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Key Points:
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●  Its seismic velocity signature provides direct evidence for the deep mantle carbon cycle.
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Abstract: Carbonate minerals are key carriers of carbon into the Earth’s interior, yet their stability and melting behavior under lower
mantle conditions remain incompletely constrained. Here, we develop a high-accuracy machine learning interatomic potential for MgCO3

based on the deep potential framework, trained on an extensive ab initio molecular dynamics dataset spanning 0–140 GPa and
300–5000 K. Using large-scale two-phase coexistence molecular dynamics simulations, we determine the melting behavior of MgCO3

across the pressure range of the entire lower mantle. At ambient pressure, the predicted melting temperature of 1857 K agrees with
experiments within 0.3%, validating the potential. We show that the high-pressure C2/m phase exhibits a substantially higher melting
temperature and a steeper Clapeyron slope than the low-pressure phase, leading to a pronounced increase in melting temperature
across the structural transition. The resulting melting curve lies approximately 400 to 1100 K above representative lower mantle
geotherms, indicating that crystalline MgCO3 can remain thermodynamically stable under idealized anhydrous, Mg–end-member
conditions. Calculated elastic wave velocities display a pressure-dependent high–low–high deviation relative to the PREM (Preliminary
Reference Earth Model), reflecting changes in crystal structure and elastic softening near phase transitions. These results provide
quantitative constraints on the phase stability, melting behavior, and elastic properties of MgCO3 at deep-mantle conditions and offer a
reference framework for evaluating the role of carbonates in deep Earth carbon storage when coupled with more realistic
multicomponent mantle compositions.
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 1.  Introduction
Carbon  storage  and  carbon  cycling  have  always  been  central

topics in Earth science research. Carbonates represent the primary

carbon-bearing phase on the Earth’s  surface and are transported

into  the  mantle  through  subduction  zones.  Within  these  zones,

decarbonation reactions release carbon into ascending fluids and

melts, which are subsequently emitted at the surface via volcanic

eruptions, thus participating in the deep carbon cycle of the Earth

(Plank  and  Manning,  2019).  In  this  process,  part  of  the  carbon

reacts with silicate minerals in the lower mantle, forming carbon-

ates  that  can  stably  exist  within  the  lower  mantle  section  of

subducting  slabs.  Existing  research  indicates  that  carbonate
minerals—such as magnesite and ferromagnesite [(Mg,Fe)CO3]—
are likely the principal hosts for deep carbon in the lower mantle
(Tsuchiya  et  al.,  2020).  Previous  reports  indicate  that,  following
reaction,  CO2 present  in  peridotite  is  sequestered  in  dolomite
[CaMg(CO3)2]  at  pressures  exceeding  1.5  GPa.  Subsequently,
dolomite converts to magnesite (MgCO3) under pressures ranging
from  2.5  to  5  GPa  (Katsura  and  Ito,  1990).  Concurrently,  magne-
totelluric  sounding  surveys  have  revealed  significant  electrical
conductivity anomalies in the mantle transition zone (MTZ), which
have been attributed to enhanced proton mobility in hydrous sili-
cate phases such as ringwoodite (Zhou XY et al., 2025). Such find-
ings demonstrate that atomic-scale dynamic processes in mantle
minerals  can  profoundly  influence  large-scale  geophysical  signa-
tures, motivating an extension of similar mechanistic investigations
to carbonate systems in the deeper mantle.

Magnesite  (MgCO3)  demonstrates  higher  stability  at  elevated
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P1

R3c → P1 → C2/m → P21c → P212121

P1

temperatures and pressures than other carbonate minerals (Isshiki
et al.,  2004; Rohrbach and Schmidt, 2011; Maeda et al.,  2017). For
instance,  calcite  (CaCO3)  experiences  several  phase  transitions
(Bayarjargal et al., 2018), whereas siderite (FeCO3) tends to decom-
pose under the pressure and temperature conditions characteristic
of  the  mantle  (Cerantola  et  al.,  2017).  Remarkably,  magnesite
maintains  its  stability  under  ultra-high-pressure  and  ultra-high-
temperature  conditions,  remaining  intact  at  pressures  of  at  least
80  GPa  and  temperatures  as  high  as  3000  K  (Fiquet  et  al.,  2002;
Isshiki  et  al.,  2004; Solopova  et  al.,  2015).  Previous  studies  have
shown  that  MgCO3 undergoes  multiple  structural  transitions  as
the pressure increases, exhibiting a complex multi-stage evolution
under high-pressure environments. X-ray diffraction (XRD) analyses
performed in the early 2000s have shown that magnesite maintains
its  structural  integrity  at  pressures  up  to  80  GPa  (Fiquet  and
Reynard, 1999; Isshiki et al., 2004), with the onset of a high-pressure
phase  transition  occurring  only  at  115  GPa  (Isshiki  et  al.,  2004).
From a theoretical perspective, Pickard and Needs (2015) utilized
ab  initio random  structure  searching  to  predict  that,  upon
compression, MgCO3 initially transforms into the .  The stability

field of this phase is rather limited, mainly occurring near 80 GPa.
This  prediction  was  later  independently  verified  by  the  research
groups of Zhang and Santos (Zhang ZG et al.,  2018; Santos et al.,
2019).  Universal  Structure  Predictor:  Evolutionary  Xtallography
(USPEX)  simulations  (Oganov  et  al.,  2008)  have  further  demon-
strated that the C2/m phase is stable over a pressure range of 82
to  130  GPa,  in  agreement  with  the  XRD  data  from Maeda  et  al.
(2017) and the Raman spectroscopic analyses performed by Binck
et al. (2020). To achieve a more accurate interpretation of the high-
pressure  XRD  patterns  of  magnesite, Boulard  et  al.  (2011) intro-
duced the P21/c phase.  However,  later  Gibbs free energy calcula-
tions  indicated  that  the  stability  of  this  phase  is  restricted  to  a
narrow  pressure  window  near  130  GPa.  At  higher  pressures,  it
transitions  to  the P212121 structure,  which  had  previously  been
predicted by Pickard et al.  (Zhang ZG et al.,  2018; Li  Z and Stack-
house,  2020).  Pickard and Yao,  along with their  respective teams
(Pickard  and  Needs,  2015; Yao  X  et  al.,  2018),  jointly  discovered
that  at  approximately  150  GPa,  the P21111  phase  undergoes  a
further transition to the P21 phase. Recently, Li  Z and Stackhouse
(2020) provided  a  systematic  summary  of  the  phase  transition
sequence of MgCO3 within the pressure range of 0 to 160 GPa as
follows:  .  Given  that  both  the

 and P21/c phases are stable only within a very narrow tempera-

ture–pressure window, their impact on the physical properties of
MgCO3 in  the  lower  mantle  is  considered  negligible.  Conse-
quently,  this  study  does  not  provide  a  detailed  analysis  of  these
phases.

Carbon cycling in the deep mantle is strongly modulated by melt-
ing processes. Investigations into the melting behavior of recycled
oceanic  crust  indicate  that,  in  the  mantle  transition  zone,
subducted  slabs  experience  partial  melting  and  liberate  their
carbonate  constituents.  This  phenomenon  acts  as  a  barrier,
restricting  the  transfer  of  carbon  into  the  deeper  mantle.
Currently,  static  high-pressure  experiments  have  determined  the
melting  temperature  of  magnesite  at  84  GPa  (Solopova  et  al.,
2015).  Using  first-principles  calculations  in  combination  with  the

quasi harmonic approximation (QHA), Yao C et al. (2018) elaborated
on  the  thermodynamic  and  seismic  properties  of  magnesite
under lower mantle conditions. Utilizing these results, Sun WD et
al.  (2018) linked  magnesite  formation  to  carbon  cycling  at  the
base of the mantle transition zone,  providing a compelling path-
way or perspective for understanding key mantle anomalies. More
interesting,  recent in  situ ultrasonic  and  synchrotron  X-ray
measurements  on  a  natural  magnesite  have  provided  direct
evidence for its density and elastic wave velocity at conditions up
to ~8 GPa–1073 K (Xu M et al., 2024), yielding thermoelastic prop-
erties that are consistent with the theoretical predictions of Yao C
et  al.  (2018).  In  contrast,  studies  on  magnesite  at  the  extreme
temperatures  of  the  deep  mantle  remain  relatively  limited.
Notably,  the  effect  of  intrinsic  anharmonicity,  driven  by  direct
phonon–phonon interactions but neglected by the QHA method,
may  increase  with  temperature  and  pressure.  In  addition,  the
melting  temperature  of  the  high-pressure C2/m phase  remains
unreported  to  date.  In  particular,  no  reports  are  available  on  the
seismic  velocities  of  the  high-pressure  MgCO3-C2/m phase.
Current theoretical data (Marcondes et al., 2016; Yao C et al., 2018;
Li Z and Stackhouse, 2020), which are derived from first-principles
calculations, do not consider the influence of temperature. Owing
to  its  remarkable  stability  at  high  temperatures  and  pressures,
magnesite plays a crucial role in the deep carbon cycle within the
Earth’s  interior.  Nevertheless,  substantial  uncertainties  persist
regarding  the  comprehensive  mechanisms  of  the  deep  carbon
cycle,  the  pressure–temperature  (P–T)  phase  diagram,  and  the
stability of magnesite under extreme conditions.

Modeling the MgCO3 system under the extreme conditions of the
Earth’s deep interior poses multiple challenges: the energy differ-
ences between various phases are subtle, the bonding character-
istics  are  complex  (predominantly  ionic,  with  contributions  from
covalent  and  metallic  interactions),  and  the  crystal  structures  of
these  phases  are  highly  similar.  Such  factors  may  underlie  the
inconsistencies  reported  in  earlier  melting  simulations  utilizing
empirical  potential  functions.  Density  functional  theory  (DFT;
Perdew  et  al.,  1996)  is  currently  recognized  as  an  accurate
approach  for  describing  the  energy  of  a  system  without  making
any a priori assumptions regarding bonding characteristics. Never-
theless,  DFT  calculations  are  associated  with  high  computational
costs, and melting events are infrequent in conventional molecular
dynamics simulations. Consequently, a self-consistent determina-
tion  of  the  melting  temperature  has  not  yet  been  realized.  For  a
wide  range  of  structurally  simple  materials,  simulations  utilizing
the coexistence of solid and liquid phases have proven to provide
reliable  determinations  of  melting  points  (Alfè  et  al.,  2002;
Vočadlo et al.,  2004; Alfè, 2005). However, this approach relies on
a  sufficiently  large  system  size  to  ensure  the  stability  of  the
solid–liquid  interface,  and  the  simulations  are  typically  time-
consuming. As a result, it imposes significant demands on compu-
tational  resources  and  is  often  challenging  to  realize  within  the
framework of DFT-based calculations.

Machine learning potentials (MLPs) represent a novel approach in
atomic  simulations,  which,  in  principle,  offer  the  accuracy  of ab
initio calculations  while  enabling  the  simulation  of  large-scale
systems  and  long  time-scale  processes  (Behler  and  Parrinello,
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2007; Zhang  LF  et  al.,  2018).  Consequently,  MLPs  are  particularly

suitable  for  conducting  solid–liquid  coexistence  simulations  and

investigating  melting  phenomena.  Nevertheless,  constructing  an

MLP that exhibits robust performance over a broad pressure and

temperature  range  for  the  MgCO3 system  remains  a  significant

challenge.  To  the  best  of  our  knowledge,  no  such  efforts  have

been  reported  thus  far.  Machine  learning  potentials  are  typically

trained on DFT data obtained from a limited configuration space,

such  as  those  generated  by ab  initio molecular  dynamics  (AIMD)

simulations.  However,  this  process  faces  three  main  challenges.

First, the range of thermodynamic conditions sampled in molecular

dynamics  simulations  is  limited,  and  multiple  runs  are  often

required  to  cover  the  target  pressure–temperature  region.

Second,  because  phase  transitions  are  rare  events,  individual

simulations usually sample only a single phase, resulting in phase

bias  in  the  trained  MLPs.  Third,  transition  states  are  critical  for

accurately  describing  solid–liquid  interfacial  properties,  but  their

transient nature makes them difficult to capture with conventional

sampling approaches.

In  this  study,  we investigate  the MgCO3 system across  the entire

range of mantle pressures and temperatures, extending up to the

uppermost region of the Earth’s outer core, with pressures reaching

as high as 140 GPa and temperatures up to 3600 K. We develop a

set  of  magnesite  potential  models  with  AIMD  accuracy.  By

combining  these  models  with  classical  molecular  dynamics,  we

simulate  the  behavior  of  large-scale  magnesite  systems  over

extended  timescales  under  high-temperature  and  high-pressure

conditions.  Through  the  application  of  two-phase  molecular

dynamics simulations, we derive the equation of state and the P–T
phase diagram for magnesite within the pressure and temperature

conditions characteristic of the lower mantle.

 2.  Materials and Methods

 2.1  DeePMD Approach
Machine learning has demonstrated significant potential in simu-

lating  the  Born–Oppenheimer  potential  energy  surface.  As  a

nonparametric approach, it can approximate the potential energy

surface  to  any  desired  level  of  accuracy.  Therefore,  in  this  work,

we  developed  a  deep  potential  (DP)  for  MgCO3 by  fitting  the

potential energy surface using machine learning methods.

The  training  of  the  DP  was  carried  out  using  the  DeePMD-kit

(Wang H et al.,  2018; Zhang LF et al.,  2018).  In DeePMD, the total

energy  is  expressed  as  the  sum  of  the  energies  of  all  atoms,

namely

E = ∑N

i=1
Ei = ∑N

i=1
ε (Di) ,

where N is the total number of atoms and Ei is the contribution of

the ith atom to the total energy. The descriptor Di represents the

local  atomic environment and is  a  function of  the coordinates of

atoms surrounding atom i. This approach ensures that the potential

energy surface preserves the translational, rotational, and permu-

tation  symmetries  of  the  structure.  In  our  work,  three  hidden

layers are used.  The embedding network consists of  [25,  50,  100]

neurons,  whereas  the  fitting  network  consists  of  [240,  240,  240]

neurons.  In  the  local  environment,  the  descriptor  components
decay smoothly to zero between 0.5 and 6 Å, with a cutoff radius
of 6 Å. The initial learning rate, final learning rate, and decay steps
were  set  to  0.001,  3.51×10−8,  and  5000,  respectively.  The  model
underwent  a  training process  for  2,000,000 steps  and was devel-
oped  without  the  incorporation  of  virtual  data  throughout  the
training  phase.  During  training,  the  loss  function  (Wang  H  et  al.,
2018) was defined as

L(Pε, Pf, Pξ) = Pε
N
ΔE2 +

Pf
3N

∑ ∣ΔFi∣2 + Pξ
9N

∥ΔΞ∥2. (1)

Pε Pf Pξ

Pξ = 0 Pε
Pf

In  the  equation, , ,  and  are  the  respective  weights  during
the learning process. Because virtual data are not included in the
training, .  Weight  gradually  increases  from  0.02  to  1,
whereas  decreases  from  1000  to  1,  indicating  that  the  force
term  is  dominant  at  the  beginning,  whereas  the  energy  and
virtual terms become more important toward the end. The terms
containing  ΔE and  ΔF represent  the  root  mean  square  errors
(RMSEs)  of  energy  and  force,  respectively,  which  are  defined  as
follows:

RMSE =

√√√√√√⎷ 1
m

m

∑
i=1

(xi − x̂i)2, (2)

xi
x̂i

In the equation, m is the number of samples,  represents the DFT
data, and represents the data predicted by the DP.

 2.2  Ab Initio Calculations
The training set for the DP was constructed from a multi-tempera-
ture,  multi-pressure  dataset  generated  during  AIMD  simulations
(Table  S1).  During  the  structural  optimization  process,  the  pseu-
dopotentials utilized were based on the PBE_sol functional within
the  generalized  gradient  approximation.  Previous  studies  have
demonstrated the accuracy of PBE_sol in describing the properties
of  magnesite  (Liu  ZJ  et  al.,  2022b).  To  address  the  limitations  of
single short-time AIMD simulations in sampling solid–liquid inter-
faces,  metastable phase transition pathways,  and the diversity  of
liquid  configurations  within  the  broad  phase  space  spanning
0–140 GPa and 300–5000 K, in this study we implement a system-
atic  integrated  sampling  strategy.  Specifically,  this  strategy
performs  multiple  independent  and  sufficiently  long  (6–20  ps)
AIMD simulations at key P–T points—including stable solid phase
regions,  high-pressure liquid regions,  and two-phase coexistence
regions.  This  approach  efficiently  constructs  a  representative
configuration  library  that  covers  solid,  liquid,  and  interfacial
regions.  The  final  training  set  was  meticulously  designed  to
balance the proportions of solid and liquid phase structures, with
special inclusion of interfacial configurations. This process ensures
that the trained DP can accurately describe the complex physico-
chemical  processes involved in the transition from solid to liquid
states.

For  the  specific  simulation  parameters,  the  plane–wave  cutoff
energy is set to 900 eV, the energy convergence criterion is set to
1  ×  10−4 eV,  and  Brillouin  zone  k-point  sampling  is  restricted  to
the Γ-point only. The simulation system consists of 120 atoms and
is  subjected  to  heating  simulations  in  the  NPT  ensemble,  with  a
time step of 1 fs and a total simulation time of 10 ps. To ensure the
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completeness  of  the  dataset,  10,000  steps  of  AIMD  simulations

were  performed  for  each  of  the  two  structures  within  the  lower

mantle  pressure  range,  resulting  in  a  comprehensive  dataset.

Subsequently, 80% of the entire dataset is used as the training set,

whereas  the  remaining  20%  is  designated  as  the  validation  set.

This  approach  empowers  the  trained  DP  model  to  comprehen-

sively  learn  high-precision  data  features,  encompassing  critical

information  such  as  forces,  energies,  and  bond  angles.  The

construction  of  the  dataset  was  carried  out  using  the  Vienna ab
initio Simulation  Package  (VASP; Kresse  and  Furthmüller,  1996;

Kresse and Joubert, 1999).

 2.3  Two-Phase Simulations

R3c

The  two-phase  method  is  a  simulation  technique  designed  to

determine the melting point of materials, grounded in the principle

of  thermodynamic  equilibrium.  The  core  mechanism  involves

constructing  a  microscopic  model  in  which  solid  and  liquid

phases coexist; by observing the energy exchange between these

two  phases  under  constant  pressure,  the  system  ultimately

reaches  thermodynamic  equilibrium at  the  melting  temperature.

In  this  work,  a  model  with  a  solid-to-liquid  ratio  of  1:1  was

constructed  using  a  Large-scale  Atomic/Molecular  Massively

Parallel  Simulator  (LAMMPS; Plimpton,  1995).  The  sizes  of  the

supercells are 5 × 5 × 6 ( ) and 4 × 4 × 6 (C2/m), respectively. In

the  system,  half  of  the  atoms  are  immobilized,  whereas  the

remaining  atoms  are  heated  at  high  temperatures  for  an

extended period to ensure that all  unfixed atoms are thoroughly

melted.  Subsequently,  the  heated  atoms  are  rapidly  cooled  to  a

temperature  slightly  above  the  melting  point  and  maintained  at

this level for a certain duration. Finally, the initially fixed atoms are

released,  whereas  the  remaining  half  are  immobilized,  and  the

temperature  is  gradually  raised  to  the  predicted  melting  point

(Tm)  so  that  the  system  achieves  an  initial  configuration  with

solid–liquid  coexistence.  The  heating  and  cooling  steps  are

conducted under the NPT ensemble (Zhang Y and Maginn, 2012;

Hong QJ and Van De Walle, 2013), and the final relaxation occurs

in the NPH ensemble (Dang K et al., 2023), with the entire process

simulated over  600 ps.  By observing the final  morphology of  the

system,  the  phase  transition  temperature  can  be  determined:  if

the system ultimately appears molten, it indicates that the simula-

tion  temperature  exceeds  the  melting  point  of  the  crystal;  if  it

remains  crystalline,  the  temperature  is  below  the  melting  point.

Additionally,  analyzing  the  system’s  radial  distribution  function

quantitatively characterizes the degree of atomic order, providing

further confirmation of the phase state. By using this dual assess-

ment method and systematically adjusting simulation temperature

parameters, the thermodynamic upper limit of the MgCO3 melting

curve—that  is,  its  solid–liquid  phase  transition  temperature—is

determined. The boundary between phase I and phase II is deter-

mined  by  Gibbs  free  energy.  The  calculation  of  the  Gibbs  free

energy is realized by the Phonopy software of the QHA (Togo and

Tanaka, 2015) and its LAMMPS interface software PhonoLAMMPS

(Carreras, 2020).

 2.4  Seismic Wave Velocity
Within  the  framework  of  finite-temperature  molecular  dynamics

simulations, the single-crystal elastic constants Cij were determined
by means of  fitting the time-averaged stress response to a series
of applied finite strains over long equilibrated trajectories. On the
basis of symmetries of phase I and II of MgCO3, we then calculated
the  Voigt  upper  bound  assuming  uniform  strain  and  the  Reuss
lower  bound  assuming  uniform  stress.  Finally,  we  used  the
Voigt–Reuss–Hill (VRH) averaging scheme (Reuss, 1929; Hill, 1952;
Voigt,  1966)  to  determine the bulk  and shear  moduli.  The elastic
wave propagation properties of minerals, including compressional
wave velocity (Vp) and shear wave velocity (Vs),  can be accurately
determined  from  the  elastic  constants  of  their  single  crystals
(Anderson, 1963). According to crystal elasticity theory, these two
wave  velocities  reflect  the  mechanical  response  capabilities  of
minerals in different directions. Specifically, Vp corresponds to the
propagation velocity of longitudinal waves in the crystal, whereas
Vs characterizes the propagation of transverse waves:

Vp =

√
3B + 4G

3ρ
, Vs =

√
G
ρ . (3)

ρHere,  is  the  density, B is  the  Bulk  Modulus,  and G is  the  Shear
Modulus.

 3.  Results and discussion

 3.1  Benchmarks of the MLP
We then compare the energies and atomic forces predicted by the
MLP with those obtained from DFT simulations for the validation
set.  Predicted  energies  and  forces  align  precisely  with  the  DFT
reference  data  (Figure  1).  The  model  achieves  RMSEs  of  4.694
meV/atom for  energy and 0.209 eV/Å for  forces,  confirming high
training fidelity.

R3c
Within the lower mantle, MgCO3 mainly exists in two structures, as
illustrated  in Figure  2,  with  space  groups  (Z =  6,  hereafter
referred to  as  phase I; Z is  number  of  formula  units  per  unit  cell)
and C2/m (Z = 12, hereafter referred to as phase II).  At 0 GPa, the
lattice parameters of phase I are a = b = 4.651 Å and c =14.976 Å.
In  this  structure,  the  CO3

2− groups  adopt  a  planar  triangular
configuration,  with the carbon atom located at  the center  of  the
triangle  and  bonded  to  three  oxygen  atoms.  Each  Mg2+ ion  is
coordinated by  six  O2− ions  to  form an octahedral  structure,  and
the  CO3

2− groups  are  connected  to  Mg2+ ions  through  their
oxygen atoms. At 90 GPa, the lattice parameters of phase II are a =
8.219 Å, b =  6.163 Å, c =  7.113 Å,  and β =  102.903°.  Four  oxygen
atoms  are  closely  arranged  around  the  carbon  atom,  collectively
forming a regular tetrahedral geometry. Furthermore, the coordi-
nation  environment  in  this  structure  is  unique:  the  coordination
number of Mg can be either 8 or 10, resulting in the formation of
chemical  bonds.  All  lattice  parameters  are  listed in  Table  S2,  and
they  are  in  complete  agreement  with  previous  theoretical  and
experimental results. This result demonstrates the accuracy of our
fitted DP, which can be reliably used for subsequent calculations.

The  phonon  dispersion  relation  characterizes  the  evolution  of
phonon energies with respect  to the wave vector.  As a  quantum
manifestation  of  lattice  vibrations,  the  form  of  the  dispersion
directly  reflects  the  interatomic  interactions  and  structural
features  of  the  crystal  lattice.  By  analyzing  this  relationship,  one
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can  uncover  key  physical  properties,  such  as  phonon  scattering

mechanisms,  thermal  transport  behavior,  and  electron–phonon

coupling.  Figure  S1  shows  the  phonon  dispersion  curves  of

MgCO3-I  at  0  GPa  and  0  K.  The  DeePMD  and  DFT  calculation

results are in good agreement, and no imaginary frequencies are

observed  throughout  the  Brillouin  zone.  This  finding  indicates

that  the  structure  is  dynamically  stable  under  the  DP,  further

confirming the reliability of the DP.

 3.2  Equations of State

Figure 3a presents the equation of state of MgCO3 over the pres-

sure  range  of  0–80  GPa.  In  the  0–70  GPa  interval,  the  volume  of

phase  I  at  300  K  decreases  linearly  with  increasing  pressure,

consistent  with  previously  reported  experimental  data.  Impor-

tantly,  the  simulations  successfully  reproduce  the  stability  of

phase I within this pressure range, providing preliminary validation

for  the  applicability  of  the  utilized potential  under  high-pressure

conditions.  To  further  assess  the  properties  of  the  high-pressure

phase,  we  conduct  equation  of  state  simulations  for  phase  II  at

300 K (Figure 3b). The results indicate that the volume of phase II

decreases  monotonically  with  increasing  pressure,  and  the  slope

of  its P–V (Pressure−Volume)  curve  is  much  smaller  than  that  of

phase I,  suggesting a  significantly  higher  bulk  modulus and thus

greater  incompressibility.  This  enhanced  rigidity  arises  from  the

more  compact  coordination  environment  under  high  pressures,

revealing  the  superior  structural  stability  of  phase  II.  Conse-

quently,  in high-pressure subduction environments,  magnesite is

more  likely  to  exist  in  this  rigid  phase  II  form,  which  could

markedly  delay  the  decarbonation  reaction  of  carbonates  and

provide critical constraints on deep carbon flux.

 3.3  High-Pressure Melting Curve
Two-phase molecular dynamics simulations can accurately deter-

mine  the  melting  temperature.  In  this  method,  a  perfect  crystal

with  a  50%  solid–liquid  ratio  is  used,  and  variations  in  the

solid–liquid  ratio  within  the  supercell  have  only  a  minimal  effect

on the melting point (Wang XW et al., 2024). The identification of

solid and liquid phases is  mainly based on the radial  distribution

function (RDF) g(r). As shown in Figure 4a, we present the RDFs of
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Figure 1.   Comparison of energies and atomic forces predicted by the DP with DFT reference data for the validation set.
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R3cFigure 2.   Magnesite crystal structure. (a)  structure, (b) C2/m

structure. C = brown, Mg = yellow, and O = red.
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MgCO3 at various temperatures under ambient pressure. For ease

of  comparison,  the  RDF  curves  at  all  temperatures  except  300  K

are vertically shifted along the y-axis.  At 300 K, the g(r)  of  MgCO3

exhibits  multiple  peaks  within  the  range  of  0–12 Å,  such  as  the

Mg–O coordination peak at 1.3 Å (with a peak height of  approxi-

mately 6.82) and the O–O coordination peak at 3.03 Å (with a peak

height  of  approximately  3.1).  Overall,  the g(r)  displays  the  long-

range order characteristic of a crystalline structure, indicating that

MgCO3 is in the solid state at 300 K. As the temperature increases,

the  peaks  in  the  medium-range  (4–12  Å)  region  become  signifi-

cantly  weaker.  For  example,  at  1200  K,  the  heights  of  the  minor

peaks beyond 6 Å decrease by more than 10%, indicating a gradual

loss  of  long-range  order.  When  the  temperature  rises  to  2100  K,

g(r)  displays  prominent  peaks  only  at  short-range  distances:  the

first  coordination  peak  (Mg–O,  around  1.3 Å)  has  a  height  of

approximately  4.15,  and  the  second  coordination  peak  (O–O,

around  2.25 Å)  has  a  height  of  approximately  1.45.  Beyond  4 Å,

g(r)  quickly  converges  to  1  (with  fluctuations  less  than  ±0.1),

which  is  characteristic  of  the  short-range  order  and  long-range

disorder  typical  of  liquid  states,  indicating  that  MgCO3 is  fully

molten.

During single-phase simulations, the melting process of the mate-

rial is mainly characterized by the weakening of interatomic inter-

actions  and  increased  structural  disorder.  This  process  is  also

accompanied  by  abrupt  changes  in  thermodynamic  parameters

such  as  volume,  entropy,  and  enthalpy. Figure  4b shows  the

abrupt change in volume as a function of temperature.

On the basis of the aforementioned melting criteria, we systemati-

cally  scan the temperature–pressure  space for  MgCO3 within  the

range of 0–140  GPa and 300–5500  K. The melting process is illus-

trated  in Figure  5,  and  a  complete  melting  phase  diagram  is

obtained, as shown in Figure 7.  The results show that,  within the

broad  parameter  space  simulating  mantle  conditions,  MgCO3

melt consistently exhibits excellent liquid stability, with its melting

boundary significantly  higher  than previously  predicted by theo-

retical models. Specifically, in the low-pressure range (0–70  GPa),

the melting curve exhibits  a  relatively  gentle slope.  For  example,

at  30  GPa,  the  melting  point  is  approximately  2329   K,  which  is

consistent with the results reported by Solopova et al.  (2015) but

significantly  lower  than  the  steep  increase  reported  by Katsura

and Ito  (1990).  Additionally,  it  is  approximately  100–500  K  lower

than the decomposition line of MgCO3. In the high-pressure range
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R3cFigure 4.   (a) Variations in the RDF of the  structure with temperature at 0 GPa. (b) Volume following temperature changes during single-

phase method melting.
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of  80–140  GPa,  MgCO 3 remains  stable  in  the C2/m structure.  Its
melting  curve  exhibits  a  continuously  increasing  positive  gradi-
ent,  with  dTm/dP =  19.3  K  GPa−1,  and  the  melting  point  reaches
5079 K at 140 GPa.

At  the  triple  point  where  the  melting  curve  intersects  the  phase
I–phase II boundary, the abrupt increase in melting point and the
pronounced changes in the slope and shape of the curve indicate
that  the  material  undergoes  significant  transformations  in  its
physical properties between these two phases. Phase I and phase
II correspond to two distinct crystal structures or atomic arrange-
ments, as illustrated in Figures 6a and 6b.

As  shown  in Figure  6,  in  phase  I,  the  carbon  atoms  adopt sp2

hybridization  and  form  planar  triangular  CO3
2− groups  (as  illus-

trated in Figure 6c). The C–O bond length is approximately 1.28 Å,
exhibiting a clear double-bond character. Upon entering phase II,

the  carbon  atoms  switch  to sp3 hybridization,  with  each  carbon
atom  tetrahedrally  coordinated  to  four  oxygen  atoms.  The  C–O
bond  length  increases  to  approximately  1.43 Å  and  the  bond
order  decreases,  but  the  number  of  bonds  increases.  The  most
revolutionary feature of the C2/m structure is that the CO4

4− tetra-
hedra  (as  shown  in Figure  6d)  are  connected  by  sharing  vertex
oxygen  atoms,  forming  trimeric  ring-shaped  C3O9

6− polymeric
units (as illustrated in Figure 6e). Such structures manifest crystal-
lographically  as  two-dimensional  corrugated  layers,  which  are
coupled  by  Mg2+ ions  between  the  layers.  Unlike  the  isolated
groups in phase I,  the fragmentation of the C3O9

6− rings requires
the simultaneous  breaking of  at  least  three  C–O covalent  bonds.
This  transformation  alters  the  manner  of  atomic  interactions,
resulting  in  a  more  stable  structure  in  phase  II.  Consequently,  a
higher temperature is required for melting, which is manifested as
a  sudden increase  in  the  melting  point.  Additionally,  the  change
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Figure 5.   Snapshots of the melting process at varying temperatures for MgCO3. (a) Phase I at 0 GPa and (b) phase II at 80 GPa.
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in  the  slope of  the  melting curve  reflects  the  different  sensitivity

to pressure during the melting process.

By  integrating  previous  data  and  incorporating  the  melting

behavior  of  the C2/m phase,  this  study  constructs  an  accurate

melting  phase  diagram  from  the  transition  zone  to  the

core–mantle  boundary.  Further  analysis  shows  that,  throughout

the  pressure–temperature  range  of  the  lower  mantle  (23–

136  GPa, ~1900–4000  K), the melting curve of MgCO3 consistently

lies approximately 800–2000  K above the geotherm. This thermal

gradient  suggests  that  the  crystal  lattice  of  MgCO3 remains  rigid
under  deep  mantle  conditions.  In  a  simplified  pure-MgCO3

system,  the  stable  solid  phase  zone  could  theoretically  impede
large-scale  percolation  of  carbonate  melts  in  the  deep  lower
mantle.  However,  under  realistic  mantle  conditions,  the  actual
mobility  of  carbon  is  strongly  modulated  by  Fe/Mg  partitioning,
the  Ca  solid  solution,  H2O  content,  oxygen  fugacity,  and
silicate–carbonate  eutectic  melting,  all  of  which  significantly
lower the solidus temperature relative to our pure-system calcula-
tions.

 3.4  Seismic Wave Velocity
To further investigate the seismic wave velocity, we calculate the
elastic constants Cij, as well as the bulk modulus and shear modulus
of magnesite for phase I and II at 300 K, as shown in Tables 1 and
2.  To  enhance  the  robustness  and  transportability  of  the  DP
model, we augment the training set by incorporating stress-strain
configurations.  Features  of  the  resulting  elastic  constants  fit  well
with  the  previously  available  experimental  velocities  (Chen PF  et
al.,  2006; Sanchez-Valle et al.,  2011) and static DFT, and the maxi-
mum  numerical  difference  among  these  methods  does  not
exceed 6%.  In  particular,  throughout  the  elastic  constants  in  this
study,  no  essential  change  occurs  in  the  relative  differences.  In
addition,  we  emphasize  that  using  finite-temperature  molecular
dynamics  simulations  has  allowed  us  to  derive  the  elastic
constants  by  fitting  time-averaged  stress  responses  to  applied
finite  strains,  which,  in  combination  with  the  VRH  averaging
scheme,  provides  a  robust  framework  for  simulating  the  elastic
properties  of  MgCO3 under  finite  temperature  and  pressure.
These  results  are  in  close  agreement  with  the  available  experi-
mental data (Tables 1 and 2) as well as with the static DFT calcula-
tions,  proving  the  reliability  of  the  method  for  determining  the
elastic  properties  of  MgCO3 under  high-temperature  and  high-
pressure conditions. We then calculated the seismic wave velocities
of phase I and phase II of MgCO3 at 1500 K (in the solid state) and
compared  them  with  the  Preliminary  Reference  Earth  Model
(PREM; Dziewonski  and Anderson,  1981).  The detailed results  are

 

0 30 60 90 120 150
0

1000

2000

3000

4000

5000 N. Solopova 's work
Katsura 's work
This work
MgCO3→MgO + CO2

Te
m

pe
rt

ur
e 

(K
)

Pressure (GPa)

C2/m

R3
−
c

CMB

Upper mantle D"Lower mantle Core

Geotherm

P1 P21/c

P212121

500 1000 1500 2000 2500
Depth (km)

 
Figure 7.   Phase stability of MgCO3 in the depth range from the

mantle to the outermost core and its correspondence with the

internal structure of the Earth, where the solid black line is this work,
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the work of Solopova et al. (2015), the thin solid gray line is the

decomposition of MgCO3 into MgO and CO2 (Fiquet et al., 2002), the
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Table 1.   Calculated elastic constants Cij, bulk modulus, shear modulus, and seismic wave velocities for phase I of MgCO3 at 0 GPa and 300 K, and
comparison with prior experimental results at room temperature conditions.

R3c
This study
(DeePMD)

DFT
(Liu ZJ et al., 2022b)

Yao C et al. (2018) Yang J et al. (2014) Sanchez-Valle et al. (2011) Chen PF et al. (2006)

C₁₁ (GPa) 249.68 260.38 266 260.7 (±1.0) 262.0 (±2.0) 260.3 (±2.6)

C₃₃ (GPa) 143.27 150.85 151.6 157.6 (±2.6) 157.0 (±2.0) 153.7 (±4.1)

C₄₄ (GPa) 58.11 56.81 58.6 57.8 (±0.4) 58.4 (±0.5) 59.7 (±1.4)

C₁2 (GPa) 75.33 77.45 78.8 74.3 (±1.5) 75.5 (±2.0) 82.9 (±4.5)

C₁₃ (GPa) 57.47 61.55 64.6 59.7 (±2.1) 61.0 (±1.0) 59.6 (±3.1)

C₁₄ (GPa) 22.07 20.21 22.3 19.7 (±0.2) 19.8 (±0.3) 20.1 (±1.3)

B (GPa) 112.95 — 117.5 114.7 (±1.3) 115.7 (±1.0) 115.3

G (GPa) 72.53 — 69.1 69.9 (±0.6) 70.1 (±0.8) 69.3

Vp (km/s) 8.36 — 8.31 8.28 (±0.04) 8.30 (±0.07) 8.32

Vs (km/s) 4.92 — 4.77 4.82 (±0.02) 4.81 (±0.03) 4.81

Vp/Vs 1.7 — 1.742 1.725 1.726 1.73
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shown  in Figure  8.  Across  the  entire  pressure  range,  the  elastic
wave velocities  derived from theoretical  calculations show excel-
lent agreement with the experimental data reported in references
(Yang  J  et  al.,  2014; Xu  M  et  al.,  2024),  with  relative  deviations
consistently remaining below 2%. This result further demonstrates
the  reliability  of  the  DeePMD  method.  Specifically,  as  pressure
increases, Vp gradually rises, reaching approximately 9.79 km/s at
20  GPa  (corresponding  to  a  depth  of  approximately  500  km),
which is consistent with trends reported in related literature. At 0
GPa, Vs = 4.80 km/s, increasing to 5.32 km/s at 20 GPa. Within this
pressure  range,  the  wave  velocities  of  MgCO3 are  significantly
higher  than  those  of  the  PREM  reference  curve,  exhibiting  a
distinct high-velocity anomaly.

The  seismic  velocities  of  MgCO3 were  calculated  using  DeePMD
simulations at 1500 K. This approach explicitly incorporates intrin-
sic  anharmonic  phonon–phonon  interactions,  providing  a  more
physically  realistic  description  of  thermal  softening  at  high
temperatures.  These  results  are  in  close  agreement  with  those
reported  by Yao  C  et  al.  (2018) under  comparable  isothermal
conditions. In the pressure range of 20–70 GPa, Vp increases grad-
ually from 9.79 km/s to 12.14 km/s, whereas Vs rises to 6.01 km/s.
This change in wave velocities corresponds to the region from the
base of the mantle transition zone to the top of the lower mantle
(approximately  600–1500  km  in  depth).  Within  this  interval,
MgCO3 remains  in  phase  I  but  exhibits  pretransition  softening,
with  wave  velocities  falling  below  the  PREM  values  even  before
transforming into the C2/m structure. At these depths, subducted

carbon  is  transitioning  from  upper  mantle  mineral  phases  to
lower  mantle  phase  states,  which  may  represent  an  important
geochemical “gateway”. Within the pressure range of 80–140 GPa
(>1500 km), MgCO3 ultimately transforms into the C2/m structure,
which  possesses  a  higher  density  and  elastic  modulus.  The Vp

increases from approximately 12.5 km/s and reaches 14.5 km/s at
140  GPa  (about  2900  km  depth),  whereas Vs also  rises  from
approximately 6.1 km/s to greater than 7.0 km/s, both significantly
exceeding the PREM reference values.

The wave velocities of  MgCO3 again surpass those of PREM, indi-
cating  that  carbon  can  not  only  be  transported  to  the
core–mantle  boundary,  but  also  may  participate  in  the  deep
mantle’s  chemical  and  dynamic  processes  in  the  form  of  high-
velocity phases. Throughout this range, Vp remains higher than Vs,
with  a Vp/Vs ratio  of  approximately  1.7,  in  excellent  agreement
with  the  experimentally  observed  value  of  1.742.  Notably,  our
results for Vp and Vs of MgCO3 (phase I) at 1500 K within the pressure
range of 0–80 GPa are comparable to the PREM profile. Our results
provide new data support for how these anharmonic interactions
refine  the  predicted  behavior  of  magnesite  under  deep-mantle
conditions.

 4.  Conclusions
By  combining ab  initio data,  a  DP  machine  learning  model,  and
two-phase coexistence molecular dynamics simulations,  we have
systematically  investigated  the  phase  stability,  melting  behavior,
and elastic properties of MgCO3 over pressures of 0–140 GPa and
temperatures  up  to  5000  K.  The  DP  accurately  reproduces  key
benchmark  properties  of  magnesite,  including  its  ambient-pres-
sure melting temperature, equation of state, and phonon stability,
providing  confidence  in  its  transferability  across  a  wide
pressure–temperature  range.  Our  simulations  establish  melting
curves  for  both  the  low-pressure  magnesite  structure  and  the
high-pressure C2/m phase.  The C2/m phase  exhibits  a  markedly
higher melting temperature and a larger positive Clapeyron slope,
which we attribute to pressure-induced changes in carbon coordi-
nation and polymerization of CO4 tetrahedra. Under the assump-
tions of a pure MgCO3 system, the melting boundary remains well
above  typical  lower  mantle  geotherms,  implying  that  crystalline
MgCO3 could  persist  to  great  depths  without  melting or  decom-
posing.  Elastic  wave  velocity  calculations  indicate  a  pressure-
dependent  high–low–high  anomaly  pattern  relative  to  PREM,
associated  with  elastic  softening  near  structural  transitions  and
stiffening  in  the  high-pressure  phase.  We  emphasize  that  these
comparisons are qualitative, as the Earth’s mantle is a multiphase

 

Table 2.   Calculated elastic constants Cij, bulk modulus, shear modulus, and seismic wave velocities for phase II of MgCO3 at 80 GPa and 300 K,
and comparison with DFT results at 80 GPa and 0 K.

C2/m C11 C22 C33 C44 C55 C66

DP 647.19 606.04 690.62 138.07 137.23 187.46

DFT 651.22 610.19 696.37 141.45 140.08 191.53

C12 C13 C15 C23 C25 C35 C46

347.38 278.05 272.81 −14.07 24.84 11.37 35.96

349.67 282.61 273.16 −17.37 27.48 13.68 37.54
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Figure 8.   Calculated seismic wave velocity at 1500 K for MgCO3 as a

function of pressure, and comparison with prior experimental results

and PREM.
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aggregate;  nevertheless,  the  results  provide  mineral-physics
constraints that can be incorporated into seismic and geodynamic
models.  The  present  study  neglects  compositional  complexity,
including Fe and Ca substitution, volatile components, and redox
effects,  all  of  which  are  expected  to  lower  melting  temperatures
and  modify  stability  fields  under  realistic  mantle  conditions.
Future work should extend the DP framework to multicomponent
carbonate  systems  and  integrate  thermodynamic  results  with
geodynamic  modeling  to  better  quantify  the  fate  of  carbon  in
Earth’s deep interior.
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