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Making sense of mantle heterogeneities
(Seismic Tomography)

S-model

6.81 (2.0%)

6.75 (1.0%)

16.68 (0.0%)

< /9 16.61 (-1.0%)
6.55 (-2.0%)

(Lei, Tromp, et al., 2021)

GLAD-M25 5V



Thermochemical convection
(need p, K, a, Cp, u, )

(McNamara et al., 2014)



The Big Picture
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Earth’s lower mantle
Lower Mantle: Ferrosilicate perovskite + ferropericlase + CaSiOs;

Low iron concentration (x~0.1)
2000 K < T <4000 K
23 GPa < P < 135 GPa

(Mg1-xFex+z)(Si1-zFez-wA|w)O3 (Mg 1-x|:ex)O
Perovskite ferropericlase

CaSiOs-Perovskite
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Body wave (acoustic) velocities

. Longitudinal waves (P-waves)
(compressive waves)

. [ransverse waves (S-waves)
(shear waves)
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Pressure induced spin “transition” in (Mg,Fe)O
and (Mg,Fe)SiO,

Iron Partitioning in Earth's
Mantle: Toward a Deep Lower %
Mantle Discontinuity 2003
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Electronic Transitions in Perovskite:
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Science in the Lower Mantle
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Outline

Spin crossovers

Thermodynamics model of a spin crossover: (Mg,Fe)O
(Mg,Fe)SiO; (it is not what it seems...)

Spin crossover in (Mg,Fe)(Si,Fe)O; and (Mg,Fe)(Si,Al)O4
Manifestation of a crossover in the mantle
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Methods

Ab initio variable cell shape molecular dynamics
(Wentzcovitch and Martins, 1993)*

Self-consistent DFT+U
(Cococcioni and de Gironcoli, 2005)

Density Functional Perturbation Theory + U for phonons
(Floris, de Gironcoli, Gross, Cococcioni, 2011)

Quantum ESPRESSO and Wien2K (all electron code)
(Giannozzi, ..., Wentzcovitch, 2009*, 2016; Blaha et al., 2010)

QHA to compute vibrational free energy
(Karki, Wentzcovitch, de Gironcoli, Baroni, 2000)*

Semi-analytical method to compute acoustic velocities
(Wu & Wentzcovitch, 2011)*

Quasi-ideal solid solution
(Wu, Justo, da Silva, Wentzcovitch, 2009)*



Spin transition (or crossover)
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Ferropericlase



0 o around Fe?* (Isosurface:p,=0.3 e/A3)
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Static equation of state
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Thermodynamics



Thermodynamics Method

- VDoS and F(T,V) within the QHA

FWV,T)=EV)+)_ h%z ) +k,TY In (1 —exp {— ha]ij;V) D

N-th (N=3,4,5...) order isothermal (eulerian or logarithm) finite strain EoS

P:_[G_F} S:{a_F} G=F_TS+PV
ov |, or |,




Ideal solid solution of HS and LS ferropericlase
(Xre = Cte)

n=ng/(nystn.s)
V=(1-n)Vys + nV,g

G= (1 'n)GHS + nGLS + Gmix
7

GHS/LS = l:HSILS + lDVHSILS

T

— tat+vib
GhsiLs = FrsisS®*VP) + Fyg s™9 + PVygs
|
Fhusis® = - TSpgLs™9

Gmix = - TSideal



Free energy minimization

n(P,T)=

1

1+m(285 +1)exp

B st+vib
AGHS —LS
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LS fraction n(P,T)

(Tsuchiya et al., 2006, Wentzcovitch et al., PNAS, 2009)
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Spin crossover in ferropericlase (Fp)

* One really needs to
investigate the EOS of
Fp at high T.

* The pressure range of

K, anomalies increases
with T

e |t also shifts crossover
pressure range to
higher P

Wentzcovitch, Justo, Wu, da Silva
Yuen, Kohlstedt, PNAS 2009

Exp: Crowhurst et al, Science 2006
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Thermodynamics properties Xg.= 18.75%
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Elastic anomalies in Mg, Fe O

B Impulsive stimulated scattering: softening of C,,, C,,, and C,,

(Crowhurst et al., 2008, E:E)

B Brillouin scattering: softening of C,, and C,,, but not C,,
Science
(Marquardt et al., 2009, - )

AVAAAS

B /nelastic X-ray scattering: softening of C,, and C,,, but not C,,
(Antonangelli et al., 2011,EEEE)

AVAAAS



High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

VP, T,n)=nV, (P, T)+(—-n)V, (P, T)




High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

VP, T,n)=nV, (P, T)+(—-n)V, (P, T)

= Compressibility:

V(n) — 7 VLS 4+ (l—n) VHS
K(n) Ky Ky

on
— (VLS o VHS )5_P




High temperature elasticity
(Wentzcovitch et al., PNAS 2009; Wu, Justo, and Wentzcovitch, PRL 2013)

VP, T,n)=nV (P, T)+ A=)V (P,T)

= Compressibility:

V V
V(n) — 7 LS 4+ (1 . n) HS (VLS . VHS )a_n
K(n) KLS KHS aP T
= Compliances:
S, 0V (1) = nSEV 5+ (1= M)V g =, (Vs =V i) o
L 9 L 8P .

0511:0512:10544:O




High Temperature Elastic Tensor
Karki et al., Science (1999), Wentzcovitch et al., PRL (2004)
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T=300K
P =0 GPa
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Elastic anomalies in ferropericlase - |
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Spin Crossovers in bridgmanite

(Fe™?)



“New” species of Fe?*: IS?
- At 0 GPa: HS state with QS = 2.4 mm/sec
““New” Fe?* (QS = 3.5 mm/s) for P> 30 GPa

* Fe2* QS = 3.5 mm/s increases at the expense of the HS Fe?*
(QS = 2.4 mm/s)

* The two sets of peaks “merge” at P ~ 60 GPa

McCammon et al. Nature Geoscience (2008)




HS and LS configurations at 0 GPa

Xpe = 0.25 and 0.125

HS (3.3)

Hsu, Umemoto, Blaha, and Wentzcovitch, EPSL 2009



The double-well with LDA+U

0 GPa
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Spin Crossover in Perovskite




What we know:

Experiments

XES HS - LS

(P ~ 50-60 GPa)
Mossbauer 50% HS = LS
(QS: ~0.5 > 50% remains HS
~3.0 mm/s) (Pr ~ 150 GPa)

Catalli et al.,
EPSL (2010)

Calculations

GGA | Ground state: (A-HS, B-LS)
(A-HS, B-LS) = (A-LS, B-LS)
P> 75 GPa

Zhang & Oganov, EPSL (2006)

Stackhouse et al., EPSL (2007)

Inconsistent with Exp
* Pt too high
* Fraction of HS Fe3* too low
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Spin Crossovers in bridgmanite

up to 150 GPa at least

spin crossover
starting at ~ 50 GPa




Spin crossover in aluminous Pv

No spin-state change
up to 150 GPa!!

il‘.:‘@{l'l ;"

N .4

Hsu, Yu, and Wentzcovitch (EPSL 2012)



Spin crossover in aluminous Pv and PPv

(a) Perovskite (b) Post-perovskite

o
ol

Hsu, Yu, and Wentzcovitch (EPSL 2012)



Consequences for Mantle Structure



Lower Mantle

(Mg(1-x-z),Fex, Alz)(Si(1-y)1A|y)03 (ngvFeﬁ-x))o CaSIOS




Elastic anomalies in ferropericlase - 11
Wu and Wentzcovitch, PNAS 2014
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Elastic anomalies in ferropericlase - 11

Wu and Wentzcovitch, PNAS 2014
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Lower mantle aggregate

Wu and Wentzcovitch, PNAS 2014
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Predicted effect

Wu and Wentzcovitch, PNAS 2014

Slow (hot) anomaly (plume) with spin crossover

Vs




Predicted effect

Wu and Wentzcovitch, PNAS 2014

Slow (hot) anomaly (plume) with spin crossover

Vs vp

m— 1500 km

e 2000 km




Potential seismic signatures of spin crossover
Wu and Wentzcovitch, PNAS 2014
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Potential seismic signatures of a spin crossover
Wu and Wentzcovitch, PNAS 2014
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Potential seismic signatures of spin crossover
Wu and Wentzcovitch, PNAS 2014
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Compositional Heterogeneity in

the Bottom 1000 Kilometers of

Earth’s Mantle: Toward a Hybrid
Convection Model

Rob D. van der Hilst* and Hrafnkell Karason

Europe East Asia "America’s"

\ RYAAAS \

1999

Surface

0.3% faster

P-model




Geodynamic/seismological analysis of global models
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e Tomographic S-models can identify
~ 10 continuous slow/hot conduits
extending from CMB to surface
(plumes), while P-models do
not identify a single one!
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Can we see the spin transition in the lower mantle? NOT IN PREM but perhaps in ak135!
How do tomographic models compare? “VOTE MAPS”

a)
B C
4 S-models: 2% -1% 0% 1% 2%
HMSL-S06 (Houser, Masters, et al. 2006) Seismic Velocity Perturbation

S40RTS (Ritsema et al., 2011) 5
SEMUCB-WM1 (French & Romanowicz, 2014) )
savani (Auer, Boschi, Becker et al., 2014)

Ik
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-2% -1% 0% 1% 2%

DETOX-P01 (Hoseini & Sigloch, 2011) Seismic Velocity Perturbation
GAP-P4 (Obayashi, Fukao, 2013) How ma ny models

MITP-2011 (Burdick et al., 2011) dﬁ// have AV> +1ag or AV<-1 g?
/i

32101 2 3
Aligned and Scaled Value (o)

Shephard, Hernlund, Houser, Tronnes, Valencia-Cardona, Wentzcovitch, Nature Communications, in press (2021)



Can we see the spin crossover in the lower mantle?
How do tomographic models compare? “VOTE MAPS”

a S-wave P-wave
' 1200 1200

1 2 3 4
Number of models

Shepard, Hernlund, Houser, Tronnes, Valencia-Cardona, Wentzcovitch, Nature Communications (2021)



Summary:

* Iron spin crossover (ISC) is not an obvious global feature (1d profile)

* Significant in the fast anomaly (slab) regions from 1,500km — 2,000km depth -- Effect
of Temperature + Composition(?)

* QObservable in the slow anomaly (plume) regions from 1,800km to 2,200km depth. Yet,
not as strong as slab regions.

* All these observations requires high-resolution tomographic models.

Future Work:
* GLAD-M35:

® Further modeling for temperatures, pressures, and composition in the lower mantle
® Extract mineralogical and temperature information directly from GLAD-M35



Some Challenges

« ANHARMONIC EFFECTS: temperature dependent
phonon frequencies, thermal conductivity, anharmonic
free energy, pre-melting behavior, etc...

« SEARCH FOR new phases, particularly with high iron
content

 MULTI-PHASE EQUILIBRIUM: address co-existing
complex solid solutions (more accurate free energies).
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