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Composite by D. Evans & Co.,
showing geological unit
compilation by D. Eglington,
seafloor age from Mueller et al. (2008), . )
SAVANI tomography by Auer et al. (2014) —— Dziewonski p|0t



reconstructed seafloor age hot temperature dense chemical
isosurface piles
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magnetic field
reconstructed seafloor age CMB heat flow strength (B (CMB))
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We know how
plate tectonics
WOrks

(~true, and often assumed)



Plate tectonics Is the
top boundary layer of
thermo-chemical convection

Symmetry of upwellings and downwellings of
Rayleigh-Taylor convection is broken by:

> temperature dependence of viscosity

> depth-dependent viscosity

> internal vs. bottom heating

> fractionation (e.g. continents and thermo-chemical piles)
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Plate driving forces:

Integrals over individual components of
thermo-chemical convection

GPE = gravitational potential energy

(2) Ridge push  (5) crustal thickening (GPE)




Lithospheric thickening
(AKA ridge push, oceanic GPE)
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Slab pull

(subducting thermal boundary layer)
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Force estimates from
half-space cooling

(hugely important reference model and
achievement of geodynamics)

 Ridge push (lithospheric thickening) ~ 10" N/m
 Slab pull ~ 10" N/m
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How does the mantle drive the plates at present?

Estimate from global circulation modeling

Observed & Predicted Plate Motions in NNR Reference Frame
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Plate boundaries
n e madtter...
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Why do we have

plate tectonics?

vidscolsity strong hot
and “plate” L temp
motions ﬂ il 0.942
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weak cold 2y

free-slip, global convection computation with temperature-dependent Foley & Becker (2009)

viscosity and yield stress, Ra > Ra__..

van Heck and Tackley (2008); Yoshida (2008); Foley and Becker (2009); Nakagawa et al. (2009); Coltice et al. (2013), Coltice et al. (2016)
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depth [km

Stochastic constraints:
Mantle tomography shows
long wavelength (/ ~ 2) structure

mantle power spectrum
from seismology (S20RTS)
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depth [km]

Convection models predict this heterogeneity

(because it has plates and those organize convection)

mantle power spectrum
from seismology (S20RTS)

mantle power spectrum in a
“plate-like” dynamic model
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We don't know how
plate tectonics
WOrKs
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Seafloor age distribution vs.
boundary Iayer Instability

....................

== age o from Muller et al. (2008)
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w
L I

AV
1 L | 1 1 L L L L L L

area per age o [km?/yr]

cf. Becker et al. (2009) (5 #-5TG, 5|0 o/ 160 i e 150 i f 20_0
Coltice et al. (2013)
seafloor age t [Myr]



Kinematic vs. dynamic models
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Geophysical constraints on
global mantle dynamics
(applied geodynamics)

Plate velocities
Topography
Geold

Seismic anisotropy



Plate velocities

(net rotation, relative plate motions, distribution of strain-rate, toroidal vs. poloidal; now and in past)

MORVEL-56 in SA reference frame V| [emiyr]




Helmholtz decomposition

Into irrotational (poloidal) and
divergence free (toroidal) fields
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Mueller et al.
(2016)

Time-evolution
of plate kinematic
diagnostics
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Surface topography
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actual topography

Note:

very uneven
coverage.
active source
best, RF next
best thing



actual topography
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actual topography

crustal thickness from CRUST1.0
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Note: Like oh so many
things, “model”, not “data”




Geaid ahamalies

geoid anomaly (m) (correc_ted {o]§
00 0 0 - - hydrostatic shape)




Potential field constraints
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Figure from Y. Ricard



How.do we build.a-deep
-arth density medel:




Upper mantle
slabs from

Wadati-Benioff
zones
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Mueller et al.
(2016)

Stokeslets link subduction
history to mantle structure
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Seismic tomography shows slabs
In lower mantle

smean @ 1200 km




SLABS (DEPTH 2000 KM, DEGREES 1-15)
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Mantle structure
as f(t)
from subduction

80 100 120 140

Ricard et al. (1993); Lithgow-Bertelloni & Richards (1998);
Steinberger (2000); Spasojevich et al. (2009); Steinberger and Torsvik (2010)
Steinberger et al. (2014); Bower et al. (2015)
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Correlation:

Advected slabs vs. tomography
stb00d vs. smean, {r,;)=0.21, {rg)=0.30
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Advected plumes vs. tomography
(Steinberger flow model conduits)

PMOVM VS, Smean, (rx,)=0.28, (r}=0.42
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Advected plumes vs. tomography
(Steinberger flow model conduits)

pmovm vs semucb-wmf1 (rzo) =0.24, (rg)=0.41
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Building a model of Input Slabs and plumes

Earth from slabs and
plumes
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Resolving power Anpitmodel | Qutput
of tomography

z = 500 km, output
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Note: can resolve structure up to ~15
in wave theoretical framework

Nataf & Ricard (1993); Megnin et al. (1997); Boschi (2003); Ritsema et al. (2007)




Inter tomography-model correlation
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Temperature derivative of V dInV /dT(1 0°K™)

Compositional derivative of Vg din Vg/dXge
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How to convert
tomography

to density
anomalies?

|. Take It from mineral
physics and

o) (¢
composition from..

Stixrude and Jeanloz (2009)
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Besides cratons and piles:

din p/dInv,=0.2
AT @ 1200 km —

- 100

* Use mineral physics to convert velocity into
temperature (density) anomalies






Mantle circulation

~ Treat mantle and lithosphere as a fluid
~ Infinite Prandtl number (no inertia) approximation
~ Navier-Stokes turns into Stokes equation

~ Instantaneous solution for given density and boundary conditions
~ Can solve in <~1 s for spherical Earth without lateral
viscosity variations (LVVSs)
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(conservation of momentum)
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AT Stokes sphere

N
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Asides:
> Aneedle, as opposed to sphere, will sink with 0.5..2 v,

> Pe # = ratio of diffusive to convective time scale =t/ t_
t =a*/x t =alv Ap = AToap,, then Pe — Ra(with a instead of L)

Stokes'!



Mantle circulation

~  Thermo-chemical heterogeneity
and complex rheologies make
things interesting

~ Finite element methods best
suited for lateral viscosity
variations (we can now solve all
of this, at < km resolution without
approximations)
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Mantle convection

~ Energy equation introduces time-dependence
~ Coupling between velocity and
temperature introduces non-linearity

» Can time reverse advection, but not diffusion

force balance
(conservation of momentum)
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Global circulation models

show that plate-motion induced shear cannot always be
guessed from surface motions

SHEAR STRESS AT BASE OF LITHOSPHERE
— Simple Drag
—=-= Flow Model



Let's fit the geold:
Static effect of slablet

sketch from M. Billen's MYRES talk



Combined static and dynamic
geoid effect of slablet

e

sketch from M. Billen's MYRES talk
cf. Hager & Richards (1984); Ricard (1984)




Kernels for homogeneous mantle

Geoid
Undulations

Viscosity
Profile
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Kernels for layered viscosity mantle
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Colli et al. (2016), sketch from M. Billen cf. Hager & Richards (1984); Ricard (1984)



Geold for tomography
driven flow

* |soviscous — free slip surface boundary condition

geoid prediction  __ .=

pll ;

BT
J & -., -~

Constant
dinp/dinv




Geold for tomography
driven flow

* Four layer model with viscosity increase In
lower mantle

geoid prediction

plle




“Airy” residual surface topography:
mainly due to half-space coollng

Non- |sostat|c reS|duaI _ [km]

0 20 40 60 80 100

age [Ma]

> the outstanding performance
of this geodynamic “model”
complicates attribution of
anomalous topography




Non half-space cooling residual
topography

-3000 -2000 -1000 O 1000 2000 30
topography [m]
Topography corrected for Airy isostasy, half-space cooling,
and lithospheric model (Steinberger, 2016)

00



Dynamic topography physics: “plume” case
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T L Ap this works remarkably well in most cases (A < L)



Dynamic topography physics: “plume” case
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Match of dynamic topography from mantle
flow models to surface residual topography
vith half-space conling

A o

& TN LeS%
) . ‘%&ﬁa * ? ‘(]" ji, ]‘J ol £

o

|

e p
ZAN. N
=7 |-1-31 A\

model T gE— r'd ratio=1.12
' — correlation=0.79

-3000 -2000 -1000 0 1000 2000 3000
topography [m]

—— thnut half-space cualin.

L@ 'é A
AT
P
LA

rati0=1 22 EM
correlation=0.57

Stelnberger (2016)



Isochemical, Ap =1

buoyancy

temperature

dynamic topography @ CMB
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Lassak et al. (2008)



Pilatania, Ap = 1
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Pilatania, Ap = 1,000
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VIscosity inversions are non-unigue
(Monte Carlo approach,
based on geoid and surface dyn. topo)

Family 1, .. =1.12 Family 2 1 - =115 Family 3, f . =117
in min i

100} w
Ty I
7O 3

depth, km

........

2600 .

-4 9 0 o
47% of 1048 solutions

Panasyuk & Hager (2000)



Combining post-glacial rebound (GIA) and geoid
(still need to close loop with ice models)

GIA inversion +
Notes: _
> geoid gives 1

relative n with depth

>GlA gives absolute . . = e
value D T
>“Haskell constraint” — *T i itinversion” |
is ~102! Pas for |
average down to |
~1200 km :TFWJ
(under cratons...) I

13 | f - T L '

Radius (km)

Mitrovica & Forte (2004)



Slab ponding diversity and
viscosity stratification In transition zone
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centerpoint depth [km]

Global, stochastic view:
Radial correlation functions
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Query data for discontinuity depth

relative variance reduction
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see Max Rudolph talk on Rudolph et al. (2015)



Adding a constraint: Predicting plate motions

Flow model with only radial viscosity variations

* No toroidal flow
without lateral
VISCOSIty
variations (no PT
coupling)

e Strain-rates not
very plate-like

Observed plate velocities in hot spot reference frame

B T

Sources and sinks Strike slip motion, spin

O'Connell et al. (1991); Ricard et al. (1991); Ribe (1993); Forte & Peltier (1993); Thoraval & Richards (1997); Moucha et al. (2008); Ghosh et al. (2009)



Rigid plate motions for
weak boundaries

T, :f dA r x o
plate

M
Lag=P - w= Z 1,
E.

Note: Can construct plate motion
interaction matrix P, for any
LVVs




Match to observed plate motions

* Velocity model

- Prescribe weak
plate boundaries

- Compute plate
drag coupling and
driving torques

- Solve for Euler
vectors for rigid
plates

» Correlations good,
but oceanic plates
move as fast as
continental ones

—_——

Observed plate motions

% =y b S ] =

Ricard & Vigny
(1989)



Adding edge forces to basal
7 shear from flow
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ESeasEsnasss s I
* ' =0 =04 = Szgrts
S wave models | | sb4l18
ngrand
041 00 € - 0600 0 o - A
| wave models | Im98d
ool oo e | stood
Ridge & Q<& % &L Slab }&“‘g@o >’ O Slab ¢
Q %u:éll pull ~ < suction
&
‘\,\SS\/

Becker & O'Connell (2001)



Slide courtesy of C. Lithgow-Bertelloni

Subducting Plate Motion

Direct Pull from Upper
Mantle Slabs

Which slabs must be detached to
produce the best fit to plate
motions?

Aleutians

% '. S Izu-Bonin (MIZ)
J _ New Hebrides

10"7 N/km

Fully Attached Slab :
100% Slab Pull Force
0% Slab Suction

(strong slab)

Completely Detached Slab:
0% Slab Pull Force
100% Slab Suction

(Stokes sinker,
weak slab)

Conrad and Lithgow-Bertelloni (2004)



Mantle rheology 1 viscosity

¢: strain-rate

> USse generic _ . .
temperature 0 - € gis + € diff
and/or stress
VISCOSIty on top
of radial -
variations Negr = Ndisl 7] diff

: Ndisl 1 7diff

> use effective,
olivine creep JMN T 1m E* + pV*
law with N = (—,) E1] €Xp ( )
diffusion & A il (le + 1)
dislocation

creep



Sub-oceanic vs. continental speeds
(LVV GCM @ 250 km)

S - g

m\ i\i W
A '%w
o k&\\w% ‘.'h‘ -
. u\%\'\%% s (4
" '\W‘\“ﬁ& T PO~
; I, ..-’2';'5
J”_’ '

- — o Alogyg(n)
-1 0 1 0.0 2.5 5.0 7.510.0

Hager & O'Connell (1981); Ricard & Vigny (1989); Zhang & Christensen (1993); Cadek & Fleitout (2003); Becker (2006);

Stadler et al. (2010); Alisic et al. (2014)



0.0 2.5 5.0 10.0 20.0
Plate Velocity Magnitude [em/yr]

Vsubd.”vnon—subd. =3.4
V,ver = 3.7 cmiyr

With Asthenosphere:

Eniform Thickness Plates

— Shallow Basais
Deep Roots

0.38 )

0.36 '\
c |
© 0.34
© 0.32
cC
= 0.30 -
m |
= 0.28
E 0.26
= 0.24

|

022 | |
0.20

o~
[«}]

00 0.2 0.4 0.6 0.8 1.0
Slab Pull Fraction

van Summeren et al. (2012)

Misfit = 0.23
f, = 100%

Vsubd/Vnon-subd, = 3-2
Vaver = 7.1 cmiyr

(c) Shallow Continental Roots

v

-

e e

Misfit = 0.21
f,, = 60%

Vsubd.N non—subd, = 37
V.ver = 3.6 cm/yr

No Asthenosphere:

NNR+NU

EL-1A

1.5 r
0.0 0.2 0.4 0.6 0.8 1.0
Slab Pull Fraction

£niform Thickness Elaies
Zhallaw 8oois
Zeep Eanis

1e+2%

5e+20

2e+20

Upper Mantle Viscosity

/
0.0 0.2 0.4 0.6 0.8 1.0
Slab Pull Fraction

1e+20




84/59

Average mantle viscosities for olivine

0 - S f | region of
\ LPO formation
500 r A 1L ]
______________________________________________________________________ U 2 — ——
1000 [sub-oceanic g8 | |
E asthenosphere -1 0 1
S 1500 | | 1091o(egistEgit)
i = Dry olivine (Hirth & Kohlstedt,
2000 F | 2003), grain size ~5 mm
il = viscosity broadly consistent
OCedNar—=— : 3 i
2500 - cont . ! with geoid and post-glacial
N rebound

= Depth range of dislocation
Py o i,z 3 creep consistent with
log4(n/10™" Pas) anisotropy observations

Cadek & Fleitout (2003); McNamara et al. (2003);

Podolevsky et al. (2005); Becker (2006)



Seismic anisotropy from flow

3) Anisotropy predictio

model synthetics
S wave splitting

radial displacem

-0.004 -

U W/\JJ
-0.002

SN

n —
transverse

q radial

L.

-0.006

Becker et al. (2006, 2006a)°

20

40

60

time [s]

1 0.08
1 0.06
1 0.04
4 0.02
4 0

L L L L L _U-UE
80 100 120 140 160 180

transverse displacement

2) LPO
prediction

(80% hex, 12% orth.
@ 75% SC saturation)

generate
synthetic
waveforms
from 3D
anisotropic
model



a) SLE’E‘ISSVA vs SPHEADING @ 50 km b) SLE'[]T.‘FSVA vs NNH @.‘?ﬂﬂ km |

(Aa) =255% T o ] (sa) =25 ”: [ = T 1 ]
(A, = 25.7 0 30 80 a0 (A, = 27.0 0 30 80 a0

c) SLEEISSVA VS. HNH @Eﬂﬂkm | d) SLEETSSVA vs LPD @Eﬂﬂkm

(aa) =20 5u _— S o ) Aoy =231° s S o ]
{Aa), = 20.1 a 30 &0 a0 {Aa), = 201 0 30 &0 a0

Becker et al. (2014), using SL2013SV




200 km

'h'L:"i':,I._.

b) DRZ2015 vs. NNA @
. IR

- . .

o) =246° S 1
(Amj, = 253 0 30 60 a0

d) DR2015 vs. LPO

g

@Eﬂﬂkm

i e

== - tha) =260°  pu S o ]
{Aa), = 204 0 30 80 a0 {Aa), =238 0 30 60 %0

using Debayle et al.'s (2015) model




N smean

Test for

decoupling layer

NG smean

e

RRR T

D

n
Npg =

T‘F —————

ng --mee

500

1000
1500 r

[wy] yidep

2000 r

2500 r

o
o

10

0.1

0.01

viscosity n [1021 Pas]

(2003)

Becker et al

[ AL,
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0.1

0.0
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0.3



Bl

cveaing Regional
SKS splitting

y
3 -!*lh

|
-.ll"

South
American

Growdon et al. (2009); Masy et al. (2011)



SKS splitting from reference

model (tomography driven)
70" B5° -60°

Colored bars: measurements colored by misfit
White bars: predictions from full waveform modeling,
wedges indicating back-azimuthal variation of &t, «

Miller and Becker (2012)



Splitting from slab model with

a weak asthenosphere and keel
ﬂ ,_. e

mean mean
angular delay time
misfit misfit

Miller and Becker (2012)



Inverse geodynamics:

Regional splitting
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keels_asth2,E=0 (#8)1

keels_asth2,E=15 (#9)1

asth3 (#10)1

keels_asth3 (#11)
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Miller and Becker (2012)



How to resolve some of the
non-uniqueness and
uncertainties?
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Geodynamic Inversions

Best-fit W Weak lower Tibetan crust i\. Weak Asian mantle lithosphere @
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Baumann and Kaus (2015)
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State of affairs

e Can explain plate velocities, geoid, dynamic
topography and ~seismic anisotropy with
global mantle circulation models

* Provides constraints on rheology and
effective density distribution, needed to
understand terrestrial planet evolution

 Frontiers: Time evolution and continental
dynamics, e.g.

- predict intraplate deformation
- experimental design/hypothesis testing



Additional slides



m Seismic

idealized LPO _). SSVH} .
anisotropy strength t py
in oceanic plate setting W&'&%‘ﬂ_ an I S O rO
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0. 1.2
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s oceanic j
Ve Vv s lithosphere - 500
- 1000
1500
B
2000 2
i Q.
i 0
- 2500 ©

Long and Becker (2010)



slab pull - orogeny present-day

A L]
w
.
S LT

\\\\\\\\
\\\\\\

Tethyan
slab

slab suction - orogeny

;I'uA

Faccenna
et al. (2013)




Residual
topography
models

crust for sparse,
oceanic sites from
active source,
corrected to plate
model, continental
areas from free-air

crust from
CRUST],
lithospheric
Model,
corrected for
half-space
cooling



Admittance

Viscosity
Profile
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(CIDER supported...)

100 102
u[Pas]

= constant

Gravity
Anomalies

Surface
Topography

Imax| = 1.5*107°

[ —

T T T

Imax| = 2.4*10~*

2 15 28
Harmonic Degree

gravity
dynamic
surface topography
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Colli et al. (2016) cf. Hager & Richardson (1984); Ricard (1984)



Steinberger and O'Connell (1998)
Steinberger and Arntretter (2006)
Boschi et al. (2007, 2008)



Prediction of plate scores with LVVs

normalized to HS2

1.4

1.3

tectonic

models

1.2

geodynamic
models

1.1

1=+
0.9
0.8
0.7
0.6
0.5
0.4
0.3 9

ref. frame
(HS3)

geodesy
model
(GSRM)

viscosity
depth
dependent

viscosity
temp.
dependent

dry
olivine
creep law

] plateness

. oceanic/continental ve-
locity ratio

L] toroidal/poloidal power
[ net rotation

|:| correlation with HS2

Becker (2006)
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Geold for tomography
driven flow

e Lower mantle stiffer

geoid prediction

pllp :




Fop{x) —

R)

| parameter

B = n/n.

4 = ol

R voriable

Morgan (1968)



Topography is about knowing the

structure and the history,

strong

and not SO much LVVs
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norm. probability ¢ [%/Myr]

Alternative age distributions for
constant production rates

Subduction probability

Age distribution

S5

triangular

Tl S0 slabpl []

°'6‘; bending

L

= a(M08)
== triangular

sart(age) | ,
= bending

area per age o [km?2/yr]

6 5IO 160 1I50
seafloor age 1t [Myr]

200 O

5IO 160 1I50 200
seafloor age 1 [Myr]

Becker et al. (2009)



Yield stress control

150 MPa 200 MPa 250 MPa

a e Ezath

alnjeladwal SSa|UOISUBLUIC]
(%) uogieuer{ Aj1008A Jeayg

SRR S T ST 2 6 10 14 2 6 3In &
Spherical harmonic

degree Ma”ard et al. (2016)

But: effect of asthenosphere, internal vs. bottom heating, Ra #,
continents, and damage/memory
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plate motions torque — 1.0

plate motions at cratons vector - 0.8
plate motion induced drag Iati ' gj
transform fault shear correiation 0'2

colliding resistance
subduction resistance
upper mantle slab suction
slab pull

gravitational sliding

ridge push

mantle drag

slab suction

transform fault normal

Becker & O'Connell (2001)



Correlation with observed geoid

Geold and

SMEAN radial 0.55

LVVS =
* Free slip surface ;‘g
* Four layer Z‘g

viscosity (not 100

optimized) -
« SMEAN

tomography

| N (og_vis<osiy
I 1 1
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Geold and
LVVVs

* Free slip
surface

SMEAN_LVV

100

 Weak zones,
stiff keels

| S (og_viscosiy
I 1 1

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0




correlation (rq5)
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Subduction velocity scaling

slab mantle
bending drag

slab v’ =ApghL /12n,(h/ F)3 + 31,4
P u I I Ve =(Ap°eH°h®)/ N’

I"f — I"; ! ll,l"lll I«’ID

« Subduction velocity = modified Stokes velocity
accounting for bending

Conrad and Hager (1999)



Regional models

Integrationfime

0.548

I 0.274

0.00

' -0.274

-0.548

Becker & Faccenna (2009)



Global models
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Gravitational potential energy

£

- 0.04
-0.02
0.00
-0.02
-0.04

0° 60° 120° 180° 240° 300° 360°

Figure 3. leferentlal potential energy AU = U — U (U 2.616 x 10" Jm ?) of our 2° x 2° model in
units of 10" Jm . Min/mean/max values of AU for oceanic and continental lithosphere are —0.03/—0.004/

0.023 and —0.013/0.007/0.078, respectively.

Becker and O'Connell (2001)



GPE torques

lith_thick < 2.0 (r= 0.63,r,= 0.71) ®
lith_thick_cobl < 2.0 (r= 0.67,1,= 0.74) O
topo_lith_thick x 2.0 (r= 0.69,r,= 0.76) ®
topo_lith_thick_cobl x 2.0 (r= 049,r, = 0.73) &

p_edge based =< 1.0(r= 0.75,r = 0.76) A

=

Becker and O'Connell (2001)
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