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INTRODUCTION

Calcite is the dominant carbon-bearing phase in the Earthʼs 
crust, and acts as a buffer for the long-term cycling of CO2 be-
tween the atmosphere, oceans, and solid Earth. It is unsurpris-
ing, therefore, that the high-pressure stability and behavior of 
CaCO3 and related phases has attracted considerable interest. It 
is generally known that CO2 and H2O are the dominant volatile 
components in the Earthʼs mantle. Magmas originating from the 
mantle, such as MORB, hot-spot, and kimberlite, contain CO2 
gas. This carbon is supplied by subducted slabs, which include 
carbonate minerals (Marty and Jambon 1987). Recently, Kep-
pler et al. (2003) reported that the carbon solubility in olivine 
is exceedingly low. This indicates that most carbon must be 
present as a separate phase in the upper mantle. To understand 
carbon recycling in the mantle, there have been several inves-
tigations into the pressure response of the structure of CaCO3 
polymorphs, ranging from the pioneering work of Bridgman 
(1939) to recent static and dynamic high-pressure studies (e.g., 
Tyburczy and Ahrens 1986; Biellmann et al. 1993; Fiquet et al. 
1994; Martinez et al. 1995, 1996; Suito et al. 2001; Luth 2001; 
Ivanov and Deutsch 2002). It is generally known that calcite 
transforms to aragonite, which often occurs in high-pressure 
metamorphic rocks, at high P-T that correspond to the lower 
crust and the uppermost upper mantle. It is unknown whether 
aragonite transforms to a new high-pressure phase in the deep 
mantle. In this study, therefore, the high-pressure stability limit 
of aragonite was investigated using a laser-heated diamond anvil 
cell combined with a synchrotron X-ray diffraction method.

EXPERIMENTAL METHOD

High-pressure X-ray diffraction experiments were performed using a laser-
heated diamond anvil cell (LHDAC) high-pressure apparatus. Synthetic powdered 

CaCO3 (purity 99.9%) was loaded into a 50�100 μm diameter hole that was drilled 
into a rhenium gasket using an excimer laser. The CaCO3 powder was mixed with 
8 wt% platinum to absorb the laser radiation to provide a heat source, and the Pt 
was also used as an internal pressure calibrant. These were mechanically ground 
in an agate mortar for several hours to ensure homogeneity and a sufÞ ciently Þ ne 
grain size. In some experiments, NaCl was used as a pressure transmitting medium 
to reduce deviatoric stress and temperature gradients in the sample. The sample 
thickness was 10�30 μm. The samples were heated with a TEM01-mode YLF laser 
or multi-mode YAG laser to overcome potential kinetic effects on possible phase 
transitions. The size of the heating spot was about 30�100 μm. The laser beam 
was not scanned to heat the sample, because scanning causes huge temperature 
gradients and thus promotes chemical disequilibrium in the sample. The reaction 
between the sample and the rhenium gasket was negligible, as the temperatures 
of the rhenium gasket were much lower than those of the samples during the laser 
heating. The sample temperature in some experiments was measured using the 
spectroradiometric method. The spectroradiometric system consists of a thermo-
electrically cooled CCD detector (Princeton Instruments, HAM 256 × 1024) and 
a spectrograph (Acton Research, SpectraPro-150). The spectrometer allows us 
to measure a temperature proÞ le across a laser-heated spot. Temperatures were 
determined by Þ tting the thermal radiation spectrum between 600 and 800 nm to 
the Planck radiation function:

I = 2πhc2ε(λ)λ�5/[exp(hc / kλT) � 1],

where I is the spectral intensity, ε emissivity, λ wavelength, and T temperature. 
The system response was calibrated with a tungsten ribbon lamp (OL550, Optronic 
Laboratories) of known radiance. The accuracy of temperature measurement using 
spectral radiometry in the diamond anvil cell is affected by the wavelength depen-
dence of emissivity and the systemʼs optical aberration. However, no data for high 
P-T emissivity are available. Therefore, the emissivity of tungsten (De Vos 1954) 
was used to model the radiation spectrum from the heated sample. In the several 
experiments made without the spectroradiometric method, the temperature was 
estimated from the emission of the heated sample. The pressure was determined 
from the observed unit cell volume of platinum from the Pt equation of state (EOS) 
of Holmes et al. (1989), with the electronic thermal pressure correction (Tsuchiya 
and Kawamura 2002). The samples were probed using an angle-dispersive X-ray 
diffraction technique at the synchrotron beam lines BL10XU, SPring-8 (Ono et al. 
2002a) and BL13A, Photon Factory (Ono et al. 2002b) in Japan. A monochromatic 
incident X-ray beam with a wavelength of λ ∼ 0.42 Å was used. The X-ray beams 
were collimated to a diameter of 15�30 μm, and the angle-dispersive X-ray dif-
fraction patterns were obtained with an imaging plate. The observed intensities 
on the imaging plates were integrated as a function of 2θ using the ESRF Fit2d * E-mail: sono@jamstec.go.jp
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ABSTRACT

Phase transformations of calcium carbonates (CaCO3) were investigated using a laser-heated dia-
mond anvil cell combined with a synchrotron X-ray diffraction method. Calcite, which is the stable 
phase at ambient conditions, transforms to aragonite at high P-T conditions that correspond to the 
uppermost part of the upper mantle. The phase transformation from aragonite to a new form of calcium 
carbonate was observed at pressures higher than about 40 GPa, corresponding to the lower mantle. 
The new carbonate has orthorhombic symmetry (P21212) and was conÞ rmed to remain stable at least 
up to 86 GPa (2000 kilometer depth). This indicates that carbon might be stored in the new calcium 
carbonate phase in the deep mantle. 
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code (Hammersley et al. 1996) to obtain conventional, one-dimensional diffraction 
proÞ les. Experimental details are described in Ono et al. (2002a, 2002b).

RESULTS 
In the Þ rst set of experiments using the pressure transmitting 

medium, the pressure was increased directly to about 40 GPa 
at room temperature, and an X-ray diffraction pattern of the 
sample was recorded (Fig. 1). It was difÞ cult to identify CaCO3 
phases at room temperature before the sample was heated. A 
strain-broadening of the diffraction peaks occurred, because a 
large differential stress was induced in the diamond anvil cell 
experiments as the pressure increased. After the desired pressure 
was achieved, the sample was heated to about 1500�2000 K to 
relax the differential stress and to overcome potential kinetic 
effects on possible phase transitions. After heating some new 
peaks appeared in the diffraction pattern (Fig. 1). This implies 
that the starting material transformed to a new high-pressure 
(post-aragonite) phase. The post-aragonite phase was unquench-
able because it transformed to calcite, which is stable at room 
pressure and temperature, after the pressure was reduced to am-
bient conditions. After decompression, the diffraction patterns 
showed that no extra phase was present, other than calcite, Pt, and 
NaCl (Fig. 2). In the second set of experiments using the pres-
sure-transmitting medium, the pressure was increased directly 
to about 25 GPa, and the sample was then heated. The diffrac-
tion patterns indicate that the starting materials transformed to 
aragonite (Fig. 2). After the pressure was decreased to ambient 
conditions, aragonite remained stable, which is consistent with 
previous multianvil and diamond anvil cell experiments (e.g., 
Fiquet et al. 1994; Suito et al. 2001; Kraft et al. 1991; Shirasaka 
et al. 2002). In the next set of experiments, the spectroradiometric 
method was used to determine the precise heating temperatures. 
Although experimental conditions were up to 86 GPa and 2450 
K, no phase transition and no dissociation of the post-aragonite 
phase was observed.

Three additional experiments, both with and without the pres-
sure transmitting medium, were performed. The experimental 
pressures of this study were from 11 to 86 GPa. The typical 
diffraction patterns of calcium carbonates are shown in Figure 
2. No signiÞ cant difference was observed between patterns col-
lected with or without the pressure-transmitting medium. This 
indicates that the reaction between the sample and the NaCl 
pressure medium was negligible during heating. The transition 
pressure from aragonite to the post-aragonite phase was located at 
about 35 GPa and room temperature after heating (Fig. 3). Kraft 
et al. (1991) reported that aragonite was observed up to 40 GPa. 
A likely explanation for this inconsistency is that the uncertainty 
of estimated experimental pressures at high temperatures may 
affect the potential transformation pressure. In the vicinity of 
the phase-transition pressure, both this and the previous study 
estimated the pressures before and/or after heating. However, 
pressures during heating were different from those measured 
before and after heating (e.g., Kavner and Duffy 2001; Ono et 
al. 2002c). A pressure calibration experiment showed that pres-
sures decreased about 5�10 GPa during the temperature quench 
in this experimental assembly because of the thermal pressure 
effect. Consequently, the phase transition from aragonite to the 
post-aragonite phase was likely to occur at around 40 GPa at high 
temperatures. The uncertainties in the pressure were not small in 
either of the studies, and therefore the result of this study is gener-
ally consistent with the previous study (Kraft et al. 1991).

The post-aragonite phase is likely to be orthorhombic. The 
number of molecules of this phase in a unit cell (Z) is 2. The 
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FIGURE 1. Examples of observed X-ray diffraction patterns of the 
sample. (a) Before heating at 41.5 GPa; (b) after heating at 36.0 GPa. 
Abbreviations are as follows: H = post-aragonite; Pt = platinum; NB = 
B2-type sodium chloride. Asterisks indicate broad peaks of the starting 
material.
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FIGURE 2. Examples of observed X-ray diffraction patterns of the 
samples at 300 K. Top, calcite at 0 GPa after decompression; middle, 
aragonite at 21.7 GPa after heating; bottom, post-aragonite at 40.1 GPa 
after heating. Abbreviations are as follows: C = calcite; A = aragonite; H 
= post-aragonite; Pt = platinum; NA = B1-type sodium chloride; NB = 
B2-type sodium chloride. Vertical bars indicate the calculated positions 
of the diffraction lines of each phase.
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lattice parameters at 66.4 GPa and 300 K, for example, are 
a = 4.101(12), b = 4.561(4), and c = 3.964(3) Å, with a unit 
cell volume of 74.1(2) Å3. The X-ray diffraction peaks of the 
post-aragonite phase can be reasonably indexed on the basis of 
orthorhombic symmetry (Table 1). The space group of this phase 
is P21212. Holl et al. (2000) reported on the phase transformation 
of BaCO3, which has the aragonite-type structure under ambient 
conditions. At approximately 7 GPa, a Þ rst-order transformation 
to space group P3�1c was observed. The diffraction pattern of the 
post-aragonite phase observed in this study was similar to that 
of the high-pressure BaCO3 phase (Holl et al. 2000). However, 
some diffraction peaks, such as 011, 111, 201, and 012, cannot 
be indexed using this trigonal symmetry (Fig. 2). Therefore, the 
post-aragonite phase of CaCO3 is likely to have orthorhombic 
symmetry (P21212). Recently, the phase transition of SrCO3, 
which seems to be an analog material of CaCO3, from arago-
nite-type to orthorhombic structure (P21212) was reported at 10 
GPa (Ono et al. 2005). The phase transition sequence of CaCO3 
observed in this study agrees with that of SrCO3.

As seen in Figure 3, a discontinuity in volume between arago-
nite and the post-aragonite phase indicates that this is a Þ rst-order 
phase transformation. At 35 GPa, the relative volume change is 
about 5%. A reÞ nement of the post-aragonite volume data yields 
third-order Birch-Murnaghan equations of state parameters: the 
bulk modulus K0 = 127 (± 14) GPa and the volume V0 = 98.3 (± 
1.9) Å3 when the Þ rst pressure derivative of the bulk modulus, K0', 
is Þ xed at 4. The density of the post-aragonite phase at 66 GPa 
is 3.77 g/cm3. This is lighter than MgSiO3 perovskite, which is 
generally expected to be the dominant phase in the Earthʼs lower 
mantle. Therefore, the post-aragonite phase may be buoyant in 
the lower mantle.

DISCUSSION

Recently, Santillán and Williams (2004) reported on the post-
aragonite phase transition in CaCO3. They observed a trigonal 
phase (P3�1c) at 50 GPa with the same structure as the high-pres-
sure BaCO3 phase reported by Holl et al. (2000). However, their 
result is inconsistent with our study. The most important differ-
ence between two studies is the experimental temperature condi-
tion. In our study, the sample was heated to overcome potential 
kinetic effects on possible phase transitions and to minimize 
any pressure inhomogeneity in the sample chamber. In contrast, 
Santillán, and Williams (2004) acquired X-ray data only at room 
temperatures without heating. Therefore, their X-ray diffraction 
data showed that signiÞ cant strain-broadening of the diffraction 
peaks occurred. This indicated that a large differential stress 
was induced in the sample chamber as the pressure increased. 
In Figure 3, the aragonite volumes reported by Santillán, and 
Williams (2004) are plotted. The discrepancy of compression 
curves between their and our data is observed at pressure above 
15 GPa. Table 2 shows a comparison of compressive behavior 
of aragonite reported in our and previous studies. Santillán and 
Williams (2004) reported a signiÞ cantly high value of the bulk 
modulus of aragonite compared with other studies. These evi-
dences indicate that a large deviatoric stress was induced in their 
study. Therefore, the trigonal CaCO3 phase reported by Santillán 
and Williams (2004) is likely to be metastable and due to a large 
deviatoric stress.

TABLE 1.  Observed and calculated X-ray diff raction pattern of the 
post-aragonite phase at 40 GPa and room temperature

hkl dobs, Å dcalc, Å dobs-dcalc Iobs Icalc

001 4.065 4.063 0.002 < 3 3
110  3.138   5
011 3.063 3.065 –0.002 15 19
101 2.925 2.933 –0.008 19 47
111 2.489 2.484 0.005 15 55
020 2.333 2.335 –0.002 40 17
200*  2.119   80
021 2.023 2.024 –0.001 75 36
012 1.861 1.863 –0.002 5 < 1
102 1.832 1.832 0.000 100 9
121 1.832 1.827 0.005 100 100
211  1.743   13
112  1.705   5
220  1.569   13
022 1.535 1.533 0.002 < 3 3
221 1.460 1.464 –0.004 10 19
130 1.460 1.461 –0.001 10 5
031 1.460 1.454 0.006 10 1
122 1.443 1.441 0.002 3 6
131 1.376 1.375 0.001 5 3
003 1.352 1.354 –0.002 < 3 6
310 1.352 1.352 0.000 < 3 1
301  1.334   6
013 1.300 1.301 –0.001 5 1
311  1.283   7
113 1.235 1.243 0.008 5 3
222 1.235 1.242 0.007 5 2
032 1.235 1.236 –0.001 5 5
231  1.197   2
132  1.186   1
023 1.170 1.171 –0.001 3 12
040 1.166 1.168 –0.002 5 9

Notes: Calculated d-spacings are based on orthorhombic unit cell dimensions of a 
= 4.238(3), b = 4.670(3), and c = 4.062(2) Å, and V = 80.40(9) Å3. Wyckoff  symbols 
and the positions of each atom are: Ca, 2a, (0, 0, 0.15); C, 2b, (0, 0.5, 0.47); O1, 2b, 
(0, 0.5, 0.17); O2, 4c, (0.55, 0.23, 0.40). 
*The 200 peak is overlapped by the 100 peak of NaCl.
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Selverstone and Gutzler (1993) hypothesized that cooling 
during the Cenozoic was produced by removal of CO2 from 
the ocean-atmosphere system into subduction zones. Although 
their speciÞ c arguments regarding paleoclimate are controversial 
(Kerrick and Calderia 1998), Selverstone and Gutzler (1993) 
emphasized that carbonate is present in deeply subducted slabs. 
From geological observations, the most dominant carbonates are 
calcite, CaCO3, and dolomite, (Mg,Ca)CO3. Marine sediments 
and hydrothermally altered oceanic crust containing these car-
bonates are likely to subduct into the mantle. Kushiro et al. (1975) 
suggested that calcite (or aragonite) is unstable in Ca-poor rock 
compositions such as peridotite. Calcite (or aragonite) changes to 
dolomite and magnesite at pressures higher than 4 GPa. However, 
it is likely that calcite (or aragonite) remains stable in Ca-rich 
rock compositions, such as the subducted oceanic crust and the 
marine sediment. Previous studies support the idea that deep 
subduction of Ca-carbonate in the altered oceanic crust provides 
a potentially signiÞ cant CO2 source (Yaxley and Green 1994; 
Kerrick and Connolly 1998). It is important to clarify whether 
these carbonates break down to oxides or remain stable in the 
Earth s̓ mantle, because decomposed carbon dioxide changes the 
physical properties of mantle rock. It is generally accepted that 
volatile components, such as carbon dioxide and water, become 
a super-critical ß uid and are mobile at high pressures and high 
temperatures. Figure 4 shows a phase diagram for carbonates 
as determined by this and previous studies. By considering the 
mantle geotherm, calcite, which has Þ ve different modiÞ cations, 
transforms to aragonite at about 1 GPa (Suito et al. 2001). In 
contrast to calcite, dolomite breaks down into magnesite, MgCO3, 
and aragonite at about 5�7 GPa (e.g., Shirasaka et al. 2002; Sato 
and Katsura 2001). A previous study reported that magnesite 
is stable in the lower mantle (Fiquet et al. 2002). Moreover, a 
recent study showed that there is a possibility that magnesite 
transforms to a denser phase at the base of the lower mantle 
(Isshiki et al. 2004). The stability of aragonite was previously 
unknown at lower mantle conditions. This study shows that 
aragonite transforms to a post-aragonite phase at about 40 GPa, 
corresponding to 1000 km depth. This and previous experimental 
studies indicate no observation of decomposition of calcium and 
magnesium carbonates in the lower mantle. A new and signiÞ cant 
Þ nding of this study is that Ca-carbonate-bearing rock could ex-
ist in the deep mantle and that the post-aragonite phase seems 
to be an important host phase for carbon. The understanding of 
carbon recycling in the deep mantle is likely to shed light on the 
genesis of natural diamond and carbon-rich volcanism, such as 
carbonatite and kimberlite.
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