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”Education is not filling a bucket, but lighting a fire.”

William Butler

”Thermodynamics is a funny subject. The first time you go through it, you don’t

understand it at all. The second time you go through it, you think you understand it,

except for one or two small points. The third time you go through it, you know you don’t

understand it, but by that time you are so used to it, it doesn’t bother you anymore.”

Arnold Sommerfeld
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Abstract

Subsolidus and melting phase relations in the ternary system CaCO3-MgCO3-FeCO3 were

experimentally investigated at pressures to 6 GPa. Based on these new experimental data, thermo-

dynamic models that describe the behavior of Ca-Mg-Fe carbonates and carbonatites are proposed.

Subduction carries atmospheric and crustal carbon hosted in the altered oceanic crystalline base-

ment and in pelagic sediments back into the mantle. Reactions involving complex carbonate solid

solutions(s) lead to the transfer of carbon into the mantle, where it may be stored as graphite/diamond,

in fluids or melts, or in carbonates. To constrain the thermodynamics and thus reactions of the

ternary Ca-Mg-Fe carbonate solid solution, piston cylinder experiments have been performed in

the system CaCO3-MgCO3-FeCO3 at a pressure of 3.5 GPa and temperatures of 900-1100 ◦C. At

900 ◦C, the system has two miscibility gaps: the solvus dolomite-calcite, which closes at XMgCO3

∼ 0.7, and the solvus dolomite-magnesite, which ranges from the Mg to the Fe side of the ternary.

With increasing temperature, the two miscibility gaps become narrower until complete solid so-

lutions between CaCO3-Ca0.5Mg0.5CO3 is reached at 1100 ◦C and between CaCO3-FeCO3 at

1000 ◦C. The solvi are characterized by strong compositional asymmetry and by an order-disorder

mechanism. To deal with these features, a solid solution model based on the van Laar macroscopic

formalism has been calculated for ternary carbonates. This thermodynamic solid solution model

is able to reproduce the experimentally constrained phase relations in the system CaCO3-MgCO3-

FeCO3 over a broad P-T range. To test our model, calculated phase equilibria were compared with

experiments performed in carbonated mafic protolithes, demonstrating the reliability of our solid

solution model at pressures to 6 GPa in complex systems.

Order/disorder phenomena in dolomite are crucial to better understand carbonate phase relations

in the ternary system CaCO3-MgCO3-FeCO3. With increasing temperature, the low T structure

of dolomite (R3) transforms into the disordered higher symmetry structure (R3c); the degree of

order can be quantified with the Long Range Order (LRO) parameter.

Temperature, pressure, kinetics and compositional dependence of the disordering process in Fe-

bearing dolomites were investigated. To avoid quench effects, in-situ, powder XRD high-temperature

synchrotron experiments were performed at high-pressure. The LRO has been determined using

the peak height ratio I201/I110 of the ordering and disordering reflections.

Time-series experiments show that structural disordering occurs in 20-30 minutes at low temper-

atures and in a few minutes at temperatures above ∼ 1000 K. The order parameter is pressure

independent between 2.5 - 4.2 GPa, and decreases with increasing temperature and iron content.

The temperature-composition dependence of the disorder process was fitted with a phenomenolog-

ical approach intermediate between the Landau theory and the Bragg-Williams model. Addition-
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ally, this study provides information on the understanding of the breakdown reaction of dolomite,

showing that the assemblage aragonite + Fe-bearing magnesite is stable at low pressure and low

temperature, locating the reaction boundary at 3 GPa and temperature lower than 500 ◦C.

Carbonatitic liquids are highly mobile and extremely enriched in trace elements thus affecting

the geochemistry of the mantle and the global C-cycle. Experimental studies in pseudo-natural

systems have determined the carbonatitic solidus for sedimentary, basaltic and peridotitic bulk

compositions, showing that the solidus temperature is strongly affected by the composition of the

subsolidus carbonate in the ternary CaCO3-MgCO3-FeCO3. To predict melting relations in com-

plex systems, it is crucial to know the liquidus surface in the system CaCO3-MgCO3-FeCO3 at

high pressure. To constrain the thermodynamics and melting reactions of ternary Ca-Mg-Fe car-

bonatites, piston cylinder and multi-anvil experiments have been performed in the system CaCO3-

MgCO3-FeCO3 at a pressures of 3.5 GPa and 6 GPa and temperatures up to 1300 ◦C. At 3.5

GPa, the system is characterized by two binary minima along the join CaCO3-MgCO3 and the

join CaCO3-FeCO3 respectively located at 1230 and 1140 ◦C and XCa ∼ 0.7 and 0.35. At 6 GPa,

the system shows a similar topology but shifted by ∼ + 200 ◦C. Coupling melting experiments

performed in the ternary system with melting temperatures of pure CaCO3, MgCO3 (availables in

literature) and metastable FeCO3 (constrained in this study at 6 GPa and 1460 ◦C) we propose a

solution model for ternary carbonatites usable at pressures between 1 and 6 GPa. The new solution

model has been applied to FeO and CO2 rich system (i.e. banded iron formations (BIF) associated

with Fe-rich carbonates), showing decarbonation and melting relations of Archean subducted BIF

and predicting that no or little CO2 was transferred to depths in excess of 100 km in the early

history of the Earth.

Finally the solution model proposed for ternary carbonatites, along with estimation of the viscos-

ity of molten carbonates, was applied to estimate the percolation velocity of the CO2 bearing melt

in the mantle.

This calculation shows that the amount of carbonatite melt produced at upper mantle conditions

may be as low as 0.001 % in order to separate molten carbonates at realistic velocity.
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Riassunto

Il sistema ternario CaCO3-MgCO3-FeCO3 è stato studiato sperimentalmente a pressioni fino a

6 GPa allo scopo di determinarne le relazioni di fase, subsolidus e di fusione, che lo caratterizzano.

Basandosi sui nuovi dati sperimentali presentati in questa tesi, sono stati proposti modelli termod-

inamici in grado di descrivere la soluzione solida di carbonati e la soluzione di fusi carbonatitici

ad alta pressione.

Il carbonio di origine atmosferica e crostale che viene intrappolato sotto forma di carbonati nel

basamento oceanico cristallino, a seguito di processi di alterazione idrotermale, e in sedimenti

pelagici, è riciclato nel mantello attraverso la subduzione della crosta oceanica. Lungo lo slab

il carbonio subdotto, in seguito a complesse reazioni che coinvolgono principalmente soluzioni

solide di carbonati, viene trasferito nel mantello dove puo’ essere incorporato nella struttura della

grafite, del diamante, dei carbonati oppure puo’ essere intrappolato in fluidi o liquidi ricchi in CO2.

Per definire le proprietà termodinamiche, e quindi le reazioni della soluzione solida di Ca-Mg-Fe

carbonati, sono stati condotti esperimenti a pressioni di 3.5 GPa e temperature comprese fra 900 e

1100 ◦C utilizzando il piston cylinder. A 900 ◦C il sitema presenta due gap di miscibilità: il solvus

dolomite-calcite, che si chiude ad XMgCO3
∼ 0.7, e il solvus dolomite-magnesite, che si estende

ininterrottamente dalla porzione ricca in Mg a quella ricca in Fe dello spazio chimico. Aumen-

tando la temperature i due gap di miscibilità tendono a chiudersi finchè si formano soluzioni solide

continue fra CaCO3 e Ca0.5Mg0.5CO3, a 1100 ◦C, e fra CaCO3 e FeCO3, a 1000 ◦C. I due solvi

presenti nel sistema sono caratterizzati da forte asimmetria e da meccanismi di ordine-disordine.

Allo scopo di modellare queste due caratteristiche del sistema è stato proposto un modello di

soluzione solida basato sul formalismo macroscopico di van Laar. Questo modello è in grado di

riprodurre le relazioni di fase determinate sperimentalmente nel sistema CaCO3-MgCO3-FeCO3 in

un ampio range di pressioni e temperature. Per verificare la bontà del modello proposto, sono state

calcolate relazioni di fase, ad alta pressione e temperatura, di protolotiti mafici carbonatati. Il con-

fronto fra le realzioni di fase calcolate e determinate sperimentalmente dimostrano l’attendibilità

del modello di soluzione solida proposto, anche in sistemi complessi, a pressioni fino a 6 GPa.

Descivere i fenomeni di ordine/disordine osservati nella dolomite è cruciale per poter meglio com-

prendere le relazioni di fase del sistema ternario CaCO3-MgCO3-FeCO3, il quale a sua volta è

fondamentale per poter predire il destino del C nel mantello. La struttura della dolomite stabile a

condizioni ambientali (R3, ordinata) si disordina gradualmente con l’aumentare della temperatura,

finchè la struttura non diventa completamente disordinata (R3c); il grado di ordine è quantificato

dal parametro chiamato Long Range Order (LRO). In questa tesi è stato investigato il processo

di disordine di Fe-dolomiti per poterne capire la cinetica e la dipendenza dalla temperatura, dalla
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pressione e dall composizione. Allo scopo di evitare fenomeni di riordinamento in seguito a

quench sono stati raccolti pattern di diffrazione da polveri in-situ, utilizzando luce di sincrotrone

ad alta pressione e temperatura. Il grado di ordine (LRO) è stato quantificato utilizzando il rap-

porto delle intensità dei picchi I201/I110.

Esperimenti realizzati in funzione del tempo mostrano che il disordinamento strutturale avviene in

20-30 minuti a bassa temperatura, metre a temperature superiori ai 1000 K l’equilibrio dello stato

di ordine viene raggiunto in pochi minuti. Il parametro di ordine è indipendente dalla pressione

fra 2-5 e 4.2 GPa, mentre decresce con il crescere della temperatura e del contenuto in ferro nella

dolomite.

La dipendenza del parametro d‘ordine dalla temperatura e dalla composizione è stato modellato

utilizzando un approccio fenomenologico intermedio fra la teoria di Landau e il modello di Bragg-

Williams.

Questo studio fornisce inoltre nuovi dati utili per la comprensione della reazione di breakdown

della dolomite, mostrando che l’associazione aragonite + Fe-magnesite è stabile a bassa pressione

e temperatura, suggerendo quindi che la reazione di breakdown avviene a 3 GPa e a temperatura

inferiore a 500 ◦C.

Poichè estramemente mobili ed arricchiti in elemeti di traccia, i liquidi carbonatitici giocano

un ruolo fondamentale nello sviluppo geochimico del mantello. Studi sperimentali realizzati in

sistemi pseudo naturali carbonatati di composizione peridotitica, basaltica e pelitica mostrano

come la temperatura del solido carbonatitico sia fortemente influenzata dalla composizione della

soluzione solida dei carbonati presenti nel subsolidus. Allo scopo di comprendere al meglio le

reazioni di fusione in sistemi carbonatati complessi è quindi necessario conoscere la superficie di

fusione del sistema CaCO3-MgCO3-FeCO3 ad alta pressione. A questo scopo sono stati condotti

esperimenti di alta pressione a temperature fino a 1450 ◦C, utilizzando il multi-anvil a 6 GPa e

il piston cylinder a 3.5 GPa. A 3.5 GPa il sistema è caratterizzato da due minimi binari lungo il

lato CaCO3-MgCO3 a 1230 ◦C e XCa ∼ 0.7, e il lato CaCO3-FeCO3 a 1140 ◦C e XCa ∼ 0.35. La

topolgia del sistema a 6 GPa risulta essere molto simile a quella determinata a 3.5 GPa, anche se

le reazioni di fusione avvengono a temperature piu’ alte (∼ 200 ◦C). Accoppiando gli esperimenti

di fusione realizzati nel sistema ternario con le temperatura di fusione degli end-member calcite,

magnesite (presenti in letteratura), siderite metastabile (per la prima volta stimata in questo la-

voro), viene proposto un modello di soluzione per i liquidi carbonatitici, utilizzabile fra 1 e 6 GPa.

Questo nuovo modello è stato applicato a sistemi ricchi in FeO e CO2 (come per esempio BIF

associati a carbonati ricchi in ferro) e mostra come reazioni di decarbonatazione e di produzione

di liquidi carbonatitici durante la subduzione archeana fossero possibili, impedendo quindi che nel

pre-Fanerozoico il C fosse trasportato nel mantello terrestre a profondità superiori ai 100 Km.

Accoppiando il modello di soluzione dei liquidi carbonatitici con le stime sulla viscosità di car-
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bonati fusi prsenti in letteratura, è possibile calcolare la velocità di percolazione di liquidi ricchi

in CO2 nel mantello. Questo modello, anche se approssimativo, suggerisce che per poter separare

liquidi carbonatitici a velocità realistiche, la quantità di liquido carbonatitico presente nel mantello

deve essere ∼ lo 0.001 % in volume.
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Chapter 1

Introduction

Carbonates are the most abundant carbon-bearing phase in the Earth crust, their abundance in the

mantle is related to the tectonic environment and depth. In contrast to H, which can be extensively

stored in nominally anhydrous silicates (up to ∼ 700 ppm by weight in Fe-bearing olivine accord-

ing to Mosenfelder et al. 2006), carbon solubility in silicates is low (∼ 12 ppm in olivine at 11

GPa, according to Shcheka et al. 2006); therefore carbon in the mantle has to be stored in a sepa-

rate phase (Shcheka et al. 2006). Carbonates, graphite/diamond, C bearing fluid and carbonatitic

melt are the most plausible C-hosting phases, with their stability strongly dependent on pressure,

temperature and oxygen fugacity conditions. More recently solid CO2 has been proposed as the

major candidate host phase for subducted carbon in the lower mantle (Takafuji et al. 2006, Seto

et al. 2008, 2010). Nevertheless, in this study we focus on the stability of carbonates and molten

carbonates at upper mantle conditions (to 6 GPa).

The stability of carbonates at mantle conditions was extensively proved by experimental investi-

gations, phase diagram calculations and by natural occurrences of carbonate-bearing UHP mineral

assemblages. Experimental studies performed in mafic CO2-H2O bearing systems show that car-

bonates can be subducted into the mantle experiencing minor decarbonation, thus releasing H2O-

rich fluids (Molina and Poli 2000). Although the composition of carbonates is very dependent on

pressure and bulk composition (Dasgupta et al. 2005), calcite is generally stable at lower pressure

than dolomite, then magnesite being stable above 4-5 GPa (Dasgupta et al. 2004).

Moreover, the onset of carbonate melting in carbonated eclogites and metapelites occurs at higher

temperature than typical subduction geotherms (Dasgupta et al. 2004, Yaxley and Brey 2004,

Tsuno and Dasgupta 2010, Thomsen and Schmidt, 2008a) suggesting that a melting-induced re-

lease of carbonates from the subducting crust is unlikely to occur during ongoing subduction.

On the contrary, silicatic melt is generated at the solidus to pressures of 5 GPa (Thomsen and

Schmidt 2008a; Tsuno and Dasgupta 2010, Yaxley and Green 1994). More recent experiments

performed in carbonated metapelitic systems suggest that, at pressures above 5 GPa, carbonatite
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Chapter 1. Introduction

melt is produced at lower temperature than silicatic melt, but still at higher temperature than a

typical subduction P-T path (Grassi and Schmidt 2010). All these experimental studies indicate

that carbonates are thermally stable during modern subduction.

Even though subduction is unlikely the primary source of carbonatites from the mantle, the pres-

ence of molten carbonates in the mantle cannot be discarded. Dasgupta and Hirschmann (2006)

determined the solidus of carbonated peridotite from 3 to 10 GPa, demonstrating that a carbon-

atitic liquid occurs at 10 GPa at ∼ 1500 ◦C, if the mantle is enough oxidized to bear carbonates.

Computed phase equilibria generally agree with the refractory behavior of subducted carbonates,

showing that in a basaltic system dehydration stretches out from forearc to subarc depths, while

little decarbonation occurs, resulting in most of the subducted CO2 being carried down to at least

180 km depth (Kerrick and Connolly 2001).

It is worth noticing that experimental studies and computed phase equilibria presented above rep-

resent closed systems, while subduction of oceanic crust is opened to the influx of H2O rich fluids

coming from the mafic portion of the subducted lithosphere. Infiltration of aqueous fluids can

enhance decarbonation and the release of CO2 into the mantle. In fact in-situ measurements of

dissolution of strontianite (SrCO3) in H2O show that dissolution increases significantly with pres-

sure to 4 GPa (Sanchez-Valle et al. 2003). Similarly Caciagli and Manning (2003) investigated

the solubility of calcite in H2O between 0.6 and 1.6 GPa at 500-800 ◦C, demonstrating that the

solubility is strongly dependent on pressure, but only weakly temperature dependent. More re-

cently Dolejs and Manning (2010) presented a thermodynamic model for mineral dissolution in

aqueous fluids at high pressure and temperature, showing that calcite is strongly soluble in H2O

along a representative subducting slab geotherm (7 ◦C/Km). These studies suggest that, although

carbonates are thermally stable, infiltration of water enriched fluids boost the transfer of CO2 from

the subducting slab to the mantle.

Because of the relative oxidizing conditions within the subducting slab, carbonates can be sub-

ducted into the mantle at great depths. Nevertheless, studies based on natural samples and theo-

retical considerations suggest that non subduction-related mantle is less oxidized, becoming more

reduced with depth (Woodland and Koch 2003). The stability of carbonates within the mantle is

controlled by the EMOG/D buffer reaction:

MgSiO3 + MgCO3 = Mg2SiO4 + C + O2

Frost and McCammon (2008) show that the EMOG/D buffer crosses the trend of decreasing

fO2 with depth along a cratonic geotherm at 3 GPa, suggesting that carbonates are unstable in sub-

cratonic lithosphere mantle below∼ 100 km depth. Nevertheless, findings of carbonate inclusions

in subcratonic diamonds originating at pressure > 4 GPa are clear indications of locally oxidized

deep mantle.
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1.1. Carbon mantle cycle

Natural evidence for the stability of carbonates at mantle conditions are the occurrence of these

minerals in UHP mineral assemblages. Van Roermund et al. (2002) reported the finding of

(Ba,Ca,Mg)CO3, magnesite and dolomite associated with microdiamonds in a subducted-related

peridotite lens from Bardane, Fjørtoft, western Norway. Inclusions of magnesian calcite inter-

growing with micro-diamonds in garnet and clinopyroxene in subducted carbonated sediments

were recently documented in the Kokchetav massif (Korsakov and Hermann 2006). Examples of

the stability of mantle derived carbonates can also be found in a sub-cratonic geodynamic con-

text. Wang et al. 1996 reported the occurrence of syngenetic multiphase inclusions assemblage

containing magnesite in a natural diamond, providing unambiguous evidence for the existence of

magnesite in the Earth‘s mantle at depths exceeding 120 km. Similar, dolomite and Ba-Sr carbon-

ate inclusions in diamonds, from two different kimberlite regions of the Siberian craton, have been

reported by Logvinova et al. (2008).

After this brief review of the stability of carbonates and carbonatites in the mantle, the next sec-

tions presents a short review of the geochemical cycle of carbon in the mantle, strongly affected by

the stability of carbonates and carbonatites. Afterwards I will concisely resume the main structural

features of carbonates and carbonatites.

1.1 Carbon mantle cycle

The deep cycle of volatiles in the mantle is of fundamental importance as volatiles have influenced

the tectonic, climate and habitability evolution of the Earth. Over the past few decades, research

focused mainly on Earth’s deep water cycle, but recently attention shifted towards the importance

of carbon. The geochemical cycle in the mantle can be represented by C-reservoirs and fluxes,

with the latter enriching or depleting the C-reservoirs (Sleep and Zahnle 2001). In the next part

I will describe, in a simplified manner, the carbon mantle cycle; all the estimations concerning

abundances and fluxes are from the work of Sleep and Zahnle (2001) and are referred to CO2.

The main geochemical reservoirs involved in the C mantle cycle are the oceanic crust and the man-

tle. At mid-ocean ridges hydrothermal alteration enriches the oceanic crust in CO2 precipitating

carbonates, mainly calcite, at the estimated rate of 1.6 · 1012 moles/year. The sedimentary contri-

bution to the subducted CO2, controlled by biogenic deposition and sedimentation and dissolution

rates of carbonated pelagic sediments (Plank and Lagmuir 1998), is ∼ 13 · 1012 moles/year. The

average age of the oceanic crust (∼ 100 M.y.) controls the residence time of CO2 in the reser-

voir, thus presently storing ∼ 1200 · 1018 mole. At convergent margins CO2, stored in oceanic

sediments and MORB, is subducted into the mantle at the rate of 1.4 and 3.4 · 1012 moles/year

respectively, and only 1.2 · 1012 moles/year are released in volcanic arcs. Therefore 75 % of the

subducted CO2 is incorporated in the mantle that stores between 7000 and 18000 · 1018 moles of
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CO2. The residence time of carbon in the mantle, estimated to∼ 7200 M.y., is strongly dependent

on the CO2 bearing phase stable (fluid/melts or graphite/diamond or carbonates). While graphite,

diamond and carbonates are refractory and immobile, carbonatitic liquids are highly mobile, thus

reducing the residence time. Upwelling mantle may incorporate part of the stored carbon and

because of the relatively low solubility of CO2 in basaltic magmas, it is readily degassed at the

midge ocean ridges (1-2.5 · 1012 moles/year). The estimations of the fluxes characterizing the

geochemical carbon cycle in the mantle support the hypothesis of an unbalanced cycle. In fact

of the 4.8 · 1012 mole of CO2 subducted per year, only 2.2 - 3.7 · 1012 mole/year are released in

volcanic arcs and mid ocean ridges, suggesting a refractory behavior of carbonates along modern

subduction.

Nonetheless the carbon cycle in the mantle was different in the Archean, characterized by a differ-

ent geodynamic style compared to the Phanerozoic. During the Archean, the plate tectonic cycles

run more quickly than at present, mainly because the spreading rate was faster and because there

were smaller and more numerous plates (Bickle 1978; Burke and Kidd 1978), leading to a younger

average age of the oceanic Archean crust, estimated around 20 - 30 M.y. (Bickle 1978; Nisbet and

Fowler 1983). The time at disposition for the ocean floor to undergo hydrothermal alteration

was shorter, but because of the intensive carbonatization of the ocean crust (38 · 1012 mole/year

according to Nakamura and Kato 2003), the amount of CO2 subducted during the Archean was

equivalent or greater than at present day. Noting that the Archean potential mantle temperatures

was ∼ 200 ◦C higher than today (McKenzie and Weiss 1975), the thermal regime in Archean

subduction should have been hotter than the one observed today, therefore carbonates would have

been probably thermally unstable within the subducting slab. Santosh and Omori (2008) proposed

a model which assumes that the CO2 infiltrated into the mantle wedge during the Archean precipi-

tated magnesite which remained stable until∼ 640 Ma. At the beginning of the Phanerozoic, water

begins to enter into the deep mantle by subduction, forcing CO2 to the surface by partial melting

of carbonated mantle. The abundant CO2 liberated could have contributed to the greenhouse ef-

fect that led to deglaciation of snowball Earth. Santosh and Omori also speculated that injection

of CO2 from the carbonated mantle could have been at the origin of dry ultrahigh-temperatures

assemblages in the lower crust.

1.2 Carbonate minerals

Carbonates form a group of minerals hosting in their crystallographic structure a CO3 group, char-

acterized by an atom of C at the center of a triangle with oxygen atoms at the corners.

Ca, Mg, Fe carbonate end-members stable at ambient conditions are calcite (CaCO3), magnesite

(MgCO3) and siderite (FeCO3), all having a trigonal structure (R3c). These end-members consist
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1.2. Carbonate minerals

of octahedral layers formed by divalent cations (i.e. Ca2+, Mg2+, Fe2+) alternating with planar

CO3
2- groups having the same orientation within each layer, but with reversed orientation in suc-

cessive layers.

CaCO3 has been found in nature in three different structural forms: calcite (R3c), aragonite

(Pmcn) and vaterite (P63/mmc). Although the stability field of vaterite is not well known, the

phase transition calcite/aragonite occurs at high pressure, 3 GPa - 300 ◦C. This phase transition

is slightly pressure dependent above 2 GPa (Suito et al. 2001), with the aragonite structure of-

ten retained to ambient conditions. Ca2+ cations in the orthorhombic aragonite-like structure are

coordinated to nine oxygens. Six of the Ca-O bonds are shared with oxygens positioned at the

edges of three separate CO3. Experimental studies have shown that CaCO3 can be stable in four

more modifications (calcite II, III, IV, and V) over a wide range of pressures and temperatures. At

room temperature, calcite (R3c) transformed into a monoclinic structure called calcite II (P21/c)

at 1.7 GPa and then to calcite III at ∼ 2 GPa (C2, Smyth and Ahrens 1997). At high-pressure and

high-temperature calcite IV and V have been found; these phases are commonly called disordered

calcite, owing to the orientational disorder of the CO3
2- group. It is worth noticing that the stabil-

ity of calcite II, III, IV and V and their phase boundaries are still debated; for an extensive review

of the phase diagram of CaCO3 we suggest to refer to the study of Suito et al. (2001). Ono et al.

(2005) reported a phase transition from aragonite to post-aragonite (P21212 ) at pressure above 40

GPa, the latter remaining stable to ∼ 130 GPa, when a pyroxene-type structure appears (C2221,

Ono et al 2007).

Because of the smaller ionic radii of Fe and Mg (compared to Ca), they cannot form coordination

polyhedra with more than six oxygens, therefore magnesite and siderite are not stable in aragonite

structure at high pressure. Nevertheless, Isshiki et al. (2004) found that magnesite transforms to

an unknown form, magnesite II, at pressures above 115 GPa at 2100 - 2200 K. Density-functional

theory calculations for MgCO3 found that a structure with tetrahedrally coordinated carbon single

chains, similar to pyroxene structures, is stable at ca. 80 GPa. Of the structures proposed so far

(i.e. C2/c, C2221 and Pbca), Pbca best describes the high-pressure structure of the published x-ray

diffraction pattern (Panero and Kabbes 2008).

Santillan and Williams (2004) performed high-pressure x-ray diffraction of FeCO3 demonstrating

that the calcite structure is stable to 50 GPa; to my knowledge no structural phase transitions have

been reported for FeCO3. Experimentally determined phase transitions of CaCO3 and MgCO3 are

summarized in Fig. 1.1.

Other than the three ”single carbonate” end-members CaCO3, MgCO3 and FeCO3, ”double car-

bonates” characterize the system Ca-Mg-Fe-CO2: CaMg(CO3)2 (i.e. dolomite) and CaFe(CO3)2

(i.e. ankerite). At low temperature dolomite has an ordered structure (R3) with alternating layers

of Ca2+ and Mg2+, intercalated by planar CO3. With increasing temperature, Ca and Mg exchange
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between the two octahedral sites up to the critical temperature, where Ca and Mg are equally dis-

tributed in each layer, forming a disordered higher symmetry structure (R3c). The Fe-end member

analogous to dolomite, ankerite (CaFe(CO3)2), has never been found in nature in the ordered struc-

ture and attempts to synthesize this phase have yet failed, always resulting in the disordered form

(R3c). Nevertheless, along the join CaMg(CO3)2-CaFe(CO3)2 Fe substitutes Mg in the ordered

structure up to a XCaFe(CO3)2
of ∼ 70 % (Reeder and Dollase 1989).

1.3 The structure of carbonatites

Experimentally-determined phase relations for CaCO3 and MgCO3 show that calcite and magne-

site decompose into vapor CO2 + CaO or MgO, respectively, at high temperature and atmospheric

pressure; nevertheless at high pressure both calcite and magnesite melt congruently (Irving and

Wyllie 1975). Siderite melting phase relations were unknown so far and the first attempt to con-

strain FeCO3 melting is presented in Chapter 4.

The structure of molten carbonates are traditionally viewed as ionic liquids composed of an-

ions (CO3
2- group) and cations (Ca2+, Mg2+, Fe2+) bound together by ionic forces, with little

or no polymerization (Treiman 1989). However recent experimental studies (Genge et al. 1995;

Williams and Knittle 2003) and ab initio calculations (Kohara et al. 1998) suggest that the mi-

crostructure of these melts is more complex than previously thought. The main building block

in carbonatites is the carbonic ion group (CO3
2-) that, because all the bonding orbitals are in-

corporated in intramolecular π- and σ- bondings, is theoretically unable to polymerise (Genge

et al. 1995). Nonetheless infrared and Raman spectra of quenched carbonate glass (Genge et al.

1995) and in-situ Raman spectroscopy of carbonatite liquid at high-pressure and high-temperature

(Williams and Knittle 2003) show the presence of two different carbonate groups. One of the two

carbonate groups was interpreted as the undistorted carbonate ion, already present in solid carbon-

ates, persisting in the liquid. The second carbonate group was detected by Williams and Knittle

(2003), who observed a completely new peak in Raman spectra, growing with the increase of the

melt fraction and becoming predominant on the fully molten sample. This new Raman-active vi-

bration was interpreted as the formation of bridging between C-O bond units with alkali and alkali

earth ions in the melt. The presence of cation-anion bridging was previously inferred by Genge

et al. (1995) studying quench carbonate glasses, suggesting that carbonates group and elements

strongly interacting with CO3 groups, such as alkali earth metals, are framework formers, having

a similar role to oxygens shared between tetrahedra in silicate melts (Fig. 1.2). Moreover, Genge

et al. (1995) suggest that species having weak interactions with CO3 groups (alkalies, metal hy-

drate/hydroxyl complexes) are framework modifiers, having a charge-balance role decreasing the

degree of polymerization in the melt structure.
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Figure 1.1: P-T diagram showing experimentally determined phase transitions of CaCO3 and

MgCO3. For details refer to the text.
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Figure 1.2: Schematic diagram showing the similarities between silicate melt network A and

carbonate melt framework structures B. nb = nonbridging oxygen; b = bridging oxygens. Network

modifiers are represented by solid circle (Modified after Genge et al. 1995).

1.4 Objectives and approaches

As discussed in the previous sections there is an eminent interest in the geochemical cycle of

carbon in the mantle and on the role played by carbonates, particularly at convergent margins;

however, to date, experimental work on ternary Ca-Mg-Fe carbonate solutions at high P-T con-

ditions remained limited. The only two experimental studies which have investigated the system

CaCO3-MgCO3-FeCO3 were performed by Goldsmith et al. (1962), at temperatures between 600

and 800 ◦C (at 1.5 GPa) and by Rosenberg et al. (1967) at 0.2-0.3 GPa at temperature between 350

and 550 ◦C. More data are available for the binary system CaCO3-MgCO3, which was investigated

at various pressures to 6 GPa (Buob, et al. 2006; Irving and Wyllie 1975), a few experimental data

are available in the system CaCO3-FeCO3 (Davidson, et al. 1993; Rosenberg 1963). Additional

information on the phase relations in the ternary system at higher pressure can be inferred from

experimental studies of carbonated pseudo-natural systems. Nevertheless, to understand the phase

relations of the ternary carbonate system at high pressure much more experimental data are needed.

The first objective of this thesis is to fill the lack of data, clearly defining the phase relations in the

system CaCO3-MgCO3-FeCO3 to 6 GPa.
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As described in section 1.2, carbonates are characterized by different phase transitions, but at

pressure-temperature conditions relevant for the upper mantle, within the ternary carbonate Ca-

Mg-Fe, the most crucial phase transition is the disordering of dolomite and Fe-bearing dolomites

at high temperature. While the R3⇔ R3c transition in pure dolomite was already studied by Ham-

mouda et al. (2010), Antao et al. (2004), Luth (2001), disordering phenomena are unknown for

compositions other than Fe-free dolomite. Therefore, the second objective of this thesis is to inves-

tigate structural changes and the kinetics associated with order-disorder in Fe-bearing dolomites.

Even though subduction of carbonated oceanic crust unlikely produces carbonatitic liquids, melt-

ing of carbonated peridotites could generate CO2 rich melts (Dasgupta and Hirschmann 2006).

Thanks to the high mobility and the enrichment in trace elements, carbonatites can deeply affect

the geochemistry of the Earth‘s mantle. Although melting relations in the binary system CaCO3-

MgCO3 were extensively investigated to 6 GPa (Irving and Wyllie 1975; Byrnes and Wyllie 1981;

Buob et al. 2006) those in ternary CaCO3-MgCO3-FeCO3 systems are unknown. The third objec-

tive of the thesis is therefore to unravel the melting relations in the ternary CaCO3-MgCO3-FeCO3,

focusing on the contribution of the FeCO3-component to lowering melting temperatures. The final

goal of this objective, is to predict carbonate melt relations through thermodynamic calculations.

The scope of this thesis is twofold: first experimentally define subsolidus and melting phase rela-

tions and order-disorder phenomena in the CaCO3-MgCO3-FeCO3, and secondly fit experimental

data with thermodynamic models to 6 GPa.

In order to achieve the first and the third objective I performed piston cylinder and multi-anvil

experiments, while to overcome the reordering phenomena induced by quench I employed syn-

chrotron in-situ X-ray diffraction to investigate the state of order in Fe-bearing dolomites as a

function of temperature.

1.5 Chapter overview

The structure of the thesis is pretty straightforward: the next three chapters are dedicated to the

achievements of the three main objectives of the thesis, while in the chapter 5 a starting point for

constraining physical properties of carbonatitic melt is provided. Finally the last chpater of the

thesis resume the main conclusion of this PhD suggesting future fields of research.

Chapter 2 Ternary Ca-Fe-Mg-carbonates: subsolidus phase relations at 3.5 GPa and a ther-

modynamic solid solution model including order/disorder.

Subsolidus phase relations experimentally determined in the ternary system CaCO3-MgCO3-FeCO3

at 3.5 GPa are reported. Based on these new and on already existing experimental data, a solid

solution model capable to deal with order/disorder phenomena is proposed. The reliability of the

model is tested comparing experiments performed in carbonated protolithes with calculated phase
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equilibria.

Chapter 3 The temperature and compositional dependence of disordering in Fe-bearing dolomites

and the stability of dolomite and Mg-calcite.

The temperature and composition dependence of the long range order parameter in Fe-bearing

dolomite is determined with HP-HT in-situ X-ray powder diffraction. The disorder process is

modeled fitting experimental data with a phenomenological approach intermediate between the

Landau theory and the Bragg-Williams model. Moreover, the stability of dolomite and Mg-calcite

is investigated in-situ at high pressure.

Chapter 4 A thermodynamic model for carbonatite melts based on experiments in the CaCO3-

MgCO3-FeCO3 ternary at upper mantle conditions, with application to subducted carbonated

Banded Iron Formations.

Melting phase relations experimentally determined in the ternary system CaCO3-MgCO3-FeCO3

at 3.5 and 6 GPa are reported. Coupling melting experiments performed in the ternary system with

melting temperatures of pure CaCO3, MgCO3 and FeCO3 we propose a solution model for ternary

carbonatites usable at pressures between 1 and 6 GPa. The new solution model has been applied

to predict decarbonation and melting relations of Archean subducted carbonated BIF.

Chapter 5 Physical properties of carbonatite melts.

In this chapter, after briefly reviewing the state of the art of physical properties of carbonatitic

liquids, we present a simple model describing percolation of carbonatitic liquids into the mantle

based on the solution model for carbonatite melts presented in chapter 4.

Chapter 6 Conclusions and Outlook.
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and a thermodynamic solid solution
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Abstract

Subduction carries atmospheric and crustal carbon hosted in the altered oceanic crystalline base-

ment and in pelagic sediments back into the mantle. Reactions involving complex carbonate solid

solutions(s) will lead to the transfer of carbon into the mantle, where it may be stored as graphite

/diamond, in fluids or melts, or in carbonates. To constrain the thermodynamics and thus reac-

tions of the ternary Ca-Mg-Fe carbonate solid solution, piston cylinder experiments have been

performed in the system CaCO3-MgCO3-FeCO3 at pressure of 3.5 GPa and temperatures of 900-

1100 ◦C. At 900 ◦C the system has two miscibility gaps: the solvus dolomite-calcite, which

closes at XMgCO3
∼ 0.7, and the solvus dolomite-magnesite, which ranges from the Mg-to the
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Fe-side of the ternary. With increasing temperature, the two miscibility gaps become narrower un-

til complete solid solutions between CaCO3-Ca0.5Mg0.5CO3 is reached at 1100 ◦C and between

CaCO3-FeCO3 at 1000 ◦C. The solvi are characterized by strong compositional asymmetry and

by an order-disorder mechanism. To deal with these features, a solid solution model based on the

van Laar macroscopic formalism has been calculated for ternary carbonates. This thermodynamic

solid solution model is able to reproduce the experimentally constrained phase relations in the sys-

tem CaCO3-MgCO3-FeCO3 in a broad P-T range. To test our model, calculated phase equilibria

have been compared with experiments performed in carbonated mafic protolithes, demonstrating

the reliability of our solid solution model at pressures up to 6 GPa in complex systems.

2.1 Introduction

At convergent margins, volatile components are recycled into the mantle. CO2 is fixed in the form

of carbonates in oceanic sediments, in the mafic oceanic crust and to a lesser extent in sub MOR

peridotite during hydrothermal alteration (Staudigel 2003). Upon subduction, carbonates are gen-

erally more refractory than hydrous phases, and fluids are H2O dominated (Molina and Poli 2000;

Connolly 2005; Poli et al. 2009). Therefore, CO2 remains preferentially in the slab (Kerrick and

Connolly 2001) and is carried beyond subarc depths down into the mantle. Findings of carbonate-

bearing UHP mineral assemblages represent natural evidence of the stability of carbonates at up-

per mantle pressures. Inclusions of magnesite in natural diamonds from the Finsch kimberlite

pipe in South Africa (Wang et al. 1996) demonstrate the occurrence of carbonates in the mantle

at depths exceeding 120 km. Similar, dolomite and Ba-Sr carbonate inclusions in diamonds, from

two different kimberlite regions of the Siberian craton, have been reported by Logvinova et al.

(2008). Carbonate-diamond parageneses have been discovered not only in a sub-cratonic geody-

namic context, but also as subduction-related: the formation of microdiamonds associated with

(Ba,Ca,Mg)CO3, magnesite and dolomite has been documented by van Roermund et al. (2002) in

a mantle-derived peridotite lens from Bardane, Fjørtoft, western Norway. Moreover, Korsakov and

Hermann (2006) described subducted carbonated sediments from the Kokchetav massif containing

inclusions of magnesian calcite intergrowing with micro-diamonds in garnet and clinopyroxene.

Mukherjee et al. (2003) reported the finding of UHP carbonate-bearing coesite eclogites of sub-

ducted Indian continental crust containing dolomite, magnesite and Mg-calcite with significant

amounts of FeO. These natural occurrences of carbonates at UHP conditions document that car-

bonate compositions span from Fe-bearing magnesite to dolomite-ankerites.s. to Mg-Fe calcite.

Despite the main role of carbonates on cycling back atmospheric CO2 into the mantle, few experi-

mental data are available in order to thermodynamically model the behavior of this minerals group

at high pressure. Thus, this study defines the phase relations of the ternary carbonate system at 3.5

12



2.2. The experimental background on the occurrence of carbonates at high pressure

GPa, filling a decisive gap for deriving thermodynamic properties valid at high pressures. We then

fit a ternary solid solution model to the entity of the existing experimental data. The solid solution

model, based on data from 0.2 to 6 GPa, then allows computing high pressure phase equilibria in

CO2 bearing systems, for which two examples are presented to pressures of 6 GPa.

2.2 The experimental background on the occurrence of carbonates

at high pressure

Previous experimental studies demonstrate that the composition of carbonates is very dependent

on pressure and bulk composition (Dasgupta et al. 2005). In subducted mafic crust, calcite is

generally stable at lower pressure than dolomite, whereas magnesite is stable above 4-5 GPa (Das-

gupta et al. 2004). In carbonated pelites, dolomite or Mg-Fe calcite is stable at relatively lower

pressures (Thomsen and Schmidt 2008a,b) but magnesite is the only CO2 bearing mineral present

at depth greater than 180 km (Domanik and Holloway 2000). Experiments carried out in ultra-

mafic systems reveal that, with increasing pressure, dolomite and ultimately magnesite are stable

at upper mantle conditions (Brey et al. 2008; Dasgupta and Hirschmann 2007; Dasgupta et al.

2007; Falloon and Green 1989). Experiments performed on pelitic and mafic eclogites show that

an Fe bearing intermediate term of the solid solution dolomite-calcite is stable to pressures of at

least 5 GPa (Dasgupta et al. 2004; Thomsen and Schmidt 2008b; Yaxley and Brey 2004). The

influence of Fe on the stability and structure of this carbonate is largely unknown, this phase being

described as Cc-Dols.s. (Dasgupta et al. 2004; Yaxley and Brey 2004), Mg-Fe calcite (Thomsen

and Schmidt 2008b), calcite or dolomite (Hammouda 2003) without any structural information.

The stability field of Mg-Fe calcite is bulk composition dependent: for starting materials having

XCa¿ 0.4, Mg-Fe calcite is stable up to 6 GPa (Yaxley and Brey 2004), whereas for more mag-

nesian bulk compositions, i.e. peridotitic systems (XCa = 0.05) magnesite is already stable at

pressure as low as 4 GPa (Dasgupta and Hirschmann 2006).

Magnesite is also the product of the reaction dolomite = magnesite + aragonite. This reaction,

which occurs at pressures above 5 GPa and temperatures between 600 and 1000 ◦C, was experi-

mentally determined in several laboratories leading to diverging results in the location and curva-

ture of this reaction (Buob et al. 2006; Luth 2001; Martinez et al. 1996; Sato and Katsura 2001;

Shirasaka et al. 2002). Diamond-anvil experiments demonstrate that magnesite is the only stable

carbonate in the lower mantle (Biellmann et al. 1993; Gillet 1993) and in-situ X-ray diffraction

study suggests that MgCO3 is stable in an hitherto undetermined structure down to the core-mantle

boundary (Isshiki et al. 2004). Also CaCO3 is stable to> 130 GPa (Ono et al. 2007) and dolomite

to > 9 GPa (Luth 2001), persisting at room temperature metastably to > 28 GPa (Kraft et al.
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1991). Nevertheless, because magnesite is the more stable carbonate at pressure beyond 4 GPa

in peridotitic systems (Dasgupta and Hirschmann 2006), it is allegedly the only carbonate in the

deep mantle.

Even though the stability of carbonates in the mantle has been observed in natural samples and

confirmed by experimental work in simple and more complex systems, few thermodynamics con-

straints are available for ternary Ca-Mg-Fe carbonates at high pressure. The combination of

natural data and experimental phase relations in CaCO3-MgCO3-FeCO3 and in CaCO3-MgCO3

have been combined to model ternary carbonates (Anovitz and Essene 1987; Davidson 1994; Mc-

swiggen 1993a; Mcswiggen 1993b). However, these solid solution models have two main flaws:

they are both not reliable at high pressure and they are not easily implementable into a practi-

cal thermodynamic formalism. Therefore it is current practice in phase equilibria calculations to

treat ternary carbonates using two distinct binary solid solution models: dolomite-ankerite and

magnesite-siderite (Kerrick and Connoly 2001). This approach fails to describe the role of Ca in

the ternary solid solution and it is not able to predict the stability of Mg-Fe calcite.

2.3 Previous experimental data and thermodynamic modeling in the

system CaCO3-MgCO3-FeCO3

The system CaCO3-MgCO3 has been extensively investigated at various pressures to 6 GPa (Buob

et al. 2006; Irving and Wyllie 1975), though few experimental data are available in the system

CaCO3-FeCO3 (Davidson et al. 1993; Rosenberg 1963). The first experimental study describing

phase relations in the system CaCO3-MgCO3-FeCO3 was conducted by Goldsmith et al. (1962),

who determined isothermal sections at temperatures between 600 and 800 ◦C at 1.5 GPa (Figs.

2.1b,c). At temperatures above 650 ◦C, Goldsmith et al. (1962) demonstrate the presence of two 2-

phase fields (black dots in Fig. 2.1), where dolomite coexists with calcite or magnesite, resembling

the phase relations of the system CaCO3-MgCO3 (Goldsmith and Heard 1961). With increasing Fe

content the miscibility gap dolomite-calcite narrows until it closes at XCaCO3
∼ 0.7 and XMgCO33

∼
0.1 between 700 and 800 ◦C. The second 2-phase field is a broad dolomite-magnesite miscibility

gap that extends from the Mg- to the Fe-side, where siderite coexists with Ca0.7Fe0.3CO3 at 700
◦C and with Ca0.6Fe0.4CO3 at 800 ◦C. Furthermore, at temperature below 700 ◦C, Goldsmith et

al. (1962) obtained coexistence of Fe-dolomite, Fe-calcite and Mg-siderite defining a three phase

field (Fig. 2.1b) which broadens with decreasing temperature.

The experiments by Rosenberg et al. (1967) were run at 0.2-0.3 GPa and 350-550 ◦C (Fig. 2.1a)

and confirmed the presence of a three phase field as observed by Goldsmith et al. (1962). In-

creasing the temperature from 400 to 500 ◦C, the three phase field moves towards the join CaCO3-
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FeCO3 (Fig. 2.1a). The discrepancy between the three phase fields determined by Goldsmith et al.

(1962) and by Rosenberg (1967) can be attributed to differences in pressure and temperature, or

to uncertainties in the experimental and analytical techniques. Indeed neither experimental work

has performed textural analysis of the quenched experimental charges. Instead, the mineralogical

composition of the run products was determined by X-ray powder diffraction, leading to average

compositions of synthesized phases calculated from cell parameters. Furthermore, these experi-

ments were very short: less than 1 day for the experiments performed by Goldsmith et al. (1962),

and two days for those of Rosenberg (1967) at 550 ◦C.

Carbonates are characterized by complex solid solution relations dominated by interactions among

a disordered ”calcite like” structure R3c and an ordered ”dolomite like” structure R3 . Solid so-

lution models that describe the binary system CaCO3-MgCO3 have been proposed by Burton and

Kikuchi (1984), Burton (1987), Holland and Powell (2003), Vinograd et al. (2007), and Vinograd

(2006). Davidson et al. (1993) and Vinograd et al. (2006) have introduced models for the system

CaCO3-FeCO3. Solid solution models for the ternary system CaCO3-MgCO3-FeCO3 have been

proposed by Anovitz and Essene (1987), Davidson (1994), and McSwiggen (1993a,b).

The solid solution model of Anovitz and Essene (1987) was based on the analysis of natural car-

bonates with formation temperatures between 250 and 700 ◦C. It uses a subregular formalism

and two sets of independent mixing parameters to describe energy interactions within disordered

structures separately from ordered structures; the ordering state is therefore implicit. As suggested

by Anovitz and Essene, their model should not be used at temperatures above 800 ◦C, therefore

the major weakness of this model is the incapability to reproduce critical conditions at which solvi

between ordered and disordered phases close (i.e. between dolomite and calcite or magnesite).

McSwiggen (1993a, b) combined a Bragg-Williams model, which describes the state of order as

a function of temperature and composition, with a Margules interaction model based on experi-

mental data available for the binary join CaCO3-MgCO3 and CaCO3-FeCO3. The ternary solvi

are then constrained both by natural and by experimental data. The result is a very complex model

employing 52 solid solution parameters. This model is able to predict phase relations in the ternary

system to temperature of 700 ◦C, but has been ignored and gone unapplied because of its com-

plexity.

The most recent model for the CaCO3-MgCO3-FeCO3 ternary by Davidson (1994) is based on

the ternary extension of the ”General Point Approximation model” (Capobianco et al. 1987).

The phase diagram calculated predicts complete solid solution between dolomite and ankerite

(CaFe(CO3)2) at 530 ◦C, in disagreement with previous experimental data (Goldsmith et al. 1962;

Rosenberg 1967) and with experiments performed in the system CaCO3-FeCO3, which have not

demonstrated the stability of ordered ankerite (Davidson et al. 1993).

The solid solution model we present in this study is based on new experimental data performed
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at 3.5 GPa in the ternary system CaCO3-MgCO3-FeCO3. We incorporate the degree of order in

the solid solution introducing two order compounds. Activity-composition relations are expressed

according to the van Laar formulation (Holland and Powell 2003), which allows describing asym-

metrical miscibility gaps.

2.4 Experimental and analytical methods

The starting materials consist of mixtures of pure synthetic calcite, pure natural magnesite from

Obersdorf (Philipp 1998) and synthetic siderite. Siderite has been multiply synthesized in exter-

nally heated cold seal vessels at 200 MPa and 350 ◦C from iron oxalate sealed into gold capsules

of 5.4 mm O.D following French (1971).

The starting materials were ground, calcite and magnesite dried at 220 ◦C for≥16 h, and stored

at 110 ◦C. Siderite was stored at ambient temperature in a desiccator to slow its nevertheless in-

avoidable oxidation.

All experiments (Table 2.1) were run at ETH - Zurich in end-loaded piston cylinders with assem-

blies made of NaCl-pyrex-salt-MgO. To avoid major siderite oxidation, experiments have been

run with inner graphite capsules placed in a welded 4.6 mm O.D. Pt capsule. Temperature was

controlled by Eurotherm controllers within ± 2 ◦C, using B-type (Pt94Rh6/Pt70Rh30) thermocou-

ples; quenching was done by turning off power to the furnace.

Capsules were embedded in epoxy and ground to expose phase assemblages which have been

analyzed with a JEOL JXA8200 electron microprobe at ETH using 15 kV acceleration voltage.

Textural relationships between phases were studied using backscattered electron (BSE) imaging.

To avoid volatilization of carbonates under the electron beam, the probe current was reduced to

3-6 nA and the spot size broadened to 20 µm where possible. The best compromise between count

statistical error and volatilization was found when counting 40 s on peak and 20 s on background.

Natural carbonate standards were used (calcite, magnesite, siderite and dolomite) and CO2 was

calculated by stoichiometry. Under these conditions, it was possible to obtain analytical totals of

100±3 wt% including calculated CO2, and only data meeting this threshold have been considered.

2.5 Experimental results

Textural features of the experiments (Fig. 2.2) include the presence of triple junctions, homoge-

nous phase compositions and well crystallized starting materials, all arguments for attaining equi-

librium during the experiments. At 900 ◦C carbonates form 5-10 µm polyhedral grains, growing

with temperature to 80-100 µm at 1100 ◦C. Magnetite has been detected in all runs and is an inher-

ent product of siderite oxidation. This oxidation shifts the effective carbonate bulk compositions
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Figure 2.1: Summary of the known subsolidus phase relations in the pseudo-ternary system

CaCO3-MgCO3-FeCO3 including our new results (right hand side). a,b,c Open circles indicate

single phase, filled circles two phase, and open triangles three phase run products. The symbols

in a-c give bulk compositions of the starting material and not compositions of the (unmeasured)

synthesized phases. a 0.3 GPa, 450 ◦C, after Rosenberg (1967). The filled black triangle delin-

eates the three phase field at 450 ◦C, the grey triangles indicate those at 400 and 500 ◦C. b,c 1.5

GPa, 650 and 700 ◦C, after Goldsmith et al. (1962). The filled black triangle in b shows the

three phase field, such a field appears to be absent at 700 ◦C. d,e,f 3.5 GPa, 900, 1000, and 1100
◦C, this study. Unlike in a-c, circles represent measured compositions of phases synthesized in

the experiments summarized in Table 2.1; coexisting phases are joined with tie-lines. f, Black

square: ankeritic carbonate resulting from the redox break-down of more Fe-rich carbonates to

ankerites.s.+magnetite+graphite according to equation 2.1. Shadowed area: field where carbonates

in this pseudo-ternary are unstable due to redox reaction (eq.2.1). All phase boundaries represent

a visual fit to the data.
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Table 2.1: Cc, Mgs, Sid (wt.%) define starting material bulk compositions expressed in weight

%. Phase 1 and Phase 2 (mol.%), phase composition compositions of the run products expressed

in mole %. Cc = calcite; Mgs = magnesite; Sid = siderite. Dols.s. = mineral with composition

close to Ca0.5(Mg,Fe)0.5CO3; Mgss.s. mineral with composition close to the solid solution siderite-

magnesite with ≤ 10 mol% CaCO3 component.
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away from the FeCO3 component, leading to some difficulties controlling carbonate compositions

near the FeCO3 corner.

The amount of magnetite in the run products increases both with Fe content in the bulk and with

temperature. Experimental results are reported in Table 2.1 and plotted with a visual fit of the

data outlining the solvi in Figs. 2.1 d-f. Two miscibility gaps have been observed at 900 ◦C.

The dolomite - calcite solvus closes at an XMgCO3
near 0.7, the dolomite - magnesite solvus is

continuous with the miscibility gap siderite - ankerite, the latter being slightly enriched in Ca

with respect to its nominal composition. With increasing temperature, the two miscibility gaps

become narrower until the calcite-dolomite solvus disappears between 1000 and 1100 ◦C where,

as already observed at lower pressure by Goldsmith and Herad (1961), solid solution between

dolomite and calcite is complete (Fig. 2.3a). The miscibility gap between dolomite and magnesite

is still present at 1100 ◦C, in agreement with the data of Irving and Wyllie (1975) at 3.0 GPa and

with lower pressure data (Byrnes and Wyllie 1981).

Ca0.525Fe0.475CO3 coexists with siderite at 900 ◦C and complete miscibility has been observed

along the join CaCO3-FeCO3 at 1000 ◦C, leading to the closure of the binary solvus between 900

and 1000 ◦C, 100 ◦C higher than predicted by Davidson et al. (1993) at 3.0 GPa (Fig. 2.3b). At

3.5 GPa, 1100 ◦C, Ca0.25Fe0.75CO3 is not stable anymore at the fO2 imposed by the experimental

setup, and breaks down according to

2Ca0.25Fe0.75CO3 = Ca0.5Fe0.5CO3 + C +
1

3
Fe3O4 +

5

6
O2 (2.1)

2.6 Thermodynamic modeling

Even though the experimental system has only three components, its thermodynamic modeling is

not trivial. The formulation of the free energy of mixing has to evaluate not only non-ideal mixing,

but also order/disorder phenomena. Pyroxene solid solutions which, as carbonates, are character-

ized by order-disorder mechanisms have, among others, been studied by Green et al. (2007) and

Holland and Powell (1996). In their solid solution models, the system CaMgSi2O6 - NaAlSi2O6

was described introducing an intermediate ordered component, i.e. omphacite

(Ca0.5Na0.5Mg0.5Al0.5Si2O6), to determine the pyroxene solid solution ordering state. Mineral

(diopside and jadeite) and ordered (omphacite) components define a new set of independent end-

members able to deal with ordering and unmixing phenomena. A symmetric formalism has then

been successfully applied to the above new set of end-members to calculate phase diagrams in-

cluding omphacitic pyroxenes (Green et al. 2007).

Carbonates have features very similar to pyroxenes with the intermediate ordered compound

dolomite which generates two solvi: dolomite-calcite and dolomite-magnesite. As the two solvi
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Figure 2.2: BSE images showing textural features of experimental charges. a Coexistence of

Dols.s. with Ccs.s. at 900 ◦C, experiment n (Table 2.1). b Dols.s. coexisting with Mgss.s. at 1100
◦C, experiment g c Single phase Ccs.s. synthesized at 1000 ◦C, experiment x. d Fe-Ccs.s. showing

grain growth of carbonates up to 80 µm at 1100 ◦C, experiment t. Magnetite has been detected in

all experiments and is recognizable as white micron-size speckles in a,c, and d. Ccs.s. = Mg-Fe-

Calcite solid solution; Dols.s. = solid solution near the join CaMg(CO3)2 - CaFe(CO3)2; Mgss.s. =

solid solution near the join MgCO3 - FeCO3; FeCcs.s. = CaCO3 - CaFe(CO3)2 solid solution.

are strongly asymmetric (Goldsmith and Heard 1961), the symmetric formalism cannot describe

them. To model the binary system CaCO3-MgCO3, asymmetry has been accommodated using

the van Laar macroscopic formalism (Holland and Powell 2003). In the van Laar formulation the

activity terms are expressed not only as a function of interaction energies, as in the symmetric

formalism, but also as a function of empirical ”size parameters”, i.e. αi. The size parameters

are defined for each end-member and their differences account for the asymmetry (Holland and

Powell 2003).

We present a van Laar solid solution model for the ternary CaCO3-MgCO3- FeCO3 based on five

independent end-members: three minerals and two ordered components. Thermodynamic proper-

ties for the mineral components calcite, magnesite and siderite are from the Holland and Powell
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Figure 2.3: a T-X diagram of the binary CaCO3-MgCO3 at pressures below 1.0 GPa, showing

experimentally constrained phase relations after Goldsmith and Heard (1961). Filled symbols rep-

resent limits of the solvi as defined by the authors. b T-X diagram of the binary CaCO3-FeCO3 at

pressures below 3.0 GPa, showing experimentally constrained phase relations after Davidson et al.

(1993). Square symbols: experiments by Davidson et al. (1993) at 3.0 GPa. Products from single

phase starting materials (Ank) exsolving in two coexisting phases (Ccs.s.-Sids.s.) shown as filled

squares; those from two phases starting materials as open squares. Filled triangles: experiments

by Goldsmith et al. (1962) at 1.5 GPa, filled diamonds: experiments by Rosenberg (1963) at≤ 0.4

GPa. Solvus and phase stability fields are calculated with the model of Davidson et al. (1993),

which predicts the stability of ordered ankerite up to ∼ 450 ◦C.

database (Holland et al., 1998). The ordered components dolomite and ”Dol50Ank50” are intro-

duced to account for order/disorder in the ternary system. Interaction energies and size parameters

have been determined calibrating activity-composition relations from the experimental data pre-

sented in sections 2.3 and 2.5.

2.6.1 Order-disorder

The structure of the ordered compound dolomite (R3) consists of alternating octahedral layers

of Ca2+ and Mg2+, intercalated by planar CO3
2- groups, defining M1 and M2 sites which can

preferentially host Ca or Mg respectively. With increasing temperature, Ca and Mg exchange

between the two octahedral sites up to the critical temperature, where sites M1 and M2 become

indistinguishable. The result is a disordered higher symmetry structure (R3c). The degree of

ordering can be quantified with the long-range order parameter s, defined as:

s = 2XM1
Ca -1 (2.2)

where XM1
Ca is the mole fraction of Ca hosted in the M1 site. The long-range order parameter s
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varies between 1 at low temperature, i.e. a completely ordered structure where every Ca2+ cation

is hosted in the M1 site, to 0 above the critical temperature, i.e. completely disordered structure

where Ca2+ cations are equally distributed over all octahedra.

Antao (2004) has investigated the state of order in dolomite as a function of temperature employ-

ing synchrotron in-situ X-ray diffraction, thus observing the occurrence of the R3⇔ R3c phase

transition at 1466 K and 3.0 GPa.

Even though findings of Fe-enriched intermediate terms of the solid solution CaMg(CO3)2-CaFe(CO3)2

have been reported (Beran 1977), the pure end-member ankerite (CaFe(CO3)2), has never been

found in nature. Although calculated phase relations predict the stability of ordered CaFe(CO3)2

at T ∼ 450 ◦C (Davidson et al. 1993), attempts to synthesize this phase have yet failed. Structural

variations of intermediate compounds along the join CaMg(CO3)2-CaFe(CO3)2 have been ex-

amined with single crystal X-ray diffraction, Mössbauer spectroscopy and transmission-electron-

microscopy (Reeder and Dollase 1989), showing that Fe substitutes Mg in the ordered structure

up to a XCaFe(CO3)2 of ∼ 70%.

Our thermodynamic model of the system CaCO3-MgCO3-FeCO3 incorporates order-disorder phase

transitions. Although order-disorder mechanisms in dolomite have been explored, long range or-

der processes remain poorly constrained for compositions other than dolomite.

2.6.2 Computed subsolidus phase relations: solid solution model

Along the join CaCO3-MgCO3, the state of order is defined by the partitioning of Ca and Mg

between the sites M1 and M2 (equation 2.2) which become equivalent at high temperature. The

degree of ordering is given by the internal equilibrium reaction

1

2
calcite +

1

2
magnesite = dolomite (2.3)

characterized by the enthalpy of ordering ∆Hdol
R (Holland and Powell 2003). Even though

Holland and Powell (2003) preliminary set the enthalpy of ordering of dolomite to ∆Hdol
R -13.5

kJ/mol, and Navrotsky and Capobianco (1987) calculated from calorimetric measurements the

enthalpy of ordering to -5.74 kJ/mol, we set ∆Hdol
R to - 1 kJ/mol. This latter value, along with

other energetic parameters, predicts the disordering temperature of dolomite in accordance with

the results of in-situ experiments analyzed at a synchrotron in a parallel study (Franzolin et al.

submitted). The effect of the enthalpy of ordering is best shown when calculating the dissociation

reaction of fully ordered stoichiometric dolomite. Fig. 2.4 shows the experiments by Harker and

Tuttle (1955a) constraining this dissociation reaction into periclase+calcite+CO2 and the calcu-

lated reaction positions (calculated employing Perplex 07 by Connolly (2005) and the 2002 up-

date of the Holland and Powell database) for the various enthalpies of ordering. The Holland and
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Powell (HP’03) and Navrotsky and Capobianco (NC’87) enthalpies of ordering lead to an overes-

timation of the thermal stability of dolomite by more than 150 ◦C and 60 ◦C, respectively; on the

other side, setting ∆Hdol
R to - 1 kJ/mol leads to an underestimation of the stability of dolomite by

about 40 ◦C. Goldsmith (1980) has studied the same dolomite dissociation reaction at pressures

higher than 1.5 GPa. With increasing pressure the slope of the dolomite dissociation reaction

has a turning point where dolomite becomes Ca-enriched, forming a solid solution with calcite as

pure dolomite becomes unstable. Thus calculating this reaction would include a departure from

stoichiometric dolomite and thus a solid solution model, and consequently, for the evaluation of

∆Hdol
R , we limit ourselves to the low pressure data.

Introducing Fe into the system complicates the partitioning of Ca, Mg and Fe between the crys-

tallographic sites. A new ordered compound is needed to describe order/disorder between Fe

- Mg and Fe - Ca. Whereas the stability of ordered intermediate compounds along the join

CaMg(CO3)2-CaFe(CO3)2 has been demonstrated, the stability of ordered stoichiometric ankerite

CaFe(CO3)2 is not yet confirmed. Therefore, a new ordered compound is introduced and termed

”Dol50Ank50”; it is the intermediate term of the join CaMg(CO3)2-CaFe(CO3)2 and defined by

the internal equilibrium reaction

1

2
calcite +

1

4
magnesite +

1

4
siderite = Dol50Ank50 (2.4)

characterized by the enthalpy of ordering ∆HDol50Ank50
R , set to -750 J/mol. The enthalpy of

formation of dolomite increases with increasing Fe-content (Navrotsky et al. 1999), therefore the

enthalpy of formation of Dol50Ank50 is higher than that of dolomite. Following the same criterion

used for the enthalpy of ordering of dolomite, we set the enthalpy of ordering of Dol50Ank50 to

-750 J/mol, because this value predicts the disordering temperature of Ca0.5Mg0.25Fe0.25CO3 in

agreement with in-situ experiments mentioned above (Franzolin et al. submitted).

To define Fe-Mg and Fe-Ca ordering processes, we assume that the new ordered compound

Dol50Ank50 hosts Ca preferentially in the M1 sites and that the M2 sites is split into two differ-

ent crystallographic sites: M2a and M2b, which host Fe and Mg, respectively. Although suitable

crystallographic observations have not been yet targeted at a possible M2 site splitting in Fe-rich

dolomite, the possibility of clustering or of Mg-Fe ordering between M2a and M2b sites can not be

excluded (Reeder and Dollase 1989). The ternary system CaCO3-MgCO3-FeCO3, which allows

ordering of Ca, Mg and Fe over three crystallographic sites M1, M2a, M2b, is treated as a fictive

system defined by the following five end-members:

calcite(cc)=(CaM1
0.5 CaM2a

0.25 CaM2b
0.25 )CO3
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dolomite(dol)=(CaM1
0.5 MgM2a

0.25 MgM2b
0.25 )CO3

magnesite(mag)=(MgM1
0.5 MgM2a

0.25 MgM2b
0.25 )CO3

siderite(sid)=(FeM1
0.5 FeM2a

0.25 FeM2b
0.25 )CO3

Dol50Ank50(D50A50)=(CaM1
0.5 FeM2a

0.25 FeM2b
0.25 )CO3

The following order parameters can be defined:

Q1 = (XM2b
Mg − XM2a

Mg )

Q2 = (XM2b
Mg − XM1

Mg)

V1 = (XM2a
Fe − XM1

Fe )

V2 = (XM2a
Fe − XM2b

Fe ) (2.5)

As three of these four order parameters are equivalent (Q1, V1, V2), only two order parameters are

needed to describe cation speciation: Q (i.e. Q2) and V (i.e. Q1, V1, V2). Q and V can vary from

completely ordered, i.e. equal to 1, to completely disordered, i.e. equal to 0, as summarized in Fig.

2.5. Internal equilibrium reactions (3) and (4) define the equilibrium state of order as a function of

temperature and composition (Holland and Powell 1996). Two compositional parameters

X =
1

2
XM1
Mg +

1

4
XM2a
Mg +

1

4
XM2b
Mg

J =
1

2
XM1
Fe +

1

4
XM2a
Fe +

1

4
XM2b
Fe (2.6)

are defined, where X and J are the magnesite and siderite mol-fractions, respectively. The site

fractions in the partially ordered carbonates are then defined as follows:

XM1
Ca = 1− X− J +

Q
2

XM1
Mg = X− Q

2
+

V
4

XM1
Fe = J− V

4

XM2a
Ca = 1− X− J− Q

2

XM2a
Mg = X +

Q
2
− 3

4
V
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XM2a
Fe = J +

3

4
V

XM2b
Ca = 1− X− J− Q

2

XM2b
Mg = X +

Q
2

+
V
4

XM1
Fe = J− V

4
(2.7)

and the proportions of the end-members are given by

pcc = 1− X− J− Q
2

pdol = Q− V

pmag = X− Q
2

+
V
4

psid = J− V
4

pank = V (2.8)

In the van Laar macroscopic formalism the activity coefficient for an end-member k in a phase

with n independent end-members is given by

RTlnγk = −
n−1∑
i=1

n∑
j>1

qiqjW
∗
ij (2.9)

Figure 2.4: Dissociation reaction of dolomite to calcite+periclase+CO2 as experimentally deter-

mined by Harker and Tuttle (1955a); filled symbols represent dolomite stable, open symbols the

association calcite+periclase+CO2. Experiments are compared with calculated dolomite dissoci-

ation reaction based on three different enthalpies of ordering for dolomite: -13.5 kJ/mol, as pro-

posed by Holland and Powell (2003); dashed-point line, -5.74 kJ/mol as proposed by Navrotsky

and Capobianco (1987); dashed line, -1 kJ/mol, this study, bold line.
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Figure 2.5: State of ordering Q, on the left, and V, on the right, as function of composition. The

chemical space has been divided in different regions where the order parameters vary from 0,

completely disordered, to 1, completely ordered.

(Holland and Powell 2003), in which qi = 1-φi when i=k and qi=-φi when i6= k, where φi is:

φi =
piαi∑n
j=i pjαj

(2.10)

and

W∗ij = Wij
2αk

αi + αk
(2.11)

where pi is the fraction of i in the phase k, as defined in equations (2.8) and where the α param-

eters introduce asymmetry. If all α values are identical, equation (2.9) reduces to the symmetric

formalism (Holland and Powell 2003). Wij are the macroscopic interaction energies and are the

”asymmetric interaction energies”. As the system CaCO3-MgCO3-FeCO3 shows a large degree

of asymmetry, a temperature dependence of the macroscopic interaction energies and of the αi

parameters is needed. A simple linear temperature dependence of the interaction energies Wij can

be written as

Wij = WH
ij −WS

ijT (2.12)

and likewise, for the size parameter αi can be written as

αi = αHi − αSi T (2.13)
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with WS
ij and αSi giving the necessary temperature correction of the interaction energies and size

parameters, respectively. The published subsolidus phase diagrams indicate that the general topol-

ogy, along the binary joins CaCO3-MgCO3 (Byrnes and Wyllie 1981; Goldsmith and Heard 1961;

Graf and Goldsmith 1955, 1958; Harker and Tuttle 1955a,b; Irving and Wyllie 1975), CaCO3-

FeCO3 (Davidson et al. 1993; Rosenberg 1963), and within the ternary phase diagram CaCO3-

MgCO3-FeCO3 (Goldsmith et al. 1962; Rosenberg 1967) does not change much with pressure, at

least up to the breakdown of dolomite at 5-6 GPa. Therefore, an additional pressure dependency of

these parameters is not justified by the data, leading to the assumption that the volume of mixing

remains ideal.

Two groups of parameters must then be fit in our solid solution model: interaction energies and size

parameters. For the binary joins these have been calculated with a Numerical Nonlinear Global

Optimization method, utilizing the necessary condition that the chemical potentials of coexisting

phases have to be equal at equilibrium. For the system CaCO3-MgCO3 our experimental results

and the published data of Goldsmith and Heard (1961) and Harker and Tutttle (1955b) have been

fitted together, while for the system CaCO3-FeCO3 our data have been fitted together with those

of Davidson et al. (1993).

The remaining interaction energies and size parameters necessary to describe phase relations in

the ternary CaCO3-MgCO3- FeCO3, have been refined on a trial and error base. The parame-

ters have been adjusted to reproduce the experimentally determined phase diagrams, and to match

phase relations determined by Goldsmith et al. (1962) and by Rosenberg (1967). The results are

summarized in Table 2.2.

2.6.3 Computed subsolidus phase relations: results

Our fitted ternary carbonate solid solution model is then implemented into the solid solution data

file of the program Perplex 07 (Connolly 2005) and CaCO3-MgCO3, CaCO3-FeCO3 and CaCO3-

MgCO3-FeCO3 phase relations then calculated (Figs. 2.6- 2.7) employing the 2002 update of

the Holland and Powell database. Fig. 2.6a shows the isobaric temperature-composition diagram

calculated at 3.5 GPa for the system CaCO3-MgCO3. The calculation reproduces the miscibility

gaps dolomite-calcite, closing at ∼1075 ◦C, and dolomite-magnesite which is stable until cut by

the solidus (Irving and Wyllie 1975). The calculated temperature-composition diagram for the

system CaCO3-FeCO3 (Fig. 2.6b) predicts a broad solvus calcite-siderite, which closes at XFeCO3

∼ 0.7 and 980 ◦C, while the critical temperature of the solvus proposed by Davidson et al. (1993)

is ∼ 850 ◦C at XFeCO3
∼ 0.65.

Fig. 2.7 shows calculated phase diagrams for the pressure-temperature conditions of this study
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Table 2.2: The size parameters αi are dimensionless and normalized to unit value for magnesite.

∆Hdol
R = enthalpy of ordering for the reaction (2.3) in J/mol; ∆HDol50Ank50

R = enthalpy of ordering

for reaction (2.4) in J/mol. Dol = dolomite; Mag = magnesite; Cc = calcite; Sid = siderite; D50A50

= Dol50Ank50.

(3.5 GPa and 900-1100 ◦C). At 900 ◦C, our model reproduces the two experimentally observed

miscibility gaps: the binary solvus dolomite-calcite, which closes at XMgCO3
∼ 0.7, in agreement

with the experimental results, and the solvus dolomite-magnesite, which ranges to the Fe-side of

the ternary. The calculated tie-lines between the dolomite-ankerites.s. and the magnesite-siderites.s.

slightly diverge from Fe-dolomite. With increasing temperature the two calculated solvi shrink,

and at 1100 ◦C the model predicts complete solid solution between dolomite and calcite, matching

the experimental observations.

To show the reliability of our model in a wider pressure-temperature range, subsolidus phase rela-

tions have been calculated at P-T conditions outside our experimentally coverage. The calculated

phase diagram at 1.5 GPa, 600 ◦C (Fig. 2.8a) is compared to the experiments of Goldsmith et al.

(1962). The model is able to reproduce the features of the experimental phase relations, predicting

a 3-phase field on the Fe-rich side of the diagram, which disappears at temperatures between 650

and 700 ◦C. Goldsmith et al. (1962) do not specify compositions of coexisting phases, thus it is

not possible to verify our calculated tie-lines. At higher temperature, i.e. at 1.5 GPa, 800 ◦C (Fig.
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Figure 2.6: Isobaric T-X section at 3.5 GPa of the join CaCO3-MgCO3 (a) and of CaCO3-FeCO3

(b) calculated from our solid solution model employing Perplex (Connolly, 2005). Dashed lines

in a represent the solidus and liquidus as determined by Irving and Wyllie (1975) at 3.0 GPa. For

comparison experiments performed by Goldsmith and Heard (1961), P<1.0 GPa, and Irving and

Willye (1975) are plotted as filled squares and circles, respectively. Square symbols in b represent

experiments performed by Davidson et al. (1993) at 3.0 GPa (compare to Fig.2.3). Filled triangles:

experiments by Goldsmith et al. (1962) at 1.5 GPa; filled circles: experiment performed in this

study at 3.5 GPa.

2.8b), our model matches with good accuracy the experimental data of Goldsmith et al.(1962)

along the solvus dolomites.s.-magnesites.s., but does not fit the data defining the two phase field

dolomites.s.-calcites.s.. Goldsmith et al. (1962) predict the closure of the solvus at XFe ∼ 0.35

(dashed line in figure 2.8b), but our calculated solvus closes at XFe ∼ 0.2. Further support for

a closure at low XFe stems from experiments performed in eclogitic system by Molina and Poli

(2000) and Yaxley and Green (1994) (open squares and diamonds in Fig. 2.8b) which require

complete solid solution between Fe-dolomites with an XFe ≥ 0.15 and calcite in the P-T range

1.2 GPa, 680 ◦C to 3.0 GPa, 850 ◦C. These data are in discordance with the data of Goldsmith

et al. (1962), and support a narrower Fe-bearing dolomite - calcite two phase field at 800 ◦C, as

predicted by our model.
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2.7. Assessment of the thermodynamic solution model

Figure 2.8: Calculated subsolidus phase relations in the system CaCO3-MgCO3-FeCO3 at 1.5 GPa

- 600 ◦C (a) and 1.5 GPa - 800 ◦C (b ) employing our solid solution model. The black triangle

gives the three phase field at 600 ◦C (no such field results at 800 ◦C ). Experiments performed by

Goldsmith et al. (1962) at the respective P-T conditions are reported for comparison in a and b;

open circles: single phase, filled circles: two phase, open triangle: three phase run products. The

dashed line represents the solvus proposed by Goldsmith et al. (1962). Experimental single phase

carbonates are represented by green filled squares (Molina and Poli 2000) and pink filled diamonds

(Yaxley and Green 1994) in eclogitic systems, the experimental P-T conditions are indicated for

each experiment as GPa / ◦C.

2.7 Assessment of the thermodynamic solution model

To further test the reliability of our model, pseudosections of experimentally studied anhydrous

carbonated mafic bulk compositions have been calculated. The bulk compositions chosen are the

SLEC1 composition from Dasgupta et al. (2004) and EC1 of Yaxley and Brey (2004), slightly

modified to avoid the stability of trace amounts of olivine (Table 2.3). Subsolidus phase relations

in the simplified system SiO2-Al2O3-FeO-MgO-CaO-Na2O-CO2±TiO2 have been calculated at

pressures of 2-6 GPa and temperatures of 600-1300 ◦C (Fig. 2.9), while the solidi of both bulk

compositions are from the original studies.

For SLEC1, our calculation shows the ubiquitous stability of clinopyroxene, ilmenite and garnet.

At low pressure, CO2 vapor coexists with dolomite, which is the only carbon hosting phase near

the solidus to pressures of 3 GPa (1050 ◦C). With increasing pressure, the association dolomite

+ magnesite appears and magnesite is the final stable carbonate at higher pressures. Our calcu-

lated results are in good agreement with the subsolidus experiments performed by Dasgupta et al.
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Table 2.3: MSLEC1 and MEC1 bulk composition are chemically simplified (Ti, Cr, Mn, K-free)

compositions modified after SLEC1, the bulk composition of Dasgupta et al. (2004) and EC1 the

bulk composition of Yaxley Brey (2004).

(2004), who observed a shift of the carbon phase from CO2 vapor at low pressure to dolomite and

to dolomite + magnesite with increasing pressure. While the stability of the mineral association

clinopyroxene + garnet + ilmenite + magnesite + dolomite has been experimentally observed only

at 4.6 GPa, 1010 ◦C, calculated phase diagram predict a broader stability field for this assemblage

reaching towards lower pressures, with a small and decreasing weight fraction of magnesite with

decreasing pressure (contour plots Fig. 2.9a).

The EC1 bulk has been simplified to SiO2-Al2O3-FeO-MgO-CaO-Na2O-CO2 and the calculated

pseudosection reproduce well the experimentally determined phase relationships. The compo-

sition of the dolomite solid solution is given as XCa isopleths (Fig. 2.9b), XCa increasing with

temperature and decreasing with increasing pressure in accordance with the experiments. At 5

GPa and 900 ◦C the calculated pseudosection predicts the breakdown of dolomite into aragonite

+ magnesite. Both, the SLEC1 and EC1 bulk compositions have comparable Mg#, but EC1 has a

much higher Ca# which stabilizes dolomite solid solution over a broad P-T field.

Our solid solution model predicts correctly the subsolidus carbonate phases which are at the origin

of the significantly higher carbonate melting temperatures of EC1 compared to SLEC1. Although
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2.8. Concluding remarks

thermodynamic carbonatite melt models are yet not available, our ternary solid solution model is

a first step in predicting the subsolidus phase relations of eclogitic subducted carbonated materials

and thus in predicting deep carbon recycling.

Figure 2.9: Calculated pseudosections for carbonated eclogitic bulk compositions employing our

carbonate solid solution model. a SLEC1 modified bulk composition (Table2.3, MSLEC1). Sym-

bols and red bold line (DHW04) are, respectively, experiments performed and carbonated eclogite

solidus proposed by Dasgupta et al., 2004. Contours give calculated amounts of magnesite (wt%)

in the assemblage. b EC1 modified bulk composition (Table2.3, MEC1). Red bold line (YB04)

is the carbonated eclogite solidus proposed by Yaxley and Brey (2004), symbols represent sub-

solidus experiments. Contours give calculated XCa of the dolomitic carbonate. a,b Symbols refer

to the CO2-bearing phase present in the experiments. Yellow circles: CO2 vapor; green squares:

dolomite; green/yellow squares: dolomite + alleged CO2 vapor; pink triangle: dolomite + magne-

site; blue diamonds, magnesite; green/pink squares: dolomite ± magnesite. Phase abbreviations

are: Cpx, clinopyroxene; Ilm, ilmenite; Grt, garnet; Mst, magnesite; Dol, dolomite; CO2, CO2

vapor; Qtz, quartz; Coe, coesite; CL, carbonatitic liquid.

2.8 Concluding remarks

In this study we present experiments performed in the system CaCO3-MgCO3-FeCO3 at 3.5 GPa,

which allow depicting the ternary phase diagram at high pressure. Merging all experimental and

previously published data, we develop a new solid solution model for Ca-Mg-Fe carbonates. The

new solid solution model is able to describe order/disorder introducing ”ordered end-members”,
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i.e. dolomite and Dol50Ank50. As experimental data show, the system CaCO3-MgCO3-FeCO3

is characterized by asymmetric miscibility gaps and the van Laar formalism has been introduced

to deal with asymmetric non-ideal mixing. The thermodynamic model for ternary carbonates is

reliable over a wide range of pressure-temperature conditions with an absolute minimum of fitted

parameters. The model is available in the perplex solut.dat formats at www.perplex.ethz.ch, and

is suitable to pressures of the breakdown of dolomite to aragonite+magnesite at ∼6 GPa, and at

least to temperatures of the ternary carbonate minimum melting, probably lying between 1200 and

1300 ◦C.
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Abstract

Dolomite is the most likely oxidized C-mineral in the Earth’s mantle to depths of 150-200 km,

where it is replaced by magnesite. At low temperatures dolomite is ordered (R3), but transforms

with increasing temperature into a disordered higher symmetry structure (R3c), the degree of or-

dering being quantified with the Long Range Order (LRO) parameter.

To understand the thermodynamics of dolomite, we have investigated temperature, pressure, ki-

netics and compositional dependence of the disordering process in almost pure and in Fe-bearing

dolomites. To avoid quench effects, in-situ X-ray powder diffraction experiments were performed

at high temperature and pressure. The LRO has been determined using the peak height ratio

I201/I110 of the reflections characterizing structural ordering/disordering. Time-series experiments
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show that disordering occurs in 20-30 minutes at low temperature and in a few minutes at tempera-

tures above ∼ 730 ◦C. The order parameter is pressure independent between 2.5 and 4.2 GPa, and

decreases with increasing temperature and XFe. Complete disorder occurs in natural dolomite at∼
900 ◦C and in an ankeritic-dolomites.s. with a XMg of 0.57 at temperatures as low as∼ 400 ◦C The

temperature-composition dependence of the disorder process was fitted with a phenomenological

approach intermediate between the Landau theory and the Bragg-Williams model.

The relatively low temperature experiments of this study also contribute to the understanding of the

breakdown reactions of dolomite as the assemblage aragonite + Fe-bearing magnesite is shown to

be stable at low pressure and temperature. This reaction boundary locates at 3 GPa at temperature

lower than 500 ◦C.

3.1 Introduction

The concentration of carbon buried in the upper mantle is estimated to 100 - 1000 ppm and, be-

cause olivine may only incorporate up to 12 ppm of C (at 11 GPa), carbon must be stored in a

separate phase (Shcheka et al. 2006). Depending on pressure, temperature and oxygen fugac-

ity (fO2), this phase can be graphite, diamond, C bearing fluid, carbonatitic melt or a carbonate.

Natural evidence, experimental studies and phase equilibria calculations (Molina and Poli 2000;

Wang et al. 1996; Kerrick and Connolly, 2001) demonstrate that carbonates can be stable in man-

tle and crustal systems for a wide range of P, T, and fO2 (Poli et al. 2009; Thomsen and Schmidt

2008; Dasgupta et al. 2004; Dasgupta and Hirschmann, 2006). As a rule of thumb, even though

the composition of carbonates in CO2 bearing systems is very dependent on pressure and bulk

composition (Dasgupta et al. 2005), carbonates with dolomitic composition are generally stable at

pressure up to 4-6 GPa in mafic, ultramafic and metapelitic systems (Dasgupta et al. 2004; Thom-

sen and Schmidt 2008b; Dasgupta and Hirschmann 2006). Nevertheless, dolomite is not the only

stable carbonate at pressures lower than 6 GPa (Mukherjee et al.2003; Korsakov and Hermann

2006; van Roermund et al. 2002); the pair dolomite + magnesite, for example, has been synthe-

sized by Molina and Poli (2000), Dasgupta et al. (2004) and Poli et al. (2009) up to 4.5 GPa in the

carbonate bearing eclogite system. Similar, aragonite + magnesite coexist in carbonated pelites at

8-13 GPa and replace dolomite stable at ≤ 8 GPa (Grassi and Schmidt 2010b).

The pressure stability of dolomite at higher pressure is confined by the reaction dolomite = mag-

nesite + aragonite, experimentally determined by Martinez et al. (1996), Luth (2001), Sato and

Katsura (2001), Shirasaka et al. (2002), Buob et al. (2006), Molridge et al. (2006), and Hammouda

et al. (2010). In CaO-MgO-CO2, this reaction occurs at pressures above 5 GPa at temperatures ≥
800-1000 ◦C but the different studies have yielded enormous discrepancies in the position and the

dP/dT slope of the reaction at ≤ 5 GPa. Whether or not such discrepancies, and in particular the
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proposed change in slope near 5 GPa (Luth 2001; Buob et al. 2006) might be ascribed to ordering

phenomena has to be largely explored.

Complex solid solution relations between disordered ”calcite like” structures (R3c) and ordered

”dolomite like” structures (R3) characterize the carbonates. The structure of the ordered com-

pound (i.e., dolomite) is made of alternating layers of Ca2+ and Mg2+ in octahedral coordination,

intercalated by planar CO3
2- groups, defining M1 and M2 sites which can preferentially host Ca

or Mg respectively. With increasing temperature Ca and Mg exchange between the two octahedral

sites up to the critical temperature, where sites M1 and M2 become undistinguishable and the dis-

ordered higher symmetry structure R3c becomes stable. The degree of ordering can be quantified

with the long-range order parameter s=2XM1
Ca -1 , where XM1

Ca is the mole fraction of Ca hosted

in the M1 site. The long-range order parameter s varies between 1 at low temperature, when the

structure is completely ordered, and 0 above the critical temperature (Tc), when the structure is

completely disordered.

To overcome reordering phenomena induced by quench, Antao et al. (2004) employed synchrotron

in-situ X-ray diffraction to investigate the state of order in dolomite as a function of temperature.

They observed the occurrence of the R3⇔ R3c phase transition at 1193 ◦C and 3.0 GPa. More re-

cently Hammouda et al. (2010) investigated with in-situ techniques the disordering of dolomite be-

tween 3.37 and 4.05 GPa observing the occurrence of the fully disordered structure, independently

of pressure, at 1070 ◦C. However, the role of Fe-bearing dolomite, completely unconstrained, is

crucial to fully understand phase relations in the ternary system CaCO3-MgCO3-FeCO3.

Miscibility gaps and phase relations have been extensively studied by Franzolin et al. (2010) in

the system CaCO3-MgCO3-FeCO3, who proposed a solid solution model for ternary carbonates

valid up to 6 GPa. Because disordering phenomena are undetermined for compositions other than

Fe-free dolomite, the aim of this study is to investigate the phase relations, the structural changes

and the kinetics associated with order-disorder reactions in the ternary system CaCO3-MgCO3-

FeCO3. Experiments have been performed at high P-T conditions (2.5 to 4 GPa, 300-1250 ◦C)

coupling a Paris-Edinburgh apparatus with in-situ X-ray powder diffraction.

In this manuscript, we use XFe or XMg as the molar fraction of Fe or Mg over Fe+Mg but the

term Ca# for 100*Ca/(Ca+Mg+Fe). The term Mg-calcite is employed for any carbonate that is

Ca-enriched with respect to the join dolomite-ankerite, i.e. Ca# ≥0.6.
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3.2 Experimental strategies

3.2.1 Sample selection

Six runs have been performed to study the kinetics and the order/disorder reaction of Fe-bearing

dolomites as function of pressure, temperature and composition (Table3.1). In two runs (Dol1

and Dol2 ) we used natural dolomite comparable to the Eugui dolomite used in previous studies

(Antao et al., 2004; Luth, 2001) and to the one of Hammouda et al. (2010). This dolomite has been

chosen to compare our results with previous works and to run experiments (Dol1 and Dol2 ) with

the same composition at different pressures to study the pressure dependence of the disordering

process. Moreover, we have performed time series experiments in run Dol1 in order to clarify the

kinetics of the order/disorder process. With samples S2 and S4 we investigated the influence of

the Mg/Fe ratio on the disordering mechanism of dolomite. Sample S5 gives information about

the structure of Mg-calcite and about its stability at high pressure and temperature. The synthetic

sample S6, compositionally close to the natural dolomites Dol1 and Dol2, has been chosen to test

the influence of the nature of the starting material on the ordering process.

Table 3.1: Composition of the samples used in this study. Composition of the Eugui dolomite

used by Antao et al. (2004) and Luth (2001) and Nyaoulou dolomite used by Hammouda et al.

(2010) are reported for comparison.

38



3.2. Experimental strategies

3.2.2 Sample preparation

Samples Dol1 and Dol2 are natural pure dolomite from Adamello, with a chemical composition

close to the ideal formula, CaMg(CO3) (Gieré 1990). S2, S4, S5, and S6 are synthetic samples,

chemically and texturally equilibrated in piston-cylinders at ETH Zurich, with assemblies made

of teflon-NaCl-pyrex-graphite-MgO. The starting materials for these synthesis consisted of mix-

tures of pure synthetic calcite, pure natural magnesite from Obersdorf (Philipp 1998) and synthetic

siderite. The latter has been synthesized in externally heated cold seal vessels at 200 MPa and 350
◦C from iron oxalate sealed into gold capsules of 5.4 mm O.D. following French (1971). Calcite

and magnesite were dried at 220 ◦C for ≥16 h, and stored at 110 ◦C while siderite was stored at

ambient temperature in a desiccator to slow oxidation. To avoid major siderite oxidation, synthesis

experiments have been run with inner graphite capsules placed in a welded Pt capsule. Temper-

ature was controlled by Eurotherm controllers within ± 2 ◦C, using B-type (Pt94Rh6/Pt70Rh30)

thermocouples. The Fe-bearing dolomites have been synthesized at 2 GPa and 700 ◦C for 168

h. Afterwards, S4 and S6 have been re-equilibrated at 400 ◦C for 48 h, while S2 has been re-

equilibrated at 300 ◦C. To synthesize highly ordered samples, cooling has been slow, decreasing

the temperature by 1 ◦C/min. The synthesis S5 has been run at 1100 ◦C for 72 h and fast quenched

by turning off power to the heater. Traces of magnetite, a product of siderite oxidation, have been

detected by powder XRD in all synthesis products. A small fraction of each synthesized sample

was embedded in epoxy and analyzed by electron microprobe (JEOL JXA8200) at ETH using 15

kV acceleration voltage to determine the final chemical composition (Table3.1; for analytical de-

tails see Franzolin et al. 2010). The six synthetic samples were then each ground to a fine powder

under acetone in an agate mortar.

3.2.3 Synchrotron X-ray powder diffraction

In-situ, powder XRD synchrotron experiments were performed at the high pressure and temper-

ature beamline ID27 at the European Synchrotron Radiation Facility. The standard experimental

setup of ID27 has been used, with a monochromatic beam (λ=0.37 Å), the Paris-Edinburgh large

volume press (Besson et al. 1992), Soller slits in order to shield the diffraction signal from the

gasket, and an area detector (image plate, MAR 345 system). The starting material has been put

directly inside the graphite furnace, which constrains oxygen fugacity to ∼ C/CO, avoiding at

the same time the presence of high-Z materials in the assembly. Pressure was first increased to

approximately the desired value and then temperature increased in defined time steps from room

temperature to the critical temperature and back to room temperature. MgO and Au, placed both

at the same end of the sample to prevent reaction with starting material, have been used as PT

calibrants. Unfortunately, the peaks of MgO were broad and of low intensity and not usable for
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calibration. We thus employed solely Au as calibrant (equation of state of Anderson et al. 1989),

determining pressure at ambient temperature. Assuming that at constant applied force, pressure

remains approximately constant during heating, we then determined temperature from the Au EoS

during the heating/cooling cycles. In the present study the errors on pressure and temperature are

estimated to be about 0.5 GPa and 50 ◦C respectively. Data have been reduced with Fit2D software

(Hammersley et al. 1996).

X-Ray powder diffractogramms at ambient conditions have also been collected from carbonates

synthesized in piston cylinders at 3.5 GPa and temperatures of 900-1100 ◦C (Franzolin et al. 2010)

on ID09 beamline (λ=0.41 Å, Mar555 area detector). These powder diffractogramms were em-

ployed to determine to what extent disordering is quenchable in conventional quench-experiments

and comparing them with in-situ experiments.

3.3 Analytical strategy

The Rietveld refinement method implemented in the GSAS and EXPGUI programs (Larson and

Von Dreele 2000; Toby 2001) was used to analyze the powder XRD data, for each temperature and

time step. Structural parameters (atomic coordinates, cell parameters, space group) of dolomite,

magnesite, aragonite and magnetite were taken from the ICDD database. A primary goal of this

work was to investigate order/disorder processes in carbonates, hence to determine the value of the

order parameter s at high pressure and temperature. Because of the multi-phase assemblages and

especially the similar site-scattering power between the ordered and the disordered structure in the

Fe-bearing samples, s has been determined using the intensity ratio of reflections characteristic

for ordering and disordering, instead of the full Rietveld refinement. In fact, while in dolomite

(Antao et al. 2004; Hammouda et al. 2010) the site occupancy of Ca and Mg can be directly used

to derive s, in Fe bearing samples this is not the case, since mixture of Fe and Mg in one site leads

to a similar X-ray scattering factor with respect to the scattering factor of Ca in the other site,

preventing any reliable results. In order to avoid peaks overlapping with other phases, products

of dolomite breakdown (magnesite and aragonite, refer to section 3.5.4) and Fe-rich carbonates

oxidation, the peak height ratio I201/I110, normalized to 1 at 27 ◦C, has been chosen to quantify the

long-range order parameter in our samples (i.e. s = I201/I110). With the increasing of temperature

the ordering reflection 201 decreases to 0, while the reflection 110 remains at a constant relative

intensity (Fig.3.1); consequently s decreases from 1 to 0. The estimation of the state of order

based on the ratio method for in-situ data provides reliable results if compared with the Rietveld

refinement (Parise et al. 2005).
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3.4 Accuracy of temperature estimation

In order to assess the accuracy of our temperature estimation, we calculated the thermal expansion

of dolomite at 3 GPa (Fig.3.2). A linear fit of the logarithm of volume data in the temperature range

27-730 ◦C, gives a thermal expansion of 33.7·10-6 K-1; considering that the pressure dependence

of thermal expansion in carbonates is small, in particular over the limited pressure range 0-3 GPa

(Wu et al. 1995). This value closely matches the thermal expansion coefficients obtained at room

pressure for calcite (33·10-6 K-1) and magnesite (37·10-6 K-1) by linear fit on data from Markgraf

and Reeder (1985). We therefore deduce that the temperature uncertainty in our experiments does

not exceed 50 ◦C.

Figure 3.1: Synchrotron powder X-ray diffraction for natural dolomite (Dol1 ) at ambient con-

ditions and at 3.44 GPa - 989 ◦C. At high temperature the ordering reflections 101, 015, 201

disappear, while the intensity of the reflection 110 doesn’t change with the temperature.
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Figure 3.2: Linear fit of the ln Vol as function of the temperature for the sample Dol1. The slope

of the fitted curve represents the average thermal expansion, i.e. 33.7·10-6 K-1.

3.5 Results

First we examine the kinetics of the disorder-order process which defines the strategy for study-

ing the equilibrium state of ordering as a function of temperature. Secondly, we examined the

order/disorder state of quenched (ex-situ) samples. Then we quantify the compositional and tem-

perature dependence of the order/disorder process from the in-situ experiments. Finally, reactions

between different carbonate minerals occurring in the in-situ experiments and bearing on the sta-

bilities of dolomite and Mg-calcite are discussed.

3.5.1 Disordering kinetics

To test the dolomite disordering kinetics, powder XRD spectra have been collected as a function

of time at isothermal conditions for the sample Dol1 at 3.44 GPa (Table3.2). Fig.3.3 shows the

time dependence of the normalized peak height ratio I201/I110 at four different isotherms: 585,

726, 816 and 914 ◦C. At 585 ◦C, this ratio decreases from 0.88, after 2 min of annealing to 0.58

after 30 min of annealing, which corresponds to a decrease of the 34 % of the order parameter.

No significant further decrease is observed in the following 20 minutes. At 726 ◦C the order
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parameter equilibrates almost instantly and remains constant at∼ 0.21 for almost two hours. These

data show that at high temperature structural disordering occurs in a few minutes, confirming the

results of Hammouda et al. (2010). We thus decided to collect powder diffractograms after 30

min of annealing at each temperature step for all other samples, in order to ensure the structural

equilibrium even at the lowest temperatures.

Figure 3.3: The normalized peak height ratio I201/I110 vs. time (min) for the sample Dol1 at

3.44 GPa and at four different isotherms. At low temperature, i.e. 585 ◦C, the peak height ratio

decreases strongly in the first 20-30 min. At higher temperature, i.e. 726 ◦C, the normalized peak

height ratio I201/I110 slightly decreases in the first 2 min, indicating that the disordering process

occurs in few minutes.

3.5.2 Disorder in quenched carbonates synthesized ex-situ

In order to assess the quenchability of disorder/order from ex-situ experiments, we performed

also synchrotron radiation diffraction on 15 quenched samples (Table3.3). Figure 3.4 reports X-

ray diffraction patterns of such a sample (b.c r) in which a carbonate on the join dolomite-ankerite

coexists with one of the magnesite-siderite series. This synthesis has been performed at 900 ◦C and

3.5 GPa. The X-ray pattern has not clearly indicated the presence of superstructure peaks related to

R3 symmetry (”dolomite-like” structure) but the pattern can be fully indexed with supergroup R3c

(”calcite like”’), indicating that at 900 ◦C the quenched structure is disordered. All the investigated

samples synthesized at 900 ◦C (Table3.3, compare to Franzolin et al. 2010) show no superstructure

peaks, indicating that the equilibrium structure is completely disordered at ≥ 900 ◦C and that this

disorder is fully quenchable. Because quenching (i.e. fast temperature decrease) could promote

reordering, the experimental temperature is expected to be in excess of the temperature necessary

for complete disordering in Fe-bearing samples.
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3.5.3 Temperature-composition dependence of the long-range order parameter

The introductory part of this paper has defined the long range order parameter s, as the parameter

which describes the partitioning of two atoms (i.e. Ca2+ and Mg2+) between two distinct sites. At

high temperature these two sites converge and the sites become randomly occupied. This sort of

order/disorder process can be described with the Bragg-Williams model that, introducing only one

energetic parameter related to the critical temperature, formulates the temperature dependence of

the order parameter. Antao et al. (2004) proposed a modified Bragg-Williams model which also

takes into account strain interactions due to the rotation of the CO3
2- groups and due to the size

difference between Ca2+ and Mg2+. The molar free energy of disordering in dolomite can thus be

written as:

G = RTc(1− s2 +
1

2
a(s4 − 1)− T

Tc
(2ln2− (1 + s)ln(1 + s)− (1− s)ln(1− s))) (3.1)

where TC is the critical temperature, R is the universal gas constant and a, if 6= 0, introduces the

modification of the Bragg-Williams model. This formulation can be regarded as an intermediate

case between the Bragg-Williams and the Landau models (Hayward et. al. 2000).

Hammouda et al. (2010) attempt to model the evolution of the ordering as function of temperature

with three different models: tri critical Landau expansion, Bragg-Williams model and the mod-

ified Bragg-Williams model after Antao et al. (2004), finding that the latter model fits best the

experimental data.

As the primary aim of this work is to quantify the effect of the solid solution dolomite-ankerite on

the disordering mechanism, the compositional term XFe, defined as Fe
Fe+Mg, has to be introduced

into the model. We follow the approach of Antao et al. (2004) adding the term XFe to the Landau

expansion. The molar free energy of disordering for the solid solution dolomite-ankerite, function

of s, T and XFe, can be written as:

G = RTc(1−s2+
1

2
a(s4−1)− T

Tc
(2ln2−(1+s)ln(1+s)−(1−s)ln(1−s)+nXFe(s2−1))) (3.2)

The equilibrium variation of s with temperature and composition is a minimum in the function G

(eq.3.2), i.e.

∂G(T;s;XFe)

∂s
= 0, (3.3)

which gives:
T
Tc

=
s(1− as2 − nXFe)

tanh−1s
, (3.4)

and which simplifies to the modified Bragg-Williams model (Antao et al. 2004) for a stoichio-

metric dolomite, when XFe=0.
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Table 3.2: Normal-

ized peak height ra-

tio I201/I110 isother-

mally collected at dif-

ferent time steps in

the run Dol1 at 3.44

GPa. Fig.3.3 is based

on these data.

The normalized peak height ratio I201/I110 of the data collected

for the samples S2, S4, S6, Dol1 and Dol2 at different temperatures

(Table3.4), has been used as data set to fit the model summarized by the

equations (3.2) and (3.4). Figure 3.5 shows the data points and the best fit

to the model, evidencing the decreasing of the critical temperature with

the increasing of the Fe content in the sample. While in the sample S6,

with XFe=0.06, the ordering reflection I201 disappears at ∼ 880 ◦C, in

the samples Dol1 (XFe=0.08) and S4 (XFe=0.17) the critical tempera-

ture is ∼ 830 and ∼ 730 ◦C, respectively and it becomes as low as ∼
380 ◦C in sample S2 (XFe=0.43). The dependence of order parameter

s, temperature and composition (XFe) along the join dolomite-ankerite is

illustrated in Fig.3.6A and 3.6B. The critical temperature decreases with

the increasing of the Fe content in dolomite (Fig. 3.6A,B) and, because

the critical temperature for Ca0.5Mg0.15Fe0.35CO3 (XFe=0.7) is < 0 ◦C,

intermediate ordered terms of the solid solution Ca0.5Mg0.15Fe0.35CO3 -

Ca0.5Fe0.5CO3 can not be stable at geological conditions. This result is

confirmed by the fact that the Fe2+ content substituting Mg2+ in natural

dolomites can be to 70 mol % CaFe(CO3)2, and all the attempts to syn-

thesize ordered ankerite have failed so far.

Powder diffractogramms have been collected also during the cooling

ramp in the run Dol1, demonstrating the partial reversibility of the dis-

ordering process (Fig.3.5B). Experiments Dol2 and Dol1 have been run

with the same starting material but at different pressure conditions, to

evaluate the effect of pressure on the disorder process. The results for

the two experiments are within error, identical, indicating that the long

range order parameter is independent of pressure, at least within pressure

variations in the order of few GPa. This result matches the observations

of Hammouda et al. (2010). In the runs Dol2 and S4 aragonite has been

detected as a product of the beginning breakdown of dolomite (blue fields

in Fig.3.5B-3.5C), however, this did not affect the degree of order of the

dolomite. Nevertheless, the cell parameters extracted from the run S2 re-

veal a compositional change of the sample during the experiments at 543
◦C (as shown in Fig.3.7), and data points collected at higher temperature

have not been taken into account for the model fitting (reverse triangles

in Fig. 3.5D).

The runs performed with the starting material S6, synthesized as described in section 3.2.2 and
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compositionally similar to the natural samples Dol1 and Dol2, turns into the disordered structure

R3c at ∼ 877 ◦C. This critical temperature is within error identical to that obtained for runs Dol1

and Dol2, indicating that the nature of the starting material does not affect the disordering process.

Table 3.3: X-ray powder diffraction performed on selected quenched samples synthesized by Fran-

zolin et al. (2010), Table2.1.

Figure 3.4: X-Ray powder pattern of Fe-bearing dolomite (i.e. Ca0.51Mg0.15Fe0.33CO3) synthe-

sized at 900 ◦C and 3.5 GPa in a piston cylinder apparatus and quenched afterwards. The calcu-

lated XRPD pattern has been simulated using a disordered (R3c ”calcite-like” structure) model.

The inset shows the low angle portion of the XRD pattern zoomed, evidencing that the superstruc-

ture peaks (003 and 101), characteristics of the ordered structure (R3), are absent.
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Table 3.4: Experimental results. The intensity peak ratios of dolomite, i.e. I201/I110, are normal-

ized at 27 ◦C. The presence of magnetite was detected in all the synthesized samples (refer to the

text for the details). Dol = dolomite; Arag = aragonite; Mgs = magnesite; Mg-Cc = Mg-calcite;

Mgt = magnetite. In the run S5 the presence of a disordered carbonate (i.e. called Mg-calcite2)

was detected observing shoulders on the carbonate peaks of the starting material Mg-calcite (refer

to the text for the details).
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Figure 3.5: Normalized peak height ratio I201/I110 vs. temperature for the samples S2, S4, S6,

Dol1 and Dol2. The solid lines are the best fit to the model (eq.3.2, Tc = 973 ◦C, a = 0.018,

n = -1.13). In Fig.3.5B dashed arrows show the cooling path during which the peak height ratio

I201/I110 have been measured (vertical ellipsoidal symbols) in Dol1, showing the hysteresis of the

reordering process. Filled areas: Dol + Arag + Mgs. Open stars = Dol + Arag +Mgs; black stars

= Dol; grey star = Arag + Dol.
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3.5.4 High Pressure stability of Fe-bearing dolomite and Mg-calcite

The run products results are summarized in Table 3.4. Fig. 3.8 shows some representative powder

patterns of the different experiments with their Rietveld fit. Apart from the ordering, the evolution

of cell parameters of dolomites and identification of the phases present in the different experiments

(Table 3.4) elucidate chemical reactions occurring during the experimental runs. Fig.3.7 reports

volume variations of dolomite for the samples Dol1, S2, S4 and S6 with temperature. Except

for S2, other samples do not present any discontinuity of volume with temperature within the

experimental resolution. Sample S2 however shows a significant increase in cell volume at 604
◦C, which can be ascribed to a shift in chemical composition resulting from the incorporation of

CaCO3 (15 wt. %) residual in the starting bulk composition.

Somewhat unexpected samples Dol2 and S2 and S4 show the appearance of aragonite + magne-

site (Fig.3.9), at temperatures as low as 290 ◦C, which however does not lead to any observable

discontinuity in the volume behaviour of dolomite, indicating no significant variation in dolomite

composition during these runs.

Sample S5 is characterized, at 391 - 962 ◦C, by the mineral assemblage Mg-calcite + aragonite

along with minor amounts of a second disordered carbonate (R3c), indicating a dissociation of

the Mg-calcite S5 into aragonite + Mg-calcite2, where Mg-calcite2 is richer in magnesium than

starting Mg-calcite S5.

3.5.4.1 The breakdown of dolomite and Fe-dolomite

The formation of aragonite + magnesite from dolomite provides new constraints on the very much

disputed breakdown of dolomite at low pressure and temperature conditions (2.8 GPa and T< 300
◦C).

Luth (2001) and Shirasaka et al. (2002) constrained the breakdown of dolomite by quench and in-

situ techniques, respectively, advocating a strong curvature and flattening of the reaction boundary

at 5-6 GPa in P-T space, thus implying the ubiquitous stability of dolomite at lower pressure. It

is worth noticing, that the experiment performed at 5 GPa, 627 ◦C by Luth (2001), using pure

natural dolomite as starting material, was interpreted as to lay in the stability field of dolomite.

However X-ray powder diffraction revealed minor amounts of aragonite and magnesite (Table 1

in Luth 2001) suggesting that a driving force enabling their stability is already present. Buob et al.

(2006) proposed a similar flattening of the dolomite breakdown reaction as Luth (2001), however

a single experiment at 800 ◦C (5 GPa) poorly constrains this dP/dT slope and flattening remains

questionable.

The reaction boundaries (Fig.3.9) determined by Molridge et al. (2006) and Sato and Katsura

(2001) suggests that aragonite + magnesite is restricted to more than 200 ◦C lower temperatures
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Figure 3.7: Evolution of volume with temperature in the runs Dol1, S2, S4 and S6. Scattering of

the data, particularly in S6, is probably due to the uncertainty of temperatures estimation (50 ◦C).

The volume discontinuity observed in S2 is interpreted as a compositional change during the run

(refer to text for the details).

at 6 GPa than indicated by Luth (2001), Boub et al. (2006) and Shirasaka et al. (2002). Secondly,

while Molridge et al. (2006) and Sato and Katsura (2001) attribute a constant value to the slope

of the dolomite breakdown reaction, Luth (2001), Buob et al. (2006) and to a much lesser extend

Hammouda et al. (2010) found a curvature in this reaction. According to Buob et al. (2006) and

to Luth (2001) the Clausius-Clapeyron slope decreases from 70 bar/◦C between 900 and 1000 ◦C

(at 5-6 GPa) to almost zero at temperatures below 800 ◦C (at 5 GPa).

Shirasaka et al. (2002) performed in-situ X-ray ”synthesis” experiments on aragonite + magnesite

to observe the appearance of dolomite with increasing temperature at pressures of 2.5 - 7 GPa.

In the same study, ”decomposition” experiments starting with dolomite were run to detect the

appearance of aragonite + magnesite with increasing pressure. The two groups of experiments re-
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Figure 3.8: X-Ray powder pattern of sample S4 at 3.23 GPa and 788 ◦C and 3.2 GPa and 555
◦C (b). In (b) the phases present are dolomite, aragonite and magnesite, in (a) only dolomite is

present (see text for discussion). D, M, A refers to peaks of dolomite, magnesite and aragonite,

respectively.

sulted in different reaction boundaries, interpreted to reflecting different kinetics of the synthesis

and decomposition reactions, with the latter thought to be closer to the equilibrium (Shirasaka et

al. 2002). Nevertheless, in Shirasaka et al. (2002), two of the five ”decomposition” runs are not

completely consistent with the curvature and flattening of the reaction boundary dolomite = arag-

onite + magnesite at 5-6 GPa. In run DOL 5 in Shirasaka et al. (2002) dolomite decomposes to

magnesite + aragonite at 727 ◦C and 5.2 GPa, i.e. ∼ 1 GPa below the breakdown reaction defined

by Sirasaka et al. (2002). In run DOL 7, dolomite is always stable at 727 ◦C to pressures of 6 GPa

even after 212 min of run duration. ”Decomposition” experiments were performed increasing the

temperature straight to 827 ◦C (DOL 4), thus possibly passing the stability field of the assemblage

aragonite + magnesite.

Hammouda et al. (2010), in order to attain equilibrium conditions, performed in-situ experiments

cycling the temperature around 500 ◦C at ∼ 4.2 GPa and observed the breakdown of dolomite.

These experiments show that, even though the slope of the breakdown reaction of dolomite might
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Figure 3.9: Breakdown reaction of dolomite into aragonite + magnesite. Our experiments inves-

tigated unexplored low pressure-temperature conditions. The reaction boundaries M, L, B, H and

SK refer to the studies of Molridge et al. (2006), Luth (2001), Buob et al. (2006). Hammouda et

al. (2010) and Sato and Katsura (2001), respectively. The curves S(d) and S(s) show the reaction

boundaries proposed by Shirasaka et al. (2002) for ”synthesis” and ”decomposition” experiments.

The reaction Arag + Sid = Ank (green line) has been constrained by Molridge et al. (2006).

The long dashed lines are low pressure extrapolation. Open symbols = Dol + Arag + Mgs; filled

symbols = Dol; grey symbol = Arag + Dol.

still decrease at low pressure, it remains > 30 bar/◦C in the low pressure low temperature range.

The data presented in this study tend to support the reaction boundary proposed by Hammouda et

al. (2010). The experiment Dol2 intersects the field magnesite + aragonite at T ∼ 500 ◦C at 4.16

GPa, in agreement with the reaction location proposed by Hammouda et al. (2010) (Fig.3.9 and

Table3.4). Furthermore increasing temperature isobarically, aragonite + magnesite disappear to

form dolomite at the temperatures of the ”synthesis” reaction boundary by Shirasaka et al. (2002).

As already pointed out by Shirasaka et al. (2002) the synthesis of dolomite starting from aragonite

+ magnesite is kinetically slower then the breakdown reaction of dolomite, hence the synthesis

boundary does not represent the equilibrium reaction boundary. In our XRD spectra, being col-
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lected after 30 min of annealing at each temperature step, the occurrence of the assemblage arago-

nite + magnesite at higher temperature than the reaction proposed by Hammouda et al. (2010) can

be interpreted as the metastable endurance of the low temperature phase assemblage.

Contrastingly, the assemblage aragonite + magnesite was not observed in the run Dol1 and S6,

performed at 3.44 GPa and 2.56 GPa, respectively. In these two experiments, similarly to run

DOL4 by Shirasaka et al. (2002) the temperature was increased directly into the stability field of

dolomite, preventing the formation of aragonite + magnesite, stable only at < 300 ◦C according to

Hammouda et al. (2010) (Fig.3.9). In the run S4 (XFe=0.16) the assemblage aragonite + magne-

site was observed even though the temperature was directly increased to 512 ◦C, but in this bulk

composition the presence of Fe in the system is expected to shift the dolomite breakdown reaction

towards higher temperatures broadening the field aragonite + magnesite/siderite solid solutions

(Molridge et al. 2006). Similarly in the run S2 (XFe=0.40), aragonite was first observed at 231 ◦C

and aragonite + magnesite at 290 ◦C, as a result of a slow time-temperature path followed in this

experiment, devoted to obtain a high resolution of the ordering process in this iron rich composi-

tion.

In conclusion, our results can be entirely explained combining the equilibrium boundary observed

by Hammouda et al. (2010) and the kinetical limitations reported by Shirasaka et al. (2002).

3.5.4.2 Stability of Fe bearing Mg-calcites

In the run S5, starting material Mg-calcite, an intermediate term of the solid solution dolomite -

calcite with structure R3c, dissociates into aragonite plus a second disordered Mg-calcite at high

pressure, as shown by the appearance of distinct shoulders on carbonate diffraction peaks of the

starting material S5.

As magnesite has not been observed in run S5, this reaction has no relationship with the breakdown

of dolomite, but bears on the complexity of the uppermost portion of the Ca-rich compositional

of the Ca-Mg-Fe ternary, characterized by the occurrence of the reaction Mg-calcite = dolomite

+ aragonite (Irving and Wyllie 1975; Hermann 2003). Along this univariant reaction Mg-calcite,

being an intermediate term of the solid solution dolomite - calcite, can be extremely variable in

composition varying pressure and temperature. The calculated T-X diagram in the system CaCO3-

CaMg(CO3)2 at 2, 2.7, 3 and 4 GPa (Fig.3.10A), clarifies the stability of Mg-calcite. These cal-

culations were performed employing Perplex 2007 (Connolly 2005), the database of Holland and

Powell (1998) for carbonates end-members and the carbonate solid solution model of Franzolin et

al. (2010). While at high temperature calcite forms a continuous solid solution with dolomite, at

lower temperature two 2-phase fields are observed: the solvus dolomite - Mg-calcite, which closes

just below 1100 ◦C, and the field aragonite-Mg-calcite. At∼ 900◦C (i.e. Tp at 3 GPa) Mg-calcite,
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dolomite and aragonite coexist in the invariant point p and at lower temperatures the dolomite

coexists with aragonite. The calculated T-X diagram is similar in topology to the scheme of Irving

and Wyllie (1975) which placed the invariant point p at ∼ 850 ◦C and 2.7 GPa. Nevertheless,

the solvus dolomite - Mg-calcite of Fig.3.10A agrees both with the phase relations of Irving and

Wyllie (1975) and with the experiments of Byrnes and Wyllie (1981) at lower pressure (1 GPa).

Therefore Fig.3.10A can be used to qualitatively assess the stability of Mg-calcite at high pressure.

At 3 GPa, and temperatures above the invariant point p, the stability of aragonite + Mg-calcite is

a function of the bulk composition. For compositions with Ca content higher than Xp (e.g. X1),

aragonite + dolomite transform into aragonite + Mg-calcite2 , enriched in Mg with respect to the

bulk. With increasing temperature, Mg-calcite2 reacts with aragonite to form a Mg-calcite with

bulk composition X1. The temperature at which aragonite disappears increases with the Ca con-

tent in the bulk composition.

Increasing pressure, aragonite is more stable than the Mg-calcite solid solution, broadening the

stability field aragonite + dolomite towards higher temperature. While at 2 GPa dolomite + arag-

onite are stable to ∼ 730 ◦C, at 4 GPa they coexist to ∼ 1030 ◦C (Fig.3.10A). This increased

aragonite stability at high pressure also favors the stability of the pair Mg-calcite + aragonite mov-

ing the composition of the invariant point from XCa = 0.92 at 2 GPa to XCa = 0.72 at 4 GPa.

In Fig.3.10B the experimental results of the run S5 are compared to the invariant points calculated

in Fig.3.10A (i.e. black points), yielding a positive slope for the reaction dolomite + aragonite

forming Mg-calcite. Most likely, the kinetics of this reaction is comparable to that of the dolomite

breakdown reaction (Fig.3.9), indicating that in our experiments equilibrium is reached at temper-

ature above 730 ◦C. Therefore we suggest that the reaction aragonite + dolomite = Mg-calcite in

the run S5 occurs at ∼ 980 ◦C.

Some of the discrepancies between calculated and experimentally observed phase relationships

have to be attributed to the uncertainties in the reaction calcite - aragonite. Fig.3.10B compares

locations of this reaction, experimentally determined by Suito et al. (2001), Irving and Wyllie

(1975), with calculations done with Perplex 2007 (Connolly 2005) based on the calcite and arag-

onite properties listed in the database of Holland and Powell (19998). While the three phase

boundaries determinations are comparable at pressures below 2 GPa, they diverge with increasing

pressure, the calculated reaction overestimating the stability of aragonite by more than 200 ◦C

compared to the experiments of Suito et al. (2001) and by ∼ 70 ◦C compared to Irving and Wyllie

(1975).
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Figure 3.10: A) Calculated T-X diagram showing subsolidus phase relations in the system CaCO3-

CaMg(CO3)2 at 3 GPa. Dashed lines represent the solvus Mg-calcite + dolomite calculated ex-

cluding the phase aragonite. For comparison the invariant points calculated at 2, 2.7, 3 and 4

GPa (black dots) are also reported. The green hexagon represents the invariant point proposed by

Irving and Wyllie (1975) at 2.7 GPa. Dol = dolomite; Mg-Cc = Mg-calcite; Arag = aragonite.

B) P-T diagram showing S5 run products. Filled squares represent the single phase Mg-calcite,

empty squares indicate the phase assemblage Mg-calcite + aragonite ± Mg-calcite2 (Table3.4).

Black points and the green hexagon show the invariant points reported in Fig.3.10A. Numbers

next to the symbols specify the XCa content of Mg-calcite in the invariant points. Boundaries of

the reaction calcite/aragonite experimentally determined by Suito et al. (2001), i.e. S, and by

Irving and Wyllie (1975), i.e. IW, are reported. The same reaction calculated employing Perplex

by Connolly (2005) and the 2002 update of the Holland and Powell database is also shown (HP).

The dissociation reaction Mg-calcite = aragonite + dolomite (i.e. H03) was proposed by Hermann

(2003).

The starting material S5 investigated in this study is enriched in Fe, therefore further com-

plexities occur. To illustrate these, subsolidus phase relations within the ternary system CaCO3-

MgCO3-FeCO3 (Fig.3.11) were calculated at 3 GPa and at four different temperatures: 800, 925,

950 and 1100 ◦C.

At low temperature (i.e. 800 ◦C in Fig.3.11) the ternary diagram is characterized by two min-

eral assemblages: the two phase field Mg-calcite + aragonite, in the Ca-enriched portion of the

diagram, and a one-phase field Mg-calcite. The composition of the run S5 (squared symbol in

Fig.3.11) falls into the two phase field Mg-calcite + aragonite. The boundary delimiting the two
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fields observed at 800 ◦C moves towards the Ca corner with the temperature, enlarging the divari-

ant field Mg-calcite, until it intersects the solvus Mg-calcite + dolomite at 925 ◦C (Fig.3.11).

Figure 3.11: Calculated subsolidus phase relations in the ternary CaCO3-CaMg(CO3)2-

CaFe(CO3)2 at 3 GPa and at 800, 925, 950 and 1100 ◦C. Like in Fig.3.10 filled squares represent

the single phase Mg-calcite, empty squares indicate the phase assemblage Mg-calcite + aragonite

±Mg-calcite2. The green triangle represents the 3-phase field aragonite + dolomite + Mg-calcite.

Dol = dolomite; Mg-Cc = Mg-calcite; Arag =aragonite.

The resulting topology of the ternary diagram is characterized by three 2-phases fields (dolomite

+ aragonite, Mg-calcite + aragonite, Mg-calcite + dolomite) delimiting the 3-phases field dolomite

+ aragonite + Mg-calcite. At 925 ◦C both calculations and experiments show that the run S5 is

still in the 2-phase field Mg-calcite + aragonite. At higher temperatures (i.e. 950 ◦C) the 3-phase

field disappears and the ternary system is characterized by the solvus Mg-calcite + dolomite, the

two phase field Mg-calcite + aragonite and a broad single phase field (i.e. Mg-calcite). While cal-

culations show that the composition S5 should re-equilibrate into the single phase Mg-calcite at
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950 ◦C, spectra collected at 962 ◦C yield the persistence of the two coexisting phases Mg-calcite

+ aragonite, which re-equilibrate to one phase only at 1016 ◦C. Finally, at temperature higher than

1100 ◦C (Fig. 11) the solvus Mg-calcite + dolomite closes (Franzolin et al. 2010) and as the

two phases field aragonite + Mg-calcite is very narrow, the ternary system CaCO3-CaMg(CO3)2-

CaFe(CO3)2 is almost entirely described by the divariant field Mg-calcite.

In conclusion, although discrepancies occur between experimentally derived data presented in this

work and calculated phase relationships, the observed differences can be related to temperature

uncertainties (50 ◦C), and the solution model presented in Franzolin et al. (2010) reproduces the

complexities of the ternary carbonate system.

3.6 Discussions and concluding remarks

Even though this is the first study that explores the Fe influence for the cation disorder in dolomite,

the disordering process for stoichiometric dolomite has been already investigated by Luth (2001),

via quench techniques, and in-situ by Antao et al. (2004) and by Hammouda et al. (2010).

Antao et al. (2004) determined the structure of stoichiometric dolomite at 3 GPa with in-situ

synchrotron X-ray diffraction analogously to what has been done in this study; the results are

therefore directly comparable. Antao et al. (2004) described the order/disorder transition with a

modified Bragg-Williams model (eq.3.1) locating the critical temperature at 1193 ◦C. Our model

(eq.3.2), when applied to pure dolomite setting XFe=0, simplifies to the modified Bragg-Williams

model proposed by Antao et al. (2004) and it locates the critical temperature at 973 ◦C, a disorder

temperature sensibly lower than that of Antao et al. (2004). Since the chemical compositions

are similar in both the experimental studies, this difference stem from pressure and temperature

estimation. An overestimation of the run temperatures in the experiments performed by Antao et

al. (2004) was also suggested by Hammouda et al. (2010) who investigated cation disordering

in dolomite using a multi-anvil apparatus and synchrotron radiation in energy dispersive mode,

locating the disordering temperature at 1070 ◦C between 3.5 and 4 GPa.

Quench experiments performed at pressure between 5 and 9 GPa (Luth 2001) show that dolomite

is fully disordered already at ∼ 1100 ◦C (Fig.3.12). The temperature of disordering detected in

this study, using in-situ techniques, is consistently lower than that detected by the ex-situ study of

Luth (2001), which can be very well explained by only partial quenchability of the state of order in

dolomite. On the contrary, the results presented by Antao et al. (2004) oddly imply higher degree

of disorder in the quench experiments.

To summarize, we have determined the temperature and composition dependence of the long

range order parameter in Fe-bearing dolomite. The order parameter is pressure independent in the

range of P investigated, between 2.5 and 4.2 GPa, and it decreases with the increasing of tem-
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Figure 3.12: Comparison of temperature dependence of the order parameter in pure dolomite

determined in different studies. Antao et al. (2004) used the modified Bragg Williams model

(eq.3.1) to fit the data, Luth (2001) used the General Point Approximation method, Hammouda et

al. (2010) visual fit of the data and in this study we used the model presented in the eq.3.2.

perature and XFe in dolomite. The disorder process has been modeled fitting our experimental

data with a phenomenological approach intermediate between the Landau theory and the Bragg-

Williams model, estimating the complete disordering of dolomite at 973 ◦C. Our model excludes

also the stability of ordered ankerite at geological conditions, confirming natural and experimental

evidences. This study provides also additional information to the understanding of the breakdown

reactions of dolomite and Mg-calcite. Nevertheless, more experimental studies are needed to bet-

ter constrain the stability of Mg-calcite as function of temperature, pressure and composition.

Temperature and composition dependence of the degree of order in dolomite is crucial to under-

stand carbonate phase relations, particularly in the ternary systems CaCO3-MgCO3-FeCO3, which

has fundamental implications for the comprehension of the fate of C in the mantle (Franzolin et

al. 2010). Because of the large uncertainties in dolomite/ankerite disordering process, solid so-

lution models for Ca-Mg-Fe carbonates that have been proposed so far had to introduce artificial

expedients to simulate the effect of the R3⇔ R3c phase transition (Franzolin et al. 2010; Anovitz

and Essene 1987). The direct observations of the order/disorder state in intermediate compounds

(i.e. dolomite/ankerite) will thus improve solid solution models for ternary carbonates integrat-
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ing the disordering model introduced in this study, with phase relations observed in the system

CaCO3-MgCO3-FeCO3.
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Abstract

The CO2-bearing phase stable at mantle conditions controls the mobility and residence time of C

in the mantle. While graphite, diamond and carbonates are refractory and immobile, carbonatite

liquids are highly mobile and enriched in trace elements, thus strongly modifying the geochemistry

of mantle reservoirs. Experimental studies on carbonate melting in pseudo-natural sedimentary,

basaltic and peridotitic bulk compositions, have shown that melting temperatures are strongly
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affected by the subsolidus carbonate composition in the ternary system CaCO3-MgCO3-FeCO3

and that carbonatite liquids with total alkali contents< 5 wt % can be approximated in this system.

To constrain the thermodynamics and melting reactions of ternary Ca-Mg-Fe carbonatites, we thus

performed piston cylinder and multi-anvil experiments at 3.5 and 6 GPa and temperatures to 1450
◦C. At 3.5 GPa, the ternary liquidus surface is characterized by two binary minima along the

joins CaCO3-MgCO3 and CaCO3-FeCO3 located at 1230 and 1140 ◦C and XCa 0.7 and 0.35,

respectively. The MgCO3-FeCO3 binary is characterized by a highly nonideal but continuous

melting loop which leads us to predict a metastable siderite melting temperature of 1160 ◦C,

siderite itself decomposing through an auto-redox reaction to graphite + magnetite + CO2. At

6 GPa the system shows a similar topology but shifted by ∼ +200 ◦C. Coupling the results in

the ternary system with melting temperatures of pure CaCO3, MgCO3 and FeCO3, we propose a

solution model for ternary carbonatite liquids calibrated for pressures of 1-6 GPa. This solution

model has been applied to FeO and CO2 rich systems (i.e. BIF associated with Fe-rich carbonates),

showing decarbonation and melting relations of Archean subducted BIF and predicting that no or

little CO2 was transferred to depths in excess of 100 km in the early history of the Earth.

4.1 Introduction

Fluxes and residence times of carbon in reservoirs of the Earth’ deep interior control the global

carbon cycle, which in term affects the surface and atmospheric CO2 budget through Earth history.

Even though it is accepted that the Earth mantle is depleted in C compared to primitive chondrites

(McDonough and Sun 1995), its total carbon inventory and the carbon distribution among its di-

verse reservoirs is poorly constrained. While outgassing is the primary vehicle transferring carbon

from the mantle to the atmosphere, carbon is cycled into the mantle through subduction of oceanic

lithosphere, with contributions from peridotitic, mafic, and carbonated sedimentary lithologies.

Hydrothermal alteration at mid-oceanic ridges enriches the oceanic crust in CO2 precipitating

mainly calcite in pockets or veins (Staudigel 2003). Likewise, hydrothermal carbonate precipita-

tion occurs also along transform faults, where tectonic fragmentation, intense deep faulting and

exposure of upper mantle result in widespread rock-seawater interaction.

Phase relations of subducting carbonated lithologies have been investigated employing both ther-

modynamic calculations and experimental approaches. Computed phase equilibria show that in

meta-basalts, dehydration stretches from forearc to subarc depths, while little decarbonation oc-

curs, resulting in most of the subducted CO2 being carried down to ≥ 180 km depth (Kerrick and

Connolly 2001). Similar, experiments on carbonated basaltic eclogites demonstrate that carbon-

ates remain refractory in equilibrium with H2O-rich fluids to> 6 GPa (Molina and Poli 2000; Poli

et al. 2009) and with siliceous melts to > 3.5 GPa and at least 900 ◦C (Yaxley and Green 1994).
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As metamorphic reactions are inefficient in mobilizing CO2 during subduction, melting of carbon-

ated basaltic eclogites and metapelites would be the only efficient mechanism which could release

most of the subducted CO2 thus controlling the redistribution of C into the mantle. Nevertheless,

experimental studies show that the onset of carbonate melting in carbonated basaltic eclogites oc-

curs at higher temperature than typical subduction geotherms (Dasgupta et al. 2004; Yaxley and

Brey 2004) suggesting that melting-induced release of carbonate from the subducting mafic crust

is unlikely to occur during ongoing subduction. Experiments performed on carbonated pelites

show that, while silicatic melt is generated at the solidus to pressures of 5 GPa (Thomsen and

Schmidt 2008a; Tsuno and Dasgupta 2010), solidus melts become carbonatites at greater depths

(Grassi and Schmidt 2010a). As these studies reveal that release of carbonates occurs at temper-

atures exceeding most modern subduction geotherms, CO2 transfer from the subducting oceanic

crust into the mantle may happen only if subduction rates slow down or subducted lithospheric

components become incorporated into the mantle (Thomsen and Schmidt 2008a).

The melting temperatures of carbonated eclogites and pelites are strongly affected by the compo-

sition of the subsolidus carbonate (Dasgupta et al. 2005; Thomsen and Schmidt 2008a), dolomite

bearing lithologies showing the lowest melting temperatures, ultimately a reflection of melting

relations in the simple CaCO3-MgCO3 system (Buob et al. 2006; Dasgupta et al. 2005; Thomsen

and Schmidt 2008a). Nevertheless, melting relations in the ternary CaCO3-MgCO3-FeCO3 sys-

tem are hitherto unknown. The scope of this study is thus twofold: first we experimentally define

the melting surface in the CaCO3-MgCO3-FeCO3 system at 3.5 and 6.0 GPa, and secondly fit the

first thermodynamic melt model for ternary carbonatites to all available data to 6 GPa. The ternary

melt model represents the first step to calculate carbonate melting relationships and is applied to

predict the melting behavior of carbonated banded iron formations, an alkaline free, chemically

relative simple system, which once was one of the prominent sediment formations.

4.2 Experimental and analytical methods

4.2.1 Starting materials

The starting materials investigated were prepared mixing and grinding natural magnesite (XMg

= 0.989) form Obersdorf (Philipp 1998), calcite (99.9 % CaCO3 powder from Alfa-Aesar) and

synthetic siderite. Calcite and magnesite were dried at 220 ◦C for ≥ 16 h and stored at 110 ◦C.

Siderite was synthesized from iron oxalate sealed into gold capsules of 5.4 mm O.D., and held

at 350 ◦C, 200 MPa in an externally heated cold seal vessel for 7 days, following the recipe of

French (1971). Completion of the siderite synthesis was checked analyzing the resulting powder

with X-ray diffraction. Siderite was stored at ambient temperature in a desiccator to slow oxidation
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and was repeatedly synthesized according to need. After mixing and drying, the starting materials

investigated (Table4.1) were stored in a glass dessicator.

4.2.2 Experimental techniques

Experiments were run in an end-loaded piston cylinder at 3.5 GPa and in a Walker-type multi-anvil

at 6 GPa at ETH Zurich. Piston cylinder experiments were run with teflon foil-talc-pyrex-graphite-

MgO assemblies. Two capsules, placed adjacently and charged with different starting materials,

were run simultaneously for 24 hours. To avoid Fe-loss to metal capsules and major siderite oxida-

tion, Fe-bearing experiments were performed with inner graphite capsules in welded 2.3 mm O.D.

Pt capsules. Fe-free experiments were run without the inner graphite capsule. Run temperatures,

ranging from 1150 to 1450 ◦C, were controlled by Eurotherm controllers within ± 2 ◦C, using

B-type (Pt94Rh6/Pt70Rh30) thermocouples. At the end of the experiments the assembly was grad-

ually decompressed after quenching and each capsule longitudinally embedded in epoxy, ground

and polished to expose phase assemblages along the axis of the capsule.

Multianvil experiments were conducted employing tungsten carbide cubes with 11 mm edge

length truncations combined with prefabricated MgO-octaedra of 18 mm edge length as pres-

sure medium. Assemblies were composed of stepped graphite furnaces, ZrO2 sleeves, internal

MgO spacers and molybdenum end ring and disc. Also multianvil experiments were run employ-

ing Pt-graphite double capsules in Fe-bearing bulks to avoid siderite oxidation. Each run was

performed placing two inner graphite capsules, charged with different starting materials, symmet-

rically with respect to the hot spot in a 1.6 mm O.D. Pt capsule. Temperature was controlled by a

B-type (Pt94Rh6/Pt70Rh30) thermocouple and no correction for the effect of pressure on the emf

was applied. Pressure was calibrated based on the coesite-stishovite (Yagi and Akimoto 1976;

Zhang et al. 1996) and CaGeO3 garnet-perovskite transition (Susaki et al. 1985). Experiments

were quenched turning off heating power, pressure gradually unloaded for about 12 hours, the

recovered sample longitudinally embedded in epoxy and ground to expose the synthesized phase

assemblages along the symmetry axis. Both piston-cylinder and multianvil samples were carbon

coated for textural and chemical characterization by electron microprobe.

4.2.3 Analytical techniques

Polished samples were analyzed with a JEOL JXA8200 electron microprobe at ETH using 15

kV acceleration voltage. Textural relationships between phases were studied using backscattered

electron (BSE) imaging. To avoid volatilization of carbonates and carbonatite liquids under the

electron beam, the probe current was reduced to 3-6 nA and the spot size broadened to 20 µm.

To maximize the count statistics, analysis included 40 s on the peak and 20 s on the background
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Table 4.1: Run conditions and run products of the experiments. Cc, Mgs, Sid (wt.%) define starting

material bulk compositions expressed in weight %. Phase 1 and Phase 2 (mol.%), phase compo-

sitions of the run products expressed in mole %. Cc calcite, Mgs magnesite, Sid siderite. Dols.s.

solid solution near the join CaMg(CO3)2 - CaFe(CO3)2 with CaCO3 content (mol.%) between

0.35 and 0.65; Mgss.s. solid solution near the join MgCO3 - FeCO3 with CaCO3 content (mol.%)

lower than 0.20; Lc carbonatite melt; Ccs.s. (Ca,Mg,Fe)CO3 with CaCO3 content (mol.%) bigger

than 0.75.
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(Franzolin et al. 2010). Natural carbonate standards were used (calcite, magnesite, siderite and

dolomite) and CO2 was calculated by stoichiometry. These conditions permitted to obtain ana-

lytical totals of 100±3 wt% including calculated CO2, and only data meeting this quality range

were considered. As Fe-rich carbonatite liquids are often associated with quenched Fe-oxide, two

different melt compositions were analyzed. One melt composition reflects the carbonate portion

of the quenched melt, the second composition, determined through a grid analysis, includes fre-

quently occuring fine dispersed Fe-oxides within the quenched melt (but not large equilibrium

Fe-oxides). The grid for such analyses was defined by 5 x 5 analyses with a 20 µm beam size

covering an area of 100 x 100 µm , resulting in a fairly representative large area melt composition.

4.3 Results

4.3.1 Textures of the run products

Experimental conditions and synthesized phase assemblages are documented in Table 4.1. The

attainment of equilibrium, enhanced by high temperatures and by the presence of a liquid phase, is

evidenced by triple junctions, homogenous phase compositions, completely reacted starting ma-

terials and pronounced grain growth of subsolidus carbonates up to 100 µm (Fig.4.1). Magnetite,

stemming from some oxidation of siderite component was detected in all the Fe-bearing runs and

its proportion increases with increasing Fe in the starting material. The auto-redox decomposition

of siderite component through 6 FeCO3 = 2 Fe3O4 + C + 5 CO2 produces beside magnetite and

graphite also CO2. We ignore whether this CO2 is dissolved in the melt or present as a gas phase

probably in the porosity of the graphite capsule. The Fe2+-oxidation shifts the bulk carbonate

composition away from siderite and as already observed in subsolidus experiments (Franzolin et

al. 2010) it is problematic to control the bulk carbonate composition near the FeCO3 corner. Be-

side large idiomeorphic magnetite grains, also dendritic quench crystals of magnetite are detected

in Fe-rich bulk compositions (Fig.4.1 D) and are interpreted as quench from the carbonatite liq-

uid. The quenched carbonatite liquid shows the characteristic dendritic texture (Fig.4.1 A) and as

carbonatite melt always migrates to the warmer corner of the capsule, it forms big pools easily

analyzed with good accuracy.

4.3.2 Phase assemblages and compositions and melting of Ca-Mg-Fe carbonates

Compositions of the run products and phase relations in the ternary system CaCO3-MgCO3-

FeCO3 are shown in Fig.4.2. The melt compositions plotted in Fig.4.2 reflect the carbonatite

portion of the melt. Because the carbonatite compositions were analyzed with selected point anal-

ysis, this composition is more reliable than the melt composition determined with grid analysis.
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Figure 4.1: BSE images showing textural features of experimental charges. Composition of the

run products are in Table 4.1. (A) Coexistence of Dols.s. with carbonatite melt (Lc) at 1250 ◦C and

3.5 GPa, experiment b.c 13Me . (B) Experiment b.c 8Me performed at 3.5 GPa and 1300 ◦C above

the liquidus. (C) Coexistence of Mgss.s. with carbonatite melt at 3.5 GPa and 1300 ◦C, experiment

b.c 3Me. Magnetite, detected in all Fe-bearing experiments, is recognizable as white blob (C) and

as dendritic quench crystals in (D). Dols.s. solid solution near the join CaMg(CO3)2 - CaFe(CO3)2

with CaCO3 content (mol.%) between 0.35 and 0.65; Mgss.s. solid solution near the join MgCO3

- FeCO3 with CaCO3 content (mol.%) lower than 0.20; Lc carbonatite melt; Mt magnetite.

The carbonate melt compositions typically result slightly Fe-deficient (i.e. from 0 to 3 wt% of

FeO with increasing Fe content in the bulk) compared to the average melt composition determined

by grid analysis (annex A-1).

The appearance of carbonatite melt at 3.5 GPa occurs between 1100 and 1150 ◦C. At 1150 ◦C

a narrow single phase melt field broadens towards the join CaCO3 - FeCO3 (Fig.4.2). The di-

variant field Lc (carbonatite liquid) is delimited by two 2-phases fields, Ccs.s.-Lc and Dol s.s.-Lc,
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shrinks with increasing MgCO3 component and closes at XCa ∼ 0.6 and XMg (i.e. Mg/(Mg+Fe))

∼ 0.78 where complete solid solution between dolomite and calcite, commonly named Mg-

Calcite, is stable. Experiments along the binaries CaCO3-FeCO3 and MgCO3-FeCO3 evidence

how the Lc field stretches towards the FeCO3 corner, where a Fe-rich and Ca-free carbonatite melt

(Mg0.16Fe0.84CO3) coexists with an intermediate term of the solid solution magnesite-siderite

(Mg0.34Fe0.66CO3) at 1200 ◦C. At > 1150 ◦C, the carbonatite liquid field widens towards the

CaCO3-MgCO3 join of the diagram, at 1250 ◦C the divariant field Lc has reached this join, yield-

ing a minimum at XCa∼ 0.7 slightly below 1250 ◦C. Melting of pure dolomite occurs only at 1300
◦C, but bulk compositions towards ankerite, CaFe(CO3)2, melt at lower temperatures. Decreasing

the XMg to 0.80 and 0.62, Fe-bearing dolomites melt at 1250 and 1200 ◦C respectively, generating

melts enriched in Ca with respect to dolomite-ankerite. The Ca-corner of the ternary is character-

ized by the two phase field Ccs.s.-Lc where calcite coexists with Ca-ankeritic liquids that become

progressively enriched in CaCO3 and MgCO3 component with increasing temperature. Moving

towards MgCO3, a broad solvus between Mg-rich dolomite and Ca-rich magnesite was observed

at 1250 ◦C and calculated to remain stable at 1300 ◦C (Franzolin et al. 2010).

At 6 GPa, the topology of the system has not been fully investigated. A complete binary at this

pressure exists for CaCO3-MgCO3 (Buob et al. 2006) and exhibits closure of the Ccs.s.-Dols.s.

solvus at temperatures below the solidus and an intersection of the Dols.s.-Mgss.s. solvus with

the melting loop at the Mg-rich side of the binary. Along the binary CaCO3-MgCO3 minimum

melting occurs at 6 GPa near dolomite at XCa=0.49 and ∼ 1375 ◦C, while already at 1300 ◦C a

Ca-Fe-carbonatite liquid coexists with Ca enriched Fe-dolomite, resembling the melting behavior

at 3.5 GPa, 1150 ◦C. We thus speculate that the topology of the system at 6 GPa is similar to that

at 3.5 GPa, even though melting occurs at 150-200 ◦C higher temperature.

4.3.3 The magnesite-siderite binary

The experiments in the carbonate ternary and on siderite composition at 3.5 GPa did not allow to

constrain the melting temperature of pure siderite. This is due to the fact the auto-redox dissocia-

tion of siderite to magnetite + graphite + CO2 at∼ 1100 ◦C, 3.5 GPa (Franzolin et al. 2010) occurs

at lower temperature than the melting of pure FeCO3 (Fig.4.3). To overcome the complete lack of

data for the melting of pure siderite, we performed melting experiments at 3.5 GPa on Mg-bearing

siderite with the starting compositions Mg0.4Fe0.6CO3 and Mg0.2Fe0.8CO3. The results yield a

fairly asymmetric melting loop with both the solid and melt side having a negative deviation from

ideal behavior (Fig.4.4). Because of the above Fe2+-oxidation, the bulk carbonate composition of

each experiment moves towards magnesite, an effect becoming more important with increasing

temperature. Nevertheless, we were able to constrain the solidus - liquidus loop of the system
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FeCO3-MgCO3 at 3.5 GPa, concluding that the melting of the end-member siderite would occur

metastably at ∼1160 ◦C.

As calcite and magnesite decarbonate at low pressure and melt at high pressure, we tried to di-

rectly melt siderite at 6 GPa. These experiments yield siderite stable at 1400 ◦C, but decomposed

through the above auto-redox reaction at 1450 ◦C. From these experiments we conclude that redox

dissociation occurs at lower temperature than melting also at 6 GPa and that melting of siderite

occurs metastably at ≥ 1450 ◦C at 6 GPa.

Figure 4.3: Calculated phase relations for FeCO3 and MgCO3 employing Perplex 07 by Connolly

(2005). Thermodynamics properties for the end-members siderite and magnesite are from the

2002 update of the Holland and Powell database; thermodynamics properties for the end-members

siderite liquid and magnesite liquid are from this study (Table 4.2). The green field shows the

stability field of siderite. Dashed lines represent metastable prolongations of the decarbonation

and melting reactions of magnesite and the metastable melting curve of siderite. Diam diamond;

Gph graphite; Sid siderite; Mt magnetite; CO2 vapor; FeCO3L siderite liquid; Mag magnesite; Per

periclase; MgCO3L magnesite liquid.
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Figure 4.4: Experimental phase relations in the binary system FeCO3-MgCO3. Symbols represent

measured composition of phases synthesized in the experiments b.c 20Me and b.c 21Me at 1200,

1250 and 1300 ◦C (Table 4.2). The oxidation of siderite moves the starting material composition

away from FeCO3, enriching the real bulk composition during the experiments in MgCO3. Dashed

vertical lines represent starting material composition. Squares subsolidus carbonates; diamonds

carbonatite liquids. [Mgss.s.- Sids.s.] continuous solid solution between magnesite and siderite;

[MgCO3L - FeCO3L]Lc continuous solution between magnesite liquid and siderite liquid. Solidus

and liquidus curves are visual fit of the data.

4.4 Discussion of melting relations

While melting relations in the system CaCO3-MgCO3 have been investigated at pressures from

1 to 6 GPa (Irving and Wyllie 1975; Byrnes and Wyllie 1981; Buob et al. 2006), in this study

we present the first melting experiments in the ternary carbonate system thus accounting for the

effect of Fe. In the next sections, we first discuss features of the liquidus surface in the CaCO3-
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MgCO3-FeCO3 ternary, compare these to experiments in simplified pseudo-natural systems, and

then propose a thermodynamic model for liquids in this ternary.

4.4.1 The liquidus surface of the CaCO3-MgCO3-FeCO3 ternary

The compositions of the experimental carbonatite liquids coexisting with carbonates constrain the

liquidus surface of the system CaCO3-MgCO3-FeCO3 (Fig.4.5). This system is characterized by

two minima, one along the join CaCO3-MgCO3 (m1) and one along the join CaCO3-FeCO3 (m2).

The temperature of the Ca-Fe minimum m2 lies between 1100 and 1150 ◦C, ∼ 100 ◦C lower

than the 1200-1250 ◦C for m1 on the Ca-Mg-side. Therefore the line joining the two minima,

decreasing in temperature moving from m1 to m2, is a minimum through the liquidus surface

(for such a topology see also Ricci 1951, Fig. 10-11d). The compositions of the minima m2 and

m1 are Ca0.35Fe0.65CO3 and Ca0.7Mg0.3CO3, respectively. Our result can be compared to the

study of Irving and Wyllie (1975) yielding a binary CaCO3-MgCO3 minimum at 1300 ◦C (at 3.0

GPa) with a composition of Ca0.58Mg0.42CO3. The difference in the minimum’s temperature and

composition between the minimum m1 constrained in this study and the minimum proposed by

Irving and Wyllie (1975), can probably be ascribed to the very short run durations of the Irving

and Wyllie experiments (few minutes), resulting in an overestimation of the temperature necessary

for melting and in a more Mg-rich melt composition. In the binary CaCO3-MgCO3 at 3 GPa,

the solidus intersects the miscibility gap dolomites.s.-magnesites.s., causing incongruent melting

of Mg-enriche dolomites.s. into Ca-enriched magnesites.s. + carbonatite liquid (Irving and Wyllie

1975). In our experiments such a peritectic reaction has not been directly observed at ≤ 1300
◦C, but can be constructed from the experimental phase relations. At 1250 - 1300 ◦C, the single

phase field carbonatite liquid is limited from three univariant fields: the 2-phases field liquid +

calcites.s. on the Ca-enriched portion of the diagram, while at XCa ≤ 0.63 liquid + dolomites.s.,

at high XMg, and liquid +magnesites.s., at low XMg (Fig.4.2). Because of the presence of the

solvus dolomites.s.-magnesites.s., a three phase field dolomites.s. - magnesites.s. - carbonatite liquid

must occur (yellow triangle in Fig.4.2). The polythermal projections of the liquid composition

of this three phase field (point j in Fig.4.2) constitute the points of the peritectic curve. This

peritectic curve moves from p (binary peritectic along the join CaCO3-MgCO3) to k, decreasing in

temperature with increasing Fe contents, and terminating between 1250 and 1200 ◦C in the critical

solution point k approximately at Ca0.55Mg0.28Fe0.17CO3. In this point a complete solid solution

between dolomite and magnesite is realized, therefore the equilibrium dolomites.s. - magnesites.s.

- carbonatite liquid (i.e. 3-phases field) disappears.

At 1150 ◦C the projection of the liquidus surface is tangential to the CaCO3-FeCO3 side of the

system and bends away from the siderite corner as a result of the low (predicted) melting point of
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siderite.

Figure 4.5: Ternary carbonatite liquidus of the system CaCO3-MgCO3-FeCO3 experimentally

determined at 3.5 GPa contoured for temperature. m1 binary minimum of the system CaCO3-

MgCO3; m2 binary minimum of the system CaCO3-FeCO3; p peritectic (composition from Irving

and Wyllie 1975); k critical solution point (refer to the text for details). Points represent synthe-

sized carbonatite liquid compositions laying on the liquidus.

4.4.2 Comparison with experimental studies in pseudo-natural systems

In most experiments performed hitherto in natural systems at upper mantle conditions, carbon-

atites have total alkali contents Na2O+K2O < 5 wt.% and FeO contents which, in sedimentary

systems, range up to 10 wt.% (annex A-2). Thus, the CaCO3-MgCO3-FeCO3 ternary is a good

proxy to understand melting relations even in complex system. Experimentally investigated car-

bonated bulk compositions range from simplified Fe-free peridotite (Dalton and Presnall 1998),

to average peridotites (Dasgupta and Hirschmann 2007; Brey et al. 2008) to alkali bearing peri-

dotites (Sweeney 1994), to basaltic eclogites (Dasgupta et al. 2004) and to metapelites (Thomsen

and Schmidt 2008a). Even though the composition of carbonatite liquids is controlled by the

composition of subsolidus carbonates, all carbonatite liquids produced from peridotites, eclogites

and metapelites have Ca-Fe enriched dolomitic composition (Fig.4.6). The nature of carbonates
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stable in pseudo-natural systems is strongly dependent on pressure and bulk composition, hence

affecting the melting temperature of carbonated lithologies (Dasgupta et al. 2005); nevertheless,

all studies agree with a succession calcite−→dolomite−→magnesite with increasing pressure.

Figure 4.6: Comparison between carbonatite melt composition synthesized in pseudonatural sys-

tems and melting relations determined in this study in the system CaCO3-MgCO3-FeCO3 (as in

Fig.4.5). Green symbols peridotitic systems; orange symbols eclogitic systems; purple symbols

metapelitic systems. Circles, triangles and squares indicate the type of carbonate stable at the

solidus.

Increasing pressure in ultramafic systems, a CO2 fluid, dolomite, and ultimately magnesite

are stable at the solidus (Brey et al. 2008; Dasgupta and Hirschmann 2007; Falloon and Green

1989). The intersection of the reaction dolomite + orthopyroxene = clinopyroxene + olivine +

CO2 (Eggler 1978) with the solidus around 2 GPa causes an isobaric drop of 200 ◦C in the solidus

of carbonated peridotites that, along with the rapid increase of CO2 solubility in the melt with

increasing pressure, leads to a negative Clapeyron slope of the carbonated mantle solidus between

2.0-2.5 GPa (Wallace and Green 1988; Olafsson and Eggler 1983; Wyllie and Huang 1975).

Experiments and thermodynamic modeling of carbonates in subducted mafic crust show that cal-

cite is generally stable at the lowest pressures, followed by dolomite and then magnesite, which
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is stable above 4-5 GPa (Dasgupta et al. 2004; Franzolin et al. 2010). Melting experiments

performed on anhydrous carbonated eclogites show that a Ca-dolomitic liquid appears on the

solidus (Dasgupta et al. 2004; Yaxley and Brey 2004), even though quite different solidus tem-

peratures occur in mafic compositions, possibly due to different bulk Ca/(Ca+Mg) ratios. The

dolomite-bearing lithologies of Dasgupta et al. (2005) melt ∼ 100 ◦C lower than the high-Mg

calcite bearing one of Yaxley and Brey (2004). This observation has been so far explained by a

minimum in the system CaCO3-MgCO3 (Dasgupta et al. 2005) close to the dolomitic compo-

sition (Irving and Wyllie 1975). Nevertheless, we found this minimum located at XCa ∼ 0.70

(at 3.5 GPa), in agreement with the experiments of Dalton and Wood (1993), who found natural

harzburgite in equilibrium with carbonated melt having a XCa of ∼ 0.68 (at 3 GPa). Similarly,

the projected compositions of carbonate minerals and melts on the binary CaCO3-MgCO3 for

alkali-bearing carbonated eclogites at 3 GPa of Dasgupta et al. (2005), indicate a minimum of

the system calcite-magnesite at XCa ∼ 0.65. Furthermore, as the presence of alkalis decreases the

Ca# in the melt (Lee and Wyllie 1997), the minimum in the pure binary system CaCO3-MgCO3

should locate at XCa >0.65. Therefore, the binary minimum in CaCO3-MgCO3 is not of dolomitic

composition at 3.5 GPa, and bulk Ca/(Ca+Mg) ratios cannot solely explain the different melting

temperatures between dolomite-bearing and Mg-calcite-bearing eclogites. Instead, the Fe content

in the subsolidus carbonate, along with the bulk Ca/(Ca+Mg) ratio, better explain the discrep-

ancies in melting temperatures. Increasing the Fe content in the subsolidus carbonate decreases

this temperature and moves the minimum composition towards lower XCa and higher XFeCO3 (i.e.

FeCO3/(FeCO3+MgCO3+CaCO3)) (Fig.4.7).

Experimental phase relations of subducted carbonated sediments suggest that while dolomite or

Mg-Fe calcite are stable at relatively low pressures (Thomsen and Schmidt 2008a; Thomsen and

Schmidt 2008b), magnesite (Domanik and Holloway 2000) or magnesite+aragonite are the stable

carbonate(s) at higher pressures (Grassi and Schmidt 2010a).

4.5 Thermodynamics of carbonatite melts in the system CaCO3-MgCO3-

FeCO3

Thermodynamic models to calculate melting relations have been proposed for granitic (Holland

and Powell 2001) and basaltic silicatic melts (Ghiorso et al. 2001) but so far not for carbonatite

melts, mainly because of the scarcity of experimental data. In this section we combine the experi-

mental data of this study with the few other available experimental data for Ca-Mg-Fe carbonatite

liquids in order to propose a first thermodynamic model for CaCO3-MgCO3-FeCO3 melts suitable

for pressures of 1-6 GPa.
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Figure 4.7: Temperature of the solidus vs Fe content in the subsolidus carbonate for carbonated

eclogites at pressures between 2.5 and 3.5 GPa. Increasing the Fe content in the subsolidus car-

bonate (XFeCO3) the solidus temperature decreases. Black diamond (SLEC1, Ca# 31.93) from

Dasgupta et al. (2004); empty diamonds (SLEC3, Ca# 41.29) from Dasgupta et al. (2005); black

and white diamond vertically divided (SLEC4, Ca# 36.71) from Dasgupta et al. (2005); black

and white diamond horizontally divided (SLEC2, Ca# 32.65) from Dasgupta et al. (2005); empty

squares (EC1 Ca# 43.56) form Yaxley and Brey (2004). The experimental P-T conditions are

indicated for each experiment as GPa/◦C; the value below each symbol represent the total alkali

content of the first carbonatite liquid.

We first define a set of mineral liquid end-members: calcite liquid (CaCO3L), magnesite liquid

(MgCO3L) and siderite liquid (FeCO3L). Heat capacities of liquid end-members are assumed to

be temperature independent (Holland and Powell 1998), while temperature dependence of thermal

expansion (αT ) and bulk modulus (KT ) are expressed respectively as:

αT = α0

(
1− 10√

T

)
(4.1)

KT = K(1− 1.5 · 10−4(T− 298)) (4.2)

Holland and Powell 1998). Molar volumes are calculated with a Murnaghan EOS assuming

that bulk moduli are a linear function of pressure. Because of the scarcity of experimental data on

pressure-volume relations for molten Ca, Mg and Fe carbonates, we assume that the bulk modulus

(K ), the thermal expansion (α0) and the pressure derivative of the bulk modulus (K’ ) are the same

for all three end-members. In the following, all calculations are performed with the thermody-
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namic properties of pure calcite, magnesite, and siderite from the Holland and Powell database

(1998) and the ternary solid solution model for carbonates from Franzolin et al. (2010).

All the thermodynamics properties, with the exception of K’, were derived from a fit to the melting

curves of the end-members CaCO3L, MgCO3L and FeCO3L (sections 4.5.1, 4.5.2, 4.5.3, respec-

tively). A previous study on the fusion curve of K2CO3 yielded a K’ of 13.7 (Liu et al. 2007), but

sound speed measurements suggest that K’ of CaCO3 liquid is probably∼ 7 (O’Leary et al. 2009).

Therefore we have calculated thermodynamics properties of calcite liquid, magnesite liquid and

siderite liquid assuming that K’ is 7.

4.5.1 Calcite liquid end-member

Irving and Wyllie (1975) experimentally bracketed the melting of pure calcite at 1, 2 and 3 GPa

constraining the congruent melting temperature to ∼ 1430, 1550 and 1610 ◦C, respectively. More

recently, Suito et al. (2001) performed synchrotron in-situ X-ray diffraction experiments to study

the calcite phase diagram at pressures to 9 GPa, observing the transition from rhombohedral (R3c)

to monoclinic structures (calcite II and calcite III) with increasing pressure at a temperature below

400 ◦C. Increasing temperature causes a sequence of phase transitions from calcite III, to aragonite

to disordered calcites (calcite IV with unknown structure, and calcite V with R3m structure), to

liquid. CaCO3 was found to be molten at ∼ 1730 ◦C at 4-6 GPa and at ∼ 2000 ◦C at 8 GPa. Suito

et al. (2001) proposed the following melting curve for disordered CaCO3, valid to 8 GPa:

Tm(◦C) = 1338 + 82 · P− 2.9 · P2 (P in GPa) (4.3)

The melting curve constrained by eq.(4.3) describes the reaction disordered calcite = calcite

liquid. The thermodynamic database of Holland and Powell (1998) introduces a Landau correction

for the end-member calcite to describe the phase transition from rhombohedral (R3c) to disordered

calcite (R3m) and in the rest of the paper we will refer to both polymorphs simply as calcite. We

then solved the equilibrium reaction where GCaCO3disordered=GCaCO3L at pressures and tempera-

tures set by the equation (4.3), fitting heat capacity, volume, thermal expansion, compressibility,

entropy and enthalpy for the end-member calcite liquid (Table 4.2). Fig.4.8 shows the comparison

between our calculated melting curve, the one proposed by Suito et al. (2001) and the experi-

ments performed by Irving and Wyllie (1975). Both melting curves are in good agreement with

another, but both curves predict melting ∼ 50 ◦C lower than the melting temperatures determined

by Irving and Wyllie (1975). This discrepancy can again be ascribed to the very short experimen-

tal run times of 2-5 min, which may have led to an overestimation of melting temperatures as the

time span for melting of crystalline aggregates may have been insufficient to produce detectable

amounts of melt (Buob et al. 2006).
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4.5.2 Magnesite liquid end-member

Few experimental data are available for the melting of pure magnesite but a melting curve can still

be compiled from these data. At pressures below 4 GPa, Irving and Wyllie (1975) observed the

congruent melting of magnesite at∼ 1585 ◦C, 3 GPa and at 1610 ◦C, 3.6 GPa. At higher pressures

Katsura and Ito (1990) studied melting and subsolidus phase relations in the system MgSiO3-

MgCO3 at 8 and 15 GPa locating the melting temperature of MgCO3 at ∼ 1950 and 2050 ◦C,

respectively. Based on these four experimental brackets we propose the following melting curve

for pure magnesite:

Tm(◦C) = 1308 + 107.88 · P− 5.25 · P2 (P in GPa) (4.4)

We then solved the equilibrium function GMgCO3=GMgCO3L on the melting curve, fitting heat

capacity, volume, entropy and enthalpy of MgCO3L (Table 4.2) assuming that compressibility

and thermal expansion are the same for magnesite liquid and calcite liquid. Fig.4.8 compares the

melting curve of magnesite calculated with our model and the experimental data of Irving and

Wyllie (1975) and Katsura and Ito (1990), showing complete agreement between experimental

data and the calculated curve to at least 8 GPa.

Table 4.2: Molar thermodynamic properties of melt-end-members. CaCO3L calcite liquid;

MgCO3L magnesite liquid; FeCO3L siderite liquid. H enthalpy of formation; S entropy; V vol-

ume; Cp heat capacity (all properties at 1 bar and 298 K); α thermal expansion parameter; K bulk

modulus at 298 K, K’ pressure derivative of the bulk modulus.

4.5.3 Siderite liquid end-member

Unfortunately, the redox dissociation of siderite provides a formidable obstacle to determine the

siderite melting curve. Nevertheless, this problem was mended through the determination of the

solidus and liquidus curves for XMg’s from 0.16 to 0.62 in FeCO3-MgCO3 at 3.5 GPa, which

yields a metastable melting temperature of pure siderite of ∼ 1160 ◦C at 3.5 GPa. Moreover, our

experiments on pure siderite at 6 GPa suggest that FeCO3 melts at temperatures just above 1450
◦C, we thus assume that siderite melts near 1460 ◦C at 6 GPa. We then solved the equilibrium

function GFeCO3=GFeCO3L for the P-T conditions of melting, fitting heat capacity, volume, entropy
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and enthalpy (Table 4.2) assuming that compressibility and thermal expansion are the same for

pure magnesite liquid, calcite liquid and siderite liquid. The calculated (metastable) melting curve

of siderite is shown in Figs. 4.3 and 4.8.

4.5.4 Assessment of the thermodynamics properties of molten end-member car-
bonates

The derived thermodynamics properties of the end-members CaCO3L, MgCO3L and FeCO3L,

applicable at pressures of 1-6 GPa, can be compared to the available data for molten carbonates at

high pressure. Genge et al. (1995) calculated physical properties of molten CaCO3 at pressures to

10 GPa from molecular dynamics, obtaining an isothermal melt density at 1950 K that increases

from ∼ 2100 to 2550 kg/m3 from 1 to 4.5 GPa. Our model yields a density increase of calcite

liquid from 2200 to 2550 kg/m3 at 1 to 4.5 GPa, in good agreement with Genge et al. (1995). The

isothermal bulk modulus K of molten CaCO3 calculated from molecular dynamics at 1950 K at 1

and 3 GPa is 10.9 and 21.7 GPa (Genge et al. 1995), respectively, while calculations performed

with our model predict a less compressible liquid (i.e. K ∼ 12.6 and 26.6 GPa). The density-

pressure curve proposed by Genge et al. (1995) is thus steeper than that calculated with our model

(Fig.4.9).

Liu et al. (2007) bracketed the melting temperature of K2CO3 to pressures of 3.2 GPa and derived

a bulk modulus K of 3.8 GPa and its pressure derivative K’ to 14. Combining thermodynamic data

of molten and solid carbonates, we calculate the volume of fusion ∆Vf as a function of pressure

and normalize ∆Vf to the volume of the solid carbonate (Vs). Because of the higher compress-

ibility of the liquid compared to the solid, ∆Vf decreases with pressure potentially leading to a

density inversion solid-liquid carbonate. The volume of fusion of K2CO3 can be derived using a

modified relation for the 1 bar liquid compressibility:

β(T)
liquid
K2CO3

= [13.9 + 0.0141 · (T− 1100K)]10−6 (Liu personal communication) (4.5)

The calculated normalized volume of fusion of K2CO3 on the melting curve decreases from

0.026 at 1.86 GPa, 1446 K to 0.008 at 2.79 GPa, 1470 K and approaches zero at 3.16 GPa, 1467

K (∆Vf/Vs ∼ 0.003), above which the liquid results to be denser than the solid (e.g. at 4 GPa

and 1423 K ∆Vf/Vs ∼-0.007) . Melting of CaCO3 at the same pressure conditions occurs at 300

to 360 K higher temperatures, its normalized volume of fusion decreasing from 0.11 to 0.09 with

increasing pressure. Because the normalized volumes of fusion of CaCO3 is higher than that of

K2CO3, the decrease of the volume of fusion of CaCO3 with increasing pressure does not lead to

the density inversion for CaCO3-liquid within the investigated pressure range.
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Figure 4.8: Congruent melting for the end-members calcite into calcite liquid (black curve), mag-

nesite into magnesite liquid (violet curve) and siderite into siderite liquid (green curve), calculated

employing Perplex 07 by Connolly (2005). Thermodynamics properties for the end-members

calcite, magnesite and siderite are from the 2002 update of the Holland and Powell database; ther-

modynamics properties for the end-members calcite liquid, magnesite liquid and siderite liquid

are from this study (Table 4.2). Dashed line is the melting curve for calcite proposed by Suito et

al. 2001. Black squares are calcite melting experiments performed by Irving and Wyllie (1975);

violet triangles are magnesite melting experiments performed by Irving and Wyllie (1975); vio-

let circles are magnesite melting experiments performed by Katsura and Ito (1990); green dia-

mond are metastable melting point of siderite constrained in this study. Yellow stars are minimum

temperature detected along the binary CaCO3-MgCO3 at different pressure by different authors.

BW81, Byrnes and Wyllie 1981; IW75, Irving and Wyllie 1975; EF 10, this study; AB06, Buob

et al. 2006.
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Figure 4.9: Isothermal variation in CaCO3 melt density at 1950 K calculated from molecular

dynamics (Genge et al. 1995, red curve) compared with melt density variation of CaCO3 (red

diamonds), MgCO3 (blue diamonds), FeCO3 (green diamonds) calculated with our model. Vi-

olet diamonds represent the isothermal density variation calculated after Liu et al. (2007). It is

worth noticing that melt densities are represented with filled symbol at conditions they are stable,

while empty symbols are used to represent metastable conditions (i.e. subsolidus or at T above

decarbonation reactions).

4.5.5 Derivation of mixing properties from the three binaries CaCO3-MgCO3, CaCO3-
FeCO3, FeCO3-MgCO3

The thermodynamic properties of the three liquid end-members calculated above constitute the ba-

sis for the solution model of carbonatite liquids in the CaCO3-MgCO3-FeCO3 ternary. In the fol-

lowing, we develop a solution models for the three binaries defining the ternary CaCO3-MgCO3-

FeCO3. All phase diagrams presented in this section have been calculated employing Perplex 07

by Connolly (2005).

The molar Gibbs energy Gm of a solution may be formulated as

Gm =

n∑
i=1

XiG
0
i + RT

n∑
i=1

XilnXi + RT
n∑
i=1

Xilnγi (4.6)

The first term represents the mechanical mixing, the second one the entropy of mixing in an

ideal solution, and the third the Gibbs energy of mixing due to deviation from ideality or excess

Gibbs energy of mixing, Gex. We modeled this latter term with macroscopic subregular Margules
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model which describes the asymmetric activity-composition relations observed for carbonatite

melts.

For a n component system the excess Gibbs energy of a subregular solution is

Gex =

i∑
n

n∑
<j

XiXj(Xjwij + Xiwji) (4.7)

and the activity coefficient for end member i in a phase with n independent end members is

RTlnγi = 2
∑
j=1

j 6=i

XiXjwij +
∑
j=1

j 6=i

X2
jwij − 2Gex (4.8)

The interaction parameters wij are further decomposed into enthalpic (wij
H), entropic (wij

S) and

volumetric terms (wij
V) according to:

wij = wH
ij − TwS

ij + PwV
ij (4.9)

4.5.5.1 CaCO3-MgCO3

This is the experimentally by far best constrained system. It is characterized by the presence of

a minimum between calcite and dolomite and by the peritectic reactions: Dols.s. = Mags.s. + Lc

at pressure above 2.5 GPa and Dols.s. = MgO + CO2 + Lc at pressures below the decarbonation

reaction of magnesite. Minimum melting temperatures increase with pressure from ∼ 1075 ◦C

at 1 GPa to ∼ 1375 ◦C at 6 GPa with minimum compositions becoming more Mg-rich (Byrnes

and Wyllie 1981; Irving and Wyllie 1975; Buob et al. 2006). In order to reproduce the S-shaped

liquidus on the Mg-rich side of the binary CaCO3-MgCO3 (Irving and Wyllie 1975; Buob et al.

2006), a temperature dependence of the interaction parameter wCaMg had to be introduced (i.e.

wCaMg
S 6= 0). Furthermore, because of the strong pressure dependence of the minimum in this

system a pressure dependence of wMgCa is needed (i.e. wMgCa
P 6= 0, Table 4.3). We then fitted

the four necessary excess parameters wCaMg
H, wCaMg

S, wMgCa
V, wMgCa

H to the experimentally

determined phase diagram at 1, 3, and 6 GPa (Table 4.3).

Energetic parameters are generally negative, thus promoting complete liquid miscibility between

end-members. Nevertheless, the resulting entropic term allows a change of sign of wCaMg at ∼
1350 ◦C (i.e. positive at low temperature), potentially enabling an unmixing of two liquids at low

temperature. Nonetheless, an unmixing between CaCO3 and MgCO3 liquids is metastable because

of the predominant energy contribution of the highly negative energetic parameter wMgCa .

Our model reproduces the topology of the system CaCO3-MgCO3 described above at 1, 3.5 and 6

GPa (Fig.4.10) correctly predicting minimum melting temperatures (Tm) increasing with pressure
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from 1100 ◦C to 1330 ◦C (at 1 to 6 GPa). The minimum melt compositions calculated with our

model are XMg∼ 0.28 at 1 GPa, very similar to the one experimentally constrained by Byrnes and

Wyllie, and ∼ 0.41 at 6 GPa. Buob et al. (2006) located the minimum at 6 GPa with a preferred

value of XMg ∼ 0.5, but because of the extremely flat topology around this minimum, our calcu-

lated value is, within error, in agreement with the Buob et al. (2006) experiments.

At 1 GPa and ∼ 1100 ◦C our calculations predict the stability of Mgss.s.+Lc instead of the as-

sociation MgO + Dols.s. + CO2. The latter is experimentally constrained by Byrnes and Willye

(1981) but is calculated to become stable only at ≥ 1200 ◦C. This discrepancy can be ascribed

to the thermodynamic properties for magnesite of Holland and Powell (1998) coupled with the

CORK equation of state for CO2 (Holland and Powell 1991), as these data lead to a calculated

decarbonation reaction of MgCO3 into MgO + CO2 only at ≥ 1200 ◦C, i.e. ∼ 100 ◦C higher

than experimentally predicted, thus also shifting to higher temperature the stability field of MgO

+ Dols.s. + CO2.

Although our model predicts the occurrence of the peritectic reaction dolomites.s. = liquid +

magnesites.s., fails to estimating its temperature and composition, locating the peritectic point

at lower T and XMg than expected.

Table 4.3: Mixing parameters wij in J/mol. CaCO3L calcite liquid; MgCO3L magnesite liquid;

FeCO3L siderite liquid.

4.5.5.2 CaCO3-FeCO3 and MgCO3-FeCO3

Melting relations along the joins CaCO3-FeCO3 and FeCO3-MgCO3 were unknown before this

experimental study. Our experiments performed at 3.5 GPa along the join calcite - siderite suggest

the presence of an intermediate minimum at XCa ∼ 0.4 near 1140 ◦C. Because of the low melting
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temperature of siderite, the minimum is compositionally shifted towards the end-member. As this

binary is only constrained by our experiments at 3.5 GPa, we do not fit any other interaction pa-

rameter than wCaFe
Hand wFeCa

H (Table 4.3). Our model reproduces the known features of the

CaCO3-FeCO3 binary predicting the occurrence of the minimum at 1120 ◦C and XFe ∼ 0.62 (Fig.

4.11a).

Our experiments characterize the join MgCO3-FeCO3, to have a continuous melting loop, asym-

metric towards MgCO3 (Fig.4.4). Following our general strategy of using the absolute minimum of

necessary interaction parameters, this melting loop can be fitted with a symmetric regular formal-

ism setting wMgFe
H = wFeMg

H for the carbonatite melt, as some assymetry is already introduced

by the solid solution model of magnesite-siderite. The resulting enthalpic interaction parameter

(Table 4.3) leads to a reproduction of the experimental determined melting loop within error.

Figure 4.11: Calculated phase relations in the binary system CaCO3-FeCO3 and MgCO3-FeCO3

at 3.5 GPa employing Perplex 07 by Connolly (2005). Thermodynamics properties for the end-

members calcite and magnesite are from the 2002 update of the Holland and Powell database;

thermodynamics properties for the end-members calcite liquid and magnesite liquid are from this

study (Table 4.2). Ccs.s. calcite solid solution; Sids.s. siderite solid solution; [Ccs.s.- Sids.s.] con-

tinuous solid solution between calcite and siderite; [CaCO3L - FeCO3L]Lc continuous solution

between calcite liquid and siderite liquid; [Mags.s.- Sids.s.] continuous solid solution between

magnesite and siderite; [MgCO3L - FeCO3L]Lc continuous solution between magnesite liquid

and siderite liquid; m2 minimum of the binary system CaCO3-FeCO3.
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4.5.6 Calculated ternary liquidus for the system CaCO3-MgCO3-FeCO3

The ternary liquidus surface for the system CaCO3-MgCO3-FeCO3 was calculated employing

Perplex 07 by Connolly (2005). We first tested whether the ternary system can be satisfactorily

described by the interaction parameters derived from the binaries, i.e. without introducing any

ternary interaction parameter. Results are shown in Fig. 4.12. At temperatures below 1200 ◦C

the liquidus predicted by the model is in good agreement with the experimental data for compo-

sitions close to the binary join CaCO3-FeCO3. In the more Ca-rich portion of the diagram, the

calculated liquidus surface results to be slightly Ca-deficient with respect to the experiments at

temperatures below 1200 ◦C. At higher temperatures, the modeled liquidus surface is in better

agreement with experimental data, predicting the stability of a wide Fe-bearing calcio-dolomitic

liquid single phase field. Finally, the isothermic projections of the liquidus surface at 1250 ◦C and

1300 ◦C reproduce with good accuracy the liquidus surface experimentally determined.

As discussed in the previous section, the calculations underestimate the temperature of the peri-

tectic reaction Dols.s. = Mags.s. + Lc in the binary system CaCO3-MgCO3, therefore calculations

performed in the ternary system are not able to reproduce the peritectic curve (compare Fig.4.5

and Fig.4.12).

In summary, the thermodynamic melt model of carbonatite melts based on binary interaction pa-

rameters reproduces well the temperatures and main features of melting relations in the system

CaCO3-MgCO3- FeCO3. As the predictive or extrapolative capacity of any solution model is

generally better when less interaction parameters are used, we refrain from introducing ternary

interaction parameters to mediate the slight discrepancy between the ternary experimental data

and the calculations. Finally, this model can predict melting relations in alkali-free carbonated

systems.

4.6 Application of the thermodynamic model: subduction and recy-

cling of C bearing banded iron formations (BIFs)

In this section, we apply our ternary carbonatite melt model to an appropriate alkaline free com-

position, i.e. to the subduction of carbon-bearing banded iron formations (BIF). BIF were pre-

cipitated from sea water mainly in the Archean between 3.5 and 1.8 Ga, i.e. mainly before the

rise of oxygen at 2.1 Ga ago, but also in a smaller pulse from 0.8-0.6 Ga in the Proterozoic. The

reduced Archean oceans held considerable amounts of Fe2+ in solution, which let through oxida-

tion to insoluble iron oxides then precipitating to form interbedded layers of magnetite/hematite,

shale, chert and siderite/ankerite forming the characteristic banded iron formations. The purest

banded iron formations consist only of magnetite + hematite + silica minerals but are predictably
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Figure 4.12: Calculated ternary carbonatite liquidus of the system CaCO3-MgCO3-FeCO3 at 3.5

GPa contoured for temperature employing Perplex 07 by Connolly (2005). Thermodynamics prop-

erties for the end-members calcite, magnesite and siderite are from the 2002 update of the Holland

and Powell database; thermodynamics properties for the end-members calcite liquid, magnesite

liquid and siderite liquid are from this study (Table 4.2).

refractory, as minimum melting in the magnetite - (hematite) - SiO2-system occurs at 1455 ◦C at

1 atm (under air; Phillips and Muan 1959). Nevertheless, BIF frequently contain ankerite/siderite

or graphite (probably former organic carbon), which upon heating reacts with hematite/magnetite

to form siderite.

We calculated phase relations as a function of temperature and oxygen fugacity at 1 and 3.5 GPa

for a plausible carbonate + BIF composition (Fig.4.13) employing Perplex (Connolly 2005) and

the carbonatite melt model of this study. The bulk composition chosen (Table 4.4) has been de-

rived from averaging an unaltered stratigraphic sequence of BIF, chert-siderite and cherty BIF,

drilled near Wittenoom in the Hamersley Group, Western Australia (Webb et al. 2003).

The log(fO2)-T diagrams of BIF (Fig. 4.13) are characterized by three major redox reactions: the

graphite - CO2, (CCO) buffer, the ferrosilite = magnetite + quartz (fsQM) equilibrium which be-

comes fayalite = magnetite + quartz (QFM) at higher temperatures, and the magnetite - hematite

(HM) buffer. At 1 GPa the stability of carbonates is limited at low oxygen fugacity by the re-
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action graphite = CO2 and at oxidizing conditions by decarbonation reactions forming pyrox-

enes. The maximum temperature stability of carbonates occurs at the CCO buffer at 775 ◦C. At

a log fO2 more oxidizing than -8.5 the decarbonation reaction is magnesites.s. + SiO2 = opxs.s. +

CO2 while at more reducing conditions dolomites.s. reacts with quartz producing cpxs.s. + CO2.

Both reactions have a slight temperature dependence and occur from 700-770 ◦C with decreas-

ing oxygen fugacity. Even though magnesite-siderite and dolomite-ankerite solid solutions are

stable at 1 GPa, the solid solution magnesite-siderite becomes less stable with increasing oxy-

gen fugacity, due to the oxidation of the Fe component, partially releasing CO2 into the mantle.

Table 4.4: Carbonated banded

iron formation bulk composition

used for calculations (BIFsEF)

shown in Fig. 4.13 and Fig.

4.14 (modified after Webb et al.

2003).

In Fig. 4.14C the amount of CO2 stored in carbonates was

calculated as function of temperature along the buffers CCO,

QFM and HM at 1 GPa. At relatively high oxygen fugacity

conditions (i.e. HM) the amount of CO2 stored in carbonates

decreases continuously between ∼ 600 and 700 ◦C as result

of the decarbonation of dolomite and magnesite. Moreover

the buffer HM crosses XMg (i.e. Mg/(Mg+Fe)) isopleths of

dolomite and magnesite (Figs. 4.14A-B), showing that at high

oxygen fugacities carbonates becomes Mg-enriched as result

of the oxidation of the FeCO3 component in the solid solution

magnesite or dolomite. At lower oxygen fugacities (i.e. CCO

and QFM) Fe-enriched carbonates are stable and decarbonation

is due to the breakdown of magnesites.s. and dolomites.s. at high

temperatures (Mgs-out and Dol-out in Fig.4.14C).

At 3.5 GPa the stability of the CO2 bearing phase is limited at

low oxygen fugacity by the reaction opxs.s. + 2 magnesites.s. = 2

olivines.s. + 2 C + 2 O2, similar to the EMOG reaction (Eggler

and Baker 1982), which occurs at oxygen fugacities slightly

lower than the CCO buffer allowing the stability of graphite +

siderites.s.. Similarly to what is observed at 1 GPa, decarbona-

tion reactions above the fsQM-buffer occur at a fairly constant

temperature of 1100-1130 ◦C. At log fO2 > -3 a decarbona-

tion reaction forming orthopyroxene delimits the stability of magnesite, between -3 and the fsQM

buffer the reaction 2 SiO2 + dolomites.s. = cpxs.s. + 2 CO2 constrains the stability field of carbon-

ates. Between the fsMQ and CCO buffers, two reactions delimit carbonate stability. For about

half a log-unit below fsMQ, dolomite-ankerites.s. decomposes forming magnetite. At lower oxy-

gen fugacities, encompassing about 1.5 log-units above the CCO buffer, the dolomite-ankerites.s.

stability is delimited through a melting reaction which occurs at ∼ 1180 ◦C and forms a carbon-
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atite with ankeritic composition (Ca0.50Fe0.46Mg0.04) in the minimum of Fig.4.5.

Similarly to what observed at 1 GPa magnesite and dolomite becomes enriched in Mg at high

oxygen fugacities, while the composition of the carbonatite melt is more dependent to the temper-

ature (Figs. 4.14D-E), becoming enriched in Mg and Ca with the increasing of the temperature

resembling the curve m1-m2 described in Fig.4.5. At 3.5 GPa CO2 is released along the buffer

HM (Fig. 4.14F) similarly to what observed at 1 GPa. At more reducing conditions (i.e. FsQM

and CCO) CO2 is released at∼ 1100 ◦C due to the reaction Ca-magnesites.s. + SiO2 = dolomites.s.

+ CO2. At higher temperature and at oxygen fugacity imposed by the buffer FsQM the breakdown

of dolomite releases all the CO2 stored in carbonates. On the other hand along the buffer CCO

carbonatite melt is formed at ∼ 1180 ◦C remaining stable to 1400 ◦C.

Next, the question arises, what geotherms are applicable to Archean subduction. It is widely ac-

cepted that the Archean potential mantle temperatures was∼ 200 ◦C higher than today (Mckenzie

and Weiss 1975). Consequently, the thermal regime for Archean subduction should have been

hotter than the one observed today, in fact, early continental crust mainly composed of tonalite-

trondhjemite-granite (TTG) suites is thought to have formed from widespread slab melting (Rapp

and Watson 1995). Extrapolating the subduction geotherm by Foley et al. (2003) to 3.5 GPa, one

can assume Archean slab surface temperatures of ∼ 670 and ∼ 1220 ◦C at 1 and 3.5 GPa, respec-

tively (green field in Fig. 4.13). At 1 GPa, carbonate stability is higher than the alleged 670 ◦C,

implying that carbonates could be subducted to higher pressure even at oxygen fugacities > CCO.

At 3.5 GPa, a slab with a temperature near 1220 ◦C would pass through the carbonatite melt field

at oxygen fugacities between CCO and almost fsQM and would be decarbonated at higher oxygen

fugacities.

To conclude, the thermodynamic calculations predict that in the early history of the Earth CO2

stored in carbonated BIFs would not have been subducted to pressures higher than 3.5 GPa as

long as high Archean-type subduction geotherms prevailed. The release of CO2 rich fluids at con-

ditions more oxidizing than fsQM or of ankeritic carbonatites for systems at or slightly above the

CCO buffer would have recycled C into relatively shallow mantle, probably leading to a continu-

ous enrichment of C at the Earth’ surface as the burying part of the C-cycle was ineffective.

4.7 Conclusions

1. High pressure melting in the Ca-Fe-Mg carbonate ternary is characterized by a minimum at

compositions slightly more calcic than dolomite-ankerite, which stretches from the Ca-Mg

to the Ca-Fe side.
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Figure 4.14: A-B-D-E Calculated XMg (Mg/(Mg+Fe)) contours of dolomite, magnesite and car-

bonatite melt at 1 and 3.5 GPa. Dashed lines in B and E represent the stability field of magnesites.s..

Green field, violet field and abbreviation as in Fig. 4.13. C-E Amount of CO2 stored in carbonates

or carbonatite as function of temperature along three different buffers (CCO, QFM/FsQM, HM) at

1 and 3.5 GPa. Mgs←→Dol represent the reaction Ca-magnesites.s. + SiO2 = dolomites.s. + CO2.

2. To 6 GPa, pure siderite decomposes through an auto-redox reaction at subsolidus conditions,

nevertheless, metastable melting temperatures are 1160 ◦C at 3.5 GPa and ca. 1460 ◦C at 6

GPa.

3. A ternary Ca-Mg-Fe carbonatite melt model reproducing the available experimental data can

be formulated based on Ca-, Mg-, Fe-liquid end-members and enthalpic binary interaction

parameters wH
ij. Only the calcite-magnesite binary is well enough constrained to justify the

usage of one entropic and one volumetric interaction parameter.

4. Our model predicts the decarbonation and melting relations of subducted BIF suggesting

that no or little CO2 was transferred to depths in excess of 100 km during Archean subduc-
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tion.

5. Expansion and improvement of the carbonatite melt model into complex natural systems

requires more experiments on phase equilibria, in particular on alkali - earth alkali binaries,

and, for application to higher pressures on physical properties of carbonatite melts.
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Annex

A1- Comparison between point analysis (average of ∼ 10 point analysis performed with 20

µm spot size) and grid analysis of the carbonatite melt composition. The diagram shows the

difference in XCa (∆XCa=XCa
point analysis-XCa

grid analysis) and Mg# (∆ Mg#=Mg#point analysis-

Mg#grid analysis) between point analysis and averaged grid analysis (i.e. average of the 25 points

forming the grid). Point analysis are Fe poorer (∆Mg#>0) compared to the average melt compo-

sition determined by grid analysis. Because points for grid analysis are imposed by the geometry

of the grid, some of the points analyzed with this method are meaningless (i.e. fractures filled

by epoxy) making the significance of the averaged analysis questionable. Therefore we think that

point analysis, where the points are carefully selected, are more representative of the total melt

composition even if slightly poorer in Fe than the real melt composition.
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A2- Composition of experimental carbonatite liquids, from natural bulk compositions in the sys-

tem CaCO3-MgCO3-FeCO3-Na2CO3+K2CO3. In order to represent this chemical space in 4-

dimensions, the total alkali content has been expressed as the vector exchange NaK-1. All liquids

show low alkali contents, such that CaCO3-MgCO3-FeCO3 is a good simplified proxy for the

melting relations of more complex system. References of the plotted data are in the reference

section, with the exception of Hammouda (2003) (Hammouda, T., (2003). High-pressure melting

of carbonated eclogite and experimental constraints on carbon recycling and storage in the mantle.

Earth. Planet. Sci. Lett. 214, 357-368).
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Chapter 5

Physical properties and percolation rate

of carbonatite melts in the mantle

5.1 Introduction

In the previous chapters we have emphasized the role of carbonates controlling the geochemi-

cal cycle of carbon in the mantle. Subsolidus and melting phase relations in the ternary system

CaCO3-MgCO3-FeCO3 are presented and discussed in chapters 2 and 4, while carbonated pseudo-

natural systems were extensively investigated in numerous previous experimental studies. Mafic

systems were investigated by Poli et al. (2009) and Molina and Poli (2000) by experiments at sub-

solidus conditions calling the attention to COH fluids released during subduction, while Dasgupta

et al. (2004) and Yaxley and Brey (2004) explored melting relations of carbonated eclogites. More

recently Thomsen and Schmidt (2008) and Grassi and Schmidt (2010) studied relations between

silicate and carbonatite solidi in carbonated metapelites at subduction conditions.

The CO2 bearing phase stable at mantle conditions (fluid/melts or graphite/diamond or carbonates)

controls the mobility of C and its residence time in the mantle. Graphite and diamond are refrac-

tory and immobile, while carbonates, although refractory, are reactive exchanging Ca, Mg and Fe

cations with silicates, particularly with garnets and clinopyroxene (Poli et al. 2009; Dasgupta et

al. 2005). On the other hand carbonatite liquids are highly mobile due to their particular physical

properties. Even though subduction of carbonated oceanic crust unlikely produces carbonatitic liq-

uids (Dasgupta et al. 2004; Thomsen and Schmidt 2008), melting of carbonated peridotites could

generate 0.03 - 0.3 wt. % of CO2 rich melts at ca. 10 GPa (Dasgupta and Hirschmann 2006).

Although carbonatitic melts are volumetrically insignificant in the mantle, they are strongly en-

riched in trace elements deeply affecting the geochemistry of the Earth’s mantle. Despite the

experimental efforts dedicated to the understanding of melting relations in carbonated systems,
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few experimental studies aimed at quantifying physical properties of carbonatite melts such as

density and viscosity, which both remain poorly constrained. In order to model the mobility of

carbonatitic liquids in the mantle and their metasomatizing effect, these properties are needed.

In this chapter, after briefly reviewing the knowledge about physical properties of carbonatite liq-

uids, I present a simple model describing the percolation of carbonatite liquids into the mantle

based on the solution model for carbonatite melts presented in chapter 4. The main aim of this

chapter is to provide a point from where to start with constraining the physical properties of car-

bonatite melts, and to better understand the big effect that these volumetrically minor melts could

have on the geochemical evolution of the Earth’s mantle.

5.2 Properties of carbonate melts: previous studies

Physical and thermal properties of CO2 liquids and processes related to carbonatite magmas are

widely discussed in the works of Treiman (Treiman and Schedl 1983; Treiman 1989; Treiman

1995). Carbonatitic liquids are traditionally viewed as ionic liquids composed of anions and

cations bounded together by ionic forces, with little or no polymerization (Treiman 1989) hence

having a very low viscosity. Low viscosity affects the velocity and the flow style of magmas,

which often result to be rapid and turbulent (Treiman 1989).

Density is the other fundamental parameter controlling the behavior of carbonatite liquids in the

mantle. In fact, the force driving the percolation rate of CO2 bearing melts through the mantle is

the density contrast between melt and the solid matrix. In the next two sections I concisely sum-

marize experimental work that has tried to constrain density and viscosity of carbonatite liquids.

5.2.1 Density

One of the first attempts to calculate the density of carbonatitic magmas was performed by Nesbitt

and Kelly (1977). Studying magmatic inclusions in natural calcio-carbonatitic primary melt with

SiO2 contents up to 15.7 wt. %, they were able to calculated the density of carbonatitic melt to

∼ 2.2 g/cm3. By analogy with molten salt data at atmospheric pressure, Wolff (1994) reckoned

that the density of Ca-carbonatite is ∼ 2.5 g/cm3, significantly denser than Na-carbonatite (i.e., ρ

= 2 g/cm3 at 800 ◦C). A summary of experimentally measured physical properties of carbonatitic

melts at pressure between 0.1 and 5.5 GPa is provided by Jones et al. (1995). Genge et al. (1995)

calculated physical properties of CaCO3 melts at mantle conditions from molecular dynamics.

Their calculations yield CaCO3 melt densities from 2.06 to 2.90 g/cm3 in the pressure range of

0.01-10 GPa. Dobson et al. (1996) measured the density of K2(CaCO3)2 at atmospheric pressure

and between 2.5 and 4 GPa; and that of K2(MgCO3)2 at atmospheric pressure. At 1 bar the density
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of the Mg end-member is ∼ 2.25 g/cm3 at 564 ◦C and that of the Ca end-member is 2.06 g/cm3

at 859 ◦C, while at 4 GPa and 1050 ◦C the density of K2(CaCO3)2 is 2.8 g/cm3. Liu et al. 2003

measured the density of nine liquids in the quaternary system CaCO3-LiCO3-Na2CO3-K2CO3 at

atmospheric pressure. The data were fitted with a volume equation linear in temperature assuming

that with respect to volume carbonate components mix ideally. Their results yield a density of the

CaCO3 component in natrocarbonatitic liquids of ∼ 2.5 g/cm3 at 800 ◦C and 1 bar. Even though

calculations of Liu et al. (2003) are in good agreement with previous data for alkali carbonates,

experiments performed on K2(CaCO3)2 show higher densities if compared to the study of Dobson

et al. (1996). Discrepancies between the two studies are attributed to different experimental

techniques. Liu et al. (2007) obtained density data from the fusion curve of K2CO3 at pressures to

3.2 GPa, constraining the density of K2CO3 liquid to 2.175 g/cm3 at 4 GPa and 1500 ◦C. Liu et al.

(2007) showed also that the isothermal compressibility of K2CO3 liquid at 1500 ◦C drops rapidly

with increasing pressure, preventing a density crossover with silicate melts (i.e. CaAlSi2O8 and

CaMgSi2O6), and implying that carbonatitic melts remain buoyant relative to basaltic melts at

upper mantle conditions. Data are summarized in Table 5.1.

5.2.2 Viscosity

Pioneer viscosity measurements in carbonatite melts were performed by Sykes et al. (1992) who

investigated the binary CaCO3-MgCO3, suggesting that the viscosity of a Ca-enriched carbonatite

melt (Ca0.7Mg0.3CO3) decreases from 0.6 Pa·s at 1200 ◦C to 0.08 Pa·s at 1300 ◦C. Wolf (1994)

suggested that the temperature dependence of viscosity in ionic liquids is small if compared with

silicate liquids and its compositional dependence can be described as linear at isothermal con-

ditions. Looking at molten salt data, he observed that Ca and Mg salts are more viscous than

pure-salt monovalent anion melts, reckoning by analogy that the viscosities for Ca-carbonatite

and Na-carbonatite at 800 ◦C are 0.08 and 0.008 Pa·s, respectively. Jones et al. (1995) reviewed

literature viscosity data observing that the pressure effect on viscosity is negligible. Commenting

on previous viscosity data, they suggest that the high viscosities measured by Sykes et al. (1992)

in the binary CaCO3-MgCO3 must be ascribed to the presence of a crystal mush or to incom-

plete melting during the experiments. Dobson et al. (1996) performed in-situ experiments to 4

GPa measuring the density of K2(CaCO3)2 and K2(MgCO3)2. Their results are in agreement with

viscosities suggested by Wolff (1994) at 1 bar showing that the pressure effect on viscosity is

negligible, confirming Jones et al. (1995). Moreover, experiments performed by Dobson et al.

(1996) suggest that magnesium-bearing molten carbonates are slightly less viscous than Mg-free

carbonatite. Data are summarized in Table 5.1.
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Table 5.1: * Refers to the composition investigated by Jones and Wyllie (1983).

5.3 Density and density contrast of Ca-Mg-Fe bearing carbonatite

melts.

In section 5.2 I have presented density and viscosity data available in the literature. Most of the

experimental studies have investigated the physical properties of carbonate melts enriched in alka-

lis, very few data are available for Ca-Mg carbonate melts and nothing is known about the effect

of Fe in CO2 bearing liquids. The reason is mainly practical, in fact alkali carbonates have low

melting points and high decarbonation temperatures even at low pressures, making them stable at

low or ambient pressure. Nevertheless, CO2 bearing liquids produced at upper mantle conditions

are mainly Ca-Mg±Fe carbonatite melts. Iterative sandwich experiments performed by Dasgupta

and Hirschmann (2007) show that the composition of carbonatite melts generated near the solidus

of natural, fertile carbonated peridotite at 6.6. GPa have Ca deficient dolomitic compositions. CaO
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and MgO concentrations are 21.53 and 22 wt. %, with minor amount of FeO (i.e. 7.62 wt. %)

and exiguous amount of Na2O and SiO2 (i.e. 3.96 and 4.07 wt. %, respectively). Therefore, even

though the presence of alkalis decrease significantly the solidus temperature, physical properties

of carbonate melts produced at mantle condition can be described by the physical properties of

liquids within the system CaCO3-MgCO3-FeCO3.

With the thermodynamic model for carbonate melts presented in chapter 4, it is possible to calcu-

late the density of Ca-Mg-Fe carbonatites as a function of pressure and temperature.

In Fig.5.1 density variations of the end members CaCO3, MgCO3, FeCO3 between 1 and 6 GPa

are calculated employing Perplex07 by Connolly (2005) and the thermodynamic properties of

melt-end-members calcite liquid (i.e., CaCO3L), magnesite liquid (i.e., MgCO3L) and siderite liq-

uid (i.e., FeCO3L) introduced in chapter 4. The density of calcite liquid is lower than the density

of magnesite liquid, while siderite liquid is much heavier than the other two end-members. Our

density calculations of the end-member calcite liquid are in good agreement with the molecular

dynamics simulations of CaCO3 melts performed by Genge et al. (1995). In fact while our model

predicts that the density of calcite liquid on the liquidus at 6 GPa and 1755 ◦C is ∼ 2.62 g/cm3,

the simulation of Genge et al. (1995) yields a density of CaCO3 melt at 1725 ◦C of 2.61 g/cm3.

Figure 5.1: P-T dependence of density for calcite liquid (CaCO3L), magnesite liquid (MgCO3L)

and siderite liquid (FeCO3L) calculated with the model presented in chapter 4. The black lines

are the melting curves, while the color ones are lines of equal density (isochores). Density is

expressed in g/cm3.

Knowing the density of the end-member melt components and using the solution model pro-

posed in chapter 4, it is possible to calculate the density contrast between Ca-Mg-Fe carbonatite

melt and the Earth’s mantle as a function of pressure and temperature. The melt composition I have

chosen for this exercise is the carbonatite composition measured by Dasgupta and Hirschmann

(2007) after iterative sandwich experiments at 6.6 GPa and 1245 ◦C, assuming that this composi-
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tion is representative of carbonatite melts produced by fertile peridotites. The composition of the

melt normalized in the system CaCO3-MgCO3-FeCO3 is Ca0.37Mg0.53Fe0.1CO3. For sake of sim-

plicity I assumed a monomineralic mantle composed by compositionally homogeneous olivines

with XMg=0.9. I have then calculated the density of the carbonatite melt and of the olivine (us-

ing the forsterite-fayalite solid solution model of Holland and Powell 1998) along a sub-ridge

geotherm with a geothermal gradient of 1.67 ◦C/kbar and potential temperature of 1333 ◦C. The

density contrast between olivine and carbonatite melt, shown in Fig. 5.2, decreases by 40 % when

increasing the pressure from 1 to 7 GPa along the geotherm. The carbonatite melt is 0.47 g/cm3

lighter than the surrounding olivine matrix at 7 GPa, implying that the carbonatite melt will perco-

late upwards. Moreover, because the density contrast significantly increases at lower pressure, the

carbonatite liquids could accelerate during upward percolating. Nevertheless, molten carbonates

react with the surrounding mantle dissolving silicates, thus becoming more dense and viscous.

Fig. 5.2 shows also density contrasts between the carbonatite melt and two different silicate melts

with CaMgSi2O6 (DiL) and CaAl2Si2O8 (AnL) compositions. Densities of the silicate melts are

calculated employing thermodynamic properties proposed by Holland and Powell (2001). Calcu-

lations illustrate that there is no density crossover between carbonatite melt and silicate melts at

pressures between 1 and 7 GPa suggesting that CO2 bearing melt would be floating on Ca-rich

silicate melts at upper mantle conditions. This results are consistent both with the observation re-

ported by Mattey et al. (1990) of a calcium-rich carbonate floating on a silicate melt at 3 GPa and

with the calculations performed by Liu et al. (2003) who show that there is no density crossover

between K2CO3 liquid and anorthite liquid or diopside liquid.

5.4 Extraction of carbonatite melt from the mantle

The driving force which allows melts to separate from a residual crystal matrix is the density

contrast with the solid matrix. Nevertheless the melt can only be removed from the crystalline

framework if it forms an interconnected network. If the dihedral angle describing the intersection

angle of two solid-fluid interfaces is less than 60 ◦ in a monomineralic solid, the melt is intercon-

nected at any melt fraction (Beere 1975). Hunter and McKenzie (1989) measured the dihedral

angle of a dolomitic melt in contact with olivine finding a value of 28 ◦, which ensures the inter-

connectivity of carbonatite melts. Therefore, if the melt is interconnected and less dense than the

matrix, the partially molten material will compact expelling the liquid (McKenzie 1985) from the

crystalline matrix. A simple model that describes this process was presented by McKenzie (1985).

With this model the relative velocity between solid matrix and melt (w0) is given by:

w0=kφ(1-φ)(ρs-ρf)g/µφ
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5.4. Extraction of carbonatite melt from the mantle

Figure 5.2: Density contrast (∆ρ) between diopside liquid (green triangles), anorthite liquid (red

squares), olivine (blue diamond) and carbonatite melt along a sub-ridge geotherm with geothermal

gradient of 1.67 ◦C/kbar and potential temperature of 1333 ◦C. The carbonatite melt is buoyant

because the density contrast is positive.

where kφ is the permeability of the matrix, φ is the fraction occupied by the melt (porosity),

ρs is the density of the solid matrix, ρf the density of the melt, g the acceleration due to gravity

and µ the viscosity of the melt. The values used for the calculations performed in this study are

listed in Table 5.2. For the sake of simplicity, although the density contrast between the matrix

(Mg0.9Fe0.1SiO4) and carbonatite melt (Ca0.37Mg0.53Fe0.1) changes significantly with pressure, I

assume that the density contrast is pressure independent over the pressure range considered (i.e.

10 km). The value chosen reflects the density contrast between olivine and carbonatite melt at

7 GPa at sub-ridge geotherm conditions, i.e. 1450 ◦C. Because the density contrast increases at

lower pressure along a sub-ridge geotherm, the value used in the next calculations could slightly

underestimate the relative velocity between solid matrix and carbonatite.

The permeability of the matrix depends on the square of the grain diameter d (in this study assumed

to be 1 cm) and can be expressed as:

kφ=d2φn

C

McKenzie (1998) suggests that at small melt fraction the melt geometry can be approximated

by a network of two dimensional channel and the permeability can be modeled with n = 2 and

103



Chapter 5. Physical properties and percolation rate of carbonatite melts in the mantle

Table 5.2: Parameters used to calculate percolation of carbonatite liquid through the mantle

C = 3000. Even though it is widely accepted that the viscosity of carbonatites is much lower

than that of silicate melts, the viscosity of Ca-Mg-Fe carbonatites is not constrained. Therefore I

calculate the relative velocity between solid matrix and melt assuming three different viscosities

for the melt: 0.1, 0.01, 0.005 Pa·s. Nevertheless, based on studies resumed in section 5.2.2, the

most plausible viscosity of a carbonatitic liquid with Ca0.37Mg0.53Fe0.1 composition at sub-ridge

geotherm conditions is 0.01 Pa·s. With these assumptions the separation velocity of the carbon-

atite melt was calculated as function of the porosity (Fig. 5.3). Assuming that the melt fraction

of carbonatite melt produced by carbonated peridotites is 0.05 % and the viscosity is 0.01 Pa·s,

the separation velocity of the carbonatite from the crystalline matrix is ∼ 247 m/yr. Although the

viscosity of carbonatite melt considered in this study is quite high if compared with previous esti-

mations (Treiman and Schedl 1983), the separation velocity is much higher than values previously

predicted (Hammouda and Laporte 2002; McKenzie 1985). According to McKenzie (1985) the

compaction length can be expresses as:

δc=[µ−1(ξ + 4
3
η)kφ]

1/2

where ξ and η are the effective bulk and shear viscosities of the matrix. Assuming that ξ + 4
3η

is 1018 Pa·s (McKenzie 1985) the time needed to reduce the total amount of melt in a layer of

thickness h is given by:

th=h/δc+δc/h

If the layer containing the melt is 10 km thick and the separation velocity is 247 m/yr, the

carbonatite melt will separate from the matrix (φ = 0.05 %) in less than 40 yr. If this value is

considered unrealistic, it means that the estimated separation velocity is too fast.

Because the density contrast between the matrix and the carbonatite melt is only 0.5 g/cm3 and
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5.4. Extraction of carbonatite melt from the mantle

unlikely smaller, the high percolation velocity of the melt in the mantle can be ascribed either to

the low viscosity of the melt or to the amount of carbonatite produced by a fertile peridotite (F

= 0.05 %). Because the viscosity of carbonatite melt chosen for the calculation is already higher

than estimated in previous studies, the unrealistic separation velocity can be due to the melt frac-

tion considered for the calculation. Therefore, I suggest that the carbonatite melt produced by a

carbonated peridotite has to be smaller than 0.05 %. If the melt fraction is 0.001 % the relative

velocity between solid matrix and melt is 4940 mm/yr, implying that the carbonatite melt will

separate from the matrix in ∼ 2024 yr.

This calculation, although simplistic, shows that the amount of carbonatite melt produced at upper

mantle condition should be as low as 0.001 % in order to separate molten carbonates at realistic

velocity.

Figure 5.3: Variation of the melt velocity with respect to the matrix in the interior region of a

compacting layer calculated for three different viscosities µ (Pa·s)

Nevertheless, to have a clear picture of the processes concerning the percolation of carbonatite

melt through the mantle, physical properties of Ca-Mg-Fe carbonatite melt at high pressure are

needed. When such data will be available, it will become possible to really constrain the perco-

lation rate of carbonate melts in the mantle. Once this process will be constrained, knowing the

partition coefficients of trace elements between mantle minerals and carbonatite melts, it will be

also possible to describe how these elements affect the geochemistry of the Earth’s mantle.
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Chapter 6

Conclusions and Outlook

6.1 Summary

The main goal of this thesis was to understand phase relations in the ternary system CaCO3-

MgCO3-FeCO3. While subsolidus phase relations on the ternary system were previously inves-

tigated at low pressure by Goldsmith et al. (1962) and by Rosenberg et al. (1967), this study

provides new high pressure experimental data at 3.5 GPa. At the same pressure and at 6 GPa

piston cylinder and multi-anvil experiments were performed to constrain melting relations in the

ternary system. Although melting relations in the binary system CaCO3-MgCO3 are well known,

this study investigated for the first time the role of Fe on the melting behavior of carbonates. The

role of Fe was also neglected in the attempts done so far to study the disordering reaction R3

⇔ R3c in dolomites. In this pioneering study in situ synchrotron X-ray powder diffraction pat-

terns were collected at high P-T conditions, unraveling the disordering temperature of Fe-bearing

dolomites.

For all the aspects of the ternary system CaCO3-MgCO3-FeCO3 (i.e. subsolidus and melting

phase relations, order-disorder processes), thermodynamic models, based on experimental data,

were proposed in order to predict the behavior of ternary carbonates at conditions beyond the P-T-

composition range experimentally explored.

In order to constrain the thermodynamics and subsolidus reactions involving ternary Ca-Mg-Fe

carbonate solid solutions, piston cylinder experiments have been performed in the system CaCO3-

MgCO3-FeCO3 at a pressure of 3.5 GPa and temperatures of 900-1100 ◦C. At 900 ◦C the system

is characterized by two miscibility gaps: the solvus dolomite-calcite, which closes at XMgCO3 ∼
0.7, and the solvus dolomite-magnesite, which ranges from the Mg to the Fe side of the ternary.

With increasing temperature, the two miscibility gaps become narrower until complete solid solu-

tions between calcite and dolomite is reached at 1100 ◦C and between calcite and ankerite at 1000
◦C.

107



Chapter 6. Conclusions and Outlook

Merging experimental data presented in this study and previously published data in the systems

CaCO3-FeCO3, CaCO3-MgCO3 and CaCO3-MgCO3-FeCO3, a new solid solution model for Ca-

Mg-Fe carbonates was developed. Because the solvi are characterized by strong compositional

asymmetry and by an order-disorder mechanism, the solid solution model follows the approach

of Holland and Powell (2003) and is based on the van Laar macroscopic formalism which, intro-

ducing an energetic parameter α, is able to deal with asymmetric non-ideal mixing. To handle the

order/disorder mechanisms two ordered compounds were introduced: dolomite, which defines the

state of order along the join CaCO3-MgCO3, and ”Dol50Ank50”, which describes the partition-

ing of Ca, Mg and Fe between crystallographic sites. The thermodynamic solid solution model

proposed is able to reproduce, with a minimum number of fitted parameters, the experimentally

constrained phase relations for a broad P-T range to pressure of 6 GPa. Phase equilibria calcula-

tions performed in two different carbonated mafic systems demonstrate the reliability of the solid

solution model at pressures to 6 GPa in complex systems.

Because of the large uncertainties in the dolomite/ankerite disordering process, solid solution mod-

els for Ca-Mg-Fe carbonates that have been proposed so far had to introduce artificial expedients

to simulate the effect of the R3⇔ R3c phase transition (Franzolin et al. 2010; Anovitz and Es-

sene 1987). To improve the reliability of these solid solution models, direct observations of the

order/disorder state along the join dolomite-ankerite are needed. In this study temperature, pres-

sure, kinetics and compositional dependence of the disordering process in Fe-bearing dolomites

were determined. To avoid quench effects, in-situ, powder XRD high-temperature synchrotron

experiments were performed at high-pressure. The degree of ordering, determined using the peak

height ratio of ordering and disordering reflections (i.e. I201/I110), decreases with increasing the

temperature and the Fe content, without showing any dependence to the pressure between 2.5 and

4.2 GPa. Time-series experiments show that structural disordering occurs in 20-30 minutes at low

temperature and in few minutes at temperatures above ∼ 727 ◦C. The temperature-composition

dependence of the disorder process was fitted with a phenomenological approach intermediate

between the Landau theory and the Bragg-Williams model, yielding the occurrence of complete

disordered dolomite at 1193 ◦C.

Although the main focus of this part was to study the disordering of Fe-bearing dolomites, the

in-situ experiments performed cover a P-T range never explored before and provide additional

information for the breakdown reaction of dolomite and the stability of Fe-bearing Mg-calcite at

high pressure. Experiments performed at ∼ 3 GPa and temperatures as low as 300 ◦C show the

stability of the assemblage aragonite + magnesite at these P-T conditions. The new data presented

in this thesis contradict the flattening of the reaction boundary dolomite = aragonite + magnesite at

5-6 GPa (Luth 2001; Shirasaka et al. 2002; Buob et al. 2006). Instead, the data shown in chapter

3 lend support to the reaction boundary proposed by Hammouda et al. (2010), who located the
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reaction boundary of aragonite + magnesite to dolomite at ∼ 4 GPa and 500 ◦C.

In the run S5 the starting material Mg-calcite, an intermediate term of the solid solution dolomite

- calcite with structure R3c, dissociates into aragonite + Ca-enriched disordered dolomite at high

pressure. This dissociation reaction, strongly dependent to the composition, could explain the

presence of this mineral assemblage in natural rocks without invoking exhumation of deep sub-

ducted marbles.

To constrain the thermodynamics and melting reactions of the ternary Ca-Mg-Fe carbonatites, pis-

ton cylinder and multi-anvil experiments were performed in the system CaCO3-MgCO3-FeCO3

at pressures of 3.5 GPa and 6 GPa and temperatures up to 1450 ◦C. At 3.5 GPa the system is

characterized by two binary minima along the join CaCO3-MgCO3 and the join CaCO3-FeCO3,

respectively located at 1230 and 1140 ◦C and XCa ∼ 0.7 and 0.35. At 6 GPa the system shows a

similar topology but shifted ∼ 200 ◦C higher.

Coupling melting experiments performed in the ternary system with melting temperatures of pure

CaCO3, MgCO3 (available in literature) and FeCO3 (estimated from a series of experiments per-

formed at 3.5 and 6 GPa) a solution model for ternary carbonatites usable at pressures between

1 and 6 GPa was proposed. The Ca-Mg-Fe carbonatite melt model relies on the thermodynamic

properties of the end members calcite liquid, magnesite liquid and siderite liquid derived in this

study. The excess Gibbs energy of mixing was modeled using a subregular formalism, based on

the binary interaction parameters wij. The model is able to reproduce the available experimental

data in the ternary. The new solution model has been applied to FeO and CO2 rich system (i.e.

BIF associated with Fe-rich carbonates), showing decarbonation and melting relations of Archean

subducted BIF and predicting that no or little CO2 was transferred to depths in excess of 100 km

in the early history of the Earth.

6.2 Outlook and suggestions for future work

I believe that this thesis and the work I have done in the last 3.5 years as PhD student have clari-

fied some of the features that were unknown so far in the ternary system CaCO3-MgCO3-FeCO3

at upper mantle conditions. Nevertheless, this study does not claim to describe and explain all

the aspects concerning the mineralogy of ternary carbonates. In fact many questions are still open

regarding the behavior of carbonates and carbonatites at high pressure. In this section I would like

to draw the attention to what could be done in future to address these questions.

The first point I think should be clarified on the ternary system CaCO3-MgCO3-FeCO3 is the sta-

bility of Mg-calcite at high pressure. Performing in-situ experiments, the dissociation reaction

of Mg-calcite into aragonite + disordered dolomite was detected. Nevertheless it has been shown

in chapter 3 that the stability of Mg-calcite is strongly dependent on composition. The stability
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of the mineral assemblage aragonite + Mg-calcite/disordered dolomite has never been experimen-

tally investigated in the ternary system and only Hermann (2003) reports the reaction Mg-calcite

= dolomite + aragonite in the binary CaCO3-MgCO3. Therefore an interesting field of future

research could be oriented to understand the reaction involving Mg-calcite at high pressure. As

already pointed out in chapter 3, the stability of the mineral assemblage aragonite + dolomite at

relatively low pressure is of interest in metamorphic geology because it could explain the presence

of this mineral assemblage in natural rocks without invoking UHP metamorphic conditions.

Secondly, in chapter 4 a solution model for molten carbonates was proposed. This model is based

on the few experiments which constrained the melting temperature of magnesite and calcite. Nev-

ertheless, a larger experimental dataset is necessary to better constrain the melting curves of molten

carbonates, needed to extract thermodynamic properties of calcite liquid and magnesite liquid.

Moreover, attempts to melt siderite at pressure to 6 GPa failed because of the redox reactions

involving siderite at subsolidus conditions. In order to constrain the lowering of the carbonate

solidus due to FeCO3, it is of primary importance to determine the melting temperature of siderite,

direct melting probably taking place at pressure above 6 GPa.

Even though thermodynamics properties of molten carbonates are necessary to understand melting

phase relation of carbonates at high pressure, the transport of molten carbonates within the mantle

is controlled by their viscosity, which is poorly constrained, as extensively discussed in chapter 5.

To have a clear picture of the transport-processes through the mantle, viscosity measurements of

Ca-Mg-Fe carbonatite melt at high pressure are needed.

Finally, because melting relations determined in pseudo-natural systems are strongly controlled by

alkalis, it would be interesting to study melting relations in the quinary system CaCO3-MgCO3-

FeCO3-K2CO3-Na2CO3.
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Appendix A

Appendix

The aim of this short appendix is to briefly summarize the procedure I have followed to fit the

parameters used to model solid solutions of ternary carbonates (Chapter 2) and solution models of

ternary carbonatites (Chapter 4). In this appendix I will refer to thermodynamics concepts, but I

will not extensively discuss them. The interested reader can refer to the many books that introduce

to thermodynamics (e.g. Will 1998, Cemic 2005, Hillert 1998, Saxena 1973).

In mineral science thermodynamics has to deal mainly with two families of problems: forward

problems and inverse problems. Forward problems are solved by starting from a given set of

thermodynamics properties (i.e. thermodynamics properties of end-members at the reference state

and interaction energies of solutions) and computing the composition and abundance of phases

at the equilibrium. On the other hand, the goal of inverse problems is to solve thermodynamics

properties from observed data.

In chapters 2 and 4 of this thesis I had to deal with inverse problems, fitting literature data and

experiments performed in this study at subsolidus and suprasolidus conditions.

Despite the easy thermodynamic formalism beyond the models presented in this thesis, inverse

problems may be difficult to solve for at least two different reasons:

1. the input data are generally not exact (errors or noise in the input data are generally due to

small inaccuracies of the technique used to perform analysis);

2. discovering the values of the model parameters may require the exploration of a huge pa-

rameter space.

In the rest of the appendix the optimization procedure and the output of the inverse problem faced

in chapter 2 (subsolidus phase relations in the ternary) and 4 (melting phase relations in the ternary)

are presented.
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Chapter A. Appendix

A.1 Subsolidus phase relations including order/disorder

The thermodynamics formalism used to model mixing properties and disordering processes within

the ternary CaCO3-MgCO3-FeCO3 are extensively described in Chapter 2, in Holland and Powell

1996, Holland and Powell 2003 and Green et al. 2007.

The approach used in this study is to use a minimum set of fitted parameter to model phase equi-

libria experimentally observed for Ca-Mg-Fe carbonates and to make the solid solution model

derived usable with the most used phase equilibria software packages in computational petrology

(i.e. Perplex and Thermocalc). For this reason the end-members used to define the chemical space

are calcite, magnesite and siderite listed in the thermodynamic database of Holland and Powell

(2002). In order to take into account disordering processes, two ”ordered” compounds were in-

troduced: dolomite and Dol50Ank50. The two ordered compounds are defined by the following

internal equilibrium reactions:

1

2
calcite +

1

2
magnesite = dolomite (A.1)

1

2
calcite +

1

4
magnesite +

1

4
siderite = Dol50Ank50 (A.2)

and are characterized by the enthalpy of ordering ∆Hdol
R ∆Hdol

R and ∆HDol50Ank50
R (chapter

2.6.2). In order to take into account order/disorder processes, the ternary system CaCO3-MgCO3-

FeCO3 is re-defined by 5 components. These 5 components (dol, cc, mag, ank, sid ) are defined

by the degree of order and the composition (eq. refeq:proportions).

To solve the inverse problem the necessary condition that the chemical potentials of each com-

ponent are equal in coexisting phases was used (Fig.A.1). Assuming that phase A coexists with

phase B, the chemical potential of component α in phase A is defined as:

µAα = µ0α + RTlnXA
α + RTlnγAα (A.3)

and the chemical potential of the component α in the phase B is:

µBα = µ0α + RTlnXB
α + RTlnγBα (A.4)

where µ0
α is the standard potential of the component α and the term RTlnXα

I+RTlnγαI describes

the activity of the component α in the phase I. At the equilibrium (µA
α=µB

α ), then:

0 = RTln(XA
α − XB

α ) + RTln(γAα − γBα ) (A.5)

The activity coefficient RTlnγαI is given by the equation (2.9). Following the eq. A.5 a set of

equations was built for the binaries CaCO3-MgCO3 and CaCO3-FeCO3.
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Figure A.1: Energy of mixing calculated with the solid solution model presented in this study

along the binaries CaCO3-MgCO3 and CaCO3-FeCO3 at 3.5 GPa and 800 ◦C. Coexisting phases

(black points) are graphically determined with the method of the tangent, showing the necessary

condition that the chemical potentials of each component are equal in coexisting phases.

A.1.1 The binary CaCO3-MgCO3

In my model (chapter 2) the system CaCO3-MgCO3 is defined by 3 components: cc, dol, mag.

The input data used to solve the inverse problem are the composition of coexisting phases (ccs.s.

- dols.s. and dols.s. - mags.s.) reported by Goldsmith and Heard (1961), Harker and Tuttle (1955b)

and constrained in this study. Unfortunately the degree of order of the phases used as input data is

unknown. Therefore the equilibrium state of each phase was defined by the equilibrium reaction

at fixed P, T, composition (X): (
∂G
∂Q

)
X,P,T

= 0 (A.6)

where G is the Gibbs energy. Integrating the equation (A.6) in the set of equation defining the

necessary condition that the chemical potentials of each component are equal in coexisting phases

(eq.A.3) the inverse problem was solved for the unknowns ∆Hdol
R ,WMag-Cc, WCc-Dol, WMag-Dol,

αCc and αDol. Because of the large degree of asymmetry, temperature dependence of the size pa-

rameter αCc was introduced (eq.2.13). The size parameter were normalized to unity for magnesite,

thus αMag was fixed to 1. The equation

n∑
i

n∑
j

(∆µji )
2 (A.7)

where the index i defines the components cc, dol, mag and the index j defines the coexisting phases

(ccs.s. - dols.s. and dols.s. - mags.s.), represents the sum of the square deviation of the chemical po-

tential of each component in coexisting phases. The eq. A.7 was minimized with a Numerical

Nonlinear Global Optimization method using the special function NMinimize of WolframMathe-

matica7, which implements several algorithms for finding constrained global optima. Results are
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reported in Table 2.2 and in Fig.A.2.

A.1.2 The binary CaCO3-FeCO3 and the ternary CaCO3-MgCO3-FeCO3

The system CaCO3-FeCO3, not affected by order/disorder processes, is defined by the components

ccand sid. The input data are composition of coexisting phases (ccs.s. and sids.s.) reported by

Davidson et al. (1993) and constrained in this study. The unknowns are the interaction energy

WCc-Sid and the size parameters and αSid. The size parameter αCc was already fitted for the binary

CaCO3-MgCO3. Because of the large degree of asymmetry, temperature dependence of the size

parameters αSid was introduced (eq.(eq.2.13)). To solve the inverse problem the same Numerical

Nonlinear Global Optimization method applied for the system CaCO3-MgCO3 was used. Results

are reported in Table 2.2 and in Fig.A.2.

The remaining interaction energies and size parameters necessary to describe phase relations in

the ternary CaCO3 - MgCO3 - FeCO3, have been refined on a trial and error base. The parameters

have been adjusted to reproduce the experimentally determined phase diagrams, and to match

phase relations determined by Goldsmith et al. (1962) and by Rosenberg (1967).

A.2 Melting phase relations

Melting relations and the solution model for Ca-Mg-Fe carbonatites are presented in chapter 4.

Similarly to the carbonates solid solution model (chapter 2), the solution model of carbonatites is

based on thermodynamic properties of liquid end-members and on interaction energies describ-

ing the excess energy of mixing. Because thermodynamics properties of Ca-Mg-Fe molten car-

bonates are unknowns, in this study the end-members calcite liquid (CaCO3L), magnesite liquid

(MgCO3L) and siderite liquid (FeCO3L) were introduced. Thus, the first inverse problem I faced

was to fit the standard properties of the liquid end-members from experimental data. Secondly,

similar to what was done for the solid solution model (section A.1), interaction energies were

fitted.

A.2.1 The end-members CaCO3L-MgCO3L-FeCO3L

The thermodynamics formalism used to model liquids end-members is described in chapter 4 and

in Holland and Powell (1998, 2001).

To fit thermodynamics properties of CaCO3L, MgCO3L, FeCO3L we intended to use melting tem-

peratures of pure calcite, pure magnesite and pure siderite. Unfortunately the data available are

scarce and there are no data for the Fe end-member. Nevertheless, for the component CaCO3 a

melting curve (i.e. P-T conditions at which calcite melts) was recently proposed by Suito et al.
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(2001). From this curve I have calculated the melting temperature of calcite from 2.1 to 6 GPa

with 0.1 GPa steps, thus deriving a set of 40 fictive experimental data describing P-T conditions

at which CaCO3 melting occurs. At these same P-T conditions, using thermodynamics properties

of calcite listed in the Holland and Powell database, I have calculated the energy of crystalline

CaCO3 (GCaCO3). Then I have solved the equilibrium condition GCaCO3 = GCaCO3L fitting the

thermodynamic properties of calcite liquid, that define GCaCO3L, as function of pressure and tem-

perature.

The value of K’ was fixed to 7 (4) and the thermodynamic properties fitted in the standard state

(25 ◦C, 1bar) are: enthalpy, entropy, molar volume, heat capacity, thermal expansion and bulk

modulus.

The equilibrium conditions were fitted using the special function FindFit of WolframMathemat-

ica7, which produces least-square fits.

The fit performed to derive thermodynamic properties of magnesite liquid and siderite liquid fol-

lows the same approach used for calcite liquid. Moreover I assumed that thermal expansion, bulk

modulus and K’ are the same for CaCO3L, MgCO3L and FeCO3L.

Although the melting curve of magnesite is not available in literature, we derive this curve fitting

four experimental bracket experiments (eq.4.4 4). Then I have solved the equilibrium condition

GMgCO3 = GMgCO3L. Section4.5.3 shows that the end-member FeCO3L is metastable at pressure

up to 6 GPa. Nevertheless, performing experiments at 3.5 and 6 GPa, a metastable melting curve

for siderite was constrained. From that, the metastable equilibrium function GFeCO3 = GFeCO3L

was solved.

Fitted thermodynamics properties for the end-members calcite liquid, magnesite liquid and siderite

liquid are reported in table 4.2 and in Fig.A.3.

A.2.2 Interaction energies

In section 4.5 the solution model of carbonatite liquids that describes the energy of mixing within

the system CaCO3-MgCO3-FeCO3 is extensively discussed. The excess energy of mixing was

modeled with the Margules formalism along the binaries CaCO3-MgCO3, CaCO3-FeCO3 and

with the symmetric regular formalism along the join MgCO3-FeCO3.

In the system defined by the end-members magnesite and siderite the unknowns are the interaction

energies wMgFe and wFeMg. Describing the binary MgCO3-FeCO3 with the symmetric regular

formalism, implies that wMgFe = wFeMg.

The strategy used to fit the interaction energy Mg-Fe, relies on the necessary condition that the

chemical potentials of each component are equal in coexisting phases (eq. A.5). The input data

used are composition of coexisting phases experimentally constrained in this study at 3.5 GPa
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(section subssec:mag-sdi-melting ).

Along CaCO3-FeCO3, because of the lack of data input (i.e. there is only one experiments where

a liquid coexists with a crystalline carbonate) the unknowns wCaFe and wFeCa were fitted on a trial

and error base. The energetic parameters were adjusted in order to reproduce the minimum (i.e.

m2, section 4.4.1) that characterize the system CaCO3-FeCO3.

Experiments constrain the system CaCO3-MgCO3 much better than the systems CaCO3-FeCO3

and MgCO3-FeCO3. Nevertheless, discrepancies between experimental studies intended to use

as input data (Irving and Wyllie 1975, Byrnes and Wyllie 1981, Buob et al, 2006, this study),

make difficult to fit interaction energies with a mathematical algorithm. Therefore interaction

energies wCaMg and wMgCa were fitted on a trial and error base. Moreover, in order to reproduce

some of the features of the liquidus shape and to take into account the pressure dependence of the

binary minimum (i.e. m1, section 4.5.5.1), temperature and pressure dependence of the interaction

energies were introduced (i.e. wCaMg
S and wMgCa

V,eq.refeq:p-tw-melting).

Interaction energies used to describe the solution model of carbonatitic liquids are summarized in

table 4.3 and in Fig.A.4.
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Figure A.2: Solid solution model presented in the format used by the Perplex solution file, which

deals with solution. The file is made of 4 main parts. 1) The end members are defined: cc, mag,

sid are the end-members calcite, magnesite, siderite listed in the Holland and Powell database.

Odo and oank are the components dol and Dol50Ank50, respectively. The internal equilibrium

reactions and related enthalpies of ordering are defined in the Perplex database file. 2) The excess

function defines the interaction energies Wij expressed in J/mol. The second column describes the

temperature dependence of interaction energies. 3) Defines the entropy model and the speciation of

Ca, Mg and Fe in the crystallographic sites m1, m2a, m2b. 4) Introduces the van Laar formalism

defining the dimensionless size parameters αi. The second column describes the temperature

dependence of the size parameters.
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Figure A.3: Fitted thermodynamic properties of the end-members calcite liquid (CaCO3L), mag-

nesite liquid (MgCO3L) and siderite liquid (FeCO3L) in the database format used by Perplex. In

the lower part of the figure the Rosetta Stone to decipher the database file is shown. The first

line gives the name of the end-member and a code, in our case 1 0 0 0, which does not introduce

further complexities such as Landau correction. In the second line the composition of the end-

member is defined. Values of the thermodynamic properties are shown in the line 3, 4, 5, 6. G0,

S0, V0 are standard free energy, standard entropy and standard volume, respectively. The standard

state refers to 25 ◦C, 1 bar. The parameter a, b, c, d, e, f, g define the molar isobaric heat capac-

ity according to the analytic function: Cp=a+bT+cT−2+dT2+eT−1/2+fT−1+gT−3. Because in the

model presented in chapter 4 heat capacities of liquid end-members are assumed to be temperature

independent (Holland and Powell 1998), only the a parameter is 6= 0. In this study the volumes are

calculated with a Murnaghan EOS. Perplex uses this equation setting the parameter b8 > 0; this

parameter represents the pressure derivative of the bulk modulus, i.e. K’. The parameters b6 and

b7 give the temperature dependence of the bulk modulus: KT=b6+b7T. The parameters b1, b2, b3,

b4, b5 define the temperature dependence of the thermal expansion (α) according to the equation:

a=b1+b2T+b3T−1+b4T−2+b5T−1/2.
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Figure A.4: Solution model of carbonatite liquids presented in the format used by the Perplex

solution file. The second and the third row of the excess function part introduce temperature and

pressure dependence of the interaction energies wij.
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Chapter B. Additional BSE images to Chapter 2 and 4

Figure B.1: Additional back scatter images of the runs presented in chapter 2 and 4 showing

textural features of experimental charges. The experimental P-T conditions are indicated in the

right bottom corner of each image. For the compositions of the run products refer to Table 2.1 for

the images A-I and to Table 4.3 for the images J-X. Magnetite has been detected in all Fe-bearing

experiments and is recognizable as the bright phase. Its abundance increases with the increas-

ing of the Fe-content in the starting material. A-B) Experiment b.c a, Mg-free single phase. C)

Experiment b.c f. D) Experiment b.c i, where siderites.s. coexists with Fe-enriched dolomite. E)

Experiment b.c m. F) Experiment b.c x, where calcites.s coexists with dolomites.s.. G) Experiment

b.c s where Fe-enriched calcite coexists with magnetite, resulting from the decarbonation reaction

presented of the FeCO3 component (2.1). H) Experiment b.c. n performed at 1100 ◦C and 3.5 GPa

showing the closure of the solvus calcites.s - dolomites.s. I) Experiment b.c o. J) Experiment

b.c 11Me. Experiment b.c 8Me (K) and experiment b.c 5Me (L) were run at high temperature

(1300 ◦C) at 6 GPa, but no carbonatite liquid was detected; this suggest that the solidus of ternary

carbonatites moves at higher temperatures increasing the pressure (section 4.3.2). M) Experiment

b.c 6Me. N) Experiment b.c 9Me. Figures O and P show the same experiment of figures M and

N but run at higher temperatures, showing the increasing amount of carbonatite melt produced at

high temperature. Q) Experiment b.c 19Me showing carbonatite liquid stable with a large amount

of magnetite due to the Fe-enriched starting material. R) Experiment b.c 14Me. S) Experiment

b.c 11Me. T) Experiment b.c 21Me used to constrain the melting loop magnesite-siderite (Fig.

4.4). U) Experiment b.c 22Me showing the characteristic dendritic quench crystal characteriz-

ing carbonatite liquids. V) Experiment b.c 5Me. W) Experiment b.c sMe Mg-free carbonatite

liquid coexisting with a large amount of quenched Fe-oxide resulting from the oxidation of the

FeCO3 component. X) Experiment b.c FeCO3 showing the stability of siderite at 1400 ◦C and 6

GPa. Ccs.s. = Mg-Fe-Calcite solid solution; Dols.s. = solid solution near the join CaMg(CO3)2 -

CaFe(CO3)2; Mgss.s. = solid solution near the join MgCO3 - FeCO3; Lc = carbonatite liquid.
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