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Abstract
Calcium carbonate (CaCO3) is one of the most abundant carbonates on Earth’s surface and trans-

ports carbon to Earth’s interior via subduction. Although some petrological observations support the 
preservation of CaCO3 in cold slabs to lower mantle depths, the geophysical properties and stability 
of CaCO3 at these depths are not known, due in part to complicated polymorphic phase transitions 
and lack of constraints on thermodynamic properties. Here we measured thermal equation of state of 
CaCO3-Pmmn, the stable polymorph of CaCO3 through much of the lower mantle, using synchrotron 
X‑ray diffraction in a laser‑heated diamond‑anvil cell up to 75 GPa and 2200 K. The room‑temperature 
compression data for CaCO3-Pmmn are fit with third‑order Birch‑Murnaghan equation of state, yield-
ing KT0 = 146.7 (±1.9) GPa and K′0 = 3.4(±0.1) with V0 fixed to the value determined by ab initio 
calculation, 97.76 Å3. High-temperature compression data are consistent with zero-pressure thermal 
expansion aT = a0 + a1T with a0 = 4.3(±0.3)×10-5 K-1, a1 = 0.8(±0.2)×10-8 K-2, temperature derivative 
of the bulk modulus (∂KT/∂T)P = –0.021(±0.001) GPa/K; the Grüneisen parameter g0 = 1.94(±0.02), 
and the volume independent constant q = 1.9(±0.3) at a fixed Debye temperature q0 = 631 K predicted 
via ab initio calculation. Using these newly determined thermodynamic parameters, the density and 
bulk sound velocity of CaCO3-Pmmn and (Ca,Mg)-carbonate-bearing eclogite are quantitatively 
modeled from 30 to 80 GPa along a cold slab geotherm. With the assumption that carbonates are 
homogeneously mixed into the slab, the results indicate the presence of carbonates in the subducted 
slab is unlikely to be detected by seismic observations, and the buoyancy provided by carbonates has 
a negligible effect on slab dynamics.
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Introduction
Calcium carbonate (CaCO3) in the form of calcite is one of 

the most abundant carbonates on Earth’s surface (reviewed by 
Luth 1999) and an important vector of carbon to Earth’s interior. 
Calcite can be sequestered in the oceanic crust by hydrothermal 
alteration and biological activity and transferred to the mantle in 
subducting slabs (Dasgupta and Hirschmann 2010; Kelemen and 
Manning 2015; Staudigel 2014). However, four major chemical 
processes have been argued to block the transport of CaCO3 trans-
port to the lower mantle: (1) melting of carbonate and carbonated 
peridotite or eclogite (e.g., Dasgupta and Hirschmann 2006; 
Ghosh et al. 2014; Kiseeva et al. 2013; Thomson et al. 2016); 
(2) reduction of carbonate solid or melt through reaction with 
iron or other reduced phases, generating diamond (e.g., Dorfman 
et al. 2018; Palyanov et al. 2013; Rohrbach and Schmidt 2011); 
(3) carbonate‑silicate exchange consuming CaCO3 to form Ca-
perovskite and MgCO3 (e.g., Biellmann et al. 1993; Seto et al. 
2008); and (4) decarbonation of CaCO3 with free silica phase 
to form Ca-perovskite, CO2, or C (e.g., Drewitt et al. 2019; Li 

et al. 2018). Whether the energetics and kinetics of these reac-
tions lead to complete loss of CaCO3 from very cold and/or fast 
subducting slabs has been controversial (e.g., Martirosyan et 
al. 2016 though superdeep diamonds with CaCO3 inclusions 
coexisting with lower mantle phases such as CaSiO3 (Brenker 
et al. 2007; Bulanova et al. 2010) prove the existence of CaCO3 
in at least some regions of the transition zone and lower mantle. 
To determine the conditions needed to preserve CaCO3 in these 
regions and its fate during subduction to the mantle, experimental 
constraints on thermodynamic behavior of CaCO3 are needed at 
lower-mantle conditions.

At mantle pressure and temperature (P-T) conditions, multiple 
polymorphic phase transitions of CaCO3 have recently been 
discovered and debated, with potentially important effects on 
melting and other chemical reactions in the mantle. Calcite is 
stable up to ~3 GPa and then transforms to aragonite with space 
group Pnma (CaCO3-Pnma), which remains stable through 
the transition zone and shallow lower mantle (e.g., Litasov et 
al. 2017). The reported melting curves of CaCO3-Pnma and a 
mixture of CaCO3-MgCO3 are higher than a hot slab geotherm 
(Li et al. 2017; Thomson et al. 2014), suggesting that subducted 
CaCO3 may survive melting in the transition zone and travel to 
the lower mantle. At lower mantle pressures, the post-aragonite 
structures have been a subject of active recent research, and 
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