
55

Carbon in Earth’s Interior, Geophysical Monograph 249, First Edition. Edited by Craig E. Manning, Jung-Fu Lin, and Wendy L. Mao. 
© 2020 American Geophysical Union. Published 2020 by John Wiley & Sons, Inc.

Structural and Chemical Modifications of Carbon Dioxide 
on Transport to the Deep Earth

Mario Santoro1,2, Federico A. Gorelli1,2, Kamil Dziubek2,3, Demetrio Scelta2,3, and Roberto Bini2,3,4

ABSTRACT

The structural and chemical changes to which carbon dioxide is subjected with increasing pressure and 
 temperature are discussed here with the purpose of following the modifications of this important geochemical 
material on proceeding from the Earth’s surface down to the core‐mantle boundary. The relevance of metasta-
bilities, and then of kinetic controlled transformations, is evidenced in the P‐T ranges characteristic of both 
molecular phases and extended covalently bonded structures. From a chemical point of view, this analysis high-
lights how the characterization of the melting of the extended structures would represent an important step to 
understand the role of this compound in the chemistry of the Earth’s mantle.
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6.1. INTRODUCTION

Carbon dioxide is central in our lives, as an atmo-
spheric component, for its contribution to global warming 
(Jenkinson et al., 1991), and also for its pivotal role in the 
physics and chemistry of the Earth’s interior. In fact, 
carbon entering the Earth’s mantle through the subduc-
tion of carbon‐bearing minerals at the ocean floors not 
only contributes to determining the physical properties 
of the mantle, it also affects the Earth’s interior dynamics 
being involved in the processes that rule the heat transfer 
to the surface. The presence of CO2 has been indirectly 
revealed by inclusions within diamonds (Schrauder & 
Navon, 1993) or mantle rock‐forming minerals (Frezzotti 
& Touret, 2014), and it has been concluded that CO2‐rich 

phases characterize the mantle (Dasgupta et  al., 2011). 
Even though the distribution is rather inhomogeneous 
(Le Voyer et al., 2017) and the origin unclear, CO2 release 
from the most stable carbonates, such as magnesite at the 
core‐mantle interface, could be one of the possible 
sources (Isshiki et al., 2004). This presence is relevant in 
many respects, such as favoring the silicate melting and 
the consequent cycling to the crust of different elements 
and volatiles (Dasgupta & Hirschmann, 2006), or as an 
intermediate in the formation of diamonds (Maeda et al., 
2017). In addition, the possibility that CO2 may react 
with silica under high pressure and temperature condi-
tions, leading to the formation of new compounds, is also 
intriguing because of the different coordination of C and 
Si solid oxides under any given P‐T conditions. A consid-
erable computational (Aravindh et  al., 2007; Morales‐
García et  al., 2013; Qu et  al., 2016; Yong et  al., 2018; 
Zhou et al., 2014) and experimental (Santoro et al., 2011; 
Santoro et al., 2014) effort has been made to solve this 
specific issue. Knowledge of the structural and chemical 
properties of CO2 with increasing pressure and tempera-
ture is therefore essential for understanding its role in the 
Earth’s deep carbon cycle.

The phase diagram of CO2 is, among the simplest 
molecular systems, one of the most extensively studied 
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(see Datchi & Weck, 2014; Santoro & Gorelli, 2006; Yoo, 
2013; and references therein) but also one of the most 
debated, especially for pressures in excess of 60 GPa 
where the formation of extended covalent solids is 
reported. Multiple controversies surround the nature and 
the stability region of the different CO2 crystalline poly-
morphs all lying below 45 GPa, the number and the  
differences among the covalent extended phases, the 
existence of intermediate bonding structures, and finally 
the stability of the high‐pressure phases against dissocia-
tion. The reasons for disagreement among different 
authors can be attributed to two main factors. The first is 
the pronounced metastability of most of the CO2 phases, 
which implies the existence of large kinetic barriers to be 
overcome for accomplishing the structural transitions or 
the chemical transformations. In a simplified view, this 
process can be seen as a potential energy landscape where 
the pathway followed along a specific coordinate is char-
acterized, from energetic point of view, by one or more 
local minima, each one related to an intermediate state. 
The height of the activation barriers separating these 
minima becomes the key parameter ruling the transfor-
mation towards thermodynamically stable species. The 
P‐T path followed in the experiment therefore becomes 
extremely important. The second issue is experimental in 
nature and is related to the challenging pressures and 
temperatures required for exploring the most controver-
sial P‐T regions. Experimental results also appear influ-
enced by the sample environment, by hydrostatic or 
nonhydrostatic conditions, and by the way in which high 
temperatures are achieved.

In an attempt to provide a clear description of the pre-
sent knowledge on these issues, we have organized this 
manuscript in the following manner. The first section will 
discuss the crystalline molecular phases; the second sec-
tion will be concerned with the extended covalent struc-
tures. The knowledge of the melting line of both 
molecular and extended solid phases is rather limited, but 
the topic deserves a careful discussion, and it will be 
reviewed in the third section. The high‐pressure high‐
temperature stability of carbon dioxide versus dissocia-
tion will be the last topic discussed.

6.2. MOLECULAR CRYSTAL PHASES

CO2 crystallizes at ambient temperature around 0.5 
GPa into a primitive cubic cell (Pa3, Z = 4) with the mol-
ecules aligned with the cell body diagonal. The evolution 
with pressure of the structural and vibrational properties 
of this phase, known as dry ice or phase I, have been 
recently extensively investigated (Giordano et al., 2010). 
Phase I transforms to the orthorhombic phase III (Cmca, 
Z = 4) with a sluggish transition starting just above 10 
GPa and extending for several GPa (Aoki et  al., 1994; 
Hanson, 1985; Iota & Yoo, 2001). Almost no volume 

change exists between the two crystal structures that 
appear strictly related: in both phases the carbon atoms 
are located at the face‐centered positions, differing only 
in the orientation of the molecules, which break the  
F‐lattice symmetry (Aoki et al., 1994). A pairing of the 
molecules was speculated for this phase, leading to an 
anomalous high‐strength molecular crystal (Yoo, 2013; 
Iota & Yoo, 2001). Ab initio calculations challenged this 
conclusion; in fact, phase III resulted in a typical van der 
Waals crystal with a bulk modulus one order of magni-
tude smaller than that derived from the experimental 
data. This difference was ascribed to a disputable extrap-
olation to ambient pressure of the experimental data all 
acquired above 20 GPa (Bonev et al., 2003).

A new phase (II) was observed by heating phase III 
above 16 GPa and 500 K (Iota & Yoo, 2001). This 
transition was not reversible on cooling and phase II was 
recovered at ambient temperature, thus suggesting the 
metastable nature of phase III. Raman and powder X‐ray 
diffraction (XRD) data were interpreted also in this case 
as suggestive of a molecular pairing leading to a very large 
bulk modulus. These conclusions were demonstrated to be 
wrong by a synchrotron XRD study where the structure 
was solved using samples in quasihydrostatic conditions 
(Datchi et  al., 2014). The structure was identified as 
tetragonal (P42/mnm; Z = 2) with molecular and intermo-
lecular parameters typical of a molecular crystal in perfect 
agreement with density functional theory (DFT) predic-
tions (Bonev et  al., 2003). Interestingly, the computed 
thermodynamic domain of the P42/mnm structure 
matched the entire P‐T region of both phases II and III, 
thus supporting the suggested metastability of phase III.

Phase II transforms above 13 GPa into a new phase, IV, 
once heated above 500 K. The transformation tempera-
ture does not depend on pressure at least within the accu-
racy of the experimental data (Gorelli et al., 2004). This 
phase could be quenched to ambient temperature being 
stable upon compression and transforming to phase I 
below 10 GPa, thus suggesting that phase II is also meta-
stable. Spectroscopic (Yoo et al., 2001) and XRD (Park 
et al., 2003) data were interpreted as suggestive of a bent 
molecule with elongated C=O bonds, a structure 
intermediate between a molecular crystal and an extended 
covalent solid. Also in this case, these conclusions have 
been disputed by computational studies that found phase 
IV to be a typical molecular phase, with the CO2 molecule 
maintaining the bond length and the linearity of the iso-
lated molecule (Bonev et al., 2003). IR and Raman data 
also support a typical molecular crystal structure (Gorelli 
et  al., 2004). Recent structural determination based on 
synchrotron single crystal XRD data of phase IV indi-
cated rhombohedral space group R c3 , with two linear 
inequivalent molecules in the unit cell and bond length 
close to that of the free molecule (Datchi et al., 2009). These 
findings were confirmed by first‐principles calculations, 
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which were also capable of perfectly reproducing the 
structure and the vibrational spectra, and by neutron 
diffraction data that confirmed the structure (Palaich 
et al., 2014; Palaich, 2016).

A new phase, indicated as phase VII, was discovered by 
compressing phase I above 640 K and 12 GPa with a sta-
bility pressure range increasing with temperature 
(Giordano & Datchi, 2007). The transition was found to 
be fully reversible. High‐quality synchrotron XRD pat-
terns acquired along the 726 K isotherm provided evi-
dence of an orthorhombic unit cell (Cmca, Z = 4). Such 
structure was predicted to be stable at high pressure by 
different computational studies (Bonev et  al., 2003; 
Kuchta & Etters, 1988). The C=O bond length deter-
mined for this phase is only slightly shorter than in phase 
I (<2%), thus also supporting the molecular character of 
phase VII. Interestingly, the Cmca space group of phase 
VII is the same as that of the high‐pressure phase III 
(Aoki et al., 1994; Yoo et al., 1999); symptomatic is also 
the fact that both phases form only from phase I. Indeed, 
whereas phase VII transforms upon compression to 
phase IV, it was never reobtained by decompressing phase 
IV. All these aspects led to the reasonable question if  
phase VII is thermodynamically stable. Confirmation of 
its thermodynamic stability was provided by the direct 
crystallization of this phase from the liquid at 827 K and 
12.1 GPa (Giordano et al., 2007); however, when phase 
IV was produced by compressing phase VII, it could be 
isothermally decompressed until melting. In this way, the 
melting line of phase IV was also measured between 800 
and 950 K, becoming almost indistinguishable from that 
of phase VII. The energy difference between these phases 
is therefore small, and a large energy barrier prevents the 
IV–VII transformation.

Very recently, quasi‐harmonic electronic structure cal-
culations were able to accurately reproduce the structural 
and spectroscopic properties of the molecular crystal 
phases I, II, IV, and VII of carbon dioxide in a broad 
pressure range (Sontising et al., 2017). On the contrary, 
the structure proposed for phase III directly relaxes to 
phase VII and no other structure is found by crystal 
structure prediction. Phases III and VII are therefore sug-
gested to be identical and kinetically accessible at ambient 
temperature and thermodynamically stable above 640 K.

As a final comment, it should be remarked that the 
pressure evolution of the experimental volume data 
relative to phases I, II, III, IV, and VII is very similar and 
markedly different from that of phase V (see Figure 6.1), 
thus unequivocally pointing to the analogous (molecular) 
nature of all these phases and ruling out the misleading 
concept, both from a chemical and structural point of 
view, of the existence of intermediate structures between 
molecular and extended phases.

6.3. EXTENDED COVALENT PHASES

At pressures >40 GPa carbon dioxide transforms into 
silica‐like extended covalent phases, thus removing, as 
occurs also for nitrogen (Eremets et  al., 2004), the 
apparent ambient pressure anomalies with respect to the 
heavier elements of the group. The first evidence of an 
extended phase (V) was the appearance in the Raman 
spectrum of a characteristic peak of the C‐O‐C stretch-
ing mode after laser heating phase III to 1800 K above 40 
GPa (Iota et al., 1999). This new phase could be quenched 
at ambient temperature down to approximately 10 GPa 
where it transformed to phase I (Datchi & Weck, 2014). 

I-295K (Yoo et al., 1999) I-295K (Olinger, 1982)

I-726K (Giordano & Datchi, 2007) II-300K (Yoo et al., 2002)

II-295K (Datchi et al., 2014) III-295K (Yoo et al., 1999)

IV-300K (Park et al., 2003) IV-726K (Giordano et al., 2007)

IV-295K (Datchi et al., 2009) IV-638K (Datchi et al., 2009)

VII-726K (Giordano et al., 2007) V-295K (Datchi et al., 2012)

V-295K (Seto et al., 2010)

V-295K (Santoro et al., 2012)

V-295K (Dziubek et al., 2018)

Figure 6.1 Experimental volume data of the extended phase V and of the stable and metastable molecular phases 
of crystalline CO2. See electronic version for color representation of the figures in this book.
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Lower pressure values have also been reported with phase 
V transforming directly to the fluid (Iota et  al., 1999). 
Recently, phase V was claimed to be quenchable at 
ambient pressure and low temperature (Yong et al., 2016), 
but this conclusion was questioned because residual 
pressure was inferred by the frequency of the Raman 
modes of coexisting phase I (Datchi et al., 2017). The P‐T 
conditions necessary for the attainment and its large sta-
bility range evidence the existence of a remarkably high 
energy barrier, which must be overcome to accomplish 
the chemical transformation from the molecular phases 
to phase V. This was recently demonstrated by synthe-
sizing this phase just above 20 GPa by laser heating phase 
IV using Ti as a catalyst (Sengupta et al., 2012). The tem-
perature necessary for the formation of phase V found in 
two follow‐up studies was considerably lower (T < 1000 
K) (Santoro et al., 2004; Tschauner et al., 2001).

The crystal structure of phase V has been debated for 
more than one decade. The structure proposed on the 
basis of the first synchrotron XRD studies resembled 
those of the tridymite family with an orthorhombic 
P212121 unit cell and a bulk modulus of 365 GPa, there-
fore larger than stishovite (Yoo et al., 1999). These find-
ings were not supported by a series of DFT computational 
works that predicted as stable phases α‐quartz (Serra 
et al., 1999) or a distorted β‐cristobalite structure (Dong, 
Tomfohr, & Sankey, 2000; Dong, Tomfohr, Sankey, 
Leinenweber, et al., 2000; Holm et al., 2000), with bulk 
modulus two to three times lower. The stability of  the  
β‐cristobalite structure was ascribed to the rigidity of the 
COC  angles between connected tetrahedra (120°–125°), 
to be compared with the wider analogous angles in silica 
(145°–150°), thus speculating that the extended covalent 
phases of CO2 will not show the same abundant polymor-
phism as silica (Dong, Tomfohr, & Sankey, 2000). The 
structure of phase V was first suggested (Seto et al., 2010) 
and then independently solved by two different groups 
(Datchi et al., 2012; Santoro et al., 2012). As predicted by 
DFT calculations, a partially collapsed β‐cristobalite 
structure (space group I 4 2d) was found, with carbon 
and oxygen atoms arranged in slightly distorted CO4 tet-
rahedra (tilted by ∼38° about the c axis) linked by oxygen 
atoms at the corners (Figure  6.2). Computed values of 
the bulk modulus were definitely smaller than the one 
reported for the tridymite structure ranging from 115 to 
154 GPa (Dong, Tomfohr, Sankey, Leinenweber, et  al., 
2000; Gohr et al., 2013; Holm et al., 2000; Oganov et al., 
2008; Santoro et al., 2012). Experimentally, the first study 
provided a higher bulk modulus of 236 GPa (Seto et al., 
2010), but following XRD studies performed on 
decompression in both pure CO2‐V samples and powder 
hydrostatically compressed with He allowed an accurate 
equation of state (EOS) from 8 to 65 GPa providing a 
bulk modulus of 136 GPa (Datchi et al., 2012). Higher 
pressure experimental volume data up to 100 GPa 

(Seto et al., 2010) exceed this EOS by ≤5%. Very recently, 
the synthesis of CO2‐V above one megabar allowed the 
EOS extension up to 120 GPa (Dziubek et al., 2018). The 
new volume data and those obtained with CO2‐V 
compressed in He (Datchi et  al., 2012) could be fitted 
with an EOS that further lowers the bulk modulus to a 
value (114 GPa) very close to that reported in Santoro 
et al. (2012). Interestingly, while the a lattice parameter 
nicely fits the evolution of the lower pressure data, the c 
parameter is considerably longer with the c/a ratio 
increasing from 1.655 at 43 GPa (Santoro et al., 2012) to 
1.871 at 118 GPa (Dziubek et  al., 2018), thus getting 
closer to the fully collapsed structure, which expects a c/a 
ratio equal to 2 (Figure 6.2).

The formation of an extended amorphous phase was 
evidenced by FTIR spectroscopy compressing phase III 
at ambient temperature (Santoro et  al., 2006). This 
material, called a‐carbonia in analogy with silica glass, 
forms when pressure exceeds 45 GPa with a sluggish 
transformation that can be efficiently speeded up by  
moderate heating. The formation of an amorphous phase 
in the same pressure range was predicted by Serra et al. 
(1999). The XRD pattern and the vibrational spectra of 
a‐carbonia are characterized by broad features that 
cannot be confused with those of phase V. First‐princi-
ples molecular dynamics simulations have been capable 
to describe all the experimental signatures of this amor-
phous phase, providing insight into its bonding arrange-
ment, which results in a mixture of three‐ and four‐fold 
coordinated carbon atoms (Sun et  al., 2009; Montoya 
et al., 2008). Interestingly, a‐carbonia represents an excel-
lent intermediate step for producing phase V. In fact, its 
strongest and characteristic IR absorption band is reso-
nant with the CO2 laser lines so that it can be efficiently 
and cleanly heated without the need of absorbing mate-
rials (Santoro et al., 2012).

Other silica‐like extended solids have been claimed but 
not confirmed by various authors. Although their Raman 
spectra are significantly different (Yoo et al., 2011), the 
common occurrence of metastability in the phase dia-
gram of CO2, due to the high energy barriers character-
izing most of the phase transitions, requires extreme 
caution in view of defining a reliable P‐T path independent 
phase diagram. A stishovite‐like phase VI (space group 
P42/mnm), was claimed by the compression of molecular 
phase II above 50 GPa and temperatures ranging between 
530 and 650 K (Iota et al., 2007), with the carbon atoms 
having a six‐fold coordination. Molecular dynamics sim-
ulations were not able to reproduce this phase, which was 
interpreted as due to an incomplete transformation (Sun 
et al., 2009). Recently, this P‐T region was carefully inves-
tigated by synchrotron XRD with a resistively heated 
DAC in a P‐T domain similar to that of Iota et al. (2007), 
without finding evidence of its existence (Santoro, M. 
unpublished data). Two other phases that appear as 
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kinetically frozen intermediate structures are coesite‐like 
carbon dioxide (c‐CO2), obtained only by laser‐heating 
quenched phase VI (Sengupta & Yoo, 2010), and CO2‐
VIII, claimed to coexist with phase V above 50 GPa and 
at undefined temperature (lower than that necessary for 
the synthesis of phase V) (Sengupta & Yoo, 2009).

Upon laser heating to 1700–1800 K above 85 GPa, the 
extended phases CO2‐V, a‐carbonia, and the alleged phase 
VI are reported to transform into a new extended ionic 
solid (i‐CO2) that is stable during decompression down to 
10 GPa, where phase I is obtained (Yoo et al., 2011). The 
Raman spectrum of this material is claimed to match that 
of orthorhombic (P21212) carbonyl carbonate (COCO3). 
These results have been recently challenged by the syn-
thesis of CO2‐V above 1 Mbar (Dziubek et al., 2018). In 
this work, phase V was synthesized by laser heating 
amorphized CO2 at 85 GPa and 2700 K; the quenched 
phase V was laser heated again at the same temperature 
and a pressure just above 1 Mbar, the same conditions 
that should ensure the formation of i‐CO2, but the only 
effect was the obtainment of a high‐quality perfectly 
annealed phase V (Figure 6.2). According to these results, 
phase V seems therefore to be the only thermodynamic 

stable extended phase between 120 and 10 GPa, whereas 
all the other extended phases are likely incompletely 
transformed materials, i.e local minima in the energy 
landscape.

6.4. MELTING LINE

The presence of fluid CO2 has been reported to be 
potentially important in establishing the chemico‐
physical properties of the mantle as well as the depth of 
its partial melting (Dasgupta & Hirschmann, 2006; 
Isshiki et al., 2004). Therefore, one of the central issues 
regarding the presence and the chemistry of CO2 in the 
depth is the knowledge of the melting line of both molec-
ular and extended phases.

The melting line was determined by visual observation, 
fluid‐solid (phase I) coexistence in the 300–800 K temper-
ature range, and pressures up to 11 GPa (Giordano et al., 
2006). In almost the same P‐T range, the structure of 
liquid CO2 was recently investigated by both synchrotron 
XRD and classical molecular dynamics simulations 
showing an anisotropic short‐range structure (Datchi 
et al., 2016). This is essentially related to a change in the 

100% CO2 (Datchi et al., 2012) 

(Dziubek et al., 2018) 
(Santoro et al., 2012) 
CO2/He (Datchi et al., 2012)

a

b
c

Figure 6.2 Left: refined structure of CO2‐V at 118 GPa. Right: in the lower panel the XRD patterns measured 
(wavelength of 0.3738 Å) after two consecutive laser heating cycles (2700 K) are reported. The annealing effects 
leading to the disappearance of spurious peaks are evident in the second (118 GPa) pattern. In the top panel the 
c/a ratio of phase V measured in different experiments is reported. See electronic version for color representation 
of the figures in this book.
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orientation of some molecules in the first shell from the 
characteristic quadrupole‐driven T‐shape arrangement 
to a slipped parallel configuration. The amount of mole-
cules assuming the latter configuration increases with 
pressure in close analogy to the structural arrangement 
evolution in the crystal phases, since the two relative ori-
entations are those characterizing phase I (T‐shape) and 
phases III and VII. The melting line has been further 
extended up to 950 K and 15 GPa, also looking for the 
fluid‐solid coexistence (Giordano & Datchi, 2007). The 
melting of phase I was observed up to 808 K (11.7 GPa), 
and further compression of phase I produced phase IV, 
whose decompression in the fluid allowed to determine 
the triple point between the liquid and phases I and IV at 
800 K and 11.2 GPa. At 810 K (11.8 GPa), the crystal in 
equilibrium with the fluid was CO2‐VII, whose melting 
line could be followed up to 920 K. Compression of phase 
VII produced phase IV, which could be decompressed 
down to the melting so that the melting curve of phase IV 
could be extended up to 946 K, becoming practically 
indistinguishable from that of phase VII. Extrapolation 
of the melting line and of the IV–VII phase boundary 
leads to a liquid‐IV‐VII triple point at about 1030 K and 
18.4 GPa. A good agreement with these results was shown 
by a more recent laser heating study that extended the 
melting line up to 29.5 GPa and 1600 K (Litasov et al., 
2011). No additional extension of the melting line was 
possible because both phases II and III transformed to 
the extended phase V when heated above 35 GPa, and 
further heating of phase V between 35 and 70 GPa caused 
dissociation of carbon dioxide in ϵ‐oxygen and elemental 
carbon. A triple point between the fluid, phase IV, and 
the extended phase V was identified at 33 GPa and 1720 
K. Another triple point between phase V, fluid, and dis-
sociated CO2 is located around 35 GPa and 1900 K, thus 
making the stability region of extended CO2 extremely 
limited at the P‐T conditions typical of the mantle. As 
already stated, this claim was recently confuted by pro-
ducing CO2‐V at pressures and temperatures largely 
exceeding these conditions (Dziubek et al., 2018).

Just as there is little available experimental data 
regarding the melting line at P‐T conditions relevant for 
the Earth’s interior, so too are computational studies 
rather limited. Ab initio calculations determined a melting 
line exhibiting a monotonic evolution with a positive slope 
up to 140 GPa (Boates et al., 2012). In addition, by evalu-
ating the coordination number of carbon atoms with 
respect to oxygen, it was possible to identify the stability 
regions of molecular and associated (extended) liquids. A 
first‐order molecular to extended liquid‐liquid phase 
transition is located slightly below 50 GPa at temperatures 
up to 3000 K. The important consequence of this result is 
the possible presence of an extended solid in equilibrium 
with its fluid at the lowermost mantle conditions. 

Interestingly, CO2 was found to be stable against dissocia-
tion up to 140 GPa and temperatures of the order of 7000 
K. In a following report, the same group computed the 
melting curve up to 71 GPa and the molecular to extended 
phase transition using a phase coexistence approach from 
free energy calculations (Teweldeberhan et al., 2013). The 
triple point between phase IV, extended phase V, and the 
liquid was computed at 31.8 GPa and 1636 K, in excellent 
agreement with the experimental data (Litasov et  al., 
2011). The melting line computed in this work lies at 
higher temperatures with respect to that computed in 
previous single‐phase simulations (Boates et  al., 2012). 
The intersection of the melting line with the Earth’s geo-
therm occurs at about 40 GPa and 2160 K but with a 
much‐pronounced positive slope, so that the melting line is 
about 2000 K higher than the Earth’s geotherm at 70 GPa. 
This is a relevant finding because it means that if  deposits 
of pure carbon dioxide in the lower mantle exist, they 
occur in the form of extended phase V. Interestingly, the 
liquid in equilibrium with the extended phase V appears 
also as an extended liquid with a coordination continu-
ously shifting from three to four in analogy with the 
amorphous extended solid phase (Montoya et al., 2008).

6.5. CARBON DIOXIDE STABILITY VERSUS 
DISSOCIATION

While it has been long established that, after water, 
carbon dioxide is the second most important volatile in 
the deep Earth, its role in carbon fluxes and mantle 
carbon content is far from being fully understood. As a 
matter of fact, all the analyses concerning storage of CO2 
in deep reservoirs can be misleading if  its chemical form 
is not taken into account. It is noteworthy that the 
existence of CO2‐rich fluids, pivotal for major geody-
namic processes such as carbon recycling, does not neces-
sarily signify that deposits of pure carbon dioxide are 
found in the deep mantle. Carbon may be most likely 
fractionated between the free CO2 phases, CO2 dissolved 
as a stoichiometric component in silicate or carbonate 
melts, and minerals (carbonates, carbides or diamond). 
Indeed, decarbonation processes of subducted carbon-
ates involving diamond formation from the mixtures of 
MORB and CaCO3, or SiO2 and MgCO3, at pressures 
above 30 GPa and temperatures in excess of 3000 K were 
observed by Seto et al. (2008). Moreover, the reactivity of 
SiO2 + MgCO3 mixtures was characterized in a large 
pressure range, evidencing the diamond formation above 
80 GPa and considerably lower temperatures (T ≥ 1700 
K), as found by Maeda et al. (2017). Neither study pro-
vides direct evidence of CO2 formation and its successive 
dissociation. Actually, the two‐step mechanism of the 
CO2 liberation from carbonates and the subsequent  
dissociation of CO2 was questioned as a plausible theory 
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explaining the origin of ultra‐deep diamonds (Kaminsky, 
2017). What is more, recent theoretical studies indicate 
that direct decomposition of CaCO3 and MgCO3 is unfa-
vorable over the lower mantle, putting into doubt the 
possibility of free CO2 existing at these depths (Pickard & 
Needs, 2015; Santos et al., 2019). It should be also empha-
sized that possible chemical processes, involving either 
reactions of CO2 or carbonates with elemental iron of the 
Earth’s outer core close to the core‐mantle boundary 
(Dorfman et al., 2018; Martirosyan et al., 2019), or with 
hydrous iron minerals like goethite (Boulard et al., 2018), 
can dramatically change carbon speciation in the lower 
mantle. In light of these findings, drawing conclusions 
concerning the deep carbon cycle on the basis of high 
pressure‐high temperature behavior of pure CO2 requires 
extreme care.

Having said that, the stability of CO2 with respect to 
dissociation was extensively studied as a major issue in 
the Earth’s mantle chemistry. Dissociation into diamond 
and fluid oxygen would have important consequences on 
the oxidation state of the lower mantle because the O2 
formation would consistently increase the oxygen fugacity 
with the consequent oxidation of surrounding rocks and 
metals (Litasov et al., 2011). Shock compression experi-
ments report the dissociation of carbon dioxide above 
4000 K in the 0–34 GPa pressure range (Nellis et  al., 
1991; Oehlschlaeger et al., 2005). On the other hand, the 
first experiments on pure carbon dioxide reporting disso-
ciation in DAC were performed by Tschauner et al. (2001) 
using a CO2 laser as heating source without any absorber 
below 40 GPa, whereas at higher pressures ruby or quartz 
powders were necessary to reach temperatures between 
2500 and 3000 K. The formation of oxygen was evidenced 
in all the runs by the appearance of the characteristic sig-
natures of the ϵ phase in the Raman spectra, with and 
without absorbers, when the temperature overcame 2500 
K. For temperatures not exceeding 1500 K, the peaks of 
oxygen were absent and other peaks assigned to an 
unidentified phase of CO2 were observed. The instability 
boundary identified in this study is characterized by a 
negative slope and exhibits a linear evolution with 
pressure extending from 28 GPa and 2800 K to 69 GPa 
and 1700 K. This boundary, although maintaining a very 
similar negative slope, was shifted to lower temperatures 
in Litasov et al. (2011). Here, the sample heating was real-
ized through a near IR laser absorbed by iridium cou-
plers. CO2 dissociated always from the extended phase V 
for pressures in excess of 35 GPa and temperatures below 
1900 K. Both of these studies reporting the dissociation 
were limited to pressures ≤70 GPa.

These results contrast with the stability of phase V at P 
≤ 40 GPa and temperatures up to 3000 K (Park et  al., 
2003) and with later studies that reported the transforma-
tion at 85 GPa and 1700 K from the extended phase V to 

the ionic compound identified as carbonyl carbonate 
(Yoo et al., 2011). In all these cases, the sample was indi-
rectly laser heated using Pt, B, or ruby as absorbers. Both 
dissociation and the formation of an ionic compound are 
challenged by the most recent studies, where CO2‐V was 
synthesized with a remarkable quality by laser heating 
carbonia between 85 GPa, the same pressure as in Yoo 
et al. (2011), and 115 GPa at temperatures in the order of 
2500 K (Dziubek et  al., 2018). Remarkably, repeated 
heating cycles have the only effect of producing a better 
crystallinity of the extended phase V, as expected in a 
normal thermal annealing process, and suggest that 
phase V is the thermodynamic stable phase in this por-
tion of the phase diagram. Annealing effects could 
explain the difficulty to reproduce the synthesis of many 
of the claimed extended phases (VI, VIII, i‐CO2) that are 
likely due to an incomplete transformation of the starting 
material.

As far as the dissociation is concerned, it is evident that 
in spite of the different P‐T ranges covered, the extrapo-
lation of the proposed instability boundaries (Litasov 
et  al., 2011; Tschauner et  al., 2001) to higher pressures 
suggests dissociation just above 1500 K for pressures in 
excess of 80 GPa. Two possible explanations are pro-
posed to account for this discrepancy. The first one is 
related to the occurrence of a redox reaction where the 
carbon in CO2 is reduced to diamond or graphite while 
the metal, and specifically rhenium, is oxidized (Dziubek 
et al., 2018; Santamaria Perez, 2016a; Santamaria Perez, 
2016b). Obviously, this does not explain the results 
obtained below 40 GPa when CO2 was laser heated 
without any absorber (Tschauner et al., 2001). However, 
in this case the P‐T conditions of the dissociation fall 
within the fluid stability range, where dissociation 
requires a substantial lower energy to occur. Another 
possible explanation is related to the different P‐T range 
investigated. Dissociation could be prevented at higher 
pressures because it would require a molecularity increase, 
which is disfavoured with increasing pressure. It is also 
worth mentioning that one of the main arguments 
employed for supporting the dissociation is the lower 
molar volume of diamond plus ϵ‐O2 with respect to 
CO2‐V above 22 GPa (a difference of ∼6% around 100 
GPa) (Litasov et al., 2011; Tschauner et al., 2001), thus 
indicating that in the absence of other transformation 
CO2 should decompose. However, these data were related 
to the EOS obtained by using the data from Yoo et al. 
(1999) based on the wrong tridymite structure, whereas 
the EOS related to the partially collapsed β‐cristobalite 
structure, determined independently by different groups 
(Datchi et al., 2012; Dziubek et al., 2018), lies below the 
one of C+ ϵ‐O2 up to the Mbar range. DFT molecular 
dynamics simulations do not expect dissociation below 
temperatures of 6000–7000 K (Boates et al., 2012), and in 
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fact at P‐T conditions well above the proposed dissocia-
tion experimental boundary (70 GPa and 3000 K), phase 
V is thermodynamically preferred, with differences in the 
free energy largely exceeding uncertainties and approxi-
mations of the method (Teweldeberhan et al., 2013).

6.6. CONCLUSIONS

We have reviewed here the present knowledge about 
carbon dioxide under high pressure and high temperature 
up to the lowermost mantle conditions (Figure 6.3). The 
P‐T region where carbon dioxide exists as a molecular 
crystal (P < 40 GPa and T < 1000 K), although not as rel-
evant for the deep Earth carbon cycle, is extremely impor-
tant from a fundamental point of view. Among the five 
molecular phases that have been identified, the experi-
mental data suggest that the only thermodynamic stable 
phases are likely I, IV, and VII. It should be remarked that 
in spite of being stable or metastable, all these phases are 
“normal” molecular crystals, in the sense that the molec-
ular structure and the intermolecular interactions are sub-
stantially unaltered across the different phases. The 
observation of metastable phases over large P‐T ranges evi-
dences the presence of large energetic barriers and of sev-
eral local minima in the ground state energy surface, 
remarking the importance of kinetic control over the trans-
formation processes. Free‐energy calculations of all the 
known experimental phases, particularly if temperature 

effects are taken into account, would greatly help to clarify 
the puzzling stability of CO2 molecular phases.

The kinetic control is even more important in the 
formation of the new silica‐like extended phases. This 
chemical transformation occurs, depending on the tem-
perature value, between 35 and 60 GPa. The stoichiom-
etry of molecular and extended phases is the same so that 
the same energy surface is common to all these phases. 
Also for the extended covalent phases, an important 
dependence on the P‐T path followed is evidenced, leading 
to a wealth of local minima and corresponding metastable 
structures. Among the proposed extended polymorphs, 
phase V appears as the only one thermodynamically stable 
extending from pressures characteristic of the molecular 
phases to at least 120 GPa. Phase V is characterized by a 
β‐cristobalite structure composed by CO4 tetrahedra, 
linked by oxygen atoms at the corners, whose degree of 
distortion increases with pressure leading to a more com-
pact crystal. The amorphous counterpart of phase V, car-
bonia, is composed by a mixture of three‐fold and four‐fold 
coordinated carbon atoms and forms at temperatures 
close to ambient and P ≥ 45 GPa, representing a typical 
kinetically driven transformation with incomplete realiza-
tion of the four‐fold coordination of phase V.

From the geochemical point of view, the main questions 
related to carbon dioxide concern the form in which CO2 
exists along the geotherm and its chemical stability with 
respect to dissociation or to interaction with minerals. 
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Recent reports extended the stability range of phase V 
down to the lowermost mantle conditions (∼2500 km) 
where CO2 was supposed to dissociate into diamond and 
oxygen or possibly transform into carbonyl carbonate. 
The stability of this phase at these depths was already pre-
dicted by computational studies that expect the geotherm 
to fall within the range of stability of the extended phase 
V above 40 GPa. The presence of pure CO2 in the form of 
a covalently bonded extended solid down to the mantle‐
core boundary is extremely important from a chemical 
point of view. In fact, unless melting is induced by interac-
tion with minerals, it is difficult to envisage an active role 
of CO2 in modifying the rheological properties and also 
the partial melting of mantle rocks at these depths. A very 
important issue not yet experimentally accessed is the evo-
lution of the melting, or alternatively decomposition, line 
of phase V. The melting is expected, according to compu-
tational studies, at remarkably higher temperatures than 
the geotherm for pressures in excess of 50 GPa; in addition, 
the nature of the melt could be crucial in determining the 
chemical activity of this species.
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