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The New Worlds In the
Extreme Pressure Dimension

Same elements; new physics,
new chemistry, novel application,
transformative planetary science

Ten times more new materialsto pP
be discovered

Requires interdisciplinary
approach

Relies on high-pressure
technological advances
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Thirty new phases of H,O at extreme pressures
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Oxygen at high pressures

Temperature (K)

500

400

300

200

100 |
0 {

0 10 20 S0 100
Pressure (GPa)

W
o

SR
'\. § 2 1.06 TPa
20 F 3z 1 Z
— i "E} ﬂ—g-ﬂa =
E gl 3'04
o I -
= 10F =
— 192 194 196 1.98
- Pressure (TPa)
@
£ O0——(0;
5 | / '\'EID
-10} 1.92 TPa “-_\.
) 1.80 1.85 - 1.90 | 1.95 - 2.00
Pressure (TPa)
6_04

30

Zhu et al, PNAS 109, 751 (2012)



Steelmaker’s Fe-O phase diagram
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O & Fe=the Most Abundant Elements by Atoms & Mass
The Conventional Wisdom
The mantle is uniformly reducing
O/Fe>1.5
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2Fe;0; + 0, = 4Fe0; Fe,0, + H,0 = 2Fe0, + H,

1}1 el Fe,0; + O,
£ to 2000 K, 76 GPa
e
@' \ Produced FeO,
= with FeS, pyrite
N i structure

Qingyang Hu

0=4.3628(1) A



The Aerobic
The living planet—Sir Attenborough The dynamic Earth

CO,+H,0 S CHO0+ 0, MO +H,0 S MO, + H,
plant= <animal shallow= < deep




Alfred Wegener’s Recognition of Continental Drift
--the foundation of the 20" Century Earth science
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Adapted from Wegener’s discussion of floral and faunal
distributions across continents of Gondwanaland
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Plate tectonics—the transformative recognition

But our understanding is only skin deep
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Plate tectonics—the transformative recognition

But our understanding is only skin deep

Steady thermal convection cannot
explain the rifting of supercontinent;
needs additional mechanism
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Experimental Discovery of superoxides FeQ, & FeO,H

[NO]

Fe(O, and FeOOH under deep lower-mantle
conditions and Earth’s oxygen-hydrogen cycles
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Qingyang Hu'?*, Duck Young Kim'?*, Wenge Yang'*,
Liuxiang Yang', Yue Meng*, Li Zhang"* & Ho- Kwang Mao"

Confirmed FeO, stable under DLM conditions
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Novel oxygen chemistry in Deep Lower Mantle

Altered chemistry of oxygen and iron under deep
Farth conditions  Nature Communication, 2019

Jin Liu{E)1'2, Qingyang Hu® ' Wenli BiMr Liuxiang Yang®1'5, Yuming Xiao®, Paul Chow®, Yue MengE'
Vitali B. Prakapenka’, Ho-Kwang Mao® & Wendy L. Mao%8
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The Aerobic Reaction needs H,0

Large Igneous Province Arc Volcanoes

Mid-Ocean Ridge

What mineral can carry

Outer Core water down deep?

Mao, H. K., and W. L. Mao (2020), Key problems of the four-dimensional Earth system,
Matter & Radiation at Extremes, 5, 038102.
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Hydrogen generation by metal in H,O at HP

"
'I'J'—_' pe—

Ca+2H,0 = Ca(OH),+H,
Mg+2H,0 = Mg(OH),+H, 3Fe + H,0 = FeO + 2FeH

Mao, et al, National Sci. Rev. (2017)

2Na+2H,0 =2NaOH+H,  FeO +H,0 = FeO, + H, Enrichment of O
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Stishovite SiO, can be an important water carrier
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Stishovite SiO, as an important water carrier

Hydrogen-bearing silica up to 188 GPa
Yanhao Lin'?, Qingyang Hul, Yue Meng3, Michael Walter?, Ho-Kwang Mao*

Yanhao Lin 3000
g 2500
w CARNEG]E D 2000
SCIENCE -;30
« 1500 |
<8
g 1000
|_
500

Sft., Sun 2019
- Sft., Grocholski 2013
CaCls;, Sun 2019

— - CaClsy, Fisher 2018

- - - (CaClsy, Grocholski 2013

® H-bearing CaClz-type SiO:2

@ H-bearing seifertite

80 100 120 140

180

Pressure (GPa)
br T T T C d dr—y
B dry 7 B dry (o] EOS (o]
EOS  EOS S’% %
%3 > 5
® ® 8
130(2) GPa 188(1) GPa 188(1) GPa
CaClz-type SiO2 CaCl:-type SiO:2 | Serfertite
L L Io 1 1 Q 1 1 o 1
18.0 185 19.0 19516.6 16.9 17.2 17.5 16.5 16.9 17.3

Volume (A%/f.u.)

2-4% H,0 in stishovite
and seifertite up to
188 GPa

Lin, Y., et al. Evidence for the stability of
ultrahydrous stishovite in Earth’s lower
mantle. Proc. Natl Acad. Sci. USA 117, 184—
189 (2020).

Nisr, C. et al. Large H,0 solubility in dense
silica and its implications for the interiors of
water-rich planets. Proc. Natl Acad. Sci. USA
117, 9747-9754 (2020).



Ferropericlase (Fe,Mg)O, in the deep lower mantle with H,0O

Mineralogy of the deep lower mantle in the presence of H,0

Qingyang Hu, Jin Liu, Jiuhua Chen, Bingmin Yan, Yue Meng, Vitali B. Prakapenka, Wendy L. Mao and Ho-kwang Mao

National Science Review (2020)

10.1093/nsr/nwaa098
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Ferropericlase (Fe,Mg)O, at intermediate P or with less H,O

2(Fe,Mg)O + H,0 = (Fe,Mg),0;+ H, Jin Liu et al (2020)

MO +H,0 = MO, + H, (Fe,Mg),03.5
722)6Pa : - ‘ National Science Review
Qupstnil TRrE 10.1093/nsr/nwaal096.
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Can we see the oxygen-rich materials in deep mantle?

Large Igneous Province Arc Volcanoes

Mid-Ocean Ridge

E Outer Core

Mao, H. K., and W. L. Mao (2020), Key problems of the four-dimensional Earth system,
Matter & Radiation at Extremes, 5, 038102.



Using seismic
tomography to see
FEarth’s interior

Trench

CENTRAL AMERICA

Trench

6.0 RIS GSS C7?

S:NUCHAL-DATING . JAPAN
van der Hilst ¢ al., Nature 1997

CMB




Seismic evidence of FeO, above the
core —mantle boundary?

e Sharp discontinuity at top of D”
e |ateral velocity variations

e Splitting of shear waves

e Anti-correlation of Vs and Vp

e Ultra-low velocity zones

Wang and Wen, JGR 2004 Lay et al, PEPI 2004



Elasticities of ULVZ at CMB match iron superoxides

. Stanford Univ

Dept. Earth, HPCAT %ot
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Liu et al, Nature 551, 494 (2017)
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What will happen 1t the oxygen-rich materials

keeE Eﬂing up?
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What happens when the oxygen reservoirs get thick ?



Steelmaker’s Fe-O phase diagram
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The Aerobic Earth

Large Igneous Province Arc Volcanoes

Mid-Ocean Ridge

What is the

/00%; @fe
S5y, Ay consequences of
"Go, Outer Core oxygen outburst?

Mao, H. K., and W. L. Mao (2020), Key problems of the four-dimensional Earth system,
Matter & Radiation at Extremes, 5, 038102.



[Mantle transition zone
Subducted slabs

MORB restite
(Ca-Pev)

Flood basalt resulted from oxygen outburst



Supertectonics & Supercontinents

Chemical convection led to super plate tectonics

PERMIAN TRIASSIC ! CRETCEOUS
225 million years ago 200 million years ago



Mass extinction caused by asteroid impact

Luis Alvarez (1911-1988) & Walter Alvarez (1940- ) at the K-T boundary Iridium layer (Gubbio, Italy)

32



External causes? Surficial activ

Asteroid impacts

Caused extinctions

Hag réceathy mereated By am additional 16 degnges

Caused snowball Earth

caused Great OX|dat|on Evenet

cynobacteria |
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Dozen explanations mean no explanation



GOE, The Great
Oxidation Event
— Caused by
cynobacteria

Oxygen
Fluctuation—
many causes

B Oxygenic E .
-1 photosynthesis I ' 10
E B F o
s 3t 102 S
£ F 1 3
F 3
g 5k = A, Ji0# £
8 A A -
B . [ | 1
4.0 3.5 3.0 2.5 2.0 0.0

atmospheric O, (%)

Lyons Nature 506: 308 (2014)  Age (Gyr ago)

485

previous === bulk rock === fossil

443 419 359 323 299 252 201 145
age (Ma)

Schachat Proc. R. Soc. B 285: 20172631 (2018)

66

23




Toxicity and Flammability

Environmental catastrophe resulted from oxygen outburst
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Banded-lron Formation, Great Oxidation
Event, Snowball Earth, all indications of great
increase in oxygen which was previously
attributed to cynobacteria.
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Did the Apocalypse come from heaven or Earth?

Shall we prepare for missile defense or deep drilling 2




Aerobic activity can cause &

@
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Aerobic activity--a single theory to unify all major events of the Earth
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Answers on key problems of the Earth are hidden in the depth
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