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‘Draw / write whatever comes ﬁ’rst to your mind when you think about :

« Plate tectonics »




A SMALL SUMMARY OF THE LECTURE

A bit of history...

The theory of plate tectonics and its limitations

What drives plate tectonics?

How to create new plates and plate boundaries?




A BIT OF HISTORY

- Before 1930, geologists already had a good knowledge of:

+ Geological mapping
 The geometry of geological units

* Paleontology

« Geophysics (gravimetry, seismology, fluid




A BIT OF HISTORY

* Theory of the thermal coniraction of the Earth (<1930)

Eduard Suess (1831-1914), “les bassins
océaniques sont des aires d’affaissement,
[...] reproduisant les affaissements que
nous avons reconnus dans l'intérieur des
continents.”

Cooling of the Earth’s interior
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Geology school book, 9th grade (4eme), V. BOULET, 1925



A BIT OF HISTORY

- Some intriguing observations... Nappes with different ages and nature
dansin mountains explained by important

lateral motions

Correspondance of the shapes of Africa and
SOUTh—AmeriCO Bassin ?e Créte du Bassin de
NAMUR CONDROZ DINANT : Houiller

: Calcaire Carbonifére
: Dévonien
: Gédinnien

Tectonic deformation confined within
“geosynclines” and continental bridges to

'’

L Faille de la limite Sud

explain the coexistence of fauna-flora on iy ChLPal de o limite Sud

Bassins
TRCran de Retour
Coupe du Prolongement du Bassin dans le PAS de CALAIS
d’aprés ). GOSSELET
L.BRETON, Ann, S,G.N,1876,Mémoire AUCHY AU BOIS

Marcel Bertrand, 1884

separate continents

_

1 SNIDER'S RECONSTRUCTION OF 1858

This was the first diagram of the fit made to explain the
similarities of 300-million-year-old fossils in the coal deposits
of Europe and North America.

Snider-Pellegrini, 1858 |Countindnt
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A BIT OF HISTORY

 From continental drift...

Alfred Wegener (1880-1930)
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Alfred Wegener, 1915-1924



A BIT OF HISTORY

From continental drift...
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Oceanic rocks are different from continental rocks.
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The centrifugal force (linked to Earth’s rotation) would
induce a drift of continents towards the equator and
the combined action of the Earth’s rotation and the
tidal force would induce a drift of continents toward

the West.



A BIT OF HISTORY

« ... to the theory of plate tectonics

Tuzo Wilson (1908-1993)

Marie Tharp (1920-2006)
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A BIT

OF HISTORY

to the theory of plate tectonics
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THE PLATE TECTONICS' THEORY TODAY
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What are the mamfesmtions of y[ate tectonics?



SOME EXAMPLES OF EVIDENCE OF PLATE TECTONICS

Surface topography




SOME EXAMPLES OF EVIDENCE OF PLATE TECTONICS

World seismicity
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ONE EXAMPLE OF APPLICATION OF THE THEORY

410 Ma

Matthews et al., 2016




What are the l[imitations qf the
theory of plate tectonics?




WHERE ARE THE PLATE BOUNDARIES?

lefuse boundarles on conhnents
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WHERE ARE THE PLATE BOUNDARIES?

Dlﬁuse boundarles in ocedans
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WHERE ARE THE PLATE BOUNDARIES?

- e e % K 5k Bird,, 2003
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RECONSTRUCTING PAST PLATE TECTONIC MOTIONS

Tetley et al., 2019
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Matthews et al., 2016



RECONSTRUCTING PAST PLATE TECTONIC MOTIONS

Comparison of 3 models of fectonic recontructions of the position of continents 780 Ma ago

Tetley et al., 2019



410 Ma

MOVING PLATES RELATIVE TO... WHAT?

f

Indian/Atlantic moving hotspot

r Spin axis . e
| | L Matthews et al., 2016

Africa

ey

East Antarctica North America

Australia Iberia Northern
European Craton




atthews et al., 2016

Van der Meer et al., 2010



MOVING PLATES RELATIVE TO... WHAT?

« Use of lower-mantle slab remnants?

~1000 km depth

Van der Meer et al., 2010

~1000 km depth

~800 km

Matthews et al., 2016

o
CAS L ~1000 km depth
!

~1500 km depth?

1200-2000 km

~1700 km depth

59,13
coc
o
~800 km depth

~1500 km depth

Goes et al., 2017



410 Ma

MOVING PLATES RELATIVE TO... WHAT?

* Fixed mantle plumes?

Matthews et al., 2016

@ 25 reconstructed large
igneous provinces,
15-297 Myr ago

\ . 0 1,395 kimberlites,
\ 2 27-320 Myr ago

i\ @® Active hotspots with a
\ deep plume origin

Torsvik et al., 2010

GPlates




410 Ma

MOVING PLATES RELATIVE TO... WHAT?

» Is everything moving?

Matthews et al., 2016

- -



410 Ma

 Is everything moving?

Matthews et al., 2016

Gérault et al., 2012

Net rotation?

S50 60 70 80 9 100 10 120
Time (Ma)

Tarduno et al., 2003

Moving plumes?



410 Ma

 Is everything moving?

w

Gérault et al., 2012
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Moving plumes? True Polar Wander?



MOVING PLATES RELATIVE TO... WHAT?

« “Geodynamic” optimization of plate tectonic reconstructions?

Not Optimized

Optimized (TM=0.5, NR=1)
Optimized (TM=1, NR=0.5) no HS |}
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WHAT ABOUT THE DRIVERS OF PLATE TECTONIC MOTIONS?




WHAT ABOUT THE DRIVERS OF PLATE TECTONIC MOTIONS?

North
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( | w Earh's axis
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Block diagram illustrating schematically the configurations and roles of the litho-
g the new global tectonies in which the
rows on lithosphere indicate relative
wents of adjoining blocks. Arrows in astheno e represent possible compensating flow
SoLG ponse to. downward movement ol segments of _ sphere. One are-fo-are transtorm fault
appears at left between oppo itely facing zones of convergence ( and ares), two ridge-to-

ridge transform faults along ocean ridge at center, '

asthenosphere, and mes

Copyright 1999 John Wiey and na. Al nghts reserved

Isacks et al., 1968




WHAT ABOUT THE DRIVERS OF PLATE TECTONIC MOTIONS?

' Exhumation
C(:Ir.ltllnental Slab S
collision tearing crustal rocks

ON (mm)

log viscosity, Pa s

23 24
LR T

40 60 80 100
POSITION (mm)

Crameri et al., 2012

View from the side
L = 65 sec.

/ Continental

Partial plate up-bending

100 120 140  16(
melting after slab break-off

POSITION (mm)
' View from the side
24.4 Myr

topography, km

80 100 120 140 16(

Davaille et al., 2017



What drives y(ate tectonics?

.




WHAT DRIVES MANTLE CONVECTION®

* Forces implied in mantle convection:

Viscous dissipation




THE ROLE(S) OF SUBDUCTION?

. Slab pull

Davies and Richards, 1992



THE ROLE(S) OF SUBDUCTION?

. Slab pull

Se——

. , Bendin [esisterce
Viscous shear reswtancev \ of the¥élab

of the plate
TO + AT

\ Slab-pull force |

Davies and Richards, 1992




THE ROLE(S) OF SUBDUCTION?

. Slab pull The Pacific Plate is for
@ example surrounded
by numerous
Trench length subduction zones

Proportion of plate boundaries being subductions (%)

Velocity (cm/yr)

Forsyth and Uyeda, 1975



THE INDIAN OCEAN BASIN

. Se
Lake Victoria}




Indian plate relative acceleration (> 15 cm/yr)

THE INDIAN OCEAN BASIN s

150 Ma

R N S S T — TP

Convergence rate (mm/year)

Pusok and Stegman, 2020
Réunion

Ay

Seton et al., 2012



THE INDIAN OCEAN BASIN

Continental area

Velocity (c

From Forsyth and Uyeda, 1975



Late Cretaceous

A= Oceanic crust
#~ Triassic igneous rocks

THE ROLE(S) OF SUBDUCTION?

« Slab pull and double-subduction o W . 7 o mtucn

Transform faul
7

.;"‘.‘

Central
Atlantic
Ocean

Dilek and Furnes, 2019

2

Réunion

tethys

/
Seton et al., 2012



THE ROLE(S) OF SUBDUCTION?

Ll T
L4

Aot

Slab pull and double-subduction

e T =

Intra-oceanic
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subduction ends east
and west of the Himalaya

Convergence rate (mm yr™1)

Arc collision

Van der Voo et al., 1999

Jagoutz et al., 2015




THE ROLE(S) OF SUBDUCTION?

 Problem: evidence of slab breakoff ?

Kov quartz diorite
porphyries
Adakitic volcanics,
Giimiishane area, NE Turkey

Adakitic granitoid porphyries,
Zigana area, NE Turkey

\% Vv tal,l ; : :
an der Voo et al., 1999 enriched lithospheric

mantle
Upwelling of
asthenosphere Slab break-off
Early Eocene (50 Ma)




THE ROLE(S) OF SUBDUCTION?

D 2015 M7.2)

* The Indian Plate: an anomaly?

Continental area

Velocity (cmyr™) From Forsyth and Uyeda, 1975




THE ROLE(S) OF SUBDUCTION?

A Slab Suction Only C Slab Pull Only (Upper Mantle Slabs)
Vavg =2.2Cmlyr Vavg = 3.1 cmiyr

B Observed Plate Velocities D Combined Slab Pull and Slab Suction
Vavg = 5.5 cmiyr : Vavg = 4.5 cmiyr

Velocity / Average Velocity

! ; L —
100 125 150 2.00 4.00 10.00

Conrad and Lithgow-Bertelloni, 2002




GRAVITATIONAL POTENTIAL ENERGY

Gosh et al., 2006

The effect of mountains

1.58e+14
1.57e+14
1.56e+14
1.55e+14
1.54e+14
1.53e+14
1.52e+14
1.51e+14

1.5e+14
1.49e+14
1.48e+14
1.47e+14
1.46e+14
1.45e+14
1.44e+14
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GRAVITATIONAL POTENTIAL ENERGY

« The effect of ridge push

Integral of

> Ridge
hydrostatic pressure

-
.
=2
—
=

1

Mantle

Turcotte and Schubert, 1982



GRAVITATIONAL POTENTIAL ENERGY

« Evolution of the focusing of ridge torque?
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A ROLE FOR MANTLE PLUMES®?

. Se
Lake Victoria}




A ROLE FOR MANTLE PLUMES®?

Plume push?

A Plume push-driven system

Depth (km)
|
)
[=]
=

2, Peak plume push | (Infﬁlx boundary condltlons)

3. (C[h]@[m@@ in force bal]@rm@@/@m]S@ﬁ of @ﬂ@un[.‘@l]@ S@b@@@ﬁﬁ@m - 9.08 Ma

0 1 OOO 2000 3000 4000 5000 60
Distance (km)

Pusok and Stegman, 2020

Convergence rate (mm/year)

Preexisting fractures

R e Oceanic subduction

~80 Ma

Eurasia

— Reunion plume
72-66 Ma

Intraoceanic .
subduction initiation Eurasia

Peak of Reunion plume
- — 66-63 Ma

Eurasia Waning of plume/

Onset of double subduction
63-62 Ma

Eurasia

w
o
1

Double subduction
P 62-50 Ma
Eurasia
~50 Ma

Eurasia
D e
~45 Ma




BACK TO PALEOMAG

"We propose that this circuit-wide
spike in divergence rates is best
explained as the artifact of a
magnetic reversal fime-scale error
around the much studied
Cretaceous- Tertiary boundary,
and that the period spanning
chrons C29-C28 lasted 70% longer
than currently assumed. ”

Perez-Diaz et al., 2021

(+) indicates spreading rate
increase with respect to B

(=) indicates spreading rate
decrease with respect to B

ANT

~ 68 Ma (before plume arrival) ~ 65 Ma (after plume arrival)



GOING GLOBAL
A conveyor belt?



c) Quadrupole

GOING GLOBAL...

« Surface plate velocities as an expression of degree 2
convection?

' African
pwelling

. : : 5x 10" N m™
basal traction : - slab pull force

Conrad et al., 2013




I o
Surface nterlorCOlﬂce et al., 2020



1 : collision zone

SLAB PULL VS MANTLE DRAG 2: back-arc bassin

3 : newly-formed subduction zone

Topography (m) Depth (km)

: 100
6000 I

[3000 (72
FO -50
- -3000 '

I-GOOO I
0

Temperature (K)
2500
%2000
EL1500
-1000

500

o ‘:'

Coltice et al., 2020



SLAB PULL VS MANTLE DRAG

Collision

* D = drag coefficient
D<0 => mantle drag dominates
D>0 => slab pull dominates

Ve et
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> A (s'{__.‘

7
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R MO :"#& \) ™~
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[}

o 1

g

-9000 -6000 —3000 0 3000 6000 9000
Topography (m)

Coltice et al., 2020



WHAT CONTROLS THE LITHOSPHERE-MANTLE COUPLING<

* Rheology, the clue? But also our big problem... (as often...)

Effective viscosity ne ff (P ) T; C; o, g S, W, m, QD

/ \. Phase transitions
Pressure
Grainsize




WHAT CONTROLS THE LITHOSPHERE-MANTLE COUPLING<

» Pressure gradients and shear stresses:

A) Couette flow B) Poiseuille flow C) Combined flow

(Couette and Poiseuille)

Vo= 7.5 cm/yr = Vo= 7.5 cm/yr
_— —

Tectonic plate

e AP/AL= 20 [Pa/m]

=== AP/AL= 10 [Pa/m]

Depth from base
of the plate [km]

[cm/yr] [cm/yr] [cm/yr]
Stotz et al., 2018

Barruol et al., 2019



WHAT CONTROLS THE LITHOSPHERE-MANTLE COUPLING<

Integration over time?

Barruol et al., 2019



How to initiate new syfate boundaries?

.




A MULTI-SCALE PROBLEM
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How to initiate new subductions?




SPONTANEOUS OR FORCED INITIATION?

How To Start A New Subduction Zone

INDUCED SPONTANEOUS

Transference Polarity Reversal  Passive Margin Transform Plume Head
Collapse Collapse Margin Collapse

% Nl oid —
Forearc \Plume Head
% ‘ \

Spreading
Forearc
Spreading
S = Suture <— = SubductingPlate T = Transform Fault
or Fracture Zone

Cenozoic Examples Miocene Solomon Arc Gibraltar Arc? Eocene Western Pacific ~ Cretaceous Caribbean
an Ocean (someday?)

Stern and Gerya, 2017

T W oo
0 10

P Wl Also, visit the SZI database: https://www.szidatabase.org/



MANTLE PLUMES AND SLAB INITIATION?

e NV
Greater Adria \‘ 92 Ma |
Emed | Onset SSZ spreading

~/
\ \IntravNeolethys

A\ trench-transform Neotethys

_Arabia \‘ Y systefn ‘ i

& “ .
Africa 96 Ma onset |

|
7 \ SSZ spreading
ay\ |
Eufer pole /

; India ( \

Mascarene-ift:
/\/‘

90°E  120°E

Lithosphere thickness (km)

Van Hinsbergen et al., 2021



MANTLE PLUMES AND SLAB INITIATION?

Eurasia

Eurasia
aurides

Africa

Indian Ocean abul
A

2
Muslim B.

Indian |Bel

Ocean

India-Seychelles
-Madagascar
India-Seychelles Y/

— India
-Madagascar ¢

7 -Seychelle

g
@
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@
S

d 7

Rodriguez et al., 2021




MANTLE PLUMES AND SLAB INITIATION?

Depth (km)

Plate motion Garfunkel, 2006

Velocity (cm/yr)

Subductions preluding
future obductions

0.2
1.0e-01

2.9e+03

2500
- 2000

— 1500

1000

Temperature (K)

* Plumes as the driver of Global
Plate Reorganization events?

-90° -60° -30° ° i —120° 60

Plate velocity (cm/yr) Elevation (m)

3000 6000

0.0 25 5.0 7.5 10.012.515.0 17.5 20.0 -9000 -6000 -3000 O



MANTLE PLUMES AND SLAB INITIATION?

* On other planets? Example of Venus

"niliiaaum;m,‘ E
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Mantle convection and smface topograp ﬁy

P




WHAT IS DYNAMIC TOPOGRAPHY?

Positive topography Negative topography




IMPORTANCE OF DYNAMIC TOPOGRAPHY

* Paleogeographic/paleotopographic reconstructions

Present-day 95 Ma ago

Spasojevic et al., 2009




IMPORTANCE OF DYNAMIC TOPOGRAPHY

* Paleogeographic/paleotopographic reconstructions

Longitude
30°E

Saudi Arabia

o
k]
2
©
=

Elevation
(ma.s.l)

4,790
2,500 L
' Ethiopian
. plume

\ K37 thiopia
L

Delta sediments
thickness (m)

Somalia

Faccenna et al., 2019



IMPORTANCE OF DYNAMIC TOPOGRAPHY

Past geoid and TPW:

EIGEN-CHAMPO03S

Geoid anomaly
Geoid anomaly

!@D

Geoid anomaly

-80 —70—60—50—40—30—é0—10 0 10 éO 30 40 50 60 70 80
Hauteur du géoide (m)

Static Earth Dynamic Earth Dynamic Earth
with uniform viscosity with layered viscosity

contribution from internal mass anomalies
contribution from surface deformation mass anomalies
total geoid anomaly from all mass anomalies

. Positive mass anomalies

. Negative mass anomalies



MODELS OF DYNAMIC TOPOGRAPHY

Flament et al., 2013

- 2000 -1600 -1200 - 800 - 400 0] 400 800 1200 1600 20[0]0)
Dynamic topography (km)



OBERVATION-BASED DYNAMIC TOPOGRAPHY
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Hoggard et al., 2016
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POWER SPECTRUM OF DYNAMIC TOPOGRAPHY

Wavelength (x 103 km)
3.08 2

Dynamic topography (km)

SIS il A0 Dynamic topography (other predictive studies)

— = Residual topography (Hoggard et al., 2016)

Hoggard et al., 2016

10 15 20 25 30
Spherical harmonic degree

Large-scale Intermediate-scale



POWER SPECTRUM OF DYNAMIC TOPOGRAPHY

Wavelength (x 103 km)
10 5 3.08 2

Dynamic topography (this study)
Dynamic topography (other predictive studies)
Residual topography (Hoggard et al., 2016)
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POWER SPECTRUM OF DYNAMIC TOPOGRAPHY

== |nstantaneous-flow simulation: no shallow structure
= |nstantaneous-flow simulation: with shallow structure
=== |nferred residual topography: as in e . -0.9 km|

1 1 i

il

Lithosphere , Lithosphere «; Lithosphere

) ) )

ol

Lol

I !

|
15 20 25
Degree, /

Original model Model based on ref. 2 Model based on ref. '

Davies et al., 2019 Flament, 2019

Yo be continued..




CONCLUSIONS

- Plat tectonics — convecting mantle interactions are extremely diverse...

 This is notably because plate tectonics is part of mantle convection.

- The forces driving plate tectonics are clearly identified, but their relative role in still a hot topic
* Processes leading to the formation of new plate tectonic boundaries are still debated

* There is still some room for improvement to fully-understand dynamic topography arising from
mantle convection

 Need to account for more observations and for the complexity of rheological processes



CONCLUSIONS

» Plat tectonics - convecting mantle interactions are exiremely diverse...

« This is notably because plate tectonics is part of mantle convection.

» The forces driving plate tectonics are clearly identified, but their relative role in still a hot topic
* Processes leading to the formation of new plate tectonic boundaries are still debated

* There is still some room for improvement to fully-understand dynamic topography arising from
mantle convection

 Need to account for more observations and for the complexity of rheological processes

> ‘Scientific debate” is a driver of new knowledge’
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> The key(s) probably reside(s) in mulli-disciplinary synergy
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