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Abstract  

Ferromagnesite (Mg,Fe)CO3 plays a key role in the transport and storage of carbon in the deep 

Earth. Experimental and theoretical studies demonstrated its high stability at high pressure and 

temperature against melting or decomposition. Several pressure-induced transformations of 

ferromagnesite have been reported at conditions corresponding to depths greater than ~1100 

km in the Earth’s lower mantle. Although there is still no consensus on their exact 

crystallographic structures, evidences are strong of a change in carbon environment from the 

low-pressure planar CO32- ion into carbon atoms tetrahedrally coordinated by four oxygens. 

High-pressure iron-bearing phases concentrate a large amount of Fe3+ as a result of intra-

crystalline self-redox reactions. These crystallographic particularities may have significant 

implications on carbon reservoirs and fluxes in the deep Earth.  
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1 Introduction 

Carbon exchange between the Earth’s interior and surface occurs over time scales of 

hundreds millions of years constituting the geodynamical carbon cycle. Surficial carbon is 

recycled by means of subduction into the deep Earth. Estimations of the carbon flux that reaches 

the deep Earth in subduction ranges from 0.0001 to 52 megatons of carbon annually (Kelemen 

& Manning, 2015). This huge uncertainty hinges on poor constraints on the amount of carbon 

retained by subducting slabs. Carbonate inclusions in diamonds suggest that carbon is 

transported down to the transition zone depths (Brenker et al., 2007; Kaminsky, 2012; Wang et 

al., 1996); however, whether any carbon reaches the lower mantle is still controversial. Most 

subducted carbon is expected to melt and/or breakdown and return to the Earth’s surface via 

volcanism (Kelemen & Manning, 2015; Thomson et al., 2016). However, relatively oxidizing 

conditions and low slab temperatures may result in the transportation of carbon to greater depths 

which could feed the core mantle boundary (CMB) (Martirosyan et al., 2015). Yet, a 

quantitative estimation of carbon or CO2 released at the core mantle boundary remains 

unconstrained, as are precise mechanisms for transportation of volatiles to the very deep mantle. 

In particular, the behaviors of such phases in the presence of deep mantle minerals such as 

silicates, iron oxides or metallic iron, remain to be evaluated. 

Carbon is recycled into the deep mantle in majority as carbonates which mainly occur as 

calcite CaCO3, dolomite CaMg(CO3)2, and magnesite MgCO3 at the Earth’s surface. Due to 

chemical reactions with silicates such as pyroxenes and bridgmanite, ferromagnesite (Mg-

Fe)CO3 is considered to be the dominant carbonate phase in the deep mantle (e.g. Kushiro et 

al., 1975; Biellmann et al., 1993). Behavior of ferromagnesite at depth is therefore critical to 

evaluate the storage capacity and fluxes of carbon. Because of the scarcity of natural samples 

coming from the lower mantle, knowledge of ferromagnesite’s stability and generally of deep 

processes mainly result from theoretical and experimental studies. The latter requires the ability 

to reach high pressure and temperature (P-T) conditions of the Earth’s mantle and to use 

micro/nanoscale probes to characterize samples. Laser heated diamond anvil cell is the main 

static pressure device that is used for studying carbon-bearing phases at the Earth’s mantle and 

core conditions. This technique permits to reach pressures above 300 GPa and temperatures up 

to 5000 K (e.g. Tateno et al., 2010) by heating with double-sided high-powered infrared lasers 

available in house and at synchrotron X-ray beamlines. The excellent transparency of single-

crystal diamond windows to a wide range of electro-magnetic radiation is compatible with 

numerous analytical probes for more comprehensive in situ characterization of high P-T 
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behavior. This is critical in the case of non-quenchable phases or dynamic studies where 

squeeze, cook and look experiments are not sufficient. A detailed review of the different 

techniques can be found in Mao & Boulard (2013).  

In this chapter, we present a review of recent studies dealing with the high-pressure behavior 

of carbonates on the solid solution join between magnesite and siderite (FeCO3). We first 

present ferromagnesite high-pressure behaviors and structures as reported in the recent years. 

We then discuss evidences of particular processes such as the self-redox reactions of Fe-bearing 

carbonates. Finally we discuss potential implications for the Earth’s system. 

2 Compression of Mg-Fe Rhombohedral Carbonate  

Siderite and magnesite are isomorphous with calcite and crystallize in a rhombohedral 

symmetry with the R-3c space group (Graf, 1961) (Figure 3.1A). Represented with a hexagonal 

unit cell, these carbonates contain six formula units per unit cell. They consist of an alternation 

of layers along the c-axis of cations (Fe2+, Mg2+) in six-fold oxygen coordination and carbon in 

trigonal planar (CO3)2- groups. The orientations of two consecutive carbonate ions are staggered 

relative to each other with the cation at the center of symmetry. 

In situ X-ray diffraction (XRD) studies at high pressure show a high stability of calcite 

structured MgCO3 up to ~80 GPa-2500 K (Fiquet et al., 2002). No evidences of decomposition 

or melting under P-T conditions down to the core-mantle boundary (CMB) was observed 

(Dorogokupets, 2007; Fiquet et al., 2002; Gillet, 1993; Solopova et al., 2015). MgCO3 can also 

be synthesized from the recombination of oxides MgO and CO2 at mantle P-T conditions 

(Boulard et al., 2012; Scott et al., 2013). The c-axis is significantly more compressible than the 

a-axis, attributable to the tight bonding of C-O in CO3 groups (Katsura et al., 1991). Polyhedral 

bulk modulus of MgO6 octahedra was found to be nearly identical to those of MgCO3 (Ross, 

1997). However, in situ XRD refinements and infrared (IR) spectroscopic analyses showed that 

at 20 to 50 GPa, C-O bonds expand before contracting (Fiquet et al., 2002; Santillán et al., 

2005). This particular behavior produced by the rotation of MgO6 octahedra likely contributes 

to the remarkable stability of the R-3c structure in carbonates at high pressure (Fiquet et al., 

2002; Santillán et al., 2005). 

Fe2+ substitution for Mg2+ results in a nearly linear increase of the bulk modulus from 103 

to 117 GPa (~10%), (Zhang et al., 1998). The same trend has been observed in other 

ferromagnesian silicates and oxides. This is also observed in silicate spinels, where the bulk 

modulus increases by ~13 % between Mg2SiO4 to Fe2SiO4 (Hazen, 1993). At ~50 GPa, iron in 

Fe-bearing magnesite undergoes a spin transition (Mattila et al., 2007). This isostructural 
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transition results in an increase in density and compressibility (Lavina et al., 2009), and is 

expected to affect the partition coefficient of Fe between (Mg,Fe)CO3 and (Mg,Fe)SiO3. As a 

result, composition of carbonate in equilibrium with Mg-Fe bridgmanite would become closer 

to siderite at pressures above 50 GPa (Lobanov et al., 2015; Weis et al., 2017). Compared to 

magnesite, siderite decomposes at lower temperatures (~400° and 500° lower at 1 and 2 GPa, 

respectively) (Tao et al., 2013). Although the decarbonation boundary of siderite is very close 

to the average mantle geotherm at about 3 GPa (Tao et al., 2013), typical cold and hot 

subduction paths are well within the stability fields of both siderite and magnesite. 

3 High-pressure polymorphism of ferromagnesite. 

High pressure and temperature phase transition in MgCO3 was first demonstrated 

experimentally by Isshiki et al. (2004) who observed diffraction peaks at 115 GPa-2200 K that 

could not be assigned to any decomposition products (MgO or CO2). Transmission electron 

microscopy (TEM) analyses on the recovered sample showed a homogeneous amorphous 

sample area rich in Mg, C and O (Irifune et al., 2005). This discovery inspired significant 

interest in both experimental and theoretical mineral physics. Systematic searches through 

databases of known crystal structures combined with energy minimization first indicated that a 

pyroxene structure (space group C2/c) becomes energetically more favorable than magnesite 

above ~100 GPa (Skorodumova, 2005). Later, Oganov et al. (2006) reported that a C2221 

pyroxene-type structure, also predicted in CaCO3, was even more stable. Both structures 

contain zigzag chains of corner-sharing CO44- tetrahedra. It is worth mentioning that USPEX 

simulations at 110 GPa and 150 GPa also found a number of other low-enthalpy structures that 

are competitive with these pyroxene structures over a wide pressure range (Oganov et al., 2008). 

Pressure-Temperature conditions at which experimental studies reported phase transitions 

of ferromagnesite are reported in Figure 4.1. There is no consensus about those high-pressure 

crystallographic structures (Figure 3.1 and Table 4.1) (Boulard et al., 2011, 2012; Cerantola et 

al., 2017; Isshiki et al., 2004; Liu et al., 2015; Merlini et al., 2015). Those differences might be 

due to the existence of multiple metastable phases with close free energies and/or to differences 

in compositions of the starting material. 

Concerning the magnesian end-member, Isshiki et al. (2004) proposed an orthorhombic 

structure above 115 GPa-2200 K (noted Mag-II in Figure 4.1). As no structural refinement 

could be performed, no atom positions were proposed. In 2011, Boulard et al. reported a 

transition of magnesite into a monoclinic structure above 80 GPa at 2300 K. Rietveld 

refinement was not possible but, through comparison with previous theoretical studies (Oganov 
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et al., 2008), a crystalline structure with a P21/c space group made of groups of three (CO4)4− 

tetrahedra sharing one corner that constitute (C3O9)6− rings, was proposed (Figure 3.1b). Mg-

Fe composition was refined with the same structure (Fe-Mag-II). Non-hydrostatic conditions 

might have favored metastable phases in those experiments as no pressure medium was used. 

However, reversal reactions using oxides as starting materials (e.g. MgO + CO2) to maximize 

synthesis of thermodynamically stable phases rather than metastable intermediate states yielded 

same structure. 

High-pressure studies on pure FeCO3 show the coexistence of rhombohedral siderite with 

a new structure (Sid-II) above 1400 K at 40 GPa (Boulard et al., 2012; Liu et al., 2015). These 

two phases co-exist up to about ~70 GPa-2200 K, where room pressure siderite fully disappears. 

Liu et al. (2015) proposed an orthorhombic unit cell and used the same unit cell for Fe-Mag-II. 

It is still unclear whether this structure is based on CO4 groups as no Rietveld refinement were 

performed. Boulard et al. (2012), reported the recombination of FeO and CO2 oxides into an 

Fe4C3O12 high-pressure phase (Figure 3.1c). Chemical composition was deduced from Electron 

Energy Loss Spectroscopy (EELS) analyses on the recovered samples following the method 

developed by Egerton (1996). Due to similitude in terms of chemical composition and unit cell 

parameters with the olivine-structured Laihunite silicate (Fe3+,Fe2+)2SiO4, Boulard et al. (2012) 

proposed a monoclinic structure with a P21/b space group based on isolated (CO4)4- groups. 

More recently, single crystal XRD studies were performed on (Mg,Fe)CO3 (Merlini et al., 

2015) and FeCO3 (Cerantola et al., 2017) , allowing structural refinements of crystallographic 

structures with atom position determination. At pressure above 74 GPa and temperature 

between 1400 K and 1650 K, Cerantola et al. (2017) observed transformation of FeCO3 into an 

Fe4C3O12 high-pressure phase (Sid-II), with an hexagonal structure with R-3c space group 

formed by isolated CO4 groups. Up to 2500 K, Fe4C3O12 coexists with a second high-pressure 

phase, Fe4C4O13 (Sid-III), a monoclinic structure with zigzag-shaped (C4O13)10- chains formed 

by four corner shared CO4 groups. The same high-pressure structure was reported for 

ferromagnesite at 135 GPa-2600 K (2900 km) by Merlini et al. (2015).  

 

3.1 Evidence for tetrahedrally coordinated carbon 

Identification of CO4 groups in high-pressure structures based solely on XRD is difficult                                                                                                                                                                                                                                                                              

as it requires precise structural refinements. Moreover, localizing light elements such as carbon 

is not easy. As mentionned above, only Merlini et al. (2015) and Cerantola et al. (2017) could 

demonstrate tetrahedrally coordinated carbon from direct single-crystal-XRD measurements in 

the stoichiometries: Mg2Fe2C4O13, Fe4C4O13 and Fe4C3O12.  
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Vibrational spectroscopies, Raman and IR, are also particularly sensitive to carbon chemical 

environment and permit to probe quite directly C-O bonds. Boulard et al. (2015), reported the 

first in situ characterization of C–O bonds in a post-magnesite phase. They found that after 

transformation into the Fe-Mag-II, the IR spectrum exhibits unique features not present in the 

low-pressure spectrum. The band assignment relied on first-principles calculations of the IR 

spectrum of tetrahedrally coordinated carbon in MgCO3 (P21/a space group). A mode at ~1,304 

cm-1 at ~80 GPa, characteristic of the C-O asymmetric stretching vibration in CO4 groups, could 

be used as a fingerprint of CO4 groups in high-pressure mineral phases. An intense Raman band 

at ∼1,025cm-1 (at 105 GPa) with a pressure dependence of ∼1.8cm-1/GPa in P21/c CaCO3 was 

recently proposed as characteristic of the symmetrical stretching vibration in its CO4 groups 

(Lobanov et al., 2017). 

Electron and x-ray spectroscopies at the Carbon K-edge performed on recovered samples also 

allowed to define signatures associated to tetrahedrally coordinated carbon. Analyses were 

either collected by EELS using TEM or by synchrotron radiation-based Scanning Transmission 

X-Ray Microscopy (STXM) coupled to the acquisition of x-ray absorption spectra (XAS). C 

K-edge on an ambient pressure rhombohedral (R-3c) carbonate sample display peaks at 290.3 

and 298.3 eV that can be assigned to 1s → p* electronic transition and one peak at 300.5 eV 

assigned to 1s → s*, all in carbonate CO3 groups (Hofer & Golob, 1987; Zhou et al., 2008). 

Spectra collected on recovered samples transformed into the high-pressure phases of the two 

compositions FeCO3 and (Mg,Fe)CO3 show different spectroscopic signatures. The main peak 

is broader and slightly shifted to higher energy (290.47 eV in Fe-Mag-II and 290.67 eV in Sid-

II) and a second peak is observed at 287.35 eV in both compositions (Boulard et al., 2012). 

These spectroscopic signatures are interpreted as a fingerprint of CO4 groups and the slight 

energy shift of the main peak between the two compositions may reflect different degrees of 

polymerization of CO4 groups. Fe content in the (Mg,Fe)CO3 solid solution likely affects 

polymerization of CO4 groups. While isolated (CO4)4- tetrahedra are reported in pure Fe 

composition, high-pressure polymorphs of Mg-rich carbonates are based on polymerized CO4 

groups, i.e. (C3O9)6- or (C4O13)10- chains (see Arapan et al., 2007; Boulard et al., 2011; Cerantola 

et al., 2017; Isshiki et al., 2004; Merlini et al., 2015; Oganov et al., 2008; Panero & Kabbes, 

2008) 

 

3.2 Self-redox reactions in Fe2+-bearing carbonates 

Another particularity of the crystal chemistry of ferromagnesite and siderite's high-pressure 

structures is the preferential association of the CO4 tetrahedral groups with trivalent iron. 

Page 7 of 17 AGU Books



For Review Only

Incorporation of trivalent iron or of mixed 3+/2+ valences with high Fe3+ contents in these 

phases was inferred from the stoichiometries (Boulard et al. 2011; 2012; Cerantola et al., 2017; 

Merlini et al., 2015). Fe L2,3-edges spectra collected ex situ by EELS or STXM on the recovered 

samples from the high-pressure phases of FeCO3 or (Mg,Fe)CO3 confirmed high Fe3+ contents 

in the products of transformation at high-pressure (Boulard et al. 2012). The redox counterpart 

for Fe3+ formation could eventually be the stabilization of Fe0 as observed in silicates in the 

case of the disproportionation reaction of bridgmanite (Frost & McCammon, 2008). However, 

Fe0 has never been identified in samples resulting from the transformation of Fe2+-bearing 

carbonates at high pressure. Starting from exclusively Fe2+ bearing carbonates, formation of 

Fe3+ is instead balanced by partial reduction of carbon-bearing molecular groups (CO32− or 

CO2) (Table 4.2). We call this a self-redox process since Fe2+ and CO32− initially present in the 

low pressure compound react with each other to yield Fe3+ and reduced carbon species (C or 

CO). Indeed, diamond coexisting with high-pressure transformation products of Fe2+-bearing 

carbonates or Fe2+-bearing oxides in presence of CO2 was reported by Boulard et al. (2011) and 

Boulard et al. (2012). Coexisting Fe3+-bearing iron oxides have also been reported such as 

magnetite or hematite and their associated high-pressure structures (Boulard et al., 2011, 2012; 

Cerantola et al., 2017), as well as newly described iron oxides Fe5O7 (Cerantola et al., 2017) 

and Fe13O19 (Merlini et al., 2015). Decomposition of FeCO3 into Fe3O4 + C was also reported 

in the stability field of classical CO32--bearing carbonates (<50 GPa) (Boulard et al., 2012; 

Cerantola et al., 2017). In these low-pressure experiments, only partial decomposition took 

place, as carbonate remained present even after heating up to one hour. The possible existence 

of a thermodynamic boundary of siderite decomposition remains to be further investigated. 

Overall, current available data suggest that the stability of high-pressure phases containing CO4 

groups enhances the dismutation of Fe2+-bearing carbonates into Fe3+-bearing phases and 

reduced carbon species such as diamond. 

 

Conclusions and outlooks  

Ferromagnesite (Mg,Fe)CO3 or close stoichiometries containing oxidized carbon species 

are very stable under extreme P-T conditions. The phase diagram of the Mg-Fe-C-O system is 

very rich and yields several compounds containing CO4 groups enriched in Fe3+even though 

only Fe2+ was the iron speciation of iron in the starting materials. As SiO4 groups in silicates, 

CO4 groups are present as isolated or polymerized. 

This high-pressure change in carbon environment may have significant implications on 

carbon reservoirs and fluxes. At upper mantle conditions, CO32--bearing melts differ from 
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silicate melts as they exhibit ultra-low viscosity potentially resulting in high mobilities (Kono 

et al., 2014). Due to the capacity of CO44- to polymerize, the viscosity of CO4-bearing melts is 

expected to be significantly higher (Oganov et al., 2013). This would inhibit mobility of CO4-

bearing melts in the lower mantle and might stabilize deep carbon reservoirs. The systematic 

presence of trivalent iron in the Fe-rich CO4-bearing structures also suggests that other 

compositions could be stabilized, such as aluminum-rich compositions which do not exist in 

association with carbon at ambient conditions (Merlini et al., 2015). 

These newly described high-pressure structures derived from ferromagnesite represent 

potential oxidized carbon carriers into the lowermost mantle. Whether these phases remain 

stable in subducting slab or in regular mantle lithologies is still uncertain. In a recent study, 

Boulard et al., (2018) reported that deep carbon and hydrogen cycles may be more 

interconnected than previously thought as Fe4C3O12 replaces pyrite-structured FeO2Hx in 

presence of CO2. This reaction provides a new mechanism for hydrogen release as H2O within 

the deep mantle. However, as highlighted by Dorfman et al., (2018), ferromagnesite and the 

associated high-pressure structures are sensitive to redox breakdown. Ferromagnesite reacts 

with metallic iron in the lower mantle to form either diamond or carbide, depending on the 

availability of metallic iron. If this is the case, calcite, which is less sensitive to redox 

breakdown, could be revived as an interesting oxidized carbon carrier at large depth in the 

mantle. More oxidizing conditions like those prevailing in subducting slabs may still stabilize 

ferromagnesite and related stoichiometries. The redox stabilities of calcite, ferromagnesite, and 

of their high-pressure transformation products remain to be extensively tested as a function of 

T, P and fO2.  

A next step will obviously be to consider the Fe-Mg-C-O high-pressure phase diagram in 

the context of a silicate-rich lithology. Recent studies on CaCO3 and MgCO3 in presence of an 

excess of SiO2 or MgSiO3 show that CaCO3 is likely to undergo decomposition into CO2 and 

Ca-perovskite under any slab P-T conditions, while MgCO3 may be preserved under a very cold 

slab P-T conditions (Kakizawa et al., 2015; Maeda et al., 2017; Seto et al., 2008; Takafuji et 

al., 2006; Zhang et al., 2018). However none of these studies have considered iron-rich 

compositions, which, deserve special attention due to the effect of the iron spin transition and 

of self-redox processes with oxidized carbon species. There is increasing evidence that such 

self-redox processes might let strong imprint in actual processes. For example, self-redox 

reaction of ferromagnesite was recently observed in a natural sample of shocked carbonate at 

the Xiuyan impact crater (Chen et al., 2018). Whether it is related to impact-induced formation 

of CO4 groups or not will deserve further studies. Self-redox processes might also provide an 
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interesting explanation of some of the carbonate inclusions in deep diamonds (Boulard et al., 

2011). 
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Table 4.1 
 Theoretical Calculations: P range 

(GPa) 
Space 
Group 

a b c β 

MgCO3 Skorodumova et al., 2005 >113 C2/c     
 Oganov et al., 2006 >107  C2221 5.552 7.201 2.880  
 Oganov et al., 2008 82-138 C2/m 8.094 6.488 6.879 103.98 
  138-160 P21 4.534 7.792 5.086 104.54 
 Experimental Studies 

Starting material  
      

MgCO3 Isshiki et al., 2004 
Mg0.994Ca0.006CO3 

>115 Ortho. 7.18 5.03 4.47  

 Boulard et al., 2011 
Mg0.997Fe0.003CO3 

>80 P21/c 8.37 6.37 6.80 104.57 

Mg2Fe2(C4O13) Merlini et al., 2015 
Mg0.26Fe0.7Mn0.025Ca0.015CO3 

135 Mono. 9.822 3.902 13.154 108.02 

Mg0.25Fe0.3(C3O9)0.233 Boulard et al., 2011 
Mg0.249Fe0.748Mn0.005Ca0.006CO3 

>80 P21/c 7.83 6.37 6.73 101.97 

Fe4C4O13 Cerantola et al., 2017  
FeCO3 

>74 C12/c
1 

10.261 3.985 13.455 107.85 

Fe4C3O12 Cerantola et al., 2017  
FeCO3 

>74 R3c 12.762 12.762 5.332  

Fe4C3O12 Boulard et al., 2012 FeO+CO2 >50 Mono. 10.16 6.66 6.15 93.04 
FeCO3 Liu et al., 2015 

Fe0.998Mn0.002CO3 
Mg0.33Fe0.65Mn0.2CO3 

>50 Pmm2 10.99 6.34 5.27  

 
Table 4.2 
 

 Reference Chemical Reaction 

R1 Merlini et al., 2015 93Fe0.7Mg0.3CO3 = 20Mg1.395Fe2.605(C4O13) + Fe13O19 + 13C 

R2 Boulard et al., 2011 20Mg0.25Fe0.75CO3 = 20Mg0.25Fe0.3(C3O9)0.233 + 3Fe3O4 + 6CO 

(or 3C + CO2) 

R3 Boulard et al., 2012 4FeO + 4CO2 → Fe4C3O12 + C 

R4 Boulard et al., 2012 4FeO + 5CO2 = Fe4C3O12 + 2CO 

R5 Boulard et al., 2012 2Fe2O3 + 3CO2 = Fe4C3O12 

R6 Cerantola et al., 2017 4FeCO3 = Fe4C3O12 + C 

R7 Cerantola et al., 2017 7Fe4C3O12 + 3C = 6Fe4C4O13 + 2Fe2O3 

R8 Cerantola et al., 2017 8Fe4C3O12 = 6Fe4C4O13 + 4Fe2O3 + 3O2 
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Figure Captions: 

 

Figure 3.1 

Crystallographic structures of Mg-Fe carbonates as reported in the literature. a) the calcite-type 

rhombohedral structure in which Mg-Fe carbonates crystallize at ambient conditions, b) high-

pressure structure of magnesite and ferromagnesite (MgCO3 and Mg0.25Fe0.3(C3O9)0.233) 

Boulard et al., 2011, c) high-pressure phase of siderite: Fe4C3O12 Boulard et al., 2012, d) 

Fe4C3O12 Cerantola et al., 2017, Fe4C4O13 and Mg2Fe2(C4O13) Cerantola et al., 2017 and Merlini 

et al., 2015. White and grey spheres are oxygens and Fe/Mg cations respectively, and black 

triangle or black tetrahedra are carbon polyhedral. 

 

Figure 4.1 

Experimental ferromagnesite phase diagram. Mag-I, Sid-I and Fe-Mag-I refers to ambient 

magnesite, siderite and ferromagnesite structures, and phases II and III to the associated high-

pressure polymorphs. 
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Figure 3.1 
Crystallographic structures of Mg-Fe carbonates as reported in the literature. a) the calcite-type 

rhombohedral structure in which Mg-Fe carbonates crystallize at ambient conditions, b) high-pressure 
structure of magnesite and ferromagnesite (MgCO3 and Mg0.25Fe0.3(C3O9)0.233) Boulard et al., 2011, c) 

high-pressure phase of siderite: Fe4C3O12 Boulard et al., 2012, d) Fe4C3O12 Cerantola et al., 2017, 
Fe4C4O13 and Mg2Fe2(C4O13) Cerantola et al., 2017 and Merlini et al., 2015. White and grey spheres are 

oxygens and Fe/Mg cations respectively, and black triangle or black tetrahedra are carbon polyhedral. 
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Figure 4.1 
Experimental ferromagnesite phase diagram. Mag-I, Sid-I and Fe-Mag-I refers to ambient magnesite, 

siderite and ferromagnesite structures, and phases II and III to the associated high-pressure polymorphs. 
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