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  Ito and vanKeken, 2007

How to interpret surface observations in a way that is consistent 
with the fluid dynamics of the Earth's mantle?

Focus:  Intraplate magmatism and mantle plumes 'from tip to toe'



  

Classic hotspot 
Hotspots fed by a deep
mantle plume are long
lived and linked to an 
oceanic plateau

Observation 
Some Pacific hotspots 
have a  short  track and
lack an oceanic plateau

Key questions
-Deep or shallow origin?
-Go beyond the classic
  plume view? 

Darwin Rise 

French Polynesia 

Geology, 2001V. Clouard  and A. Bonneville



  

GRL, 2005

We explored  3D-models of thermo-chemical plumes and found :

(1)  We should abandon some paradigms based on purely thermal plumes 
(2)  The lack of a plume head does not preclude a deep origin.



  

GRL, 2005

(3)  Broad S wave velocity anomalies, with irregular shapes

....possibly remindful of  Romanowicz and Gung [2002] .....

beneath  Africa                  beneath the Pacific 



  

Geochemical observations of Hawaiian lavas and Geochemical observations of Hawaiian lavas and 
the dynamics of the underlying mantle plume. the dynamics of the underlying mantle plume. 

(I) Debate on the plume conduit structure  (I) Debate on the plume conduit structure  
Which model is fluid-dynamically consistent ? Which model is fluid-dynamically consistent ? 

(II) Debate on the observed geochemical zonation (II) Debate on the observed geochemical zonation 
A shallow or a deep origin ? A shallow or a deep origin ? 

(III) Debate on the observed (III) Debate on the observed 33He/He/44He distributionHe distribution
Role of carbonatitic fluids ?Role of carbonatitic fluids ?



  

(I) Debate on the plume conduit structure  (I) Debate on the plume conduit structure  
Which model is fluid-dynamically consistent ? Which model is fluid-dynamically consistent ? 

 Lassiter et al., JGR, 1996

Concentric model
The isotopic  structure mimics
the temperature structure.
 
Underlying process: entrainment

Farnetani and Hofmann, EPSL, 2009

Only hot thermal boundary layer
material rises in the conduit

Concentric zoning occurs only in
a specific case 

Kea-trendKea-trend

Loa-trendLoa-trend



  

(I) Debate on the plume conduit structure  (I) Debate on the plume conduit structure  
Which model is fluid-dynamically consistent ? Which model is fluid-dynamically consistent ? 

This model minimizes radial 
variations across the plume 
conduit  by assuming that 
the vertical velocity Vz does

not vary with radius R  

Farnetani and Hofmann, EPSL, 2009

Assumption is incorrect
Vz(R)=Vz

axis exp (- cR2)

(see also Olson et al., JGR 1993)

Blichert-Toft et al., G3, 2002  

Blichert-Toft and Albarède, EPSL, 2009



  

(I) Debate on the plume conduit structure  (I) Debate on the plume conduit structure  
Which model is fluid-dynamically consistent ? Which model is fluid-dynamically consistent ? 

Abouchami et al., Nature,  2005

Interpret Mauna Kea-Kilauea Pb
isotope ratios variations with
'filaments'. 

Farnetani and Hofmann, EPSL, 2010

Heterogeneous material forms
'filaments',  which will be 
sampled by different volcanoes

Underlying  process: stretching 
in the conduit



  

Work in progress 

Laboratory experiments 
Numerical simulations

plume 
conduit

plume 
head

injected 
passive 'blob'

 

Laboratory experiments by A. Limare 

Students working with us
Thomas Duvernay 
Maude Geissmann



  



  



  



  



  

Key questions:

Can we go beyond filaments? 

What is the role of intrinsic
viscosity and/or chemical
differences? 

Moving on.... from passive 
to active heterogeneities....



  

More viscous heterogeneity (1<λ<20, where λ = η
heterogeneity 

/ η
surrounding fluid

 )
with an initial spherical shape (30<R

i
<50 km). 3D-simulations

Farnetani, Duvernay et al... work in progress...



  

 Viscosity ratio λ  vs. R
i sphere

 / R
plume conduit

R
plume  

is considered to be the length-scale of the flow causing the deformation



  

Different transit time
across the melting 
zone

Different volumes 
of the melting zone  
will be affected by 
the heterogeneity 

for R
i
= 30 km

     d
i
=100 km



  

(II) Debate on the observed geochemical zonation (II) Debate on the observed geochemical zonation 
A shallow or a deep origin ? A shallow or a deep origin ? 

Abouchami et al., 2005:  Bilateral zonation of the Hawaiian plume
 

   B.A. (i.e., Before Abouchami)
Hoernle et al., 2000        Spatial zonation in the Galápagos plume  for at least 14 m.y.

A.A. (i.e.,  After  Abouchami)

Huang et al.,    2011 Bilateral zonation of the Samoa plume  
Chauvel et al., 2012 ...Marquesas isotopic stripes     
Rohde at al.,   2012 ...80 Ma chemical zonation of the Tristan-Gough plume



  

             What is the 'radiogenic lead ratio'  2 0 8Pb* /2 0 6Pb* ?

 

The ratio is quite insensitive to age, because of the long half lives of parent nuclides   
232Th  → 208Pb (t

1/2
=14.01 Ga)       and      238U →  206Pb (t

1/2
=4.468 Ga) 

The ratio is  an excellent tracer of the long-term  history of the Th/U ratio in source  
rocks of mantle-derived basalts. 
Any measurable difference in 2 0 8Pb*/2 0 6Pb*  cannot be created by any  recent 
change in Th/U.

What does  εNd  indicate ?

High εNd  indicative of  ‘depleted’ material

                (i.e., high deviation from the chondritic 143Nd/144Nd) 

Low εNd, indicative of  ‘enriched’ material



  

[Hart et al.,  EPSL, 2004]

For Hawaii and Samoa, the volcanic chain to the North (i.e., Kea, and Vai)  
has lower 208Pb*/206Pb* than the chain  to the South (i.e., Loa, and Malu).

208Pb*/206Pb* increases southward, from Hawaii to Samoa  

MaluMalu
trendtrend

Vai trendVai trend

Kea trendKea trend

LoaLoa
trendtrend

Vai trendVai trend

Malu trendMalu trend

[Nature Geosc. 2011]



  

What is the origin of  the isotopic difference 

between parallel volcanic chains ? 

Because of large-scale 

heterogeneities in the  deep 

mantle.

The plume conduit internal 

structure is isotopically 

heterogeneous (yes zoning)

Because of shallow, 

sublithospheric, melting 

processes.

The plume conduit internal 

structure is uniformly 

isotopically heterogeneous 

(no zoning)

DeepDeep ShallowShallow



  

   Plume: fine mixture of 3 components:
   dry peridotite (DC)+hydrous peridotite (HC) + pyroxenite (PX)

  The topographic relief at the base of the lithosphere  induces             
   differential melting beneath Kea and Loa-track volcanoes.

Shallow
Models

Nat. Geosc., 2011



  

A thinner lithosphere beneath the 
Kea-track  causes higher melt 
fractions and a  smaller contribution 
of pyroxenite XPX

Shallow
Models

Nat. Geosc., 2011



  

 Are melt fractions higher for  Kea-type volcanoes? 

We use La/Yb ratio to evaluate 
relative bulk-melt fractions

La  is incompatible and varies     
      inversely with melt fraction
Yb  is nearly constant due to 
       garnet  buffering

As melt fraction decreases 
             La/Yb    increases

La/Yb of shield volcanoes shows that Kea-type volcanoes 
have LOWER,  not higher,  melt fractions. 

low melt fraction

G3, 2013



  

Are isotopic compositions (208Pb*/206Pb*) affected by melt fractions? 

Not really!  Varying melt fractions does not cause 208Pb*/206Pb* to vary.

At a given La/Yb Loa-track volcanoes have higher 208Pb*/206Pb* than Kea-track ones 
These systematic differences have a deep origin.

low melt fraction Loa-track

Kea-track

G3, 2013



  

At 2800 km depth

[Ritsema et al.,
GJI, 2011] [Weis et al., Nat. Geosc., 2011]

Hawaii

Loa side samples isotopically 
enriched material from the edge
of the  ‘Large Low Shear Velocity 
Province’ 

Isotopic pattern of the volcanoes 
reflects large-scale heterogeneities in 
the deep mantle

Deep
Models



  

Kea-side (North)
low 208Pb*/206Pb* 

Loa-side (South)
high 208Pb*/206Pb* 

Simple numerical models show 
the resulting plume structure :
a bilaterally zoned conduit.

The upper part of the TBL is
ordinary depleted mantle (green)

Large-scale geochemical  structure
of the Thermal Boundary Layer,TBL
(top view)



  

Kea-side (North)
low 208Pb*/206Pb* 

Loa-side (South)
high 208Pb*/206Pb* 

Kea-side (North)
low 208Pb*/206Pb* 

Loa-side (South)
high 208Pb*/206Pb* 

Plume 
axis

Large-scale geochemical  structure
of  the deep mantle with a gradual 
southward  208Pb*/206Pb*  increase 

VVzz(r)(r)

VVrr(z)(z)
NS



  

Kea-side (North)
low 208Pb*/206Pb* 

Loa-side (South)
high 208Pb*/206Pb* 

Kea-side (North)
low 208Pb*/206Pb* 

Loa-side (South)
high 208Pb*/206Pb* 

Conduit  208Pb*/206Pb*  zonation

Plume 
axis

r =100km

S N



  

 Form the conduit zonation to Kea- Loa-trend geochemical differences

 

We use our  numerical simulation of the Hawaiian plume to calculate
 the  2 0 8Pb* / 2 0 6Pb* zonation inside the melting zone.

We calculate the trajectories of  passive tracers which carry a
2 0 8Pb* / 2 0 6Pb* value according to their position in the conduit.

Farnetani et al., EPSL, 2012



  

 Model predictions:

 § A  globally bilateral zonation, with higher 208Pb*/206Pb* in the Loa-side. 

 § Double-volcanic chains can reveal the isotopic zonation of  the melting 

zone far better than a single, central, volcano.

§ A complex zonation induces a distinct temporal evolution for Loa and 

Kea-trend volcanoes.

Kea-side

Loa-side



  

Deep mantle 2 0 8Pb*/2 0 6Pb*: a Southward increase  

Φ=63°
Φ angle between Pacific plate     
    direction (N63°W) and the       
    direction of isotopic gradient    
    in the TBL (green arrow)

For  Φ=63°
distinct Kea-Loa sides.

Map of Hawaiian melting zone

Loa-side

Kea-side



  

Deep mantle 2 0 8Pb*/2 0 6Pb*  increases to SW (90° from plate motion)

Φ=90°

For  Φ=90°
distinct Kea-Loa sides.

Φ angle between Pacific plate     
    direction (N63°W) and the       
    direction of isotopic gradient    
    in the TBL (green arrow)

Map of Hawaiian melting zone

Loa-side

Kea-side



  

Deep mantle 2 0 8Pb*/2 0 6Pb*  increases to SE (180° to plate motion)

Φ=180°

For  Φ=180°
identical Kea-Loa sides.

This scenario can be 
 ruled out for Hawaii

Φ angle between Pacific plate     
    direction (N63°W) and the       
    direction of isotopic gradient    
    in the TBL (green arrow)

Map of Hawaiian melting zone

Loa-side

Kea-side



  

Beyond a purely thermal mantle: dynamics en entrainment 
of compositionally denser 'piles' in the lowermost mantle

Laboratory experiments in a microwave oven by A. Limare



  

'

Tanaka et al., EPSL, 2008

Kea 

Loa 

Kea 

Loa 

Hoernle et al., Nat. Geosc. 2015

Explore -the long term geochemical         
              evolution of Hawaii
.

             -the interaction between denser  
              LLSVP and a nearby plume
              

Key questions for our ''work in progress'' 



  

-Can we provide geodynamic models of Hawaii that are consistent 
  with both geochemical data and seismic observations ? 

-Can this understanding be extended to other hotspots? 

extracted from:

French and Romanowicz, Nature 2015

Key questions for our ''work in progress'' 



  

Hoernle et al., Nat. Geosc., 2015

Yes, possibly to the 
South-Atlantic hotspots

(in collaboration with 
C. Class at Lamont)

Key questions for our ''work in progress'' 



  

Key questions for future work
ANR RHUM-RUM,  la Réunion 

65 Ma: Deccan Traps + Seychelles 
60-40 Ma: hotspot  under the ridge, 

producing a track on both 
plates

40Ma on:  hotspot  under the Somali 
plate, one track but possible 
interaction with the ridge. 

Plume ridge interaction? Plume flow 
channeled under the Rodriguez ridge?

Do plumes 'pollute' the asthenosphere?
 

Area of OBS 
deployment

Réunion Hotspot and Upper Mantle,  G. Barruol and  K. Sigloch



  

(III) Debate on the observed 3He/4He distribution(III) Debate on the observed 3He/4He distribution
Role of carbonatitic fluids ?Role of carbonatitic fluids ?

The highest   R/Ra, observed at Loihi (pre-shield stage), is displaced  

‘upstream’ from the  lowest εNd (shield stage)

Classical view
High R/Ra  indicates relatively 
undegassed and primordial 

(high 3He) deep mantle material 

[DePaolo et al., G3, 2001]



  

3-D numerical simulations 
Trajectories of the solid matrix

Central trajectory (- -) sampled by shield 
stage volcano

Upstream trajectory sampled by pre-
shield stage volcano 

Downstream trajectory grazes the 
bottom of the melting zone far downstream

Assumed conduit R/Ra distribution 

r~100 km

EPSL, 2011



  

Trajectories of the solid matrix
Central trajectory (- -) with the highest 
R/Ra predicted under the shield stage (   )

          
Map view of calculated R/Ra

EPSL, 2011



  

Flow of carbonatite liquids
§ The carbonatite melt will sequester the    
   He if the  solid-melt partition coefficients  
   is  small (D(He)~10 −4 )

§ Deep solidus inside the plume 

§ Carbonatite melts rise at a vertical           
   velocity         W

l i q u i d 
= W

s o l i d
 + W

0
   

   
§ The separation velocity    
                      W

0 
= k (ρ

s
-ρ

l
) g / μ Φ 

       k   permeability   k=d2Φ3/c   
d   grain diameter               (1mm)
Φ  porosity                        (5 10-4)

       c   constant
ρ

l    
carbonatite density           (2200 kg m-3) 

      μ   carbonatite viscosity           (5 10-3 Pa s)

§ Find high  W
0  

(of order 10-60 cm/yr)

EPSL, 2011



  

Flow of carbonatite liquids
§ The carbonatite melt will sequester the    
   He if the  solid-melt partition coefficients  
   is  small (D(He)~10 −4 )

§ Deep solidus inside the plume 

§ Carbonatite melts rise at a vertical           
   velocity         W

l i q u i d 
= W

s o l i d
 + W

0
   

   
§ The separation velocity    
                      W

0 
= k (ρ

s
-ρ

l
) g / μ Φ 

       k   permeability   k=d2Φ3/c   
d   grain diameter               (1mm)
Φ  porosity                        (5 10-4)

       c   constant
ρ

l    
carbonatite density           (2200 kg m-3) 

      μ   carbonatite viscosity           (5 10-3 Pa s)

§ Find high  W
0  

(of order 10-60 cm/yr)

EPSL, 2011



  

Trajectories of carbonatitic fluids 
Central trajectory with the highest R/Ra 
predicted under  pre-shield stage (   )

          
Map view of R/Ra beneath Hawaii

High R/Ra are displaced ‘upstream’ 
towards pre-shield stage magmatism

EPSL, 2011



  

Travail avec Kenny  Vilella 

Thèse de doctorat (2012-2015) co-encadrée par Edouard Kaminski

Modélisation théorique et numérique de la convection thermique 

appliquée aux manteaux planétaires“

Travail avec Loic Fourel 

Thèse de doctorat (2005-2009) co-encadrée par Claude Jaupart

Stabilité et  instabilité de la lithosphère  continentale



  

[EPSL, 2015]

At high pressure the electronic structure of Fe2+ changes  from High Spin to Low Spin

Transition first observed by Badro et al. 2003 in Ferropericlase at P~70 GPa and ambient T

We use a theoretical model Sturhahn et al., 2005 to calculate how density changes 
because of the spin state transition

orbitals

lower 
energy

higher 
energy

HS LS



  

[EPSL, 2015]
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Spin state transition
density change  

in a slab

Spin state transition
density change  

in a plume

Lateral density differences induced by the spin state transition are 
expected to enhance convective flow

To quantify this effect we conducted 3D numerical simulations of 
compressible mantle (density profile fits PREM within 1.5%)



  

[EPSL, 2015]

We find a 15% increase in vertical velocity flow due to the spin state transition.

Our values are lower than previous models [e.g., Bower et al., 2009]



  

Present day surface heat flow (46 TW) is ~ 
the double of the heat lost by radioactive 
decay (13+7 = 20 TW). Silicate Earth, today

U=20 ppb, Th=80 ppb, 
K=280 ppm produces 20 TW 
(7 TW from the crust!).

Depleted Mantle DMM, today
U=5 ppb, Th=20 ppb, 
K=100 ppm produces 5 TW. 

Do we need an ''enriched reservoir''  
in the deep mantle? 

[Arevalo et al. 2009]



  

[JFM, 2015]

Uniformly heat 4.5 liters of  fluid and 
measure velocity and temperature fields

104< Ra
H
<107

Temperature difference
across the TBL  scales
to Ra

H

     (with ΔTH=Hd2/k,  CT and β are constants) 



  

[JFM, 2015]



  

Vilella's work in progress

-Numerical simulations  
-Study the horizontal planforms 
  of convection for a purely        
  internally heated  fluid

-Applications to icy planets?
-Inferring internal structure        
 from surface observations of    
 convective planforms? 

Conductive
regime hexagonal

Aspect ratio 16x16 Aspect ratio 16x16 Aspect ratio 16x16

Aspect ratio 16x16Aspect ratio 16x16Aspect ratio 16x16

Aspect ratio 6x6 Aspect ratio 6x6 Aspect ratio 4x4

Number of instabilities per unit area

CN and n constants



  

Travail avec Loic Fourel 

Thèse de doctorat (2005-2009) co-encadrée par Claude Jaupart

Stabilité et  instabilité de la lithosphère  continentale

Continental lithosphere's  low temperature induces high density (i.e.  destabilizing effect) 
Continental lithosphere's  composition lowers the density (i.e. buoyant, stabilizing effect) 

Continental lithosphere can become unstable

high                                      low

Poudjom Djomani, et al., EPSL 2001



  

Travail avec Loic Fourel 

Thèse de doctorat (2005-2009) co-encadrée par Claude Jaupart

Stabilité et  instabilité de la lithosphère  continentale



  

zone of zone of 
partial meltingpartial melting

unstable base of the unstable base of the 
continental lithosphere continental lithosphere 

Travail avec Loic Fourel 

Thèse de doctorat (2005-2009) co-encadrée par Claude Jaupart

Stabilité et  instabilité de la lithosphère  continentale

A renewed interest in 
continental lithosphere?

Yes...



  

Lithospheric controls on magma composition along 
Earth’s longest continental hotspot track
D. R. Davies, N. Rawlinson, G. Iaffaldano & I. H. Campbell
Nature 525 , 511–514 (24 September 2015)

Cosgrove volcanic track Lithospheric thickness 
 

Central
  volcanoes

Basaltic lava fields 
Not age progressive

Edge-driven convection

Leucite 
volcanics 

Plume-like  basalts 
from 34 to 27 Ma ago

Thin <110 km lithosphere

700 km without 
volcanic activity

Thick >150 km lithosphere

Low volume, K-rich 
leucite-bearing lavas
from 17 to 9 Ma ago

Intermediate lith. thickness

Cosgrove track: an age 
progressive volcanism caused
by a mantle plume beneath the 
NW-migrating Australian plate 



  

Wanna put all this 
in a numerical 

model ?

Thank you for your attention



  

Haleakala with cinder cones from the rejuvenation stage,  http://geotripperimages.com 
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