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ABSTRACT

Carbonatites are igneous rocks with a major element chemistry based on the 
carbonate anion. Although they are rare throughout the Earth's history, geochemical 
evidence suggests that carbonate-rich melts and fluids play an important role within the 
Earth's mantle, as agents for metasomatism and fluxes to larger volume partial melting.

Relatively few experiments have been performed at pressure and temperature 
conditions pertaining to the mantle. Generating the high pressures necessary to 
simulate the mantle is a non-trivial task. Such experimental studies have so far been 
concerned with melting phenomena in carbonated mantle silicate assemblages, rather 
than employing a systematic approach to characterising the properties (physical and 
chemical) of carbonate systems at temperatures below melting of the silicate host-rock.

The compositions of natural 'fluid'-inclusions in mantle minerals, particularly 
coated-stones were used to constrain the probable composition of the "primary' mantle 
carbonate melt. The system K2C0 3 -MgC0 3  was chosen as a first approximation to an 
end-member mantle carbonaceous metasomatising agent and melting phase relations 
were studied at pressures up to 5 GPa, corresponding to 150 km depth. In order to 
assess the mobility and, hence effectiveness of such melts as metasomatic agents, it is 
important to study their physical properties, so the viscosity and density of various 
molten carbonate systems were measured in situ using the falling sphere technique. 
Studies into a possible genetic link between such melts and diamond growth were 
performed and it was found that some carbonate compositions were effective catalysts 
to diamond nucléation and growth under mantle pressure and temperature conditions.

The experimental evidence leads to the conclusion that molten alkali carbonate 
fluids are powerful metasomatising agents within the Earth's mantle which are involved 
in the formation of silica-undersaturated melts, such as kimberlites and silicate- 
carbonatite igneous complexes, as well as the growth of coated-stone diamond. Mantle 
carbonate melts are likely to be important in the transport of recycled carbon into the 
mantle from subducted oceanic crust.
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1. IGNEOUS CARBONATE ROCKS. 

1.1 Inhomogeneity of the Earth.

The composition of the Earth is not constant. Variations occur in bulk Earth 

composition with time, due to accretion of stellar and sub-planetary material and loss of 

light elements from the atmosphere. In addition, compositional and thermal 

heterogeneities occur within the Earth. Radial heterogeneities occur, with the Earth 

being divided into (solid) inner- and (liquid) outer-core, lower and upper mantle 

(mainly solid), crust and atmosphere (gas and liquid). Within this general scheme, 

there is great lateral and temporal variation. Direct evidence, from field geology, is 

only available about the very upper crust and atmosphere (and some of the 

hydrosphere) in the present. Additional evidence about the physical state of the Earth is 

available from the range of geophysical techniques available to the geologist, but it is 

necessary in order to interpret much of the geophysical data, in terms of composition, 

physical form and spatial resolution, to perform experiments on Earth-materials under 

geologically relevant conditions. Thus, the main role of experimental petrology is to 

facilitate an understanding of the nature and evolution of the heterogeneities of the 

Earth, both spatial and temporal, especially in the inaccessible regions of the Earth i.e.; 

at depth, and other planets.

1.2 Heat Flow Within the Earth; Igneous Rocks.

Heat flow within the Earth is controlled by mechanism of heat transfer 

(conduction, convection and radiation), rate of heat loss from the Earth's surface and 

source of internal heating (primary gravitational heating from Earth accretion, heating 

from decay of radioisotopes and crystallisation of liquids, in particular, the outer core). 

The outer jrheological layer of the (solid) Earth (the lithosphere) behaves elastically and 

the majority of heat transfer occurs by conduction. The inner rocky layers (collectively
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known as the asthenosphere) behave plastically and heat is transferred by convection 

which is substantially more efficient than conductive heat transfer. Because of the 

differing styles of heat transfer within the lithosphere and asthenosphere, the 

temperature-depth profile (geothermal gradient) of the Earth has a point of inflexion at 

the lithosphere-asthenosphere boundary, where T/P is a maximum. The pressure 

dependent solidus of peridotite with water and CO2 shows a reduction in temperature 

from the dry solidus of up to 200°C at pressures where hydrous or carbonate minerals 

are stable, which can cause the intersection of the carbonated, hydrous peridotite 

solidus with suggested geothermal gradients (figure 1.1). Such fluid-present melting is 

a likely source of the liquid thought to be present in the low seismic velocity zones 

common to the base of the lithosphere. Such melts are silica-undersaturated and often 

rich in CO2 , sometimes even having carbonate as the main anion component. 

Therefore, the study of carbonate and C0 2 -rich melts is fundamental to understanding 

the melting processes operative within the Earth.

Two of the most important questions in mantle carbonatite research are; (1) how 

do carbonate melts differ from silicate melts in their behaviour with surrounding 

peridotites and (2 ) what are the relationships between coexisting silicate and carbonate 

melts at mantle pressures. If there is to be an understanding of the relationship between 

the different carbonate-rich mantle-derived magmas, it is necessary to develop well 

constrained phase relations in simple carbonate-silicate systems which can be 

expanded, both through thermodynamic techniques and the experimental addition of 

increasing numbers of components, to produce a predictive model for carbonate-silicate 

melting phase relations. The present study is, to the best of the author's knowledge, a 

first step in this direction at high pressure, using magnesium-potassium carbonate as a 

first approximation to the carbonate melt generated in the deep sub-lithospheric 

continental upper mantle with the addition of magnesium silicate to model kimberlite- 

carbonatite phase relations at depth.

26



1

Sp-Arnph 
Iherzolite 
+ vapour

olivine
nephelinite2

carbonatite
Mc-Gt-Arnph

Iherzolite
olivine

melilitite
Amphiout3
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Iherzolite i

900 1000 1100
Temperature ( t )

Figure I.l The fluid saturated solidus for mantle peridotite, redrawn from Wilson et a i ,  1995. The 

field of primary carbonatite is shown in grey and melts above the amphibole out reaction (bold italics) 

are all silica undersaturated and rich in CO]. Sub-solidus phase assemblages shown in italics, 

abbreviations are: Me = magnesite; Gt = garnet; Amph = amphibole; Sp = spinel.
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1.3 Igneous Carbonate Rocks: C arbonate-Silicate M agmas and

Carbonatites.

1.3.1 Carbonatites ; Primary Carbonate Melts ?

Until the breakthrough experiments of Wyllie & Tuttle (1960), there was fierce 

debate over the possibility of low-temperature carbonate melts. This led to the 

suggestion of carbonatites being remobilised limestone (e.g.; Shand, 1927) or 

carbonate replacing silicate intrusions (for an interesting defence of some of the non- 

magmatic arguments, see Barker, 1993). However, the year 1960 was to be pivotal in 

our understanding of carbonatites, with the experimental synthesis of low temperature 

hydrous-calciocarbonatite melts (Wyllie & Tuttle, 1960), the recognition of extrusive 

carbonatites from Zambia (Bailey, 1960) and the direct observation of carbonatite 

eruptions at Oldoinyo Lengai, Tanzania (Dawson, 1962); earlier carbonatite eruptions 

at Lengai had been observed, (e.g.; Hobley, 1918; Richard, 1942,) but their 

significance was not recognised until the supporting experimental work was performed. 

Thus, carbonaities were recognised as having magmatic origins, although much debate 

continued (and still does) over the genesis and mode of emplacement of carbonatites. 

For a full historical review of carbonatite research, see Bailey, 1993.

a) Classification of carbonatites.

Carbonatites can be defined as:

'igneous rocks with more than 50% by volume primary igneous carbonate

minerals'

This definition does not distinguish between igneous (i.e., allochthonous) carbonate 

melts and metamorphic marble anatexites. Equally, the incorporation of large volumes 

of xenoliths into a carbonatite, although unlikely, would potentially exclude it from the
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above definition; and decarbonation reactions in high-temperature, or highly magnesian 

carbonatites would have similar effect. Additional problems arise in the distinction 

between late-stage auto-metasomatism of magmatic cumulates, such as occurs in some 

kimberlites, producing enrichment in primary carbonate and serpentine, and subsequent 

alteration related to ground-w ater. Given these exceptions, how ever, the above 

definition provides a working fram ework for distinction betw een carbonatite and 

silicate magmas and a discussion of their relationships.

The clasification o f W oolley & Kempe (1989) for carbonatites (figure 1.2), 

based on their m ajor-elem ent bulk chem istry is adopted here, on the grounds that 

different carbonate minerals are difficult to distinguish and that complex intergrowths 

make the estimation of modal pi oportionsof carbonate species difficult.

CaO

Magnesiocarbonatite Ferrocarbonatite

MgO FeO + P e p 3 
4- MnO

Figure 1.2 Woolley & Kempe's (1989) classification of carbonatites based on whole rock analyses. 

The shaded region represents the carbonatite field and italic names show trends of bulk-rock analyses of 

carbonatites named based on mineralogy.
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b) Major element chemistry.

The major cations present in carbonatites are used in Woolley & Kempe's 

(1989) classification to define calcio, magnesio and ferrocarbonatite. Field relations 

and chemical trends suggest that, where fractional crystallisation has occurred, the 

order of crystallisation is calciocarbonatite: magnesioncarbonatite: ferrocarbonatite; 

however primitive, effusive magnesiocarbonatites, containing mantle xenoliths occur, 

such as at Rufunza (Bailey, 1989). Clearly, the composition of the primary carbonate 

magma, although commonly, is not is not always calciocarbonatitic. Woolley & 

Kempe's (1989) compilation of carbonatite analyses is given in table 1.1.

Table 1.1 Averages and ranges of analyses for intrusive carbonatites from Woolley & Kempe (1989)

Wt%

Calciocarbonatite 

Av. No. Range

Magnesiocarbonatite 

Av. No. Range

Ferrocarbonatite 

Av. No. Range

S i0 2 2.72 116 0.0-8.93 3.63 50 0.6-9.40 4.70 57 0.36-9.0

Ti0 2 0.15 115 0.0-1.09 0.33 49 0.0-1.98 0.42 57 0.0-2.30

AI2O3 1.06 116 0.0-6.89 0.99 53 0.0-4.41 1.46 53 0.01-5.60

Fe203 2.25 97 0.0-9.28 2.41 48 0.0-9.57 7.44 50 0.46-17.84

FeO 1.01 91 0.0-4.70 3.93 47 0.0-10.40 5.28 50 0.0-20.28

MnO 0.52 119 0.0-2.57 0.96 54 0.02-5.47 1.65 57 0.23-5.53

MgO 1.80 122 0 .0-8.11 15.06 54 9.25-24.82 6.05 58 0.10-14.50

CaO 49.12 118 39.24-55.40 30.12 53 20.8-47.0 32.77 58 9.20-46.43

Na2 0 0.29 102 0.0-1.73 0.29 44 0.0-2.23 0.39 46 0.0-1.52

K2O 0.26 105 0.0-1.47 0.28 44 0.0-1.89 0.39 51 0.0-2.80

H2O 0.76 78 0.0-4.49 1.20 36 0.08-9.61 1.25 35 0.04-4.52

P2O5 2.10 119 0.0-10.41 1.90 51 0.0-11.30 1.97 54 0.0-11.56

CO2 36.64 104 11.02-47.83 36.81 49 16.93-47.88 30.74 53 20.56-41.81

BaO 0.34 74 0.0-5.0 0.64 32 0.01-4.30 0.80 31 0.02-2.48

SrO 0.86 66 0.0-3.29 0.69 29 0.06-1.50 0.88 34 0.01-5.95

F 0.29 31 0 .0-2.66 0.31 21 0.03-2.10 0.45 20 0 .02- 1.20

Cl 0.08 8 0.0-0.45 0.07 1 - 0.02 3 0.01-0.04

S 0.41 23 0.02-2.29 0.35 12 0.03-1.30 0.96 12 0.12-5.40

SO3 0.88 15 0.02-3.87 1.08 13 0.06-2.86 1.08 14 0.06-3.00
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Such a compilation of data has inevitable problems: the loss of alkalies through 

fenitisation is not taken into account; no distinction is made between fractionation trends 

and primitive magnesiocarbonatites; the limiting of Si0 2  to 10% is largely arbitrary and, 

although minimising the effects of xenolith contamination, rapidly emplaced 

carbonatites (i.e.; those likely to contain a high proportion of xenoliths, but least likely 

to have evolved during their emplacement, so probably most representative of the 

original carbonate melt composition) are discriminated against; and carbonatites 

containing cognate silicate minerals, which perhaps lie on a trend between carbonatites 

and carbonate-bearing ultrabasic silicate magmas are excluded from consideration. 

Some general trends are, however, discernible from this compilation:

Si0 2  increases across the series calico-magnesio-ferrocarbonatite 

(hereafter denoted CMF sequence). Late stage drusy quartz is common 

in ferrocarbonatites and has been interpreted as metasomatic silicate 

derived from silica loss in the country rock during fenitisation (e.g.; 

Woolley, 1969).

T i02  increases across the CMF sequence. Titanium is usually in the 

form titanomagnetite and perovskite, although occurrences of rutile have 

been described from Kerimasi volcano (Church, pers. comm.).

FeO and Fe2 0 3  increase, by definition across the CMF sequence. 

Megnesiocarbonatites display the lowest apparent f02> with Fe0 >Fe2 0 3 .

This may be due to the presence of ankerite, or may be a function of the 

deep source of some magnesiocarbonatites. The high Fe^+ contents of 

ferrocarbonatites is controlled by the quantity of iron oxides, including 

magnetite and is probably due to oxidation of the fluid phase in 

equilibrium with the carbonatite magma, during ground-water 

interaction.
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MnO increases through the CMF sequence. This is probably due to the 

increasing solubility of manganese in calcite, dolomite, ankerite and 

siderite (Quon & Heinrich, 1965).

CaO behaves bimodally (figure 1.3) with populations centred around 

pure calciocarbonatite (45-55 wt% CO2) and magnesiocarbonatite (25-35 

wt% CO2 ). This bimodal occurrence would not be produced by a 

fractionation trend, but probably represents differences in origin of 

many magnesio- and calciocarbonatites (Bailey, 1993). The smaller 

number of intermediate calcium carbonatites probably represent the true 

number of fractionation-sequence occurrences.

Na%0 and K%0 are uniformly low in intrusive carbonatites. Alkalies 

have invariably been lost during fenitisation, the most common form 

being potassium-fenites, although sodium-fenites are common at depth. 

The hygroscopic nature of alkalies causes them to strongly partition into 

the water-rich fluid exsolved form a crystallising carbonatite body. 

Additional evidence of the important role alkalies play in some 

carbonatites is provided by the effusive carbonatites of East Africa, 

where calcite laths are often thought to be pseudomorphing after 

gregoryite.

BaO and SrO are extremely concentrated in carbonatites. The BaO 

content increases across the CMF sequence, exceeding that of SrO in 

late stage carbonatite fractions, where it crystallises as barytes.

F and Cl. Fluorine contents increase and chlorine contents decrease 

across the CMF sequence, fluorine being much more abundant than
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chlorine. Fluorine occurs as a component in fluorapatite or as fluorite. 

Chlorine is probably lost to the vapour phase with sodium.

Incompatible elements (W oolley & Kempe, 1989; table 1.1). W here 

sufficient data exists, concentrations of incompatible elements are seen to 

increase across the CM F sequence.

40-

& 30-

i  - 
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5 10 15 20 25 30 35 40 45 50 55
Wt % CaO

Figure 1.3 Frequency distribution diagram for CaO contents of carbonatites (in wt%), redrawn from 

Woolley & Kempe, 1989.

1.3.2 Silicate Associations.

M ost carbonatites, both intrusive and extrusive, display intimate associations 

with some silica-undersaturated, alkaline silicates. It is prudent to note, however, that 

some carbonatites have no associations with silicates, for instance; Fort Portal, Uganda; 

Polino, Italy; Rufunza, Zambia. M any of these 'self-contained' carbonatites contain 

lower crustal or mantle xenoliths (according to Barker & Nixon, 1989 Fort Portal has
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diamond indicator minerals in alluvial deposits), implying rapid emplacement or 

eruption from a deep-seated source. These commonly have pure potassic metasomatic 

haloes, with phlogopite macrocrysts in Rufunza vent agglomerates and ashes, and 

extensive K-feldspathisation around vents, for instance.

a) Intrusive carbonatite complexes.

The most common carbonatite occurrence is as late stage components of 

plutonic alkali igneous complexes. Carbonatite commonly intrudes earlier silicate 

intrusions as dyke, ring dyke, cone and sheet complexes or low volume plugs. Often 

the silicate intrusive rocks are partially fenitised by the intruding carbonatite in addition 

to the complete fenitisation of the country rock, contributed to by both silicate and 

carbonate intrusions. Field-relations favour, at least partially, a fractional crystallisation 

origin for carbonatites assocaited with silicates, because if the two magmas co-existed 

the carbonatite would progress more quickly through the crust, due to its low density 

and viscosity and, thus should predate silicate emplacement.

Ijolite and nephelinite-syenite are commonly associated with intrusive 

carbonatites with fenitic haloes, whilst other ultramafic rocks (melilite-bearing, 

kimberlite) can be associated with non-fenitising carbonatites. Rare, exotic silicate 

rocks, such as bergalite (pyroxene-free, nepheline, melilite bearing) and shonkalite 

(pyroxene rich, alkali feldspar bearing) also occur in association with carbonatites.

Ijolite and nephelinite are the most conunon igneous silicates associated with 

carbonatites. Nephelinite associated with carbonatite appears more evolved than 

nephelinite not associated with carbonatite. This is shown by their lower Mg/Fe and 

higher K/Na and clinopyroxene being the common phenocryst phase, before olivine. 

Although at first sight, this appears to support a fractionation origin for carbonatite, it 

could simply mean that nephelinites without carbonatites are undersaturated in
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carbonate and, hence do not exsolve carbonatite magmas. Additionally, immiscibility 

would cause Si0 2  enrichment in the silicate melt, making it more pyroxene normative.

b) Extrusive carbonatites.

Any discussion of petrogenesis of carbonatites is incomplete without noting 

extrusive carbonatites because, as noted by Bailey (1993), extrusive carbonatites are 

likely to have been rapidly quenched and thus should not have lost significant 

components during crystallisation. Volatile loss is inherent to explosive eruption, with 

evidence of decarbonation in some carbonatite tuffs (Fort Portal; Kerimasi, in vent 

plug; Polino). Equally, loss of H2 O and associated Cl (+ Na) loss could produce 

explosive eruptive styles, with concomitant quenching due to flux loss. This syn- 

eruptive volatile loss might explain the high melting temperature calculated by Bailey 

(1993) for the effusive carbonatites, based on concentrations of hyperfusible elements .

Calciocarbonatite lavas have been recorded from Fort Portal (1 minor 

occurrence); Qagssiarssuk, Greenland; Khanneshin, Afghanistan and Kerimasi. 

Additionally, the twin volcano to Kerimasi, Oldoinyo Lengai has had several, well 

documented eruptions of the unusual natrocarbonatite composition in recent years (e.g.; 

Hobley, 1918; Richard, 1941; Dawson, 1962; Church & Jones, 1994) Some of the 

common East African carbonatite tuffs may have had alkalicarbontite original 

composition (Dawson, 1962), but Bailey (1993) demonstrated, through simple phase 

relations that this is not the case for calcite phenocrystic tuffs and lavas, where calcite 

phenocrysts can be proven to be primary (e.g.; Kerimasi, based on 

cathodoluminescence and EPMA, Church pers. comm.).

Kerimasi and Kaiserstuhl effusive carbonatites are related to nephelinite 

volcanism, with mixed lapilli tuffs and dykes exposed at the (quaternary, sub-volcanic) 

Kaiserstuhl complex and carbonatite lavas and agglomerates blanketing melilititic and
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nephilinitic lavas and pyroclastics at the (recent) Kerimasi volcano. The majority of 

Kerimasi volcano is mainly silicate composition, with late stage calciocarbonatite lavas 

and apatite-olivine veining with late stage periclase overgrowing ferripericlse (plate 

1.1). The veining appears to represent the last vestiges of melt in the system, with 

phosphate acting as a low melting temperature flux. The extrusives show little sign of 

volatiles, causing Bailey (1993) to assign an artificially high melting temperature to the 

carbonatite magma (=1200°C). This may well be the case for other extrusive 

carbonatites, especially tuffs, where the originating vent is not always known. In the 

case of Kerimasi, perilase is probably produced as a reaction product between calcite 

and (late stage) forsterite, as has been suggested for Fort Portal by Barker & Nixon 

(1989), where olivines are rimmed with monticellite: '

CaCOs + Mg2Si0 4  = MgO + (Ca,Mg)2Si0 4  + CO2 (1)
calcite olivine periclase nionliccllitc

1.3.3 Kimberlites: Primary Carbonate-Silicate Magmas.

Kimberlites are silica undersaturated, carbonate or phlogopite rich igneous 

rocks, which commonly contain large proportions of a macrocryst and megacryst suite 

in a fine groundmass. The macrocryst suite contains high pressure minerals; garnet, 

Cr-spinel, Ti-ilmenite, as well as diamonds. Thus, kimberlites originated in the mantle 

and those containing the macrocryst suite must have been rapidly emplaced in order to 

sustain dense crystals without crystal settling. Kimberlites are commonly intruded by 

small carbonatite (sensu stricto) bodies, but there has been much debate as to whether 

these are petrogenelically related to the carbonatites described above.

Carbonate in kimberlite commonly occurs as ground mass, discrete nodules, 

layered segregations, spherical inclusions in single crystals and carbonate-rich dykes. 

Scatena-Wachel et al. (1986) found kimberlitic calcite from Premier mine to have an 

initial ^^Sri^^Sr ratio of 0.7042, similar to that of kimberlitic clinopyroxene (0.7045).
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Carbon and oxygen isotopic systematics of kimberlitic carbonates were investigated by 

Kirkley et a l  (1986) (figure 1.4)
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Figure 1.4 Cartion and oxygen isotope compositions for Group I kimberlites (isolated boxes) and 

Group II kimberlites showing contamination from sedimentary carbonate. Also shown is the range of 

compositions for carbonatites (shaded box). Adapted from Kirkley et al., 1986.

The carbon and oxygen stable isotopic data are inconclusive; Group I and 

Group II kimberlite show isotopic ranges which overlap with caibonatite, but which, 

perhaps also show an effect from low temperature hydrothermal exchange with country 

rocks.

Both kimberlites and carbonatites are enriched in silicate incompatible elements, 

suggesting an enriched mantle source, with carbonatites being substantially more 

enriched than kimberlites. U ght Rare Earth Elements (LREE) are substantially more 

enriched than Heavy Rare Earth Elements (HREE) (figure 1.5) and kimberlites and

37



lam proites plot at the bottom end of the carbonatite range. The K:Na ratio is usually 

considered to be greater in kim berlites (e.g.; Haggerty, 1989), but prim ary m antle 

carbonatites such as Rufunza (Bailey, 1993) show high enrichments of potassium, with 

pure K-fenitisation. Additionally, Strontium isotope ratios for Rufunza carbonatite are 

intermediate to kimberlites and carbonatites (Bailey, 1993).
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Figure 1.5 Rare Earth Element (REE) abundances for carbonatites (calcio, magnesio and ferro) from 

Woolley & Kempe (1989), worldwide kimberlites and lamproites from the compilation of Mitchell 

(1986). The error bars for carbonatites show the approximate ranges given in Woolley & Kempe.

Strong opposition to a common link for carbonatites and kimberlites has come 

from M itchell (1979) who argues that kimberlites and carbonatites are not imm iscible 

pairs, based on ilmenite and spinel chemistry. If carbonatite were an immiscible pair to 

kimberlite, their common liquidus phases should have identical com position which is 

not the case for ilm enites and spinels. H ow ever, C aspar & W yllie  (1984) 

demonstrated that the compositions of ilmenites and spinels from the two rock types do 

overlap and, therefore, com positional divergence may be due to d isequilibrium  

evolution, or spatial separation, of the imm iscible pair. In spite o f this, C aspar &
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Wyllie (1984) conceded that 'Mitchell's arguments are persuasive', based also upon the 

stated occurrence of carbonatites (in alkaline igneous complexes) compared to that of 

kimberlites. Bailey (1993) suggests, with examples, that this is not always the case, 

leaving the debate open.

1.4 The Distribution of Carbonatites and Kimberlites: Spatial and 

Temporal Trends.

1.4.1 Occurrence of Kimberlites and Carbonatites.

Reviews of kimberlite and carbonatite occurrence are presented by Dawson 

(1986) and Woolley (1989) respectively and the present overview is based on these two 

compilations.

Carbonatites are found in intra-plate and marginal regions, but within plates, 

they are limited to rifts and/or major lithospheric domes, off craton. Within provinces 

of carbonatitic activity, episodic repetition of activity is common, often related to major 

orogenic events, for instance, in East Africa, where carbonatite activity has occurred 

during the late Proterozoic, early Palaeozoic, Cretaceous as well as Recent activity. 

Mantle-derived primary carbonatites (e.g.; Rufunza and Fort Portal) appear to require 

major lithospheric weaknesses, for instance fault intersections, to puncture the crust.

Kimberlites commonly occur in old cratonic regions, but require either 

lithospheric thinning , or weakening in fracture zones, to reach the surface. Lamproites 

occur towards craton edges, presumably under thinner lithosphere. Thus the middle 

Cretaceous Brazilian-South African kimberlite cluster is thought to be linked to 

lithospheric thinning and rifting contemporaneous to the formation of the South Atlantic 

(e.g.; Herz, 1977). Figure 1.6 demonstrates the general trends for kimberlites and 

carbonatites in Africa and South America.
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Figure 1.6 Sketch of kimberlite and carbonatite occurrences in pre-drift reconstruction of Africa and 

South America showing on-craton (kimberlitic) and off-craton (carbonatitic) trends. Ages have not 

been added for the sake of clarity, however, the West African-Brazilian carbonatites and kimberlites are 

all Cretaceous in age, with several distinct periods of emplacement, corresponding to phases of tectonic 

activity during the early opening of the South Atlantic.

1.4.2 Temporal Distribution of Kimberlites and Carbonatites.

Figure 1.7 shows a com pilation o f ages for kim berlites and carbonatites. 

Kim berlite and carbonatite emplacem ent can be seen to be sporadic, related to m ajor 

tectonic events and increases towards the present day. There is debate as to whether 

this is a sam pling artifact, older occurrences being less likely to be preserved, or 

represents true trends. It should be noted, how ever that diam ond occurrences in
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sedimentary rocks older than 1.6 Ga (the oldest known kimberlite occurrence) suggest 

that the upper age limit for kimberlites is not known.
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Figure 1.7 Frequency distribution of carbonatites (open symbols) and kimberlites (approximate, solid 

symbols). Data for carbonatites from Woolley (1989) and for kimberlites from Dawson (1986) and 

Pidgeon et al. (1986). Kimberlite occurrences older than 1.6 Ga are assumed, based on diamonds in 

metasediments, time averaged for the 3 known occurrences.

The suggestion that kimberlite and carbonatite require metasomatically enriched 

mantle (with fluids from subducted oceanic lithosphere, based on incompatible element 

enrichments) is supported by this trend; as subduction continues, the availability of 

subducted m aterial, hence metasomatic source region, increases causing a probable 

increase in the amount of metasomatised mantle kimberlite and carbonatite source.
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1.5 The Origin of Carbonatites: Experimental Petrological Constraints.

Although studies of natural rocks have provided much evidence into the origins 

of carbonatites, many of the advances in our understanding of carbonate-rich magmas 

have been achieved through the combination of natural data with the results of well 

devised and executed experiments and there are still many questions about the origin 

and evolution of carbonatite and related rocks which will only be answered through the 

application of current and future experimental results. It is worth adding a cautionary 

note at the outset, that due to their behaviour as ionic melts, carbonatitic magmas are not 

easy subjects for experimental studies and quenching, contamination and component 

loss may be inherent to many experimental studies in these systems.

1.5.1 Early Experiments: The Forgotten Resource.

It is, perhaps ironic that in the first half of this century, at the same time as the 

neglect of reports of carbonate magmas and lavas (e.g.; Hobley, 1918; Workman, 

1911), experimental work, published in the chemical literature, was demonstrating the 

viability of low temperature mixed-cation carbonate melts (e.g.; Le Chatalier, 1894 a,b; 

Niggli, 1919; Eitel & Skaliks, 1929). These studies at one stroke answered arguments 

about the possibility of carbonate melting, based on temperature considerations, and 

linked magmatic carbonatites with their metasomatic fenite haloes. However, the 

significance of the experimental work was not recognized and experimental verification 

of the possible existence of low-pressure, low-temperature carbonatites had to wait 

until the pioneering work of Wyllie & Tuttle in 1960, a year which also saw the 

recognition of natural carbonatitic extrusives and the eruption of Oldoinyo Lengai 

natrocarbonatite volcano (Bailey, 1960; Dawson, 1962).
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1.5.2 Calciocarbonatite Melts and the Temperature Problem.

The crux of most non-igneous arguments for carbonatitic origin was that the 

common composition for large carbonatite bodies (nearly pure calcite) would not melt 

until over 1200°C, hotter than most silicate magmas and above the calcite decarbonation 

temperature. Additionally, such high temperature intrusions should produce extreme 

contact metamorphic aureoles and the fenites which conunonly surround carbonatites 

show more in common with low-temperature hydrothermal (or carbothermal) alteration 

than high temperature contact metamorphism.

a) Hydrous carbonatitic melts.

The experimental, and philosophical, breakthrough came with the discovery, by 

Wyllie & Tuttle in 1960, that water lowers the calcite solidus to about 650°C at 

0.1 GPa. This was followed by the study of the Ca0-Mg0-H20-C02 ternary (Wyllie, 

1965; Walter et a l,  1962; Fanelli et a l, 1986). Thus low temperature carbonatitic 

melts were verified, however if natural carbonatites were strongly hydrated melts, then 

hydrous minerals should be abundant in carbonatites, which is clearly not the case.

b) The effect of alkalies: reduced solidii and liquid immiscibility.

The recognition of alkali-rich carbonatite lavas at Oldoinyo Lengai (Dawson, 

1962) lead to experimental investigation of the melting properties of alkali-rich 

carbonates (Cooper et al., 1975). The recognition of Oldoinyo Lengai 

natrocarbonatites lead to a revival of von Eckermann's (1948) ideas and the serious 

consideration of the possibility of silicate-carbonate liquid immiscibilty (e.g.; Koster 

van Groos & Wyllie, 1963; 1973).
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Carbonate-silicate melt liquid immiscibility has subsequently received much 

attention (e.g.; Koster van Groos, 1975; Freestone & Hamilton, 1980; Kjarsgaard & 

Hamilton, 1988; 1993; Lee & Wyllie, 1992) and has been proven to be very complex. 

Reviews are given in Kjarsgaard & Hamilton (1989; 1993), but the general trends can 

be summarised as follows:

1) Alkali carbonate melts are immiscible to silicate liquids across a wide 

range of PTX conditions.

2) Calcitic melts may (Kjarsgaard & Hamilton, 1989) or may not (Lee & 

Wyllie, 1994) be immiscible to silicate liquids, depending on composition 

and temperature. The immiscibility appears to be a low temperature effect, 

disappearing above 1040°C for natural nephelinite at 0.5 GPa. The calcite- 

rich/silicate miscibility in the experiments of Lee & Wyllie (1994) may, 

therefore, be an effect of their relatively high (1200°C) experimental 

temperatures.

3) There is some evidence for a three-liquid field across 

CaC0 3 (+MgC0 3 +FeC0 3 +MnC0 3 )-Si0 2 (+Al2 0 3 +Fe2 0 3 +Ti0 2 ) plus 5-20 

wt% (K20+Na20) (Brooker & Hamilton, 1990), although one of the 

immiscible quench products, spherical calcite single crystals has been 

reinterpreted (by Lee & Wyllie, 1994) as liquidus calcite.

4) Most immiscible schemes (see Kjarsgarrd & Hamilton, 1993) have an 

ultra silicate-poor carbonate liquid (CaC0 3 -K2 0 +Na2 0 ) in equilibrium with 

an alkali-poor silicate liquid (up to 50 wt% CaC0 3 ).

Although it is now recognised that the natrocarbonatite composition erupted at 

Lengai is more of an exception than a rule for carbonatite magma compositions, it did
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have a major role in moulding the direction of carbonatite experimental research during 

the 1970's and 80's. Additionally, although it is true that typical carbonatite intrusions 

associated with alkaline-igneous complexes can not be generated from an alkali- 

saturated melt (e.g.; Bailey, 1993) and although alkalies are unpopular in current 

experimental studies, the common occurrence of fenites, perhaps most significantly the 

extensive K-fenitisation associated with primary mantle-derived carbonatites, 

necessitates a continued link between carbonatites and alkali-carbonates in our thinking.

1.5.4 Silicate Associations.

The three main origins for carbonatite magmas now considered possible by 

most workers are: primary melting of the mantle; fractionation from silicates; and 

sihcate-carbonate liquid immiscibility.

a) Primary mantle carbonatite.

The possibility of direct melting of carbonated peridotite in the mantle has been 

experimentally verified (e.g.; Wallace & Green, 1988; Thibault et a l, 1992; Dalton & 

Wood, 1993) in addition to the various evidence provided by metasomatised mantle 

xenoliths and enriched mantle sources (e.g.; Nelson et a l, 1988; Yaxley et a l, 1991; 

Rudnick et a l, 1993). This is probably applicable to some carbonaities, as discussed 

above, but requires exceptional lithospheric conditions to allow rapid magma extraction 

before reaction with country rocks consumes such low-volume, caustic melts.

b) Fractional crystallisation of carbonated silicate melts.

This scheme considers carbonatites to be the late stage residua of fractional 

crystallisation of carbonated silicate. This is argued for on the basis of the evolved 

nature of carbonatite-containing melilitites and nephelinites and the late stage of
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emplacement of carbonatites into alkaline complexes. This appears to be the most 

likely explanation for the late-stage carbonate bodies associated with some 

kimberlites (see, for example; Kirkley et al, 1986)

Although Wyllie and his co-workers have demonstrated the possibility of 

miscible melt series from silicate to carbonate, considerable evidence mitigates 

against this origin for many carbonatite-alkaline igneous complexes: If fractional 

crystallisation is the source of carbonatites, there should be a range of compositions 

intermediate to the more primitive melilitite-nephelinite-phonolite and the evolved 

carbonatites and this is never seen; the normal fractionation trend for alkaline 

complexes is melilitite-melanephelinite-ijolite-nephelinite-nepheline syenite- 

phonolite. This is a trend of silicate enrichment, away from carbonatite.

c) Liquid immiscibhtiy and the Hamilton Plot.

The weight of experimental evidence, at least up to 1 GPa pressure, equivalent 

to approximately 30 km depth, is in favour of a liquid immisciblity origin for alkali 

igneous-carbonatite associations. This is best demonstrated using the triangular 

diagram developed by Hamilton which separates alkalies, divalent cations and silicate 

(high charge cations), as in figure 1.8. This, along with figure 3 of Hamilton & 

Kjarsgaard, 1993, demonstrates that the carbonatite-alkaline igneous association can be 

adequately explained in terms of fractional crystallisation combined with liquid 

immiscibility: initial concentration of carbonate in a primary mantle melilitite melt 

occurs by fractional crystallisation (of olivine and, later clinopyroxene) until the melt is 

critically oversaturated in carbonate. At this point, (calcio)carbonatite immiscibly 

separates from the silicate melt and the two co-evolve. The composition of the silicate 

melt is controlled by equilibrium reaction with the carbonatite and this produces the 

silicate fractionation sequence shown, whilst the carbonatite (and coexisting fluid) 

becomes more alkali-rich.
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There are still some problems with this scheme however, such as the normally 

late emplacement of carbonatite, whereas the low viscosity and density o f the carbonate 

magm a should cause a more rapid ascent than the silicate magma. Although this 

diagram  initially suggests that the natrocarbonatites of Oldoinyo Lengai are late stage 

products of fractional immiscibiltiy, this has been argued against by Bailey (1993), on 

the basis of the eitelite-buetschliite thermal divide (also Hamilton & Kjarsgaard, 1993; 

figure 4) It is worth noting that the potassium -m agnesium  carbonate interm ediate 

com pound (KM C) decom poses to end-m em ber carbonates below  its m elting 

temperature and significant amounts of dissolved KMC component may have a similar 

effect on the natural minerals destroying the thermal divide. There is, however, in the 

case of Lengai lavas no evidence of significant amounts of magnesia.

+ CO

Two liquids

\ /

SiO, + A i p ,  CaO + M gO
+T1O2 + F e P j  + FeO + M nO

Figure 1.8 Hamilton Plot (in wt%) of carbonate-silicate liquid immiscibility and alkaline silicate rock 

compositions. Grey fields represent one liquid and white represents two liquid field, with approximate 

tie-lines. M = Melilitite, MN = Melanephelinite, I = Ijolite, MI = Microijolite, N = Nephelinite, NS = 

Nepheline Syenite, P = Phonolite. Redrawn form Hamilton & Kjarsgaard, 1993.
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A new explanation for natrocarbonatite has been suggested (Jones, Pers. 

Comm; Bailey, 1993), in which they consist of vent sublimates which have been 

melted and remobilised by the hot nephelinitic true magma. In the absence of 

measurements of vent gas composition at Lengai and similar active nephelinite 

volcanoes and in view of the hygroscopic and incompatible nature of alkali-carbonates, 

this seems a reasonable hypothesis, in agreement with the experimental and field 

evidence.

1.6 Recent Advances: the State of the Art.

It is now generally agreed that in spite of potentially multivariant magmatic 

histories, carbonate and carbonated silicate melts derive from the mantle (e.g.; Bailey, 

1993; Hamilton & Kjarsgaard, 1993; Dalton & Wood, 1993; Sweeney, 1994), since 

isotopic data show consistent mantle signatures. Additionally, natural evidence for the 

role of mantle carbonate melts as metasomatic agents has been identified in the form of 

carbonate residua in xenoliths (lanov et a l, 1993), cryptic and modal metasomatism in 

xenoliths (Haggarty, 1989; Jones, 1989; Yaxley et a l, 1991; Rudnick et al., 1993), 

composition of fluid inclusions in coated-stone type diamond and young cubic 

microdiamonds (Akagi & Masuda, 1988; Navon et a l, 1988 Schrauder & Navon, 

1994) and geochemical constraints of ocean-island volcanism (Nelson et a l, 1987). As 

previously noted, the increasing frequency of carbonate-rich volcanism is explicable in 

terms of subducted carbonate source. Nelson et a l (1987) argue that the LREE 

enrichment typical of carbonatites is due to low percentage melting of subduction- 

related eclogite and a similar source has been argued for kimberlites (e.g.; Nelson & 

McCulloch, 1989; Edgar & Charbonneau, 1993). Additional evidence of recycling of 

crustal carbon is provided by the isotopic compositions of some diamonds (e.g.; 

Eldridge e ta l,  1991; Kirkley e ta l,  1991; Nisbett et a l, 1994).
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An alternative source of carbon into the mantle, not previously considered is 

from the crystallising core. It has been argued (e.g.; Wood, 1993) that carbon is the 

light element in the core. Carbon would have dissolved into the iron-nickel (melt) 

phase, prior to and during gravitiational segregation to form the core, from the silicate 

mantle until chemical equilibrium was reached between core and mantle. Partition 

equilibrium is unlikely to have been at carbon-saturation of the metallic melt, because of 

the high carbon solubility in iron. Therefore the liquidus phase during (the on-going) 

crystallisation to produce the inner core is likely to have been iron-nickel alloy with 

only minor amounts of dissolved carbon. Extraction of solid metal will have caused an 

increase in carbon concentration in the outer core during geological history, 

necessitating re-equilibration with the mantle and a consequent venting of carbon into 

the lower mantle. This hypothesis is difficult to assess in using stable isotopic 

considerations, due to the lack of partitioning data for carbon between metallic melts 

and mantle materials (carbonates, silicates or fluids, depending on the assumed lower 

mantle reservoir for carbon), however the added carbon should be less depleted than 

upper mantle material, which has undergone significant degassing. Kimberlites are 

slightly enriched (in ^^C) over carbonatites, which could be an indication of their 

deeper mantle source (Deines, 1989). The carbonatite (and kimberlite?) magmatism 

early in earth history, before subducted material is likely to have reached sub-cratonic 

mantle could be explained using a core (or lower mantle) degassing model, and it 

reconciles the view that some kimberlites are generated at 700 km depth, or deeper 

(e.g.; Harte & Harris, 1994), below the probable depth of influence of subducted 

carbonate. However, if the lower mantle has not undergone the same degree of 

degassing as the upper mantle, enriched stable isotopes could equally be a lower mantle 

signature. At present, there is insufficient data on the temporal variation of carbon 

isotope ratios in carbonatites and kimberlites to distinguish between lower mantle and 

core degassing models.
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Alongside | the discovery of natural evidence for mantle carbonatite melts, 

experimental studies have increasingly concentrated on phase relations in carbonated 

peridotite. Production of low percentage carbonatitic melts from carbonated peridotite 

has been verified (Wallace & Green, 1988; Thibault et al., 1992; Dalton & Wood, 

1993; Sweeney, 1994), with major element composition of carbonatite depending on 

pressure and starting material composition. General trends are that increasing pressure 

stabilises magnesium in the melt (Dalton & Wood, 1993; Sweeney, 1994), as implied 

by the sub-solidus work (e.g.; Olafsson & Eggler, 1983; Biellman et a l, 1993) and at 

pressures above the amphibole-out (for Na) and phlogopite-out (for K) phase 

equilibria, melts become increasingly alkaline (e.g.; Edgar & Arima, 1984; Sweeney, 

1994). Preliminary results (Sweeney et a l, 1992; Sweeney, in prep.) suggest that 

pressure and composition have relatively little effect on trace and minor element 

partitioning and that experimental carbonate melt-silicate solid partition coefficients are, 

within (large) experimental error, compatible with those assumed for natural systems. 

Additionally, metasomatic signatures of xenoliths from South African kimberlites have 

been experimentally reproduced by reacting carbonated kimberlite with refractory 

harzburgite (Odling, 1995).

As can be seen from this brief review, experiments at conditions relevant to the 

mantle have been restricted to natural or quasi-natural compositions to answer specific 

questions about the genesis of specific rock-types. To recap: if there is to be an 

understanding of the relationship between the different carbonate-rich mantle-derived 

magmas, it is necessary to develop well constrained phase relations in simple 

carbonate-silicate systems which can be expanded, both through thermodynamic 

techniques and the experimental addition of increasing numbers of components, to 

produce a predictive model for carbonate-silicate melting phase relations. The present 

study is, to the best of the author's knowledge, a first step in this direction at high 

pressure, using magnesium-potassium carbonate as a first approximation to the
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carbonate melt generated in the deep sub-lithospheric upper mantle with the addition of 

magnesium sihcate to model kimberlite-carbonatite phase relations at depth.
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mm

Plate 1.1 Cathodoluminescence photomicrograph of late stage apatite-olivine-periclase veins 

intruding calciocarbonatite lavas. Apatite is blue, periclase is brown, olivine is orange and calcite is 

yellow-green, a) Euhedral periclase overgrowing (black) ferripericlase cores, b) Interstitial skeletal 

olivine; note the resorption texture of the olivine and the reaction rim on the left-hand -side of the large 

olivine. Photographs courtesy of A. Church.
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2. EXPERIMENTAL TECHNIQUES

In all experimental studies, characterisation of the experimental conditions is an 

imporatnt and non-trivial part of the study. For studies on systems including alkali 

salts at high pressure, this becomes vital and difficult. The extremely hygroscopic 

nature of alkali salts necessitates their special treatment to control the water content of 

the sample during the experiment and novel, anhydrous preparations must be employed 

as part of the analytical procedures. Experiments at extreme pressures introduce their 

own problems of characterising the pressure environment and generating and 

characterising high temperature in the inevitably small volume available. The following 

detailed discussion of starting materials and experimental techniques is, therefore 

necessary for the justification of the experimental results presented later.

2.1 Preparation of Starting Materials.

2.1.1 The Effect of Impurities.

Some chemical reactions are sensitive to impurities, with equilibrium conditions 

being significantly altered by small amounts of particular components. In the present 

study, melting is sensitive to impurities which have eutectic-type melting relations with 

the system under study. Because of the hygroscopic nature of the potassium carbonate 

end-member, the most likely contaminant is water and non-hygroscopic phases were 

synthesised for determining dry phase relations up to 50 mole % K2CO3 . Additionally, 

the formation of diamond from graphite requires a catalyst to induce reaction at the low- 

pressure end of the diamond-stable region. Because of the nature of catalysts, a few 

percent, or less contamination could reverse the experimental findings, if the 

contaminant were a catalyst for diamond growth, for example a chip from a high speed 

steel drill bit. For these reasons, the preparation of starting material is thoroughly 

discussed below.
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2.1.2 Sample Sources and Purity.

Magnesium silicate was added as natural metamorphic enstatite from Bradsberg, 

Norway, provided by the Natural History Museum, specimen EM 1928,285. An 

average of 5 electron-microprobe analyses using a Jeol Superprobe in energy dispersive 

mode (hereafter EPMA) detected the following impurities: Al, 0.735 (0.098); Fe, 0.406 

(0.013); V, 0.117 (0.012) in atomic percent, bracketed figures are 1 standard deviation. 

No impurities were detected by powder X-ray diffraction methods.

Magnesium carbonate was added as natural massive magnesite from New South 

Wales, Australia, with 99.6 atm% purity (Fe<0.02%, Ca<0.3%, Na 0.1%) provided 

by W. Taylor (NSW magnesite). Additionally, for diamond synthesis experiments, 

two alternative sources of magnesium carbonate were used in order to test for the 

effects of impurities on experimental results: synthetic spec, pure MgCOg synthesised 

at the National Institute of Research for Inorganic Materials, Tsukuba, Japan, provided 

by T. Taniguchi, and natural massive magnesite from California, U.S.A. with 

detectable impurities of Ca 1.5%, Si 0.2%, Na 0.1%, by EPMA and <0.05% 

Fe+Ni+Co by ICPMS (T. Taniguchi pers. comm.). All sources of magnesium 

carbonate had powder diffraction patterns of pure compound of magnesite structure.

Potassium carbonate was added to the sample as synthetic AnalaR-grade 

K2 CO3 (99.9 atm% purity after air-drying at 350 °C) from BDH Ltd.. This was stored 

at 300-350 °C in order to prevent hydration. XRD analysis for purity was not possible 

due to the hygroscopic nature of potassium carbonate.

Starting graphite for diamond nucléation and growth experiments was added as 

'UCPl-100' high purity graphite powder from Ultra Carbon Corp, USA. Analysis 

provided by the suppliers show < 500ppm impurities and graphitised index of 7.4. this 

powder was mechanically mixed with 50 volume percent carbonate' powder for the 

starting material.
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Iron and nickel for redox experiments were fine powders from 1 Aldrich Fine 

Chemicals GmbH.

2.1.3 Sample Synthesis.

The doublecarbonate K2Ca(C0 3 ) 2  was synthesised by fusion of AnalaR-grade 

calcium carbonate and potassium carbonate,both supplied by BDH Ltd., in air at 

800 ®C. This produced fine crystals of fairchildite as a quench product,which slowly 

decomposed to the low temperature polymorph, buetschliite at room temperature. The 

fusion product showed only diffraction peaks of these two phases by XRD analysis.

The intermediate compound K2Mg(C0 3 ) 2  was first synthesised and described 

by Eitel & Skaliks (1929) and most syntheses have followed their original method.

The intermediate compound decomposes to the end-member compositions at 

atmospheric pressure at 350 ±10 °C, whilst the solidus temperature for the system 

MgC0 3 -K2C0 3  is 460 ±10 °C (Ragone et a l, 1960). Because of this, it is impossible 

to grow liquidus crystals of K2 M g(C 0 3 )2 , while the low disproportionation 

temperature for the intermediate compound (KMC) precludes synthesis by sintering 

stoichiometric carbonate mixtures, due to excessively slow reaction rates. The glass- 

forming properties of this system allows an intimate mixture of the two components to 

be produced metastably by fusion and super cooling of the resultant melt. There is a 

small range in temperature from 290 °C to 350 °C where kinetics of devitrification are 

sufficiently fast as to be practical and the resultant crystals are of the desired 

intermediate composition.

A stoichiometric mixture of MgC0 3  and K2 CO3 was fused at 0.5 GPa and 

700 °C in a three-quarter inch diameter piston-cylinder apparatus (described below). 

The resultant melt was quenched to 300 °C, by reducing electrical power to the furnace,
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sufficiently quickly to form glass with no quench crystals. Oil pressure on the piston- 

ram was then reduced to zero over a period of about 8  hours, power to the furnace was 

then cut and the charge recovered from the pressure cell. The reduction in pressure 

seemed to facilitate the devitrification reaction, presumably by providing nucléation 

sites within the glass during decompression cracking, and ensured that the whole 

charge devitrified.

4

§3

a2

1

100
2 Theta (degrees)

Figure 2.1 Sketch of powder diffraction pattern for synthesised KMC; Co Kaj radiation at 35Kv, 

40mA. Circles denote peaks of KMC, diamonds denote graphite and unlabelled small peaks belong to 

MgCOg.

Samples were generally encapsulated in graphite, then sealed in tantalum foil, which 

pressure welded during the duration of the experiment. There was no evidence of 

sample leakage by this method, although there was minimal contamination by graphite 

from the capsule, as shown in figure 2.1 which is an XRD pattern of the product of 

synthesis in graphite capsule. Potassium carbonate was found to react with tantalum, 

so an inert inner lining was absolutely necessary. For selected diamond-synthesis 

experiments, where it was imperative that there was no contamination from graphite.
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samples of the KMC were synthesised by the above method in a 6  mm diameter gold 

capsule. This capsule was sealed by arc-welding and showed no evidence of leakage.

2.2 Experiments at Atmospheric Pressure

2.2.1 Density Measurement in Molten Carbonate Systems.

As a supplement to the high pressure viscosity and density measurements made 

on molten carbonates, density was measured in selected carbonate systems at a range of 

temperatures and atmospheric pressure, using the archemedian method for density 

determination. The compositions studied were 50:50 mole fraction K2 C0 3 -MgC0 3 , 

and 40:60 K2C0 3 -CaC0 3 . The starting materials were prepared as ground mixtures of 

the end-member carbonates which were fused, under CO2 , prior to experimentation. 

During preliminary fusion of the powder mixtures, the resultant melt contained up to 50 

volume % vesicles which separated slowly from the melt, thus making the pre-fusion 

stage necessary to ensure that the density of pure melt and not liquid plus gas was 

measured.

Experiments were performed in a vertical cylindrical furnace, (Lenton Thermal 

Designs Ltd.) with the experimental arrangement shown in figure 2.2. The furnace 

tube was made of recrystallised alumina, with an internal diameter of 49 mm and was 

surrounded by molybdenum disilicide heater elements. Temperature was controlled 

using a Pt/Rh thermocouple external to the furnace tube in a feedback loop to a 

'Eurotherm 815' temperature controller.

Sample was held in a platinum crucible, within a deep recrystallised alumina 

crucible. This was supported from below using a 25 mm diameter alumina tube through 

which the sample thermocouple passed. The top end of the furnace tube was loosely 

sealed by an aluminium cap with a 5 mm hole for the reference weight wire. The 

reference weight, which was a 0.4 cm^ piece of 6  mm diameter corrundum rod, was
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suspended in the sample using a 100 |Xm palladium wire; the refence weight wire. This 

was sufficiently heavy to pull the thin palladium wire taught and so eliminate the risk of 

contact with the furnace walls, or the top cap and the errors due to friction that this 

would entail. The top end of the palladium wire was connected, via a wire stirrup to a 

'Sartorius' top-pan balance set in the less precise (± 0.000Ig) mode. Between the 

top of the furnace tube and the stirrup connection, there were several layers of thermal 

baffling, with only a small hole for the palladium wire, intended to suppress 

instabilities in the measured weight due to the effects of convection in the air above the 

furnace.

Sample temperature was monitored using a chromel-alumel (K-type) 

thermocouple which had its weld in contact with the outside of the alumina crucible. 

All experiments were performed in a CO2 atmosphere in order to maximise the 

temperature range available for measurements. Carbon dioxide was fed in to the 

bottom of furnace at a rate of 1 0  cm^ per minute and exhausted through the loose fitting 

cap at the top.

Experiments were set up with the reference mass sitting on top of the solid 

sample, with about 1 cm slack on the palladium wire, thus the mass would be 

submerged under at least 1 cm depth of sample after melting. The furnace was then 

steadily heated at a rate of 1 0  °C per minute until the sample thermocouple reached the 

nearest whole multiple of 50 °C, above the temperature at which the balance first 

registered a weight. This was taken to be the first data point, the temperature was 

allowed to stabilise and the mass registered by the balance was noted. This value was 

actually an average of the maxima and minima of five consecutive fluctuations in 

measured mass. The furnace temperature was then increased by a further 20 °C 

and the weighing process repeated. These steps were repeated until the decarbonation 

temperature for the magnesian composition; 600 °C, was reached and to 1000 for 

the calcic composition.
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Figure 2.2 The vertical furnace arrangement used for archimedian measurement of density of selected 

carbonate melts at atmospheric pressure.
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2.2.2 Guinier-Lenne X-ray Camera.

Solid carbonate phases were studied for thermal stability and thermal expansion 

using a Guinier-lenne heated stage X-ray camera, supplied by Nonius, Holland. This 

system allows the continuous recording of a powder X-ray diffraction pattern on an 

image plate during the heating of the sample. X-rays were produced using a Philips 

water-cooled copper rotating anode tube and were filtered for CuKoti radiation.

Accelerating voltage was 45 KeV and beam current was 40 mA.

The general arrangement of the camera system and a block diagram of the 

heated sample carriage is shown in figure 2.3. The internal thermocouple was 

calibrated against a K-type thermocouple inserted in the sample space so that the 

thermocouple weld was in contact with the sample holder. The temperature measured 

by the internal thermocouple, after the calibration correction, is accurate to ± 5 ° C . 

Heating was controlled by a motorised thyristor which was set such that the sample 

temperature increased from 25 °C to 400 ®C over about 40 hours. Although the heating 

rate due to this was non-linear , the maximum rate was about 15 °C per hour. The 

temperature measured by the internal thermocouple was plotted on a chart recorder 

travelling at 10 mm/h. The image plate was moved by a stepper motor at a rate of 2 

mm/h; thus the temperature represented by a given point on the image plate could be 

determined with a precision of ± 2 °C and an estimated accuracy of ± 7 ®C. The 

distance between the sample and the image plate was such that 1°28 = 2  mm on the 

image plate. This meant that 20 could be measured to better than 0.2°.

About 15 mg of the powdered sample was dry-pressed into an 8  mm by 4 mm 

rectangular wire gauze in the holder which consisted of a 1 mm thick sheet of Pt-Ir 

alloy surrounding the 100 |im Pt wire gauze. This was then inserted into the cavity in 

the sample carriage as indicated in figure 2.3.
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Figure 2.3 The essential features of the Guinier-lenne camera, a) Schematic of the complete equipment 

and b) Enlarged view of the heated sample stage and sample holder.
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2.3 Experiments at High Pressure.

2.3.1 Pressure Generation Within the Earth.

At any point within the Earth, pressure is generated primarily by the action of 

gravitational field on the overlying matter: at the Earth's surface, atmospheric pressure 

is due to the gravitational attraction between the atmosphere and Earth's centre of 

gravity. Difference in pressure between a point at radius r from the centre of gravity 

and a point, dr closer to the centre of gravity, can be expressed as dP = dr.g.p, where g 

is the gravitational field strength ^g = and p is the density of the material

between r and dr. From this, it can be seen that:

1) Pressure within the earth is a positive function of depth,

2) Rate of change of pressure is dependent on gravitational field strength, 

and density of overlying rocks. As the centre of gravity is approached, the 

gravitational field strength diminishes due to the gravitational attraction of the 

overlying mass. At the same time, however, increasing pressure increases 

the density of the surrounding matter and the two effects tend to cancel each 

other within the depth range under study here.

3) Total lithospheric pressure at a given point can be expressed as:
r

Pressure within the deep Earth is generally considered to be hydrostatic, that is 

the confining pressure acting on a point area is of equal magnitude in all directions, as it 

would be in a fluid pressure medium. If volumes larger than points are considered, 

there is a non-hydrostatic component due to dr.g.p across the depth of the region, but 

this effect is negligible. Within the lower crust and upper mantle, the assumption of 

hydrostasicity is reasonable because, even where significant shear is taking place, the 

magnitude of hydrostatic pressure will be far greater than any non-hydrostatic loading 

and, except in rare cases, phase relations will not be significantly altered by the non

hydrostatic component. Having said this, however, the kinetics of reaction may be
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significantly altered by shear within the Earth resulting in large textural variations 

between hydrostatic and non-hydrostatic growth environments.

2.3.2 Solid-State Pressure Media: Advantages and Disadvantages.

In order to replicate the conditions within the Earth it is necessary to 

experimentally generate high hydrostatic pressures, with minimal shear component and 

simultaneous high temperatures within the sample. The simplest way to generate 

hydrostatic pressure within a sample is the use of a liquid or gaseous pressure 

transmitting medium (PTM). Although this solves the problem of pressure 

hydrostacisity and fluid media devices are common for low pressure experiments up to 

about 0.5 GPa, at higher pressures, other potentially dangerous difficulties are 

encountered. The first of these is that of pressure confinement; since fluid media have 

the property of flowing, sealing of joints, particularly around moving parts such as the 

pump components, is a very real problem. Secondly, the possibility of the PTM 

undergoing phase change during the experiment, which would cause a highly 

discontinuous pressure generation history. Careful planning can negate this problem 

and even sometimes make use of phase changes during pressurisation, for instance 

diamond anvil cells have been loaded under a confining pressure in order to liquefy 

inert gasses as the PTM. In general, however, phase changes encountered during 

pressurisation can cause problems with pressure measurement and generation and can 

obscure the physical meaning of results. The pressure range of a PTM is, therefore, 

usually confined to pressures below where phase changes would be encountered. 

Although solid media also potentially undergo phase changes with pressure, because 

they are already condensed phases, the associated volume changes are far smaller than 

those in liquids or gasses and solid PTM materials can be selected in which the 

pressures of phase transformation are much higher. Finally, due to the high 

compressibilities of liquid and, particularly gaseous PTM the energy required to 

generate high pressures is significantly higher than for solid PTM. The danger with 

this is in the case of the pressure vessel rupturing, there is a large amount of kinetic
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energy stored in a compressible PTM available for explosive depressurisation. Because 

of these reasons, solid media devices have been developed for experiments at high 

pressures and are now capable of reaching up to 50 GPa. It should be noted that the 

majority of diamond anvil cell experiments ensure hydrostatic conditions using liquid 

pressure transmitting media and in this case the above problems are largely avoided by 

the reduction of sample volume. However, diamond anvil cell experiments are not 

ideal for the study of multi-component phase equilibria and many problems exist in the 

generation of high sample temperatures.

2.3.3 Experiments up to 2 GPa: Piston-CyUnder Apparatus.

The piston-cylinder apparatus generates pressure in a solid PTM through the 

uniaxial compression of a cylindrical pressure cavity by a single tungsten carbide (WC) 

plunger (figure 2.4). The upper limit on pressure generation is imposed by the 

breaking strength of the pressure vessel, either the plunger or the WC cylinder, or else 

by extrusion of the PTM. A cross section of the PTM cell is shown in figure 2.5 and it 

can be seen that the only possible area for extrusion is through the thermocouple inlet. 

The danger of thermocouple extrusion, and the shear strength of the PTM put an 

effective lower limit on pressure generation in the piston-cylinder of about 0.3 GPa.

Boyd-England (1960) type piston-cylinder vessels of 3/4 and 1/2 inch internal 

diameter were used for experiments up to 3 GPa. These have a steel prestressed jacket 

around the WC inner cylinder and are additionally end-loaded to increase the rupture 

strength of the inner cylinder. The upper working limit of this design of piston cylinder 

is 5 GPa, when pistons break regularly. If pressure is confined to 3 GPa, the lifetime 

of pistons is extended to 50 or more experiments, depending on the quality of WC 

used.
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Figure 2.4 Schematic of the Boyd-England type piston-cylinder. Brickwork represents WC components, 

close hatching hardened steel and open hatching soft steel. Unlabelled arrows represent cooling water 

inlets.

The PTM assembly was essentially identical to the talc-boron nitride cell used 

by Huang and W yllie (1975), except the talc components were pre-dried at 800 °C for 

1 hour before use. The small shrinkage was insufficient to have a detrimental effect on 

cell assembly or pressure generation and the resultant PTM was essentially anhydrous. 

Pressure within the 1/2 inch assem bly was calibrated using the calcite-aragonite 

equilibrium curve o f Carlson (1980).

Starting m aterial for the pressure calibration was a finely ground m ixture of 

50 % natural calcite and 50 % natural aragonite. Run products were exam ined by 

powder XRD, described below, to determine direction of reaction. A change in relative 

peak intensity of more than 15 % averaged over four diagnostic peaks for each phase 

was used as criteria for reaction. This allowed bracketing of equilibrium to d: 0.05 GPa 

and the necessary correction to pressure for internal friction was found to be -12.5 % of 

nominal pressure. See Appendix 1A for details of pressure calibration.
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T/c tube Pyrophyllite

]WC piston

Figure 2.5 Enlargement from figure 2.4; the talc-boron nitride cell used for 1/2 inch piston-cylinder 

experiments. The sample cavity, containing the capsule and MgO powder is unlabelled.

Temperature in the resisiively heated cylindrical graphite furnace was controlled 

by a Eurotherm  815 tem perature controller with a feedback loop. The control 

therm ocouple was also the sam ple therm ocouple, which for experim ents below 

1200 °C  was chrom el-alum el (K-type) and for experim ents above 1200 °C was 

Pt-13% Rh/Pt-0% Rh (R-type); therm ocouples were electric-arc welded in air. The 

estim ated difference between sample and therm ocouple tem perature was 25 °C  at 

1500 °C, but was always higher in the sample, because the sample was situated at the 

centre o f the furnace. No correction has been applied for this error in stated 

tem perature and no correction has been applied for pressure effect on therm ocouple 

e.m.f. in any experiments.
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Samples were encapsulated in arc-welded Au-capsules for experiments up to 

1000 °C and Pt-capsules at higher temperatures. The capsules were welded at one end, 

cleaned for several days in acetone and dried at 110 °C for at least 3 hours before 

packing. The sample was lightly tamped down into a capsule using a WC drill bit and 

then the open end of the capsule was crimped shut. The packed and crimped, but not 

yet sealed capsules were stored at 115 °C for K2C0 3 -free samples and 300 °C for 

those containing K2CO3 before being welded. In order to minimise the possibility of 

contamination of the sample due to diffusion of hydrogen through the capsule walls, 

the capsule was packed in MgO powder inside the furnace. This MgO reacts with free 

water at experimental conditions to produce brucite:

MgO + H2O = Mg(OH)2  ( 1 )

There was empirical evidence of the occurrence of reaction (1) by the fact that the MgO 

powder had produced a reasonably sintered white or pale grey mass around the capsule 

at temperatures as low as 700 °C. Despite these precautions, it is unlikely that 

experiments were entirely anhydrous, especially in K2C0 3 -rich compositions.

Pressure was generated 'piston-out' in that the cell was pressurised to just 

below experimental pressure and then heat was applied. The thermal expansion due to 

heating was sufficient to bring the cell up to experimental pressure. Duration of 

experiments was limited to 15 minutes for experiments above 1000 °C, in order to 

reduce the likelihood of contamination by hydrogen, but below 1000 °C, experiments 

lasted from 30 minutes to over 1 hour. There was no evidence from repeat near- 

liquidus experiments varying from 30 minutes to 3 hours that the shorter experiments 

had not attained equilibrium. Experiments were terminated by cutting electrical power 

to the furnace, which produced quench rates in excess of 300 °C/min to below 200 °C. 

Pressure was subsequently slowly released over about 30 minutes to 4 hours for 0.5 

GPa to 3 GPa experiments respectively.
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2.3.4 Experiments Over 2 GPa: Multi-Anvil-Press Experiments.

The common factor in all multi-anvil press (MAP) designs is the triaxial 

compression of a solid, geometrical PTM. This serves to minimise the non-hydrostatic 

component of pressure and, within the sample region, produces an essentially 

hydrostatic environment. With few exceptions (most notably, split-sphere type; Kawai 

& Endo, 1970), pressure is achieved through uniaxial compression of the anvils, with 

force being transmitted from uniaxial mode to triaxial mode across inclined surfaces. 

Because pressure is generated within the PTM triaxially, the surface area of the anvils 

in contact with the PTM must be smaller than the face of the PTM in contact with the 

anvil (plate 2.1.a). The result of this gap between anvils is a large negative pressure 

gradient between the centre and edges of each face of the PTM, resulting in the 

commonest form of pressure failure; catastrophic extrusion of the PTM through this 

low pressure region, known as 'blow-out' (plate 2 .1 .c).

The geometry of the PTM is configured to minimise the risk of blow-out as 

seen in plate 2.1.b. A ceramic gasket is extended into the gap between the anvils 

which, under compression, pinch onto the gasket, thus providing support to the 

pressurised PTM. This gasket region has the additional role of providing support to the 

anvils and this, combined with the shaping of the anvils themselves to provide 

maximum support to their contact faces allows the regular attainment of 5 times higher 

pressures than that attainable in piston-cylinder devices using the same materials, in 

other words up to 25 GPa.

Two types of MAP were used in the present study. The first a Walker-type 6 - 8  

double stage MAP was used at University College London for phase equilibria 

experiments. Secondly, for the in situ determination of physical properties of carbonate 

melts, the cubic dia-type MAP, MAX 80, was used at the National Laboratory for High 

Energy Physics, Japan in conjunction with the high intensity X-rays provided by the 

AR synchrotron. Both types of MAP are described next.
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a) riic Walker-type niulli-aiivil press.

Ihc W alker-type MAP was modi lied from the 6-8 type doiihle-slage presses 

common in Japan with the intent of providing a MAP unit sufficiently compact and self- 

contained to be used with already existent piston-cylinder load-fra mes (W alker c( al ,  

1990). Eight cubic anvils, with corners truncated to produce an octahedral pressure 

cavity, are compressed by six sliding wedges contacting the anvils at 45‘' to the axis of

P L A N  V IE W

SEC T IO N  VIEW

I

Pigiire 2.6 Plan and .section drawings of Walker-type MAP, frotn Walker et al. 1990, and cut-away 

isometric projection of second-stage anvil assembly. The plan has been drawn excluding the top 

wedges, the upper plate and the second stage anvils. A|_f, are sliding wedges, C are second-stage WC' 

anvils, ( i |,2  top and bottom plate. I) is the PTM and it is the containing ring. I he hoses are for 

liquid cooling, but this was not necessary in the piesent study.

filst-.stage com pression. The radial movement of the wedges, which are split from a 

solid cylindrical block of hardened steel to produce six identical segments diametrically 

opposed about a cubic cavity, is limited by a cylindrical hardened steel jacket. Pi essui e 

is applied uniaxially to the level ends of three of these w e d g e s , as in figure 2 .6 . 

Electrical contact is made through the anvils and wedges directly onto the surface of the
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PTM cell, hence a maximum of six contacts may be made. Appendix IB contains 

details of developments made to the basic Walker-type press and pressure calibration.

The optimization of PTM and gasket material and geometries for pressure 

generation is a field of research in its own right (Taniguchi et a l, 1993; Utsumi et a l, 

1992;Kato et a l, 1992), but the fundamental principles governing the use of materials 

and geometries for cell assemblies should be noted here.

Firstly, the pressure cavity should contain a solid media (the true PTM) with 

relatively low compressibility and low crushing strength. A compressible PTM results 

in wastage of ram stroke during compression and deformation of furnace and sample 

components, both of which effectively limit the maximum attainable pressure. High 

crushing strength reduces pressure generation within the sample region by supporting 

the load applied by the anvils. Magnesia has ideal qualities for the PTM, but it was 

found that the traditionally used semisintered MgO plus 5% chromium oxide has too 

high porosity (20% porosity) to be an ideal PTM. The castable ceramic, 'Ceramcast 

584' (Aremco Products INC.) is a nominally non-porous ceramic composed mainly of 

MgO. This was found to undergo far less initial deformation due to closure of pore 

space, with consequent improvement of pressure efficiency. Secondly, the gasket 

region should be compressible, to allow the main loading to be on the PTM, but should 

have sufficiently high internal friction to stop extrusion of the PTM. Ceramcast 584 

and pyrophyllite were tried as gasket materials and their dimensions were optimised for 

maximum reproducible efficiency, without the risk of blow-out. It was found that for 

pressures below 8  GPa, a one-piece Ceramcast 584 cell, with integral cast gasket fin 

was sufficient, but above this pressure, the Ceramcast gaskets had a tendency to 

crumble. Pyrophyllite gaskets were therefore used with a Ceramcast octahedral PTM at 

pressures above 7 GPa. This cell arrangement had a slightly lower efficiency, but was 

stable to over 10 GPa for the 8  mm truncation edge length used here.
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Pressure was applied using 25 mm WC anvils supplied by Sand vie Hard 

Materials for experiments up to 7 GPa, but for higher pressure experiments 1-inch 

cubes of the harder, Fujilloy WC alloy (Fuji Die Co. Ltd.) were used. The extra 

hardness reduced plastic deformation and the larger size of the anvils increased the 

available ram-stroke, both of which measures increased the attainable pressure for the 

same size of anvil truncation. All experiments were performed using an anvil 

truncation of 8  mm edge length, ground in-house, upon an octahehdal PTM of 12 mm 

edge length.

Heat was generated electrically in a stepped cylindrical graphite furnace and was 

controlled manually. Temperature was measured using K-type and R-type 

thermocouples, as above, for experiments below 1650 °C and Pt-6%Rd/Pt-30%Rd (B- 

type) thermocouples for higher temperature experiments. These terminated on the 

truncated surface of the second stage anvils, this being the reference junction. This 

reference junction temperature was then measured using a K-type thermocouple on the 

anvil surface. No corrections were made for either the room temperature cold-junction 

of the outer K-type thermocouple or for the effect of pressure on the sample 

thermocouple e.m.f.

Most experiments lasted for between 20 minutes and one hour. Phase relation 

experiments lasted for 30 minutes, except for near-solidus experiments, when duration 

was increased to about one hour. All diamond growth experiments lasted for 20 

minutes and experiments involving the pyroxene geothermometer lasted between one 

and three hours, depending on temperature.

Several furnace arrangements were used, depending on the requirements for the 

experiment, but all had the common factor of additional thermal insulation around the 

graphite furnace. This was provided by a cylinder and discs of Zr0 2  for the furnace 

length and ends respectively. Each zirconia disc was surrounded by a 300 |xm wall 

thickness cylinder of copper which terminated on a graphite disc in contact with the
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furnace cylinder and, hence acted as power lead to the furnace. The three designs of 

cell assembly used for experiments in the Walker-type cell are shown in figure 2.7.

Samples were usually encapsulated in graphite, except in the series of redox 

diamond growth experiments, where it was imperative to avoid contamination of the 

sample by carbon. It was found that in the duration of the experiments, 15 to 30 

minutes, the carbonate did not penetrate the capsule walls.

In the stepped furnace assembly designed for melting phase equilibria the 

thicker, central, region of the furnace was also the capsule, thus maximising sample 

space. This capsule was machined in two parts, one 1.3 mm and the other 0.7 mm in 

length, both of 0.3 mm wall thickness. The longer part of the capsule was packed with 

sample, whereas the shorter part was filled with 'Sigradur-G' amorphous carbon 

spheres supplied by Hochtemperatur Works toff GMbH, following the melt segregation 

technique developed by Stolper and his coworkers (e.g.; Baker et al., 1992) and 

Kushiro and his coworkers (e.g.; Kushiro and Hirose, 1992). After sieving, these 

spheres had a size range of 80 to 1 2 0  pm and served in the experiments to provide 

cavities for the melt to segregate into. This was of vital importance for multi-anvil 

experiments because the quench rates were insufficient to produce glass and inhibit 

quench overgrowth of liquidus crystals. The total cavity space available between the 

spheres was about 1 0  % of the sample volume, so up to 1 0  % melt extraction could be 

accommodated by this cell arrangement. For higher than 10 % partial melting, it is 

possible that, due to saturation of the cavities, there was not compositional equilibrium 

between the generated melt fraction and the saturated pore space. This was, however, 

contradicted by all the experimental evidence; the good correlation of determined 

liquidus surface between different starting compositions, the homogeneity of the melt 

within the sphere region, within analytical uncertainty, and the likelihood that melt 

extraction takes a finite duration, meaning that the pore spaces will not be saturated at 

melt fractions even above 10%. When there was less than 10 % melt fraction, the
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Figure 2.7 Cell assemblies for expcrimcnis in the Walker-type MAP. a) Phase 
diagram determination, b) diamond catalysis and c) high thermal gradient cells.
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spheres plastically deformed producing hydrostatic pressure conditions. This 

ensured that the segregated melt was in pressure equilibrium with the remaining solid. 

Spheres were sectioned and probed after several experiments and showed no signs of 

selective adsorption of major elements, although some of the melt had infiltrated the 

sphere surface to a depth of up to 10 p-m. This effect was quantified by sectioning 

some recovered spheres for EPMA examination. The effects of fractional melting and 

diffusion kinetics on equilibrium within the melt discussed by Baker & Stolper (1994) 

inherent in this experimental design could not be quantified in the system under study, 

due to analytical problems (discussed below), however it is likely that the extremely 

low viscosity and rapid melting kinetics in carbonate systems largely negates these 

problems.

The large furnace with electrically insulated graphite capsule was used for 

diamond nucléation and growth experiments. This extra insulation was necessary for 

two reasons. The primary reason is because one of the sources of graphite for the 

experiments was the capsule; if this was also part of the furnace, the electrical resistance 

of the furnace would increase with diamond growth, producing a 'runaway' heating 

effect. Although carbonate loss from the capsule was not detected, there was frequent 

diamond growth on the outside of, or within, capsule walls, most markedly during 

experiments involving solid magnesite as the catalyst. It is beyond the scope of this 

section to discuss possible mechanisms for such diamond growth, but is sufficient to 

note that the partial convertion of the furnace is a very real danger to such experiments. 

The second reason for isolating the graphite capsule from the furnace was that the 

source graphite, the carbonate catalyst and the resultant diamond materials were all 

analysed for carbon isotopic content in selected experiments. It was therefore 

necessary to isolate the sample from any contaminating carbon sources.

The high thermal gradient cell was used for initial studies of phase diagrams, 

especially where silicate was involved. One of the two capsules, which together 

comprised the length of the furnace was filled with sample while the other was filled
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with a geothermometer. It was assumed that the temperature distribution within the two 

capsules of a given experiment would be identical, allowing the chracterisation of the 

sample temperature using the geothermometer. This allowed the approximate 

determination of phase relations over a large temperature range during one experiment.

Initially, the geothermometer used was the BKN two-pyroxene thermometer of 

Brey and Kohler (1990), but their interpolation rapidly broke down at pressures above 

5 GPa, giving anomalously high temperatures. A new interpolation including the 

experimental data of Gasparic (1990) at 10 GPa as well as that of Carlson and Lindsley 

(1988) was made, but with the same general mathematical form as that of Brey and 

Kohler (1990). The interpolation was based on only two-thirds of the available 

experimental data which allowed it to be tested on the remaining data and it was found 

to be accurate to within 30 °C of the remaining experimental results. The error in 

determined temperatures using the geothermometer at 7 GPa is, however, likely to be 

larger than this due to the presence of the ortho-clinoenstatite transition around this 

pressure, however the sense of thermal gradient is in keeping with temperature ranges 

determined at lower pressure. The geothermometer was only used at pressures around 

8.5 GPa in experiments to determine thermal gradient within the diamond cell 

arrangement. See Appendix 2B for formulation of the new geothermometer and 

predictions of the experimental temperatures from analysed compositions.

The pyroxenes used were natural metamorphic and mantle-derived enstatite and 

natural metamorphic diopside in equal proportions. The initial compositions of the 

enstatites allowed reversal to be attained for temperature ranges from 1200 to 1600 °C. 

Below the lower limit, equilibrium was never achieved and above 1600 °C, reaction 

rates were sufficiently fast to be sure of attaining equilibrium without reversal. 

Experiments lasted between 1 and 3 hours, after which samples were quenched by the 

usual method. The geothermometer capsule after the experiment contained a hard, well 

sintered slug of material, which it was possible to section and polish by the usual 

methods for EPMA. The cooler end of the geothermometer sample was less well
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sintered and often would not take a good polish, hindering the determination of 

equilibrium temperature at the cold end of the furnace.

Pressure was generated by compression at room temperature to the required oil 

pressure, after which heating commenced. For experiments up to 7 GPa, the pressure 

loss due to plastic deformation of the hot PTM was corrected by further pressurisation 

of the ram oil, but for higher pressures, this effect was not corrected. The pressure 

reduction in oil pressure during such experiments was no more than 500 PSI, 

amounting to a probable internal pressure reduction of less than 5%. Sample pressure 

was calibrated against oil pressure using the room temperature transitions of Bi (I-II, 

2.55 GPa; III-IV, 7.7 GPa), Ba (5.2 GPa) and Sn (9.4 GPa). High temperature 

calibrations were performed using the phase transitions of a -y  Fe2Si0 4  at 1 1 0 0 °C and 

5 GPa and Coesite-Stishovite at 1100 and 1500®C and 9 GPa, against the data of Yagi 

et al. (1987) and Yagi and Akimoto (1976) respectively. The room temperature 

calibration using Bi was repeated periodically in order to verify reproducibility (see 

Appendix IB).

b) MAX 80 dia-type MAP.

The dia-type MAP is commercially available form Kobe Steel Co., Japan and is 

ideally suited among multi-anvil presses for use with synchrotron radiation sources. 

Two such dia-type devices are currently installed on beamlines at the National 

Laboratory for High Energy Physics, Tsukuba, Japan and are known as MAX 80 and 

MAX 90. Experiments were performed on both these devices, but the mode of 

operation was essentially identical in both devices. Shimomura et a l (1992) provide a 

thorough description of the dia-type system for synchrotron radiation applications so 

the present description will be limited to an overview of the main operational 

differences between this and the Walker-type press.
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Figure 2.8 shows the general arrangement of the cell within the cubic boron- 

epoxy PTM. This type of multi-anvil system is designed to be self-gasketing, i.e.; the 

supporting gaskets to the PTM are generated during the early stages of pressurisation 

by ductile deform ation of the PTM itself. This produces a lot o f stress on the sample 

and necessitates careful choice o f PTM and sample geometry. The m ixture o f 4:1 

am orphous boron and epoxy resin ('Araldite CY205' and hardener 'HT972' from 

Ciba-Geigy) has been well tested and is accepted as a sufficiently resilient PTM  for 

self-gasketing designs (see Taniguchi et ai ,  1993). The amorphous boron has the 

added qualities of being a poor X-ray absorber and an excellent thermal insulator, but 

the epoxy resin component is unstable at high pressures.

Graphite

Copper

Crushable
Alum ina/M agnesia

Alumina T/c tubing

Low density 
Zirconia

High density 
^  Zirconia 

Boron-Epoxy 
m  4:1

Sample

Boron
water
glass

2 3 4
M illimetres

Figure 2.8 Cell arrangement for dia-type press using 12 mm cube (8 mm anvils) and Zirconia thermal 

insulation. Other experimental arrangements, B-water glass insulation, 8 mm cube (6 mm anvils) vary 

in detail but have the same general features.
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Thermal insulation was provided around the graphite furnace using a cylinder of 

amorphous boron, mixed with a hydrous sodium disilicate solution, commonly known 

as water glass. This cold-pressed into shape, allowed to cure in air and then oven dried 

at between 100 and 300°C, depending on the application. In one series of experiments, 

where the effects of sample contamination by water or boron mobilized from the 

insulator were being tested for, the boron-water glass components were replaced with 

the normal 30% porosity and 40% porosity zirconia for end caps and furnace insulator 

respectively. There was no discernable effect on density, viscosity, or fusion 

temperature of the sample of contamination. It was preferable, however, to use the 

boron water-glass insulator because its low atomic number allowed tuning of the 

synchrotron X-rays to energies far below the K-edge of zircon.

In situ determination of viscosity and density at high pressure relies on the 

falling-sphere technique, using spheres which are sufficiently X-ray absorbing to cast 

a shadow in the X-rays exiting the sample chamber (Kanzaki et a l, 1987). Because of 

the geometry of multi-anvil cells, it is necessary to carefully optimise the experimental 

arrangement for several factors:

1) Minimisation o f beam attenuation through the PTM cell and maximisation o f 

attenuation by the spheres. It was found that one of the main problems of beam 

attenuation was encountered as the anvils compressed the sample, when occasionally 

the spheres were obscured behind the shadows of the anvils. This effect was reduced 

by replacing the WC anvils by the much more X-ray transparent sintered-diamond 

anvils. As has been previously mentioned, it was desirable to restrict the X-ray 

energies penetrating the sample to energies round about the K-absorption edge of the 

sphere material, thereby significantly increasing the contrast of the shadow produced by 

the spheres. This was achieved using a silicon (111) single crystal monochromator, set 

for the Au K-edge. It was impossible to achieve this condition in the series of 

experiments using Pd spheres, because the zirconia insulator was too strong an 

absorber at low X-ray energies. The variations in attenuation across the aperture!
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between the anvils was minimised using steel and maleable lead shims, and by this 

technique it was possible to obtain an even X-ray intensity across the whole illuminated 

field of view. This is important, where such low contrast images as the shadows cast 

by 30 jim spheres are being detected.

2) High speed, high sensitivity, high resolution, low lag X-ray camera and 

video system. The video capture system used was the Japanese standard NSTC video 

system with a frame rate of 30 FPS. A faster frame rate was not necessary, because 

this video system was able to capture several frames of spheres falling where they were 

still accelerating at the bottom of the capsule. The camera system used was a 'DIS' 

type solid-state tube, developed for X-rays by Chikawa et al. (1986). This had a 

maximum resolution of 6  |Lim and was sufficiently flux-sensitive to resolve Au spheres 

to 30 |im with 'tuned' X-rays. The maximum frame rate with this camera system was 

60 FPS and used at a rate of 30 FPS the lag of the image was undetectable.

3) A cell assembly with maximum fa ll distance and sample diameter but 

minimum thermal gradient. Two different sizes of PTM and corresponding anvil were 

used. The larger, 12 mm edge length cube had the advantage of doubling the furnace 

length, but could only attain up to 4 GPa pressure, while the 8  mm cube could attain in 

excess of 6  GPa pressure. The fall distance required for the experiments was 3 mm, 

which necessitated having a 4 mm long sample space. The diameter of the sample 

cavity was where possible at least ten times the diameter of the largest sphere, hence 

rendering the edge effect on terminal velocity negligible. Spheres were between 30 and 

175 |im in diameter. Using the Boron-water glass insulator, the furnace was stepped in 

its internal diameter to minimise thermal gradient, with an internal diameter of 2 .0  and

1.6 mm at the ends and center of the furnace respectively. The zirconia insulation was 

machined in two halves, allowing the step in the furnace to be on the outside diameter, 

ensuring maximum clearance between the furnace walls and the spheres. Estimated 

maximum thermal gradient between the hot-spot and the cool end of the sample is 

50 °C at 1000 °C. The thermocouple was inserted from the top of the cell, displacing
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the top end of the sample cavity to about 1 mm above the hottest part of the furnace, 

thus the top was cooler than the bottom of the sample. This measure was effective in 

minimising the possibility of thermal convection of the molten sample, but necessitated 

provision of some retarding mechanism to ensure that the sample was completely 

molten when the spheres fell. This has not been necessary in previous in situ falling 

sphere studies, because the sample viscosities have been sufficiently high to cause the 

finite duration of fusion to be negligible in comparison the fall velocity. After several 

attempts, it was found that the necessary retardation was best provided by placing the 

spheres within a small graphite ring, about 300 p,m deep, which thickened the furnace 

and produced a localised cool spot in the sample. This generally ensured at least 3 mm 

of completely molten sample for the spheres to fall into.

Temperature was measured using one B-type thermocouple and was controlled 

manually. Pressure was calibrated in situ using the Decker scale for NaCl on a mixture 

of 4:1 volume of NaCl and BN. Diffracted angle was 6®20 and an average of at least 3 

diffraction peaks was used. For the calibration experiment, an additional thermocouple 

was inserted from the bottom, extending to the centre, of the furnace. The two 

thermocouples gave an indication of the thermal gradient existing in the sample, as 

mentioned above.

The screen of the detector was calibrated after each experiment for vertical scale 

by moving the whole press in steps of 200 p.m The edge of the strong shadow cast by 

the thermocouple was a good marker for noting the 2 0 0  p.m graduations thus measured. 

The positions of the spheres as they fell was then measured directly from the monitor 

screen, frame-by-frame, after the experiment was completed.

Figure 2.9 shows a schematic of the experimental arrangement, from the X-ray 

source to the camera.
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Figure 2.9 Schematic of the MAX 80 MAP and synchrotron X-ray source adapted for use in the X-ray 

shadowgraph technique of viscosity determination.

2.4 Analytical Methods.

2.4.1 Optical Analysis.

Small samples were taken from many of the samples, immediately on recovery 

after experim ent, and m ounted as a strew slide, in 'Petropoxy' two-part epoxy resin, 

under glass. A drop of the epoxy resin was placed on a clean glass slide, to which a 

small amount, a loaded pin's worth for instance, o f the crushed sample was added. 

This was covered by a clean cover slip and the whole lightly pressed down using the 

end of a spatula, to ensure disagregation of the sample and complete penetration by the 

resin. The slide was then cured on a hot-plate at 100 °C for about one hour. W hen 

cured, the resin is colourless and transparent, with a refractive index of about 1.54.

To the skilled observer, this provides a very quick and accurate m ethod for 

phase determination and often highlights the presence of phases unidentified by bulk 

analytical methods. It is, however not infallible and should be supported by other 

analytical methods.
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2.4.2 Electron Microprobe Methods for Quantitative Chemical Analysis.

The electron microprobe provides a technique for obtaining accurate (up to 

±0 .0 1  % accuracy) non-destructive chemical point-analyses of surfaces, or shallow 

volumes. The technique uses the characteristic X-ray emissions produced by elements 

on bombardment by high energy electrons. Because the electrons scatter within the 

sample, the limiting factor for resolution is not the focus of the electron beam, which 

can focus to better than 1 pm, but rather the scattering distance of the electrons. This 

has been calculated to be up to 15 pm from the beam, producing a roughly oblate 

spheroidal analysis volume of 15 by 30 pm minor and major axes. The only way to 

produce EPMA analyses of smaller volumes than this is to either use extremely thin 

samples, unsupported below the analysis point, or to reduce the energy of the incident 

electrons.

a) Analytical conditions

The JEOL 733 Superprobe' installed in the Department of Geological Sciences, 

Birkbeck College was used, on energy dispersive mode, for all EPMA analyses. The 

X-ray emission spectrum obtained from the analysed sample must be normalised for 

atomic number of the elements within the sample (Z), the X-ray absorption of the 

sample (A) and the fluorescence of the elements in the sample (F). ZAP 4 procedures 

were used for matrix corrections in the present study . Standards were as follows: Mg; 

forsterite, Ca and Si; wollastonite, Fe; fayalite, K; orthoclase, Na; NaCl and albite, Ti; 

rutile, other cations; pure metals, P; apatite and Cl; NaCl.

Glasses were analysed using a beam defocused to 10 pm  diameter and a 

reduced accelerating voltage of 10 KeV, whereas crystalline materials were analysed 

using a spot beam with 15 KeV accelerating voltage. Counting time was restricted to 

30 s for carbonates and 100 s for silicates. These measures eliminated problems of 

potassium migration and carbonate dissociation during analyses. Spot analyses were

9 0



performed on polished surfaces, except where an average composition of quench 

crystals was required, when the electron beam was rastered over a small area (usually 

about 50 |im^) during the analysis. Rough, unpolished surfaces were analysed using a 

rastered beam, except for identification of phases for which spot analyses were 

performed.

b) Preparation of samples.

For accurate EPMA chemical analysis, it is necessary to prepare a well 

polished, flat surface within the sample. This was possible where there was a low 

proportion of potassium carbonate, which is too soft to polish. Glasses in the MgCOg- 

K2CO3 system were sufficiently hard to take a polish, but had to be prepared under oil 

to stop hydrous-devitrification from occurring. Samples in the MgCOg-MgSiOg 

polished well, even when Sigradur-G spheres were contained within the capsule, and 

the two-pyroxene geothrmometer system polished well.

The mounting procedure was the same for all samples to be polished. Capsules 

were recovered from the PTM after experiments, usually in a coherent, although 

cracked, condition. These were mounted whole in a perspex disc of 10 mm diameter 

(up to two of which fit directly into the probe holder) and secured in place using 

'Logitech' epoxy resin, one sample per disc. The capsules were mounted in a cavity in 

the perspex discs with their axes in the plane of the surface of the perspex disc such that 

one half of the capsule was embedded in the disc and the other half was proud of the 

disc. When the capsule was in place, the rest of the cavity was filled with the resin and 

the whole was transferred to a vacuum oven and placed under a low vacuum. As air 

was pumped out of the oven, bubbles grew at the ends of the capsule, presumably due 

to volatiles contaminating the sample either during the experiment, or associated with 

cracking of the capsule during recovery. The bubbles tended to burst on reduction of 

the vacuum and the process of evacuating the oven and repressurising was repeated
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until no further bubbles formed. Only after this was the resin heat-cured at 50-100°C, 

to avoid the resin boiling during the evacuation process. The resin was sufficiently 

strong after 30 minutes to start polishing.

Initial removal of material was performed dry using 800 grit number 'wet and 

dry' carbide paper, until approximately one third of the capsule had been removed. At 

this point, the grade of carbide was reduced to 1200 grit number (approx. 10 |Lim 

particles) and the process continued, either wet or under oil depending on the presence 

of potassium carbonate, until just over half the capsule was remaining. Progress 

during this stage was monitored using an incident light stereo optical microscope. Once 

the half-way point was sufficiently closely approached, the sample was transferred to a 

'Vibromat' vibrating cloth lap and polishing commenced, initially using 6  |Ltm and 

subsequently 1 |Lim diamond paste. Glycerol was used as the lubricant for the vibrating 

lap and for the coarser rubbing-down under oil. It was important during the polishing 

stage that an even pressure was applied to the sample and this was provided by brass 

weights in a jig, which also ensured that the polished surface was parallel to the base of 

the disc, as described in Appendix IB.

Capsules which were designed for use with carbon spheres in experiments in 

the K2C0 3 -MgC0 3  system were not polished prior to EPMA but were prepared in the 

following manner. Upon recovery of the PTM, the furnace was extracted as intact as 

possible. This was then broken using a sharp razor-blade to reveal the double-capsule 

arrangement within. It was usually possible to extract the capsule whole and then to 

separate the two parts of the capsule. This usually left the smaller part containing most 

of the spheres, with a layer of spheres, one sphere deep on the surface of the 

remainder of the sample, in the larger part'of the capsule. The two parts of the capsule 

were then mounted on an aluminium SEM stud using a conductive patch. The smaller 

part of the capsule was often broken in two during recovery and when this occurred. 

The two parts were mounted such that an end section and a section through the capsule
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could be analysed. Capsules recovered from diamond growth experiments were 

broken open and mounted on SEM stubs in a similar manner.

All prepared samples were coated with graphite, using a carbon-arc source, 

prior to analysis.

2.4.3 Scanning Electron Microscope Textural Analysis.

a) Sample preparation.

Samples of diamond and graphite produced during diamond growth 

experiments were examined using optical and scanning electron (SEM) microscopy and 

XRD techniques. Capsules were recovered and samples extracted, usually as a 

coherent, well sintered pellet. This pellet was broken, preferably into two, along its 

length. For samples where diamond growth was minimal, this could be neatly 

performed by giving a sharp tap to a razor blade in contact with the sample, but more 

extensive diamond growth necessitated crushing the sample between two WC anvils. 

One half of the sample was then mounted, along with the graphite capsule, on an SEM 

stub. The remainder of the sample was crushed for powder XRD analysis. The 

crushed sample, after XRD analysis was treated in a warm mixture of 4:1 concentrated 

sulphuric and concentrated nitric acid, to dissolve everything except the diamond. This 

insoluble powder was then mounted on a SEM stub for textural analysis.

All prepared stubs were sputter coated with gold prior to SEM analysis.

b) Analytical conditions.

All SEM work was performed on the Zeiss DSM 940' SEM installed in the 

Department of Geological Sciences, University College London. Maximum resolution 

was given by an accelerating voltage of 15 KeV, above which increase in resolving 

power was negated by the ghosting affect induced in the carbon by its low electron
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absorption . At 15 KeV, r e so lv in g  p o w er  w a s better than 0.1 |Lim, far sm aller  than the  

sm allest features b e in g  studied.

2.4.4 Powder X-ray Diffraction Analysis.

Samples from diamond growth and melting experiments, as well as starting 

materials and pressure calibrant samples were analysed for phase identification by 

powder X-ray diffraction (XRD).

a) Sample preparation.

After removal from capsules, samples were prepared for XRD by grinding to 

approximately 10 |im  powder under acetone. The pressure calibrant samples were 

ground to a coarser grainsize than the other samples in order to prevent possible 

reversion to the low pressure phase. This powder was applied to the small glass holder 

slide as a slurry with acetone, such that the sample coated the ground surface of the 

slide in the region of the incident X-rays. For extremely small volumes of sample, for 

example the diamond samples after acid solution, a special holder was prepared with 

only a small, 2 mm long and 1 mm wide sample stub. A small groove was cut in this 

stub to hold the sample in position. This stub part of the holder was all that was in the 

X-ray beamwhich served to reduce the background signal to an acceptable level.

b) Analytical conditions.

Powder diffraction was performed on the Philips 2-circle powder diffractometer 

using a water cooled cobalt rotating anode. The cathode ray tube was used at 35 KeV 

and 40 mA and the X-rays thus produced were filtered for CoKai radiation. In order

to produce an even area of sample exposed to the X-rays at all values of 20, narrow 

divergence slits (of 1/4°) were used along with wide detector slits (0.3 mm) which 

maximised the X-ray signal. For hygroscopic samples, silica gel granules were placed 

in the sample chamber along with the sample. Scanning step was 0.05 degrees 20 and
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the detector counted for between 5 and 50 seconds per step. It was usual to count for 

about 1 0  s per step for large samples, but smaller samples, or samples with small 

amounts of a particular phase required longer count durations for acceptable peak to 

noise ratios. Diffraction of diamond samples required the longest count times because 

of the small sample volume and the low atomic weight of carbon.

2.4.5 Fourier-Transform Infra-Red Spectroscopy.

Fourier-transform infra-red spectroscopy (FTIR) was performed on carbonate 

phases including glasses and on synthetic diamond produced in diamond growth 

experiments.

a) Sample preparation.

Samples were either small chips of single crystals or glass shards, or else 

powder compacts prepared in KBr discs. The 'single crystal' type preparations 

(crystals or glass shards) were mounted for spectroscopic study either by glueing on 

the end of a glass fibre using cyanoacrylate binder ('Superglue') or by glueing onto the 

edge of a glass slide using 'Scotch' tape. In both cases it was imperative not to 

contaminate the region of the specimen to be analysed with the binder. The tape 

method was least likely to contaminate the sample, but samples mounted on glass fibres 

were more easily manipulated during analysis. This technique was not ideal for 

carbonates because their extremely high infra-red absorption necessitated the use of 

samples 2 0  jim or less thick, however carbonate glasses were too unstable to prepare as 

powder discs.

For samples with a small grainsize (less than about 50 |im), or strong 

absorbers, a preferable preparation was as KBr discs. Carbonates, which are 

extremely strong absorbers are ideally suited to this sort of preparation, and dilutions of 

5 weight % carbonate to KBr powder were used. The sample was ground dry with the
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KBr and the mixture subsequently dried at 120 °C for at least 5 hours. A pellet press 

was filled with sufficient of the mixture to produce a disc about 500 pm thick and this 

was compressed, under vacuum at 60 PSI pressure for 15 minutes. The pellet thus 

produced, which was waxy in appearance and translucent, was recovered and stored at 

120 until analysis. Pellets were always produced as near to the time of analysis as 

possible and a blank containing only KBr was produced at the same time.

Diamond synthesised in diamond growth experiments was cleaned by 

dissolution in warm aqua-regia to remove carbonate and then in a hot mixture of 

concentrated nitric and sulphuric acids to remove any remaining graphite. The resulting 

grey, porous, fine grained diamond aggregate was crushed between carbides and 

prepared as a KBr disc. The small amount of diamond available necessitated a dilution 

factor of 100 in the KBr disc.

b) Analytical procedure.

FTIR was performed on a Bruker IFS45 spectrometer using a CO2 laser infra

red source. References, which were of air and the KBr blank for single crystal and 

KBr disc type analyses respectively, were taken after aperture was decided upon for 

each sample analysis. The beam aperture was chosen such that the maximum beam 

was transmitted, all through the sample. Single crystal type samples were analysed in 

several places until the region which produced the least saturated spectrum was found 

and this was taken as the spectrum of the sample. This caused an anomalously high 

value for the OH“ modes in the carbonate glasses which increased as the glass hydrated 

in air during the analyses, however the form of the rest of the spectrum appeared to be 

unaffected.

The KBr discs showed some internal variation in absorption between different 

areas, but generally, the spectra were not saturated and had the same shape, the only
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variation being intensity. Some samples showed unusually broad absorption peaks 

when prepared in KBr discs and this is taken as evidence of damage to the crystal 

structure caused by excessive grinding of the sample. KBr discs of synthetic diamond 

showed very faint organic absorption bands where the diamond peaks should have 

been, which is presumably due to sample contamination during the long preparation 

process of the diamonds, and the spectra are not presented here.

2.4.6 Mass Spectroscopy.

Samples of carbonate and graphite starting materials used in the diamond 

growth experiments and samples of the diamonds thus synthesised were analysed for 

ÔC13 isotopic content by mass spectroscopy at the Open University using the system 

described by Grady et al. (1988). Diamond samples were prepared in acid by the 

procedure described above, each experiment yielding about 10 mg of diamond. Carbon 

samples were vaporised by heating on a tungsten filament until oxidation was complete. 

Carbon dioxode was liberated from carbonates by the action of concentrated 

orthophosphoric acid (H3PO4 ). The resulting gas was ionised and analysed by mass 

spectroscopy.
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Plate 2,1 a) Schematic of multi-anvil press essentials Brickwork denotes WC or sintered diamond 

(SD) anvils and close hatching denotes hardened steel Bold arrows show mode of compression and 

direction of movement along the slip-planes. b) Left: octahedral pre-gasketed arrangement for Walker- 

type and right: self-gasketing cubic cell after experiment in Dia-type multi-anvil presses c) A pair of 

anvils after blow-out The depressurisation was so violent that the anvils are scored by the PTM.
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3. PHASE RELATIONS IN THE SYSTEM KiCOg-MgCOs.

3.1 Previous Work.

An overview of carbonatite-related experimental research has already been given 

in chapter 1 , but a specific review of the potassium-magnesium carbonate and related 

systems now follows.

The first extensive study into binary carbonate systems was performed by Eitel 

& Skaliks in 1929 in a simple hydraulically sealed gas-pressure vessel. Pressure 

generated must have been only a few bars, but the use of CO2 as the pressure medium 

allowed temperatures sufficiently high for mapping the eutectic region of most of the 

binary systems studied before decarbonation occurred and the strong solidus-lowering 

effect of even small proportions of alkali-carbonates upon divalent cation carbonates 

was demonstrated. The intermediate compounds Na2 Ca(C0 3 )2 , Na2 M g(C0 3 )2 , 

K2Ca(C0 3 )2 , K2Mg(C0 3 ) 2  and NaLiC0 3  were produced, by crystallisation from a 

melt, except for K2Mg(C0 3 )2 , which was synthesised by devitrification of quench 

glass at 300 ®C. It is dubious whether their experiments were performed under entirely 

anhydrous conditions, due to the hygroscopic nature of the alkali carbonates, and 

because the quoted maximum synthesis temperature for the K2Mg(C0 3 ) 2  intermediate 

is about 50°C below that attainable in the present study, as well as the measured 1 

atmosphere disproportionation temperature of the intermediate compound. The 

presence of water is likely to inhibit formation of an intermediate phase by rapid 

nucléation of hydrated potassium carbonates. All of the data given is for normal 

binary-type melting, with no solid solution apparent, even for group 1 cation carbonate 

mixtures. Other carbonate binaries studied at low pressure include isomorphs in the 

multi-component series (K2 C0 3 -Na2 C0 3 ).(BaC0 3 -SrC0 3 -CaC0 3 ) which show 

considerable solid-solution and KLiC0 3  (Le Chatalier, 1894 a,b).
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Subsequent work has tended to focus on either melting, or subsolidus phase 

relations. The double carbonates Na2 M g(C 0 3 ) 2  and K2 C a(C 0 3 ) 2  have been 

synthesised hydrothermally and characterised by Pabst (1973, 1974 respectively) by 

single crystal X-ray diffraction, but the K2Mg(C0 3 ) 2  compound can not be produced 

using this method (chapter 2). The double carbonate K2Ca(C0 3 ) 2  was found to be 

dimorphic, in accordance with Mrose et a l, 1966 and the low temperature form, 

buetschliite, was considered to be sufficiently structurally similar to Na2Mg(C0 3 ) 2  

(eitelite) to form a possible solid solution.

The structure of synthetic K2 M g(C 0 3 ) 2  was analysed by powder XRD, 

(Simons & Sharmer, 1983) and found to be isostructural to either buetschliite or 

eitelite, but powder diffraction could not resolve the fine structural differences. Lattice 

parameters, intermediate between those double carbonates supported a possible solid- 

solution series. The infra-red transmission spectra of the natural minerals eitelite and 

buetschliite were measured by White (1974) and were shown to have significant 

differences, diagnostic to their structure.

The molten binary K2C0 3 -MgC0 3  is unusual among carbonate melts in its 

ability to form glasses, the only other such system being the rare-earth bearing system 

of Jones & Wyllie, 1983. Because of this, the system and its glasses have been the 

subject of considerable low-pressure research. Ragone et a l (1966) characterised the 

atmospheric pressure phase diagram of K2 C 0 3 -M gC 0 3 , showing no liquid 

immiscibility at this pressure. The raman spectra of glasses in the system were 

measured by Sharma and Simmons in 1980, and absorbtion, reflectance and raman 

spectra for glasses quenched from 0.1 GPa were measured by Genge (1993). Genge's 

study also showed no liquid immiscibility at 0.1 GPa. Primary thermodynamic data on 

the atmospheric pressure melting of K2CO3 is available in the chemical data (Janz, 

1988), but due to the low disproportionation temperature of MgC0 3 , extrapolation
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must be made from either high pressure melting data or else from atmospheric pressure 

eutectic systems (Trieman, 1995)

The importance of magnesite as a natural mineral and potential carbonate 

reservoir in the mantle has lead to its experimental study in binary systems; with calcite 

up to 3.6 GPa (Goldsmith & Heard, 1961; Irving & Wyllie, 1975) and with enstatite to 

15 GPa (Katsura & Ito, 1990). These studies provide important experimental 

constraints on the accuracy of the present study.

3.2 The Double Carbonate K2M g(C0 3 )2.

3.2.1 Structure.

The intermediate compound K2Mg(C0 3 ) 2  (hereafter KMC) was first discovered 

and synthesised by Eitel & Skaliks in 1929 and identified optically as crystallising in 

the rhombohedral system, with hexagonal form. The structural refinement of Simons & 

Sharma (1983) suggested that it was isostructural with either buetschliite (R3/m) or 

eitelite (R3), but powder diffraction was insufficient to distinguish between the two 

space groups. Infra-red absorption spectra for eitelite and buetschliite are shown with 

assignment, of the absorption bands, redrawn from White (1974) and the spectrum for 

KMC, prepared as a KBr disc given in figure 3.1 As can be seen, the shoulder on the 

1430 cm 'l absorption band and the supression of the V4  band suggests structural 

affinities with buetschliite, but both of these features are not so strongly pronounced in 

KMC, implying that the KMC carbonate ion environment is intermediate between 

buetschliite and eitelite. This data supports the suggestion of Simons & Sharma (1983) 

that there may be solid-solution between these three carbonate double salts.
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Figure 3.1 The infra-red transmission spectra of the double carbonate K2M g(C03)2  and the related 

minerals eitelite and buetschliite (from White, 1974). The asymmetry of V 3 and the suppression of V 4  

modes suggest structural affinities with buetschliite, but all of the features are intermediate between the 

two minerals.
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3.2.2 Subsolidus Phase Relations.

It is possible that KMC has a high temperature polymorph because the most 

similar double carbonate, buetschliite is the low-temperature polymorph of 

K2Ca(C0 3 )2 , with fairchildite stable above 700 ®C, although the low decomposition 

temperature of KMC would preclude its stable formation at atmospheric pressure. 

Because the volume change of decomposition is likely to be significantly larger than the 

volume change associted with the polymorphic transition, dP/dTd e c o m p . < d P / d T trans., 

thus the fairchild-type structure may be stable for KMC at high pressure and high 

temperature.

The decomposition temperature for KMC at atmospheric pressure is quoted as 

around 300 °C from Eitel & Skaliks' 1929 paper, however it became apparent, from 

synthesis temperatures in the present study, that this temperature is too low by about 

50 °C. In order to eliminate this uncertainty, a powdered sample of KMC was heated 

in a Guinier-Lenne camera to 400 °C and the change in diffraction pattern observed. 

Plate 3.1 shows the powder pattern thus obtained, indexed for KMC. The 

thermocouple calibration at the decomposition temperature is accurate to ± 15 ° C , 

which was also internally calibrated measuring the cell parameters of the decomposition 

product, magnesite. The atmospheric pressure decomposition temperature was found 

to be 350 ± 10 oC.

Experiments were performed in the piston-cylinder at 1.5 and 3 GPa to 

determine dP/dT for the decomposition and the determined phase diagram for KMC 

composition up to 5 GPa is given in figure 3.2.
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Figure 3.2 Subsolidus and melting phase relations for K2Mg(C03)2 composition. Me = magnesite, Ke 

= potassium carbonate, L = melt, V = vapour.

3.3 Melting up to 1.5 GPa.

Melting phase relations have been determined at 0.1 Gpa by Ragone et al. 

(1966). Their magnesite decarbonation temperature of 755 ±10 agrees well with the 

data of Harker & Tuttle (1955), being 75 °C below the C0 2 -saturated curve of 

Goldsmith and Heard (1961). A sketch of the one atmosphere melting phase relations 

is shown in figure 3.3, the KMC dissociation temperature has not been shown since it 

is apparent from the report that this was not measured.
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Figure 3.3 Melting phase relations at 0.1 GPa, redrawn from Ragone et al. (1966).open circles 

represent compositions sampled. Kc=K2C0 3 , Mc=MgCOg, KMc=K2Mg(C03)2, L=Liquid, P=MgO, 

V=Vapour.

Table 3.1 shows the inferred stable phases and experimental conditions for 0.5 

and 1.5 GPa experiments after optical identification of quench phases. Stable liquidas 

crystals could be distinguished from crystals which were decomposing under super- 

liquidus conditions by their euhedral shape and from sub-solidus crystals by their large 

(100-300 |Lim) size. Chemical equilibrium was verified in several near-liquidus run 

conditions by performing repeat experiments with increased durations of 30 minutes to 

upwards of 3 hours. There were no discernible differences in quench assemblages due 

to varying experimental duration in this range. Occasionally, quench dendrites became 

large enough for cleavage fragments from them to be mistaken for liquidas crystals, 

however individual fragments could be identified as such by their uneven surface 

texture and patchy appearance in plane polarised light. In such cases, any ambiguity
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ab ou t m e lt in g  w a s  d isp e lle d  b y  the large  cry sta l s iz e , and d en d rites  o v e r g r o w in g  

euhedral crystals con firm ed  the a ssem b lage  as sub-liqu idus.

Table 3.1 conditions, (a) at 0.5 and (b) at 1.5 GPa.
Temp
r c )

Bulk Comp 
(Mole% MgCOg)

Duration
(Min)

Interpreted 
Stable Phases

Glass analyses 
(Mole% MgCOg)

(a)475 55 5 Mc+Kc
500 55 102 L+Mc 46t2.7 &  96+1.2*
550 47 78 L+Kc
600 55 88 L
650 47 67 L+L 42t0.7 &  4 8 t l .9
750 25 90 L+Kc

40 75 L+Kc
47 75 L+L 41tl.5  &  4 5 t l . l
75 71 L+Mc

850 25 60 L+Kc
47 5 L 4 7 tl
75 60 L+Mc

910 100 50 F+Mc"^
950 10 47 L

75 60 L+P
1000 90 62 L+P
1100 90 35 L+P

100 50 P
(b)570 50 5 eutectic

600 47 135 L+Kc
55 205 L+Mc

650 47 90 L+Kc
55 120 L+Mc

700 40 113 L+L
47 98 L
55 105 L+Mc

750 40 130 L+L 37t0.7 &  47t0 .8
55 120 L+Mc

850 25 105 L+Kc
40 75 L+L
75 150 L+Mc

900 25 90 L
1000 10 31 L+Kc+

40 40 L
55 33 L
75 180 L+Mc

1100 75 16 L+Mc
1200 75 16 L
1280 90 15 L+Mc
1300 100 13 P+Mc+
1550 100 10 L+P

Footnote: * analysis of liquidas crystal + textural indication that equilibrium not reached.
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Figure 3.4. Phase relations in the system K2C0 3 -M gC 0 3 . a) at 0.5 GPa and b) at 1.5 GPa . 

Labelling follows figure 3.3 convention; L+L=Field of liquid immiscibility. Large symbols denote 

interpreted stable phases for those experimental conditions; open symbols denote all liquid, half solid 

symbols denote liquid plus crystals and solid symbols denote no liquid detectable. Triangles represent 

the presence of periclase, while squares are used for carbonate. Small symbols with 2 standard 

deviation error bars represent EM analyses of phases from experiments between pairs of analyses.

Unlike most carbonates, many melts in this system quenched readily to glasses. 

The exceptions to this were potassium rich compositions and low percentage partial 

melts, both of which quenched to a mass of dendritic disequilibrium crystals. At 0.5 

GPa, the glasses invariably contained small CO2 bubbles as a quench effect. Longer 

run durations did not produce larger bubbles or a separate CO2 field at the top of the 

capsule as would be expected if the vapour were a stable phase at experimental 

conditions. Decarbonation does occur, however, on the magnesium-rich side of the 

diagram and produces periclase (MgO) and vapour (CO2). This produces a field of 

periclase plus liquid plus vapour in this system. Phase diagrams at 0.5 and 1.5 GPa 

are plotted in figure 3.4 a and b.
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3.3.1 Magnesite Dissociation.

Results for the magnesite dissociation phase boundary at 0.5 GPa presented 

here differ significantly from Irving & Wyllie's (1975) interpolation of the data of 

Goldsmith & Heard (1961), being about 60 °C lower in the present study. This 

difference is explained by the fact that in the original paper, two sets of data are 

presented, which themselves differ by 50 °C at this pressure. Irving & Wyllie chose 

the higher temperature results, which were performed in capsules unsealed to the CO2 

pressure medium, giving XC0 2 = 1 - The present results are, within an experimental

error of 20 °C, entirely compatible with Goldsmith & Heard's lower temperature 

results performed in sealed tubes with argon pressure medium and with Harker & 

Tuttle's (1955) data. At 1.5 GPa, the temperature for magnesite dissociation of 

1295°C agrees well with that reported by Irving & Wyllie. As previously noted, there 

is a similar discrepancy between the data of Ragone et a l (1966) and Goldsmith & 

Heard (1961). This is not explainable in terms of XCO2 the pressure medium, since

both studies were performed under pure CO2 This may be due to either cation 

impurities in Goldsmith & Heard's study increasing the stability field for magnesite or 

contamination of the CO2 atmosphere in that of Ragone et a l reducing decarbonation 

temperature.

Dissociation usually produced a fine grained aggregate of periclase, plus CO2 

vapour which commonly caused the capsule to take on a "puffed out" appearance after 

retreival from the pressure medium. In one experiment, in which pure magnesite was 

heated to 1550 °C at 1.5 GPa for 15 minutes, large, euhedral periclase crystals were 

produced along with a trace (< 1 volume%) of highly biréfringent quench material 

forming an interconnected network between the grains. The high birefringence of the 

quench suggests that the original melt was carbonatitic in composition due to 

dissolution of CO2 into melts formed above the decarbonation temperature. Melting
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under these conditions is however, probably due to H2O contamination by diffusion of 

hydrogen through the capsule wall, lowering the MgO-C0 2  solidus.

3.3.2 Eutectic Relations.

Eutectic temperatures in this system are low (470 and 550 ®C at 0.5 and 1.5 

GPa respectively) considering the high melting temperatures of the end member 

compositions. The effect of pressure on the K2CO3 fusion temperature is relatively 

small, but since the eutectic composition in this system increases in K2CO3 with 

pressure, it is assumed that solid magnesite is stabilised with respect to the melt phase. 

Melting is not seen in magnesite until 2.45 GPa above which it melts incongruently to 

1-x MgC0 3 .x MgO plus X CO2 vapour (after Irving & Wyllie, 1975).

3.3.3 Glass Formation.

The ability of compositions around 50:50 mole % in this system to produce 

glass has been known since Eitel and Skaliks' (1929) first synthesis of KMC, however 

the narrow glass-forming compositional range is extended, to increasing Mg content 

with pressure. The glasses produced are all extremely hygroscopic, decomposing to 

hydrated carbonate crystals on exposure to atmospheric water. Figure 3.5 a shows the 

increasing water content in a glass flake during repeated collection of IR transmission 

spectra, at approximately 5 minute intervals.

Glass formation requires a low ion mobility during quenching. This occurs 

readily in silicate liquids, where silicate polymerisation increases viscosity and 

enhances glass formation. Because carbonates form ionic liquids, glass formation is 

extremely rare. Genge (1993) suggests that the high charge density of the Mg^+ ion 

enhances formation of a flexible melt framework of bridging ionic bonds, supported 

around the larger potassium cation. Increasing pressure would enhance such network
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Figure 3.5 Infra-red absorption spectra of carbonate glass formed inthe system potassium carbonate- 

magnesium carbonate at 1.5 GPa. a) sequential spectra of the same region showng the increasing 

water absorption peak, b) the complete spectrum of the glass, showing the vj doublet and the possible 

four-way splitting of V4. The splitting of vi implies that there are two non-equivalent structural sites 

for the carbonate ion and, if V4 is split four ways, these two sites are assy metrical.

formation, by reduction of mean interatomic distance, but such an effect should not be 

noticable over 1 GPa increase and the enhanced glass formation is likely to be due to
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variations in quench rate. The lack of recovered glass in this system at 5 GPa is 

probably due to devitrification during decompression of the sample; similar kinetic 

effects may have hindered glass recovery for Genge during quenching in liquid 

nitrogen (ca. -170 ®C). Structural perturbations during crack propagation may be 

sufficient in a highly metastable sample (such as carbonate glass) to provide nucléation 

sites for devitrification.

Quench glasses were studied using FTIR spectroscopy and the 1050 

wavenumber carbonate (vi) absorption mode was found to split (figure 3.5 b). This 

splitting was interpreted as being due to the presence of two distinct structural sites for 

the carbonate ion within crystalline carbonates by Adler & Kerr (1963), the same 

conclusion being reached for carbonate-bearing glasses by Taylor (1990). The splitting 

increased with pressure, the lower peak shifting from 1055 to 1035 wavenumbers 

between 0.5 and 1.5 GPa, while the second 1078 cm'^ mode showed no significant 

change. For a full discussion see Taylor (1990). Unfortunately, the present 

spectroscopic study yielded only qualitative results for three reasons; firstly, the lack of 

potassic glasses in the system, secondly, the strongly hygroscopic nature of the 

glasses, which rapidly devitrified to hydrous phases in air and finally, the difficulty in 

isolating crystal free glasses produced from sub-liquidus run conditions. Nonetheless, 

the presence of two distinct structural sites within the glass, as evidenced by the splitting 

of the VI mode, indicates the presence of short-range structure within the glass.

3.3.4 Carbonate-Carbonate Liquid Immiscibility.

The potassium rich liquidus limb is intersected by a narrow region of liquid 

immiscibility which marginally widens with increasing pressure. BPMA analyses were 

performed to determine the extent of the miscibility gap. Errors were relatively large 

because of the high mobility of potassium, the ease of vapourising CO2 from the 

sample by heating from the electron beam, and because the polish was poor due to the
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necessity of dry polishing alkali-rich carbonates. The first two effects were minimised 

by defocussing and enlarging the beam spot to 30 pm, which also served to average the 

compositions of quench crystals. In spite of these problems however, glasses from 

coexisting immiscible liquids were sucessfully analysed to within 1.5 mole%. Plate

3 .2  a and b shows optical micrograph and backscattered electron images of immiscible 

melt pairs.

The atmospheric pressure data of Ragone et al. (1966) shows no evidence of 

liquid immiscibility. Experiments performed at 5 GPa also showed no sign of 

immiscibility. It is possible, in view of these two experimental results, that the small 

field of immiscibility described above is due to contamination of the sample, possibly 

by water released by the breakdown of the talc PTM. This seems unlikely for the 

following reasons: firstly, the constraint on composition of the sol vus limbs, between 

different experiments, would not be nearly so tight if immiscibility were dictated by 

chance contamination. Secondly, analysis of quench crystals, rather than glass 

increases scatter of analyses, to greater than the size of the field at 1.5 GPa and growth 

of crystals during quenching would obscure immiscible textures. Therefore it is not 

conclusive that immiscibility is confined to pressures below 5 GPa within this system. 

Finally, the sampling interval chosen by Ragone et a l is sufficiently wide to have 

allowed a small immiscible field to have gone undetected. It was, perhaps, fortuitous 

that the liquid immiscibility was discovered in the present study!

I infer from the simple magnesite - enstatite binary eutectic at 8  GPa reported by 

Katsura & Ito (1990) that a change in melt structure with increasing pressure in the 

magnesite component is likely. The complete miscibility between magnesite-rich and 

enstatite-rich melt compositions at 8  GPa can only be explained by the magnesite melt 

structure becoming more compatible with the covalent silicate-type structure. This sort 

of change from ionic to networked melt behaviour in the magnesite end-member would 

cause an increase in the free energy of mixing between potassium and magnesium
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carbonate melts with pressure. Although this effect would cause increasingly 

immiscible behaviour between potassic and magnesium-rich melts with increasing 

pressure, it is unlikely to be detectable over such a small pressure interval and the 

increasing immiscibility as a function of pressure observed in the present experiments is 

more likely to be due to a positive specific volume of mixing for this molten system.

3.4 Melting in K2C0 3 -M gC0 3  at 5 GPa.

No glass was obtained from experiments performed at 5 GPa, probably due to 

strain effects during decompression causing crystal nucléation. Plate 3.3.a and b 

shows backscattered electron images of carbon spheres (c.f. chapter 2 ) recovered from 

experiments where melting has and has not occurred respectively. From plate 3.3.a it 

can be seen that the crystalline material which was originally molten is extremely fine 

grained and so may be either a direct quench product or, more likely, a devitrification 

product (hereafter both are referred to as quench).

EPMA results for rasterred regions of quench are given in Table 3.2, 

normalised to 100 mole%. This normalisation was performed for three reasons: firstly 

because the probe was unable to analyse for light elements, so carbonates give totals 

around 60%; secondly, because inevitably when performing rastering analyses on 

irregularly shaped melt networks, some of the matrix (in this case carbon) will be 

included in the analysis, lowering the total, and finally because the rough texture of the 

broken quench will further reduce totals. Dissociation and potassium mobility are not 

problems with this analytical technique because the electron beam is constantly 

scanning the specimen and so any heating effect is minimised. The inferred phase 

relations from these results are plotted in figure 3.6.
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Table 3.2. Analyses of quench material isolated from liquidus crystals using carbon spheres (see text)

Run No Temp

(OC)

Bulk Comp.(Mole%) 

K2CO3: MgCOg: K2Mg(C03)2

Melt comp.(Mole%) 

K2CO3 MgC0 3

2a  (n)

59 800 89 0 11 0 0* .

44 840 0 0 100 0 0*

46 850 75 0 25 84 15 5.5 (8)

58 880 89 0 11 86 13 2.0 (4)

43 890 0 67 33 67 29 8.5 (5)

45 990 0 0 100 67 31 3.5 (6)

42 1100 0 0 100 62 37 12.0 (5)

56 1150 100 0 0 0 0*

57 1250 100 0 0 100 0 .

40 1600 0 63 37 >33 <67 10 (8)=

55 1800 0 100 0 0 100+ -

* no melting, """ melting at hot end of capsule only, = composition limits based on geometrical 

constraints from melting in ternary including enstatite (see Appendix 2A).

3.4.1 Melting of K2Mg(C0 3 )2.

The thermal stability of KMC increases with increasing pressure as descri bed 

above. At atmospheric pressure, KMC is stable to about 350 °C above which it 

dissociates to the K2CO3 and MgC0 3  end members but by 5 GPa this compound melts 

incongruently at temperatures below the probable stability of the high temperature, 

fairchildite-like, polymorph. Incongruent melting can be regarded as a decomposition 

effect as the intermediate compound decomposes into its two constituent end members 

which simultaneously melt as a eutectic system.

Within this system it is easier to accurately determine the onset of incongruent 

melting of KMC than the eutectic temperature, which requires K2CO3 for starting 

material. The intermediate compound dissociates to MgC0 3  plus a very potassic melt at 

875+25 °C. This gives an indication of the potassium-rich composition of the eutectic
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and the increasing thermal stability of magnesite, which is the stable mantle carbonate 

phase at 5 GPa.
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Figure 3.6 Phase relations in the system K2C0 3 -MgC0 3  at 5 GPa. Open squares denote the bulk 

composition producing melt (solid circles) at that temperature, solid squares denote no melting 

observed. Error bars are 2 standard deviations.

The effect of water introduced by hydrous potassium carbonate phases on the 

peritectic temperature has been found to be minimal by repeating experiments using a 

mixture of the end-members instead of K2Mg(C0 3 ) 2  starting material. The mixture 

used was magnesite rich which ensured that all K2CO3 was consumed in producing the
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intermediate compound during the approach to experimental conditions. This can not 

test for the effects of contamination by diffusion through the capsule during the 

experiment, but does test for the effects of water already contaminating the potassium 

carbonate during cell preparation.

3.4.2 Eutectic Composition.

As previously noted it is difficult to accurately determine the solidus temperature 

for the K2C0 3 -K2Mg(C0 3 ) 2  region of the system because of the effect of water which 

is often most pronounced near the eutectic. Relatively little water is required to 

moblilise a sub-solidus highly potassic solution which at pressure would infiltrate the 

sphere cavities. However, if this is the case, the amount of fluid produced would be 

very low and would change relatively little with temperature, until melting occurred. 

Also a mechanism would have to exist whereby the subsolidus liquid lost its water 

during the experiment and so persisted after the experiment as something resembling 

the quench and not as a fluid. Therefore, the quoted solidus temperature of 830+25 °C 

and eutectic composition of 85+3 mole% K2CO3 are believed to be accurate nominally 

anhydrous results.

3.4.3 Melting of K2CO3.

Melting of K2CO3 has been bracketed to 1200+50 °C using the carbon-sphere 

method described above. Additionally, differential thermal analysis (DTA) experiments 

were performed to determine K2CO3 fusion temperature with a minimal possibility of 

effect from water. These suggested that melting occurred at 1150-1200 °C, in good 

agreement with the quenching experiments. DTA experiments were performed in the 

following manner: the sample was encapsulated in platinum to either end of which the 

different leads of an R-type thermocouple were welded. A separate control 

thermocouple was added to the cell assembly and the difference between these two
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thermocouples was monitored during heating experiemnts with ramp rates of about 

10 per minute. The temperature depression generated by melting is extremely small 

(<10 °C), with the small sample volumes used, so the certainty of melting temperature 

determination by this method alone is commensurately small. With the good agreement 

between both methods of melting-point determination, the stated K2CO3 melting 

temperature of 1200+50 °C is probably reasonable.

3.4.4 Melting of MgCOg.

Magnesite fusion temperature was determined to be 1800 °C using one 

experiment (plate 3.4). The sample of pure magnesite melted at the hot end of the 

capsule and impregnated the carbon spheres, but no melting occurred at the cold end of 

the capsule. As previously discussed, the thermal gradient along the capsule is 

probably less than 50 °C. Katsura & Ito (1990) have determined the melting 

temperature of magnesite at 8  and 15 GPa to be 1930 °C and 2050 °C respectively, 

whilst Irving & Wyllie (1975) found the magnesite melting temperature at 3 GPa to be 

1580 °C. The determined value for magnesite fusion of 1800 at 5 GPa is 

completely compatible with these data, but requires a small upward revision of Irving & 

Wyllie's 3.5 GPa data of 30 °C to 1650 °C. This is within their probable error limits.

3.6 Melting with Enstatite and Probable Phase Relations with Silicate 

M elts.

3.6.1 Data.

The data of Katsura & Ito (1990) for melting within the system MgCOg- 

MgSiOg are presented in figure 3.7, with new data from experiments at 5 GPa. No 

silicate-carbonate liquid immiscibility is evident at 8  and 15 GPa and the 5 GPa
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carbonate rich liquidus surface is consistent with the higher pressure surfaces. Plate

3 .5  shows a quench intergrowth of magnesite and enstatite of eutectic composition.

2100

15 GPa liquidus
2000

GPa liquidus
U  1900

Qh 1800

5 GPa liquidus \

1700

1600

MgSiO. 20 40 60
Mole % MgCO,

80 MgCO,

Figure 3.7 The magnesite-enstatite binary at 5, 8 and 15 GPa, higher pressure data from Katsura and 

Ito, 1990. No liquid immiscibility is evident at high pressure, or in the 5 GPa exploratory 

experiments.

An important question which arises from these enstatite-magnesite phase 

relationships about the behaviour of alkali carbonate components with silicate at mantle 

pressures. Exploratory experiments were performed in the ternary system K2 CO3 - 

MgCOg-MgSiOg using both high thermal gradient capsules, with geothermometery and 

normal melt segregation capsules (Appendix 2B). In one experiment, 3 weight %
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potassium carbonate was added to the enstatite-diopside geothermometer as a flux for 

equilibration, but even this small amount reduced the liquidus temperature by several 

hundred degrees. A compilation of all the experimental results in the ternary is plotted 

in plate 3.6, along with the inferred phase relations.

The extent of the proposed immiscibility is based upon geometrical constraints 

provided by the steepness of the enstatite-saturated liquidus limb (experiment ##40) 

and composition of the potassium-rich melt generated from a 50:50 mixture of enstatite 

and potassium carbonate at 1500 °C (##62). Melt in this experiment quenched to a 

mixture of cryptocrystalline quench and glass, with a few larger, elongate quench 

crystals. There was strong evidence of stable liquid immiscibility, with immiscible 

glass pairs common by optical examination, the subordinate glass producing droplets 

up to 1 0 0  p,m in diameter within the major glass phase and additionally, individual 

spheres of cryptocrystalline quench material could be seen in the resin of the strew 

slide. Due to the potassium carbonate content of the sample, it was impossible to 

prepare a highly polished sample for EPMA analysis and consequently the analyses did 

not detect immiscible quench pairs. Results of EPMA analyses are presented in 

Appendix 2A, along with photo micrographs of the quench material. It is, however 

worth noting here that analysis scans of regions of quench material from this 

experiment produced two populations of analyses, one potassium-rich and the other 

having a wider range of compositions, with potassium concentrations up to that of the 

potassic population. The most likely explanation is that the composition of the major 

liquid phase is near the first population, with the second being part of a mixing series 

between the two immiscible liquids. This minor phase may not have been detected due 

to mechanical mixing of the soft quench crystals produced in this system during 

polishing. Additionally, the optical evidence suggests that frozen drops of the 

subordinate, silicate-rich, melt would mechanically separate from the softer potassic 

major melt quench during polishing and thus be removed from the sample. The 

composition plotted on plate 3.6 is the average of the potassium-rich population of
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analyses of this experiment. Analyses of the potassium-rich compositions occasionally 

plotted outside of the ternary, having negative magnesite (although they averaged 0  

mole % Me). This is possibly due to the Mg/Si ratio of silicate-rich melt phase being 

intermediate to enstatite and forsterite, thus depleting the carbonate-rich melt phase in 

magnesium. Therefore, the system under study is a pseudo-ternary system and would 

better be represented by a section within the quaternary Mg0 -K2 0 -Si0 2 -C0 2 .

3.6.2 Discussion

This is the first documented case of unambiguous carbonate liquid immiscibility 

from such high pressures (5 GPa). It supports the textural interpretation of silicate- 

carbonate immisciblity in a REE-doped system at even higher pressures (7.6 GPa, 

Jones pers. comm.) and has important implications for the genesis of deep mantle melts 

and co-existing ultrapotassic fluids.

The composition of fluid inclusions in coated-stone diamond provides a first- 

order approximation to the compositions of the metasomatic precursor fluid to 

kimberlite eruption, as discussed in chapter 6 , which is possibly in immiscible 

equilibrium with the more siliceous kimberlitic melt. The compositions of coated-stone 

inclusions and kimberlites are plotted in plate 3.6, giving additional constraints on the 

extent of immiscibility. It is likely that the CO2 content of kimberlitic rocks is 

significantly lower than the primary melt composition (Taylor, pers. comm.) and as 

such, the mantle 'proto-kimberlite' will plot closer to the temperature minimum 

produced by the intersection of the magnesite-enstatite cotectic with the immiscible 

field.

It should be stressed that this system is far more simple than its natural 

counterpart and as such provides only a first approximation to possible ultra-potassic 

carbonate-silicate phase relations within the mantle. The presence of olivine as a
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liquidas phase for natural kimberlites would further reduce the concentration of Si0 2  

within the generated melt.

The effect of water on the system is unknown, but in view of its affinities to 

potassium carbonate, it seems likely that water strongly partitions into the potassic melt 

phase. This agrees with the observed compositions of 'fluid' inclusions in coated- 

stone diamond. These conclusions suggest that the traditional view of the ultra-potassic 

hydrous-carbonate mobile phase as a fluid which is important solely as a metasomatic 

precursor to mantle melting is correct about a possible metasomatic role, but is incorrect 

in limiting is importance only to pre-melting phenomena.

It seems likely, in view of the experimental results presented here, that the 

immiscible potassic phase is also generated during ascent of the proto-kimberlite 

magma and would separate into an advancing front ahead of the silicate melt, due to its 

different physical properties (chapter 4). The early ultra-potassic carbonate front would 

metasomatise the surrounding mantle silicates in advance of the protokimberlitic melt 

and would perhaps be partially resorbed into the kimberlitic melt during melting of the 

metasomatised mantle into the kimberlite. Therefore, advance of the mantle kimberlite 

can be viewed as a cycle of metasomatic melting, liquid immiscibility and segregation 

of a carbonate fraction which advances ahead of the kimberlite, causing consequent 

metasomatism.
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3.7 Summary.

* The intermediate compound KMC is probably isostructural with buetschliite 

but the high temperature fairchildite-structure polymorph is not stable below the 

decomposition temperature (350°C at atmospheric pressure). Solid-solution probably 

occurrs between this and eitelite and buetschliite in natural samples. KMC becomes a 

liquidas phase at 2.5 GPa and melts incongruently to above 5 GPa.

* The binary system K2C0 3 -MgC0 3  displays eutectic melting, with minimal 

solid-solution at all pressures. The low-pressure potassium carbonate-saturated 

liquidas limb is intersected with a small field of liquid immiscibility. This is unusual 

for pure carbonate systems, which usually have a negative Gibbs free energy of mixing 

(Trieman, 1995). By 5 GPa this immiscible field has disappeared, and the KMC 

intersects the liquidas limb.

* The system is unusual among carbonates in that melts near the eutectic 

composition quench to glasses. The liquid immiscibility and glass-forming properties 

are possibly both related to the localised melt structure dominated by the small, highly 

charged magnesium ion and the large, low charge density potassium ion.

* Addition of MgSi0 3  at 5 GPa causes a large field of silicate-carbonate 

immiscibility between the K2 CO3 and MgSi0 3  end-members. The immiscibility 

produced in this synthetic pseudo-ternary is remarkably close to analagous observed 

natural compositions. It can be used to explain the probable compositions of mantle 

proto-kimberlite and the alkali-carbonic-hydrous phase found as micro inclusions in 

coated-stone diamond. In my model, this immiscible 'fluid' fraction probably advances 

ahead of the proto-kimberlite as a metasomatic front within the mantle.
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Plate 3.1 Powder diffraction patern of KMC on a heated-stage guinnier-Ienne camera, showing variation 

of 2Û values due to thermal expansion and thermal decomposition into potassium carbonate and 

magnesium carbonate.
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Plate 3.2 Quench products from 0.5 and 1.5 GPa experiments. a,b) Immiscible liquid pairs in 

transmitted light and BEI; c) Quench glass around liquidus magnesite and d) Dendritic quench crystals of 

potassium carbonate. Key: I = subordinate immiscible glass; V = quench bubble; LX = liquidus 

crystal; G = glass; S= spherulitic devitrification; D = quench dendrite
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Plate 3.3 Backscattered electron images of products from 5 GPa experiments, a) Carbonate quench 

filling cavities between carbon spheres and b) sphere deformation where no melting has occurred.

Plate 3.4 Secondary electron image of region within capsule form experiment # 55 with pure 

magnesite. The liquidus is clearly seen in this congruently melting compound. Quench crystals at the 

hot end of the capsule to the left, subsolidus crystals to the right of the picture.
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Plate 3.5 Backscattered electron image of quench crystals of magnesite and enstatite from an eutectic 

composition melt.
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Plate 3.6 The pseudo-ternary system K2C0 3 -MgC03 -MgSi03 at 5 GPa. Inferred liquidus relations

within the ternary are plotted in blue, based on the experimental data in black Blue letters represent the

liquidus phases for each field: En = enstatite, Me = magnesite, Kc = potassium carbonate and KMc = 

intermediate compound. (1) Enstatite I f  from Gasparic (1990) The two red fields represent the 

populations of (2) diamond fluid inclusions (Navon et a i ,  1988) and (3) 'fresh' kimberlite 

compositions, minus xenoliths (Fielding & Jaques, 1986; Mitchell, 1986; Sobolev et al., 1986; 

Taylor et ai ,  1994), plotted on K2O + Na20  + P2O5 + H2O : Si02 + Ti02 + AI2O3 : [MgO + FeO 

+ CaO] - [Si02  + Ti02  + AI2O3].
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4. PHYSICAL PROPERTIES

4.1 Minerals and Magmas: Their Behavior Within the Earth.

Direct information about the physical and chemical conditions within the solid 

Earth is limited to the outer few kilometers (field-evidence, bore-holes). The only 

constraints available for the deeper earth are provided by rare examples of rocks which 

we assume have been brought to the Earth's surface, from a deep origin, by some 

natural process, tectonic or volcanic, and from geophysical measurements of the 

surface effects of the physical properties of the deep Earth. The mass and moment of 

inertia of the Earth are measurable properties and can be used to determine the general 

distribution of mass, hence density variation within the Earth. This is supplemented by 

seismic data, which can accurately predict the density variation and physical state of the 

Earth's mantle, the result being the PREM model (Dziewonski and Anderson, 1981), 

shown in figure 4.1.
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Figure 4 .1 PREM model: seismic velocities and predicted density profile (from Poirier, 1991).
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It is evident from the density variation predicted by the PREM model that the 

densities of minerals within the Earth vary due to the effects of pressure and 

temperature and as such, the properties required of a melt for it to be mobile will vary 

through the mantle. The purpose of this chapter is to investigate the physical properties 

of carbonate melts at high pressure and high temperature in order to predict their 

behaviour within the mantle.

4.1.1 Physical Constraints on Magma Mobility: Viscosity, Density and Surface 

Tension.

During partial melting of a granular solid, several rheological states can be 

recognised, which are, in order of increasing melt proportion: isolated melt pockets; 

interconnected melt network, below the rheological critical melt percentage (RCMP; 

Arzi, 1978); melt network, above the RCMP; and crystal suspension. Partial melts 

above the RCMP have stress to strain-rate ratios approaching that of the pure melt, 

while those below the RCMP are more like the solid. For most magma generation 

within the mantle, the melt proportion is well below the RCMP and melt extraction 

depends on the rheological properties of the solid silicate minerals surrounding the 

melt, as well as the physical properties of the melt (Stolper et a l, 1981). Melt 

extraction can occur by two processes: (1) compaction of the source region and 

infiltration of the melt through a network and (2) host-rock fracture and melt 

segregation into the conduit (or by a mixture of these processes). Once the melt has 

segregated into a largely molten body (magma chamber), several other processes, such 

as stoping and 'zone refinement', are available for migration. In all of these processes, 

physical properties intrinsic to the melt (density, viscosity) control the style of 

extraction, along with properties dependent on the interaction between the melt and the 

solid (interfacial tension, chemical equilibrium, melting geometry) and the properties of 

the solid host (viscosity, density, tensile strength, grain boundary geometry). The
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physical properties of the silicate solids have been measured and calculated (e.g.; Boyd 

and McCallister, 1976; Clark and Ringwood, 1964; Dziewonski eta l, 1975; Levian et 

al, 1979; Skinner, 1966; Stolper et a l, 1981.) and remain constant regardless of the 

melt being extracted, but there is relatively little data on the physical properties of the 

melt phases at high pressures and temperatures. It is worth noting here that the 

interconnectivity of carbonate melt in equilibrium with olivine has been experimentally 

determined and connected networks persist to 0.05 wt% melt (Minarik & Watson, 

1995)

4.1.2 Previous Research.

The determination of density of melts at high pressure has been approached by 

two methods: direct measurement and calculation from atmospheric pressure density 

and bulk modulus measurement. These techniques have been developed for silicate 

melts, for which there is now a large database for compositional, pressure and 

temperature variations (e.g.; Fujii & Kushiro, 1977; Rigden et a i, 1984; Scarfe et a i, 

1987; Stolper 1981; Urbain, 1982).

The falling sphere technique was developed for use at high pressure, in the 

piston-cylinder by Kushiro and his coworkers (e.g.; Kushiro, 1976) who found, 

surprisingly, that the viscosity of silicate melts decreases with increasing pressure. The 

technique, based on Stoke's Law has the advantage that viscosity and density of 

Newtonian fluids can be measured simultaneously and has been used widely to 

measure viscosity and density of silicate melts (e.g.; Fujii & Kushiro, 1977; Dingwell, 

1987; Scarfe et al, 1987; White & Montana, 1990). An additional development of the 

technique involved the use of X-ray shadowgraphy of the quenched capsule to 

accurately determine the position of dense platinum spheres (Hazen & Sharpe , 1983) 

and this technique was rapidly modified for MAP-synchrotron equipment to allow real
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time observation of the sphere paths (Kanzaki et al., 1987). The development of this in 

situ method removed major uncertainties inherent in the "blind" quenching methods.

4.1.3 Viscosity and Density of Carbonate Melts; Published Data.

The viscosity and density of newly erupted lavas from the only currently active 

carbonatite volcano, Oldoinyo Lengai, have been directly measured by Dawson and his 

colleagues (Dawson et a i, 1990; Pinkerton et a i, 1995). Density appears to have been 

measured on quenched lavas (1150 to 2170 kg/m^ at 20°C, presumably for highly to 

poorly vesiculated lavas) and as such present only an average of their constituent 

phases. Viscosity was measured using a rotating vein viscometer in a highly 

vesiculated stagnant vent and estimated from flow rate/depth-channel profile 

considerations (Pinkerton et a i, 1995). A systematic variation in apparent viscosity 

against strain rate was found, due to the plastic behavior of the vesiculated lavas, 

ranging from 0.3-3 Pas for flowing channels to 1-70 Pas for stagnant lavas. The 

lowest value probably represents the least vesiculated lavas, hence is the most likely 

value for alkali-carboantite at 580°C. Even this measured value is likely to be higher 

than the true value of pure alkali carbonatite, because of the presence of phenocrysts as 

well as vesicles within the cooling flow. The more common alkaline-earth dominated 

carbonatites are likely to have higher densities and viscosities than the unusual alkaline 

composition present at Oldoinyo Lengai.

Janz (1988) presents a compilation of experimental data for molten salts, 

including the viscosity and density of alkali carbonates at atmospheric pressure (values 

selected from Wolff. 1994 are presented in figure 4.2). These data, along with selected 

binary data for alkali-alkaline earth salts were used by Wolff (1994) to provide 

empirical predictions of the physical properties of carbonatite at low pressure. 

Additionally, Sykes et a l (1992) attempted piston-cylinder falling sphere measurements 

in the calcite-magnesite system at 0.5 to 1.0 GPa pressure and measured viscosities
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approximately 10 times and densities slightly higher than Wolffs (1994) predictions 

(Table 4.1). It is likely that the discrepancy, particularly in viscosity is due to 

incomplete melting of the sample during a large proportion of the 1 to 2 minutes 

experimental duration of Sykes et al. (1992). Genge (1993) measured the density of 

potassium-magnesium carbonate glasses quenched from 0.1 GPa (also compiled in 

table 4.1), which presumably approximate to the density of the melts at the glass 

transition temperature (~ 450 °C). The final existing constraint on density of 

carbonatite within the Earth is provided by the molecular-dynamic simulations of 

Genge et al. (1995), presented in figure 4.3.

Table 4.1 Experimentally measured physical properties of carbonatitic melts at high pressures
Composition Pressure Temperature Viscosity(^) Density

(GPa) r c ) n (PaS) P (kgm-3)
(2)70%CaC03 0.5 1200 - 0.6

30%MgCO3 1.0 1200 0.57 2800
1.0 1300 0.08

(3)33%MgC03 0.1 <450(4) 2090
67%K2C03
43%MgC03 0.1 <450 2298
57%K2C03

(5)Na-Carb 0.0001 800 0.008 2000-2100
Ca-Carb 0.0001 800 0.08 2300-2400

(1) Precision in viscosity measurement varies according to experimental technique, (2) Sykes et al. 

(1992), (3) Genge (1994), obtained from quench glasses, (4) Glass transition temperature is quoted 

since melt structure at this temperature is trapped into glass, (5) Wolff (1994) Na- and Ca- Garb are 

suggested data for natro- and calci-carbonatite respectively.

4.2 Density of Carbonate Melts at Atmospheric Pressure: Archimede s

Principle.

Relative density can be measured by weighing a reference weight of known 

volume in a fluid. The difference between the weight of the reference in air and in the 

fluid is equal to the weight of a volume of the fluid equal to the volume of the reference. 

I performed a series of experiments at 1 atmosphere pressure on compositions 50:50 

mole% K2 C0 3 -MgC0 3  and 60:40 K2 C0 3 -CaC0 3  in the equipment described in
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chapter 2, the results of which are tabulated below. Linear least squares regressions on 

the data have been performed for data from the two compositions, to produce 

standardised equations of the form;

p = a-bT (oc) (1)

compatible with those presented in Janz (1988) and values for a and b are given, as 

well as 'raw' data, in table 4.2.

Table 4.2 Atmospheric pressure density o f 50:50 K2C0 3 -MgC0 3  and 60:40 K2C0 3 -CaC0 3

Composition Temp T O Weight p(g/cm^) Temp(°C) W d ^ p (g/cm3)

K2-M g-C0 3 500 0.854 2.2621 20 564 0.857 2.2522 26

K2-Ca-C0 3 859 0.9827 2.0584 10 914 0.9377 2.0350 4

Heating 944 0.9409 2.0261 4 964 0.9443 2.0172 4

974 0.9456 2.0138 10

Cooling 842 0.9282 2.0602 4 865 0.9319 2.0505 4

890 0.9360 2.0398 4 891 0.9365 2.0386 4

913 0.9389 2.0322 4 930 0.9404 2.0278 8

942 0.9409 2.0261 6 957 0.9409 2.0213 4

976 0.9464 2.0118 8

K2-M g-C0 3 p = 2.35 - 1.92*10-4 T error (a) = 0.03 (b) = 6*10-^

p = 2.44 - 3.68*10-4 y  including data from Genge (1993)

K2-Ca-C03 p = 2.38 - 3.61*10-4 T error (a) = 0.02 (b) = 2.5* 10'^

K2CO3 p = 2 .2 9 3 -4 .4 2 * 1 0 ■4t  (9 0 7 - 1007°C)

Na2C0 3 p = 2.357 - 4.49*10-•4 t  (8 6 7 - 1007°C)

Small type shows error in last digit(s). Data for K2CO3 and Na2C0 3  from Janz, 1988, bracketed 

values are temperature range over which density was measured.

Systematic errors, from volume measurement of the reference weight and 

thermal expansivity value chosen (a  = 5.8*10"^ K‘l for corundum; Goodfellows 

catalogue) are less than 1 percent. Convection in the gas medium of the furnace is 

thought to be the main source of random error in mass measurement. Below 600 °C, 

the temperature of the sample thermocouple lagged behind the control thermocouple by 

less than 10 °C, implying that temperature within the sample rapidly equilibrated with
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the furnace. For experiments in excess of 600 °C, there was more appreciable 

difference between the thermocouple measurements. Thermal equilibration was 

ensured by taking measurements during heating and cooling cycles and temperature 

was allowed to stabilise for several minutes before measurement. As can be seen from 

figure 4.4, there is a small difference between heating and cooling measurements, but 

well within the accuracy of the measurements (probably about 0.01 g, whereas 

precision is 0.005 g or better).

Compared with the data presented for alkali carbonates in Janz (1988), the 

effect of divalent cations is to increase the density but reduce thermal expansivity of

2.08

2.07 - rho = 2.3881 - 3.8456e-4T R^2 = 0.997

2.06-

2.03 -

2 .0 2 -

rho = 2.3518 -3.4724e-4T R^2 = 0.978

2.01 -

2.00
850800 900 950 1000

temperature fC)

Figure 4.4 Variation in density verses temperature for 60% K2CO3-40% CaCOg. Upward and 

downward pointing arrows show measurements during heating and cooling respectively. Least squares 

fits are for heating measurements only ( 1) and for all data combined (2).
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carbonate melts. Extrapolation of the density variation between pure potassium 

carbonate and the measured calcium-potassium carbonate intermediate agrees well with 

Wolffs (1995) predictions, giving a theoretical atmospheric pressure density for 

pure calci-carbonatite magma at 800 of approximately 2.32 + 0.1 g/cm^. The 

two equations for magnesium-potassium carbonate presented in table 4.2 use just the 

two data points in the table and, secondly, these plus the density for glass quenched 

from 0.1 GPa by Genge (1993). This treatment is a reasonable approximation, since 

the rigid structure implicit in glass formation is likely to have low thermal expansivity 

compared to the melt that it formed from, so density of the melt at the glass transition 

temperature should be preserved. However, all of the sources of error in this procedure 

(compressibility to 1 kbar, glass thermal contraction to room temperature, glass 

transition temperature <450 °C) are likely to increase the values of a and b. The 

proposed values for a and b are, therefore 2.42 (+ 0.05) and 3.4 (+ 0.4) *10'"  ̂for melt 

of KMC composition. Linear extrapolation of this from the pure potassium carbonate 

value produces a pure magnesite melt density at 800 °C of 2.35 + 0.1 g/cm^- Although 

such melts would not be stable under such conditions and the natural magmatic 

equivalents are more complex due to the presence of other cations and anions, this 

provides a rough guide for modelling shallow carbonatite magma evolution and 

provides a low-pressure guide for considering the compressibility of such magmas.

Simple linear extrapolation of the temperature-density equations for calcium 

carbonate-potassium carbonate produces values for parameters a = 2.511 (e=0.5) and 

b = 2.395 (8=0.6) * 10'4 for pure CaCOg melt at atmospheric pressure. The density 

variation with composition between other alkali-alkaline earth salts is proportional to 

composition, suggesting that the above extrapolation is a reasonable approximation. 

This is further supported by the predicted atmospheric pressure densities of 2.09 

(+ 0.16) g/cm^ and 2.0 (+ 0.17) g/cm^ at temperatures of 1750 and 1950 °C 

respectively, which agree, within both experimental and theoretical error with the 

calculations of Genge et a l, 1995 (figure 4.3).
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4.3 High Pressure Measurements: Falling Sphere Technique.

4.3.1 Stoke's Law.

Due to the constraints of access to the high pressure environment, particularly in 

solid-media devices, gravimetric measurements of density become impossible and 

indirect techniques must be relied upon. It is possible to select a range of reference 

materials of known density at pressure and temperature and insert them in the sample to 

determine density by floatation/sinking, however a large range of materials must be 

used to accurately determine sample density. It is much more elegant to use the ratio of 

terminal velocities of two or more spherical materials to constrain both density and 

viscosity by Stoke's Law:
_ 2.g.r2.(ps-pm) ps

where T| = sample viscosity, g = acceleration due to gravity, r = sphere radius, ps and 

pm are sphere and sample density respectively and vt = terminal velocity for a semi

infinite volume of sample.

4.3.2 Edge Corrections and the Constant Velocity Segment.

If the sample volume is not significantly larger than the sphere dimensions, 

flow of the sample around the sphere is impeded, altering the terminal velocity. In the 

MAP arrangement used, the two moderating factors are furnace inner diameter and 

sample length. The accepted correction factor (Bacon, 1935) for the drag exerted on 

the sphere by the cylindrical furnace wall is the Faxen (1925) correction. This effect 

becomes negligible when the furnace inner diameter is more than 10 times sphere 

diameter. Where possible, sphere diameters were chosen to be less than 1/10 furnace 

diameter so the Faxen correction was not applied except for experiments using Pd 

spheres, where larger spheres were required for high shadow contrast (Appendix 2C). 

The effect of finite furnace length becomes important at the top and bottom of the fall
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path, causing an extended region of acceleration and a region of deceleration. This 

latter effect is compounded in some experiments by the presence of a crystal cumulate 

pile at the bottom of the capsule. In the middle of the fall path there is, however, a 

region where the ends of the furnace exert minimal effect on the sphere; where terminal 

velocity is reached and maintained. Within this region, sphere velocity is constant (the 

constant velocity segment, CVS) which is taken as the terminal velocity.

4.3.3 Velocity Measurements at High Pressure; the In Situ Technique.

High pressure falling sphere experiments have been performed in the piston- 

cylinder apparatus for several decades by rapid heating to experimental conditions and 

quenching after a pre-determined duration. For samples with high viscosity, the effect 

of spheres initially falling through a mixture of melt and crystals, as experimental 

conditions are approached, can be negated by varying the duration over several 

experiments and interpolating distance fallen to produce an average velocity. The 

extremely low viscosities of carbonate melts does not allow such a treatment, because 

experimental durations are too short; thus errors in estimating the exact time of melting 

and quenching and falling of spheres through crystal suspensions become significant. 

The in situ method developed by Fujii and his co-workers (Kanzaki et al., 1987) is 

ideal for low viscosity melts because spheres are observed by X-ray camera, allowing 

position measurement every 1/30 s (plate 4.1), or faster if high speed capture 

mechanisms are employed. Therefore, the entire path of the spheres can be observed 

and the acceleration, deceleration and CVS regions readily identified. Additional, 

'freak' behviour can be observed and the operator can ensure that what is being 

observed is actually settling within a molten sample.

Figure 4.5 shows typical graphs of distance fallen against time measured frame- 

by-frame from the video image. Position measurement is accurate to better than 10 |xm, 

and sphere diameter was measured to a precision of 5 pm. Precision in viscosity
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measurement by this technique is around t  50 % for such low viscosity melts, but the 

ability to select only data from the CVS ensures far higher accuracy than by quenching 

methods, as shown by the difference between the data presented below and that of 

Sykes et al. 1992 (carbonate viscosity measurements obtained by the quenching method 

are thought to be 1 order of magnitude too high). Because the in situ method relies on 

observation of an X-ray shadow, spheres of very high Z materials are used to cast a 

shadow of sufficiently high contrast. This means that spheres are usually 5 to 10 times 

as dense as the melt, vastly reducing the precision of density measurements by this 

method. Initially, gold and platinum spheres were used, but the similar density of these

Gold Spheres, 3 GPa
lyvigtCQ,)^ (a) □

□

» / o 30 micron

/  ^ dy/dx = 2.03 mm/s

* 50 micron
* □ dy/dx = 2.16 m m/s

. ° o 75 micron

2.5

2.0

1 . 0 -

1.5

1.0

<u
B

S 0.5- co

0.0 0.5

0.5

0.0 0.0

Mixed spheres, 3 GPa 
Mountain Pass (b)

* □

0.0 ■ 0'.5

o  Pt 170 micron 

dy/dx =  1.47 m m /s

A Au 100 micron 

dy/dx =  0 .68  m m /s  

I  II I
1.0 1.5 2.01.0 1.5

Time from first motion (s)

Figure 4.5 Typical plots of distance \ crsus time for in situ falling sphere experiments; a) in KMC 

composition, with gold spheres only. Data for the 75 pm sphere are ambiguous as to whether terminal 

velocity was reached, b) In a synthetic rare-earth carbonate composition ('Mountain Pass') using gold 

and platinum spheres. The CVS is marked by a solid line for each sphere. Every third frame has 

been plotted for sake of clarity.
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two materials (Au ~ 19 g/cm^; Pt « 21 g/cm^) increased the errors in melt density 

measurement. The subsequent use of palladium («12 g/cm^) helped, reducing errors 

in measured density to approximately 10%.

4.3.4 Viscosity Measured at 2-5 GPa.

Experimental data and calculated physical properties are tabulated below. 

Because spheres fell at the onset of melting (actually when melt proportion equaled the 

RCMP), the effect of pressure on viscosity and density is not easily determined using 

this data alone: there is insufficient constraint on the effect of temperature independent 

of pressure. In repeated experiments at 2.5 and 3 GPa, spheres were impeded from

Table 4.3 In situ viscosity and density measurement in carbonates at high pressure, errors as discussed
Comp. P T 

(GPa) (»C)
Sphere 1 

Comp 0(pm)
V tt

(mm/s)
Sphere2 

Comp 0!pm)
V tt

(mm/s)
P

(g/cc)
n

(Pas)

KMC 3 800 Au 83 3.0 Pt 200 0.036

3 900 Au 30 2.1 Au 50 2.22 0.022

5.5 1200 Au 98 12.2 Pt 125 30 0.006

CC 5-Kc 5 2.5 950 Au 183 9.25 (.81) Pd 183 17.5 (.81) 2.75 0.032

2.5 1150 Au 250 23.8 (.74) Pd 196 15.4 (.80) 2.58 0.018

4 1050 Au 200 15.1 (.79) Pd 224 11.0 (.77) 2.80 0.023

Me 25*1^7 5 2 1250 Au 200 6.21 (.79) 0.065

K2CO3 4 1500 Au 260 28.0 (.73) Pd 290 17.5 (.70) 3.10 0.023

REE Carb* 3 530 Au 100 0.675 Pt 170 1.47 4.10 0.155

* REE Carb refers to the'Mountain Pass'composition used by Jones & Wyllie (1983). f  Figures 

in brackets are the Faxen correction applied.

falling using slightly different cell arrangements in an effort to determine the thermal 

effect. This technique only succeeded in varying fall temperature by up to 200°C, such 

is the stability of the general furnace design. As such, the effect of temperature is not
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well constrained, however empirical fits of viscosity against temperature yield 

Arrhenius relationships (Bottinga & Weill, 1972; Shaw, 1972):

In T| = A + looO/T

and the present data can be plotted on an Arrhenius plot to estimate the effect of 

pressure (Figure 4.6).

Although the precision is only 50 % at low viscosities, the behavior of 

potassium-calcium carbonate and of KMC follow an Arrhenius law curve remarkably 

well, even across 2.5 GPa pressure variation:

Akcc = -7.01, Bkcc = 4.60; Akmc = -9.93, Bkmc = 7.12.

- 2 .0 - REE
Kc Me

-3.0 -
KCO

2 a 3

□  KMC, 5.5 

■  KMC, 3
-5.0-

A KCC,4 
A  KCC, 2.5

- 6.0
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

1000/T

Figure 4.6 Arrhenius plot of carbonate melt viscosity. The key identifies composition and pressure 

for each data point; KCC refers to 50:50 mole proportion K2CO3 and CaCOg. Note that for individual 

compositions, Arrhenius law curves are followed and that magnesian compositions have lower 

viscosities than calcium-rich compositions. The REE composition of table 4.3 plots close to the 

KCC curve; this composition has over 50 mole % CaCOg.
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It is proposed that the effect of pressure on viscosity of carbonate melts, up to 6 

GPa at least, is negligible, but that composition can cause variations in viscosity of at 

least one order of magnitude. It should be noted, however, that the high measured 

viscosities of highly potassic compositions may be an artifact of incomplete melting, or 

of convection at the higher temperatures of these experiments. However, the data of 

Janz (1988) for viscosity of NaCl-MgCl2 shows a dip in viscosity at around 50 mole % 

and the data presented here might be the alkali-rich half of a similar variation for 

carbonates, although the variation seems excessively large for this.

4.3.5 Density Measured to 5 GPa.

Density data is only available for the 50:50 potassium-calcium carbonate 

mixture at 2.5 and 4 GPa (table 4.3), but this can be reconciled with the atmospheric 

pressure measurements by linear extrapolation of the 60:40 KCC one atmosphere 

densities to 50:50 composition. The low pressure densities thus derived are plotted in 

figure 4.7, along with the high pressure data.

The calculations of Genge et al (1995) suggest that thermal expansion of calcite 

composition melt is independent of pressure to at least 4 GPa (figure 4.3) and this 

assumption is made here. The isobaric p-T curve for 2.5 GPa is a combination of the 

two data points at pressure and the thermal expansivity at atmospheric pressure and 

represents the best approximation to the true value. Isothermal plots for KMC are 

obtained by assuming that the thermal expansion at 4 GPa is the same as that at 

2 GPa and reading density from figure 4.7 at a given temperature. Isothermal density 

variation curves at 1750 and 1950 K are plotted, with that of calcite for comparison, in 

figure 4.8.
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Figure 4.7 Measured density o f 50:50 K2C 0 3 -C aC 0 3  at pressures up to 4 GPa. Atmospheric 

pressure function extrapolated from pure potassium carbonate and 60:40 data.

This data can be expressed in terms of isothermal compressibility;

c  = ^  (4)

which is the inverse of the bulk modulus, K. The density data at 0, 2.5 and 4 GPa is 

divided by the molar mass and this is plotted against pressure. The three available data 

points can be fitted by a quadratic function of P, the first derivative being the 

compressibility. Compressibilities obtained thus are given in table 4.4, however this 

data clearly cannot be extrapolated to the minima in volume and, in the absence of better 

constraints on the pressure derivative of the compressibility, I recommend I  that a 

compressibility value of around 0.002 kbar^ should be used for prediction of carbonate 

melt density above 4 GPa.
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Figure 4.8 Isothermal variation in 50:50 K2C 0 3 -C aC 0 3  melt density with pressure at 1750 and 

1900 K. The dashed curves are those o f Genge et al. (1995) for CaC0 3  at the same temperatures.

Table 4.4 Isothermal compressibilities (in kbar~^) for molten 50:50 K2C0 3 -CaC0 3

P (GPa) T=1750 K T=1950 K

0 0.0120 0.0110
1 0.0096 0.00912

2 0.0071 0.0072

3 0.0049 0.0053

4 0.0026 0.0034

The calculated compressibilities are slightly higher than the data of Genge et al. 

(1995), as would be expected for alkali-rich melts. Because of the approximations 

used in generating isothermal data from the small experimental data set, errors are 

relatively large, encompassing the predictions of Genge et al.
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4.4 Carbonatite Density Variation Within the Earth.

Density has so far been treated either isothermally or isobarically, however, 

temperature within the Earth increases with depth, thus density of carbonatitic magmas 

within the Earth will be a function of pressure and temperature, as well as composition. 

The effect of composition is least well constrained, due to the lack of data on magnesian 

compositions, however, the predictions made here will use the atmospheric pressure 

density values for magnesian and calcium-rich magmas, combined with the 

compressibility data derived above for calcic-compositions. A probable lower limit on 

surface temperature of carbonatite melts is provided by the eruption temperature of 

magmas at Oldoinyo Lengai volcano. Visual estimates of eruption temperature during a 

recent active period at Oldoinyo Lengai, suggest that carbonatite magma temperatures 

were between 600 and 700°C (Jones, pers. comm., based on grey-body colour). The 

upper value will be taken as the surface temperature for carbonatite melts, since the 

composition of the Oldoinyo Lengai carbonatite is exceptionally alkali and volatile rich. 

Shallow intrusive carbonatites are almost exclusively sovitic in composition, but 

frequently also have a metasomatic halo of alkaline alteration products (fenites). 

Therefore, the shallow natural carbonatite composition can be reasonably approximated 

by K2 Ca(C0 3 ) 2  since data exists for this composition; the effects of water and sodium 

are ignored, but they will, to some extent cancel. Experimental evidence (Wallace & 

Green, 1988; Dalton & Wood, 1993) suggests that carbonatite composition should 

become more magnesian with depth, being dolomitic by 2.5 GPa, or 75 km depth. The 

magnesium number (Mg# = Mg/[Mg-i-Ca]) of primary carbonatite within the mantle is 

considered, for the present study, to be 0.5 and 0.8 at 3 and 5 GPa, respectively. A 

shield geotherm of 40 mW/m^ is considered in the current prediction. The resultant 

density variation is given in figure 4.9.
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Figure 4.9 Predicted density variation with depth for carbonatite in equilibrium with surrounding 

mantle (see text), allowing for geothermal gradient. Density of olivine and enstatite for comparison, 

taken from Stolper et al,  1981.

A linear extrapolation of the experimental data to higher pressures suggests that 

there is no depth within the upper mantle where carbonatite would be denser than the 

model mantle of Rigden et al. (1984). However, the density difference above the 

transition zone, at 400-450 km depth, would be insufficient (0.1 g/cm^) to produce 

large enough buoyant forces to cause melt segregation at the typical low melt fractions 

for carbonatite genesis. Olivine and pyroxene would float in carbonatite at depths 

greater than 325 and 350 km, respectively.
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4.5 A New Mixed Silicate-Carbonate Model for Kimberlites.

It is desirable to be able to model the fluid-dynamic behaviour of a mixed, two- 

phase, carbonate-silicate system within the Earth's mantle, in order to predict the 

behaviour of the kimberlite-'fluid' pair proposed in chapter three. In order to do this, it 

is necessary to estimate the physical properties of the silicate-carbonate 'proto- 

kimberlite' magma. This is at once complicated by the uncertainties in composition and 

crystal fraction inherent in the kimberlite precursor.

Viscosity in silicate melts is highly variable, depending on the structure of the 

silicate component. Silicate melts with less than 33 mole% silica have predominantly 

monomeric silicate tetrahedra, and behave as ionic melts with accordingly low 

viscosities (Masson et al., 1970), but with increasing silicate concentration, 

polymerisation causes higher viscosities. The composition of the proto-kimberlitic melt 

is, therefore critical to its rheological properties. The eutectic composition between 

enstatite and magnesite between 8 and 15 GPa pressure varies from 63 to 58 mole% 

magnesite, with 19 to 22 mole% silicate. Additional silicate liquidus phases, 

particularly olivine will increase the mole fraction of silicate, but probably not above 

33 mole% (figure 4.10).

As can be seen from geometrical constraints in figure 4.10 the ternary eutectic in 

MgC0 3 -MgSi0 3 -Mg2 Si0 4  can not be above ~ 45 mole% Si02 (the enstatite-forsterite 

eutectic) and will, in all probability have less than 33 mole% silica. The role of 

carbonate and water dissolved in silicate melts is to break networks and these being the 

two major dissolved species, proto-kimberlitic melt will behave as an ionic melt, with 

low viscosity. The large-scale behaviour of the nàtural melt is, however, complicated 

by the presence of abundant megacrysts and macrocrysts common to kimberlites.
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C02

Mgca

MgO

Figure 4.10 Schematic diagram of the M g0-Si02-C 02 system, after Katsura & Ito, 1990. Ei and E2 

refer to the eutectic compositions between MgCOg-MgSiOg and Mg2Si0 4 -M gSi0 3  respectively. 

The arrows show the sense of compositional change (to lower silica concentrations) by addition of the 

third component in MgC0 3 -MgSi0 3 -Mg2Si0 4 .

The effect of macrocrysts in suspension in the proto-kimberlite will be to 

increase the apparent viscosity and to produce non-Newtonian behaviour. However, 

constraints on kimberlite melt density with depth should allow estimation of melt 

history within the mantle: the megacrysts and olivine macrocrysts common to 

kimberlites, at least some of which have phenocrystic origins (Mitchell, 1986) and as 

such must have resided within the melt, without settling, for some considerable length 

of time for large (10 mm or more) crystals to form. Considering the probable low 

viscosity of mantle proto-kimberlite, the density difference between the melt and 

liquidus crystals must have been very low, during crystal growth, to inhibit crystal 

settling.
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Figure 4.11 Density of proto-kimberlite with depth. Dashed lines are for carbonatite and the komatiite 

of Rigden et a l ,  1984. The kimberlite density is derived by interpolation between these end-member 

compositions (see text).

Taking all o f the above into account, it is now possible to provide a simple 

m odel for kim berlite density based on the existing physical data for silicate melts 

com bined with my new data for carbonate melts. Density o f the liquid silicate 

com ponent o f proto-kim berlite has not been measured, however the linear correlation 

betw een composition and density for silicate melts has been successfully extended to 

include up to 10 mole%  volatiles (Lange, 1994) and the present data on carbonate 

density should make possible at least a first approxim ation to proto-kim berlite melt 

density. First I assume that the silicate component of the melt is basically olivine in 

com position, to give an upper lim it on density. Second I assume that the carbonate 

content ranges from 20 to 40 mole % (chapter 3). A linear interpolation can be made 

between the carbonate densitiy profile of figure 4.9 and the komatiitic density profile
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plotted in Rigden et a l, 1984 (figure 2). Figure 4.11 shows the resultant probable 

density profile of proto-kimberlite melt with depth, based on this model.

Inspection of the new model leads to some interesting observations and 

predictions. Neutral buoyancy would be achieved for enstatite and olivine over a depth 

range of 180 to 240 km and 210 to 320 km respectively. Garnet would not be neutrally 

buoyant until over 450 km depth, thus if garnet macrocrysts are cognate phases to 

kimberlite, the initial production of proto-kimberlite would have to be at much greater 

depths than the present consensus of opinion, but in agreement with Ringwood et a l 

(1992). It is proposed the kimberlitic melts reside at 200 to 300 km depth sufficiently 

long for phenocryst growth and that residence at shallower depths prior to explosive 

extraction would cause phenocryst loss by cumulation. Perhaps aphanitic kimberlites 

(without the macrocryst suite) reside at shallower depths prior to extraction. This value 

of 200 to 300 km for kimberlite extraction depth agrees well with previous estimations 

(Dawson, 1971; Eggler, 1979; Edgar & Charbonneau., 1993, for example).
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4.6 Summary.

* My measured values of viscosity of carbonate melts follow an Arrhenius 

relationship and are largely unaffected by pressure. Values of A and B for calcium- 

potassium carbonate and for magnesium-potassium carbonate in the equation:

lnri = A +  looo/T

are:

A k c c  = -7.01, B k c c  = 4.60; A k m c  = -9.93, B k m c  = 7.12.

error t  50 %

* Measured density variations with temperature at 1 atmosphere pressure have 

been successfully modelled as a linear fit in T:

p = a - b T(oc)

Values of a and b for 60:40 potassium-calcium carbonate and 50:50 potassium- 

magnesiumcarbonate are: a = 2.38 + 0.02; b = 3.61 (+ 0.25). 10 "̂ and a = 2.42 + 0.05; b 

= 3.4(+ 0.4). 10"^, respectively. Predicted density for pure calci-carbonatite and 

magnesio-carbonatite melt are 2.32 + 0.1 g/cm^ and 2.35 + 0.1 g/cm^ (both at 800 °C 

and atmospheric pressure), in good agreement with the predictions of Wolff (1994).

* Density of K2 C a(C 0 3 ) 2  was measured at pressure and isothermal 

compressibilities have been derived. At typical mantle temperatures, compressibility 

varies from 0.01-0.012 kbar^ at atmospheric pressure to 0.0026-0.0034 kbar“l at 

4 GPa pressure, in reasonable agreement with.the predictions of Genge et a l, 1995.

* Natural carbonatite is expected to be lighter than surrounding mantle at all 

depths, but olivine and enstatite would float in mantle carbonatite melts at depths greater 

than 325-350 km.
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* Estimates of model kimberlite density with depth predict that olivine and 

enstatite would be neutrally buoyant at depths of approximately 200 to 300 km. This 

provides a new independent control on extraction depths for macrocrystic kimberlites in 

broad agreement with previous estimates of 200-450 km using geothermobarometry.
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Plate 4.1 Video frames of X-ray shadowgraph of falling spheres in one experiment. The image is a 

false colour image with the heat representing X-ray intensity. Time is shown for each frame to 

1/100 s precision. The field of view is approximately 2 mm high and spheres in this experiment are 

30-17 |im in diameter.
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5. CARBONATE AS A CATALYST TO DIAMOND 

NUCLEATION AND GROWTH.

Diamond is the high pressure polymorph of carbon and is an accessory mineral 

to some mantle-derived magmas, most notably kimberlites. Due to its extreme 

hardness and natural scarcity, much experimental work has been performed on the 

synthesis of diamond. Recent advances have been made in the low pressure 

metastable synthesis of diamond by epitaxial overgrowth from the decomposition of 

carbonaceous gases at high temperature, commonly known as CVD diamond (first 

developed as early as 1962 by Eversole). Although CVD diamond is likely to be of 

great industrial importance in the future, the high pressure, equilibrium growth of 

diamond is more important geologically.

5.1 The Berman-Simon Extrapolation.

Prior to the pioneering experimental work of Bundy and his co-workers during 

the nineteen-fifties and sixties (Bundy et a l, 1955, 1961; Bovenkirk et ah, 1959; 

Bovenkirk, 1961) the diamond-graphite equilibrium had been calculated 

thermodynamically using physical properties and heats of formation. Data of physical 

properties of the two phases were available only up to 1 0 0 0  ®C, so the form of the 

equilibrium was extrapolated from this data above 1000 ®C and about 3 GPa. The most 

successful extrapolation, and that corresponding most nearly to subsequent 

experimental data is the linear extrapolation of Berman and Simon (1955), shown in 

figure 5.1. This extrapolation is considered in the present study to represent the true 

position of the graphite-diamond equilibrium.
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Figure 5.1 The graphite-diamond equilibrium from thermodynamic considerations (solid line) and the 

Berman-Simon extrapolation (dotted line).

5.2 Review of Diamond Synthesis.

The first attempt to synthesise diamond was reported by Hannay in 1880, but it 

was not until the new solid-media high pressure techniques were developed in the 

1950's that successful diamond syntheses were reported (Bundy et a l, 1955). Within 

the ten years following this breakthrough, diamond synthesis was common and 

reproducible in many high-pressure laboratories, the methods falling into three main 

categories. The original and commmercially most viable method involved the mixing of 

graphite with a transition metal, which was molten under reaction conditions and acted 

as a sovent-catalyst. The second method, developed by De Carli and Jamieson (1960) 

involved the direct conversion of pure graphite to diamond under extreme dymamic 

shock and, later lower static pressures at high temperature. The third method involves 

the synthesis of diamond directly from the decomposition of carbonic compounds 

under the appropriate chemical conditions. This third technique has seen patents
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registered for diamond growth from carbonates, carbides, and various organic 

compounds, but only techniques using the latter (as a CVD process) have been 

published in the scientific literature.

5.2.1 Direct Transformation Methods.

Initial theoretical treatments of the direct transformation of graphite to diamond 

suggested that the activation energy for the reaction would be prohibitively high (Hall, 

1956), however the first synthesis of diamond from pure graphite in 1961 disproved 

this (De Carli & Jamieson, 1961). The explosive shock technique employed for this 

synthesis produced high pressures of about 30 GPa and associated adiabatic heating for 

up to 1 ps duration. De Carli & Jamieson found that under such conditions, low 

density, low crystalinity graphite consistently produced a few percentage of 1 0  pm or 

less diamond. Graphite approaching the theoretical maximum density, or graphite with 

good crystal structure did not produce diamond. This lead to the formulation of a new 

possible mechanism for direct transformation by compression of rhombohedral graphite 

along the C-axis by 40%, after which the compressed graphite is very similar to the 

diamond structure and requires only minor rearrangement within the graphite layers to 

convert to diamond. This mechanism was supported by the strong probability that 

much of the disorder in the transformable graphite was due to small domains of 

rhombohedral graphite. The importance of the low density in the starting material is 

probably related to the greater adiabatic heating encountered in these samples.

By 1963, Bundy had characterised the region of direct transformation to 

diamond under static pressure down to about 12 GPa, however the temperature 

required for direct transformation was in excess of 2500 °C, rising to 3500 °C for the 

lowest pressures. The high reaction temperatures prohibit direct transformation of 

diamond as a mechanism of formation for natural diamond, except for impact-related 

diamond, such as those found in the Popagai impactite in Russia.
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5.2.2 Catalysts for Nucléation and Growth of Diamond.

The main thrust of diamond synthesis research for the decade and a half after 

the first successful synthesis was in the direction of developing alloyed metal catalysts 

with ever lower melting temperatures. Diamond is formed by a solution-precipitation 

process in the molten catalyst to the limit of the thermodynamically stable field for 

diamond, so the melting temperature of the catalyst-carbon binary provided a lower 

temperature and a lower pressure limit for diamond synthesis, as can be seen in figure

5.2.

A process of carbon solution into the molten catalyst proceeds until the melt is 

saturated with respect to graphite. Within the stability field of diamond, the melt is 

saturated in carbon with respect to diamond before graphite saturation, causing the 

spontaneous precipitation of diamond as graphite solution proceeds. Not all transition 

metals were successful solvent catalysts, but it was found that even concentrations of 

less than 1% of the catalyst in alloy was sufficient (Bundy, 1973). This, together with 

the fact that the solvent-catalysts were not necessarily carbide forming metals suggested 

that it was not the absolute solubility of carbon within the molten catalyst, but rather the 

coordination state of the carbon in solution, which is important.

It is worth noting that the crystal habit of synthetic diamond varies with 

synthesis temperature ranging from cubic at low temperature through cubo-octahedral 

to octahedral at highest temperature.
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Figure 5.2 Some metalic solvent-catalysts and the fields of their activity can be seen to correspond very 

well to the Berman-Siinon extrapolation. Data from Bundy etal.  1961 and Giardini and Tydings 1962. 

The stippled region corresponds to the minimum field of direct transformation of graphite to diamond 

from Bundy, 1963. All data are corrected for subsequent pressure calibrations.

5.3 New Hard Materials and Geologically Relevant Diamond Catalysts.

a) The sintered diamond revolution.

It was not until the developm ent o f sintered diam ond com pacts (W entorf & 

Rocco, 1973), which used Co as a sintering agent for m anufacturing polycrystalline 

diam ond tools, that diamond synthesis experim ents gained fresh impetus. Because 

individual diam ond grains were random ly oriented, the poly-crystalline synthetic 

diamond should have been stronger than natural single crystal diamond, but the reverse 

was true. This lead to intensive studies into the effects o f various types of sintering
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agents and to the increasing application of sintered diamond as an extremely hard 

industrial and experimental tool material.

b) New types of sintered diamond: non-metallic catalysts.

The extensive work of Akaishi and colleagues (summarised in Akaishi, 1993) 

documented 11 non-metallic catalysts for diamond nucléation and growth, most notably 

various carbonates were found to have a catalytic effect on diamond growth and 

sintering at 7.7 GPa and 2000°C and over (Akaishi et a l, 1990; Kanda et al., 1990). 

Akaishi considered all of the new catalysts to act through a solvent-catalysis mechanism 

similar to the metal catalysts. The carbonate catalysts are of particular geological 

interest because of the presence carbonates within the mantle, however the temperatures 

for catalysis at 7.7 GPa are still many hundreds of degrees above mantle temperatures 

at corresponding depth. Therefore, if solution catalysis were invoked as a mechanism 

for natural diamond growth, eutectic-type melting of the stable mantle carbonates would 

be required to maintain reasonable thermal gradients in the model. Once again, a 

systematic variation in crystal habit was found between cubes and octahedra with 

increasing synthesis temperature.

5.3.1 Natural Evidence of Catalytic Reaction: Coated Stones.

a) Microinclusion chemistry.

During crystal growth, it is common for small amounts of the surrounding 

matrix to become trapped inside the growing crystal to form inclusions. These 

inclusions provide a record of the chemical environment within which the crystal grew. 

Diamonds contain two main classes of inclusion; monophase or more rarely polyphase 

silicate mineral macro-inclusions, ranging from tens to a few hundreds of microns, and 

non-silicate 'fluid' micro-inclusions which commonly form in clusters, each inclusion
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being tens of microns or less in diameter. One form of diamond common in 

diamondiferous kimberlites contains micro-included diamond as either coatings on 

inclusion-free diamond cores, which tend to develop the cubic habit or as cubic 

microdiamonds. For the present discussion both of these types of diamond will be 

referred to as 'coated stone' diamond.

Recent studies by Navon et a l (1988) and Akagi and Masuda (1988) suggest 

that these micro-inclusions were trapped during the growth of the coated diamond, with 

a concentric zonation of the inclusions thought to result from fluctuations in the growth 

environment of the diamond. It seems probable, therefore that the included fluid was 

genetically related to the catalyst for the low temperature coated-stone diamond growth, 

and as such its composition may indicate the composition of the primary growth 

medium. Available data for microinclusion composition are shown in tables 5.1 and

5.2. As can be seen, the inclusions are enriched in incompatible elements, alkalies (up 

to 30 wt % K) and in water and carbonate, which was probably a homogeneous fluid 

or low viscosity melt under trapping conditions.

Table 5.1 Major element chemistry of coated-stone micro-incluions from Navon et al,  1988, corrected 

to 100% for major oxides, in atm%.
Sanple Bot. Zai. Zai. Zai. Zai. Zai.

Octa. Octa. Octa. Octa. Octa. Octa. Octa. Octa. Octa. Cube Cube Cube Cube Cube Cube
Anal."'' 4 5 2 2 3 2 7 8 10 5 10 7 3 2 2
Si02 31.9 41.2 43.3 34.6 67.7 40.4 35.6 42.3 42.4 51.1 53.6 45.1 30.3 42.4 45.9
Ti02 4 .2 2.4 2.5 2.1 2.0 2.9 2.8 2.6 2.7 2.4 4.0 2.3 3.4 2.9 2.6

2.9 6.1 5.4 5.6 5.9 4.5 3.3 4.9 4.9 5.4 4.3 4.6 5.3 4 .4 4.8
FeO 15.7 5.0 5.6 4.9 3.3 7.2 8.3 11.1 6.1 6.8 6.6 10.1 5.0 8.0 8.8
MgO 5.7 2.8 3.8 2.3 1.3 4.6 6.1 4.6 3.6 5.7 2.6 8.0 4.3 4.9 4.9
CaO 10.5 10.7 10.6 12.3 1.6 13.9 16.8 7.8 11.9 8.6 7.2 7.6 18.7 9.8 12.4
Na20 2.6 3.0 2.9 3.5 1.0 3.8 2.9 2.3 2.4 2.1 1.0 4.8 2.7 3.4 3.4
K2O 21.4 23.7 20.8 29.7 12.3 17.7 18.6 19.4 21.1 11.6 15.5 12.4 25.2 19.3 12.1

Gone* 1195 433 211 247 1412 107 559 1207 508 80 551 628 22 118 99
H2O* 407 191 118 140 294 165 282 619 269 98 168 241 148
CO^ 600 79 44 66 107 89 292 135 133 67 173 139 44

Number of points analysed within each diamond by SIMS. * Total concentration of oxides 

determined by SIMS (in PPM).  ̂Analyses by IR (in PPM).
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It is unknown whether the present composition of the inclusions represents the 

trapped fluid composition, or a later alteration phase, but it should be noted that light 

elements, particularly hydrogen, can diffuse rapidly through diamond, significantly 

changing the concentration ratio of water to carbon dioxide after entrapment of the 

inclusions. During exhumation of the diamonds, the temperature of the inclusions will 

rapidly equilibrate with the surrounding environment, but the volume of the inclusion 

will vary relatively little, due to the high bulk modulus of diamond. The consequent 

reduction in internal pressure of the inclusion will promote reactions with positive AV. 

The equilibria associated with hydrogenation:

4H(S.Sol) + C02(F) = 2H20(F) + C(S) (1)

8 H(s.Sol) + C0 2 (F) = 2 H2 0 (f) + CH4 (f) (2)

have a very strongly positive AV, encouraging incorporation of hydrogen into the 

inclusion during exhumation. Additionally, the high concentration of alkalis would 

promote hydration of the inclusion.

The trace-element data in table 5.2 and figure 5.3 provide information into 

affinities of the included fluids with the diamond-hosting kimberlite magmas, as well as 

limited information into the anion environments of the trace-elements.

Table 5.2 Percentages of elements leached sequentially in to the solvents listed, from Akagi and 

Masuda, 1988.
Leach cn±r K Rb Sr Ba La Nd Gd
1) Water 65 45 54.8 68.3 13.0 7.2 5.7
2) HCl 32 55 43.3 27.2 82.0 88.9 90.6
2) HCl 3 1.3 3.4 4.2 3.6 3.2
3) HF 0.6 1.1 0.8 0.3 0.5

The interpretation of the various leachates is as follows: 1) the water-soluble 

fraction was either chloride or water-soluble carbonate salts; 2) the HCl-soluble fraction 

represents remaining carbonate and basic oxides, potassium carbonate is presumably 

significantly present as a double-carbonate salt to produce this acid-soluble potassium 

fraction; 3) the HF-soluble fraction represents the remaining compounds, presumably
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mainly silicates. As can be seen from figure 5.3, the Rare Earth Element (REE) ratios

in the carbonate leachate correspond well with both the host diam ond, including all

m icroinclusions (hydrous phases most likely to have undergone alteration), and the

average global kimberlitic compositions. This strongly suggests a genetic relationship

between the included fluid, kimberlite and coated-stone-type diamond.
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Figure 5.3 Chondrite-normalised REE (+Rb, Sr, Ba) for Zaire cubic diamonds (shaded), acid leachate of  

table 5.2 (dashed line) and average kimberlite (solid line) from Gopian & Wetherill (1971), Coles 

(1971), Masuda et al. ( 1973),Kramers et al. (1981) and Akagi & Masuda ( 1988).

b) The age of diamonds.

It is well known that macrodiamonds have long and complex growth histories, 

w ith ages in the billions o f years (M elton & G iardini, 1980; Kram ers, 1979; 

Richardson et ciL, 1984), however, coated-stone type diam ond is much younger. 

Orlov (1977) points out that the yellow colour of many diam onds is due to single 

nitrogen defects, which would have aggregated in a geologically short time at mantle 

tem peratu res, suggesting that coated stone m ust have form ed shortly before
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exhumation. Akagi and Masuda's (1988) analysis of the inclusions in Zaire cubic 

diamonds showed ^^Sr/^^Sr ratios almost identical' to the probable source kimberlite.

The overwhelming evidence is therefore that coated-stone diamond is 

genetically related to the host kimberlite and the great age of the coat seeds suggests that 

exceptional circumstances (probably the presence of a carbon source and catalyst) were 

necessary for the growth of diamond after the early diamond-forming episodes within 

Earth.

5.3.2 Growth Catalysts and the Problem of Nucléation.

The inclusion evidence suggests, therefore, that the composition of the catalyst 

for growth of coated-stone type diamond is either broadly carbonate, hydrous, or 

kimberlitic. Diamond growth has been catalysed using carbonate at 7.7 GPa and 1700- 

2000°C (Akaishi 1993,...gr a l, 1990), water at 7.7 GPa and 2000°C (Yamaoka et a l,

1992) and aphanitic kimberlite at 7.0-7.7 GPa and 1800-2000°C (Arima et a l,  1993). 

All of these syntheses are at temperatures too high to represent the conditions on a 

mantle geotherm and only two systems, containing carbonate, nucleated diamond as 

well as enhancing epitaxial overgrowth on a seed crystal. Indeed, it is possible that the 

catalytic effect seen with the kimberlitic system is entirely due to the carbonate and 

hydrous phases in the starting material, since it has been shown that as little as one 

percent of traditional catalysts is sufficient to produce diamond, and no pure silicate 

diamond-catalysts have yet been found.

Akaishi's (1993) experiments have reproducibly nucleated and grown diamond 

from Li, Na, Mg, Ca and Sr carbonates, with the strongest catalytic effect coming from 

the alkali carbonates (although it is not clear that there is no hydrous contamination in 

these compositions).
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5.3.3 High Pressure Experiments to Study Diamond Growth.

Experiments were performed in the pressure range 8  to 10 GPa at temperatures 

of 1500 to 1800 °C all for 20 minutes duration. Initially, pure graphite powder was 

treated at these conditions to test for direct transformation. As can be seen in figure 

5.4, although there has been considerable compression of the graphite to produce the 

spread in c-axis values (0 0 2 ) and a small amount of the hexagonal diamond phase, 

there is no evidence of direct conversion of graphite to cubic diamond at 9.5 GPA and 

1750 oc.

Initial experiments in the present study using pure K2 CO 3 and graphite 

produced large regions of poly-crystalline diamond in the capsule walls, at 9 GPa and 

1500°C, but none within the sample charge. This possibly implies that there was 

significant contamination of the sample with water, which enhanced the catalytic effect. 

Although this is an important observation in its own right, it was decided to consider 

only the non-hygroscopic salts in order to quantify the catalytic effect of carbonates on 

diamond growth. It was, therefore decided to perform experiments to determine 

temperatures of catalysis in the systems MgCOg-C, CaCOg-C and K2Mg(C0 3 )2 -C, 

which are all non-hygroscopic, at pressures of 8  to 10 GPa.

5.3.4 The System K2Mg(C0 3 )2-C.

The stoichiometric double-carbonate was the most potassium-rich, non- 

hygroscopic, composition avilable. Figure 5.4 shows the X-ray diffraction pattern of 

starting material and of products from experiments at 9 GPa 1750 °C. The catalytic 

effect of K2 M g(C 0 3 ) 2  in the graphite-diamond transition is clearly displayed. 

Experiments performed in this system are summarised in figure 5.5, where it can be 

seen that there is a strongly negative dP/dT for the catalysis.
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Figure 5.5 The effective région o f K2Mg(COg)2 as a diamond growth catalyst in pressure-temperature 

space. Solid shading represents approximate proportion o f graphite transformed to diamond after 20 

minute duration experiments.

The catalyst is entirely molten at experimental conditions, as can be seen by the 

grain size and strong habit of the diamond thus produced (plate 5.1) and by the 

dendritic texture of the quenched carbonate. The solidus temperature in this system is 

likely to be well below the temperature of onset of catalytic effect, extrapolating my 

phase relations from 5 GPa. Growth rates are fast, with often complete transformation 

of the graphite within the charge and nucléation sites for new diamond are common. 

Consequently, grain size of the diamond produced is not indicative of the mobility of 

the dissolved carbon. In order to resolve this, some experiments were performed at the 

low temperature end of the catalytic region, with diamond seed crystals and results are
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shown in plate 5.2. Seeds were approximately 1.5 mm synthetic cubo-octrahedra. As 

can be seen, epitaxial overgrowth has occurred on the surface of the diamond, up to 

about 1 0  p-m depth, often enclosing small self-nucleated diamonds and with a highly 

irregularly pitted surface. The rapid growth of epitaxial diamond requires high mobility 

of source carbon, in response to depleted chemical gradients in the melt around the 

growing diamond, and as such suggests that the process of growth in this system is 

one of solution catalysis rather than a surface kinetic process. The pitted surface of the 

new diamond, both of the epitaxial material and also commonly on the diamonds grown 

within the capsule, suggests that diamond grown from such molten carbonate catalysts 

will potentially trap significant proportions of the catalyst as inclusions, in a process 

analagous to the formation of coated-stone inclusions.

Table 5.3 6 ^  ̂C analyses for selected starting materials and products.

Carbonate 613 c Carbon Sample 513 c

Graphite Powder -23.65
Graphite Rod -24.59

K2Mg(C03)2^ -15.63 Diamond 1 -24.43
MgC03 (NSW)2 -7.13 Diamond^ -23.80
MgC0 3  (Calafomia)̂ -1.71 Diamond^ -23.82
MgC0 3  (Lsbmade)"^ -14.84 Diamond^ -23.36

diamond produced using the corresponding catalyst.

Results of isotopic analyses of starting materials and synthetic diamonds for the 

systems K2Mg(C0 3 )2 -C and MgCOg-C are given in table 5.3 and it can be seen that 

there is no detectable isotopic interchange between the elemental and carbonate carbon: 

the isotopic range displayed by the diamond is, within experimental error, within the 

range of the starting graphite. This suggests that carbon was dissolved into the melt as 

C (or C6) rather than by reaction with carbonate:

2 CO32- + C = 2 C0 2 -̂ + CO2 (3)

because reaction 3 and similar reactions would allow isotopic mixing between the 

various carbon sources. There is equally no evidence of isotopic fractionation between
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graphite and diamond, although for solid-solid reactions any such processes would be 

weak.

5.3.5 The System MgCOg-C.

Akaishi (1993) suggests that magnesite is a strong catalyst of diamond growth 

at 7.7 GPa and 2100®C, under which conditions carbon is a liquidas phase with a 

eutectic close to the MgCOg melting temperature of 1900°C (Katsura & Ito, 1990). In 

spite of the unrealistically high temperature, this result is geologically important because 

above 3-5 GPa, magnesite becomes the dominant carbonate phase within the mantle 

(e.g.; Brey et a l, 1983).

Experiments performed at 8-10 GPa, using NSW magnesite are presented in 

figure 5.6. The lower temperature limit of diamond catalysis is substantially below the 

magnesite solidus at this pressure range by over 300°C. The possibility arises, 

therefore, that the catalytic effect is due to small amounts of contaminants in the natural 

magnesite, either as a catalyst itself, or else acting to lower the solidus of the system in 

a eutectic manner. This was tested for by substituting other high-purity MgCOg 

sources for the NSW magnesite in repeat experiments and no significant variation in 

results was found between carbonate sources. Purity of the carbonate starting materials 

has been discussed in chapter 2 , but it is worth noting that other cations were present at 

trace levels, as indicated by the cathodoluminescence colours of the starting materials. 

One of the major potential sources of contamination by a traditional metallic catalyst is 

iron from laboratory tools, however, even trace levels of iron would strongly quench 

cathodoluminescence signals and, as can be seen from plate 5.3 this is not the case.

Diamond synthsised using MgCOg catalyst was generally smaller than diamond 

grown with molten KMC catalyst, with less well defined crystal habit (plate 5.1), 

whilst epitaxial overgrowth on seeds was poorly developed, most of the new diamond
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being small crystals cemented onto the surface of the seed by epitaxial diamond (plate 

5.2). This suggests that the carbon source for diamond growth is not mobile in this 

system, in accord with the observation that the reaction is sub-solidus.

I

1800

1700

1600

1500

108 9
Pressure (GPa)

Figure 5.6 The effective region of MgCOg as a diamond growth catalyst in pressure-temperature space. 

Solid shading represents proportion of graphite transformed to diamond after 20 minute duration 

experiments.

The mechanism for diamond growth using solid magnesite catalyst is unknown 

at present. It was postulated that the transformation to diamond is a purely mechanical 

process, with the magnesite providing the necessary intergranular pressure anisotropy 

to enhance shear between the graphite (001) planes. This was tested by replacing the 

magnesite with another inert solid of similar hardness and grainsize and repeating an 

experiment well into the diamond growth field. No diamond was produced with either
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periclase or calcite as the inert solid, so this hypothesis was discarded. It is possible 

that diamond is produced through reaction in the fluid phase related to the equilibria:

MgCOg = MgO + CÜ2 (4)

and CO2  + C = 2CO (5)

but in this case there should be isotopic exchange between the various carbon sources. 

It is true that the equilibrium vapour pressure of MgCOg at 8  GPa is exceedingly low 

and as such this would inhibit exchange rate, but by the same token, diamond growth 

rates should be equally low. The large reduction in catalytic temperature around the 

9.5 GPa region suggests that there may be a surface interaction triggered by pressure, 

but much more work is required to characterise this type of diamond catalysis. This 

pressure-ledge and the less pronounced ledge in the system K2Mg(C0 3 )2-C are plotted, 

along with the magnesite solidus and a 45 mW/m^ mantle geotherm in figure 5.7. 

Although the temperatures of diamond formation are slightly higher than those 

postulated for natural diamonds (for example Rudnick et a l, 1993), the pressure range 

is consistent with the kimberlitic source region and diamond was produced under 

conditions applicable to a mantle geotherm. Schrauder & Navon (1993) have 

determined the pressure of inclusion of CO2 in some diamond inclusions to be 7-8.5 

GPa, just below the pressure ledges of the experimental systems found here. It is 

possible that addition of other components to the simple system used here will lower 

the pressure and temperature of the catalysis ledge by the 1 0 % or so necessary for 

consistency with the Schrauder & Navon data. The existence of a region in the 

catalysis curve with high dT/dP (the ledge) causes an effective lower pressure limit on 

diamond catalysis within analagous natural systems, virtually independant of 

geothermal gradient. Extrapolating the experimental results to higher pressures, alkali- 

rich carbonate melts will cause the formtion of diamond at temperatures applicable to 

lower heat-flow mantle geotherms.
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Figure 5.7 Catalytic regions in the K2Mg(C0 3 )2- and MgCOg-C systems and their relationship with 

a 45 mW/m^ mantle geotherm. Magnesite solidus interpolated from Katsura & Ito (1993) and the 

present work.
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5.3.6 The System CaCOg-C.

Although Akaishi (1993) found a similar catalytic effect in the eutectic system 

CaCOg-C with diamond as a liquidas phase above 2000 °C at 7.7 GPa, no diamond 

was produced from experiments involving calcite and graphite starting materials up to 

10 GPa and 1800 ®C. This result is in itself important because it strongly suggests that 

the effect of subsolidus magnesite in promoting diamond growth is not purely a 

mechanical one, i.e.; the harder magnesite does not simply provide centres of high 

shear within the graphite to preduce the orthorombic stacking arrangement necessary 

for cubic-diamond production, because calcite should produce a similar mechanical 

environment, but does not catalyse diamond growth. Similarly, substitution of 

periclase for magnesite in experiments does not yield diamond.

5.4 Sources of Mantle Carbon.

5.4.1 The Global Carbon Budget.

a) The carbon cycle.

Mantle magmas which reach the Earth's surface carry with them volatiles as 

dissolved species, which are subsequently lost to the atmosphere during eruption and 

weathering. Carbon is lost to the atmosphere as CO2 , either from primary mantle 

fluids, or as a breakdown product of magmatic carbonates.

Much of the carbon released to the atmosphere by this process is subsequently 

scavenged out of the atmosphere biologically, as plant or shell material. Of this, a large 

proportion is deposited in oceanic sediments, with an estimated 7.5 x |10*  ̂kg of 

carbon presently residing in upper crustal carbonate rocks (Nisbet et a l, 1994). It is 

possible, using current degassing rates, and atmospheric abundances of incompatible
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elements, such as nitrogen, to calculate the proportion of mantle volatiles still remaining 

to be degassed. This calculation for carbon dioxide shows that up to 72% of the total 

degassable CO2 is still in the mantle, compared with 12% for nitrogen (Zhang & 

Zindler, 1993). It seems likely, therefore that the mantle is being supplied by a source 

of fresh carbon. The two possibilities are a 'core-degassing' type of process, linked to 

the crystallisation of the inner core, or the recycling of previously degassed carbon. 

The former process would be possible if the light element within the core were carbon 

(e.g.; Wood, 1993) since the carbon concentration would be sufficiently low for the 

liquidus phase to be pure iron, thus increasing carbon concentration during core 

growth, however the contribution to the upper mantle from the core is likely to be small 

by comparison to the (primitive) lower mantle reservoir. It seems more likely therefore 

that the major contribution to a carbon source into the mantle is through recycling of 

carbonate sediments by subduction.

b) Geochemical evidence of subducted carbon.

Recent studies of mantle xenoliths have highlighted the importance of carbonate 

metasomatism in producing enriched upper mantle magma sources (lanov et a l, 1993; 

Rudnick et al, 1993; Yaxley et a l, 1991) and Nelson et a l (1988) suggest that some 

such carbonate melts have a subduction source. Carbonatitic mantle metasomatism 

displays the high mobility of carbonate melts within the mantle and provides evidence 

that, within regions of the upper-mantle at least, oxygen fugacity (f0 2 ) is sufficiently

high to stabilise carbonate. If subducted carbonate is a carbon source for diamond, it 

would have to remain unreacted with the surrounding mantle until within the diamond- 

stable pressure and temperature region of the mantle where the carbon would be 

released by redox reaction. The initial danger of thermal decomposition at low pressure 

is likely to be avoided due to the low geothermal gradient in the subducting slab and 

recent experimental evidence suggests that carbonate can remain within a subducting 

slab as a refractory phase after extraction of hydrous silicate melt (Yaxley & Green,
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1994). The other possible source of subducted carbon is organic material, 

metamorphically 'cracked' to carbonic fluids and carbon during deep burial. Because 

the formation of marine carbonate is a low temperature process, with consequently high 

isotopic fractionation, and biological carbon fixation causes extreme fractionation, the 

two carbon sources are readily identifiable by their values.

Diamonds associated with eclogitic sources (plate 5.4) have extremely light 

isotopic ratios typically of = -25%o , as opposed to = -5%o for average 

mantle, which has been ascribed an organic carbon source (e.g.; Nisbet et a l, 1994). 

The sulphur isotope ratios of some eclogitic diamonds have also been related to a 

subducted (organic) source (Eldridge et a l, 1991). Framesitic diamond is a form of 

poly-crystalline diamond found in some diamondiferous kimberlites. This unusual 

form of diamond is important for this discussion because it displays a bimodal carbon 

isotopic distribution between grains of individual framesites. Kirkley et a l  (1991) 

ascribe the origin of this bimodal distribution in the Jwaneg framesite to organic carbon 

and subducted carbonate as the two different carbon sources, a conclusion backed up 

by the common observation of framesite intergrown with, veined by and including 

carbonate minerals.

The initial redox environment of the subducting slab would be well within the 

carbonate stability field, buffered by the high water activity within the metasomatised 

oceanic basalt. However, dehydration during heating of the slab and the migration of 

hydrous melts and fluids out of, and mantle-buffered fluids in to the subducting slab 

would cause a gradual reduction of f0 2  within the down going slab. These processes

would eventually cause reduction of carbonate, releasing free carbon as diamond, 

possibly accelerated within the transition zone by the production of free iron by the 

disproportionation of Fe^+ associated with the olivine-spinel transition (O'Neill et a l,

1993). It seems likely, therefore that both organic carbon and sedimentary carbonate 

are sources of carbon for eclogitic diamond.
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5.5 Redox Reactions as a Source of Carbon.

If carbonate is the source of carbon for diamond growth in the mantle, it is 

necessary for there to be the appropriate redox conditions to reduce carbonate and the 

correct reaction paths to liberate elemental carbon. Fluids are considered to be a minor, 

but important phase within the mantle, as the media whereby the mantle f0 2  buffer

materials exert their chemical influence on the surrounding environment. It is important 

to consider the possibility of fluid-carbonate redox reactions.

The relative stability of carbon, CO2 and CH4 in P-T-f0 2  space are plotted in 

figure 5.8 for a slice across P-T representing a shield-type geotherm. As can be seen, 

diamond is stable with a C-O-H mixed fluid across the whole of the lithospheric range 

of f0 2 > between the iron-wustite (IW) and wustite-magnetite (WM) buffers. The 

asthenosphere and subducted slab are more oxidised, (f0 2  above WM) and diamond is 

not stable (over CO2 and carbonate).

Carbonate rising from the asthenosphere into the lithosphere would undergo the 

following general Huid-state redox reaction:

CO32- + CH4  = 2C + 2 H2 O + 02- (6 )

(melt) (fluid) (solid) (fluid) 

providing carbon for diamond growth, however equally likely reactions involve solid- 

state redox:

2Fe -f- CO3 2- = 2FeO + C -h Q2- (7)

2FeS CO32- = 2FeO + S2 C + Q2-. (8 )

These solid-state reactions are supported as mechanisms for natural diamond 

growth by the observation of common inclusions within diamond of sulphides (Tsai 

et a l,  1979; Bggler & Lorand, 1991), metallic iron (Sobolev et a l, 1981) and
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Figure 5.8 The stable region of carbon (within hatching) in redox space on a mantle geotherm, 

redrawn from Haggerty, 1986. Diamond can grow from fluid species within the lithosphere, or reduced 

asthenosphere, by oxidation of CH4 or reduction of CO2 or COg^". The oxygen fugacity of the 

downwelling slab is initially high, but decreases with depth. This causes redox-freezing of carbonatitic 

metasomatic fluids, either as they escape into the surrounding mantle, or as the slab becomes 

sufficiently reducing. Perhaps young diamond is indicative of carbonatite metasomatism within the 

lithosphere!

magnesiowustite (Scott-Smith et a l, 1984). Sulphides are common accessory phases 

in lithospheric xenoliths, and are interpreted, on textural relationships to have been 

melts prior to exhumation. Equally, iron solutions, both with metals and with 

sulphides are expected within the transition zone, due to the disproportionation of Fe2+
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as the spinel stability field is encountered, providing material for reaction with 

carbonate in a subducting slab. This provides a large region within the lithosphere 

where the chemical environment is sufficiently reducing to grow diamond, and a 

potential barrier to carbon-degassing of the lower-mantle. Liquid solutions of iron 

sulphide and iron have been used very successfully as catalysts for diamond nucléation 

and growth (Bundy et a l, 1955), possibly even stabilising metastable diamond within 

the graphite stability field.

Experiments performed in 1988 by Sekine demonstrated that it was possible to 

nucleate microdiamond from magnesite and iron under dynamic shock. This provides a 

possible mechanism for the formation of impact related diamond, such as yakutite, by 

the reaction of iron-meteorite with carbonate sediments, however the duration of shock 

conditions may be sufficiently short to inhibit the formation of iron-carbides, which are 

possible phases within the mantle (Wood, 1995). It was decided to perform 

exploratory experiments on the two solid-state reactions described above to determine 

their validity as mechanisms for diamond growth.

a) The system MgC03-Fe-Ni-C.

Initially, experiments were performed in Pt-capsules with mechanical mixtures 

of carbonate, Fe and Ni powder. The mixtures were such that there was an excess of 

carbonate in order to inhibit carbide formation with spare iron, and as such, the limited 

solution of the rnetals into the Pt capsule was unimportant. Experiments were 

performed at pressures of 5,5 to 6.5 GPa and 1400 ^C. Powder diffraction patterns of 

products are shown in figure 5.9.

Figure 5.9 a shows the product of reaction between pure iron and K2Mg(C0 3 ) 2  

at 5.5 GPa and 1200 °C. The temperature was above the liquidus for the carbonate but 

not hot enough for eutectic melting of the iron-compounds. All of the iron has been
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peaks index as a mixture of iron and potassium carbonates. Therefore, it was assumed 

that iron carbide forms preferentially to elemental carbon in the solid state at IW.

The oxygen buffer nickel-nickel oxide (NNO) is intermediate in f0 2  to WM and 

FMQ and as such, should be close to the CCO equilibrium edge of diamond stability 

shown in figure 5.8. The results of an experiment performed at 6  GPa and 1400 

with nickel replacing iron powder is shown in figure 5.9 b. The lack of reaction 

confirms that NNO is outside the diamond stability field.

Nickel has no known high pressure carbides and because of this, a solid- 

solution of nickel and iron was successfully used to inhibit carbide formation with iron 

at 6  GPa and 1400 °C, as seen in figure 5.9 c. The starting material was a mechanical 

mixture of 70 mole% Ni to 30 mole% Fe powder with excess magnesite. This also 

increased the f0 2  within the charge, but not sufficiently to inhibit reaction. Three small

peaks, assignable to FegC are still seen, but more significantly, small peaks for both 

graphite and diamond are seen, as indicated. The acid-soluble material was dissolved 

in hot aqua-regia and the small amount of residue, presumably carbon, examined by 

SEM and EPMA. Plate 5.5 a shows a BEI image of the residue, which strongly 

resembles graphite after treatment with carbonate below the diamond catalysis region. 

EPMA indicated the absence of elements heavier than Na, the lightest element detectable 

on the probe used. Yield was too low for definitive XRD analysis.

It seems probable, therefore that while pure iron produces carbide by redox 

reaction with carbonates, dilution of iron with a non-carbide forming metal, such as 

nickel is sufficient to promote diamond growth within the mantle. Nickel is the most 

common mantle metal after iron and the two are frequently found as solid-solutions in 

mantle samples. It would be possible to experimentally determine the redox conditions 

in which diamond is stable over carbide by equilibrating diamond with iron carbide and 

nickel-iron-wustite. The amount of iron oxide dissolved into the solid solution is a
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function of the equilibrium activity of iron in the wustite, and hence would allow the 

determination of equilibrium f0 2  using the IW buffer. Unfortunately, there was

insufficient time for such highly controlled experiments to be performed.

b) The system MgC03-Fe-S-C.

It has been suggested by Marx (1972) that the reaction:

2FeS + CO2 = 2FeO + S2 + C (9)

provides a possible source of carbon for diamond growth within the mantle, so 

experiments were performed upon a mechanical mixture of Fe (Ig), FeS2 (0.6g) 

(natural iron pyrites) and magnesite (1.6g), at 5.5 GPa and 1200 °C. The low melting 

temperature of the sulphide-metal eutectic allowed experiments to be performed using 

pure magnesite at low pressure, still remaining within the diamond stability zone. 

Silver-palladium tubing was used as the capsule material in order to avoid solution of 

iron into the capsule, but this limited experimental temperature to 1 2 0 0  °C or below. 

Powder XRD indicated the presence of low yields of graphite amongst Iron-wustite, 

iron sulphide (pyrrhotite; JCPDS 22-1120) and small amounts of carbide (figure 

5.9 d). Sulphur reacts with excess iron in the melt solution and carbides are not 

produced because of the strongly positive free energy of formation of iron-sulphur- 

carbon mixed melt. SEM images of the solid residue after acid solution in aqua regia are 

shown in plate 5.5 b. Diffraction peaks for graphite from this residue are large, but the 

pattern is not that of pure graphite (probably due to incomplete solution. The graphite 

peaks appear to show the characteristic C-axis compression found in metastable 

graphite in the diamond field, however the yield is too low for further X-ray 

characterisation.

Although these are very preliminary experiments, they show the validity of 

metal and sulphide redox reactions as possible mechanisms for the formation of natural 

diamond. As previously noted, the chemical components necessary to drive this redox

199



are readily available in the lithosphere and transition zone, whilst rare inclusions of 

unusually high pressure mineral assemblages suggest that some diamonds formed 

within the transition zone (Harte & Harris, 1994). It may be that the enriched mantle 

compositions which produce kimberlitic melts have become so by a metasomatic 

process of redox-freezing mantle carbonate-magmas, which at the same time has 

provided carbon and a catalyst for coated-stone growth. In this case, young diamond 

(such as cubic micro-diamonds and coats on coated-stones) is an important indicator 

mineral for mantle metasomatism.
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5.6 Summary.

* The composition of inclusions in natural coated-stone type diamond point 

towards catalytic diamond growth with a potassium and carbonate-rich catalyst.

* Magnesium and potassium carbonates are effective catalysts for diamond 

nucléation and growth above 8  GPa, at mantle temperatures.

* Carbon is recycled into the mantle via subduction of biologically scavenged 

carbon (Carbonate and organic carbon) and carbon isotopic signatures suggest that 

some of this material becomes new diamond.

* Carbonate can produce both graphite and diamond under mantle conditions 

by redox reaction. Such reactions may occur within, or as molten carbonate leaves the 

subducting slab.

* Young diamond may be a metasomatic indicator mineral.
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Plate 5.1 Synthetic diamond produced in the sytsems K2Mg(C0 3 )2-C and MgCOg-C. A,B) Diamond 

grown using the molten catalyst K2Mg(C0 3 )2. A) Diamond from graphite powder showing good 

cubo-octahedral form. B) Rapidly grown diamond embedded in the graphite capsule wall, The space 

around the diamond was originally occupied by a thin film of catalyst. C) Smaller diamond grown 

using the solid catalyst MgC03 with graphite powder.

W.

Plate 5.2 Epitaxial overgrowth on (110) surface of a seed diamond. A) With K2Mg(C03)2 catalyst, 

oqergrowth develops well, producing a thick, coherent layer. B) With MgCOy catalyst, overgrowth 

consists of poly-crystalline diamond cemented together by coherent overgrowth.
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Plate 5.3 Cathodoluminescence of starting materials and selected diamond. A) K2M g(C03)2  B) 

laboratory-made MgCOs C) NSW MgCOg D) Californian MgCOg E,F) Diamond synthesised using 

lab-made and NSW MgCOg respectively, black material is unreacted graphite. Note the CL colours are 

identical for the two diamond types, being produced by single nitrogen defects.
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Plaie 5.4 Natural diamonds: a) An exceptional piece of eclogite containing garnet (red), clinopyroxene 

(green) and approximately 20 vol% diamond, b) Coated-stone type diamond. The opacity of the coating 

is due to micro inclusions. Samples courtesy of J. Milledge (unknown provenance), c) 

Cathodoluminescence photomicrograph of a vein cutting a microdiamond. The vein is filled with 

polycrystal line diamond and interstitial carbonate. Photograph courtesy of W. Taylor.

Plate 5.5 a) BEI of the solid residue after acid treatment of high pressure reaction product in Fe-Ni- 

MgC03 system, resembling graphite recrystallised metastably during diamond catalysis experiments, 

b) As in (a), but for the system Fe-S-MgCOg.
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6 CARBONATE MELTS WITHIN THE MANTLE AND THE PROTO 

KIMBERLITE.

Two of the most important questions in mantle carbonatite research are; (1) how 

do carbonate melts differ from silicate melts in their behaviour with surrounding 

peridotites and (2 ) what are the relationships between coexisting silicate and carbonate 

melts at mantle pressures. The experimental results presented in the preceding chapters 

provide constraints on both of these problems and allow a possible petrogenetic scheme 

for silicate-carbonate mixed magmas to be developed.

Natural carbonate silicate mixed melts fall within the ultrabasic alkaline suite of 

rocks. Kimberlites are highly silica undersaturated and can have late stage carbonate 

segregations or autointrusions and additionally carry abundant xenoliths which display 

features indicative of metasomatic reaction between melts, fluids and the solid mantle. 

Other alkaline ultrabasic rocks can occur either with or without associated carbonatite, 

with some evidence that carbonatite is associated with the more evolved silicate magma 

types. Xenoliths within melilitites and nephelinites show lower pressure affinities, 

typically within the deep lithosphere. For example the West Tanzanian melilitites have 

carbonatite associated with phenocrystic pyroxene-bearing melilitites but not with 

pyroxene absent varieties and include phlogopite- and phlogopite- amphibole- 

peridotites with geobarometers which suggest depths between 40 and 100 km.

In discussing the relationship between coexisting silicate and carbonate melts, 

it is convenient to consider initially kimberlite evolution.

6 .1  Origins of Proto-kimberlite.

The current study sheds no light on the origin of the proto-kimberlite melt 

(PKM) and it is assumed that the melt is generated at a deep level according to one of
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the genetic schemes devised by Ringwood and his coworkers (Eggler, 1986; 

Ringwood, 1986; Ringwood et a l, 1992). In all of these schemes, PKM is generated 

within the transition zone from a source enriched in REE and minor elements by 

subducted material. This refertilisation might involve deep melting of carbonate 

components, derived from the refractory subducted carbonate component suggested by 

Yaxley & Green (1994). Very low volume melts liberated from the former oceanic 

crust layer ponded at the 670 km discontinuity would be consumed by reaction with the 

overlying mantle, leaving a metasomatic signature enriched in REE with major element 

composition of the metasomite largely unaffected. Carbonate melting is unlikely to be 

the sole source of enrichment for kimberlites, because kimberlites are enriched in 

elements, such as Ti and Zr, not common to carbonate melts. However, as discussed 

in chapter 5, some diamonds display stable carbon isotopic ratios indicative of a 

sedimentary (and thus subduction-related) source. Therefore, the most likely candidate 

for metasomatism is a low volume carbonate-rich fluid or silicate melt derived from 

deep subducted slab material. The mobilisation of the metasomatic agent must require 

some event to bring the solidus below the local geotherm, either the influx of volatiles 

(from the lower mantle) or localised heating (from lower mantle convective cells), 

otherwise the metasomatising component would have been lost before ponding at the 

670 km discontinuity. The PKM produced should, therefore be saturated in volatiles 

and particularly rich in dissolved carbon-bearing species.

6 .2  Magma Ascent and Liquid Immiscibility.

6.2.1 Extent of Immiscibility at Depth.

Figure 6.1 shows experimentally determined immiscibility in calcitic and 

dolomitic carbonate in equilibrium with silicate melt (after Wyllie et a l, 1995) including 

my results for the enstatite-magnesite-potassium carbonate system.
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Wyllie et a l (1995) state that the extent of silicate-carbonate immiscibility is 

dependent on pressure and the Ca/Mg ratio in the melts. It appears from the data in 

figure 6 .1  that the effect of increasing pressure on immiscible pairs for constant bulk 

composition is counter-intuitive, increasing the miscibility gap. This is largely 

mitigated by the effect of varying bulk composition, the dolomitic carbonate showing a 

smaller miscibility gap than calcitic carbonate in equilibrium with nephelinite at identical 

pressure. The large field of immiscibility displayed in my experiments is, perhaps, 

explicable in terms of the high potassium content of the bulk system. There is an 

increasing pool of natural evidence of ultrapotassic-carbonate and -hydrous (the latter 

plus significant silicate) immiscible fluid in equilibrium with mantle silicate melt 

(Sobolev et a l, 1986; Akagi & Masuda 1988; Navon et a l, 1988; Schrauder & Navon, 

1994; Lloyd, in prep) as well as experimental evidence of stable ultrapotassic fluids in 

equilibrium with mantle silicates (Ryabchikov & Boettcher, 1980). The effect of 

addition of other components to the simple system studied here would probably be to 

reduce immiscibility, thus a general trend of increasing immiscibility with pressure (up 

to 5 GPa) and increasing miscibility with magnesium content is consistent with the 

experimental data. It is likely that the miscibility gap decreases at very high pressures, 

since increasing pressure increases solubility of CO2 and CO^“ in silicate melts and 

increasing pressure is likely to enhance polymerisation of the carbonate melt component 

(Genge, pers. comm.)

Wyllie et a l (1995) state that carbonate melt compositions generated 

experimentally by melting of carbonated peridotite do not lie on the immiscibility fields 

of the diagram (fig 4.11 in Wyllie et al), however the new experimental data of 

Sweeney (1994) plots on the alkali-poor end of carbonate-curve (2). Additionally, the 

compositions of aphanitic micaceous kimberlites plot between curves 1 (at 2.5 GPa) 

and 4 (at 5 GPa). The complex natural kimberlite composition is simplified for 

comparison with the figure by taking the alkali-rich vertex as Na2 0 +K2 0 -I-H2 0 +P2 0 5 , 

which is considered reasonable, because fluid inclusion compositions display similar
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behaviour between these components and because the solid upper mantle reservoir for 

water and alkalies are the same; phlogopite and amphiboles. Therefore, although 

Wyllie et al  (1995) are correct that most carbonatites seen at the Earth's surface are not 

directly produced by immiscibility within the mantle, they overlook the possibility of 

immiscible processes in the formation of kimberlites and the mantle predecessors to the 

alkaline silicate melts which will subsequently produce alkaline igneous-carbonatites by 

shallow fractionation and immiscibility.

4- CO

Dc, 2.5 GPa^ /

Me, 5 GPa'

Cc, 0.5 GPa

'Q} Cc, 2.5 GPa.

S i 0 2  +  A l ^ o  

+Ti02 + Fep3
CaO + MgO 

+ FeO + MnO

Figure 6.1 Experimentally determined liquid immiscibility between carbonate and silicate melts (after 

Wyllie et al,  1995), projected from €0% CO2 is in excess so that silicate melts are saturated and the 

co-existing immiscible melt is carbonate composition. Data are from (1) Lee & Wyllie, 1992; (2) 

Kjarsgaard & Hamilton, in prep, revision after Kjarsgaard & Hamilton, 1989, 1993; (3) Baker & 

Wyllie, 1990; (4) My preliminary experiments (chapter 3).
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6.2.2 Evolution of PKM and Production of Immiscible Pairs.

Initial migration of the PKM will either be via percolation or diapiric rise. With 

the reduction in pressure during migration, volatile solubility will decrease and the 

PKM will exsolve an equilibrium vapour phase. Between 670 and 400 Km depth, the 

PKM melt is less dense than mantle at the same temperature but at the p-phase-olivine 

and garnet-orthopyroxene transitions at around 400 km, the mantle undergoes a 7.5 % 

reduction in density. The amount of dissolved volatile remaining in the PKM is critical 

to the evolution of PKM. The assumed upper limit of volatile concentration of 40% 

volatiles in the PKM predicts (chapter 4) a density at 400 km of 3.3-3.4 gcm'^, 

approximately equal to the low-pressure mantle assemblage at this depth. Therefore, 

for PKM to penetrate the 400 km discontinuity in a geologically reasonable timescale, 

kimberlite melt density must be reduced which is possible by two mechanisms. The 

first mechanism is for the melt to be at higher temperature than the surrounding mantle 

rocks which is possible diapiric rise from the 670 km discontinuity, which may also 

act as a thermal boundary layer, but unlikely if migration is of a percolation style, 

because melt networks rapidly reach thermal equilibrium with the solid matrix. 

Secondly, the bulk composition of the PKM might be lighter than that assumed in the 

chapter 4 i.e.; greater than 40 mole % dissolved volatiles. The density predictions of 

chapter 4 do not include the effect of H2O solute in the magma. The effect of water on 

magma density at high pressure is very poorly constrained (Lange, 1994), but the 

probable effect will be to reduce magma density, perhaps more effectively than the 

carbonate component.

It appears therefore, that the volatile concentration in the PKM is at least 40 

mole % at 400 km depth, after 200 km or more migration and exsolution of volatiles. 

The exsolved volatile phase is likely to be hydrous and alkali-rich, since the main 

carbon-species dissolved in silica-undersaturated melt is carbonate and silicate- 

carbonate immiscibility is likely to be low in a highly magnesian bulk composition.

217



with an equilibrium hydrous vapour as an alkali reservoir. The hydrous phase 

probably corresponds to the 'hydrous mantle fluid' end-member of Schrauder & Navon 

(1994).

6.2.3 The Carbonate Metasomatic Front.

On further melt migration, the bulk composition of the PKM in equilibrium with 

solid mantle would become more calcic (by wall rock reaction and by growth of 

magnesian liquidas phases olivine, in particular) and consequently the miscibility gap 

would increase. This process of compositionally dependent melt destabilisation would 

eventually lead to separation of a carbonatitic immiscible melt phase or, more likely the 

hydrous fluid would become more carbonatitic in nature with decreasing depth. The 

exact composition-depth profile of the fluid would depend on the amount of dissolved 

species in the original PKM, its speed of ascent and crystallisation history and the 

amount of assimilation of mantle components during migration. The composition of 

'fluid inclusions' trapped in crystallising phases would thus range across an immiscible 

fractionation trend from hydrous to carbonatitic compositions.

This immiscible carbonic fraction would, as a consequence of its fluid-like 

properties (r|~0.01 Pas; p=2gcm-^) migrate ahead of the kimberlite (probably by 

percolation) and be consumed by metasomatic reaction with the surrounding mantle, 

although there would be a degree of recycling of the metasomatic products by 

reassimilation into the hotter silicate melt component of the PKM. Thus the PKM 

would be preceded by a carbonic metasomatic front and the enriched mantle xenoliths 

seen in erupted kimberlites may be products of the same event as the kimberlite genesis.
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6 .3  Kimberlite Ponding: Origins of Diversity.

6.3.1 The Lithosphere-Asthenosphere Boundary (LAB).

The depth of the LAB below continental crust varies considerably. The normal 

thickness of non-cratonic continental lithosphere (by seismology) is considered to be 

120-150 km (Kearey & Vine, 1990), whereas estimates for cratonic lithosphere 

thickness range from 190 km (by geothermobarometry of xenoliths in kimberlite; Boyd 

& Gurney, 1986; Helmstaedt & Gurney, 1991) to 300-400 km (by seismology; 

Pollack, 1986) and for continental rifts, 30-60 km ( by seismology; Purzyrev et al., 

1978; Bozworth, 1987). The common features to the LAB in all of these settings are: a 

density contrast between the lithosphere and asthenosphere (the lithosphere being 

lighter by -15%), a change from ductile behaviour within the asthenosphere to elastic 

behaviour within the lithosphere and a reduction in the geothermal gradient within the 

lithosphere. These differences do not all occur at the same depth for a given section of 

the upper mantle, which is the cause of the different estimated depths of the LAB using 

different methods (see Kearey & Vine, 1991, for example).

The changing physical properties encountered in the LAB cause ascending 

magmas and fluids to change their styles of migration at the LAB which can radically 

alter their evolutionary paths. At 150-200 km depth the model for kimberlite density 

presented in chapter 4 predicts a density for PKM of 3.1-3.3 gcm”̂ , between the 

asthenosphere and lithosphere density, thus the PKM will pond at the base of the 

lithosphere. The usual fate of mantle proto-kimberlitic melt is, therefore failure by 

freezing at the density boundary layer of the LAB.
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6.3.2 Metasomatism of the Lithosphere.

During freezing the PKM will exsolve the majority of its volatile components 

into the carbonic fluid fraction described above. This 'fluid' (CFF) will be significantly 

less dense than the PKM parent and as such will be free to enter the lithospheric mantle 

and there react with it. The migration of the CFF into the overlying lithosphere will, in 

many cases effectively cut its equilibration ties with the PKM and allow successive 

fractions of fluid to flux throuch the lithosphere, each producing their own unique 

petrological i  signature. The CFF is likely to be strongly out of equilibrium with the 

depleted lithospheric mantle (SCLUM of Eggler, 1986) and will react with it to produce 

the metasomatic assemblages of depleted mantle origins found in xenoliths in 

kimberlites. Experimental evidence (Minarik & Watson, 1995) suggests that as low as 

0.05 wt% carbonate melts form interconnected networks with olivine, which would 

allow the CFF to effectively penetrate the lithosphere.

a) Metasomatic mineral suites.

The mineral assemblage crystallised would depend on the depth of the LAB, in 

particular with respect to the stability curves of phlogopite, amphibole and garnet. 

Detailed studies of mantle xenoliths from Kimberly (Erlank et al, 1987) reveal a series 

of metasomatised peridotite suites with major phases defining: garnet peridotite (GP); 

garnet-phlogopite peridotite (GPP); phlogopite peridotite (PP) and phlogopite-K- 

richterite peridotite (PKP). Jones et al  (1982) studied xenoliths from Bulfontein mine, 

S. Africa and found a series of complex metasomatism involving phlogopite and K- 

richterite replacing pyroxene and spinel and late stage veining ("recrystallisation zones") 

of serpentenite, high titanium phlogopite, Mg-ilmenite and minor carbonate and Ti, 

LREE bearing minerals. Additionally, Dawson & Smith (1977) have identified the 

distinctive MARID (mica-amphibole-rutile-ilmenite-diopside) suite of South African
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xenoliths which they considered to represent the late-stage, 'pegmatitic' products of 

kimberlite crystallisation in the lower lithosphere.

The different suites of metasomatic rocks can be interpreted as follows:

The garnet peridotite suite is generated at depths between 180-280 km where 

garnet and phlogopite can coexist (Sudo & Tatsumi), but reducing depth and increasing 

metasomatism produces phlogopite at the expense of garnet. The depth of formation 

and relatively fertile primary mineralogy imply that these xenoliths probably originated 

in the shallow asthenospheric (compositionally defined) mantle. K-richterite is stable 

across this depth range, but requires high water fugacities.

The Bulfontein suite of Jones et ah (1982) are the product of metasomatism of 

sub-cratonic lithospheric upper mantle (SCLUM). This is initially depleted, by the 

Archean crust-forming event and the rheological properties of the lithosphere prevent 

convective mixing and refertilisation of the SCLUM. Spinel and orthopyroxene (2.7 

wt% AI2 O3 ) are the stable aluminium-bearing phases and metasomatic reactions 

between the CFF and SCLUM produce phlogopite and amphibole intergrown with and 

replacing spinel and pyroxene (for example #3057; figure 2 of Jones et a l,  1982). The 

two phases of late stage veining show increasing Ti and REE and hydrous affinities, 

with common serpentenisation and are similar to the MARID suite of xenoliths. 

Therefore, I interpret these late-stage metasomatic veins as products of wall-rock 

reaction with a kimberlite final melt fraction. This final melt fraction will be saturated in 

volatiles and significantly less dense than the original PKM, allowing migration into the 

lithosphere and additionally, the exsolution of a vapour phase is sufficient to cause the 

increase in volume necessary for fracturing of the lithosphere and vein formation.
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There are probably several phases of kimberlite ponding at the LAB before 

there is sufficient volatile charge to allow kimberlite extraction and each 'failed' 

kimberlite will add its own metasomatic print to the surrounding mantle.

b) Coated-stone diamond.

The low geothermal gradient within the sub-cratonic lithosphere causes the 

diamond-graphite equilibrium to be at low pressures, within the lithosphere 

(intersecting the 1000°C isotherm at approximately 120 km depth) and allowing the 

thermodynamically stable existence of diamond. Diamond cores are generally of 

Archean age and would have formed towards the end of the Archean crust-forming 

event, in the thick Archean lithosphere, possibly directly from a sulphide melt.

Haggerty (1986) proposed that another source of carbon for diamond growth in 

the sub-cratonic lithosphere is thermal cracking of carbon gas species to produce a 

"high pressure soot". The result of such cracking is the addition to the lower 

lithosphere of ultra-fine carbon along silicate grain boundaries, as observed in some 

mantle xenoliths (Mathez & Delaney, 1981), some of which in the absence of a catalyst 

would remain as metastable graphite, or at least diamond growth would be inhibited by 

low rates of grain boundary diffusion for carbon. Additional carbon may be supplied 

by redox reaction in CO2 and CH4  rich fluids, including carbonates, but this is more 

likely to have been important in formation of diamonds in the (highly reduced) 

transition zone, as discussed in chapter 5. Thus the metasomatising CFF would enter 

the diamond-stable region of the lithosphere (at depths greater than 150-180 km) with 

diamond seeds and a supply of elemental carbon.

I suggest that coated-stone and cubic-microdiamonds form by catalytic action of 

the carbonic 'fluid' on the high-pressure soot of Haggerty (1986) by the mechanisms 

discussed in chapter 5. The 'fluid' inclusions found in coated stones and cubic
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diamonds are cognate to the CFF and represent an immiscible fraction to the PKM. 

Thus coated-stone type diamond is a metasomatic mineral.

6.3.3 Micaceous and Non-Micaceous Kimberlite: Equilibrium versus Disequilibrium 

Immiscibility.

a) Metasomatic reactions for phlogopite growth.

The following reactions can be invoked for the growth of phlogopite and K-

richterite from unaltered mantle assemblages plus potassic fluid:

From garnet peridotite;

2 K2O + 8 H2O + SMgSiOg + CaMg5Al4Si6 0 2 4  

fluid fluid enstatite garnet

=  2 K 2 M g 6 A l2 S i6 O 2 0 (O H )4  +  C a M g S i2 0 6  (1 )

phlogopite diopside

K 2O +  2H 2O +  2M g 2S i0 4  +  C aM g5A l4S i6024  

fluid fluid forsterite garnet

K2Mg6Al2Si602o(OH)4 + MgAl204 + MgSiOg + CaMgSi206 (2)
phlogopite spinel enstatite diopside

3 K2 O + 5 H2 O + lôMgSiOg + CaMg5Al4Si6024
fluid fluid enstatite garnet

= K2CaMg5Sig022(0H)2 + 2K2Mg6Al2Si602o(OH)4 + 2Mg2Si04 (3)
amphibole phlogopite forsterite

K2O + H2O + 2MgSiOg + CaMg5Al4Si6024
fluid fluid enstatite garnet

= K2CaMg5Sig022(0H)2 + 2MgAl204 (4)
amphibole spinel
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From spinel peridotite:

Si02 + K2O + 2 H2O + SMgSiOs + MgAl204
fluid fluid fluid enstatite spinel

= K2Mg6Al2Si6O20(OH)4 (5)
phlogopite

From peridotite:

2Si02 + K2O + 2 H2O + 4MgSi03 + CaMgSi206 
fluid fluid fluid enstatite diopside

= K2CaMg5Sig022(0H)2 (6)
amphibole

Note that enstatite and forsterite are interchangable because of the silicate component in 

the fluid:

2MgSi03 = Mg2Si04 + Si02 (7)
enstatite forsterite fluid

The intergrowth between phlogopite, spinel and amphibole seen in the 

Bullfontein suite is explicable in terms of a combination of reactions 2 and 6 and the 

phlogopite mantling the spinel symplectite may have grown via reaction 5. It is worth 

noting that most of reactions 1 to 6 require consumption of excess silica, either by the 

convertion of enstatite to forsterite, or from the melt. These are equivalent and both 

types of reaction probably occur within the metasomatising mantle until enstatite is 

consumed. Reaction 2 is the only reaction which increases silica activity and* 

petrological evidence suggests that this is coupled to reaction 6, which consumes the 

pyroxene produced.

It can be seen that the main components lost from the CFF are potassium, water 

and silicate, causing the fluid to become increasingly carbonatitic in character. This has

224



important implications for the evolution of the PKM, if the CFF is able to re-equilibrate 

with it during metasomatism. Re-equilibration is likely during the diapiric rise stage of 

the PKM evolution, but is probably only partial at the most once the lithosphere has 

been reached.

b) Evolution of the carbonate and silicate melt fractions by metasomatism.

Figure 6.2 shows a sketch of the probable phase relations determined for the 

system K2C0 3 -M gC0 3 -M gSi0 3  at 5 GPa. This represents a highly simplified 

analogue to the evolving proto-kimberlitic system within the asthenosphere. The 

silicate-rich portion of the 2-liquid field-boundary represents the PKM and the potassic 

region represents the CFF. Also indicated are the (silicate) melt and (carbonic) 'fluid' 

evolution trends caused by silicate crystallisation from the melt and mantle 

metasomatism by the fluid fraction.

The possible metasomatic reactions given above show the general trend of fluid 

fractionation to be the subtraction of poatssium and silicate from the CFF. The 

behaviour of water is not displayed on this diagram, but the metasomite phase 

assemblages are all strongly hydrous, thus the CFF also becomes increasingly carbonic 

in nature, following path (b). Re-equlibiration with the silicate melt would cause the 

loss of potassium and the dissolved volatile species within the PKM would become 

increasingly carbonate-rich (a). If the PKM was not allowed to re-equilibrate with the 

immiscible fluid phase during fractionation, the melt would become increasingly silicate 

poor, increasing in potassic and volatile content (in both CO2 and H2 O) and separating 

an increasingly potassic fluid phase. Thus a distinguishing feature between equilibrium 

and non-equilibrium mantle metasomatism may be the potassium to carbonate ratio of 

the residual kimberlite; 'equilibrium' kimberlites should have low K/CO2 .
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Natural kimberlites fall into two main types, based on composition: the 

micaceous and the non-micaceous kimberlites (corresponding to the Group II and 

Group I kimberlites from South Africa). Micaceous kimberlites are characterised by 

high potassium and H2 O and low carbonate contents, with groundmass and 

phenocrystal phlogopite and low megacryst contents, whereas non-micaceous 

kimberlites have calcite as a groundmass phase and in segregations and veins and are 

rich in megacrysts.

MgSiG
P = 5 GPa

Fract

En
2L

Me

MgCQ

Figure 6.2 Sketch of phase relations in the simple analogue to PKM presented in plate 4.6. The field 

of liquid immiscibility is labelled 2L, with possible tie-lines in feint dots, other phase fields are 

labelled with the liquidus phase and delineated with dashed lines. "Meta trend" and "Si fract" refer to the 

subtraction trends caused by metasomatism and silicate (enstatite) crystallisation. The arrows on the 

immiscible field boundary show the direction of fractionation of the melt (a) and 'fluid' (b) phases.

Non-micaceous kimberlites might, therefore represent the products of re

equilibration between the PKM and CFF phases during mantle metasomatism, whereas
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micaceous kimberlites would represent divergent evolution paths, with 'batch 

immiscibility' in the PKM. Disequilibrium evolution of the PKM is easily explained if 

the main chemical evolution of the PKM occurs at the LAB, but equilibration with the 

CFF is more difficult to explain by this mechanism. One mechanism, alluded to above, 

for producing equilibration between the PKM and the CFF is for chemical evolution to 

occur mainly during the diapiric ascent phase of magma migration, within the 

asthenosphere. This would also allow cognate megacrystic growth in non-micaceous 

kimberlite at depths where the megacryst phases would be buoyant within the PKM.

Group I and Group II kimberlites are distinct in terms of their trace-element and 

isotopic chemistry (Smith et a l, 1985) as well as being respectively 'calcitic' and 

micaceous. Group I kimberlites are characterised by high initial l^^Nd/^^Nd and low 

initial ^^Sr/^^Sr and have trace element ratios reminiscent of asthenospheric mantle, 

whereas Group II kimberlites have reverse Nd and Sr trends , high La/Nb and Ba/Nb 

and trace element ratios typical of the DUPAL mantle source (Taylor et a l, 1994). The 

DUPAL anomaly is thought to arise from an ancient enriched mantle component, stored 

in a convectively isolated portion of the upper mantle (Sun & McDonough, 1989; 

Weaver, 1991). Such convective isolation can occur beneath ancient cratons (e.g.; 

Ballard & Pollack, 1987) and the 'DUPAL' source for South-African kimberlites is 

probably the SCLUM of Bggler (1986). Therefore, it appears that Group II kimberlites 

have equilibrated with the solid mantle to some extent with the lower lithosphere or 

upper asthenosphere, whilst Group I kimberlites have equilibrated with the mantle and 

CFF at lower levels, in agreement with the evolution model which I propose above.

Some non-South African micaceous kimberlites show geochemical 

characteristics more closely akin to Group I kimberlites and some phlogopite-bearing 

kimberlites from the south-west Kaapvaal Craton have geochemical characteristics 

intermediate to Group I and Group II kimberlites (Taylor et a l, 1994) which suggsts 

that the DUPAL source is of limited extent beneath Archean cratons.
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6 .3 .4  Kimberlite Eruption.

Although PKM reaches a density barrier to migration at the LAB, kimberlites 

are found at the Earth's surface. The reactive kimberlite must travel rapidly through the 

lithosphere to avoid being consumed by metasomatism and requires exceptional 

lithospheric conditions for sucessful emption. Thus kimberlite provinces are rare but 

where the lithosphere allows, there may be many kimberlite occurences repeated 

throughout geological history.

a) Emplacement speed based on xenolith size.

Eggler (1986) has reviewed the arguements pertaining to speed of emplacement 

of kimberlites. Diamond preservation would at first sight appear to indicate rapid 

emplacement, but Eggler points out that there is no experimental evidence for rapid 

diamond loss by graphitisation, combustion or dissolution and that the ubiquitous 

occurrence of diamond where kimberlites contain diamond-indicator garnets is evidence 

of their longevity (Boyd & Gurney, 1986).

Ascent rates can be calculated from my predicted kimberlite density and 

viscosity (chapter 4) and the density and maximum size of xenoliths in kimberlites. An 

upper limit for xenolith sizes of 10 cm diameter and an atmospheric-pressure density 

for gamet-peridotite of approximately 3.2 gcmr^ are reasonable, conservative estimates. 

Using the predictions from chapter 4 of kimberlite density (at atmospheric pressure) of 

2.55-2.65 gem-3 and a viseosity ICfl Pas, estimated ascent velocity is between 110 and 

130 kmh'l. The density contrast at mantle pressures is a lot smaller than at atmospheric 

pressure and consequently initiation of emplacement within the lithosphere need not be 

this rapid. The high velocities necessary to carry large xenoliths to the surface are 

probably caused by explosive degassing of the magma at relatively shallow (diatreme 

facies) levels. Recalculating for pressure and temperature conditions corresponding to
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150 km depth produces an estimated ascent velocity of 10-30 kmh'^. Even so, this 

suggests maximum emplacement times, from LAB to upper crust, in the order of 5-25 

hours.

b) Mechanism of emplacement: the driving force.

For such high emplacement rates, the mechanism of emplacement must be via a 

conduit rather than by percolation or diapiric rise. Kimberlites often surface in fracture 

zones, suggesting that they utilise pre existing crustal weaknesses. However for 

extraction of the PKM (which ponds at the LAB due to negative buoyancy), there must 

be a significant alteration of magma properties. I would suggest that in the late stages 

of CFF-wall rock reaction as the 'non-volatile' components (potassium, silica, cations) 

are consumed, the CFF becomes increasingly 'vapour'-like with a high specific 

volume. The positive volume change associated with formation of this late stage 

vapour can initiate or reactivate deep lithospheric fracturing (in a manner analagous to 

auto-intrusion of igneous bodies by late-stage pegmatites) and that the fluid-saturated 

kimberlite is free to escape along these opening fissures. The concentration of volatiles 

necessary for this probably requires the 'charging' of a region of LAB by several 

'failed' kimberlites before successful emplacement occurs.

c) Failed kimberlite and primary mantle carbonatite.

It seems likely that, if kimberlite emplacement involves crack propagation in the 

lower lithosphere, some kimberlites will be unsuccessful at reaching the Earth's 

surface. In this case, the deep intrusive kimberlite will fractionate within the 

lithosphere, along the line 'Si Fract' in figure 6.2 and then along the silicate-carbonate 

cotectic. The successive removal of magnesium silicates causes the melt to become 

increasingly carbonate-rich and the equilibrium carbonate melt composition becomes 

increasingly calcitic with at lower pressure, causing widening immiscibility (figure
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6.1), thus a highly calcitic or dolomitic carbonatite will segregate at depths below about 

50 km, highly charged with volatiles. This carbonatite will occasionally succeed in 

reaching crustal fissures and thus escape to produce the so-called 'primary mantle 

carbonatite' of Bailey (1993). The probability of this sequence of events occurring is 

low, hence the rarity of such 'primary' carbonatites, but their isotopic signatures and 

almost ubiquitous occurrence within kimberlite fields is evidence of their genetic link 

with evolved PKM.

An alternative source of primary carbonatite is, however possible by the direct 

melting of carbonate metasomatised lithosphere. The first melt in carbonated peridotite 

is carbonatitic at pressures greater than 2.5 GPa and late-stage metasomatic veining by 

kimberhtes causes carbonate enrichment within the lower lithosphere.

6.3.6 Partial Melting of Lithospheric Metasome: Alkaline Igneous Complexes.

Occasionally, the charging of the lower lithosphere by CFF metasomatism will 

be sufficient to cause larger-scale melting. Such melts would be silica-undersaturated, 

potassic and have a carbonate-partitioning trace-element signature over kimberlites 

(high in LREE's, low in Ti, Zr; Sweeney et al., 1992; Sweeney, in prep). They will 

also be less dense than the surrounding lithosphere, being a melt derived from 

lithosphere and light-fluid components and thus able to migrate by percolation or 

diapiric rise. I postulate that it is the evolution of these lithospheric metasome melts 

within the shallow lithosphere which give rise to the alkaline igneous-carbonatite suite. 

Such a model agrees well with petrological constraints on extraction depth of Tanzanian 

melilitites (Church, 1995) and explains their unusual trace-element and isotopic 

signatures.
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Figure 6.3 Diagram summarising the origins of kimberlites, carbonatites and alkaline igneous- 
carbonatite complex rock types (not to scale). The various magma paths are explained in the text. Sp- 
and Gt-Bull suites are the Bullfontein (metasomatic) xenolith suites containing spinel and garnet 
respectively. MARID suite comes from 'failed kimberlite'. LAB = lithosphere-asthenosphere 
boundary; CFF = carbonic fluid fraction; PKM = proto-kimberlitic melt; SCLUM = sub cratonic 
lithospheric upper mantle.
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A recent review of melilitites (Wilson et a l,  1995) has highlighted a dip in 

mantle normalised trace element ratios in potassium. This is consistent with extraction 

of an immiscible calcic-carbonatite at shallow depths, where the immiscible field has 

widened sufficiently to cause significant alkali partitioning.

6.4 Summary.

The various aspects of the model are summarised in figure 6.3. The 

metasomatised xenoliths common in kimberlites are products of reaction and freezing of 

kimberlite (MARID suite) or the carbonic fluid fraction (Bulfontein suite). Non- 

micaceous kimberlites are the product of re-equilibration with the metasomatising 

fluid (evolution within the asthenosphere) and micaceous kimberlites have undergone 

only limited re-equilibration (evolution at the LAB). Group II kimberlites are 

micaceous and show geochemical evidence of having evolved within Archean, enriched 

sub cratonic lithosphere (DUPAL SCLUM). The high frequency of megacrysts in 

non-micaceous kimberlites can be explained in terms of neutral buoyancy of the 

megacryst suite at the greater depth of evolution of these kimberlites. Coated stone- 

type diamond and cubic diamond are the products of diamond growth catalysed by the 

carbonate-rich CFF, within the lithosphere. Primary mantle carbonatites are the late- 

stage fractions of PKM or, within the mid-to-upper lithosphere, a late stage immiscible 

segregate from 'failed kimberlite. Alkaline-igneous complexes arise from molten 

lithospheric metasomite which rise to shallow levels within the lithosphere before 

ponding.
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7 SUMMARY AND SUGGESTIONS FOR FURTHER W ORK

It is perhaps inevitable that much scientific research seems to raise as many 

questions as it answers. All of the experimental fields studied here appear to produce a 

self-consistent model for kimberlite and carbonatite evolution within the upper 

asthenosphere and lower lithosphere, however, the compositions used are highly 

simplified ('clean') from the natural compositions and the effect of additional 

components is not experimentally constrained. The main thrust of further work should, 

therefore be directed towards development of experimental systems which include 

'dirty' natural compositions. In particular:

* The carbonate-silicate phase relations studied here were unique in displaying 

definite liquid immiscibility to high pressure and the common carbonate melt 

preservation as glasses enabled the identification of such immiscibility. It is possible 

that similar immiscibility is present in other experimental melting studies of carbonate- 

silicate mixed compositions, but small immiscible melt droplets may be obscured 

by quench crystallisation. The presence of a large field liquid immiscibility at 

high pressure has wide ranging implications for kimberlite and carbonatite genesis, 

but experimental measurement of molten carbonate-molten silicate partitioning is 

necessary in order to thoroughly test the new model for kimberlite evolution presented 

in chapter 6.

* Successful in situ measurement of carbonate melt density and viscosity at 

pressures up to 5 GPa allowed the derivation of values for compressibility and thermal 

expansivity, in good agreement with previous estimates and the effect of temperature 

on viscosity was observed. A simple model for predicting kimberlite density was 

developed, which predicted extraction depths for macrocrystic kimberlites of 200-300 

km depth, in good agreement with petrological constraints. Development of the in situ

237



method of viscosity measurement is necessary before direct measurement of kimberlite 

viscosity will be possible:

1) The higher temperatures necessary for silicate melting will cause significant 

convection in the present cell design. The use of various resistivity grades of graphite 

has been suggested as a mechanism for reducing thermal gradient along a cylindrical 

furnace (Kawashima & Yagi, 1988). Alternatively, shorter fall distances are necessary 

to reduce thermal gradients.

2) The use of lower density sphere materials (then gold and platinum) has been 

successfully demonstrated to improve precision in density measurement, but small 

sample volumes require small sphere sizes. Sphere size could be significantly reduced 

without significant reduction in shadow contrast if the X-rays were tuned to the K-edge 

of the sphere material. This requires the use of low Z insulator materials around the 

furnace, such as boron water glass. The effect of water (and boron) contamination on 

carbonate viscosity was shown to be negligible in the present study, but if there is any 

polymerisation in the kimberlitic melt, these two contaminants will significantly reduce 

viscosity. Therefore, a new low Z thermal insulator without volatile components is 

necessary for accurate experiments using kimberlite composition samples. Possible 

candidates include chromium doped magnesia and magnesia-spinel.

* The successful in situ measurement of such extremely low viscosity melts

demonstrates the possibility of determining the effect of pressure on liquid iron

viscosity. Poirier (1991) has suggested that viscosity at the melting point should be

independent of pressure, for Arrhenius behaviour. This was not the case for the

carbonate systems under study, but in a binary system, the effect of pressure on 

eutectic composition obscures the "pure" end-member behaviour. If (Fe) is

independent of pressure, the viscosity at the inner-outer core boundary can be precisely
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known, greatly aiding geophysical models. Because pure iron will melt isothermally, 

this technique would also provide an implicit measure of Tm (Fe).

* Diamond growth using carbonate catalyst has been successfully performed at 

geologically relevant pressures and temperatures. Schrauder & Navon (1993) have 

determined pressure of entrapment of CO2 'fluid' inclusions along a mantle geotherm 

of 7-8.5 GPa, just below the pressure of intersection of our diamond synthesis region 

with the mantle geotherm. Additionally, initial experiments on carbonate redox have 

generated small yields of graphite, metastably within the diamond stability field. 

Synthesis of large diamond crystals (>50 |im) is a complex process, requiring tight 

control of thermal and chemical gradients as well as the reduction of nucléation sites 

within the sample. It is, however important to produce large carbonate-catalysed 

diamonds for spectral characterisation and comparison with natural diamond samples.

New rapid and non-destructive techniques are being developed for the analysis 

of diamond inclusions (Milledge, pers. comm.) which should increase the database of 

inclusion composition and allow experimental synthesis studies on more geologically 

realistic compositions to test for genetic links between the various inclusion suites and 

diamond.
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APPENDICES 

APPENDIX lA  Experimental Pressure Calibration

AlA.l  Piston-Cylinder.

Calibration was made using the calcite-aragonite curve of Carlson (1980) shown in 

figure Al . l ,  in the region 1 to 2 GPa. This system was chosen as calibrant for the availability 

of sample and because the temperature range of reaction (450-700°C) at this pressure range 

was directly applicable to the temperature range of the experimental study. The alternative 

reaction albite = jadeite + quartz (Holland, 1980) is equally good for pressures above 1.5Gpa, 

but was not chosen since the high dP/dT causes reaction temperatures to be too low at lower 

pressure (<400oC at 1 GPa), which causes unrealistically low efficiency of pressure 

generation and low reaction rates. Starting material was a finely ground 50:50 mixture of 

natural calcite and aragonite.
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Figure A l . l  The calcite-aragonite reaction curve of Carlson (1980). Boxes represent uncertainty and dashed 

lines show metastable equilibria in calcite.
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Reaction direction was determined by powder XRD, with reference peaks chosen to 

avoid interference by nearby peaks (calcite: (1,0,4) = Cl; (1,1,3) = C2; (018) = C3; aragonite: 

(1,1,1) = A l; (2,2,1) = A2; (0,1,2) = A4; (1,1,3) = A9). Peak ratios; A1:C1, A2:C4, A4:C2, 

A9:C2 were measured, with half-width-peak-height taken as a measure of peak intensity. 

These were divided by the same ratios for the reference pattern of the starting material and 

averaged. Values over 1 represented growth of aragonite and those less than 1 represented 

calcite growth, although a variation of more than 0.15 was taken as necessary criteria for 

reaction. Figure A 1.2 shows powder diffraction patterns for the starting mixture and growth 

of calcite and aragonite. Figure A1.3 shows the experimental calibration curve for the 1/2- 

inch piston-cylinder using talc-BN assemblies.
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Figure A1.3 Experimental results and calibration curve for 1/2 inch piston-cylinder (superimposed on 

Carlson's 1980 phase relations). Numbers by run symbols refer to the peak index (>1 = aragonite grown, <1 = 

calcite grown) Squares = calcite stable; triangles = aragonite stable; diamonds = no significant reaction. 

Letters (b) and (c) identify experiments with powder diffraction patterns displayed in figure A 1.2 ((b) and (c) 

respectively).
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The pressure reduction due to friction and internal strength of the cell can be seen to be 

0.15 GPa at low pressure, rising to 0.25 GPa at 2 GPa. An average pressure correction of 

-12.5 % on nominal pressure is a good approximation to the generated sample pressure in the 

P-T range o f the current experiments and is considered to be accurate to 0.05 GPa.

A1A.2 M ulti Anvil Press.

a) Room  temperature calibration.

Pressure calibration at room temperature was performed using variations in resistance 

associated with the transitions Bi I-II (2.55 GPa), Ba (5.5 GPa), Bi III-V (7.7 GPa) (Yoneda 

& Endo, 1979) and Sn (9.4 GPa). Resistance cells were assembled as shown in figure A 1.4. 

Resistance was measured using a Kelithley DMM, which provided a digital output to a chart 

recorder.
Calibrant I

Calibrant II

PTM Au/Cu electrode

Pyrophyllite

Figure A 1.4 Room temperature calibration cell for Walker-type MAP (one or two calibrant materials can be 

tested simultaneously).
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In this manner, resistance variation could be plotted directly against oil pressure 

(figure A1.5, for instance). Sheets of calibrant metals approximately 50p.m thick were 

prepared, by rolling (for Ba and Sn) or melting between glass slides (for Bi), and cut into 

strips 7mm by 500)im for use in the cells. Barium rapidly oxidised and was prepared under 

oil and coated in an additional drop of oil within the assembly. This procedure can cause 

blowout, so Ba cells were used sparingly and reproducibility was confirmed using only Bi 

and Sn cells. Figure A 1.6 shows pressure generation efficiency and reproducibility for the 

experimental method described above.
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2000 60004000
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Figure A 1.5 Sample resistance variation with oil pressure for calibration using Bi and Ba in single cell.

The cell with the pyrophyllite fin-gasketing is less efficient at room temperature but 

shows slightly higher reproducibility than the pure 'Ceramcast' cell (figure A 1.6). The 

improvement in reproducibility is probably due to the trapping of small bubbles in the fin 

region during casting of the 'pure' cell. The large volume of the pressure cavity allows better 

casting and bubbles within this region are rare. Pyrophyllite fins remove the problem of
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gasket bubbles and deform less during heating, causing less pressure loss during heating. 

Therefore, precision in pyrophyllite-gasketted cells is up to twice that of 'pure cells'.
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Figure A 1.6 Efficiency and reproducibility of pressure generation for cells with and without pyrophyllite fin 

gaskets.

b) High temperature calibration.

Pressure generation at high temperature in the Walker-type MAP was calibrated using 

the phase equilibria fayalite-spinel (Yagi et a l, 1987) and coesite stishovite (Yagi & Akimoto, 

1976). Phases were identified using powder XRD. Starting materials were synthetic fayalite 

(A. Woodland) and spec, pure Si02 (quartz structure, BDH) and experimental durations were 

30 minutes, by which time reaction was largely complete (except fro P-T conditions very 

close to the equilibrium) (figure A 1.7). Experiments were not normally reversed, except for 

one fayalite-spinel experiment, near the equilibrium, where spinel from a previous experiment 

was used as starting material. This experiment showed nearly complete reaction, despite
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being just in the fayalite stability field. Therefore, reversal was not considered routinely 

necessary.

1500

Fa-Sp

3
2 1000 
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Figure A 1.7 Experimental pressure calibration at high temperature using the fayalite-spinel (Fa-Sp) and 

coesite-stishovite (Co-St) reactions. The solid curves are the equilibria o f Yagi et al., 1987 and Yagi & 

Akimoto, 1976. Triangles are for the MgO-gasketted ('pure' PTM) and Squares for pyrophyllite gasketted 

octahedra. Solid region of symbols represents approximate proportion of high-pressure phase after quenching.

High temperature presssure calibration and pressure reproducibility tests (at room 

temperature) suggest that quoted MAP pressures are accurate to and precise to 0.2 GPa. The 

lower room temperature efficiency of the pyrophyllite gasketted assembly is negated at high 

temperature by the low pressure reduction due to ductile flow of the gasket region during 

heating. High pressure efficiency is comparible between the two cells.
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APPENDIX IB; Development of Experimental Equipment.

AIB. 1 Electrical Contact Within the Walker-Type MAP.

The system described below was developed largely by R. Rabe and has significantly 

contributed to the smooth operation of the MAP at UCL. These developments have not been 

documented elsewhere, so it is important that they are included in a description of the 

operation of this Walker-type MAP.

All high pressure experiemnts in MAP's rely on sound electrical contacts being made 

with various components within the PTM: room temperature calibration relies on precise 

measurement of small changes in resistance of metals or semi-conductors, during phase 

change; high temperature experiments rely on large currents being supplied to the furnace 

arrangement, detection of low thermocouple E.M.F. and the two being electrically isolated. 

At high pressure, accessing the pressure cavity with insulated terminals is a non-trivial 

operation. Immediate contact can be made with the PTM either via the gasket region (direct 

take out of wires), or using the WC anvils as terminals. The former technique is useful for 

extracting thermocouple signals from arrangements with a central thermocouple (e.g.; 

diamond growth experiments), because the cold junction can be made outside the MAP, at 

known reference temperature. This arrangement is practically useless for inputting furnace 

power, because the heating supplied to the gaskets would normally cause blow-out. 

Additionally, it is often advantageous to insert the thermocouple axially, from one end of the 

furnace and extract the thermocouple e.m.f. via the anvils. Therefore, it is necessary to 

provide good electrical continuity between some anvils and the external electronics whilst 

insulating anvils from each other.

Electrical insulation is provided by the gasket region around the PTM and the fibre- 

glass sheeting around the anvil set (figure A1.8). The system for providing electrical contact 

used by Walker (Walker et a l, 1990) consisited of copper foil looped over a slot in the fibre-
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glass sheet, with a wire folded into the external region o f the foil (figure A 1.8.a). This 

system is liable to electrical noise during pressure calibrations, due to shear between the wire 

and foil and additional problems caused by cutting of the foil around the fibreglass sheet. 

Additionally furnace heating was applied via the sliding wedges; the load capacity being 

limited by the thickness o f the copper foil, which acted as a fuse. The new design is to 

replace the foil-wire arrangement with a press-fitted copper lug, which contacts the WC anvil 

with the sliding wedge (figure A l.S .b). Good electrical contct is ensured, after assembly of 

the anvil nest, by melting a small blob of solder onto the copper lug so that it is proud o f the 

fibre-glass sheet. Solder is sufficiently soft to deform in the initial compression stage, 

leaving the terminal in intimate contact, without affecting pressure generation or producing 

mechanical anisotropies. The wedges, therefore act as terminals to the anvil

Figure A 1.8 Alternative terminals to the WC anvils. A) the original Walker design and B) the new press-fit 

copper lug design.
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nest, allow ing up to six contacts to be made in addition to direct contacts. The w edges 

themselves are accessed by external electronics via terminals on the end plates, produced by 

etching a disc o f single-sided PCB (which fits the inner diameter of the end-plate) into three 

conducting segments, such that each segment contacts the base of only one wedge (figure 

A 1.9.a). This system ensures that all of the contacts are in compression, im proving with 

increasing pressure, and that there are no weak spots in the circuit. The use of wedges with

thermocouple 
termina

furnace
terminal

copper through-lugs 
(furnace wedge)

anvil

Aluminium

insulated 
securing screws

anvil location 
holes

soldered 
wire contacts

etched 
insulation track

mylar 
insulation sheet

furnace power 
terminal

Figure A 1.9 Exploded view of components of new electrical terminal system (top plate shown (new, UCL- 

type), bottom plate earths through the press as the furnace neutral). Wire pairs connecting to the PCB sheet 

channel through the end plate and exit from a terminal opposite the power terminal. Wedges are alligned 

during assembly with insulated pins which screw into the eedge base machining holes and fit in the anvil 

location holes. The other wedge base holes cover the solder contacts, ensuring they are not cracked at high 

pressure. The copper through lugs contact the wedges and the end plate and carry the furnace current.
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copper lug terminals (rather than copper foil) for furnace terminals allows effectively unlimited 

current to be applied without significant resistive heating of the terminals.

It is im portant that the PCB contacts do not short on the end-plate, except 

wherefurnace current is being carried. This is achieved by chanelling plastic-coated wires 

through the end-plate for solder contact with the PCB and fitting plastic lugs into the end-plate 

at the point of the solder joint (figure A 1.10).

wire connections

milled
slots

plastic insulator 
plugs

top/base-plate 
=furnace live_

aluminium
cover

pre-amplifier
slot

RS connecter

Figure A 1.10 Machining and wiring diagram for UCL-type end-plates. The position of PCB securing screws 

is marked for comparison with figure A1.9.

A IB .2 Sample mounting and polishing for EPMA.

Sam ples were m ounted in perspex discs using 'logitech' epoxy-resin. These discs 

were m ounted for analysis in an aluminium blank which fitted into the standard 1" by 2" 

glass slide holder of the electron micro-probe:
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perspe^samplejio^s 
2 inches

Figure A 1.11 Mounting system for probing of run-products.

The samples were polished using the following method:

1) After m ounting (under vacuum, to remove vapour from any sample cavities) in the 

perspex stubs and curing of the resin, the stubs were joined to brass polishing weights using 

melted 'lakeside' resin (wax in figure A 1.12). The bulk o f the waste m aterial was rem oved 

using 'wet and dry' abrasive (grit-no 1000) lubricated with oil plus propanol, until w ithin 

= 100 |Lim of the centre of the capsule.

2) Final polishing was achieved using a vibrating cloth lap ('vibrom at'). The 

polishing weights were held loosely vertical with a heavy brass holder (figure A T  12), which 

also stopped 'rattling' o f the sample holder which can destroy samples during polishing. The 

sample weight provided even pressure to all of the exposed sam ple and holding it vertical 

ensured a square, flat polished surface was produced. Initial polishing was perform ed using 

6 pm  diamond paste, with glycerine and final polish was with 1 pm  diamond paste.
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hot
wax

Figure A1.12 Brass polishing jig for preparing polished EPMA samples.
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APPENDIX 2A EPMA Analyses of Quench Materials.

A2A. 1 Piston-Cylinder Experiments.

Quench glasses and, in particular immiscible pairs of glasses were, where possible, 

analysed. Tables A2.1 to A2.4 show analyses of glass pairs or crystal-liquid pairs. All 

detected elements are shown. Probe results were normallised to mole % minerals:

[MgSiOs] = 100.[Si] / ([Ca] + [Mg] + {[K] + [Na] }/2);

[MgCOs] = 100.([Ca] -h [Mg] - [Si]) / ([Ca] + [Mg] + {[K] + [Na]}/2);

[K2CO3] = 100.([K] + [Na])/2.([Ca] + [Mg] + |[K] + [Na]}/2).

A2A.2 MAP Experiments.

Tables A2.4 to A2.8 are for analyses of rastered regions of quench material from 

sphere-containing experiments. The value W.F. is a weighting factor for calculating means 

(but not a) consisting of [analysis concentration] / magnification of rastered area. Analyses 

are presented as stoichiometrically recalculated for 6  oxygens, all detected cations displayed, 

the normalisation procedure is as above.

Tables A2.9 to A2.11 are for experiments involving enstatite in the starting material. 

The inter-cumulus melt composition in ##40 has probably been altered by quench overgrowth 

of liquidus crystals, but in the absence of chemical zonation, this is difficult to verify, hence 

this analysis is not plotted on figure 3.13. The presence of aluminium in the analyses of ##62 

(table A2.12) is probably due to contamination during preparation for EPMA: the samples 

were embedded in an aluminium stud (using the resin technique discribed above) and metal 

form the stud has contaminated the sample during polishing (A. Beard pers. comm.). The 

contamination trend is caused by mixing with the immiscible partner (see chapter 3) and tends 

through the bulk composition of the sample (50:50 l/2 (K2Mg(C0 3 )2 ) and MgSi0 3 .) Photo 

micrograph of immiscible textures in ##62 is presented in plate A2.1.
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Table A2.1 Glass in equilibrium with liquidus magnesite at 0.5 GPa, 500°C.

Mole% glass, 0.5 GPa, 500°C Mean 2o Liquidus magnesite, 0.5 GPa, 500°C Mean 2g

Si 0.05 0 0.11 0.06 0 0.04 0.10 0 0.09

Ca 0.17 0.02 0.10 0.14 0.20 0.17 0 0.50 0.03

Mg 13.55 12.75 14.13 12.33 32.25 2^52 27.38 28.42 29.05

K 27.78 30.86 29.61 32.50 . 2.26 3.60 1.63 1.75 1.65

Na 0.70 0.64 0.98 0.49 0.10 0.03 0.06 0 0.10

MgSiO] 0.18 0 0.37 0.21 0.19 0.31 0 0.13 0.35 0 0.30 0.15 0.33

MgC03 48.89 44.78 47.82 42.84 45.52 5.55 96.63 94.11 97.21 97.02 96.78 96.22 2.40

K2CO3 50.93 55.26 51.98 56.95 54.29 5.67 3.37 5.76 2.99 2.98 2.92 3.63 2.44

Table A2.2 Immiscible glass pairs quenched from 0.5 GPa, 650®C.

Mole% glass, 0.5 GPa, 650°C Mean 2o glass, 0.5 GPa, 650°C Mean 2a

Si 0.11 0.23 0 0.30 0 0.2 0.08 0 0.15 0.30

Ca 0 0.17 0.20 0.08 0.14 0.18 0.06 0.21 0.04 0

Mg 11.82 12.88 13.16 12.12 12.90 14.14 15.07 13.95 16.02 14.95

K 31.02 34.20 35.00 31.09 35.81 31.00 31.46 28.60 36.62 35.95

Na 0.59 1.08 0.88 0.74 0.90 0.35 0.70 0.47 0 0.20

M gSi03 0.40 0.75 0 1.07 0 0.43 0.94 0.67 0.26 0 0.44 0.91 0.46 0.71

MgC03 42.39 41.77 42.68 42.33 41.54 42.13 0.95 47.07 48.22 49.35 46.29 44.36 47.01 3.80

K2CO3 57.21 57.48 57.68 56.61 58.46 57.44 1.35 52.57 51.62 51.03 53.34 54.73 52.53 3.16
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Table A2.3 Immiscible glass pairs quenched from 0.5 GPa, 750°C.

Mole% glass, 0.5 GPa, 75Q0C Mean 2o glass, 0.5 GPa, 750OC Mean 20

Si 0.15 0.06 0.17 0.22 0 0 0.16 0.08 0.0 0.13

Ca 0.20 0.18 0.06 0.14 0.08 0.20 0.14 0.35 0.07 0

Mg 11.28 11.51 13.22 10.67 11.55 11.22 10.47 11.02 12.41 11.09

K 31.69 32.14 35.68 31.32 30.02 28.23 24.41 28.79 28.60 27.65

Na 0.74 0.13 0.98 1.06 0.40 0.61 0.70 0.01 0.23 0

MgSiOs 0.54 0.22 0.54 0.81 0.00 0.43 0.63 0 0.69 0.31 0 0.52 0.29 0.62

MgC03 40.91 41.80 41.53 39.22 43.33 41.36 2.98 44.20 45.11 43.81 46.40 43.99 44.71 2.15

K2CO3 58.55 57.99 57.93 59.96 56.67 58.22 2.38 55.80 54.20 55.88 53.60 55.49 54.99 2.07

Table A2.4 Immiscible glass pairs quenched from 1.5 GPa, 750®C.

Mole% glass, 1.5 GPa, 750°C Mean 2o glass, 1.5 GPa, 750°C Mean 2o

Si 0 0 0.2 0 0 0.13 0.14

Ca 0.19 0 0.17 0.15 0.22 0.33 0

Mg 14.21 14.42 13.49 14.05 10.19 10.25 11.00

K 30.05 31.17 30.34 30.94 35.35 34.89 34.92

Na 1.05 0.87 0.55 0.74 0.47 0 0

MgSi03 0 0 0.68 0 0.20 0.68 0 0.46 0.47 0.33 0.54

MgC03 48.08 47.37 46.24 47.27 47.15 1.52 36.75 37.30 38.18 37.48 1.44

K2CO3 51.92 52.63 53.07 52.73 52.64 0.97 63.25 62.24 61.35 62.19 1.90



Table A2.5 Rastered analyses of quench from ##46(unnamed component in label is always MgCOg)

MoIe% ##46; 80%K2C0 3 , 5 GPa, 850°C Mean 2a

Si 0 0 0.11 0.1 0.08 0.11 0 0

Ca - - - - - - - -

Mg 0.86 0.76 1.06 0.73 1.05 0.92 1.12 0.77

K 9.66 9.49 9.02 9.92 8.72 9.17 9.39 10.16

W.F. 0.14 0.23 0.12 0.11 0.15 0.10 0.11 0.15

MgSiO] 0 0 1.94 1.67 1.50 1.96 0 0 0.76 1.91

MgCOg 15.17 13.81 17.10 11.10 17.84 14.78 19.29 13.17 15.13 5.36

K2CO3 84.83 86.19 80.96 87.23 80.66 83.25 80.71 86.83 84.11 5.63

Table A2.6 Rastered analyses of quench from ##58

Mole% ##58;90%K2C0 3 , 5 GPa, 880°C Mean 2a

Si 0 0.04 0.02 0.04

Ca - - - -

Mg 0.76 0.75 0.90 0.79

K 10.43 10.24 9.98 9.96

W.F. 0.22 0.5 0.57 0.33

MgSiO] 0 0.60 0.41 0.68 0.46 0.52

MgCOs 12.78 12.19 14.84 12.94 13.35 1.99

K2CO3 87.22 87.21 84.76 86.39 86.18 2.02

Table A2 7 Rastered analyses of quench from ##43

Mole% ##43; 25%K2C0 3 , 5 GPa, 890°C Mean 2a

Si 0.09 0.27 0.27 0.23 0.19

Ca 0.16 0.14 0 0 0

Mg 1.36 1.55 1.86 1.64 2.11

K 8.43 7.14 6.55 6.83 6.46

W.F. 0.1 0.33 0.12 0.11 0.11

M gSi03 1.60 5.19 5.22 4.53 3.64 4.41 3.01

MgC03 24.91 26.90 30.95 27.94 35.82 28.70 8.50

K2CO3 73.49 67.91 63.83 67.53 60.54 66.89 9.72
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Table A2.8 Rastered analyses of quench from ##45

Mole% ##45; 50%K2C0 3 , 5 GPa, 990°C Mean 2a

Si 0.15 0.17 0.17 0.23 0.18 0.18 0.13

Ca 0.23 0 0 0.10 0.12 0.16 0.10

Mg 1.15 1.63 1.61 1.49 1.43 1.44 1.71

K 7.51 7.35 7.45 7.00 7.19 7.27 7.40

W.F. 0.06 0.12 0.17 0.19 0.28 0.28 0.13

MgSiO] 2.84 3.19 3.15 4.52 3.54 3.38 2.32 3.41 1.35

MgCOg 24,01 27.58 26.98 26.72 26.59 27.17 30.63 27.17 3.88

K2CO3 73.15 69.24 69.87 68.76 69.87 69.45 67.05 69.42 3.66

Table A2 9 Rastered analyses of quench from ##42

Mole% ##42; 50%K2C0 3 , 5 GPa, IIOO^C Mean 2a

Si 0 0.10 0 0 0.10

Ca 0 0.17 0.17 0 0

Mg 2.10 2.39 2.21 1.71 1.69

K 7.65 6.28 6.87 8.04 7.29

W.F. 0.09 0.10 0.05 0.05 0.04

MgSiOg 0 1.67 0 0 1.80 0.83 1.90

MgCOg 35.40 43.27 40.90 29.83 29.90 37.29 12.35

K2CO3 64.60 55.07 59.10 70.17 68.30 62.01 12.62

Table A2.10 Rastered analyses of quench from ##40

Mole% ##40; 25%K2C0 3 ,22.5%MgSi03  5 GPa, 850°C Mean 2a *

Si 0.88 1.05 1.02 1.13 0.94 1.14 0.86 1.03 0.88

Ca 0.17 0.10 0.11 0.12 0.11 0.10 0.14 0.10 0.15

Mg 2.71 2.80 2.50 2.34 2.87 2.70 2.61 2.31 2.64

K 1.78 1.12 1.89 1.69 1.34 1.03 2.20 2.05 2.12

W.F. 0.44 0.47 0.49 0.56 0.49 0.56 0.51 0.49

MgSiO] 23.23 30.41 28.64 34.35 25.80 34.29 22.21 30.17 28.86 9.22 22.92

MgCOg 53.11 53.49 44.76 40.08 55.80 50.23 49.20 39.92 48.13 12.22 49.58

K2CO3 23.66 16.10 26.60 25.57 18.40 15.47 28.59 29.91 23.00 11.32 27.51

* intercumulus melt bordered by liquidus enstatite and magnesite
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Table A l .  11 Rastered analyses of quench from ##47

Mole% ##47; 45%K2CO3, 10%MgSiO3 5 GPa, 1 lOO^C Mean 2a

Si 0.26 0.36 0.41 0.40 0.30 0.45

Ca 0 0 0 0 0 0

Mg 2.10 1.82 2.12 2.11 1.69 2.30

K 6.64 6.48 5.67 5.64 7.04 5.36

W.F. 0.08 0.15 0.10 0.10 0.06 0.08

MgSiOg 4.75 7.10 8.36 8.15 5.76 9.04 7.30 3.32

MgCOs 33.94 28.90 34.42 34.66 26.64 37.16 32.58 7.96

K2CO3 61.32 64.00 57.23 57.18 67.60 53.81 60.12 10.17

Table A 2 .12 Rastered analyses of quench from ##62

Mole% ##62a; 50%K2C0 3 .50%MgSi03  5 GPa, 1600°C Mean 2a

Si 0.58 0.61 . . .

A1 0.55 0.43

Mg 0.62 0.51

K 6.43 7.19

W.F. 1 1

M gSi03 15.04 14.90 14.97 0.19

MgC03 1.10 -2.48 -0.69 5.06

K2CO3 83.87 87.58 85.73 5.25

Mole% mib-. 50KM Q50M gSiQ3 5 (%  160CPC Mean 2a Cont. trend

Si 0.71 0.55 0.64 0.79 0.89 0.89

A1 0.07 0.15 0.14 0.18 0.18 0.41

Mg 1.64 1.61 1.55 1.33 1.65 1.31

K 5.48 5.99 5.75 5.58 2.24 4.48

W.F. 0.45 0.39 0.38 0.51

M gSi03 16.30* 11.97 14.50 19.07 15.74 5.98 32.29 25.15

M gC03 21.10 23.03 20.60 13.25 19.11 8.59 27.30 11.81

K 2CO3 62.60 65.00 64.91 67.69 65.15 4.16 40.41 63.04

* Also lies on contamination trend.
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APPENDIX 2B Two-Pyroxene Geothermometer.

A2B.1 Rationale.

The two-pyroxene geothermometer of Brey & Kohler (1990) (BKN) is based on 

interpolation of existing experimental data (Brey & Kohler, 1990; based on data from Carlson 

& Lindsley, 1988) up to 5 GPa. Experiments at 5 GPa are at the upper limit of the 

interpolated region and small increases in pressure produce large variations in calculated 

temperature in this region. Additionally, the necessity for measuring thermal gradient in 

diamond growth experiments provided impetus for extending the geothermometer to higher 

pressures.

A2B.2 Formulation.

The high pressure phase relations of Gasparic (1990) were used for this purpose. The 

formulation of Brey & Kohler for Kd was used:

Kd = ( 1 - Ca*)cpx/( 1 - Ca*)0P" ( 1 )

and Ca* = CaM2/(i-NaM2) (2 )

where all Ca is assumed to partition into M2, so Ca’*̂  ̂= total formula amount Ca calculated 

for 6 same for Na. For a rationale to Na correction for Ca, see Bertrand & Mercier 

(1985) and Brey & Kohler (1990). Iron was present in the starting materials, but correction 

was not made for its effect on partitioning.

Partitioning data were calculated from from Carlson & Lindsley (1988) between 2 and 

5 GPa and Gasparic (1990) to 16.5 GPa and plots of In (Kd)^ against 1000/T(K) were fitted 

linearly using a least squares regression . This provides parameters in the equation:

In (Ko)^ = A + B.IOOO/T (3)

where A and B are first order polynomials in P. A and B are found to be:
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A = -12.212-0.02699.P (4)

and B = 2.0738 + 0.01328.P (5)

Substituting (4) and (5) into (3) gives the resultant geothermometer:

_______ 20738 + 132.8.P
In (Kd)2 + 12.212 + 0.026989.P  ̂ ’

which is highly imperfect due to the presence of the ortho-clinoenstatite transition between 6

and 9 GPa at the temperatures of interest. The effect of this phase transition could be fitted to

within 25°C for all available experimental data to 14 GPa using a second order polynomial in

P. The new interpolated geothermometer:

^  "  In (K g )2 ^ rT f.2 1 2 ^ (b (^ 6 9 8 9 .P  ^ 0.02633P2 (7)

where T is in Kelvin and P is in kbar, fits the published partitioning data as shown in figure 

A2.1.

Thermal gradients within capsules were calculated using the new geothermometer and 

the BKN geothermometer and the new formulation produced gradients which extrapolated to 

within 50°C of the thermocouple temperature at the position of the weld, where as the BKN 

geothermometer was less reliable, producing extrapolated hot-spot temperatures in excess of 

lOO^C above the measured temperature by 8 GPa. The BKN geothermometer was used for 

experiments at pressures of 5 or less GPa since the corrections for extra cations are better 

developed in this geothermometer, but the new geothermometer was used for measurements 

of thermal gradients at pressures above 5 GPa.
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Figure A2.2 Isotherms in (a) high thermal gradient cell (top) at 5 Cîpa, calculated using the HKN 

geothermometer and (b) diamond catalysis cell at 8 GPa, calculated using the new geothermometer and HKN 

(values in italics). Clearly the calculated BKN temperatures are too high for experiments equilibrated at 

8.5 GPa.

263



Table A2.13 shows compositions of starting enstatites and diopsides. Enstatite was 

natural metamorphic enstatite from Bradsberg, Norway (BM 1928,285), diopside was 

metamorphic diopside of unknown locality (UCL collection: 8C:2(13)). Figure A2.2 shows 

calculated geothermal gradients in capsules using the BKN and the new geothermometer 

for high thermal gradient (melting) and diamond-synthesis experiments. As can be seen, the 

new geothermometer more accurately reproduces experimental temperature at 8.5 GPa 

(diamond growth experiment), but the variation in predicted thermal gradient between the two 

geothermometers is negligible.

Enl En2 En3 En4 En5 Ave. Oil D12 D13 Di4 D15 D16 D17 Di8 Di9 Ave.

Si 1.97 1.97 1.99 1.98 1.99 1 . 9 8 0 2.01 2.01 2.01 2.01 2.00 2.00 2.01 2.00 2.01 2 . 0 0 7

Mg 1.89 1.90 1.90 1.89 1.89 1 . 8 9 5 0.86 0.86 0.84 0.86 0.86 0.86 0.85 0.85 0.84 0 . 8 5 1

Fe 0.03 0.03 0.03 0.03 0.03 0 . 0 2 9 0.11 0.12 0.12 0.11 0.11 0.11 0.10 0.11 0.12 0 . 1 1 2

Mn 0 0 0 0 0 0 . 0 0 2 0 0 0 0 0.01 0 0 0 0 0 . 0 0 1

Ca 0 0 0 0 0 0 1.00 1.00 1.00 1.00 0.99 0.99 0.99 1.00 0.99 0 . 9 9 5

A1 0.09 0.08 0.06 0.07 0.06 0 . 0 7 6 0 0 0 0 0.01 0.01 0 0 0.01 0 . 0 0 4

Na 0.01 0.00 0.01 0.00 0.00 0 . 0 0 4 0 0 0 0 0 0 0 0 0 0

Tot 3.99 3.99 3.98 3.98 3.98 3 . 9 8 6 3.97 3.98 3.97 3.98 3.98 3.97 3.96 3.96 3.98 3 . 971

264



APPENDIX 2C: Falling Sphere Experiments.

A2C. 1 Faxen Correction for Finite Capsule Size.

In an infinite fluid, sphere terminal velocity is given by Stoke's Law:

2.g.r2.(Ps-Pm)
^ --------

where T| = melt viscosity, g = acceleration due to gravity, r = sphere radius, pm and ps = melt 

and sphere density and vt = sphere terminal vsicosity. With two spheres, of different

densities and radii, equation 1 can be expanded into simultaneous equations to give pm and T|:
_  2.g.r?.(pi-pm) 2.g.r2.(P2-pm) ™

^  ----------------

and p „  = ^ L ^ L P 1 i 4 M  (4)
r i - v t 2  -  r i - v t i

For a tubular capsule, the accepted correction for viscous drag of the container walls 

on the sphere is that of Faxen, 1925:

_ 2.F.g.r2.(ps-pm)
^ ----------

F = [1- 2.104.(r/rc) + 2.09.(r/rc)3 - 0.95.(r/rc)5] (6)

where rc is the inner radius of the capsule. The effect of this correction becomes negligible 

compared with other experimental errors if (r/rc) is less than 0.1.

A2C.2 Convection of the Molten Sample.

The furnace was manufactured with stepped wall thickness in order to supply 

maximum heating to the ends of the furnace and reduce thermal gradient. Estimated maximum 

thermal gradient in the sample region was 50®C. Figure A2.3 shows thermal gradient across 

the whole furnace length and the relationship between the two calibration thermocouples and 

the sample region. The thermocouple B could not be inserted further into the furnace, to the
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edge of the sample space because that would have left insufficient room for the NaCl pressure 

standard.

600

6  400
(B)

Calculated
thermal
gradient

(A)200

200 600 lOOC

200 400 600

T/c
800

Figure A2.3 Thermal gradient across the furnace length and, inset, the position of the calibration 

thermocouples compared to the normal sample cavity (shown in grey) and the calculated thermal gradient for a 

similar cell design at sample temperature of lOOO^C (Kanzaki, 1987).

Convective style within a simple system (horizontal infinite boundaries at different

temperatures, a distance h apart) is given by the Rayleigh number:
g.a.h3(Tb-Ta)

Ra =
K .V

(7)

where a  = thermal expansivity, Ta and Ty = temperature at the upper boundaries, K = thermal 

diffusivity and V = rj/p. This has been expanded by M uller and coworkers (Baumgartel et 

a i ,  1989; M uller et aL, 1987) to include vertical cylindrical boundary conditions with a 

parabolic temperature condition (figure A2.4)
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Figure A2.4 Boundary conditions for the Baumgartl et al. (1989) formulation for convection in a cylindrical 

furnace.
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Figure A2.5 Convection stability diagram from Muller et al. (1987) showing unsteady (grey); laminar, 

upwelling and laminar, downwelling convection. The line dividing up- and down-welling styles is under 

conditions of non-convective equilibrium. Current experiments plot within the black region, near the origin.
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Style of convection in the cylindrical system is determined (Baumgartel et aL, 1989) 

by the wall Rayleigh number:
g.a .2h^(T w "T ni)/d

the Prandtl number: Pr = V/K (9)

and the aspect ratio: Ar = h/d (10)

where Tm = l/2(Ta + Ty).

Using values of h = 0.04 m; d = 0.02 m; Ta = 20°C; Ty = 0®C; Tw = 50®C; V = 10'^ 

mVs K = 0.004 m^/s; a  = 2.5.10 '^K- ;̂ g = 9.8 ms-2 (k  from Trieman & Scheidl, 1983), Ra 

and Raw are:

Ra « -75 and Raw ~ 625 

and the Prandtl number and aspect ratio are:

Pr « 2.5x10"^ and Ar = 2.

Muller et a l (1987) present graphs of Ra and Raw with convective style regions 

dependent on these two parameters, the negative Ra and positive Raw segment is presented in 

figure A2.5. Baumgartel et a l (1989) stated that ' for imposed horizontal thermal gradients, 

i.e. Raw ^  0, convection sets in without any threshold', however as can be seen from figure 

A2.5, the line Tw = Ta, (unstable non-convective equilibrium) plots very close to the current 

result, with neither Ra nor Raw providing significant driving force for convection. Therefore, 

convection is likely to be highly sluggish, with probable slow downwelling in the capsule 

centre. Such extremely slow convection is unlikely to have significantly affected measured 

terminal velocities. The main assumption, that there is no radial thermal gradient in the 

sample, is unlikely to be true and the cooler cajisue centre will promote single cell convection 

downwelling in the center. However the magnitude of his effect is currently unquantifiable. 

This could be largely rectified with minimal effect on furnace properties by sealing the top and 

bottom of the sample region using a thin conductive (metal) disc.

268



The exception to slow convection is during cooling, where crystalisation at the roof 

of the sample can cause convection which is driven additionally by settling of dense crystals. 

Such crystal-aided convection was observed in one experiment using monochromated X-rays, 

during slow cooling, a shadow thought to have been produced by diffraction from several 

alligned crystals caught in the downflowing centre region of the sample.

269



References

Baumgartl J., Budweiser W., Muller G. & Neumann G. 1989. Studies of buoyancy driven 

convection in a vertical cylinder with a parabolic temperture profile. J. Cryst. Growth 

97, 9-17.

Bertrand P. & Mercier J. C. C. 1985. The mutual solubility o fco-existing ortho- and 

clinopyroxene: towrd and absolute geothermometer for the natural system? Earth Planet. 

Sci. Lett. 76, 109-122.

Brey G. P. & Kohler T. 1990. Geothermobarometry in four-phase Iherzolites II. New 

thermobaromaters, and practical assessment of existing thermobarometers. ./. Pet. 31, 

1353-1378.

Carlson W. D. 1980. The calcite-aragonite equilibrium: effects of Sr substitution and anion 

orientational disorder. Am. Min. 65, 1252-1262.

Carlson W. D. & Lindsley D. H 1988. Thermochemistry of pyroxenes on the join 

Mg2Si206-CaMgSi206. Am. Min. 73, 242-252.

Faxen H. 1925. Gegenseitige einwirkung zweir kugeln, die in einer zahen flussigkeit fallen. 

Ark. Mat. Astron. Fys. 19, 1-8.

Gasparic T. A thermodynamic model for the enstatite-diopside join. Am. Min. 75, 1080- 

1091.

Holland T. J. B. 1980. The reaction albite=jadeite + quartz determined experimentally in the 

range 600-1200°C. Am. Min. 65, 129-134.

Joneda A. & Endo S. 1979. Phase transitions in barium and bismuth under high pressure. J. 

App. Phys. 51, 3216-3221.

Kanzaki M. 1987. The physical properties of silicate melts at high pressure. (Unpub.) PhD 

thesis, University of Tsukuba, Japan.

Muller G., Neumann G. & Matz H. 1987. A two-Raleigh-number model of buoyancy-driven 

convection in vertical melt growth configurations. J. Cryst. Growth 84, 36-49.

Trieman A. H. & Schedl A. 1983. Properties of carbonatite magma and processes in 

carbonatite magma chambers. J. Geol. 91, 437-447.

270



Walker D., Carpenter M. A. & Hitch C. M. 1990. Some simplifications to multianvil devices 

for high pressure experiments.

Yagi T. & Akimoto S. 1976. Direct determination of coesite-stishovite transition by in-situ 

X-ray measurements. Technophysics 35, 259-270.

Yagi T., Akaogi M., Shimomura O., Suzuki T. & Akimoto S. 1987. In situ observation of 

the olivine-spinel phase transformation in Fe2 Si0 4  using synchrotron radiation. J. 

Geophys. Res. 92 B7, 6207-6213.

271





G
mm 0.5

V

• 4
.„ , -%iL-̂  C .

.-« o r'̂  t .K-î"

..-.|<-̂ A.' \rf _  *.V' % .
. - ' 3̂' •

m
^  " S #

K^XPL T%

Plate A2.1 Immiscible textures in quenched glass in PPL and half-crossed nicols, with quench crystals. G = 

glass, I = subordinte glass, Q = qoench crystal.
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