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From crystal & rock-scale 
anisotropic properties to large-scale 

dynamics 



Hawaii 

Refraction profiles 
Vp=F(profile direction) 

faster // spreading 

Anisotropy = dependence of a physical property on the sampling direction 

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

P-waves azimuthal anisotropy (10s of km) 

Olivine cristal (µm-cm) 

7.7 km/s 
9.9 km/s 

8.4 km/s 



Seismic anisotropy  

Seismic waves velocities vary as a function of: 
•  the propagation direction 
•  the polarization direction (S waves)  

shear wave splitting 

http://garnero.asu.edu 



Shear-Wave Splitting 

• Energy on the transverse component (arrival of the S2) 
• Elliptic particle motion 
• Both may be removed by correcting the data with the estimated 
anisotropy 

Characteristics of an anisotropic medium 



Single path = anisotropy only 

No vertical resolution verticale, but 
the upper 250 km of the mantle 

 = dominant contribution 

S waves polarization anisotropy  -  shear wave splitting 



S waves polarization anisotropy  -  shear wave splitting 

1s  

Olivine cristal (µm-cm) 

5.5 km/s 
4.7 km/s 

4.4 km/s 

4.9 km/s 4.9 km/s 

Fontaine et al., GJI 2007 

in the South Pacific 

fast SKS pol // APM  
50 – 100 km 



anisotropy results from  

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

  lower crust 
  mantle 
  inner core (?) 

deformation plays an essential role 
in the development of anisotropy   

layering of materials with very ≠ properties :  
•  sediments 
•  strain-induced layering in metamorphic or 
magmatic rocks 

  crust, deep mantle (?) 

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

drawing by Luc Mehl 



Mantle deformation, olivine CPO & seismic anisotropy 



Trampert & Woodhouse, GJI 2003 

Seismological observations: km à 1000km 

crystal: µm à cm 
? 

Change in scale 

How do we translate seismic 

anisotropy data into flow 

patterns? 



Hawaii 

Morris et al.(1969),JGR 

If the mantle beneath these profiles was 
composed by a single olivine crystal, how 

should it be oriented?  

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

P waves – refraction profiles 
vP = F(propagation direction) 



Single path = anisotropy only 

S waves polarization anisotropy  -  shear wave splitting 

If the mantle beneath these stations was 
composed by a single olivine crystal, how 

should it be oriented?  

Olivine cristal (µm-cm) 

5.5 km/s 
4.7 km/s 

4.4 km/s 

4.9 km/s 4.9 km/s 



X 

Z 

Amax=10% 

7,4% 

P-wave velocity: F(propagation direction)     S-wave anis= (Vs1-Vs2)/Vsmean 
    Amax= 7.4% 

The upper mantle is composed by 
peridotite = a polycrystalline aggregate 
(~60% olivine – 40% pyroxenes)… 



Morris et al., 1969 

8,7 km/s 

8,1 km/s 

7,9 km/s 

lineation 

x

z

z

x~8,55km/s 

~7,75km/s 

And for a peridotite, how should the 
foliation and lineation be oriented 
to explain the N Pacific refraction data? 

Is this consistent with what we 
expect in the shallow oceanic 
lithospheric mantle? 



X 

Z 

7% 

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

The upper mantle is composed by peridotite (~60% olivine – 40% 
pyroxenes)… How should the foliation and lineation be oriented 
to explain the New Zealand SKS splitting? 

Is this consistent with what we expect beneath a transform? 
And in a subduction zone? 



Heintz et al. 2003, EPSL 

orientation of the lineation & foliation? 
dt=2.5s: what does it mean? 

7% x

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

Shear wave splitting beneath an ancient tranpressive belt 



Bystricky et al. Science 2003 

low strain:  
fast CPO evolution 

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

Torsion experiments - high shear strains 
CPO evolution as a function of strain 



Seismic anisotropy - finite strain relationship 

fast CPO development at low strain, 
then stabililization 

similar seismic anisotropy  
dependence on CPO intensity 

+ 

seismic anisotropy increases fast 
for small strains, constant at high strains 

  shear wave splitting : delay times 
F(thickness of anisotropic layer) 



Heintz et al. 2003, EPSL 

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

7% x

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

Shear wave splitting beneath an ancient tranpressive belt 



Heintz et al. 2003, EPSL 

How can we explain the N-S difference in delay time? 

7% 

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



Surface waves: Love & Rayleigh 

•  Why SH et SV? 
•  How can we measure a propagation and a polarization anisotropy? 

SV SH 



Anisotropie de  
polarisation 

Nicolas & Christensen, AGU, 1987  

[100] 

[001] P 

S 

dans le 
plan (010) 

vitesses P e S (km/s) 

If the represented plane is horizontal, 
who is faster? SV ou SH?  

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

•  polarization anisotropy 



(SH/SV)2 

Nishimura & Forsyth, 1989 

Océan 
Pacifique 

1.  Propagation direction(s)? 
2.  Which is the fast polarisation for 

this propagation?

And a peridotite? 

7% x

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

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

•  polarization anisotropy 

If the mantle beneath these stations 
was composed by a single olivine 
crystal, how should it be oriented?  

Olivine cristal 
(µm-cm) 

5.5 
km/s 4.7 

km/s 

4.4 
km/s 

4.9 
km/s 

4.9 
km/s 



Ekstrom & Dziewonski, Nature 2003 

? 

? z

Orientation of the foliation & 
lineation? 

7% x

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

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

•  polarization anisotropy 



Rayleigh azimuthal anisotropy 

Trampert & Woodhouse, GJI 2003 

proche de SV  

signal brut = hétérogéneité et anisotropie 
solution = tomographie anisotrope 

Olivine crystal orientation needed to explain 
SH>SV + propagation anis of Rayleigh? 



X 

Rayleigh azimuthal anisotropy 

Orientation of the foliation & lineation to 
explain the azimuthal 

propagation anis of Rayleigh in the oceanic 
basins, knowing that SH>SV in 

oceans? 



Fast direction of P & Rayleigh propagation, 
polarisation fast S-wave = flow direction 
delay time ~  thickness of the anisotropic layer 
and orientation of the flow plane 

B. Holtzman 2004 

Until 2001, we "read" seismic anisotropy observations: Simple key to qualitatively "read" seismic anisotropy observations 
         in the SHALLOW MANTLE 
             (>250 km): 

>7% <1% 

5% 



Hartog & Schwartz GRL 2001
Savage & Silver 1994



Tibet large strike-slip faults 

Herquel et al. 1999  

>2s! lithosphere-asthenosphere coupling? 





Heintz et al. 2003, EPSL 

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

dt=2.5s 
coherent asthenospheric flow? 



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



Silver (1996)

Shear wave splitting: polarization anisotropy 



(a)  

dt = 0.7 s

dt = 1.0 s

dt = 1.3 s

Atlantic Ocean 

Africa

North 

America

LBNH

CBM

WFM

HRV
LSCT

RSNY

BINY

SCP

SSPA

CSMR

 DTMR 

BLA

BCMR 

YSNY

MCWV

Lithospheric mantle

Crust

(b)

Barruol et al. JGR 1997 

SKS : lithospheric or asthenospheric deformation? 



Fouch et al. JGR 2000 

SKS : lithospheric or asthenospheric deformation? 

Van der Lee JGR 1998 

Scale -5% to +5% 



No energy on the transverse component 

No ellipticity of the particle motion 

before & after 
correction 

Barruol. & Hoffmann 1997 PEPI 

Kerguelen – inconsistent SKS and surface wave anisotropies 

A typical SKS measurement… 

No SKS anisotropy despite a good azimuthal coverage 



Debayle et al. 2005 

Pedersen and Maupin 2002 

Smith and Sandwell 1996 

But strong SV (Rayleigh) azimuthal anisotropy 

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



Kerguelen: 
Mantle xenoliths 



Crystallographic preferred 
orientations 

Harzburgites Olivine 

OPx 

 Strong to medium CPO 
 CPO     with      magma-rock 
interaction 
 [010]-fiber symmetry 
 OPx [100]-fiber symmetry 



No anisotropy/splitting for ~ vertically propagating S-waves, but 
strong anisotropy for horizontally propagating ones (surface waves) 

Assuming ~ horizontal flow/foliation 

Mean Seismic Properties (whole dataset) 



- Usual olivine CPO with an 
orthorhombic symmetry 

- Kerguelen Islands: CPO with a 
[010] axial symmetry   

SKS splitting 

No SKS splitting 

X

Z



Deformation and anisotropy in the upper mantle :  
XXI century observations & experimental results 

effect of fluids (water and melt) and 
pressure on the relation between 
deformation & anisotropy : 
•  change in deformation mechanisms: 

 ≠ CPO 
  fast anisotropy directions normal to 
the shear direction 

Holtzman et al. Science 2003 

Raterron et al. 2008 

+ Couvy et al. EMJ 2005, Mainprice et al. Nature 2005 

Karato & co-workers  
2001, 2004, 2006 .... 

melt 

water 

pressure 



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

Observations for horizontal flow: 
1.  VPH >> VPV 
2.  P wave anisotropy > 5% 
3.  VSH > VSV 
4.  S-wave anisotropy > 4% 

Strike-slip faults : higher anisotropy A=10% 

7,4% 

S-wave anisotropy= 
(Vs1-Vs2)/Vsmean 



Subduction zones : relation between deformation and 
anisotropy in the upper mantle not so simple! 

 

Lassak et al 2006 EPSL 



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). 



Compilation by M. Long & P. Silver 2007 





Above the plate : local S, shallow sources 

NE Japan 

Currie et al 2001 GRL 

Cascadia 

Variable polarization directions & low delay times <0.4s 

Volcanic arc = 50-60 km 
Trench // flow? 
Experimental data : incorporation of water (H+) IN OLIVINE changes the 
relation between deformation & anisotropy 



D-type 

natural samples & low P experiments (Bystricky et al. 2000) 
D-type = low deviatoric stresses! 

Influence of water (H+) on olivine CPO @ T≥1200°C, P=2GPa 

B & C type : [001] slip 

>90% naturally 
deformed  
peridotites:  
A, D & E type 
 [100] slip 
fast s // shear 
direction 

Low stress 
Low water 

7% 

2% 

lower T: transition B-C 
@ lower stresses 

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

High water 

fast S ⊥  
shear  
direction 



Trench // anisotropy in the forearc 

Water-rich olivine: 
•  dominant [001] slip 

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

shear wave splitting above 
subduction zones: Japan 

Nagajima & Hasegawa EPSL 2004 



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



Hirschmann et al. 2005 EPSL 

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



fast anisotropy directions normal to the shear direction due to the 
effect of fluids (water and melt) and pressure on olivine deformation 

deep cratonic xenoliths 

Vauchez et al. EPSL 2005 

T>1300°C 
P = 4.4 GPa 

[100] 

[001] 

 asthenospheric mantle only! 
•  partial melting  
•  water solubility   P  

Hirschmann et al. 2005 EPSL 

Bofan-Casanova  
2005 Min.Mag. 

sp 

gt 

sp 

gt Peslier et al. CMP 2008 

•  change in slip systems under dry 
 conditions @ depths > 200 km 



Interactions between reactive fluid transport, partial 
melting, and olivine deformation in the mantle wedge? 

Figure by K. Michibayshi 

[100] glide only 
Soustelle et al JPet 2010 

Xenoliths in calco-alkaline volcanos 
from NE Pacific subduction zones 

serpentinite 



Dunites with  
Cr-rich spinels 
P history? 

Tasaka et al. EPSL 2008 

Imono peridotite, Japan 

Melting  
= dehydration 



Pressure-dependence of water solubility in olivine + melting 

Japan: shear wave splitting in the wedge 

Karato & Jung 
 1998 EPSL 

forearc : low T, olivine 
water-saturated, but are 
water contents & stress 
high enough for dominant 
activation of (010)[001]? 
- water reduces viscosity 
+ very short paths (≤50km) 
= very low delay times! 

arc: melting, 
olivine dry 



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

Ranero et al.  
Nature 2003 

Faccenda et al., Nature 2008 
layering   +  antigorite CPO 



Orientation inheritance from olivine may also contribute… 

fault spacing < sampling wavelength 
strong antigorite CPO  
delay time = F (depth of serpentinization, 
volume fraction of serpentinized mantle) 

0.5 s  

1.5 s  



ANTIGORITE SCHIST 
FROM  

COLORADO PLATEAU 

BOUDIER, BARONNET, MAINPRICE (J Petrol 2010) 

Antigorite – olivine crystallographic 
relations & seismic anisotropy 



BOUDIER, BARONNET, MAINPRICE (J Petrol. 2010) 

Olivine - antigorite 
CPO relations 

& seismic 
anisotropy 

Bostock et al. Nature 2010 

antigorite 
olivine 

Up to 50-60% 
serpentine 



Below the arc… 
Japan: trench-normal polarization & 
higher delay times 

arc: melting, 
olivine dry 

<a> glide only 
Soustelle et al.   
J Pet 2010 

Arc xenoliths, 
Kamchatka 



Compilation by M. Long and P. Silver 

Trench // S-waves polarization below the arc… 

Behn et al. 2007 Science

Ryukyu



Effect of partial melting? 

olivine CPO weak (diffusion): 
anisotropy controlled by melt distribution 

⇒  fast S-wave polarization sub-parallel  
to flow plane  

in lab experiments: 

Holtzman et al. Science 2003 •  deformation => melt segregation 
•  melt-induced strain partition 
  olivine [100] normal to shear direction 



In peridotite massifs, compositional layering 
// to foliation (flow plane), but diffuse contacts 

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

Lherz, France 

Le Roux et al EPSL 2008 

Ronda, 
Spain 

[100] [010] [001] 

Soustelle et al. J.Petrol, 2009 





Should we completely abandon the trench-// flow interpretation? 

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

Kneller & Van Keken G3 2007 

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



Nd, Pb isotopes : NW flow of mantle 
wedge material 

Local S waves splitting 

Hoernle et al. Nature 2008 



Strong slab curvature also may produce trench // anisotropy 

Kneller & Van Keken G3 2007 



Should we completely abandon the trench // flow interpretation? 

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

Kneller & Van Keken G3 2007 



Should we completely abandon the trench // flow interpretation? 

Oblique subduction?  

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



Mehl et al. JGR 2003 

Alaska 

Arc-parallel flow within the mantle wedge: observations 

Flow // trench = strong trench-parallel anisotropy 

[100] slip 



Canadian Cordillera 

Tommasi et al EPSL 2006 

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

[100] slip 

solid state foliation // dunite bands // pyroxenite dykes 

2 % melt = 10 % P & S anisotropy 



Compilation by M. Long & P. Silver  Compilation by M. Long & P. Silver + some additional data  

Caribean 
~1s trench //  

Hikurangi 
1-2s trench //  

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



local S waves 
Splitting 
<0.2 s 

SKS splitting : 1 - 2 s 



Below slab anisotropy 

   Kamchatka                                Calabria 

(Peyton et al., 2001) 

(Baccheschi et al., 2007; Civello and Margheriti, 2004) 



Trench // flow  beneath slab 
 pressure gradient :  
-  trench retreat 
-  barrier to flow @ depth 
(lower mantle) 

Russo & Silver Science 94 

Long & Silver Science 2008 

Trench // flow  beneath slab: 
Correlation between delay time 
& magnitude of trench migration 
velocity 

Problem: decoupling between 
the slab and underlying mantle! 



Compilation by M. Long & P. Silver  Compilation by M. Long & P. Silver + some additional data  

Caribean 
~1s trench //  

Hikurangi 
1-2s trench //  

trench normal flow 
(drag by the slab) 
& [001] slip dominant 

An alternative interpretation… 



Technique expérimentale Deformation of olivine polycrystals @ 11GPa & 1400°C 

H. Couvy & P. Cordier 
Bayreuth/Lille 

100% olivine 
simple shear 

TEM: only [001] screw dislocations  

[001](100) 
[001](010) 

1.55 

0.57 

γ=0.3 

EBSD: olivine CPO  

2 mm 

Couvy et al. EJM 2004 



c (010) 

a (010) 

Effect of pressure on olivine deformation 

Raterron et al. 2007 

At high pressure:  

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

•  very low activation volume 
  dislocation creep dominant   

b 
a 

c 
b

a 

c 

σ1 

Fo100 

bi-crystal 



Jung et al. Nature Geoscience 2009 

Upper mantle seismic anisotropy 
resulting from pressure-induced 

slip transition in olivine 



 In most of the upper mantle, seismic anisotropy behaves nicely: 
< 200 km : strong anisotropy, SH>SV, fast directions // APM (oceans) 
                            or // lithospheric structure (continents)  

•  dominant [100] slip 
•  delay times = path lenght   

   > 200 km : anisotropy decreases : effect of pressure = [001] slip 

In subduction zones…  

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

3D flow, role of fluids (H20, 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 

Slab anisotropy : Serpentines? 

Sub-slab mantle flow : [100] slip & trench // flow : decoupling? 
           [001] slip - HP olivine deformation : why this  
     signal is not seen elsewhere? 

Summary 



Baba et al. JGR 2006 

resistivity // spreading direction 
= 1/5 * resistivity // ridge 

fast EC direction // fast SKS polarisation 

electrical conductivity 
MELT experiment 

East Pacific ridge 

high conductivity & anisotropy below 60km 
  EC anisotropy =  faster H+ diffusion 

         // olivine [100] 

SKS splitting 

Electrical conductivity anisotropy inferred from long-period MT data: 
Another tool to map upper mantle deformation? 



electrical conduction controlled by intracrystalline H+ diffusion in olivine 

electrical conduction: 
short range, "fast" diffusion 
polaron migration process 
Mackwell & Kohlstedt (1990) 



3D FE modeling of anisotropic conduction  
(intracrystalline H+ diffusion) in a peridotite  

Gatzemeier & Tommasi PEPI 2006 

σx=5*σz    

σx=3.2*σz  

σx=3.8*σz  

σx=5.4*σz  

σx=5*σz  

Z 

Z 



The MELT experiment: 
electrical conductivity @ East Pacific Rise 

Baba et al. JGR 2006 

conductivity // spreading direction 
= 5 * conductivity // ridge 


