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Seismic	  Data	  
	  

8	  Permanent	  staMons	  (IRIS,	  AAU,	  GEOFON,EIT)	  
RLBM	  –	  5	  staMons	  (1999-‐2002)	  
EKBSE	  –	  38	  StaMons	  (2000	  –	  2002)	  
EAGLE	  –	  86	  staMons	  (2001	  –	  2003)	  
Urgency	  Array	  –	  9	  staMons	  (2005-‐2007)	  
Afar	  ConsorMum	  (US)	  –	  14	  staMons	  (2007-‐2009)	  

Afar	  ConsorMum	  (UK)	  –	  26	  staMons	  (2007	  –	  Present)	  
Eritrea	  arrays	  –	  14	  staMons	  (2011	  –	  Present)	  

Seismic	  Techniques	  
	  
Pn	  Tomography	  	  
P	  &	  S-‐wave	  Receiver	  FuncMons	  	  
P-‐	  &	  S-‐wave	  RelaMve	  travel-‐Mme	  tomography	  
Mantle	  Seismic	  anisotropy	  
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•  Lots	  of	  melt	  in	  the	  crust	  and	  
uppermost	  mantle	  

•  How	  does	  it	  get	  there?	  



0-‐40km	  (crust)	  

38˚ 40˚ 42˚

10˚

12˚

14˚

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Moho depth(km)

Hammond	  et	  al.,	  2011	  

0

10

20

30

40

50

De
pt

h 
[k

m
]

0 10 20 30 40 50
Distance [km]

106 801 803 804806 802 813 809 808815 812807 811 817 810 814 816

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Log(Res) [Ohm−m]

Courtesy	  of	  N.	  Johnson,	  K.	  Whaler	  

•  Lots	  of	  melt	  in	  the	  crust	  and	  
uppermost	  mantle	  

•  How	  does	  it	  get	  there?	  

•  Where	  is	  the	  Afar	  plume?	  



20-‐50km	  (uppermost	  mantle)	  

Stork	  et	  al.,	  submibed	  

•  Pn	  tomography	  (Stork	  et	  al.,	  submibed)	  
•  SensiMve	  to	  P-‐wave	  velociMes	  in	  the	  

uppermost	  mantle.	  
•  Refracted	  waves	  below	  the	  Moho	  or	  

turning	  waves	  in	  the	  uppermost	  mantle	  

•  Two	  isolated	  low	  velocity	  zones	  (>7.2km/s)	  
beneath	  Dabbahu-‐Manda	  Harraro	  and	  
Erte’Ale	  segments.	  

•  Marked	  asymmetry	  beneath	  DMH.	  
•  Suggests	  considerable	  amount	  of	  melt	  

focused	  beneath	  localised	  segments.	  
•  Similar	  to	  mid-‐ocean	  ridges	  



50 – 150 km 
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50 – 150 km 
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Travel-time inversion•  Lowest	  velociMes	  beneath	  MER	  and	  triple	  juncMon	  
	  
•  Faster	  velociMes	  beneath	  Danakil	  depression	  

•  Anomalies	  beneath	  western	  border	  faults	  and	  Nabro	  



50-‐150km	  
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Travel-time inversionStork	  et	  al.,	  submibed	   Hammond	  et	  al.,	  in	  prep	  

•  West	  of	  DMH	  travel-‐
Mme	  and	  Pn	  
tomograpy	  correlate	  

•  Melt	  from	  75	  
km	  feeds	  DMH	  

•  Beneath	  EA	  range,	  
travel-‐Mme	  and	  Pn	  
tomography	  anM-‐
correlate	  

•  Melt	  shallower	  
than	  75km	  
feeds	  EA.	  



50-‐150km	  
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•  At	  ~75km	  S-‐wave	  receiver	  funcMons	  show	  a	  velocity	  decrease	  beneath	  the	  Plateau	  and	  a	  velocity	  
increase	  beneath	  most	  of	  Afar	  (Rychert	  et	  al.,	  submibed)	  

•  Suggests	  decompression	  melMng	  dominates	  the	  melMng	  regime,	  with	  lible	  need	  for	  a	  large	  thermal	  
anomaly	  (Rychert	  et	  al.,	  submibed)	  
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•  Correlates	  with	  faster	  velocity	  regions	  in	  travel-‐Mme	  tomography.	  

•  Regions	  of	  lower	  velocity	  lack	  the	  velocity	  increase	  with	  depth;	  suggests	  very	  localised	  regions	  of	  
upwelling	  in	  S.	  Afar.	  



150-400km 

•  Below 300km broad upwelling fills the upper mantle 

•  Extends to the top of the transition zone 

DI13A-2155: Seismically Imaging the Afar plume
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Introduction
� WůƵŵĞ�ƌĞůĂƚĞĚ�ǀŽůĐĂŶŝƐŵ�ŝŶ��ƚŚŝŽƉŝĂ�ŚĂƐ�ůŽŶŐ�ďĞĞŶ�

ĐŝƚĞĚ�ƚŽ�ŚĂǀĞ�ŝŶƐƟŐĂƚĞĚ�ĐŽŶƟŶĞŶƚĂů�ďƌĞĂŬƵƉ�ŝŶ�ŶŽƌƚŚ-
ĞĂƐƚ��ĨƌŝĐĂ͘� �,ŽǁĞǀĞƌ͕ �ƚŽ�ĚĂƚĞ�ƐĞŝƐŵŝĐ� ŝŵĂŐĞƐ�ŽĨ�ƚŚĞ�

ŵĂŶƚůĞ�ďĞŶĞĂƚŚ� ƚŚĞ� ƌĞŐŝŽŶ�ŚĂǀĞ�ŶŽƚ�ƉƌŽĚƵĐĞĚ� ĐŽŶ-
ĐůƵƐŝǀĞ�ĞǀŝĚĞŶĐĞ�ŽĨ�Ă�ƉůƵŵĞͲůŝŬĞ�ƐƚƌƵĐƚƵƌĞ͘���Ɛ�Ă�ƌĞƐƵůƚ�

ƚŚĞ� ŶĂƚƵƌĞ� ĂŶĚ� ĞǀĞŶ� ĞǆŝƐƚĞŶĐĞ� ŽĨ� Ă� ƉůƵŵĞ� ŝŶ� ƚŚĞ�

ƌĞŐŝŽŶ� ĂŶĚ� ŝƚƐ� ƌŽůĞ� ŝŶ� ƌŝŌ� ŝŶŝƟĂƟŽŶ� ĂŶĚ� ĐŽŶƟŶĞŶƚĂů�

ƌƵƉƚƵƌĞ�ĂƌĞ�ĚĞďĂƚĞĚ͘

WƌĞǀŝŽƵƐ�ƐĞŝƐŵŝĐ�ƐƚƵĚŝĞƐ�ƵƐŝŶŐ�ƌĞŐŝŽŶĂů�ĚĞƉůŽǇŵĞŶƚƐ�

ŽĨ�ƐĞŶƐŽƌƐ�ŝŶ��ĂƐƚͲ�ĨƌŝĐĂ�ƐŚŽǁ�ƚŚĂƚ�ůŽǁ�ƐĞŝƐŵŝĐ�ǀĞůŽĐŝ-
ƟĞƐ�ƵŶĚĞƌůŝĞ��ĨƌŝĐĂ͕�ďƵƚ�ƚŚĞŝƌ�ƌĞƐŽůƵƟŽŶ�ŝƐ�ůŝŵŝƚĞĚ�ƚŽ�

ƚŚĞ�ƚŽƉ�ϮϬϬͲϯϬϬŬŵ�ŽĨ�ƚŚĞ��ĂƌƚŚ͘� �dŚƵƐ͕� ƚŚĞ�ĐŽŶŶĞĐ-
ƟŽŶ� ďĞƚǁĞĞŶ� ƚŚĞ� ůŽǁ� ǀĞůŽĐŝƟĞƐ� ŝŶ� ƚŚĞ� ƵƉƉĞƌŵŽƐƚ�

ŵĂŶƚůĞ� ĂŶĚ� ƚŚŽƐĞ� ŝŵĂŐĞĚ� ŝŶ� ŐůŽďĂů� ƐƚƵĚŝĞƐ� ŝŶ� ƚŚĞ�

ůŽǁĞƌ�ŵĂŶƚůĞ�ŝƐ�ƵŶĐůĞĂƌ͘ ��tĞ�ŚĂǀĞ�ĐŽŵďŝŶĞĚ�ŶĞǁ�ĚĂƚĂ�

ĨƌŽŵ��ĨĂƌ͕ ��ƚŚŝŽƉŝĂ�ǁŝƚŚ�ϯ�ŽƚŚĞƌ�ƌĞŐŝŽŶĂů�ĞǆƉĞƌŝŵĞŶƚƐ�

ĂŶĚ�ŐůŽďĂů�ŶĞƚǁŽƌŬ�ƐƚĂƟŽŶƐ�ĂĐƌŽƐƐ��ƚŚŝŽƉŝĂ͕��ƌŝƚƌĞĂ͕�

�ũŝďŽƵƟ� ĂŶĚ� zĞŵĞŶ͕� ƚŽ� ƉƌŽĚƵĐĞ� ŚŝŐŚͲƌĞƐŽůƵƟŽŶ�

ŵŽĚĞůƐ�ŽĨ�ƵƉƉĞƌ�ŵĂŶƚůĞ�WͲ�ĂŶĚ�^Ͳ�ǁĂǀĞ�ǀĞůŽĐŝƟĞƐ�ƚŽ�

ƚŚĞ�ďĂƐĞ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘

Data

�ƵƌƌĞŶƚ�ĂŶĚ�ůĞŐĂĐǇ�ƐƚĂƟŽŶƐ�ŝŶ��ƚŚŝŽƉŝĂ͘��dŚĞ�ƉĞƌŵĂŶĞŶƚ͕��ĂŶ-
ĂŬŝů͕��ƌŝƚƌĞĂ�ĂŶĚ�EĂďƌŽ�ƐĞŝƐŵŝĐ�ĂƌƌĂǇƐ�ĂƌĞ�ƐƟůů�ƌĞĐŽƌĚŝŶŐ͘
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ƚƌĂǀĞů�ƟŵĞ�ƌĞƐŝĚƵĂůƐ͘��ZĞĚ�ĐŝƌĐůĞƐ�ŝŶĚŝĐĂƚĞ�ƚŚŽƐĞ�ƉŝĐŬĞĚ�ŽŶ�

��'>�ͬ�<�^��ƐƚĂƟŽŶƐ͘���ůƵĞ�ĐŝƌĐůĞƐ�ŝŶĚŝĐĂƚĞ�ƚŚŽƐĞ�ƉŝĐŬĞĚ�ŽŶ��ĨĂƌ�

ƐƚĂƟŽŶƐ͘

EAGLE + EKBSE (Bastow et al., 2008)

Urgency
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.

36˚ 37˚ 38˚ 39˚ 40˚ 41˚ 42˚ 43˚

6˚

7˚

8˚

9˚

10˚

11˚

12˚

13˚

14˚

36˚ 37˚ 38˚ 39˚ 40˚ 41˚ 42˚ 43˚

6˚

7˚

8˚

9˚

10˚

11˚

12˚

13˚

14˚

36˚ 37˚ 38˚ 39˚ 40˚ 41˚ 42˚ 43˚

6˚

7˚

8˚

9˚

10˚

11˚

12˚

13˚

14˚

Barruol & Hoffmann, 1999 (1 second)

Ayele et al., 2004 (1 second)

Gashawbeza et al., 2004 (1 second)

Kendall et al., 2005 (1 second)

Afar (1 second)

WͲǁĂǀĞ ^ͲǁĂǀĞ

DI13A-2155: Seismically Imaging the Afar plume
J. O. S. Hammond1, J-M. Kendall2, I. D. Bastow2, G. W. Stuart3, D. Keir4, A. Ayele5, G. Ogubazghi6, C. J. Ebinger7 and M. Belachew5,7 

1Department of Earth Science and Engineering, Imperial College London, London, UK, 2Department of Earth Science, University of Bristol, Bristol, UK, 3School of Earth and Environment, University of Leeds, Leeds, UK, 4National Oceanography Centre, Southampton, University of 
Southampton, Southampton, UK, 5Institute of Geophysics, Space Science and Astronomy, Addis Ababa University, Addis Ababa, Ethiopia, 6Eritrea Institute of Technology, Asmara, Eritrea, 7Department of Earth and Environmental Science, University of Rochester, Rochester, NY, US

Introduction
� WůƵŵĞ�ƌĞůĂƚĞĚ�ǀŽůĐĂŶŝƐŵ�ŝŶ��ƚŚŝŽƉŝĂ�ŚĂƐ�ůŽŶŐ�ďĞĞŶ�

ĐŝƚĞĚ�ƚŽ�ŚĂǀĞ�ŝŶƐƟŐĂƚĞĚ�ĐŽŶƟŶĞŶƚĂů�ďƌĞĂŬƵƉ�ŝŶ�ŶŽƌƚŚ-
ĞĂƐƚ��ĨƌŝĐĂ͘� �,ŽǁĞǀĞƌ͕ �ƚŽ�ĚĂƚĞ�ƐĞŝƐŵŝĐ� ŝŵĂŐĞƐ�ŽĨ�ƚŚĞ�

ŵĂŶƚůĞ�ďĞŶĞĂƚŚ� ƚŚĞ� ƌĞŐŝŽŶ�ŚĂǀĞ�ŶŽƚ�ƉƌŽĚƵĐĞĚ� ĐŽŶ-
ĐůƵƐŝǀĞ�ĞǀŝĚĞŶĐĞ�ŽĨ�Ă�ƉůƵŵĞͲůŝŬĞ�ƐƚƌƵĐƚƵƌĞ͘���Ɛ�Ă�ƌĞƐƵůƚ�

ƚŚĞ� ŶĂƚƵƌĞ� ĂŶĚ� ĞǀĞŶ� ĞǆŝƐƚĞŶĐĞ� ŽĨ� Ă� ƉůƵŵĞ� ŝŶ� ƚŚĞ�

ƌĞŐŝŽŶ� ĂŶĚ� ŝƚƐ� ƌŽůĞ� ŝŶ� ƌŝŌ� ŝŶŝƟĂƟŽŶ� ĂŶĚ� ĐŽŶƟŶĞŶƚĂů�

ƌƵƉƚƵƌĞ�ĂƌĞ�ĚĞďĂƚĞĚ͘

WƌĞǀŝŽƵƐ�ƐĞŝƐŵŝĐ�ƐƚƵĚŝĞƐ�ƵƐŝŶŐ�ƌĞŐŝŽŶĂů�ĚĞƉůŽǇŵĞŶƚƐ�

ŽĨ�ƐĞŶƐŽƌƐ�ŝŶ��ĂƐƚͲ�ĨƌŝĐĂ�ƐŚŽǁ�ƚŚĂƚ�ůŽǁ�ƐĞŝƐŵŝĐ�ǀĞůŽĐŝ-
ƟĞƐ�ƵŶĚĞƌůŝĞ��ĨƌŝĐĂ͕�ďƵƚ�ƚŚĞŝƌ�ƌĞƐŽůƵƟŽŶ�ŝƐ�ůŝŵŝƚĞĚ�ƚŽ�

ƚŚĞ�ƚŽƉ�ϮϬϬͲϯϬϬŬŵ�ŽĨ�ƚŚĞ��ĂƌƚŚ͘� �dŚƵƐ͕� ƚŚĞ�ĐŽŶŶĞĐ-
ƟŽŶ� ďĞƚǁĞĞŶ� ƚŚĞ� ůŽǁ� ǀĞůŽĐŝƟĞƐ� ŝŶ� ƚŚĞ� ƵƉƉĞƌŵŽƐƚ�

ŵĂŶƚůĞ� ĂŶĚ� ƚŚŽƐĞ� ŝŵĂŐĞĚ� ŝŶ� ŐůŽďĂů� ƐƚƵĚŝĞƐ� ŝŶ� ƚŚĞ�

ůŽǁĞƌ�ŵĂŶƚůĞ�ŝƐ�ƵŶĐůĞĂƌ͘ ��tĞ�ŚĂǀĞ�ĐŽŵďŝŶĞĚ�ŶĞǁ�ĚĂƚĂ�

ĨƌŽŵ��ĨĂƌ͕ ��ƚŚŝŽƉŝĂ�ǁŝƚŚ�ϯ�ŽƚŚĞƌ�ƌĞŐŝŽŶĂů�ĞǆƉĞƌŝŵĞŶƚƐ�

ĂŶĚ�ŐůŽďĂů�ŶĞƚǁŽƌŬ�ƐƚĂƟŽŶƐ�ĂĐƌŽƐƐ��ƚŚŝŽƉŝĂ͕��ƌŝƚƌĞĂ͕�

�ũŝďŽƵƟ� ĂŶĚ� zĞŵĞŶ͕� ƚŽ� ƉƌŽĚƵĐĞ� ŚŝŐŚͲƌĞƐŽůƵƟŽŶ�

ŵŽĚĞůƐ�ŽĨ�ƵƉƉĞƌ�ŵĂŶƚůĞ�WͲ�ĂŶĚ�^Ͳ�ǁĂǀĞ�ǀĞůŽĐŝƟĞƐ�ƚŽ�

ƚŚĞ�ďĂƐĞ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘

Data

�ƵƌƌĞŶƚ�ĂŶĚ�ůĞŐĂĐǇ�ƐƚĂƟŽŶƐ�ŝŶ��ƚŚŝŽƉŝĂ͘��dŚĞ�ƉĞƌŵĂŶĞŶƚ͕��ĂŶ-
ĂŬŝů͕��ƌŝƚƌĞĂ�ĂŶĚ�EĂďƌŽ�ƐĞŝƐŵŝĐ�ĂƌƌĂǇƐ�ĂƌĞ�ƐƟůů�ƌĞĐŽƌĚŝŶŐ͘

36˚

36˚

38˚

38˚

40˚

40˚

42˚

42˚

44˚

44˚

46˚

46˚

6˚ 6˚

8˚ 8˚

10˚ 10˚

12˚ 12˚

14˚ 14˚

16˚ 16˚

Quaternary volcanics
Permanent stations
RLBM
EKBSE
EAGLE
Urgency array
Afar consortium (NERC & NSF)
Danakil seismic project
Eritrea seismic project
Nabro urgency array

36˚

36˚

38˚

38˚

40˚

40˚

42˚

42˚

44˚

44˚

46˚

46˚

6˚ 6˚

8˚ 8˚

10˚ 10˚

12˚ 12˚

14˚ 14˚

16˚ 16˚

�ĂƌƚŚƋƵĂŬĞƐ�ƵƐĞĚ�ƚŽ�ĐĂůĐƵůĂƚĞ�WͲ�;ůĞŌͿ�ĂŶĚ�^ͲǁĂǀĞ�;ƌŝŐŚƚͿ�ƌĞůĂƟǀĞ�

ƚƌĂǀĞů�ƟŵĞ�ƌĞƐŝĚƵĂůƐ͘��ZĞĚ�ĐŝƌĐůĞƐ�ŝŶĚŝĐĂƚĞ�ƚŚŽƐĞ�ƉŝĐŬĞĚ�ŽŶ�

��'>�ͬ�<�^��ƐƚĂƟŽŶƐ͘���ůƵĞ�ĐŝƌĐůĞƐ�ŝŶĚŝĐĂƚĞ�ƚŚŽƐĞ�ƉŝĐŬĞĚ�ŽŶ��ĨĂƌ�

ƐƚĂƟŽŶƐ͘

EAGLE + EKBSE (Bastow et al., 2008)

Urgency

Afar Consortium

Danakil & Eritrea

^ĞŝƐŵŝĐ�ĂƌƌĂǇ �ĂƌƚŚƋƵĂŬĞƐ dƌĂǀĞůͲƟŵĞ�ƉŝĐŬƐ

WͲǁĂǀĞ ^ͲǁĂǀĞ WͲǁĂǀĞ ^ͲǁĂǀĞ

�<�^�ͬ��'>�ͬZ>�D 186 91 ϰϴϬϲ ϮϬϱϲ

hƌŐĞŶĐǇͬ�ĨĂƌͬ�ĂŶĂŬŝůͬ�ƌŝƚƌĞĂͬEĂďƌŽ ϯϮϬ 476 ϱϯϮϲ ϴϳϱϱ

dŽƚĂů ϱϬϲ ϱϲϳ ϭϬϭϯϮ ϭϬϴϭϭ

1

tĞ�ƵƚĂůŝƐĞ�ĚĂƚĂ�ĨƌŽŵ�ϵ�ĚŝīĞƌĞŶƚ�ƐŽƵƌĐĞƐ�ƌĞĐŽƌĚŝŶŐ�

ŽǀĞƌ�ƚŚĞ�ůĂƐƚ�ϭϮ�ǇĞĂƌƐ

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

100 km                                  

Longitude

La
tit

ud
e

-3 -2 -1 0 1 2 3

P-wave % velocity anomaly

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

300 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

550 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

100 km                                  

Longitude

La
tit

ud
e

-3 -2 -1 0 1 2 3

S-wave % velocity anomaly

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

300 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

550 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

100 km                                  

Longitude

La
tit

ud
e

-3 -2 -1 0 1 2 3

S-wave % velocity anomaly

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

300 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

550 km                                  

Longitude

La
tit

ud
e

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

A A’

A: (  4.50N,  40.50E ) A: ( 16.50N,  40.50E )

-3 -2 -1 0 1 2 3

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

B B’

B: ( 11.90N,  35.00E ) B: ( 11.90N,  46.00E )

-3 -2 -1 0 1 2 3

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

A A’

A: (  4.50N,  40.50E ) A: ( 16.50N,  40.50E )

-3 -2 -1 0 1 2 3

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

B B’

B: ( 11.90N,  35.00E ) B: ( 11.90N,  46.00E )

-3 -2 -1 0 1 2 3

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

A A’

A: (  4.50N,  40.50E ) A: ( 16.50N,  40.50E )

-3 -2 -1 0 1 2 3

P-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

B B’

B: ( 11.90N,  35.00E ) B: ( 11.90N,  46.00E )

-3 -2 -1 0 1 2 3

P-wave velocity anomaly (%)

Ͳ�^ŚĂůůŽǁ�ƐƚƌƵĐƚƵƌĞ�ƐŚŽǁƐ�ůŝŬĞůǇ�ŵĞůƚ�ƌĞůĂƚĞĚ�ĂŶŽŵĂůŝĞƐ�ďĞůŽǁ�ƚŚĞ�ƌŝŌ�ĂǆŝƐ� Ͳ��ĞůŽǁ�ϭϱϬŬŵ�ĂŶŽŵĂůǇ�ďĞĐŽŵĞƐ�Ă�ďƌŽĂĚ�ƐŚĞĞƚ�ůŝŬĞ�ĂŶŽŵĂůǇ

Ͳ��ƌŽĂĚ�ĂŶŽŵĂůŝĞƐ�ĞǆƚĞŶĚ�ƚŽ�ƚŽƉ�ŽĨ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ�

Ͳ�dǁŽ�ĨŽĐƵƐƐĞĚ�ůŽǁ�ǀĞůŽĐŝƚǇ�ĂŶŽŵĂůŝĞƐ�ĞǆŝƐƚ�ŝŶ�ƚŚĞ

���ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘

D�Z�

�>Žǁ�ǀĞůŽĐŝƟĞƐ�ĞǆŝƐƚ�ĨƌŽŵ�ƐƵƌĨĂĐĞ

ƚŽ�ďĂƐĞ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘

>Žǁ�ǀĞůŽĐŝƟĞƐ�ďĞŶĞĂƚŚ�ŇŽŽĚ�ďĂƐĂůƚƐ

ŽŶ�ǁĞƐƚĞƌŶ�ƉůĂƚĞĂƵ�;ĞƐƉĞĐŝĂůůǇ�

WͲǁĂǀĞͿ

^ŽƵƚŚĞƌŶ��ĨĂƌ

�>Žǁ�ǀĞůŽĐŝƟĞƐ�ĞǆŝƐƚ�ĨƌŽŵ�

ƐƵƌĨĂĐĞ�ƚŽ�ƚŽƉ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�

ǌŽŶĞ͘

�ďƐĐĞŶĐĞ�ŽĨ�ůŽǁ�ǀĞůŽĐŝƟĞƐ�ŝŶ�ƚŚĞ�

ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ

EŽƌƚŚĞƌŶ��ĨĂƌ

�>Žǁ�ǀĞůŽĐŝƟĞƐ�ĞǆŝƐƚ�ĨƌŽŵ�

ƐƵƌĨĂĐĞ�ƚŽ�ďĂƐĞ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�

ǌŽŶĞ͘

/ƐŽůĂƚĞĚ�ĨĂƐƚ�ǀĞůŽĐŝƟĞƐ�ŝŶ�ƚŚĞ

ƚŽƉ�ϭϬϬŬŵ͘

ZŝŌ�ƉƌŽĮůĞ

DĂŶƚůĞ�ďĞƚǁĞĞŶ�ƐƵƌĨĂĐĞ�ĂŶĚ�ƚƌĂŶƐŝƟŽŶ�

ǌŽŶĞ�ĨƵůů�ŽĨ�ůŽǁ�ǀĞůŽĐŝƚǇ�ŵĂƚĞƌŝĂů͘

dǁŽ�ƌĞŐŝŽŶƐ�ŽĨ�ĨŽĐƵƐƐĞĚ�ůŽǁ�ǀĞůŽĐŝƟĞƐ�ŝŶ�

ƚŚĞ�ƚƌĂŶƐŝƟŽŶ�ǌŽŶĞ͘

Ͳ��ŶŝƐŽƚƌŽƉǇ�ĚŽŵŝŶĂƚĞĚ�ďǇ�E�Ͳ^t�ĨĂƐƚ�ĚŝƌĞĐƟŽŶƐ͘

Ͳ�EŽ�ƐŝŐŶ�ŽĨ�ƌĂĚŝĂů�ĂŶŝƐŽƚƌŽƉǇ�ĂƐƐŽĐŝĂƚĞĚ�ǁŝƚŚ�ƉůƵŵĞ͘

Ͳ�^ƵŐŐĞƐƚƐ�ƚŚĂƚ�ƵƉǁĞůůŝŶŐƐ�ŵƵƐƚ�ďĞ�ǁĞĂŬ�ĨĞĂƚƵƌĞƐ͘

Ͳ�&ůŽǁ�ĨƌŽŵ�ƚŚĞ��ĨƌŝĐĂŶ�ƐƵƉĞƌƐǁĞůů�ůŝŬĞůǇ�ĚŽŵŝŶĂƚĞƐ�
ƚŚĞ�ƵƉƉĞƌ�ŵĂŶƚůĞ�ŇŽǁ�ĮĞůĚ͘

A

A’

B

B’

C

C’

D

D’

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

150 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

300 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

400 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

550 km                                  

Longitude

La
tit

ud
e

A

A’

B

B’

C

C’

D

D’  1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

150 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

300 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

400 km                                  

Longitude

La
tit

ud
e

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

550 km                                  

Longitude

La
tit

ud
e

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

A A’

A: ( 12.20N,  35.80E ) A: (  6.80N,  44.20E )

-1.5 -1 -0.5 0 0.5 1  1.5

P-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

B B’

B: ( 13.20N,  36.80E ) B: (  7.80N,  45.20E )

-1.5 -1 -0.5 0 0.5 1  1.5

P-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.
D

ep
th

 (k
m

)
C C’

C: ( 14.70N,  38.20E ) C: (  9.80N,  45.80E )

-1.5 -1 -0.5 0 0.5 1  1.5

P-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

De
pt

h 
(k

m
)

D D’

D: (  4.75N,  36.20E ) D: ( 14.75N,  44.70E )

-1.5 -1 -0.5 0 0.5 1  1.5

P-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

A A’

A: ( 12.20N,  35.80E ) A: (  6.80N,  44.20E )

-2.5 -1.7 -0.8 0 0.8  1.7  2.5

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

B B’

B: ( 13.20N,  36.80E ) B: (  7.80N,  45.20E )

-2.5 -1.7 -0.8 0 0.8  1.7  2.5

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

D
ep

th
 (k

m
)

C C’

C: ( 14.70N,  38.20E ) C: (  9.80N,  45.80E )

-2.5 -1.7 -0.8 0 0.8  1.7  2.5

S-wave velocity anomaly (%)

700.

600.

500.

400.

300.

200.

100.

  0.

De
pt

h 
(k

m
)

D D’

D: (  4.75N,  36.20E ) D: ( 14.75N,  44.70E )

-2.5 -1.7 -0.8 0 0.8  1.7  2.5

S-wave velocity anomaly (%)

Station terms (s)

-1 -.5

-.5 to .5

.5 1

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

75 km                                   

Longitude

-2.5
-1.5

-0.5
0.5

 1.5
 2.5

S-w
ave %

 velocity anom
aly

Station terms (s)

-.4 -.2

-.2 to .2

.2 .4

 1
5.

5
 1

4.
5

 1
3.

5
 1

2.
5

 1
1.

5
 1

0.
5

  9
.5

  8
.5

  7
.5

  6
.5

  5
.5

  36.0   37.0   38.0   39.0   40.0   41.0   42.0   43.0   44.0   45.0

75 km                                   

Longitude

-1.5
-1

-0.5
0

0.5
1

 1.5

P-w
ave %

 velocity anom
aly

Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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C. Afar 
•  Low	  velociMes	  exist	  from	  

surface	  to	  base	  of	  the	  
transiMon	  zone.	  	  

•  Isolated	  fast	  velociMes	  in	  the	  
top	  100km.	  	  
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•  Shear-wave splitting tomography (Wookey et al., in press) shows two layers of anisotropy 
(Hammond et al., in prep). 

•  Upper layer dominated by melt & fossil fabric. 

•  Lower layer dominated by SW/NE orientation – likely flow from superplume 

• No evidence of radial flow from plume structures 

1	  second	  

Upper	  Layer	   Lower	  Layer	  



Transition Zone (550km) 

•  Isolated regions of low velocity in the transition zone 

•  Located beneath regions of largest low velocity regions in uppermost mantle (MER, triple 
junction) 
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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Rift Profile 
•  Mantle	  between	  surface	  and	  

transiMon	  zone	  full	  of	  low	  
velocity	  material.	  	  

•  Two	  regions	  of	  focused	  low	  
velociMes	  in	  the	  transiMon	  
zone.	  	  
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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Velocity Models

All inversions are calculated using the method of VanDecar et al., 1995.  We use a model space much larger than that shown to avoid mapping structure into the 
model.  Smoothing and damping are applied to suppress spatial gradients.  These steps mean we invert for the minimum structure necessary.  In all plots black 
regions show regions with less than 5 rays.

Synthetic Tests

Synthetic checkerboard test.  Note good lateral and depth reso-
lution to depths of ~700km.
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Shear-wave splitting results for Ethiopian stations.  
New results from the Afar consortium project are 
shown in red.  All new results are stacked using the 
technique of Restivo and Helffrich (1999).  Other re-
sults are from published work.  All bars are oriented 
along the estimated fast shear wave polarisation, and 
their length is proportional to the amount of splitting.

Models showing secondary plumes developing on 
top of a deeper plume.  After Kumagi et al., 2007.
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•  No	  evidence	  for	  a	  single	  narrow	  
conduit	  beneath	  Afar	  

•  Models	  suggest	  that	  secondary	  
plumes	  arise	  from	  some	  larger	  
feature	  below	  the	  transiMon	  
zone	  

SW	   NE	  
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Summary 

•  <400km structure 

•  Lowest velocities beneath MER and triple junction 

•  Follows rift axis in Afar 

•  Faster velocities beneath the Danakil depression 

• Depth of melting from S-wave receiver functions suggest 
decompression melting dominates 

•  Some localised regions of deeper melt (triple 
junction, western border fault, Nabro) 

• Broad lower velocities below ~150km 



Summary 

•  Deep structure 

•  Broad lower velocities extend to the transition zone 

•  Two isolated regions of low velocity in the transition zone 

•  One continuous upwelling 

•  Not consistent with isolated deep anomalies 

•  Heterogeneous plume 

•  Models match with ideas of small upwellings rising 
from larger upwelling 


