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Overview: Cross-scale and interdisciplinary 
modeling of Earth’s interior
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Making sense of mantle heterogeneities
(Seismic Tomography) 

δVS (Garnero et al., 2011)

S-model



The Deep Water Cycle

Pearson et al., Nature 507, 221 (2014) DOI: 10.1038/nature13080

http://dx.doi.org/10.1038/nature13080


Thermochemical convection
(need ρ, K, α, CP, μ, κ)

(McNamara et al., 2014)
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Consistent w/
experimental data

The Big PictureOverview: Cross-scale and interdisciplinary 
modeling of Earth’s interior



Goals:
• Goal #1 – Interpret seismic velocity heterogeneties in terms of temperature and mineralogy
• Goal #2 - Enable the seismic detection of water in hydrous phases in Earth’s interior
• Goal #3 - Maintain and enhance a computational infrastructure for calculations. It consists of: 

a) methods and software for calculations of relevant properties
b) workflows to automate long sequences of calculations
c) an online database to communicate results
d) a Web portal where some calculations can be carried out or reproduced
e) implementation of HPC/HTC calculations in the Oak Ridge leadership computing facility 

(ORNL-LCF)
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Software for calculation of relevant properties

Note: “Phonopy” - QHA for single configuration



Full statistical sampling of H-configurations in 
16 molecule/supercell = 8,100 configs. = 52 inequivalent configs.
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Nominally Anhydrous Mineral (NAM)
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Software for calculation of relevant properties

Note: “Phonopy” – Quasiparticle properties only. No phonon dispersion.



Software for calculation of relevant properties
Phonon Quasiparticle Approach

Step 1 – Mode-projected Velocity Auto-correlation Function
Using MD and �𝒆𝒆𝒒𝒒𝑠𝑠 from harmonic phonon calculation:

𝑉𝑉𝐪𝐪𝑠𝑠(0) � 𝑉𝑉𝐪𝐪𝑠𝑠(𝑡𝑡) = lim
𝜏𝜏→∞

1
𝜏𝜏 ∫0

𝜏𝜏 𝑉𝑉𝐪𝐪𝑠𝑠∗ 𝑡𝑡′ 𝑉𝑉𝐪𝐪𝑠𝑠 𝑡𝑡′ + 𝑡𝑡 𝑑𝑑𝑡𝑡′

where,

𝑉𝑉𝐪𝐪𝑠𝑠 𝑡𝑡 = ∑𝑖𝑖=1𝑁𝑁 𝑉𝑉(𝑡𝑡) � 𝑒𝑒𝑖𝑖𝐪𝐪�𝐫𝐫𝑖𝑖 � �𝐞𝐞𝐪𝐪𝑠𝑠.

𝑉𝑉 𝑡𝑡 = 𝑉𝑉 𝑀𝑀1𝐯𝐯1 t , … , 𝑀𝑀𝑁𝑁𝐯𝐯𝑁𝑁 t

Step 2- phenomenologic fitting the VAF to:

𝑉𝑉𝐪𝐪𝑠𝑠(0) � 𝑉𝑉𝐪𝐪𝑠𝑠(𝑡𝑡) = 𝐴𝐴𝐪𝐪𝑠𝑠cos �𝜔𝜔𝐪𝐪𝑠𝑠𝒕𝒕 𝑒𝑒
− 𝑡𝑡
2𝜏𝜏𝐪𝐪𝑠𝑠

where: �𝜔𝜔𝐪𝐪𝑠𝑠 is the renormalized frequency, and
𝜏𝜏𝐪𝐪𝑠𝑠 is the phonon lifetime.

cubic CaSiO3-Pv

VAF and curve fitting: 

Sun and Allen, PRB (2010)
Zhang, Sun, Wetnzcovitch, PRL (2014) 



Software for calculation of relevant properties
Phonon Quasiparticle Approach

Step 3 – Phonon dispersion
�𝐷𝐷 𝐪𝐪 = [�𝐞𝐞𝐪𝐪]Ω𝐪𝐪[�𝐞𝐞𝐪𝐪]†

where,
Ω𝐪𝐪 = diag[�𝜔𝜔𝐪𝐪12 , �𝜔𝜔𝐪𝐪2

2 , … , �𝜔𝜔𝐪𝐪3𝑁𝑁
2 ], and

�𝐞𝐞𝐪𝐪 = �𝐞𝐞𝐪𝐪1, �𝐞𝐞𝐪𝐪2, … , �𝐞𝐞𝐪𝐪3𝑁𝑁 .

Effective harmonic force constant matrix:
�Φ 𝐫𝐫 = ∑𝐪𝐪 �𝐷𝐷 𝐪𝐪 � 𝑒𝑒𝑖𝑖𝐪𝐪�𝐫𝐫, and
effective harmonic dynamical matrix at any 𝐪𝐪′:
�𝐷𝐷 𝐪𝐪′ = ∑𝐫𝐫 �Φ(𝐫𝐫) � 𝑒𝑒−𝑖𝑖𝐪𝐪′�𝐫𝐫.

By diagonalizing �𝐷𝐷 𝐪𝐪′ , we can obtain the renormalized
phonon dispersion. (Fourier interpolation)

cubic CaSiO3-Pv ( T > 700 K P > 22 GPa)

Renormalized phonon dispersion:

Note: “Phonopy” – Quasiparticle properties only. No phonon dispersion.



Software for calculation of relevant properties
Lattice thermal conductivity of cubic CaPv

Boltzmann transport equation: 𝑐𝑐𝐪𝐪𝑠𝑠, 𝑣𝑣𝐪𝐪𝑠𝑠, and 𝜏𝜏𝐪𝐪𝑠𝑠 are mode heat capacity, group velocity, and
lifetime, respectively.

T- and P-dependence of 𝜿𝜿(CaPv): 𝜿𝜿(CaPv) along the geotherm:

1
𝑇𝑇1.11 dependence on T

Linear dependence on P

Zhang, Wentzcovitch, Zhang, Ohta, Hirose, Phys. Rev. Lett., under review (2021)

𝜅𝜅 =
1
3
�
𝐪𝐪𝑠𝑠

𝑐𝑐𝐪𝐪𝑠𝑠𝑣𝑣𝐪𝐪𝑠𝑠2 𝜏𝜏𝐪𝐪𝑠𝑠



Software for calculation of relevant properties
PGM: A Python code for anharmonic thermodynamics
J. Zhuang,  H. Wang, Q. Zhang, and R. Wentzcovitch, Comp. Phys. Comm. (in prep.)

𝐹𝐹𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇,𝑉𝑉 =
1
2�𝒒𝒒,𝑠𝑠

ℏ𝜔𝜔𝒒𝒒,𝑠𝑠 𝑉𝑉 + 𝑘𝑘𝐵𝐵𝑇𝑇�
𝒒𝒒,𝑠𝑠

ln 1 − exp −
ℏ𝜔𝜔𝒒𝒒,𝑠𝑠 𝑉𝑉
𝑘𝑘𝐵𝐵𝑇𝑇

,

𝐹𝐹 𝑇𝑇,𝑉𝑉 = 𝐹𝐹𝑠𝑠𝑡𝑡 𝑉𝑉 + 𝐹𝐹𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇,𝑉𝑉

“Harmonic” insulators (QHA) (N→ ∞)

𝑛𝑛𝒒𝒒𝑠𝑠 𝑇𝑇,𝑉𝑉 =
1

exp
ℏ𝜔𝜔𝒒𝒒𝑠𝑠 𝑉𝑉
𝑘𝑘𝐵𝐵𝑇𝑇

− 1



Software for calculation of relevant properties
PGM: A Python code for anharmonic thermodynamics
J. Zhuang,  H. Wang, Q. Zhang, and R. Wentzcovitch, Comp. Phys. Comm. (in prep.)

“Anharmonic” metals (N→ ∞)

𝐹𝐹 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉 = 𝐹𝐹𝑠𝑠𝑡𝑡 𝑇𝑇𝑒𝑒𝑒𝑒,𝑉𝑉 + 𝐹𝐹𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉

𝐹𝐹𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉 = 𝐹𝐹𝑧𝑧𝑧𝑧 𝑇𝑇𝑒𝑒𝑒𝑒 = 0,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 = 0,𝑉𝑉 − �
0

𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖
𝑆𝑆𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇𝑒𝑒𝑒𝑒 = 𝑇𝑇′,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇′,𝑉𝑉 𝑑𝑑𝑇𝑇′

𝑆𝑆𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉 = 𝑘𝑘𝐵𝐵 ∑𝒒𝒒,𝑠𝑠 1 + 𝑛𝑛𝒒𝒒𝑠𝑠 ln 1 + 𝑛𝑛𝒒𝒒𝑠𝑠 − 𝑛𝑛𝒒𝒒𝑠𝑠 ln𝑛𝑛𝒒𝒒𝑠𝑠

Calculations done with the Mermin functional

𝑛𝑛𝐪𝐪s 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑉𝑉 =
1

exp
ℏ�𝜔𝜔𝐪𝐪s 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑉𝑉

𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖
− 1

𝑆𝑆𝑡𝑡𝑖𝑖𝑡𝑡 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉 = 𝑆𝑆𝑒𝑒𝑒𝑒 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑉𝑉 + 𝑆𝑆𝑣𝑣𝑖𝑖𝑣𝑣 𝑇𝑇𝑒𝑒𝑒𝑒 ,𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖,𝑉𝑉



Software for calculation of relevant properties
PGM: A Python code for anharmonic thermodynamics
J. Zhuang,  H. Wang, Q. Zhang, and R. Wentzcovitch, Comp. Phys. Comm. (in prep.)

Y. Lu, T. Sun, P. Zhang, D. B. Zhang, and R. M. Wentzcovitch, Physical Review Letters 118, 145702 (2017).



Software for calculation of relevant properties
PGM: A Python code for anharmonic thermodynamics
J. Zhuang,  H. Wang, Q. Zhang, and R. Wentzcovitch, Comp. Phys. Comm. (in prep.)

J. Zhuang,  H. Wang, Q. Zhang, 
and R. Wentzcovitch, 
Phys. Rev. B, in prep. (2020)

Thermodynamic properties of ε-Fe with thermal electronic excitation effects on vibrational spectra

• Exp. at 300 K (Anderson et al., 2001)
PGM
QHA with Tel = 300 K (Mermin)
Fst(Tel,V) + Fvib(300 K, V)

Note: “Phonopy” – Includes electronic excitation effects on Fst(Tel), not anharmonicity. 

(Exp.)

ε-Iron (hcp)



Karki et al., Science (1999), Wentzcovitch et al., PRL (2004) – Fully numerical

SAM-Cij: A Python code for thermoelasticity
C. Luo,  R. Wentzcovitch, Z. Wu, and W. Wang, Comp. Phys. Comm. (in press)

Software for calculation of relevant properties

Wu and Wentzcovitch, PRB (2011) – Semi-analytical method (SAM)

Wu, Wang, Wentzcovitch, PRB (2019) – SAM extended to all symmetries

“Method”



Lower mantle small scale heterogeneities
Basaltic crust (MORB)

Harzburgite

Peridotite

+ 3 Pyrolite=

Common small scale (~10 Km) low Vs heterogeneities  (up to -10%) between  1400-1700 km depth



Lower mantle heterogeneities

What is the seismic signature of MORB crust in a pyrolytic mantle??



Lower mantle heterogeneities
stishovite → CaCl2-type SiO2

Spin transition in Fe in Mg(1-x)FexO



Lower mantle heterogeneities



Signature of MORB crust in a pyrolytic mantle

W. Wang, Y. Xu, D. Sun, S. Ni, R. Wentzcovitch, Z. Wu, Nat. Comm. (2020), DOI: 10.1038/s41467-019-13720-2



Post-stishovite transition in hydrous aluminous SiO2

Experiments: 2 mol% AlOOH reduces the stishovite → CaCl2-type SiO2 by 25 GPa (50%)

stishovite



Super-ionic “H”

MD on ~4700 atoms (IP)

8x8x12 supercell (96 H)

6.25 mol% of AlOOH in SiO2

stishovite

CaCl2 Hysteresis by starting 
from stishovite with 
disordered H 

~Thermodynamic 
phase boundary



Databases and online applications

http://www.mineralscloud.com/resources/

http://www.mineralscloud.com/resources/


Databases http://www.mineralscloud.com/resources/mineralsdatabase/

http://www.mineralscloud.com/resources/mineralsdatabase/


Databases

Min. Soc. Am. – crystal structure database (~ 103 phases) 









Other research going on:
• EXPRESS workflows in 



Thank you!
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