CRYSTAL2PLATE

How does plate tectonics work:
From crystal-scale processes to mantle
convection with self-consistent plates
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From crystal & rock-scale
anisotropic properties to large-scale
dynamics
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Short course on "Microstructures, textures & anisotropy”
Geosciences Montpellier (F) - 28 June - 2 July, 2010
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Anisotropy = dependence of a physical property on the sampling direction

Seismic waves velocities vary as a function of:
- the propagation direction (P & S waves)

Refraction profiles
Vp=F(profile direction)
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* the propagation direction
* the polarization direction (S waves)
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Seismic anisotropy

Seismic waves velocities vary as a function of:

shear wave splitting




Shear-Wave Splitting
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» Energy on the transverse component (arrival of the S,)

* Elliptic particle motion

» Both may be removed by correcting the data with the estimated
anisotropy
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No vertical resolution verticale, but
the upper 250 km of the mantle
= dominant contribution
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sciences S waves polarization anisotropy - shear wave splitting

station

] dt
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Single path = anisotropy only




S waves polarization anisotropy - shear wave splitting

4.9 km/s

in the South Pacific
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anisotropy results from

layering of materials with very # properties :
» sediments
* strain-induced layering in metamorphic or
magmatic rocks

v’ crust, deep mantle (?)

« aligned cracks, dykes or melt lenses
v upper crust
v middle & lower crust
v upper mantle (subduction, rift...)
v’ transition zone, D’ (?)

Crystal or Lattice Preferred Orientation (CPO
or LPO) of anisotropic minerals :

v lower crust

v mantle

v’ inner core (?)

deformation plays an essential role
in the development of anisotropy




Mantle deformation, olivine CPO & seismic anisotropy

dislocation creep
ST TN S| olivine
NP S crystal
SKS preferred
- orientation
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mantle flow 9% Slivine crystal
anisotropy

large-scale

seismic, mechanical

thermal & electrical
anisotropy

in the upper mantle




2psi Rayleigh 40 s [%]

Seismological observations: km a 1000km

0 45 90’ 135 180° 225 270° 315 360°

Change in scale

s Trampert & Woodhouse, GJI 2003 ?

crystal: um a cm
798 843

\ 4.88 g
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How do we translate seismic 35K,

anisotropy data into flow

patterns?




P-waves ve

1. Fastest P-wave speed?
2. Slowest? Anisotropy (Vmax-Vmin/Vmean)?

P waves — refraction profiles
vP = F(propagation direction)
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If the mantle beneath these profiles was
composed by a single olivine crystal, how

should it be oriented?
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Morris et al.(1969),JGR




Olivine cristal (um-cm)
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"~ The upper mantle is composed by
peridotite = a polycrystalline aggregate foliation (L oliation)
. (~60% olivine — 40% pyroxenes)... g

trace de la
X X foliation

> 2

Foliation = Plan de fluage de la matiére

linéation = direction de fluage de la matiére
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S-wave anis= (Vs1-Vs2)/Vsmean
Amax=7.4%




= And for a peridotite, how should the
foliation and lineation be oriented
to explain the N Pacific refraction data?
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@: . The upper mantle is composed by peridotite (~60% olivine — 40%
¥ i pyroxenes)... How should the foliation and lineation be oriented
’ to explain the New Zealand SKS splitting?
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Is this consistent with what we expect beneath a transform?
And in a subduction zone?




sclences Shear wave splitting beneath an ancient tranpressive belt
in the Neoproterozoic Ribeira belt, SE Brazil

polarisation S1 -

s1=4.9km/s
s2=4.6km/s

Heintz et al. 2003, EPSL
SKS splitting data from
James and Assumpgdo (1995)
Heintz et al. (2000)

\

orientation of the lineation & foliation?
dt=2.5s: what does it mean?
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@icnces Torsion experiments - high shear strains
“ CPO evolution as a function of strain

low strain: high strain:
fast CPO evolution very slow CPO evolution
[100] // shear direction

Bystricky et al. Science 2003




Seismic anisotropy - finite strain relationship

fast CPO development at low strain,

speg s " 25 L L LI | | L I
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v’ shear wave splitting : delay times 0 2 4 6 § 10 12 14

F(thickness of anisotropic layer) shear strain




polarisation S1 -

\/s1=4.9km/s
\/s2=4.6km/s

sclences Shear wave splitting beneath an ancient tranpressive belt

in the Neoproterozoic Ribeira belt, SE Brazil

Heintz et al. 2003, EPSL
SKS splitting data from
James and Assumpgdo (1995)
Heintz et al. (2000)

\

dt=2.5s: how thick is the anisotropic layer?




criomroc

AVs polarisation S1

Vs1=4.9km/s
Vs2=4.6km/s

Heintz et al. 2003, EPSL
P
e 0\ SKS splitting fata _from

James and Assumpgdo (1995)
Heintz et al \(2000)

How can we explain the N-S difference in delay time?
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If the represented plane is horizontal,
who is faster? SV ou SH?




(@ cicnces Surface waves: Love (SH) & Rayleigh (SV)

Montpellier

Olivine cristal e polarization anisotropy
(um-cm)
8.32\ '"if\"\ 001 7 |C T
s If the mantle beneath these stations

4.63

was composed by a single olivine
crystal, how should it be oriented?

s km
4.4 : A 1. Propagation direction(s)?
km/s y A | 2. Which is the fast polarisation for
5.5 ‘ this propagation?
km/s$ 4.7
s - «wo km/s T
And a peridotite?
AVs polarisation S1
X 0-4 Myr
300 a 4-20
+ 20-52
I o 52-110
I X 110 +
r
400 —————

Nishimura & Forsyth, 1989

Vs1=4.9km/s
Vs2=4.6km/s




Surface waves: Love (SH) & Rayleigh (SV)

e polarization anisotropy

oVgy - 6Vsy

lineation?
polarisation S1

ZAAB NY4ZAMrR
LY \E

Vs1=4.9km/s
C \Vs2=4 6km/s Ekstrom & Dziewonski, Nature 2003




Rayleigh azimuthal anisotropy
2psi Rayleigh 40 s [%)]

proche de SV

o) 45 a0’ 135 180 225 270° 315 360

Olivine crystal orientation needed to explain

> + ' ] igh?
Trampert & Woodhouse, GJI 2003 SH>SV prop aQ? tl(,)n anis of R,ay /elgh'




R-RPA18A0175en20di5-VpG.txt

Vs1 Polarisation Planes

Rayleigh azimuthal anisotropy

Vs2 Contours (km/s)
4.85

T T T T T T

AAARADADAADAD
DO NNNNN 000 0

461
OMin.Velocity =  4.61

482
OMin.Velocity = 4.82

m Max.Velocity = 5.02
Anisotropy = 4.1 %

® Max.Velocity = 4.85
Anisotropy= 5.1 %

Orientation of the foliation & lineation to
explain the azimuthal
propagation anis of Rayleigh in the oceanic
basins, knowing that SH>SV in
oceans?




@Simple key to qualitatively "read” seismic anisotropy observations
in the SHALLOW MANTLE
(>250 km):
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polarisation fast S-wave = flow direction e F ' :
B8 delay time ~ thickness of the anisotropic layer 7 | i
and orientation of the flow plane AV 100% olivine
_ i 1000 grains
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sciences Seismic anisotropy in large-scale strike-slip faults:
crust - mantle coupling
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Tibet large strike-slip faults

Red River fault

90° 100°
/ Herquel et al. 1999

>2s! lithosphere-asthenosphere coupling?
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&@ %jorth Anatolian Fault: no associated anisotropy?
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Figure 1. Kinematics of Turkey and surrounding area. Hatched areas show the coherent motion of specific zones of deformation. Heavy arrows &
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Old transpressional belts: large scale strike-slip faults
frozen-in lithospheric fabric

-22%y

2" & S e Oce-aﬂ
24" ':'tg:; ;g 2 ‘ 0 aﬂﬁb =
i Al Heintz et al. 2003, EPSL
SKS splitting data from

James and Assumpgdo (1995)
Heintz et al. (2000)

dt=2.5s
coherent asthenospheric flow?




Old transpressional belts: large scale strike-slip faults
frozen-in lithospheric fabric

4
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Shear wave splitting: polarization anisotropy
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sciences Kerguelen — inconsistent SKS and surface wave anisotropies

Montpellier
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| 2% peak to peak anisotropy

Smith and Sandwell 1996 Debayle et al. 2005

But strong S, (Rayleigh) azimuthal anisotropy

+ Rayleigh waves with periods 20 to 50 s (lithospheric depths) have
very strong polarisation anomalies for some wavepaths.

Pedersen and Maupin 2002
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N [J Flood basalts of transitional
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Mantle xenoliths
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Harzburgites

Montpellier

Crystallographic preferred
orientations

OPx
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f!f?‘f; @m‘em Mean Seismic Properties (whole dataset)

, Vp (km/s) AVs (%) S1 PP.

8.56 A 5.81
8.40 , -

: ! 2.0
8.08 V

7.96 0.21

AVp = 7.2%

Assuming ~ horizontal flow/foliation

foliation

.| strong anisotropy for horizontally propagating ones (surface waves)

!':‘-(




- Usual olivine CPO with an _ Kerquelen Islands: CPO with a
orthorhombic symmetry [010] axial symmetry

SKS splitting

No SKS splitting




sciences Deformation and anisotropy in the upper mantle :
XXl century observations & experimental results
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pressure

Raterron et al. 2008

= a(010)slip sytem

Strain Rate (s-1)

¢ (010) slip system

5 10
Pressure (GPa)

Holtzman et al. Science 2003
+ Couvy et al. EMJ 2005, Mainprice et al. Nature 2005
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Upper Mantle Vp

T T | ]
C 5 1 1
50 | I === hHl Aktaer 1
r : ..... PHIAK303 |1
100 L | ]
C I 1
r I 1
= 150 I ]
g r 1 ]
— C I 1
(=4 r ! ]
@ [ [ ]
250 ]
a - PH : ]
300 | : .

i 1
350 | N AR —
r N, V. >V |
[ 1 \*. PV PH 4
400 0 R e S

0.9 1 1.02 1.04
¢

Observations for horizontal flow:

1. Vpy>>Vpy

2. P wave anisotropy > 5%
3. Vgy>Vsy

4. S-wave anisotropy > 4%

Strike-slip faults : higher anisotropy

| [100] slip in olivine & anisotropy upper 210 km:
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Montpellier

Subduction zones : relation between deformation and
anisotropy in the upper mantle not so simple!
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Observing the Subduction Zone Flow
Field Using Shear Wave Splitting

« SKS waves sample below-slab
flow, slab anisotropy & flow in
the mantle wedge.

« local S waves mainly sample
wedge, but they may also
propagate path in the slab or
even below it (deep events).




Anisotropy in the mantle wedge

60 120 180 <120 60 0

s [rench-|l forearc to trench- Wedge splitting observed,
normal backarc transition pattern not clear-cut
s [rench-normal forearc to s Little or no splitting

trench-Il backarc transition in wedge
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L Buontempo et al / Barth and Manetary Sdence Letters 273 (2008) 237-250
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“ Above the plate : local S, shallow sources

Variable polarization directions & low delay times <0.4s

NE Japan Cascad:a

J. Nakajima, A. Hasegawa / Earth and Planetary Science Letters 225 (2004) 365-377

vvvvv

14|0° 14(l).S° 141° 141.5° 142°

50 4

"

400 { i
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461 Current Study (>5)
/ Current Study (<5)
Borehole Breakout
/ Hydrofracture
390 44 " Focal Mechanism
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41 e e . .O
gg':' . ;h-."' -FE ........ S °
38.5° ;,;0'2. oo w ‘ﬁa e, s .
0.14 0.07 201! .
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- Focal Depth (km
Volcanic arc = 50-60 km ocal Bepth k)
Currie et al 2001 GRL
@ Trench // flow?

Experimental data : incorporation of water (H+) IN OLIVINE changes the

relation between deformation & anisotropy
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. D-type = low deviatoric stresses!

D-type

natural samples & low P experiments (Bystricky et al. 2000)

fast S 1
shear
direction

High water

B-type
(010)[001]

C-type
(100)[001]

(001)[100]

N\

s 500 —
>90% naturally
deformed sl
peridotites: —
A, D & type | soof }
[100] slip !
fast s // shear |20 ‘g
direction i

100| "

§ Low stress s

Low water o [
0 200

400

600

Water content (ppm H/Si)

E-type

800 1000 1200 1400

;W[@ﬂuence of water (H+) on olivine CPO @ T=1200°C, P=2GPa

B & C type : [001] slip

Iow\ér T: transition B-C
@ lower stresses

Jung & Karato 2001
Katayama et al. 2004
Katayama & Karato 2006...




shear wave splitting above

40°

39.5°

39° 4

(a)

38.5°

0 3 6 0.21 0.14 0.07
Delay time (sec)

-6 -3
Velocity perturbation (%)

Nagajima & Hasegawa EPSL 2004

subduction zones: Japan =

,_,\:1-\_';; 0
Trench // anisotropy in the forearc

Water-rich olivine:
« dominant [001] slip

v’ fast S-wave polarization normal to
the shear direction
v’ weak anisotropy

(@)




@ Montpellier

Natural examples of olivine lattice
. preferred orientation pattems with
. a flow-normal a-axis maximum
Tomoyuki Mizukami'?, Simon R. Wallis” & Junji Yamamoto ™

NATURE | VOL 427 | 29 JANUARY 2004 | www.nature.com/nature

P Contrib Mineral Petrol (2006) 152: 43-51
L DOI 10.1007/500410-006-0093-4

= f ORIGINAL PAPER

Philip Skemer + Ikuo Katayama - Shun-ichiro Karato

Deformation fabrics of the Cima di Gagnone peridotite massif, Central

[001] glide olivine CPO essentially
‘ observed in HP garnet peridotites
' = role of pressure ?




Same change in slip systems @ high pressure &
water solubility in olivine N strongly with pressure N

’:OOOOE >

- [

Q. i

&1000-

v ' 1000-1250 °C!

= )

O

— 100 <& Chen et al., 2002

"= ® 3 X Kohlstedt et al., 1996
@) m Mosenfelder et al. (2006)
N A Smyth (unpub. data)

I ‘IO....I....I....l....l....

0 100 200 300 400 500

Depth (km)

Hirschmann et al. 2005 EPSL




sclences
= fast anisotropy directions normal to the shear direction due to the

effect of fluids (water and melt) and pressure on olivine deformation

Hirschmann et al. 2005 EPSL

10000
" = <>
asthenospheric mantle only! T |
e partial melting a
» v 1000 1000-1250 °C!
e water solubility & P N £
. ) ) = [
char?ge in slip systems under dry S oo} o Chen etal 200
conditions @ depths > 200 km 5 e
jE\l A Smyth (unpub. data)
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@‘W Interactions between reactive fluid transport, partial
melting, and olivine deformation in the mantle wedge?

Xenoliths in calco-alkaline volcanos
from NE Pacific subduction zones

Ichinomegata

=10000 um; oI ine; Slep=50 um G id6714432

/ :;vf‘: ) PR e ji i
/ . <10
// serpent-lnlte

- Higashi Akaishi

-6Velo-cﬂ'y pe;t%rbatio(rz (%) s -7 Imono [’I OO] g“de Only
- 7 7 Soustelle et al JPet 2010
/;f’;:t S .7 [ ]1awsonite amphibole eclogite
355 v gl [ ]eclogite
B /,/z:e A o |:| lithospheric mantle
7 .c - ’
T 7 [ ] hydrated mantle




Pressure (GPa)

K=

Imono peridotite, Japan

(100)

nf)J=218

Dunites with
Cr-rich spinels
P history?

Sanbagawa
metamorphic body_ "

Melting
= dehydration

Temperature (°C)

Tasaka et al. EPSL 2008




. Japan: shear wave splitting in the wedge

40° -

§ 39.5°

arc: melting,
olivine dry

e 39°

% 38.5°

Velocity perturbation (%) Delay tirpé€ (sec)

F
EW EW:NS 'm-a -

NAanth (LAY

‘“~
Pressure-dependence of water solubility in olivine + melting

/5 F-Net Station

AN
— SKS
w—|Local (Low Freq.)

= Local (Hi Freq.)
1sec

e’ ™
/ / " Direction of
-l

Plate Convergence

120° 1257 130°

forearc : low T, olivine
water-saturated, but are
water contents & stress

100

Depth (km)

150

200 -

6 4 2 0 2 4 6
Velocity perturbation (%)

high enough for dominant
activation of (010)[001]?

- water reduces viscosity
+ very short paths (<50km)
= very low delay times!




>
Fore-arc trench // fast S-waves polarization due to serpentinization
along tensional faults in the slab

Distance (km)
1,500 1,600 ~ 1700 1,800 1,900 2,000

Overriding plate  Slab hydration zone

Mantle wedge Subducting slab

03
fpe e

Ranero et al.
Nature 2003

Slab hydration zone

S {log[strain rter‘)]}
reii-15 -14 -13 -12 11
IRRERROT L i

o

layering + antigorite CPO
Faccenda et al., Nature 2008




8« SKS fast direction ? Unknown SKS fast direction
Fault set orientation ? Unknown fault set orientation
e Earthquake elongated cluster T go— 1
=§ L
c
£ $ 60+ )
£ . . £
B fault spacing < sampling wavelength O S U U U ——
B strong antigorite CPO o 40T T
delay time = F (depth of serpentinization, g :
volume fraction of serpentinized mantle) £ 20l *'% |
. 055 et

I.o 0 PR— % = P % " }
0 20 40 60 80 100

o Volume fraction of antigorite-filled fractures (%6)
@)
| umne Orientation inheritance from olivine may also contribute...




Antigorite — olivine crystallographic
relat/ons & seismic anisotropy

ANTIGORITE SCHIST
FROM
COLORADO PLATEAU

<001>o0l
*

BOUDIER, BARONNET, MAINPRICE (J Petrol 2010)




Olivine - antigorite
CPO relations

& seismic

anisotropy
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Up to 50-60%
serpentine
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BOUDIER, BARONNET, MAINPRICE (J Petrol. 2010)




o=
(@cierces Below the arc...

Japan: trench-normal polarization &
higher delay times

[EIVAS]
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Depth (km)

arc: melting, 200

olivine dry
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s Trench-ll forearc to trench-

normal backare transition pattern not clear-cut

s 11ench-normal foreare to s Little or no splitting
trench-Il backarc transition in wedge

W Compilation by M. Long and P. Silver

Wedge splitting observed,

M Trench // S-waves polarization below the arc...

Anisotropy in the mantle wedge

60 120 180 -120 -60 0

/%, F-Net Station
— SKS
m—|ocal (Low Freq.)

w=Local (Hi Freq.)

1 sec

- .
»
Direction of

Plate Convergence
e

125° 130°
Behn et al. 2007 Science




Effect of partial melting?

melt fraction, ¢

0.3

l 1 Holt tal. Sci 2003
V' « deformation => melt segregation oltzman et al. Science

» melt-induced strain partition
» olivine [100] normal to shear direction olivine CPO weak (diffusion):

anisotropy controlled by melt distribution

=> fast S-wave polarization sub-parallel
to flow plane




” In peridotite massifs, compositional layering
' "7 //to foliation (flow plane), but diffuse contacts Lherz, France

T T
1 1 Spinel-tectonites =
! Lithospheric domain

/

36 2830"

1
| Gamet-Spinel
1 Mylonmites
1 1

36 28 00"
f

1 harzburgite
1 lherzolite
[ breccias

] Lherzolites

I:‘ Harzburgites
[ Webstérites

[100] [010]  [001]

» Max.Density = 6.28 » Max.Density = 6.48 3
pfJ =259 pf1=275 pfl=1.40

Soustelle et al. J.Petrol, 2009

7 Le Roux et al EPSL 2008

Melt transport/segregation controlled by deformation, but A-type CPO = [100] slip




i o Model Setup
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g\@menw Should we completely abandon the trench-// flow interpretation?

may be produced by pressure gradients due to changes in slab geometry

Maxstretch x

4.00

3.50

3.00

2.50

2.00

1.50

1.00

Change in slab dip:
stronger effect for transition to <15° dip

Kneller & Van Keken G3 2007




. Arc-parallel flow in the mantle wedge beneath Costa Local S waves splitting
' Rica and Nicaragua

=
Caribbean plate

.....
P

loernle et al. Nature 2008

<1 Subducting
seamount

A Volkanic-front volcano

@ VFVNW Nicaragua

B VFV SW Nicaragua

@ VFVNW Costa Rica

A Rear-arc alkali basalt
¢ CRP mafic adakite
o CRP alkali basalt

complex
= Miocene arc

| = S Costa Rica and W Panama alkali basalt
¢ S Costa Rica and W Panama adakite
39.4 4 4 Central Costa Rica VF -
e gvvg gosta Rica V\ll:F Costa Hica
o icaragua ic
39.2 o NW Nicaragua VF alkalic lavas

| Nicaragua - Costa Rica
o 39.0 volcanic-front lavas
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Figure 3 | Model of anisotropy obtained by inverting shear-wave splitting
measurements from events in the Nicaragua (NIC)-Costa Rica (CR)




Montpellier

Strong slab curvature also may produce trench // anisotropy

(b) Concave Trench or Slab: Case 7, e.g. Marianas,
W. Alcutians, and E. Alaska

Maxstretch x
1.00 150 2.00 250  3.00

Kneller & Van Keken G3 2007




Toroidal flow near slab termination? Only <100 km from the termination!

U Trench -Z
T<\| migration y
1 —

& |
W& 4 Return flow ‘\
laround plate

|u cm/yr
0 R B

Temperature (°C)
ol Wl 1300

Kneller & Van Keken G3 2007




Should we completely abandon the trench // flow interpretation?

Trench-perpendicular stretching

-100 — — i A
_5 -4 Oblique stretching in . -
Nt 200 — boundary layer - a o

(b) (©)
'300 I T I T I T I T I T I T I | T I T I T | T | T I T
400 500 600 700 /800 900 1000

Distance from Trghch (km)

Very limited trench // flow Kneller & Van Keken G3 2007




Arc-parallel flow within the mantle wedge: observations

) 619
0 100 km

[l Chugach Terrane
B Peninsular Terran
@ BRUMC peridotite

b)

Mehl et al. JGR 2003

Flow // trench = strong trench-parallel anisotropy




Flow + melt transport // trench in the wedge:
o strong trench-parallel anisotropy

Canadian Cordillera

solid state foliation // dunite bands // pyroxenite dykes

52 L3 . e

vage g
| A1 S N R
AVs Contours (%) VS1 Polarisation Planes |

Wmsu
2 % melt =10 % P & S anisotropy




- SKS delay times (1-2s)>> local S delays (<0.5s): most of the
anisotropy is below the slab! _ _

Ryukyu: negligible Japan: ~ 0.5-0.7 sec, Aleutians: ~ 0-0.5 sec,

) ) . Calabria: ~ 1-2
variable orientations ~ mostly trench-ll. Cascadia: ~ 0.5-1 sec,

sec, trench-||

| below—slab splitting some oblique i
| 120 180 -120 -60 0

Caribean
~1s trench //

50 120 Hikurangi . 0 0
1-2s trench // /
oo Tonga: ~ 1-2 sec| S . America: ~0.5-1.25 sec,
Indonesia: ~ 1 sec. g Central America: -
trench-|| . 1-1.5 sec. trench-ll mostly trench-Il with some

trench-Il to oblique

trench-normal

i€ompilation by M. Long & P. Silver + some additional data




LT, Pifiero-Feliciangeli, | -M Kendall / Tectonaphysics 462 (2008) 22-34
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Below slab anisotropy

&

156E

160E  164E
(Peyton et al., 2001)
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(Baccheschi et al., 2007; Civello and Margheriti, 2004)




Trench // flow beneath slab
= pressure gradient :

- trench retreat

- barrier to flow @ depth
(lower mantle)

TO FLOW?

Russo & Silver Science 94
Tonga |
(central)
Calabria
2r Cascadia
Middle
Trench // flow beneath slab: Amaica / I
Correlation between delay time o 151 Sumetra ¢ |
& magnitude of trench migration 3 L\
velocity 1 ¢ | { !
Aleutians E o "'. t
Problem: decoupling between Bl /4\ ‘ }J‘ Caribbsan \\ '.
. \ apan |
the slab and underlying mantle! h 3§ Warchata S Amers
00 5 1l0 115 ZIO 215 310 315 Ab ntIS SIO

abs(V}), mmiyr

Long & Silver Science 2008




An alternative interpretation...

Japan: ~ 0.5-0.7 sec, Aleutians: ~0-0.5 sec,

variable orientations mostly trench-ll, Cascadia: ~ 0.5-1 sec,
some oblique trench-normal

Calabria: ~ 1-2
sec, trench-l|

Ryukyu: negligible
elow-slab splitting

Caribean
~1s trench //

= (drag by the slab)
Hikurangi & [001] slip dominant
1-2s trench //

Tonga: ~ 1-2 sec, Central America: S. America: ~ 0.5-1.25 sec,

trench-|| ~1-1.5sec, trench-l| ~ mostly trench-ll with some
trench-normal

'@ Indonesia: ~ 1 sec,
ju trench-Il to oblique

f_ ompilation by M. Long & P. Silver + some additional data




Deformation of olivine polycrystals @ 11GPa & 1400°C

H. Couvy & P. Cordier
Bayreuth/Lille

B

100% olivine
simple shear

EBSD: olivine CPO e
' " _/"“:;'_—:A‘—« {m
2 "" ‘ ’ ’.
- 3 —
[001_ (01 0) ' \\‘i’.\\\\\ AR

TEM: only [001] screw dislocations
Couvy et al. EJM 2004




a (010) slip sytem

¢ {(010) slip system

Strain Rate (s-1)

5 10
Pressure (GPa)

At high pressure:

* higher strain rate in c crystal
v [001](010) slip easier than [100](010)

* very low activation volume
v’ dislocation creep dominant

Raterron et al. 2007
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Montpellier

slip transition in olivine

[010]

p &

MPD =284

Jung et al. Nature Geoscience 2009

Upper mantle seismic anisotropy
resulting from pressure-induced

P=3.1GPa
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AVs Contours (%)
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= Max. Anisotropy=3.57
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shear wave splitting
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@ cionces Summary

Montpellier

In most of the upper mantle, seismic anisotropy behaves nicely:
< 200 km : strong anisotropy, SH>SV, fast directions // APM (oceans)
or // lithospheric structure (continents)
e dominant [100] slip
 delay times = path lenght
> 200 km : anisotropy decreases : effect of pressure = [001] slip

@ /n subduction zones...

In the wedge : local S waves — complex patterns, usually delay times <0.4s

3D flow, role of fluids (H,0, magmas) on olivine deformation, direct
contribution of melt to seismic anisotropy (aligned melt lenses & dykes),
and role of serpentine...

SKS splitting generally // trench & delay times > 1.5s
@ Siab anisotropy : Serpentines?

@ Sub-slab mantle flow : [100] slip & trench // flow : decoupling?
[001] slip - HP olivine deformation : why this

signal is not seen elsewhere?




‘\@‘W Electrical conductivity anisotropy inferred from long-period MT data:
e Another tool to map upper mantle deformation?

electrical conductivity
E

MELT experiment

0 -
East Pacific ridge E’ 50
= S SH e Ewo—
-15° 8 %
N a 150 -
200
17 04
8 g 50
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] Depth (m) 200
OKS splitting 3 i} resistivity // spreading direction
118’ -117° 116" -115° 114" -113° -112° -111° -110° -109° . .. i
7 = 1/5 * resistivity // ridge
/
[ —— Baba et al. JGR 2006
\ — _/{7'_ -16°
Pacifc - o .|, fastEC direction // fast SKS polarisation
e — azca A7

— .« high conductivity & anisotropy below 60km
- v' EC anisotropy = faster H+ diffusion
| | // olivine [100]
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Vol 443|26 October 2006 |doi:10.1038/nature05256 nature

LETTERS

Vol 443|26 October 2006 |doi:10.1038/nature05223 nature

LETTERS

The effect of water on the electrical conductivity
of olivine

Duojun Wang"*?, Mainak Mookherjee?®, Yousheng Xu>* & Shun-ichiro Karato®

Hydrous olivine unable to account for conductivity
anomaly at the top of the asthenosphere

Takashi Yoshino!, Takuya Matsuzaki', Shigeru Yamashita' & Tomoo Katsura®
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P | 1as sl .
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electrical conduction controlled by intracrystalliné H+ diffusion in olivine

1 ~ | ~ 1
DE’IOO] ~ 10 x Dfoou ~ 100 x D([’OIO] (MK90)
Dfigo; &~ 20 x Dy g =40 x Dijgyy  (MK98)

electrical conduction:
short range, "fast" diffusion

polaron migration process
Mackwell & Kohlstedt (1990)




‘\@‘W 3D FE modeling of anisotropic conduction
(intracrystalline H+ diffusion) in a peridotite
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The MELT experiment:
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