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Knowledge of Earth’s inner structure

e Seismic waves. They depend on: i

- the composition

- the mineral phase

- the density

e Gravitational and magnetic Earth fields

¢ Flow of heat from inside the Earth

e Composition of meteorites and surface rocks

e Laboratory experiments (High-pressure and high-temperature)

J.P. Poirier (2000)

VNIVERSITAT R PO Geophysics:

DGVALENCIA o e From Fundamentals to Recent Studies and Open Questions



| Isla Socorro, Standing Stone,
n Tepich, Mexico Mexico Pennsylvania, USA
Earth’s interior 10 - =3 . .
3 2
E £
E 8 - §'
= e 2
%71 A £
Epicentro E— ¢ - // %
= i = o ~ 1l
i um.l 5 - = ';“-'-. % ﬁ
5 8 o £ 2
Vo= | K+_ul/p £ . £ E ! 5
Ondas S E 2 u aveﬂ«%’ i
Corteza naas E 31 §- % | 2 p-Wav
Ondas P 7 7 5 g__ =
v. = | 4 E
S 1 E;, o
p s
0 | . O L O L L L L L L L L I I
0 500 1000 1500 2000 2500 3000 3500
Distance Travelled (km)
105
-'_'__,_:-"-F'-F _‘-\_\-\-\-\-\_"--
. ’ Magnetic field
snondss  Earth’s core Heat flow viagnetic fiel
Sin ondas : i v ;

Sin Ondas S

VNIVERSITAT ‘ Geophysics:

DG VALENCIA tar ot e Poeceire From Fundamentals to Recent Studies and Open Questions




HP-HT experimental techniques

!é Breech Pump tube
| / Impactor ,/ Barrel Target
a Hot '
: )LED oo oen >\/ DYNAMIC PRESSURE
= Piston Rupture valve closed
Rupture valve opéen - :
/ » Hydrogen gas are
Jases - |
— Piston Impactor /

Shock waves

- Produced by impact of high-velocity projectiles
- Extreme conditions (HP — HT) during periods of ~ 1us

VNIVERSITAT coouce Bl [ 3 Geophysics:

DGVALENCIA o e From Fundamentals to Recent Studies and Open Questions



HP-HT experimental techniques Sample volumes up to 0.1 e
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HP-HT experimental techniques

Diamond anvil cells (DACs)

* Hardness
DIAMOND { - Thermal conductivity P... =250 GPa
» Good optical windows TmaX: 5500 K
Sample Ruby chip e

207 000 atm
1 atm

Gasket - E 484 000 atm
£
Pressure media
6;0 I 6‘;2 ’ 6;4 ’ 6;6 I 6‘198 ’ 7(1)0 ] 7(1)2 : 7(1)4 ' 7(136 - 7(I)8 71() 712 714
Wellenldnge (nm)
Pressure chamber
R1 and R2 fluorescence peaks
Tiny samples: 20 pm x 20 um x 5 um of ruby with pressure
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HP-HT experimental techniques

Infrared
Laser beam
Dlamond
/ anvils \
Synchrotron
Radiation
Monochromatic
X-ray beam
\ DOUBLE-SIDED LASER HEATING
X-ray
diffraction
Sample+
Laser coupler Thermal
. eraner 2D detector|
Pressure med-I;L-IVI"I’-I
(Thermal Insulation
Gasket

VNIVERSITAT I e T Geophysics:

DFVALENCIA "‘E‘_A

Matter at High Pre: From Fundamentals to Recent Studies and Open Questions




HP-HT experimental techniques )
LASER HEATING AND TEMPERATURE MEASUREMENTS =
2000 K
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HP-HT experimental techniques SYNCHROTRON RADIATION

Double-sided DAC laser heating system, ID27 (ESRF), Grenoble, France.
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Early Earth accretion, metal segregation
and core formation (>4.5 Ga)

Metal-silicate
partitioning

Dense metal
phases sank
towards early
core

Depth
in km

Today

(X3700°C]
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Inner core
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Earth’s interior

Crust

Heterogeneous rocks. e.g. quartz,
feldspars, micas, olivine, calcite,
hornblende, etc...

Upper mantle

Piroxene, olivine

Intermediate mantle (transition zone)

Garnet, spinel

Lower mantle

Perovskite, post-perovskite

Core

Fe +5 % Ni + 5-10 % lighter elements

Preliminary Reference Earth Model (PREM)

(11 A.M. Dziewonski, D.L. Anderson (1981) Phys. Earth. Planet. Int., 25, 297
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Composition of the Earth’s core

GRAVITATIONAL FIELD

Earth’s moment of inertia

Light elements in the core

SEISMIC DATA

4-5 % P-wave velocity excess compared to Fe

Outer and inner core: 6-8% and 4-5% less dense than Fe

COSMOCHEMISTRY

Elements depleted in silicate Earth relative to chondrite meteorites
Volatile elements

14

Outer core
The core is considered to have ~5 % weight of Ni. (This fact did not affect significantly the density) 1

Conditions: - Lighter than Fe

-

- Capable of forming alloys with Fe (siderophiles)

134

Density (g cm™)

Innef core

| Inner core
|
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o 200 Pressure (GPa) 300
F e S S. O C H = Liquid Fe density for outer core pressure range  Seismic observations
32.07 === Solid Fe density for inner core pressure range ® PREM
55 85 * 28.09 16.00 12.01 1.01 (T 5= 5400K; blue curves =experiments, OEPOC
- black curves=theoretical calculations)

[21F, Birch (1952) J. Geophys. Res. 57, 227-286.
BIK. Hirose, B. Wood, L. Vocadlo. (2021) ﬁ\lature Reviews]Earth 2, 645-658
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New HP-HT phase of Fe-Ni alloy

61 L. Dubrovinsky et al. (2007 316, 1880-1883
717. i, D. S. Scandolo (2025)—. 16, 7574

[B1D. Ikuta et al. (2021) Commun. Earth Environ. 2, 225

FeyoNiy 4

.

Body-Centered Cubic Iron-Nickel
Alloy in Earth’s Core
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Article https://doi.org/10.1038/541467-025-62666-1

Short-range order stabilizes a cubic iron alloy
in Earth’s inner core
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Data from:
BIK. Hirose, B. Wood, L. Vocadlo. (2021) Nature Reviews|Earth 2, 645—658
[B1G. Morard et al. (2013) Earth Planet Sci. Lett. 373, 169-178

Liquid iron alloys at HP and HT

[10] D, Santamaria-Perez, R. Boehler (2008) Earth Planet Sci. Lett. 265, 743-747

14 i (111D, Huang et al. (2026)[Nature Commun. |16, 7574
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Composition of the Earth’s core

GRAVITATIONAL FIELD

* Earth’s moment of inertia

Liquid outer core

/

% weight

o

~85-90 %

Fe

55.85

~90-93 %

SEISMIC DATA

Outer and inner core: 6-8% and 4-5% less dense than Fe

4-5 % P-wave velocity excess compared to Fe

COSMOCHEMISTRY

* Elements depleted in silicate Earth relative to chondrite meteorites
* Volatile elements

T ocs = 5400 — 6300 K

Teys = 4100 — 4300 K

~5 %
Ni

58.69

~5 %

~1.7 %
S

32.07

~0-1.1 %

~0-4 % ~0.8-5.3 % ~0.2 % ~0-0.3 %
Si 0O C H
28.09 16.00 12.01 1.01

~0-2.3 % ~0-0.1 % ~0-1.3 % ~0-0.2 %

~

J

Solid inner core

BIK. Hirose, B. Wood, L. Vocadlo. (2021) ﬁ\lature Reviews]Earth 2, 645-658
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Upper to intermediate mantle

Exp.[12]
14.2 GPa
1600 K

D>

- Spinel: ringwoodite, wadsleyite

(Mg, Fe), )% }sit % 0lo,]

(Mgl I:e)55i3012

Z5

- Olivine: fayalite
(Mg, Fe),){T}sit4l % 0lo,]

- Garnet: skiagite

(Mg, Fe),8)(Mg, Fe),E1{* }[Si ! [o; 0J012]

- Piroxene: enstatite, ferrosilite

(Mg, Fe),s1{1_}{si, %:2l0,]

(1217, Katsura et al. (2004) J. Geophys. Res. Solid Earth 109: B02209
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Intermediate to lower mantle

Exp.[3]
23 GPa
1600-2100 K

(I E—

+ Periclase, magnesiowustite

(Mg, Fe)O
Mg
Si b
i
0
Spinel: ringwoodite, wadsleyite Perovskite
(Mg, Fe),le){% }[si4lo:0lo, ] (Mg, Fe)23_}{sit!1:6l0,]

[1317, Katsura et al. (2003) Phys. Earth Planet. Inter. 136: 11-24
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Lower mantle to D” layer

Exp.[4]
> 125 GPa
> 2500 K

i)

Post-perovskite

(Mg, Fe)i8l{2_}[silell1-z:4]0,]

Perovskite

(Mg, Fe)l{3_}[silell1:6l0,]

[141 M. Murakami et al. (2004) 04: 855-858
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Silicate-carbonate cycle / Deep carbon cycle

Carbon Hegulation
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_- Shelf: major area of Mid-ocean ridge
lirmestane deposition

Cceanic plate (basalt)

Some carbonate rocks
are preserved by overiying
sediments and subducted

WEATHERING

e Carbonic acid reacts with silicate
minerals = CARBONATES

WATER CYCLE

* |nterconnection

CLIMATE STABILIZATION

* Geological Eras

METAMORPHISM REACTIONS
/ VULCANISM

* Formation of silicates + CO,

CARBON RESERVOIR
* (Carbonates at great depths
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Phase behavior and polymorphism (Example 1: Barytocalcite, BaCa(CO,),)
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Phase behavior and polymorphism_ (Example 2: Nesquehonite, MgCO;-3H,0)
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(171D, Santamaria-Perez et al. (2024) Cryst. Growth Des. 24, 1159. [181 B.D. Botan-Neto et al. (2024) Inorg. Chem. 63. 12, 15762.
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Diamond formation

How Are Diamonds Formed
Geologyln.com
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Earth mantle

Experimental results

Self-redox of ferromagnesian carbonate

- Reduction of carbon

- Pressures and temperatures to
cross the graphite-diamond
transition boundary

(P>25GPayT>800°C)

[131M. Chen et al. (2018) PNAS, 115, 2676
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Silicate-carbonate phases at extreme conditions

Ca,Si(CO,),

.
A

Tilleyite Cag(Si,0,)(CO,), Gl_’ b

,_._.._\

: ““

— \ :-P 1\--—"" kk
:““ ] N
= a Qw
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T =2600 K - ‘g
, ec

[201 D, Santamaria-Perez et al. (2019) Sci. Rep. 9, 7898.
(211 B.D. Botan-Neto, et al (2026) Angew. Chem. Int. Ed. 65, €24999
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Metallization of hydrogen by shock compression

' 10
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[ZIN.W. Ashcroft (1968) Phys. Rev. Lett. 21, 1748 Prassum, megabars

MW.J. Nellis, S.T. Weir, A.C. Mitchell (1996)(Science 273, 936
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Phase diagram and Equation of state of H, and D, from X-ray diffraction

o 300{ T
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XIP, Loubeyre, et al. (1996) Nature|383, 702
XIH.K. Mao, R. Hemley (1994) Rev. Modern Phys. 66, 671
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Conclusions

v High-pressure and high-temperature techniques make it possible to reproduce the thermodynamic
conditions of the Earth's geotherm and those of other planetary bodies, while simultaneously enabling the
in situ characterization of representative samples. This approach vyields key insights into the structure,

composition, and evolution of planets.

The results both complement and are constrained by evidence from other disciplines, including seismology,

gravitational modelling, and heat-transfer studies.

v’ Despite remarkable progress over recent decades, much remains to be discovered about the Earth's interior.

Numerous fundamental questions are still unresolved, offering exciting opportunities for future research.
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