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Melt Intrusion and Plate Stretching in Ethiopia

✦  Abundant evidence for magma intrusion 
in Ethiopia (a little evidence from EAGLE).

✦  How is melt intruded into the mantle 
lithosphere?

✦  Is there evidence for late-stage plate 
stretching in Afar.
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EAGLE Wide-Angle & Gravity Constraints

Maguire et al., (GSL Spec. Pub, 2006)
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Evidence From the (Near-) Surface

✦  Surface observations and InSAR indicate low aspect-ratio magma intrusions (ie 
dikes) in the upper 10km in Afar.

✦  What about intrusion at greater depths (the mantle lithosphere)?

Wright et al., (Nature, 2006)
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Seismic Tomography

•  Early rift development is asymmetric - 
begins with half graben morphology (e.g., 
Ebinger & Hayward, 1996).

• Half graben early rift development still 
controls the mantle low velocity 
regions....not punctuated upwellings as at a 
sea floor spreading centre.

•  Note the abrupt decrease in amplitude of 
anomaly north of ~10N.

Gulf of California:  Wang 
et al., (Nature, 2009)

Bastow et al., (GCubed 2008)
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Seismic Anisotropy

dt φ

•  SKS propagates as an S wave through the mantle and as a P wave as through the 
core.

•  Measuring splitting parameters (δt, φ) can then be related to surface features on the 
tectonic scale.

•  Shown in the literature as vectors on a map.

Image courtesy Ed Garnero

Image courtesy James Wookey

Seismic velocity is variable with 
direction in anisotropic media 
(e.g., Olivine).

Produces shear-wave 
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SKS Splitting
✦  SKS data show δt up to ~3.1s.

✦  φ sensitive to changes in extension direction at ~2Ma.

✦  Vertical LPO would yield no SKS splitting.

Kendall et al., (Nature, 2005)
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✦  SKS can’t discriminate unambiguously between 
horizontal LPO and OMP-type anisotropy.
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✦  SKS splitting cannot discriminate readily between lateral flow (LPO) and OMP.

✦  Sv and Sh vary predictably and distinctively for LPO and OMP-type anisotropy.

✦  OMP model assumes oblate spheroids, 0.1% melt, aspect ratio 0.02.

Olivine LPO

Oriented Melt Pockets
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Surface Waves

✦  Surface waves are dispersive.

✦  Surface-wave particle motions decay 
with depth dependent on their 
wavelength. As  such their velocity is 
period dependent.
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✦  Measure phase velocities, invert 
for depth-velocity model.

✦  Analyse backazimuth dependence 
in Sv an Sh.

Image courtesy Fiona Darbyshire

Bastow et al., (GCubed, 2010)
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MER

Alternating layers of fast and 
slow anisotropic material (PTL).

Sediments and Basalts

Aligned ellipsoidal melt-filled
pockets (OMP).

Aligned olivine crystals.
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✦  Three layers of anisotropy:

-  PTL - periodic transverse layering in upper 10km.
-  OMP - oriented melt pockets between ~20-75km 
depth.
-  LPO in the mantle beneath.

Bastow et al., (GCubed, 2010)
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Tectonic Summary for the MER

Bastow, Keir & Daly (GSA Spec. Pub. 2011)
Broad thermal(?) upwelling from the African Superplume

•  Constraints on structure 
and process.
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Final Stages of Breakup?
Global Distribution of Rifted Margins 

The Continent-Ocean Transition is difficult to 
image:

•  Thermal Subsidence

•  Erosion

•  Covered by seaward dipping 
reflectors

•  No longer active
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Final Stages of Breakup

✦  A pulse of Quaternary-Recent basaltic volcanism, coincides with subsidence towards and below 

sea-level, and a marked thinning of the crust (esp. lower crust) in northernmost Afar.

✦  Young (Pliocene) sediments in the Danakil basin indicate stretching has occurred since ~5Ma.

✦  SDR formation perhaps triggered by a late-stage thinning of the plate, immediately prior to sea-

floor spreading.

Bastow & Keir (N. Geosci, 2011)
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Summary

✦  A great deal of extension in Ethiopia has been accommodated by magma 
intrusion, without marked crustal (and plate?) thinning.

✦  Plate stretching is likely important as well.  Understanding precisely why faulting, 
stretching and magma intrusion devolve as they do during breakup is still poorly 
understood.

✦  Future work in Ethiopia could usefully pay more attention to the varying strength/
thermal structure of the plate during breakup.

                                                                                    Thank you.....any questions?
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Erta Ale 2010

Perhaps the first basaltic eruption to be witnessed first hand in Ethiopia

Photo and video - Lorraine Field, Univ. Bristol.
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Extension rate in the BRZ has varied over time. Sedimentation rate
corresponded to subsidence rate during the early phases of rift forma-
tion. It increased during regional uplift around 10–7Myr ago7, and

Lake Baikal was probably created by fast subsidence since ,2.5Myr
ago. This sequence has been interpreted in terms of active rifting
caused by a mantle plume6,10, although the rifting was not preceded
by significant volcanic activity8. Recent interpretation of teleseismic
recordings indicates the presence of a narrow thermal anomaly in the
mantle, which cannot be shallower than 70 km deep11,12.
Alternatively, the timing and location of the rifting at Baikal can be
explained by passive rifting processes4 caused by the eastward escape
of the Amurian plate (Fig. 1) due to the Himalayan continental
collision and plate drag from the subduction of the Pacific plate
underneath Asia13–15.

We present a new seismic velocity model interpreted from a 360-
km-long, crustal refraction seismic profile across southernLake Baikal
(Fig. 2), acquired by the Baikal Explosion Seismic Transects (BEST)
project (Methods). The model is well constrained by reversed ray
coverage along the whole profile. It provides a good fit to 3,290 out
of 3,442 observed travel times with a root-mean-square residual of
103ms, which corresponds to the uncertainty of the travel time picks.
The ,10-km-deep and 40-km-wide graben structure underneath
Lake Baikal is filled with sediments with seismic velocities (v) of
1.9–5.3 km s21. The ,10-km-thick sedimentary sequence may be
rift-related, although the 4-km-thick lower interval (v. 4.5 km s21)
may also consist of pre-rift sedimentary rocks.

The gentle southward crustal thickening from 41 km in the
Siberian craton to 46 km (61 km) in the Sayan-Baikal accretionary
belt implies no Moho uplift, contrary to indications from some low-
resolution seismological studies6,11,16 but in agreement with Deep
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Figure 3 | Seismic sections across southern Lake Baikal with 8.0 kms21

reduction velocity, with superimposed calculated travel times for the
model in Fig. 2. The time scale has been reduced by subtracting distance
divided by reduction velocity (vr) from actual time. Full lines are shown
where seismic phases are identified, otherwise dashed lines are used. Top left,
Sp3 shows reflection from Moho below the rift zone. Lower-crustal
reflectivity is modest owing to flat propagation angle (confirmed by full
waveform synthetic seismograms). Top middle and right, Sp6 and Sp7
illustrate pronounced lower-crustal reflectivity (grey shading), restricted to

a 50–80-km-wide zone at the BRZ. Terminations (as Sp6 reflectivity at
,130 km offset) constrain location of the reflective bodies to the high-
velocity, reflective lower-crustal zone. Middle and bottom, Sp1 and Sp10 are
reversed sections, demonstrating that seismic velocities are .8.0 km s21 in
the uppermost mantle along the whole profile. Circles show picked travel
times. Pg and Pi1, crustal refractions; Pi2P and Pi3P, intra-crustal reflections;
PmP, Moho reflection; Pn, refraction from the uppermost mantle; PIP,
reflection from,60 km depth in the upper mantle (see also Supplementary
Information).
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Evidence From Rifts Worldwide

Thybo et al., (Nature, 2009)

✦  e.g., Baikal and Ethiopia.  

✦  Magma intrusion accommodates 
extension without marked crustal 
thinning.

✦  Important implications for 
estimation of stretching factors.

✦  Plate reconstructions predict β = 
3 in Afar, but seismic data in 
southern Afar indicate β=1.7.

Maguire et al., (GSL, 2006)
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Early Rift Development
HAYWARD AND EBINGER: SEGMENTATION OF THE AFAR RIFT SYSTEM 255 

~100 km 

half graben rift morphology 
e.g. SMER 

full graben rift morphology 
e.g. CMER and NMER 

formation of new, smaller graben 
within the rift system 
e.g. Southern Afar 

onset of voluminous basaltic 
magmatism, generating "oceanic" 
style rift segmentation 
e.g. Northern Afar 
seafloor spreading e.g. Mid-Atlantic Ridge 
(after SemI•r• et al., 1993) 

-40 km 

Figure 12. Summary block diagrams of the rift seg- 
mentation in the sectors of the MER and Afar rift sys- 
tem from south to north, with the Mid-Atlantic Ridge 
for comparison. The increase in crustal thinning from 
south to north observed in the rift system suggests that 
these may form some parts of an evolutionary sequence 
of rift segmentation: (a) Early rift forms as a series of 
half-graben governed by large border fault segments. 
(b) With increased extension the rift becomes more 
symmetrical, forming a full graben with some intrabasi- 
hal faulting and commonly with felsic volcanism occur- 
ring in the graben, at the segment terminations. (c) 
Large basin-bounding faults will be abandoned when 
the stresses required to rupture them exceed that re- 
quired to form a new fault system in the weakened litho- 
sphere within the rift, and we see a new set of smaller 
graben forming within the original rift depression. (d) 
The onset of voluminous basaltic magmatism due to 
adiabatic decompression melting, coupled with further 
decreases in the length scales of active faults and basins 
due to decreasing lithospheric strength, will result in 
rift segmentation dominated by basaltic volcanic ranges 
with a narrow zone of small faults along the axis of each 
segment. (e) Increasing extension and magmatism will 
lead to dike injection as the major method of strain ac- 
commodation, producing seafloor spreading, where we 
will begin to see the rift valley border faulting charac- 
teristic of slow-spreading mid-ocean ridges. 

1995; Ebinger and Hayward, submitted manuscript, 
1995] (Table 1; Figure 12). 

The segmentation processes proposed at the outset all 
appear to be in evidence in the Afar rift system. Control 
by buried prerift basement structures cannot be evalu- 
ated, but the planform of the early segmentation and 
basin terminations appears to be long-lived. Within 

this setting, the relationship between fault lengths, vol- 
cano spacing, and crustal thinning suggests that the 
scale of rift segments and individual volcanoes forming 
within the rift will depend in part on the mechanical 
properties of the rifting plate. It is likely that the longer 
length scale magmatic segmentation of the highly ex- 
tended AVRs reflects mantle processes such as the peri- 
odic asthenospheric upwellings suggested for mid-ocean 
ridge segmentation. 

Conclusions 

Concomitant with a south to north decrease in crustal 
thickness and effective elastic thickness along the MER 
and Afar rift we observe that basins in the active part of 
the rift decrease in length and width, forming a narrow 
zone of intense extension within a widening rift system; 
faults in this narrow zone show a decrease in length 
and scarp height; strain is partitioned onto increasing 
numbers of short faults; Quaternary basaltic magma- 
tism increases in volume; interpreted rift segmentation 
changes from border fault dominated segmentation to 
magmatic oceanic-style segmentation. 

Old border faults are replaced by new border faults 
forming within the rift valley. These new border faults 
are shorter and generate topographically smaller escarp- 
ments. The first order topography of the rift system re- 
mains governed by the permanent flanks of the original 
border faults, which formed in stronger lithosphere. 

The correlation between fault/basin size, magma- 
tism, and crustal thickness suggests that decreasing 
lithospheric strength partially controls the morphology 
of an evolving rift system. This, in turn, is affected 
by strain rate and heating, with the onset of volumi- 
nous basaltic magmatism acting as a feedback mecha- 
nism to further decrease the strength of the lithosphere 
within an evolving rift system, promoting the formation 
of smaller faults and basins. Thus systematic changes 
in lithospheric strength and active rift morphology as 
extension proceeds have important implications for the 
development of passive continental margins and the on- 
set of seafloor spreading. 
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