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Dynamics	  of	  the	  East	  African	  Ri4?	  

Coblentz	  and	  Sandiford,	  1994	  
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Dynamics	  of	  the	  East	  African	  Ri4?	  
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Strain	  Rate	  Field	   Dynamic	  Topography	  +	  Basal	  Shear	  Stress	  

Stamps	  et	  al.,	  submi]ed	  
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DRIVING	  EQUATIONS	  
•  instantaneous	  momentum	  balance	  

BOUNDARY	  CONDITIONS	  
•  gravitaConal	  potenCal	  energy	  

•  mantle	  flow	  (several	  models)	  

•  or	  no	  mantle	  flow	  

CONSTITUTIVE	  RELATIONSHIPS	  
•  fricCon	  /	  bri]le	  regimes	  

•  dislocaCon	  creep	  /	  ducCle	  regimes	  

The	  Model	  
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RHEOLOGY	  
•  Bri]le	  and	  viscous	  regimes	  	  
	  

•  Rheological	  parameters	  on	  
quartz	  and	  olivine	  constrained	  
by	  experimental	  results	  (Kirby,	  
1983;	  Ranalli,	  1995)	  

	  
LITHOSPHERE	  STRUCTURE	  
•  ETOPO5	  topography	  
•  CRUST2.0	  crustal	  thickness	  

(Bassin	  et	  al.,	  2002)	  
•  Heat-‐flow	  interpolaCon	  
•  Variable	  geotherm	  
•  Major	  cratons	  are	  evident	  

The	  Model	  
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Lithospheric	  Thickness	  (km)	  
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Results:	  Nubia-‐Somalia	  Euler	  Poles	  
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Results:	  Root	  Mean	  Square	  
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Best	  Models	  
GPE	  
•  Mantle	  resists	  plate	  

moCons	  	  
	  

•  Mantle	  flow	  velociCes	  
set	  to	  zero	  

•  Basal	  shear	  stress	  =	  
0.02-‐0.04	  MPa	  

	  
GPE+MANTLE	  
•  Schuberth	  et	  al.,	  2009	  
	  

•  250	  km	  depth	  
•  Basal	  shear	  stress	  =	  	  	  

0.04	  –	  0.08	  MPa	  
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Ambiant mantle temperature = 1315oC 

Sub-‐lithospheric	  decoupling	  layer?	  
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•  Priestley	  et	  al.	  (2008):	  	  
   	  	  “At	  175	  km	  depth,	  most	  of	  the	  
African	  mantle	  is	  marginally	  cooler	  

than	  the	  surrounding	  oceanic	  
mantle” 
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•  Priestley	  et	  al.	  (2008):	  	  
   	  	  “At	  175	  km	  depth,	  most	  of	  the	  
African	  mantle	  is	  marginally	  cooler	  

than	  the	  surrounding	  oceanic	  
mantle” 

•  Rooney et al., (2011): 
     “Our	  new	  TP	  es2mates	  show	  that	  
elevated	  mantle	  temperatures	  are	  a	  

pervasive	  feature	  of	  the	  upper	  
mantle	  beneath	  East	  Africa.”	  
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•  Priestley	  et	  al.	  (2008):	  	  
   	  	  “At	  175	  km	  depth,	  most	  of	  the	  
African	  mantle	  is	  marginally	  cooler	  

than	  the	  surrounding	  oceanic	  
mantle” 

•  Rooney et al., (2011): 
     “Our	  new	  TP	  es2mates	  show	  that	  
elevated	  mantle	  temperatures	  are	  a	  

pervasive	  feature	  of	  the	  upper	  
mantle	  beneath	  East	  Africa.”	  

•  Lee	  et	  al.	  (2011):	  	  

“Kaapvaal	  perido2te	  xenoliths	  ....	  are	  
not	  par2cularly	  dry	  compared	  with	  the	  

convec2ng	  mantle.”	  
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Sub-‐lithospheric	  decoupling	  layer?	  
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•  Priestley	  et	  al.	  (2008):	  	  
   	  	  “At	  175	  km	  depth,	  most	  of	  the	  
African	  mantle	  is	  marginally	  cooler	  

than	  the	  surrounding	  oceanic	  
mantle” 

•  Rooney et al., (2011): 
     “Our	  new	  TP	  es2mates	  show	  that	  
elevated	  mantle	  temperatures	  are	  a	  

pervasive	  feature	  of	  the	  upper	  
mantle	  beneath	  East	  Africa.”	  

•  Lee	  et	  al.	  (2011):	  	  

“Kaapvaal	  perido2te	  xenoliths	  ....	  are	  
not	  par2cularly	  dry	  compared	  with	  the	  

convec2ng	  mantle.”	  
	  

•  100°	  ΔTà	  decrease	  in	  viscosity	  1	  
order	  of	  magnitude	  
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Strength	  of	  the	  Lithosphere	  
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Conclusions	  and	  Open	  QuesCons	  

15	  

•  Present-‐day	  Nubia-‐Somalia	  divergence	  across	  the	  EAR	  is	  well	  explained	  by	  
buoyancy	  stresses	  caused	  by	  eastern+southern	  Africa’s	  dynamic	  topography	  –	  a	  
result	  of	  African	  Superplume.	  

	  

•  Buoyancy	  stresses	  are	  large	  enough	  to	  oppose	  the	  resistance	  of	  a	  passive	  (staCc)	  
mantle	  –	  a	  convecCve	  mantle	  efficiently	  coupled	  with	  the	  lithosphere	  would	  
cause	  divergence	  at	  a	  rate	  much	  faster	  than	  observed:	  African	  lithosphere	  is	  
largely	  decoupled	  from	  the	  underlying	  large-‐scale	  mantle	  flow.	  

	  

•  This	  decoupling	  may	  be	  explained	  by	  a	  reduced	  viscosity	  of	  the	  sub-‐lithospheric	  
mantle	  due	  to	  excess	  temperature	  and	  volaCle	  caused	  by	  heat	  advecCon	  from	  
the	  African	  Superplume.	  

•  Problem:	  tectonic	  forces	  sCll	  insufficient	  to	  iniCate	  rupture	  of	  a	  “normal”	  
conCnental	  lithosphere	  
o  Does	  its	  strength	  reside	  enCrely	  in	  its	  crust	  –	  either	  intrinsically	  (e.g.,	  crême	  brulée	  

model)	  or	  as	  a	  result	  of	  thermal	  erosion	  of	  the	  mantle?	  
o  Are	  other	  processes	  locally	  decreasing	  lithospheric	  strength	  (magmaCc	  intrusions,	  

convecCve	  removal	  of	  upper	  mantle,	  .....)?	  
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AddiConal	  material	  

mantle	  flow	  fields	  
wet	  gabbro	  layer	  (Karato,	  2012	  model)	  

mantle	  temperature	  fields	  

16	  
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MANTLE	  FLOW	  MODELS	  
•  TangenCal	  velociCes	  
•  Buiter	  et	  al.,	  2012;	  Steinberger	  

and	  Calderwood,	  2006;	  
Schuberth	  et	  al.,	  2009	  

	  

•  Cratons	  and	  no-‐craton	  models	  
•  212.5,	  220,	  244,	  250	  km	  depths	  
•  Viscosity	  is	  1019	  &	  1021	  Pa.s	  	  

COUPLING	  MECHANISM	  
•  Assume	  viscous	  coupling,	  hence	  

no	  deformaCon	  between	  base	  of	  
lithosphere	  and	  depth	  of	  
tangenCal	  velociCes	  

The	  Model	  

17	  
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of continental crust formation and less depleted primitive materials
(Hofmann, 1988). Recognizing the geodynamical difficulty, an alter-
native model is proposed in which the modestly depleted and homo-
geneous composition of the asthenosphere is attributed to a small
degree of partial melting at 410 km. This model implies that most
part of the uppermantle (except for the lithosphere) is partiallymolten.
However, in most of the shallow asthenosphere, partial melting does
not result in large changes in seismic wave velocities because the
melt fraction is low and melt wets only a small fraction of grain-
boundaries. In contrast, partial melting results in a large velocity drop
in the deep upper mantle where melt likely wets olivine grain bound-
aries completely (Yoshino et al., 2007). This provides an explanation
for a thick low velocity layer above 410 km (Tauzin et al., 2010).

In the present model of the asthenosphere, water plays an essential
role. Partialmelting contributes to define the asthenosphere by redistri-
buting water but it does not directly affect the properties so much.
Water-induced melting at 410 km results in modestly depleted
asthenosphere that still contains ~0.01 wt.% of water that is enough to
weaken these materials. Below mid-ocean ridges, a high degree of
partial melting occurs and most of water is removed to define a sharp
LAB at ~70 kmdepth. The remaining uncertainties in thismodel include
the degree of grain-boundary weakening by water (hydrogen) and the
precise depth at which complete wetting of grain-boundaries by melt
occurs. Further experimental studies on these issues are needed to
understand the nature of the asthenosphere. Also improved seismolog-
ical studies on the sharpness (its age dependence) of the LAB will be
helpful to discriminate several competing models.
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Fig. 6. A schematic diagram showing the structure and processes affecting the nature of the asthenosphere (the water content-depth profile is based on Karato (2011) and is only
schematic). A low degree of partial melting occurs at ~410 km due to high water content in the transition zone. The asthenosphere is a residual of this partial melting and contains
~0.01 wt.% (depending on the depth) of water that is enough to make it soft. Beneath the ridge, extensive partial melting occurs at ~70 km (Hirth and Kohlstedt, 1996) that forms
highly depleted lithosphere defining the lithosphere–asthenosphere boundary at ~70 km. In the deep upper mantle (~300 km or deeper), a small amount of melt completely wets
olivine grain-boundaries (Yoshino et al., 2007) causing a thick low velocity regions above 410 km (Tauzin et al., 2010). Near the 410-km discontinuity, melt is likely denser than the
surrounding minerals (Karato et al., 2006), and stays at 410 km or in the deep mantle (Bercovici and Karato, 2003). However, melt becomes buoyant at a shallower depth, and will
rise to the bottom of the lithosphere, providing an explanation for “petit spots” (Hirano et al., 2007) and the lubrication needed to explain the trench parallel anisotropy (Long and
Silver, 2009) (Supplemental Materials II).
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