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Plate tectonic theory in 1965
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Figure 14. Tectonic chart of the world.
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How big is Africa, really?
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Plate tectonics as a kinematic theory
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relative to block 1 must be a rotation about some Fig. 1. The circuit and its vector diagram show how a ridge and a

pole. All faults on the boundary between 1 and 2 trench can meet to form a transform fault.

must be small circles concentric about the pole A.

Morgan, JGR 1968 McKenzie, Nature 1967



Plate tectonics controls heat flow
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The solid mantle is a fluid
(on long timescales)

(Solid ice is a fluid too)




|Isoviscous thermal convection far above critical Ra

courtesy of S. Labrosse, ENS Lyon
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Plate tectonics controls sea-floor volcanism

Mid-ocean ridges:
80% of volcanism
| half of Earth surface
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Continental piate

Force

Oceanic plate
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Internal heating + T-dependent viscosity + Plastic yield stress = Plate Tectonics
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Grigne, Labrosse & Tackley 2005

& ‘broad plates with narrow boundaries ® ‘physical basis(es) for yield stress

passive divergent boundaries (MORs) -chemical heterogeneity

active convergent boundaries (SZs) -continents and continental rifting
*one-sided subduction
-strike-slip (poloidal) motion
‘role of magma in mechanics



Force of slab pull — simple estimate

. \ mantle J/j;

hot mantle asthenosphere

H ~ 500 km

F ~ (Ap)gLH N
~ po(AT)gLH L 100
~ poa(Trm /2)gLH
~ 3 x 10" N/m = 30 TN/m

T




Slab pull and plate speed — simple estimate

Newton’s 2nd law: FD —|— FR ~ O

= v = poal'gLH/12n
~ 10 cm/yr
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Force within lithosphere causing rifting

0 A 2 .3 A
g) Slow rifting ) Maximum stress load a) 25 onds® onasZones® T opas’

pn

100~

-1

¥

sk —

o) ~ - N
o &) o O,
] ] 1 ]

N
&)
]

Divergence velocity [mm

0
-150 -100 =00 0 50 100
300 A

250 A m
F > 15 TN/m

(300 MPa x 50 km thick lithosphere)

190
0) Stress adjustment
— 100 i
50 -

\ 0 1 1 1 1
\ -150 -100 -30 0 50 100

n) Stress drop

200 A

Stress [MPa]

1 102! 1022 1023 1024 1025 1026 0 200 400 600 Time [Myr]
— 100 -
R Viscosity [Pa - s] Stress [MPa]

Ulrova, Brune & Williams GRL 2018



What is happening here in Africa?
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Candidate forces for rifting continents

GPE gradient
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What is happening here in Africa?
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What is happening here in Africa?

Velocity anomaly (%)
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Boyce et al, G3 2021 Tsekhmistrenko et al, Nature Geoscience 2021



Basal traction force (from mantle convection)

Basal traction

F < 3 MPa x 1000 km = 3 x 10** N/m

typical plate
convective application
stress length

4- T




Dynamic topography

Fbuoyancy + Fviscous — L'weight — 0
/*\ =

mantle
plume

T(x,z) =T, + AT cos (kz) exp (kz)

AT
Ah = S'Z(ka cos (kx)




GPE gradient force (~same as ridge push force)

p1g(L+h)*  pogL?

i ! Force per length: F = AGPE =
{ \‘ ¥ Xh P J 2 2
s pogLh
hot :: i =
| | L
vertical avg. density: /01 < [-)-0

For an upper bound:
Pratt isostasy: p1(L + h) = poL PP

A(x) h =1km, L = 150 km, p = 3000 kg/m"
Potential energy: GPE(zx) = / p(z)gzdz

L F <5 x 102 N/m

Observation: rifting can occur at driving force less than ~5 TN/m



Rifting by frictional slip on faults
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Using plasticity to represent faults

viscous dashpot representing creep deformation

extends at arate o« F

Mode 11

"

frictional slider representing fracture and fault slip
extends if £ > Ferit

[



Faulting & frictional slip modelled as plastic deformation

70.7 Myr Brittle Strain and Total Strain—Rate
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Naliboff et al Nature Comms 2017


https://www.youtube.com/watch?v=kkOqCLoF-Fw

Consequences of preexisting plastic damage variations (“inheritance’)
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Influence of orogenic collision inheritance (Mid-Norwegian margin)

Structure, strain, strain-rate Viscosity
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Magma reduces the stress required for rifting

0O km 100
\\ —l—-
with melt crust
melt intrusion mantle
=5 (e.g. dyke)

Assume zero cohesion (fracture toughness)
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Pf ~ Pec < Pm Buoyant magma
Buck 2006



Magma reduces the stress required for rifting
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Fluid-driven fracture (e.g., hydrofracture)
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Davis et al JFM 2023



Using plasticity to represent dikes?

T dashpot representing creep deformation

— | ﬂ extends at a rate o< [
‘ mel'z éﬁ;ﬁ;ﬁg)a{ mantle ’
g
i spring representing elastic deformation
extends by an amount o< £
Mode 1
slider representing fracture and frictional slip
%/ | ? extends if £° > Ferit
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A poro-viscoelastic —viscoplastic model of diking, faulting & rifting

Rheological model:

3 cases:

104! Pa s
_ 20

Nk =4 10" Pa s

10'° Pa s
(@) Vviscous elastic viscoplastic
Plastic failure envelope: free surface
Model set-up:

extension

Li et al GJI 2023
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A poro-viscoelastic—viscoplastic model of diking, faulting & rifting

logip(Shear strain rates [s—l])
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Li et al., GJI, 2023
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A poro-viscoelastic—viscoplastic model of diking, faulting & rifting
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A poro-viscoelastic—viscoplastic model of diking, faulting & rifting
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Extensional force, normalised

1.00-

0.75-

0.25

0.00

The force for magmatic rifting

f . i . (
—— Magmatic, n™ = 10" Pas

| . )
—— Magmatic, n® = 10% Pas

Magmatic, n® = 10°! Pas

. . ré (
-==- Tectonic, n"* = 10" Pas

—=— No plastic failure

0

40

|

30

120 160
t [kyr]

200

Li et al GJI 2023



+

Jess Main Ethiopian Rift g

- - , , k-
. V'- : : ) " /

4

~ Map legend:

~ Woniji
aternary

" "t .)
‘ SRR |c tre
- (C 3 Caldera

\_,ke-

Vo
t_' ’-.
=) g §
7 oy
L&

canics

0

- _"boundary (major)
_—"boundary (minor) |

% 3

.

‘.
| —

Faults | |

:'J‘

o

- /‘

20km

b)

Woniji
fsegments
|

WFB-Deformation stage

Magmatic
d) P )s_egmenrs
T L
/2 ¥/ / &= o)
SV A g
, 7]
' Q
©
5
! ]
=
oM
L
_ =

Ebinger 2005, Corti 2009, Boccaletti et al 1998, Casey et al 2006



Summary and questions

Earth is a thermal engine that converts heat
(radiogenic, primordial) into work by convection.

Plate tectonics is the surface expression of mantle
convection.

Continents rift under the convective forces of slab
pull, topographic/GPE gradients, and basal drag.

Tectonic forces are of order 10 TN/m.

Why do rocks yield and what do they remember of
past yielding? What is mechanical role of magma at
rifts and mid-ocean ridges”? How do faults and dikes
interact mechanically?




