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Ot order scaling
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Ot order scaling

Mass ... M ~ 6x10%* kg

Radius ... R ~ 6400 km

= Average material density ... p = 5600 kg/m?*

Acceleration of gravity: g(r) = G m(r) / r?
Assume uniform sphere: g(r) =4/3m G pr

G(R) = 10 m/s?

P(r) =Py - 2/3m G p7r?
>(R) = Py — 178 GPa

Atmospheric pressure

Pressure: dP=pgdz=-p gdr /

(100 GPa = 1,000,000 x 0.1 MPa)



Earth: Cross Section

Layered structure




SpherlcaHy symmetric Earth model

“PREM”: Dziewonski & Anderson (1981):

“Preliminary Reference Earth Model”
Phys. Earth Planet. Int. 25, doi:10.1016/0031-9201(81)90046-7

Crust: silicate rock of lower density
Acceleration of gravity g Pressure P
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http://dx.doi.org/10.1016/0031-9201(81)90046-7
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http://dx.doi.org/10.1038/46696

Scientific drilling
e Kola Superdeep Borehole
12.262 km deep J U
| ?Kola Superdeep Borehole

Norwegian Sea

7N compare with Earth radius |
Fa B ~6371 km | A

L Finland /
Norway/’
United  Dernmark Q70 e
Kingdom —\-Belarus'.

[ Poland )

o

. g'ém\any‘ :
9 Q /" Ukraine 7~

Aoietrial

THE DEEPEST HOLE



Study of (deep) Earth

Observations and sample Measurement and analysis of
collections possible at surface gravity field

Study of earthquakes and e Numerical modeling of dynamic
propagation of seismic waves s flow in the interior

Experiments in minerals at high N Geochemical analyses of Earth and
pressure and temperature meteorite samples

First principles (“ab initio”) Fluid mechanics experiments in
calculations of material properties laboratory

Detection of geoneutrinos,
‘particle geoscience”




Seismicity of the Earth
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http://marc.fournier.free.free.fr/enseignement/world_seismicity_map.jpg

Clues toward plate tectonics hypothesis

* Apparent wander of geomagnetic pole
* Continental drift

* Mapping of ocean floor ~1950’s
 Mid-oceanic ridges (MOR)

e Pattern of magnetic anomalies at MOR

* Depth of ocean floor



Apparent polar wander
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Vine 1966 Science

Vine—Matthews—Morley hypothesis
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http://en.wikipedia.org/wiki/File:East_Pacific_Rise_seafloor_magnetic_profile_-_observed_vs_calculated.png
http://dx.doi.org/10.1126/science.154.3755.1405
http://commons.wikimedia.org/wiki/File:Oceanic.Stripe.Magnetic.Anomalies.Scheme.svg

Surface heat flux of the Earth
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Jaupart et al. 2015 in Treatise on Geophysics


http://dx.doi.org/10.1016/B978-0-444-53802-4.00126-3

Sea floor age
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Wessel & Muller 2015 in Treatise on Geophysics


http://dx.doi.org/10.1016/B978-0-444-53802-4.00111-1
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http://commons.wikimedia.org/wiki/File:Tectonic_plates_for_HKDSE_Geog.svg

GPS measured plate velocities
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https://commons.wikimedia.org/wiki/File:Global_plate_motion.jpg
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http://dx.doi.org/10.1111/j.1365-246X.2006.02990.x
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http://commons.wikimedia.org/wiki/File:Tectonic_plate_boundaries.png

Plate tectonics & Mantle convection

Convection
IN the mantle

Convection
IN the outer core




What powers the dynamics

* Earth’s cooling

* Energy sources: long-lived radioactivity
o 238|J 232Th 40K

* how much radiogenic heat”

* how spatially distributed?



Thermal convection

Hot, less dense
water rises

viscous fluid

Water cools,
E:-;;,:K:m\ () ( ) heated from below / cooled from top
s k< /] temperature-dependent densit
B 9 9 y
2 A

[James Imamura]



http://hendrix2.uoregon.edu/~imamura/102/section3/chapter16.html

Mantle: solid-state convection

Most of the mantle is solid, i.e., below melting temperature

lce behaves like solid at short time scale ...flows at much longer time scale

=

Viscosity In Pa s

water 10-3

honey 101

ice 1010
Earth’s mantle 10217 Pa s » at time scales » 108 years,

fluid-like behavior



Equations for viscous
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Equations for incompressible viscous fluid

Mass V-v=0
ov 5
Momentum P\ 57 +v-Vv|=-VP+nVv+pg
oT Q
- — * VT VQT IF Joseph Boussinesq
Energy 5 v + K O =

Boussinesq approximation:
Only consider density variations in the buoyancy term

Ap = —paAT (EOS) S Yl Do

Born 13 March 1842

Also uniform viscosity, thermal conductivity

Died 18 February 1929 (aged 86)



Modes of heat transter
Rayleigh number
Onset of convection
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Modes of heat transter

cold
%—f = —v-VT + xkV*T - g
d advection conduction pp
hot !
d2
1. Conduction time scale Te = " k
K = ——
pCh
. | d
2. Advection time scale T, = —
(V)

, T vd
3.%@ < = —  ~104... mantle




Rayleigh number

Buoyancy f» balanced by viscous drag Fq

Buoyancy F; = 6mnud Stokes’ law
4 3
Fy, = ApgV = —md” paATg
AT — Ap 3
9 2
\d % VD = paAng The Lord Rayleigh
9 1
3
Viscous drag E — U_d ~ paAng —
Ty K KT

e |ow Ha ... no convection
 high Ra ... convection




Onset of convection

The diffusive solution is a valid solution to the equations of thermal convection.

V- v=0
cold

—VP +V? — Ra(T —Tyle, =0

oT
— . VT = VT
5 +v-V V

hot

(non-dimensional form)

Look for another solution in the form: T = Ty(z) + 0(t) sin(wz) sin(7x)
k’Ra

0= — (K> 4+ 746
(k? 4 7w2)2 (R +7)
Convection develops if perturbation grows in time (expression in brackets > 0):
Ra > Ras = 12
.. 0 27 4
Minimum Ras at k= — or A= 2\/5, Ra. = —m™ =~ 657
V2 4

Mantle Ra = 108



Critical Rayleigh number
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Size of the convection cell /k

Ricard 2015 in Treatise on Geophysics



http://dx.doi.org/10.1016/B978-0-444-53802-4.00127-5

Convection cells

Ricard 2015 in Treatise on Geophysics


http://dx.doi.org/10.1016/B978-0-444-53802-4.00127-5

cold

Convection cell

cold thermal boundary layer

—

downwelling

. —

/F(_)trthermal boundary layer

hot jupwelling

horizontally averaged temperature

conductive heat transport

Isothermal,
advdctive heat transport

conductive heat transport




Adiabatic temperature gradient

05 0S

dS(T,P)= —| dI'+ —| dP =0
y LP) =57 4T+ 5p| . \
Entropy assume adiabatic
or|  oT 8_T ~adyg
oP|,  pC, O 0zl G,




Internal vs. basal heating

e thermal boundary layers

e upwellings, downwellings

Temperatyre ® convection cells

: no internal heating
S s i R B R A Y k

b) COLD Temperatyre
\ ( el "e““"g\ ( ' no basal heating
Yo 2 e / v

INSULATING

(c) COLD Temperature
Interna Bheati ng\ ( 3 !
¥ '._5‘ 3

mixed heating




Temperature (K)

temperature vs. depth

Geotherm
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Pressure (Gpa)

Phase transitions
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http://www.apple.com

Anchor points for geotherm
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Wikimedia



http://commons.wikimedia.org/wiki/File:Tectonic_plate_boundaries.png

Hot spots: Hawall
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Deep mantle

Layering, chemical reservoirs in the mantle?

A) Shear-wave tomography B) Thermochemical Piles

| —————

G A" S
]

Chemical reservoir enriched
in heat-producing elements”?

Lassak et al. 2010



http://dx.doi.org/10.1016/j.epsl.2009.11.012
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Increasing the Rayleigh number

1.00057
.

Ricard 2015 in Treatise on Geophysics


http://dx.doi.org/10.1016/B978-0-444-53802-4.00127-5

Numerical modeling of mantle convection

Thermal convection:
hot material rises
cold material sinks

Solving equations of
conservation laws

#Teplota numerically

273K 3000K
0 Myr B 1

from Hana Cizkova



