structural 

variants.

The lack of long range order in glasses prohibits lattice modes dependent on
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vibrations of regular arrangements of groups, the variation in the local structural 

environments in glasses mean that external vibrations of component molecular groups 

demonstrate very different force constants resulting in extremely wide modes which due 

to their inherent low frequencies may be unrecognisable in glassy spectra. Only modes 

associated with molecular groups which demonstrate force constants partially constrained 

by the internal bonding of these groups are recognisable.

The similarities between crystalline and glassy internal modes has been used in 

many studies of glassy materials by vibrational spectra, for example, the similarity 

between the internal modes of amorphous GeOi and the internal modes of crystalline 

hexagonal GeOg has been used to suggest that Vl-fold coordination of Ge in the glassy 

state (fig.4.9).

4.5 Vibrational Spectroscopy of Carbonate Minerals.

Carbonate minerals are complex ionic crystals consisting of strongly covalent 

bonded COg^ ionic groups linked by ionically bonded metal cations. The high intra

molecular bond strengths of the CO^^ group and the comparatively low bond strengths of 

the metal-oxygen bonds result in separation of the internal and lattice modes for 

crystalline carbonates. In view of the absence of definite lattice modes in amorphous 

materials only the internal and complex modes of carbonate minerals and those associated 

with the presence of protons will be described in this section.

The infra-red and Raman spectra of calcite and aragonite structure carbonates are 

shown in figure 4.10 (White 1971, Huang and Kerr 1960), note that the form of calcite 

internal modes is dependent on the site symmetry of groups resulting in both gerade 

and ungerade vibrations, that is, symmetrical and asymmetrical in respect to 

transformation about the Ca^ site. The frequencies of the normal modes of these
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Figure 4.10. Infra-red transmission and Raman spectra of calcite and 
aragonite structure carbonates (After Huang and Kerr 1960, White

1971).
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carbonates are shown in table 4.1 (Huang and Kerr 1960, Weir and Lippincott 1961, 

Kohls and Rodda 1960, Griffith 1969, 1970), it is notable that the frequencies for the 

aragonite structure carbonates decrease with increasing electronegativity of the metal 

cation, consistent with a model in which delocalisation of electrons and polarisation of C- 

O bonds occurs by ionic interactions with metal cations. The polarisation effects of metal 

cations at least on the oxygen sites for calcite structure carbonates are supported by 

calculations of the root mean square amplitudes of the principle vibrational ellipsoids, 

derived from anisotropic temperature factors and are related to electron density. 

Calculations suggest that electron density on oxygen sites both for magnesite and calcite 

is increased normal to 0-Ca bonds and reduced along the C-O bonds (fig.4.11, Goldsmith 

1983).

Complex modes may also be identified in the spectra of simple calcite and 

aragonite structure carbonates and can be related to overtones and combinations of both 

internal CO^^ and lattice modes. A series of well defined combination modes can be 

observed in the region 2000-500cm'^ which demonstrate the best resolution at low 

temperatures (fig.4.12) and can be assigned to combinations between the fundamental 

modes of the carbonate ions and overtones of a low frequency librational mode, that is 

a rotation of the CO^^ group (Schroeder et al 1962). The most intense complex modes 

occur in the region 3500-1500cm'^ and are interpreted as both overtones and combinations 

of fundamental modes, the assignment of modes in this region is controversial and 

a number of models exist (Schroeder et al 1962, Ross and Goldsmith 1964) as shown in 

figure 4.13.

The frequencies of the normal modes of the alkali metal carbonates, LigCO^ and 

Na2C03 , are shown in table 4.2 (Brooker and Bates 1971), although the different
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v ,“ V3“ v ; V,« V ; ' V,* V4*

Calcite _ 876 1435 712 1099 - 1444 724
(CaCO,)
Otavite - 862 1462 724 1090 - 1392 728
(CdCO,)
Rhodochrosiie - 867 1433 727 1088 - 1420 722
(MnCO,)
Siderite - 8 6 6 1422 737 1071 - 1415 736
(FeCO,)

Calcite Smithsonite - 870 1440 743 1093 - 1412 733
Structure (ZnCO,)

Cobalticalcite - 869 1485 747
(CoCO,)
Magnesite - 887 1450 748
(MgCO,)
Gaspeite - 876 1429 751
(NiCO,)

Aragonite 1085 875 1490 712 870 . 699
(CaCO,)
Strontianite 1075 860 1470 707 - - 699

Aragonite (SrCO,)
Structure Witherite 1064 860 1445 693

(BaCO,)
Cerussite 1055 852 1440 677
(PbCO,)

Table 4.1. Vibrational frequencies of the internal modes of the carbonate ion 
in calcite and aragonite structure carbonates. Frequencies in cm '. (After Huang 

and Kerr 1960, Weir and Lippincott 1961, Kohls and Rodda 1966 and Griffith 1969).

Cm

Cm

Cm

Cm

Cm

Cm

Figure 4.11. Vibrational ellipsoids calculated for calcite from r.m.s 
displacements.
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Figure 4.12. Combination and overtone bands between carbonate 
fundamentals and a low frequency librational mode (After Schroeder

et al 1962).
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Figure 4.13. Overtone and combination bands of the fundamental 
modes of the carbonate ion in aragonite, calcite and magnesite.
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structures of these two carbonates prohibit comparisons of the effects of these two metals.

The effects of protons on the internal modes of carbonates and the activity of 

structural water and hydroxyl in carbonate minerals have implications for the vibrational 

spectroscopy of the REE-carbonate glasses. The presence of bicarbonate groups in the acid 

carbonates KHCO3 and NaHCOg (fig.4.14) results in vibrational splitting of the internal 

modes of the groups and the appearance of higher frequency C-O stretches (table 

4.3) (Sharma 1962, Novak et al 1963, Nakamoto et al 1965). Such, behaviour is the result 

of the different levels hydrogen bonding to the COg^ oxygens, resulting in three separate 

C-O force constants, the highest force constants relate to C-O bonds in which the oxygen 

is ’free’. The frequency associated with this stretch, 1689 cm'^ is higher than the 

stretching frequency of free COg^ of 1415 cm '\ Hence, the presence of a ’free’ oxygen 

must be associated with enhanced C-O bond strength. A possible mechanism for such 

increases would be the localisation of the carbonate pTC bond across one of the C-O bonds. 

Incorporation of protons in bicarbonate groups result in lower O-H bond stretching and 

O-H-0 bond bending frequencies than in free water with frequencies of 2620-2460 cm^ 

and 1450-1300 cm'^ as compared to ca 3600 cm'^ and 1500cm'\ Such decreases 

undoubtedly arise due to the lower O-H bond strengths arising from the lower partial 

charges of COg^ oxygens.

The alkali carbonate hydrates thermonatrite Na2C0 g.H20  and natron Na2COg.lOH20 

demonstrate considerably less variation in normal mode frequencies due to hydrogen 

bonding (Buijs and Schutte 1961). Thermonatrite demonstrates COg  ̂ groups bonded with 

two H2O molecules (Dickens et al 1970) resulting in one ’free’ oxygen per carbonate 

group while natron demonstrates octahedrally coordinated H2O to Na^ groups linked 

by hydrogen bonding to COg^ groups. Neither mineral demonstrates significant variation
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V, V3 V4

LÿCO, 1089 859 - 1430 - 740 713

Na^CO, - 8 8 6 880 1425 1413 701 694

KjCO, 1060 880 855 1412 - 691 685

Table 4.2. Vibrational frequencies of the carbonate ion in anhydrous alkali carbonates. 
Frequencies in cm ' (After Brooker and Bates 1971 and Schutte and Buijs 1961).

KHOO,

NaHOO,

Figure 4.14. Infra-red transmission spectra and basic structure of 
acid carbonates (After Nakamoto et al 1965, Novak et al 1963).

188



Nahcolite
NaHCO,

Kalicinite
KHCO,

Assignments

2620 2620
2540 2590 O-H stretches
2460 -

1659 1682 C = 0  stretches
1616 1618

1448 1448 O-H-O
1405 in plane bend

1395 1367
- 1283 mixed C-O
1046 1029 stretches
1035 1 0 0 1

837 832 CO 3 out of
- 830 plane bend

700 676 CO 3  in plane
690 655 bend
650 635

Table 4.3. Vibrational frquencies of acid carbonates in cm ' (After Novak et al 1963 and
Nakamoto 1965).

H , 0 C O ^
V, V3 V, V, V2 V3  V4

Thermonatrite Na2 C 0 3 .H ; 0 3250 1672 1068 8 6 8 1450 702 6 8 6

Natron NajCO3.10H2O 3480 3175 1661 1068 890 1449 1379

Trona Na,C03.NaHC03.2H20 3530 1690 1037 851 1472 681

Table 4.4. Vibrational frequencies of alkali metal carbonate hydrates, in cm ' (After 
Buijs and Schutte 1961 and Huang and Kerr 1960).
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Figure 4.15. Infra-red absorption spectra of the O-H stretching 
region of alkaline earth carbonate hydrates (After White 1971).
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Figure 4.16. Infra-red absorption spectra of LalOHij-CalOH)^- 
CaCO^-CaF^-BaSO^ glass sections, thickness 50|im (a) and 2(X)|im

(b).
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in frequencies of internal modes due to the reduced 0...H bond strengths as a result 

of bonding to water molecules rather than isolated protons. However, reductions in the 

stretching and bending frequencies of water do occur due to their sensitivity to electron 

polarisations, although reductions are not as pronounced as in the acid carbonates 

(Table.4.4). The alkaline earth hydrated carbonates nesquehonite MgCOg.SHjO, artinite 

MgC03 .Mg(0 H)2.3H20  and hydromagnesite 4MgC03 .Mg(0 H)2.4H20  also demonstrate the 

effects of hydrogen bonding with increases in the C O ^  V3 mode to ca 1518 cm^ as a 

result of the hydrogen bonding of hydroxyl groups (Moenke 1962, White 1971) (fig.4.15). 

Reductions in O-H stretching frequencies, however, are variable due to the presence of 

H2O molecules and hydroxyl groups. Interpretations of the IR-spectra of these carbonates 

suggest that O-H-O stretches demonstrate variable coupling by hydrogen bonding to 

carbonate groups, resulting in a broad peak extending to lower frequencies and that O-H 

groups represent a number of discrete populations resulting in discrete sharper peaks.

4.6 The Vibrational Spectroscopy of Carbonate Glasses.

The vibrational spectroscopy of the carbonate glasses experimentally synthesised 

in this study at Ikbar pressure will be described below in order that their structures may 

be evaluated.

4.6.1. Analytical Technique.

All samples were analyzed on the Bruker IFS-85 and Bruker EFS-45 Fourier 

Transform (FTIR) microspectrometers with spot sizes of approximately 200 pm. 

Atmospheric background was removed by correction of spectra by a pre-measured 

reference analysis as purging of the sample chamber was not possible, background 

removal was considered effective if the atmospheric CO2 doublet at 2430 cm'^ did not 

appear in corrected sample analyses.
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Absorption samples were prepared as polished sections of 50-300 |im thickness 

and mounted on the sides of probe slides such that the beam path lies through sample 

only. Reflectance samples were prepared as either polished sections or glass shards. 

Samples for analysis by Raman scattering were mounted on slides in order to reduce 

surface scattering resulting from non-perpendicular surfaces to the incident beam path.

The analytical accuracy of both spectrometers is such that the infra-red signal can 

be measured to +/-0.001 the intensity of the incident beam. Hence, for infra-red absorbtion 

in which absorbance is expressed as the log of the ratio of \ J \  (eq.4.3), where is the 

intensity of the incident beam, errors at absorbances of 1, 2 and 3 absorbance units are 

1%, 10% and 100% respectively.

A = dog,„(4) (4.3)

In general the absorbance of the most intense bands in carbonate glass are 2.5-2.9 

absorbance units indicating systematic errors of between 31.5-79.5% and absorption peaks 

are predominantly off scale. Since absorbance could not be significantly reduced by 

decreased spot sizes or reduced count times and the carbonate glasses are not 

mechanically stable enough to section below 50 \ im  the derived spectra may not be 

interpreted quantitatively through variations in peak height.

4.6.2. The System La(0 H)3-CaC0 3 -Ca(0 H)2-CaF2-BaS0 4 .

4.6.2.a. Infra-red Absorption Spectra.

The infra-red absorption spectra of rare-earth carbonate bearing glasses (fig.4.16) 

demonstrates three distinct regions representing the characteristic frequencies of its major 

molecular components. The high frequency region demonstrates a broad asymmetrical off 

scale peak between ca 2650cm*  ̂ and 2500cm*  ̂ and represents the O-H stretching region, 

the low frequency range demonstrates at least three distinguishable broad intense peaks
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Figure 4 . 17. Detailed mid-IR absorption spectra of 200iim thick 
La(0H)3-Ca(0H)2-CaC03-Cap2-BaS04 glass sections.
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Figure 4 .18. Infra-red reflection spectra of La(OH)3-Ca(OH)j- 
CaC03-CaF2-BaS04 glass.
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between 1600cm'^ and 500cm'^ representing the internal modes of the carbonate ion and 

the intermediate wave range demonstrates four better resolved absorption bands at 

2920cm'\ 2540(2504)cm \  2130cm^ and 1770cm \  The bands at 2920cm^ and 1770cm^ 

demonstrate vibrational splitting into three components in some samples with intensity 

maxima at 2942cm^ and 2960cm^ and the peak at 2540cm'^ represents a doublet split by 

40cm^ (fig.4.17).

4.6.2.b Infra-red Reflection Spectra.

The infra-red reflection spectra of La(0 H)3-CaC03 -Ca(0 H)2-CaF2-BaS04  glasses 

demonstrates similar spectral activity to the absorption spectra demonstrating the high 

wavenumber O-H stretching modes, four intermediate wavenumber peaks at 2916cm'\ 

2540/2500cm \  2110cm"  ̂ and 1777cm'^ and well resolved carbonate bands in the lower 

wavenumber region. Individual carbonate internal modes may be identified, the V3 

stretching mode demonstrates vibrational splitting into three components at 1563cm ^ 

1445cm'^ and 1346cm'\ the Vj and V2 modes occur as single peaks at 999cm'^ and 873cm‘̂  

respectively the V4 bending mode demonstrates vibrational splitting although only a single 

maximum may be resolved at 725cm'^ due to noise. Additionally a broad off scale band 

occurs between ca 1200cm^ and 1050cm'^ which may represent the V3 asymmetric stretch 

of the SO4 ion due to its similarity to the V3 modes of CaS04  at 1149cm'\ 1126cm \  

1095cm'^ (Hezel and Ross 1966) and BaS04  at 1179cm \  1147cm^ and 108Icm'^ (Ramdas 

1954) (fig.4.18).

4.6.2.C Raman Spectra.

Raman spectra of the REE-bearing glasses were generally difficult to resolve, 

however, Raman bands of similar frequencies (Table 4.5) to the intermediate region 

absorption bands were derived although the doublet nature of the 2500cm^ peak could not
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Figure 4.19. Raman spectra of La(0 H)3-Ca(0 H)2 -CaC 0 3 -Cap 2 - 
BaSO^ glass.
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Figure 4.20. Detailed Raman spectra of the carbonate internal mode 
region of La(0 H)3 -Ca(0 H)2 -CaC0 3 -CaF2 -BaS0  ̂ glasses.
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be resolved. The high frequency region demonstrates significant differences in activity to 

the IR absorption spectra in that the high wavenumber activity between ca 3650cm'^ and 

3250cm’̂  is absent from the Raman spectra (fig.4.19).

Higher resolution Raman spectra were derived of the low frequency region, such 

that, carbonate internal modes could be individually resolved (fig.4.20). The most intense 

of these bands is the symmetrical stretching mode at 999cm'^ although the V3 mode 

which is split into three components with intensity maxima at 1300cm \  1437cm’̂  and 

1452cm^ is also well developed. The V4 mode is vibrationally split with components at 

690cm‘̂  and 722cm’̂  and a very weak band at ca 850cm'^ may represent the V2 in plane 

bend.

4.6.3 The System MgCOj-KjCOj.

4.6.3.a. The Infra-red Absorption Spectra.

The infra-red absorption spectra of MgCOg-K^COg glasses demonstrates equivalent 

regions of activity to the REE-bearing carbonate glasses with a high frequency water 

stretching region, a low frequency carbonate internal mode region and an intermediate 

region demonstrating a number of distinct bands (fig.4.21). The presence of O-H 

stretching bands in the region 3650cm'^-2500cm'^ indicates that even under the stringent 

drying and storage procedures imposed during sample preparation significant water was 

absorbed by the MgCOj component as a result of its extreme hygroscopic nature.

The low wavenumber region from 1600cm'^ to 500cm‘̂  demonstrates far better 

resolution than in the REE-bearing glasses and the intensity maxima of the v ,̂ Vj and V4 

modes (Table 4.5) may be observed. All observable carbonate internal modes demonstrate 

vibrational splitting into at least two components. The central region demonstrates only 

two characteristic absorption peaks at 2560cm^ and 2455cm'^ which may relate to the
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Figure 4.21. Infra-red absorption spectra of MgCOj-K^CO, glasses. 
Note the v, mode is off scale.
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Figure 4.22. Detailed infra-red absorption spectra of MgCOj-K^CO,
glasses.
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doublet peak in the absorption spectra of the REE-bearing glasses at 2540cm‘̂  and 

2504cm-^ (fig.4.22).

4.6.3.b Infra-red Reflection Spectra.

The infra-red reflectance spectra of MgCOg-KjCOj demonstrates well resolved 

reflection peaks in the carbonate internal mode region and all internal modes demonstrate 

vibrational splitting into up to three components (fig.4.23, Table 4.5). The most intense 

reflection bands are the V3 and V4 modes.

4.6.3.C Raman Spectra.

The Raman spectra of MgCOj-KjCOg glasses were measured on single shards of 

glass as glasses demonstrated a tendency to devitrify on crushing to powders, well 

resolved Raman spectra were derived for the low frequency region (1600cm'^-500cm‘ 

^)(fig.4.24). The observed carbonate internal modes are consistent with a previous Raman 

study of glasses in this system (Sharma and Simmons 1980) demonstrating an intense 

doublet and a less intense V3 triplet and V4 doublets. The V2 mode is not observed in these 

spectra possibly as a result of poor resolution. (Table 4.5).

4.6.4 Glass Structure.

4.6.4.a Carbonate Groups.

The activity and frequencies of the internal modes of the carbonate ion in both 

La(0 H)3-CaC03-Ca(0 H)2-CaF2-BaS04  and MgC03-K2C03 glasses may be used 

qualitatively to derive restrictions on the structural sites of the carbonate group in the 

glass.

In both glass systems the V3 asymmetric and the V2 bending modes are Raman 

active although of lower intensity than the Vj symmetric stretching mode. Such spectral 

activity only occurs in the absence of a three fold axis of symmetry such as in the
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Figure 4.23. Infra-red reflectance spectra of MgCO^-K^CO, glasses.
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Figure 4.24. Raman spectra of the carbonate internal modes in 
MgCOj-K^COj glasses.
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La(0 H)3 -CaC0 ,-Ca(0 H)2 -CaF2 -BaS0 4

Raman Reflectance Absorption Assignment

690 CO3 V4  out of plane
722 725 bend

870 (weak) 873 CO3 V2  in plane
bend

999 999 CO3 V, stretch

1300 1346
1437 1445 CO3 V3  stretch
1452

1563

1945 1777 1770 2 V; or V1+V4

2 2 1 1 2 1 1 1 2130 V,+Vj

2521 2500 2504 V,+V3

2540 2540

2926 2916 2920 2 V3

3016 0-H  stretch .

MgCOj-K^CO3

Raman Reflectance Absorption Assignment
present Sbanna

690 684 690 700 CO3  V4  out of
720 724 804 747 plane bend

- 822 860 872 CO3  V2  in plane bend

1053 1058 1042 1060 CO3 V, stretch
1072 1079 1080 1075

1387 1380 1398 .

1447 1440 1430 - CO3 V3 stretch
1525 1528 1470 -

- - - 1745(weak) 2 V; or v,+V4

- - . 2455 v,+v,
2560

Table 4.5. Vibrational frequencies of carbonate glasses and band assignments. Frequencies
in cm
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aragonite structure carbonates. The lack of three fold symmetry, which is also supported 

by the presence of the mode in the IR spectra, which is prohibited on D3 or site 

symmetries, does not however necessitate distortion of the C O ^  group itself but may 

relate to the distortion of the coordination polyhedra of the ’bridging’ metal cations. The 

loss of D3J1 symmetry also implies the loss of degeneracy of both the V3 and V4 modes 

which is broadly consistent with the vibrational splitting observed for all modes in these 

glasses. However, the presence of a minimum of three component V3 modes suggests that 

C03^ groups are not restricted to a single structural site in the glass structure and suggests 

that at least one component represents the asymmetric stretch of a separate structural 

population.

In the MgC03-K2C03 glasses the V3 mode demonstrates intensity maxima at 

1387cm \  1440cm‘̂  and 1528cm‘̂  which Sharma and Simmons 1980 suggests relate to 

three separate structural populations. The interpretation of frequency variations is far from 

straightforward, however, it may significant that one V3 component occurs at similar 

frequencies to that of crystalline MgC03 at 1450cm'^ (Huang and Kerr 1960), which 

considering the roles suggested for Mg^ and in the preliminary model of glass 

structure (chapter 3) may suggest a similar local structural arrangement. The C03^ site in 

magnesite has a D3 site symmetry and each C03^ oxygen atom is coordinated to Mg^+ 

cations on octahedral sites, the corresponding site in the glass would necessarily lack the 

three fold symmetry axis demonstrating C2V or lower (Q or CJ site symmetries. The 

presence of low site symmetry C03^ groups with calcite structure ’arrangements’ can be 

supported by observations of low intensity Vj bands in the IR spectra of both crystalline 

magnesite and calcite which have been suggested to be due to anionic deformation of the 

C03 '̂ group (Ross and Goldsmith 1964), however, as suggested above reduction in site
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symmetry could be facilitated by relatively minor distortions of the Mg^ octahedra 

(fig.4.25).

The higher wavenumber V3 component in the MgC0 g-K2C03 glasses at 1528cm’̂  

is at higher frequencies than in any anhydrous crystalline carbonate suggesting 

fundamental differences in the C O ^  site. High wavenumber carbonate asymmetric 

stretches do occur in both acid carbonates and COj-bearing silicate glasses with maxima 

at 1600cm'^ and 1610cm'^ respectively (Kawamoto et al 1961, Fine and Stolper 1986). The 

presence of bicarbonate groups in these glasses seems unlikely however, due to the low 

content, however, the presence of C O ^  groups with similar spéciation to those in 

silicate glasses would seem possible. The higher V3 frequency in C02 -bearing silicate 

glasses has been previously assigned to distortion and loss of symmetry of the carbonate 

group, however, the spéciation of C O ^  in silicate glasses in fundamentally different to 

that in crystalline carbonates, in that, carbonate groups exist as complexes with metal 

cations. Inherent in such a spéciation is the presence of ’non-bridging’ C O ^  oxygens, that 

is, oxygen not coordinated to metal cations. As discussed above the presence of ’non- 

bridging’ oxygens in the acid carbonates leads to the formation of a double C=0 bond 

through electron delocalisation, resulting in complementary increases in stretching 

frequencies. Such a mechanism could be proposed both for metal carbonate complexes in 

silicate glasses and C O ^  groups in carbonate glasses demonstrating ’non-bridging’ 

oxygens (fig.4.26).

The low wavenumber V3 component at 1380cm'^ may also be related to this 

population, since increases in C=0 bond strength in acid carbonates are also related to 

complimentary decreases in bond strength of ’bridging’ C-0 bonds demonstrating lower 

stretching frequencies of 1392cm'\ If the 1528cm'^ and the 1380cm^ V3 components are
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Figure 4.25. Calcite-type structural arrangement for carbonate 
groups.
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Figure 4.26. Non-bridging structural arrangement for carbonate
groups.
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Figure 4.27. Infra-red absorption spectra of COybearing forsteritic 
silicate glasses (After Stolper 1991).
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related to a single C O ^  structural population, degenerate splitting of 148cm'^ is implied. 

Sharma and Simmons|( 1980)rejected such a population since vibrational splitting of the 

V3 mode in crystalline carbonates does not exceed 26cm'^ (Fong and Nicol 1971). 

However, V3 degenerate splitting in NaAlSi03-C02  glasses (Fine and Stolper 1986) is 

135cm'^ suggesting that loss of degeneracy in the presence of ’non-bridging’ oxygens can 

result in vibrational splitting of appropriate magnitudes.

The effects of the structural sites suggested above for C O ^  in MgC03 K2CO3 

glasses on the frequencies of the other internal modes of the carbonate group are difficult 

to evaluate, however, it may be significant that at least one population with similar 

frequencies to magnesite for the v ,̂ V2 and V4 modes appears to exist in a with intensity 

maxima at 1070cm'\ 872cm^ and 747cm'\ The sites suggested are also consistent with 

theoretical considerations of a random three dimensional glass structure in which Mĝ "̂  

exists a ’framework-forming ’ role since there is insufficient Mg^  ̂ to coordinate all C O ^  

oxygens implying the existence of ’non-bridging’ oxygens.

Similar arguments may also be applied to the interpretation of the fundamental 

frequencies of the carbonate internal modes of La(OH)3-CaC03-Ca(OH)2-CaF2-BaS O4 

glasses. The V3 asymmetric mode is also split into four distinct components with intensity 

maxima at 1563cm'\ 1452cm'\ 1437cm'^ and 1346cm'^ one of which is similar to the 

frequencies of the V3 mode in calcite at 1435cm'\ Hence, as above, a C03^ population on 

a site similar to calcite but demonstrating a lower site symmetry is suggested, although 

in this case it seems entirely possible that the bands at 1452cm^ and 1437cm'^ represent 

a degenerate pair. The presence of V3 components at higher and lower wavelength than 

in crystalline carbonates at 1563cm'^ and 1346cm'^ as in the MgC03-K2C03  glasses 

suggests the presence of non-’bridging’ oxygens and indicates very similar structural sites
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for the carbonate ion in both systems.

The discrete well resolved bands in the intermediate region between 3000cm'^ and 

ISOOcm'  ̂are difficult to assign, however, their similarity to the complex modes of simple 

calcite and aragonite structure carbonates suggest that these modes are also related to the 

carbonate groups and represent multiphonon phenomena. The glass spectra demonstrate 

a doublet at 2540cm'^ and 2504cm'^ which relates to the doublet in calcite at 2580cm'^ and 

2520cm'\ a low intensity band at 2130cm‘̂  relating to a band at 2138cm^ in calcite and 

an intense peak at 1770cm'^ relating to a peak at 1795cm^ in calcite. The only significant 

differences between the glassy and crystalline spectra are that the band at 2979cm‘̂  

represents a doublet with another component at 2873cm'^ in calcite, whereas only a single 

peak at 2920cm'^ exists in the glass spectra. As mentioned above, the assignment of such 

bands to particular overtone and combination bands in calcite are tentative, the band at 

1770cm'^ has been assigned to both 2v2 and V1+V4 (Ross and Goldsmith 1964), the band 

at 2130cm^ as V1+V2, the band at 2540-2504cm'^ has been interpreted as V1+V3 and the 

band at 2920cm'^ as 2Vg. The similarity between these glass complex bands and crystalline 

calcite structure carbonates may support the presence of a ’calcite-type’ structural 

population in the glass suggesting Vl-coordinated Câ "̂  and would imply that complex 

modes relate exclusively to this population. However, although complex bands in the 

REE-bearing glass resemble those of calcite in frequency and partially in form, they also 

demonstrate similarities to aragonite complex bands. Aragonite demonstrates a single 

V1+V4 band and a triplet 2Vg as observed in some glass spectra and such behaviour may 

relate to the lower symmetry of carbonate in glass than in calcite. Additionally near 

identical activity is observed in absorption spectra of C02-bearing forsteritic glasses 

(Stolper 1991) which demonstrate bands at 2920cm'\ 2540cm'^ and 1770cm'^ which
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considering the proposed spéciation of groups in these glasses would imply that 

these bands cannot be related specifically to ’calcite-type’ populations, although it is 

notable that the V1+V2 band at 2130cm'^ is absent from these spectra (fig.4.27).

In the MgC03-K2C03 glass spectra only the overtone bands at 2560cm’̂  and 

1745cm^ occur, representing 2V2 and V1+V3 modes, the absence of the other bands may 

be significant as they modes occur in crystalline magnesite which may suggest 

divergences of the ’calcite-type’ population away from the rigid stmcture type.

4.6.4.b Hydroxyls and Hydrates.

The stretching modes of proton groups are inherently complex due to the variety 

of donor-acceptor interactions between hydroxyl and water molecules with electropositive 

ions. The interpretation of these modes in glasses by comparison with crystalline materials 

is further complicated by the poor structural definition of most crystalline hydroxyls and 

hydrates.

The stretching modes of water and hydroxyl groups in these glasses are represented 

by intense asymmetrical composite peaks in both IR and Raman spectra. In the IR spectra 

the composite peak appears to represent at least two components of which the highest 

wavenumber population at 3650cm’̂  is absent from the Raman spectra.

The Vi stretching frequencies of both free OH and H2O groups occur in the range 

3700cm^-3500cm \Sverdov et al 1970), however, both these groups demonstrate IR and 

Raman activity. Similar frequency ranges are demonstrated in compounds in which 

interactions between electropositive ions and hydroxyl or water groups is restricted to 

electrostatic interactions with the oxygen atom of the proton group such as the alkaline 

earth hydroxyls and certain hydrates, for example, Mg(0 H)2 and Ca0 .H2 0 . However, 

stretching modes in most of these compounds are also IR and active. The high
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wavenumber Vj 0-H  stretch must therefore represent some metal hydroxyl or hydrate 

complex in the glass in which interaction is mainly electrostatic and in which the proton 

site is of appropriate symmetry such that spectral activity is restricted to the IR region. 

It is not possible however to suggest to which metal interaction occurs due to the 

variability of stretching frequencies in solid hydrates and hydroxides due to site symmetry.

The lower frequency component of the 0-H  stretching peak extends from ca 

3500cm'^ to 2500cm'^ with an intensity maximum of 3010cm'^ and is both IR and Raman 

active. Similar 0-H  stretching modes are observed in the magnesium carbonate basic 

hydrates (White 1971) and sodium carbonate hydrates (Buijs and Schutte 1961) which 

demonstrate broad peaks with a number of discrete maxima extending across this region. 

In the crystalline hydrates these stretching modes are attributed to both OH and HgO 

groups which variably interact with either each other or COj^ groups via hydrogen 

bonding. The absence of distinct peaks in the glassy spectra suggest less constrained sites 

for such groups than in the crystalline carbonates in which chain like structures were 

suggested, it does however suggest that there may be at least hmited interaction between 

COj^ groups and OH/H2O.

4.7. Implications for Carbonate Melt Structure.

The vibrational spectroscopy of carbonate glasses allows a number of qualitative 

conclusions on the structure of carbonate glasses to be derived, in particular on the 

spéciation of the groups. These qualitative conclusions are also applied to the melt 

phase from which the glasses were quenched notwithstanding fundamental differences 

between glass and melt structures.

The group in these experimentally produced, Ikbar pressure, carbonate 

glasses was suggested above to exist in at least two discrete populations (1) a ’calcite-
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type’ structure relating to cations Vl-coordinated by groups (section 4.6.4.a) and 

(2) a group demonstrating ’non-bridging’ oxygens in MgC03-K2C0 g and La(0 H)3-CaC03 - 

Ca(0 H)2-CaF2-BaS04  glasses. The presence of a ’calcite-type’ structural arrangement may 

suggest the presence of such quasi-crystalline groups in the melt phase, however, the ionic 

nature of the M -0  bond could lead to such populations under close packing conditions 

during glass formation and hence may not represent a true melt phenomenon. The 

presence of non-bridging oxygens in these glasses may well suggest such spéciation in the 

melt with either small neutral carbonate complexes of the form MCO3 or larger negatively 

charged M[C03 ’̂ ]x complexes.

The spéciation of water groups in MgC03-K2C03 and REE-bearing carbonate 

glasses was suggested above to represent mainly metal hydroxyl and metal hydrate 

complexes in the glass with varying interaction with carbonate. However, as discussed in 

chapter 3, changes in the spéciation of water during the glass transition have been 

previously reported and hence a direct comparison to melt spéciations may not be 

guaranteed.

Finally, the absence of molecular CO2 V3 asymmetrical stretching modes from the 

infra-red spectra of both glasses, as observed in C02-bearing silicate glasses at ca 

2460cm'^ (Fine and Stolper 1987), may suggest low concentrations of CO2 in the melt 

phase. However, this is not consistent with the dissociation pressures observed for molten 

carbonates and suggests that these melts demonstrate low solubilities for CO2 which is 

supported by solubility estimates suggested for alkali carbonate melts at low pressures 

(Janz 1967) and may suggest that dissociation constants are much reduced in these 

multicomponent systems at Ikbar.
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4.8 Summary.

• Carbonate glasses demonstrate at least two different structural populations of COg^ 

relating to a ’calcite-type’ and a ’non-bridging type’ arrangement

• In REE-bearing carbonate glasses exists as suggesting relatively oxidising 

redox potentials.

• Water exists as both HjO and OH and interacts with both carbonate groups and metal 

cations by hydrogen bonding and electrostatic forces. Water is not considered to take an 

active role in the glass structure.

• Low CO2 solubility is suggested by the absence of CO2 stretching modes.

• Complex overtones and combination modes of the carbonate ion in carbonate glasses are 

similar to those in aragonite, calcite, magnesite and C02-bearing forsteritic glasses.
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CHAPTER 5 

IMMISCIBLE CARBONATE MELTS.

Immiscibility between silicate and carbonate melts, as briefly discussed in Chapter 

1, is one of the major mechanisms proposed for the evolution of natural carbonate melts 

and the genesis of carbonatites. The discovery of carbonate-carbonate liquid immiscibility, 

presented in this Chapter, has implications both for the structures of carbonate melts and 

the petrogenesis of carbonatites.

Within the following sections the nature of immiscibility as a process will be 

discussed, including considerations of the kinetics and thermodynamics of immiscibility, 

in order to evaluate its relevance to melt structure. This discussion will be concluded by 

a description of the immiscible behaviour of a number of melt types and their relation to 

structure, including the carbonate-carbonate liquid immiscibility derived from the present 

study and its petrogenic implications.

5.1 Immiscibility as a Process.

Immiscibility relates to the development of a multiphase system from a single 

phase system in which all phases are of the same state. As such, immiscibility is closely 

related to other fundamental phase transitions such as crystallisation and non-critical 

vaporisation, although these transitions lead to the separation of phases in different states 

from the initial phase.

Immiscibility, sensu stricto, occurs in all states of matter, in the solid state 

immiscibility relates to exsolution and is observed in many systems such as orthoclase
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(KAlSijOg) - albite (NaAlSijOg) (Robin et al 1974) and augite (Ca(Mg,Fe)Si20g) - 

pigeonite (Mg,Fe)2Si20g (fig.5.1) and occurs by the nucléation and growth of a new 

crystalline phase, usually along a preferred direction, in the preexisting host phase. 

Immiscibility in the gaseous state has only been reported in the system hydrocarbon- 

fluorocarbon-C02  (Missen and Young 1984) and represents a two phase gas close to the 

critical temperature.

Liquid immiscibility occurs in a wide range of systems with varying liquid 

structure types and results in a two liquid coexistence region in P-T-X space. There are 

two main types of liquid immiscibility (1) open-loop and (2) closed-loop, defined by the 

range of the two phase region in T-X space. A two liquid stability region can be defined 

by its critical solution temperatures, in an open-loop immiscible system, such as CaO-Si02 

(Hess 1971) (fig.5.2.a), the two phase region demonstrates closure only at its upper critical 

solution temperature (UCST). A closed-loop system, such as beta picoline-water 

(fig.5.2.b), demonstrates closures at high and low temperatures and hence demonstrates 

both an upper and lower CST.

Extension of a two liquid stability field below the solidus in either an open or 

closed immiscible system results in a region of metastable liquid immiscibility, in which 

two phases coexist in the supercooled liquid and may be preserved as a two phase 

amorphous solid. In certain open-loop systems, such as, Na2 0 -Si02 , Li20 -Si02  (Moriya 

et al 1967) and Ba0 -Si02 (Seward et al 1968) (fig.5.3), the UCST is lower than the solvus 

and immiscibility is entirely metastable and may only be observed in quenched glass 

phases. Furthermore, if the UCST is lower than the glass transition Tg, as in the system 

albite-diopside (Henry et al 1983), metastable immiscibility can only be observed by 

annealing single phase glasses of appropriate compositions.
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5.2 Thermodynamics of Immiscibility.

In immiscible systems the molar Gibbs free energy curve of the liquid mixture 

demonstrates an upward convexity in G-X space (fig.5.4), such that, the total Gibbs free 

energy in this convex region may be lowered by phase separation to phases of 

composition x̂  and Xj, since the weighted molar sum of Ĝ  and Gj (eq.5.1)(fig.5.4, curve 

a) is lower than the Gibbs free energy of the mixed liquid phase (fig.5.4, curve b)?

~  ^2*̂ 2 (5-1)

The thermodynamic requirement for phase equilibria necessitates that the activities

of all components in the two phases are equivalent (eq.5.2-5.4).

(5.2)

a. = x.y. (5.3)

^rYi(r^) = (5.4)

Equation 5.4 is conceptually very important in that immiscibility is the direct result

of non-ideal solution, since the activity coefficients y  must be greater than unity if the two

phases are to be non-identical. Hence, any system demonstrating immiscibility must be 

a non-ideal solution.

The molar Gibbs free energy of a non-ideal mixture is the G of an ideal mixture 

corrected by the excess Gibbs free energy G„ (eq.5.5) which may be derived from either 

experimental data or an appropriate solution model. A simple model for a near ideal 

system is the one constant Margules expression (eq.5.6) in which the constant is a 

function temperature.

G  = Xj.Gj + JCj.Gj + R T (x^]n  + jĉ ln x^) + (5.5) '

G^ = ajc^jc^ (5.6)

At all values of mole fraction x the Gibbs free energy of the mixture is less than 

the weighted sum of the pure component free energies. However, at a certain value of A
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an upward convexity and a two phase region is developed and immiscibility occurs.

The upper and lower critical solution temperatures may be gained from the limiting 

condition for immiscibility, that the second order differential of Gibbs free energy is equal 

to zero, which for the one constant Margules excess Gibbs free energy has a single 

solution of 3R/A at a molar fraction of x=0.5, representing the upper critical solution 

temperature and hence represents a rather simplistic open-loop immiscible system. It is 

evident therefore that systems such as the binary silica-oxide systems which demonstrate 

UCST’s at higher mole fractions are more non-ideal than those modelled by the one- 

constant Margules equation.

Approximate molecular simulations of simple binary systems (Jackson 1991), 

demonstrate that closed-loop immiscible behaviour is favoured by more complex liquids, 

that is those with directional short range interactions ie, covalent bonds. Also the range 

of immiscible behaviour decreases from open-loop to closed-loop with both bond strength 

and pressure and may disappear completely (fig.5.5). Increases in bond strength and 

association, as well as pressure all lead to increasing divergences from ideality. Hence, 

although only non-ideal melts demonstrate immiscible behaviour strong divergences) from 

ideality can also prevent phase separation.

5.3 The Kinetics of Immiscibility.

The kinetics of immiscible behaviour are inherently similar to the kinetics of 

crystallisation and vaporisation in that the nucléation and growth of a new phase occurs 

in the preexisting liquid. Nucléation of a liquid structure within a pre-existing liquid 

structure is conceptually difficult to visualise, but must relate to the development of 

discrete domains of liquid structure in the melt. Such domains are believed to exist in 

many miscible liquids (Chapter 2, Section 2.2.2.b), however, it is clear that once a liquid

219



enters a two liquid stability region, appropriate domains will become energetically 

favourable and increase in size.

The appearance of a two phase liquid as /opposed to a single phase liquid 

containing abundant domains of another liquid structure is problematic, however, a 

conceptual division would be the point at which the domains both approximate to the 

composition of the immiscible phase and define a spherical liquid-liquid boundary. As 

with crystalline nucléation it seems probable that a critical radius will exist as the result 

of a balance between internal and surface energies (Chapter 3 Section 3.1.2.a). The growth 

rate of a melt nucleus like crystalline nuclei will be a diffusion dependent processes, the 

impetus relating to the chemical gradient, while the surface energies and viscosities of the 

liquid act as impeding factors.

Once melt nuclei have been generated the evolution of the system will depend 

essentially upon the phase equilibria. In systems in which the ratio of volumes of 

immiscible liquids are approximately unity, rapid growth of interconnecting ’symplectic’ 

immiscible melts will occur (Chen et al 1991), which depending on the surface energies 

and viscosities of the system will increase in size until a discrete melt phase is produced. 

The rate of coalescence will increase with surface tension and decrease with system 

viscosity. In systems in which the volume fraction of immiscible melt is less than 0.2, 

droplets will evolve and grow by coalescence on collision into a discrete melt fractions, 

however, the growth rates would be expected to be smaller in such a system. It has also 

been suggested (Chen et al 1991) that systems with boundary walls will demonstrate more 

rapid melt aggregation by cohesion surface effects, which may have implications for 

natural immiscibility in magma chambers. Note, convecting systems will also demonstrate 

increased melt fraction growth rates due to increased droplet collisions.
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The coalescence of two immiscible droplets is a function of both the surface 

tension and viscosities of the two immiscible liquids and occurs by rupturing of the matrix 

melt once droplets have approached approximately 0.5 nanometres (Mackay 1963). 

Additionally, droplet coalescence in low viscosity melts results in surface-tension induced 

vortex mixing which reduces chemical equilibrium times (Anilkumar et al 1991). Close 

approach of droplets must however be the result of intersecting trajectories as liquids will 

not transmit strain except over short ranges. Petrological examples of the effects of surface 

tension in immiscible liquids are well demonstrated by spherical aggregation in the 

Bushveld complex in which orthopyroxene phenocrysts are interlinked by immiscible 

menisci (Lee and Sharpe 1980) indicating that immiscible liquids can | affect the 

distribution of crystalline phases in a two liquid system.

5.4 Immiscible Systems.

Stable and metastable liquid immiscibility occurs in a large range of systems 

between liquids of varying structure type. Common immiscible behaviour occurs between 

network-ionic, network-molecular, network-network, metal-metal and ionic-ionic melts. 

Within this Section the immiscibility of silicate melts will be discussed in order to give 

an insight into the structural and compositional controls on liquid phase separation.

5.4.1 Silicate-Oxide Systems.

Liquid immiscibility in silicate-oxide systems occurs as both stable and metastable 

two liquid regions generally at high SiOj contents. The compositions of the coexisting 

melts can be related, at least in simple binary systems to the oxide component, which in 

the miscible single phase melt effectively controls the structure of the silicate network. 

Phenomenologically the extent of the two liquid field is related to the number of liquidus 

crystalline phases and their degree of polymerisation, systems with large numbers of
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Metal
Oxide

SiO, SiO; s i A S i,0 , Extent of two liquid field. 
In mole% metal oxide

K , 0 - 976 1045 770 metastable

N a,0 1120 1089 874 - metastable

LijO 1255 1201 1039 - metastable

BaO 1750 1600 1420 metastable

SrO 1800 1580 - 20

CaO 2130 1544 - 28

MgO 1890 1557 - 40

MnO 1345 1291 - 41

FeO 1200 - - 36

ZnO 1512 - - 35

CoO 1420 - - - 48

Crj0 3 - - - - 93

AI3 O 3 - - - - metastable

TiO^ - - - - 91

Table 5.1 Liquidus temperatures for some silicate compounds and the 
composition of metal rich immiscible liquids. Note, apart from Al^O, the extent 

of the two liquid field qualitatively correspond to the number and level of 
polymerisation of the crystalline compounds (After Hess 1977).
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liquidus phases with varying polymerisation tend to demonstrate limited frequently 

metastable two liquid regions, whereas systems with few liquidus phases generally 

demonstrate large stable regions of two liquid coexistence (Table 5.1, Hess 1977). The 

existence of large numbers of liquidus crystalline phases with varying degrees of 

polymerisation suggests a high degree of solubility of the oxide component in the silicate 

network and may suggest similar behaviour in the melt.

The structure of a silicate melt is related directly to the degree of polymerisation 

(Hess 1971), highly polymerised melts such as pure SiOg demonstrate few ’non-bridging’ 

and ’free’ oxygens since nearly all oxygens ’bridge’ SiO^ tetrahedra, however, with 

increasing metal oxide contents non-bridging oxygens are required to charge balance 

network modifying metal cations and satisfy metal site requirements, hence 

depolymerisation of the silicate network occurs. In highly polymerised melts ’non

bridging’ oxygens due to their low concentration are dispersed throughout the volume of 

the melt and hence it may be impossible to achieve a charge balancing coordination 

polyhedra for metal cations, the Gibbs free energy of such a system may be reduced by 

collection of ’non-bridging’ oxygens resulting in a melt with regions of localised order 

(c.f Chapter 3 Section 3.1.5.a). Such, domains or clusters will be associated with an 

inherent interfacial energy which will contribute to the positive free energy of mixing of 

the melt, interfacial energy may be reduced by collection of such regions into discrete 

liquid phases such that the surface area to volume ratio is reduced.

Hence, in simple binary silicate melts the important factors in the formation of an 

immiscible pair are (1) the degree of polymerisation (2) the charge balancing demands of 

the cation and (3) the magnitude of the interfacial energy. The degree of polymerisation 

of the melt and the charge screening demands of the cation can be related to the field
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strength of the cation (Hess 1969, Table 5.1). It is notable that the UCST of silicate-oxide 

binary melts such as the alkali-silicates decrease with field strength (fig 5.6).

There are, however, notable exceptions to the above generalisations. Systems 

containing AI2O3 do not demonstrate stable liquid immiscibility as would be predicted 

from field strength (MacDowell and Beall 1969), which is a function of the dual role of 

A P  in the silicate melt, since Al^ may be incorporated both as a network modifying 

cation and a network forming tetrahedra AIO4. Similarly, systems containing high field 

strength cations such as Ti'^ and Cr^ depart from the generalised behaviour demonstrating 

extremely wide fields of immiscibility with nearly pure end member coexisting liquids. 

One possible explanation for such behaviour is that the charge screening demands of such 

cations are so high that they result in depolymerisation of the silicate network forming 

free-oxygens.

Immiscibility in ternary silicate-oxide systems is inherently more complex due to 

the effects of non-ideality, for example, the metastable two phase region in Li20 - or 

Na20 -Rb20 - or Cs20 -Si02  glasses demonstrates increasing negative deviations from the 

molar averaged binary two phase regions with increasing field strength difference between 

the cations and relates to the mixed alkali effect (Yawamoto 1983).

Ternary systems containing AI2O3 demonstrate effects relating to the incorporation 

of Al^ into the silicate network, for example, in the system Mg0 -Si02-Al203 (fig 5.7) a 

temperature minimum exists in the liquid field in the central region of the ternary 

(Galakhov et al 1976). Such behaviour relates to the incorporation of all A P  as network 

forming AIO4 tetrahedra at Mg0 /Al203=l with all Mg^ charge balancing these units such 

that it does not require non-bridging oxygens. Wlhereas at Mg0 /Al203>l some Mĝ '  ̂must 

be charge balanced by non-bridging oxygens and at Mg0 /Al203<l some A Ÿ *  must exist
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225



as network modifier as there is insufficient charge balancing Mg^ to stabilise all AIO4 

tetrahedra.

Also ternary systems containing multivalent cations, such as Fe^^/Fe^, 

immiscibility is also a function of fOi, as increases in oxygen fugacity lead to higher 

valence state network modifiers with higher charge balancing requirements. For example, 

in the system K^O-FejOj-AljOj-SiOj increases in fOj result in the less polymerised 

coexisting melt becoming nearly a pure oxide melt (Roedder 1951) also suggesting that 

the behaviour of Fe^ is similar to that of Ti'*̂  and Cr^.

5.4.2 Silicate-Sulfide Systems.

Liquid immiscibility in silicate-sulfide systems represents phase separation between 

two network melts and again relates mainly to the polymerisation state of the silicate 

component. Phase separation in simple silicate-sulfide systems, such as, SiOi-FeS results 

in a coexisting highly polymerised SiOj melt and nearly pure sulfide melt suggesting large 

positive free energies of mixing between these two components which is supported by the 

low solubility of sulfur in silicate liquids (<1.0 wt%) which decreases with polymerisation 

state of the silicate melt (Haughton et al 1974).

As above, the widest two liquid fields occur in the systems demonstrating the most 

polymerised silicate melts, for example, in the system FeS-Fe0 -Si02-Na20  the extent of 

the two liquid field decreases with the NajO content (fig.5.8). Possibly the most 

significant feature of silicate-oxide-sulfide systems is the presence of stable three liquid 

coexistence fields in which a highly polymerised silicate melt, an oxide rich metasilicate 

melt and a pure sulfide liquid coexist suggesting large positive free energies of mixing 

between all three liquids (Shimazaki and Clark 1973)(fig.5.9).
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5.4.3 Silicate-Carbonate Systems.

Liquid immiscibility between silicate and carbonate melts occurs in a wide range 

of systems, however, experimental [data are restricted to those systems applicable to 

carbonatite genesis. As in the previous systems silicate-carbonate immiscibility has been 

essentially related to the degree of polymerisation of the silicate component.

In the system Na2C03 -CaC03-Al203-Si02  the immiscible field extends over a large 

range of compositions (fig.5.10), but narrows with increasing CaC03 content. Such 

variations however, are inconsistent with the generalisations made for silicate-oxide 

systems, in that increases in the higher field strength Ca^  ̂ cation as a network modifier 

in the silicate melt should lead to increases in immiscible behaviour due to charge 

screening demands and suggest that the presence of ionic group affects the

behaviour of metal cations in the silicate component.

Considerations of the spéciation of CO2 in silicate melts, however, reveal that CO2 

is incorporated into silicate melts by reaction with ’non-bridging’ oxygens to C03^ which 

form metal-carbonate complexes with network modifying cations (Fine and Stolper 1987, 

Mysen and Virgo 1980). The formation of metal-carbonate complexes in a silicate melt 

implies that the charge balancing demands of network modifying cations will be met by 

the C03^ group and hence, non-bridging oxygens will not be required to charge balance 

metal-carbonate complexes, hence, the silicate component wiU effectively become more 

polymerised. However, in silicate systems containing AI2O3 in which Al^ occurs as a 

network former, the charge balancing requirements of the AIO4 tetrahedra are met by 

network modifying cations, hence, effective removal of these cations by carbonate 

complexation results in depolymerisation by incorporation of Al^ as network modifying 

AlOg rather than AIO4, the degree of depolymerisation of aluminosilicate melts depends
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Figure 5.11. Immiscibility in the system Na^CO^-SiOi-Al^O^-CO^ at 

5kb, 1250"C (Koster van Groos and Wyllie 1966).

229



on the potential of the metal cation to complex with carbonate. For example, in the system 

NaAlSijOg-CaAliSijOg-COj (Mysen and Virgo 1980) the increased stability of CaCOj 

complexes (c.f. Chapter 2, Section 2.3.2.b) leads to increased depolymerisation with 

CaAl2Si20g content as indicated by the lower viscosities of such compositions (Brearley 

and Montana 1989), it is also significant that the solubility of CO2 in such melts also 

increases (Mysen and Virgo 1980a). The narrowing of the two liquid field in the system 

Na2C03 -CaC03-Al203-Si02  with increasing CaC03 , therefore, can be related to the 

depolymerisation of the aluminosilicate melt by carbonate-complexation.

Studies in the system Na20 -Si02-Al203-C03 (Koster Van Groos and Wyllie 

1966)(fig. 5.11) support the above generalisations in that increasing AI2O3 content results 

in closure of the two liquid field as the result of depolymerisation of AIO4 tetrahedra. 

However, the two liquid field also closes at low AI2O3 contents, although theoretical 

considerations suggest that the immiscible field should be widest on the Si02~Na2C03 join. 

However, all the immiscible pairs discussed in this Section are associated with a 

coexisting CO2 vapour, hence, due to the lower solubility of CO2 in more polymerised 

silicate melts it seems possible that CO2 would be preferentially partitioned into the 

vapour phase reducing the C03^ content of the melt at any total CO2 content. Such a 

hypothesis can be indirectly supported by the observation that in the system KAlSi30g- 

K2CO3 the two liquid vapour present field at 5 kbar is wider than the corresponding 

vapour absent field at 20 kbar (Wendlant and Harrison 1979) presumably due to the 

higher C03  ̂ content of the aluminosilicate melt under vapour absent conditions.

The water content of the silicate melt also affects the extent of the two phase 

region, for example, in the system NaAlSi30g-CaAl2Si20g-Na2C03-H20  the presence of 

water results in decreases in the extent of silicate carbonate immiscibility (Koster Van
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Groos and Wyllie 1973). Such effects relate to the effects of OH incorporation on the 

polymerisation of the silicate component, in that reaction of OH to H%0 occurs by reaction 

with ’bridging’ oxygens resulting in depolymerisation (Stolper 1982).

5.5 Carbonate-Carbonate Liquid Immiscibility.

Liquid immiscibility between two coexisting carbonate melts has never been 

unambiguously reported and if such melts are treated as structurally simple solutions is 

theoretically impossible. However, the discovery in this study of two carbonate 

immiscibility in the system La(0 H)3-CaC03-Ca(0 H)3-CaF2-BaS04  preserved as glasses 

in quenched run products substantiates previous ambiguous suggestions of carbonate- 

carbonate coexisting liquids in the system Al203-Si02-Na2C03-CaC03  at 15 kbar (Brooker 

and Hamilton 1990) and is supported by the subsequent discovery of two carbonate liquid 

immiscibility in the glass forming system K2C03-MgC03 at 10 kbar\

Immiscibility between two ionic liquids occurs between many ionic melt pairs, 

however, all examples of such behaviour relate to immiscibility between melts with 

different structural groups, for example, KCl-NaF immiscibility (Janz 1960) and is hence 

fundamentally different from the phenomena discussed here.

5.5.1 The System La(0 H)3-CaC0 3 -Ca(0 H)2-CaF2-BaS0 4 .

The two liquid field in this system extends from the CaO vertex of the CaO-BaO- 

La203 projection to ca 10wt% BaO on the CaO-BaO join and ca 40 wt% La203 on the 

CaO-La203 join (fig.5.12). The high REE two liquid boundary demonstrates two distinct 

parts, the sub-liquidus boundary which separates phase regions of one and two liquids and 

crystals and the supra-liquidus boundary which separates crystal-free one and two liquid 

phase regions. The position of the sub-liquidus boundary is a function of temperature

 ̂ Dobson D. (1993). work in progress.
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Run 10/625 16/625 20/625 10/675

REE-rich liquid

Ca'" 38.14(2J) 36.91(4.42) 33.49(2.4) 37.17(2.4)

Ba-" 5.02(0.3) 4.58(0.4) 4.76(0.4) 6.74(0.4)

La'" 10.09(0.2) 14.97(2.0) 17.46(1.59) 7.56(0.8)

5“" 0.9(0.1) 0.84(0.1) 0.89(0.1) 1.34(0.8)

F 4.32(0.5) 4.09(0.8) 3.55(0.5) 5.44(1.25)

Total 58.46(3.6) 61.38(7.7) 60.15(4.9) 58.25(5.6)

Ca^"-rich liquid

Ca"" 55.40(3.3) 32.10(3.1) 24.45(2.5) 55.77(2.9)

Ba"" - - - -

La'" - - - -

S'" - - - -

F 27.98(5.7) 5.12(3.2) 0.94(0.9) 31.24(1.7)

Total 83.38(9.0) 37.22(6.3) 25.42(3.4) 87.01(4.6)

Table 5.2, Compositions of a number of coexisting immiscible liquids in wt%. 
Note, values presented represent the mean of 15 separate WDS analyses. Standard 

deviations are shown in brackets.
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extending to higher BaO contents with increasing temperature, whereas the supra-liquidus 

boundary demonstrates little variation with temperature and lies close to the experimental 

starting compositions used in these experiments, resulting in small immiscible melt 

fractions in run products. The transition at the liquidus is presented as discontinuous in 

figure 5.12 related by immiscible tie lines, however, this is merely a function of the 

projection.

The low REE boundary is located at an invariant point in CaO-BaO-LajOa phase 

space, which is unsatisfactory for a coexisting immiscible melt, however, variations in 

fluorine and calcium from ca 30-1 wt% and 60-25 wt% occur with increasing LajOj 

content (5-40 wt%) in the REE-rich coexisting melt indicating that the low REE boundary 

forms a univarient curve in CaC03-Cap2-Ca(0 H)2 space.

The compositions of a number of coexisting melt pairs are shown in table 6.2 with 

estimates of the accuracy of the analyses. It is notable that the partitioning of La^ and 

Ba^  ̂into the REE-rich melt is highly efficient as concentrations in the Ca^-rich melt are 

below the detection limit of the instrument, it is also evident that the sulphur content 

relates essentially to the Ba^ component as it is also absent from the Ca^^-rich melt. The 

analytical uncertainty listed in table 5.2 relates to specific problems encountered in the 

analyses of these glasses, which were conducted using the Microscan 9, JEOL 933 and 

Hitachi microprobes in both energy dispersive (EDS) and wave dispersive (WDS) spectra 

modes. Systematic errors arise through the volatilisation of both and F  by the 

electron beam and through the interference of La^ and Ba^  ̂ x-ray emission lines. 

Volatilisation results in variable totals even with diffuse beam spots particularly for 

analysis by WDS in which higher accelerating voltages of 20 KeV are required. The 

lanthanum-barium interference results in shifted ^ d  in combination with volatilisation,
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variable totals for these elements and is most severe for EDS analyses. Computational 

correction for these two inter-related effects was found ineffective and reproducibility was 

taken as the indication for reliable results, mean values were adopted for liquid 

compositions. The analytical error involved in the analyses of these samples necessitated 

the choice of projection utilised for the display of the phase relations.

Texturally the Ca^^-rich subordinate melt occurs as spherical or elongate crystal- 

free glassy blebs of between ca. 20-40 microns diameter in a crystal and vesicle-bearing 

matrix of the REE-rich glass (Plate 5.1). The Ca^-rich blebs and the liquidus crystalline 

phases are predominantly fractionated to the base of sample capsules and the Ca^ blebs 

frequently are collected into clusters in which bleb sizes may be larger. The increase in 

dimensions of blebs in clusters and occasional ’dumbelP shaped blebs strongly suggests 

coalescence of the subordinate melt fraction into a discrete phase. Surface tension effects 

such as the collection of liquidus crystals on bleb surfaces also occur.

The lowest temperature two phase glasses derived in this system, at 625°C are 

anomalous since in the simple ternary system CaC03-Ca(0 H)2-CaF2 melts of the same 

composition as the Ca^-rich coexisting melts are subliquidus and hence should be crystal- 

bearing. The absence of liquidus crystals from the subordinate glass blebs might suggest 

that the two phase region is metastable, that is, that phase separation occurs in the 

supercooled liquid during the quenching process and hence does not represent 

immiscibility at run temperatures. However, the fractionation of both liquids and crystals 

to the capsule bases and the formation of clusters of immiscible droplets suggests that 

they represent an equilibrium texture, that could not be produced at the quench rates 

utilised, that is, ca 400 Cs \  Hence, it is seems probable the Ca^-rich melts are stabilised 

by their surface energies, which also implies that coalescence into a discrete melt phase
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Plate 5 .1 . SEM photographs of subliquidus REE-bearing glasses, showing the darker Ca^^-rich 
subordinate immiscible blebs (B(, contained in the lighter REE-matrix glass (R). Note, subordinate 

melt blebs are generally spherical except where in contact with crystalline phases, LaOOh (L), 
barites (S) and calcite (C). Additionally note the presence of small vescicles (V). Samples shown are 

16/625 (a,b), 30/675 (c) and 30/625 (d), the first number referring to wt% La(OH); in the starting
mixture and the second run temperature.
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will result in crystallisation of liquidus phases.

It is notable, however, that immiscibility was not reported in previous studies in 

this system (Jones and Wyllie 1983), although, anomalous ’variable’ refractive indexes 

were derived from glass samples which might suggest the presence of two glasses (Jones 

1992). The appearance of well defined immiscibility in the present study may, however, 

relate to variations in run fOj from the previous study, since this was not specifically 

constrained and may be expected due to the different experimental techniques utilised 

(Chapter 3, Section 3.3.1.a). Additionally, the small volumes of Ca^-rich melt in the 

supra-liquidus runs and the small divergences of the matrix glass from starting 

compositions suggest that sample compositions in this study lie close to the two liquid 

boundary and hence only small variations would be required to inhibit the development 

of immiscible pairs.

5.5.2 The System NajCOj-CaCOa-AljOa-SiOj.

The two liquid field in the system Na2C03 -CaC03-Al203-Si04 has only been 

determined at 15 kbar (Brooker and Hamilton 1990) and is absent from this system at 5 

and 12 kbar. Phase separation in this system occurs between a mixed alkali carbonate 

melt, a pure CaC03  melt and an alkali silicate melt (fig.5.13) and is similar to the three 

liquid field in silicate-oxide-sulfide systems (fig.5.9) in that it is bounded on two sides by 

two liquid fields and a one liquid field. Additionally, added MgO, BaO and KjO is 

preferentially partitioned into the mixed carbonate melt fraction.

Texturally this system is complex due to the lack of glass formation in this system, 

hence, both carbonate melts occur as crystalline aggregates or single crystals, however, 

the CaC03  melt occurs frequently as spherical single crystals suggestive of a liquid-liquid 

boundaries and the mixed carbonate as a matrix of intergrown crystalline carbonates.
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Figure 5.13. Two carbonate immiscibility in the system Na^CO^ 
-CaCO^-Al^CO^-SiO; at 15kb, 1250°C (Brooker and Hamilton 1990).
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Figure 5.14. A schematic phase diagram of the immiscible field 

in the system MgCOj-KjCO, at 10 kbar (Dobson 1993).
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It is notable that pure CaCOj liquids are unstable at the pressures and temperatures 

of these experiments, which are below CaCOj solidi, the existence of a melt was not 

explained by Brooker and Hamilton but is suggested here to occur due to a similar 

mechanism as suggested for the Ca^-rich melt blebs. Within this system no evaluation can 

be made of the equilibrium of the run textures and hence it is unclear jwhether the 

immiscibility is metastable.

5.5.3 The System MgCOa-KjCOj.

Recent studies of phase equilibria in this system at 10 kbar demonstrate the 

existence of a two liquid field in the eutectic region of the phase diagram^ (fig 5.14), as 

above, no two liquid field exists at 1 kbar (Chapter 3, Section 3.3.l.c).

5.6 Implications for Carbonate Melt Structure.

As discussed above, a prerequisite for liquid immiscibility is a large free energy 

of mixing, relating to a lack of solubility between two components, which in the liquid 

state must relate to significant differences in the structure of two melt components. In 

silicate systems this is suggested to result in the formation of clusters of local order and 

subsequent phase separation. Immiscible behaviour in silicate-oxide systems is 

conceptually similar to that in carbonate-carbonate systems since, apart from melts with 

high field strength oxides, phase separation occurs between two silicate network melts, 

a tectosilicate and a metasilicate melt, whereas in carbonate systems immiscibility occurs 

between two carbonate melts of presumably different structures. It is perhaps notable that 

in the carbonate systems discussed above the partitioning of incompatible elements 

between the two liquids is more efficient than even in silicate liquids, although this may 

be a function of the lower viscosities which will ultimately lead lower activation energies 

for exchange of species between coexisting melts, it must also relate to significant
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differences in melt structure.

It is notable that in the two systems with a CaCOg component one of the 

coexisting melts is CaCOj-rich, since from the discussions on carbonate melt structure 

(Chapter 2) CaCOj melts should demonstrate the highest degree of metal carbonate 

complexation, it may be reasonable to assume that the structure of this melt comprises of 

relatively large molecular networks in which carbonate groups are ’bridged’ ionically by 

Ca^  ̂ cations. The other component ’mixed’ melt which would demonstrate lower levels 

of complexation may represent a more simple solution of carbonate groups and metal 

cations or oxide polyhedra. Such a configuration could lead to the efficient partitioning 

of ’incompatible’, that is, poorly complexed species into the least complexed melt.

Liquid immiscibility in the system KjCOj-MgCOj system may also relate to such 

melt configurations, with the complexed melt represented by the Mg^-rich component. 

However, as discussed in Chapter 2 although the bond strength of Mg^ to COg^ is higher 

than that of Ca^, polarisation of C-0 bonds leads to enhanced dissociation and reductions 

in complexation. The CO^^ group may be stabilised, however, by the presence of 

leading to lower equilibrium constants for dissociation increasing carbonate-metal 

complexation which may explain why one of the coexisting melts is not a pure MgCO^ 

liquid.

The occurrence of two carbonate liquid immiscibility only at high pressures in the 

systems NajCOj-CaCOj-AljOj-SiOj and K^CO^-MgCOg may also be related to the 

dissociation of the C O ^  group, since, as discussed in Chapter 2, increases in pressure 

leads to decreases in dissociation and Icomplementary increases in complexation. Hence, 

it is suggested that immiscibility occurs once the pressure is sufficient to impede 

dissociation such that a relatively complexed melt component with relatively large
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molecular groups evolves. Furthermore, if immiscibility between carbonate melts is related 

to the level of complexation of one component of the melt dependence on the fOj would 

be expected due to its effects on complexation, such a conclusion is supported by the 

observations made above for the REE-bearing carbonate melts.

5.7 Petrological Implications.

In their study on the system Na2C03~CaC03 -Al203-Si02  at 15 kbar Brooker and 

Hamilton (1990) suggested that three liquid immiscibility could lead to the generation of 

natrocarbonatite and calcium carbonatite melts contemporaneously and that the higher 

density of the calcium carbonate melt would lead to its late eruption. However, as 

discussed above it is not clear from the textural relations in this system whether the 

immiscibility is metastable, hence, doubt must be cast upon such mechanisms.

However, the texturally unequivocal stable two liquid field in the system La(0 H)3- 

CaC03-Ca(0 H)2-Cap2-BaS04 , derived in this study, has implications for the later stage 

development of carbonatite complexes. This system represents a synthetic Mountain Pass 

carbonatite composition and was used by Jones and Wyllie (1983) to demonstrate that 

bastnaesite can be precipitated directly from a carbonatite melt. The existence of liquid 

immiscibility in this system provides a mechanism by which small volumes of CaC03 

melt can be generated from a REE-rich carbonatite magma, such as the Mountain Pass 

magma, which may result in late stage calcite veining, since this melt is denser than the 

host magma, where the evolution of such calcite veining would be difficult to justify in 

terms of fractionation. Alternatively and perhaps more significantly since the REE-rich 

Mountain Pass carbonatite is an isolated occurrence, the two phase region also provides 

a mechanism by which a fluorine-bearing calcium carbonatite magma could generate small 

volume late stage REE-carbonate liquids which due to their lower solidi temperatures
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could intrude the host sovite body. Additionally small variations in La^ and Ba^  ̂ in the 

parental sovitic magma would result in large variations, of up to 40wt% La(OH)g in the 

REE-rich melts, also providing a mechanism which is not dependent on a fractionation 

process.

Finally the presence of immiscibility in the relatively simple system K^CO^-MgCO^ 

has implications for the overall genesis of carbonatites, specifically the generation of 

alkali-carbonatite and magnesio-carbonatites through immiscibility from a single host 

carbonatitic magma, but also to carbonatites in general since primary ’mantle’ derived 

carbonatite melts are believed to be Mg^^-rich and incorporation of may occur through 

the partial melting of phlogopite- or richterite-bearing peridotites. Additionally, 

immiscibility in this system may suggest immiscibility in other simple binary systems at 

high pressure, for example, the system KjCOj-NajCOa-CaCOa has only been studied at 

low pressures and may develop immiscibility at higher pressures, such two phase 

immiscibility would however, be texturally complex due to the lack of glass formation and 

since the immiscible melt fractions in the system KjCOj-MgCOj are extremely small 

dimensions and could be easily obscured by crystal growth.

5.8 Summary.

• Immiscible behaviour implies divergences from ideality and relates to a lack of solubility 

of one or a number of components in a melt.

• Immiscibility in silicate systems relates to the polymerisation state of the! silicate 

liquid and occurs between melts with high- and low- polymerisation.

• The two liquid field in the system La(0 H)3-Ca(0 H)2-CaC03-CaF2-BaS04  at 1 kbar 

pressure occurs between a fluorine-bearing calcium carbonate melt and a REE-bearing 

carbonate melt.
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• It is suggested that carbonate-carbonate immiscibility occurs due to the lack of solubility 

of ’incompatible’ poorly complexed components in a highly complexed CaCOg-rich melt.

• Two carbonate immiscibility offers a mechanism by which either late stage calcium 

carbonatite melts could be derived from a REE-rich carbonatite magma or alternatively 

late stage REE-rich carbonatite melts from a calcium carbonatite magma which is not 

dependent on crystal fractionation.
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CHAPTER 6

THE COMPUTER SIMULATION OF CARBONATE MELTS.

The technical and theoretical difficulties of deriving quantitative data on the 

structure of carbonate melts have been discussed at length in the preceding chapters and 

it is clear that data derived from the study of glasses and interpretation of the behaviour 

of carbonate melts gives only limited qualitative information of the structure of the melt. 

In order to determine a quantitative description of melt stmcture it is necessary to conduct 

computer simulations of the microscopic behaviour of the melt.

There are two basic levels of simulation available, both of which were conducted 

in this study, simulation at the classical mechanical level and ab initio quantum 

mechanical simulation. The classical mechanical treatment of carbonate melts allows the 

calculation of probable structural and physical properties at simulated temperature and 

pressure, the specific method adopted was that of molecular dynamics which unlike Monte 

Carlo simulations allow calculations of the dynamic properties of the melt. The quantum 

mechanical simulations are restricted in their applicability to static ordered systems and 

are capable of modelling either crystals or molecules. The simulation of crystals was 

adopted in this study since the geometry of carbonate-metal molecules is unknown and 

the optimisation of the empirical expressions used is more realistic in systems with well 

established boundary conditions such as a crystal lattice.

Within this chapter the theoretical aspects of these simulation techniques will be 

discussed in order to give an appreciation of the level of approximation inherent in the
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subsequently presented results.

6.1.Theoretical Aspects of Molecular Dynamics.

Molecular dynamics is a computational technique which simulates the time 

evolution of a system through the solution to Newton’s equations of motion for the 

component molecular and atomic particles. The solution of Newton’s equations of motion, 

which are continuous in respect to time, is achieved by an integration algorithm applied 

to small discrete time steps, from which the trajectories of all particles are derived and 

which for small enough time steps gives a good approximation to the continuous evolution 

of the system. The advantages of Molecular Dynamics (MDS) over other simulation 

techniques is that the treatment of dynamic variables allows direct incorporation of 

fundamental state variables such as temperature and complex physical behaviour such as 

anharmonisity. As a simulation based on Newton’s equations of motions MDS represents 

a classical approximation.

6.1.1 Solutions to Newton’s equations of Motion.

The solution of Newton’s equations of motion is fundamental to the MDS 

technique and is achieved using a step-wise integration algorithm. Newton’s equations of 

motion represent a series of ordinary differential equations the solution of which is 

relatively trivial by a finite difference approach. If the positions r, velocities v and 

accelerations a of all particles are known at time (t) then their values at time (t+5t) may 

be derived. There are a large number of different algorithms for the solution of the 

equations of motion, only that utilised in the adopted MDS code FUNGUS will be 

described here. All algorithms are based on the Taylor expansions of the equations of 

motion (eq.6 .1).̂ ^
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r { t + 8 t )  = r ( t )  + r(f)ôr + + ... (6 .1)
2 6

where

r ^  —  ^ v r ^ —  ̂ a r ^  —  -  b
dt dt^ dt^

6 .1.1.a The Verlet Algorithm.

The Verlet algorithnfuses Taylor’s expansions for r(t-5t) and r(t+5t) (eq.6.2)

allows the second order terms to be cancelled giving equation 6.3.

r(r-5r) = r(f) -  v { t ) 3 t  + (6 .2)

r(r+50 = 2r (0  -  r { t - b t )  + a(05r^ (6.3)

where

a { t )  = (6.4)
m

The Verlet algorithm does not require iteration and is computationally attractive

as the velocities v(t) do not need to be stored, additionally the use of the term r(t+6t)

introduces symmetry in respect to time, making the algorithm fully time reversible. The

accuracy of the Verlet algorithm is 5t̂  which is sufficient for most applications.

However, due to its absence from the Verlet algorithm velocity must be

specifically calculated (eq.6.5), in order to allow the calculation of total kinetic energy

(eq.6 .6), the accuracy of v(t) is however only 5t̂ . Also the lack of velocity specifically

in the equations of motion prohibits velocity scaling, however, a modified ’leap-frog’

Verlet algorithm may be used which incorporates a velocity calculation by the

introduction of a half step (t+V^t) specifically to enable velocity scaling (eq.6.7-6.9).

v(0 = K/^80 - n t-^ t)  (g g)
25r

m  = l E l  (6 .6 )
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r { t + b t )  = r i t )  + y(f+_l6f)6f (6.7)

v(r+i-50 = v { t - l . b t )  + a { t )^ t^  (6 .8)
2 2

v(r) = 2(v(f+A6f) + v(f-ASf)) (6.9)

6.1.l.b The Equations of Motion of Rigid Molecules.

In many simulations molecules are treated as rigid bodies with a number of distinct 

mass centres representing atomic positions and subsequent moments of inertia and a 

discrete centre of mass. The treatment of molecules as such rigid bodies is validated by 

the differential bond strengths of inter- and intra-molecular bonds, intra-molecular bonding 

being at least an order of magnitude stronger.

A consequence of the presence of rigid molecules is that as well as the 

translational equations of motion the rotational equations of motion must also be solved, 

such solutions are inherently involved due to the complexity of coordinate conversion 

between space fixed and body fixed space reference frames (fig 6.1). Additionally 

mathematical singularities associated with the use of trigonometrical functions in three 

dimensional space necessitate complex four dimensional treatments of the equations of 

motion.

The MD code used for this study FUNGUS does not treat molecules as rigid 

bodies sensu stricto utilising limited empirical multipolar potentials to maintain molecular 

shape, an approach which is conceptually more realistic. Hence, the solutions to the 

rotational equations of motion will not be discussed, it is however notable that a rigid 

body treatment greatly simplifies the treatment of long range multipolar interactions 

(section 6 .1.2 .b).
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6.1.2 Interatomic Forces.

Implicit in the solution to Newton’s equations of motion is the calculation of the 

acceleration a(t) through the evaluation of interatomic forces. The force acting on any 

particle i is the sum of all component forces due to interactions with all other particles 

which may be expressed in terms of the potential energy of interaction (py between two 

particle i and j at a separation of r^ (eq.6 .10).

(6 .10)

The calculation of forces is the most computationally expensive section of a MDS 

code as it requires the summation over aU interactions. The potential energy due to these 

interactions is represented by the summation in equation 6.11 in which the first term 

represents the effect of an external potential field, such as container walls, the second term 

represents the potential energy due to the interaction of two particles, or the pair potentials 

and the higher terms represent the potential energy due to interactions between increasing 

numbers of particles. Except for certain specialised simulations the external potential term 

is usually zero in MD simulations and the multipolar higher order terms are usually 

assumed to be negligible and equation 6.11 simplifies simply to a consideration of the pair 

potentials.

- (pXn) + + 1 ^ 1  E L ‘Pi/*

6.1.2.a The Pair Potential.

The pair potential may be split into four components (1) the long range 

electrostatic potential (2) the short range attractive dispersive potential (3) the short range 

repulsive potential and (4) the covalent bond potential.

The long range electrostatic potential relates to a simple coulomb monopole- 

monopole interaction which is simply a function of the charges of the two particles % and
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Figure 6.1. The relation between space and body fixed reference
frames.

9

9(r) » A,axp(-3^) -

3m3m
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Figure 6.2. Short range attractive dispersive and repulsive 
interactions, a. shell-core, core-core and shell-shell interactions, b. 

covalent variant of a.

a.

Figure 6.3. General Multipolar interactions showing the two 
conceptual types a. inter-molecular multipolar interactions and b. 

intra molecular multipolar interactions.
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qj, their separation and the permittivity of free space (eq.6.12). The more familiar 

simplified form shown in equation 6.13 relates to the adoption |of non SI units.

(p W = J i f L  (6.12)
47ie/^

(p/r) = i i l  (6.13)
^ij

The short range attractive dispersive and repulsive interactions are both closely 

related to the long range electrostatic interactions although they are conceptually more 

complex relating to multipolar columbic interactions between two atoms. Idealistically an 

atom consists of a central positively charged core and a surrounding negatively charged 

shell, the short range attractive dispersive interaction relates to core-shell attractive 

interactions and the short range repulsive interactions relate to core-core and shell-shell 

repulsion (fig 6.2.a). Such, interactions are complex due to the polarisability of the 

electron cloud and possible electron shielding, which may result in complex induction 

effects. Limited success has been achieved at modelling such interactions using separate 

core and shell functions, however, a full description could only be achieved u3ing a 

quantum mechanical approach.

Short range attractive dispersive and repulsive interactions are usually modelled 

using empirical mathematical functions with appropriately chosen coefficients, one such 

expression utilised in this study, the buckingham potential, is shown in equation 6.14. 

Note that the first term relates to the repulsive interactions and the second the attractive 

dispersive.

cp,..(r) = A...exp(— I )  -  C . ^ r ^  (6.14)
Pÿ

The final pair-wise interaction, the covalent bond interaction, is the most ccpmplex 

and numerous models have been constructed to model them with differing siuccess.
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Conceptually a covalent bond interaction is only a variant of the short range interactions 

(fig.6 .2 .b) with the added complexity that the electron distribution may be delocalised to 

the inter bond region or in the case of pTC bonding parallel to the inter-bond region, hence, 

any full description of such a complex situation is fundamentally quantum mechanical and 

attempts to model covalent bonds using partial point charges have been only partially 

successful. The usual treatment of such interactions in MDS are to utilise an appropriately 

scaled empirical expression. The problems encountered dealing with such potentials will 

be discussed later in reference to the simulations of carbonate melts.

6.1.2.b Multipole Interactions.

Multipole interactions are the result of the interaction of three or more particles 

and have the same components as the pair interactions described above. Multipolar 

interactions are frequently assumed to be negligible in terms of total interaction energy 

as their description is rather involved. However, simulations of liquid Ar suggest that 

multipole interactions comprise approximately 10% of the total interaction energy and are 

likely to be even more significant in larger molecule melts and hence this assumption 

would appear inappropriate.

There is a useful distinction which may be made for multipolar interactions in 

molecular liquids. Intra-molecular multipolar interactions act to constrain the shape of 

molecules and inter-molecular multipolar interactions act to couple the motions of separate 

molecules (fig.6.3). This is a useful division as the smaller separations inherent in the 

intra-molecular interactions lead to higher interaction energies than the inter-molecular 

interactions, hence, a higher level of approximation would be to include these intra

molecular multipolar interactions in the evaluation of the potential. Intra-molecular 

multipole interactions may be modelled as simple empirical expressions, although in this
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study simulations were conducted at the pair interaction level only since appropriate 

expressions do not exist for carbonates.

6.1.3 The Model System.

The preceding sections of this chapter have described how the trajectories and the 

dynamic variables of particles within the system can be calculated. In this section we will 

describe the particular properties of the system to which these algorithms are applied.

It has aheady been mentioned that the most computational expensive routines in 

MDS are those to evaluate the forces which involves the summation over all potential 

interactions, which for a simulation of N atoms relates to a computational time 

proportional to N .̂ We are therefore restricted to a finite number of atoms ca. 10000 and 

even using the largest possible number of atoms surface effects, that is, the first term in 

equation 6 .20 , will be significant.

Molecular dynamic simulations utilise an arrangement termed periodic boundary 

conditions to overcome the problem imposed by surface effects in a finite volume system. 

A simulation box is defined which contains a representative assembly of particles, this box 

is surrounded on all sides by an infinite number of boxes which are identical images of 

the central box. The motion of any particle in the central simulation box is the same as 

that of all its infinite images, if a particle moves across the periodic boundary an identical 

particle enters the simulation box across the opposing boundary so conserving the particle 

density, this situation can easily be visualised in two dimensions (fig.6.4). Therefore, the 

periodic boundary conditions represent an infinite but periodic system in which the 

positions and dynamic variables of the particles in the simulation box completely 

describes the full system.

However, how does an infinitely periodic simulated system compare with the
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Figure 6.4, The periodic boundary formalisation.
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Figure 6.5. The physical form of the radial cutoff convention.
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macroscopic system represented by a disordered liquid? The presence of periodic 

repetitions of structure does unavoidably (affect the properties of the system, yet its effects 

may be minimised by the imposition of radial cutoff convection, in which a radial limit 

is imposed on the short range interactions such that any particle outside the cutoff for a 

particular particle within the simulation box does not interact with it (fig.6.5). There are 

a number of problems with this formalisation, firstly any particle which moves across the 

cut off of another particle will simply appear to disappear and an discontinuous change 

in energy will occur, this may be easily corrected however by the rescaling of the 

interaction potential such that it is zero at the cut off limit. There is however a more 

serious problem, since although the long range electrostatic potential may be negligible 

for any two particles at the cutoff since it decreases as a function of 1/r the particle 

density increases as a function of r  ̂ and hence long range forces are necessarily 

significant. Such problems may be overcome using long range corrections as described 

in the following section.

A final problem with the imposition of a finite box is the development of 

fluctuations within a simulation with a greater wavelength than the box dimensions, such 

as a domain structure, such systems caimot be modelled by MDS.

6.1.4 Long Range Corrections.

The calculation of the long range forces in classical molecular simulations is non

trivial and attempts to sum the interaction of a particle with all its infinite images 

produced by the periodic box and the non-convergence of the interaction sum.

The approach adopted in most lattice calculations is the Ewald Summations which 

due to its extremely complex mathematical description will only be briefly described here. 

The Ewald Summation utilises a mathematical identity for 1/r (eq.6.15) which allows
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summation over an infinite number of periodic MD cells in reciprocal space. The 

summation is possible since an infinite series in real space becomes finite in reciprocal 

space. Additionally the Ewald Summation contains terms to subtract the self interactions 

of particles.

V J L  = _2_ ["exp(-r^p^) t/p (6.15)

6.1.5 Molecular Dynamic Ensembles.

The conceptual ! foundation of ensembles for MDS is statistical mechanical and 

relates to the phase space trajectories of a system in respect to time, they can however, 

be related to the state variables that define the thermodynamic state of a system, such as 

the number of particles N, temperature T, pressure P and the total energy E. Inherent in 

the equations of motion, described above, are the conservation of energy, volume and the 

number of particles, which leads to the NVE or microcanonical ensemble, that is constant 

N, V and E.

However, it would obviously be favourable to be able to simulate systems under 

conditions comparable to conventional experimental techniques, namely constant 

temperature and pressure.

6 .1.5.a Constant Temperature Simulations.

A MD simulation may be constrained to a NVT or canonical ensemble by simple 

alterations to the equations of motion (eq.6.16). In which an extra term is added to the 

calculation of the acceleration a(t+5t), Ç(r,p) which is treated as a ’fictional factor’ which 

constrains the kinetic temperature T  to a constant value. This constraint is chosen so as 

to minimise the difference between the constrained and the classical trajectories and is 

hence a Lagrangian multiplier. The algorithm used (6.17) utilises a factor % which is equal
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to the square root of T/T where T relates to the required thermodynamic temperature.

a ( t + b t )  = —  -  Ç(r,p)v(r) (6.16)
m,

a(f+8f) = (2x -l).v (r-l5r) + (6.17)
2 m

6.1.5.b Constant Pressure and Temperature Simulations.

A constant pressure and temperature simulation utilises an additional constraint to 

the equations of motion as well as ^ described above (eq.6.18). The Lagrangian multiplier 

%(r,p) is treated as a ’dilation factor’ and constrains the thermodynamic pressure of the 

system fPby allowing fluctuations in volume according to equation 6.19 in which the term 

x(ry) relates to long range corrections.

a ( t+ b t )  = —  -  x i r , p ) v { t )  -  ^ { r ,p )v ( t )  (6.18)
m.

^ + 9/>v '

6.1.6 Calculation of Macroscopic Properties.

The calculation of macroscopic properties from the generated microscopic 

description is essential for molecular dynamics to be of any practical use. Some properties 

such as density and molar volume are directly calculable from simulation output and 

simple algorithms exist for the calculation of temperature (eq.6 .20) and pressure (eq.6 .21).

1̂ 1 '

P - P V  -  - xin)) (6-21)

The self diffusion coefficient D is also readily calculable from the root mean
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square displacements evaluated throughout the simulation run (eq 6 .22) and an estimate 

gained for the viscosity |i through the use of the Einstein equation (eq 6.23).

D = (6.22)
6 dt

n = - i -  (6.23)
mJD

Other thermodynamic quantities may be derived by the use of fluctuations in state 

parameters during the simulation run, however, these methods have the disadvantage of 

being specific to certain MDS ensembles and suffer from limited accuracy due to 

significant statistical errors.

6.1.7 The Structure of Molecular Dynamics Simulations.

A Molecular Dynamics simulation is arranged such that an initial configuration is 

required upon which the equations of motion can be applied, errors in this initial 

configuration can seriously effect the progress of the rest of the simulation. For MDS of 

liquids a random disordered initial configuration would be conceptually the best choice, 

however, such a configuration must be energy minimised and hence would have to be 

generated using a Monte Carlo type simulation. A more convenient and quite satisfactory 

initial configuration for such a simulation is an appropriate crystalline structure.

Once an appropriate initial configuration has been chosen the simulation must be 

started and initial velocities chosen for all particles within the confines of the required 

thermodynamic state of the run. The initial velocities are usually chosen randomly 

utilising a gaussian probability function such that the total magnitude conforms to the 

required thermodynamic temperature and that momentum is conserved.

A finite number of time steps at the beginning of the simulation are reserved for 

the system to attain equilibrium, in order to decrease the equilibration time crude velocity
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scaling is usually applied to the equations of motion. The evaluation of the attainment of 

equilibration is very important in liquid simulations particularly those in which the initial 

starting configuration was a crystalline structure. Equilibration is generally achieved by 

consideration of energies such as the total and kinetic energies as well as state parameters 

such as temperature, equilibration is validated once these parameters are stabilised within 

the constrictions of fluctuations about a mean value. The loss of a crystalline component 

to the simulation assembly, that is melting, can be derived from the root mean squared 

displacements of the particles which should only demonstrate progressively increasing 

values after the loss of definite sites.

6.2 Molecular Dynamics of Carbonate Melts.

In this study a range of different carbonate systems were simulated using the 

molecular dynamics code FUNGUS which which solves Newton’s equations of motion 

using a ’leap-frog’ Verlet algorithm allowing simulation at specific temperatures via 

velocity scaling. Simulation may be conducted under two different ensembles, NVE or 

constant volume simulation in which the user defined cell volume is not allowed to 

fluctuate during the simulation and NPE or constant pressure simulation in which the cell 

volume is rescaled such that pressure is constrained to a user defined target pressure.

All short range pair interactions were modelled using buckingham potentials 

derived from literature sources for simulation boxes 18 unit cells in size, that is, 540 

atoms for CaCOg melt. The use of simple empirical functions for interatomic potentials 

is however only an approximation to real behaviour, in chemically reacting melt systems 

such approximations become particularly inappropriate due to the wide range of processes 

involving charge transfer and modifications to the charge distribution of atomic and 

molecular particles. In the present study the use of simple empirical functions for
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interatomic potentials leads to in run temperature variations of less than 10% of the target 

temperature and in constant pressure runs divergences of approximately 50% from 

experimentally determined density for the alkali carbonate melts (Janz 1960) indicating 

that the potentials are most inaccurate in terms of pressure response suggesting problems 

in applicability over long ranges. Wide variations in density are however typical of studies 

on melt systems and are overcome by adopting constant volume techniques at 

experimentally measured densities. Additionally carbonate systems are susceptible to 

density wave fluctuation problems due to dissociation, in real carbonate systems 

dissociation may lead to the development of macroscopic phase separation of a gas phase, 

under the submicroscopic conditions imposed by a periodic MD cell such behaviour is 

prohibited and such areas of phase space must be avoided.

6.2.1 Alkali Metal Carbonate Melts.

Simulation of Li2C03 , KjCOg and Na2C0 g melts was conducted using short range 

buckingham potentials derived by surface fitting from Born-Mayer-Huggins potentials 

(Tissen and Janssen 1990, table 6.1) and was conducted only at the pair-wise interaction 

level as three and four body potentials were not available. All runs at specific 

temperatures were derived using constant volume molecular dynamics at experimentally 

determined densities (Janz and Saegusa 1963).

Figure 6.6 and 6.7 show the pair correlation functions p(r) for unary LijCOj, 

Na^COg and K2CO3 carbonate melts calculated from constant volume molecular dynamics 

at 1200°C. These functions are defined by equations 6.24 and 6.25.
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A, Pü c,
0 - 0 1369.778824 0.28985512 0 . 0

0 -C 1348.853436 0.28985513 0 . 0

c-c 939.8913223 0.28985499 0 . 0

O-Li 238.9471046 0.28985336 0 . 0

0 -Na 799.3423695 0.28985517 0 . 0

0-K 2410.983068 0.28985510 0 . 0

Li-Li 53.52613154 0.28985364 0 . 0

Na-Na 424.1438141 0.28985518 0 . 0

K-K 3858.654598 0.28985509 0 . 0

Table 6.1. Buckingham pair potentials for alkali carbonate melts derived 
from those of Tissen and Janssen 1990 by curve fitting.

Li,CO, Na,CO, K,CO,

0 - 0  ( 1 ) 2.959 3.391 3.558

0 - 0  (2 ) 5.791 6.125 8.608

O -C (l) 2.257 2.242 2 . 2 2 0

0-C  (2) 4.914 5.332 5.292

0-M  (1) 1.655 2.269 2.677

0-M  (2) 4.538 5.277 5.566

C-C (1) 3.585 3.473 3.467

C-C (2) 6.343 - -

C-M (1) 3.159 3.417 3.649

C-M (2) 5.942 6.070 7.026

M-M (1) 2.758 3.418 3.680

M-M (2) - 6.042 7.391

Table 6.2. Atomic separation in simulated unary alkali carbonate melts at 
1300 C and P=O.OKb.
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An..
Pi/r) = ---------^ ------  (6.24)

4)t(r+_5r)Wj

gij = 47[(r+l5r)^p. (6.25)

where i and j denote the atom type, Any the number of pairs of ij between a distance r 

and r+Và5r and N; the number of atoms i in the simulation box. Pair correlation functions 

are particularly useful for the study of melts as they offer a time averaged statistical 

description of the separations and coordination of atoms in the melt which are readily 

comparable with XRD data.

The atomic separations calculated from the pair correlation functions are shown 

in table 6.2 for both the first and second coordination shells and compare well with those 

derived from XRD studies of crystalline alkali carbonates with M -0 bond lengths of 1.9, 

2.27 and 2.268Â (Dubbeldam and Wolff 1969, Gatehouse and Lloyd 1973 and Zemann 

1957) compared to 1.655, 2.269 and 2.677 derived from LijCOj, Na2C03 and K^COg melt 

simulations. However, the derived C-0 separations of ca 2.25Â are nearly twice that 

would be expected for and suggest serious errors in the interaction potentials for 

oxygen and carbon. Previous computational studies utilising these potentials provided 

slightly better estimates of C-0 bond lengths of 1.6Â which indicates that the errors 

inherent in the Bom-Mayer-Huggins potentials were compounded by fitting of 

buckingham potentials although least squares of ca 1.0x10'^° eV were derived.

Although interatomic potentials for the alkali carbonates appear inappropriate it is 

significant that the self diffusion constants calculated from equation 6.22 for the 

simulations conducted in this study compare well with those derived from previous 

experimental and computational studies as shown in table 6.3 suggesting that they are
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DqXIO-’ m" s ' DcXlO "m - s ' D ^xlO" m‘ s '

LLC0 3 , 4.9 4.4 6 . 0

Li,CO,'’ - 1 . 2 4.5

N a,C O / 5.7 5.2 5.8

Na,CO," - 1 . 2 3.0

Na,CO,' - (3.0) (5.3)

Na^CO,' - (27.9) (19.6)

K ,C O / 5.2 4.6 4.6

K^CO," - 1 . 2 2 . 8

Table 6.3. Self Diffusion constants calculated from simulations of 
alkali carbonate melts at 1200°K. a. Present study, b. Tissen and 

Janssen (1990) c. Spedding and Mills (1965), d. Djordjevic and Hills 
(1960). Note the experimental results are bracketed.

P.i Qi

0 - 0 2879.1262 0.252525 0 . 0

0-C 1.7411309x10" 0.03873 0 . 0

0-C a 3943.5977 0.251570 0 . 0

C-C 0 . 0 1 . 0 0 . 0

C-Ca 0 . 0 1 . 0 0 . 0

Ca-Ca 0 . 0 1 . 0 0 . 0

Table 6.4. Short range buckingham potentials for CaCO, melt (After Dove 1990).
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relatively insensitive to the size of the COg^ group depending primarily on the magnitude 

of the M-O interaction.

6.2.2 Calcium Carbonate Melts.

Calcium carbonate melts were simulated using empirical buckingham potentials 

developed by Dove et al (1990) for calcite and aragonite (table 6.4). The potentials were 

derived by calibration of the phonon frequencies of calcite and aragonite and provide 

reasonable estimates of the vibrational behaviour of these two minerals while still being 

transferable. The CaCOj melt simulations in this study were all conducted using pair 

interactions only, as higher order interaction terms resulted in energetic instabilities as 

might be expected for potentials derived for crystalline carbonates. However, constant 

pressure simulations of CaCOj melt provide densities estimates of 2.09gm cm^ for 

simulations run at 1400°C with target pressures of 0.0 bars, additionally giving run 

pressures of 0.6kbars close to the target pressure in terms of energy. Such densities appear 

reasonable for these melts and compare well with estimates of the density of calcium 

carbonatite magmas of 2.2 gm cm'^ (Trieman 1990), hence, it is assumed that the adopted 

potential model is a fairly accurate approximation of the real melt behaviour.

6.2.2.a Structural Properties.

Figures 6 .8 .a and 6.9.a show the pair correlation functions p(r) for simulated 

CaCOj melt at 1400°C and O.Okbar. The narrow distinct first neighbour peaks for p^o and 

Pmc suggest a discrete well defined structural site for Ca^  ̂ in respect to the plane of the 

molecule, giving angles in respect to the C-0 bond of 41.0°. The peaks beyond the first 

neighbour maxima are poorly defined in respect to the crystalline carbonate (fig.6 .8 .c and 

6.9.C), as would be expected for a melt phase, indicating a lack of long range order.

The average atomic separations are shown in table 6.5 and compare well with
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those derived from XRD studies of calcite and aragonite. It is notable that the simulated 

CaCOj melt demonstrates larger C-0 and 0 -0  first neighbour separations than either of 

the crystalline equivalents which is probably merely a function of the effects of higher 

temperature on the mean atomic positions. The 0-Ca separation may be more significant 

and is closer to the smaller value in calcite than aragonite.

In order to further characterise the structure of the melt first and second 

coordination shell numbers Ny may be calculated from the correlation function gy through 

equation 6.26 in which each coordination shell is defined by the radii and Fj. The 

coordination number is best calculated by fitting gaussian distribution curves to the pair 

correlation functions in order to identify the normal population associated with the peak

Sij-

(6.26)

{x - X qŸ
g.j = exp  (6.27)

7C

The calculated first neighbour coordination numbers (table 6 .6) also suggest 

similarities of the site of Ca^  ̂in the simulated melt to that of calcite rather than aragonite 

demonstrating a M -0 coordination number of 5.128 suggesting near octahedral 

coordination.

The stability of the CaCOj potentials used in this study allow an estimate of the 

variation in structure with pressure to be made. The first neighbour separations and 

coordination numbers for a number of simulated CaCOj melts run at different pressures 

are shown in table 6.5 and 6.7. As might be expected atomic separation generally 

decreases with increasing pressure, however, the M -0 coordination numbers suggest that 

for pressures less than at least 115kbars Ca^  ̂ remains octahedral coordinated and hence
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CaCOj melt Calcite Aragonite

0 - 0 2.434 2 . 2 2 2.082

0 -0 ( 1 ) 3.20 3.19 -

0 -C 1.364 1.312 1.285

0-C a 2.327 2.360 2.526

C-Ca 2.541 - -

C-C 3.424 - -

Ca-Ca 4.173 - -

Table 6.5 Atomic separations for simulated CaCO, melt at 1200®C and 
O.Obars and crystalline CaCOj from XRD data (After Reeder 1983 and

Speer 1983).

Pressure (Kb) 0.6706 13.71 32.7 115J9

Density (gm cm'^) 2.09 2.30 2.5 3.0

0 - 0 2.912 2.958 3.157 4.848

0-C 2.826 4.076 2.853 2 J4 4

0 -C a 5.128 5.316 6.408 6.320

C-C 1.433 1.410 1.284 1.911

C-Ca - 6.434 6.420 6.411 5.006

Ca-Ca 7.310 7.179 6 . 2 1 0 6 . 1 0 2

Table 6 .6 . First neighbour coordination numbers for CaCO, melts 
simulated at 1400®C.
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Pressure (Kb) 0.6706 13.719 32.7 115.59

Density (gm cm'^) 2.09 2.3014 ■ 2.5 3.0

0 - 0 2.434 2.408 2.394 2.384

0 -C 1.364 1.373 1.361 1.352

0 -C a 2.327 2.343 2.331 2.300

C-C 2 M l 2.564 2.545 2.513

C-Ca 3.424 3.286 3.276 3.059

Ca-Ca 4.173 4.048 3.956 3.746

Table 6.7 Atomic separation in simulated CaCO, melts at 1400®C at different
pressures.

DoXlO-’m^ s ' DcXlO-W  S'* D c X lO 'W s '

5.4 4.8 3.98

Table 6 . 8  Self diffusion constants for CaCO, melt simulated at 1400®C.
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does not show a similar change in the Ca^ site to the crystalline solid. Furthermore, the 

lack of significant variation in M-M, M-C and C-C first neighbour separations and 

coordination numbers would seem to suggest only minor structural rearrangements with 

increasing pressure. The structure of CaCOg melts at 1400°C are shown in plate 6.1, note 

that COg^ groups appear spatially associated with intervening regions of metal rich melts 

and although such density fluctuations within the confines of a periodic cell are 

questionable they may suggest the presence of a ’domain’ structure. Additionally, note the 

presence of free oxygens and CO2 groups as a result of dissociation during simulation.

6.2.2.b Dynamic Properties.

The self diffusion constants calculated for simulated CaCO^ melts are shown in 

table 6.8 and are of similar orders of magnitude to those derived above for the alkali 

carbonate melts. However, the values of Dca of 3.98x10'^ m  ̂ s'̂  are significantly lower 

than those of the alkali metals with values of 6.0, 5.8 and 4.6x10'^ m^ s'̂  for LP, Na"̂  and 

which decrease with increasing ionic radii, hence, considering the smaller formal 

atomic diameter of Ca^  ̂its lower self diffusion constant must be a function of increased 

interaction with COj^.

Average rotational velocities of the group for simulated CaCOj melts are 

also lower than those of the alkali carbonate melts demonstrating values of 7.10xl0"rad 

s'̂  compared to a minimum of 3.27xl0^4ad s'̂  for LijCOj carbonates derived from the 

values derived above. The ratio of rotational to translational kinetic energy is also lower 

in the CaCOj simulations with values of 0.018. The lower values of the rotational velocity 

of the carbonate group also suggest increased interaction between Ca^  ̂ and carbonate 

oxygens and may relate to the formation of MCO3 molecules in the melt.
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Plate 6.1. The structure of CaCOj carbonate melt. Stereographic 
image of single time slice plots of atomic positions. Note, oxygens 

are blue, carbon grey and probable bonds bright green.
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Figure 6.10. The simulated densities of CaCOj melts temperature 
and pressure.

K  60.0

aj 40.0 -0.002

-0.003
-0.004

1600.0 1800.0 

Temperature (K)

Figure 6.11. The coefficient of compressibility calculated from 
simulated CaCO, melts.
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6.2.2.C Physical Properties.

The calculation of physical properties from a molecular dynamics simulation is 

problematic. There are, however, a number of formal methods by which physical 

properties such as, heat capacity, compressibility, expansivity and viscosity may be 

calculated which involve either evaluation of the fluctuations in state parameters during 

a run or introduction of spatially symmetric pertabations into the equations of motion. 

The former method involves phase space calculations under specific ensembles. The latter 

method is a non-equilibrium molecular dynamics technique in which external forces of 

a form specific to the property to be calculated are applied to the MD ceU. Properties such 

as heat capacity, compressibility and expansivity may be approximately calculated by 

evaluation of the variation in state parameters between different MD runs and may be 

used to calculate the physical properties of simulated CaCOj melts, since the interaction 

potentials appear to sample target areas of phase space and produce reasonable estimates 

of density. The variations in the total energy in respect to simulated pressure and 

temperature may be used to calculate the constant pressure heat capacity Cp of the 

simulated CaCO^ melts using equation 6.28 giving values at pressures of 4kbar of 1.93 

J K'  ̂ g '\ These values are consistent with estimated values of the heat capacity of 

carbonatite magmas of 2.0 J K'  ̂ g'̂  (Treiman and Schedl 1983) and experimental derived 

heat capacities of Na^CO^ melt of 1.8 J K’̂  g‘̂  (Janz et al 1979).

c = —  (6.28)
'  pAT

The variation of density in terms of pressure and temperature may be estimated 

by fitting an empirical volumetric equation of state to the densities derived at different 

simulated pressures and temperatures. The equation of state was chosen using the 

conditions implied by expressions 6.29 and 6.30 which fit the observed density variations
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to a high degree of approximation, the equation of state was derived by a least square fit 

of the simulated values of density, pressure and temperature and is shown in equation 6.31 

and gives a good approximation to the variation of density up to approximately lOOkb 

where divergences of O.Sgm cm '̂ from simulated values occur (fig.6 .10).

( |P ) ,  = -b (6.29)

5p
W  P

( ^ ) r  = 4  (6.30)

p (T /)  = 4.2614 -  1.3856X10-M + 0.159911nP (6.31)

The volumetric equation of state may be used to calculate the compressibility and 

the thermal expansivity of the melt using expressions 6.32 and 6.33 and gives equations 

6.34 and 6.35. The values derived are shown in figures 6.11 and 6.12 and reveal that the 

compressibility is approximately constant at pressures higher than 20Kb at ca -0.02 Kb'  ̂

but demonstrates decreases at lower pressure, whereas the thermal expansivity 

demonstrates decreases with pressure demonstrating values of 0.5x10'^ K'  ̂ at 20Kb.

V  ^ p s r
a  = (6.32)

a  = ___________1.3856x10 \T ________________ ^
4.2614 - 1.3856xlO-\r + 0.15991./nP

P =  ---------------------- 015991______________  (6.51)
(4.2614 -  1.3856xlQ-\r + 0.15991.1nf)J'

The viscosity of the simulated melt may be calculated using an equilibrium MDS 

technique in which the fluctuations in the non-diagonal pressure tensor over the run may 

be related to viscosity via an einstein relation (eq.6.36). The integral over infinite time is 

the function (eq.6.37) in which is the position of the ith particle in the a  direction
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Figure 6.12. The thermal expansivity calculated from simulated 
CaCOj melts.
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Figure 6.13. The value of the function in respect to the number 
of time steps for a simulated Na^CO, melt at 1200"C.
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and Pip is the momentum of the ith particle in the p direction. The viscosity may then be 

calculated from the ensemble average of the square difference of the function L„p in 

respect to time (eq.6.38).

n = ^ l'< P ^ (t)P ^ (0 )> d t  (6.36)

’’icP't (6.31)

2fn = -^ <(L ^ (t) - L^(0))^  (6.37)

In this study the ensemble average was taken as the mean over all three cartesian 

coordinate axes in order to improve statistical accuracy (eq.6.39). The values of L^, 

and L „ are shown in figure 6.13, the averages were taken only after the simulation had 

equilibrated to the target temperature since this is used directly in the calculation.

WV '  + ' ■ i , W « ) ' >  (6-39)

The viscosity of simulated CaCOg melt at 1400°C, O.Okbar fluctuation method 

described above is of similar order of magnitude to that calculated for the alkali metals 

at 0.02 gm cm'  ̂ s '\  calculations from simulations at higher pressures of 75 kbar suggest 

increases in viscosity to 0.03 gm cm'^ s '\  however, such estimates fall within the limits 

of the error for this technique.

6.2.3 CaCO^ Glass.

Amorphous CaCOj was simulated using a constant pressure ensemble in which the 

simulation box was initially equilibrated at 2000°K and then the temperature rescaled to 

300°K and the simulation allowed to equilibrate. The effective high ’quench’ rates 

inherent in such an equilibration method, of the order of 1.7x10^^ °K s \  preclude study

of the glass transition which is essentially a kinetic phenomena although it does allow the
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evaluation of the equilibrated glass structure and its dynamic properties. The densities 

estimated from these simulations for a CaCOj glass at 300°K are ca 2.3 gm cm'^ which 

are similar to those measured for experimentally derived carbonate glasses (Chapter 3).

Figures 6 .8 .b and 6.9.b demonstrates the p(r) pair correlation functions for a 

CaCOg glass equilibrated at 300°K. These functions are superficially similar to those 

derived from the simulated CaCOj melts (fig.6 .8 .a and 6.9.a) although the first neighbour 

peaks of Pmo»Poo ^md poc are narrower than the complementary melt peaks indicating 

more discrete sites, additionally the second neighbour peaks are better resolved in the 

glass functions and presumably relate to increases in medium range order. The pair 

separations and the first neighbour coordination numbers are shown in table 6.9. It is 

notable that whereas atomic separation is similar to that of the simulated melt there are 

some significant differences in coordination number with C-Ca and Ca-Ca coordination 

numbers of 3.57 and 3.58 compared with 6 and 7 in the melt although the Ca-0 

coordination numbers suggest that octahedral Ca^ coordination is retained in the glass. 

These variations in coordination number may be related to rearrangements of the 

carbonate groups under close packing which may supported by the lower C-O-M angles 

of 36.2 in the glass compared to 41.0 in the simulated melt.

The self diffusion constants calculated for simulated CaCOj glass at 300°K are 

shown in table 6.10. It is notable that the values of D for oxygen are lower than those for 

carbon at 3.27xl0'^®m^ s'̂  compared to 3.85xlO’̂ Ws'^ suggesting both, that the carbonate 

ion is no longer free to rotate and that the COg^ out of plane bend is the most kinetically 

significant vibration. Additionally the overall values of the self diffusion constant, which 

are only an order of magnitude less than in the melt phase, are extremely high for a 

condensed material, however, CaCOg melts may not be quenched under experimental
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i-j Nii

0 - 0 2.375 1.541

0 - 0  (2 ) 3.031 2.742

0 -C 1.364 3.128

0 -C a 2.375 5.751

C-C 2.551 0.875

C-Ca 3.335 3.575

Ca-Ca 3.916 3.581

Table 6.9. Pair separation numbers and coordination 
numbers for simulated CaCO, glass equilibrated at 300°K.

DoXlO^m^s"' D cX lO 'W s' D c .x lO 'W s '

0.327 0.385 0.245

Table 6.10 Self diffusion coefficients for simulated 
CaCO, glass equilibrated at 30G°K.
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conditions due to rapid crystallisation occurs, hence high self diffusion constants may be 

realistic.

6.3 The Theoretical Elements of Quantum Mechanical Modelling.

This section is meant as a simplistic description of the physics behind ab initio
V

quantum mechanical modelling and has been included to give a better understanding of 

the results obtained from simulations of crystalline carbonates. The mathematical 

complexity of quantum mechanics necessitates a qualitative description and emphasis will 

be placed on the assumptions and techniques utilised.

The aim of quantum mechanical modelling is to predict the most probable solution 

to Schrodingers equation for the structural model under consideration. Schrodingers 

equation (eq.6.40) is a wave equation which offers a number of distinct solutions, or 

stationary waves, to the problem of how electrons respond to confinement by an 

electrostatic field. The parameters of the Schrodinger equation are the wave function 'F, 

the hamiltonian operator H and the total energy E.

(6.40)

The wavefunction has the properties of the amplitude of a wave and its square is 

proportional to the electron density. It is defined in cartesian space by three quantum 

numbers, which are integration constants of the Schrodinger equation, the principle, 

angular and magnetic quantum numbers that define the size, shape and orientation of the 

wavefunction respectively. An additional quantum number is required to fully describe the 

wavefunction the spin quantum number which relates to electron spin of occupying 

electrons and is of importance when considering the electron occupation which must be 

consistent with the Pauli exclusion principle.

The hamiltonian operator describes the total energy of the wavefunction and is the
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sum of the kinetic and potential energy operators, which relate to the motion of all 

electrons and the columbic interaction between all particles, including nuclei. The Bom - 

Oppenheimer approximation is used in the calculation of these operators since it allows 

the evaluation of electron and nuclei parts separately. The hamiltonian is calculated on the 

basis of quantised energy.

Schrodingers equation may only be explicitly solved for single electron, single 

nuclei systems. The quantum mechanical treatment involved in ab initio simulations 

attempts to find approximate solutions to the Schrodinger equation by evaluating the 

wavefunction of the structural model under consideration.

6.3.1 Ab Initio Quantum Mechanical Simulation.

The basis of any approximate solution to the Schrodinger equation is the 

calculation of the wavefunction which is achieved by the construction of a model function 

and optimisation to reduce energy. The different methods of optimisation and the physical 

form of the model wavefunction determine the level of approximation. The ab initio code 

CRYSTAL 92 (Dovesi et al 1989) used in this study approximates the wavefunction at 

the Hartree Fock level using an open shell spin unrestricted formalisation. Within the 

following sections only the basic methods for the simulation of molecules will be 

discussed since the modifications for simulation of an infinitely periodic lattice are 

complex.

6.3.1.a The Model Wavefunction.

The basis of all model wavefunctions irrespective of the level of approximation 

are a number of mathematical expressions termed basis sets (|)̂  and ĉ  ̂ expansion 

coefficients which are merely scaling parameters (eq.6.41).

'î'i = i ; . ,  (6.41)
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When the expansion coefficients equal unity the wavefunction is merely a 

summation of basis sets and is the lowest level of approximation known as the linear 

combination of atomic orbitals (LCAO). The basis sets are mathematical expansions that 

describe the wavefunction of a single electron about a nuclei and hence represent atomic 

orbitals. The type of basis set used in this study were the gaussian type atomic orbitals 

(GTO)(table 6.11) constructed from gaussian expansions, the size of the orbital controlled 

by the exponent and contraction coefficients (eq.6.42).

t  = (6-42)

Although GTO’s are not as accurate representations of atomic orbital as some other 

available basis set types, they are advantageous since they are easily integrable and hence 

reduce computational expense. They may also be linearly combined to describe higher 

quantum number orbitals.

The construction of the full wavefunction model for the simulated system is 

achieved as the determinant of a matrix of all wavefunctions appropriately assigned 

electrons according to the Pauli exclusion principle. The resulting determinental 

wavefunction must be normalised on the basis of a single electron in order to allow 

solution of the Schrodinger equation. The assignment of electrons to wavefunctions 

depends on the physical model used. In the simplest model, a closed system, all 

wavefunctions are fully occupied which relates to the ground state situation, in an open 

shell model some orbital are singly occupied relating to excited atoms.

6.3.l.b  The Hartree Fock Level of Approximation.

The Hartree Fock approximation is an iterative method used to optimise the 

expansion coefficients for energy and is based on the Roothan Hall equations (eq.6.43), 

which are a function of the Fock matrix the overlap matrix the one electron
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^ /a ,r )  = ( l2 ) ^ e x p ( - a r ^ )  
n

ĝ {a,r) = exp(-ar^)
TZ

g (a,r) = exp(-ar^)
1C

g,(«,r) = exp(-ar^)
7t

g„(a,r) = (i21^)'^x*exp(-ar^) 
n

g„(a,r) = (i2f^)'^j'^exp(-ar^) 
TẐ

S„(a,r) = (i2^5L)'^z^exp(-or^)

g^iaj-) = (32^2L)'^xy exp(-ou-:)

g„(a,r) = ( ^ ^ L f y z  exp(-ar^)

g„(a,r) = f 2x  exp(-ctr^)
)t

S, = &%+&:

= &/&.

Sd = g.+g/g.+&;c%,+g«+g.,%,+g: 

Table 6.11. Tbe form of gaussian basis sets.
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energy Ej and the expansion coefficients.

n .  = 0 (6.43)

The Fock matrix relates to the effect on the energy of the basis sets of a field of 

base nuclei, the overlap matrix is a probability function describing the density of electrons 

in the overlap region of basis sets and the one electron energy, the energy of a single 

electron in wavefunction i. The Fock matrix and the one electron energy are both 

functions of the expansion coefficients and hence, the solution of the Roothan Hall 

equations is an iterative problem termed self consistent field theory (SCF).

The Hartree Fock approximation for an open system is slightly modified in that 

there are two sets of all equations, since the unrestricted spin treatment demands that 

wavefunctions are treated separately depending on the spin of the assigned electron, the 

method however is identical.

6.3.1.c The Total Energy.

The total energy of the system is calculated by substituting the optimised 

wavefunction calculated through the Hartree Fock approximation into the Schrodinger 

equation. The gaussian exponents of the basis sets may then be optimised by variational 

techniques in order to minimise the overall energy, exponents are generally optimised 

starting at the outer exponent of the most diffuse species, which in carbonates relates to 

oxygen, in this study thelminima were determined using a cubic spline function fitted by 

a least square technique to the energy at particular values of the exponent.

6.3.2. Quantum Mechanical Simulation of Carbonates.

Quantum mechanical simulations of the isostructural carbonates, calcite and 

magnesite were conducted in this study in order to qualitatively evaluate the effects of the 

metal cation on bonding of the carbonate group. The basis functions used were Pople’s
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standard split valence ST0-3G gaussians which were energy minimised for each 

simulation (Tables 6.12 and 6.13).

The complexity of the derived wavefunctions, which consist of both real and 

imaginary parts precludes direct interpretation of the functions themselves. The one 

electron density function, which is the square of the wavefunction (eq.6.44), is easier to 

interpret since it only contains real parts, however, electron density functions give little 

information on ’chemically relevant’ charge distributions as shown in figure 6.14 for 

calcite. Enhanced resolution of the electronic charge associated with bonding is provided 

by the use of electron density difference functions which relate to the contrast between 

the electron density function of the model and the electron density of non interacting 

atoms at the model atomic positions. The electron density difference functions both in and 

out of the plane of the carbonate ion for calcite and magnesite are shown in figure 6.15. 

In general such functions cannot be used to assign absolute charges, however, for 

isostructural materials they may be used to compare relative charge distributions.

p(l) = (6.44)

Electron density difference maps in the plane of the molecule are shown in 

plate 6.2 and the low intensity details in figure 6.16. It is notable that both magnesite and 

calcite demonstrate the loss of electronic charge from the carbon atom to the oxygen 

atoms, although the losses are higher in magnesite. Additionally the gain in electronic 

charge of the oxygens is localised on two centres either side of the oxygen position, in 

magnesite both centres are equally developed although the intra-bond region is more 

diffuse whereas in calcite the electronic charge gain is localised on the intra-bond region. 

Such observations, although crude, may relate to the charge screening demands of the 

metal cation, the higher charge gain of the peripheral electron population in magnesite
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Calcite a d,

Ca^*

Is 1915.0 0.06464
289.5 0.3798 -

63.11 0.6783 -

2 sp 80.40 -0.1093 0.1354
17.33 0.1089 0.5372
5.084 0.9493 0.5018

3sp 4.73377 -0.2816 0.01901
1.46744 0.3411 0.4360
0.48279 0.8381 0.6387

cr"

Is 71.617 0.25433
23.809 0.53533 -

6.4436 0.44463 -

Isp 0.69932 -0.09967 0.15592
0.91502 0.39951 0.60768
4.78498 0.70012 0.39196

Q:

Is 130.71 0.15433 _

23.809 0.53533 -

6.4436 0.44463 -

2 sp 5.11673 0.09997 0.15592
0.90344 0.39951 0.60768

1 0.22399 0.70012 0.39196

Table 6.12. Energy optimised split valence gaussian basis set exponents 
and contraction coefficients for calcite. derived from Poples standard

basis sets.
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Magnesite a d, d.

Mg:*

Is 299.24 0.15433
54.506 0.53533 -

14.752 0.44463 -

Isp 15.122 -0.099967 0.15592
3.5140 0.399510 0.60768
1.1429 0.70012 0.39196

2sp 1.3954 -0.21962 0.10588
0.15933 0.22560 0.59517
0.15238 0.90040 0.46200

Is 71.617 0.15433
23.809 0J3533 -

6.4436 0.444631 -

Isp 0.718113 -0.09967 0.15592
1.041959 0.39951 0.60768
5.15389 0.70012 0.39196

Q:

Is 130.71 0.15433
23.809 0.53533 -

6.4436 0.444631 -

Isp 5.2768 0.099967 0.15592
0.927181 0.39951 0.60768
0.27167 0.70012 0.39196

Table 6.13 Energy optimised split valence gaussian basis set exponents and 
contraction coefficients for magnesite.
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Figure 6.14. Electron density function in the plane of the carbonate molecule
for magnesite.
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Figure 6.15. Electron density difference functions for a. magnesite 
(001) and b. (010), and c. calcite(OOl) and d. (010).
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relating to the need to shield the oxygen from the magnesium nuclei. Electron density 

maps out of the plane of the group are shown in plate 6.3 and the low intensity 

detail in figure 6.17. It is notable that both carbonates demonstrate small increases in 

electron density parallel to the plane of the molecule which may relate to the pjt bond, 

such increases are most intense in the calcite simulations whereas magnesite demonstrates 

lower intensity increases closer to the plane of the molecule which may relate to the 

depletion of the pjt by the charge screening population and the increased attraction of the 

carbon nuclei due to its lower electron population.

Although electron density difference maps are far from conclusive, they do indicate 

that in isostructural crystalline carbonates the electron charge distribution does change 

with the metal cation and that such changes may be related qualitatively to its charge 

screening requirements. In order to derive quantitative data on the ’chemical’ bonding of 

the carbonate groups not provided by electron density difference functions, MuUiken 

population analysis was conducted. Population analysis (Mulliken 1955) is commonly used 

to analyze the wavefunction because of its close relation to chemical bonding concepts. 

It adopts as its starting point the one electron density matrix and attempts to partition it 

algebraically into quantities that can be associated with atoms and chemical bonds. It 

produces estimates of the gross ’atomic’ charge, the electronic populations of specific 

orbitals and shells and the electronic overlap populations between orbitals which relate to 

covalent chemical bonds.

The total atomic charges, shell populations and overlap populations derived by 

Mulliken population analysis for simulated magnesite and calcite are shown in table 6.14. 

It is notable that the gross atomic charges suggest that magnesite carbonate groups 

demonstrate the greatest loss of electronic charge from their carbon atoms with values of
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□ 0.408- 0.454
□ 0362- 0.408

0315- 0.362
g g 0.269- 0.315

0.223- 0.269
0.177 - 0.223

H B 0.131 - 0.177
0.085- 0.131
0.038- 0.085

-0.008- 0.038
-0.054- -0.008
-0.100- -0.054
in a.u. -0.100

Plate 6.1 Electron density difference maps in the plane of the carbonate molecule (001) for
(a) magnesite and (b) calcite.
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ABOVE 0.600
0.547- 0.600
0.494 - 0.547
0.441- 0.494
0.388 - 0.441
0.335 - 0.388
0.282- 0.335
0.228- 0.282
0.175 - 0.228
0.122 - 0.175
0.069- 0.122
0.016 - 0.069

-0.037 - 0.016
-0.090- -0.037
in a.u -0.090

Plate 6.2. Electron density difference maps perpendicular to the plane of the carbonate 
molecule in (a) magnesite and (b) calcite.
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a

-0.002

Figure 6.17. Low intensity electron density difference maps 
perpendicular to the plane of the carbonate molecule for a. 

magnesite and b. calcite.
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a

-0.002■0.002

Figure 6.16. Low intensity electron density difference maps in the 
plane of the carbonate molecule for a. magnesite and b. calcite.
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3.072e compared to 3.236e for calcite as was suggested qualitatively from the electron 

density difference functions. Additionally, 0-C overlap populations are highest in 

simulated calcite with values of 0.167 compared to 0.147, which also confirms the 

previous suggestion that the intra-atomic bonding population in calcite is higher than in 

magnesite supporting a higher level of covalency. Also finite overlap populations between 

Mg and the nearest neighbour oxygen of 0.066 suggest a limited level of covalent 

interaction of the metal cation with the carbonate group in magnesite, the possibility of 

electron donation from O to Mg has previously been suggested for simulated MgO 

(Stewart 1993).

Hence, Mulliken population analysis supports the qualitative conclusions derived 

from electron density difference maps that the higher interaction of the Mg^  ̂cation with 

the group results in reductions in the intra-molecular bonding population, although 

it also suggests that interaction is not completely ionic.

6.4 The Relevance of Carbonate Melt Simulations.

The data derived from both the MDS and quantum mechanical simulations, 

described above, are broadly consistent with the qualitative constraints previously 

suggested for carbonate melt structure. The MD simulations of CaCOj melts suggest 

higher levels of interaction between Ca^ and the carbonate ion than for the alkali metals 

and suggest the presence of carbonate complexes and domains in the melt. The quantum 

mechanical simulations of crystalline calcite and magnesite suggest that the metal cation 

can affect the bonding of the carbonate group by electron polarisation and additionally 

suggests that Mg^-COg^ bonds may be at least partially covalent. The main problem with 

data derived from simulations is the determination of its accuracy, which is mainly a 

function of the empirical functions used.
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Mg C 0 Ca C 0

Total
Atomic
Charge

10.623 3.072 9.435 17.999 3.236 9.588

Shell

Is 1.999 1.168 1.996 2.000 1.189 1.999

Isp 7.742 1.904 7.438 8.000 2.047 7.589

2sp 0.882 - - 7.999 - -

Overlap
Populations

0 0.066 0.149 9.248 0.000 0.167 9.612

C 0.000 2.638 0.449 0.000 2.737 0.167

M 10.233 0.000 0.066 18.129 0.000 0.000

Table 6.14. Gross Atomic charges, and shell and overlap electron populations 
derived from Mulliken population analysis of magnesite and calcite.
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The potentials used for the MDS of carbonate melts were the only available at the 

time of writing, although improvements have been made on the CaCOj potentials (Catti 

et al 1993) and although reasonable densities were derived for the CaCOg simulations the 

poor structural data derived from the alkali carbonate simulations suggests questionable 

potentials. It is suggested here that MDS can offer quantitative constraints for the structure 

of carbonate melts, although better quality potentials would be required to guarantee 

realistic results. Hence, as a recommendation for further work it is suggested that realistic 

potentials could be derived through estimations of the interaction potential through 

quantum mechanical simulation of carbonates and the optimisation of these ’static’ 

expressions to the vibrational behaviour of carbonates derived through lattice dynamics. 

6.5. Summary.

• Simulated CaCOg melts demonstrate densities of 2.09 gm cm'^ at atmospheric 

temperatures and viscosities twice those calculated for Na2C03 carbonate melts.

• Simulated CaCOj glasses demonstrate lower C-C and Ca-Ca coordination numbers and 

longer range order than simulated CaCOg carbonate melts and densities of 2.3 gm cm \

• Quantum mechanical calculations suggest the metal cations effect the bonding in 

carbonate groups by electron delocalisation onto carbonate oxygen due to charge shielding 

effects.

• Mulliken population analysis suggests that Mg^-Carbonate bonds demonstrate a 

significant covalent component
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CHAPTER 7

THE PHYSICAL BEHAVIOUR OF CARBONATE MELTS UNDER 

GEOLOGICALLY RELEVANT CONDITIONS.

In the preceding Chapters of this thesis the structures of carbonate melts and 

glasses have been both qualitatively and quantitatively discussed and related to the 

complexation of carbonate and metal ions, the effects of cation electronegativity on the 

dissociation and electronic structure of the carbonate group and the overall effects of 

dissociation on melt structure. Additionally, the physical properties of both alkali and 

calcium carbonate melts have been estimated by computer simulations of the atomic 

behaviour of the melt. In this Chapter the restrictions on melt structure and the derived 

physical properties will be utilised to determine the physical behaviour of carbonate melts 

under geologically relevant conditions. Particular emphasis will be placed on the dynamic 

and thermal behaviour of carbonate melts under mantle conditions in relation to the 

genesis of carbonatites and the role of carbonate melts in mantle metasomatism, although 

general flow problems relating to the petrogenesis and extrusive behaviour of carbonatites 

will also be considered.

7.1. The Physical Properties of Carbonate Melts.

The thermophysical properties of carbonate melts in comparison to silicate melts, 

derived both from this and previous studies are shown in table 7.1. It is notable that in 

comparison to silicate melts there is little variation in physical properties with 

composition, the viscosities estimated in this study quahtatively suggesting that the 

viscosity of CaCOj melts are only twice that of NaiCOj carbonate melts with densities of
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only 2.09 g cm^ compared to 1.96 g cm \  Furthermore, little variation in the thermal 

properties of carbonate melts occurs with composition, with similar values on an order of 

magnitude scale for the constant pressure heat capacity, conductivity, diffusivity and 

thermal expansivities for NajCOj and CaCOj melts. Hence, utilising the qualitative 

conclusion of Chapter 2 that the alkali carbonate and CaCOg melts represent the ’end 

members’ of structural variation, that is, low and high complexation, it is reasonable to 

predict that the thermophysical properties of other carbonate melts, with perhaps the 

exception of density which could be raised in REE- hydroxyl- free melts, to be 

intermediate to the values suggested here.

In comparison to silicate melts carbonate melts demonstrate viscosities more than 

four magnitudes lower and densities ca 0.5 g cm'^ lower than basaltic magmas indicating 

that the physical behaviour of carbonatite magmas will be considerably more fluid and 

demonstrate higher flow velocities and buoyancy effects. Additionally, the isothermal 

compressibilities of CaCOg melts at 20kbar of 0.02 kbar'^ are similar to those of basaltic 

silicate melts of 0.019 kbar'^ (Fujii and Kushiro 1977) suggesting that density contrasts 

between carbonate and silicate melts are retained with pressure. The thermal properties 

of carbonate melts are similar on an order of magnitude scale to those of silicate melts 

although thermal conductivities and diffusivities of 5.0x10  ̂Jcm'^K'^s'^ and 1.8x10’̂  cm^s'  ̂

are lower than in silicate melts at (8 .0x 10'̂  Jcm’̂ K'̂ s'̂  and 2.5xlO'^cmV^) and constant 

pressure heat capacities are higher at 1.8-2.0 Jg'^K’̂  compared to 1.2 Jg^K^ in silicate 

melts. This suggest lower cooling rates for carbonatite magmas than similarly sized 

silicate magma bodies.

7.2 Crystal Settling.

Natural carbonatites demonstrate a variety of phenocrystic and xenocrystic phases
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N ^C O , CaCOj Carbonatite Basalt Rhyolite

Viscosity Pa s '3.4x10-3 36x10-3 5x10-3 5x103 ca 10*

Density g cm ^ ‘1.96 '2.09 2.2 2.7 2.5

Thermal
Expansion

2.3x10-^ 5.0x10"* 2.3x10"* 2.5x10-3 2.5x10-3

Heat of Fusion 
J g '

67.0 - 250.0 400.0 225.0

Heat Capacity 
J g ‘ K-‘

1.8 1.93 2.0 1.2 1.2

Thermal 
Diffusivity 

cm^ s'l

5.27x10-3 - 4.2x10-3 8.0x10-3 7.0x10-3

Thermal 
Conductivity 
J cm ‘ K ‘ s '

1.86x10-3 - 1.65x10-3 2.5x10-3 2.0x10-3

Isothermal
Compressibility

K hars'

- 30.02 - 30.0193

Cation 
Diffusivity 

cm^ s '

5.0x10-3 3.4x10-3 5x10-3 5x10-* 10-'“

1. 853®C, latm
2. 1400®C, latm
3. 1400®C, 20kbar

Table 7.1. The thermophysical properties of carbonate melts. Note, Na^COj properties are 
experimental (Janz et al 1979), CaCO, from MDS calculations in this study and ’carbonatites’ from 
the estimates of Treiman and Schedl (1983). Silicate melt data from Bartlet (1969), Huppert and 
Sparks (1980), Dunn (1986), Scarfe (1986) and Fujii and Kusfiiro (1977).
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as described in Chapter 1. Those found in plutonic carbonatites are frequently interpreted 

as cumulates due to the fractionation of a carbonatite magma chamber, however, those in 

hypabyssal carbonatite dikes are suggested to be in suspension. Additionally, extrusive 

carbonatites contain a wide range of phenocrystic and xenocrystic material on the 

centimetre scale indicating that carbonatitic magmas are capable of transporting crystals 

to the surface presumably from source magma chambers. It is significant, however, that 

occurrences of mantle nodules or megacrysts are extremely rare in carbonatites suggesting 

that most carbonatite magmas are either unable to transport such material or do not 

sample appropriate regions. Using considerations of crystal settling rates we may make 

some approximate estimations of the minimum ascent rates for phenocryst and xenocryst 

bearing carbonatite magmas.

Crystal settling rates in static fluids are relatively straightforward particulary if 

crystals are assumed to represent simple spheres as Stokes law may be used and is 

dependent on the viscosity T|, density contrast Ap and the diameter of the sphere d 

(eq.7.1). The approximation of crystals as spheres is particularly appropriate for many 

carbonatitic phases which undergo rounding due to resorption.

V. = (7.1)
1811

Table 7.2 shows settling velocities for a number of common carbonatite 

phenocrystic phases in a CaCOj melt. Note, that as would be expected setting velocity 

decreases linearly with both increasing density of the crystalline phase and decreasing 

viscosity of the melt. It is notable however that no phase is buoyant.

Stokes equation is only strictly applicable to crystal settling in low Reynolds 

number liquids. At the higher settling rates calculated above the effects of turbulent drag 

must be considered and this is achieved utilising a drag coefficient Q  (eq.7.2) which is
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Crystal
Radius

Pyrochlore
p=4.20

Olivine
p=3.22

Phlogopite
p=2.76

Apatite
p=3.10

Calcite
p=2.71

Magnetite
p=5.17

0.25 1196.6 640.9 379.9 572.8 351.6 1749.6

0.5 4786.6 2563.4 1519.9 2291.2 1406.5 6998.4

0.75 10769.8 5767.7 3419.8 5155.2 3164.6 15746.4

1.00 19146.3 10253.7 6079.7 9164.8 5625.9 27993.5

2.00 32303.7 41014.8 24318.5 36659.3 22503.7 43739.9

Table 1.2. The settling rates of common carbonatite phenocryst phases in a CaCO, melt 
density 0.006 Pa s and 2090 kg m'^ according to stokes law. Settling rates in cm s'% radii

in cm.

Crystal
Radius

Pyrochlore
p=4.20

Olivine
p=3.22

Phlogopite
p=2.76

Apatite
p=3.10

Calcite
p=2.71

Magnesite
p=5.17

0.25 13.54 9.91 7.63 9.36 7.34 16.37

0.50 19.14 14.01 10.79 13.24 10.38 23.15

0.75 23.44 17.16 813.21 ^ 16.22 12.71 28.35

1.00 27.07 19.81 15.25 18.73 14.67 32.73

2.00 38.29 28.02 21.57 26.49 20.75 46.29

Table 7.3. The settling rates of common carbonatite phenocrysts in a CaCOj melt viscosity 
0.006 Pa s, density 2090 kg m'^ with consideration of turbulent drag. Settling rates in cm s ‘

and radii in cm.
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dependent on the Reynolds number (Re) of the liquid (eq.7.3-4).

= ( ■ ^ ^ ) ‘̂  (7.2)
where Re<0.1

24

or at Re>0.1

where

c .  = _  (7.3)

C, = (7.4)

p d v
R e  = (7.5)

Table 7.3 and 7.4 show the crystal settling velocities for higher Reynolds number 

liquids for carbonatite phenocrysts, it is notable that settling rates are no longer linearly 

dependent on the viscosity or density although they still decrease similarly to the previous 

Stokes models.

The crystal settling velocities calculated above suggest that carbonatite ascent 

velocities must be greater than 16.37 cm s'̂  and 10.71 cm s'̂  for CaCOj and NajCOj melts 

to allow transport of the 0.5 cm magnetites and 0.25 cm apatites respectively.

7.3 Flow Rates.

The flow rates for phenocryst bearing carbonatite melts estimated above represent 

significantly high ascent rates but give no indication of the variation in flow rate during 

migration of carbonatite melts to the surface which may reveal why mantle samples are 

so rarely present. The calculation of the flow rates of ascending magmas is fairly 

straightforward at basic levels and is based on the fluid mechanical solution to the 

conservation of energy and momentum. The velocity of flow in an elliptical conduit of 

eccentricities A and B, in which and x and y are the distances from the boundary of the
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conduit is given by equation 7.6 and 7.7. It is notable that the maximum flow rate in the 

centre of the conduit is only a function of the smallest dimension of the conduit

w -  (7.6)
4t| 5z A ^

The values of Wm„ for carbonate melts are far in excess of those possible under 

realistic geological conditions, for example, the calculated flow rate for a CaCOj melt at 

1300°C, viscosity 0.006 Pa s, density 2090 kg m'  ̂ in a circular conduit of radius 0.5m is 

213223 m s'̂  representing a mach number of 360. The Reynolds number Re^ (eq.7.8) 

which describes the ratio between the inertial and viscous forces for such a flow is ca 

7.4x10^° clearly dictating flow in the turbulent rather than laminar regime. The threshold 

Re„ for the onset of turbulent flow has been estimated as Re„<2100 (Goldstein 1938).

Be, = iE l î f .  (7.8)

Equations 7.6 and 7.7 are only valid for the laminar regime in which parallel 

regular flow occurs with negligible inertial effects, in turbulent flow the inertial terms of 

the conservation of momentum are no longer negligible and significant fluctuations in 

velocity both parallel and perpendicular to the direction of motion occur. The velocity 

fluctuations physically represent chaotic eddies, the exact form of which is unpredictable. 

Statistical mechanical analysis of turbulent flow allows evaluation of the mean velocity 

over the eddies.

The velocity profile of a turbulent conduit flow is shown in figure 7.1 and the flow 

may be conveniently considered in two parts, the core region and the boundary layer. The 

central core region in which the flow is highly turbulent and the mean flow velocity of 

eddies in the direction of motion is approximately equal and independent of the size of
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Crystal
Radius

Calcite
p=2.71

Apatite
p=3.10

Nyererite
p=2.10

0.25 8.80 10.71 5.35

0.50 12.44 14.14 7.57

0.75 15.24 18.54 9.27

1.00 17.59 21.41 10.71

2.00 24.88 30.28 15.14

Table 7.4. The settling rates of natrocarbonalite phenocrysts in a Na^CO, melt, viscosity 
0.006 Pa s, density 1900 kg m \  Note, the density of nyererite is approximate and was 
derived from the bulk densities of natrocarbonatite lavas (Dawson et al 1990). Apatite 
has been included due to the discovery of microphenocrysts in sample collected during 

this study (Church 1993). Settling rates in cm s ' and radii in cm.

"WiacouB
Sublayer

Figure 7.1. The velocity profiles of laminar and turbulent flow in a pipe. 
Note, that in turbulent flow the velocity in the central inertial sublayer 

is nearly constant.
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the conduit, the mean velocities perpendicular to the direction of motion are zero. In the 

core region the viscous forces are negligible in respect to the inertial forces, hence, this 

region is also termed the inertial sublayer of the flow. The boundary layer of the flow 

demonstrates near laminar flow, although some velocity fluctuations do occur, in this 

region the viscous rather than inertial forces dominate the flow behaviour and hence this 

region is also termed the viscous sublayer. The boundary conditions imposed on the 

viscous sublayer of a turbulent flow are the same as for laminar flow, that is, no slip 

occurs at the fluid-waU rock boundary.

There are no formal solutions for the equations of motion of a turbulent fluid, 

however, empirical expressions have been derived for flows of specific geometries. The 

expressions for the mean velocities in the direction of motion in pipe conduits have been 

well established, integration constants derived from experimental data (Eqns 7.9-7.16). 

Two expressions are required to describe the velocity profile across the pipe, one for the 

inertial sublayer (eq.7.9), the logarithmic flow equation and one for the viscous sublayer 

(eq.7.10). These equations do however, become inappropriate in the complex buffer region 

between the inertial and viscous sublayers, it is however usual to approximate to this 

region by setting a boundary layer thickness described by equation 7.13 (Tennekes and 

Lamley 1972).

—  = 2 . 5 L n ^ + 5  (7.9)

R  *  —  (7.10)
U V

where v is the kinematic viscosity, y the distance from the edge of the conduit and u* the 

friction velocity is given by equation 7.11.
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Note, that for a vertical pipe.

Equation 7.9 refers specifically to ± e  inertial sublayer and is only valid for

y > 1 1 ^  (7.13)

Expressions are also available for the maximum and average velocities of the flow. 

(Eqns 7.14 and 7.15).

= 2.51n l?e,+6  (7.14)

U
__2 = 2.5ta /?e„+1.5 (7.15)

where

R e ,  = _  (7.16)
V

The average ascent velocity of a CaCOj melt, viscosity 0.06 mPas and density 

2.09 g cm'^ in a 0.1 m radius conduit in the mantle predicted from these equations is ca 

65 m s'̂  or 146 mph which although far lower than the estimates provided by laminar 

flow would appear in excess of that which is geologically realistic. However, estimates 

of ascent rates of other mantle derived magmas based on their xenolith assemblages also 

provide high ascent rates with values of 1 m s '\  1-5 m s'̂  and 10-30 m s'̂  for alkali 

basalts, basanites and kimberlites respectively (Spera 1984). However, it seems unlikely 

that an ’open-column’ model of melt flow will represent the true ascent rates of 

carbonatite magmas as pre-existing channels will not occur at lower crustal and mantle 

pressures.
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A number of mechanisms have been suggested for the migration of magmas in the 

mantle, the two most applicable to the migration of low viscosity melts are (1) migration 

by magma driven fracturing and (2) migration by compaction driven two phase flow.

7.3.1. Magma Driven Crack Propagation.

It is well accepted that the presence of a low viscosity melt phase at a total 

hydrostatic pressure similar to lithostatic overburden will greatly reduce the overall 

strength of the confining medium and may result in brittle failure. In order for a magma 

filled crack to propagate upward the stress intensity factor K of the surrounding waU rock 

must be exceeded by the differential between the hydrostatic and deviatoric stress. 

Estimates of critical stress intensity factors for the mantle have been derived from stress 

releases in lithospheric seismic events and from dislocation densities of tectonically 

deformed peridotites and are of the order of 3 M N m'^^ relating to differential stresses 

of ca 40 MPa (Spera 1987) but may be up to 10 M N m'^^.

Many models have been proposed to quantify the propagation rates of magma 

driven cracks, in this study I adopt the model of Spence and Tumcotte (1984), which is 

based on the time dependent growth of two dimensional hydraulically induced cracks 

under constant magma injection rates, although results must be taken as approximate due 

to the assumption of laminar flow. Spence and Turncotte’s expressions (Eqns 7.17-7.23) 

describe the time dependent crack length 1 and half width h in terms of the elastic 

properties of the confining medium, that is, the shear modulus \ i  and the poisson ratio v, 

the stress intensity factor K, the viscosity of the melt r| and the rate of magma injection 

A.
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1 1 2

; = c A '^ i  f t ' ^  (7.17)
3il(l-v)

2 h  = 2cA"^(2HiLïl)"^r'^ (7.18)
|X

where the constants c, d and e are derived by iteration from

k  = (7.20)

(l+12(iy

e = (7.21)
l+ 12 ii’

_ 1

c  = (iT zed ^ ) (7.22)

and the dimensionless stress intensity factor k by

1 3 1
k  = ( 1 2 ) ^ ( ^ ) '^ A r  (7.23)

|x 3Ati

The crack propagation velocities and half widths calculated for carbonate melts of 

viscosity 0.006 Pa s and mantle properties |i=6 .8xlO^° Pa, v=0.27 and K=3 M N m'^^ 

(data, Spera 1987) are shown in figure 7.2 and table 7.5. It is clear that crack propagation 

velocities increase with magma injection rates and decrease with transient time to nearly 

constant values. Crack propagation driven by carbonate melts demonstrates higher 

velocities and lower half widths than those driven by silicate melts, for example, 

propagation velocities at a Moho depth of 30km, for a crack initiated at 150km depth with 

injection rates of 1.0 m  ̂ s '\  are 7.407 and 0.78 m s'* with base widths of 0.343 and 3.28 

m, derived for carbonate melts of viscosity 0.006 Pa s and kimberlite melts of viscosity 

50 Pa s respectively. The crack propagation velocities and base widths of kimberlite 

driven cracks are shown in figure 7.3. The average magma ascent rates are derived as 

u=A/2h and for carbonate and kimberlite magmas derived from 150km depth indicate 

ascent rates of 15.85 and 1.712 m s'* respectively at the Moho for cracks driven by a
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Magma Injection 
Rate A (m^ s ')

Crack Propagation 
Rate (m s ')

Crack Width 
2h (m)

Transient 
Time (s)

1x10-' 0.240 1x10 ' 1000

5x10'^ 1.716 7 .5x10 ' 1000

1x10' 2.415 0.0106 1000

1.00 7.412 0.326 1000

Table 7.5. Crack propagation rates and widths predicted for carbonate melts 
viscosity 0.006 Pa s 1000 seconds after crack initiation.

125

I
I

•3 ■2 1 0 1 2

Magma Injection Rate log A

125 -

e 100-

50 -

•3 ■2 •1 0 1 2

Magma Injection Rate log A

Figure 7.2. Crack propagation rates and base widths for carbonate magma driven 
cracks initiated at 150km depth for a melt of viscosity 0.006 Pa s. Note, crack 

velocities displayed as logarithms.
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Figure 7.3. Crack propagation rates and base widths for kimberlite magma driven cracks 
initiated at 150 km depth for a melt of viscosity 50 Pa s. Note, crack velocities displayed as

logarithms.
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20 1■2 13

Magma Injection Rate (log A)

Figure 7.4. Ascent rates of carbonate melts in magma driven cracks initiated at 150km 
depth for a melt of viscosity 0.006 Pa s. Note, values in logarithms to the base 10.
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magma injection rate of 10.0 m  ̂s'̂  (fig.7.4). Estimations of appropriate injection rates for 

alkali basalt magmas are 10 m  ̂ s'̂  derived from observations of surface effusion, hence, 

similarly carbonatite injection rates may be estimated from effusion rates observed at 

Oldoinyo Lengai, Tanzania which are of the order of 0.2-8.0 m  ̂ s'̂  (Dawson 1990).

7.3.2 Compaction Driven Two Phase Flow.

The lack of pore space in either mantle or lower crustal rock due to high pressure 

was long considered to exclude the possibility of magma migration by porous media flow. 

However, the presence of partial melts in the asthenosphere implies an inherent porosity 

and a compaction mechanism for the transport of such melts has been proposed by 

Mckenzie (1985) in which magma is forced upward by compaction by elastic flow of the 

medium. Compaction driven flow allows transport of volume fractions of melt as small 

as 1.0x 10'̂  and is based on estimates of the permeability of partially melted mantle 

assemblages at pressure. The average ascent rates of the magma are related to the density 

contrast between melt and solid, the viscosity of the melt and the permeability K is given 

in equation 7.23. The permeability is a function of both the grain size a and the volume 

fraction melt e and is given by equation 7.25, the constants have been estimated as n=3 

and c=1000 at e<3.0xl0'^ and n=2 and c=100 at e>3.0xl0‘̂  (Mckenzie 1985, 1989).

w = 5 î £ ^  (7.24)
Tie

K ,  = ^  (7.25)

The average ascent velocities of carbonatite melts of viscosity 0.006 Pa s for 

various values of the volume fraction melt are shown in figure 7.5. Note that ascent 

velocity increases exponentially with e from values of 5.0x10'^^ to 1.0x 10'̂ ° m s'̂  at 

volume fractions of 1.0x10'^ and 0.1 melt at 1450C, additionally the velocity is relatively 

insensitive to pressure induced changes in melt density of some 0.8 g cm ̂  Figure 7.6 is
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Figure 7.5. Average ascent rates of carbonate magmas by compaction driven porous media flow 
in respect to depth, temperature and volume fraction melt e for a= 1 .0 x l0 '\ Velocities in log m s
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Figure 7.6. Average ascent rates of carbonate magmas by compaction driven porous media flow 
in respect to grain size of the mantle rocks a and volume fraction melt e at 150km depth T=1600C.

Note, velocities in log m s‘‘.
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more significant and shows the variation of ascent rate with grain size and volume 

fraction melt for a CaCOj carbonate melt viscosity 0.006 Pa s at 200km depth and it is 

notable that the largest increases in ascent rate occur at small grain sizes and fraction 

volume melts. The variation in average melt velocity of up to five orders of magnitude 

over 1-lOmm at e= 1.0x10'^ suggests that spatially variable grain sizes as observed in 

tectonically deformed mantle xenoliths could result in either segregation of melt batches 

or accumulation of rising magma.

Realistic estimates of ascent rate by porous media flow will depend on the 

appropriate choice of grain size a and volume fraction melt e, average grain size values 

for mantle xenoliths are of the order of S.OxlO'^m and estimates of the melt fraction from 

melting experiments on carbonated peridotites of less than 1.0% (Eggler 1990), although 

such estimates wül be highly dependent on the overall carbonate content of mantle rocks 

which as discussed in Chapter 1 is likely to be highly variable. Values of average ascent 

velocities at a=5.0xl0’̂ m and 6=1.0x10^ are 3.6x10'^° m s '\

7.3.3 Petrological Implications.

The two mechanisms for the migration of carbonate melts at high pressures in the 

mantle and lower crust described above predict very different ascent rates of 0.5 m s'̂  and 

3.6x10'^° m s'̂  for the assumed ’appropriate’ conditions. It is clear, from the discussions 

in section 7.2, that migration of carbonate melts by magma driven cracks with their high 

ascent rates would be capable of transporting mantle samples up to ca 6cm in diameter 

whereas a compaction driven porous flow mechanism would not. However the rarity of 

mantle samples in carbonatites does not necessarily imply migration exclusively by a 

porous flow mechanism, since, carbonatites may either be subject to accumulation in deep 

magma reservoirs in which case entrained xenoliths may be lost or represent immiscible
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fractions of silicate melts in which case they would not be expected to sample the 

appropriate regions. Such, problems will be considered below through estimates of the 

thermal behaviour of carbonate melts in the mantle and predictions on their ability to 

migrate into the lower crust.
f

7.4 The migration of carbonate melts in the mantle.

The transport of carbonate melts in the mantle is fundamental to the genesis of 

carbonatites, if carbonatite magmas are unable to migrate from possible source regions to 

higher levels where they may accumulate then no carbonatites may represent primary 

mantle derived rocks and an immiscible or ’fractionation’ petrogenesis must be inferred. 

The transport of magma in dykes in the mantle is verified by the occurrence of discordant 

intrusive bodies preserved in composite nodules, however, ’primary’ carbonate dykes have 

not yet been reported. Additionally the exclusive transport of magma by dykes is restricted 

since it offers no mechanism for the migration of dispersed small volumes of melt from 

source regions. An alternative mechanism is that of two phase flow in a compacting 

medium, however, as discussed above, the magma ascent rates of this type of flow are 

approximately nine orders of magnitude lower than those provided by dyke flow.

In order to evaluate the ascent of carbonate magmas by these two mechanisms in 

the mantle the heat loss of the melt bodies must be determined to estimate the depths at 

which solidification may otcur and derive estimates of the optimum ascent rates and 

dimensions of flows capable of travelling from source region to surface.

7.4.1 The Heat Loss of Magma Driven Cracks.

In order to estimate the distance travelled before solidification in a magma driven 

crack the static cooling approach of Tumcotte and Schubert (1982) was adopted in which 

solidification time t of a dyke width 2h, is a function of the thermal diffusivity of the melt
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a, and a cooling parameter X given by the trancendential equation 1 .2 1 .

h !

L \ / tz e -X,*

(7.27)

Although a steady state cooling problem offers a convenient solution to the heat 

loss of a magma driven crack it imposes the necessity for an average temperature 

difference between the melt phase and the mantle wall rocks and hence absolute P-T melt 

trajectories may not be obtained. Figure 7.7 shows the solidus phase relations of 

peridotite-COj (Eggler 1983), as discussed in detail in Chapter 1, the intersection of the 

decarbonation reaction with the solidus at ca 23kbars suggests that carbonate melts can 

only be generated through partial melting of carbonated peridotite at depths greater than 

ca 60km. Additionally, as discussed above, estimated degrees of partial melting required 

for the generation of carbonate melts are <1% volume which would suggest that melt 

temperatures of the separating carbonate melt will approximate to the solidi temperatures 

of COj-bearing peridotite at the depths of the source region. Simple qualitative 

interpretations of peridotite-COj solidi temperatures would suggest average temperature 

differences of as little as 50°C, although higher values of perhaps 100-150°C may be more 

appropriate for melts derived below 100-150km depth.

Figure 7.8 shows the cooling envelopes for carbonate magma driven cracks 

assuming melt viscosities of 0.006 Pa s for melts derived at 60, 100, 150 and 200km 

depths at values of AT of 50, 100 and 150°C. Perhaps the most significant phenomena is 

that the predicted magma injection rates required for crack migration to a 30km depth 

Moho are relatively independent of the depth of the source region and appear only to be 

a function of AT, although required crack widths and hence ascent rates for migration to
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Depth
(km)

AT=50°C 
A (m 's ')  h(m) v(m s')

AT=100°C 
A (m V ‘) h(m) v(m s')

AT=150°C 
A (m V ‘) h(m) v (m s‘)

200 0.034 0.18 0.189 0.089 0.225 0.396 0.177 0.27 0.656

150 0.022 0.125 0.176 0.071 0.17 0.416 0.141 0.22 0.641

100 0.015 0.095 0.166 0.060 0.135 0.444 0.100 0.152 0.641

60 0.010 0.05 0.200 0.028 0.07 0.400 0.06 0.087 0.689

Table 7.6. Minimum magma injection rates, crack widths and ascent velocities required for magma driven cracks 
to propagate to a 30 km depth mantle for various crack initiation depths and values of AT.
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Figure 7.7. The solidus phase relations in the system peridotite-CO^-H^O (After Eggler 1983).
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the Moho increase with depth as would be expected. The minimum predicted ascent rates, 

crack widths and magma injection rates for carbonate magma driven cracks to cross the 

Moho are shown in table 7.6 and vary between 0.2-0.7 m s '\  5-30cm and 1.0xl0‘̂ -2.0xl0*

 ̂ m  ̂ s'̂  respectively.

7.4.2 Heat Loss of a Two Phase Flow.

A semi-qualitative approach will be adopted here to describe the heat loss of a 

compaction driven two phase flow since the complete solution to heat flow in an 

unbounded two phase flow involves a non-linear differential description which may only 

be approximated by finite element techniques.

The heat flux of a single melt filled ’pore’ and the corresponding instantaneous 

temperature change are shown for different temperature differences between melt and 

matrix in figure 7.9. Heat flux was calculated using the average pore geometry shown in 

figure 7.10, in which the cross sectional area is a function of the volume fraction melt e 

and the number of grain ’edges’ per unit volume N, such that, A=e/N and is implied by 

the experimental study of Marlow and Scheie(1983)which suggests that for geologically 

relevant dihedral angles partial melt volumes are concentrated on crystal triple junctions 

rather than wetting all grain boundaries. The grain edge density was derived from 

measurements of 17 garnet peridotite samples and is a linear function of the number of 

grains per unit volume n (eq.7.28)

N  = 0.0304/% + 72324.1 (7.28)

The instantaneous temperature changes shown in figure 7.9 suggest that even at 

low temperature differences between the matrix and melt solidification times of a number 

of hours rather than days would be expected with instantaneous rates of temperature 

change of ca 1000°C s'̂  even at temperature differences approaching unity. It is notable
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that carbonate melts generated through small degrees of partial melting in the 

asthenosphere would be expected to be <50°C above the ambient temperature of the 

mantle wallrocks, such observations suggest that due to the extremely low flow velocities 

inherent in compaction driven two phase flow, carbonate melts would effectively be 

unable to migrate through the asthenosphere-lithosphere boundary without solidification.

7.4.3 Implications for the Genesis of Carbonatites.

The genesis of carbonatites as ’primary’ mantle derived magmas will be dependent 

on the ability of carbonate melts derived by partial melting of carbonated peridotites to 

migrate from their source regions to the surface. The heat flow models presented above 

suggest that only transport in magma filled cracks would be capable of transporting 

carbonate melts such large distances without solidification and that compaction driven 

porous media flow would only be an important migration mechanism in the 

asthenospheric source region itself. The estimates of the minimum ascent rates, crack 

dimensions and magma injection rates required as described above are dependent on the 

assumed average temperature differences between mantle wallrock and melt and depth of 

the source region and are unrealistic in that they adopted a rather simplified estimation 

of the solidification temperatures of the carbonate melt, they suggest however that ascent 

rates of between 20-70 cm s'̂  in magma filled cracks of between 5 and 30 cm width 

would be able to reach a Moho of 30km depth and implies magma injection rates of 

between 1x10  ̂ and 1x10  ̂ m V \ The problem with all such crack propagation transport 

mechanisms is that the magma injection rates require the migration of dispersed partial 

melts to crack bases, a crack of 18cm width at 200km depth, for example, would requires 

ca 36x10^ m  ̂of melt to propagate to the Moho which assuming a volume fraction of 1% 

partial melt would require the sampling of 36 km^ of mantle which if the supply rates are

324



controlled by compaction driven flow could not achieve the required injection rates. 

Realistic evaluation of crack propagation mechanisms therefore require estimates of 

increases in compaction driven flow due to the pressure drop induced by crack initiation 

and the possibility of accumulation of magma in the source region prior to crack 

propagation.

The ascent rates of 20-70 cm s'̂  are suggested here to represent minimal estimates 

of the rates required for a carbonate melt to reach the base of the crust. It is clear from 

the above discussions on crystal settling rates that such flow rates would be capable of 

transporting olivine xenocrysts and dunite xenoliths of up to 4 cm in diameter, the rarity 

of such mantle samples in carbonatites strongly suggests either magma generation by an 

immiscible mechanism or the accumulation in crustal magma chambers. It is, however, 

notable that many unequivocally nodule bearing carbonatites, such as, the Lashaine 

carbonatite ’tuff’ cone, Tanzania^ are not associated with silica undersaturated alkalic 

rocks nor do they demonstrate ’characteristic’ carbonatite minerals. Additionally, ascent 

times suggested for the natrocarbonatites of Oldoinyo Lengai from Ra-Th disequilibria of 

ca 7-18 years (Williams et al 1986) are far in excess of the minimum ascent times 

suggested here of 4.6 days from 200km depth and also support either immiscible genesis 

or residence times of a number of years in an intermediate reservoir.

7.4.4 Implications for Mantle Metasomatism.

The possible role of carbonate melts in mantle metasomatism was discussed 

extensively in Chapter 1 and a mechanism for metasomatism suggested on the basis of 

geochemical restrictions whereby carbonate melts generated through small degrees of

 ̂ Field observations conducted in this study with A. P. Jones, A. Church and /. 
Monkhouse (1993)
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partial melting result in metasomatism of mantle wall rocks on solidification by the 

generation of an H2O-CO2 vapour phase. It was also suggested that during hthospheric 

thinning such a mechanism would result in a metasomatic ’front’ of carbonated mantle 

ahead of the rising lithosphere-asthenosphere boundary (LAB). Implicit in this mechanism 

was the assumption that the generated carbonate melts would be unable to migrate 

significant distances from LAB.

The heat flow models presented above suggest that migration of carbonate magmas 

by compaction driven porous media flow would be restricted entirely to the asthenosphere 

and that, depending on depth, magma filled cracks of widths less than 2-3cm would 

solidify in the region 5-10km above LAB. Since it would seem unlikely in light of the 

above discussions that in partially melted mantle with low volumes of melt that high 

magma supply rates to crack bases could be supported, thin veins and dykes are suggested 

to predominate. Such estimates would suggest high carbonate contents in the mantle above 

the asthenosphere boundary due to the solidification of magma driven cracks which would 

decrease to average mantle values after 5-10km. The recent observation of solid CO2 

inclusions in a diamond at 5GPa relating to 200km depth (Schrauder and Navon 1993) 

strongly supports the occurrence of such a carbonate ’enriched’ layer above the 

asthenosphere since carbonation reaction mechanisms, as discussed in Chapter 1, would 

suggest that a minimum of 23wt% carbonate would be required in mantle garnet 

peridotites to enable the presence of free CO2. Hence, on the basis of physical and thermal 

behaviour of carbonate melts at depth the mechanism suggested for mantle metasomatism 

by carbonate melts would seem plausible.

The presence of a metasomatic ’front’ ahead of a rising asthenosphere-lithosphere 

boundary during extension is less intuitive and will depend on the rate of hthospheric
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thinning. If the rate at which of LAB rises is less than the ascent velocity of carbonate 

partial melts in the asthenosphere by compaction driven flow, that is, ca 3.6x10^° ms^ or 

11.35 mm yr^ then progressive generation of carbonate melt by partial melting of 

carbonated peridotites with decreasing depth will result in increases in the volume fraction 

carbonate melt in the upper part of the asthenosphere. The periodic propagation of 

carbonate magma driven cracks into the overlying lithosphere would lead to the generation 

of the metasomatic ’front’ discussed in Chapter 1, it also seems likely that increasing 

volume fractions of carbonate melt would increase the overall possible magma injection 

rates leading perhaps to melts parental to carbonatites. Alternatively, hthospheric thinning 

rates higher than the ascent rates of carbonate magmas in the asthenosphere will result in 

’sinking’ of carbonate melts in respect to the mantle geotherm and hence incorporation 

of the carbonate melt fraction into the more voluminous silicate melts generated at higher 

degrees of melting. An interesting feature of such a mechanism is that the COz-content 

of resultant silicate melts may be a function of hthospheric thinning rates as weh as the 

carbonate content of the source region.

7.5 The Extrusive Behaviour of Carbonatite Magmas.

Occurrences of i  extrusive carbonatites are relatively numerous, as described in 

Chapter 1 section 1.2.2.b and are predominated by calcium carbonatite pyroclastics with 

subordinate lavas. Present extrusive carbonatite activity is restricted to the 

natrocarbonatites of Oldoinyo Lengai in the northern part of the Gregory rift, Tanzania 

and activity has been restricted to the sporadic effusion of highly fluid natrocarbonatite 

lavas since the major ’mixed’ pyroclastic eruption of 1966 (Dawson 1968). Observations 

conducted in this study in September 1992 indicate minor intra-crater pyroclastic events 

have occurred resulting in l-2m thick lapilli deposits (Plate 7.1). Additionally, effusion
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m

Plate 7.1. Recent natrocarbonatite lapilli deposits in the crater of Oldoinyo Lengai, Tanzania. 
(L) l-2m thick lapilli deposits, (H) hornitos, (V) main vent (10/09/92).
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rates of 1-8 s^ observed during this period are significantly higher than those reported 

firom previous expeditions in November 1988 of 0.2-0.3 s'̂  (Dawson 1990) which may

indicate increased activity.

Thermophysical properties measured for the natrocarbonatite lavas (Dawson 1990) 

are, however, inconsistent with both the results derived in this study and previous 

experimental results with viscosities of l-5Pa s suggested for ’vesicle-fi:ee’ lavas in 

comparison to 0.006 Pa s for synthetic Na^CO  ̂melts. However, observations made during 

this study suggest that even the highly fluid lavas in the crater contain significant vesicle 

contents of 30-50 %  volume as well as the previously described microphenocryst content 

of 16% volume, the effective viscosity of vesicle bearing suspensions are shown in figure 

7.11 based on expressions described by Jaupart and Tait (1990) (Eqns 7.29 and 7.30). It 

is notable that effective viscosity may be increased by over an order of magnitude by 

vesicle and crystal contents, however, it must be noted that the expressions used are 

specific for either foams or suspensions are expected to underestimate increases in 

viscosity as they do not consider interaction of vesicles and crystals.

(7.29)'foam '  r t
1 - - Ï L

0.98

(7.30)
i-JL

0.65

Estimates of the volumetric flow rates using the turbulent pipe flow equations 

described above (Eqns 7.9-7.16) provide values remarkably consistent with the observed 

effusion rates, with volumetric flow rates of 0.627 m  ̂ and 1.255 m  ̂ s'̂  for carbonatite 

viscosities of 1 and 0.006 Pa s in a 0.25 m radius conduit as was estimated for the 1992 

observations. Such, data may suggest that the increase in flow rates relate to decrease in
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melt viscosity and it is notable that lava temperatures were estimates at 600-700°C in-the 

present study based on the luminescence of the lavas, compared to 544°C and 585°C in 

previous studies (Krafft and Keller 1990, Dawson et al 1990). Calculations also reveal 

that the volumetric fluxes are relatively insensitive to changes in density either of the melt 

phase or the overburden and hence considering the uncertainty concerning absolute 

conduit dimensions, effusion rate and viscosity no estimate of the depth of the magma 

reservoir may be made through theoretical flow considerations.

Little reliable data is available to allow quantitative estimates of the eruptive 

behaviour of calcium carbonatite magmas, although the dominance of carbonatitic tuffs, 

agglomerates and lapilli suggests violent gas-rich eruptions as might be expected from the 

higher dissociation of CaCOj melts, although significant occurrences of calcium 

carbonatite lavas exist to suggest relatively quiescent eruption of CaCOj magma.

Figure 7.12 demonstrates the variation in average flow velocities and volume flux 

rates in relation to viscosity, density and vent dimensions for turbulent flow and suggests 

that flow is essentially a function of the dimensions of the conduit and is relatively 

insensitive to realistic variations in viscosity and density. Estimates of the minimum 

effusion rates of calcium carbonatite lavas may be gained from their phenocryst contents 

for example, 0.5 cm single crystal calcite phenocrysts observed in the calcium carbonatite 

lavas of Kerimasi, Tanzania would suggest minimum flow rates of 7.34 cm s'̂  for a melt 

viscosity 0.006 Pa s. Estimates of the dimensions of vents for carbonatite activity are rare, 

however, a vent ca 10m in diameter has been suggested for Got Chiewo vent, Homa 

Mountain, Kenya suggesting flow velocities of ca 60 m s'̂  and volume fluxes of some 360 

m  ̂ s '\  which suggests that viscosities may be higher than the ’ideal’ 0.006 Pa s perhaps 

due to vesicle content, it is probably significant that Got Chiewo vent produces calcium
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carbonatite ’splatter’ agglomerates and tuffs rather than lavas. It may, therefore, be 

realistic to suggest that although the extrusion style may relate very much the vent 

dimensions it is also clear that gas content will be critical.

Many carbonatite complexes demonstrate early stage carbonatite breccias, many 

of which are described as due to fluidisation by gas-melt mixtures, such breccias may be 

of relatively large scales of ca 1.5km in diameter, for example, Amba Dongar, India and 

Sea Brook Lake, Canada with clast sizes varying from a few cm to meters in diameter. 

The fluidisation of such large scale clasts must relate to extremely high flow rates, 

however, the lack of adequate field descriptions for such breccias, that is, estimates of 

average clast sizes and matrix fraction, precludes estimates of the mass flux of events.

7.6 Summary.

• Calculations of flow rates of calcium carbonatite magmas in ’open’ conduits that they 

would be capable of transporting mantle xenoliths and xenocrysts and suggests either 

residence times in a magma reservoir or an immiscible genesis.

• Transport of carbonatite magma from an asthenospheric source region to the base of the 

crust could be achieved by magma driven crack propagation in dykes greater than 5-30 

cm thick wiÛi magma injection greater than 0 .01 -0.1 m  ̂s'̂  .implying ascent rates of

0.2-0.7 m  ̂ s^

• Migration of carbonate melts by compaction driven flow will only be important in the 

asthenospheric mantle.

t
• Probable low magma supply rates in the asthenospheric mantle suggest that the majority 

of carbonate melts propagate only 5-10 km into the hthospheric mantle suggesting a 

carbonate metasomatic layer above the asthenosphere.

• The existence of a metasomatic front ahead of a rising asthenosphere-lithosphere
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boundaryat liAospheric thinning rates are less than 11.32 mm yr'\ Additionally, primary 

mantle derived carbonatites would only be expected at low hthospheric thinning rates.

• At hthospheric thinning rates exceeding 11.32 mm yr'  ̂the CO2 content of sihcate partial 

melts in the mantle may be a function of thinning rate as weh as COj-content of the 

mantle.
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CHAPTER 8 

SUMMARY AND SUGGESTIONS FOR FURTHER WORK

Carbonate melts have long been considered as structurally simple solutions 

consisting of isolated ionic and cationic groups, however, calculations based on such an 

assumption have been only partially successful (Treiman and Schedl 1983, Treiman 1990).

Experimental constraints derived from solubility data on metal ceramics in alkali 

carbonate melts (Orfield and Shores 1988, 1989) are not consistent with a simple ionic 

solution model and suggest incorporation of metals into carbonate melts as soluble 

carbonate and oxide complexes. Additionally, solubility mechanisms are a function of the 

partial pressure of COj and the redox potential suggesting that gas fugacities control metal 

spéciation. Solubility studies are, however, mainly restricted to the transition metal oxides 

and it is suggested that much relevant information on the spéciation of geologically 

significant melts could be gained from the experimental determination of the solubility 

behaviour of the alkaline earth metals in alkali carbonate melts as a function of gas 

fugacities.

The solubility mechanism proposed by Lu and Selman(1989)mggest incorporation 

of water into carbonate melts by coupled redox reactions with the carbonate ion. Such a 

mechanism may be implied by the presence of OH and HjO spéciation in La(0 H)3- 

CaC03 -Ca(0 H)2-CaF2-BaS04  glasses as derived in Chapter 4 by vibrational spectroscopy. 

The evolution of a coexisting vapour phase is poorly understood, however, it is likely to 

be sensitive to such and reactions which may result in large variations in composition.
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There is a need for reliable experimental data on the compositions of coexisting vapour 

phases and the solubilities of HjO and CO2 in carbonate melts, this is of particular 

importance to the petrogenesis of carbonatites as fenitisation has been invoked as a major 

evolutionary process (Gittins 1990, Le Bas 1990).

Also related to the evolution of a coexisting fluid-vapour phase is the dissociation 

constant of the carbonate ion which as derived from the aforementioned solubility 

mechanisms has a major effect on the level of complexation. It was suggested in 

Chapter 2 that the dissociation of the carbonate ion is a function of the electronegativity 

of the coordinated metal cation due to its electron polarisation effects. It was demonstrated 

in Chapter 6 using quantum mechanics simulations of crystalline carbonates that such 

electron polarisation occurs with delocalisation of electrons from the carbon atom and the 

intra-bond region onto the oxygen atoms as response to the shielding requirements of the 

oxygen nuclei. It was also suggested that the interaction of Mg^  ̂ with CO^^ is partially 

covalent offering the possibility of ’covalent’ network structures.

Molecular dynamic simulations provided more significant data on the rheological 

properties of the melt allowing an approximate equation of state for a CaCOg melt to be 

constructed, it is however evident from the poor quality structure data derived for molten 

alkali carbonates that such methods are highly dependent on the quality of the interatomic 

potentials used. It is suggested here, that molecular dynamics offers an effective method 

of studying the liquid state and if reliable carbonate potentials derived can be derived, for 

example, from quasi-harmonic methods the structures and rheological properties of 

carbonate melts may be derived.

The discovery of liquid immiscibility between two carbonate melts in the system 

La(0 H)3-CaC03-Ca(0 H)2-CaF2-BaS04  has implications for both the melt structure and the
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petrogenesis of carbonatites. The presence of immiscible behaviour supports the presence 

of a relatively ’complexed’ conjugate melt with a discrete structure which was suggested 

to represent the CaCOj melt, the textural relations suggesting that such melts are more 

dense than the un-complexed counterparts. Petrologically the existence of an immiscible 

field at 1 kbar suggests that REE-carbonatite magmas could be produced by immiscibility 

which corresponds well with observed phenomena since REE-carbonatites cannot be 

related to earlier calcium carbonatites by crystal fractionation.

The origin of carbonatite magmas as either immiscible fractions of COj-saturated 

sihca under-saturated melts (KJaarsgard and Hamilton 1990) and primary mantle derived 

melts (Wylhe 1990) is highly controversial. However, the flow and heat loss calculations 

described in chapter 7 suggest that most carbonatite melts, if derived by partial melting 

of carbonated mantle, must remain resident in an intermediate reservoir to account for the 

lack of mantle xenoliths. Since, the storage of such low density magmas in either the 

lower crust or the upper mantle seems unlikely, an immiscible petrogenesis must be 

favoured despite its petrological problems. It must be noted however that the rare 

carbonatites containing mantle xenoliths may represent ’primary’ mantle carbonate melts 

and it is perhaps significant that many do not demonstrate characteristic ’carbonatitic 

minerals.

It is clear, however, from experimental studies in the system C-H-0 peridotite that 

carbonate melts may be produced by partial melting of carbonated mantle below depths 

of approximately 60km. The existence of mantle carbonate melts is therefore merely a 

function of the carbonation of the lithosphere and it seems likely that in a fundamentally 

heterogeneous mantle that appropriate carbon concentrations and oxidising potentials will 

occur, carbonate melts must occur in the mantle. The flow constraints imposed by the
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models considered in chapter 7 suggest that most carbonate melts generated in the 

asthenosphere will solidify in the overlying 5-10km of the lithosphere resulting in a 

carbonated metasomatic layer.
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APPENDIX A

METASOMATISM OF THE MANTLE BY CARBONATE MELTS.

Within this section I will review recent papers which provide further evidence for 

metasomatism of the mantle by carbonate melts.

Experimental work has demonstrated conclusively that carbonate is a stable mantle 

phase at pressures >1.7GPa (Huang and Wyllie 1976, Eggler 1978, Falloon and Green 

1989,1990) and primary mantle carbonates have been recognised from mantle xenoliths both 

as inclusions (Hervig and Smith 1981) and as discrete primary phases (Ionov et al 1993). 

Additionally the rarity of ’carbonated’ mantle samples has been related experimentally to the 

decarbonation of carbonates on decompression during the ascent of xenoliths rather than the 

sparsity of carbonate in the mantle (Canil 1990).

Experimental studies have also shown that the first produced partial melts from 

carbonated peridotites at pressures higher than 1.7GPa are carbonate melts containing only 

minor Si02 (<10wt%)(Wyllie 1987, Falloon and Green 1990,1989; Thibault et al 1993). The 

composition of these partial melts is dolomitic, however, experimental melting studies at 2.1- 

3.1GPa in the system pyrolite-C-H-O suggest Na-bearing melts relating to the occurrence of 

pargasitic amphibole on the solidus (Wallace and Green 1988) and melting studies at 3.0GPa 

on carbonate phlogopite peridotite have provided K-bearing dolomitic melts (Thibault et al 

1993). It appears therefore that the alkali-contents of such partial melts are sensitive to the 

predominant hydrous phase at the solidus as suggested in Chapter 1.

The ability of these carbonate melts to metasomatise the overlying mantle, however, 

depends on both their mobility in the mantle and trace element composition. Experimental 

work has shown that dolomitic carbonate melts have equilibrium dihedral angles of



approximately 28° in an olivine matrix at 3GPa and hence will be capable of forming 

interconnected networks and separating from their source regions (Hunter and Mckenzie 

1989). The trace element composition of carbonate partial melts is, however, poorly known, 

although melting experiments indicate low TiOz and AI2O3 contents which are consistent with 

that of carbonatites (Thibault et al 1993, Wallace and Green 1988). Furthermore 

experimentally derived element partition coefficients between carbonate melts and olivine and 

clinopyroxene at mantle pressures suggest that the carbonate melt will be preferentially 

enriched in incompatible elements such as the REE in comparison to their residuals (Brenan 

and Watson 1991). Additionally solubility experiments at 3GPa suggest high solubilities for 

P which is strongly correlated with the REE and low solubilities for garnet and titanate 

suggesting low Ti02  solubilities (Baker and Wyllie 1992).

Experimental studies on the interaction between mantle wall rock and infiltrating 

carbonate melts indicates that, for small volumes of infiltrating carbonate melt at least, only 

small changes in modal mineralogy occur. Interaction with mantle harzburgites at 2.0GPa 

occurring by reaction of carbonate melt with orthopyroxene to clinopyroxene and olivine with 

complementary decarbonation of the melt phase results in a trend towards wehrlitic 

assemblages and interaction of wehrlite with carbonate melt by reaction of the carbonate melt 

with clinopyroxene to olivine results in a trend towards dunite (Thibault et al 1993, Dalton 

and Wood 1993). It is notable that interaction with infiltrating silicate melt results in increases 

in clinopyroxene at the expense of orthopyroxene and olivine resulting in a trend towards 

clinopyroxenite (Thibault et al 1993). Changes in chemistry are less well constrained although 

it is clear that increases in Ca/Al and Na or K/Al will occur whilst it has been suggested that 

Mg# will remain constant due to the small Mg/Fe fractionation between residual silicates and 

the carbonate melt (Green and Wallace 1988, Dalton and Wood 1993, 1993a). Changes in 

trace element chemistry are even less well constrained although it is clear that increases in



LREE and P without concomitant increases in the HFSE such as Xi02 should occur on the 

basis of both their solubilities in the carbonate melt and on partition coefficients with mantle 

mineral assemblages (Green and Wallace 1988, Baker and Wyllie 1992, Thibault et al 1993).

Direct evidence for mantle metasomatism by carbonate melts has been proposed from 

the chemistry and mineralogy of mantle xenoliths from NW Spitsbergen (Ionov et al 1993); 

In Teria, Algeria (Dautria et al 1993); Mt Leura, western Australia (Yaxley et al 1991); 

Olmani crater, northern Tanzania (Rudnick et al 1993) and Western Samoa and Tabuai (Hauri 

et al 1993). The most persuasive evidence from these occurrences for metasomatism by 

carbonate melts is the enrichment in LREE without concomitant enrichment in the HFSE such 

as Ti02, however, suggestions that other relationships such as high Zr/Hf, Nb/Ta and La/Nb, 

based on partition coefficients between coexisting silicate and carbonate liquids, also 

characterise carbonate metasomatism are less conclusive inasmuch as these elements are 

highly variable in carbonatites. It is also notable that high Ca/Al and Na/Al values suggested 

by Green and Wallace (1988) to be characteristic of carbonatite metasomatism are not 

reported from all the above occurrences. All the above occurrences do, however, demonstrate 

textural relations consistent with reaction of orthopyroxene with carbonate to clinopyroxene 

and olivine although remnant carbonate is only observed in the spinel Iherzolites of NW 

Spitsbergen. It is also notable that xenoliths from all these occurrences demonstrate accessory 

apatite, suggested by Green and Wallace (1988) as a characteristic phase and identified by 

Baker and Wyllie (1992) as a stable solidus phase in equilibrium with a dolomitic partial 

melt.

Although there is excellent agreement between experimental data and observed natural 

mantle xenoliths to suggest that carbonate metasomatism occurs in the mantle, it is clear that 

further experimental work is required to further constrain the trace element characteristics of 

carbonate metasomatism. Also it is notable that the proposed mechanisms for carbonate



metasomatism are based on experiments predominantly conducted at temperatures and 

pressures at which carbonate is not stable, that is, 2.0GPa, 1000°C although Dalton and Wood 

(1993) have shown that in the field of carbonate stability reaction of carbonate melt will result 

in solid carbonate rather than CO2 which correlates well with the remnant carbonate observed 

in the Spitsbergen xenoliths and would extend the region over which carbonate metasomatism 

could occur to garnet stability field.
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