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Phase transitions and mantle dynamics

Can they layer or hamper convection?
Old debate:
One layer? Two layers? ...

Now, one and a half layer?
i.e. mass anomalies hampering the flow 
without creating an impermeable barrier ( 
from global observations, there is no general 
consensus about the need of mechanisms 
hampering convection in the transition zone)

Do they play a role in a potential 
petrological layering of the mantle?

Do they perturb the average viscosity of 
the mantle?

From Courtillot 1997



From Ita and Stixrude (1992)

Depth (km)
Only the 'olivine' phase transitions are sharp and appear as sismological 
discontinuties. The broad pyroxene- garnet transitions might be as 
important for mantle dynamics 

+PPV



Post-perovskite phase transitions

From Ohta et al. EPSL 2008

They can bring important 
constraints
on CMB temperature, core heat-
flow, presence of segregated 
MORB close to CMB...
lateral variations of these 
quantities



Processes potentially hampering the flow through a phase transition:

-Negative Clapeyron slope ??

-Thermal effects

-Volumetric effects

-Slow diffusion

......and others



The role of the Clapeyron slope

   OL         SP  RW         PV+Mw

From Christensen 1995

 Enhances the flow                  Hampers the flow



Avalanche regime for P<-2MPa/K

Machetel and 
Weber (1990)

Schubert etal. 1975, Christensen and Yuen 1985, Solheim and Peltier 1994, Tackley et al. 1993, 1994...



What are the values of Clapeyron slopes in the mantle according to
recent high-pressure experiments?

Ohtani and Litasov, Min soc Am., 2006



Around 670km depth:

Ringwoodite to Perovskite+Magnesiowustite:

-0.5 Mpa/K to -2 Mpa/K   (60%)
 dry                   wet

Majorite to Perovskite:

+4 Mpa/K  (40%)

Average: 1.3 to 0.4 Mpa/K

   (see also Weidner and Wang 1998)

(N.B. A large deflexion of the seismic discontinuity might be seen as it corresponds to the Rw to 
Pv+Mw phase transition. However, a deflexion in the opposite direction of the broad non visible 
Mj to Pv transition must annihilate the dynamic effect of the Rw phase transition.)



From Christensen, EPSL 1998

Latent heat effect
(Schubert et al. 1975,
Christensen 1998)

This process always hampers convection, 
whatever the sign of the Clapeyron slope

Thermal effect retarding phase transformations



Mean phase change depth deflexion as function of vertical velocity
for various values of the phase loop width (non-dimensional units)

For the 670km discontinuity a 4km deflexion seems likely

From Christensen, EPSL 1998



In order to accomodate volume changes, one needs to deform 
viscously the matter. Otherwise, the reaction is stopped

Many geological examples of frozen 
metastable reactions in
'elastic' matrices
(quartz-coesite in diamond or garnet) 
(Gillet, Ingrin, Chopin 1984, Guiraud and 
Powell 2006)

Wadsleyite-olivine (Mosenfelder 2000, see 
also Liu et al; 1998, Kubo et al. 1998, Kerchhofer et 
al. 1998  )

For the case of mantle phase transitions, one may wonder how much 
the viscosity delays the reaction.
There are macroscopic and microscopic aspects to this problem



.
 The deflection of the transition zone is 

characterized by the non-dimensional number:
α=(4/3)ηgW (ρ2−ρ1)/∆P2

In first approximation: α=(deflection/(thickness of TZ))
  Important to input right width and ηΤΖ in models

Macroscopic aspects

(Schubert et al. 2001, Leng and 
Zhong 2008...)

Momentum equation

TALA: Truncated anelastic liquid 
approximation: KT

-1p neglected.
But this term can be large in 
narrow transition zones

∆P
In transition zone: KTeq=∆P ρ/∆ρ

From Krien and Fleitout 2008



Density (indicating percentage of transformed phase) as function 
of depth for various α.



Looking at the response function of harmonic loads (l=5) in a layered Mantle 
(various TZ thickness, ηLM =50ηUM), using standard propagator techniques

Viscosity divided by 10 within the  
transition zone (see also Panasyuk and 
Hager 1998)

(N.B. Does not depend upon the absolute value of η)

Standard case (no pressure 
anomaly=TALA, other cases ALA)

From Krien and Fleitout 2008

A thin and viscous (left side) phase transition can hamper considerably the 
flow if non truncated equations are used (ALA)



What is the viscosity inside the phase transition zones?

With a=constant close to 1, 
σy=yield stress σ=applied stress

Mechanical problem of transformational plasticity (Shape memory alloys); 
Greenwood and Johnson effect in plastic material

If one tries to extend this formula to non-newtonian viscous material

The viscosity seems  just to be the viscosity necessary to accomodate a 
deviatoric strain rate of the order of the volumetric strain rate in the transition 
zone

Εa ε=



Assuming a n=3 stress exponent:

The viscosity reduction is likely to be moderate (less than a factor 
3) for a 10km thick transition zone.

Deflexions of the order of 7km are expected.

In numerical models, ALA vs TALA in transition zones should 
make a difference:
   Inputing the right width and the right viscosity within the 
transition zone matters



Microscopic aspects:

-In a polycristalline aggregate, the various minerals don't change 
phase at the same depth. The matrix must deform in order to 
accomodate the large volume changes of grains changing phase  
(global compressibility of an aggregate with one of the minerals having a very 
low K)

-A nucleus which grows needs to deform the surrounding matrix



.

K2/f2 

K2=(ρ/∆ρ) ∆p

Self-consistent homogenization model 
(elastic or viscoelastic parameters)

4/3η(1/f2-1)

In the limit of infinite K1, the
equivalent compressibility of
the aggregate K is

Green grains (phase 2) 
changing phase have a very 
low apparent K2:

Is the compressibility of an aggregate the weighted mean of its 
components' compressibility?

For f2<0.5 more energy is dissipated in the 'microscopic' 
than in the 'macroscopic' process of shear accomodating 
the volume change (idem for deflection)

µel

 is the complex viscoelastic modulus

K can be 
represented by a 
delayed 
compressibility
(implies deflected 
phase transition)

(From Fleitout and Krien 2008)



The growth of a nucleus also requires deforming the surrounding 
material

For a newtonian rheology  in material avancing through a transition zone with 
a vertical velocity V:

The pressure in the nucleus is 
larger (smaller) than the 
external pressure

See also Morris, 1992

(From Fleitout and Krien 2008)



For a non-newtonian rheology, η0=1022Pas, σc=3 107 Pa

This corresponds to deflexions of 10 km to 20km (but 
deflections might be limited by large nucleation rates)

(From Fleitout and Krien 2008)



Slow diffusion? (Sautter and Harte 1986, Sautter et al. 1988)

Good data for the interdiffusion of iron and magnesium.
No data for aluminium  diffusion at high pressure
(garnet -majorite to perovskite?)

Within the phase loop diffusion is necessary for the phase change to proceed.

Cpx to garnet

Other delays might be due to slow nucleation rate, slow phase boundary 
migration...The relative value of nucleation rate vs growth rate affects the grain 
size, which in turn affects convection (Solomatov and Stevenson 1994...)



Holzapfel et al, science 2005
The interdiffusion of Mg-Fe is very slow in perovskite (delay of 
the phase transformation at the 670km depth?)
Lack of data concerning aluminum diffusion



Are phase transitions able to induce 
a petrological stratification in the mantle?



Phase transitions and petrological differentiation?

Weidner and Wang 1998



Litasov and Ohtani, PEPI 2005

At high temperature, MORB change phase significantly deeper than pyrolite, even 
in a wet mantle



Crossing of the densities at normal temperature even for hydrous 
MORB

Litasov and Ohtani 
PEPI 2005



Such relative density inversion induces petrological 
layering in the mantle

Mambole 2000 (2D cartesian models)

Xie and Tackley 2004 (3D 
spherical models)

Note that in both models, the segregation does not occur in the cold slab but in the hot 
rising currents (so it is the difference of depth at high T which matters)



1=MORB, 0=harzburgite, dr=N.D. Width of zone of density inversion (the 
hydrous 1600°C case from Litasov and Ohtani would correspond to dr=0.03) 

Mean composition as function of depth

From Mambole 2000



1- Don't forget non-olivine phase transitions for the dynamic effect of the Clapeyron slope

2- The evidence for a sizable 'average' negative Clapeyron slope at 670km depth in pyrolite is 
very weak. Thermal, volumetric or diffusionnal effects offer potential alternative mechanisms 
for 'partial layering'.

3- For various physical effects, changing the width of the phase transition matters (in numerical 
models...)

4- TALA might be very different from ALA  if the viscosity is not drastically reduced within 
the transition zones

5- Is the system entirely described by its macroscopic properties or should there be some term 
added to account for the energy dissipated in the deformation accomodating small-scale 
heterogeneity in volume changes?

6- Mean petrological variations with depth induced by differences in phase transition depths 
for MORB and harzburgite seem likely

   A lot of experimental values on the kinetic aspects of phase transitions for small 
overpressures are still missing

Conclusion
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