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Abstract 10 

Carbonatites are rare igneous carbonate-rich rocks. Most carbonatites contain a large number 11 

of accessory oxide, sulfide and silicate minerals. Baddeleyite (ZrO2) and zircon (ZrSiO4) are 12 

common accessory minerals in carbonatites and as these minerals host high concentrations of 13 

U and Th, they are often used to determine the ages of formation of the carbonatite. In an 14 

experimental study we constrain the stability fields of baddeleyite and zircon in Ca-rich 15 

carbonate melts with different silica concentrations. Our results show that SiO2-free and low 16 

silica carbonate melts crystallize baddeleyite, whereas zircon only crystallizes in melts with 17 

higher concentration of SiO2. We also find that the zirconsilicate baghdadite (Ca3ZrSi2O9) 18 

crystallizes in intermediate compositions. Our experiments indicate that zircon may not be a 19 

primary mineral in a low-silica carbonatite melt and care must be taken when interpreting 20 

zircon ages from low-silica carbonatite rocks. 21 
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Introduction 27 

Carbonatites are rare igneous carbonate-rich rocks. Their genesis is still under debate 28 

and the most popular models involve partial melting from a CO2-rich peridotite (Wallace and 29 

Green 1988; Sweeney 1994; Harmer and Gittins 1998), differentiation of CO2-rich silicate 30 

melts (Gittins 1988; Gittins and Jago 1998), liquid immiscibility (Kjarsgaard and Hamilton 31 

1988; Brooker and Kjarsgaard 2011), or a combination of the aforementioned processes. 32 

Carbonatites occur usually in continental cratons related to rifting zones (Gittins 33 

1988), and are often associated with silica undersaturated and alkaline rocks, e.g. phonolites, 34 

ijolites, or syenites. Although widespread in these tectonic settings, carbonatites are 35 

volumetrically small but they can contain economically important ore minerals (Mariano 36 

1989). Carbonatites are known for their low viscosity (Dobson et al. 1996; Kono et al. 2014) 37 

and excellent wetting properties (Minarik and Watson 1995), which makes them effective 38 

metasomatic agents in the Earth’s mantle (Wallace and Green 1988; Yaxley et al. 1991; 39 

Klemme et al. 1995).  40 

Le Maitre defined carbonatite as rocks that contain 50% carbonate minerals and less 41 

than 20 wt.% of SiO2 (Le Maitre 2002) and this is the basis for the IUGS classification of 42 

carbonatites. However, it was noted subsequently that with this classification many 43 

‘carbonatite-like’ rocks are out of the carbonatite range, leading Mitchell (2005) to divide 44 

carbonatites into two groups: (1) calcite and/or dolomite carbonatites that are primary and 45 

genetically related to magmas originated in the mantle and (2) ‘carbothermal’ residua derived 46 

from a wide variety of magmas.   47 

Carbonatites are known to host a large number of unusual oxide and silicate accessory 48 

minerals, including pyrochlore, perovskite, titanite, baddeleyite or zircon. As both zircon and 49 

baddeleyite can incorporate large amounts of U and Th, these minerals are commonly 50 

employed to determine the ages of formation of the carbonatites (e.g., Heaman and 51 

LeCheminant 1993; Reischmann et al. 1995).  52 
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Baddeleyite is relatively rare in nature, usually present in silica-undersaturated rocks, 53 

such as carbonatites, kimberlites, syenites, anorthosites, and some mafic and ultramafic rocks. 54 

It is also found in meteorites, lunar basalts and some Martian rocks (Heaman and 55 

LeCheminant 1993; Klemme and Meyer 2003; Rodionov et al. 2012). In contrast, zircon is 56 

widespread and occurs in a large variety of rocks, ranging from undersaturated to over-57 

saturated igneous rocks, but it is most commonly found in igneous rocks of intermediate to 58 

silica-saturated compositions (Hoskin and Schaltegger 2003). Natural carbonatite may contain 59 

both baddeleyite and zircon as accessory minerals (e.g. Tichomirowa et al. 2013; 60 

Chakhmouradian et al. 2015). However, carbonatite zircons are usually large and well faceted 61 

and it has been suggested that many carbonatitic zircons may be xenocrysts (Barker 2001).  62 

To investigate the respective stabilities of baddeleyite and zircon in carbonatites, we 63 

performed experiments in a range of different bulk compositions ranging from Ca-rich 64 

carbonate and silica-free melts to more complex Ca-rich silica-rich carbonate melts. Our aim 65 

was to constrain the stability fields of both baddeleyite and zircon in a simplified carbonatite 66 

system as a function of temperature and silica concentration in the melt. 67 

68 

Methods 69 

Starting materials 70 

The starting materials consist of haplo-carbonatite mixtures (Table 1). Eight different 71 

starting materials were prepared with analytical grade material: CaCO3, Na2CO3, SiO2, 72 

4MgCO3Mg(OH)2 and Zr(OH)2CO3, sourced from Merck and Alfa Aesar. The starting 73 

material compositions range from high-CaO and silica-free systems to high SiO2 and low CaO 74 

compositions, with their (CaO+MgO+Na2O)/SiO2 ranging from 0.5 to 11.1. Trace elements 75 

were added to the starting material mixtures as standard solutions (Zr, Hf, Nb, Ta, Ti, Th, U, 76 

P, Rb, Sr, Ba, Cs, La, Ce, Sm, Nd, Yb, Lu, Pb, V, Sc, Mo, W) in concentrations of 100 µg/g 77 
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each. To prepare the starting materials, oxides and carbonates were mixed and ground in an 78 

agate mortar under acetone for 30 min. 79 

Experiments 80 

All experiments were performed in an end-loaded piston cylinder apparatus (Boyd and 81 

England 1960) at the Institut für Mineralogie, Münster University. The piston cylinder 82 

assembly consists of two inner cylinders made of crushable alumina (6 mm O.D.), and one 83 

cylinder made of boron nitride (6 mm O.D., 2 mm I.D), into which the capsule was inserted. 84 

The inner parts of the assembly are surrounded by a thin graphite furnace and outer Duran 85 

(Schott, Germany) glass and talc sleeves. Around 2 or 3 mg of starting material were sealed in 86 

Pt-capsules (2 mm O.D. and ca. 2.2 mm in length) using a PUK 3 Professional arc welder 87 

(Lampert Werktechnik GmbH, Germany). Most experiments were run with two capsules. Due 88 

to the large amount of low viscosity melt in most experiments, several preliminary runs 89 

leaked and were not used in this study. All experiments were performed at 0.7 GPa for 24 or 90 

48 hours at temperatures of either 1000 °C or 1200 °C (Table 2). The chemical composition 91 

of the system forced us to run the experiments at these temperatures as runs at T<1000°C 92 

would be subsolidus. 93 

The temperatures were measured by W97Re3–W75Re25 thermocouples and controlled 94 

with a Eurotherm controller. The samples were quenched by cutting off the electrical power, 95 

which caused the temperature to drop to 100°C in less than five seconds. A pressure 96 

correction of -10% calibrated on the quartz–coesite transition (Bose and Ganguly 1995) and 97 

the MgCr2O4+SiO2 = MgSiO3+Cr2O3 reaction (Klemme and O’Neill 1997) was applied. As 98 

most experiments were synthesis runs, we performed a few experimental reversal zircon 99 

dissolution runs (Harrison and Watson 1983; Gervasoni et al. 2016), in which cubes of a 100 

natural zircon crystal (0.8 mm side length, origin: Burma) were immersed in two melt 101 

compositions, CaMix15-D and CaMix16-D (Table 1). For these experiments, we used larger 2 102 
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mm O.D. and 4 mm long Au80Pd20 capsules. The reversal dissolution experiments were run 103 

for 72 h at 1200 °C and 0.7 GPa. 104 

Analytical Methods 105 

A Scanning Electron Microscope (SEM) JEOL 6610LV with an EDX system was 106 

used to characterize the run products. Major and minor element concentrations of the 107 

quenched carbonatite melt, silicate glasses and minerals were measured using JEOL JXA-108 

8900 and JEOL JXA-8530F microprobes at the Insitut für Mineralogie, Münster University. 109 

The quenched melts were analyzed using an acceleration voltage of 15 kV, a beam current of 110 

10 nA and a beam size of 10 to 20 μm diameters. Counting times for all elements were 5 s on 111 

the peak and 2.5 s on the background. Crystals were analyzed with a beam current of 15 nA 112 

and a beam varying from 5 to 10 μm according to the size of the crystal. The counting time of 113 

each element during the crystal analysis was 10 s (peak) and 5 s (background) except for Na 114 

which was analyzed for 5 and 2.5 s respectively. For better characterization of the mineral 115 

baghdadite (Ca3ZrSi2O9) that was found in CaExp38 and CaExp39, Raman spectroscopic 116 

analysis was performed using a Jobin-Yvon LabRam HR800 spectrometer with a 532 nm 117 

wavelength laser at the Institute for Physical Chemistry, Münster University. The spectrum 118 

was obtained by averaging two spectra with an acquisition time of 30 s in frequency ranges 119 

between 120 to 1800 cm-1 and 3000 to 3800 cm-1 to search for O-H vibrations. 120 

121 

Experimental results 122 

In general, run products consist of quenched Ca-rich carbonate melt, or a quenched 123 

Ca-rich silicate-carbonate melt (SiO2 > 20 wt.%), each coexisting with various crystalline 124 

phases (Fig. 1; Table 2). The Ca-rich carbonate melts show typical dendritic quench textures 125 

consisting of swarms of elongated crystals (Fig. 1a, b, c, d), distinctly different to the silicate-126 

carbonate melts which quench to a homogeneous glass (Fig. 1e, f). 127 
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The compositions of the Ca-rich carbonate melts are homogeneous throughout the 128 

capsule when measured with a 20 µm sized beam (Table S1). Melt compositions have 129 

CaO/SiO2 ranging from 0.5 to 8.3 according to the bulk SiO2 concentration of the system. 130 

Melt compositions range from low-silica carbonate melts with 40-50 wt.% CaO and 25-45 131 

wt.% CO2 to Ca-rich silicate-carbonate melts, with about 30 wt.% CaO, 30 wt.% SiO2 and  132 

less than 25 wt.% CO2. It is important to stress that the CO2 concentrations of melts were 133 

calculated from the difference between measured EMP totals and 100 %. Baddeleyite occurs 134 

in almost all runs in contrast to zircon that was found only in SiO2-rich melts. Some 135 

experiments contain wollastonite (CaSiO3), baghdadite (Ca3ZrSi2O9), Ca2ZrSi4O12, 136 

clinopyroxene and natrite (Na2CO3) (Table 2). The average composition of the phases present 137 

in our run products are given in Table S2. 138 

Experiments at 1000 °C 139 

Four experiments were performed at 1000 °C. The  melts  in  these  experiments  had  140 

CaO/SiO2 ranging from 1.7 to 5.2 (Table S1). Baddeleyite, with sizes ranging from 1-10 µm, 141 

crystallized in melts that has low SiO2 bulk composition (CaExp 32) (Tables 2 and S1). In two 142 

further experiments, baddeleyite occurs as inclusions in baghdadite (Fig. 1a). Zircon is  143 

present at 1000°C only in run CaExp41 (Table 2 and S1) and it is euhedral with sizes ranging 144 

from 1-15 µm (Fig. 1b). Some zircon crystals contain small inclusions of baddeleyite. 145 

Wollastonite occurs in all experiments at 1000°C as euhedral crystals, usually ranging from 146 

20 up to 100 µm in size (Fig. 1a, b). Wollastonite sometimes contains small inclusions of 147 

baddeleyite, zircon or baghdadite. Baghdadite occurs in runs CaExp38 and CaExp39 at 148 

1000°C and the crystals are euhedral, 20-100 µm in size and commonly contain inclusions of 149 

baddeleyite (Fig. 1a). Clinopyroxene occurs only in one experiment next to wollastonite 150 

crystals, with sizes of 5 to 10 µm (Fig. 1a). Minor quench natrite (Na2CO3) crystals occur in 151 

CaExp39, CaExp40 and CaExp41, interpreted to have formed as an immiscible phase from 152 

the Ca-rich silicate-carbonate melt. The natrite crystals are rectangular and 5-30 µm in size. 153 
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Experiments at 1200 °C  154 

Baddeleyite occurs in almost all run products at 1200 °C (Table 2). The crystals are 1-155 

10 µm in size and euhedral in low-SiO2 carbonate melts (Fig. 1c, d) and anhedral with a 156 

rounded shape in melts with higher SiO2 concentrations (Fig. 1e). Zircon is present in six 157 

experiments, in five of them coexisting with baddeleyite and wollastonite (Fig. 1e) (Table 2). 158 

Zircon occurs as subhedral to euhedral crystals. Their sizes range from 1-20 µm, and they 159 

often contain baddeleyite as an inclusion (Fig. 1e, f). Wollastonite occurs in five experiments 160 

at 1200°C together with baddeleyite and zircon (Table 2). Wollastonite is euhedral in our runs 161 

and 5-30 µm in size (Fig. 1e). We also find euhedral to subhedral Ca2ZrSi4O12 crystals in run 162 

CaExp 58, in sizes from 10-30 µm. 163 

The zirconosilicates baghdadite and Ca2ZrSi4O12164 

Baghdadite is a Ca-Zr silicate which was first found in a melilite skarn in the Qala-165 

Dizeh region, Iraq (Al-Hermezi et al. 1986). It is a rare mineral that belongs to the cuspidine 166 

group (Dul et al. 2014), and it was also found in skarns from Japan, Norway, and Russia 167 

(Jamtveit et al. 1997; Matsubara and Miyawaki 1999; Shiraga et al. 2001; Galuskin et al. 168 

2007) and in metamorphosed carbonatites from the Canary Islands (Casillas et al. 2008). Al-169 

Hermezi et al. (1986) suggested that baghdadite was a product of the reaction of calcite and 170 

wollastonite with a Zr-rich melt, following the reaction: 2CaSiO3 + CaCO3 + ZrO2 (liq.) → 171 

Ca3ZrSi2O9 + CO2. However, we cannot comment on the origin of natural baghdadite but 172 

considering the rarity of this mineral, we characterized the crystals in our runs using Raman 173 

spectroscopy (Fig. 2a). When we compare the Raman spectrum of our experimental high-174 

temperature baghdadite with the synthetic baghdadite studied by Dul et al. (2015) we find 175 

generally good agreement, except the peaks related to H-O bonds and C-O bonds found in our 176 

crystals. 177 

The other rare zirconosilicate phase present in one of our experiments is Ca2ZrSi4O12 178 

(Kordyuk and Gulko 1962), which occurred at 1200°C and 0.7 GPa. Ca2ZrSi4O12 is a 179 
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cyclosilicate (Vetsuki et al. 1985; Colin et al. 1993) which has not been reported in nature, 180 

yet. However, we suggest that Ca2ZrSi4O12 should be stable in SiO2-rich carbonatites with a 181 

significant Zr-content. The Raman spectrum of this phase is given in Figure 2b and may help 182 

to identify naturally occurring Ca2ZrSi4O12. To our knowledge, no Raman spectrum of this 183 

phase has been published.  184 

Reversal zircon dissolution experiments 185 

To test the results of our synthesis experiments, additional dissolution experiments 186 

were performed in which small cubes of a natural gem quality zircon crystal were immersed 187 

in two different melt compositions, namely a SiO2-free Ca-rich carbonate melt (run CaMix15-188 

D) and a Ca-rich silicate-carbonate melt with 17 wt.% SiO2 (CaExp16-D).189 

The results show that in a silica-free carbonatite composition (CaExp 59-D) the zircon 190 

cube was partially dissolved and replaced by baddeleyite and melt (Fig. 3a). The significant 191 

dissolution of zircon in a silica-free Ca-rich carbonate melt shows that zircon cannot be stable 192 

in such silica-poor melts. The final equilibrated melt in this run contains 32.8 wt.% SiO2 and 193 

6.3 wt.% ZrO2 (Fig. 4b, Table S1),  which  is  very  similar  to  the  melts  of  the  synthesis  194 

experiments which contain both baddeleyite and zircon (CaExp 25, 29, 40, 55, 61). In run 195 

CaExp60-D, the zircon cube was immersed in a melt initially containing 17 wt.% SiO2. The 196 

final equilibrated melt is found only very close to the partially dissolved cube (Fig. 3b) and its 197 

composition is much higher in SiO2 (42.1 wt.%) (Fig. 4b, Table S1) and lower in ZrO2 (0.9 198 

wt.%) compared to CaExp59-D. Baddeleyite crystals grow on the rim of the zircon cube 199 

directly in contact with the melt. Zircon dissolution and subsequent recrystallization can also 200 

be observed in CaExp60-D (Fig. 3b). Melts from both dissolution experiments  are  further  201 

characterized by low CaO contents (2-3 wt.%) compared to the CaO content of the starting 202 

material  (30-40%  CaO).  In  summary,  the  results  from  our  reversal zircon dissolution 203 

experiments agree well with the synthesis experiments (Table S1). 204 

The stability of baddeleyite and zircon in silica-bearing carbonate melts 205 
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Figure 4 depicts the melt compositions of our run products at different temperatures in 206 

terms of SiO2 and ZrO2. At 1000°C (Fig. 4a), baddeleyite crystallizes in Ca-rich carbonate 207 

melts with less than 10 wt.% SiO2 and a high CaO/SiO2 ratio of 5.2. In contrast, zircon occurs 208 

in our experiments together with wollastonite only in melts with higher SiO2 concentrations, 209 

i.e. SiO2>20 wt.% and CaO/SiO2= 1.7. Baghdadite and wollastonite crystallize together in210 

melts with 13.9 and 15.8 wt.% of SiO2 and CaO/SiO2 of 2.8 and 2.3, respectively. Baghdadite 211 

is a zirconosilicate phase that occurs in our experiments only in intermediate melts (in terms 212 

of silica) between the stability field of baddeleyite and zircon (Fig. 4a). The presence of 213 

baghdadite instead of zircon in low-silica carbonate melts (i.e., SiO2 <20 wt.%), shows that 214 

zircon indeed needs high silica concentrations in melts to crystallize. 215 

At 1200 °C, baddeleyite occurs in almost all runs in equilibrium with melts with SiO2 216 

ranging from 0-34.3 wt.%. At this temperature, baddeleyite is the only zirconium phase in 217 

melt compositions with SiO2 lower than 20 wt.% (Fig. 4b). Zircon, on the other hand, occurs 218 

together with wollastonite and baddeleyite in Ca-rich silicate-carbonate melts with at least 30 219 

wt.% of SiO2 (Fig. 4b). To crystallize zircon without baddeleyite at 1200°C, the SiO2 220 

concentration of the melts must be higher than 40 wt.% and CaO/SiO2 <1 (CaExp57 and 221 

CaExp58). 222 

223 

Discussion 224 

The main aim of this study was to define the stability field of baddeleyite and zircon in 225 

carbonate melts with different SiO2 concentrations, and hence, to understand the occurrence 226 

of baddeleyite, zircon, and other silicate minerals in silica-undersaturated rocks such as 227 

carbonatites. To address this question, we investigated experimentally the relative stability of 228 

baddeleyite (ZrO2) and zircon (ZrSiO4) in carbonate melts with different SiO2-contents. 229 

However, crystallizing zircon in our experiments proved to be a challenge. Only eight of our 230 

run products contain zircon, and most of them also contain baddeleyite and wollastonite. 231 
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As most naturally occurring carbonatite melts are undersaturated in silica, baddeleyite 232 

should be the most abundant Zr-rich accessory mineral in these rocks, and it is indeed a 233 

prominent mineral in carbonatite. For instance, the Phalaborwa carbonatite contains large 234 

crystals of baddeleyite (e.g., Eriksson 1984; Heaman and LeCheminant 1993), but it is also 235 

common in other carbonatites such as at the Kovdor Massif in the Kola alkaline province in 236 

northern Russia (e.g., Rodionov et al. 2012) or the Mud Tank Complex in Australia (Hoskin 237 

and Schaltegger 2003). Nevertheless, zircon also occurs in the aforementioned carbonatites, 238 

and indeed in many others carbonatites, often as large and euhedral crystals.  239 

Barker (2001) suggested that zircons either form as a primary phases in carbonatite 240 

magmas with high silica activity, or that zircons are entrained from other silicate magmas 241 

(parental or coeval), or as xenocrysts. Furthermore, he also suggested that zircon in 242 

carbonatite may be products of subsolidus alteration or accidental phases incorporated during 243 

subsolidus flow (Barker 1989, 1993). Our results may shed some further light on the origin of 244 

zircon in carbonatite, as they show that baddeleyite is stable in low-silica carbonate melts but 245 

zircon is stable only in more evolved Ca-rich silicate-carbonate melts with significant 246 

concentrations of SiO2. 247 

If a primary carbonate melts evolves towards higher SiO2 contents by fractionation or 248 

contamination, our experiments suggest that baddeleyite crystallizes first, followed by 249 

baghdadite that crystallizes in melts of 13-14 wt.% SiO2. Zircon crystallizes only in melts 250 

with at least 20 wt.% SiO2 (Fig. 4 a, b). Moreover, if zircons in carbonatite are xenocrysts 251 

(Barker 2001), our experiments indicate that they cannot survive in a silica-poor melt for a 252 

long time without being dissolved (Fig. 3b; Run CaExp-60D).  253 

The zircon saturation in these carbonate-rich systems is sensitive to temperature, 254 

resulting in a higher Zr concentration in melts with higher temperatures (Fig. 4 a, b). This is in 255 

good general agreement with other zircon saturation studies (Watson and Harrison 1983; 256 

Boehnke et al. 2013; Gervasoni et al. 2016). Marr et al. (1998) also studied the stability of Zr-257 
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bearing phases in peralkaline melt compositions. According to their experiments, zircon 258 

crystallizes only in melts with at least 57-60 wt.% SiO2, and peralkaline melts with lower 259 

SiO2 crystallize wadeite (K2ZrSi3O9) as the predominant Zr-bearing phase. Our results in 260 

carbonate-rich melts agree with this observation, as we find that the zirconosilicate baghdadite 261 

is stable in our experiments at 1000°C and this restricts zircon crystallization to melts with 262 

>20 wt.% SiO2.Our experiments were done in a rather simple chemical composition, and263 

addition of more components to the system would most likely stabilize an entirely different 264 

suite of accessory minerals, e.g. addition of Ti should stabilize calzirtite (CaZr3TiO9), 265 

zirconolite (CaZrTi2O7) or Zr-bearing perovskite (CaTiO3). 266 

In addition, several studies showed that zircons from carbonatite exhibit extreme 267 

variability in terms of trace element composition (Savva et al. 2010; Rodionov et al. 2012). 268 

This chemical variability may indicate that the zircon records the complex evolution of the 269 

evolving melts (Belousova et al. 1998, 2002; Chakhmouradian and Williams 2004; Rodionov 270 

et al. 2012). Therefore, care should be taken when using zircons for geochronology and other 271 

geochemical studies of carbonatites, as zircon in many carbonatites may not be a primary 272 

phase but most likely a phase that crystallized from a differentiated and evolved silica-rich 273 

magma. 274 

275 

Implications 276 

We investigated the stability of baddeleyite and zircon in a variety of carbonate-rich 277 

melts, ranging from low-silica Ca-rich carbonate melt to Ca-rich silicate-carbonate melts. Our 278 

experiments show that the primary Zr-phase in low-silica carbonatites is baddeleyite. 279 

Baddeleyite crystallizes in Ca-rich carbonate melts with SiO2 contents lower than 20 wt.% 280 

and in Ca-rich silicate-carbonate melts of at least 30 wt.% of SiO2. Zircon does not occur in 281 

low-silica carbonate melts and only crystallizes when the melt evolves to Ca-rich silicate-282 

carbonate compositions with at least 20 wt.% of SiO2 at 1000 °C or 30 wt.% of SiO2 at 1200 283 



12

°C. Dissolution experiments also show that zircon cannot be a stable phase in silica-free 284 

carbonate melts, but it can only be stable in evolved melts with higher SiO2 concentrations. 285 

Thus, we suggest that zircon in carbonatites crystallized from melts with high SiO2 286 

concentrations and that zircon found in SiO2-poor carbonatites did not crystallize from a 287 

primary calciocarbonatite magma. Therefore, the use of zircon for geochronology and 288 

geochemical studies of carbonatites requires extra caution since zircon might not be a primary 289 

phase in such rocks. We would like to recommend using baddeleyite for dating of low-silica 290 

carbonatites as this is most likely the primary mineral in these rocks. 291 
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List of Figures 423 

Figure 1. Back-scattered electron images of representative experimental run products. a) Run 424 

CaExp38: wollastonite, baghdadite and clinopyroxene in a quenched carbonatite with 15.8 425 

wt.% SiO2 at 1000 °C; wollastonite and baghdadite form euhedral crystals; baghdadite often 426 

contains baddeleyite as inclusions; clinopyroxene is euhedral and occurs in contact with 427 

wollastonite; b) Run CaExp41: euhedral zircon and wollastonite crystallized in a quenched 428 

Ca-rich silicate-carbonate melt with 20 wt.% SiO2 at 1000 °C; some zircon crystals contain 429 

submicron-sized inclusions of baddeleyite; c) Run CaExp7: euhedral baddeleyite crystallized 430 

in a quenched carbonatite melt with no SiO2 at 1200 °C; d) Run CaExp12: euhedral 431 

baddeleyite crystallized in a quenched carbonatite melt with 5.2 wt.% SiO2 at 1200 °C; e) Run 432 

CaExp40: zircon, baddeleyite and wollastonite crystallized in a Ca-rich silicate-carbonate 433 

melt with 31.7 wt.% SiO2 at 1200 °C; zircons are euhedral and contain baddeleyite and 434 

wollastonite inclusions, baddeleyite exhibits a rounded shape typical for our run products with 435 

Ca-rich silicate-carbonate melt. Wollastonite is usually euhedral, and a few pools exist with 436 

Na-fluids; f) Run CaExp 57: small and euhedral zircons crystallized in a Ca-rich silicate-437 

carbonate melt with 40.6 wt.% SiO2 at 1200 °C; some zircon crystals contain small 438 

baddeleyite inclusions; fluid pools are Na-rich in composition. 439 
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440 

Figure 2. Raman spectrum of the mineral baghdadite (a) in run CaExp 38 and the crystalline 441 

phase Ca2ZrSi4O12 (b) in run CaExp58. 442 

443 

Figure 3. Back-scattered electron images of the zircon dissolution experiments. a) Run 444 

CaExp59-D: A silica-free carbonatite melt causes zircon replacement by baddeleyite and 445 

melt; b) Run CaExp60-D: zircon has only been partially dissolved by a silicate-carbonate melt 446 

(CaMix16-D). Baddeleyite crystallized at the zircon rims which was in contact with the melt. 447 

448 

Figure 4: Accessory phase stability in different experimental melt compositions: a) at 1000 449 

°C; b) at 1200 °C. At 1000°C baddeleyite is stable in melts with 0-13 wt.% SiO2 and zircon is 450 

stable in melts with more than 17% SiO2. At 1000 °C, there is an intermediate stability field 451 

of wollastonite and baghdadite. At 1200°C, baddeleyite is stable in melts with 0-25 wt.% SiO2 452 

and zircon is stable in melts with more than 40 % SiO2. In melts with around 30% SiO2 453 

baddeleyite, zircon and wollastonite crystallize in our experiments. Abbreviations: 454 

badd=baddeleyite; zrn=zircon; woll=wollastonite; baghda=baghdadite. The dashed lines are 455 

handdrawn to separate stability fields of baddeleyite and zircon. 456 
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Tables 457 

Table 1. Starting material compositions (wt.%) 458 

CaMix6 CaMix7 CaMix8 CaMix9 CaMix10 CaMix11 CaMix13 CaMix14 CaMix15-
D* 

CaMix16-
D* Wollastonite 

CaO 39 37 36 33 29 31 25 18 45 37 48 
Na2O 8 7 7 6 6 6 5 2 9 7 - 
MgO 2 2 2 2 1 1 1 1 2 2 - 
SiO2 0 4 8 15 26 21 28 45 0 17 52 
ZrO2 10 10 10 9 8 8 13 14 0 0 - 
CO2 40 38 36 34 29 31 26 19 43 36 - 
H2O 2 2 1 1 1 1 2 2 1 1 - 
Total 100 100 100 100 100 100 100 100 100 100 100 

(CaO+MgO+Na2O)/SiO2 - 11.1 5.6 2.8 1.4 1.9 1.1 0.5 - 2.8 - 
*CaMix15-D and CaMix16-D are starting materials used in ‘reversal’ zircon dissolution experiments.459 
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Table 2. Experimental run conditions and results  460 

Runs Starting 
material P (Gpa) T°C Time (h) Badd and/or Zrn Other phases 

CaExp07 CaMix6 0.7 1200 24 Badd Lc 
CaExp11 CaMix6 0.7 1200 24 Badd Lc 
CaExp12 CaMix7 0.7 1200 24 Badd Lc 
CaExp13 CaMix8 0.7 1200 24 Badd Lc 
CaExp14 CaMix8 0.7 1200 24 Badd Lc 
CaExp24 CaMix9 0.7 1200 24 Badd Ls 
CaExp25 CaMix10 0.7 1200 24 Zrn+badd Woll+Ls 
CaExp26 CaMix7 0.7 1200 24 Badd Lc 
CaExp28 CaMix9 0.7 1200 24 Badd Ls 
CaExp29 CaMix10 0.7 1200 24 Zrn+badd Woll+Ls 
CaExp40 CaMix11 0.7 1200 24 Zrn+badd Woll+Ls 
CaExp42 CaMix9 0.7 1200 24 Badd Ls 
CaExp55 CaMix13 0.7 1200 24 Zrn+badd Woll+Ls 
CaExp57 CaMix14+Woll 0.7 1200 24 Zrn Ls 
CaExp58 CaMix14 0.7 1200 24 Zrn Woll+Ca2ZrSi4O12+Ls 
CaExp61 CaMix13+Woll 0.7 1200 24 Zrn+Badd Woll+Ls 
CaExp32 CaMix9 0.7 1000 24 Badd Woll+Lc 
CaExp38 CaMix8 0.7 1000 48 - Woll+Baghda+Cpx+Na2CO3+Lc
CaExp39 CaMix9 0.7 1000 48 - Woll+Baghda+Na2CO3+Lc
CaExp41 CaMix11 0.7 1000 48 Zrn Woll+Na2CO3+Lc

CaExp59-D CaMix15-D* 0.7 1200 72 Zrn+Badd Ls
CaExp60-D CaMix16-D* 0.7 1200 72 Zrn Ls

461 

Badd = baddeleyite; Zrn = zircon; Woll = wollastonite; Baghda = baghdadite (Ca3ZrSi2O9); 462 

Cpx = clinopyroxene; Ca2ZrSi4O12; Na2CO3; Lc = quenched carbonate melt; Ls = quenched 463 

silicate-carbonate melt. The CaExp57 was run with a mixture of 90% CaMix14 + 10% 464 

wollastonite component and CaExp61 was run using a mixture of 90% CaMix13 + 10% 465 

wollastonite component. Dissolution experiments (CaExp59-D and CaExp60-D) were 466 

performed with their respective starting materials (Table 1) and a zircon cube of 0.8 mm side 467 

length. 468 

469 
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