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Main thread: Quantifying that which can not be measured?!

Two examples:

> Water partitioning between lower mantle minerals
> The shock Hugoniot of forsterite to 10 Mbar

Collaborators: Steve Jacobsen, Craig Bina (Northwestern) Jun
Tsuchiya (GRC, Matsuyama) Seth Root, Luke Shulenburger
(Sandia) Sarah Stewart (UC Davis)

twithin reason!
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HyO
M= ~ 0.00025

D.Gallo/WHOI
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Main constituents “nominally” anhydrous fh At

M=6E24 kg Crust
R=6.37E6 m g

Upper Mantle

P=23 GPa ‘
T=1900 K Lower Mantle

b

'|P'f;ggoG}z)a " 4 ! Outer Core

-3
°
Inner Core

P=360 GPa
T=6000 K?
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pper

mantle

Seismic

reflections’ Lower

mantle

7 p!
CMB ~ High T,
reactions +dVs

The challenge is to explain:

» Anti-correlation of Vg and Vs
» “Sharp sides” of some LLSVP's

» Small regions of very low velocities

email: jptowns@sandia.gov
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GEOCHEMISTRY

Evidence for primordial water
in Earth’s deep mantle

Lydia J. Hallis,»**f Gary R. Huss,"? Kazuhide Nagashima,” G. Jeffrey Taylor,"
Smmundur A. Halldérsson,*t David R. Hilton,® Michael J. Mottl,* Karen J. Meech™®

The ] ratio of Earth can be used to constrain the

originof ts water. However, the most accessible reservoir, Earth's oceans, may no longer

represent

the surface and the interior Thu ir completely i

required to define H for Baffin Island and
that i regal n

~218 per mil). Such strongly negative indicate the existence of ithin

Earth's interior that inherited its D/H ratio directly from the protosolar nebula.

Episodic entrainment of deep primordial mantle
material into ocean island basalts

Curtis D. Williams'2, Mingming L%, Allen K. McNamaraZ, Edward J. Garnero? & Matthijs C. van Soest?

Chemical diferences between mid-ocean ridge basalts (MORBS) and ocean island basalts
(OIBs) provide critcal evidence that the Earth's mantie is compositionally heterogeneous.
MORBs generally exhibit  relatvely low and narrow range of 2He/*He ratos on a global
scale, whereas. and.

3He in OIBs has motivated hypatheses that high *Hey “He ratios are the product of mantie
plumes sampling chemically distinct material, but do not account for lower MORB-ike
3e/*He ratios in OIBs, northeir observed spatial and temporal variabily. Here we perform
He/ e signature of OlBs

entrained by therma plumes. Entrainment is highly time-dependent, producing a wide range
of 3He/*He ratios similar 1o that observed in OlBs worldwide and indicate MORB-ike
Hie/*He ratos in OIBs cannot be used to preclude deep mantie-sourced hotspots.

Emerging consensus on chemical heterogeneity in the lower mantle

Jjptowns@sand
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Olivine Wadsleyite Ringwoodite

Q

Bridgmanite Postperovskite

. . . . . Sandi
Water partitioning in LM is still unknown! @Ng?iﬂ':a'

30 ! ! ! —
After Inoue et al. (2010)

25 b

S

20 b

TKawazoe

Relative Water Partitioning

Polymorphs of Mg,SiOy4 (top), and MgSiO3 (bottom).

Ol Wd Rw Brg Ppv

v

Well explored at low P, T, poorly constrained in LM

v

Measurements @ 1 Mbar challenging!

email: jptowns@sandia.gov
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“Nature”
Fully interacting system

VexT

E:/\If*ﬁmzdrl...drN

Adapted from Mattsson et al. 2005
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c 5 . c Sandi
Density Functional Theory in 2 minutes @Ngﬂu'ﬁm

Laboratories

“Nature” DFT
Fully interacting system Non-interacting system
VeEXT VEFF

N
E:/\y*ﬁlq}drl...dm E:Z/@jﬁﬂ)i dr

Adapted from Mattsson et al. 2005
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“Nature” DFT
Fully interacting system Non-interacting system
Hard Easy
VeEXT VEFF
Formally o
Equivalent

N
E:/\y*ﬁlq}drl...dm E:Z/@jﬁﬂ)i dr

H=T+Vexr +Vee + Ven  H; =T+ Vixr + Vir + Ve
Verr——"_

Adapted from Mattsson et al. 2005
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brg hbrg Al-hbrg

Q Q Q O P
\J ) \J

ppv b hppv Al-hppv
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A good starting guess: Look at geomtetry of low density regions.

email: jptowns@sandia.gov 9
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» 3 order Birch-Murnaghan EOS

email: jptowns@sandia.gov
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The influence of defects on the static EOS @ﬁf{};{f@’(‘,ﬂ%
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» 3 order Birch-Murnaghan EOS
» H defects reduce Kjy, increase Vj, resolved sensitivity of K(’)

email: jptowns@sandia.gov
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hbrg Al-hbrg

W =

1000

800 |

600

00 =
0k
hppv Al-hppv

Computational approach:

» Used Quantum ESPRESSO + PBE GGA
» DFPT phonon dispersions calculated on 2x2x2 k-point grid
» Quasi-harmonic phonons — thermodynamic properties

email: jptowns@sandia.gov
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Anhydrous phase diagram @ Natona

Tsuchiya et al. 2005 (LDA/GGA)
Oganov et al. 2004 (GGA)

Ono et al. 2004 (exp)
This study (GGA)
Murakami 2004 (exp)

» Excellent agreement w/
experiment & theory.

» Clapeyron slope @ 125 GPa,
2500 K ~ 7.5 MPa/K

» Self-consistency is vital!

Temperature [K]

60 90 120 150
Pressure [GPa]

email: jptowns@sandia.gov
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Crystal A Crystal B

The equilibrium ratio of defect Y in phases a and b:

Gl /kT
YDa_eb/ +1  AchkT
b= a1~
eGi/kT 41

After Herndndez et al. (2013)

email: jptowns@sandia.gov
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4 0.8
= ppv-brg
== hyppv-hybrg
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> Al-free defects stabilize brg, Al-bearing defects stabilize ppv.

» AlH defect formation energy is insensitive to pressure.

email: jptowns@sandia.gov
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Water partitioning without Al @Ngﬂu'ﬁm

br,

Ppp
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Al-free hydrous defects — more water in bridgmanite

email: jptowns@sandia.gov



. c c Sandi
Water partitioning with Al @Ngtior?al

Laboratories

4000 200 20
17.5 18

3500
_ 150 16 \
X 3000 14
v 125 \
=] £2 12
Bt =
& 2500 100 & \

o
5 = 10
o <
2 s \
€ 2000 8 \
'_
5.0 . N
1500 _ \
- i ASEEEEEE 25 4 iz
\
1009700 110 120 130 = °0O 1000 1500 2000 2500 3000
Pressure [GPal Temperature [K]

Al-bearing hydrous defects — more water in postperovskite

email: jptowns@sandia.gov
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GEM DISCOVERY

POINTS TO SUBTERRANEAN OCEANS -
N

&

TRANSITION

@10-660 ko)

Pearson et al. (2014)

email: jptowns@sandia
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GEM DISCOVERY &

POINTS TO SUBTERRANEAN OCEANS
N

rtitioning

—
4 Guuly,, RINGWOODITE

§ _ DIAMOND
¢ FIRST TIME

Ol Wd Rw Brg Ppy
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= e ——
£ 700 — -
g ———

& 800
-
—
-115 -110 -105 -100 -95

-0.03 -0.01 [PsiP] 0.01 0.03

Schmandt et al. (2014)

Pearson et al. (2014) Dehydration-induced melting?

ptowns@sandia.gov
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lower mantle

Central America

outer core
[Garnero et al. [2006]

How would we detect it? (Could we detect it?)

email: jptowns@sandia.gov
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1500 - ) )
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Propagation Direction [hkl] » Influence of water small at CMB!

email: jptowns@sandia.gov



A glimmer of hope — V! @ﬁgggi:a.

Laboratories

3000

w113
T,=1550 K £ = Hyorous /
I AVPY = -0.08 y/4
2500 ] B2 i g 06 /
%) s) ¢ '
5 / o /
£ / z 11.1 4
2000 < < /
9] v S y, /
a / 0 11.0
5 = /
=)
F 1500 @ //
9109 /
-
©
of > Qo /
HE © /
©
10005 30 60 90 120 150 K08 115 120 125 130 13
Pressure [GPal Pressure [GPal

Focus on the brg-ppv transition:
» Impedance contrast reduced by 40% w.r.t. dry

» Higher velocity gradient for hydrous ppv

email: jptowns@sandia.gov
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. H partitioning between brg & ppv controlled by Al
. Al-free ppv stores very little water
. Al-bearing ppv stores up to 10x more water than brg

1

2

3

4. Seismic detection very challenging - but hopeful!

5. Ppv may be a host for primordial water - no DHMS needed
6

. Possible mechanism for dredging primordial material via
entrainment of primordial al-ppv back-transformation to brg

email: jptowns@sandia.gov
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1Mg 1Rg
Giant impacts explore exotic P, T states

Fela

email: jptowns@sandia.gov
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10Mg 2Rg
Super-Earth interiors poorly constrained

102 16

10! ] 9 e® 14
Jupiter

100 4 Saturn

Neptune

Mass [M)]
=

o]
Density [g/cc]

Earth ® 6
1021 L ]
® Felia
Mercury 4
1034 e
104 Dat; rgm http:/exoplanetarchive.ipac.caltech.edu
1072 107! 100 10!
Radius [R .
[R/] 2900 G?{z d
10000
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- DeKo£<er et al. 2008 l ,’,
® Mc Queen et al. 1967 l e
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Particle velocity [km/s]

Giant impacts explore much higher velocities!

email: jptowns@sandia.gov



work on Mg,SiO4 @ Nanora

Laboratories

> Incongruent melting

= 24 [ o Mg;si0,, This study | DRRRREE
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> Incongruent melting

35000

> S | h Resm%ekko —
Ing € p ase 30000 LuLl
< 25000
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o
25 T T T T 5 20000 b
Mg,SiO4 experiments g
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1) 08 o Zorretal, 1998

T. 15 | --Boates and Bonev (2013) MgO melt ] z £ et !hojo‘-‘u MgaSI04 vy © Lysonga ind Avrs, 1560
) - - Cebulla and Redmer (2014) _*. o, v R . T
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> Incongruent melting

35000

> S - | h Resul% o
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Ing € p ase 30000 LuLl
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o
25 T T T T 5 20000 b
Mg2SiO4 experiments g
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20 10000
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5 b DAC  Steady shock \ Luoetal.,
- - Cebulla and Redmer (2014) o, . . . .
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Two experiments two answers!

Jjptowns@san
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Planetary science on the Z Machine @Naﬂona'

24 ft

Y. Tex

|
a-Quartz
Forsterite

/ sampies
~
=
Al6061

6061 -
Fiyor Plato (Anodo)  Sifiea aerogel

Load

Vacuum E = 20 MJ
Insulator

MITLs Stack | =20 MA

« 2,65 x 106 L of oil At =20 ns

*1.14 x 106 L of water Credit: S. Root (SNL)

email: jptowns@sandia.gov
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1200

1000

800

600

Pressure [GPa]

—— deKoker et al. 2008 (QMD)

998900

o o00®° %

Jackson et al. 1979

Syono et al. 1981 /
Watt & Ahrens 1983 4
Mosenfelder et al. 2007 /
Sekine etal. 2016
Zdata

4 5 7 8

6
Density [g/cc]

[S) [
S S 5

Temperature [x10° K]

S

—— deKoker et al. 2008 (QMD)
@ Sekine etal. 2016

@ ZData

Mixture

6.5 7.0
Density [g/cc]

7.5 8.0

» Z expts. show no evidence of incongruent melting

» DFT of single fluid phase in excellent agreement with data

» DFT computed Hugoniot of hypothetical mixture would be

most noticeable at low density

8.5

email: jptowns@sandia.gov



o . o Sandia
Constraints on incongruent melting @Natmnal

Laboratories

1012

50 ,
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@ Sekine etal. 2016 Hox
1010 - @ ZDaa /&
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o 10 2g 8
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» Z expts. maintain Hugoniot state longer than laser shocks
» Estimate grain growth rates from Gleason et al. (2015)

» We can rule out possibility of kinetic effects

email: jptowns@sandia.gov
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45000 :
—— Forsterite Temperature Fit
40000|| # Forsterite, Z, Omega Reflectivity
@ Olivine, Z
35000 & Sekine et al. 2016

Omega Data Average
—— DFT Temperature fit

30000H . pFT calculations

25000

200000 o AL

Temperature (K)

15000+

10000

5000

Q13 12 16 18 20 22 24 36
Shock Velocity (kmy/s)

Courtesy S. Stewart

email: jptowns@sandia.gov 32
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Implications for planetary impact models @Naﬁﬂnal

40000

—_—
= VANEOS Frgomet (12]
"
35000 || - Meesios

=
30000 {{3*

25000

20000

Temperature (K)

15000

10000

5000

N Sos 2732, g2t 22079, 1033
0.0 02 04 0.6 08 10
Pressure (TPa)

Courtesy S. Stewart

A-Planet

(]

8. Planet and disk

Toscale

Laboratories

C.Synestia

Lock and Stewart 2017

» Accretion models with old EOS under-predict vaporization

ail: jptowns@sandia.gov
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Thank you!
Questions?
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V, anhydrous
V, hydrous

(GPa)

ssure

(wf) yydeq

S-wave velocity (km/s)

Pre

. . . .
200 300 400 500 600 700 800
Depth (km) Smyth & Jacobsen 2006

o

Hirth & Kohisted! 1996

Trace amounts of water:

> Reduce melting temperature

» Reduce seismic velocity

mail: jptowns@sandia.gov
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Pressure (GPa)

N}
T

So

o

Hirth & Kohisted! 1996

%3
s}

(wx) yydeq

S-wave velocity (km/s)

V, anhydrous
V, hydrous

300 400

500
Depth (km)

600

700 800

Smyth & Jacobsen 2006

Does water have a role to play in the lowermost mantle?

email: jptowns@sandia.gov
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— ppv this study
— — brg this study
in == ppv (Tsuchiya et al. 2005)
v 5 == brg (Tsuchiya et al. 2005) {
» o |7 brg (Fiquet et al. 1998)
! > . brg (Wang et al. 1994)

.
= /"(" 0GPa
= G
p o /
o " d
.(7, 3 ."'0 .
s g L-e%%l. 30GPa
o aeol - L
a5l - ...60GPa
= pppescsiiiiio
€ 150 GPa
— .
o 1
<
'_
[
0 1000 2000 3000 4000

Temperature [K]

» Reasonable agreement with previous theory & experiment

> More experiments needed here
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> Reasonable agreement with previous theory & experiment
» More experiments needed here

> Influence of defects negligible at high P, T
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QHA results: Bulk modulus
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Comparing dK/dT of bridgmanite
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» Good agreement with previous theory & experiment.
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» Good agreement with previous theory & experiment.
» Defects reduce K, but not (g—?)P.
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