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Abstract 

 

Carbonatites are carbonate magmas, which are mostly calcio-carbonatititic or dolomite 

carbonatitic in composition. In addition there are less abundant ankerite carbonatites and one 

lone natrocarbonatite localilites is identified. Carbonatites are well known as an economic 

source for commodities such as REE, Nb and U. These are exploited for applications in 

technical industry. Although, more than 500 alleged carbonatite occurrences worldwide are 

identified, the genesis of carbonatites and enrichment of valuable elements in these is still 

debated. The following three models for carbonatite petrogenesis have been proposed: (i) 

derivation as primary mantle liquid by low degree of partial melting of carbonated mantle; 

(ii) formation as evolved melts by extreme differentiation of CO2-rich highly Si-

underaturated alkaline magmas and (iii) by separation of a carbonatite from a silicate melt by 

liquid immiscibility.  

In chapter 3 and 4 of this experimental study, immiscible carbonatite- and silicate melts, 

devoid of crystals, were produced by static and centrifuging piston cylinder experiments at 

pressure of 1-3 GPa for anhydrous and H2O-bearing systems. I determined partition 

coefficients for 45 elements between immiscible carbonatite and silicate melts, which allow 

testing whether natural assumed conjugate carbonatite- and alkali-rich silicate melts may 

have originated by liquid immiscibility.  

For the anhydrous systems, most partition coefficients (DCarbonatite/silicate melt) are within a 

range of factor five from unity due to comparable solvus widths for the different bulk 

systems. The general trends observed in these experiments are: (i) alkali- and earth alkali 

elements, P and Mo mostly partition in the carbonatite. (ii) HFSE partition into the silicate 

melt, (iii) REE have partition coefficients around unity with LREE having a higher 

preference for the carbonatite melt, (iv) transition metals partition stronger into the silicate 

melt than into the carbonatite melt, and (v) the network formers have a strong preference for 

the silicate melt.  

Addition of 2-4 wt% H2O to the potassic system increases the miscibility gap and 

results in the same general pattern but shift the partitioning by factor 2-4 for the REE towards 

the carbonatite melt. An increase of SiO2 and/or Al2O3 results in a widening of the miscibility 

gap with a stronger partitioning of the network modifying cations Ca, Mg and Fe in the 
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carbonatite melt, yielding an increased polymerization of the silicate melt. This results in the 

highest partition coefficients for La up to 38 in favor of the carbonatite melt. We thus 

speculate that upon hydrous carbonatite crystallization, the consequent fluid saturation leads 

to hydrothermal systems concentrating REE in secondary deposits.  

In chapter 4 of this study, experimentally determined partition coefficients were applied 

to a natural case from central Italy, where ultrapotassic silica-undersaturated rocks, which are 

classified as kamafugites, are coexisting with natural carbonatites. Our experimental results 

indicate, that this rock suite probably originated by liquid immiscibility. Such carbonatites 

may coexist with alkali-rich silicate rocks, but should contain at least the same amount of 

alkalis as the conjugate silicate melt as partition coefficients for alkali-elements are ≥1. 

Instead, the alkalis of such carbonatites have been removed by late stage processes. 

In chapter 5 of this study, we revise the perception that calcio- and dolomite 

carbonatites represent primary melt compositions. Although most natural carbonatites lack 

alkali elements, carbonatites derived by liquid immiscibility, by low degree of partial melting 

and extreme differentiation result in alkali-bearing primary carbonatites as indicated by our 

calculated trace element models. However, calcio-carbonatites remain of magmatic origin 

although they do not represent true primary liquids but either cumulates, e.g. formed by 

fractional crystallization from alkali-rich carbonatite melts or secondary leachates. As 

indicated in previous studies, H2O can lower the melting temperature of calcio-carbonatitic 

melts significantly at pressures between 0.1-3 GPa yielding differentiated carbonatite melts. 

Nevertheless, the effect of fluids (H2O, CO2) and the presence of ligands such as F have 

implications on the highly soluble alkali carbonates, yielding alkali-free carbonatites by 

fenitization and secondary leaching. Thus, it is here concluded that alkali-free carbonatites in 

nature do not represent primary melt compositions but were affected by either primary 

magmatic fluids, by hydrothermal or meteoric fluids by or since their time of emplacement.  
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Zusammenfassung 

Karbonatite sind Karbonatmagmen, welche vor allem als Kalziokarbonatite und 

Dolomitkarbonatite vorkommen. Des Weiteren gibt es seltenere Ankeritkarbonatite und einen 

Natrokarbonatit. Viele Karbonatite sind angereichert in seltenen Erden (REE), Nb und U und 

deshalb sind Karbonatite auch bekannt als Erzlagerstätten. Solche Elemente kommen vor 

allem in der technischen Industrie zur Anwendung. Trotz ihrer ökonomischen Relevanz, sind 

die Anreicherungsprozesse dieser Elemente sowie die Karbonatitmagmenbildung immer 

noch nicht ausreichend verstanden. Folgende drei Bildungsmodelle für Karbonatite sind 

bekannt: (i) Bildung als primäre Mantelschmelzen, welche sich durch geringe 

Aufschmelzung von karbonatisiertem Erdmantel bilden; (ii) Bildung durch extreme 

magmatische Differenziation von CO2-reichen silika-untersättigten alkalischen Magmen; und 

(iii) Bildung durch Separation von Karbonatreichen und Silikatreichen Schmelzen durch 

Magmenentmischung.  

In dieser Doktorarbeit wurden (Spuren-)-Elementverteilungskoeffizienten für 45 

Elemente zwischen unmischbaren Karbonatit- und Silikatschmelzen bestimmt 

(Di
Karbonatit/Silikatschmelze). Solche Di’s erlauben es, die Hypothese zu testen, ob natürliche 

Karbonatite und alkaline Silikatgesteine  die in einem magmatischen Körper zusammen 

vorkommen durch Magmenentmischung entstanden sind.  

Mittels  statischen Experimenten und Zentrifugen-Experimenten wurden unmischbare 

Karbonatit- und Silikatschmelzen ohne zusätzliche Kristalle bei Drücken von 1-3 GPa 

herzustellen. Anschliessend wurden Hauptelemente mit der Elektronenmikrosonde und 

Spurenelemente mittels LA-ICP-MS analysiert um die Elementverteilungskoeffizienten  zu 

berechnen.  

In den wasserfreien Systemen sind die meisten Di’s zwischen 0.2-5.0 aufgrund einer 

einheitlichen Weite der Unmischbarkeitslücke für die untersuchten Zusammensetzungen. 

Elemente der Alkalien und Erdalkalien zusammen mit P und Mo partitionineren meist in die 

Karbonatitschmelze. HFSE partitionieren bevorzugt in die Silikatschmelze und die REE 

gehen ca. zu gleichen Teilen in die Karbonatit- und Silikatschmelze, wobei die leichten 

Seltenen Erden die Karbonatitschmelze bevorzugen. Die Übergangsmetalle haben eine 

höhere Affinität für die Silikatschmelze und die Netzwerkformenden Elemente (Si,Ga,Al,Ge) 

reichern sich in der Silikatschmelze an.  

Die Addition von 2-4 wt% H2O zu den potassischen depolymerizierten Systemen  

resultiert in einer Erweiterung der Entmischungslücke und bewirkt eine Verschiebung der 
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Spurenelementverteilungskoeffizienten für die REE um Faktor 2-4 in Richtung der 

Karbonatitschmelze. Eine Erhöhung von SiO2 und Al2O3 in der 

Startmaterialzusammensetzung bewirkt ebenfalls eine Erweiterung der 

Entschmischungslücke, weil Si und Al in die Silikatschmelze partitionieren. Ca, Mg und Fe 

partitionieren jedoch verstärkt in die Karbonatischmelze, was in einer verstärkten 

Polymerisierung der Silikatschmelze resultiert. Dabei erweitert sich die Mischungslücke (DLa 

≤ 38). Dies impliziert, dass wenn sich durch die Kristallisation in Karbonatien Fluide 

entstehen, können sich in diesen Fluiden REE anreichern aus denen heraus eine Ausfällung 

von seltenen Erden zur Erzlagerstättenbildung führt.  

In Kapitel 4 werden Di’s auf eine natürliche Fallstudie von Italien angewendet: Ziel war 

es zu testen, ob sich die Karbonatite, welche mit sogenannten Kamafugiten assoziiert sind, 

durch Magmenentmischung gebildet haben. Unsere Resultate zeigen auf, dass Kamafugite 

mit akalienreichen Karbonatiten koexistieren können. Die Spurenelemente bestätigen die 

Unmischbarkeitshypothese.  

In Kapitel 5 werden die drei Karbonatitbildungsmodelle in Bezug auf deren 

resultierenden Alkaliengehalte untersucht. Obwohl fast alle natürlichen Karbonatite beinahe 

keine Alkalien enthalten, zeigen unsere aus Verteilungskoeffizienten gerechneten 

Spurenelementverteilungsmuster auf, dass alle drei Karbonatitbildungsmodelle in 

akalienreichen primären Karbonatitschmelzen resultieren. Nichtsdestotrotz sind die meisten 

Kalziokarbonatite magmatischen Ursprungs. Sie stellen jedoch nicht primäre Schmelzen dar, 

sondern Kumulate, welche sich aus fraktionierter Kristallisation von alkalienreichen 

Karbonatitschmelzen bilden. Frühere Studien haben aufgezeigt, dass H2O und Fluor die 

Schmelztemperatur von Kalzit bei Drücken von 0.1-3 GPa massiv senken, was zu 

differenzierten Kalziokarbonatitschmelzen führen kann. Auch magmatische und meteorische 

Fluide (H2O, CO2) sowie Liganden wie Fluor können die primären Alkalikarbonate auflösen 

und die Alkalien und andere Elemente in die Fenitisierungszone um den Karbonatit intrusion 

herum wegtransportieren. Übrig bleibt ein sekundärer Kalziokarbonatit, welcher sich 

insbesondere in seiner Hauptelementzusammensetzung stark von einer primären 

Karbonatitschmelze unterscheidet. Das bedeutet, dass alkali-freie Karbonatite in der Natur 

nicht primäre Schmelzen repräsentieren, sondern durch Fluide (magmatisch und/oder 

meteorisch) verändert worden sind.  
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Chapter 1 

Introduction 

 

 

Since the first description of natrocarbonatite magmas being erupted at Oldoinyo 

Lengai in northern Tanzania (Guest, 1956; Dawson, 1962), 527 alleged carbonatite localilites 

have been recorded on Earth (Wooley and Kjarsgaard, 2008; Fig. 1.1). As some carbonatites 

are enriched in commodities such as REE, Nb and U, which are exploited for applications in 

technical industries, they even became well known in the news. Most known carbonatites are 

calciocarbonatites followed by dolomitecarbonatites and few ankerite carbonatites. Oldoinyo 

Lengai represents hitherto the only known natrocarbonatite occurrence, although similar 

natrocarbonatite compsitions have possibily been erupted at the neigbouring Kerimasi 

volcano (Church, 1995).  

 

 

Fig. 1.1: Carbonatite occurrences of the world. (From Wooley and Kjarsgaard, 2008).  
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The wide compositional range of the carbonatites in e.g. Kenya, Tanzania and Uganda and 

their intimate association with different rock types such as nephelinites, phonolites, 

peralkaline trachytes or kamafugites (Wooley, 2001) shows that carbonatites can form by a 

variety of different processes. Moreover, few carbonatites contain mantle xenoliths from 

which may be inferred that at least some of the carbonatites are mantle derived (Stoppa and 

Wooley, 1997). This indicates that carbonatites can form at different levels of the Earth’s 

mantle and crust.  

The envisaged mechanisms for carbonatite genesis are (i) derivation as primary mantle 

melts by low degrees of partial melting of carbonated eclogites or peridotites (Wallace and 

Green, 1988; Dalton and Wood, 1993; Harmer and Gittins, 1998; Brey et al., 2008; Dasgupta 

et al. 2009; Hammouda et al., 2009); (ii) by extreme differentiation of CO2-rich 

undersilicified magmas as envisaged for e.g. group II kimberlites (Cooper & Reid, 1998; 

Nielsen & Veksler, 2002; Becker & Le Roex, 2006; Ulmer & Sweeney, 2002) and (iii) by 

separation of a carbonatitic liquid from a silicate melt by liquid immiscibility (Lee & Wyllie, 

1997; Veksler et al., 1998 and 2012; Brooker & Kjarsgaard, 2011).  

This study focuses on the petrogenesis of carbonatites by liquid immiscibility in the 

Earths mantle or lower crust. The intimate association of carbonatites with alkali-rich silicate 

melts, e.g. on Brava island, Cape Verde (Mourao et al., 2010), at San Venanzo in the Intra-

Apennine Magmatic province in Italy (Stoppa et al., 1998), at Oldoinyo Lengai, Tanzania 

(Kjarsgaard et al., 1995) and at Kerimasi, Tanzania (Guzmics et al., 2009) led to the 

suggestion that these carbonatites originated by liquid immiscibility. A potential origin of 

carbonatites by liquid immiscibility can be tested with partition coefficients (Di). Determined 

in experiments between immiscible carbonatite and silicate melts, they can be applied to 

melts suspected to represent conjugate liquids in nature. For instance, such partition 

coefficients and their application is presented by Veksler et al. (2012) for liquid immiscibility 

at Oldoinyo Lengai under shallow conditions (<0.1 GPa).  

However, carbonatites, which have been suggested to possibly originate from the 

Earth’s mantle by liquid immiscibility, would have an increased solubility of volatiles in 

silicate melts at higher pressure (Brooker et al., 2001; Papale et al., 2006). Schmidt et al. 

(2006) indicated that for conjugate silicate melts, the degree of partitioning between 

immiscible melts depends on the width of the miscibility gap. A higher volatile solubility of 

the melts may therefore lead to a wider miscibility gap (Brooker, 1998) and thus stronger 
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partitioning. In the first part of this study, we investigate the systematics of partition 

coefficients between conjugate silicate- and carbonatite melts at high pressure conditions (1-3 

GPa) for anhydrous and H2O-bearing systems.  

In the Intra-Apennine Magmatic Province ~100 km Northeast of Rome (Italy; Fig. 1.2) 

carbonated rocks occur (Pecerillo, 2005), which are associated with ultrapotassic, silica 

undersaturated rocks, classified as kamafugites after Le Maître (2004).  

 

Fig. 1.2: Map of Italy.  

 

The origin of these carbonate-rich lithologies in Italy are disputed: Peccerillo (2005) 

underlines that the kamafugites erupt on top of several kilometer thick limestones and marls 

and invokes the possibility that at least some of the carbonate material might represent 

reworked sedimentary carbonates. Consequently, the formation of carbonate melts, requiring 

carbonate saturation at sub-crustal depths, would not be possible. Alternatively, the 

carbonate-rich rocks of the Intra-Apennine Magmatic Province are interpreted as magmatic 

carbonatites formed by liquid immiscibility between a kamafugite and a carbonatite melt 

(Stoppa and Cundari, 1998; Stoppa et al., 2005). The primitive character of some of the 

Italian kamafugites (Cundari and Ferguson, 1991) in combination with the presence of 

xenolithic material interpreted to stem from the mantle, in the carbonatite diatremes of Polino 

(Stoppa and Lupini, 1993) indeed suggest a mantle origin of these rocks. Liquid immiscibility 

was suggested on the basis of textural arguments, i.e. the intimate coexistence of carbonatite 

and kamafugite rocks, considered as a physical mixture of carbonatite and silicate melts 

(Stoppa and Woolley, 1997). By means of experiments and experimentally determined 
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partition coefficients between immiscible carbonatite and kamafugite melts, an origin of 

these melts by liquid immiscibility can be tested (chapter 4).  

Chapter 5 addresses to the role of alkali elements in carbonatites. Whereas most natural 

carbonatite occurrences are of calciocarbonatitic and dolomitecarbonatitic nature (Wooley 

and Kjarsgaard, 2008), the experimentally produced carbonatites have at least  moderate 

alkali contents. The high alkali contents in the experiments are related to the low melting 

temperatures of alkali-carbonates at ambient pressure (Cooper et al. 1975), in contrast to the 

high melting temperature of pure calcite (1320 °C at 0.1 GPa , Wyllie and Tuttle, 1960; 1615 

°C at 3 GPa, Huang and Wyllie, 1974). An increase of the MgO contents will even lead to the 

stabilization of Mg-carbonates at higher pressure >2.2 GPa for dolomites and ≥3.5 GPa for 

magnesites (Falloon and Green 1989) and therefore increase the melting temperature. 

However, previous experimental studies investigating the stability of carbonates indicated 

that the solidus has a ledge that leads to lower temperature of the melting field. The ledge 

(Fig. 1.3) results from the carbonation reaction of CO2(v) to carbonate (s), thorough e.g. the 

reaction Forsterite + Diopside + CO2(v) = Enstatite + Dolomite for fertile peridotite (Falloon 

and Green, 1989).  

 

Fig. 1.3: The solidus of CO2-bearing carbonated peridotite. The carbonation reaction forsterite + diopside 
+CO2(v) = enstatite + dolomite lower the melting temperature by > 150 °C (ledge). At pressure ≤2 GPa a 
carbonatite melt can be produced. Wallace and Green (1988) produced a sodic carbonatite melt from the same 
starting material in the presence of H2O, therefore, the produced carbonatite melt is probably sodic as well.  
(redrawn after Falloon and Green, 1989).  
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This may lead to the wrong assumption that alkali-free- calciocarbonatite melts can be 

produced at lower temperature above the pressure of the ledges: However, the carbonatite 

melts produced in Green and Wallace (1988), Fallon and Green (1989), Dalton and Wood 

(1993), are sodic, the ones from Wallace and Green (1988) are water-bearing sodic 

dolomitecarbonatite magmas and the ones produced from Eggler (1978) are H2O-bearing. 

Thus, not only the intersection of calcite or dolomite stability with the solidus lowers the 

melting temperature, but elevated alkali contents and/or the presence of H2O in the 

carbonatite melts also plays a decisive role. Wyllie and Tuttle (1960) demonstrated that 

addition of H2O significantly lower the melting temperature of calcite at 1 kbar, infact down 

to 650 °C as indicated by Durand and Baumgartner (submitted). Already 5 wt% of H2O in the 

binary CaCO3-H2O, would lower the melting temperature to 1170 °C at 1 kbar. However, 5 

wt% of free water under mantle conditions is an large amount and could lead to the formation 

of a vapour phase or a supercritical fluid which would vanish from the melt, rise the melting 

temperature and let the molten calcite freeze insitu. Therefore, the question arises whether the 

primary carbonatite melts formed in the mantle or in shallow carbonatite complexes are of 

the same nature as the expelled or intrusive calcio- respectively dolomitecarbonatites at the 

surface or whether they were initially alkali-rich but lost their alkalis by possibly a series of 

processes.  

 

1.1 Previous work 

Partition coefficients of a limited set of trace elements between coexisting carbonatite 

and silicate melts were determined in static experiments by Wendlandt & Harrison (1979), 

Hamilton et al. (1989), Jones et al. (1995) and Hammouda et al. (2009). Analysis of static 

experiments can be problematic due to insufficient physical separation of the carbonatite- and 

silicate melts. Therefore, in the next generation of experiments, immiscible melts were 

separated by centrifugation to avoid cross-contamination (Veksler et al. 1998, 2012). The 

experiments of Veksler and co-workers, employing a small internally heated pressure vessel 

mounted into a biological centrifuge, were performed at pressures ≤ 0.1 GPa. This is a 

suitable pressure range to investigate liquid immiscibility in a shallow magma chamber such 

as at Oldoinyo Lengai.  
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However, xenolithic mantle material in carbonatites suggests a mantle origin for some 

carbonatites (Stoppa et al., 1998; Rosatelli et al., 2010). Volatile solubilities increase with 

rising pressure (Brooker et al., 2001; Papale et al., 2006) and can affect the width of the 

miscibility gap (Brooker, 1998) and consequently also the partition coefficients (Schmidt et 

al., 2006). Therefore, partition coefficients between conjugate silicate- and carbonatite melts 

at high pressure conditions (1-3 GPa) for anhydrous and water-bearing systems are required.  

 

1.2 Goals of the project 

The overall goal of this PhD was to determine, by static- and centrifuging piston 

cylinder experiments, partition coefficients between conjugate carbonatite and silicate melts 

at high pressure conditions (1-3 GPa) for anhydrous and H2O-bearing systems (chapter 3). 

The investigation of different bulk compositions at different pressures allows understanding 

the systematics of the partitioning and which factors affect the partitioning. Our set of 

partition coefficients is complementary to those from Veksler et al. (1998, 2012), which are 

for a haplogranitic bulk system and compositions analogue to Oldoinyo Lengai at pressures ≤ 

0.1 GPa.  

In the next step, we aim to apply such partition coefficients to a natural case study 

(chapter 4): the carbonate-rich rocks of the Intra-Apennine Magmatic Province (Italy), which 

are interpreted as magmatic carbonatites formed by liquid immiscibility between a 

kamafugite and a carbonatite melt (Stoppa and Cundari, 1998; Stoppa et al., 2005). First, we 

intended to test whether carbonatite and kamafugite melts can be immiscible at mantle 

conditions.  Once conditions of liquid immiscibility were identified, we determined partition 

coefficients between conjugate carbonatitic and kamafugitic melt pairs (Di). These 

experimental partition coefficients were subsequently compared with the partition 

coefficients calculated for the naturally occurring carbonatite-kamafugite pairs. Based on 

these data, a likely origin of the Intra Apennine kamafugite-carbonatite association by liquid 

immiscibility can be demonstrated.  

In the end, we aim to revise literature conceptions about the compositions of primary 

carbonatites by showing that all envisaged models for carbonatite petrogenesis result in 

moderately alkali-rich primary carbonatite melts (chapter 5). We demonstrate that pure 

calcio- or dolomitecarbonatite melts do not represent true primary melt compositions and that 

most erupted carbonatites do not represent melt compositions. However, magmatically 
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derived calciocarbonatites may exist, although not as “primary” melts but either as cumulates 

or as late stage derivates. Thus, the question will be discussed how calcio- and 

dolomitecarbonatites could form and what could have been the role of water/fluid in the 

carbonatite genesis.  

 

1.3 Organization of the thesis 

This PhD thesis is structured as follows:  

Chapter 2: “Methods and Approach”: This chapter details the experimental approach and 

the experimental and analytical facilities used in this project.  

Chapter 3: “Element partitioning between immiscible carbonatite- and silicate melts for 

anhydrous and H2O-bearing systems between 1-3 GPa”: This chapter documents the 

partition coefficients for the different bulk systems and investigates which factors 

control element partitioning between immiscible carbonatite- and silicate melts. This 

chapter is to be submitted to Journal of Petrology.  

Chapter 4: “Element partitioning between immiscible carbonatite-kamafugite melts with 

application to the Italian ultrapotassic suite”: In this chapter, partition coefficients 

between immiscible carbonatite-silicate melts are applied to test the hypothesis whether 

the Italian carbonatites originated by liquid immiscibility. This chapter is published in 

Chemical Geology.  

Chapter 5: “On the moderately alkaline nature of carbonatite melts”: We demonstrate that 

all envisaged models for carbonatite genesis result in moderately alkali-rich primary 

carbonatites. In the second part of this chapter, we discuss how calcio- and 

dolomitecarbonatites could form and what could have been the role of H2O in the 

carbonatite genesis. This manuscript is planned to be submitted in a later stage. 

Chapter 6: “Conclusions and Outlook”: In this chapter the most relevant conclusions are 

summarized and an outlook for future research is provided.  
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Chapter 2 

Methods and Approach 

 

 

 
2.1.  Approach 

The strategy in this PhD project was to produce liquid immiscible between silicate- and 

carbonatite melts of different bulk systems in static piston cylinder experiments at a pressure 

range of 1-3 GPa. Once liquid immiscibility was produced, the immiscible melt compositions 

were analysed by electron probe microanalysis (EPMA) and a new starting material devoid of 

crystal, spiked with a trace element mix, was synthesized. The new starting material was run 

in a piston cylinder >40 hours to attain chemical equilibrium at identical pressure -

temperature conditions as in the previous experiment. The physical separation of the 

immiscible melts in water-bearing systems was sufficient to analyze the melt compositions 

by EPMA for major element and laser ablation ICP-MS for the trace elements. The 

immiscible melts of the anhydrous bulk-systems were insufficiently separated after the static 

experiment. Therefore, the charge was additionally run in a non-endloaded piston cylinder 

module, which is mounted on a rotating centrifuge table. We performed the experiment at the 

same run conditions but with an additionally applied centrifugal force of 712 g in order to 

physically separate the immiscible silicate and carbonatite melts due to their density contrast. 

After centrifugation, the melts were perfectly separated for analysis and their partition 

coefficients could be calculated.  

 
2.2.  Synthesis of the starting materials 

The starting materials are presented in the corresponding chapters, where a certain 

system was investigated. The starting materials were made by mixing of MgO, Al2O3, TiO2, 

Fe2O3, Cr2O3, SiO2 (all dried in a furnace at 800 °C), Na2CO3, K2CO3 and hydroxyl-apatite 
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(dried at 220 °C), synthetic wollastonite, albite, K-feldspar, and CaCO3 and natural dolomite 

(dried at 400 °C) as well as synthetic fayalite and Al(OH)3 (dried at 110 °C). A combination 

of K-, Na- and Ca-silicates and -carbonates was necessary to achieve the desired CO2 content 

in the starting materials. The mixes were hand-milled in an agate mortar under acetone for 

20-30 minutes, dried, and permanently stored in a furnace at 220 °C for the anhydrous 

systems and 110°C for the water-bearing ones. Despite taking greatest care, absorption of 

traces of water in the starting material was inevitable. Moreover, the addition of phosphorous 

as hydroxyapatite to the starting materials Mix1D, KF4 and Alk added <0.02 wt% H2O to the 

sodic system, ≤ 0.04 wt% H2O to the ultrapotassic system and > 0.015 wt% H2O to the 

alkalic system.  

Trace elements were added as a pre-prepared spike made from oxide components and 

solutions (courtesy to L. Zehnder). The spike consists of the following elements: Li, Na, K, 

Rb, Cs, Be, Mg, Ca, Sr, Ba, Al, Sc, Y, La, Sm, Dy, Yb, Lu, Ti, Zr, Hf, V, Nb, Ta, Mo, W, U, 

Th, In, Fe, Co, Ni, Cr, Zn, Cd, B, Ga, Si, Ge, Bi, Sn, Pb, and P. To achieve bulk trace element 

concentrations in the order of 20-100 ppm, about 5‰ of spike was added to the starting 

material.  
 
2.3. Capsule material and oxygen fugacity 

The starting material was filled into 2.3, 3.0 or 4.0 mm outer diameter Au50Pd50 

capsules for the anhydrous compositions, and Au80Pd20 capsules for the H2O-bearing ones. 

Using graphite capsules failed, as the carbonatite melts vanished from the center of the 

charge into the pore space and fractures of the graphite capsule. The same problem was 

reported by Jones et al. (1995), who concluded that graphite is by no-means an inert container 

for carbonatite liquids.  

Alternatively to graphite containers, we attempted in experiment LM22, LM58 and 

LM59 to buffer the oxygen fugacity to CCO by adding graphite powder (LM22) or a single 

piece of graphite to the charge (Table 3.2; Figure 2.1D). The price to pay for providing a 

redox partner was a completion of the reaction FeOmelt + C = Fe0
metal + CO2 and a complete 

loss of Fe to the capsule wall. These experiments resulted in an estimated fO2 around 

IW±0.5, following Kress and Carmichael, 1991). In the graphite containing experiments, not 

only most of the Fe2+ (and also Fe3+ in LM58 with Fe3+/Fetot=0.28 in the starting material) 



  Methods and approach 

   
15 

was reduced to Fe0, but also Eu shows a strong anomaly in its partitioning in comparison to 

its neighboring REE, which we interpret as a significant reduction of Eu3+ to Eu2+.  

However, in the other experiments of the anhydrous systems, oxygen fugacity was not 

buffered. Starting materials Mix1B, Mix1C, KF7 contained all Fe as Fe2+ (Table 3.1). This 

also resulted in a reduction of Fe2+ to Fe0, resulting in iron loss to the alloy of the metal 

capsule as indicated by mass balance calculation. In these experiments, the reaction FeO = 

Fe0 + ½ O2 released O2 and thus oxidized part of the remaining FeO in the silicate melt to 

Fe2O3. An estimated fO2 for these experiments using Kress and Carmichael (1991) would 

yield a fO2 around QFM±2.  

Starting materials Mix1D, KF4, Alk, KF5 and KF6 had an elevated Fe3+/Fetot ratio, 

resulting in a higher fO2 as additionally to the added Fe2O3, by reduction of FeO to Fe0, O2 

was again released by the reaction above resulting in additional Fe2O3, yielding fO2’s <HM 

or QFM+4. For the H2O-bearing starting materials KF8, ThS3B & ThS4, which contained all 

Fe as Fe2+, some H2-loss during the experiment in addition could slightly oxidize the Fe and 

may shift the fO2 to even slightly higher values around QFM+0 to +4. 

A third group of experiments is defined by those with a Fe3+/Fetot ~0.25 to 0.6 in the 

starting material (Table 3.1). For these we estimate a fO2 of ~QFM+5, respectively an fO2 

below HM employing Kress and Carmichael (1991). We are aware that the Kress and 

Carmichael model does not contain CO2 as a chemical melt parameter, nevertheless, the 

relative differences in oxygen fugacity between the three sets of experiments should still 

hold. Thus, in the following part of this study, we distinguish between 3 series of experiments 

with (i) containing graphite, yielding an fO2 around IW±0.5, which suffered a significant 

reduction of Eu3+ to Eu2+, (ii) those experiments with all Fe added as Fe2+, which result in an 

estimated fO2 around QFM±2, and (iii) the series of experiments with a Fe3+/Fetot ~0.25 to 0.6 

in the starting material, resulting in fO2’s to <HM or FMQ+4.  

 

2.4.  Static piston cylinder experiments 

Static experiments were performed in an end-loaded piston cylinder (Fig. 2.3) with a 14 

mm diameter PTFE foil-talk-pyrex-graphite-MgO assembly 2.2). On top of the assembly, a 

steel plug surrounded by pyrophyllite was inserted to hold the thermocouple in position and 

prevent extrusion of the assembly. B-types thermocouples (Pt-Pt90Rh10) were used, with 

mullite thermocouple ceramics and the capsule inserted into inner MgO rods.  
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The assembly was calibrated against the coesite-quartz transition (Bose and Gangluy, 

1995) as well as the fayalite+quartz=ferrosilite reaction (Bohlen et al., 1980) resulting in a 

friction correction of +10% to the nominal pressure.  No pressure correction was applied to 

the thermocouple emf. Experiments were quenched by switching off power; the initial 

quench rate was > 200 °C/s.  

 

Fig. 2.1: Experiments buffered with graphite and the effect of centrifugation: A) The melt is dispersed in the 
graphite pore space, indicating that graphite is not a suitable container for carbonatite liquids. B) Centrifuged 
experiment buffered with a piece of graphite. C) Static experiment: Quenched carbonatite melt droplets are 
dissolved in the silicate melt. D) Perfect separation of the immiscible silicate- and quenched carbonatite melt 
after centrifugation. Abbreviations: LS = silicate melt, LC = carboantite melt, g = gravitational acceleration.  

 

Fig. 2.2: Capsule and assembly: A) A photograph showing an Au50Pd50-capsule with 4 mm outer diameter. B) 
Sketch of an assembly as used in static experiments and piston cylinder experiments.  
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Fig. 2.3: Endloaded Boyd and England type piston cylinder: On the left is the controlling board of the piston 
cylinder with an Eurotherm temperature control and a pressure controller. The tubes attached to the piston 
cylinder (center) provide the cooling water. On the right is the hydraulic control with the spindle at the back.  

 

2.5.  Centrifuge experiments 

In order to physically separate the immiscible carbonatite- and silicate melts (Fig. 2.1 C 

& D), capsule were rerun after static equilibration in the centrifuging piston cylinder at 

identical pressure and temperature conditions but with an additionally applied centrifugal 

force of 712 g. The centrifuge itself consists of a rotating table of 1.38 m diameter and 850 

kg. The table has two apertures, one of them accommodating the single stage piston cylinder 

module, the other a counterweight with similar weight distribution (Fig. 2.4). The 

centrifuging piston cylinder itself has a 14 mm assembly identical to that of the static end 

loaded piston cylinder (Fig 2.2). 

Within this arrangement, the experimental charge is located at a radius of 32 cm, a 

centrifuge rotation speed of 1400 rpm thus yields 712 g. Pressure control of the piston 
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cylinder during centrifuge experiments is not possible compared to static runs, where the oil 

pressure can be adjusted and maintained by either a hand pump or automatically by a worm 

gear jack spindle device. At a given sample pressure, compaction, thermal and mechanical 

relaxation of the pressure cell parts during heating cause a significant volume reduction, 

which then results in a decrease in pressure. Thus if pressure cannot be adjusted during 

centrifuging, the final sample pressure at target temperature will always be lower compared 

to the pressure before heating. To compensate for this pressure drop in the centrifuging piston 

cylinder, cold pressure is set to a higher value than the desired run pressure, such that during 

powering up of the centrifuge and simultaneous heating of the assembly (ca. 15 minutes) oil 

pressure drops to the desired run pressure. For detailed information regarding the centrifuge 

see the electronic appendix in Schmidt et al. (2006).  

 

Fig. 2.4: The centrifuge and the non-endloaded piston cylinder module: A) Mounted centrifuge with the piston 
cylinder module and its counterweight. B) Mounted Piston cylinder module. The oil capillary serve to measure 
the pressure while centrifuging. C) Unmounted centrifuge frame with the bridge and the piston. D) Cross 
section through the piston cylinder module.  

 

However, the experiments for the ultrapotassic systems (chapter 3 and 4) were 

performed at a pressure of 1.7 GPa, which is in the upper pressure limit for the non-

endloaded centrifuge module. One kilobar nominal pressure corresponds to 37 oilbar oil 

pressure. With a friction correction of 10 % for the talk assembly, the experimental runs 

needed to be performed at about 690 oil bar oil pressure. As this is at the limit of the pressure 

which should be applied to the bomb, an extra pressure cannot be pumped up that it can 
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stabilize at 690 oil bar. Therefore, in order to perform the experiments at stable pressure 

conditions the experiments were performed as follows: In a first run, an oil pressure of about 

160 bar was applied and centrifuge was heated up to 810-820 °C at 200 rpm. In this stage of 

the experiment, the pyrex around the graphite furnace softened which resulted in an 

rearrangement of the assembly. After 20-30 minutes, the experiment was slowly quenched to 

avoid a breakage of the graphite furnace and the thermocouple. In the next step, the assembly 

was pumped slowly to the oil pressure of interest but without adding 90 bars extra and started 

the experiment at the temperature and rotation speed of interest. In this stage of the 

experiment, the assembly was becoming compacted and pressure became stable. After <1 

hour, the experiment was cooled slowly again as the pressure was too low and the piston 

cylinder module was pumped to a pressure 60-80 bar oil pressure below the requested 

pressure inclusive the friction correction. After restarting the centrifuge and heating the 

temperature of interest, pressure ended typically up more or less at the conditions of interest 

due the thermal expansion of the assembly.  

 

2.6.  Sample preparation 

It is a well known problem that alkali elements in carbonatites easily can be dissolved 

during sample preparation by water, ethanol or acetone. Even humidity from the air, in 

particularly at hot humid days, can lead to surface adsorption of water by the carbonatite 

melt. Thus, samples were embedded into an epoxy block, and dry polished with alumina 

paper until the capsule was slightly opened. Then, the sample was impregnated under vacuum 

with a low-viscosity Laromin epoxy in order to achieve a better mechanical coherence of the 

sample. For further polishing to a level close to the symmetry axis of the capsule, first 

alumina paper and then diamond paste were used. To remove the diamond paste, pentane, 

hexane or kerosene were tried, hexane or pentane yielding better results than kerosene, the 

latter not being able to remove all diamond paste.  

 

2.7.  Electron probe micro-analysis 

Sample textures and phase identity were first determined with a scanning electron 

microscope (JEOL 6390 LA) with attached EDS. In the successful experiments, melt 

compositions were then analyzed by a JEOL 8200 electron microprobe with 5 wavelength 

dispersive spectrometers (WDS; Fig. 2.5). The employed standards were wollastonite, rutile, 
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corundum, fayalite, periclase, albite, jadeite, 

potassium feldspar, and apatite. Measurement 

times were 10-20 seconds on peak and 

background.  

Due to the instability and high diffusivity of 

alkalis in the silicate glasses and worse in the 

quench of the carbonatite, low beam currents and 

large beam diameters were necessary. For silicate 

glasses, these were <4 nA and 10-20 µm beam 

diameter, for quenched carbonatites <2 nA and 

≥20 µm. 

 

 
 

 

Fig. 2.5: Electron microprobe: JEOL 8200 with 5 WDS spectrometers and 1 EDS spectrometer. 
 

 

To compensate for the resulting relatively low counts, a large number of analyses were 

performed, all compositions in the tables are average compositions. Also CaO in carbonates 

or calcite is sensitive to the beam, resulting in totals of CaO > 60 for calcite instead of 55 

wt% because CO2 is difusing out. From our point of view, analysis of carbonates and 

carbonatite melts performed at higher currents and focused beam are not trustworthy.   

 

 

2.8.  Laser ablation ICP-MS 

Laser ablation IC-PMS analyses were performed in the laboratory of inorganic 

chemistry at ETH Zürich. The analyses were carried out using an 193 nm ArF excimer laser 

ablation system (Lambda Physik, Göttingen Germany) coupled to an ICP-MS (DRC II +, 

Perkin Elmer, Norwalk, USA). The samples were ablated for 40 s at 10 Hz repetition rate 

with 40-80 µm crater diameters; the ablation energy was 1.05 mJ. The reference material 

NIST 610 was used as external calibration standard while Ca or Al were used as internal 

standard for all melt analysis. Data reduction and concentration calculation was carried out 

using the protocol as described in Longerich et al. (1996). The analyzed elements in this 
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study were: Li, Rb, Cs, Be, Sr, Ba, Ca, Mg Sc, Y, La, Sm, Dy, Yb, Lu, Zr, Hf, V, Nb, Ta, 

Mo, U, Th, Co, Cr, Zn, Cd, Ga, Si, Ge, Pb, P.  
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Chapter 3  

Element partitioning between immiscible 

carbonatite and silicate melts for dry and 

H2O-bearing systems at 1-3 GPa 

 
Submitted to Journal of Petrology 

Lukas H.J. Martin, Max W. Schmidt, Hannes B. Mattsson, Detlef Guenther 

 
Abstract 

Carbonatite- and silicate rocks occuring within one magmatic complex may originate 

through liquid immiscibility. We thus experimentally determined carbonatite/silicate melt 

partition coefficients for 45 elements to understand their systematics as a function of melt 

compositions and to provide a tool for identifying a possible conjugate nature of silicate and 

carbonatite magmas. Static, and when necessary centrifuging piston cylinder experiments, 

were performed at 1-3 GPa, 1150-1260 °C such that two well seperated melts resulted. Bulk 

compositions had Na>>K, Na~K, and Na<<K, for the latter we also varied bulk H2O (0-4 

wt%) and SiO2-contents. Oxygen fugacities were between iron-wustite and slightly below 

hematite-magnetite and were found to not exert significant control on partitioning.  

Under dry conditions, alkali- and earth alkali elements partition into the carbonatite melt, 

as well as Mo and P (DMo>8, DP=1.6-3.3). HFSE prefer the silicate melt, most strongly Hf 

(DHf = 0.04). REE have partition coefficients around unity on a downward sloping trend with 

DLa/Lu=1.6-2.3. Transition metals have D’s < 1, except for Cu and V (DCu~1.3, DV=0.95-2). 

The small variability of partition coefficients in all dry experiments can be explained by a 
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comparable width of the immiscibility gap, which appears to be almost box-shaped in our dry 

bulk compositions. For all carbonatite/silicate melts, Nb/Ta and Zr/Hf fractionate by factors 

of 1.3-3.0, in most cases much more strongly than in silicate-oxide systems. 

With the exception of the alkalis, partition coefficients for the H2O-bearing systems have 

similar patterns as the anhydrous ones but are shifted in favour of the carbonatite melt by 

almost an order of magnitude. An increase of bulk silica and thus SiO2 in the silicate melt 

(from 35 to 69 wt%) has a similar effect but also increases the width of the immiscibility gap 

and hence amplifies partition coefficients, in particular for the LREE (DLa to 38). The more 

silicic the silicate melt, the more trace elements partition into the carbonatite melt.  

The partitioning behavior can be rationalized as a function of ionic potential (Z/r). Alkali 

and earth alkali elements follow a trend which slope depends on the K/Na ratio and H2O 

contents. Contrasting the sodic and alkalic systems, alkalis have a positive correlation in D 

vs. Z/r space in the potassic ones and Cs through K partition into the silicate melts in the 

presence of H2O. For the divalent transition metals on one side and for the tri- and tetravelent 

REE and HFSE on the other side, two trends of negative correlation of D vs. Z/r can be 

defined. Nevertheless, the highest ionic strength network modifying cations (V, Nb, Ta, Ti 

and Mo) do not follow any trend, understanding their behavior would require knowledge of 

their bonding environment in the cabonatite melt.  

Strong partitioning of REE into the carbonatite melt (DREE = 5.8-38.0) occurs only in hydrous 

compositions when carbonatites unmix from evolved alkaline melts with conjugate silicate 

melts being siliceous. We thus speculate that upon hydrous carbonatite crystallization, the 

consequent saturation in fluids may lead to hydrothermal systems concentrating REE in 

secondary deposits. 

 

3.1. Introduction 
Carbonatites are well known as an economic source for commodities such as rare earth 

elements (REE), Nb and U, but the mechanism of (trace) element enrichment is not well 

understood. Similarly, although more than 500 alleged carbonatite occurrences are identified 

on Earth (Wooley & Kjarsgaard, 2008), the petrogenesis of carbonatite magmas remains 

debated. Three main mechanisms are envisaged for the formation of carbonatite melts: (i) 

Derivation as primary liquids by low degree partial melting of a carbonate-bearing peridotite 

or eclogite (Wallace & Green, 1988; Dalton & Wood, 1993; Harmer & Gittins, 1998; Brey et 
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al., 2008; Dasgupta et al., 2009; Hammouda et al., 2009); (ii) Formation as evolved melts 

through extensive fractional crystallization from a CO2-rich silicate parent melt as proposed 

for e.g. group II kimberlites (Cooper & Reid, 1998; Nielsen & Veksler, 2002; Becker & Le 

Roex, 2006; Ulmer & Sweeney, 2002); and (iii) Separation of a carbonatite from a silicate 

melt by liquid immiscibility (Lee & Wyllie, 1997; Veksler et al., 1998 & 2012; Brooker & 

Kjarsgaard, 2011). 

The intimate association of carbonatites with alkali-rich silicate magmas, e.g. on Brava 

island, Cape Verde (Mourão et al., 2010), at San Venanzo in the Intra-Apennine Magmatic 

province in Italy (Stoppa et al., 1998), or at Oldoinyo Lengai and Kerimasi, Tanzania 

(Kjarsgaard et al., 1995, Guzmics et al., 2009, 2012) led to the suggestion that these 

carbonatites originated by liquid immiscibility. This hypothesis could be tested with partition 

coefficients (Di), determined in experiments between immiscible silicate- and carbonatite 

melts and compared to suspected conjugate liquids in nature. Such an application of partition 

coefficients was presented by Veksler et al. (2012) for liquid immiscibility at Oldoinyo 

Lengai and by Martin et al. (2012) for the mantle-derived kamafugite-carbonatite suite from 

central Italy. This study investigates the systematics of element partitioning between 

immiscible carbonatite and silicate melts in order to understand what governs the 

partitioning.  

Partition coefficients between coexisting carbonatite and silicate melts were determined 

in static experiments by Wendlandt & Harrison (1979), Hamilton et al. (1989) and Jones et 

al. (1995). The analysis of static experiments can be problematic due to insufficient physical 

separation of the carbonatite- and silicate melts. Therefore, in the next generation of 

experiments, immiscible melts were physically separated by centrifugation to avoid cross-

contamination (Veksler et al. 1998, 2012). The experiments of Veksler and co-workers 

utilized a small internally heated pressure vessel mounted into a biological centrifuge at 

pressures ≤ 0.1 GPa. These are suitable pressures for liquid immiscibility in subvolcanic 

shallow magmatic plumbing systems such as at Oldoinyo Lengai. However, xenolithic 

mantle material in carbonatites as well as the primitive character of associated silicate 

magmas suggests a deeper, possibly mantle origin for numerous carbonatites (Stoppa et al., 

1998; Rosatelli et al., 2010). With increasing pressure, the solubility of volatiles in silicate 

melts rises (Brooker et al., 2001; Papale et al., 2006), which should affect the width of the 

miscibility gap (Brooker, 1998). The width of the carbonatite/silicate melt miscibility gap 
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increases with pressure to 1.5-2.0 GPa (Brooker, 1998; Brooker & Kjarsgaard, 2011). 

Comparing the miscibility gap width at 1.0 and 2.5 GPa, Lee and Wyllie (1997) indicate that 

the width of the miscibility gap decreases in this pressure range. As temperature, pressure, 

volatile saturation, and melt compositions co-vary, and furthermore, bulk compositions are 

different between different studies, it is not an easy task to isolate the effect of a single 

parameter (other than temperature), and the exact variation of the miscibility gap width is still 

object of discussion (e.g. Brooker 1998; Brooker and Kjarsgaard, 2011). For melts from 

natural carbonated pelites, the miscibility gap width seems to remain invariant with pressure 

to 5 GPa (Thomsen & Schmidt, 2008). Above 5 GPa, carbonatite-silicate melt immiscibility 

appears to vanish within a short pressure interval (Grassi & Schmidt, 2011b) and although 

systematic studies are not available, melting experiments of carbonated lithologies document 

a continuous increase of SiO2-contents with degree of melting (e.g. Brey et al., 2008, 2011; 

Grassi & Schmidt 2011a, b). At the same time, pressure has a profound effect on the stability 

of alkali- and earth alkali carbonate melts: while Na2CO3 and K2CO3 melt at ambient 

pressure, earth alkali carbonates decarbonate at low pressure and melt only at ≥2.7 GPa for 

calcite (Huang & Wyllie, 1974), >2.2 GPa for dolomite and ≥ 3.5 GPa for magnesite (Fallon 

& Green, 1989). 

This study investigates the systematics of partition coefficients for conjugate silicate- 

and carbonatite melts at high pressures (1-3 GPa) for anhydrous and H2O-bearing systems. 

We present data for three anhydrous silica-undersaturated systems: a sodic one, largely after 

Lee & Wyllie (1997); an potassic one, relevant for the Italian carbonatite-kamafugite suites 

and an alkalic system with equal molar amounts of sodium and potassium in the bulk. These 

sets of partition coefficients are complemented by data from a haplogranite-carbonatite 

system and from an analogue system to Oldoinyo Lengai (Veksler et al., 1998, 2012). We 

further present data for H2O-bearing bulks (2-4 wt%) with variable silica-contents. 

Altogether, the chemical variations in the combined data allow a deeper understanding of the 

factors which control element partitioning for carbonatite/silicate melts.  

 

3.2. Methods 
3.2.1.  Strategy 

First, we produced liquid immiscibility between silicate- and carbonatite melts in 

different bulk systems in static piston cylinder experiments at 1-3 GPa. Once this was 
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obtained, the compositions of the melts, which were typically coexisting with several 

minerals, were analysed. From this a new starting material, which composition represents a 

mixture of the two melts, was synthesized and spiked with a trace element mix. The new 

starting material was run at identical pressure-temperature conditions for 40-86 hours to 

attain chemical equilibrium. The physical separation of immiscible melts in static 

experiments on H2O-bearing compositions was sufficient to analyze melt compositions by 

electron microprobe for major and by laser ablation ICP-MS for trace elements. The 

immiscible melts of the anhydrous bulks were insufficiently separated after the static 

experiment. Therefore, capsules were recovered after static chemical equilibration and re-

loaded into a single stage piston cylinder mounted into a centrifuge (Schmidt et al., 2006). 

The experiment was than continued at the same pressure-temperature conditions but with an 

additional centrifugal acceleration of 712 g applied to gravitationally segregate the two 

liquids. After centrifugation, melts were perfectly separated for analysis and eventual crystals 

segregated to the bottom of the capsule. 

 
3.2.2.  Synthesis of starting materials 

Starting materials (Table 3.1) were mixed from MgO, Al2O3, TiO2, Fe2O3, Cr2O3, SiO2 

(all dried in a furnace at 800 °C), synthetic wollastonite, albite, K-feldspar, and CaCO3, 

natural dolomite (dried at 400 °C), Na2CO3, K2CO3 and hydroxy-apatite (dried at 220 °C), as 

well as synthetic fayalite and Al(OH)3 (dried at 110 °C). A combination of different K-, Na- 

and Ca-silicates and carbonates was necessary to achieve the desired CO2 content in the 

starting materials. Fe2O3 and synthetic fayalite was mixed in appropriate proportions to 

obtain desired Fe2+/Fe3+ ratios and Al(OH)3 was the principle source of H2O in the starting 

materials. 

Each mix was ground in an agate mortar with acetone for 20-30 minutes, dried, and 

stored in a furnace at 220 °C for the anhydrous systems and 110°C for the H2O-bearing ones. 

Despite taking greatest care, absorption of traces of water in the starting material remains 

inevitable. Secondly, the addition of hydroxyapatite to the starting materials Mix1D, KF4, 

KF7 and Alk added <0.02 wt% H2O to the sodic and alkalic system and ≤0.04 wt% H2O to 

the potassic system.  

Trace elements were added to the starting material as a pre-prepared spike made from 

oxide components and solutions. The spike consists of the following elements: Li, Na, K, Rb, 
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Cs, Be, Mg, Ca, Sr, Ba, Al, Sc, Y, La, Sm, Dy, Yb, Lu, Ti, Zr, Hf, V, Nb, Ta, Mo, W, U, Th, 

Fe, Co, Cr, Zn, Cd, Ga, Si, Ge, Pb, and P. To achieve bulk trace element concentrations of 

20-100 ppm, about 5‰ of spike were added.  

 
3.2.3.  Starting materials 

More than 100 experiments were performed during this study in order to obtain liquid 

immiscibility for different bulk systems (Table 3.1). Changing bulk composition often 

resulted in a loss of immiscibility, severely limiting the chemical variability of suited bulk 

compositions. Only the experiments, which resulted in immiscible liquids and thus provided 

partitioning data are reported in Table 3.2. For the anhydrous systems, we investigated three 

types of silica-undersaturated anhydrous bulks (Table 3.1): A sodic, a potassic and an alkalic 

system.  
Table 3.1

Starting materials 

System: sodic sodic sodic ultrapotassic ultrapotassic alkalic potassic potassic potassic Phonolite Trachyte

Starting material Mix 1B Mix 1C Mix 1D KF4 KF7 Alk KF5 KF6 KF8 ThS3B ThS4
1)

anhyd. anhyd. anhyd. anhyd. anhyd. anhyd. H2O-bear. H2O-bear. H2O-bear. H2O-bear. H2O-bear.

Spike 0.6 0.7 0.6 0.5 0.9 0.8 0.8 0.8 1.7 0.9 1.0

SiO2 18.9 18.8 17.8 21.9 20.9 17.0 21.1 21.1 21.5 29.1 39.7

TiO2 1.9 1.8 1.8 1.5 1.5 1.7 1.4 3.6 2.0 0.0 0.1

Cr2O3 - 0.5 - 0.1 - - - - - - -

Al2O3 4.7 7.5 7.4 7.9 7.5 7.1 7.3 7.4 8.0 11.8 7.4

Fe2O3 - - 0.9 2.0 - 0.8 1.7 1.8 - - -

FeO 3.0 2.9 2.1 1.1 5.2 2.0 1.1 1.2 2.5 4.2 3.9

MnO - - - - - - - - - - 0.1

MgO 8.1 7.8 7.9 9.0 11.6 7.6 8.6 8.5 8.5 1.3 1.4

CaO 17.6 16.7 17.4 17.7 17.3 16.4 17.3 17.0 17.0 12.0 10.4

Na2O 21.6 20.8 20.7 2.0 1.2 10.1 2.0 1.9 1.9 4.1 5.2

K2O 0.7 0.7 0.8 11.6 10.4 15.4 11.0 11.2 10.7 14.2 10.6

P2O5 - - 0.4 1.0 0.1 0.3 0.9 1.1 0.1 0.1 0.0

H2O - - 0.0 0.0 0.0 0.0 3.9 1.9 3.8 2.0 2.0

CO2 23.0 21.9 22.0 23.7 23.2 20.8 22.8 22.6 22.3 20.2 18.3

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

2) XMg 0.83 0.83 0.87 0.93 0.80 0.87 0.93 0.93 0.86 0.35 0.39

FeO total [wt%] 3.0 2.9 2.9 2.9 5.2 2.7 2.6 2.8 2.5 4.2 3.6

Fe3+/Fetot [mol%-ratio] 0.00 0.00 0.28 0.62 0.00 0.26 0.58 0.59 0.00 0.00 0.00

K2O/Na2O [wt%] 0.03 0.03 0.04 5.83 8.93 1.53 5.60 5.89 5.66 3.45 2.03

1) Abbreviations: anhydr. = anhyd, H2O-bear. = H2O-bearing
2) XMg calculated with Fe2+ = Fetot

 

 

3.2.3.1.  The sodic systems 

The sodic system (K2O/Na2O wt-ratio = 0.03-0.04) is an adaptation of a composition 

originally investigated by Lee & Wyllie (1997; their Mix#3), initially consisting of 50 wt% 

primitive magnesian nephelinite from Hawaii (No. 68KEE-1; Clague & Frey, 1982), 25 wt% 

Na2CO3 and 25 wt% dolomite. Lee & Wyllie (1997) obtained olivine coexisting with 

carbonatite- and silicate melts. We thus subtracted this olivine by mass balance to obtain 
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silicate and carbonatite melts only at 1 respectively 1.7 GPa (starting material Mix1B). In this 

starting material, all iron was added as fayalite. For Mix1C, Cr2O3 was added and Mix1D 

contains a molar ratio of Fe3+/Fetot = 0.28 resulting in a slightly higher fO2, and 0.45 wt% 

P2O5 added as hydroxy-apatite yielding a H2O contents of ≤0.02 wt%. The introduction of 

Fe3+ was intended to test if variable Fe2+/Fe3+ ratios have an effect on partitioning.  

 

3.2.3.2.  The potassic system 

The potassic systems (KF4 and KF7) were designed to investigate the ultrapotassic 

kamafugite-carbonatite suite from the Intra-Apennine Magmatic province in Italy (Stoppa et 

al., 1998). Kamafugites are primitive mantle-derived silica-undersaturated melts with 

K2O/Na2O wt-ratios > 5 and represent extremely potassic alkaline rocks. Details of the 

experimental procedure to obtain liquid immiscibility at 1.7 GPa and the application of the 

partition coefficients to the Italian ultrapotassic suite have been presented by Martin et al. 

(2012). Here, the experiments serve to understand the systematics and factors controlling 

trace element partitioning between conjugate carbonatite and silicate melts. Starting material 

KF4 (Table 3.1) contains 21.9 wt% SiO2, 2.9 wt% FeOtot, 9.0 wt% MgO, 17.7 wt% CaO, 2.0 

wt% Na2O and 11.6 wt% K2O, resulting a K2O/Na2O wt-ratio of 5.8 and a Fe3+/Fetot fraction 

of 0.62. Starting material KF7 is a modification of starting material KF4. The alkali content 

of the bulk systems was lowered by 10%, bulk FeO was doubled, and MgO increased by 30% 

to produce melts saturated in olivine of approximate mantle composition. In starting material 

KF7 all iron was added as Fe2+, resulting in a more reducing fO2. 

 

3.2.3.3.  The alkalic system 

The alkalic system (Alk; Table 3.1) is an adaptation of Mix1D from the sodic system, 

where half of the Na2O was replaced by an equal molar amount of K2O. All experiments 

were performed at 1 GPa for this system. Iron was added such that Fe3+/Fetot molar ratio 

resulted as 0.26. Due to addition of hydroxy-apatite, this starting material contains ≤ 0.015 

wt% H2O.  

 

3.2.3.4.  Liquid immiscibility of silica-deficient carbonated basaltic eclogites 

Dasgupta et al. (2006) investigated the partial melting of carbonated silica-deficient 

basaltic eclogites. Two different liquids with carbonatite- and silicate melt compositions were 
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measured at 3 GPa at temperatures of 1200-1380 °C. The Na-contents measured in the two 

melts and in cpx result in a 30% Na-deficit with respect to their bulk composition (their 

experiment A413). Thus, Dasgupta et al. (2006) provide a calculated Na-content of their 

carbonatite melt, which is nine times the measured Na-concentration. We synthesized this 

still relatively low alkali-composition in a 50:50 mixture of the silicate and corrected 

carbonatite melts (4.0 and 0.4 wt% bulk Na2O and K2O, their experiment A413) to determine 

partition coefficients (for details see the appendix). Unfortunately, we did not obtain liquid 

immiscibility for this bulk at 3 GPa, 1270 oC. In a next step, we recalculated phase 

abundances from mass balance not employing Na or K (phase analyses from Tables 3-7, 

Dasgupta et al., 2006). From these abundances we calculated bulk Na- and K-contents of the 

melt(s) to 4.3 wt% Na2O and 0.5 wt% K2O. As we still did not obtain immiscibility, we 

arbitrarily increased bulk alkali contents by ~40% to 5.9 wt% Na2O and 0.8 wt% K2O, but 

did not obtain liquid immiscibility. Details of these, in terms of liquid immiscibility 

unsuccessful experiments are reported in the electronic appendix. Apparently, at the reported 

conditions and compositions, corrected or uncorrected for alkali losses, liquid immiscibility is 

not achieved. We note that Dasgupta et al. (2006) do not report direct textural evidence of 

two coexisting liquids but that the carbonatite melt is quenched interstitial material between 

the silicate phases while the silicate melt occupies large melt areas. 

Similarly, we attempted to reproduce liquid immiscibility in a CaO-MgO-Al2O3-SiO2-

CO2 system as reported by Novella & Keshav (2010) at 2.4 GPa. Although in this study, 

evidence for liquid immiscibility is circumstantial, i.e. a carbonate–rich quench in between 

crystals in the crystal rich portion of the capsule represents the alleged carbonatite melt while 

most of the (silicate) melt is well separated into a crystal free portion of the capsule.  Running 

a bulk composition that corresponds to a 50:50 mixture of these two melts in the middle of 

the alleged miscibility gap (1430 oC) resulted in a homogeneous liquid (details in appendix 

A). 

  

3.2.4.  H2O-bearing starting materials 

In order to investigate whether addition of H2O to the bulk system affects partition 

coefficients, we first prepared H2O-bearing starting materials otherwise identical to the 

anhydrous starting materials. H2O lowers the liquidus and melting temperatures of minerals, 
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and thus allows liquid immiscibility to persist to lower temperatures. Consequently, we also 

prepared increasingly Si-rich H2O-bearing bulks.  

 

3.2.4.1.  The H2O-bearing silica-undersaturated potassic systems 

The composition of starting material KF4 was modified into bulks containing 2 wt% 

H2O (KF6) and 3.8-3.9 wt% H2O (KF5 and KF8; Table 3.1). KF5 and KF6 have an elevated 

Fe3+/Fetot molar fraction of 0.58-0.59, whereas starting material KF8 contains all iron as Fe2+. 

The experiments in these systems were performed at 1.7 GPa to remain directly comparable 

to the results from the anhydrous experiments.  

 

3.2.4.2.  The H2O-bearing phonolitic system 

Thomsen & Schmidt (2008) reported liquid immiscibility during the melting of a 

carbonated pelite at 3.7-5.0 GPa, 1100 o C. A bulk composition representing a 50:50 mixture 

of the two reported melts at 3.7 GPa did not yield liquid immiscibility at 3.0 GPa, 1100 oC 

(for details see appendix A). The modified starting material ThS3B (Table 3.1) did yield a 

phonolite melt immiscible with a carbonatite melt at 3 GPa. In comparison to Thomsen & 

Schmidt (2008), whose melt compositions yield a bulk K2O contents of 5.9 wt% for a 50:50 

wt-mixture, we had to increase the bulk K2O-content to 14 wt% to obtain liquid 

immiscibility, albeit with lower SiO2 contents of the silicate melts (55.4 wt% compared to 

59.6-60.9 wt% SiO2 in the original study). The bulk-water content of this system was set to 2 

wt%, a concentration derived from the bulk H2O and bulk melt fraction of Thomsen & 

Schmidt (2008).  

The Thomsen & Schmidt (2008) experiments produced heavily wrinkled carbonatite 

droplets ≤20 µm in size. Despite careful dry polishing and defocused, low current beams, 

K2O-concentrations of Thomsen & Schmidt only amount to half of the true one’s. We thus 

suggest that quenching of the H2O-bearing carbonatites in the study of Thomsen and Schmidt 

(2008) did either lead to K2O-rich H2O-bearing fluids (explaining the voids in the wrinkles) 

or to phases such as K(OH) that are unrecoverable upon polishing and result in significant 

alkali losses. 
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3.2.4.3.  The H2O-bearing trachytic system 

ThS-4 (Table 3.1) was designed to produce silica-rich immiscible melts closer to those of 

Thomsen & Schmidt (2008). Together with the silica-undersaturated potassic system, this 

approach allows to isolate the effect of silica and silicate melt polymerization on partition 

coefficients. Having carbonatite-basalt to carbonatite-trachyte conjugate melt pairs also 

allows for comparison to the immiscible dacite-gabbro melts in the K2O-FeO-Al2O3-SiO2 

system (Schmidt et al., 2006). The composition of ThS4 was obtained by running an 

experiment (LM78; Table 3.2) with ThS3B + quartz + kyanite crystals. All kyanite was 

consumed in LM78, nevertheless, quartz remained stable, yielding two silica saturated melts 

(+K-feldspar+calcite). The melt compositions of LM78 are similar to those of Thomson & 

Schmidt (2008), the silicate melts corresponding to trachytic compositions.  

 
Table 3.2

Runtable

Exp. Starting P T acceleration capsule Phases

Material static centrifuge material

[GPa] [°C] [h] [h] g LS LC spinel phlog qtz kfspar calcite kalsilite cpx ol V

LM1 Mix1-B 1 1240 48 Pt-C * *>0.55 *<0.45

LM22 Mix1-B 1 1240 47 5 712 Au50Pd50-C
a) 0.43 0.56 *<0.01

LM36 Mix1-B 1 1240 66 5 712 Au50Pd50
a) 0.53 0.46 *<0.01

LM52 Mix1-C 1 1240 47.5 4.25 712 Au50Pd50
a) 0.52 0.47 *<0.01

LM58 Mix1-C 1.7 1260 85.7 6 712 Au80Pd20-C
a) 0.47 0.52 *<0.01

LM51 Mix1-D 1 1240 44 4.5 712 Au50Pd50
a) 0.48 0.52 +

LM41 KF4 1.7 1220 62 Au50Pd50
a) 0.44 0.54 *<0.02 +

LM45 KF4 1.7 1220 45 4 712 Au50Pd50
a) 0.41 0.58 *<0.01 +

LM54 KF4 1.7 1220 40 5 712 Au50Pd50
a) 0.45 0.55 *<0.01 +

LM108 KF7 1.7 1220 40 Au50Pd50
a) 0.4 0.54 <0.01 0.03 0.02 +

LM57 Alk 1 1240 21.5 Au50Pd50 * *>0.50 *<0.45 *<0.05

LM59 Alk 1 1240 50 5 712 Au50Pd50-C
a) 0.44 0.49 <0.07

LM82 KF6 1.7 1200 40 Au80Pd20
b) 0.37 0.61 *<0.02 +

LM63 KF5 1.7 1150 45 Au80Pd20
b) 0.28 0.59 0.13

LM75 KF5 1.7 1150 50.3 Au80Pd20
b) 0.33 0.67

LM113 KF8 1.7 1150 46.2 Au80Pd20
b) 0.3 0.59 0.11 +

LM73 ThS3B 3 1160 43.3 Au80Pd20
b) 0.56 0.44 +

LM78 ThS3B+Qtz +ky 3 1160 43.3 Au80Pd20 * *0.27 *0.27 *>0.25 *<0.2 *<0.01

LM83 ThS4 3 1160 66 Au80Pd20
b) 0.62 0.38 +

LM101 ThS4 3 1160 66 Au80Pd20
b) 0.63 0.37 +

a) massbalance calculated with CO2 by difference and iron calculated as FeO
b) massbalance calculated without CO2 and H2O and iron calculated as FeO

*estimated by area proportion

+ = present

Abbreviations: P = pressure, T = temperature,  C = graphite capsule or added graphite piece,  LS = silicate glass, LC = carbonatite melt,  phlog = phlogopite,  qtz = quartz, 

kfspar = potassium feldspar,  cpx = clinopyroxene, ol = olivine, C = Graphite, V = vapour.

Duration

 

 

3.2.5.  Capsule material and oxygen fugacity 

Starting materials were filled into 2.3, 3.0 or 4.0 mm outer diameter Au50Pd50 capsules 

for the anhydrous compositions, and into Au80Pd20 capsules for the H2O-bearing ones. Using 

graphite capsules failed, as the carbonatite melts vanished from the center of the charge into 

the pore space and fractures of the graphite capsule. The same problem was reported by Jones 

et al. (1995), who concluded that graphite is by no-means an inert container for carbonatite 

liquids.  
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Alternatively to graphite containers, we attempted to buffer oxygen fugacity to ~CCO 

by adding graphite powder (LM22) or a single piece of graphite to the charge (LM58 and 

LM59, Table 3.2; Fig. 3.1B). The price to pay for providing a redox partner was a near 

completion of the reaction FeOmelt + C = Fe0
metal + CO2 and an almost complete loss of Fe to 

the capsule wall.  

To calculate approximate oxygen fugacities, we employed Kress & Carmicheal (1991). 

We recognize that the melts forming the basis of their model do not contain CO2 and that our 

silica-undersaturated alkali-rich compositions are outside the compositional array employed 

for their model calibration. Furthermore, we have no choice other than assuming an equi-

partitioning for Fe2+ and Fe3+ between the silicate and carbonatite melt to estimate the 

Fe3+/Fetot fraction in the silicate melt. Nevertheless, relative differences in oxygen fugacity 

between the three sets of experiments should still hold, but absolute values can only be 

understood as semi-quantitative. For the graphite-containing experiments, we calculate an fO2 

of IW±0.5, after Kress & Carmichael (1991). In the other experiments we made no attempt to 

buffer oxygen fugacity and also in these some Fe was lost to the capsule walls. In the absence 

of suitable redox partners, only the reaction FeO = Fe0
capsule + Fe2O3 can account for such a 

loss. The Fe3+/Fetot fraction is thus calculated from the loss of Fe from the bulk silicate-

carbonate material and amounts to 0.1-0.3 for the experiments with all Fe as Fe2+ in the 

starting material. The calculated fO2’s for this series yields between QFM+1 and QFM-2 

(Kress & Carmichael, 1991). The starting materials with an elevated Fe3+/Fetot ratio of 0.25 to 

0.6 resulted through Fe-loss into bulk Fe3+/Fetot fractions of 0.6-0.8. Calculated fO2’s are 

slightly below HM. For the H2O-bearing starting materials, some H2-loss during the 

experiment could further slightly oxidize the Fe and may shift fO2‘s to slightly higher values. 

In the following, we distinguish three groups of experiments: (i) those containing 

graphite with an fO2 around IW, (ii) those with all Fe added as Fe2+ but which do not have 

graphite, these yield an fO2 around QFM, and (iii) the series of experiments with a Fe3+/Fetot 

~0.25 to 0.6 in the starting material, resulting in fO2’s close to HM or ~QFM+4.  

 

3.2.6.  Static piston cylinder experiments 

Static experiments (Table 3.2) were performed in an end-loaded piston cylinder with a 

14 mm diameter teflon foil-talc-pyrex-graphite-MgO assembly. On top of the assembly, a 

steel plug surrounded by pyrophyllite was inserted to hold the thermocouple in position and 
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prevent extrusion of the assembly. B-type thermocouples (Pt-Pt90Rh10) were used, and the 

mullite thermocouple ceramics and the capsule were inserted into the inner MgO rods. The 

assembly was calibrated against coesite-quartz (Bose & Gangluy, 1995) as well as 

fayalite+quartz=ferrosilite (Bohlen et al., 1980) resulting in a friction correction of 10% to 

the nominal pressure.  No pressure correction was applied to the thermocouple emf. 

Experiments were quenched by switching off power with the initial quench rate being > 200 

°C/s.   

 

3.2.7.  Centrifuge experiments 

To physically separate the carbonatite and silicate melts, capsules were recovered from 

static equilibration experiments and re-loaded into the centrifuging piston cylinder, run at 

identical pressure and temperature but with an additionally applied centrifugal acceleration of 

712 g. The centrifuge itself consists of a rotating table of 1.38 m diameter and 850 kg (for 

details see Schmidt et al., 2006). The table has two apertures, one of them accommodating a 

single stage piston cylinder module, the other a counterweight with similar weight 

distribution. The centrifuging piston cylinder has a 14 mm diameter assembly identical to that 

of the static end loaded piston cylinder. Within this arrangement, the experimental charge sits 

at a radius of 32 cm, centrifuging with 1400 rpm thus yields 712 g. Oil pressure in the 

hydraulic ram of the piston cylinder cannot be varied while the centrifuge rotates; on the 

other hand heating is not advisable when the centrifuge does not rotate, as the current 

transmitting slip rings would burn out if remaining in a fixed position. Therefore, cold 

pressure was set to a higher value than the desired run pressure, such that during powering up 

of the centrifuge and heating, oil pressure drops to the desired run pressure.  

 

3.2.8.  Sample preparation 

Alkalis in quenched carbonatites are (at least partly) dissolved and lost if any water, 

ethanol or acetone is used during sample preparation. Thus, samples were embedded into 

epoxy, and dry polished with alumina paper until the capsule was slightly opened. The 

sample was then impregnated under vacuum with a low-viscosity Laromin epoxy to achieve a 

better mechanical coherence of the sample. For further polishing to a level close to the 

symmetry axis of the capsule, first alumina paper and then diamond paste were used. To 
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remove the diamond paste, pentane, hexane or kerosene were tested, hexane or pentane 

yielding better results than kerosene, the latter not being able to remove all diamond paste. 

 

3.2.9.  Electron probe micro-analysis and calculation of volatile contents 

Sample textures and phase identities were determined with a scanning electron 

microscope (JEOL 6390 LA) with attached EDS. In the successful experiments (Table 3.2), 

phase compositions (Table 3.3-3.4) were analyzed by a JEOL 8200 electron microprobe with 

five wavelength dispersive spectrometers (WDS). The employed standards were wollastonite, 

rutile, corundum, fayalite, periclase, albite, jadeite, potassium feldspar, and apatite. 

Measurement times were 10-20 seconds on peak and background. Due to the instability and 

high diffusivity of alkalis in the silicate glasses and in the quench of the carbonatites, low 

beam currents and large beam diameters were necessary. For silicate glasses, these were ≤4 

nA and 10-20 µm beam diameter, for quenched carbonatites ≤2 nA and ≥20 µm diameter. To 

compensate for the resulting relatively low counts, large numbers of analyses were acquired. 

CO2 in the silicate melt was calculated by difference to 100% total for the anhydrous systems 

(Table 3.3). For the water-bearing ones, this was not possible due to the unknown H2O 

partitioning and thus H2O-concentrations within the two melts. In the carbonatite melts, we 

calculated CO2-contents as difference to 100% for the anhydrous systems and alternatively as 

stoichiometric carbonate for all mono- and di-valent cations (Table 3.3-3.4). These two 

methods resulted in differences in CO2-contents of up to 15% relative except for one sample, 

which had a difference of 27% relative (Table 3.3). In the experiments with initial molar 

Fe3+/Fetot ratios of 0.26-0.62, the carbonatite melt may contain significant Fe3+ introducing a 

systematic error in the calculation of CO2-contents by both methods. However, FeOtot 

contents are ≤2.9 wt%, this error thus remains at ≤0.3 wt% CO2 for the difference-to-100 

method and at ≤1.8 wt% CO2 for the stoichiometric method, depending on whether Fe3+ 

forms a carbonate or an oxide component in the carbonatite melt. 

 

3.2.10.  Laser ablation ICP-MS 

Laser ablation ICP-MS analyses were performed at the Laboratory of Inorganic 

Chemistry at ETH Zürich. The analyses were carried out using an 193 nm ArF excimer laser 

ablation system (Lambda Physik, Göttingen Germany) coupled to an ICP-MS (DRC II +, 

Perkin Elmer, Norwalk, USA). The samples were ablated for 40 s at 10 Hz repetition rate 
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with 40-80 µm crater diameters; the ablation energy was 17 J/cm2. The reference material 

NIST 610 was used as external calibration standard while Ca was used as internal standard 

for all melt analysis except for the silicate melts of experiments LM73, LM83, LM101and 

LM113, where Al was used because of CaO concentrations ≤1.5 wt%. Data reduction and 

concentration calculations were carried out using the protocol described in Longerich et al. 

(1996). The analyzed trace elements of this study were: Li, Rb, Cs, Be, Sr, Ba, Ca, Mg Sc, Y, 

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Lu, Zr, Hf, V, Mn, Nb, Ta, Mo, U, Th, Co, Cu, 

Cr, Zn, Ga, Si, Ge, Pb, P.  

 

3.3. Results 
3.3.1. Major element compositions of the anhydrous melts 

3.3.1.1.  The sodic systems  

We performed six experiments yielding immiscible melts with starting materials from 

the sodic systems (Table 3.1). Experiment LM1 on Mix1B was run in a Pt-graphite double 

capsule at 1 GPa, 1240 °C, but large amounts of the carbonatite melt disappeared into the 

graphite capsule. Additionally, melt separation was poor with carbonatite melt droplets 

dispersed within the silicate melt (Fig. 3.1A) and vice versa, rendering correct analysis of the 

melt compositions impossible.  

Experiment LM22 is thus a repetition of LM1 in a Au50Pd50 capsule and with 5 hours 

centrifuging at 712 g, which resulted in perfect separation of the two melts. As expected, the 

carbonatite melt segregated towards the centre of the centrifuge, the silicate melt and few 

spinel crystals towards the outward-directed gravitational bottom of the capsule. In this 

experiment almost all Fe was lost to the capsule (see above). Thus, experiment LM36 

repeated LM22 at the same conditions but without graphite added. The melt compositions in 

experiment LM22 and LM36 respectively are almost identical only that 2.5 and 0.5 wt% FeO 

are present in the silicate and carbonatite melts of experiment LM36. Experiment LM52 was 

performed at the same run conditions as the previous experiments but with starting material 

Mix1-C, containing 0.5 wt% Cr2O3. The silicate melts1 (Table 3.3) of experiments LM22, 

LM36 and LM52 contain 35.6-38.5 wt% SiO2, 14.5-15.3 wt% Al2O3, 14.9-18.3 wt% CaO, 

2.5-3.4 wt% FeO for those who did not lose all Fe to the capsule wall, and 9.2-12.4 wt% 
                                                
1 Oxide concentrations of silicate melts are always given on a volatile free basis while those of 
carbonatite melts correspond to the values measured by EPMA. 
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MgO. Alkali contents amount to 14.1-16.0 wt% Na2O and 0.3-0.4 wt% K2O, yielding 

K2O/Na2O wt-ratios of 0.02-0.03. The carbonatite melts contain 1.8-5.5 wt% SiO2, 19.1-22.4 

wt% CaO, 5.8-8.2 wt% MgO, 21.6-25.3 wt% Na2O and 0.6-0.8 wt% K2O which yield a 

K2O/Na2O of 0.02-0.03. Chromium had no effect on melt compositions, in experiment LM52 

almost all Cr was segregated in Cr-spinel to the bottom of the capsule. The XMg of the silicate 

melts (0.90 and 0.83 in LM36 and LM52) are lower than in the carbonatite melts (0.96 and 

0.95, respectively).  

 

 
Fig. 3.1. Backscatter electron images of experiments from the anhydrous systems: A) In static experiments, poor 
physical separation of quenched carbonatite melt dispersed in the silicate glass and vice versa, rendered analysis 
impossible (LM1, 1.0 GPa, 1240 oC). B) Centrifuge experiments yielding separated quenched carbonatite melt 
and silicate glass, additionally containing a single piece of graphite to buffer fO2. Abbreviations: LC = quenched 
carbonatite melt, LS = silicate glass, g = direction of centrifuge acceleration.C) Experiment LM41 (1.7 GPa, 
1220 oC) yielded in quenched carbonatite, a large silicate glass blob containing minor dispersed Cr-spinel, a few 
larger quenched carbonatite globules and fine dispersed carbonatite melt droplets. These inclusions impede 
large area laser-ablation analysis. D) Centrifuged experiment LM54 (1.7 GPa, 1220 oC), resulting in a perfect 
separation of the two melts and Cr-spinel crystals segregated to the gravitational bottom of the capsule.  

 

Experiment LM51 was run with starting material Mix1-D, i.e. with an increased 

Fe3+/Fetot and with P2O5. The experiment yielded silicate/carbonatite melts similar to those of 

LM52 (Table 3.3), indicating that at the low FeO-contents of the sodic series, the oxidation 

state of Fe has little influence on major element compositions of the conjugate melts. 
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Experiment LM58 was run with Mix1-D at higher pressure (1.7 GPa) than LM51 (1.0 GPa) 

to evaluate the effect of pressure. Additionally, with the intention to buffer fO2 to CCO, a 

piece of graphite was added to the charge (Fig. 3.1B). Resulting melt compositions are within 

error of experiment LM52, except for FeO contents < 0.1 wt%. The narrow variation in the 

melt compositions of experiments LM51 and LM22 indicates that a pressure increase from 

1.0 to 1.7 GPa has little effect on the miscibility gap (Fig. 3.2 and Fig. 3.3A). The addition of 

graphite allowed for a reduction of Fe2+ to Fe0, and its subsequent loss to the metal capsule. 

 
Fig. 3.2: Graphic illustration of the miscibility gap width of anhydrous (black lines) and H2O-bearing systems 
(grey lines) in terms of SiO2 vs. A) molar Ca/(Ca+Fe+Mg); B) CaO (in wt%); C) molar 
(Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) and D) total alkali contents (in wt%). The miscibility gap is of 
similar width for all anhydrous compositions but widens with the addition of H2O and with an increase of the 
bulk SiO2- and Al2O3-content through in an increasing polymerization of the silicate melts. Na and K partition 
into the carbonatite melt except for the potassic silica-undersaturated H2O-bearing system, where K partitions 
into the silicate melt. 
 



 Element partitioning between immiscible  carbonatite and silicate melts 

   
39 

The compositional gaps between the immiscible silicate- and carbonatite melts are visualized 

in SiO2+TiO2+Al2O3 – (Ca,Mg,Fe)O – (Na,K)2O space projected from CO2 (+H2O) (Fig. 

3.4A) and in SiO2 vs. CaO, Ca/(Ca+Fe+Mg), or the mol fraction of network forming cations 

(Fig. 3.2A-C). In the sodic system the miscibility gap spans from 35.6 to 5.5 wt% SiO2, 0.51-

0.65 molar Ca/(Ca+Mg+Fe), 0.48-0.11 molar (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K), 

and amounts to a ΔCaO of 4.6-7.4 wt%. CaO-concentrations of the conjugate melts almost 

overlap, the highest CaO of the silicate melts amounts to measured 17.1 wt% while the 

lowest CaO of the carbonatite melts is 19.1 wt%. Neither the pressure difference of 0.7 GPa 

nor the oxidation state of Fe (including the loss of Fe to the metal capsule) had much of an 

influence on the miscibility gap width. It is worth noting is that Na2O and K2O are partitioned 

into the carbonatite melt, resulting in a positive slope of the two-melt-tielines in Fig. 3.4A 

 
Fig. 3.3: DLa vs. molar (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) for A) the anhydrous and B) the H2O-
bearing systems. The vertical lines indicate the average middle of the miscibility gap. For the anhydrous 
systems, DLa increases from the sodic to the potassic systems and with an increase of the fraction of network 
formers in the silicate melt. This relatively small effect is dominated by the effect of increasing miscibility gap 
width in the hydrous increasingly Si-rich systems. 
 

3.3.1.2.  The potassic system  

Two starting materials KF4 with Fe3+/Fetot = 0.62 and KF7 with all Fe as Fe2+ were 

employed (Table 3.1). Experiment LM41 (starting material KF4) run statically at 1.7 GPa, 

1220°C yielded one large silicate melt blob contained in quenched carbonatite melt. The 

silicate melt exhibits minor Cr-spinel (Fig. 3.1C) and carbonatite melt droplets, thus, large 

area laser-ablation measurements were impeded.  
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Fig. 3.4: Compositional gaps between immiscible silicate- and carbonatite melts visualized in SiO2+TiO2+Al2O3 
– (Ca,Mg,Fe)O – (Na,K)2O space projected from CO2 (+H2O) in wt% for A) anhydrous compositions and B) 
H2O-bearing compositions (projection following Hamilton et al., 1979; and Lee & Wyllie, 1997). The tielines 
between the conjugate melts have strongly positive slopes for the anhydrous sodic compositions and slightly 
positive one’s for the anhydrous potassic systems. In the H2O-bearing systems, subhorizontal tie-lines for the 
silica-undersaturated compositions are replaced by slightly positive tie-lines for the Si-rich bulk compositions. 
Note that pressure co-varies with the compositional groups but that the apparent effect of pressure would be 
opposing in A) and B), indicating that the compositional effects are dominant. The grey symbols give 
experimental bulk compositions. 
 

Conjugate melt pairs were thus separated by centrifugation in experiments LM45 and 

LM54 (Fig. 3.1D; Table 3.3), both yielding small Cr-spinel crystals at the bottom of the 

capsule. These two experiments were run with identical starting materials, capsules and run 

conditions in order to verify the reproducibility of our experimental strategy. Immiscible melt 

compositions are plotted in Fig. 3.2-3.4. The silicate melts of LM45 and LM54 contain about 

40.4 wt% SiO2, 13.6-14.7 wt% Al2O3, 14.5-15.7 wt% CaO, 3.1-3.5 wt% FeO, and 9.8-10.4 

wt% MgO resulting in a XMg of 0.83-0.86. Alkali concentrations are 2.1 wt% Na2O and 11.5-

11.9 wt% K2O yielding K2O/Na2O wt-ratios of ~5.5. These two silicate melts compare well 

to the natural San Venanzo kamafugites from Central Italy (Martin et al., 2012). The 

carbonatite melts contain 8.3-9.6 wt% SiO2, 26.4-27.4 wt% CaO, 1.9-2.0 wt% FeO, 10.1-11.3 

wt% MgO, 2.6 wt% Na2O and 12.3 wt% K2O yielding K2O/Na2O = 4.7.  

Experiment LM108, run at 1.7 GPa, 1220 °C with all Fe as Fe2+ in starting material KF7, 

resulted in ∼50 vol% carbonatite melt and ~40 vol% silicate melt, the latter contained in part 
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Table 3.3

Average melt compositions of anhydrous systems

Experiment LM22 LM36 LM52 LM58 LM51 LM45 LM54 LM108 LM59

Starting Material Mix1-B Mix1-B Mix1-C Mix1-C Mix1-D KF4 KF4 KF7 Alk1

P[GPa] / T [°C] 1/1240 1/1240 1/1240 1.7/1260 1/1240 1.7 / 1220 1.7 / 1220 1.7 / 1220 1/1240

# analysis 19 16 13 31 14 22 22 18 26

Silicate melt

SiO2 33.4(5) 35.6 35.2(7) 36.4 37.5(15) 38.5 36.4(8) 38.2 35.6(11) 37.2 38.2(14) 40.4 38.0(11) 40.3 37.0(7) 42.0 33.3(14) 35.4

TiO2 3.7(0) 3.9 3.5(1) 3.7 3.2(1) 3.2 3.2(1) 3.4 2.8(2) 2.9 2.4(1) 2.5 2.2(1) 2.4 2.6(1) 3.0 3.5(1) 3.8

Al2O3 14.3(3) 15.3 14.2(3) 14.7 14.2(6) 14.5 14.1(1) 14.8 14.1(9) 14.8 12.9(5) 13.6 13.8(8) 14.7 13.0(4) 14.7 12.3(7) 13.0

FeO 0.0(0) 0.0 2.4(1) 2.5 3.3(1) 3.4 0.1(0) 0.1 2.8(2) 3.0 2.9(1) 3.1 3.3(1) 3.5 5.1(2) 5.7 0.1(0) 0.1

MgO 11.7(2) 12.4 11.9(2) 12.3 9.0(2) 9.2 10.4(2) 10.9 9.2(6) 9.6 9.8(3) 10.4 9.2(4) 9.8 7.8(2) 8.8 12.2(4) 10.9

CaO 17.1(3) 18.3 15.6(4) 16.2 14.5(10) 14.9 15.2(4) 15.9 14.6(4) 15.3 14.8(3) 15.7 13.7(4) 14.5 9.8(4) 11.2 17.0(5) 18.0

Na2O 13.2(3) 14.1 13.4(12) 13.9 15.6(13) 16.0 15.6(11) 16.4 15.8(3) 16.5 2.0(1) 2.1 2.0(2) 2.1 1.2(2) 1.4 7.8(2) 8.2

K2O 0.3(0) 0.4 0.4(0) 0.4 0.3(0) 0.3 0.4(0) 0.4 0.6(0) 0.6 10.9(1) 11.5 11.2(5) 11.9 11.6(2) 13.1 9.9(1) 10.5

P2O5
1)0.0097(2) 0.0 1)0.0097(4) 0.0 1)0.0093(4) 0.0 1)0.0120(4) b.d. 0.3(1) 0.3 0.7(1) 0.7 0.7(2) 0.7 0.1(1) 0.1 0.1(1) 0.1

Total 93.7 100.0 96.6 100.0 97.4 100.0 95.3 100.0 95.7 100.0 94.6 100.0 94.1 100.0 88.2 100.0 94.1 100.0

CO2
a) 6.3 3.4 2.6 4.7 4.3 5.4 5.9 11.8 5.9

XMg (all Fe as FeO) 1.00(2) 0.90(2) 0.83(2) 1.00(3) 0.85(8) 0.86(3) 0.83(4) 0.73(2) 1.00(5)

K2O/Na2O [wt%-ratio] 0.02(0) 0.03(0) 0.02(0) 0.02(0) 0.04(0) 5.53(35) 5.6(7) 9.7(16) 1.27(4)

Ca/(Ca+Mg+Fe) [mol%-ratio] 0.51(1) 0.46(1) 0.49(4) 0.51(2) 0.49(2) 0.48(1) 0.47(2) 0.40(2) 0.54(2)

(Si+Ti+Al)/(Si+Ti+Al+Fe+

Mg+Ca+Na+K) [mol%-ratio] 0.48(1) 0.48(2) 0.51(3) 0.50(2) 0.49(2) 0.53(3) 0.54(2) 0.79 0.48(3)

NBO/T 1.49 1.52 1.37 1.40 1.42 1.20 1.11 1.00 1.58

Carbonatite

# analysis 41 30 24 36 20 37 30 26 29

SiO2 5.5(32) 4.1(18) 1.8(11) 3.3(19) 3.0(14) 9.6(3) 8.3(15) 7.6(8) 1.5(1.2)

TiO2 0.9(5) 0.6(3) 0.3(2) 0.6(3) 0.5(2) 1.5(5) 1.0(1) 1.2(2) 0.4(0.2)

Al2O3 0.8(7) 0.5(3) 0.1(1) 0.3(02) 0.3(2) 1.5(1) 1.5(5) 1.5(2) 0.1(1)

FeO 0.0(0) 0.5(2) 0.5(2) b.d. 0.6(2) 1.9(6) 2.0(2) 3.4(3) b.d.

MgO 7.4(14) 8.2(9) 5.8(16) 7.6(14) 6.4(1) 11.3(11) 10.1(10) 11.3(4) 5.0(2)

CaO 22.4(13) 21.7(11) 19.1(22) 22.1(12) 21.8(9) 27.4(18) 26.4(29) 23.8(27) 20.4(22)

Na2O 21.6(29) 24.1(19) 25.3(17) 25.1(11) 25.4(9) 2.6(13) 2.6(5) 1.6(4) 12.4(7)

K2O 0.7(1) 0.8(1) 0.6(1) 0.6(0) 1.0(1) 12.3(11) 12.3(6) 11.5(23) 18.4(5)

P2O5
1)0.015(1) 1)0.0185(3) 1)0.0165(4) 1)0.020(2) 0.4(1) 1.4(1) 0.9(2) 0.2(1) 0.4(1)

Total 59.6 60.5 53.4 59.6 59.4 69.5 65.1 62.3 58.6

CO2
a) 40.4 39.5 46.6 40.4 40.6 30.5 34.9 38.0 41.4

CO2
b) 41.4 43.8 39.8 43.8 42.9 42.6 40.6 39.6 38.9

XMg (all Fe as FeO) 1.00(27) 0.96(15) 0.95(37) 1.00(26) 0.95(21) 0.92(13) 0.90(13) 0.86(4) 1.00(55)

K2O/Na2O [wt%-ratio] 0.03(1) 0.03(0) 0.02(0) 0.03(0) 0.04(0) 4.68(24) 4.74(10) 7.2(23) 1.49(10)

Ca/(Ca+Mg+Fe) [mol%-ratio] 0.69(6) 0.65(5) 0.69(11) 0.68(6) 0.70(5) 0.62(5) 0.63(8) 0.56(7) 0.75(12)

(Si+Ti+Al)/(Si+Ti+Al+Fe+

Mg+Ca+Na+K) [mol%-ratio] 0.11(8) 0.08(4) 0.04(3) 0.06(5) 0.06(3) 0.16(2) 0.15(4) 0.15(2) 0.03(2)

1) from LA-ICP-MS analysis

b.d. = below detection limit; v.w.e. = value within 1sigma error

CO2
a) calculated by difference to 100

COb) calculated by stoichiometry

NBO/T calculated with all Fe as Fe2+  on a volatile-free basis
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Table 3.4

Average melt compositions of H2O-bearing systems

Experiment LM82 LM75 LM113 LM63 LM73 LM83 LM101

Starting Material KF6 KF5 KF8 KF5 ThS3B ThS4 ThS4

P[GPa] / T [°C] 1.7/1200 1.7/1150 1.7/1150 1.7/1150 3/1160 3/1160 3/1160

# analysis 12 14 20 11 23 17 22

Silicate melt

SiO2 38.0(1) 42.8 43.0(2) 48.6 42.4(3) 48.4 49.0(2) 53.6 50.5(2) 55.4 63.1(6) 68.6 62.0(3) 67.6

TiO2 5.1(0) 5.7 1.6(0) 1.8 1.9(1) 2.2 1.0(3) 1.1 0.1(0) 0.1 0.2(0) 0.2 0.2(0) 0.2

Al2O3 14.0(1) 15.8 15.5(1) 17.7 16.1(3) 18.4 17.6(4) 19.3 19.2(2) 21.1 10.7(1) 11.7 11.1(2) 12.1

MnO b.d. b.d. b.d. b.d. b.d. 0.0 b.d. b.d. b.d. b.d. 0.0 0.1 0.0 0.0

FeO 2.6(0) 2.9 1.7(0) 1.9 1.7(1) 2.0 1.4(5) 1.6 1.7(1) 1.9 2.1(1) 2.3 2.3(1) 2.6

MgO 5.8(1) 6.6 4.5(1) 5.1 3.7(1) 4.2 2.3(6) 2.6 0.3(0) 0.3 0.5(0) 0.6 0.5(0) 0.6

CaO 8.8(1) 10.0 6.7(1) 7.6 6.5(2) 7.4 3.5(4) 3.8 1.5(1) 1.6 1.1(0) 1.2 1.3(1) 1.4

Na2O 1.9(1) 2.1 1.9(1) 2.2 2.0(2) 2.2 1.9(4) 2.1 3.1(2) 3.4 3.6(1) 3.9 3.5(2) 3.8

K2O 12.4(1) 14.0 13.2(2) 14.9 13.2(3) 15.0 14.5(2) 15.9 14.8(3) 16.2 10.6(1) 11.5 10.8(2) 11.8

P2O5
1)0.0096(3) 0.0 0.3(2) 0.3 0.1(1) 0.1 0.2(0) 0.2 1)0.0396(5) 0.0 1)0.0077(9) 0.0 1)0.0068(5) 0.0

Total 88.6 100.0 88.5 100.0 87.6 100.0 91.4 100.0 91.1 100.0 92.1 100.0 91.8 100.0

XMg (all Fe as FeO) 0.80(1) 0.82(2) 0.80(3) 0.74(26) 0.21(4) 0.30(2) 0.28(3)

K2O/Na2O [wt%] 6.7(2) 6.9(4) 6.6(7) 7.6(15) 4.7(3) 2.96(10) 3.07(17)

Ca/(Ca+Mg+Fe) [mol%-ratio] 0.47(1) 0.47(1) 0.50(2) 0.44(8) 0.47(3) 0.32(1) 0.34(2)

(Si+Ti+Al)/(Si+Ti+Al+Fe+

Mg+Ca+Na+K) [mol%-ratio] 0.62(0) 0.68(1) 0.69(1) 0.76(2) 0.80(1) 0.83(1) 0.83(1)

NBO/T 0.75 0.51 0.46 0.25 0.12 0.20 0.21

Carbonatite

# analysis 28 29 20 19 26 27 32

SiO2 9.9(9) 11.9(16) 10.0(20) 5.7(12) 1.4(8) 1.8(5) 2.5(10)

TiO2 3.1(5) 1.4(2) 1.7(4) 0.8(2) 0.1(0) 0.1(0) 0.1(0)

Al2O3 2.6(2) 3.2(4) 2.6(6) 1.3(3) 1.5(4) 0.2(1) 0.3(1)

MnO b.d. b.d. b.d. b.d. b.d. 0.2(1) 0.2(1)

FeO 2.5(3) 2.4(2) 2.4(4) 2.2(2) 6.4(4) 5.3(4) 5.3(7)

MgO 9.8(4) 10.3(6) 9.4(9) 9.6(7) 2.7(3) 3.1(2) 3.1(3)

CaO 22.3(14) 23.9(22) 26.8(35) 28.2(21) 25.4(37) 26.6(17) 27.1(26)

Na2O 2.5(3) 2.7(5) 2.4(7) 2.1(5) 6.5(12) 9.6(8) 8.3(15)

K2O 11.5(11) 8.1(9) 7.6(35) 8.9(12) 12.1(25) 8.7(9) 8.5(14)

P2O5
1)0.0113(8) 1.5(3) 0.3(1) 1.5(3) 1)0.264(7) 1)0.0142(9) 1)0.0084(4)

Total 64.2 65.4 66.3 60.3 56.0 55.6 55.5

CO2
b) 36.8 37.2 39.4 39.6 37.0 38.4 37.8

XMg (all Fe as FeO) 0.88(5) 0.88(7) 0.87(11) 0.89(9) 0.43(5) 0.51(4) 0.51(6)

K2O/Na2O [wt%] 4.70(73) 3.02(62) 3.17(173) 4.2(11) 1.86(52) 0.90(12) 1.02(25)

Ca/(Ca+Mg+Fe) [mol%-ratio] 0.59(4) 0.60(7) 0.64(10) 0.65(6) 0.74(13) 0.76(6) 0.76(9)

(Si+Ti+Al)/(Si+Ti+Al+Fe+

Mg+Ca+Na+K) [mol%-ratio] 0.21(3) 0.23(4) 0.20(5) 0.12(3) 0.04(2) 0.04(2) 0.05(3)

1) from LA-ICP-MS analysis

CO2
b) calculated by stoichiometry

NBO/T calculated with all Fe as Fe2+  on a volatile-free basis  
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quenched cpx and bubbles. At the bottom of the capsule, leucite, clinopyroxene, olivine and 

spinel accumulated. The resulting silicate melt contains 42.0 wt% SiO2, 14.7 wt% Al2O3, 5.7 

wt% FeO, 8.8 wt% MgO, 11.2 wt% CaO, 1.4 wt% Na2O and 13.1 wt% K2O yielding a 

K2O/Na2O of 9.7, somewhat Si-richer and Mg- and Ca-poorer than in experiment LM45 and 

LM54. The carbonatite melt is slightly Ca-poorer but alkali- and iron richer than in 

experiment LM45.  

The miscibility gaps of the potassic system (Fig. 3.2) span from 40.3 to 9.6 wt% SiO2, 

14.8-23.8 wt% CaO, 0.48-0.56 molar Ca/(Ca+Mg+Fe), and 0.53-0.16 molar (Si+Ti+Al)/ 

(Si+Ti+Al+Fe+Mg+Ca+Na+K). The dry carbonatite melts contain 8-10 wt% SiO2 in the 

potassic system, which compares to 2-5 wt% SiO2 in the sodic system. Similar, the silicate 

melts have ~5 wt% higher SiO2-contents in the potassic system in which the separation in 

CaO-contents is also much clearer. While total alkali contents of the silicate melts overlap for 

the potassic and sodic systems (Na2O+K2O = 13.6-14.5 and 14.1-17.1 wt%, respectively), 

total alkali contents of the potassic carbonatites (Na2O+K2O = 13.1-14.9 wt%) are lower than 

for the sodic ones (Na2O+K2O = 22.3-26.4 wt%). This reflects in part the higher bulk alkali 

contents and in part a stronger partitioning of the alkalis into the carbonatite melt in the sodic 

system. 

 

3.3.1.3.  The alkalic system  

The starting material of this system (Alk-1, Table 3.1) is identical to Mix 1 of the sodic 

system with the exception that half of Na2O was replaced by a molarly equal amount of K2O. 

The static experiment LM57 yielded immiscible melts and kalsilite crystals at 1 GPa, 1240 

°C. The centrifuged experiment LM59, also with Alk-1, had graphite added and resulted in 

the same phase assemblage as LM57 (Table 3.1). The silicate melt of LM59 contains 35.4 

wt% SiO2, 13.0 wt% Al2O3, 18.0 wt% CaO, almost no FeO, and 10.9 wt% MgO. Alkali 

concentrations are 8.2 wt% Na2O and 10.5 wt% K2O, yielding K2O/Na2O = 1.27. The 

carbonatite melt contains 1.5 wt% SiO2, 20.4 wt% CaO, 5.0 wt% MgO, 12.4 wt% Na2O and 

18.4 wt% K2O yielding K2O/Na2O = 1.49. Compared to the sodic and potassic systems, this 

results in the highest total alkali content (32.4 wt%, Fig. 3.2D, 3.4A). The compositional gap 

between the two conjugate melts has a similar width as in experiment LM22 and locates at 

35.4-1.5 wt% SiO2, 18.0-20.4 wt% CaO, 0.54-0.75 molar Ca/(Ca+Mg+Fe), and 0.48-0.03 

molar (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K; Fig. 3.2A-C and 3.3-A).   
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3.3.2. Major element compositions of the H2O-bearing melts 

Melt compositions for experiments of the H2O-bearing systems are given in Table 3.4 

and plotted in Figures 3.2, 3.3B and 3.4B. In this series, a single or a few large silicate melt 

blobs formed within the carbonatite melt (Fig. 3.5A-E). As phase separation in the H2O-

bearing experiments was complete, homogeneous conjugate melts could be analyzed by large 

area laser ablation without centrifugation. Additionally, several experiments contain large 

spherical voids, interpreted as bubbles of CO2+H2O-fluids coexisting with the two melts (Fig. 

3.5B, C). 

 

3.3.2.1.  The silica-undersaturated potassic H2O-bearing systems 

We performed four successful experiments (Table 3.2) with starting materials KF6 con- 
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2 wt% H2O and with KF5 and KF8 containing 4 wt% H2O (Table 3.1). Experiment LM82, 

run with KF6 in Au80Pd20 at 1.7 GPa 1200°C, produced silicate and carbonatite liquids, vapor 

bubbles, and small phlogopite crystals at the bottom of the charge (Fig. 3.5A). The silicate 

melt contains 42.8 wt% SiO2, 15.8 wt% Al2O3, 10.0 wt% CaO, 2.9 wt% FeO, and 6.6 wt% 

MgO resulting in a XMg = 0.80. Alkali concentrations are 2.1 wt% Na2O and 14.0 wt% K2O, 

yielding a K2O/Na2O = 6.7. The carbonatite melt contains 9.9 wt% SiO2, 22.3 wt% CaO, 2.5 

wt% FeO, and 9.8 wt% MgO, resulting in a XMg = 0.88. Alkali contents are 2.5 wt% Na2O 

and 11.5 wt% K2O. The compositional gap between the immiscible melts of experiment 

LM82 (Fig. 3.2) spans from 42.8 to 9.9 wt% SiO2, 22.3-10.0 wt% CaO, 0.47-0.59  

Ca/(Ca+Mg+Fe), and 0.62-0.21 (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K). This is slightly 

wider than for anhydrous experiments LM45 and LM54, indicating that H2O enlargens the 

miscibility gap (Fig. 3.3B). SiO2 and Al2O3 contents of the carbonatites in the H2O-bearing 

systems are slightly higher than in the anhydrous potassic system.  

Experiment LM75 (Fig. 3.5B), with 4 wt% of H2O, Fe3+/Fetot = 0.58 (starting material KF5; 

Table 3.1) was run in Au80Pd20 at 1.7 GPa, 1150°C and yielded a silicate and a carbonatite 

melt. Experiment LM113, with all Fe as Fe2+ (starting material KF8), run at the same run 

conditions yielded additionally large bubbles and phlogopite. The silicate melt compositions 

of these experiments compare well and have ~48 wt% SiO2, ~18 wt% Al2O3, ~7.5 wt% CaO, 

~1.9 wt% FeO and 4.2-5.1 wt% MgO resulting in XMg = 0.80-0.82. The alkalis are 2.2 wt% 

Na2O and ~15 wt% K2O yielding a K2O/Na2O = 6.6-6.9. Theses melts are more Si- and Al-

rich than those of the 2 wt% H2O experiment (LM82; Fig. 3.5A) but poorer in Ca, Mg and 

Fe.  
 

 
 

Fig. 3.5. Backscatter electron images of experiments from the H2O-bearing systems which resulted in a near-
perfect phase separation in static experiments: A) Perfectly separated silicate glass and carbonatite melt quench 
with small phlogopite crystals at the left hand side of the silicate melt. The larger spherical voids are interpreted 
as equilibrium bubbles of a CO2+H2O fluid. Texturally these large bubbles are clearly distinct from micron-
sized quench bubbles in the silicate glass (LM82, 1.7 GPa, 1150 oC, 1.9 wt% H2O). B) Single silicate melt glass 
blob within quenched carbonatite melt (LM75, 1.7 GPa, 1150 oC, 3.9 wt% H2O). C) A large silicate glass blob 
within quenched carbonatite melt containing additional phlogopite crystals (LM63, 1.7 GPa, 1150 oC, 3.9 wt% 
H2O). D) Single phonolitic glass blob within quenched carbonatite melt with a bubble interpreted as coexisting 
fluid (LM73, 3 GPa, 1160 oC, 2 wt% H2O). The bright spot within the charge is a fragment of the capsule alloy. 
E) Experiment L101 (3 GPa, 1160 oC, 2 wt% H2O) with several large silicate melt droplets within the 
carbonatite melt and carbonatite droplets attached to the capsule wall within the silicate melt. The two bright 
spots on the silicate melt are an artifact of electrical charging. Note that in the Si-rich bulks (C and E), the 
silicate glasses have a lower backscatter brightness than the carbonatite melt quench. Abbreviations: LC = 
quenched carbonatite melt; LS = quenched silicate glass; phl = phlogopite crystals; F = fluid.   
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The 4 wt% bulk H2O carbonatite melts have slightly more Si, Al and Ca than that of the 2 

wt% bulk H2O and the dry experiments (LM82, LM45 and LM54) and contain 10-11.9 wt% 

SiO2, 23.9-26.8 wt% CaO, 2.4 wt% FeO, 9.4-10.3 wt% MgO, resulting in XMg = 0.88, 2.4-2.7 

wt% Na2O and 7.6-8.1 wt% K2O. From this results a wider miscibility gap in SiO2 of 48.4-

11.9, in CaO with 6.7-23.9 wt%, 0.50-0.60 molar Ca/(Ca+Mg+Fe), and 0.68-0.23 molar 

(Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) (Fig. 3.2, Fig. 3.3B, 3.4B). Although experiment 

LM75 and LM113 had different initial Fe3+/Fetot ratios, iron contents of the immiscible melts 

show only minor variations.  

Experiment LM63 (Fig. 3.5C), which had the same nominal conditions and starting 

material (KF5) as LM75, contained large phlogopite crystals, which may indicate a slightly 

lower run temperature for LM63 than LM75. The crystallization of phlogopite resulted in 

higher Si- and Al-contents in the silicate melt (53.6 and 19.3 wt%), and in lower CaO (3.8 

wt%), FeO (1.6 wt%) and MgO (2.6 wt%). Alkali contents are 2.1 wt% Na2O and 15.9 wt% 

K2O yielding a K2O/Na2O = 7.6 for the silicate melt. The carbonatite melt instead has the 

lowest silica- and alumina contents of the H2O-bearing series, but highest CaO-contents with 

5.7 wt% SiO2, and 28.2 wt% CaO, 2.2 wt% FeO and 9.6 wt% MgO result in XMg = 0.89 and 

2.1 wt% Na2O and 8.9 wt% K2O yield a K2O/Na2O of 4.2. In this series, LM63 yields the 

widest compositional gap in SiO2 (53.6-5.7 wt%), Al2O3, and CaO (3.8-28.2 wt%), 

Ca/(Ca+Mg+Fe) of 0.44-0.65 and (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) of 0.12-0.76 

(Fig. 3.2 and Fig. 3.3B). With increasing width of the miscibility gap, the silicate melt 

becomes richer in SiO2 and Al2O3 but poorer in CaO and MgO yielding an increased 

polymerization of the silicate melt in terms of NBO/T (Table 3.4).  

 

3.3.2.2.  The H2O-bearing phonolitic system 

The phonolitic system starting material (ThS3B, Table 3.1) contains 2 wt% H2O (as 

KF6) but significantly higher bulk SiO2 (30 wt%) and Al2O3 (11.8 wt%) than those of the 

silica-undersaturated systems. Experiment LM73 was run at 3 GPa, 1160 °C, resulting in 

immiscible silicate- and carbonatite melts and large bubbles interpreted as coexisting fluid 

(Fig. 3.5D). The silicate melt contains 55.4 wt% SiO2, 21.1 wt% Al2O3, 1.6 wt% CaO, 1.9 

wt% FeO and 0.3 wt% MgO resulting in XMg = 0.21. Alkali contents are 3.4 wt% Na2O and 

16.2 wt% K2O yielding K2O/Na2O = 4.7. The carbonatite melt contains ~1.5 wt% SiO2, 25.4 
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wt% CaO, 6.4 wt% FeO, 2.7 wt% MgO, resulting in XMg = 0.43, and 6.5 wt% Na2O and 12.1 

wt% K2O resulting in K2O/Na2O = 1.9. The compositional gap has one of the largest spans in 

alumina with 21.1-1.5 wt%, 1.6-25.4 CaO, 0.47-0.74 molar Ca/(Ca+Mg+Fe), and 0.80-0.04 

molar (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) (Fig. 3.2 and 3.3B). Coesite+kyanite 

saturation was not reached in this experiment and therefore our melt compositions differ from 

those of Thomsen & Schmidt (2008). 

 

3.3.2.3.  The H2O-bearing trachytic system 

The starting material (ThS4) of this system contained ~10 wt% SiO2 more than that of 

the phonolitic system (ThS3B). Experiments LM83 and LM101 were run at 3 GPa, 1160 °C, 

yielding silicate- and carbonatite melts as well as bubbles. The silicate melts contain 67.6-

68.6 wt% SiO2, 11.7-12.1 wt% Al2O3, 1.2-1.4 wt% CaO, 2.3-2.6 wt% FeO, and 0.6 wt% 

MgO resulting in XMg=0.28-0.30. Alkali contents are ~3.9 wt% Na2O and 11.5-11.8 wt% 

K2O yielding K2O/Na2O = 2.9-3.1. These melts are comparable to the kyanite+coesite 

saturated immiscible melts from Thomsen & Schmidt (2008) except that their silicate melts 

had 20 wt% of Al2O3 in contrast to 11 wt% in our kyanite-undersaturated melts (Table 3.4). 

Due to their low Al-contents, these melts have NBO/T = 0.2, which is higher than the NBO/T 

= 0.12 for the silica-poorer phonolitic melt of LM73 (Table 3.4). The carbonatite melts of 

LM83 and LM101 contain 1.8-2.5 wt% SiO2, 26.6-27.1 wt% CaO, 5.3 wt% FeO and 3.1 wt% 

MgO, resulting in a XMg = 0.51. Alkalis amount to 8.3-9.6 wt% Na2O and ~8.6 wt% K2O, 

yielding K2O/Na2O = 0.90-1.02. The calcio-sodium-potassium carbonatite melt is slightly 

richer in silica, poorer in alumina and contains significantly more alkali elements than that of 

Thomsen & Schmidt (2008) with 2.6-4 wt% Na2O and 0.7 wt% K2O. As detailed above, we 

suggest that alkalis and H2O were lost from the small carbonatite blobs of Thomsen & 

Schmidt (2008) during preparation.  

This trachytic system yields the largest compositional gap of this study, i.e. 67.6-2.5 wt% 

SiO2, 1.4-26.6 wt% CaO, 0.34-0.76 molar Ca/(Ca+Mg+Fe), and 0.05-0.83 molar 

(Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) (Fig. 3.2 and 3.3B).   

 

3.3.3.  Summary of the melt composition of conjugate melts  

The compositions of the conjugate melts and the width of the miscibility gap in the 

anhydrous systems are largely comparable (Table 3.3, Figs. 3.2A, 3.3 and 3.4A) with the 
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exception of K2O and Na2O contents and ratios. Carbonatite melts in the potassic system 

contain up to 10 wt% SiO2 at conditions which allow only ~5 wt% SiO2 in the sodic system. 

Na2O and K2O partition into the carbonatite melt for all dry systems.  

In the H2O-bearing systems, increasing amounts of H2O result in an increase of the 

miscibility gap width (Fig. 3.3B) similar to increasing bulk SiO2 which leads to phonolitic 

and trachytic silicate melts (at 2 wt% bulk H2O) and, as will be shown next, to an increase of 

trace element partition coefficients. While Na2O still partitions into the carbonatite melt, K2O 

partitions into the silicate melt in all H2O-bearing potassic systems leading to a net 

partitioning of total alkalis into the silicate melt in the potassic silica-undersaturated H2O-

bearing systems. In all systems, XMg in the carbonatite melt is >0.06 higher than in the 

silicate melt similar to carbonate minerals which tend to have a higher XMg than coexisting 

silicates.  

 

3.3.4.  Element partition coefficients of the anhydrous systems  

Major and trace element concentrations for the melts of the anhydrous systems are 

given in Table 3.3 and 3.5. The partition coefficients (Table 3.6) are Nernst partition 

coefficients Di = Ccarbonatite/Csilicate melt calculated from weight-concentrations. In Fig. 3.6, 

partition coefficients are plotted chemically grouped into alkali, earth alkali, high field 

strength (HFSE), rare earth elements (REE), transition metals (TM) and network formers (Al, 

Ga, Si, Ge). As a first order observation, partition coefficients patterns of all anhydrous 

systems are similar (Fig. 3.6A), except for the alkali elements, Cu and Ga. Secondly, most 

partition coefficients are within a factor of five from unity except for Mo which partitions 

stronger into the carbonatite melt and for Be, some HFSE, Sc, and the network formers which 

partition more strongly into the silicate melt (Fig. 3.6A).  

To understand the systematics of partition coefficients, D’s are plotted (Fig. 3.7) against 

ionic potential (charge/ionic radius), a proxy for the strength of ionic bonding or electrostatic 

repulsion between network modifier cations in melts (Hudon & Baker, 2002).  

For the sodic and alkalic systems (Fig. 3.7A and B), the carbonatite/silicate melt 

partition coefficients of the alkalis and earth alkalis Ba-Ca decrease with increasing ionic 

potential from D~3 for Cs to near unity for Ca. Somewhat contrasting, the alkali and earth 

alkali D’s of the potassic systems (Fig. 3.7C) increase with increasing bond strength from 

near unity to 2-2.5 for Ca. Interestingly, the carbonatite/silicate melt partition coefficients 
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determined by Veksler et al. (2012) for a system reproducing a Mg-poor Oldingyo Lengai 

composition with K2O/Na2O = 0.4 are congruent with our potassic but not with the alkaline 

or sodic systems (Fig. 3.6C).  

The high field strength elements P and Mo partition most strongly into the carbonatite 

melt (DP= 1.5-3.5, DMo = 3.7-8.7), similar to what was found by Veksler et al. (2012). The 

other high field strength elements Th, U, Hf, Zr, Ti, Nb, Ta and Sc partition into the silicate 

melt, Zr and Hf having the lowest partition coefficients (DZr = 0.06-0.28, DHf = 0.04-0.22). 

Fractionation of geochemical twins such as Zr/Hf and Nb/Ta is generally strong with DNb/Ta = 

1.6-2.8 and DZr/Hf between 1.3-1.5 (Table 3.6). As the dry experiments resulted in comparable 

miscibility gap widths (Fig. 3.3B), no systematic trends occurs e.g. for DZr/Hf of the 

anhydrous systems as a function of the molar (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) 

ratio of the silicate melt.  

Surprisingly, the REE and Y do not generally favour the carbonatite melt, as one would 

expect from the fact that some carbonatites are exploited as REE deposits. Instead, REE have 

very modest partition coefficients, decreasing from La to Lu (DLa = 0.5-0.9 and DLu = 0.2-0.4 

for the sodic and alkalic systems; DLa = 1.4-2.2 and DLu = 0.7-1.2 for the potassic system) 

with DLa/Lu =1.6-2.5. The REE form linear trends (Figs. 3.6A and 3.7) but in the reducing 

experiments with graphite (LM22, LM58, LM59), which have an estimated fO2 of IW±0.5, 

DEu forms a positive anomaly (Fig. 3.6A), indicating a different reduced valence state. This 

anomaly only occurs in the three graphite containing experiments confirming their relative 

reduced state. 

The transition metals Cr, Mn, Fe, Co, Cu and Zn partition into the silicate melt with D’s 

ranging from 0.2 to 0.9, except of Cu in the sodic and alkalic systems, which is DCu = 1.2-1.5. 

V partitions into the carbonatite melt in all anhydrous systems (DV = 1-2). Surprisingly, 

although experiment LM108 was performed at a lower fO2 than experiments LM45 and 

LM54, no difference in the behaviour of the transition metals can be observed, indicating that 

variations in oxygen fugacity have little influence on the partition coefficients for anhydrous 

systems. 

The amphoteric elements Be, Zn, Pb, Al, Ga, Si and Ge all preferentially partition into 

the silicate melt. The network formers and in particular the major element Al have low 

distribution coefficients (DAl = 0.03-0.12), followed by Ga (DGa = 0.05-0.38), and Si (DSi = 

0.09-0.25).  
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Fig. 3.6. Partition coefficients Dcarbonatite/silicate melt grouped into alkali, earth alkali, high field strength (HFSE), 
and rare earth elements (REE), into transition metals (TM) and common network formers (Al, Ga, Si, Ge). A) 
Partition coefficients for the anhydrous systems have mostly similar patterns and are mostly within a factor of 
five from unity except for Mo which partitions stronger into the carbonatite melt and some of the HFSE and the 
network formers (including Be) of the sodic and alkalic systems which partition more strongly into the silicate 
melt. The DREE form a linear trend, DEu deviates from this linear trend only for the reducing experiments with 
graphite (LM22, LM58, LM59; fO2 = IW±0.5). B) Partition coefficients of the H2O-bearing systems show the 
same patterns as the anhydrous ones but are shifted towards the carbonatite melt. For the highly polymerized Si-
rich melts which result in the widest miscibility gap, the partitioning becomes stronger. C) Partitioning 
coefficients from Hamilton et al. (1989), Jones et al. (1995), and Veksler et al. (1998, 2012) compared with 
experiments LM52, LM45 and LM113 from this study. Patterns compare well with those from our study 
anhydrous systems. Partition coefficients for Zr, Hf (and other HFSE) overlap, but those of Veksler et al. (1998, 
2012) are up to one order of magnitude lower in comparison to our data. The high partition coefficients 
determined by Hamilton et al. (1989) for H2O-bearing systems are within the range of our H2O-bearing systems. 

 

 
Fig. 3.7: Partition coefficients vs. ionic potential (charge/ionic radius; radii from Shannon 1976) as a proxy for 
the bond strength of network modifier cations (Hudon & Baker, 2002). For the multi-valent or variably 
coordinated cations, average ionic potentials (detailed in the electronic appendix) are used. A) LM58 from the 
sodic dry system with graphite leading to an fO2 of IW±0.5; B) LM59 from the alkalic dry system containing 
graphite, fO2 ~ IW±0.5; C) LM45 from the potassic dry system at an fO2 just below HM and D) LM83 from the 
H2O-bearing trachitic system at a fO2 near QFM. D’s of alkali and earth alkali elements Ba-Ca for the sodic and 
alkalic systems (A and B) decrease with increasing ionic potential in contrast to the potassic systems, where 
they increase with ionic potential. The partition coefficients of REE+Y+Sc form a linear trend that prolongs into 
the partition coefficients of the tetravalent HFSE Th, Zr, Hf, suggesting that their relative partitioning behavior 
between the carbonatite and silicate melt is mainly governed by ionic potential. Similar, the divalent transition 
metals (+Pb) form a parallel trend. Oxidized U does not fall on any trend but lies towards the Ti-Ta-Nb cluster. 
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Table 3.6

Partition coefficients for the anhydrous systems

Experiment LM22 LM36 LM52 LM58 LM51 LM45 LM54 LM108 LM59

Starting Material Mix1-B Mix1-B Mix1-E Mix1-C Mix1-D KF4 KF4 KF7 Alk1

P [GPa]/ T [° C] 1/1240 1/1240 1/1240 1.7/1260 1/1240 1.7/1220 1.7/1220 1.7/1220 1/1240

MAJOR ELEMENTS

SiO2 0.10(2) 0.12(5) 0.09(2) 0.10(6) 0.11(6) 0.25(6) 0.22(4) 0.20(2) 0.15(3)

TiO2 0.18(3) 0.17(4) 0.17(4) 0.20(11) 0.25(5) 0.48(7) 0.48(1) 0.50(2) 0.27(5)

Al2O3 0.04(1) 0.04(1) 0.03(2) 0.07(2) 0.06(2) 0.12(6) 0.11(4) 0.12(2) 0.06(2)

FeO 0.30(2) 0.21(7) 0.18(8) 0.45(6) 0.30(4) 0.63(7) 0.59(7) 0.66(6) 0.36(4)

MgO 0.50(3) 0.72(9) 0.58(3) 0.76(15) 0.74(5) 0.97(4) 1.09(16) 1.45(6) 0.63(3)

CaO 1.31(8) 1.44(10) 1.30(16) 1.44(11) 1.47(14) 1.85(23) 1.9(4) 2.41(29) 1.17(15)

Na2O 1.63(22) 1.8(4) 1.6(4) 1.6(4) 1.68(4) 1.33(24) 1.3(4) 1.3(4) 1.54(30)

K2O 1.98(21) 2.06(21) 1.9(3) 1.70(18) 1.88(4) 1.11(16) 1.09(30) 0.99(20) 1.83(21)

P2O5 1.54(6) 1.90(9) 1.77(8) 1.63(17) 3.32(19) 2.62(18) 3.53(24) 3.26(21) 3.14(20)

TRACE ELEMENTS

Cs 2.26(11) 2.96(15) 2.26(9) 2.36(20) 2.47(12) 1.02(6) 1.19(5) 0.94(5) 3.05(12)

Rb 1.76(5) 2.35(6) 1.77(6) 1.63(14) 2.01(6) 0.98(4) 1.11(5) 0.93(5) 2.23(7)

Li 1.19(6) 1.57(6) 1.35(10) 1.34(13) 1.49(9) 1.21(8) 1.45(8) 1.66(10) 1.42(5)

Ba 1.43(6) 1.88(6) 1.62(9) 2.01(16) 1.77(7) 1.55(8) 1.75(6) 2.32(15) 1.56(6)

Sr 1.38(3) 1.84(3) 1.61(4) 1.61(13) 1.81(3) 1.71(4) 1.96(4) 2.69(14) 1.52(5)

Be 0.13(4) 0.12(4) 0.11(3) 0.18(5) 0.18(5) 0.35(2) 0.36(2) 0.42(3) 0.18(4)

Pb 0.46(25) 0.33(13) 0.44(4) 0.28(14) 0.52(5) 0.69(4) 0.81(5) 0.97(12) 0.47(17)

Th 0.09(2) 0.09(4) 0.09(3) 0.22(4) 0.15(4) 0.42(1) 0.47(1) 0.59(3) 0.14(4)

U 0.21(3) 0.37(5) 0.31(4) 0.38(6) 0.43(5) 0.62(3) 0.76(2) 0.82(4) 0.31(5)

Hf 0.05(1) 0.04(2) 0.04(2) 0.10(3) 0.07(3) 0.20(1) 0.22(1) 0.20(1) 0.08(3)

Zr 0.07(2) 0.06(3) 0.06(3) 0.12(3) 0.09(3) 0.26(1) 0.28(1) 0.26(1) 0.11(4)

Nb 0.39(4) 0.44(6) 0.37(5) 0.50(6) 0.52(6) 0.63(2) 0.73(2) 0.67(4) 0.62(7)

Ta 0.18(8) 0.18(7) 0.18(4) 0.31(10) 0.26(7) 0.41(3) 0.45(3) 0.34(13) 0.33(9)

Mo 5.8(5) 8.46(9) 6.8(4) 5.1(4) 5.9(6) 3.73(28) 4.70(27) 4.8(4) 8.7(5)

La 0.47(3) 0.62(5) 0.58(3) 0.90(7) 0.73(5) 1.20(3) 1.38(3) 2.15(18) 0.56(4)

Ce 0.4(3) 0.51(4) 0.48(3) 0.79(8) 0.63(5) 1.08(3) 1.24(2) 1.86(12) 0.49(5)

Pr 0.39(3) 0.50(4) 0.47(3) 0.76(7) 0.61(5) 1.06(2) 1.23(3) 1.85(13) 0.48(5)

Nd 0.39(3) 0.49(5) 0.46(3) 0.75(7) 0.61(4) 1.06(3) 1.19(3) 1.77(12) 0.48(4)

Sm 0.35(3) 0.44(4) 0.42(3) 0.69(7) 0.56(5) 0.98(3) 1.12(4) 1.66(10) 0.44(5)

Eu 0.44(3) 0.42(5) 0.41(3) 0.82(7) 0.55(5) 0.97(2) 1.09(2) 1.61(9) 0.58(4)

Gd 0.35(4) 0.43(5) 0.42(4) 0.67(7) 0.54(5) 0.97(4) 1.13(3) 1.59(9) 0.43(5)

Tb 0.32(3) 0.38(5) 0.37(3) 0.61(6) 0.50(5) 0.91(2) 1.05(2) 1.55(11) 0.40(5)

Dy 0.30(3) 0.36(5) 0.35(3) 0.59(7) 0.47(5) 0.88(3) 1.00(3) 1.45(10) 0.38(5)

Er 0.28(3) 0.32(5) 0.32(4) 0.54(6) 0.43(5) 0.83(3) 0.94(2) 1.33(8) 0.35(5)

Yb 0.23(3) 0.27(5) 0.27(4) 0.47(6) 0.36(5) 0.75(2) 0.84(2) 1.17(8) 0.31(5)

Lu 0.23(3) 0.26(5) 0.26(4) 0.45(6) 0.36(5) 0'.73(2) 0.84(2) 1.18(7) 0.30(5)

Y 0.32(3) 0.37(5) 0.37(4) 0.50(5) 0.49(5) 0.92(3) 1.03(2) 1.50(10) 0.39(5)

Sc 0.14(3) 0.14(4) 0.13(4) 0.24(5) 0.21(5) 0.49(1) 0.53(1) 0.66(4) 0.20(5)

V 1.13(6) 2.04(17) 1.63(10) 0.96(9) 1.74(12) 1.24(7) 1.49(6) 1.49(8) 1.47(5)

Cr 0.29(5) 0.22(10) 0.12(4) 0.31(6) 0.21(5) 0.47(1) 0.51(2) 0.69(15) 0.30(7)

Mn 0.37(2) 0.44(4) 0.41(3) 0.56(5) 0.54(5) 0.81(3) 0.92(3) 1.13(5) 0.46(4)

Co 0.30(6) 0.31(4) 0.30(3) 0.46(6) 0.40(4) 0.65(3) 0.74(2) 0.87(5) 0.34(6)

Cu n.a. 1.55(11) 1.20(9) 1.41(15) 1.53(12) n.a. 0.79(15) 0.71(24) 1.51(12)

Zn 0.20(6) 0.17(3) 0.15(5) 0.28(12) 0.20(3) 0.44(3) 0.52(4) 0.60(3) 0.28(7)

Ga 0.38(2) 0.06(2) 0.05(2) 0.48(5) 0.08(3) 0.19(1) 0.20(1) 0.18(1) 0.38(6)

Ge 0.37(8) 0.17(3) 0.13(3) 0.65(9) 0.22(4) 0.36(2) 0.35(2) 0.37(3) 0.48(5)

Partition coefficients ratios

D(Zr/Hf) 1.35(4) 1.48(33) 1.37(6) 1.36(5) 1.34(6) 1.27(4) 1.28(4) 1.31(3) 1.34(5)

D(Nb/Ta) 2.4(10) 2.76(143) 2.2(4) 2.00(5) 2.0(3) 1.55(13) 1.61(11) 2.0(8) 2.0(5)

D(La/Lu) 2.03(23) 2.48(38) 2.3(3) 1.99(13) 2.06(15) 1.64(3) 1.65(2) 1.82(5) 2.00(30)

Ds of major element except for P2O5 and TiO2 are calculated from EPM analysis

n.a. = not analysed; v.w.e. = value within error  
 

3.3.5.  Element partition coefficients of the H2O-bearing potassic systems  

Major and trace element concentrations of the H2O-bearing melts are listed in Table 3.4 

and 3.5, and calculated partition coefficients in Table 3.7. The partition coefficients of the 

H2O-bearing potassic systems show similar patterns as for the anhydrous potassic systems 

(Fig. 3.6B and 3.7D) but have higher amplitudes, i.e. a DLa/DHf of  7.7 to 490 (with DHf = 

0.06-0.34 and DLa = 2.0-38.0) in comparison to the anhydrous ones with DLa/DHf = 6-11 (DHf 

= 0.04-0.22; DLa = 1.47-1.38). Secondly, patterns are generally shifted in favour of the 

carbonatite melts. 
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Table 3.5

Average trace element melt compositions measured by LA-ICP-MS

Experiment Spike LM22 LM22 LM36 LM36 LM52 LM52 LM58 LM58 LM51 LM51 LM45 LM45 LM54 LM54 LM108 LM108

# analysis 6 7 5 5 6 5 6 7 5 6 6 7 6 7 6 6

wt% LS LC LS LC LS LC LS LC LS LC LS LC LS LC LS LC

Cs 0.72 34.3(10) 77(3) 27.2(11) 80.6(22) 63.1(4) 143(6) 57.7(4) 136(12) 59.5(5) 147(7) 39.9(6) 40.7(24) 66.8(11) 79(3) 116.2(17) 110(6)
Rb 0.22 6.6(1) 11.6(3) 6.5(1) 15.2(3) 10.1(2) 17.9(5) 12.0(2) 19.5(16) 147.2(2) 19.5(4) 9.4(2) 9.3(4) 11.5(3) 12.8(5) 22.4(3) 20.7(12)
Li 0.59 18.2(7) 21.5(6) 12.8(4) 20.1(4) 29.2(4) 39.3(28) 28.6(4) 38(4) 28.2(11) 41.9(17) 26.3(7) 31.8(21) 24.1(6) 34.8(17) 37.8(10) 63(4)
Ba 1.20 40.9(6) 58.5(21) 26.1(5) 48.9(11) 56.5(10) 92(5) 45.9(8) 92(7) 52.0(5) 92(4) 45.8(9) 71.0(22) 42.0(9) 73.7(21) 69.5(24) 161(9)
Sr 1.17 39.0(4) 53.9(11) 31.0(2) 57.0(7) 48.6(6) 78.0(14) 48.7(7) 78(6) 46.6(5) 84.6(9) 51.3(9) 87.7(14) 45.7(4) 89.6(14) 69.2(29) 186(5)
Be 1.17 84(4) 11.2(29) 74(4) 9.0(26) 130(4) 14(3) 132(4) 24(6) 109(4) 19(5) 93.1(21) 32.3(15) 81.4(23) 29.7(13) 187(7) 79(4)
Pb 0.22 0.04(1) 0.02(1) 0.10(4) 0.03(1) 0.87(4) 0.39(3) 0.10(3) 0.03(1) 0.61(5) 0.32(1) 1.17(5) 0.80(4) 1.18(6) 0.96(4) 0.47(5) 0.45(2)
P 42.1(8) 65.1(22) 424.4(19) 80.7(13) 40.6(18) 72.1(16) 52.5(17) 85(8) 933(48) 3099(77) 2432(52) 6379(403) 2100(530) 7420(461) 327(20) 1067(23)
Th 0.22 19.3(10) 1.8(4) 15.9(13) 1.5(6) 24.8(14) 2.1(7) 22.0(5) 4.8(1) 24.0(12) 3.5(9) 19.1(2) 8.0(1) 15.0(1) 7.1(1) 35.6(12) 21.1(8)
U 0.22 16.2(6) 3.4(5) 11.9(7) 4.4(6) 20.5(11) 6.3(7) 18.7(3) 7.1(11) 17.4(7) 7.5(9) 17.0(4) 10.5(4) 13.9(2) 10.6(3) 29.0(9) 23.7(9)
Hf 1.16 82.1(22) 4.3(12) 73(5) 3.1(15) 116(3) 4.8(22) 101(3) 10.3(28) 105(6) 7.5(28) 93.7(14) 19.0(6) 79.0(16) 17.0(7) 201(5) 40.2(12)
Zr 1.18 95(4) 6.7(18) 82(6) 4.7(22) 126(3) 7(3) 132(4) 15(4) 109(6) 10(3) 100.4(11) 25.8(8) 80.7(10) 22.2(9) 206(7) 53.8(17)
Nb 1.17 118(7) 46(4) 127(8) 56(7) 175(9) 65(7) 185.5(24) 92(12) 148(4) 77(9) 130(17) 82.0(26) 113.0(11) 82.3(17) 292(11) 195(9)
Ta 1.36 0.15(3) 0.03(1) 0.15(2) 0.03(1) 0.12(1) 0.020(4) 0.13(1) 0.03(1) 0.22(2) 0.06(1) 0.69(2) 0.28(2) 0.57(2) 0.26(2) 0.07(2) 0.02(1)
Mo 1.18 11.2(5) 65(5) 7.3(7) 62(3) 17.3(4) 117(7) 23.2(6) 119(8) 28.4(24) 167(11) 23.1(4) 86(6) 19.2(5) 90(5) 44.2(24) 214(118)
La 1.23 52.3(23) 24.6(13) 47.0(21) 29.3(18) 72.0(19) 42.0(17) 60.5(5) 54(5) 63.5(9) 46.6(29) 44.3(15) 53.4(12) 38.3(5) 52.9(8) 53(3) 114(6)
Ce 0.49 50.0(20) 20.0(13) 45.0(17) 23.1(16) 67.6(20) 32.5(18) 56.8(6) 45(5) 57.6(10) 36.1(26) 41.3(4) 44.7(10) 36.0(2) 44.6(6) 53.8(27) 100(4)
Pr 0.49 42.4(20) 16.6(10) 38.4(18) 19.2(14) 58.2(19) 27.3(16) 49.9(4) 38(4) 50.2(7) 30.8(24) 36.0(4) 38.3(7) 30.3(5) 37.2(8) 47.3(28) 88(3)
Nd 0.49 47.5(28) 18.3(11) 44.2(28) 21.7(15) 67.2(21) 31.2(20) 57.6(11) 43(4) 57.7(9) 35.2(25) 39.4(9) 41.6(8) 35.2(5) 41.9(9) 50.6(25) 90(4)
Sm 1.15 60.0(24) 20.9(17) 55.3(29) 24.4(21) 83.7(24) 35.4(24) 71.3(10) 50(5) 71.7(18) 40(3) 51.1(9) 49.9(12) 45.6(7) 51.1(14) 66.7(29) 110(5)
Eu 0.50 51.8(19) 22.8(12) 49.3(25) 20.8(20) 76.1(23) 31.0(24) 60.6(7) 49(5) 65.1(13) 35.6(29) 46.6(6) 45.1(9) 40.6(5) 44.5(8) 59.5(28) 96(3)
Gd 0.50 51.2(24) 17.9(16) 46.7(23) 19.9(19) 71.1(14) 29.5(25) 61.5(6) 41(4) 62.5(17) 34.0(29) 44.2(18) 42.8(10) 39.8(4) 43.8(12) 63.4(25) 101(4)
Tb 0.50 52.5(19) 16.6(16) 43.6(25) 16.7(19) 67.5(19) 25.2(22) 59.3(11) 36(4) 59.1(10) 29.5(27) 44.5(8) 40.7(7) 37.1(3) 38.9(8) 58(3) 89(4)
Dy 1.17 66.1(24) 20.0(20) 59(3) 20.9(24) 90.2(19) 32.0(30) 78.0(20) 46(5) 79.7(14) 38(4) 57.7(6) 50.7(14) 50.4(5) 50.6(12) 79(5) 114(5)
Er 0.50 58.2(23) 16.3(18) 48.5(28) 15.4(21) 76.6(13) 24.5(27) 65.6(15) 35(4) 69.8(16) 30(3) 49.3(6) 41.1(14) 43.7(6) 41.0(7) 73(4) 97(4)
Yb 1.20 79.0(20) 18.5(25) 65(4) 17.4(29) 103.9(29) 28(4) 89.8(21) 42(5) 92.8(20) 34(4) 67.3(14) 50.2(11) 59.7(8) 50.3(10) 94(5) 110(5)
Lu 1.17 69.7(16) 16.4(22) 55(4) 14.2(25) 88.7(21) 23(4) 78.0)18) 35(5) 79.4(18) 29(4) 61.8(11) 45.3(10) 51.0(4) 42.8(7) 88(4) 104(4)
Y 1.00 66.4(23) 21.4(20) 54(3) 20.2(24) 81.8(17) 30.4(29) 83.3(17) 42(4) 72.6(17) 36(3) 50.5(5) 46.5(15) 44.8(5) 46.1(8) 69(4) 104(4)
Sc 1.15 76.5(28) 10.9(22) 71(6) 9.7(28) 109(3) 15(4) 114.0(18) 28(5) 96(4) 20(4) 73.0(14) 35.5(8) 65.5(9) 34.6(6) 96(5) 63.7(18)
V 1.17 41.5(18) 46.8(17) 25.7(19) 52.6(23) 52.0(17) 85(5) 70.7(8) 68(6) 48.3(9) 84(5) 49.1(7) 607(33) 44.1(6) 65.6(27) 84(3) 125(5)
Cr 1.16 13.4(14) 3.9(5) 5.7(24) 1.3(2) 229(12) 28(9) 540(8) 170(31) 25.7(18) 5.4(12) 205(5) 96.1(14) 188(4) 96.1(21) 6.9(12) 4.8(7)
Mn 0.89 13.2(4) 4.8(3) 80(3) 35.1(27) 58.3(16) 23.8(16) 4.6(1) 2.5(2) 55.1(16) 29.5(25) 54.4(11) 44.1(14) 49.8(4) 45.6(14) 65.9(23) 74.3(17)
Co 1.20 n.a. n.a. 21.4(12) 6.7(9) 43.4(11) 12.9(14) 0.7(1) 0.33(2) 29.0(8) 11.7(11) 35.4(8) 22.9(9) 41.6(3) 30.9(7) 62.2(27) 54.1(21)
Cu - 0.39(4) 0.12(3) 2.0(1) 3.0(1) 2.5(1) 3.0(2) 1.9(1) 2.7(2) 2.1(1) 3.2(2) n.a. n.a. 0.7(1) 0.63(4) 0.4(1) 0.3(0)
Zn 1.19 1.2(3) 0.2(1) 25.3(18) 4.3(8) 52.3(23) 7.8(2.5) 1.9(2) 0.5(2) 35.1(24) 7.1(8) 38.3(12) 16.8(9) 59.9(26) 31.1(21) 48.8(25) 29.2(8)
Ga 1.15 1.7(1) 0.6(0) 29.7(28) 1.7(5) 90.7(46) 4.1(14) 1.9(1) 0.9(1) 72(6) 6.0(18) 57.1(7) 10.6(3) 68.6(10) 13.4(6) 103.7(16) 18.6(8)
Ge 1.17 2.9(3) 1.1(2) 17.4(16) 3.0(5) 85.5(13) 11.4(22) 2.8(3) 1.8(2) 64.6(28) 14.1(24) 31.2(13) 11.2(2) 45.9(14) 15.9(7) 36.6(24) 13.6(8)

D(La/Lu) 0.75(4) 1.5(2) 0.8(1) 2.1(4) 0.81(1) 1.9(2) 0.76(2) 1.5(2) 0.83(3) 1.6(2) 0.72(1) 1.18(2) 0.75(1) 1.24(1) 0.60(1) 1.09(1)
D(Nb/Ta) 794(151) 1744(696) 875(128) 2109(775) 1534(183) 3303(457) 1646(194) 2646(8243) 684(72) 1371(348) 189(5) 291(228) 197(8) 317(22) 4648(1595) 1895(1803)
D(Zr/Hf) 1.2(1) 1.6(6) 1.1(1) 1.5(10) 5.6(3) 9.2(43) 1.3(1) 1.5(6) 1.0(1) 1.4(7) 1.07(2) 1.4(1) 1.02(1) 1.3(1) 1.02(1) 1.34(2)

The partition coefficients Di

n.a. = not analysed
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Table 3.5 (continued)

Average trace element melt compositions measured by LA-ICP-MS

Experiment LM59 LM59 LM82 LM82 LM75 LM75 LM113 LM113 LM63 LM63 LM73 LM73 LM83 LM83 LM101 LM101

# analysis 6 7 6 7 6 7 5 5 6 7 6 7 7 8 7 7

LS LC LS LC LS LC LS LC LS LC LS LC LS LC LS LC

Cs 57.8(14) 177(6) 154.0(30) 100(9) 194(4) 102(8) 381(9) 234(18) 250(10) 48(5) 166(5) 84(4) 146(39) 71(8) 177(5) 64(4)

Rb 10.5(3) 23.5(4) 22.7(6) 15.6(10) 27.5(6) 16.3(5) 44.9(7) 28.7(17) 30.2(10) 12.5(6) 23.8(6) 14.2(5) 22.5(12) 13.3(9) 23.6(4) 13.2(11)

Li 36.9(9) 52.3(13) 32.2(9) 46(5) 31.7(13) 48.4(26) 54.8(16) 130(19) 26.1(25) 56(4) 20.5(13) 67(4) 15.5(17) 83(12) 20.5(13) 82(4)

Ba 68.0(20) 105.8(22) 57.6(10) 103(6) 49.1(6) 114(6) 81.4(14) 256(5) 31.6(6) 127(4) 22.2(4) 179(5) 16(5) 239(10) 18.4(3) 241(5)

Sr 63.9(17) 97.4(14) 61.7(10) 132.0(16) 42.0(4) 120.0(16) 64.9(8) 272(4) 24.1(3) 146.6(22) 12.7(1) 186.7(25) 9.3(15) 246(4) 11.5(2) 250(4)

Be 147(5) 27(6) 128(5) 59(6) 117(5) 72(4) 245(8) 178(17) 149(7) 75(4) 95(4) 83(5) 111(21) 43.2(18) 131(4) 46(3)

Pb 0.04(1) 0.018(4) 1.84(12) 1.9(2) 0.76(6) 1.02(6) 2.09(4) 3.80(7) 0.49(3) 0.83(13) 2.19(19) 9.9(3) 0.48(14) 1.30(5) 1.14(7) 4.4(4)

P 734(23) 2302(131) 42.0(12) 49(3) 1245(25) 6201(447) 176(4) 1192(52) 579(24) 7791(322) 172.7(24) 1153(32) 34(4) 62(4) 29.6(21) 36.7(16)

Th 33.8(6) 4.8(14) 23.3(4) 16.5(16) 18.1(2) 19.6(26) 34.0(8) 46(11) 17.2(2) 24.1(8) 5.5(1) 36.6(12) 13.1(24) 28.1(19) 15.5(4) 28.3(27)

U 26.4(4) 8.1(14) 22.1(7) 18.3(15) 16.9(2) 18(4) 30.8(3) 33(13) 17.3(6) 22.6(9) 8.5(3) 28.8(10) 16.6(26) 20.6(11) 19.5(4) 20.5(16)

Hf 147.8(23) 12(4) 141(4) 36.4(13) 160.0(24) 54.0(20) 315(7) 99(5) 222.7(23) 37.4(9) 111.8(19) 36.6(12) 120(26) 7.2(3) 137.7(3) 8.5(1)

Zr 158.2(25) 18(6) 141(4) 46.1(18) 137.5(18) 60(3) 290(6) 120(8) 190.7(8) 49.4(10) 103.8(18) 58.4(21) 113(25) 14.0(4) 129.2(26) 15.8(2)

Nb 195(5) 120(13) 195.3(20) 137.6(14) 170.7(18) 172.0 332(4) 385(26) 174(4) 177(5) 177(4) 190(7) 191(38) 117(5) 231(6) 117(5)

Ta 0.20(2) 0.06(2) 0.43(4) 0.18(2) 0.34(2) 0.18(1) 0.03(1) 0.011(3) 0.41(4) 0.17(1) 0.03(1) 0.012(6) 0.03(1) b.d. 0.028(4) b.d.

Mo 22.0(6) 190(11) 44.8(14) 143.1(215) 29.6(11) 120(18) 47.4(3) 308(55) 14.9(9) 117(6) 19.2(7) 170(7) 32(6) 189(23) 32.7(12) 185(27)

La 93.7(16) 53(4) 40.8(6) 82(2) 28.1(4) 95.2(24) 45.1(10) 230(3) 13.6(1) 112.4(13) 4.2(1) 160(3) 6.5(5) 191.1(29) 8.0(1) 209(2)

Ce 84.9(12) 42(4) 40.5(8) 73.4(15) 27.2(5) 81.4(25) 44.8(6) 203(4) 14.0(3) 97.7(12) 4.5(1) 136.9(25) 7.2(4) 177(4) 8.8(2) 177.1(20)

Pr 73.7(12) 35(3) 36.1(3) 65.0(14) 24.4(2) 70.9(19) 39.8(6) 181.0(29) 12.6(2) 85.6(7) 4.1(1) 128.0(26) 6.6(4) 151.8(18) 8.3(1) 163.7(25)

Nd 84.1(13) 40(4) 38.3(4) 66.2(13) 25.7(4) 72.7(15) 44.0(6) 180.2(28) 13.4(4) 86.6(12) 4.4(2) 127.3(17) 7.1(3) 147.5(14) 9.1(3) 159.0(19)

Sm 107.3(15) 48(5) 51.4(10) 83.6(16) 34.8(4) 91.4(16) 61.1(9) 230.2(30) 19.2(1) 109.4(10) 6.1(2) 161.1(18) 10.8(8) 185.8(21) 13.8(4) 198.6(26)

Eu 87.3(12) 51(4) 45.7(7) 72.2(18) 31.2(4) 79.1(13) 53.9(11) 202(4) 17.5(3) 95.6(11) 5.8(1) 142.4(24) 10.2(7) 163.6(18) 13.1(3) 174.7(26)

Gd 93.9(19) 40(4) 49.1(14) 78.2(18) 33.0(4) 83.9(11) 56.8(12) 208(4) 18.6(3) 102.0(14) 5.9(2) 151.3(11) 11.4(10) 170.8(23) 14.3(3) 185.1(20)

Tb 90.2(16) 36(4) 45.6(8) 70.2(16) 31.1(4) 76.2(12) 54.2(15) 198(3) 18.2(2) 92.9(8) 5.9(4) 144.6(22) 11.4(10) 162.0(13) 14.6(3) 175.6(15)

Dy 119.0(13) 46(6) 61.0(17) 89.5(24) 42.7(6) 98.2(16) 76.3(15) 248(5) 25.8(4) 117.9(15) 8.3(3) 177.3(26) 17.0(18) 200.0(25) 21.3(7) 211.1(25)

Er 110.6(13) 36(5) 58.6(15) 78.4(18) 39.9(5) 85.1(17) 70.7(24) 208(5) 25.2(5) 102.6(5) 8.4(2) 157.1(22) 17.4(22) 167.5(22) 22.7(5) 180.7(24)

Yb 134.7(23) 42(7) 71.8(19) 88.3(25) 51.4(9) 97.6(25) 94.0(26) 236(9) 35.7(10) 119.4(14) 11.8(2) 179.3(21) 26(3) 187.3(24) 33.1(9) 196.3(14)

Lu 118.7(20) 16(6) 67.4(23) 82.2(21) 47.6(5) 89.9(24) 91.0(20) 231(12) 33.2(2) 111.9(13) 11.6(2) 179(3) 26(4) 188.3(20) 32.3(9) 188.6(19)

Y 104.0(18) 41(5) 51.2(13) 76.6(16) 38.0(4) 86.6(17) 66.8(16) 221(4) 23.6(2) 110.0(13) 7.3(1) 162.6(25) 14.8(18) 177.3(24) 19.1(4) 190.7(24)

Sc 134.0(15) 27(6) 90.9(14) 68.2(16) 76.0(6) 83.5(26) 141.2(22) 182(10) 67.5(14) 89.7(19) 30.3(2) 151.3(14) 58(10) 111.3(18) 73.1(9) 117.7(25)

V 64.0(12) 94.2(23) 74.3(17) 86.6(24) 65.7(12) 92(4) 104.6(15) 181(12) 46.9(12) 79.4(28) 47.2(12) 128(3) 64(10) 111(6) 78.1(20) 114(6)

Cr 38.8(12) 11.6(27) 58.6(28) 41.0(12) 56.7(18) 69(4) 21.4(9) 25.3(10) 8.3(6) 10.8(8) 36.3(7) 154.0(24) 59(9) 118(5) 75.5(29) 127.7(26)

Mn 3.7(1) 1.7(1) 60.7(13) 70.8(24) 42.2(6) 70.7(22) 62.2(12) 136.4(27) 29.0(6) 76.7(15) 14.5(3) 105.6(17) 205(28) 1643(26) 306(5) 1689(21)

Co 0.58(3) 0.19(4) 47.9(13) 46.0(11) 33.2(3) 45.7(16) 64.9(4) 110.8(18) 18.5(6) 36.3(10) 22.2(7) 126.3(26) 19.2(29) 94(5) 33.4(12) 118.9(28)

Cu 1.1(1) 1.6(1) 0.49(9) 0.36(3) 0.30(8) 0.26(3) 0.4(1) 0.4(1) 0.28(8) 0.26(2) 0.31(7) 0.44(3) 0.73(8) 0.48(6) 0.3(1) 0.5(0)

Zn 1.8(3) 0.5(1) 37.2(7) 27.9(25) 25.1(6) 26.2(15) 42.5(10) 53.3(21) 34.8(10) 39.2(17) 31.7(7) 85.7(131) 12.8(24) 28.4(23) 36.3(11) 55(5)

Ga 2.7(2) 1.0(1) 124.8(19) 29.6(7) 120.5(15) 39(11) 256.8(26) 68.6(18) 113(5) 17.7(8) 124(3) 25.0(9) 111(7) 10.6(4) 129(3) 12.4(3)

Ge 3.8(2) 1.8(1) 68.8(19) 23.8(9) 29.0(15) 13.6(8) 104.4(11) 46.5(6) 18.3(12) 8.2(3) 106(3) 15.6(5) 13(8) 9.0(7) 28.2(13) 11.1(6)

D(La/Lu) 0.79(1) 1.5(3) 0.61(2) 0.99(1) 0.59(1) 1.03(4) 0.50(1) 1.24(1) 0.41(1) 1.01(1) 0.36(1) 0.89(1) 0.25(5) 1.02(2) 0.25(1) 1.11(1)

D(Nb/Ta) 965(88) 1784(495) 454(41) 764(88) 500(28) 936(79) 13068(3502) 35377(10189) 426(46) 1027(88) 5258(1896) 15286(7357) 7016(2002) b.d. 8370(1335) b.d.

D(Zr/Hf) 1.07(2) 1.4(6) 1.00(2) 1.27(2) 0.86(1) 1.12(2) 0.91(1) 1.00(4) 0.86(1) 1.32(1) 0.93(2) 1.60(4) 0.94(2) 1.95(5) 0.94(2) 1.85(3)

The partition coefficients Di

n.a. = not analysed

b.d. = below detection limit  
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The silica-undersaturated potassic systems reveal the following changes in partitioning 

patterns with H2O-contents increasing from 0 to 4 wt%: most D’s increase by a factor of ~2 

with addition of 2 wt% H2O (LM82) and by a factor of 3-7 with addition of 4 wt% H2O 

(LM75, LM113, LM63). Moreover, an increase in silicate melt polymerisation from a 

NBO/T of 1-1.5 to 0.25-0.12 correlates well with an increase of DREE and more generally of 

most partition coefficients at both 2 and 4 wt% H2O. In other words, the less bridging 

oxygens in the silicate melt the stronger most trace elements partition into the carbonatite 

melt. This is best illustrated with the DREE and Dearth alkali elements vs. NBO/T (Fig. 3.8 and 3.9). 

The D’s of the alkali elements Cs-Na show an opposite behaviour (Fig. 3.7D) and slightly 

decrease with increasing polymerisation (DCs = 0.3-0.65).  

The partition coefficients for the REE show the largest difference in comparison to the 

anhydrous systems: Whereas the REE of the dry systems display a narrow range in partition 

coefficients (DLa = 0.47-2.2), the H2O-bearing systems have the REE strongly partitioning 

into the carbonatite melt with DLa  = 2.0-38. Concomitantly, DLa/Lu increases from 1.3 to 4.5, 

yielding a steeper negative slope of the DREE-patterns with increasing H2O-contents and 

silicate melt polymerisation (Figs. 3.6B and 3.7C, D). With respect to the anhydrous system, 

P and Mo (Fig. 3.8D) have similar ranges of partition coefficients in the H2O-bearing systems 

(DP = 1.1-13.5, DMo = 3.2-8.9) leading to higher REE and in part Ba through Ca partition 

coefficients than those of Mo (Fig. 3.6B). As in the dry systems, the other high field strength 

elements Hf, Zr, Ti, Nb, Ta (Fig. 3.8C) and Sc preferentially partition into the silicate melt, 

with Zr and Hf, having the lowest D’s (DZr = 0.12-0.56, DHf =0.06-0.34). Contrasting the 

anhydrous systems, Th and U become moderately compatible in the carbonatite melt (DTh = 

0.7-2.1 and DU = 0.8-1.3) with increasing H2O and SiO2-contents of the silicate melt, the 

highest partition coefficients being measured for the most polymerized silicate melt (LM73, 

DTh = 6.7; DU= 3.4; Fig. 3.6B). The fractionation of the geochemical twins Zr/Hf and Nb/Ta 

varies between DZr/Hf = 1.3-2.1 and DNb/Ta =1.7-3.0, which is slightly higher than for the 

anhydrous systems (Table 3.7; Fig. 3.10C and D). Moreover, with an increasing width of the 

miscibility gap or molar ratio of (Si+Ti+Al)/(Si+Ti+Al+Fe+Mg+Ca+Na+K) in the silicate 

melt, also the Zr/Hf-ratio increases (Fig. 3.10A and B), indicating that also inter-element 

fractionation increases with the width of the miscibility gap. Positive correlations also exist 

between DLa/Lu and DZr/Hf as well as DNb/Ta (Fig. 3.10C and D).  
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Table 3.7

Partition coefficients for the H2O-bearing systems

Experiment LM82 LM75 LM113 LM63 LM73 LM83 LM101

Starting Material KF6 KF5 KF8 KF5 ThS3B ThS4 ThS4

P [GPa]/ T [°C] 1.7/1200 1.7/1150 1.7/1150 1.7/1150 3/1160 3/1160 3/1160

MAJOR ELEMENTS

SiO2 0.26(2) 0.28(4) 0.24(5) 0.12(2) 0.03(2) 0.03(1) 0.04(2)

TiO2 0.53(1) 0.76(4) 0.81(3) 0.66(1) 0.89(4) 0.51(9) 0.48(3)

Al2O3 0.18(2) 0.20(3) 0.16(4) 0.07(2) 0.08(2) 0.02(1) 0.03(1)

FeO 0.95(10) 1.41(12) 1.41(24) 1.5(6) 3.7(3) 2.45(21) 2.3(3)

MgO 1.68(8) 2.29(15) 2.55(26) 4.1(12) 10.4(19) 6.1(5) 6.1(8)

CaO 2.52(16) 3.6(3) 4.1(6) 8.1(11) 17(27) 23.4(17) 20.7(23)

Na2O 1.32(16) 1.41(25) 1.2(4) 1.1(3) 2.1(4) 2.68(25) 2.4(4)

K2O 0.93(8) 0.62(8) 0.81(10) 0.61(8) 0.82(49) 0.82(24) 0.78(31)

P2O5 1.17(9) 5.0(4) 6.8(3) 13.5(8) 5.56(17) 1.29(18) 1.05(9)

TRACE ELEMENTS

Cs 0.65(6) 0.52(4) 0.61(5) 0.30(2) 0.50(3) 0.49(14) 0.36(3)

Rb 0.69(5) 0.59(2) 0.64(4) 0.41(2) 0.60(3) 0.59(5) 0.56(5)

Li 1.42(16) 1.53(10) 2.4(4) 2.14(25) 3.26(27) 5.3(9) 4.0(3)

Ba 1.78(12) 2.31(13) 3.15(8) 4.01(14) 8.07(25) 15(4) 13.1(3)

Sr 2.14(4) 2.85(5) 4.19(8) 6.09(11) 14.65(25) 26(4) 21.8(6)

Be 0.46(5) 0.62(4) 0.73(7) 0.50(4) 0.87(6) 0.39(7) 0.35(3)

Pb 1.02(11) 1.34(13) 1.81(5) 1.70(29) 4.5(4) 2.7(8) 3.8(4)

Th 0.71(7) 1.08(14) 1.4(3) 1.40(5) 6.67(24) 2.1(4) 1.83(18)

U 0.83(7) 1.09(26) 1.1(4) 1.31(7) 3.38(15) 1.24(21) 1.05(9)

Hf 0.26(1) 0.34(1) 0.31(2) 0.17(1) 0.33(1) 0.06(1) 0.06(1)

Zr 0.33(2) 0.44(2) 0.41(3) 0.26(1) 0.56(2) 0.12(3) 0.12(1)

Nb 0.70(1) 1.01(6) 1.16(8) 1.01(4) 1.08(5) 0.61(12) 0.51(2)

Ta 0.42(6) 0.54(5) 0.41(17) 0.42(6) 0.37(22) 0.32(9) b.d.

Mo 3.2(5) 4.1(6) 6.5(12) 7.8(6) 8.9(5) 5.9(12) 5.7(9)

La 2.00(6) 3.30(10) 5.10(14) 8.30(12) 38.0(13) 29.6(25) 26.1(5)

Ce 1.81(5) 2.99(11) 4.53(10) 6.98(15) 33(9) 24.6(14) 20.1(4)

Pr 1.80(4) 2.91(8) 4.55(10) 6.79(11) 31.2(10) 23.2(13) 19.8(4)

Nd 1.73(4) 2.83(7) 4.10(9) 6.46(19) 28.6(15) 20.7(10) 17.5(5)

Sm 1.63(4) 2.62(6) 3.77(7) 5.70(6) 26.5(10) 17.2(13) 14.4(5)

Eu 1.58(5) 2.54(5) 3.76(11) 5.48(11) 24.7(6) 16.0(10) 13.4(4)

Gd 1.59(6) 2.54(5) 3.66(11) 5.49(13) 25.6(8) 15.0(13) 12.92(28)

Tb 1.54(4) 2.46(5) 3.65(12) 5.11(8) 24.3(4) 14.2(13) 11.99(26)

Dy 1.47(6) 2.30(5) 3.25(9) 4.57(9) 21.4(8) 11.7(12) 9.9(3)

Er 1.34(5) 2.13(5) 2.94(12) 4.08(9) 18.6(5) 9.6(12) 7.97(22)

Yb 1.23(5) 1.90(6) 2.51(12) 3.34(11) 15.13(27) 7.3(9) 5.93(17)

Lu 1.22(5) 1.89(6) 2.54(14) 3.37(5) 15.4(3) 7.2(10) 5.84(17)

Y 1.50(5) 2.36(5) 3.0(10) 4.67(6) 22.3(5) 11.9(14) 9.98(26)

Sc 0.75(2) 1.10(4) 1.29(7) 1.33(4) 4.99(6) 1.9(3) 1.61(4)

V 1.17(4) 1.40(7) 1.73(11) 1.69(7) 2.71(10) 1.75(28) 1.46(8)

Cr 0.70(4) 1.21(8) 1.18(7) 1.31(13) 4.24(10) 1.99(30) 1.69(7)

Mn 1.17(5) 1.68(6) 2.19(6) 2.64(8) 7.30(19) 8.0(11) 5.52(12)

Co 0.96(3) 1.37(5) 1.71(3) 1.97(9) 5.69(21) 4.9(8) 3.55(15)

Cu 0.73(15) 0.88(27) 1.13(27) 0.94(30) 1.4(4) b.d. 1.91(51)

Zn 0.75(7) 1.05(6) 1.25(6) 1.13(6) 2.7(4) 2.2(5) 1.52(15)

Ga 0.24(1) 0.33(9) 0.27(1) 0.14(1) 0.20(1) 0.10(1) 0.10(1)

Ge 0.35(2) 0.47(4) 0.45(1) 0.45(3) 0.15(1) 0.7(2) 0.39(3)

Partition coefficients ratios

D(Zr/Hf) 1.27(3) 1.30(2) 1.31(2) 1.54(2) 1.72(5) 2.07(7) 1.98(4)

D(Nb/Ta) 1.69(24) 1.87(20) 2.7(11) 2.40(31) 3.0(15) 1.9(7) -

D(La/Lu) 1.64(5) 1.75(7) 2.01(9) 2.47(4) 2.47(7) 4.0(8) 4.47(9)

Ds of major element except for P2O5 and TiO2 are calculated from EPM analysis

b.d. = below detection limit  
 

In contrast to the anhydrous systems, the transition metals Cr, Mn, Fe, Co, Cu and Zn 

generally partition in the H2O-bearing carbonatite melts with D’s ranging from 1.4 to 8 (Fig. 

3.8B). Only in experiment LM82, which has the lower bulk H2O-content and the lowest 
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silicate melt polymerisation of this series, transition metals show in part an affinity for the 

silicate melt (D’s = 0.7-1.2). Of the transition metals, only V partitions always into the 

carbonatite melt with DV = 1.0-2.0 for the dry and 1.2-2.7 for the H2O-bearing systems (Fig. 

3.8D). Finally, the amphoteric elements Be, Al, Ga, Si and Ge always partition into the 

silicate melt. The major element Al has the lowest distribution coefficient of all measured 

elements (DAl = 0.02-0.20), followed by Si (DSi = 0.03-0.28).   
 

 
Fig. 3.8. A) DCa vs. DLa and DLu and B) DCa vs. DEu, DMn, and DCr , all showing a good positive correlation 
indicating that Ca is a good proxy for the amplitude of partitioning for most network former cations. C) DCa vs. 
DNb and DTa and D) DCa vs. DMo, DV, and DTi show much less of a variation, following much less the major 
network modifying cations, possibly indicating a structural environment that is significantly different (as known 
for Mo, see text). 
 

3.4. Discussion 

3.4.1. Comparison to previous studies 

Previous studies have determined partition coefficients for anhydrous/ H2O-poor 

systems for immiscible phonolite- respectively nephelinite - carbonatite liquids at 0.1-0.36 
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GPa (Hamilton et al., 1989), for sodic systems at 0.7-2 GPa (Jones et al., 1995) and for silica-

undersaturated alkalic and haplograntic systems at <0.1 GPa (Veksler et al., 1998 and 2012). 

Selected compositions are presented in Fig. 3.6 C. Most of these results compare well with 

our anhydrous systems. Nevertheless, partition coefficients for Lu (DLu = 0.23), Hf (DHf = 

0.003) and some HFSE from Veksler et al. (2012) are up to one order of magnitude lower in 

comparison to our data.  

The partition coefficients determined by Hamilton et al. (1989) at 0.08-0.6 GPa are in 

part higher than for other anhydrous systems Fig. 3.6 C, but within the range of our H2O-

bearing systems. Hamilton et al. (1989) had 0.8-1.4 wt% H2O present in their starting 

materials and obtained silicate melts with 34.3-52.5 wt% SiO2 and 11.8-19.5 wt% Al2O3. Our 

results generally confirm the interpretation of Hamilton et al. (1989) that H2O and an 

increased silicate melt polymerization yields higher D’s. The DZr/Hf 42.8-668 resulting from a 

very low DHf of 0.00021-0.029 in Hamilton et al. (1989) compares poorly to a DZr/Hf  = 1.1-

2.4 of this study and that of Veksler et al. (2012). Such a strong fractionation of Zr/Hf seems 

unrealistic and is probably an analytical artifact (of extremely low Hf-concentrations in the 

carbonatite melt). Some of the partition coefficients for Cr also compare poorly with all other 

available studies. Hamilton et al. (1989) manually separated immiscible melts by hand-

picking, but incomplete separation should yield partition coefficients nearer to unity.  

Veksler et al. (2012) performed two experiments with 10.7 and 11.3 wt% H2O for the 

haplogranitic and the Oldoinyo Lengai type compositions (RQ-21 and RQ26). The 

haplogranite in experiment RQ-21 has SiO2 and Al2O3 contents comparable to those of the 

LM63 silicate melt, while RQ26 compares well with LM82. However, most partition 

coefficients from Veksler et al. (2012) are significantly lower than in our comparable 

experiments, e.g. DLa = 1.36 and 8.3 for RQ-21 and LM63, respectively, and DLa = 0.79 and 

2.0 for RQ26 and LM82, respectively.  

Wendlandt & Harrison (1979) investigated the partitioning of Ce, Sm, Tm in an albite-

K2CO3 system at 0.5-2 GPa, concluding that LREE partition by a factor of 2-3 into the 

carbonatite melt and HREE by factors of 5-8. This finding is dissimilar to results from more 

complex systems where REE partition coefficients always decrease with increasing field 

strength or atomic number. 

 

 



 Application of partition coefficients to the Italian ultrapotassic suite 

   
59 

3.4.2. Parameters controlling the partitioning of elements 

3.4.2.1 . The effects of miscibility gap width and of silicate melt polymerization  

The relatively narrow range of partition coefficient patterns in the anhydrous systems 

can be explained by relatively similar widths of the carbonatite-silicate melt miscibility gap 

(Fig. 3.2, 3.3A and 3.4A). In fact, our experiments indicate an almost square shaped 

miscibility gap which does not strongly decrease with temperature or varying bulk 

composition, but which suddenly closes within 20-30 oC.  

Partition coefficients must converge towards unity with decreasing width of the 

miscibility gap, and in fact experiment LM45, with partition coefficients closest to unity has 

the narrowest miscibility gap. Partition coefficients from the alkalic system (LM59) and the 

sodic systems deviate more strongly from unity due to wider miscibility gaps. This type of 

behavior is consistent with a miscibility gap width of the potassic experiments increasing 

from LM45 to LM54 to LM113 (Fig. 3.3A).   

Nevertheless, not only miscibility gap width governs the amplitude of trace element 

partitioning. Schmidt et al. (2006), for silicate/silicate melt immiscibility, indicated that the 

increasing polymerization of melts on the granitic limb of the two-silicate melt miscibility 

gap renders trace elements more incompatible with this melt and favours partitioning into the 

depolymerized gabbroic melt. The NBO/T values for the silicate melts decrease from the 

sodic to the potassic anhydrous systems (from 1.6 to 1.1, Fig. 3.9) and further within the 

H2O-bearing systems (from 0.75 to 0.12). The general effect of a decreasing NBO/T in the 

silicate melt is not a general increase in the amplitude or spread of partitioning, but a shift of 

the partitioning patterns towards the carbonatite melt. In other words, with increasing silicate 

melt polymerization, trace elements become increasingly incompatible with this melt 

 

3.4.2.2. General features of the H2O-bearing systems 

As a first order observation, addition of water increases the width of the miscibility gap 

(Fig. 3.2 and 3.3B), the silicate melt becoming richer in silica and alumina but poorer in 

calcium-, magnesia-, and iron leading to an increased polymerisation (Table 3.4; Fig. 3.9). 
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Fig. 3.9. Effect of melt polymerization on partition coefficients, illustrated by A) NBO/T vs. DCa and DMg, and 
B) NBO/T vs. DLa and DLu. An increasing polymerization renders most network modifier cations increasingly 
incompatible with the silicate melt. 

 

Similar to partitioning between two silicate melts (Schmidt et al., 2006), the increasingly 

polymerized silicate melts reject most trace elements in favor of the carbonatite melt, 

resulting in an increase of carbonatite/silicate melt partition coefficients. The highest partition 

coefficients are obtained for the silica and/or alumina-rich phonolitic and trachytic H2O-

bearing systems, with a DLa of 38 (Fig. 3.6B). The variations of SiO2 and Al2O3 in our 

chemical systems lead to the lowest NBO/T and thus the highest polymerization in the 

phonolitic melt of LM73 which only has the third highest SiO2-content (of 55.4 wt% 

compared to the trachytic melts with ~68 wt% in experiments LM83 and LM101). This 

experiment has in fact the highest trace element partition coefficients, demonstrating that 

melt polymerization and not singularly SiO2-content is the dominant chemical parameter.  

It appears that the 2-4 wt% bulk H2O in our experiments have a stronger effect on the 

miscibility gap width and on partitioning than the 10.7-11.3 wt% H2O in the experiments of 

Veksler et al. (2012; experiments RQ-21 and RQ26 at 0.1 GPa). The silicate melt of RQ-21 

has SiO2 and CaO contents comparable to our experiment LM63 but a higher NBO/T (LM63 

= 0.25, RQ-21 = 0.9). RQ26 compares in SiO2, Al2O3 and CaO-contents well to our 

experiment LM82, although NBO/T differs (LM82 = 0.75, RQ26 = 1.0). Thus, the partition 

coefficients DLa = 1.36 and 0.79 for RQ-21 and RQ-26 are much lower than for LM63 and 

LM82 which have DLa = 8.3 and 2.0. Although Veksler et al. (2012) added 11 wt% H2O, the 
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confining pressure (0.1 GPa) was probably too low to dissolve large amounts of water in the 

silicate melt, thus resulting only in a small increase of partition coefficients. Nevertheless, 

Veksler et al. (2012) observed order of magnitude effects on Zr, Hf, Al and Si but not on the 

REE as in this study. Veksler et al. (2012) speculated that H2O could lead to the formation of 

hydroxide species and increase the basicity of the H2O-bearing carbonatite melts by 

hydrolysis reactions, which would increase the solubility of REE.  

 
Fig. 3.10. Inter-element fractionation of HFSE and REE. (A, B): The fractionation of the geochemical twins Zr 
and Hf and of the REE follows different trends in the different systems as a function of the width of the 
miscibility gap (expressed by the molar fraction of network forming cations (Si+Ti+Al)/(Si+Ti+Al+Fe 
+Mg+Ca+Na+K)). DLa/Lu, DZr/Hf need to become unity at the critical point of the miscibility gap which is 
approximated by the geometric middle of the gaps as given in Fig. 3. (C, D) Fractionation of the geochemical 
twins Zr/Hf and Nb/Ta correlate with the fractionation of the REE, i.e. DLa/Lu, DZr/Hf, and DNb/Ta correlate 
positively among each other. For anhydrous compositions Zr/Hf fractionation is limited, whereas for H2O-
bearing systems, fractionation rises strongly with an increasing width of the miscibility gap. 
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In summary, addition of H2O increases the width of the miscibility gap as long as the 

melts do not saturate in volatiles. Network formers such as SiO2, TiO2 and Al2O3 partition 

stronger into the silicate melt, whereas network modifiers such as Ca, Mg and Fe, partition 

stronger into the carbonatite melt. This effect leads to a stronger polymerization of the silicate 

melt, which in turn leads to a stronger partitioning. With a wider miscibility gap, the 

fractionation of chemical twins increases as well.  

 

3.4.2.3. The effect of bulk composition, volatile content, pressure, and oxygen fugacity  

For the anhydrous systems with depolymerized silicate melts, bulk composition has 

little influence on partition coefficients. Instead, the addition of H2O results into a miscibility 

gap shape (in composition space) where bulk composition plays a more important role. The 

network formers Si and Al are little accommodated in the carbonatite melt, an increase in 

bulk SiO2 leads mainly to a concentration of SiO2 in the silicate melt. Figure 3.11 shows the 

variation of the width of the carbonatite-silicate melt miscibility gap in SiO2+TiO2+Al2O3 – 

(Ca,Mg,Fe)O – (Na,K)2O space projected from CO2 (+H2O) (after Hamilton et al., 1979; and 

Lee & Wyllie, 1997). The data of our study can be divided into to four groups (in bulk 

composition – pressure – temperature): dry sodic+alkali at 1240-1260 oC, 1 GPa; dry potassic 

at 1220 oC, 1.7 GPa, H2O-bearing potassic with silica-undersaturated silicate melts at 1150 
oC, 1.7 GPa, and H2O-bearing potassic with silica-rich silicate melts at 1160 oC, 3 GPa. Our 

Melt compositions compare reasonably well with those from Brooker & Kjarsgaard (2011) 

for the Na2O-CaO-Al2O3-SiO2-CO2 system and with compositions derived from natural 

bulks. Nevertheless, there are large differences in the miscibility gaps drawn from the 

experiments on the complex system and those from the NCASC-system as summarized by 

Brooker and Kjarsgard (2011). In general, K partitions less into the carbonatite than Na, 

consequently, K-rich systems have less steep slopes in SiO2+TiO2+Al2O3 – (Ca,Mg,Fe)O – 

(Na,K)2O space (Fig. 3.11). This effect seems to be amplified by the addition of H2O. 

Changing the bulk composition by addition of SiO2 (and Al2O3) causes the silicate melt to 

polymerize and hence move away from the (Ca,Mg,Fe,Mn)O-corner. The effects of bulk 

composition appear to be much stronger than the effects of pressure variation in this study 

(i.e. 1-3 GPa), and our data cannot be employed to constrain the evolution of the miscibility 

gap width with pressure. 
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Fig. 11. Variations in the carbonatite-silicate melt miscibility gap in SiO2+TiO2+Al2O3 – (Ca,Mg,Fe)O – 

(Na,K)2O space projected from CO2 (+H2O) in wt% (after Hamilton et al., 1979; and Lee & Wyllie, 1997). The 
data of our study are derived from four types of bulk systems (in bulk composition – pressure – temperature): 
dry sodic or alkaline at 1240-1260 oC, 1 GPa; dry potassic at 1220 oC, 1.7 GPa , H2O-bearing potassic silica-
undersaturated at 1150-1200 oC, 1.7 GPa, and H2O-bearing potassic and silica-saturated melts at 1160 oC, 3 
GPa. Our miscibility gaps are compared to those of Brooker & Kjarsgaard (2011) for the Na2O-CaO-Al2O3-
SiO2-CO2 system (red dotted lines) and close to natural systems (grey dotted lines, Oldoinyo Lengai 
compositions from Kjaarsgard et al., 1995; Shombole compositions from Kjarsgaard & Peterson, 1991). Note 
that all miscibility gaps are only partly defined. Melt compositions of immiscible liquid pairs close to the critical 
point of the miscibility gap that were not sufficiently well separated for LA-ICP-MS analyses and single melt 
compositions are also plotted (these analyses are given in the appendix). There is no direct experimental 
evidence for miscibility gaps at lower alkali-contents (see text). 

 

Hamilton et al. (1989) concluded that lower temperatures increase element partitioning 

and that an increase in pressure has the same effect. They suggested that the miscibility gap 

width could principally be used to estimate pressure and temperature conditions of 

immiscibility. However, this method is of little use because also H2O, which is not conserved 

in natural carbonatites, influences the width of the miscibility gap to a point where its width 

decreases with temperature: LM82, performed at 1200°C has a narrower miscibility gap than 

LM63 at 1150°C (Fig. 3.3B). Furthermore, there is no direct experimental evidence for 

miscibility gaps at lower alkali-contents, and in particular not for almost alkali-free natural 

calcio- and dolomite carbonatite compositons.  

As for mineral-melt partition coefficients, pressure itself has little direct effect on 

melt/melt partitioning as can be shown by comparing our partition coefficients for the 

anhydrous systems at 1-1.7 GPa with those of Veksler et al. (1998 and 2012) at ≤ 0.1 GPa 

(Fig. 3.5). Nevertheless, pressure has an indirect effect, as the solubility of volatiles increases 

with pressure, thus more volatiles are required to increase the miscibility gap width as 

indicated by Brooker (1998).  
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The effect of oxygen fugacity on element partitioning is relatively minor as indicated by 

our results from experiments with varied Fe2+/Fe3+ ratios. At reducing conditions Eu has 

higher partition coefficients compared to its neighboring elements Sm, Gd, whereas V, U and 

Mo do not show much change.   

 

3.4.3. The partitioning behaviour of the different element groups 

In this section we discuss the partitioning behaviour of single elements or element 

groups as presented in Fig. 3.6 and 3.7. We follow previous studies, which analysed the 

systematics of liquid immiscibility and consolute temperatures (Hudon & Baker, 2002) as 

well as of partition coefficients (e.g. Veksler 2004, Veksler et al. 2006, 2012; Schmidt et al. 

2006) in terms of ionic potential. Among others, ionic potential characterizes the quality of a 

bond, cations with high ionic potential generally forming more covalent bonds than cations 

with low ionic potential, which form bonds of more ionic character (Huheey et al., 1993).  

Ionic potential being defined as cationic charge / ionic radius obviously depends on 

oxidation state and coordination number. Under the oxygen fugacities of our experiments 

(~IW, ~QFM and just below HM), Cr, Eu, Fe, Mo, U, and V may have multiple valence 

states and we have estimated their average oxidation states. Near IW, Cr has about 60 % Cr2+ 

and 40 % Cr3+ (Berry et al., 2006), Eu has about 38 % Eu2+ and 62 % Eu3+ (Cicconi et al. 

2012), Fe is almost completely divalent, Mo has 15 % Mo4+ and 85 % Mo6+ (O’Neill & 

Eggins, 2002), V is dominantly trivalent (Karner et al., 2008), and U is U4+ (Schreiber, 

1983). At oxygen fugacities around QFM, Cr is about half Cr2+ and Cr3+ (Berry et al., 2006), 

all Eu is trivalent (Cicconi et al., 2012), Fe has about 60% Fe3+, Mo is dominantly 

hexavalent, V has 20 % V3+ and 80 % V4+ (Karner et al., 2008), and U has about 55 % U4+ 

and 45% U5+ (Schreiber, 1983). For the oxidizing experiments with fO2’s close to HM, Cr is 

dominantly Cr3+ (Berry et al., 2006), Eu is trivalent (Cicconi et al., 2012), Fe has about 80% 

Fe3+, Mo is dominantly hexavalent, V is dominantly V5+ (Karner et al., 2008), and U has 

about 70% U5+ and 30 % U6+ (Schreiber, 1983). From these valence states, their appropriate 

coordination numbers and ionic radii (Shannon, 1976) we calculate average ionic potentials. 

Similar, for the REE and transition metals with multiple coordination numbers, we calculate 

average ionic potentials (details in the appendix).  

 A general feature of the D vs. ionic potential plots is an excellent overall correlation 

for (i) the alkali elements Cs-Na together with the earth alkalis Ba-Ca, (ii) the divalent 
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transition metals, and (iii) the trivalent cations together with the tetravalent HFSE Th, Zr, and 

Hf. Higher ionic potential cations do not follow particular trends: Ti, Nb, and Ta have similar 

partition coefficients at similar ionic potentials; V and U5+ have generally higher partition 

coefficients than the trend defined by the REE+Y+Sc and Th, Hf, and Zr. On the other hand, 

Mo, P, are not simply bound to non-bridging oxygens and Be, Al, Si, Ga, and Ge are 

network-formers that certainly have a very different structural role in silicate and carbonatite 

melts and are treated separately. 

 Last but not least, it should be underlined, that the coordination numbers above are 

based on the silicate glass literature and all arguments below can only address the silicate 

melt contribution. The structure of carbonatite melts is poorly constrained. Initially, 

carbonatite melts were considered as unpolymerised ionic liquids (Treiman, 1989) but 

infrared- and Raman-spectroscopy showed (Genge et al., 1995; Williams & Knittle, 2003) 

that there are two different varieties of carbonate groups: an undisrupted symmetric 

carbonate-group and highly asymmetric carbonate units with single C-O bonds forming 

bridge to metal cations. 

 

3.4.3.1 . Alkali- and earth alkali elements 

The VIII- to VI-fold coordinated alkalis Cs, Rb, K, Na and earth alkalis Ba, Sr, and Ca 

show a strong correlation in D vs. Z/r space, which is negative in the sodic and alkaline 

systems (Fig. 3.7A and B) and positive in the potassic systems (Fig. 3.7C and D, D vs. Z/r 

plots for all experiments in the electronic appendix). As already pointed out by Veksler et al. 

(2012), the IV-fold coordinated Li and the dominantly V-fold coordinated Mg have 

amphoteric character. They fall below these trends.  

The resulting trends of D vs. Z/r for the (anhydrous) sodic and alkalic systems are 

negative and the ones for the (anhydrous and H2O-bearing) potassic systems have positive 

trends of D vs. Z/r (Fig. 3.7A-C). This trend is perfectly reproducible in all 6 and 10 

experiments, respectively. Similar to the potassic systems, the (anhydrous and H2O-bearing) 

alkalic natrocarbonatite/nephelinite systems of Veksler et al. (2012), show coherently 

positive D vs. Z/r correlations. Unfortunately, the reason for this behavior remains somewhat 

unclear. We note that the silicate melts of the sodic and alkaline systems of our study have 

the lowest melt polymerization (NBO/T = 1.37-1.58), while our potassic silicate melts and 

the alkaline melts of Veksler et al. (2012) are higher polymerized (NBO/T = 0.12-1.20 and 
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0.55-1.0, respectively; Fig. 3.9). We further speculate that the different coordination numbers 

of K and Na in silicate melts (that may have some corresponding structural difference in the 

carbonatite melts) contribute to this behavior. The present available information indicates that 

this slope depends on the K/Na ratio and H2O-contents of the bulk systems. Interestingly, the 

potassic granite/Fe-gabbro immiscibility experiments of Schmidt et al. (2006) also show a 

strong positive trend of D vs. Z/r for the alkali and earth alkali elements. 

The earth alkali Be is a special case: in silicate melts it is uniquely IV-fold coordinated 

(Sen et al. 2008) and acts as a network-forming cation (Sen & Yu, 2005). Thus, Be cannot be 

cast into one group with the other network modifier earth alkalis. Similar to Al, Si, Ga, and 

Ge, Be partitions strongly into the silicate melt. 

 

3.4.3.2 . Rare earth elements, Y and Sc 

The LREE and Ca have similar partition coefficients in all experiments (Fig. 3.6 and 

3.7) and all DREE and DCa correlate positively (Fig. 3.9A and B). It is well known that REE 

replace Ca in silicates and carbonates and an analogous substitution is likely also in the melts. 

The REE+Y+Sc form a linear trend in D vs. ionic potential space (Fig. 3.7), the degree of 

fractionation (i.e. the slope of this trend) increases with the width of the miscibility gap (Fig. 

3.3). Thus, both the addition of water and a higher degree of polymerisation of the silicate 

melt results in increased partition coefficients for DLa up to 38 and an increase in the slope of 

D vs. Z/r of the REE+Y+Sc. 

In silicate melts, LREE are VIII-fold coordinated, gradually decreasing to a VI- and V-

fold coordination for the HREE (Ponader & Brown, 1989). The partitioning of Ca being most 

similar to La (Fig. 3.6A, B  Fig. 3.7A, B and Fig. 3.8A), i.e. the REE with the most similar 

ionic potential (but not the REE with the same coordination number) underlines the crucial 

role of ionic potential in the partitioning behaviour.  

As discussed above, a positive DEu-anomaly in comparison to the neighbouring DSm and 

DGd is observed exactly in the three experiments that had graphite added and which resulted 

into an almost quantitative reduction of Fe2+ to Fe0 at an oxygen fugacity near IW (Fig. 

3.6A). A lack of a DEu-anomaly in the more oxidizing experiments is consistent with the 

results from Cicconi et al. (2012) who suggested that Eu in the silicate melt is essentially 

trivalent at fO2 ≥ QFM.  
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High partition coefficients Ce, Sm and Tm have previously been recorded by 

Wendlandt & Harrison (1979). In the study of Wendlandt & Harrison (1979), HREE have a 

higher preference for the carbonatite melt than the LREE, which is in disagreement to all 

subsequent studies. At the time of their study, Wendlandt & Harrison had to determine trace 

element ratios by radiographic methods which may have significant analytical artifacts.  

Strong partitioning of REE into the carbonatite melt (DREE = 5.8-38.0) occurs only in 

hydrous compositions when carbonatites unmix from evolved silica-rich alkaline melts (Fig. 

3.6B and 3.7D). We thus speculate that upon hydrous carbonatite crystallization, the 

consequent saturation in fluids leads to hydrothermal systems concentrating REE in 

secondary deposits. 

 

3.4.3.3 . High field strength elements 

The high field strength elements Th, Zr, Hf, Ti, U, Nb, and Ta have D’s < 1 in the 

anhydrous systems. Of the HFSE, Hf partitions most strongly into the silicate melt in both the 

anhydrous (DHf = 0.2-0.04) and H2O-bearing systems (DHf = 0.3-0.04). We note that the 

REE+Sc and the tetravalent HFSE Th, Zr, Hf  form one linear trend in D vs. ionic potential 

space, suggesting that their relative partitioning between the carbonatite and silicate melts is 

mainly governed by ionic potential (Fig. 3.7).  

Nevertheless, the D’s of Ti, Nb, and Ta form a cluster at higher ionic potential  (7.1-7.8 

Å-1). When U becomes more oxidized DU is further away from the linear trend defined above 

but moves towards the Ti-Ta-Nb cluster (Fig. 3.7C). Th and U belong to those elements 

(together with transition metals), where partitioning is shifted from slightly compatible in the 

silicate melt to compatible in the carbonatite melt with increasing melt polymerization.  

An interesting aspect of carbonatite/silicate melt fractionation is in the strong 

differences in partitioning observed for the geochemical twins Zr-Hf (DZr/Hf = 1.3-2.1) and 

Nb-Ta (DNb/Ta = 1.6-3.0; Fig. 3.10C and D). This degree of fractionation is much higher than 

for silicate or oxide mineral/silicate melt equilibria of minerals potentially residual to 

fractionation or partial melting (amphibole: Tiepolo et al., 2007; rutile: Schmidt et al., 2004; 

Klemme et al., 2005; titanite, John et al., 2011) and for two-silicate-melt equilibria (Schmidt 

et al., 2006). The degree of Zr/Hf and Nb/Ta fractionation increases with the width of the 

miscibility gap (Fig. 3.3B) and DZr/Hf, DNb/Ta and also DLa/Lu correlate positively (Fig. 3.10C, 

D).  The most likely explanation for the strong relative partitioning of Nb vs. Ta and also Zr 
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vs. Hf is a different complexation and/or coordination in the carbonatite melt, a topic that 

needs further investigation. A similar fractionation of Nb/Ta as well as Zr/Hf were observed 

by Veksler et al. (1998, 2012) who suggested an increasing role of the electronic structure 

with increasing Z/r.  

  

3.4.3.4. Transition metals 

In the anhydrous systems, the transition metals V, Cr, Mn, Fe, Co, Cu, Zn have D’s <1 

except for V and Cu (D = 0.8–2) and Mn in experiment LM108. In the H2O-bearing systems, 

D’s of the transition metals vary between 0.7 and 6 with the highest partition coefficients for 

Cr and Co. In general, the partitioning behavior of V, Cr, Mn, Fe, Co and Zn is similar to that 

of calcium (Fig. 3.8 B and D): The silica-rich systems have the highest partition coefficients 

(D’s LM73 > LM101 > LM83), while for the silica-undersaturated system, the partitioning 

decrease in the following order: LM63 > LM75 > LM82. The behavior of Cu is less clear due 

to large errors. As mentioned above, oxygen fugacity variations between IW and HM do not 

strongly influence the partitioning behavior of the multi-valent transition metals. 

 

3.4.3.5 . Molybdenum and phosphorous 

Molybdenum has the highest partition coefficients (DMo = 3.7-8.7) and P the second 

highest (DP = 1.5-3.5; Table 3.7) in the anhydrous systems. Galoisy et al. (2000) showed by 

EXAFS that the second nearest neighbour of Mo6+ in silicate melts is never Si. Mo6+ leads to 

the formation of isolated large clusters with alkali and earth alkali elements that have no 

direct connection to the silicate network. Apparently, such a coordination environment 

renders Mo relatively incompatible with silicate melts and explains its strong preference for 

the carbonatite melt.  

The structural interpretation of silicate-phosphate interaction in silicate melts (Mysen & 

Cody, 2001) is that isolated PO4 and P2O7 complexes occur together with PO4-groups linked 

to the silicate network by 1-4 oxygen bridges. Mysen & Cody (2001) indicate that isolated 

phosphate-complexes are charge balanced with alkali or alkali earth elements as well as Al-

bearing phosphate complexes. Cody et al. (2001) concluded that in peralkaline melts, 

phosphate species become more polymerised and silicate species less polymerised with 

increasing temperature. An increase in phosphate-polymerisation leads to self-existing 
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phosphate clusters and chains, which obviously separate from the silicate melt and stabilise in 

the carbonatite melt. 

 

3.4.3.6. Network formers 

The network formers Si and Al have among the highest preference to partition into the 

silicate melt (DSi = 0.03-0.28, DAl = 0.02-0.20). They are mostly tetragonal coordinated as are 

Ge and Ga which substitute for Si and Al (Fleet et al., 1984). Also, their high ionic potential 

indicates covalent bonding, underlining again the importance of ionic potential for the 

partitioning between silicate and carbonatite melts. 

 

3.5. Conclusion and Outlook 

General trends for the different element groups are similar for all anhydrous bulk 

systems. Alkali and earth alkali elements partition mostly into the carbonatite melt leading to 

alkali contents of carbonatites similar to or higher than those of the conjugate silicate melts. 

The narrow scattering of the partition coefficients in the anhydrous systems can be explained 

by comparable widths of the miscibility gaps. Our data compare well to the results from 

Veksler et al. (1998 and 2012), obtained at ≤0.1 GPa, indicating that pressure has only a 

minor indirect influence on trace element partitioning and that compositional differences in 

anhydrous bulk systems have little influence on the miscibility gap width and on partition 

coefficients.  

The partition coefficients for the H2O-bearing systems have very similar patterns as for 

the anhydrous systems but D’s are up to a magnitude higher. Addition of H2O increases the 

miscibility gap width, resulting in higher partition coefficients. An increased polymerization 

of the silicate melt leads to a shift of trace element pattern towards the carbonatite melt as 

trace elements become increasingly incompatible with silicate melt polymerization. 

Therefore, SiO2+Al2O3+H2O-rich systems result in an one order of magnitude stronger 

partitioning in favor of the carbonatite melt than dry silica-undersatured ones.  

For all bulk compositions, the systematics of the partitioning behaviour of the elements 

with low to moderate ionic potential can be rationalized employing ionic potential as a simple 

measure of bond strength. Elements with high ionic potential seem to be governed by their 

individual coordination environment.  
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The high partition coefficients for the REE in the H2O-bearing polymerized systems, 

indicate that H2O-rich carbonatites from more evolved alkali-complexes are more prone to 

form REE deposits than dry ones, as DREE are higher (in favor of carbonatite melts) 

partitioning. Secondly, secondary remobilization and REE concentration could occur through 

expulsion of magmatic H2O-bearing fluids upon final crystallization. 

As carbonatites may contain substantial amounts of other anionic species (e.g. fluorine 

or sulfur), systematic studies of carbonatite/silicate melt element partitioning  in increasingly 

complex systems are needed. Furthermore, it would be highly desirable, to investigate the 

structure of alkali-rich carbonatitic liquids for anhydrous and for H2O-bearing systems by in-

situ spectroscopy in order to understand element partitioning in the carbonatite melt.   
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Electronic appendix 
 
A.  Bulk systems without liquid immiscibility 

Alkali-free carbonatite/silicate liquid immiscibility has been proposed by Keshav and 

coworkers (e.g. Novella and Keshav, 2010) for a model CMAS-CO2 mantle system. Na-poor 

experimental immiscible melts were proposed by Dasgupta et al. (2006) for carbonated 

basaltic eclogites and moderately alkali- and Si-rich compositions by Thomsen and Schmidt 

(2008) for carbonated pelites. For each of these systems we run experiments reproducing the 

original pressure-temperature conditions of immiscibility and employing starting materials 

that were calculated as 50% carbonatite and 50% silicate melt as given in the respective 

publications (Table A-1). As detailled in the main text, for the Dasgupta et al. system we also 

increased alkali-contents in the starting material.  

For the system of Novella and Keshav (2010), run at 2.4 GPa, 1430 oC (Table A-2) no 

immiscible liquids were obtained but one single homogeneous melt (Fig. A-1, analysis in 

Table A-3). Voids attached to  the capsule wall could be interpreted as coexisting CO2-

dominated fluid, similar to what was described by Novella and Keshav. Keshav and 

coworkers (conference communications only) found the allleged carbonatite melt to be 

present only in crystal interstices of the crystal-rich part of the capsule, while the silicate melt 

was present as segregated melt pools. It thus appears that the alleged carbonatite melt 

represents a quench modified residue of a CO2-rich silicate melt, silicate crystals (olivine, 

opx, cpx) typically showing quench overgrowth. Soret diffusion between the cold crystal –

rich and the hot crystal-free part may also play a role. 

For the systems of Dasgupta et al. (2006), for which immiscibility was proposed from 

1225 to 1375 oC (3 GPa), we run experiments at 1280-1340 oC (3 GPa). We obtained single 

melts coexisting with one or several minerals among which cpx, merwinite, oxides, and 

monticellite. Individual experiments are given in Table A-2, results described through 

backscatter images in Figs. A-2 and A-3, melt compositions (analyzed by electron 

microprobe as described in the main text) and mineral compositions (analyzed by EDS) in 

Tables A-3 and A-4. As described in the main text, also Dasgupta et al. (2006) identified 

carbonatite melt only interstitially between silicate phases. 

For the system of Thomsen and Schmidt (2008) we found immiscibility, but only for 

more alkali-rich conjugate melts, as described in the main text. Experiments with the original 
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50:50 two-melt composition ThS-1 are given in Table A-2, the results described through 

backscatter images in Fig. A-4 and melt and mineral analyses given in Table A-3 and A-5. 

We performed experiments at 3.2 instead of the 3.7 GPa of Thomsen and Schmidt (2008) but 

this should not substantially influence the solvus. The original ThS-1 compositin did yield a 

single unquenchable melt coexisting with one or more of K-feldspar, clinopyroxene and 

garnet. The experiment with ThS-2 let to one small droplet of silicate melt in a large volume 

of unquenchable carbonatite melt. In a next step, the carbonatite and silicate melt 

compositions was analyzed and new 50:50 two-melt mixtures synthesized as starting 

materials (see main text). 
Table A-1
Starting materials

SH-1 DS-1 DS-2 DS-3 ThS-1 ThS-2

Spike 1.8 0.6 0.9 0.9 6.1 0.7

SiO2 21.0 20.6 22.7 20.1 27.0 31.2

TiO2 - 7.0 4.5 2.8 0.0 0.0

Al2O3 5.3 3.0 3.8 3.7 10.1 11.3

Fe2O3 - 2.8 - - - 0.0

FeO - 13.7 15.8 12.3 4.6 5.9

MnO - 0.6 0.4 0.4

MgO 16.6 9.3 8.6 9.2 3.6 1.7

CaO 29.9 18.8 20.6 22.4 14.2 13.2

SrO - - - - -

BaO - - - - -

Na2O - 4.0 4.3 5.9 5.2 3.4

K2O - 0.4 0.5 0.8 5.5 10.0

P2O5 - - - - 0.0 0.0

Cr2O3 - - - - 0.0 0.4

H2O - - - - 2.3 2.1

CO2 25.4 19.2 17.8 21.5 21.3 20.2

Total 100.0 100.0 100.0 100.0 100.0 100.0

XMg* 1.00 0.55 0.49 0.57 0.58 0.34

*Fetot as Fe2+
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Table A-2

Runtable

No Starting 

Material

P T Duration [h] capsule Phases

[GPa] [°C] static LS LC cpx spinel kfspar ks leuc merw oxide ol mtc mel grt carb alkali- V
Keshav:

LM111 SH-1 2.4 1430 24 Pt XXXXX +

Dasgupta et al.:

LM53 DS-1 3.0 1280 46 Au50Pd50 XXX XX XXXX XX

LM56 DS-1 3.0 1320 47 Au50Pd50 XX XXX XXXX XXX X

LM72 DS-2 3.0 1280 42 Au50Pd50 XXXX XXXX XX XX

LM74 DS-2 3.0 1310 53 Au50Pd50 XXXX XXX XX

LM76 DS-2 3.0 1340 52 Au50Pd50 XXXXX XX XX

LM80 DS-2 3.0 1295 30 Au50Pd50 XXX X XXXXX

LM88 DS-3 3.0 1300 65 Au50Pd50 XXXXX

Thomsen and Schmidt:

LM61 ThS-1 3.2 1150 24 Au50Pd51 X X XX XXXX XX

LM62 ThS-1 3.2 1100 50 Au50Pd52 X X XX XXXX X XX

LM66 ThS-2 3.2 1150 66 Au50Pd53 X XXXX XXX XX X

Additional experiments:
LM42 KF-4 1.7 1220 68 Au80Pd20 XXXXX XX

LM64 KF-5 1.7 1220 28 Au50Pd50 XXXX XXXX

LM69 ThS-3 3.2 1160 49 Au80Pd20 XXX XXXX XX

LM103 ThS-4 3.0 1160 54 Au80Pd20 X XXX XXXX

LM112 KF-7 1.7 1235 65 Au50Pd53 XX XX XXX XXX X XXX

LM114 KF-9 1.7 1220 47 Au50Pd53 XX XX X XXX XXX XXX

LS = silicate melt; LC = quenched carbonatite melt; cpx = clinopyroxene; kfspar = potassium feldspar; ks = kalsilite; leuc = leucite; merw = merwinite; ol = olivine; mtc = 

monticellite; mel = melilite; grt = garnet; carb = quenched carbonates; alkali carb = alkali-rich carbonates; V = vugs interpreted as fluid filled; C = graphite

X = ! 5 %; XX  = 5-20 %; XXX " 20-40 %; XXXX " 40-60 %; XXXXX " 60 %

+ = present
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Table A-3

WDS analysis of melt compositions

Experiment LM111 LM56 LM74 LM76 LM88 LM42

Starting Material SH-1 DS1 DS2 DS2 DS3 KF4

P[GPa] / T [°C] 2.4/1430 3/1340 3/1310 3/1340 3/1300 1.7/1220

# analysis 20 5 20 22 14 16

Melts LS LS LS LS LS LS

SiO2 22.1(3) 29.6 31.6(4) 33.9 32.4(3) 34.6 25.5(23) 31.7 21.7(4) 29.2 30.9(15) 36.1

TiO2 - 0.1 5.0(1) 5.3 4.4(1) 4.7 4.7(3) 5.8 2.9(1) 3.9 2.4(0) 2.8

Al2O3 5.2(2) 7.0 3.2(2) 3.4 4.7(1) 5.0 4.0(4) 5.0 3.8(1) 5.2 9.5(7) 11.1

FeO - 0.0 12.3(2) 13.1 10.9(3) 11.6 4.4(3) 5.5 7.9(2) 10.6 3.2(1) 3.8

MnO - 0.0 0.7(1) 0.8 0.6(1) 0.7 0.3(1) 0.4 0.3(1) 0.5 - -

MgO 15.7(3) 21.1 11.2(2) 12.0 11.1(2) 11.9 14.9(13) 18.5 9.6(2) 13.0 10.1(3) 11.8

CaO 31.1(4) 42.0 23.3(5) 24.9 21.3(5) 22.8 21.5(16) 26.8 22.7(3) 30.6 17.1(8) 20.0

Na2O - 0.1 5.6(7) 6.0 7.4(2) 7.9 4.5(4) 5.6 4.6(2) 6.2 2.2(1) 2.5

K2O - 0.0 0.5(1) 0.5 0.8(0) 0.9 0.5(0) 0.6 0.6(0) 0.8 9.5(1) 11.1

P2O5 - 0.1 - 0.0 - 0.0 - 0.0 - 0.0 0.7(1) 0.8

Total 74.4 100.0 93.3 100.0 93.6 100.0 80.3 100.0 74.3 100.0 85.6 100.0

CO2 25.6 6.7 6.4 19.7 25.7 14.4

Experiment LM42 LM112 LM112 LM64 LM64 LM114

Starting Material KF4 KF7 KF7 KF5 KF5 KF5

P[GPa] / T [°C] 1.7/1220 1.7/1235 1.7/1235 1.7/1220 1.7/1220 1.7/1220

# analysis 16 15 8 16 20 21

Melts LC LS LC LS LC LS

SiO2 6.3(17) 9.3 26.3(27) 31.3 5.5(33) 8.4 30.0(11) 36.3 18.0(16) 24.4 25.6(4) 31.4

TiO2 0.9(3) 1.4 2.7(3) 3.2 0.6(4) 0.9 1.7(0) 2.1 1.4(1) 2.0 2.0(1) 2.4

Al2O3 0.7(5) 1.1 3.3(6) 3.9 0.6(5) 0.9 10.6(6) 12.9 5.4(9) 7.3 4.5(1) 5.5

FeO 1.9(4) 2.8 4.4(3) 5.3 1.3(6) 2.0 0.1(0) 0.1 0.0(0) 0.1 1.4(1) 1.7

MnO - - - - - - - - - - - -

MgO 12.0(35) 17.8 10.3(37) 12.3 5.4(7) 8.1 9.4(2) 11.4 11.5(5) 15.0 8.7(2) 10.7

CaO 28.3(79) 42.2 25.6(23) 30.5 32.5(15) 49.3 16.1(9) 19.5 22.5(35) 30.5 27.5(5) 33.7

Na2O 3.3(12) 5.0 1.7(2) 2.0 2.8(6) 4.2 2.1(1) 2.6 2.6(11) 3.6 3.1(1) 3.8

K2O 11.9(46) 17.7 9.4(13) 11.2 16.9(17) 25.6 11.9(4) 14.4 11.4(27) 15.5 8.5(2) 10.4

P2O5 1.7(8) 2.6 0.2(1) 0.3 0.4(1) 0.6 0.7(1) 0.9 1.2(1) 1.7 0.2(0) 0.3

Total 67.2 100.0 84.0 100.0 66.0 100.0 82.7 100.0 73.8 100.0 81.6 100.0

CO2 32.8 16.0 34.0 17.3 24.2 18.4

Experiment LM103 LM103 LM69 LM69 LM16

Starting Material ThS4 ThS4 ThS3 ThS3 KF1

P[GPa] / T [°C] 3/1160 3/1160 3.2/1160 3.2/1160 1.7/1250

# analysis 14 20 15 15 20

Melts LS LC LS LC LS

SiO2 64.1(14) 69.0 1.4(7) 2.3 51.7(57) 58.0 0.4(2) 0.7 32.1(3) 35.9

TiO2 0.5(1) 0.5 0.1(1) 0.2 0.0(0) 0.1 0.1(1) 0.2 0.7(0) 0.8

Al2O3 7.5(10) 8.1 0.1(1) 0.1 18.2(11) 20.4 2.0(12) 3.5 6.3(2) 7.0

FeO 3.3(3) 3.6 5.4(7) 9.1 1.1(5) 1.2 8.0(18) 14.3 4.5(2) 5.0

MnO - - - - - - - - - -

MgO 1.0(1) 1.1 3.8(3) 6.3 0.2(1) 0.2 2.8(6) 5.0 9.1(3) 10.1

CaO 2.0(3) 2.1 28.6(14) 48.6 1.0(4) 1.1 23.2(107) 41.3 31.4(4) 35.1

Na2O 4.2(5) 4.5 10.2(10) 17.1 2.9(10) 3.3 6.9(41) 12.2 0.9(1) 1.0

K2O 10.3(6) 11.1 9.6(8) 16.2 14.0(14) 15.7 12.5(60) 22.2 4.0(1) 4.4

P2O5 - 0.0 - 0.0 - 0.0 - 0.4 0.6(1) 0.7

Total 92.9 100.0 59.4 100.0 89.1 100.0 56.1 100.0 89.5 100.0

CO2 7.1 40.6 10.9 43.9 10.5

CO2 calculated by difference to 100
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Table A-4

EDX analysis of minerals from Dasgupta et al. Experiments

Experiment LM56 LM56 LM56 LM56 LM53 LM53 LM53 LM53 LM76

starting material DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-2

Phase merw cpx Fe-spin ol cpx alkali carb. ulvo- montic.

carb. spinel

SiO2 39.5 39.0 0.8 43.4 51.1 - 1.4 - 39.2

TiO2 0.0 6.6 6.4 0.5 2.1 - - 34.9 8.6

Al2O3 0.8 4.4 14.8 8.1 - - 2.2 6.9

FeO 2.6 12.3 57.1 4.3 5.3 8.2 4.1 57.6 6.1

MgO 12.1 12.9 19.6 49.0 12.8 16.0 15.5 5.1 18.6

CaO 42.7 23.0 0.4 1.8 18.2 34.8 74.3 0.3 18.2

Na2O 1.4 1.5 0.7 0.9 2.1 34.3 2.9 - 2.0

K2O 0.9 0.5 0.2 0.0 0.4 6.6 1.8 - 0.4

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Experiment LM76 LM74 LM74 LM80 LM80 LM72 LM73 LM74 LM75

starting material DS-2 DS-2 DS-2 DS-2 DS-2 DS-2 DS-3 DS-4 DS-5

Phase merw. qnch Fe-spinel carb. cpx cpx merw. alkali- Fe-spinel

merw. carb.

SiO2 39.5 35.2 0.5 0.2 48.9 46.1 36.3 0.3 0.4

TiO2 0.0 1.3 4.6 - 1.3 2.3 - 0.1 4.9

Al2O3 0.8 1.1 27.0 0.2 8.5 7.2 0.8 - 13.3

FeO 2.6 4.2 46.7 13.7 11.0 6.1 4.1 2.2 63.7

MgO 12.1 9.8 20.3 13.7 10.1 12.2 9.6 2.8 17.1

CaO 42.7 46.2 0.8 70.5 17.5 25.0 47.8 57.3 0.3

Na2O 1.4 2.3 - 1.4 2.5 1.0 1.4 30.0 0.2

K2O 0.9 - 0.1 0.3 0.1 0.0 - 7.4 0.0

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Compositions are analyzed by EDX on a SEM on a volatile free basis  
Table A-5

EDX analysis from experiments from Thomsen and Schmidt. 

Experiment LM61 LM61 LM66 LM66 LM66 LM66

starting material ThS-1 ThS-1 ThS-2 ThS-2 ThS-2 ThS-2

Phase mel ks LS LC kfspar garnet

SiO2 40.9 40.2 47.7 1.8 63.2 37.6

TiO2 0.2 0.1 0.0 0.0 0.0 0.0

Al2O3 20.2 33.1 18.5 0.9 17.4 19.7

FeO 4.7 0.3 2.8 6.6 0.3 15.3

MgO 1.7 1.0 0.7 2.3 0.0 2.9

CaO 32.0 2.2 28.2 0.1 20.6

Na2O 0.2 1.4 3.0 5.7 0.5 0.4

K2O 0.1 24.0 15.8 11.1 16.2 0.1

Sum 100.0 100.0 90.7 56.5 97.7 96.8

Compositions are analyzed by EDX on a SEM on a volatile free basis

Compositions from LM66 are average analysis analyzed by EPMA  

 
Fig. A-1: BSE image of experiment of system SH-1. No liquid immiscibility observed. 



Chapter 4:    

   
82 

 

Fig. A-2: BSE images of experiments performed with starting material DS-1. A, B) The charge contains 
abundant merwinite, cpx, Ti-Fe-spinel, and olivine. C) Quenched carbonate-rich melt is concentrated at the 
capsule-rim. No equilibrium carbonates and a silicate glass were found within the charge. D) Abundant 
quenched Mg-calcite, quenched alkali-carbonates, with abundant ulvo-spinel. E) Quenched magnesian calcites 
contain dark alkali-rich carbonate in BSE image. F) Idiomorphic pyroxenes and Ti-spinel crystals are occuring 
within the quenched carbonatite melt. No silicate melt was found. Abbreviations: cpx = clinopyroxene, Merw = 
merwinite, Fe-spin = iron spinel, ol = olivine. 
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Fig. A-3: BSE image of experiments performed with starting material DS-2. A, B) Quenched silicate melt with 
merwinite and quenched monticellite crystals in the centre of the charge, surrounded by a quenched silicate 
glass at the outer rim of the capsule. C) Layers of melilite and Fe spinel at the bottom of the capsule. D) 
Quenched melt with merwinite and Fe-spinel crystals in the centre of the charge. E) Cpx cumulates at the 
bottom of the capsule. F) Quenched Ca-Mg-Fe carbonates in equilibrium with cpx dominated the centre of the 
charge. No indication for liquid immiscibility. (c) & (e) from Dasgupta et al. (2006): Texturally, we are 
convinced that these are not two coexisting melts, as the carbonatite melts are always interstitial, while the 
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silicate melts are present in larger melt pools. The crystal shapes in the “carbonatite-melt zones” clearly show 
quench rims and our most likely interpretation is, that interstitial melt underwent serious quench-modification 
with quench-carbonatites forming the interstiches between quench-overgrown equilibrium silicates.For 
abbreviations, see Fig. A-2. Fig (c) and (e) are from Dasgupta et al. 2006.  
 

 
Fig. A-4: BSE image of experiments. A, B) Matrix of fine grained cpx, kalsilte overgrown by larger melilite 
crystals without interstitial melt nor carbonates (leakage resulting in loss of carbonatite melt or CO2 cannot be 
excluded). C) Matrix of kalsilite and cpx with only few melilite crystals and large carbonates. D) Increased 
alkali contents yielded at 3.2 GPa 1150 °C one silicate melt droplet, forming a sharp meniscus to the carbonatite 
melt, interpreted as liquid immiscibility. Abbreviations: melt = melilite, ks = kalsilite, cpx = clinopyroxene, LS 
= quenched carbonatite melt, LS = silicate melt, kfspar = potassium feldspar.  
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B.  Additional experiments constraining the miscibility gap 

Several experiments in otherwise successful bulk compositions yielded single melts or 

melts that were not sufficiently seperated for LA-ICP-MS seperation. We analyzed these 

melts by electron microprobe (Table A-3). Immiscible liquids close to the critical point of the 

solvus and in particular some of the single melts further constrain the extent of the miscibility 

gaps (Fig. A-5). 

Note that the melt compositions of the alkali-poor silica-deficient eclogites of Dasgupta 

et al. (2006) and of the CMAS-CO2 model-peridotite of Keshav and coworkers do not plot 

near any known miscibility gap (Fig. A-5). With the additional information of these 

experiments as well as the compositions of experiments in Fig. 3.4, we have drawn the solvus 

as indicated in Fig. A-6 and Fig. 11.  

 
Fig. A-5. Variations of the width of the carbonatite-silicate melt miscibility gap in SiO2+TiO2+Al2O3 – 
(Ca,Mg,Fe)O – (Na,K)2O space projected from CO2 (+H2O) in wt% (after Hamilton et al., 1979; and Lee & 
Wyllie, 1997). The data of our study can be attributed to four groups (in bulk composition – pressure – 
temperature) namely dry sodic+alkali at 1240-1260 oC, 1 GPa; dry potassic at 1220 oC, 1.7 GPa , H2O-bearing 
potassic with silica-undersaturated silicate melts at 1150-1200 oC, 1.7 GPa, and H2O-bearing potassic with 
silica-rich silicate melts at 1160 oC, 3 GPa. To constrain the extent of the miscibility gap, melt compositions, 
which were not unmixing were included as well as immiscible liquids from additional experiments. As argued 
in the text, there is no direct experimental evidence for immiscibility gaps at lower alkali-contents such as 
alkali-poor compositions provided by Dasgupta et al. (2006) and Noveall & Keshav (2010) as these 
compositions are not located within the miscibility gap. 
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C. Values and references for calculating (mixed) ionic potentials 

Table A-6

Valences, coordination numbers, oxidation state,  and references defining ionic potentials

valence coordination applied Z/r References

Cs 1 8 0.57 Brown Jr. et al. and refs therein, 1995

Rb 1 8 0.62 Brown Jr. et al. and refs therein, 1995

K 1 8 0.66 Brown Jr. et al. and refs therein, 1995

Na 1 6 0.98 Brown Jr. et al. and refs therein, 1995

Li 1 4 1.69 Brown Jr. et al. and refs therein, 1995

Ba 2 8 1.41 Brown Jr. et al. and refs therein, 1995

Sr 2 8 1.59 Brown Jr. et al. and refs therein, 1995

Ca 2 6 2.00 Brown Jr. et al. and refs therein, 1995

Mg 2 5,6 2.78 Brown Jr. et al. and refs therein, 1995

Pb 2 8 1.55 Brown Jr. et al. and refs therein, 1995

Th 4 6,8 4.26 Farges 1991

U 4 8 at IW: U4+/U5+ = 1: 4.49

4.6 6 at QFM: U4+/U5+ = 0.45: 5.43 Schreiber 1983

5.3 4 at HM-1: U5+/U6+  = 0.7:  8.22

Hf 4 6 5.63 as Zr

Zr 4 6 5.56 Galoisy et al. 2000

Ti 4 5 7.84 Galoisy et al. 2000

Ta 5 6 7.69 Chowdari & Rong, 1998

Nb 5 6 7.81 Chowdari & Rong, 1998; Piilonen et al. 2005

La 2.59

Ce 2.62

Pr 2.66

Nd 2.71

Sm 2.94

Gd 3.00

Tb 3.06

Dy 3.09

Er 3.37

Yb 3.46

Lu 3.48

Eu 2 6 at IW: Eu2+/Eu3+ = 0.38: 2.55

3 9 at QFM: Eu2+/Eu3+ = 1: 3.17 Cicconi et al., 2012

3 9 at HM-1: Eu2+/Eu3+ = 1: 3.17

Y 3 6, 7 3.13 Weber et al. 2004

Sc 3 6,7 4.03 Farah et al. 1998

V 3 6 at IW: V3+/V4+= 0.9: 4.69

3.8 6 at QFM: V3+/V4+= 0.2: 6.45 Karner et al. 2008

5 6 at HM-1: V5+: 9.26
Cr 2 6 at IW: Cr2+/Cr3+ = 0.6: 3.73

3 6 at QFM Cr2+/Cr3 += 0.5: 3.81 Berry et al. 2006

6 6 at HM-1: Cr3+/Cr6+ = 0.95:  4.88
Mn 2 6 2.41 Brendebach et al. 2005

Fe 2 5 at IW: Fe3+/Fe2 += 0: 3.17

2.6 4 at QFM: Fe3+/Fe2 += 0.6: 4.49 Brown Jr. et al. and refs therein, 1995; Giuli et al. 2012

2.8 4 at HM-1: Fe3+/Fe2 += 0.8: 5.53

Co 2; 3 4, 6 2.68 Keppler and Bagdassarov, 1999

Zn 2 4 3.33 Galoisy et al. 2000

3

extrapolated from 8-fold for La to 6-fold for Lu

Ponader & Brown Jr., 1989

8,7,6,5
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D. Plots of partition coefficients vs. ionic potential for all experiments 
 

D.1 fO2 ∼ IW 
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D.2 fO2 ∼ QFM 
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D.3 fO2 ~ HM-1 
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Abstract 
Trace element partition coefficients between conjugate carbonatite-silicate melts are a 

suitable tool to test whether such natural magmas originated by liquid immiscibility. In the 

Intra-Apennine Magmatic province, Central Italy, highly silica-undersaturated ultrapotassic 

kamafugites coexist with carbonate-rich rocks of controversial nature: A mantle origin and 

magmatic nature of the carbonatites is indicated by the primitive nature of some kamafugites 

and by mantle-debris occurring within the kamafugite-carbonate/carbonatite deposits. An 

alternative hypothesis suggests that the CO2 originates from crustal carbonate assimilation by 

a basaltic magma, resulting in silica undersaturation of the kamafugite rocks. This 

experimental study investigates whether carbonatite and kamafugite melts such as the Italian 

ones can be immiscible at upper mantle conditions. Partition coefficients between conjugate 

melts determined in this study are compared with calculated element partitioning between 

natural carbonatite/kamafugites pairs to test a possible origin of the carbonatites by liquid 

immiscibility.  
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The experiments demonstrate that kamafugite and alkali-rich carbonatite melts are 

immiscible at 1.7 GPa, 1220 °C. Trace element partition coefficients obtained from static- 

and centrifuging piston cylinder experiments are within factor 5 from unity and deviate less 

than a factor of 2 from unity for 26 out of 37 trace elements investigated. The alkali- and 

earth alkali-elements have Di ≥ 1, indicating that carbonatite melts in equilibrium with 

alkaline silicate melts should be at least as alkali-rich as the silicate melts. HFSE partition 

preferentially into the silicate melt.  

A comparison of the experimental partition coefficients with natural carbonatite – 

kamafugite pairs from the Intra Apennine Province reveals good agreement (except for the 

alkalis), supporting that liquid immiscibility could indeed explain the observed rock suites. 

Original carbonatite compositions are not well preserved due to secondary leaching that 

almost completely removed the alkalis leading to significant uncertainties and compositional 

variations and potentially modified trace element concentrations too. Based on the observed 

trace element concentrations, large volume assimilation of sedimentary calcite is unlikely. 

We thus propose that CO2 was already present in the parental primitive magmas forming the 

kamafugites. The carbonatites formed by unmixing from the silicate magmas and the related 

CO2-saturation was most probably responsible and triggered the explosive eruptions in the 

Intra Apennine province.  

 

 

4.1. Introduction 

Most of the Italian arc-related magmas erupted over the last 800´000 years are 

characterized by distinctly alkaline, often ultrapotassic, silica-undersaturated and CO2-rich 

magmas. High CO2-contents are manifested by voluminous degassing (Gambardella et al., 

2004; Caliro et al., 2005). A number of studies attribute the presence of CO2 in these magmas 

to assimilation of limestones (Tury and Taylor, 1976). Carbon dioxide contents may reach up 

to 10 wt% in magmas residing in relatively shallow magma reservoirs such as at Vesuvius 

(Iacono Marziano et al., 2008, 2009; Di Renzo et al., 2007). However, carbonatites 

containing mantle xenoliths and xenocrysts of mantle material occur in the Intra-Apennine 

Magmatic Province ~100 km Northeast of Rome (Stoppa and Lupini, 1993) indicating the 

presence of carbonate-rich melts at mantle depths concurrent with the kamafugite magmas. 

This association of contrasting CO2-rich magmas, both of mantle origin, leads to the 
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suggestion that primitive, mantle-derived silicate melts were CO2-bearing. The potential 

genetic link between carbonatite and ultrapotassic silica-undersaturated silicate magmas is of 

specific interest to resolve the genesis and evolution of the ultrapotassic arc-related 

magmatism of Italy and more generally the genesis of K-rich alkaline rocks world-wide. 

Furthermore, this subject contributes to resolve issues such as the potential role of CO2-

assimilation in modifying silicate magmas and recycling of deeply subducted CO2 in arc 

magmas.   

The Intra-Apennine Magmatic Province, active between 800 and 250 kyr (for a 

summary of ages and description of locations see Peccerillo, 2005), is characterized by 

carbonatites or, purely descriptive, carbonate-rich rocks and by silica-undersaturated, 

ultrapotassic, primitive alkali-basalts, so-called kamafugites (Le Maìtre et al., 2004). 

Carbonatite occurrences are described from five volcanic centres (Stoppa et al., 2005):  

(i) The San Venanzo maar pyroclastic deposits are mainly tuffs of trachybasalts to 

basaltic trachyandesite composition according to the TAS classification scheme (Le Bas et 

al., 1986), mixed with carbonatite fragments and calcite crystals. The pyroclastics of the Pian 

di Celli tuff ring contain kamafugitic bombs with carbonate inclusions (Stoppa & Sforna, 

1995). It is noteworthy that at San Venanzo, a kamafugite lava flow erupting from the Pian di 

Celle monogenetic cone has geochemical characteristics of a primitive mantle melt (based on 

high XMg, Ni and Cr concentrations, Peccerillo et al., 1988).  

(ii) Two isolated carbonatite diatremes, 10-20 meter in diameter, occur at Polino. These 

carbonatites contain the aforementioned xenolithic mantle material. Any directly related 

silicate magma is lacking (Stoppa & Lupini, 1993; Rosatelli et al., 2010).  

(iii) The Oricola tuff ring contains carbonatitic layers, which in turn contain shards of 

silicate glasses probably in equilibrium with the carbonatites (Stoppa et al., 2005).  

(iv) At Cupaello, a single intensively altered kamafugite lavaflow overlies a sequence 

of altered and in part carbonate-bearing ashes containing Sr, Ba, REE-rich calcites as 

characteristic for magmatic carbonatites (Peccerillo, 2005).  

(v) At Grotta del Cervo, lapilli ash tuffs of kamafugitic composition contain ≥10% 

carbonates (Stoppa et al., 2002). However, trace element compositions have not been 

determined for the carbonatite facies and, therefore, Grotta del Cervo rocks will not be 

further considered in this study.   
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The origin of the above carbonate-rich lithologies is disputed: Peccerillo (2005) 

underlines that the kamafugites erupt on top of several kilometer thick limestones and marls 

and invokes the possibility that at least some of the carbonate material might represent 

reworked sedimentary carbonates. In the same spirit, the highly silica-undersaturated nature 

of many Italian magmas was related to dolo- or limestone assimilation (Iacono Marziano et 

al., 2007, 2008). The basis for such reasoning is that in experiments, basaltic magmas may 

assimilate up to 20 wt% of carbonates resulting in cpx and CO2 as reaction products (but not 

in immiscible silicate and carbonatite melts). Fractionation of cpx is then inferred to cause 

SiO2–undersaturation in the melt as well as alkali-enrichment without affecting the initial 

K2O/Na2O ratios significantly; these are thought to be inherited from the source (Iacono 

Marziano et al. 2008). Following the logic of Iacono Marziano and coworkers, the parental 

melts would not contain major amounts of CO2; therefore, the inferred CO2-assimilation and 

-saturation occurs only at shallow levels within the Apennine crust.  

Alternatively, the carbonate-rich rocks of the Intra-Apennine Magmatic Province are 

interpreted as magmatic carbonatites formed by liquid immiscibility between a kamafugite 

and a carbonatite melt (Stoppa and Cundari, 1998; Stoppa et al., 2005). The primitive 

character of some of the Italian kamafugites (Cundari and Ferguson, 1991) in combination 

with the presence of xenolithic mantle material in the carbonatite diatremes of Polino (Stoppa 

and Lupini, 1993) indeed suggest a mantle origin of these rocks. Liquid immiscibility was 

suggested on the basis of textural arguments, i.e. the intimate coexistence of carbonatite and 

kamafugite rocks, considered as a physical mixture of carbonatite and silicate melts (Stoppa 

and Woolley, 1997). Whether the mixed rocks represent a simple mingling of already partly 

consolidated materials or two coexisting immiscible liquids is not clear.  

As a starting point of this experimental study, we test whether carbonatite and 

kamafugite melts can be immiscible at mantle conditions.  Once conditions of liquid 

immiscibility were identified, we determined partition coefficients between conjugate 

carbonatitic and kamafugitic melt pairs (Di). These experimental partition coefficients were 

subsequently compared with the partition coefficients calculated for the naturally occurring 

carbonatite-kamafugite pairs. Based on the present data, a potential origin of the Intra 

Apennine kamafugite-carbonatite association by liquid immiscibility can be tested.  
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4.2. Methods 
4.2.1. Approach 

The goal of this study was first to test if kamafugite and carbonatite melts can be 

immiscible. Due to strong alteration and crystallisation of secondary phases, it is inadequate 

to perform this study on natural samples. Therefore, we initially prepared a synthetic 

mixture corresponding to 50 wt% primitive San Venanzo kamafugite (VEN5 of Peccerillo et 

al., 1988) and 50 wt% Polino carbonatite (PO2-5 of Stoppa and Lupini, 1993) with a fixed 

bulk amount of approximately 24 wt% CO2 (starting material KF1, Table 4.1).  

We selected an initial pressure of 1.7 GPa as a compromise between a minimum Moho 

depth of 30-35 km below the Italian peninsula in the area of San Venanzo (Dèzes and 

Ziegler, 2002) and the stability of carbonatites in the mantle limited to ≥ 2.1 GPa (Wallace 

and Green, 1988). A series of experiments was conducted with variable temperatures (1180-

1250 oC) until liquid immiscibility was obtained. From the measured liquid compositions, 

we adapted the bulk composition (KF2-KF4, Table 4.1) such that the experiments resulted in 

a kamafugitic melt in equilibrium with a carbonatite melt without additional crystals in the 

charge (superliquidus conditions). In a further approach, we aimed to produce a starting 

material, which is saturated in olivine and test the effect of oxygen fugacity on the system by 

adding iron exclusively as Fe2+ (starting material KF7, Table 4.1).   
Table 4.1

Starting materials.

KF1 KF-ol KF2 KF3 KF4 KF7

Spike - 0.3 0.6 0.5 0.9

SiO2 25.2 32.8 21.0 23.0 21.8 20.9

TiO2 0.5 0.3 0.7 1.1 1.5 1.5

Al2O3 7.0 3.6 6.9 6.4 7.9 7.5

Fe2O3 - - - - 2.0 -

FeO 5.7 8.3 4.7 4.5 1.1 5.2

MgO 8.8 27.8 6.1 11.0 9.0 11.6

CaO 23.2 12.0 27.4 20.4 17.6 17.3

Na2O 0.5 0.3 0.6 1.3 2.0 1.2

K2O 4.0 2.1 5.0 6.6 11.6 10.4

P2O5 0.4 0.2 0.5 0.3 1.0 0.1

Cr2O3 - - 0.1 0.3 0.4 0.0

H2O 0.2 0.1 0.0 0.0 0.0 0.0

CO2 24.4 12.5 26.6 24.4 23.6 23.2

Total 100.0 100.0 100.0 100.0 100.0 100.0

XMg* 0.73 0.86 0.70 0.81 0.85 0.79

*Fetot as Fe2+  



Chapter 4:    

   
100 

 

4.2.2. Synthesis of the starting materials 

The starting materials (Table 4.1) were prepared by mixing of MgO, Al2O3, TiO2, 

Cr2O3, SiO2 (all dried in a muffle furnace at 800 °C), synthetic wollastonite, albite, K-

feldspar, and CaCO3 and natural dolomite (dried at 400 °C), Na2CO3, K2CO3 and hydroxyl-

apatite (dried at 220 °C), and synthetic fayalite (dried at 110 °C). A combination of K-, Na- 

and Ca-silicates and -carbonates was necessary to achieve the desired CO2 content in the 

starting materials. The starting material KF4 also contains Fe2O3 in order to obtain a 

Fe3+/Fetot molar ratio of 0.62. The mixtures were hand-milled in an agate mortar under 

acetone for 20-30 minutes, dried, and permanently stored in a furnace at 220 °C. Despite 

taking greatest care, absorption of traces of water by the starting material was inevitable. 

Trace elements were added as a pre-prepared spike (Table 4.5) made from oxide components 

and solutions. The spike consists of the following elements: Li, Na, K, Rb, Cs, Be, Mg, Ca, 

Sr, Ba, Al, Sc, Y, La, Sm, Dy, Yb, Lu, Ti, Zr, Hf, V, Nb, Ta, Mo, W, U, Th, In, Fe, Co, Ni, 

Cr, Zn, Cd, B, Ga, Si, Ge, Bi, Sn, Pb, and P. To achieve bulk trace element concentrations in 

the order of 20-100 ppm, about 5‰ of spike was added to the starting material. 

 

4.2.3. Capsule material and oxygen fugacity 

The starting powders were tightly packed into 2.3 or 4.0 mm outer diameter Au50Pd50 

capsules. First attempts employing graphite capsules failed as the carbonatite melt vanished 

from the center of the charge into the pore space of the graphite capsule. A similar behavior 

was observed by Jones et al. (1995), who concluded that graphite is unsuitable to contain 

carbonatite liquids. In our experiments, oxygen fugacity was unbuffered, nevertheless, the 

starting materials KF1, KF2, KF3, and KF7 contained all Fe as Fe2+, and only very minor 

oxidation may occur as some iron was lost to the metal capsule. Otherwise, redox-partners 

are not available and the dry nature of the starting materials excludes oxidation though H-loss 

through the capsule walls. We thus assume that the oxygen fugacity of these experiments was 

near C-CO-CO2 (CCO). The experiments with starting material KF4 (molar Fe3+/Fetot = 0.62) 

were intended to test the dependence of partition coefficients on the oxidation state and were 

thus performed with an elevated Fe3+/Fetot ratio (Table 4.1). 
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4.2.4. Static piston cylinder experiments 

Static experiments (Table 4.2) were performed in an end-loaded piston cylinder with a 

14 mm diameter teflon foil-talk-pyrex-graphite-MgO assembly. On top of the assembly, a 

steel plug surrounded by pyrophyllite was inserted to keep the thermocouple in position and 

prevent extrusion of the assembly. B-type thermocouples (Pt-Pt90Rh10) were employed, and 

the mullite thermocouple ceramics and the capsule were inserted into the inner MgO rods. 

The assembly was calibrated against coesite-quartz (Bose and Gangluy, 1995) as well as 

fayalite+quartz=orthoferrosilite (Bohlen et al., 1980) resulting in a friction correction of -

10% to the nominal pressure.  No pressure correction was applied to the thermocouple emf. 

Experiments were quenched by switching off heating power, resulting in an initial quench 

rate > 200 °C/s. 

 

4.2.5. Centrifuge experiments 

In order to physically separate the immiscible carbonatite- and silicate melts, the 

capsules from experiment LM45 and LM54 were rerun, after static equilibration, in the 

centrifuging piston cylinder at identical pressure and temperature conditions but with an 

additionally applied centrifugal acceleration of 712 g. The centrifuge itself consists of a 

rotating circular table of 1.38 m diameter and 850 kg weight. The table has two apertures, one 

of them accommodating the single stage piston cylinder module, the other contains a 

counterweight with similar weight distribution. The centrifuging piston cylinder itself has a 

14 mm assembly identical to that of the static end loaded piston cylinder. Within this 

arrangement, the experimental charge sits at a radius of 32 cm, a centrifuge rotation speed of 

1400 rpm thus yields 712 g. Oil pressure in the hydraulic ram of the piston cylinder cannot be 

varied when the centrifuge rotates; on the other hand heating is not advisable when the 

centrifuge does not rotate as the cooling water does not run through the piston cylinder 

module. Therefore, cold pressure is set to a higher value than the desired run pressure, such 

that during powering up of the centrifuge and simultaneous heating (ca. 15 minutes) oil 

pressure drops to the desired run pressure. For detailed information regarding the centrifuge 

see the electronic appendix in Schmidt et al. (2006).  

 

 

 



Chapter 4:    

   
102 

4.2.6. Sample preparation 

In order to physically separate the immiscible carbonatite- and silicate melts, the 

capsules from experiment LM45 and LM54 were rerun, after static equilibration, in the 

centrifuging piston cylinder at identical pressure and temperature conditions but with an 

additionally applied centrifugal acceleration of 712 g. The centrifuge itself consists of a 

rotating circular table of 1.38 m diameter and 850 kg weight. The table has two apertures, one 

of them accommodating the single stage piston cylinder module, the other contains a 

counterweight with similar weight distribution. The centrifuging piston cylinder itself has a 

14 mm assembly identical to that of the static end loaded piston cylinder. Within this 

arrangement, the experimental charge sits at a radius of 32 cm, a centrifuge rotation speed of 

1400 rpm thus yields 712 g. Oil pressure in the hydraulic ram of the piston cylinder cannot be 

varied when the centrifuge rotates; on the other hand heating is not advisable when the 

centrifuge does not rotate as the cooling water does not run through the piston cylinder 

module. Therefore, cold pressure is set to a higher value than the desired run pressure, such 

that during powering up of the centrifuge and simultaneous heating (ca. 15 minutes) oil 

pressure drops to the desired run pressure. For detailed information regarding the centrifuge 

see the electronic appendix in Schmidt et al. (2006).  

 

4.2.7. Electron probe micro-analysis 

Sample textures were first imaged and phases identified with a scanning electron 

microscope (JEOL 6390 LA) with attached EDS system. In the successful experiments 

(Table 4.2), mineral and melt compositions (Table 4.3 to 4.5) were then analyzed by a JEOL 

8200 electron microprobe with 5 wavelength dispersive spectrometers (WDS). Standards 

used were wollastonite, rutile, corundum, fayalite, periclase, albite, aegirine, potassium 

feldspar, and apatite. Measurement times were 10-20 seconds on peak and background. Due 

to the instability and high diffusivity of alkalis in the kamafugite glasses and in the quench of 

the carbonatite, low beam currents and large beam diameters were necessary. For silicate 

glasses, these were 4 nA and 10-20 µm beam diameter, for quenched carbonatites <2 nA and 

≥20 µm. To compensate for the resulting relatively low counts, a large number of analyses 

were performed; all compositions reported in tables 3 and 4 are average compositions. CO2 in 

the silicate melt was calculated by difference to 100% total. In the carbonatite melts, we 

calculated CO2-contents as difference to 100% and as stoichiometric carbonate for all uni- 
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and bi-valent cations. These two methods resulted in differences for the CO2-contents of 3-15 

relative % for 6 samples and of 25% for one sample (Table 4.3). In the experiments with a 

Fe3+/Fetot = 0.62 the carbonatite melt may contain significant Fe3+ and thus an additional error 

in the calculation of CO2-contents is introduced. However, as the FeOtot contents are ≤ 4.0 

wt%, this error remains at ≤ 0.7 wt% total CO2, depending on whether Fe3+ forms a carbonate 

species in the carbonatite melt. 

 

4.2.8. Laser ablation ICP-MS 

Laser ablation IC-PMS analyses were performed in the Laboratory of Inorganic 

Chemistry at ETH Zurich. The analyses were carried out using an 193 nm ArF excimer laser 

ablation system (Lambda Physik, Göttingen Germany) coupled to an ICP-MS (DRC II +, 

Perkin Elmer, Norwalk, USA). The samples were ablated for 40 s at 10 Hz repetition rate 

with 40-80 µm crater diameters; the ablation energy was 17 J/cm2. The reference material 

NIST 610 was used as external calibration standard while Ca was used as internal standard. 

Data reduction and concentration calculation were carried out using the protocol described in 

Longerich et al. (1996). The analyzed elements in this study were: Li, Rb, Cs, Be, Sr, Ba, Sc, 

Y, La, Sm, Dy, Yb, Lu, Zr, Hf, V, Nb, Ta, Mo, U, Th, Co, Cr, Zn, Ga, Si, Ge, Pb and P.  

 

4.3. Results 
4.3.1. Phase equilibria and strategy to obtain conjugate carbonatite – silicate melt pairs 

Four experiments have been performed with starting material KF1 at 1.7 GPa (Table 

4.1). Experiment LM8, run at 1180° C in a graphite-Au50Pd50 double capsule (Table 4.2), 

resulted in an inner capsule space filled with merwinite and Al-rich cpx in a 4:1 ratio in 

addition to traces of olivine, melilite, and spinel. No carbonate and alkali-phase was found in 

the inner charge, interpreted as a loss of the carbonatite melt to the graphite capsule pore 

space (see also Jones et al., 1995). We thus abandoned graphite capsules in the following 

experiments and increased the run temperatures. 

At 1250 °C, the KF1 composition resulted in a single melt (>85 vol%) containing ~13 

vol% Al-rich cpx and < 1 vol% spinel and merwinite (experiment LM16). At 1220 °C 

(LM15) ~60 % of the capsule area is occupied by a mixture of magnesian calcite and cpx 

(Table 4.4) with abundant interstitial quench material (Table 4.4, Fig. 4.1A-C). It remains 

unclear whether the magnesian calcite (Table 4.A1) is a quench product of a carbonatite melt 
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or an equilibrium phase. About 20 % of the section area consisted of spherical voids, 

interpreted as CO2 fluid bubbles (Fig. 1A). At one end of the capsule, an area of about 10 % 

is constituted by quenched carbonatite melt that is in direct contact with droplets of silicate 

melt that amount to <5 vol% (Fig. 4.1B). 
Table 4.2

Runtable

Experiment Starting P T Multiple Capsule Phases
Material static centrifuge of g

[GPa] [°C] [h] [h] LS LC cpx spinel leucite merw ol mel carb F

LM8 KF1 1.7 1180 45 Au50Pd50-C ? XX X XXXXX X X

LM15 KF1 1.7 1220 47 Au50Pd50 X XX XXX XXXX +

LM16 KF1 1.7 1250 46 Au50Pd50 XXXXX XX X X +

LM20 KF-ol 1.7 1220 45 Au50Pd50 XXX XX XXX XX

LM23 KF1 1.7 1220 47 Au50Pd50 XX XXXXX XXX X +

LM25 KF2 1.7 1220 49 Au50Pd50 XXX XXX XXX XXX +

LM38 KF3 1.7 1220 44 Au50Pd50 XX XXX XXX XXXX

LM41 KF4 1.7 1220 62 Au50Pd50
a) 0.45 0.54 <0.01 +

LM45 KF4 1.7 1220 45 4 712 Au50Pd50
a) 0.41 0.58 <0.01 +

LM54 KF4 1.7 1220 40 5 712 Au50Pd50
a) 0.45 0.54 <0.01 +

LM108 KF7 1.7 1220 40 Au50Pd50 XXX XXXX X X X X +

LS = silicate glass; LC = quenched carbonatite; cpx = clinopyroxene; merw = merwinite; ol = olivine; mel = melilite; carb = quenched carbonates; 

C = graphite; F = large bubbles interpreted as fluid phase  

+ = present; X = ! 5 %; XX  = 5-20 %; XXX = 20-40 %; XXXX = 40-60 %; XXXXX " 60 %

? = carbonatite melt disapeared into porespace of graphite capsule
a) massbalance calculated with CO2 by difference and all iron as FeO

Duration

 

The silicate melt is highly silica-undersaturated (38.0 wt%)2, has a high CaO/Al2O3 wt-ratio 

of 1.6, and is CaO and K2O-rich (20.8 and 8.9 wt%, respectively, Table 4.3). The carbonatite 

melt contains 9.6 wt% SiO2, 5 wt% K2O and is dominated by CaO (33.7 wt%). The strong 

zonation of this capsule suggests that the charge suffered from thermal- and/or Soret-

diffusion; we thus used significantly shorter capsules of 3-4 mm length in all subsequent 

experiments. The 1220 oC experiment was as such repeated (LM23) yielding ~65 vol% 

carbonatite melt in equilibrium with a silica-undersaturated silicate melt with 46.8 wt% SiO2 

(Fig. 4.2A, Table 4.3), ~ 5 vol% leucite and 25 vol% clinopyroxene (Table 4.4). This charge 

shows a much better equilibrium texture than experiment LM15, suggesting that the 

magnesian calcite in LM15 (Table 4.1, appendix) is indeed quench material, and that 

chemical zonation in LM15 led to the suppression of leucite crystallization.  

In contrast to the kamafugite lava of San Venanzo (Cundari and Ferguson, 1991), none 

of the experiments with the original KF1 composition is saturated in olivine. This can be 

rationalized with an increasing solubility of olivine in silicate melts with pressure: the San 

Venanzo kamafugite, erupted at one atmosphere, has most likely fractionated some olivine 

during its ascent. Thus, to maintain olivine saturation at 1.7 GPa, 49 wt% San Carlos olivine 

                                                
2 Oxide concentrations of silicate melts are always given on a volatile free basis while those 
of carbonate melts correspond to the values measured by electron microprobe analysis. 
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crystal (XMg = 0.87; Houlier et al., 1990) was added to the KF1 starting material (KF-ol, 

Table 4.1). Experiment LM20 performed with KF-ol at 1220 °C resulted in ~30 vol% 

carbonatite melt, ~20 vol% cpx, ~35 vol% olivine and ~15 % magnesian calcite (possibly 

quench), but no silicate melt and thus no liquid immiscibility. 

 
Fig. 4.1. Backscatter electron images of experiments LM15 (A-C) and LM25 (D-F) performed at 1.7 GPa 1220 
°C: A) The capsule is occupied by quench carbonates (carb), clinopyroxene (cpx) and fluid (F) interpreted to 
represent CO2-fluid bubbles. B) Quenched carbonatite melt (LC) in direct contact with silicate melt droplets 
(LS). C) Magnesian calcite (carb) and clinopyroxene with interstitial quench material. D) Carbonatite melt 
immiscible with silicate melt. E) The remainder of the charge is constituted by a mixture of cpx, calcite, 
interstitial melt and large fluid bubbles. F) Sharp contact between the quenched carbonatite melt and the silicate 
melt. The latter contains cpx and carbonatite inclusions. 
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We thus prepared two new starting materials KF2 and KF3 (Table 4.1). KF2 is a mix of 

55 wt% silicate melt and 45 wt% carbonatite melt as analyzed in experiment LM15 (Table 

4.3), employing CO2-contents for the carbonatite melt calculated by stoichiometry. KF3 

represents an attempt to correct the measured melt compositions for the large quench area in 

experiment LM15 by increasing alkali, Mg- and Si-contents. Experiment LM25 (Fig. 4.1D-F) 

performed with starting material KF2 at 1220 °C (Table 4.1, 4.2), resulted in ~25 vol% 

carbonatite melt immiscible with ~20 % silicate melt, the rest being constituted of a mixture 

of cpx and calcite (and interstitial melt) with equilibrium textures and fluid bubbles (Fig. 

4.1D-F, Table 4.3, 4.4). The silicate melt of this experiment contained 50.6 wt% SiO2, 19.1 

wt% Al2O3, 8.0 wt% CaO and 2.1 wt% MgO, which corresponds to more SiO2, Al2O3 and 

CaO but less MgO than the San Venanzo kamafugites (Table 4.3, see Peccerillo et al., 1988).  

Experiment LM38, performed with starting material KF3 (Table 4.1) at 1220 °C, 

yielded carbonatite quench and clinopyroxene over two thirds of the capsule, but at one end a 

cpx-free carbonatite melt coexisted with a silicate melt, presenting a sharp meniscus at their 

contact (Fig. 4.2B, Table 4.3). The silicate melt composition in this experiment is similar to 

the San Venanzo kamafugites (Table 4.3), the main difference being a notably lower MgO-

content of the experimental melt. The carbonatite melt contains 7.1 wt% SiO2, 12.7 wt% 

K2O, 25.2 wt% CaO and 10.2 wt% MgO.  

In order to obtain immiscible liquids only, a new starting material (KF4) was made 

from a 50:50 mix of the LM38-melts again employing CO2-contents for the carbonatite melt 

calculated by stoichiometry and by difference to 100 for the silicate melts (Table 4.1). 

Experiment LM41, performed with starting material KF4 at 1220 oC, resulted in one large 

silicate melt blob contained in carbonatite melt with no visible crystals except for minor Cr-

spinel (Fig. 4.2C, D). Nevertheless, in this static experiment, the silicate melt is full of 

carbonatite melt droplets, which impede large area laser-ablation measurements. We thus 

repeated this experiment at identical pressure and temperature (LM45 and LM54, Fig. 4.2E, 

F; Table 4.2) in two steps: first at static conditions to allow for chemical equilibration of the 

two melts and then reloading the unopened charges into the centrifuging piston cylinder to 

obtain mechanical separation of the two melts. This experiment was performed twice (LM45 

and LM54) in order to ensure the reproducibility of this key-experiment. 
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Fig. 4.2. Backscatter electron images of experiments LM23 (A), LM38 (B), LM41 (C, D) and LM54 (E, F) at 
1.7 GPa 1220 °C: A) Quenched carbonatite melt in equilibrium with silicate melt and leucite. B) Immiscible 
silicate melt forming a sharp meniscus in contact with the carbonatite melt. The silicate melt composition is 
similar to the San Venanzo kamafugite (Table 3). C) The static experiment performed with starting material 
KF4 resulted in a large silicate melt blob contained in carbonatite without visible crystals except for minor Cr-
spinel. E) Droplets of carbonatite melt and Cr-spinels within the silicate melt. F) Centrifuged experiment of 
starting material KF4: The carbonatite and silicate melt are separated and the Cr-spinel crystal segregated to the 
bottom and vapor to the top of the capsule. F) Perfect separation of the immiscible silicate- and quenched 
carbonatite melts. 
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Table 4.4

Clinopyroxene (calculated after Cawthorn & Collerson, 1974) and olivine compositions

Experiment LM15 LM23 LM25 LM38 LM108 LM108

Mineral cpx cpx cpx cpx cpx ol

# analysis 5 6 8 12 5 5

wt%(stdev) wt%(stdev) wt%(stdev) wt%(stdev) wt%(stdev) wt%(stdev)

SiO2 47.2(8) 43.2(11) 44.0(11) 47.3(17) 45.8(13) 40.0(4)

TiO2 0.63(4) 1.38(31) 1.00(5) 1.60(107) 1.64(28) 0.03(2)

Cr2O3 - - 0.13(4) 0.88(27) - -

Al2O3 14.0(8) 15.3(11) 13.2(5) 8.3(1.5) 9.0(16) 0.10(2)

FeO 6.7(2) 4.2(6) 6.1(2) 2.5(5) 4.4(3) 7.4(7)

MgO 10.8(4) 10.6(6) 10.7(3) 14.9(3) 14.1(7) 51.0(9)

CaO 24.4(2) 24.8(5) 24.2(5) 23.0(5) 22.4(4) 0.23(2)

Na2O 0.23(17) 0.15(9) 0.34(2) 0.56(8) 0.54(11) b.d.

K2O 0.12(4) 0.48(35) 0.23(6) 0.48(30) 0.22(9) b.d.

Total 99.5 100.0 99.9 99.6 98.1 98.8

Cations

Si 1.61 1.60 1.65 1.74 1.73 0.98

Ti 0.02 0.04 0.03 0.05 0.05 0.00

Cr 0.00 0.00 0.00 0.03 0.00 0.00

Al 0.62 0.67 0.58 0.36 0.40 0.00

Fe3+ 0.00 0.00 0.00 0.00 0.00 -

Fe2+ 0.21 0.13 0.19 0.08 0.14 0.15

Mg 0.60 0.59 0.60 0.82 0.79 1.86

Ca 0.98 0.98 0.97 0.91 0.90 0.01

Na 0.02 0.01 0.02 0.04 0.03 0.00

K 0.01 0.02 0.01 0.02 0.01 0.00

Total 4.07 4.04 4.05 4.05 4.05 3.00

XMg(Fe2+) 0.74 0.82 0.76 0.91 0.85 0.92

XMg(Fetot) 0.74 0.82 0.76 0.91 0.85 0.92

Al(4) 0.39 0.40 0.35 0.26 0.27 -

Al(6) 0.23 0.27 0.23 0.11 0.13 -

b.d. = below detection limit  
A comparison between the silicate melts produced in these two experiments and the 

natural San Venanzo kamafugites from central Italy (Peccerillo et al., 1988) yields 

comparable SiO2, Al2O3 and CaO contents as well as similar CaO/Al2O3 ratios and 

K2O/Na2O ratios ≥ 5. The alkali contents of the synthetic kamafugites are somewhat higher, 

while the MgO and FeO contents are slightly lower. The latter difference is probably due to a 

lack of olivine saturation in the experimental kamafugite melt.  

The carbonatite melts of experiments LM45 and LM54 in equilibrium with the 

kamafugite melt contain 12.3 wt% K2O and 2.6 wt% Na2O which compares poorly with the 

natural bulk carbonatites and the carbonatite groundmasses from Polino containing a 

maximum of 0.3 wt% K2O and a maximum of 0.1 wt% Na2O (Table 3, Stoppa and Lupini, 
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1993). The Polino bulk rocks have SiO2 contents up to 16 wt%, including xenolithic olivine 

and secondary monticellite (Stoppa and Lupini, 1993), while the fine grained carbonate-

dominated groundmasses in the various carbonatite rocks have SiO2-ranges of 0-3.3 wt% 

(Rosatellli et al., 2010). This compares to 8.3-9.6 wt% SiO2 in the experimental carbonatites.  

In the next step, we aimed to investigate the effect of more reducing conditions on the 

element partitioning by modifying starting material KF4 by adding all iron as Fe2+. 

Concomitantly we lowered the bulk alkali content by 10 relative% and increased MgO by 30 

% relative, and doubled the FeO content in order to produce melts which are saturated in 

olivine (starting material KF7, Table 4.1) and which are more comparable to the natural 

kamafugite in alkali-content and XMg. Experiment LM108, performed at 1.7 GPa, 1220 °C 

with starting material KF7, resulted in ∼50 vol% carbonatite melt in contact with ~40 vol% 

silicate melt, which contained in part quenched cpx and large spherical vugs interpreted as 

fluid coexisting with the two melts. At the bottom of the capsule ~4 vol% leucite, ~3 vol% 

clinopyroxene (Table 4.4), ~2 vol% olivine and <1 vol% spinel crystals are present. The 

resulting silicate melt contains 42.0 wt% SiO2, 3.0 wt% TiO2, 14.7 wt% Al2O3, 5.7 wt% FeO, 

8.8 wt% MgO, 11.2 wt% CaO, 1.4 wt% Na2O and 13.1 wt% K2O, which is slightly Mg- and 

Ca-poorer and Al-richer than the natural kamafugites. The carbonatite melt is slightly Ca- 

and alkali-poorer but iron richer than in experiment LM45.  

In summary, the experiments demonstrate that a kamafugitic melt containing ~6-12 

wt% CO2 is immiscible with a Ca-dominated carbonatite melt containing ~14 wt% 

K2O+Na2O and ~8.5 wt% SiO2 at 1.7 GPa, 1220 °C.   

 

4.3.2. Element partition coefficients 
The two centrifuged experiments containing only silicate and carbonatite melt (LM45 

and LM54) resulted in perfectly separated liquids suitable for laser ablation analyses under 

optimal ablation conditions (Fig. 4.2 E, F). In experiment LM108, the physical separation of 

the immiscible melt was good, and therefore LA-ICP-MS analysis was possible. Resulting 

element concentrations in each conjugate melt and calculated carbonate/silicate melt partition 

coefficients (Di) are given in Table 4.5 and illustrated in Figure 4.3. Table 4.5 additionally 

contains distribution coefficients for major elements calculated from microprobe analysis, 

although these are not partition coefficients obeying Henry’s law.  
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Table 4.5

EPMA & LA-ICPMS analysis of melts and calculated partition coefficients

Experiment Spike (wt%) LM45 LM45 LM54 LM54 LM108 LM108 LM45 LM54 LM108

LS LC LS LC LS LC D(1sig) D(1sig) D(1sig)

MAJOR ELEMENTS (wt%)

SiO2 - 38.2(14) 9.6(3) 38.0(11) 8.3(15) 37.0(7) 7.6(8) 0.25(6) 0.22(4) 0.20(2)

TiO2 0.03 2.40(7) 1.52(53) 2.23(9) 1.03(12) 2.62(7) 1.24(22) 0.48(7) 0.48(1) 0.50(2)

Al2O3 - 12.9(5) 1.5(1) 13.8(8) 1.5(5) 13.0(4) 1.5(2) 0.12(6) 0.11(4) 0.12(2)

FeO 1.16 2.9(1) 1.9(6) 3.3(1) 2.0(2) 5.1(2) 3.4(3) 0.63(7) 0.59(7) 0.66(6)

MgO 1.17 9.8(3) 11.3(11) 9.2(4) 10.1(10) 7.8(2) 11.3(4) 0.97(4) 1.09(16) 1.45(6)

CaO - 14.8(3) 27.4(18) 13.7(4) 26.4(29) 9.8(4) 23.8(27) 1.85(23) 1.93(35) 2.41(29)

Na2O 1.17 1.98(13) 2.62(133) 2.04(21) 2.59(81) 1.23(16) 1.60(41) 1.33(24) 1.30(44) 1.30(37)

K2O 1.17 10.9(1) 12.3(11) 11.2(5) 12.3(16) 11.6(2) 11.5(23) 1.11(16) 1.09(30) 0.99(20)

P2O5 - 0.65(8) 1.62(26) 0.72(17) 0.94(26) 0.11(7) 0.22(12) 2.62(18) 3.53(24) 3.26(21)

Total 94.6 69.5 94.1 65.1 88.2 62.3

TRACE ELEMENTS (ppm)

# analysis wt% 6 7 6 7 6 6 D(1sig) D(1sig) D(1sig)

Cs 0.72 39.9(6) 41(2) 66.8(11) 79(3) 116.2(17) 110(6) 1.02(6) 1.19(5) 0.94(5)

Rb 0.22 9.4(2) 9.3(4) 11.5(3) 12.8(5) 22.4(3) 20.7(12) 0.98(4) 1.11(5) 0.93(5)

Li 0.59 26.3(7) 32(2) 24.1(6) 34.8(17) 37.8(10) 63(4) 1.21(8) 1.45(8) 1.66(10)

Ba 1.20 45.8(9) 71(2) 42.0(9) 74(2) 70(2) 161(9) 1.55(8) 1.75(6) 2.32(15)

Sr 1.17 51.3(9) 87.7(14) 45.7(4) 89.6(14) 69(3) 186(5) 1.71(4) 1.96(4) 2.69(14)

Be 1.17 93(2) 32.3(15) 81(2) 29.7(13) 187(7) 79(4) 0.35(2) 0.36(2) 0.42(3)

Pb 0.22 1.17(5) 0.80(4) 1.18(6) 0.96(4) 0.47(5) 0.45(2) 0.69(4) 0.81(5) 0.97(12)

Th 0.22 19.1(2) 8.0(1) 15.0(1) 7.1(1) 35.6(12) 21.1(8) 0.42(1) 0.47(1) 0.59(3)

U 0.22 17.0(4) 10.5(4) 13.9(2) 10.6(3) 29.0(9) 23.7(9) 0.62(3) 0.76(2) 0.82(4)

Hf 1.16 93.7(14) 19.0(6) 79.0(16) 17.0(7) 201(5) 40.2(12) 0.20(1) 0.22(1) 0.20(1)

Zr 1.18 100.4(11) 25.8(8) 80.7(10) 22.2(9) 206(7) 53.8(17) 0.26(1) 0.28(1) 0.26(1)

Nb 1.17 130.0(17) 82(3) 113(11) 82.3(17) 292(11) 195(9) 0.63(2) 0.73(2) 0.67(4)

Ta 1.36 0.69(2) 0.28(2) 0.57(2) 0.26(2) 0.07(2) 0.02(1) 0.41(3) 0.45(3) 0.34(13)

Mo 1.18 23.1(4) 86(6) 19.2(5) 90(5) 44(2) 214(12) 3.7(3) 4.70(3) 4.8(4)

La 1.23 44.3(5) 53.4(12) 38.3(5) 52.9(8) 53(3) 114(6) 1.20(3) 1.38(3) 2.15(18)

Ce 0.49 41.3(4) 44.7(10) 36.0(2) 44.6(6) 54(3) 100(4) 1.08(3) 1.24(2) 1.86(12)

Pr 0.49 36.0(4) 38.3(7) 30.3(5) 37.2(8) 47(3) 88(3) 1.06(2) 1.23(3) 1.85(13)

Nd 0.49 39.4(9) 41.6(8) 35.2(5) 41.9(9) 51(3) 90(4) 1.06(3) 1.19(3) 1.77(12)

Sm 1.15 51.1(9) 49.9(12) 45.6(7) 51.1(14) 67(3) 110(5) 0.98(3) 1.12(4) 1.66(10)

Eu 0.50 46.6(6) 45.1(9) 40.6(5) 44.5(8) 60(3) 96(3) 0.97(2) 1.09(2) 1.61(9)

Gd 0.50 44.2(18) 42.8(10) 38.9(4) 43.8(12) 63(3) 101(4) 0.97(4) 1.13(3) 1.59(9)

Tb 0.50 44.5(8) 40.7(7) 37.1(3) 38.9(8) 58(3) 89(4) 0.91(2) 1.05(2) 1.55(11)

Dy 1.17 57.7(6) 50.7(14) 50.4(5) 50.6(12) 79(5) 114(5) 0.88(3) 1.00(3) 1.45(10)

Er 0.50 49.3(6) 41.1(14) 43.7(6) 41.0(7) 73(4) 97(3) 0.83(3) 0.94(2) 1.33(8)

Yb 1.20 67.3(14) 50.2(11) 59.7(8) 50.3(10) 94(5) 110(5) 0.75(2) 0.84(2) 1.17(8)

Lu 1.17 61.8(11) 45.3(10) 51.0(4) 42.8(7) 88(4) 104(4) 0.73(2) 0.84(2) 1.18(7)

Y 1.00 50.5(5) 46.5(15) 44.8(5) 46.1(8) 69(4) 104(4) 0.92(3) 1.03(2) 1.50(10)

Sc 1.15 73.0(14) 35.5(8) 65.5(9) 34.6(6) 96(5) 63.7(18) 0.49(1) 0.53(1) 0.66(4)

V 1.17 49.1(7) 61(3) 44.1(6) 66(3) 84(3) 125(5) 1.24(7) 1.49(6) 1.49(8)

Cr 1.16 205(5) 96.1(14) 188.3(4) 96(2) 6.9(12) 4.8(7) 0.47(1) 0.51(2) 0.69(15)

Mn 0.89 54.4(11) 44.1(14) 49.8(4) 45.6(14) 66(2) 74.3(17) 0.81(3) 0.92(3) 1.13(5)

Co 1.20 35.4(11) 22.9(9) 41.6(3) 30.9(7) 62(3) 54(2) 0.65(3) 0.74(2) 0.87(5)

Cu - n.a. n.a. 0.71(12) 0.56(4) 0.40(13) 0.30(3) n.a. 0.79(15) 0.7(2)

Zn 1.19 38.3(12) 16.8(9) 60(3) 31(2) 49(3) 29.2(8) 0.44(3) 0.52(4) 0.60(3)

Ga 1.15 57.1(7) 10.6(3) 68.6(10) 13.4(6) 104(2) 18.6(8) 0.19(1) 0.20(1) 0.18(1)

Ge 1.17 31.2(13) 11.2(2) 45.9(14) 15.9(7) 37(2) 13.6(8) 0.36(2) 0.35(2) 0.37(3)

D(Zr/Hf) 1.27(4) 1.28(4) 1.31(3)

D(Nb/Ta) 1.55(13) 1.61(11) v.w.e.

D(La/Lu) 1.64(3) 1.65(2) 1.82(5)

The partition coefficients KD are calculated on a weight-basis

The theoretical spike concentration is presented in element wt%

n.a. = not analysed; v.w.e. = value within 1 sigma error  
 

As a first observation, the partition coefficients from the three experiments are nearly 

identical, except that those of Ba, Sr, Ca and the REE are ~0.8 higher in the experiment 

performed with the reducing starting material KF7 than in those performed with starting 

material KF4. 
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Fig. 4.3. Element partition coefficients (DCarbonatite/Silicate melt) from (A) experiments LM45, LM54 and LM108 on 
the kamafugite-carbonatite system (with 2σ-errors). All partition coefficients are within a factor of three from 
unity except for P and Mo which partition stronger into the carbonatite melt and for Zr and Hf, Al, Ga, Si, and 
Ge partitioning stronger into the silicate melt. (B) Comparison of the kamafugite-carbonatite partition 
coefficients to literature data on somewhat differentiated silicate-carbonatite system (Veksler et al., 1998), on a 
nephelinite – sodio-carbonatite system in part analogue to Oldoinyo Lengai (Hamilton et al., 1989; Veksler et 
al., 2012) and on a sodic silicate - carbonatite system (Jones et al., 1995).  

 

Nevertheless, the good comparison of the partition coefficients confirms the reproducibility 

of our approach. Secondly, almost all partition coefficients are within a factor of three from 

unity except for P and Mo that partition stronger into the carbonatite melt, and for Zr and Hf, 

and Al, Ga, Si, and Ge which have a stronger preference for the silicate melt (Fig. 4.3).  
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For the alkalis Cs-Li and earth alkalis Ba-Ca, carbonatite/silicate melt partition 

coefficients increase with increasing field strength from near unity to ~2.5, whereas DMg is 

again near unity (Fig. 4.3).  

The high field strength elements P and Mo are the only elements that partition by more 

than a factor of 3 into the carbonatite melt (DP = 2.6-3.5, DMo = 3.7-4.8).  

The high field strength elements Th, U, Nb, Ta, Hf, Zr, Ti, and Sc partition into the 

silicate melt, with Zr and Hf having the strongest partitioning (DZr = 0.26-0.28, DHf = 0.2). 

The relative partitioning of the geochemical twins Zr/Hf and Nb/Ta amounts to DZr/Hf =1.3 

and DNb/Ta = 1.6. The REE and Y have modest partition coefficients, decreasing from DLa = 

1.2-2.2 to DLu = 0.7-1.2, with DLa/Lu =1.6-1.8.  

The transition metals Cr, Fe, Co, Cu and Zn partition into the silicate melt with D’s 

ranging from 0.9 to 0.4, DMn is 0.8-1.1, and V prefers the carbonatite melt (DV = 1.23-2.07). 

Surprisingly, although experiment LM108 was performed at a lower fO2 conditions than 

experiments LM45 and LM54, almost no difference in the behavior of the transition metals 

can be observed, indicating that a moderate change in bulk composition and fO2 has little 

influence on the partition coefficients for anhydrous systems.  

Finally, the amphoteric elements Be, Pb, Al, Ga, Si and Ge partition into the silicate 

melt. The latter four network formers have the lowest distribution coefficients of all 

measured elements with DAl = 0.11-0.12, DGa = 0.18, and DSi = 0.20-0.25. 

 
4.4. Discussion 
4.4.1. Conditions of immiscibility 

Our experimentally determined conditions of immiscibility of ≤1220 oC, 1.7 GPa do not 

constrain at which pressure immiscibility occurred in the Intra Apennine Magmatic Province. 

From 0.2 to 1.5 GPa, the carbonate-silicate miscibility gap in Na2O-CaO-Al2O3-SiO2-CO2 

increases slightly in width (at experimental temperatures increasing from 1250 to 1350 oC, 

Freestone and Hamilton, 1980, Brooker 1998, Lee and Wyllie, 1997). It is thus likely, that for 

the kamafugite-carbonatite association, a similar miscibility gap would exist at similar 

temperatures also at lower pressures than 1.7 GPa. Crystallization temperatures of the erupted 

kamafugites may be deduced from the melt inclusion homogenization study of Panina et al. 

(2003): different melt inclusion types in olivine yield homogenization temperatures of 1100-
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1290 oC for the complete melting out of crystals within the inclusions, indicating magmatic 

temperatures similar to those found for immiscibility in this study.  

  

 

4.4.2. Possible conjugate silicate and carbonatite melts in the Intra Apennine Magmatic 

Province 

There is no straightforward way to identify the most likely conjugate silicate and 

carbonatite melt compositions in the Intra Apennine province. San Venanzo only has 

carbonate inclusions in silicate melt (Stoppa, 1996), which do not allow determination of the 

carbonatite melt composition. Polino has massive carbonatites in diatremes, but related 

silicate glasses or rocks do not occur. At Oricola, the tuffs have silicate and carbonatite 

components but bulk rock carbonatites are difficult to identify. Furthermore, the Oricola 

silicate magmas represent evolved melts with typical MgO-contents of 1-2 wt% and 

XMg~0.25 (Stoppa et al., 2005) while other eruption centres have typical MgO-contents of 8-

14 wt% and XMg = 0.69-0.80 (Stoppa and Cundari, 1998; Peccerillo et al., 1988). At 

Cupaello, carbonatite and kamafugite compositions can be identified, but these rocks are 

intensively altered. In the following, we compile analyses of the kamafugites and of proposed 

carbonatite bulk compositions (Figs. 4.3 and 4.4) to identify those compositions which best 

approximate natural conjugate melts.  

The compositional gap between kamafugites and carbonatites is best visible in SiO2, 

Al2O3, and CaO concentration diagrams, but not in FeO, MgO or XMg (Fig. 4.4; see also Fig. 

4.A1 in the electronic appendix). The kamafugite compositional array of the less altered 

samples spans from 41 to ~50 wt% SiO2 , 16-5 wt% CaO and 8-19 wt% Al2O3, total alkali 

contents are 5-14.5 wt%3. A common feature is the ultrapotassic character of the kamafugites 

with K2O/Na2O ratios of 1.5-2.0 in the evolved Oricola kamafugites, of 7-8.5 for the San 

Venazo lavas and of up to 34 for the pyroclastics of San Venanzo and Cupaello. While the 

kamafugites are rich in alkalis, the carbonatites are generally devoid of K2O+Na2O, a feature 

that we maintain as being the result of secondary processes (see 4.4.2.4 and 4.4.6).  

  

 

                                                
3 Again, silicate melts are given on a volatile free basis to render bulk compositions 
comparable but carbonatites are given as measured. 
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Fig. 4.4 Compilation of bulk rock compositions of natural kamafugites and carbonatites from Italy: The silicate 
melts are normalized on a volatile-free basis to render natural bulk compositions comparable to the experiments 
(LM38, LM45, LM54 and LM108). A) The compositional gap between kamafugites, carbonatites and carbonate 
agglomerates is best visible in this figure and spans from 41-25 wt% SiO2, 24-30 wt% CaO. B) No 
compositional carbonatite-silicate gap is visible for MgO. C) The rocks have Na2O < 1.5 wt% except for the 
silicate glass shards from Oricola representing evolved melts. D) Kamafugites have 4-11 wt% K2O in 
comparison to the carbonatites and carbonates agglomerates which are almost K2O-free (≤0.5 wt%).  E) 
Carbonatites have higher Ca/(Ca+Mg+Fetot+Mn) than associated silicate rocks. However, the compositional 
change in Ca/(Ca+Mg+Fetot+Mn) is gradual and no compositional gap is visible. F) XMg scatters at >0.55 except 
for the higher differentiated glass shards of Oricola. Compositions are from Peccerillo et al., 1988; Cundari and 
Ferguson, 1991; Conticelli and Peccerillo, 1992; Stoppa and Lupini, 1993; Stoppa and Cundari, 1995; Stoppa 
and Wooley, 1997; Stoppa and Cundari, 1998; Stoppa et al., 2005; Rosatelli et al., 2010. 
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4.4.2.1. Cupaello  

Carbonatites have 14-19 wt% SiO2 (Fig. 4.4) and the kamafugite-carbonatite 

compositional gap spans from 43 to 19 wt% SiO2, from 15 to 32 wt% CaO, from 0.42 to 0.71 

for molar Ca/(Ca+Mg+Fetot+Mn) and from 0.75 to 0.86 in XMg. Total alkali contents range 

widely from 4.7 to 10.3 wt% in the kamafugites, exposed as one single 750 m long lava flow, 

while MgO-contents are 10.4-11.9 wt%, SiO2-contents 43.3-44.5 wt% and XMg values mostly 

0.72 except for one sample at higher SiO2 and lower XMg and MgO contents (Peccerillo et al., 

1988; Cundari and Ferguson, 1991; Conticelli and Peccerillo, 1992; Stoppa and Cundari, 

1995). The kamafugite flow is heavily veined and full of vugs in which calcite, chlorite, 

apophyllite and zeolites crystallized (Stoppa and Cundari, 1995). These features are 

interpreted as the result of syn- and post-eruptive chemical alteration (Peccerillo, 2005), in 

particular the high variability of alkali-contents at constant MgO- and SiO2-concentrations. 

As all other carbonatites of the Intra Apennine province, the Cupaello carbonatites are devoid 

of alkalis, which we also interpret as syn- to post-eruption alteration.  

 

4.4.2.2. Oricola 

Both the silicate and carbonatite fractions occur as tuff layers of variable composition 

where carbonatitic beds alternate with crystal-rich tuffs containing less carbonate (Stoppa et 

al. 2005). The carbonatitic beds contain lapilli with > 70% carbonate and may approach most 

closely a carbonatite end member, but bulk rock analyses are not available. The kamafugite 

tuffs have 45-47 wt% SiO2, 10-12 wt% CaO and 0.52-0.60 Ca/(Ca+Mg+Fetot+Mn). Total 

alkali contents are 12.2-14.7 wt%, while MgO-contents are 1.3-1.6 and FeOtot 7.8-8.9 wt% 

(Stoppa et al. 2005) with consequent low XMg values of 0.23-0.25. The Oricola tuffs 

represent evolved melts, and have consistently low K2O/Na2O values of 1.5-2.0. Carbonatite 

trace element concentrations were approximated by Stoppa et al. (2005) by measuring 

magmatic calcites or calcite agglomerates. We thus use partition coefficients between 

compact carbonate agglomerates and glass shards associated with the agglomerates as 

proposed by Stoppa et al. (2005).   
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4.4.2.3 San Venanzo  

Fresh kamafugites occur as two lava flows, volcanic breccias, lapilli, and tuffs and as a 

pegmatoid facies within the lava flow of Pian di Celle (Stoppa and Cundari, 1998). Within 

the Pian di Celle eruptive centre, possible carbonatites occur in pyroclastic deposits (Stoppa 

and Cundari, 1998): Lapilli are supported by a compact carbonate rich matrix interpreted as 

carbonatite, but only calcite crystal analyses are available (Stoppa and Cundari, 1998). The 

main lava flow at Pian di Celle is not associated with carbonatites, but primary carbonates 

crystallize within the pegmatitic melitolite (Stoppa and Cundari, 1998), supporting an 

originally CO2-rich nature of this melt. This lava flow is, apart from the pegmatoid facies, 

fairly homogeneous and contains on average ~ 42.1 wt% SiO2, 15.8 wt% CaO, 12.9 wt% 

MgO, a Ca/(Ca+Mg+Fetot+Mn) of 0.41 and an XMg of 0.78. Total alkalis are 8.9-10.0 wt% 

(Peccerillo et al., 1988).  

The analysed pyroclasts (Stoppa and Cundari, 1998) have a CaO-range of 3-24 wt%, 

and measured CO2-contents of 1-11 wt%. CaO and CO2 have a correlation coefficient of 0.97 

(Fig. 4.5A), while the CaO vs. CaO/(Ca+Mg+Fetot+Mn) correlation coefficient is 0.96 (Fig. 

4.5B,C). Higher CaO-contents also correlate with lower SiO2 (Fig. 4.4A) and Al2O3, ranging 

from 41-54 and 9-14 wt%, respectively, but not with MgO (9-17 wt%), XMg (0.69-0.80; Fig 

4.4F), total alkalis (5.3-8.5 wt%) or K2O/Na2O-ratio (6-34). The CaO-CO2 co-variation (Fig. 

4.5A) would be consistent with an unmixing of carbonatites from a kamafugitic melt, lower 

Ca kamafugites representing an increased degree of carbonatite unmixing. The K2O/Na2O-

ratio of the lavas is 7-8.5 but up to 34 for the pyroclastic deposits of San Venanzo and 

Cupaello. Na2O contents correlate strongly negative with K2O/Na2O. The lavas have the 

highest Na2O and lowest K2O/Na2O-ratios, indicating that the pyroclasticss suffered 

secondary Na2O-loss (Fig. 4.5C). We note that there is no correlation between the co-

variations of Ca and CO2 vs. Ca/(Ca+Mg+Fetot+Mn) on one side and K2O/Na2O vs. Na2O on 

the other side, but it is not the purpose of this study to elucidate the at least in part secondary 

processes leading to these variations. In terms of trace element concentrations, the lava flow 

and the analysed lapilli are similar (Stoppa und Cundari, 1998), rendering a rather 

homogenous compositional group.  
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Fig. 4.5. Covariations of CO2, CaO and alkalis in the natural bulk rocks (same rock analyses as in Fig. 4). Silicate melts are 
again normalized on a volatile-free basis, CO2-contents are as measured. A) CaO and measured CO2 contents of the analyzed 
San Venanzo pyroclasts have a correlation coefficient of 0.97, which would be consistent but not conclusive for unmixing of 
a carbonatite melt from a kamafugite melt. Lower CaO contents would indicate an increased degree of unmixing. B) The 
CaO contents of the San Venanzo pyroclasts varies positively with Ca/(Ca+Mg+Fetot+Mn). C) K2O/Na2O wt-ratios for the 
lavas are 7-8.5 in contrast to the pyroclastics from San Venanzo and Cupaello which range up to 34. The pyroclastics show a 
strong negative correlation of K2O/Na2O and Na2O, the lavas having the highest Na2O contents and lowest K2O/Na2O ratio. 
This is consistent with the pyroclasts having suffered sodium-loss due to alteration. D) Correlation between the molar ratio 
of Ca/(Ca+Mg+Fetot +Mn) versus CO2 for the San Venanzo pyroclastics. 
 

4.2.4. Polino  

The monticellite calcio-carbonatites are a mixture of carbonatite with more or less 

dissolved nodules of olivine+phlogopite, interpreted as mantle debris, and with accidental 

lithics mostly of the Liassic limestone country rock (Stoppa and Lupini, 1993). The Polino 

carbonatites contain by average 23% secondary monticellite. Bulk compositions have 15-25 

wt% SiO2, 31-40 wt% CaO, 5-13 wt% MgO, a CaO/ (Ca+Mg+Fetot+Mn) of 0.73-0.88, an 

XMg of 0.69-0.84, and total alkalis < 1 wt% (Stoppa and Lupini, 1993).  These bulk 

compositions include the xenolithic olivine and phlogopite as well as the secondary 

monticellite resulting in elevated SiO2 and possibly MgO contents. Perovskite, Zr-
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schorlomite (a Zr- and Ti-rich andraditic garnet) and apatite in the carbonatites are interpreted 

as primary (Stoppa and Lupini, 1993). Compared to our experimental carbonatite melts (4.5-

9.6 wt% SiO2), the Polino carbonatites are far too silica-rich, indicating that they represent 

mixed and/or secondarily altered compositions. As an alternative to bulk rock compositions, 

Rosatelli et al. (2010) proposed analyses of calcite or calcite aggregates: Two different types 

of groundmass calcites in the massive and in the tuffous carbonatites are interpreted to be of 

primary nature, while mosaic carbonates within vugs and sparry calcite cements are clearly 

non-magmatic. 
 

4.2.5. Experimental vs. natural melt compositions 

A comparison of our experimental melts with the natural kamafugite (Fig. 4.4) reveals 

that our silicate melts are a close match to the San Venanzo kamafugites (Table 4.3) 

although, alkali concentrations in our bulks and thus both the carbonatite and silicate melts 

are somewhat higher than in the San Venanzo kamafugites. MgO- and FeOtot-contents as well 

as XMg match well with the San Venanzo and Cupaello kamafugites but not with the Oricola 

pyroclastics which are derived from more evolved melts. The experimental carbonatites 

instead have clearly lower SiO2 (and Al2O3) contents than the Polino or Cupaello bulk rock 

compositions. This is coherent with the mixed character of the Cupaello tuffisites (see section 

4.4.2.1), and with the presence of mantle debris and secondary monticellite in the Polino 

carbonatite diatreme. CaO and XCa is clearly higher in the natural carbonatites than in the 

experimental ones but is likely to be influenced by secondary (re-)crystallization of calcite. 

The most striking difference are the high alkali contents of our experimental carbonatite 

melts with ~12 wt% K2O and 1.6-2.6 wt% Na2O, while most carbonatite bulk analyses from 

the Intra Apennine province result in <1 wt% Na2O+K2O (Table 4.3; Fig. 4.4). This feature 

will be discussed in detail below (see section 4.4.4). 
 

4.4.3. A comparison of experimental trace element partition coefficients 

The kamafugite–carbonatite compositional range investigated in our experiments is dissimilar 

to the Na-dominated bulk compositions of other trace element partitioning studies. Extensive  

sets of partition coefficients are available for silicate–carbonatite pairs,  which  have  strongly 
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Fig. 4.6: Calculated natural carbonatite/kamafugite distibution coefficients compared with the experimentally 
determined carbonatite/silicate melt partition coefficients. A) Cupaello: The red line corresponds to the average 
carbonatite/average kamafugite distribution coefficient, the range of distribution coefficients encompasses the 
variation of indivudual carbonatites/average kamafugite (grey area) and of average carbonatite/individual 
kamafugites (red area). B) Oricola: Calculated distribution coefficients of calcite or calcite agglomerate/silicate 
glass shards from Oricola. The red line corresponds to the average composition of the calcite and calcite 
agglomerate analyses over the average of the kamafugite glass fragments. The blue line represents the proposed 
best calcite/kamafugite glass couple by Stoppa et al. (2005). The range of distribution coefficients encompasses 
the variation of individual calcites (or calcite agglomerates)/average kamafugite and of average (calcite or 
calcite agglomerate)/individual kamafugites. C) Polino vs. San Venanzo: The red line is calculated from the 
average Polino carbonatite, including both calcite agglomerates and bulk carbonatite compositions over the 
average San Venanzo kamafugite including both lavas and pyroclastics. Calculated partition coefficient 
variations due to the kamafugite compositional variation are indicated by the red band. The wider grey band is 
the variation of partition coefficients obtained from individual carbonatite or calcite agglomerate analyses over 
the average kamafugite.   
 

 

 

alkalic (~25 wt% Na2O+K2O) silicate melts with ~52–57 wt% SiO2 (Veksler et al., 1998; 

HGC C-13 from Veksler et al., 2012, Fig. 3), for Oldoinyo Lengai analog systems (Hamilton 

et al., 1989; Veksler et al., 2012), and for a K-free Na–Ca system (Jones et al., 1995). Fig. 4.3 

reveals that silica-poor systems result in carbonatite/silicate melt partition coefficients similar 

to our study. Nevertheless, comparison between the dry ultrapotassic and the dry Oldoinyo 

Lengai systems reveals that HFSE and HREE are by a factor of ~2–3 times more  

incompatible in the carbonatite of the sodic system. Partition coefficient patterns with 

increased bulk silica contents have also similar shapes, but there is a marked difference in the 

HFSE and REE, which are an order of magnitude more incompatible in these carbonatites 

e.g. experiment C3-13 from Veksler et al. (2012).  

Addition of H2O appears to slightly shift the partition coefficients in favor of the 

carbonatite melts (Hamilton et al., 1989) but the presently available data are insufficient to 

fully understand the compositional dependencies of carbonatite-silicate melt trace element  

partitioning.  

 

4.4.4. A comparison of experimental and natural carbonate/silicate melt trace element 

distributions 

For the purpose of this study, one can directly calculate partition coefficients for the 

Cupaello and Oricola kamafugite-carbonatite pairs, however, the Cupaello rocks are 

intensively altered, while the Oricola tuffs represent rather evolved compositions and 
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mixtures of kamafugites and carbonatites. As an alternative, one may select the San Venanzo 

kamafugites as representing best the silicate liquid (in terms of trace elements, they form a 

homogeneous population), and pair them with the Polino carbonatites constituting the most 

massive carbonatites in the Intra Apennine Province. It is also debatable whether trace 

element contents are best represented by bulk rock or calcite-agglomerate compositions (see 

Rosatelli et al., 2010).  

In the following we discuss trace element distributions between the kamafugite and 

carbonatite melt types except for the alkalis, which we treat in section 4.4.5.  

 

4.4.4.1. Cupaello  

Distribution coefficients for the bulk kamafugite/bulk carbonatite rocks are compared to 

our experimentally determined partition coefficients in Fig. 4.6A. For the insoluble HFSE Th, 

Hf, Zr, Ti, Nb and Ta as well as the transition metals Cr, Cu, Co and Zn these are within the 

range of our experimental partition coefficients, supporting an origin by liquid immiscibility. 

In contrast, the distribution coefficients for soluble elements such as Ba, Sr, Pb, P, U, and 

also the REE are about a factor of 3 lower than the experimental partition coefficients, with 

the natural distribution coeffcients for the MREE being slightly convex. This shift of a factor 

3 could be explained by the heavy alteration observed in Cupaello: Dissolution and leaching 

of the primary carbonates which host the alkalis, Sr, Ba and REE and replacement by 

secondary carbonates basically devoid of these trace elements would lead to a strong decrease 

of the above elements in the carbonatite (see also Rosatelli et al., 2010).   

   

4.4.4.2. Oricola  

In the absence of suitable bulk analyses, carbonatite/kamafugite distribution coefficients 

can only be approximated by employing calcite or calcite-agglomerate analyses (Fig. 4.6B). 

The kamafugite compositions are analyses of glass shards in the tuffsites (Stoppa et al. 2005). 

Most of the element distribution coefficients calculated are about a factor of two higher than 

the experimental carbonatite/kamafugite melt partition coefficients. The alkali earth and REE 

patterns are parallel, but notable larger deviations occur for P, which is lower for the natural 

than for the experimental distribution coefficients. For Th, U, Hf and Zr distribution 

coefficients are an order of magnitude higher for the natural than for the experimental ones. 

The natural distribution coefficients do not show the typical negative anomalies for HFSE, 
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which generally prefer silicate over carbonatite melts (see also Veksler et al., 1998, 2012). 

Nevertheless, the distribution coefficients in Fig. 4.6B are calculated from calcite-

agglomerates and not from a carbonatite melt composition and should therefore be 

interpreted with caution. We take the parallel patterns of REE and alkali earth elements as 

being consistent with a crystallization of these calcites from a carbonatite melt that unmixed 

from a silicate melt more evolved than our experimental one.  

  

4.4.4.3. Polino – San Venanzo  

As outlined above, the San Venanzo kamafugites best represent the kamafugite and the 

Polino carbonatites the carbonatite endmember. We have thus calculated distribution 

coeffcients for this pair (Fig. 4.6C) employing bulk analyses for the kamafugites (Cundari 

and Ferguson, 1991; Conticelli and Peccerillo, 1992; Peccerillo et al., 1988; Stoppa and 

Cundari, 1998) and both carbonate agglomerates and bulk rock analyses for the Polino 

carbonatites (Stoppa and Lupini, 1993, Rosatelli et al., 2010). The variation of distribution 

coefficients due to trace element variations in the kamafugites is minor (red band in Fig. 

4.6C), similar to Cupaello and Oricola, and most of the variation or uncertainty lies in the 

carbonatite composition. The typically half an order of magnitude wide band defined by the 

natural carbonatite-kamafugite pairs overlaps almost completely with the experimental 

partition coefficients: The distribution coefficients for HFSE, REE, and transition metals are 

in the same range as the experimental ones, except for Pb, V, Mn and Zn. Because of the 

large variation in the natural carbonatites, we do not discuss individual element distribution 

coefficients and details of the patterns. Also, it is likely that several elements, in particular the 

alkali elements, have suffered from remobilization during alteration of the carbonatites, but 

overall, a coherent picture emerges.  

 

4.4.5 Liquid immiscibility at the origin of the natural carbonatite-kamafugite association 

The overlap of the naturally determined distribution coefficients for San Venanzo-Polino 

with the experimental partition coefficients indicates that liquid immiscibility from a parental 

CO2-rich kamafugitic melt would be a plausible process for carbonatite formation in the Intra 

Apennine Magmatic Province. Similar, the mostly parallel patterns in Cupaello and Oricola 

would be coherent with liquid immiscibility. A saturation with carbonatite melts would place 

the primary CO2-content of the kamafugites at 6-12 wt% similar to the experimental 
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concentrations (Table 4.3). It can be speculated whether CO2-saturation occured during 

unmixing, thus driving the violent eruptions which characterize the deposition style of all the 

Intra Apennine carbonatites.  

Assimilation of carbonates from the Apennine carbonaceous sediments, was proposed as 

an alternative by Peccerillo (2005) and Iacono Marziano et al. (2008). However, trace 

element concentrations of Mesozoic carbonate sediments are more than an order of 

magnitude lower than those of the Oricola and Polino carbonatites (Peccerillo, 1998). While 

this does not exclude assimilation (of e.g. 10% carbonate), it requires chemical equilibration 

between the silicate and carbonatite melts. However, there is no viable known process that 

leads to the formation of a carbonatite melt by carbonate assimilation. On the contrary, 

Iacono Marziano et al. (2007, 2008) demonstrate that shallow assimilation of carbonates 

leads to an enrichment and eventual saturation in CO2-fluids and to a fractionation of cpx in 

comparable amounts to the assimilated carbonate, but not to the formation of carbonatite 

melts. Such a massive fractionation of cpx can be excluded from the trace element patterns of 

the kamafugites. Third, the mantle debris in the carbonatites of Polino indicates a subcrustal 

origin of the CO2-content of the highly undersaturated kamafugite-carbonatite series and also 

of some of the carbonatites. Finally, direct contact metamorphic melting of the sedimentary 

carbonates can be excluded as the ~1320 oC necessary for such an undertaking are far in 

excess of what would be available at shallow crustal conditions (Wyllie and Tuttle, 1960; 

Huang and Wyllie, 1974). 

In conclusion, while some minor assimilation of limestones can and should not be 

excluded, there is no evidence that such a mechanism would lead to carbonatite formation.   

 

4.4.6. The alkali deficit in the carbonatites 

Experimental partition coefficients for the alkali-elements are ≥1, indicating that 

carbonatites coexisting with alkaline silicate melts should contain similar or higher 

concentrations of alkalis than the conjugate silicate rock. This is clearly not the case in the 

Intra Apennine Province, all carbonatites have <2 wt% Na2O+K2O while the kamafugites 

have 5-14.5 wt% total alkalis (Fig. 4.4C, D).  

Originally alkali-rich carbonatites would probably have crystallized Na- and K-

carbonates such as gregoryite or nyererite, known to be leached out during hydrothermal 

alteration or interaction with meteoric water (Dawson et al., 1987; Veksler and Keppler, 
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2000). In fact, calcio-carbonatite dykes, which have been interpreted to be replacement 

products of mainly nyerereite and gregoryite were found at Oldoinyo Lengai (Keller and 

Zaitsev, 2006; Zaitsev and Keller, 2006; Keller et al., 2010), where the erupted carbonatites 

typically have 35-40 wt% K2O+Na2O (Dawson et al., 1995). These dykes are fine grained 

and have a massive texture defined by tabular calcite laths (Keller and Zaitsev, 2006). In the 

crater lavas dating from pre-1917 to 2006, progressive mineral dissolution and metasomatic 

replacement of mainly nyerereite and gregoreite first leads to the formation of the hydrated 

sodium-calcium double carbonates pirssonite and gaylussite. During this intermediate stage, 

K2O is almost quantitatively lost, Na-contents remarkably reduced and Ca-concentrations 

increased (Zaitsev and Keller, 2006; Zaitsev et al. 2008). The final products of the alteration 

process are calcite-carbonatites that contain as little as 2 wt% bulk Na2O (Zaitsev and Keller 

2006). Thus, the secondary replacement of alkali-carbonates and a complete loss of alkalis 

are possible within short time spans and results in secondary calcio-carbonatites with textures 

and a trace element chemistry mostly inherited from its magmatic alkali-rich precursor. We 

do not want to imply that primary carbonatites in the Intra Apennine were as alkali-rich as the 

Oldoinyo Lengai lavas and tephra. Nevertheless, it would be plausible that original K2O- and 

Na2O-contents of ~12 and 2.5 wt%, as indicated by our experiments, have been removed 

during secondary (re)crystallisation in the Intra Apennine carbonatites.  

Secondary crystallisation products are in fact dominant in the Intra Apennine 

carbonatites and described in detail by Cundari and Ferguson (1994) for Cupaello and by 

Rosatelli et al. (2010) for Polino. In Polino, ample secondary replacement of magmatic 

carbonates by sparitic calcite cement as well as vugs with secondary calcite is described by 

Rosatelli et al. (2010). The occurrence of carbonatites as pyroclastic deposits or diatreme 

infillings indicate gas saturation during eruption, and fluid-carbonatite interaction may have 

already started with the eruption itself. The preserved Intra Apennine carbonatites are 

heterogeneous; nevertheless, most trace element distribution coefficients are in reasonable 

agreement with the experimentally determined element partitioning. However, this is 

coherently not the case for Na through Cs, which are depleted in the natural carbonatites by 

1-2 orders of magnitude (Fig. 4.6 A and C). We interpret the lack of alkalis in the 

carbonatites as a consequence of secondary removal that e.g. starts similarly as at Oldoinyo 

Lengai with hydrothermal activity and continues during rainwater-carbonatite interaction.  
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Previous experimental studies also support the alkali-rich nature of carbonatite melts 

formed by liquid immiscibility (Wendlandt and Harrison, 1979; Freestone and Hamilton, 

1980 ; Hamilton et al. 1989; Jones et al., 1995; Lee and Wyllie, 1997; Brooker, 1998; Lee, 

1998; Veksler et al., 1998 and 2012). In particular, Lee and Wyllie (1998) underline the 

necessity of major Na2O and/or K2O concentrations to even obtain liquid immiscibility. 

Originally, Kjarsgaard and Hamilton (1988) and Brooker and Hamilton (1990) proposed 

silicate/carbonatite liquid immiscibity also for alkali free carbonate compositions, however, 

later revised this interpretation in recognizing their alkali-free “carbonatite melt” as rounded 

calcite crystals (Hamilton and Kjarsgaard, 1993; Lee and Wyllie, 1996; Brooker and 

Kjarsgaard 2011).  

 

4.5. Conclusions 
Our experiments demonstrate that kamafugite and alkali-rich carbonatite melts are 

immiscible at 1.7 GPa, 1220 °C. From experiments in other immiscible silicate-carbonatite 

systems, it appears likely, that these melts are also immiscible at lower pressures but similar 

temperatures. The experimentally determined element partition coefficients are within a 

factor 5 to unity and most partition coefficients deviate less than a factor of 2 from unity. The 

alkali- and earth alkali-elements have Di ≥ 1, indicating that the carbonatite melts in 

equilibrium with alkaline silicate melts should be at least as alkali-rich as the silicate melts. 

HFSE partition preferentially into the silicate melt and Nb and Ta are fractionated by a factor 

1.5-2.0 from each other. DLREE are greater one, and DHREE may be less than 1, which results 

in a slight REE fractionation.  

A comparison of the experimental partition coefficients with natural carbonatite – 

kamafugite pairs from the Intra Apennine Province shows good agreement (except for the 

alkalis), supporting that liquid immiscibility could explain the observed compositions. 

Unfortunately, original carbonatite compositions are not well preserved leading to significant 

uncertainty and compositional variations. Secondary leaching has almost completely 

removed the alkalis and at least slightly modified other trace element concentrations. 

Nevertheless, an explanation of the carbonatites in the context of shallow assimilation of 

sedimentary calcite from the Apennine is inconsistent with the presently known mechanisms 

of carbonate assimilation and with the evidence for a deep origin of the carbonatites. We thus 

propose that the CO2 in the kamafugites was already present in their parental primitive 
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magmas, the experiments place CO2-contents at ~10 wt% at 1.7 GPa.  Therefore, it is 

possible that carbonatite unmixing and related CO2-saturation triggered most of the eruptions 

in the Intra Apennine Province, in particular that of Polino, where olivine+phlogopite 

xenoliths are interpreted as mantle debris.  

Our experiments allow calculating carbonatite compositions in equilibrium with alkaline 

silicate melts by means of the partition coefficients. These calculated compositions may then 

be compared to natural carbonatites in order to understand whether immiscibility has led to 

carbonatite formation. Unfortunately, this method is hampered by the mostly poor 

preservation of the carbonatites. Nevertheless, our study suggests that primary natural 

carbonatite melts formed by liquid immiscibility should contain at least moderate alkali 

contents in the order of 10 wt%.  
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4.7 Appendix 

 

 
Fig. A-1: 

 
Appendix 1
quenched carbonate

Exp. No: LM15

# analysis 3

wt%(stdev)

SiO2 0.5(4)

TiO2 0.13(4)

Al2O3 0.2(1)

FeO 1.7(12)

MgO 4.8(18)

CaO 53.2(51)

Na2O 0.43(19)

K2O 2.74(82)

CO2 36.5(6)

Total 100.0

Carbonate Norm 

Si 0.01

Ti 0.00

Al 0.00

Fe3+ 0.02

Fe2+ 0.00

Mg 0.10

Ca 0.81

Na 0.01

K 0.05

C 1.00

Total 2.00

Endmembers

CaCO3 0.86

FeCO3 0.02

MgCO3 0.11

Na2CO3 0.01

K2CO3 0.03

Sum Cations: 2.00

Charge Def. 0.02

CO2 calculated by difference to 100  
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Abstract 
Worldwide, about 500 alleged carbonatite occurrences are identified. Most are calcio-

carbonatites, some are dolomite and ankerite carbonatites and one lone natro-carbonatite is 

identified. Three models for carbonatite petrogenesis are envisaged: (i) Separation of a 

carbonatite from a silicate melt by liquid immiscibility; (ii) derivation as primary mantle 

liquid by low degree of partial melting of carbonated mantle; and (iii) formation as evolved 

melts by extreme differentiation of CO2-rich undersilicified magmas. Although most natural 

carbonatites lack alkali elements, geochemical modeling of primary carbonatites derived by 

any of these processes result in >5-10 wt% of Na2O+K2O, i.e. moderately alkali-rich primary 

carbonatites. Modeled trace elements allow distinction between low degree partial melting 

and liquid immiscibility, and suggest that these petrogenetic processes occur in nature. 

Although pure calcio-carbonatites do not represent true liquids, they may be of 

magmatic origin. The observed almost pure (Ca,Fe,Mg)CO3-carbonatites may either 

represent primary magmatic calcite, dolomite, or ankerite cumulates or they can result from 

leaching during fluid-saturation in the latest stages of crystallisation, or through interaction 

with secondary fluids or through a combination of all these processes. 

Alkalis and hydrogen are incompatible elements which behave similar during melting 

and fractionation processes. It is thus likely that most carbonatites contain significant 

amounts of H2O (and F, Cl) which will concentrate during crystallization and lead to fluid-

saturation in the final stages of emplacement. These primary fluids will carry a significant 
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portion of the alkalis away, leading to the well documented fenitization in the vicinity of 

intrusive carbonatites, a process possibly assisted by hydrothermal  fluids. As for extrusive 

carbonatites, it is well documented at Oldoinyo Lengai, that meteoric fluid will remove all 

alkalis contained in carbonates within a few years. 

Moderate alkali- and H2O-concentrations also remove the widely ignored constrain that 

calcite- or dolomite-melts are not stable at near surface conditions, i.e. could not in- or 

extrude in volcanic edifices.  Together, the fluids remove the alkali-carbonate fraction from 

these rocks, yielding alkali-free calcio or dolomite carbonatites. 

 

5.1. Introduction 
Since the first recording of the natrocarbonatite eruption of Oldoinyo Lengai (Uhlig, 

1905, Reck, 1914, Guest 1956; Dawson, 1962), 527 alleged carbonatites have been recorded 

(Wooley and Kjarsgaard, 2008). Most carbonatites are calcio-carbonatites followed by some 

dolomitic and few ankeritic carbonatites, Oldoinyo Lengai (Tanzania) remaining the only 

reported natrocarbonatite. The presence of mantle xenoliths and the intimate association of 

some carbonatites with primitive alkaline silicate melts indicate that some carbonatites are 

derived from the Earth mantle (e.g. the Italian ultrapoassic suite, Stoppa and Wooley, 1997), 

whereas others are associated with evolved alkaline rock suites such as nephelinites, 

phonolites and trachytes indicating that they form during differentiation, possible in shallow 

magma chambers (e.g. Gittins, 1989).  

Three main mechanisms are envisaged for carbonatite genesis (Bailey, 1993): (i) 

separation of carbonatite melts from a silicate melt by liquid immiscibility (Lee & Wyllie, 

1997; Veksler et al., 1998 and 2012; Brooker & Kjarsgaard, 2011); (ii) formation as primary 

mantle melts by low degree partial melting of depleted or reenriched carbonated eclogites or 

peridotites (Wallace and Green, 1988; Dalton and Wood, 1993; Harmer and Gittins, 1998; 

Brey et al., 2008; Dasgupta et al. 2009; Hammouda et al., 2009). Melting of reenriched 

depleted mantle yields trace element concentrations as envisaged for e.g. group II kimberlites 

(Cooper & Reid, 1998; Becker & Le Roex, 2006; Ulmer & Sweeney, 2002; Le Bas, (1989);  

(iii) extensive fractional crystallisation of CO2-rich undersilicified magmas (Kjaarsgard, 

1998). Whatever the mechanism, almost all carbonatites are of volcanic or subvolcanic nature 

and occur either in volcanic edifices or subvolcanic complexes build by alkaline suites. 
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Despite a multitude of petrological and experimental studies, the petrogenesis of 

carbonatitic magmas is still debated. There is in particular a strong compositional discrepancy 

between natural and experimental carbonatites as indicated by e.g. Gittins (1989), Bailey 

(1993), Lee and Wyllie (1994, 1996) and Veksler and Keppler (2000). Natural carbonatites 

are mostly of (Ca,Mg,Fe)CO3-composition with total alkalis (Na2O+K2O) of typically 0 to 

<3.2 wt% after Wooley and Kempe (1989) while experimental carbonatites produced in 

natural or close-to-natural systems have in the order of 10 wt% total alkalis or more.   

A second major problem of carbonatite-petrogenesis is the instability of 

(Ca,Fe,Mg)CO3-liquids at low pressures. Calcite, dolomite, ankerite, magnesite or mixtures 

thereof all decarbonate instead of melting at pressures characteristic for volcanic edifices. In 

most studies arguing for effusive or subvolcanic calcio-carbonatite or dolomite carbonatite 

liquids, this problem is conveniently ignored. Occurrences, textures (e.g. comb layering as 

described in the Kaiserstuhl, Katz and Keller, 1981) and trace element geochemistry clearly 

define many (Ca,Fe,Mg)CO3–rocks as magmatically derived. Nevertheless, examination of 

published phase diagrams leads to the unambiguous conclusion that other ingredients such as 

alkali-carbonates, H2O or F are needed to maintain carbonatites in a liquid stage at low 

pressures.  

The high alkali contents of the experimental carbonatites is related to the low melting 

temperatures of alkali-carbonates at ambient pressure (Cooper et al. 1975; melting 

temperatures at 0.1 GPa of Na2CO3: 872 °C; of K2CO3: 912 °C), in contrast to the high 

melting temperatures of 1320 to 1615 °C for pure calcite at crustal pressures (0.1-3 GPa, 

Wyllie and Tuttle, 1960; Huang and Wyllie, 1974). An increase of MgO contents leads to 

higher pressures necessary for the stabilization of carbonate melts, i.e. >2.2 GPa for dolomite 

and ≥3.5 GPa for magnesite (Fallon and Green 1989), at the same time, melting temperatures 

increase as these melting reactions have positive Clapeyron slopes.  

The calcio/dolomite carbonatite melts obtained at the peridotite solidus in H2O-free 

systems are sodic (Green and Wallace, 1988; Fallon and Green, 1989; Dalton and Wood, 

1993), and are H2O-rich sodic dolomite carbonatites in H2O-bearing systems with up to 32 

wt% Na2O (Wallace and Green, 1988). Wyllie and Tuttle (1960) demonstrated that addition 

of H2O significantly lower the melting temperature of calcite down to 740 °C at 0.1 GPa. At 

0.1 GPa, 5 wt% of H2O would lower the melting temperature of calcite to 1170 °C and 10 

wt% H2O to 1080°C after Wyllie and Tuttle (1960). Other anionic components such as 
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fluorine (Jago and Gittins, 1991) may further contribute to a decrease of the melting 

temperature.  

This study models the compositions of primary carbonatite melts formed through the 

three mechanisms above. We demonstrate that all three formation mechanisms result in 

moderately alkali-rich compositions. Hence, pure calcio- or dolomite carbonatites do not 

represent true melt compositions. In the second part, we discuss how calcio- and dolomite 

carbonatite rocks form and which role can be attributed to fluids. 

 
5.2. Methods 

To constrain primary carbonatite melt compositions, we calculate major element 

compositions of such melts and provide resulting trace element compositions for carbonatite 

melts formed (i) by liquid immisicibility, (ii)a by low degree of partial melting of carbonated 

fertile lherzolite and (iib) from group II kimberlites by extreme differentiation. For (iii) 

extensive fractional crystallization, experimental data are to our knowledge lacking in the 

literature  to calculate major- and trace element patterns.   

(i) Partition coefficients for carbonatite/silicate immiscibility have been determined by 

Hamilton et al. (1989), Vekser et al. (1998, 2012), Jones, 1995 and Martin et al. (2012a, b). 

We use the latter partition coeffcient data sets to calculate carbonatite melt compositions 

formed by liquid immiscbillity as these silicate melt compositions match closest those of 

alkaline rocks associated with carbonatites. The bulk trace element composition selected as a 

model for alkaline mantle melts corresponds to the average ocean island basalt from Sun and 

McDonough (1989). The major element composition of the silicate melt conjugate to the 

carbonatite corresponds to a primitive magnesian nephelinite (Clague and Frey, 1982) for the 

silica-undersaturated anhydrous case and to experimental phonolitic compositions from 

Martin et al. (2012b; exp. LM101) for the silica-saturated H2O-bearing case.  

(iia) Low degrees of partial melting has been investigated by Dasgupta et al. (2006, 

2007a, b, 2009) and Brey et al. (2008) for carbonated peridotites and by Yaxley and Brey 

(2004) and Hammouda et al. (2003) for carbonated eclogites. Brey et al. (2008) and 

Hammouda et al. (2009) present trace element data and partition coefficients but the low 

alkali contents given for the carbonatite melts of Brey et al. (2008) and Hammouda et al. 

(2003, 2009) are most likely a result of analytical conditions, as these melts were analyzed by 
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10 and 15 nA, respectively. As indicated by Martin et al. (2012b), currents > 2 nA during 

microprobe analysis, even employing large diameter electron beams, lead to signifcant alkali-

deficits and artificially high Ca-concentrations as Na and probably CO2 vanish while 

analyzing. The starting material from Brey et al. (2008) interacted with the olivine capsules, 

the bulk compositions changed and massbalance calculation were not straightforward enough 

to reliably recalculate the alkali contents of the carbonatite melt. Dasguata et al. (2009) 

present carbonatite / silicate mineral partition coefficients partition coefficients at near 

solidus conditions and modeled the trace element patterns for carbonatite melts formed by 

low degrees of partial melting of a fertile lherzolite at pressures of 6.6 and 8.6 GPa. We 

extend their data set by applying additionally partition coefficients for alkali- and earth alkali 

elements (Table 5.1) to recalculate their carbonatite melt trace element patterns by using a 

batch melting equation.  

(iib) Mantle metasomatism is a necessary prerequisit to explain the geochemistry and 

isotopic charcteristics of group II kimberlites, which possibly originate from deep routed 

carbonatites. For instance, Boyd and Nixon (1973), Foley (1990) and Ulmer and Sweeney 

(2002) suggest that primary group II kimberlites are partial melts of a metasomatised mantle 

formed by carbonate-K-hydrosilicate-peridotite interaction. Grassi et al. (2012) determined 

trace element concentrations for sediment-derived alkali-rich carbonatites and modelled trace 

element patterns for carbonatite melt metasomatized mantle, following the approach from 

Becker and Le Roex (2006), which results in fact in trace element patterns of group II 

kimberlites. In this approach, first, a subducted pelite derived carbonatite composition was 

calculated from a batch melting equation (8% partial melting) by applying the partition 

coefficients from Grassi et al. (2012). In the second step, 0.07 wt% of this contaminant was 

mixed with depleted mantle (Salters and Stracke, 2004). This metasomatized mantle bulk 

composition was then partially molten employing partition coefficients and mineral modes 

from Dasgupta et al. (2009) for garnet lherzolite/carbonatite melt.  

(iii) To our knowledge, carbonatites formed by prolonged fractional crystallization of 

an initial silicate magma are not directly investigated by experiments, although there is a 

crucial need for such experiments to define the major and trace element evolution during 

such a process. Alternatively, Kjarsgaard (1998) studied the phase relation of a carbonated 

high-calcio nephelinite at 0.5 GPa and presented the composition of the carbonatite melt in 

equilibrium with silicate melt, nepheline, cpx, melanite, titanite, Fe-spinel, calcite and fluid at 
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temperatures of 900-1040 °C. Kjarsgaard (1998) indicated that due to analytical problems 

with the quenched carbonatite melts, the alkali contents of the carbonatite melts are 

underestimated, in fact a current of 10 nA was used for microprobe analysis, which is too 

high for quenched alkali carbonatite melts (Martin et al. 2012b). Thus, we recalculated the 

alkali contents of Kjarsgard's carbonatite melts by mass balance.   

 

5.3. Results 
5.3.1. Carbonatite melts formed by liquid immiscibility 

Trace element patterns for the calculated carbonatites formed by liquid immiscbillity 

are given in Fig. 5.1A and the employed partition coefficients and calculated melt 

compositions in Tables 5.1 and 5.2. The calculated carbonatite patterns, normalised against 

primitive mantle (Palme and O’Neill, 2003) show the same systematic trends for the different 

bulk systems, however, vary within two orders of magnitude for REE. The alkali elements in 

the calculated carbonatites are an order of magnitude higher in comparison to average natural 

carbonatites, i.e. have alkali contents of 3-10 wt% Na2O and 3.2-10 wt% K2O  with (total 

Na2O+K2O = 10.5-18.3 (Table 5.2) compared to 0-1.73 wt% Na2O (Oldoinyo Lengai 

excluded) and 0-1.47 wt% K2O or total Na2O+K2O = 0-3.2 as compiled by Wooley and 

Kempe (1989). The earth alkali elements Sr and Ba are within the lower range of average 

carbonatite compositions. Also CaO is lower with 3.3-30.4 wt% for CaO in the calculated 

compositions, compared to 39.2-55.4 wt% CaO of the average carbonatite compositions 

reported by Wooley and Kempe (1989). However, we note that 3.3 wt% CaO is to low, but 

results from the employed silicate melt composition.  

Trace element compositions of the calculated carbonatites are mostly within the 

compositional range of the natural carbonatites (Wooley and Kempe, 1989; extended with 

data from Hoernle et al., 2002 and Cundari and Ferguson, 1991).  

An additional constrain for the alkaline nature of carbonatites formed by liquid 

immiscibility comes from the experimentally determined partition coefficients for the alkali-

elements, which are ≥1 for sodium independent of the bulk composition and >1 for potassium 

for anhydrous systems and varing between 0.6-1.0 for H2O-bearing systems. (Martin et al., 

2012b.). This indicates that carbonatites coexisting with alkaline silicate melts contain similar 

or higher concentrations of alkalis than the conjugate silicate melt. Previous experimental 

studies yielding carbonatite melts immiscible with alkaline silicate melts, also support the
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Table 5.1

Partition coefficients of solid/carbonatite melt

Liquid immiscibility Partial melting Extreme dfferentiation

Author Martin et al. (in prep.) Dasgupta et al. (2009) Grassi et al. (2012)

mode Cpx 0.18 Cpx 0.26

Grt 0.16 Grt 0.31

Opx 0.05 Kyanite 0.24

LM54 LM59 LM63 LM82 LM73 LM83 Ol 0.61 Coesite 0.19

LC/LS LC/LS LC/LS LC/LS LC/LS LC/LS Cpx/LC Grt/LC Opx/LC Ol/LC Bulk D Grt/LC grt/carb Bulk D

K 1.09 1.83 0.61 0.93 0.82 0.82 a)0.05 0.006 0 0 0.015 0.05 0.006 0.015

Na 1.30 1.54 1.10 1.32 2.06 2.68 0.06 0.1 0 0 0.027 7.1 0.34 1.951

Ba 1.75 1.56 4.01 1.78 8.07 14.57 0.008 0.0007 0.00001 1E-09 0.002 0.0004 c)0.00014 0.000

Sr 1.96 1.52 6.09 2.14 14.65 26.36 0.03 0.008 0.053 0.02 0.022 0.018 0.014 0.009

Ca 1.93 1.17 8.12 2.52 17.20 23.39 0.68893 0.13258 0.19 b) 0.004 0.157 0.34557 0.675882 0.299

Mg 1.09 0.63 4.12 1.68 10.38 6.05 0.95105 1.76542 3.4 b) 3.689 2.874 0.3251 0.773764 0.324

Pb 0.81 0.47 1.70 1.02 4.50 2.68 0.02 0.02 0.003 0.00001 0.007 0.095 0.018 0.030

U 0.76 0.31 1.31 0.83 3.38 1.24 0.001 0.023 0.00001 1E-09 0.004 0.076 0.052 0.036

Nb 0.73 0.62 1.01 0.70 1.08 0.61 0.001 0.06 0.0029 0 0.010 0.016 0.005 0.006

Ti 0.48 0.27 0.66 0.53 0.89 0.51 0.14 1.21 0.13 0.015 0.234 0.101 0.234 0.099

Sc 0.53 0.20 1.33 0.75 4.99 1.92 0.7 8.35 0.7 0.7 1.924 1.41 1.89 0.953

Zr 0.28 0.11 0.26 0.33 0.56 0.12 0.024 1.06 0.17 0.036 0.204 0.045 0.101 0.043

Hf 0.22 0.08 0.17 0.26 0.33 0.06 0.063 1.41 0.17 0.036 0.267 0.076 0.118 0.056

Th 0.47 0.14 1.40 0.71 6.67 2.14 0.002 0.017 0.00001 1E-09 0.003 0.051 0.035 0.024

La 1.38 0.56 8.30 2.00 38.04 29.58 0.006 0.006 0.001 7E-06 0.002 0.007 0.01 0.005

Ce 1.24 0.49 6.98 1.81 30.28 24.63 0.012 0.015 0.003 0.00001 0.005 0.026 c)0.012 0.010

Pr 1.23 0.48 6.79 1.80 31.16 23.15

Nd 1.19 0.48 6.46 1.73 28.64 20.73 0.033 0.05 0.009 0.00007 0.014 0.0285 0.0134 0.012

Sm 1.12 0.44 5.70 1.63 26.50 17.20 0.053 0.112 0.02 0.0007 0.029 c)0.042 c)0.136 0.053

Eu 1.09 0.58 5.48 1.58 24.73 15.97 0.07 0.17 0.03 0.00095 0.042 0.043 0.105 0.044

Gd 1.13 0.43 5.49 1.59 25.62 15.01 0.09 0.26 0.04 0.0012 0.061 0.096 0.164 0.076

Tb 1.05 0.40 5.11 1.54 24.31 14.18

Dy 1.00 0.38 4.57 1.47 21.37 11.74 0.12 0.91 0.06 0.004 0.173 0.082 0.118 0.058

Er 0.94 0.35 4.08 1.34 18.64 9.61 0.15 2.05 0.09 0.009 0.365 0.113 0.42 0.160

Yb 0.84 0.31 3.34 1.23 15.13 7.28 0.16 3.5 0.1 0.023 0.608 0.117 0.92 0.316

Lu 0.84 0.30 3.37 1.22 15.40 7.18 0.17 4.6 0.52 0.03 0.811 0.095 0.87 0.294

Y 1.03 0.39 4.67 1.50 22.30 11.94 0.13 1.34 0.18 0.023 0.261 0.041 0.24 0.085

Co 0.74 0.34 1.97 0.96 5.69 4.87 0.95 1.78 2 2 1.776 0.62 3.52 1.252

Mn 0.92 0.46 2.64 1.17 7.30 8.03 0.77778 2.28571 b) 1.75 b) 1.75 1.508 0.82 3.29 1.233

a) Partition coefficient from Grassi et al. (2012)

b) Partition coefficients calculated for opx and ol from Dasgupta et al., (2007; Experiment A469)

c) Calculated by lattice strain model

assumed partition coefficients for coesite and qtz = 0

LC = quenched carbonatite; LS= silicate glass; cpx = clinopyroxene; Grt = garnet; Opx = orthopyroxene; ol = olivine  
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Table 5.2

Calculated carbonatite melt compositions

Carbonatite melt compositions immiscibile with an OIB Carbonatite melts from partial molten Grt-Lherzolite Calculated group II kimberlite melts

recalculated after Dasgupta et al. (2009) recalculated after Grassi et al. (2012)

melt or rock Neph LM101 OIB LC_LM54 LC_LM59 LC_LM63 LC_LM82 LC_LM73 LC_LM83 Grt-Lherzolite Contaminant Re-enriched

carbonatite carbonatite carbonatite carbonatite carbonatite carbonatite carbonatite carbonatite carbonatite carbonatite mantle carbonatite carbonatite carbonatite

melt fraction 0.002 0.008 0.01 0.02 0.08 0.01 0.015 0.02

K* 2.95 10.8 3.2 5.4 6.6 10.0 8.8 8.9 0.01 0.84 0.56 0.50 0.34 11.72 0.19 9.38 7.51 6.26

Na 7.67 3.5 10.0 11.8 3.9 4.6 7.2 9.4 0.29 10.09 8.39 7.94 6.27 1.79 0.30 8.23 7.26 6.50

Ba* 0.04 0.1 0.1 0.2 0.1 0.3 0.6 0.00 0.21 0.08 0.07 0.04 0.38 0.003 0.24 0.17 0.13

Sr 0.08 0.2 0.1 0.5 0.2 1.1 2.1 0.00 0.10 0.08 0.08 0.06 0.28 0.003 0.10 0.09 0.08

Ca* 16.6 1.3 32.1 19.4 10.6 3.3 22.4 30.4 3.52 22.16 21.48 21.26 20.23 13.11 3.57 21.54 21.01 20.50

Mg* 1.73 0.5 1.9 1.1 2.1 0.8 5.2 3.0 39.30 13.69 13.75 13.76 13.86 10.97 38.03 13.32 13.36 13.41

Pb 3.20 2.6 1.5 5.5 3.3 14.4 8.6 0.19 20.69 12.42 10.96 6.90 331.92 2.35 138.96 107.38 87.50

U 1.02 0.8 0.3 1.3 0.8 3.4 1.3 0.02 3.72 1.84 1.58 0.92 9.07 0.07 4.93 3.62 2.87

Nb 48.00 35.0 29.6 48.7 33.8 51.6 29.4 0.59 49.39 32.95 29.66 19.78 255.94 2.00 100.89 80.73 67.28

Ti 17200.00 8274.7 4585.5 11298.6 9030.4 15331.9 8723.9 0.22 0.92 0.90 0.89 0.86 3.92 0.16 0.66 0.65 0.64

Sc 20.60 10.9 4.1 27.4 15.5 102.9 39.5 16.50 8.58 8.61 8.62 8.66 14.64 16.29 8.51 8.53 8.55

Zr 280.00 77.2 31.0 72.5 91.7 157.7 34.6 10.81 52.48 51.29 50.91 49.07 1455.22 18.07 85.11 83.54 82.03

Hf 7.80 1.7 0.7 1.3 2.0 2.6 0.5 0.30 1.12 1.10 1.09 1.06 37.70 0.46 1.68 1.66 1.64

Th 4.00 1.9 0.6 5.6 2.8 26.7 8.6 0.08 16.44 7.54 6.39 3.62 144.55 1.03 78.58 56.86 44.55

La 37.00 51.2 20.9 307.0 74.0 1407.6 1094.5 0.69 167.72 68.07 56.82 31.11 582.66 4.31 357.07 252.65 195.49

Ce 80.00 99.1 39.4 558.8 145.0 2422.4 1970.4 1.79 266.30 140.87 121.75 72.54 1120.80 8.61 587.10 438.38 349.78

Pr 9.70 11.9 4.6 65.9 17.5 302.3 224.6 0.27

Nd 38.50 45.9 18.3 248.7 66.6 1102.5 797.9 1.33 80.90 59.46 54.64 38.86 506.85 4.26 175.23 145.67 124.65

Sm 10.00 11.2 4.4 57.0 16.3 265.0 172.0 0.43 13.98 11.76 11.17 8.92 72.88 0.78 20.16 17.91 16.11

Eu 3.00 3.3 1.7 16.4 4.7 74.2 47.9 0.16 3.70 3.27 3.15 2.65 16.63 0.22 4.33 3.96 3.65

Gd 7.62 8.6 3.3 41.9 12.1 195.2 114.4 0.57 9.15 8.39 8.17 7.20 52.63 0.76 10.88 10.19 9.59

Tb 1.05 1.1 0.4 5.4 1.6 25.5 14.9 0.11

Dy 5.60 5.6 2.1 25.6 8.2 119.7 65.7 0.71 4.08 3.97 3.93 3.76 50.27 0.88 4.85 4.75 4.64

Er 2.62 2.5 0.9 10.7 3.5 48.8 25.2 0.47 1.27 1.26 1.25 1.23 15.56 0.48 1.29 1.27 1.26

Yb 2.16 1.8 0.7 7.2 2.7 32.7 15.7 0.46 0.76 0.76 0.76 0.75 8.56 0.46 0.75 0.75 0.74

Lu 0.30 0.3 0.1 1.0 0.4 4.6 2.2 0.07 0.09 0.09 0.09 0.09 1.34 0.07 0.09 0.09 0.09

Y 29.00 29.8 11.3 135.4 43.4 646.8 346.3 4.37 16.66 16.38 16.29 15.86 186.41 5.35 19.93 19.66 19.40

Co 41.00 30.5 14.0 80.8 39.4 233.3 199.8 0.00 0.00 0.00 0.00 0.00 18.58 105.39 59.61 59.74 59.87

Mn 852.00 780.3 388.6 2251.7 993.9 6222.3 6843.5 0.14 0.09 0.09 0.09 0.09 1084.17 1045.27 631.93 633.19 634.46

Neph = Nephelinite from Kjarsgaard (1998)

LM101 = silicate melt from experiment LM101 (Martin et al., in prep)

OIB = Ocean Island basalt from Sun and McDonough (1989)

Grt-Lherzolite: trace element composition from primitive mantle from Palme and O'Neill (2003); K, Na, Ca Mg from Dasgupta et al. (2009)

Clay from Plank and Langmuir (1998); Major element from DG2 from Grassi et al. (2012)

Depleted mantle from Salters and Stracke (2004); Na and K from Grt-Lherzolite
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high alkali contents of carbonatite melts formed by liquid immiscibility (Wendlandt and 

Harrison, 1979; Freestone and Hamilton, 1980 ; Hamilton et al. 1989; Jones et al., 1995; Lee 

and Wyllie, 1997; Brooker, 1998; Lee, 1998; Veksler et al., 1998 and 2012). In particular, 

Lee and Wyllie (1998) underline the necessity of major Na2O and/or K2O concentrations to 

even obtain liquid immiscibility and designate the (Ca,Mg,Fe)O-corner of the 

SiO2+Al2O3+TiO2-(Ca,Mg,Fe)O-(Na,K)2O triangle as a "forbidden area" for carbonatite 

melts. Original reports by Kjarsgaard and Hamilton (1988) and Brooker and Hamilton (1990) 

on pure calcite-carbonatite compositions have been revised by the same authors, recognizing 

that what had been interpreted as melt droplets were instead rounded equilibrium calcite 

crystals (Hamilton and Kjarsgaard, 1993; Lee and Wyllie, 1996; Brooker and Kjarsgaard 

2011). In summary, all experimental on liquid immiscibility produced alkali-bearing 

carbonatite melts, indicating that only an alkali-bearing carbonatite melt can be in chemical 

equilibrium with an alkali-rich silicate melt.    

 

5.3.2.1. Carbonatite melts formed by low degree partial melting of carbonated primitive 

mantle 

Primary carbonatite melts can form by low degree partial melting of a carbonated 

peridotite (Dasgupta et al., 2006, 2007a, b, 2009; Brey et al. 2008) or eclogite (Hammouda et 

al., 2003). We have recalculated trace element patterns for carbonatite melts from Dasgupta 

et al. (2009), applying the same partition coefficients (Table 5.1) and mineral modes but 

extending their data set in particular for alkali- and earth alkali elements (Fig. 5.1B). Rb and 

Cs were omitted in the calculation as Dasgupta et al. (2009) does not provide partition 

coefficients for these elements. The trace element composition of the garnet-lherzolite source 

was taken from Palme and O’Neill (2003) but major element compositions correspond to the 

starting material of Dasgupta et al. (2009). Trace element patterns (Fig. 5.1-B), calculated at 

melt fractions f = 0.002, 0.005 and 0.01, are within the range of natural carbonatite 

compositons. Resulting alkali concentrations are for K in the uppermost range of natural 

carbonatites with 0.3-0.8 wt% K2O, whereas Na2O yields concentrations of 6.3-10.1 wt% in 

the calculated melts. As to be expected, the incompatibility of K and Na lead to a 

concentration of these elements in a moderately alkali-rich carbonatite (total Na2O+K2O = 

6.6-10.9 wt%). Sr and Ba are again within the mid compositional range of the average 

carbonatite compositions, whereas the CaO contens range between 22.2-20.2 wt% CaO  
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Fig. 5.1: Modeled primary carbonatite compositions for melts derived by liquid immiscibility, low degree of 
partial melting of carbonated peridotie and by extreme differentiation, all normalised to primitive mantle 
composition from Palme and O’Neill (2003): A) Calculated carbonatite melts, using partition coefficients from 
Martin et al. (2012b), aplying bulk trace element compositions from average ocean island basalt (Sun and 
McDonough, 1989) and major element compositions of the conjugate silicate melt for the anhydrous 
compositions from a primitive magnesian nephelinite (Clague and Frey, 1982) and phonolitic compositions for 
the H2O-bearing case from Martin et al. (2012b). Calculated trace element patterns are within range of natural 
carbonatite composititions (Wooley and Kempe, 1989; Hörnle et al. 2002; Cundari and Ferguson, 1991), except 
for the alkali elements, which are an order of magnitude higher than average carbonatite compositions. 
Carbonatites coexisting with silica-saturated melts have not been reported in nature to our knowledge. B) 
Primary carbonatite melt compositions yielded by low degree of partial melting of a carbonated peridotite, 
applying the same partition coefficients and mineral modes as Dasgupta et al. (2009). Carbonatites at 
meltfractions f = 0.002, 0.005 and 0.01 are within range of natural compositons. K is within the upermost range 
of natural carbonatites but Na-concentrations above natural carbonatites with 6.3-10.1 wt% Na2O. C) Primary 
carbonatite melts, resulting by partial melting of reenriched depleted mantle after Grassi et al. (2012), yield at 
melt fractions f=0.01 to 0.015 carbonatite melts within range of average group II kimberlite compositions 
(Becker and LeRoex, 2006). Calculated melts have slightly higher K2O but significantly higher Na2O 
concentrations than natural group II kimberlites. 

 

compared to 39.2-55.4 wt% CaO for average natural carbonaties (Woolley and Kempe, 

1989). 

 

5.3.2.2. Carbonatite melts formed by partial melting of a metasomatized depleted 

mantle 

First, we modelled the melting of a depleted mantle re-enriched by a sediment-derived 

carbonatite melt (Grassi et al., 2012) (Table 5.1). The metasomatic agent, a carbonatite melt 

produced by partial melting of a carbonated pelite has high alkali contents (Grassi and 

Schmidt (2010, 2011), as bulk partition coefficients during this melting favor a release of Na 

and K into the mantle (Bulk DNa = 0.015; Table 5.1; Grassi et al. 2012).  A remelting of such 

an refertilized mantle at low melt fractions of 0.01 to 0.02 yields alkali-rich carbonatite melts 

with 6.5-8.2 wt% Na2O, 6.3-9.4 wt% K2O and bulk Na2O+K2O of 12.8-17.6 (Table 5.2). At 

melt fractions of f = 0.01 to 0.015 the trace element patterns of resulting melts match well the 

compositional range of group II kimberlite (after Becker and Le Roex, 2006). Compared to 

natural group II kimberlites, the calculated melts have slightly higher K2O and significantly 

higher Na2O contents. The enrichment of alkali elements in group II kimberlite is in 

agreement with the study from Ulmer and Sweeney (2002), who investigated the generation 

and differentiation of group II kimberlites in experiments and showed that subsequent 

olivine-orthopyroxene-garnet fractionation lead to alkaline carbonate-rich compositions (Fig. 

5.3A). For the earth alkali elements, Sr and Ba are again within the lower range of average 

group II kimberlite compositions as well as CaO, which is ranging between 21.5-20.5 wt%. 
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5.3.3. Carbonatite melts formed by fractional crystallization 

Kjarsgaard (1998) studied the phase relation of a carbonated high-calcio nephelinite at 

0.5 GPa and presented the composition of the carbonatite melt in equilibrium with silicate 

melt, nepheline, cpx, melanite, titanite, Fe-spinel, calcite and fluid in a temperature range of 

900-1040 °C. The nepheline-in occurs at lower temperature at higher pressure, which leads 

first to the fractionation of clinopyroxene, Fe-spinel, perovskite and calcite before nephelinite 

(Kjarsgaard, 1998; redrawn in Fig. 5.3B).  

 

 
Fig. 5.2: A) Experimental determined parental group II kimberlite compositions become enriched in alkali 
elements by subsequent fractionation of olivine, orthopyroxene and garnet (redrawn after Ulmer and Sweeney, 
2002). B) Phase diagram, redrawn after Kjarsgaard 1998) for the phase relations of a carbonated high-calcio 
nephelinite from 0.2 to 0.5 GPa. We note that the solidus of nephelinite occurs at higher pressure at lower 
temperature, indicating that while crystallizing, alkali elements become progressively enriched in the carbonatite 
melt unti nepheline occurs on the liquidus. C and D) Projected melt compositions from Kjardsgaard (1998) at 
O.5 GPa: Alkali contents of carbonatite melts was recalculated by mass balance calculation due to an indicated 
alkali-element underestimation by Kjarsgaard (1998). We note that by fractionation of cpx, melanite, calcite, the 
silicate melt and in particular the carbonatite melt result in increased alkali contents. Abbreviations: cpx = 
clinopyroxene, grt = garnet, LC = quenched carbonatite melt, LS = silicate melt, ol = olivine, opx = 
orthopyroxene. 

 
 
The alkali contents of their carbonatite melt compositions, recalculated by massbalance, 

increases with the fractionation of cpx than cpx + melanite and afterwards cpx + melanite + 

calcite (Fig. 5.3C and D). The experiment, which was saturated in nepheline even yielded 
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higher alkali contents in the carbonatite melts, indicating that by crystal fractionation, alkali 

elements remain in the melt until low temperature phases such as nepheline, leucite or 

sanidine fractionates.  

Phlogopite is also a common phase in alkaline rocks and carbonatites, and is potentially 

stable at high temperatures. Partition coefficient for phlogopite in equilibrium with a 

carbonatite melt, determined in experiment LM113 (for detail see Martin et al., 2012b) are 

presented in Table 5.3. The partition coefficients for Na amounts to 0.04(2), Na clearly 

partitioning into the carbonatite melt. The partition coefficient for K is DK = 1.35(32), which 

leads to some extraction of K from the carbonatite melt.  
Table 5.3

Analysis of carbonatite melt, phlogopite and calculated partition coefficient

Experiment LM113 LM113 Phlog/LC

# analysis 20 5

P [GPa] / T [° C] 1.7/1150 1.7/1150

LC Phlog D(1sig)

MAJOR ELEMENTS (wt%)

SiO2 10.0(20) 36.8(1) 3.69(74)

TiO2 1.7(4) 5.8(1) 3.42(84)

Al2O3 2.6(6) 16.4(3) 6.41(147)

FeO 2.4(4) 3.1(1) 1.28(20)

MgO 9.4(9) 20.3(3) 2.17(21)

CaO 26.8(35) 0.0(0) b.d.

Na2O 2.4(7) 0.1(0) 0.04(2)

K2O 7.4(18) 10.3(1) 1.35(32)

P2O5 0.3(1) 0.0(0) b.d.

Total 62.8 92.80

TRACE ELEMENTS (ppm)

# analysis 5 2 D(1sig)

Cs 234.4(177) 201.5(78) 0.860(81)

Rb 28.7(17) 66.1(25) 2.282(142)

Li 129.8(188) 19.1(6) 0.164(39)

Ba 256.4(47) 149.5(49) 0.598(38)

Sr 272.0(36) 5.0(5) 0.018(2)

Be 177.8(174) 9.9(2) 0.057(5)

P 1192.0(517) 21.5(4) 0.018(2)

U 32.6(130) 0.1(01) 0.004(3)

Hf 99.1(52) 16.6(7) 0.165(11)

Zr 119.8(78) 12.4(4) 0.101(8)

Nb 385.2(261) 74.4(8) 0.189(13)

Mo 308.4(545) 1.5(1) 0.005(1)

Sc 182.0(95) 106.5(7) 0.579(29)

V 181.0(116) 214.0(14) 1.161(70)

Cr 25.3(10) 1630(424) 64.940(2969)

Mn 136.4(27) 44.1(10) 0.329(015)

Co 110.8(18) 414(113) 3.759(124)

Cu 0.4(1) 0.4(0) 0.852(153)

Zn 53.3(21) 75.0(2) 1.424(123)

Ga 68.6(18) 290.0(99) 4.205(173)

Ge 46.5(6) 117.5(78) 2.532(170)

Experimental details are provided by Martin et al. (in prep.)  
 

Nevertheless, such a partition coefficient (albeit bulk composition dependent) implies 

that carbonatite melts saturated in phlogopite have more than half the concentration of K2O 
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than phlogopite itself (10-12 wt% K2O). In addition, carbonatites typically have SiO2 

contents ≤ 10 wt% (Martin et al. 2012b), whereas the phlogopite in Table 5.3 contains about 

36.8 wt% SiO2. This indicates that the maximum amount of phlogopite which could 

crystallize from such a carbonatite melt, where all SiO2 is consumed, yields 27.2 wt% 

phlogopite. Therefore, a carbonatite melt with an initial K2O contents of 7 wt% K2O would 

lose by maximum 0.9 wt% K2O yielding a minimum K2O concentration of 6.1 wt% in the 

remaining carbonatite melt. For half the fraction of phlogopite crystallized (13.6 wt%), 

carbonatite contents yield 6.6 wt% K2O as can be calculated by equation 1.  

 CK2O

remaining
=
CK2O

initial
! D

Ph log/Carbontite *CK2O

initial * f Ph log opite

1! f
Ph log opite

    (1) 

 Phases like nepheline or phlogopite may remove some alkalis from a melt, and also they may 

be capable of extracting large portions of the initially present alkali elements from a melt. 

However, they cannot greatly diminish the concentrations of alkalis in the melt, as they 

simply would not saturate at low alkali contents. 

 

5.3.4 Constraints from carbonatite melt inclusions 

Additional contraints for the alkali rich nature of carbonatites result from melt inclusion 

studies. Guzmics et al. (2011, 2012) reported the occurrence of S-bearing Na-K-Ca carbonate 

inclusions in calcites and Ca-alkali rich carbonatite melt inclusions in magnetite and apatite at 

Kerimasi volcano (Tanzania), yielding alkali contents of at least 5-10 wt% (Na2O + K2O). 

Also Stoppa et al. (2009) reported inclusions in melilite phenocrysts containing nyerereite at 

Vulture volcano (Italy). These authors concluded that these alkali carbonates crystallized 

from an alkali-rich carbonatitic melt at high temperature.  

 

5.3.5. Summary of calculated carbonatite compositions 

The envisaged models yielding carbonatite melts result in primary alkali-rich 

carbonatites melts with total alkalis of 6.6-18.3 wt%. The calculated trace element patterns 

for carbonatite melt derived from an ocean island basalt by liquid immiscibility results in 

trace element patterns within the range of natural carbonatites. Na and K concentrations are 

more than an order of magnitude higher in the calculated carbonatite melt with with  

Na2O+K2O = 10.5-18.3 wt% because partition coefficients are 1.1-2.7 for Na and 0.6-2 for K 

(Veksler, 2012; Martin et al., 2012b). Also previous experimental work (Lee and Wyllie 
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1994, 1996, 1997, 1998, Brooker and Kjaarsgaard 2012) supports the alkali-rich nature of 

carbonatites immiscible with alkaline silicate melts.  
Carbonatites formed by low degree of partial melting of a  carbonated peridotite have 

recalculated trace element patterns at melt fractions of f = 0.002, 0.005 and 0.01 within the 

range of the natural carbonatite compositions (after Wolley and Kempe, 1989). The 

calculated carbonatite melts yield alkali contents of 0.4-0.8 wt% K2O and 6.3-10.1 wt% Na2O 

due to the incompatibility of alkali elements in residual peridotite phases. The carbonatite 

melts formed by low melt fraction of carbonated primitive mantle is thus also alkali-rich. 

Carbonatite melts formed from a refertilized depleted mantle at low melt fractions of 0.01 to 

0.02 yield alkali contents of 6.5 to 8.2 wt% Na2O and 6.3 to 9.4 wt% K2O (Table 5.2) with  

Na2O+K2O = 12.8-17.6 wt%. 

Similar, carbonatite melts produced by prolonged fractionation of a CO2-rich silicate 

parent melt yield alkali-rich carbonatite melts with Na2O+K2O = 4.2-16.2. Fractionation of 

lower temperature phases such as phlogopite, nepheline, leucite or sanidine may slightly 

lower alkali contents but cannot deplete the melt in alkalis. 

Consequently, our calculations indicate that all envisaged carbonatite models yield 

primary alkali-rich carbonatite melts with Na2O+K2O in the order of 4.2-18.3 wt% but lower 

CaO contents than the 39.2-55.4 wt% CaO of natural calciocarbonatites (Woolley and 

Kempe, 1989).  

 
5.4 Primary calcite cumulates and secondary calcio-carbonatites 

Most of the 527 alleged carbonatite localilites have calcio-carbonatites followed by 

some dolomite or ankerite carbonatites whereas Oldoinyo Lengai remains the single natro-

carbonatite. All three petrogenetic models for carbonatit genesis result in primary 

carbonatites with typically 10-15 wt% total alkalis, strongly contrasting the low alkali-

contents of most carbonatite rocks. This difference needs explanation. 

 

5.4.1 Carbonate cumulates formed by fractional crystallization 

Wyllie and Tuttle (1960) showed that calcites within low temperature melts in the 

system CaO-CO2-H2O sink rapidly at crustal pressure, yielding an almost complete 

separation of the crystals from the melt. On this basis, Lee et al. (2000) suggested that most 
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plutonic carbonatites are cumulates and do not represent liquid compositions. As shown 

above, all three petrogenetic models for primary carbonatites yield moderately alkali-rich 

carbonatites, whereas igneous calcite occur in plutonic complexes. Cooper et al. (1975) 

determined the liquidus surface in the simplified system CaCO3-Na2CO3-K2CO3 at 0.1 GPa 

(Fig. 5.3). In this system increasing alkali contents lower the melting temperature for calcio 

carbonatite melts dramatically. Pure calcite melts at 1300 oC while a liquidus surface 

temperature of 1000 oC is achieved for 27 wt% Na2O and for 30 wt% K2O respectively. 

Characteristic for this liquidus surface is a thermal divide occuring between the alkali-

carbonates- and the calcite side, with a cotectic line at compositions little more calcic than the 

join nyerereite-fairchildite. Our calculations show, that most parental carbonatite melt 

compositions are located on the CaCO3-side of the eutectic except for Oldoinyo Lengai, 

which is on the sodium rich-side and therefore does not contain igneous calcite.    

 
Fig. 5.3: Ternary phase diagram of the system CaCO3-Na2CO3-K2CO3 at 0.1 GPa, redrawn after Cooper et al. 
1975. The ternary is divided by a thermal divide between CaCO3 and (Na,K)2CO3 with probably most natural 
carbonatites on the CaCO3-side. Addition of alkali elements yields lower melting temperature of calcio-
carbonatite melt. Melts with 15 wt% K2CO3 and 16 wt% Na2CO3 melt at 1000 °C at 0.1 GPa. By fractional 
crystallization, igneous calcite as cumulate can form and the remaining melt  derives towards higher alkali 
contents.  
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Igneous calcites can thus form by fractional crystallization, leading to the formation of 

calcite cumulates, while melt composition evolves towards higher alkali contents until the 

cotectic line is met (Fig. 5.3). In more complex systems, melt composition evolve then along 

the cotectic line until they would fully crystallize. This chemical system is extremely 

simplified and does not account for the stability of silicate phases or for fluid saturation, 

which will occur as the melt evolves.  

In summary, the known liquidus surface of carbonatite magmas indicates that calcite 

(and by analogy also dolomite) is the first carbonate phase to crystallize, yielding ample 

opportunity for fractional crystallization of igneous calcite (or dolomite or ankerite) in 

plutonic carbonatites. Such cumulates can explain clearly igneous textures of some 

carbonatites. As a result, melts evolve towards more alkaline carbonatite compositions.  

 
5.4.2. The effect of H2O and F  

Wyllie and Tuttle (1960) demonstrated that addition of H2O lowers the melting 

temperature of calcite down to 645 °C as revised by Huang and Wyllie (1974) at 0.1 GPa 

under H2O-saturated conditions. Therefore, in H2O-rich systems, alkali-free calcio-

carbonatite melt can form at melting temperatures significantly lower than for pure calcite. 

Also F has a similar effect as indicated by Jago and Gittins (1991), who showed that ~8 wt% 

of F can lower the melting temperature of a calcio-carbonatite down to 600 oC, i.e. a similar 

extent as can be achieved by H2O-saturation (Wyllie and Tuttle, 1960; Huang and Wyllie 

1974). That H2O is commonly present in carbonatites is documented by the widespread 

occurrence of phlogopite in almost all complex carbonatites. These phlogopites are often F-

rich and cannot easily be used to quantify H2O-contents in the primary carbonatites but 

nevertheless, would not form in dry carbonatites. 

Carbonatites formed by low melt fractions in the mantle, should contain some H2O 

(previously stored in nominally anhydrous phases) because H2O has a similar incompatibility 

as K2O. Applying maximal partition coefficients for NAM/silicate melt (Kohn and Grant, 

2006), yields with employed mineral modes from Dasgupta et al. (2009; Table 5.2) a bulk 

partition coefficient of 6*10-3. At a melt fraction of f = 0.01, < 0.6 wt% H2O becomes 

released in the carbonatite melt per 100 pmm H2O in the mantle. Kohn and Grant (2006) also 

point to the similar behaviour of H, K, and Ce yielding these H2O contents also credible for 
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carbonatite melts. While such H2O-contents will have little effect on melting temperatures, 

they are sufficient to lead to fluid-saturation in the final stage of crystallization. 

In carbonatite melts in the shallow crust, H2O can be of significant relevance. By 

extensive fractional crystallization of anhydrous minerals (see section 3.4), incompatible 

elements such as alkali elements, H2O and eventually F concentrate in the carbonatite melts. 

Although partition coefficients of H between carbonatite and silicate melts are unknown, it 

can be argued that they are of similar magnitude as partition coefficients of K and Ce, and 

probably in favor of the carbonatite melt. Estimated H2O-contents for carbonatites obviously 

depend on the H2O-content of the parent or conjugate silicate melt. For OIB’s this is in the 

average range of 520 ppm (Kovalenko et al. 2007).  

The rise and progressing crystallisation of carbonatites should lead to saturation in a 

H2O-CO2 fluid, that is likely to also conatin significant F (and Cl), as these elements become 

enriched in carbonatites. Such a magmatic fluid or phase is expected to dissolve and transport 

alkali elements away from the carbonatite melt (see below).   

 

5.4.3. Metasomatism and Fenitization by (supercritical) fluid and vapour 

In the vicinity of many carbonatite intrusions, metasomatic zones, so-called fenites, 

have been reported (e.g. Eckermann, 1966, Morbidelli et al, 1986, Le Bas, 2008, Anderson, 

1986). Le Bas (2008) defines fenitization as a process of alkali metasomatism associated with 

igneous activity. Typical minerals in fenites are alkali-rich and silica-undersaturated 

alumosilicates (e.g. orthoclase, albite, nepheline, cancrinite), aegerine, hydrous silicates 

(amphiboles and phlogopite) and carbonates (Veksler and Keppler, 2000). As indicated above 

extensive fractional crystallization concentrates alkali elements, H2O, CO2 and e.g. F all at 

the same time in the carbonatite melt. While rising, the solubility of volatiles in magmas 

decreases with decreasing pressure, resulting in fluid-, or at very shallow levels vapour-

saturation. Such magmatic fluids are likely to start the fenitization process which is at the 

same time a leaching process for the carbonatites. Hydrothermal fluids circulating in the 

contact aureole of subvolcanic alkali complexes would then continue this process until 

relatively alkali-poor carbonatites are sourrounded by alkali-enriched host rocks. 

Veksler and Keppler. (2000) investigated the partitioning of Na, Ca and Mg between 

H2O-rich fluids and carbonatite melt, and showed that Na has a higher preference for the 

fluid phase than Ca and Mg, with approximated partition coefficients of 0.3-0.6 for Na and of 
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~0.1 for Mg and Ca. Veksler and Keppler (2000) underline the difficulty of performing 

experiments with two unquenchable liquid phases (i.e. solute rich fluid and carbonatite), 

nevertheless, their results let them to conclude that the release of hydrous fluids (classified as 

carbothermal fluids by Mitchel et al. 2005) enriched in Na (and by analogy in K) leads to 

efficient transport alkali away from the carbonatite and to the formation of fenites in the 

surrounding country rock, questioning the true liquid nature of sövites (i.e. calcite-carbonatite 

rocks).  

Koster van Groos (1990) investigated the binary system Na2CO3-H2O at pressures 

between 0.05 to 0.2 GPa and Morey and Chen (1956) the binary K2CO3-H2O at 0.09 GPa. 

Whereas the join K2CO3-H2O has continuous solubility at 0.09 GPa, the solubility of the join 

Na2CO3-H2O is not continuous at 0.05 GPa, indicating that the solubility of Na in the fluid is 

limited at such a low pressure. Instead, at 0.2 GPa, Koster van Groos (1990) obtained 

complete solubility of Na2CO3 in H2O, as the fluid becomes supercritical. He concludes that 

at temperatures of approximately 500-700 °C and at already moderate pressures, the fluid has 

a high solubility for Na2CO3, but while ascending, the solubility of Na decreases 

dramatically, resulting in the crystallization of Na-minerals in the wall rock. With the 

continuous solubitiliy of K2CO3 to much lower pressure, Koster van Groos (1990) explains 

that while ascending H2O-CO2-fluid should become enriched in K, which explains why K-

metasomatism occurs at shallower levels in fenities.  

Dissolution of alkali elements by a (supercritical) fluid can also happen in experimental 

charges, resulting in a concentration of the alkali elements in the large bubbles commonly 

interpreted as evidence for equilibrium fluids. If such fluids are present (their composition 

being almost unmeasurable and always unknown), mass balance will be hampered and could 

lead to a wrong estimate of alkali contents in quenched carbonatite melt  

In summary, the high solubility of alkali elements in H2O-CO2 fluids leads to an 

impregnation of the surrounding rock by either alkali-rich fenitizing fluid or  vapour. But 

detailed (isotopic) studies whether such fenitization aureoles are mainly derived from 

magmatic fluids or from secondary hydrothermal alteration are lacking. 

 

5.4.4. Surface alteration of alkali carbonatites to calciocarbonatites 
Alkali-rich carbonatites deposited on the surface will be quickly altered by interaction 

with meteoric or ground water. Calcio-carbonatite dykes, which have been interpreted to be 
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replacement products of mainly nyerereite and gregoryite were found at Oldoinyo Lengai 

(Keller and Zaitsev, 2006; Zaitsev and Keller, 2006), where the erupted carbonatites typically 

have 35-40 wt% K2O+Na2O (Dawson et al., 1995). These dykes are fine grained and have a 

massive texture defined by tabular calcite laths (Keller and Zaitsev, 2006). In the crater lavas 

dating from pre-1917 to 2006, progressive mineral dissolution and metasomatic replacement 

of mainly nyerereite and gregoreite first leads to the formation of the hydrated sodium-

calcium double carbonates pirssonite and gaylussite. During this intermediate stage, K2O is 

almost quantitatively lost, Na-contents remarkably reduced and Ca-concentrations increased 

(Zaitsev and Keller, 2006; Zaitsev et al. 2008). The final products of the alteration process, 

obtained within years,  are calcite-carbonatites that contain as little as 2 wt% bulk Na2O 

(Zaitsev and Keller 2006). Thus, the secondary replacement of alkali-carbonates and a 

complete loss of alkalis are possible within short time spans and results in secondary calcio-

carbonatites with textures and a trace element chemistry mostly inherited from its magmatic 

alkali-rich precursor. We conclude that erupted carbonatites or sub-surface dikes will not 

maintain a significant amount of their original alkalis and should never be regarded as melt 

compositions.   

Secondary crystallisation products are e.g. common in the Intra Apennine carbonatites 

(Italy) and described in detail by Cundari and Ferguson (1991) for Cupaello and by Rosatelli 

et al. (2010) for Polino. In Polino, ample secondary replacement of magmatic carbonates by 

sparitic calcite cement as well as vugs with secondary calcite are described by Rosatelli et al. 

(2010). 

 

5.5. Conclusions and Outlook 
The discrepancy between the natural abundance of alkali-free calcio- respectively 

dolomite carbonatites and experimental carbonatites which all have at least moderate total 

alkali contents of 5-20 wt% wt% is striking. This study demonstrates that all petrogenetic 

carbonatite models (liquid immiscibility; low degree of partial melting of a carbonated 

mantle rock; extensive fractional crystallization) result in primary alkali-rich carbonatites 

melts. Additional contraints for the alkali-rich nature of carbonatites are provided by melt 

inclusion studies (Guzmics et al., 2011, 2012), who reported Ca-alkali rich carbonatite melt 

inclusions in perovskite, magnetite and apatite, yielding alkali contents of at least 5-10 wt% 

(Na2O + K2O) at Kerimasi volcano (Tanzania). 
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Igneous calcites can form as cumulates by fractional crystallization of an alkali-bearing 

carbonatite melt. The effect of alkalis and H2O are both a lowering of the melting point and a 

stabilization to lower pressures (e.g. Wyllie and Tuttle, 1960). As pure calcite (or dolomite or 

ankerite) do not melt but decompose at atmospheric pressures, other components are needed 

to allow for the in- and extrusion of such carbonatites in volcanic edifices. A geochemically 

similar incompatibility of e.g. K, H, and F requires that these elements enrich together, and 

most likely, most carbonatite liquids have not only moderate alkali-contents but also H2O-

contents in the order of wt%. Whereas H2O in mantle carbonatite melts does not solve the 

problem how to extract calcio- and dolomite carbonatite melts to the surface, in the shallow 

crust the effect of H2O can be of significant relevance: As H2O and eventually F concentrate 

in the carbonatite melts during late stage melt evolution, they lower the melting temperature 

and produce carbonatite melts at lower temperature. During rise, such melts may saturate in 

fluids that can transport the alkali elements away from the carbonatite melt. Due to the high 

solubility of alkali elements in H2O-CO2-fluids surrounding wallrocks become impregnated 

leading to fenitization.  

Additionally to igneous cumulate forming processes and magmatic fluid forming 

processes, most carbonatites were probably effected by secondary fluids ranging from 

hydrothermal contact aureoles to meteoritic water. Such fluids lead to alkali loss and 

secondary replacement of former alkali carbonates by calcite leading to calcio-carbonatites, 

as e.g. the calcio-carbonatite dykes at Oldoinyo Lengai which are replacement products of 

mainly nyerereite and gregoryite (Keller and Zaitsev, 2006; Zaitsev and Keller, 2006; Keller 

et al., 2010). In these dikes, progressive mineral dissolution and metasomatic replacement of 

mainly nyerereite and gregoreite resulted finally in calcite-carbonatites that contain as little as 

2 wt% bulk Na2O (Zaitsev and Keller 2006) despite a starting composition corresponding to 

the sodio-carbonatites of Oldoinyo Lengai. This natural experiment demonstrates the 

frightening effectiveness of this process over short time spans and questions the usefulness of 

any major element bulk composition of any volcanic carbonatites. Nevertheless, the trace 

element chemistry remains to part inherited from its magmatic alkali-rich precursor rendering 

these rocks sufficiently usefull to decipher their petrogenetic origin. 
This study therefore indicates that natural carbonatites do generally not represent true 

primary melt compositions (except Oldoinyo Lengai) but that these have been affected by a 

series of processe all leading to alkali-loss. Further need for experimental studies forming 
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carbonatite melts by fractional crystallization experiments from a kimberlites or a carbonated 

nephelinite or melilite, are required, as the crystallization is not well defined and partition 

coefficients for such mineral/melt pairs are scarce.   
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Chapter 6 

Conclusions and Perspectives 

 

 

6.1 Summary and Conclusions 

One envisaged model for the petrogenesis of carbonatites is by liquid immiscibility. 

Partition coefficients (Dis) determined in experiments between immiscible carbonatite and 

silicate melts can be applied to natural cases. This allows testing whether suggested natural 

conjugate carbonatite and alkali-rich magmas originated by liquid immiscibility.  

In this PhD thesis, partition coefficients between conjugate carbonatite and silicate 

melts were determined in experiments at high pressure conditions (1-3 GPa). Data are 

provided for three different anhydrous silica-undersaturated systems: a sodic system, an 

ultrapotassic system and an alkalic system at pressures of 1-1.7 GPa. Further more, data are 

provided for four H2O-bearing systems with variable silica- and water-contents (2-4 wt% 

bulk H2O) at pressures of 1.7-3 GPa. The chemical variations in the available data allow to 

understand, which factors control element partitioning during carbonatite-silicate melt 

immiscibility. The main results can be summarized as follows:   

 

For the anhydrous bulk systems:  

• The partition coefficients of the anhydrous systems vary within a range of factor four 

around unity for most elements. The narrow range of partition coefficients in anhydrous 

systems can be explained by comparable widths of the miscibility gaps, which control 

the degree of partitioning. The relatively small deviation from unity can be explained 

by comparable concentrations of sites accommodating most traces in the carbonatite 

and the depolymerised silicate melts.  

• The general trends for the different element groups are similar for all anhydrous bulk 

systems. Alkali- and earth alkali elements partition into the carbonatite melt, as well as 

P and Mo, the latter has the highest partition coefficients (>8). The HFSE prefer the 
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silicate melt by a factor 25 for Hf (DHf = 0.04) and the geochemical twins Nb-Ta, Zr-

Hf, La-Lu are fractionating by factor ~1.3 to 2.5 relative. The REE have partition 

coefficients around unity with a higher preference of the LREE for the carbonatite melt 

than the HREE (DLa/Lu = 1.6-2.3). The transition metals have mostly Dis ≤ 1. The 

network formers Si, Al, Ga and Ge partition into the silicate melt by a factor >25.  

• Our data compare well to the results from Veksler et al. (1998 and 2012) from <0.1 

GPa. This indicates that pressure has only a minor influence on partitioning in 

anhydrous systems.  

• The variations in bulk compositions in the anhydrous systems in this study had little 

influence on the width of the solvus and consequently the partitioning of the different 

element groups are similar (except for the alkali- and earth alkali elements in the sodic 

system).  

 

For the H2O-bearing bulk systems: 

• The partition coefficients for the H2O-bearing systems show a similar behaviour as 

observed for the anhydrous systems but partitioning  is up one order of magnitude 

stronger. As such, the highest partition coefficients were observed for the LREE in the 

H2O-bearing systems in contrast to Mo in the anhydrous systems.  

• The melts from our experiments have lower totals than the ones from Veksler et al. 

(2012) as our melts contain more volatiles due to the higher volatile solubility with 

increasing pressure. With addition of H2O, the solvus width increases, which results in 

stronger partitioning.  

• A wider solvus results also from the higher preference of network-forming cations such 

as Si and Al to partition into the silicate melts, in contrast to the network modifying 

cations (e.g. Ca, Mg, Fe), which have a higher preference for the carbonatite melt. This 

results in an increased polymerization of the silicate melt. This increase in 

polymerization of the silicate melt causes a widening of the solvus and thus stronger 

partitioning.  

 

The second part of this study is investigating whether the coexisting carbonatite and 

kamafugite magmas from Central Italy may have originated by liquid immiscibility. Liquid 
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immiscibility was previously suggested on the basis of textural arguments, i.e. the intimate 

coexistence of carbonatite and kamafugite rocks.  

Our approach was to test whether carbonatite and kamafugite melts can be immiscible 

at mantle conditions as indicated by the occurrences of mantle xenoliths. Once conditions of 

liquid immiscibility were identified, partition coefficients were determined between 

conjugate carbonatitic and kamafugitic melt pairs (Di). These experimental partition 

coefficients were subsequently compared with the partition coefficients calculated for the 

naturally occurring carbonatite-kamafugite pairs.  

 

• Our experiments demonstrate that kamafugite and alkali-rich carbonatite melts are 

immiscible at 1.7 GPa, 1220 °C. From experiments on other immiscible silicate-

carbonatite systems in the literature, it appears likely, that these melts are also 

immiscible at lower pressures but similar temperatures.  

• The alkali- and earth alkali-elements have Di ≥ 1, indicating that the carbonatite melts 

in equilibrium with alkaline silicate melts should be at least as alkali-rich as the silicate 

melts.  

• A comparison of the experimental partition coefficients with natural carbonatite – 

kamafugite pairs from the Intra Apennine Province shows good agreement (except for 

the alkalis), supporting that liquid immiscibility could explain the observed 

compositions.  

• We thus propose that the CO2 in the kamafugites was already present in their parental 

primitive magmas, the experiments place CO2-contents at the moment of carbonatite 

immiscibility in the order of ~10 wt% at 1.7 GPa.  It is possible that carbonatite 

unmixing and related CO2-saturation triggered most of the eruptions in the Intra 

Apennine Province, in particular that of Polino, where olivine + phlogopite xenoliths 

are interpreted as mantle debris.  

 

In the third part of this thesis, we are discussing the role of alkali elements in the 

petrogenesis of carbonatite magmas. Calculations for trace element models in the literature 

were repeated on an extended basis of partition coefficients for alkali and earth alkali 

elements and part of the literature was compiled and reviewed.  
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• The results from the models indicate that all envisaged mechanism for carbonatite 

petrogenesis result in alkali-rich primary carbonatite melts. Therefore, we find that pure 

calcio- or dolomite carbonatite melt do not represent primary melt compositions. 

However, we underline that magmatically formed calciocarbonatites are possible but 

cannot represent “primary” melts.  

• A review of the literature indicates that igneous calcites can form as cumulates by 

fractional crystallization of an alkali-bearing carbonatite melt, which will melt at lower 

temperature than alkali-free calcites.  

• H2O lowers the melting temperature of calcite significantly under fluid saturated 

conditions as indicated by Wyllie and Tuttle (1960). Whereas H2O in mantle 

carbonatite melts does not solve the problem how to extract calcio- and dolomite 

carbonatite melts to the surface, in the shallow crust the effect of H2O can be of 

significant relevance. As H2O and eventually F concentrate in the carbonatite melts 

during late stage melt evolution, they lower the melting temperature and produce 

carbonatite melts at lower temperature.  

• During magma ascent, such melts may quickly saturate in H2O and/or CO2 and maybe 

F, which may cause the exsolution of a fluid and ligands that can transport the alkali 

elements away from the carbonatite melt. Due to the high solubility of alkali elements 

in H2O-CO2-fluids and their low wetting angle, the surrounding wallrocks and vents 

become impregnated by either alkali-rich fenitizing fluid, by vapour or supercritical, at 

higher pressure Na-rich and at lower pressure K-rich fluids.  
• Probably all carbonatites are affected by secondary effects, leading to alkali loss and 

secondary replacement of former alkali carbonates by calciocarbonatites: Alkali-rich 

carbonatites, which reach the surface, quickly altered by interaction with meteoric water 

or ground water. Thus, the secondary replacement of alkali-carbonates and a complete 

loss of alkalis are possible within short time spans and results in secondary calcio-

carbonatites with textures and a trace element chemistry mostly inherited from its 

magmatic alkali-rich precursor.  
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6.2 Perspectives and suggestions for future work 

Partition coefficients were determined for anhydrous and H2O-bearing systems. As the 

solvus width increases with increasing amounts of water, it would be interesting to 

understand to which extent the water partitions into the carbonatite and silicate melt 

respectively. Also a determination of the speciation of H2O will help to constrain, how water 

is behaving in the silicate- and the carbonatite melt.  

Further on, as most carbonatites are fluorine-rich, studies investigating the element 

partitioning between immiscible carbonatite- and silicate melts in fluorine-rich anhydrous 

and H2O-bearing systems should be performed. In the anhydrous system, F will probably 

have little impact as indicated by previous results (Veksler et al., 2012). However, in the 

H2O-bearing systems, addition of F could possibly have dramatic effects. Also the effect of 

sulfur on the element partitioning would be interesting. These two ligands would eventually 

have vast implications in understanding the formation of ore deposits and the formation of 

carbonate-, carbonate hydroxyl and fluorine complexes become important to understand the 

genesis of carbonatites.  

A key problem related to the understanding of the partitioning behavior of elements into 

the carbonatites lies in the poor knowledge of the carbonatite melt structure. There is a 

crucial a need for in-situ investigations of the melt structure of alkali-rich carbonatitic liquids 

for anhydrous, H2O-bearing and fluorine bearing melts. This will allow understanding what 

controls the solubility of trace elements in the carbonatite melts and which bonding 

environments exist.  

As we believe, most natural carbonatites do not represent true primary melt 

compositions but have been affected by a series of processes. This opens a new field for 

research, where aqueous geochemistry studies could greatly contribute to the understanding 

of carbonatites, in particular with respect to ore deposits.  

Further on, there is a crucial need for experimental studies, forming carbonatite melts 

by fractional crystallization experiments from a carbonated nephelinite or melilite 

(anhydrous, H2O-bearing, F-H2O-bearing). Although this mechanism is proposed, this 

crystallization series is unknown nor do partition coefficients for such melts exist.  
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Appendix A 

Systems without liquid immiscibility 

 

A.1. Introduction 

Alkali-free experimental liquid immiscibility has been presented by Keshav and 

coworkers (e.g. Novella and Keshav, 2010); Na-poor experimental immiscible melt 

compositions have been published by Dasgupta et al. (2006) and relatively alkali-poor 

compositions also by Thomsen and Schmidt (2008). As described in the text, we synthesized 

starting materials corresponding to approximate equal proportions of the potential conjugate 

carbonatite and silicate melts, in order to obtain partition coefficients for alkali-free or –poor 

carbonatites (Table A.1). For three of the systems (Vulture, Dasgupta et al., 2006, Keshav 

and coworkers), no liquid immiscibility was obtained, while for Thomsen and Schmidt 

(2008) immiscibility was found but for more alkali-rich conjugate melts.  

 
Table A.1
Starting materials

Vu-1 DS-1 DS-2 DS-3 ThS-1 ThS-2 SH-1

Spike - 0.6 0.9 0.9 6.1 0.7 1.8

SiO2 16.1 20.6 22.7 20.1 27.0 31.2 21.0

TiO2 0.4 7.0 4.5 2.8 0.0 0.0 -

Al2O3 5.5 3.0 3.8 3.7 10.1 11.3 5.3

Fe2O3 - 2.8 - - - 0.0 -

FeO 2.6 13.7 15.8 12.3 4.6 5.9 -

MnO - 0.6 0.4 0.4 -

MgO 6.0 9.3 8.6 9.2 3.6 1.7 16.6

CaO 32.7 18.8 20.6 22.4 14.2 13.2 29.9

SrO 0.7 - - - - -

BaO 0.8 - - - - -

Na2O 4.4 4.0 4.3 5.9 5.2 3.4 -

K2O 5.3 0.4 0.5 0.8 5.5 10.0 -

P2O5 2.0 - - - 0.0 0.0 -

Cr2O3 - - - - 0.0 0.4 -

H2O 0.1 - - - 2.3 2.1 -

CO2 23.3 19.2 17.8 21.5 21.3 20.2 25.4

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

XMg* 0.80 0.55 0.49 0.57 0.58 0.34 1.00

*Fetot as Fe2+
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Table A.2

Runtable

No Starting 

Material

P T Duration [h] capsule Phases

[GPa] [°C] static LS LC cpx spinel kfspar ks leuc merw oxide ol mtc mel grt carb alkali- V

carb

LM6 Vu-1 1.8 1280 46 Au50Pd50-C XXXXX X

LM9 Vu-1 1.6 1200 45 Au50Pd50-C XXXXX XX X

LM12 Vu-1 1.6 1200 45 Au50Pd50-C XXXXX XX X

LM14 Vu-1 1.8 1220 45 Au50Pd50 X XXX XX XXXX +

LM16 KF-1 1.7 1250 46 Au50Pd50 XXXXX XX X X +

LM17 Vu-1 1.8 1240 47 Au50Pd50 XX X XXXXX XXX X

LM35 Vu-1 1.7 1225 48 Au50Pd50 XX XXX X XXXX +

LM39 Vu-1 1.7 1220 72 Au50Pd50 XX XXX X XXXX

LM42 KF-4 1.7 1220 68 Au80Pd20 XXXXX XX

LM53 DS-1 3.0 1280 46 Au50Pd50 XXX XX XXXX XX

LM56 DS-1 3.0 1320 47 Au50Pd50 XX XXX XXXX XXX X

LM64 KF-5 1.7 1220 28 Au50Pd50 XXXX XXXX

LM69 ThS-3 3.2 1160 49 Au80Pd20 XXX XXXX XX

LM72 DS-2 3.0 1280 42 Au50Pd50 XXXX XXXX XX XX

LM74 DS-2 3.0 1310 53 Au50Pd50 XXXX XXX XX

LM76 DS-2 3.0 1340 52 Au50Pd50 XXXXX XX XX

LM80 DS-2 3.0 1295 30 Au50Pd50 XXX X XXXXX

LM88 DS-3 3.0 1300 65 Au50Pd50 XXXXX

LM61 ThS-1 3.2 1150 24 Au50Pd51 XX XXXX XX

LM62 ThS-1 3.2 1100 50 Au50Pd52 XX XXXX X XX

LM66 ThS-2 3.2 1150 66 Au50Pd53 X XXXX XXX XX X

LM103 ThS-4 3.0 1160 54 Au80Pd20 X XXX XXXX

LM111 SH-1 2.4 1430 24 Pt XXXXX +

LM112 KF-7 1.7 1235 65 Au50Pd53 XX XX XXX XXX X XXX

LM114 KF-9 1.7 1220 47 Au50Pd53 XX XX X XXX XXX XXX

LS = silicate melt; LC = quenched carbonatite melt; cpx = clinopyroxene; kfspar = potassium feldspar; ks = kalsilite; leuc = leucite; merw = merwinite; ol = olivine; mtc = 

monticellite; mel = melilite; grt = garnet; carb = quenched carbonates; alkali carb = alkali-rich carbonates; V = vugs interpreted as fluid filled; C = graphite

X = ! 5 %; XX  = 5-20 %; XXX " 20-40 %; XXXX " 40-60 %; XXXXX " 60 %

+ = present  
A.2.  Experimental results  

A.2.1 The Vulture carbonatites 

D’Orazio et al. (2007) reported extrusive calcio-carbonatite rocks from Mount Vulture 

Volcano (Southern Italy). Due to their spatial association and similarity in Sr-Nd-Pb and B-

isotopes they concluded that these rocks, holding mantle debris, are in close genetic 

relationship with the associated melilite/nephelinite rocks. Thus, D’Orazio and coworkers 

(2007) proposed that the carbonatites originated by liquid immiscbility at crustal level.  

D’Orazio et al. (2007) reported compositions of composite-lapilli, which contained 

melilitite in the core surrounded by carbonatite. Starting material Vu-1 is the adapted 

compostion of such a lapilli (VM 7 in D’Orazio et al., 2007), where loss of ignition was 

assumed to correspond to lost CO2 (starting material in Table A-1).  

Seven experiment have been performed with starting material Vu-1 (Table A.1). 

Experiment LM6, run at 1.8 GPa 1280° C in a graphite-Au50Pd50 double capsule (Table A.2), 

resulted in a single melt (Table A-3) and < 1 % spinel crystals. No alkali-phase or carbonatite 

melt was found. Experiment LM17, run at 40 °C lower temperature than LM6 (1.8 GPa, 1240 

°C; Fig. A.1) resulted in very fine merwinte and cpx crystals with calcite and alkali-

carbonates interpreted as quench (Table A.3). No silicate melt was found within the charge.  
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Table A.3

EDX analysis of minerals and quenched glasses

Experiment LM6 LM6 LM17 LM17 LM14 LM14 LM14 LM14 LM9 LM9 LM9 LM9

starting material Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1 Vu-1

Phase quenched spinel merwinite alkali- melilite merwinite carbonate interstitial quenched cpx spinel melilite

melt carbonates carbonate melt

SiO2 29.6 - 36.8 1.0 35.1 35.8 16.1 16.4 24.9 49.9 2.0 42.8

TiO2 1.2 - 0.4 0.0 0.0 0.1 0.8 1.3 0.1 0.9 0.2 0.0

Al2O3 7.4 70.1 0.2 0.2 22.8 0.7 3.0 2.6 28.0 11.2 65.8 11.5

FeO 1.5 2.0 0.7 0.4 0.9 0.9 1.5 1.3 2.8 2.1 3.8 1.3

MgO 8.2 27.9 12.3 0.0 4.8 11.4 2.6 3.2 15.5 14.1 24.5 11.2

CaO 39.3 - 45.1 1.1 33.1 50.0 57.1 50.2 21.5 21.2 2.5 30.9

Na2O 5.5 - 1.6 41.8 1.9 0.8 5.0 8.5 3.2 0.4 0.5 1.9

K2O 5.2 - 2.7 55.5 1.0 0.3 10.6 13.4 2.7 0.3 0.7 0.5

P2O5 2.1 - 0.0 0.0 0.5 0.0 3.2 3.2 1.4 0.0 0.3 0.0

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Compositions are analyzed by EDX on a SEM on a volatile free basis

 

 

Fig. A.1: Backscatter electron images from experiments of the Vulture system. 
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At 1.8 GPa 1220 °C (experiment LM14), the charge mainly consisted of carbonates 

(Table A.3) with holes interpreted as coexisting CO2-dominated fluid. About 30 % of the 

sample area are covered by merwinite crystals (Fig. A.1 B), which contained small inclusion 

of quenched alkali carbonate droplets within the carbonates (Fig. A.1 B and D). The bottom 

of the charge is filled with melilite crystals (Fig. A.1 C) with interstial carbonates interpreted 

as quench. No silicate melt phase was observed, indicating that liquid immiscibility did not 

occur. Experiments LM35 and LM39 were performed at the conditions, where the 

kamafugite-carbonatite melt have been immiscible (chapters 3 and 4). Most of the charge was 

filled with a calcite matrix and cpx (Fig. A.1 E and F). Towards the top of the capsule, a 

carbonatite melt separated from the cpx-calcite quench. Experiment LM9 and LM12 were run 

at 1.6 GPa 1200 °C in graphite capsule. These experiments resulted in a silicate melt with cpx 

and few spinel crystals. A potential carbonatite melt would have vanished into the porespace 

of the graphite capsule. Experiment LM9, performed in a graphite-Au50Pd50 double capsule at 

1.6 GPa 1200° C resulted in an inner capsule space filled with melilite and spinel. At the 

inner capsule rim, Al-rich clinopyroxene crystallised (Table A.3). Alkali phases or alkali 

carbonates have not been found as they probably vanished into the porespace of the graphite 

capsule.  

In summary, none of the experiments reported above resulted in liquid immiscibilty 

between a silicate- and a carbonatite melt and at least at ~1.8 GPa liquid immiscibility does 

not occur in this bulk system. In consequence, we have abandoned this system.  

 

A.2.2 Liquid immiscibility of carbonated eclogites 

Dasgupta et al. (2006) investigated experimentally the partial melting of silica-deficient 

eclogites at 3 GPa. They reported that a silica-undersaturated Ti-rich silicate melt coexists 

with a carbonatite melt at 3 GPa, 1225-1370 °C, i.e. starting from 100 °C lower temperatures 

than the expected solidus of CO2-free eclogites. As the carbonatite melt, reported by 

Dasgupta et al. (2006) contained < 5 wt% total alkalis, we intended to use this miscibility gap 

to determine the partition coefficients for anhydrous low-alkali carbonatite/silicate melts. I 

syntesized starting material DS-1 (Table A.1), which is a 1:1 mix of the silicate- and 
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carbonatite melt reported by Dasgupta et al. (2006) at 3 GPa, 1275 °C (anal A413; Table 1), 

i.e. exactly in the center of the wide miscibility gap (both in temperature and composition).  

 

 

Fig. A.2: BSE images of experiments performed with starting material DS-1. 
Abbreviations: cpx = clinopyroxene, Merw = merwinite, Fe-spin = iron spinel, ol = olivine. 

 

Two experiments were performed with starting material DS-1 (Table A.1 & A.2). In 

experiment LM56, run at 3 GPa 1320 °C, most of the charge contained abundant merwinite, 

cpx, Ti-Fe-spinel, and olivine (Fig. A.2 A to C; Table A.4). At the rim of the capsule,  

quenched carbonate-rich melt was concentrated (Table A.5). Equilibrium carbonates were not 

found within the charge and bubbles indicating the presence of a fluid were not observed. At 

1280 °C (LM53), almost two thirds of the capsule consisted of quenched Mg-calcite, with 
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abundant ulvo-spinel (Fig. A.2 D and F). The magnesian calcite quench also contains dark 

alkali-rich carbonate in BSE image (Fig. A.2 E). In one third of the capsule, large 

idiomorphic pyroxenes and Ti-spinel crystals occuring within the quenched carbonatite melt 

(Fig. A.2 F). No silicate melt was found.  
Table A.4

WDS analysis of melt compositions

Experiment LM56 LM74 LM76 LM88 LM42 LM42

Starting Material DS1 DS2 DS2 DS3 KF4 KF4

P[GPa] / T [°C] 3/1340 3/1310 3/1340 3/1300 1.7/1220 1.7/1220

# analysis 5 20 22 14 16 16

Melts LS LS LS LS LS LC

SiO2 31.6(4) 33.9 32.4(3) 34.6 25.5(23) 31.7 21.7(4) 29.2 30.9(15) 36.1 6.3(17) 9.3

TiO2 5.0(1) 5.3 4.4(1) 4.7 4.7(3) 5.8 2.9(1) 3.9 2.4(0) 2.8 0.9(3) 1.4

Al2O3 3.2(2) 3.4 4.7(1) 5.0 4.0(4) 5.0 3.8(1) 5.2 9.5(7) 11.1 0.7(5) 1.1

FeO 12.3(2) 13.1 10.9(3) 11.6 4.4(3) 5.5 7.9(2) 10.6 3.2(1) 3.8 1.9(4) 2.8

MnO 0.7(1) 0.8 0.6(1) 0.7 0.3(1) 0.4 0.3(1) 0.5 - - - -

MgO 11.2(2) 12.0 11.1(2) 11.9 14.9(13) 18.5 9.6(2) 13.0 10.1(3) 11.8 12.0(35) 17.8

CaO 23.3(5) 24.9 21.3(5) 22.8 21.5(16) 26.8 22.7(3) 30.6 17.1(8) 20.0 28.3(79) 42.2

Na2O 5.6(7) 6.0 7.4(2) 7.9 4.5(4) 5.6 4.6(2) 6.2 2.2(1) 2.5 3.3(12) 5.0

K2O 0.5(1) 0.5 0.8(0) 0.9 0.5(0) 0.6 0.6(0) 0.8 9.5(1) 11.1 11.9(46) 17.7

P2O5 - 0.0 - 0.0 - 0.0 - 0.0 0.7(1) 0.8 1.7(8) 2.6

Total 93.3 100.0 93.6 100.0 80.3 100.0 74.3 100.0 85.6 100.0 67.2 100.0

CO2 6.7 6.4 19.7 25.7 14.4 32.8

Experiment LM16 LM112 LM112 LM64 LM64 LM114

Starting Material KF1 KF7 KF7 KF5 KF5 KF5

P[GPa] / T [°C] 1.7/1250 1.7/1235 1.7/1235 1.7/1220 1.7/1220 1.7/1220

# analysis 20 15 8 16 20 21

Melts LS LS LC LS LC LS

SiO2 32.1(3) 35.9 26.3(27) 31.3 5.5(33) 8.4 30.0(11) 36.3 18.0(16) 24.4 25.6(4) 31.4

TiO2 0.7(0) 0.8 2.7(3) 3.2 0.6(4) 0.9 1.7(0) 2.1 1.4(1) 2.0 2.0(1) 2.4

Al2O3 6.3(2) 7.0 3.3(6) 3.9 0.6(5) 0.9 10.6(6) 12.9 5.4(9) 7.3 4.5(1) 5.5

FeO 4.5(2) 5.0 4.4(3) 5.3 1.3(6) 2.0 0.1(0) 0.1 0.0(0) 0.1 1.4(1) 1.7

MnO - - - - - - - - - - - -

MgO 9.1(3) 10.1 10.3(37) 12.3 5.4(7) 8.1 9.4(2) 11.4 11.5(5) 15.0 8.7(2) 10.7

CaO 31.4(4) 35.1 25.6(23) 30.5 32.5(15) 49.3 16.1(9) 19.5 22.5(35) 30.5 27.5(5) 33.7

Na2O 0.9(1) 1.0 1.7(2) 2.0 2.8(6) 4.2 2.1(1) 2.6 2.6(11) 3.6 3.1(1) 3.8

K2O 4.0(1) 4.4 9.4(13) 11.2 16.9(17) 25.6 11.9(4) 14.4 11.4(27) 15.5 8.5(2) 10.4

P2O5 0.6(1) 0.7 0.2(1) 0.3 0.4(1) 0.6 0.7(1) 0.9 1.2(1) 1.7 0.2(0) 0.3

Total 89.5 100.0 84.0 100.0 66.0 100.0 82.7 100.0 73.8 100.0 81.6 100.0

CO2 10.5 16.0 34.0 17.3 24.2 18.4

Experiment LM103 LM103 LM69 LM69 LM111

Starting Material ThS4 ThS4 ThS3 ThS3 SH-1

P[GPa] / T [°C] 3/1160 3/1160 3.2/1160 3.2/1160 2.4/1430

# analysis 14 20 15 15 20

Melts LS LC LS LC LS

SiO2 64.1(14) 69.0 1.4(7) 2.3 51.7(57) 58.0 0.4(2) 0.7 22.1(3) 29.6

TiO2 0.5(1) 0.5 0.1(1) 0.2 0.0(0) 0.1 0.1(1) 0.2 - 0.1

Al2O3 7.5(10) 8.1 0.1(1) 0.1 18.2(11) 20.4 2.0(12) 3.5 5.2(2) 7.0

FeO 3.3(3) 3.6 5.4(7) 9.1 1.1(5) 1.2 8.0(18) 14.3 - 0.0

MnO - - - - - - - - - 0.0

MgO 1.0(1) 1.1 3.8(3) 6.3 0.2(1) 0.2 2.8(6) 5.0 15.7(3) 21.1

CaO 2.0(3) 2.1 28.6(14) 48.6 1.0(4) 1.1 23.2(107) 41.3 31.1(4) 42.0

Na2O 4.2(5) 4.5 10.2(10) 17.1 2.9(10) 3.3 6.9(41) 12.2 - 0.1

K2O 10.3(6) 11.1 9.6(8) 16.2 14.0(14) 15.7 12.5(60) 22.2 - 0.0

P2O5 - 0.0 - 0.0 - 0.0 - 0.4 - 0.1

Total 92.9 100.0 59.4 100.0 89.1 100.0 56.1 100.0 74.4 100.0

CO2 7.1 40.6 10.9 43.9 25.6

CO2 calculated by difference to 100
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As melts were not immiscible for the bulk composition suggested by Dasgupta et al. 

(2006), bulk alkali contents were corrected in the carbonatite melt, possibly underestimated 

during analysis or leached out during sample preparation. I recalculated by massbalance the 

phase proportions in experiment A428 from Dasgupta et al. (2006) without using Na2O and 

K2O and recalculated the bulk alkali content of the two melts. Using a partition coefficient of 

2 for the immiscible carbonatite-silicate melts, the calculation resultes in a carbonatite melt 

that contains at least 5.6 wt% Na2O and ≥0.5 wt% K2O. Starting material DS-2 (Table A.1), 

is a 1:1 mix of the silicate melt and the carbonatite melt with the corrected alkali contents.  
 

Table A.5

EDX analysis of minerals

Experiment LM56 LM56 LM56 LM56 LM53 LM53 LM53 LM53 LM76

starting material DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-1 DS-2

Phase merw cpx Fe-spin ol cpx alkali carb. ulvo- montic.

carb. spinel

SiO2 39.5 39.0 0.8 43.4 51.1 - 1.4 - 39.2

TiO2 0.0 6.6 6.4 0.5 2.1 - - 34.9 8.6

Al2O3 0.8 4.4 14.8 8.1 - - 2.2 6.9

FeO 2.6 12.3 57.1 4.3 5.3 8.2 4.1 57.6 6.1

MgO 12.1 12.9 19.6 49.0 12.8 16.0 15.5 5.1 18.6

CaO 42.7 23.0 0.4 1.8 18.2 34.8 74.3 0.3 18.2

Na2O 1.4 1.5 0.7 0.9 2.1 34.3 2.9 - 2.0

K2O 0.9 0.5 0.2 0.0 0.4 6.6 1.8 - 0.4

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Experiment LM76 LM74 LM74 LM80 LM80 LM72 LM73 LM74 LM75

starting material DS-2 DS-2 DS-2 DS-2 DS-2 DS-2 DS-3 DS-4 DS-5

Phase merw. qnch Fe-spinel carb. cpx cpx merw. alkali- Fe-spinel

merw. carb.

SiO2 39.5 35.2 0.5 0.2 48.9 46.1 36.3 0.3 0.4

TiO2 0.0 1.3 4.6 - 1.3 2.3 - 0.1 4.9

Al2O3 0.8 1.1 27.0 0.2 8.5 7.2 0.8 - 13.3

FeO 2.6 4.2 46.7 13.7 11.0 6.1 4.1 2.2 63.7

MgO 12.1 9.8 20.3 13.7 10.1 12.2 9.6 2.8 17.1

CaO 42.7 46.2 0.8 70.5 17.5 25.0 47.8 57.3 0.3

Na2O 1.4 2.3 - 1.4 2.5 1.0 1.4 30.0 0.2

K2O 0.9 - 0.1 0.3 0.1 0.0 - 7.4 0.0

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Compositions are analyzed by EDX on a SEM on a volatile free basis  
Experiment LM76, run at 3 GPa 1340 °C, resulted in a silicate glass at the outer rim of 

the capsule (Fig. 3.A; Tables A.4 & A.5). Within the centre of the capsule, there is quenched 

silicate melt with merwinite and monticellite quench crystals (Fig. A.3 B). At the bottom of 

the capsule of experiment LM74 (3 GPa 1310 °C; Fig. A.3 C; Tables A.4 & A.5), there is a 

layer of melilite and Fe spinel. Most of the charge contained a quenched melt with merwinite 

and Fe-spinel crystals.  
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Experiment LM88 was run with starting material DS-3 which had an alkali content 

increased by ~20% relative to DS-2. At 3 GPa 1300 °C, only one silicate melt resulted (Table 

A.4).  

 

 

Fig. A.3: BSE image of experiments performed with starting material DS-2. For abbreviations, see Fig. A.2. Fig 
(c) and (e) are from Dasgupta et al. 2006.  
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At the bottom of capsule LM80 (3 GPa, 1295 °C) there are cpx cumulates A.3 E) and the 

centre of the capsule is dominated by  quench Ca-Mg-Fe carbonates in equilibrium with cpx. 

At the rim of the cpx, Fe-spinels were present (Table A.5). At 1280 °C (LM72 at 3 GPa), the 

charge is dominated by merwinite, cpx and Fe spinel with interstitial alkali carbonates. 

Consequently, in none of our experiments, we obtained liquid immiscibility with the 

compositions provided by or similar to Dasgupta et al. (2006). First, the alkali contents of the 

melts have probably been severly underestimated in their experiments as indicated by mass 

balance. Nevertheless, a correction of the alkali contents did not yield liquid immiscibility. 

Texturally, we are convinced that Dasgupta et al. (2006) did not observe two coexisting 

melts. The carbonatite melts were always interstitial, while the silicate melts were present in 

larger melt pools (Fig. A.3 c & e). Crystal shapes in the “carbonatite-melt zones” of Dasgupta 

et al. (2006) clearly show quench rims and the most likely interpretation is, that interstitial 

melt underwent serious quench-modification with quench-carbonatites forming the 

interstiches between quench-overgrown equilibrium silicates. Whether the absence of liquid 

immiscibility for the compositions of Dasgupta et al. (2006) corresponds to a non-existence 

of a immiscibility gap in their experiments or to a poor knowledge of the melt compositions 

cannot be decided. What is demonstrated by our experiments is that their reported and our 

additionally investigated compositions do not show immiscibility. 

 

A.2.3 Liquid immiscibility of carbonated pelites 

Thomsen and Schmidt (2008) observed liquid immiscibility from partially molten 

pelites at 3.7 GPa 1100 °C. As their carbonatite melt was alkali poor, liquid immiscibility 

was intented to be reproduced based on the two conjugate melt compositions. I performed 

experiments at slightly 3.2 instead of 3.7 GPa as did Thomsen and Schmidt (2008) because 

the experiments were intended to be re-run in the endloaded piston cylinder module, which 

can be mounted on the centrifuge but which is limited to 3.2-3.3 GPa. Phase compositions are 

provided in Tables A.4 & A.6.  

Experiment LM61 (3.2 GPa 1150 °C) resulted in a matrix of fine grained cpx, kalsilte 

overgrown by larger melilite crystals (Fig. A.4 A and B). No interstitial melt nor carbonates 

were detected, possibly this capsule leaked carbonatite or CO2. At 1100 °C (LM62), the 
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experiment resulted as well in kalsilite and cpx but only few melilite crystals were observed, 

and large carbonate blebs were present (Fig. A.4 C).  

As a next step, starting material ThS-2 was prepared with an increased K2O contents. 

Partition coefficients obtained for the potassic systems (chapter 3) indicated that the Thomsen 

and Schmidt (2008) carbonatite melt composition was K-deficient with respect to their 

silicate melt, i.e. alkali elements in the carbonatite melt got lost upon quench  (as H2O-K2O-

CO2-bearing solutions) and possibly leached during sample preparation.  

 

Fig. A.4: BSE image of experiments. Abbreviations: melt = melilite, ks = kalsilite, cpx = clinopyroxene, LS = 
quenched carbonatite melt, LS = silicate melt, kfspar = potassium feldspar.  

Table A.6

EDX analysis

Experiment LM61 LM61 LM66 LM66 LM66 LM66

starting material ThS-1 ThS-1 ThS-2 ThS-2 ThS-2 ThS-2

Phase mel ks LS LC kfspar garnet

SiO2 40.9 40.2 47.7 1.8 63.2 37.6

TiO2 0.2 0.1 0.0 0.0 0.0 0.0

Al2O3 20.2 33.1 18.5 0.9 17.4 19.7

FeO 4.7 0.3 2.8 6.6 0.3 15.3

MgO 1.7 1.0 0.7 2.3 0.0 2.9

CaO 32.0 2.2 28.2 0.1 20.6

Na2O 0.2 1.4 3.0 5.7 0.5 0.4

K2O 0.1 24.0 15.8 11.1 16.2 0.1

Sum 100.0 100.0 90.7 56.5 97.7 96.8

Compositions are analyzed by EDX on a SEM on a volatile free basis

Compositions from LM66 are average analysis analyzed by EPMA  



  Systems without liquid immiscibility 

   
181 

 

At 3.2 GPa 1150 °C, most of the charge consisted of quenched carbonatite melt with 

potassium feldspar crystals, clinopyroxene and few garnets. One silicate melt droplet was 

observed forming a sharp meniscus to the carbonatite melt (Fig. A.4 D). We interpreted this 

texture to result from liquid immiscibility from a carbonatite and a silicate melt. In the next 

step, the carbonatite and silicate melt compositions was analyzed and a new starting material 

devoid of crystal, spiked with a trace element mix was synthezised (Table A.6; ThS3B; see 

chapter 3), leading to successful immiscibility experiments.   

 

A.2.4 Liquid immiscibility of silicate melt with alkali-free carbonatite melt 

Keshav and coworkers (conference communications only) presented experiments with 

suggested liquid immiscbility between a carbonatite and a silicate melt in an alkali-free bulk 

system at ~2.1-3.0 GPa, 1430 °C (Novella and Keshav, 2010). The reported silicate- and 

carbonatite melt compositions consist of approximately 40.5 SiO2 for the silicate melt and 2.1 

wt% SiO2 for the carbonatite melt, 9.9 and 0.6 wt% Al2O3, 21.4 and 12.4 wt% MgO, 19.1 and 

41. 2 wt% CaO and 9 and 43. 6 wt% CO2 respectively (noted during a conference 

presentation). In order to test whether this bulk system is really immiscible, I synthesized 

starting material SH-1 (Table A.1), consisting of a 1:1 mix of the above melt compositions, 

and run it at 2.4 GPa, 1430 oC during 24 hours (Table A.2). The experiment resulted in 1 

single quenched melt (composition provided in Table A.4) with voids attached to  the capsule 

wall, these are interpreted as coexisting CO2-dominated fluid (Fig. A.5). This indicates that 

the compositions reported by Keshav et al. (conference communication) did not yield liquid 

immiscibility for an alkali-free carbonatite melt with a silicate melt. Evidence for such 

immiscibility is circumstantial. The allleged carbonatite melt is present only in the 

interstiches of the crystal-rich part of the capsule, while the silicate melt is present as well 

segregated pools in a crystal free portion of the capsule. Again, it appears that the 

“carbonatite melt” is the quench modified residue of the silicate melt, silicate crystals in these 

zones having a thick quench overgrowth. Whatever, the proposed immiscibility for the 

compositions and conditions of Keshav and coworkers does not exist. 

In conclusion, interstitial melt compositions are unreliable, a fact well known from 

silicate melts. To provide bullet-proof ecidence for liquid immiscibility it in necessary to 
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demonstrate the coexistence of two melts in direct contact, at best in a crystal-free system 

with a clear meniscus between the two melts.  

 

 

Fig. A.5: BSE image of experiment of system SH-1.  
 

 

A.3.  Experiments constraining the extent of the miscibility gap  

To constrain the extent of the miscibility gap in Fig. 3.11, we analyzed compositions of 

melts, which were not unmixing as well as additional compositions in experiments (Table 

A.1), which yielded immiscible liquids but disallowed the determination of partition 

coefficients (Table A.2; Table A.4). No composition of the alkali-poor silica-deficient 

eclogites was unmixing, indicating that the resulting melt compositions are not located within 

the region of the miscibility gap (Fig. A.6 A). Also the results from Keshav and coworkers lie 

outside of the immiscible region (Fig. A.5 and A.6 A), indicating that the miscibility gap does 

not extent to alkali-free compositions. Immiscible liquids obtained at conditions close to the 

critical point of the solvus constrain the maximum extent of the misciblilty gap for a bulk 

system at the given conditions. With the additional information of these experiments as well 

as the compositions of experiments in Fig. 3.4, we have drawn the solvus as indicated in Fig. 

A.6 and finally A.11.  
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Fig. A.6. Variations of the width of the carbonatite-silicate melt miscibility gap in SiO2+TiO2+Al2O3 – 
(Ca,Mg,Fe)O – (Na,K)2O space projected from CO2 (+H2O) in wt% (after Hamilton et al., 1979; and Lee & 
Wyllie, 1997). The data of our study can be attributed to four groups (in bulk composition – pressure – 
temperature) namely dry sodic+alkali at 1240-1260 oC, 1 GPa; dry potassic at 1220 oC, 1.7 GPa , H2O-bearing 
potassic with silica-undersaturated silicate melts at 1150-1200 oC, 1.7 GPa, and H2O-bearing potassic with 
silica-rich silicate melts at 1160 oC, 3 GPa. To constrain the extent of the miscibility gap, melt compositions, 
which were not unmixing were included as well as immiscible liquids from additional experiments. As argued 
in the text, there is no direct experimental evidence for immiscibility gaps at lower alkali-contents such as 
alkali-poor compositions provided by Dasgupta et al. (2006) and Noveall & Keshav (2010) as these 
compositions are not located within the miscibility gap. 
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Appendix B 

Centrifugation of H2O-bearing systems 

 

 

B.1.  Introduction 

To determine partition coefficients between immiscible carbonatite- and silicate melts, 

the anhydrous system required physical separation of the melts by centrifugation (see also 

chapter 2, 3 and 4). To ensure no cross contamination of the immiscible melts in the H2O-

bearing systems, attempts to separate them by centrifugation has been made. For the 

experiments at pressures < 1.7 GPa, the single stage piston cylinder module for the centrifuge 

was employed, for pressures of 1.5-3.2 GPa, the high pressure endloaded piston cylinder 

module was used. Centrifuge experiments of H2O-bearing systems did not yield liquid 

immiscibility with a perfect separation as in the static experiments. In this section, these 

experiments are documented. In addition, the results of the thermal gradient calculation for 

the high pressure assembly are presented as well as the result from a quartz-coesite 

calibration run.  

 

B.2.  Centrifugation of H2O-bearing systems with the single stage piston cylinder 

To physically separate immiscible carbonatite- and silicate melts in the H2O-bearing 

system, 3 experiments were run in the single stage piston cylinder module mounted on the 

centrifuge.  
Table B.1

Runtable

Exp. Starting P T acceleration capsule Phases

Material static centrifuge material

[GPa] [°C] [h] [h] g LS LC melt2 cpx coes spinel per larnite kalsilite wol ol carb V

LM71 KF5 1.7 1150 44 5h50' 712 Au80Pd20 XXXX XXXX

LM79 KF5 1.7 1150 66 5h45' 712 Au80Pd20 XX XX XX X XXXX

LM84 KF6 1.7 1200 66 6 712 Au80Pd20 XXXXX XXX X XX X +

LM89 ThS-4 3 1160 41 9 294 Au80Pd20 XXXXX X X

LM90 KF6 1.7 1200 39 9h30' 294 Au80Pd20 XXXX XX XX

LM91 KF5 1.7 1170 40 4h30' 294 Au80Pd20 broken capsule

LM95 KF6 1.7 1200 45 6 300 Au80Pd20 XXXXX XXX XX

LM97 KF4 1.7 to 1.1 1220 49 8 300 Au80Pd20 XXXX X X XXX XX +

LM99 Si-acid 3.47to 3.23 1000 - 27 15 Au80Pd20 X

LM100 ThS-4 3 1160 70 9 300 Au80Pd20 XXXXX XX

X = ! 5 %; XX  = 5-20 %; XXX " 20-40 %; XXXX " 40-60 %; XXXXX " 60 %

+ = present

Abbreviations: P = pressure, T = temperature, LS = silicate glass, LC = carbonatite melt,  melt2 = quenched silicate melt in interior of capsule, coes = coesite, per = periclase, 

wol = wollastonite, ol = olivine,  V = vugs interpreted as fluid.

Duration
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Table B.2

WDS analysis

Experiment LM84 LM84 LM84 LM84 LM71 LM71

starting material KF6 KF6 KF6 KF6 KF5 KF5

Phase LS LC melt2 ks LS LS

# analysis 18 30 9 11 29 12

SiO2 25.4(4) 5.3(15) 30.5(5) 38.2(5) 31.3(6) 16.6(26)

TiO2 6.1(1) 1.8(5) 8.3(2) 0.2(0) 1.7(0) 1.4(2)

Al2O3 6.7(2) 0.7(3) 6.7(2) 30.4(4) 11.6(3) 4.8(11)

FeO 2.9(1) 1.3(2) 3.7(2) 0.3(0) 2.7(1) 2.4(2)

MgO 9.6(1) 7.5(8) 10.6(2) 0.1(1) 8.1(1) 9.4(7)

CaO 20.4(3) 28.0(28) 17.2(3) 0.2(2) 14.8(3) 22.2(24)

Na2O 2.4(1) 3.2(5) 2.0(1) 1.0(1) 2.2(1) 2.4(5)

K2O 10.1(1) 14.1(20) 9.4(3) 27.7(2) 11.7(1) 11.6(14)

P2O5 0.0(0) 0.0(0) 0.0(0) 0.0(0) 0.7(1) 1.3(3)

Sum 83.7 62 88.4 98.1 84.8 72.1

Compositions  are average analysis analyzed by EPMA  
 

 
Fig. B.1: BSE images of experiments run in single stage piston cylinder module for centrifuge except F), which 
resulted in perfect separation of immiscible silicate melt, quenched carbonatite melt and holes interpreted as 
vapour in the static experiment. Abbreviation: LC = quenched carbonatite melt, LS = silicate glass, melt 2 = 
interstitial melt, ks = kalsilite, cpx = clinopyroxene, ol = olivine. 
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Experiment LM84 (Fig. B.1 A to C) has been run in the centrifuge during 6 hours, after 

static equilibration. The conditions during the centrifugation were stable, however, the 

experiment texturally and chemically disequilibrated. At the contact between the carbonatite 

and silicate melt, a silicate melt with a different composition is present and kalsilite 

crystallized (Table B.2). Towards the gravitational bottom of the capsule, kalsilite and few 

olivine crystals are present. The resulting melt compositions is very silica-poor for a silicate 

melt (Table B.2) in comparison to experiments LM82 from chapter 4, indicating that the 

temperature was close to the critical point of the solvus. Attempts to perform laser ablation 

ICP-MS analysis on the carbonatite melt failed as the melt was too heterogeneous.  

Experiment LM71 resulted as well in poor separation of the melts with inclusions from 

silicate melt droplets within the quenched carbonatite melt. The measured melt compositions 

(Table B.2) have very high silica contents for a carbonatite melt, which could indicate that 

temperatures were close to the closing temperature of the solvus. Laser ablation analysis was 

also problematic due to the heterogeneity of the carbonatite melt.  

Experiment LM79 had to be mounted twice in the centrifuging piston cylinder, as the 

thermocouple broke during the first centrifugation run. Most phases in this experiment were 

crystalline with alkali-carbonates and cpx at one side of the capsule and the centre of the 

charge contained abundant kalsilite, cpx and olivine crystals with interstitial silicate melt (Fig 

B.1 E).  

Experiment LM82 is a static experiment, where the carbonatite and silicate melts are 

perfectly separated (Fig. B.1 F). Due to the failure of the centrifuge experiments but the 

perfect separation of melts in static experiments for the H2O-bearing systems, partition 

coefficients were only determined in static experiments (see also chapter 4). I do not 

understand the reasons why centrifugation of H2O-bearing system is so problematic. A 

potential problem could be the pyrex softening, which has be done a low temperature and 

pressure. Another possibility is that hydrogen loss increases the solidus temperature of the 

bulk system and, thus, leads to crystallization. A further possibility is, that due to temperature 

fluctuation in the experiments, the experimental conditions move out from the narrow P-T 

window where liquid immiscibility occurs.  
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B.3.  Centrifugation of H2O-bearing systems with high pressure piston cylinder module 

The high pressure piston cylinder module (1.5-3 GPa) is an endloaded piston cylinder 

module with a 10 mm bore. The assembly is 25 mm in length and consists of teflon-talk-

pyrex-graphite-MgO. The capsules have an outer diameter of 2.3 mm and a thin alumina 

sleeve is employed to centre the capsule in the furnace and to stabilize the assembly. A base 

plug with pyrophyllite was used on top. The B-type thermocouple was placed directly in 

contact with the capsule. An oil pressure of 12.7 bar corresponds to 1 kbar nominal pressure 

and for talk, a friction correction of +10 % was applied. The thermal gradient of the assembly 

was calculated for 1200 °C using variable thermocouple lengths between 9-11 mm. A 

thermocouple length of 10 mm yielded the lowest thermal gradient within the capsule, 

employing the software from Hernlund et al. (2006; Fig. B.2). The following thermal 

conductivities were used (courtesy to P. Ulmer for the compilation): for a basalt glass Murase 

and McBirney (1973); for the Au capsule Laubitz (1969) and for the assembly pieces the 

conductivities in Herlund et al. and references therein (2006). A thermocuple length of 10 

mm results in a minimal thermal gradient for the capsule.  

 

Fig. B.1: modeled isotherms of assembly at  a therncouple measurement of 1200 °C with a thermocouple length 
of 10 mm. Employed software from Herlund et al. 2006.  

An endload pressure between 400 to 450 oil bars was applied before pressurizing the 

assembly. To test whether the desired pressure is obtained, silica-acid was run during 30 

hours in the coesite field as can be calculated by Bose and Gangluy (1995; Fig. B.3). At 1000 

° C, coesite is stable at > 30.75 kb.  

Experiment LM99 was run during 30 hours at 1000 ° C with a rotation speed of 200 

rpm as the piston cylinder module cannot be cooled without rotation of the centrifuge. The 
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applied pressure after pyrex softening and repumping twice varied from 485 to 452 oilbar, 

which corresponds to 34.7 to 32.3 kbar (Fig. B.3). The capsule was afterwards cut with a 

diamond saw and the powder analyzed by XRD. The XRD spectra (Fig. B.4) showed that 

coesite is stable at these conditions, indicating that the applied pressure on the capsule was > 

30.75 bar. The periclase and Au probably results from contamination by cutting the capsule.  

 

 

Fig. B.3: in blue: Qtz-coesite transition, calculated after Bose and Gangluy (1995). In red: 
pressure range of experiment run with silica-acid during 30 hours at 1000 ° C.  

 

 

Fig. B.4: XRD powder diffraction spectra of pressure calibration experiment: At the run conditions, coesite was 
stable. Au and periclase probably result from external contamination.  
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Experiments run in the high pressure module at 300 g are reported in Table B.1. The 

capsule of experiment LM89 leaked, which let to the escape of the carbonatite melt, resulting 

in a charge filled with a silicate melt, minor cpx and wollastonite.  

Experiment LM90, run with KF6 yielded (Fig. B.5 A and B) a quenched glass at the 

rim of the capsule. In comparison to the quenched melt within the charge, this melt was Ca-

richer but MgO-poorer (Table B.3). This experiment is completely disequilibrated and the 

furnace broke after a run duration between 9h to 9h30 minutes, yielding a silicate melt, 

containing abundant larnite and kalsilite and minor periclase (Fig. B.5 B and D). No hole was 

observed but no carbonates either. Thus, CO2 probably escaped through an unvisible hole or 

could be dissolved in the silicate melt.  

In experiment LM91, the capsule broke, leading to a loss of the melt in the charge.  

In experiment LM95 80 % of the charge is composed by a quench of merwinite and 

kalsilite and a bubble interpreted as fluid. At the gravitational top of the capsule, K2CO3-laths 

and round (Na,K)2CO3 crystals were present.  

Experiment LM97 was run with starting material KF4, which was successfully 

centrifuged in the low pressure piston cylinder module in experiments LM45 and LM54 (see 

chapter 3 and 4). As we gained typical pressure after the compaction of the assembly, this 

experiment was pumped to 240 oilbar = 17 kbar. However, during the 8 h run, the pressure 

decreased to 159 bar oil pressure, which is equivalent to 11.3 kbar. The result was a lack of 

immiscibility at this pressure. This experiment resulted in a silicate melt with mostly kalsilte, 

Ca-rich olivine, larnite and small Cr-spinel between the kalsilite grains (Table 3.B). No 

carbonates were found, leading to the question whether CO2 is in the melt or whether the 

capsule was leaking and CO2 escaped.  

Experiment LM100 yielded one silicate melt in the capsule with quench cpx. CO2 is 

either dissolved in the melt or escaped from the capsule by leakage.  

Unfortunately, no experiment that results in two melts has been obtained in this study 

with the high pressure centrifuge module. The reasons for this remains unclear. A potential 

cause could be anhanced hydrogen diffusion, which could be stronger in this assembly due to 

the smaller inner diameter of the furnace. As a consequence, hydrogen could diffuse out, 

leading to H2O-poorer systems, which would have an elevated melting temperature. Another 

option is that due to the smaller furnace length, the thermal gradient  in  the  capsule  could be  
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Fig. B.5: BSE image of failed high pressure centrifuge experiments: abbreviations: ks = kalsilite, peric = 
pericalse, Cr-spin = chromium spinel. 
 

Table B.3

EDX analysis

Experiment LM90 LM90 LM90 LM90 LM97 LM97 LM97 LM97 LM97

starting material KF6 KF6 KF6 KF6 KF4 KF4 KF4 KF4 KF4

Phase quenched quenched Fe-periclase kalsilite melt Ca-ol larnite Cr.spin kalsilite

melt melt rim

SiO2 32.24 33.31 0.71 39.57 34.59 43.89 37.19 2.28 40.92

TiO2 6.25 4.33 0.2 0.31 3.58 1.08 0.11 2.7 0.22

Al2O3 7.89 9.18 0.6 29.85 5.43 0.35 0.2 32.39 25.85

Cr2O3 22.33

FeO 4.68 2.62 7.66 0.18 4.63 3.86 0.75 14.96 1.06

MgO 13.67 11.21 89.7 0.79 8.83 45.09 9.52 20.9 0.38

CaO 11.36 16.82 0.23 0 26.69 4.13 50.05 2.04 0

Na2O 5.2 4.18 0.24 0.64 3.02 1.42 0.5 0.97 0.69

K2O 18.72 18.34 0.69 28.63 11.57 0.17 0.85 1.03 30.84

P2O5 1.66 0 0.83 0.27 0

Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.9 100.0

Compositions are analyzed by EDX on a SEM on a volatile free basis

 

much stronger than calculated. Every capsule was checked for thightness by the Acetone test 

before mounted into the static piston cylinder. However, a third possibility is that direct 
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contact of the thermocouple on the capsule can provoke a hole in the capsule, from which 

carbonatitic melt or CO2 could escape. Thus, it is recommended to employ a corundum disc 

below the thermocouple.  
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Appendix C 

Runtable and images of experiments 

 

 
C.1.  Introduction 

In this section, the composition of an additional starting material, the runtable for all 

experiments and backscatter electron images from experiments, which are not included or not 

illustrated in previous parts of the thesis, are provided.  

 

C.2.  Additional starting material 

 

 

Table C.1 

starting material

KF9

Spike 1.1

SiO2 21.8

TiO2 1.4

Al2O3 8.5

FeO 2.7

Fe2O3 0.0

MgO 8.9

CaO 18.2

Na2O 2.0

K2O 11.7

P2O5 0.1

CO2 23.6

Total 100.0

as KF4 with all Fe as Fe2+  
 

C.3.  Runtable 
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Table C.2
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Runtable (continued)

Experiment Run No. capsule starting 

material

Pressure Temp. time static Phase assemblage and comment

[kbar] [° C] [h, min]

B
er

n

B
E

P
a
ri

s

L
P

-c
en

tr
i

H
P

-c
en

tr
i log file Acceleration g time in 

centrifuge 

[h, min]

oil pressure

LM26 819 Au50Pd50-C 1B-tx7 10 1230 44h30' X X LS + LC. LC mostly in porespace of graphite capsule. 

Graphite capsule cracked.

193 712

LM27 - Au50Pd50 1B-tx7 10 1240 - X capsule was leaking. Experiment not run.

LM28 828 Au50Pd50 1B-tx7 10 1235 51h30' X capsule saved if necessary to reproduce LM22.

LM29 820 Au50Pd50 Vu1 10 1230 66h X LS + melilite

LM30 837 Au50Pd50 KF2 17 1235 21h X not analyzed.

LM31 834 Au50Pd50 KF2 + ol 17 1240 26h X LC + ol + cpx + sp

LM32 836 Au50Pd50 KF3 17 1230 43h X LS + LC on local scale. In other parts LS + cpx

LM33 835 Wood-

Graphite-Pt

1C-tx7 10 1230 20h X LS + LC. LC mostly in porespace and cracks.

LM34 838 Au50Pd50 Vu-2 17 1230 22h30' X LS + quenched alkali carbonates + merwinite + 

gehlenite
LM35 839 Au50Pd50 Vu1 17 1225 48h X in centre of capsule: calcite + cpx; at bottom and top 

of capsule: large cpx + <0.01 % spinel. towards top of 

capsule LC

LM36 840 Au50Pd50 1B-tx7 10 1240 66h X X 0.53 LS + 0.46 LC + <0.01 spin 213 712 609-481

LM37 841 Au50Pd50 Vu-2 17 1220 - X experiment failed while starting. Not run.

LM38 842 Au50Pd50 KF3 17 1220 44h30' X LS + LC + cpx -->Base for KF4 (EMPA data)

LM39 843 Au50Pd50 Vu1 17 1220 72h X 90% of capsule filled with calcite + cpx, at bottom 

quenched LC
LM40 1214 Au50Pd50 Vu-2 25 1240 46h30' X large hole in charge broke off while polishing. 

Remaining parts: calcite + cpx
LM41 849 Au50Pd50 KF4 17 1220 62h X 0.45 LS + 0.54 LC 1 <0.01 spin + V

LM42 850 Au80Pd20 KF4 17 1220 68h X X LS + leucite. No carbonates present, they probably 

escaped.

202 600 5h30' 500-277

LM43 1218 Au80Pd20 1E-tx7 10 1240 66h X not run in centrifuge yet. Safed if necessary to 

reproduce.
LM44 852 Au80Pd20 KF4 10 1190 20h X LS + LC + cpx

LM45 866 Au80Pd20 KF4 17 1220 45h X 0.41 LS + 0.58 LC + >0.01 spin + V 206 712

LM46 867 Au50Pd50 KF4 17 1400 47h30' X failure: molten capsule.

LM47 878 Au50Pd50 KF4 + St. 

Carlo ol

17 1220 38h X Ol + LS (+LC tiny)

LM48 879 Au80Pd20 KF4 17 1220 48h30' LS + LC + V

Abbreviation: C = graphite, cc = calcite, cpx = clinopyroxene, grt = garnet, kfspar = potassium feldspar, ky = kyanite, LC = quenched carbonatite melt, leuc = leucite, LS = quenched silicate glass,   V = vapour,  merwinite,  

mel = melilite, phlog = phlogopite, spin = spinel,  cpx = clinopyroxene,  ol = olivine,  merw = mel = melilite, merw = merwinite, ol = olivine, phlog = phlogopite, OP = output power, PC = piston cylinder, qtz = quartz, 

spin = spinel,  V = holes interpreted as vapour bubbles

Apparatus Centrifuge conditions
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Runtable (continued)

Experiment Run No. capsule starting 

material

Pressure Temp. time static Phase assemblage and comment

[kbar] [° C] [h, min]

B
er

n

B
E

P
a

ri
s

L
P

-c
en

tr
i

H
P

-c
en

tr
i log file Acceleration g time in 

centrifuge 

[h, min]

oil pressure

LM49 891 Au80Pd20 KF4 17 1200 46h X 0.55 LS + 0.34 LC + 0.1 cpx + < 0.01 Cr-spin

LM50 892 Au80Pd20 KF4 + ol 

(7:1)

17 1220 42h25' X 0.5 LS + 0.4 LC + 0.07 ol + 0.03 cpx

LM51 901 Au80Pd20 1D-tx7 Fe-

ratio

10 1240 44h X X 0.48 LS + 0.52 LC + V 211 712 4h 30'

LM52 904 Au80Pd20 1C-tx7 nur 

FeO

10 1240 47h 30' X X 0.52 LS + 0.47 LC + <0.01 spin 212 712 4h 15' 518-200

LM53 1272 Au80Pd20 DS-1 30 1280 46h X carbonate + alkali carbonates + cpx + oxide

LM54 1278 Au80Pd20 KF4 17 1220 40h X X 0.45 LS + 0.54 LC + < 0.01 spin + V 214 712 5h 609-481

LM55 1276 Au80Pd20 1D-tx7 17 1260 20 h X LS + LC + V

LM56 1288 Au50Pd50 DS-1 30 1320 47h10' X merwinite + cpx + oxide + LS + ol

LM57 1277 Au80Pd20 Alk-1 10 1240 21h 30' X 0.5 LS + 0.45 LC + 0.05 ks

LM58 1279 Au80Pd20 

Graphite 

added

1C-tx7 17 1260 85h 45' X X 0.47 LS + 0.52 LC+  <0.01 spin 217 712 6h 690-717

LM59 909 Au80Pd20 

Graphite 

added

Alk-1 10 1250 50h X X 0.44 LS + 0.49 LC + >0.07 kalsilite 216 712 5 h 471-422

LM60 913 Au80Pd20 

Graphite 

added

1F-tx7 10 1240 48h X LS + LC

LM61 1302 Au50Pd50 ThS-1 32 1150 24h X fine grained quench of kalsilite + melilite + cpx

LM62 1317 Au50Pd50 ThS-1 32 1100 50h X kalsilite + cpx + carbonate + melilite

LM63 1320 Au80Pd20 KF5 17 1150 45h X 0.28 LS + 0.59 LC + 0.13 phlog (nicely separated)

LM64 1318 Au50Pd50 KF5 17 1220 28h X LC + lobes of LC containing a quenched silicate 

phase, to small to analyze

LM65 1321 Au80Pd20 KF5 17 1100 27h X LS +LC + phlogopite

LM66 1322 Au80Pd20 ThS-2 32 1150 66h X LC + cpx + kfspar + grt + LS

LM67 71 Au Carb2 8 1000 - IOWA shortcut of IOWA at temperature.

LM68 1328 Au80Pd20 KF5 17 1160 67h X X alkali carbonates + kalsilite + cpx + olivine 224 712 1h35' 620-621

LM69 1337 Au80Pd20 ThS-3 32 1160 49h X LS + LC + kfspar

LM70 1353 Au80Pd20 KF5 10 1150 30h15' X X 0.6 % LC + 0.15 % cpx + 0.15 % leucite + 0.1 % 

phlog

228 712 0h 30' 360

LM71 969 Au80Pd20 KF5 17 1150 44h X X LS + LC 232 712 5h 50' 600-350

LM72 1364 Au50Pd50 DS-2 30 1280 42h X merwinite + cpx + oxide + alkali carbonates

Abbreviation: C = graphite, cc = calcite, cpx = clinopyroxene, grt = garnet, kfspar = potassium feldspar, ky = kyanite, LC = quenched carbonatite melt, leuc = leucite, LS = quenched silicate glass,   V = vapour,  merwinite,  

mel = melilite, phlog = phlogopite, spin = spinel,  cpx = clinopyroxene,  ol = olivine,  merw = mel = melilite, merw = merwinite, ol = olivine, phlog = phlogopite, OP = output power, PC = piston cylinder, qtz = quartz, 

spin = spinel,  V = holes interpreted as vapour bubbles

Apparatus Centrifuge conditions
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Runtable (continued)

Experiment Run No. capsule starting 

material

Pressure Temp. time static Phase assemblage and comment

[kbar] [° C] [h, min]

B
er

n

B
E

P
a
ri

s

L
P

-c
en

tr
i

H
P

-c
en

tr
i log file Acceleration g time in 

centrifuge 

[h, min]

oil pressure

LM73 1365 Au50Pd50 ThS-3B 30 1160 43h30' X 0.56 LS+ 0.44 LC +V

LM74 1368 Au50Pd50 DS-2 30 1310 52h50' X LS + merwinite + oxide

LM75 970 Au80Pd20 KF5 17 1150 50h20' X 0.33 LS + 0.67 LC (very high OP) 

LM76 1372 Au50Pd50 DS-2 30 1340 52h30' X LS + merwinite + monticellite

LM77 979 Au80Pd20 KF6 17 1185 45 X LC + LS + cpx + phlog

LM78 1384 Au80Pd20 ThS3B 

+qtz + ky

30 1160 43h20' X 0.27 LS + 0.27 LC + 0.25 qtz + 0.2 kfspar+< 0.01 

calcite
LM79 980 Au80Pd20 KF5 17 1160 66 X X In 1st attempt in centrifuge, the thermocouple got 

irreperably ripped apart. The 2nd attempt in the 

centrifuge worked. Result: everything crystalline: at 

top of capsule 0.4 % alkali carbonates + quenched 

cpx; in centre: 0.02% olivine + 0.3 % kalsilite

343 712 5h45' 534-252

LM80 1385 Au50Pd50 DS-2 30 1295 46h20' X carbonates + cpx + oxide (rutile)

LM81 1392 Au80Pd20 ThS3B + 

qtz + ky

30 1160 48h15' LS + LC + ky + qtz

LM82 984 Au80Pd20 KF6 17 1200 40h X 0.37 LS + 0.61 LC + <0.02 phlog + V

LM83 1392 Au80Pd20 ThS4 30 1160 66 X 0.62 LS + 0.38 LC + V

LM84 985 Au80Pd20 KF6 17 1200 66 X X 0.64 LS + 0.18 LC +0.1 kalsilite + < 0.005 olivine + 

< 0.03 melt2 (at contact between LS + LC) + V. 

Disequilibrium

342 712 6h 662-310; 

mainrun 662-

655

LM85 1394 Au80Pd20 KC-1 17 1220 6h45' X LC + phlog

LM86 1395 Au80Pd20 KC-1 17 1190 12h22' X LC + phlog

LM87 1416 Au50Pd50 KF4 30 1300 41h X silicate melt at bottom (LS) + merwinite + kalsilite + 

spinel
LM88 1421 Au50Pd50 DS-3 30 1300 65h20' X on quenched silicate melt of starting material 

composition
LM89 1419 Au80Pd20 ThS-4 30 1160 41h20' X No pressure was on assembly. Hole visible in capsule. 

1 silicate melt with cpx interpreted as quench. In tip 

of capsule wollastonite. 

259 300 9 398-360

LM90 987 Au80Pd20 KF6 17 1200 39 X X At bottom of capsule, thin band of LS. Capsule is 

filled with larnite and interstitial LS. Kalsilite bands. 

No carbonates were found. Either hole in capsule or 

CO2 in melt. H2-loss probably increased melting 

temperature.

254 300 9h30' 214-195

LM91 988 Au80Pd20 KF5 17 1170 40 X X broken capsule. Only Alloy from capsule left 255 300 4h30' 334-224

Abbreviation: C = graphite, cc = calcite, cpx = clinopyroxene, grt = garnet, kfspar = potassium feldspar, ky = kyanite, LC = quenched carbonatite melt, leuc = leucite, LS = quenched silicate glass,   V = vapour,  merwinite, 

mel = melilite, phlog = phlogopite, spin = spinel,  cpx = clinopyroxene,  ol = olivine,  merw = mel = melilite, merw = merwinite, ol = olivine, phlog = phlogopite, OP = output power, PC = piston cylinder, qtz = quartz,

spin = spinel,  V = holes interpreted as vapour bubbles

Apparatus Centrifuge conditions
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Runtable (continued)

Experiment Run No. capsule starting 

material

Pressure Temp. time static Phase assemblage and comment

[kbar] [° C] [h, min]

B
er

n

B
E

P
a
ri

s

L
P

-c
en

tr
i

H
P

-c
en

tr
i log file Acceleration g time in 

centrifuge 

[h, min]

oil pressure

LM92 989 Au80Pd20 KF5 17 1170 65 X X for HP centrifuge, not run. 255 300 4h30' 334-224

LM93 1452 Au80Pd20 KF5 17 1160 44h50' X X not analyzed.

LM94 1453 Au80Pd20 ThS3 30 1160 68 X X not analyzed.

LM95 1002 Au80Pd20 KF6 17 1200 45 X 0.8 % of charge filled with fine grained kalsilite 

quench + titanite; at bottom of charge mostly K2CO3 

and NaKCO3 as laths and round blobs. Many holes 

present in charge interpreted as vapour.

256 300 6h 223-208

LM96 1454 Au50Pd50 KF4 30 1240 46h30' X 0.45 KMgCa-carbonates + 0.25 cpx + 0.2 kfspar + 

0.2 grt

LM97 1005 Au50Pd50 KF4 17 1220 49h X X Merwinite + kalsilite + spin + LS 261 300 8h

LM98 1006 Au50Pd50 KF4 17 1240 47h X not analyzed.

LM99 Au Silica-Acid 

(Pulmer)

X failed. 15 >429.7

LM99 new: 

HP-

calibration

Au Silica-Acid 

(Pulmer)

X

test for Coesite: XRD proved it to be Coesite; 

therefore P on assemblie

15

LM100 1464 Au80Pd20 ThS4 30 1160 69h30' X capsule contains 1 LS; at bottom of capsule cpx; 

although no hole is visible, no carbonates are present 

and capsule seems compacted. Potential loss of 

carbonatite melt. 

206 300 9h 394-380

LM101 1468 Au80Pd20 ThS4 30 1160 66 X 0.63LS + 0.37LC + V

LM102 1481 Au80Pd20 ThS4 30 1160 54h X leakage of capsule -->failure

LM103 1482 Au80Pd20 ThS4 30 1160 66h X in centre: 0.6 % kfspar + 0.05 % interstitial silicate 

melt + 0.1 % dark qtz. Quenched LC at rim (0.25 %).
LM104 not performed not performed

LM105 1015 Pt-Silicaglass 

capsule

Carb-1 17 1300 46 X Carbonatite standard: failure: CO2 vapour bubble & 

carbonatite reacted with silicate glass

LM106 1026 Pt-Silicaglass 

capsule

Carb-1 tx7 17 820 19 X Carbonatite standard: carbonatite quench; at rim 

carbonatite reacted with silicate capsule; analysed by 

EPMA

LM107 1027 Au50Pd50 KF7 17 1220 41h X capsule lost after experiment

Abbreviation: C = graphite, cc = calcite, cpx = clinopyroxene, grt = garnet, kfspar = potassium feldspar, ky = kyanite, LC = quenched carbonatite melt, leuc = leucite, LS = quenched silicate glass,   V = vapour,  merwinite,

mel = melilite, phlog = phlogopite, spin = spinel,  cpx = clinopyroxene,  ol = olivine,  merw = mel = melilite, merw = merwinite, ol = olivine, phlog = phlogopite, OP = output power, PC = piston cylinder, qtz = quartz,

spin = spinel,  V = holes interpreted as vapour bubbles

Apparatus Centrifuge conditions
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C.4.  Additional experiments from the anhydrous systems 

 

Fig. C.1: BSE images of experiments of the sodic and ulrapotassic systems. Abbreviations: carb = alkali-poor 
carbonate, cpx = clinopyroxene, LC = quenched carbonatite melt, LS = silicate glass, ol = olivine, V = holes 
interpreted as vapour.  
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Fig. C.2. BSE images of experiments of the ulrapotassic systems. Abbreviations: carb = alkali-poor carbonate, 
cpx = clinopyroxene, grt = garnet, LC = quenched carbonatite melt, LS = silicate glass, ol = olivine, V = holes 
interpreted as vapour 
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Fig. C.3. BSE images of experiments of the ulrapotassic systems. Abbreviations: carb = alkali-poor carbonate, 
cpx = clinopyroxene, kfspar = potassium feldspar, ks = kalsilite, LC = quenched carbonatite melt, leuc = leucite,  
LS = silicate glass, ol = olivine,V = holes interpreted as vapour  
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Fig. C.4: BSE images of experiments of the ulrapotassic systems and experiments from the alkalic and sodic 
system. Abbreviations: carb = alkali-poor carbonate, cc = calcite, cpx = clinopyroxene, kfspar = potassium 
feldspar, ks = kalsilite, LC = quenched carbonatite melt, LS = silicate glass, merw = merwinite, ol = olivine, 
spin = spinel, V = holes interpreted as vapour. 
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C.5.  Additional experiments from the H2O-bearing systems 

 

 
Fig. C.5: BSE images of experiments of the H2O-bearing systems. Abbreviations: cpx = clinopyroxene, kfspar = 
potassium feldspar LC = quenched carbonatite melt, LS = silicate glass, qtz = quartz, phl = phlogopite. 
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Fig. C.6: BSE images of experiments of the H2O-bearing systems. Abbreviations: cc = calcite, kfspar = 
potassium feldspar, LC = quenched carbonatite melt, LS = silicate glass, qtz = quartz. 
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Appendix D 

Synthesis of a carbonatite standard for 

LA-ICP-MS 

 
 

D.1.  Introduction 

Laser ablation IC-PMS analyses of the carbonatite and silicate melts were performed by 

Kathrin Hametner in the Laboratory of Inorganic Chemistry at ETH Zürich with an 193 nm 

ArF excimer laser ablation system (Lambda Physik, Göttingen Germany) coupled to an ICP-

MS (DRC II +, Perkin Elmer, Norwalk, USA).  

NIST 610 was used as reference material as external calibration standard while Ca and 

Al were used as internal standards. The NIST standard consists of a silicate glass, which is 

suitable for silicate melts but not ideal for the carbonatites. Therefore, we tried to synthesize a 

carbonatite standard in order to test how accurate LA-ICP-MS analysis for quenched 

carbonatite melt is.  

 

D.2. Starting material and piston cylinder experiments 

We synthesized a starting material consisting of dried CaCO3, Na2CO3 and K2CO3 

(Carb-1; Table D.1) spiked with the trace element mix TX7 (see chapter 3 and 4).  
Table D.1

No Starting 

Material

P T Duration capsule Phases

[GPa] [°C] static [h] LC Alkaliglass V

LM105 Carb-2 1.7 1300 46 Pt-silicaglass + +

LM106 Carb-2 1.7 820 19 Pt-silicaglass + +

+ = present

Abbreviations: P = pressure, T = temperature,  LC = carbonatite melt

Runtable
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In order to avoid loss of the siderophile trace elements to the alloy of the Pt-capsule, the 

starting material was packed into a silica-glass capsule, which was placed into a Pt-capsule.  
Table D.2

Startingmaterial Carb-2 and analyzed melt composition

analyzed white grey

wt% Carb-2 maxima minima average phase phase

Spike 0.5 n.a. n.a. n.a.

SiO2 0.0 1.8 9.2 4.2(17) 47.1 90.3

CaO 5.6 6.0 5.2 7.6(19) 6.4 0.1

Na2O 26.2 30.6 25.5 24.6(36) 14.7 0.1

K2O 30.6 19.6 12.7 18.7(21) 0.9 0
a) CO2 37.1 41.5 47.0 44.2 30.4 9

Total: 100.0 99.5 99.5 99.5 69.1 90.5
a) CO2 calculated by difference from 99.5 wt%; about 0.5 wt% Spike

 

 

Fig. D.1. BSE image of experiments.  
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The experiments were run in a piston cylinder (LM105 and LM106) at 1.7 GPa at 1300 

°C respectively 820 °C (Table D.1). The temperature in experiment LM105 was too high 

resulting in complete interaction of the starting material with the silica-glass, producing 

alkali-silica-glass (Fig D.1 A) and holes, which I interpret as vapour/fluid voids or breakouts 

(Fig. D.1 B). Experiment LM106, run at 820°C resulted in a quenched carbonatite melt within 

the silica-glass capsule (Fig D.1 C and D, Table D.2). Unfortunately, the carbonatite melt 

reacted with the silica glass capsule. This resulted in grayish and white minerals in BSE 

image (Fig. D.1 D, Table D.2). The interaction with the silica glass capsule also affected the 

composition of the quenched carbonatite melt within the capsule for major and trace elements 

(Fig. D.2).  

 

Fig. D.2. Variation of element concentration in the quenched carbonatite melt for major and trace elements.  



Appendix D:   

   
210 

 
The silica content of the carbonatite melt varies between 1.8 and 9.2 wt% SiO2 with elevated 

concentrations towards the rim of the silica-glass capsule, Na2O between 21.3 and 30.6 wt%,  

K2O between  20.7 and 21.7 and CaO between 5.2 and 11.0 wt%. This indicates that the 

produced carbonatite melt is not homogeneous either. Also trace element concentrations were 

affected by the interaction of the quenched carbonatite melt with the silica glass capsule, 

resulting in variation up to 10 ppm (Fig D.2).  

Concentrations of experiments LM106 and LM111 were normalized to 1 wt% Spike and 

Cs was taken as internal reference to normalize the experiments vs. the calculated spike 

composition (Fig. D.3).  

 
Fig. D.3. Ratio between experiments LM106 (A) and LM 111 (B) and Spike compositions per 1 wt% added 

spike employing Cs for internal normation. Ta is excluded from the figure as its concentrations is 5-order of 

magnitude lower than added in the spike concentration.  
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Be, Ga, Ge, Zr and in particular Hf have depleted concentrations in experiments LM106 with 

respect to the added spike concentrations. On the other hand, Fe, Co, Zn, Mo and Pb as well 

as surprisingly Ge and Ga have depleted concentrations in experiments LM111 with respect 

to the added spike concentrations.  

The same results are plotted in Fig. D.4 differently, where I calculated the ratio between 

the trace element concentrations in experiment LM106 with the average trace element 

concentration of the glass produced in experiment LM111 (adapted system from Keshav, see 

also Appendix A), normalized to 1 wt% added spike in each starting material (Fig. D.3).  

 

Fig. D.4. Calculated ratio between the trace element concentrations per 1 wt% added spike in experiment 
LM106 with the trace element concentration of the average glass produced in experiment LM111 (adapted 
system from Keshav, see also Appendix A) per 1 wt% added spike.  
 

The trace element ratios between experiments LM106 and LM111 are within a range of factor 

2 (yellow bar, Fig. D.4) for most elements. However, Be, Zr, Nb and Hf are higher and Fe, 

Co, Ni, Cu, Zn, Ga, Mo, Cd, Sn, Pb and Bi lower. Fig. D.5 shows the absolute trace element 

concentrations from LA-ICP-MS analysis of quenched carbonatite melt, the grey and white 

mineral at the rim of the quenched carbonatite melt (Fig. D.1 D) and of the silica glass 

capsule in experiment LM106. The elevated Be, Zr, Nb, Hf ratios in Fig. D.4, respectively the  
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Fig. D.5. Absolute trace element concentrations from LA-ICP-MS analysis of quenched carbonatite melt, the 
grey and white mineral at the rim of the quenched carbonatite (Fig. D-1-D) and of the silica glass capsule in 
experiment LM106.  

 

low ratios in Fig. D.3. A results from the high concentration of these elements in the grey 

minerals next to the quenched carbonatite melt and hence depletion of these elements in the 

quenched carbonatite melt of experiment LM106. Thus these elements had a higher 

preference of the silica glass capsule and its reaction minerals repectively than for the 

carbonatite melt. 

The elevated ratios of Fe, Co, Ni, Cu, Zn, Ga, Mo, Cd, Sn, Pb in favor of experiment LM106 

compared to LM111 (Fig. D.3 and D.4), results from the loss of these elements to the alloy of 

the metal capsule in experiment LM111. In experiment LM106, these elements could not 

disappear into the alloy of the metal capsule as the melt was separated from the metal by the 

silica-glass capsule in experiment LM106. Moreover, the REE elements of the carbonatite 

melt in experiment LM106 are also affected and decrease in their concentration from the 

LREE to the HREE. This effect results from the fractionation of the REE minerals into the 

grey mineral phase (Fig. D.1 D and D.4).  

In summary, the attempt to synthesize a carbonatite standard with bulk composition 

identical to the starting material for LA-ICP-MS analysis failed both in a metal and silica-

glass capsule. The element concentrations in the quenched carbonatite melt within the silica 

glass capsule is heterogeneous, as the carbonatite melt interacted with the silica-glass of the 

capsule. This resulted in the crystallization of minerals at the contact zone of the silica-glass 

capsule and the carbonatite melt. These minerals had an increased preference for Be, Zr, Nb 

and Hf, which let to a loss of these elements in the quenched carbonatite melt. As indicated by 

the experiment in the Pt-capsule (experiment LM111), Fe, Co, Ni, Cu, Zn, Ga?, Mo, Cd, Sn, 

Pb and Bi escaped to the alloy of the metal capsule. This is an explanation for the low 

concentrations of these trace elements in chapter 3 and 4.  

However, as the immiscible carbonatite- and silicate melts were present in the same 

capsule, the bulk system suffered the same loss of these elements. Hence the determined 

partition coefficients for these elements are still valid, as run duration were long enough to 

attain chemical equilibrium.  
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