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DO WE HAVE PLATE TECTONICS ON
OTHER PLANETS
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A CHAOTIC BEHAVIOR ?
A STABLE SITUATION ?

late tectonics is presumed to be a necessary condition for a temperate climate,
by the carbon buffer and negative feedbacks associated with resurfacing and

mineral exposure, erosion, weathering, and volcanism



Potentially Habitable Exoplanets

Ranked by Distance from Earth (light years)
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This is a list of the exoplanets that are more likely to have a rocky composition and maintain surface liquid water
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CREDIT: PHL @ UPR Arecibc (phlupr.edu) Oct 5, 2020

(i.e. 0.5 < Planet Radius < 1.5 Earth radii or 0.1 < Planet Minimum Mass < 5 Earth masses).
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COLTICE, ROLF ET AL.
2012

5000C0

GEOPHYSICISTS ARE ABLE TO GENERATE PLATES IN NUMERICAL
MODELS.

TACKLEY; 1998, 2000; STEIN ET AL., 2004...



WHY DO WE HAVE PLATES ?



BECAUSE OF THE SPECIAL PROPERTIES OF ROCKS...
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... | HAT EXIST BECAUSE OF PLATE TECTONICS



No convection

Earth-like regime
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WHAT AMPLITUDE OF VISCOSITY VARIATIONS
ARE NEEDED TO EXPLAIN PLATE BOUNDARIES ?

AT LEAST 3 ORDERS OF
MAGNITUDE IN VISCOSITY VARIATIONS
ARE NEEDED TO LOCALISE
PLATE DEFORMATION



THE LITHOSPHERE CONTROLS PLATE TECTONICS

Differential stress (MPa)
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POSSIBLE EFFECTS LEADING TO LOCALISATION

-TEMPERATURE
-SURFACE TEMPERATURE
-NON LINEAR RHEOLOGY

-COMPOSITION

-WATER
~-ANISOTROPY
-GRAIN-SIZE



LOCALISATION BY SHEAR

Heat Flux (mw/m?)
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LOCALISATION CONTROLLED BY

NON LINEAR RHEOLOGY
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THE RHEOLOGY USED IN NUMERICAL CODES AND THAT OBSERVE
AT LABORATORY SCALE ARE INCOMPATIBLE.
WHAT HAPPENS ON A HOTTER/COLDER/WETTER/DRYER PLANET?




WHAT RHEOLOGY FOR THE MANTLE?

MOSTLY DIFFUSION VS. DISLOCATION
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DIFFUSION é‘\‘

INDIVIDUAL MOTION Vacancy Diffusion
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Interstitial Diffusion
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DISLOCATION =
COLLECTIVE MOTION




Dislo. Creep (= B[n_lo'

Diff. Creep i B AT

Mixt. Creep § aie (AR_m e BIn_l)J
GBS. Creep = CR_m]n_la

Without knowing the average grain

size, we do not know much... /¢ ¢

7~ N\
For a fixed grainsize, none of these

expressions leads to plate tectonics...
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Sheart Stress (MPa)
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A VERY WEIRD FLUID!

MINERALS ARE MADE OF
GRAINS

FOAM IS MADE WITH
BUBBLES
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BUBBLES... GRAINS...
BOTH INVOLVE
SURFACE
ENERGY/TENSION
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EVOLUTION OF AN ENSEMBLE OF GRAINS
WITH SURFACE ENERGY

SURFACE OF GRAINS
PER UNIT VOLUME
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SURFACE
TENSION

WITHOUT DEFORMATION, THE SURFACE OF
GRAINS PER UNIT VOLUME MUST DECREASES (WHICH
INCREASES THE TEMPERATURE)



2 BUBBLES 1 BUBBLE

 DECREASE OF SURFACE ENERGY PER UNIT VOLUME
SPONTANEOUS EVOLUTION

2 GRAINS 1 GRAIN



Diffusion
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MORE SURFACE/VOLUME
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IF ALL GRAINS ARE SPHERES (?7)
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dR Jiar
E:M R M=MOBILITY

BIG GRAINS GROW, SMALL GRAINS SHRINK
dR G
FROM THIS WE CAN DEDUCE — = ——;
dt PR
AND THE GRAIN SIZE
DISTRIBUTION IS « SELF SIMILAR »

A
NUMBER

OF GRAINS
OF SIZE R
DIVIDED
BY THE TOTAL
NUMBER OF
GRAINS

R/R(t)
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MOST OF THE GRAINS SHRINK
(SO THAT SOME CAN GROW)

A GRAIN SMALLER THAN
AVERAGE SHRINKS,

A LARGE ONE GROWS...
BUT THIS CHANGES THE
AVERAGE CURVATURE... UNTIL
ONLY ONE GRAIN REMAINS

«UN PROPRIETAIRE PEUT AUGMENTER LE LOYER
DE SON LOCATAIRE SI CE LOYER EST AU DESSOUS
DE LA MOYENNE DES PRIX PRATIQUES»



BUT GRAINS ARE NOT SPHERES

ASSUMING THEY ARE 2D POLYGONS

GRAIN1 GRAINZ2 GRAIN1 GRAINZ2 GRAIN1 GRAINZ2
GRAIN3 GRAIN3 GRAIN3

IT’S LIKE FORCES MOVING THE VERTICES



(ARBITRARY COLORS)




First test :

one
octogonal
grain
embedded in a
large garin

It shrinks

the radial velocity
when R=0.05 is
1/R=20
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Second test

one
octogonal
grain+8 big grains

It coarsens

...and the surface energy is continuously decreasing

...faceted grains do not behave like bubbles...



BUT FROM OLIVINE EXPERIMENTS (EG KARATO)
THE GRAIN GROWTH SEEMS MUCH TOO FAST
FOR GEOLOGICAL TIMES

THE MANTLE IS NOT MADE OF A SINGLE PHASE !
THE ZENER PINNING !



CORSENING MORE DIFFICULT

INCREASING THE SURFACE OF THE GREEN GRAIN
WOULD INCREASE AND NOT DECREASE ITS
SURFACE/VOLUME RATIO



THE EFFECT OF A SECOND PHASE IS KNOW
IN METALLURGY AS ZENER PINNING

HIRAGA ET AL., 2010



MEANINGFULL COLORS
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INTERPHASE CURVATURE
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BUT ALL THAT WAS WITHOUT APPLIED
STRESSES
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UNDER DEFORMATIO

FORMATION OF SUBGRAINS/GRAIN FRACTURES/
RECYSTALLIZATION...



WE CHOOSE

Partitioning Parameter f

dR
dt
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AT LITHOSPHERIC TEMPERATURE
ABOUT 1%-0.1% OF THE INPUT
POWER IS NOT DISSIPATED AS HEAT
BUT CONVERTED INTO SURFACE ENERGY
REDUCING GRAIN SIZE
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THE DEFORMATION MIXES THE PHASES
(RAISONNABLE BUT GUESSED)



CORSENING MORE DIFFICULT

RECRYSTALLIZATION EASIER



A MECHANISM TO LOCALIZE DEFO

DEFORMATION MIXES THE DIFFERENT
STIRS THE INTERPHASE BOUN

THIS INCREASES THE PINNING OB
AND MAINTAINS THE GRAINS INTO A
SIZE DEPENDENT RHEOLOGY OVER G
TIMES
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EARTH : PLATE TECTONICS
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DAMAGE TIME < CONVECTION TIME = HEALING TIM'

VENUS : No PLATE TECTONICS



PHASE INTERACTION MAY PRO
LOCALIZATION AND LONG TER
NECESSARY FOR PLATE TEC

SIMPLE PHASE COARSENING LAW
PROBABLY NOT VERY USEFULL FO

RHEOLOGY MEASURED IN A LABORAT
GRAIN-SIZE EQUILIBRIU

TWO PHASE COARSENING EXPERI
NEEDED!!



POSSIBLE EFFECTS LEADING TO LOCALISATION

-TEMPERATURE
-SURFACE TEMPERATURE
-NON LINEAR RHEOLOGY

-COMPOSITION

-WATER
~-ANISOTROPY
-GRAIN-SIZE



