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Geodynamic	  ques6ons	  related	  to	  
rheological	  proper6es	  

•  Seismic	  tomography	  shows	  some	  (cold)	  slabs	  deform	  in	  the	  transiIon	  
zone.	  	  
	  à	  How	  does	  a	  (cold)	  slab	  deform?	  
	  (how	  strong	  are	  they	  at	  the	  transiIon	  zone	  condiIons?)	  

•  Geochemical	  observaIons	  show	  that	  disInct	  “geochemical	  
reservoirs”	  (in	  the	  lower	  mantle)	  have	  survived	  for	  a	  long	  Ime	  (~2	  Gyrs	  
or	  more)	  	  
	  à	  How	  could	  some	  materials	  avoid	  mixing	  (or	  sIrring)	  in	  a	  
	  convecIng	  mantle?	  
	  (how	  strong	  are	  they	  at	  the	  transiIon	  zone	  condiIons?)	  

•  Does	  water	  enhance	  deformaIon	  in	  the	  lower	  mantle?	  
–  Water-‐convecIon	  feedback?	  
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à Needs	  experimental	  studies	  at	  high	  P-‐T	  (slow	  strain-‐rate,	  
	  large	  strain)	  and	  studies	  on	  grain-‐size.	  (+	  water	  effect?)	  



	  A	  brief	  history	  of	  technical	  development	  

•  Griggs	  (1936):	  A	  gas-‐medium	  apparatus	  
•  Griggs	  (1965):	  A	  solid-‐medium	  apparatus,	  low	  resoluIon	  (<3	  GPa)	  
•  Paterson	  (1970):	  A	  gas-‐medium	  apparatus	  (internal	  load	  cell,	  high	  resoluIon)	  (<0.3	  GPa)	  
•  Sung,	  Goetze,	  Mao	  (1977):	  High-‐P	  (<20	  GPa)	  deformaIon	  experiments	  using	  DAC	  at	  low	  T	  
•  Green	  (1989-‐):	  A	  modificaIon	  to	  Griggs	  apparatus	  (high-‐resoluIon	  stress	  measurements,	  P	  

to	  ~4	  GPa)	  
•  Singh	  (1993):	  A	  theory	  of	  x-‐ray	  stress	  measurement	  
•  Karato-‐Rubie	  (1997):	  MulI-‐anvil	  shear	  deformaIon	  experiments	  (~15	  GPa)	  (stress	  

relaxaIon	  test)	  
•  Weidner	  (1998-‐):	  Synchrotron	  in-‐situ	  stress,	  strain	  measurements	  	  (stress	  relaxaIon	  tests)	  
•  Paterson	  (2000):	  A	  low-‐P	  (gas-‐medium)	  torsion	  apparatus	  
•  Karato	  group	  (2001-‐):	  RDA	  (a	  high-‐P	  torsion	  apparatus)	  
•  Wang,	  Weidner,	  Durham	  group	  (2003-‐):	  DDIA	  
•  Karato	  (2009):	  A	  modified	  theory	  of	  x-‐ray	  stress	  measurement	  
•  Girard	  et	  al.	  (2016):	  The	  first	  quanItaIve	  deformaIon	  experiments	  under	  the	  lower	  mantle	  

condiIons	  
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RDA
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CondiIons	  for	  quanItaIve	  deformaIon	  experiments	  
before	   aIer	  

ü   needs for deformation experiments at higher P 
ü   deformation experiments need to be conducted in the right regime 

(in order for geological applications) 



Extending	  rheological	  studies	  to	  higher	  P	  
quanItaIve	  deformaIon	  experiments	  under	  the	  whole	  mantle	  condiIons	  
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Synchrotron	  facility	  



Key	  points	  in	  the	  design	  of	  a	  high-‐P	  
deforma6on	  apparatus	  

•  high	  P	  and	  T	  
•  controlled	  strain-‐rate	  (stress)	  
•  large	  strain	  
•  In-‐situ	  stress-‐strain	  measurements	  
	  
torsion	  testsà	  good	  support	  (high	  P),	  large	  strain	  	  

	  (strain	  gradient:	  evoluIon	  of	  microstructure)	  
	  (pressure	  gradient:	  precise	  P-‐dependence)	  
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ConvenIonal	  deformaIon	  experiments	  
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Griggs	  apparatus	   Paterson	  apparatus	  

A	  sample	  is	  in	  a	  pressure	  vessel.	  Pushed	  from	  out-‐side	  à	  Pressure	  limit.	  
Both	  strain	  and	  stress	  are	  measured	  out-‐side.	  à	  Problems	  with	  the	  stress	  	  
measurements.	  Not	  possible	  to	  disInguish	  stress	  in	  different	  phases.	  
	  



Advantages	  of	  synchrotron	  experiments	  

•  Synchrotron	  radiaIon:	  high	  intensity	  X-‐ray	  	  
	  	  	  	   	  à	  penetrate	  through	  pressure	  medium	  

	  à	  P-‐T	  esImates	  (from	  equaIons	  of	  state)	  
•  In-‐situ	  measurements	  of	  stress	  and	  strain	  
	  à	  no	  issue	  of	  fricIon	  
	  à	  need	  a	  theory	  to	  calculate	  stress	  from	  X-‐ray	  diffracIon	  

•  Stress	  can	  be	  measured	  for	  co-‐exisIng	  minerals	  
separately	  	  
	  à	  strength	  contrast	  of	  co-‐exisIng	  minerals	  
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P=15	  GPa	  	  
T=2100	  K	  	  

staIc	  
(room	  P,	  T)	  
during	  
deformaIon	  

X-‐ray	  stress,	  strain	  measurements	  



Applica6ons	  of	  RDA	  

•  Pressure	  effects	  (V*)	  on	  deformaIon	  of	  olivine	  
•  PlasIc	  deformaIon	  of	  transiIon	  zone	  
minerals	  (wadsleyite,	  ringwoodite)	  

•  Deforma6on	  experiments	  under	  the	  lower	  
mantle	  condi6ons	  
– Mantle	  convecIon,	  geochemical	  mixing	  
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Pressure	  dependence	  of	  creep	  of	  dry	  olivine	  

Kawazoe	  et	  al.	  (2009)	  

P	  effect	  is	  large	  for	  both	  “power-‐law”	  creep	  (high-‐T	  mechanism)	  
	  and	  the	  Peierls	  mechanism	  (low	  T	  mechanism).	  



wadsleyite-‐ringwoodite	  
(transiIon	  zone	  minerals)	  
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Rheological	  properIes	  are	  similar	  to	  those	  of	  olivine	  at	  
high	  P.	  	  
CondiIons	  are	  close	  to	  the	  boundaries	  among	  dislocaIon	  
creep,	  diffusion	  creep,	  the	  Peierls	  mechanism	  (similar	  to	  
olivine)	  
à Any	  substanIal	  grain-‐size	  reducIon	  leads	  to	  

rheological	  weakening	  
à Weak	  slabs	  in	  the	  western	  Pacific	  caused	  by	  grain-‐size	  

reducIon?	  

Farla	  et	  al.	  (2015)	  
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threshold	  stress	  
for	  slab	  deformaIon	  	  
needed	  for	  slab	  	  
deformaIon	  
(assumed	  by	  geodynamicists)	  
	  

When	  grain-‐size	  effect	  is	  ignored,	  the	  predicted	  strength	  far	  exceeds	  
the	  strength	  needed	  to	  deform	  the	  subducted	  slabs.	  



DislocaIon	  creep	  (or	  diffusion	  creep	  with	  mm	  size)	  	  
à	  too	  high	  viscosity	  
(need	  to	  reduce	  the	  viscosity	  by	  ~10	  order	  of	  magnitude)	  
	  
à grain-‐size	  reducIon	  from	  mm	  to	  micron	  can	  do	  the	  job:	  	  
à	  an	  experimental	  study	  on	  the	  degree	  of	  grain-‐size	  reducIon	  upon	  
a	  phase	  transformaIon	  at	  various	  condiIons	  
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•  A	  strong	  effect	  of	  T	  on	  grain-‐size	  (mostly	  grain-‐growth	  control)	
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Fig. 12a Fig. 12b
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Grain size evolution and its influenvce on 
slab deformation in the transition zone
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Warm/young slabs Cold/old slabs



DeformaIon	  experiments	  under	  the	  lower	  mantle	  condiIons	  
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Girard	  et	  al.	  (2016)	  



Advantages	  of	  a	  two-‐phase	  specimen	  in	  
synchrotron	  in-‐situ	  deformaIon	  experiments	  
	  1.	  In-‐situ	  P-‐T	  measurements	  
	  2.	  Direct	  measurements	  of	  strength	  contrast	  
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Girard	  et	  al.	  (2016)	  



Bridgmanite	  (perovskite)	  is	  much	  stronger	  than	  (Mg,Fe)O.	  

12/3/16	   19	  

 Fig. 2 

 

  

Girard	  et	  al.	  (2016)	  



Strain	  of	  (Mg,Fe)O	  is	  more	  than	  the	  macroscopic	  strain.	  
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Fig. 3 
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DeformaIon	  of	  a	  two-‐phase	  with	  large	  strength	  contrast	  
à strain	  weakening	  
à localized	  deformaIon	  
à Majority	  of	  the	  lower	  mantle	  may	  not	  be	  deformed	  

à PreservaIon	  of	  geochemical	  reservoirs?	  
à Lack	  of	  seismic	  anisotropy?	  



Water	  effects	  on	  diffusion	  are	  small	  in	  (Mg,Fe)O.	
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Otsuka-‐Karato	  (2015)	



Summary	  I	  	  
•  QuanItaIve	  deformaIon	  experiments	  to	  P~28	  GPa,	  T~2200	  K	  using	  the	  RDA	  

(rotaIonal	  Drickamer	  apparatus).	  
•  DeformaIon	  mechanisms	  in	  the	  laboratory	  and	  in	  a	  slab	  are	  close	  to	  the	  boundary	  

among	  three	  mechanisms	  (power-‐law	  dislocaIon	  creep,	  Peierls	  mechanism,	  
diffusion	  creep).	  

•  Both	  power-‐law	  creep	  and	  Peierls	  mechanism	  are	  highly	  sensiIve	  to	  P.	  	  
à 	  Cold	  slab	  cannot	  deform	  if	  only	  these	  mechanisms	  are	  considered.	  
à 	  Grain-‐size	  reducIon	  will	  lead	  to	  substanIal	  weakening	  (via	  diffusion	  creep).	  

•  Two	  dominant	  minerals	  in	  the	  lower	  mantle	  (bridgmanite	  ((Mg,Fe)SiO3)	  and	  
ferropericlase	  ((Mg,Fe)O)	  have	  largely	  different	  strength:	  bridgmanite	  is	  much	  
stronger	  than	  (Mg,Fe)O.	  	  
	  à	  shear	  localizaIon?	  
	   	  à	  preservaIon	  of	  geochemical	  reservoirs?	  
	  à	  absence	  of	  anisotropy	  in	  the	  majority	  of	  the	  lower	  mantle?	  

•  Water	  has	  almost	  no	  effect	  on	  diffusion	  in	  (Mg,Fe)O	  
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Summary	  II	  	  
What’s	  next	  in	  the	  study	  of	  deep	  Earth	  rheology?	  

•  More	  quanItaIve	  flow	  laws	  for	  each	  mechanism	  
(deformaIon	  mechanism	  maps)	  à	  e.g.,	  grain-‐size	  effects
	  deformaIon	  of	  deep	  slabs	  

•  Does	  water	  enhance	  deformaIon	  of	  lower	  mantle	  
minerals?	  	  
– evoluIon	  of	  water	  (water-‐convecIon	  feedback)	  

•  DeformaIon	  of	  (Mg,Fe)O	  
–  Does	  dominant	  slip	  system	  change	  with	  P?	  

•  How	  to	  interpret	  seismic	  anisotropy	  in	  the	  deep	  mantle?	  
(LPO	  can	  be	  complex	  as	  shown	  for	  olivine)	  
	  flow	  patern	  around	  the	  transiIon	  zone,	  in	  the	  D”	  layer	  
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Both of them have large uncertainties. An alternative approach that is
free from these uncertainties is to use microstructural observations to
get some insights into the dominant deformation mechanisms in the
deep upper mantle. Almost all mantle xenoliths show strong lattice-
preferred orientation (e.g., Ben Ismail and Mainprice (1998)), and
they also show evidence of dynamic recrystallization (e.g., Drury and
Urai (1990)) suggesting the operation of dislocation creep. This is also
true for an ultra-deep xenolith from deep continental upper mantle
(deeper than 300 km) of South Africa (Jin, 1995). In addition, recent
seismological observations show evidence for strong seismic aniso-
tropy in the deep upper mantle (e.g., Gung et al. (2003)). Taken
together, I conclude that there is strong case for dislocation creep as a
dominant deformationmechanism in the deep uppermantle although
grain-size sensitive creep such as diffusion creep may operate under
limited conditions (particularly low temperature shear zones: Handy
(1989); Jin et al. (1998); Warren and Hirth (2006)).

Now let us discuss some details of the flow law for dislocation
creep. Plastic deformation at high temperature and low stress occurs
by thermally activated motion of crystalline defects and therefore the
strain-rate depends exponentially on temperature. Defect concentra-
tion and/or mobility also depend onwater fugacity, and in some cases,
the deformation involves grain-boundary processes. So a generic
equation to describe the dependence of strain-rate on some thermo-
dynamic and structural parameters is (e.g., Karato (2008))

e ̇= A · f rH2O P; Tð Þ · L−m · σn · exp − E⁎ + PV⁎
RT

! "
ð2aÞ

where ε ̇ is strain-rate, A is a pre-exponential factor that is insensitive
to thermo-chemical conditions, fH2O(P,T) is the fugacity of water that
depends on pressure (P) and temperature (T), L is grain-size, σ is
deviatoric stress, E⁎ is activation energy, V⁎ is activation volume, and
R is the gas constant (r, m and n are non-dimensional constants
that depend on the mechanisms of deformation). If we use a relation

CW∝fH2O, the water fugacity can be replaced with thewater content in
the flow law equation,

e ̇= AV· CW · L−m · σn · exp − EV⁎ + PV V⁎
RT

! "
: ð2bÞ

For dislocation creep (atmodest stress level), usuallym=0and nN1.
The water fugacity strongly depends on both pressure (P) and

temperature (T) and the functional form to describe the pressure and
temperature dependence of water fugacity changes with pressure
(Fig. 8). At low pressures and high temperatures, water behaves like
an ideal gas, whereas at high pressures, water molecules become close
together and water behaves like a highly incompressible, non-ideal
gas. Consequently, at low pressures, fH2O(P,T)∝P whereas at high
pressures, fH2O P; Tð Þ~ exp PVH2O

RT

# $
where VH2O is the molar volume of

water and this transition occurs at ∼0.5 GPa. Consequently, it is
essential to obtain experimental data for a pressure range including
both below and above ∼0.5 GPa to determine the flow law parameters
under water-rich (“wet”) conditions.

The defect species responsible for plastic deformation likely changes
whenwater is added. Forexample,when there is nowater, diffusionmay
occur using empty vacancies but under water-rich conditions diffusion
can occur using hydrogen-filled vacancies (e.g., Hier-Majumder et al.
(2005)). In these cases, one needs to consider at least two mechanisms
of deformation, one deformation under “dry” (water-free) conditions
and another deformation under “wet” (water-rich) conditions with
different activation energies and volumes. In these cases, there will be
two different flow laws, and one may distinguish flow law under “wet”
condition (ε̇wet= fwet(T,P,σ,fH2O;L) or ε̇wet= fwet(T,P,σ,CW;L)) from that
under “dry” conditions (ε̇dry= fdry(T,P,σ;L)). Thus,

ė dry = Adry · σndry · exp −H⁎
dry

RT

 !
ð3Þ

and

ė wet = Awet · f rH2O P; Tð Þ · σnwet · exp −H⁎
wet
RT

 !
ð4aÞ

= AVwet · Cr
W · σnwet · exp −HV⁎wet

RT

 !

ð4bÞ

Fig. 7. A deformation mechanismmap for olivine under “dry” (water-free) conditions at
∼200 km conditions (P=7 GPa, T=1700 K) on the grain-size and stress space. The
power-law creep constitutive relation established by Kawazoe et al. (2009) and the
diffusion creep constitutive relationship by Mei and Kohlstedt (2000a) with the
activation volume of 6×10−6 m3/mol are used. The exact location of the boundaries has
some uncertainties, but the general conclusions discussed in the text remain valid.
Plausible ranges of grain-size and stress in the deep upper mantle and in laboratory
experiments are shown by shaded regions.

Fig. 8. The fugacity of water as a function of pressure (at T=1573 K) (from Karato
(2008)). Shown together is the ratio of meanmolecular distance, l, to the molecular size
lm. Non-ideal gas behavior becomes important when l/lm becomes close to 1.

89S. Karato / Tectonophysics 481 (2010) 82–98
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Sample	  assembly	  of	  RDA	  
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Both of them have large uncertainties. An alternative approach that is
free from these uncertainties is to use microstructural observations to
get some insights into the dominant deformation mechanisms in the
deep upper mantle. Almost all mantle xenoliths show strong lattice-
preferred orientation (e.g., Ben Ismail and Mainprice (1998)), and
they also show evidence of dynamic recrystallization (e.g., Drury and
Urai (1990)) suggesting the operation of dislocation creep. This is also
true for an ultra-deep xenolith from deep continental upper mantle
(deeper than 300 km) of South Africa (Jin, 1995). In addition, recent
seismological observations show evidence for strong seismic aniso-
tropy in the deep upper mantle (e.g., Gung et al. (2003)). Taken
together, I conclude that there is strong case for dislocation creep as a
dominant deformationmechanism in the deep uppermantle although
grain-size sensitive creep such as diffusion creep may operate under
limited conditions (particularly low temperature shear zones: Handy
(1989); Jin et al. (1998); Warren and Hirth (2006)).

Now let us discuss some details of the flow law for dislocation
creep. Plastic deformation at high temperature and low stress occurs
by thermally activated motion of crystalline defects and therefore the
strain-rate depends exponentially on temperature. Defect concentra-
tion and/or mobility also depend onwater fugacity, and in some cases,
the deformation involves grain-boundary processes. So a generic
equation to describe the dependence of strain-rate on some thermo-
dynamic and structural parameters is (e.g., Karato (2008))

e ̇= A · f rH2O P; Tð Þ · L−m · σn · exp − E⁎ + PV⁎
RT

! "
ð2aÞ

where ε ̇ is strain-rate, A is a pre-exponential factor that is insensitive
to thermo-chemical conditions, fH2O(P,T) is the fugacity of water that
depends on pressure (P) and temperature (T), L is grain-size, σ is
deviatoric stress, E⁎ is activation energy, V⁎ is activation volume, and
R is the gas constant (r, m and n are non-dimensional constants
that depend on the mechanisms of deformation). If we use a relation

CW∝fH2O, the water fugacity can be replaced with thewater content in
the flow law equation,

e ̇= AV· CW · L−m · σn · exp − EV⁎ + PV V⁎
RT

! "
: ð2bÞ

For dislocation creep (atmodest stress level), usuallym=0and nN1.
The water fugacity strongly depends on both pressure (P) and

temperature (T) and the functional form to describe the pressure and
temperature dependence of water fugacity changes with pressure
(Fig. 8). At low pressures and high temperatures, water behaves like
an ideal gas, whereas at high pressures, water molecules become close
together and water behaves like a highly incompressible, non-ideal
gas. Consequently, at low pressures, fH2O(P,T)∝P whereas at high
pressures, fH2O P; Tð Þ~ exp PVH2O

RT

# $
where VH2O is the molar volume of

water and this transition occurs at ∼0.5 GPa. Consequently, it is
essential to obtain experimental data for a pressure range including
both below and above ∼0.5 GPa to determine the flow law parameters
under water-rich (“wet”) conditions.

The defect species responsible for plastic deformation likely changes
whenwater is added. Forexample,when there is nowater, diffusionmay
occur using empty vacancies but under water-rich conditions diffusion
can occur using hydrogen-filled vacancies (e.g., Hier-Majumder et al.
(2005)). In these cases, one needs to consider at least two mechanisms
of deformation, one deformation under “dry” (water-free) conditions
and another deformation under “wet” (water-rich) conditions with
different activation energies and volumes. In these cases, there will be
two different flow laws, and one may distinguish flow law under “wet”
condition (ε̇wet= fwet(T,P,σ,fH2O;L) or ε̇wet= fwet(T,P,σ,CW;L)) from that
under “dry” conditions (ε̇dry= fdry(T,P,σ;L)). Thus,

ė dry = Adry · σndry · exp −H⁎
dry

RT

 !
ð3Þ

and

ė wet = Awet · f rH2O P; Tð Þ · σnwet · exp −H⁎
wet
RT

 !
ð4aÞ

= AVwet · Cr
W · σnwet · exp −HV⁎wet

RT

 !

ð4bÞ

Fig. 7. A deformation mechanismmap for olivine under “dry” (water-free) conditions at
∼200 km conditions (P=7 GPa, T=1700 K) on the grain-size and stress space. The
power-law creep constitutive relation established by Kawazoe et al. (2009) and the
diffusion creep constitutive relationship by Mei and Kohlstedt (2000a) with the
activation volume of 6×10−6 m3/mol are used. The exact location of the boundaries has
some uncertainties, but the general conclusions discussed in the text remain valid.
Plausible ranges of grain-size and stress in the deep upper mantle and in laboratory
experiments are shown by shaded regions.

Fig. 8. The fugacity of water as a function of pressure (at T=1573 K) (from Karato
(2008)). Shown together is the ratio of meanmolecular distance, l, to the molecular size
lm. Non-ideal gas behavior becomes important when l/lm becomes close to 1.
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Christensen, 1996; Olbertz et al., 1997). Second, slab
deformation may occur due to the resistance forces
exerted by the 660 km discontinuity, for example,
the buoyancy forces caused by the phase transforma-
tion(s) that occurs at around the 660 km discontinuity
(Tackley, 1997) or by an increase in viscosity (Gurnis
and Hager, 1988). The presence of resistance forces
deep in the transition zone has been documented
by the focal mechanisms of deep earthquakes (e.g.
Isacks and Molner, 1969). In both cases, the balance
of the moment caused by the external forces acting
at/or around the 660 km discontinuity and the bend-
ing moment due to the strength of the deforming slab
materials determines the extent of slab deformation.
For slabs in the deep transition zone, contribution
from elastic stress is relatively small and therefore the
moment balance equation is (Turcotte and Schubert,
1982)

M =
∫ h/2

−h/2
σy dy = −4

∫ h/2

−h/2
ηε̇y dy (1)

where h is slab thickness, σ and ε̇ the longitudinal
stress and strain-rate in a slab, y the distance from
the center of the slab (Fig. 3), M the bending moment
caused by the external forces and η the effective vis-
cosity defined by η = −σ/4ε̇which generally depends
on strain-rate (or stress), grain-size, temperature and
pressure.

Fig. 3. Definition of the coordinate system. A slab encounters a
barrier at the 660 km discontinuity which exerts a force in the
vertical direction. The force due to this barrier provides a bending
moment to the slab which tends to bend the slab. The degree
of slab deformation depends on its rheological properties which
depend on temperature, the magnitude of force (F) and subduction
geometry such as the dip angle (θ ).

For simplicity we assume that ε̇ = ε̇0y/h, where
ε̇0 is twice the strain-rate at the slab surface. Thus

M = ε̇0D(ε̇0)

h
(2)

where we define D (flexural rigidity which has the
dimensions of Nms) as

D ≡ 4h3
∫ 1/2

−1/2
η(ε̇)y′2 dy′ (3)

For a case of uniform linear rheology, D is indepen-
dent of ε̇0 and D = h3η/3. However, for a more gen-
eral case of non-linear and inhomogeneous rheology,
Eq. (2) is an implicit equation that can be used to de-
termine ε̇0 and hence D. Thus, Eq. (2) must be solved
numerically by iteration using appropriate constitutive
relations for slab materials. Note that the assumption
of ε̇ = ε̇0y/h leads to an upper bound for a realistic
value of D. More heterogeneous deformation would
yield a smaller D. To solve Eq. (2) we need to know
both the relevant rheological constitutive relation and
M(x). However, since the depth variation of rheologi-
cal properties is significantly larger than that of M(x)
(for discussions on the depth variation of M(x), see
Bina, 1996, 1997; Yoshioka et al., 1997; Schmeling
et al., 1999), we make a simplifying approximation
that M(x) is independent of x. Using this assumption,
we can solve Eq. (2) to determine D(x).
The forces acting on a slab at/or around the 660 km

discontinuity include the forces due to the density
anomalies caused by the deflection of the 660 km dis-
continuity (Tackley, 1997; Schmeling et al., 1999),
forces due to the density anomalies caused by the
buoyancy forces associated with subduction of a gar-
netite layer (Ringwood and Irifune, 1988; O’Neill and
Jeanloz, 1994) and the resistance forces due to a high
viscosity of the lower mantle. All of these forces in-
crease with the velocity of subduction (and with the
age of the lithosphere). For simplicity, we assume a
linear relation between the momentM and the velocity
of subduction. We choose bending moments of M =
4× 1018 and 9× 1018 N for velocities of 4 and 10 cm
per year, respectively, which corresponds to a force
of F ∼ 1013 Nm−1 (Davies, 1980). It must also be
noted that the bending moment due to external forces
depends on the dip angle: for a large dip angle the
bending moment is small.
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X-‐ray	  diffracIon	  	  
à	  strength	  	  
à	  plasIc	  anisotropy	  
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X-‐ray	  strain	  measurement	  
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Microstructures	  à	  deformaIon	  mechanisms	  
Transmission	  electron	  microscopy	  

à	  dislocaIon	  creep	  +	  diffusion	  creep	  
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Kawazoe	  et	  al.	  (2010)	  
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X-‐ray	  stress,	  strain	  measurements	  
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RDA	  at	  NSLS	  

X-‐ray	  

Strain	  ß	  X-‐ray	  absorpIon	  (imaging)	  
Stress	  ß	  X-‐ray	  diffracIon	  



Mo6va6on	  1	  
Some	  (cold)	  slabs	  are	  deformed	  in	  the	  transiIon	  zone.	  

à	  Why	  (how)	  does	  a	  cold	  slab	  deform?	  
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Karason-‐van	  der	  Hilst	  (2000)	  
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ü  needs for deformation experiments at higher P 
ü  deformation experiments need to be conducted in the 
right regime (in order for geological applications) 

 

CondiIons	  for	  experimental	  studies	  on	  deformaIon	
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generally stronger than olivine, close to an order of mag-
nitude at low pressure (<5 GPa) to nearly similar strength 
at 20 GPa. The samples from this study appear to be pri-
marily deforming by power-law dislocation creep, with 
potential contributions from dislocation glide and diffu-
sion creep (e.g. in B072 at lower strain rates). Previously 

published results show in TEM images small, disloca-
tion-free grains such as those in a sample deformed at 
0.9 GPa at a temperature of 2100 K and a pressure of 
17 GPa (Kawazoe et al. 2010a). This evidence indicates 
the possibility of a contribution from diffusion creep to 
deformation.
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Fig. 15  Average strength of wadsleyite plotted against temperature 
for this study and previous studies. Uncertainties in stress and tem-
perature are given by the error bars. Generally, the data are normal-
ized to a strain rate of 10−5 s−1 and a water content of 150 wt ppm 
H2O assuming exponent r = 1.7 on COH (Nishihara et al. 2006). The 
dark blue curves show the power-law stress–temperature relationship 

of wadsleyite at different pressures that fit the solid data symbols, 
yielding an activation energy and activation volume. The grey-dot-
ted curves are based on existing olivine flow laws by Kawazoe et al. 
(2009) and references therein. The solid orange curve corresponds to 
a flow law given by Kawazoe et al. (2013), which can be reinterpreted 
with a stress exponent of 4.7 obtained in this study
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Fig. 16  Deformation maps showing the proposed boundaries 
between the various deformation mechanisms in stress–temperature 
space estimated at 20 GPa. The power-law dislocation creep regime 
for wadsleyite is determined in this study by constraints on the data, 
which are plotted. The light blue curve for a given grain size shows 
the estimated strength of wadsleyite in diffusion creep from Si dif-

fusion experiments in polycrystalline wadsleyite (Shimojuku et al. 
2009). A possible transition to diffusion creep may occur in the hot-
test sample (B072) with an average grain size of 1.5 µm at a strain 
rate of 10−5 s−1 (a). Higher strain rates should increase the stress in 
the sample and power-law creep takes over. Equally, larger grain sizes 
will expand the power-law creep regime (b)

Farla	  et	  al.	  (2015)	  
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