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It is debated to what extent mantle plumes play a role in continental rifting and eventual break-up. 
Afar lies at the northern end of the largest and most active present-day continental rift, where the East 
African Rift forms a triple junction with the Red Sea and Gulf of Aden rifts. It has a history of plume 
activity yet recent studies have reached conflicting conclusions on whether a plume still contributes 
to current Afar tectonics. A geochemical study concluded that Afar is a mature hot rift with 80 km 
thick lithosphere, while seismic data have been interpreted to reflect the structure of a young, oceanic 
rift basin above mantle of normal temperature. We develop a self-consistent forward model of mantle 
flow that incorporates melt generation and retention to test whether predictions of melt chemistry, melt 
volume and lithosphere–asthenosphere seismic structure can be reconciled with observations. The rare-
earth element composition of mafic samples at the Erta Ale, Dabbahu and Asal magmatic segments can 
be used as both a thermometer and chronometer of the rifting process. Low seismic velocities require a 
lithosphere thinned to 50 km or less. A strong positive impedance contrast at 50 to 70 km below the 
rift seems linked to the melt zone, but is not reproduced by isotropic seismic velocity alone. Combined, 
the simplest interpretation is that mantle temperature below Afar is still elevated at 1450 ◦C, rifting 
started around 22–23 Ma, and the lithosphere has thinned from 100 to 50 km to allow significant 
decompressional melting.

© 2015 Published by Elsevier B.V.
1. Introduction

The Afar region in northern Ethiopia forms the northern tip 
of the largest and most active present-day continental rift, where 
the Main Ethiopian Rift (MER) intersects the Red Sea Rift and the 
Gulf of Aden (Fig. 1). Beneath the Red Sea Rift, crust is thinned 
to about 15 km (Markis and Ginzburg, 1987; Hammond et al., 
2011), volcanism is much more wide spread than in the MER, 
and much of the region has subsided below sea level in the past 
few million years, observations that point to the region being in 
transition from rifting to spreading (Markis and Ginzburg, 1987;
Hayward and Ebinger, 1996; Bastow and Keir, 2011).
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Afar is generally considered as a classic example of plume in-
volvement in rifting, as it is flanked by ∼30 million year old 
flood basalts that erupted as rifting started in the Gulf of Aden 
and Red Sea (Hofmann et al., 1997). Past and recent volcan-
ism exhibits geochemical characteristics generally found in ocean 
island basalts, such as high 3He/4He ratios, and trace element 
and isotopic enrichments (Schilling et al., 1992; Pik et al., 2006;
Ferguson et al., 2013). Furthermore, seismic velocities in the man-
tle below Afar are extremely low, as might be expected for high 
temperatures (e.g. Bastow and Keir, 2011). Yet, recent observations 
have questioned whether a plume is still involved in the present-
day tectonics of the region.

Based on seismic S-to-P receiver functions and geodynamic 
modelling, Rychert et al. (2012) proposed that lithosphere–astheno-
sphere structure beneath the Afar is similar to a mid-ocean ridge 
system: with shallow melt generation (<80 km) due to adiabatic 
decompression of mantle with a potential temperature of roughly 
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1350 ◦C. Seismic travel-time tomography (Hammond et al., 2013)
finds low seismic velocities under Afar consistent with such a shal-
low melt zone. At the other end of the debate, Ferguson et al.
(2013) used the trace element composition of mafic lavas from 
Afar and petrogenetic modelling to argue that the erupted mag-
mas are predominantly generated below a still thick lithosphere, 
at depths greater than 80 km, and at mantle potential tempera-
tures close to 1450 ◦C. This temperature is more consistent with 
major element composition of lavas within the northern part of 
the East African Rift system, which suggest an elevated potential 
temperature of between 1370 and 1490 ◦C for rocks erupted in the 
last 10 Ma (Rooney et al., 2012b).

A central question is therefore whether there is still currently 
active rifting and the up-welling of deep and hot (>1400 ◦C) man-
tle material, which is possibly rooted in the African Superplume 
(e.g. Nyblade, 2011). The other possibility is that today Afar has 
evolved to the point of steady passive up-welling of the astheno-
sphere. Although estimates of the mantle potential temperature 
beneath Afar for these respective scenarios both lie between 1350 
and 1490 ◦C, this range represents the difference between either 
minimal volcanism or the generation of a significant amount of 
melt (White and McKenzie, 1995; Armitage et al., 2010). Knowl-
edge of how mantle temperature and lithospheric thinning have 
evolved in Afar is therefore essential to understanding which key 
tectonic and/or magmatic processes are driving the continued de-
velopment of this rift system.

In this study we attempt to reconcile the seemingly contra-
dictory geochemical and geophysical observations with a single 
tectonic scenario. We develop a set of models of lithospheric ex-
tension and mantle melting and compare the model predictions 
to observations of melt volume, melt chemistry, bulk seismic ve-
locities and discontinuities of the lithosphere–asthenosphere. We 
focus on three regions of Afar where both seismic and geochemi-
cal constraints are available: (1) the Erta Ale rift zone, within the 
northern Danakil Depression, which is near the northwestern end 
of the main active rift, (2) the Dabbahu magmatic segment in cen-
tral Afar, near the border of the rift zone, and (3) the Asal rift zone 
at the southeastern end of the Afar rift zone and the western edge 
of the Gulf of Aden (Fig. 1).

2. Methods

We use a relatively straightforward 2-D geodynamic model of 
extension of a viscous lithosphere–asthenosphere system and de-
compressional melting to explore the effect of mantle temperature 
on rift evolution. Modelling extension within the region of the 
Danakil Depression and Asal Rift as a 2-D process is reasonable 
given that extension is perpendicular to the rift axis (Fig. 1).

2.1. Geodynamic model

Evolution of upper mantle temperature and flow is modelled as 
Stokes flow driven by a divergent upper velocity boundary condi-
tion and a temperature difference between the surface and model 
base (Armitage et al., 2010). The most likely rheology for con-
tinental lithosphere and sublithospheric mantle is a temperature 
and pressure dependent dislocation creep (e.g. Lévy and Jaupart, 
2011). We use a formulation that includes the effect of melt-
weakening and dehydration strengthening (see Supplementary Ma-
terial; Armitage et al., 2010). Thermal state and non-Newtonian 
viscous flow are solved in the finite-element code CitCom (Moresi 
et al., 1996). We use a 2800 km wide by 700 km deep 2-D Carte-
sian domain containing 512 by 512 equally spaced nodes, provid-
ing a resolution of 5.6 by 1.4 km.

Solid-mantle density in the models changes as a function of 
temperature, melt retention, and melt depletion, providing buoy-
ant flow due to melt generation. Melt production is calculated 
as a function of temperature, pressure and previous depletion 
(Scott, 1992; Phipps Morgan, 2001; Nielsen and Hopper, 2004; see 
Supplementary Material). Melt starts once the hydrous solidus is 
crossed, where up to 2% melt can be generated until temperature 
exceeds the dry solidus. We include a hydrous solidus as there is 
evidence of some water within the volcanics in Afar (e.g. Pik et al., 
1999). Melt generated is assumed to be transported vertically by 
Darcy flow, using the methods described in Goes et al. (2012), for 
more explanation see the Supplementary Material.

Solid mantle-flow boundary conditions are a prescribed sym-
metric divergent-flow velocity condition on the top and free slip 
on the sides and base. Temperature boundary conditions are fixed 
temperature at the base (a mantle potential temperature of 1350, 
1450 or 1550 ◦C) and the top (0 ◦C), and a zero normal temper-
ature gradient at the sides. The initial condition is a 100, 150 or 
200 km thick lithosphere defined by a linear increase in melt de-
pletion (from 0% at the base to 50% at the surface) and reduction 
in temperature from the basal temperature condition at 100 km 
depth to 0 ◦C at the surface. The high buoyancy is to keep the high 
viscosity lithosphere at the top of the model domain. This mate-
rial, due to its buoyancy, does not participate in the melting as it 
remains above the solidus and is moved to the sides due to the 
divergent boundary condition.

2.2. Melt chemistry

Partitioning of REEs between the solid mantle and partial melt 
is calculated from the melt depletion, temperature and pressure 
within the melt region assuming incremental batch melting (see 
Dean et al., 2008; Gibson and Geist, 2010; Armitage et al., 2011; 
and the Supplementary Material). Geochemical and isotopic evi-
dence from erupted melts shows that mantle source beneath Afar 
is fertile compared to the depleted upper mantle source of MORBs 
(e.g. Schilling, 1973; Schilling et al., 1992; Barrat et al., 1998;
Rooney et al., 2012a; Ferguson et al., 2013), and that this fer-
tile source has been a long-lived feature of the mantle here (Pik 
et al., 1999). To examine how the extent and depths of melting 
evolve during rift development we calculate the REE concentration 
of melts generated by partial melting of mantle upwelling beneath 
the extending lithosphere. For the source we use a fertile mantle 
composition from McDonough and Sun (1995).

2.3. Conversion to seismic velocities

The models are converted to synthetic seismic structure (com-
pressional velocity, V P , shear velocity, V S , density, and shear at-
tenuation, Q S ) following the methods described in Goes et al.
(2012). A thermodynamic formulation is used to determine elas-
tic parameters and density as a function of temperature, pressure, 
composition, and phase, using the mineral parameter compilation 
of Xu et al. (2008), and the code PerPleX from Connolly (2005). 
For the fertile mantle we use a peridotite composition, and for 
the depleted mantle a harzburgite, both from Xu et al. (2008). 
Seismic velocities are not sensitive to more detailed variations in 
composition, so we linearly grade between these compositions as 
a function of degree of depletion (see Goes et al., 2012). Subse-
quently, we correct for shear attenuation using a semi-empirical 
temperature, pressure and dehydration dependent Q model, Q g in 
Goes et al. (2012). We assume that the reference mantle is damp, 
as estimated for an MORB-source (1000 H/106 Si; Hirth and Kohlst-
edt, 1996).

The presence of melt is in most models assumed to only 
affect the elastic response (Hammond and Humphreys, 2000a;
Gribb and Cooper, 2000). We chose the melt derivatives for cuspate 
melt geometries from Hammond and Humphreys (2000b): a 7.9% 
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Fig. 1. Map of the Afar Rift zone and the northern Main Ethiopian Rift showing elevation in the colour scale and contours of the depth to the Moho in kilometers from 
Hammond et al. (2011). The three key volcanic locations, Erta Ale, Dabbahu and Asal, are labelled in bold text. The other labelled volcanics in red that are less than 1 Ma 
are: TA – Tat Ali, Al – Alaita, MH – Manda-Harraro and MI – Manda-Inakit. Velocities are from Nooner et al. (2009) and Reilinger and McClusky (2011). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
reduction in V S per percent melt and a 3.6% reduction in V P per 
percent melt. These are the highest derivative estimates for melt 
fractions below 1%, commensurate with the low melt fractions pre-
dicted in most of the model. However, it should be noted that al-
ternative melt geometries with a preferential orientation sufficient 
to cause significant seismic anisotropy may result in even larger 
velocity reductions (Blackman and Kendall, 1997). Some experi-
mental studies indicate that the presence of melt might also effect 
attenuation within the seismic frequency range (Faul et al., 2004;
McCarthy and Takei, 2011). To investigate the maximum effect that 
melt could have, we include in one of the models an additional 
effect on attenuation. We parameterised the effect simply by de-
creasing shear attenuation by half an order of magnitude (i.e., 
factor ∼3) per percent melt. This is on the lower end of what 
Faul et al. (2004) measured for wave periods between 1 and 100 s 
but stronger decreases give unrealistically low S-wave velocities 
(as low as 3.2 km s−1).

2.4. Synthetic S-to-P receiver functions

We calculated synthetic S-wave receiver functions for predicted 
1-D velocity models beneath the rift, after adding a crustal ve-
locity structure consistent with that determined from co-located 
P -wave receiver functions (thickness of between 20 and 30 km, 
V P = 6.2 km s−1 and V S = 3.3 km s−1; Hammond et al., 2011). 
Synthetic seismograms were calculated using a propagator matrix 
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Table 1
List of model variations.

Single phase of extension at 7 mm yr−1

Name T p

(◦C)
Lithosphere thickness
(km)

L100 1450 100
L150 1450 150
L200 1450 200

Two phases of extension at 3 mm yr−1 for 11 Myr and then 7 mm yr−1

Initial lithosphere thickness is 100 km

Name T p

(◦C)
K
(m2)

Wet solidus Melt threshold

1350N 1350 10−10 yes no
1350Da 1350 10−10 no no
1450N 1450 10−10 yes no
1450Da 1450 10−10 no no
1450L 1450 10−11 yes no
1450T 1450 10−10 yes yes
1550N 1550 10−10 yes no

a Models 1350D and 1450D, which both assume there is no deep wet melting, 
were incapable of matching the observations. For completeness we discuss the re-
sults of these models in the Supplementary Material.

method (Keith and Crampin, 1977). We assume a representative 
horizontal slowness of 0.106 s km−1 and dominant period of 11 s. 
The three component synthetic seismograms were rotated into 
theoretical P and S V components using a free-surface transfor-
mation matrix (Bostock, 1998; Cerveny, 2005). The S V waveforms 
were then deconvolved from P waveforms using a simultaneous 
deconvolution (Bostock, 1998; Rychert et al., 2007). Filtering (0.05 
to 0.14 Hz) and water level deconvolution (amplitude of 2 × 105) 
were applied to the waveform to match parameters used in the 
modelling of data from the Afar triple junction (Rychert et al., 
2012).

2.5. Model cases

To reconcile the different observations we test a range of man-
tle temperatures, different durations of rifting, a range of initial 
lithospheric thicknesses, and several melt productivity and reten-
tion parameters. The range of models that will be discussed is 
given in Table 1.

In most of the models we consider a two-phase extension his-
tory. Extension in the Afar region was initially slow until around 
11 ± 2 Ma when extension shifted 100 km westwards and the 
southern Red Sea became a failed extensional basin. At this time, 
the rate of extension doubled to the current half spreading rates 
(Reilinger and McClusky, 2011). The onset of rifting in this region 
followed the major phase of volcanism that formed the Ethiopian 
flood basalts at ∼30 Ma (Hofmann et al., 1997) and is estimated 
to have begun between 21 and 29 Ma (Wolfenden et al., 2005;
Reilinger and McClusky, 2011). Extension is imposed on the mod-
els as a divergent upper velocity boundary condition on either side 
of the rift axis. The half-rate is initially set to 3.5 mm yr−1, and in-
creases to 7.0 mm yr−1 after 11 Myr. The forward model is run for 
a duration of up to 35 Myr.

The thickness of the continental lithosphere prior to the for-
mation of the East African Rift zone is not known. Phanerozoic 
continents are estimated to be between 80 and 120 km thick from 
surface heat flow (Artemieva and Mooney, 2001) and inferred from 
surface wave tomography for Africa away from the cratons and ac-
tive rifts (Fishwick and Bastow, 2011). To explore the impact of 
the assumed initial lithosphere thickness, we first model simple 
extension at a half spreading rate of 7 mm yr−1 of a lithosphere 
that has a thermal and compositional thickness of 100, 150 and 
200 km above a mantle with a potential temperature of 1450 ◦C 
(models L100, L150 and L200). For other models we use an ini-
tial lithospheric thickness of 100 km which falls within the range 
expected for the region.

While melt volume and chemistry are sensitive to melt pro-
duction history, seismic structure is sensitive to the amount of re-
tained melt. As our reference value, we assume melt permeability 
10−10 m2. This gives a migration velocity of ∼cm yr−1 (Goes et al., 
2012), which is relatively slow compared to U-series constraints on 
melt-extraction rates (e.g. Stracke et al., 2006). However, as some 
seismic constraints (Rychert et al., 2012; Stork et al., 2013) have 
been interpreted with relatively large fractions of retained man-
tle melt, we also tested a model with higher melt productivity, 
a model with an order of magnitude lower permeability (model 
1450L), and a model where melt only becomes mobile once it 
exceeds a threshold of 1% as suggested for mantle melts by Faul
(2001) (model 1450T).

3. Results

The constraints that we have on Afar rifting are (1) an estimate 
of total melt volumes, (2) melt composition, (3) volumetric seis-
mic velocities, (4) depths and contrasts of seismic discontinuities. 
Melt volumes and chemistry are sensitive to mantle temperature 
and the evolution of lithospheric thickness, i.e., initial lithospheric 
thickness and the history of rifting, and consequent evolution of 
mantle depletion. Volumetric seismic velocities give constraints on 
the thickness of the lithosphere and depth of the asthenosphere, 
while discontinuities may correspond to compositional or phase 
boundaries including the onset of dry melting, and the depth of 
dehydration.

3.1. Melt production

3.1.1. Constraints on igneous addition to the crust
The thickness of the crust that may be due to magma em-

placement during rifting can be estimated from receiver functions 
and active seismic transects. Thickness of the original unstretched 
crust inferred from the rift’s western margins and in Yemen/Ara-
bia is between 19 and 21 km for the upper and 18 to 23 km for 
the lower crust (Mechie et al., 1986; Markis and Ginzburg, 1987;
Maguire et al., 2006). At Erta Ale, we find an upper crustal thick-
ness of 2 and 1 km and a lower crust of 11 and 9 km from a 
near-by seismic station and wide-angle seismic survey (Markis and 
Ginzburg, 1987; Hammond et al., 2011). If we assume that the up-
per crust contains no intrusions of magmatic material, the stretch 
factor is between 9.5 and 21, suggesting that the lower crust is in-
truded with between 6 and 10 km of material. Upper and lower 
crustal thicknesses measured near Dabbahu are 4 km and 16 km, 
respectively (Hammond et al., 2011), i.e., a stretch factor between 
4.8 and 5.3, implying an addition of 11 to 15 km of volcanic ma-
terial. At Asal, thicknesses of 2 to 6 km for the upper and 14 to 
15 km for the lower crust (Ruegg, 1975) imply a stretch factor of 
3.2 to 10.5 and the addition of 9 to 14 km of volcanic material. 
This yields total volumes of melt added during rifting that corre-
spond to 6–14 km of crustal thickness.

3.1.2. Models: Effect of lithospheric thickness and mantle temperature
Fig. 2 illustrates the influence of initial lithospheric thickness on 

melt production, for a spreading history at single constant spread-
ing rate (models L100, L150, L200 in Table 1). The trend in mean 
melt fraction and igneous thickness shows an initial slow increase 
in melt production (Fig. 2), while melting only occurs deep and 
at temperatures below the dry solidus, where melt productivity 
is low. Once the lithosphere has sufficiently thinned to allow dry 
decompressional melting, productivity increases, causing the rapid 
rise in melt fraction, after 5, 15 and 23 Myr for 100, 150 and 
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Fig. 2. Thickness of igneous crust generated and mean melt fraction against 
model run time for mantle potential temperatures 1450 ◦C, and the initial litho-
sphere thickness is 100, 150 and 200 km (models L100, L150 and L200 in Ta-
ble 1). (A) Igneous crustal thickness from hc = ρm/(uxρl) 

∫ ∫
φ̇meltdxdz, where 

ρm = 3340 kg m−3 is the mantle density, ux = 7 mm yr−1 is the half spreading 
rate, ρl = 2800 kg m−3 is the melt density and φ̇melt is the melt production rate. 
(B) Mean melt fraction given by Fmean = ∫ ∫

F φ̇meltdxdz/ ∫ ∫
F dxdz, where F is the 

local melt fraction (Plank et al., 1995). Dashed lines are for hydrous-only melt 
production. The spikes in the trends for model L150 are due to convective insta-
bilities nucleated at the edge of the thinned lithosphere. These instabilities increase 
the melt production rate φ̇melt , hence temporarily increasing crustal thickness. The 
mean melt fraction reduces at the same time as the zone of high melt production 
is at depth within regions of low melt fraction therefore biasing the mean melt 
fraction calculation.

200 km thick lithosphere, respectively. A 50 km increase in litho-
sphere thickness delays this transition by roughly 10 Myr. The 
delay time depends on spreading rate; for a half spreading rate 
of 20 mm yr−1 this delay reduces to 3 Myr and at 80 mm yr−1 it 
is less than 1 Myr (Armitage et al., 2009). For both mean melt 
fraction and igneous thickness, the only effect of an increased 
lithosphere thickness is a systematic delay in the increase in pro-
ductivity (Fig. 2). Therefore, the evolution of melt composition is 
similarly shifted in time, but not otherwise affected by the initial 
lithosphere thickness.

Next we explore how asthenospheric temperature alters the 
melt productivity. We do this for the more realistic two-phase rift-
ing scenario, to allow for a comparison of melt volumes with the 
estimated thickness of igneous crust and observed range of du-
rations of rifting. We show results for the models with an initial 
lithosphere thickness of 100 km, i.e., assuming the present day sur-
rounding lithosphere structure is representative of conditions prior 
to break-up.

In model 1350N, where the asthenospheric potential temper-
ature is 1350 ◦C, up to 5 km of igneous crust is generated after 
35 Myr of evolution (Fig. 3). The mean melt fraction is typi-
cally low, ranging from 0.01 at the onset of dry melting to 0.03. 
The maximum melt fraction reaches 0.08 after 35 Myr of model 
evolution. For model 1450N, where the potential temperature is 
100 ◦C hotter, melt production is significantly increased and ig-
Fig. 3. Melt production and lithosphere thickness as the model rift evolves. Initial 
lithosphere thickness is 100 km. Dashed lines are for hydrous-only melt production. 
(A) Thickness of igneous crust generated against model run time for mantle poten-
tial temperatures of 1350, 1450 and 1550 ◦C (models 1350N, 1450N, and 1550N 
in Table 1). The green–gray region shows the range of igneous thickness calcu-
lated from wide angle and receiver function studies (see Supplementary material). 
(B) Mean melt fraction and (C) maximum melt fraction for the three model cases. 
(D) Lithosphere thickness taken as the depth to the 1250 ◦C isotherm.
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neous crustal thickness reaches 8 km after 21 Myr and 15 km after 
35 Myr (Fig. 3). For the 1450N case, the mean melt fraction in-
creases to 0.07 and the maximum melt fraction is 0.19. In model 
1550N, where the mantle potential temperature is 1550 ◦C, melt 
production rates are very high and the igneous crustal thickness 
is greater than 15 km after 13 Myr and greater than 30 km after 
18 Myr of model evolution (Fig. 3). Furthermore, mean melt frac-
tions are high, up to 0.18, and the maximum melt fraction rapidly 
increases beyond 0.3. For all models, the depth to the base of the 
lithosphere, defined as the depth to the 1250 ◦C isotherm, is sim-
ilar (Fig. 3D). This is because the thinning of the lithosphere is 
primarily controlled by the extension, which is at the same rate 
for all of the models.

3.1.3. Comparison with igneous crustal thickness
In comparison to the observed igneous crustal thickness of be-

tween 6 and 14 km, a mantle potential temperature of 1550 ◦C is 
too productive and hence too hot to match crustal thickness given 
the age of the rift zone (Fig. 3). For the case of hydrous melting, 
a mantle potential temperature of 1350 ◦C is on the cold side, as 
it can only approach the lowest estimate for the thickness of in-
truded melt after the maximum time of extension (Fig. 3). The 
1450 ◦C model predicts 6–12 km of igneous crust after 20 to 29 Ma 
of rifting, which is within the range of rift durations estimated 
from observations. For the case of only anhydrous melting a man-
tle potential temperature of 1350 ◦C creates less than 6 km, while 
at 1450 ◦C the model predicts a thickness >6 km after 18 Myr (see 
Supplementary Material).

There is a trade off between the temperature of the astheno-
sphere and the assumed initial lithosphere thickness. For tempera-
tures lower than 1350 ◦C, an initial lithosphere thickness less than 
100 km could produce a reasonable age-igneous thickness trend. 
Likewise if temperatures are higher than 1450 ◦C, a lithosphere 
that is thicker than 100 km would allow matching rift duration 
and igneous crustal thickness. However, as we will show in the 
comparison with seismic velocities in Section 3.3, an initial thick-
ness of around 100 km, similar to other Phanerozoic lithosphere 
(e.g. Artemieva and Mooney, 2001), is most consistent with the 
range of observations.

3.2. Melt composition

We will now explore how the two preferred models from the 
previous section, models 1350N and 1450N, create different tem-
poral evolutions in melt chemistry that allows us to better con-
strain rift duration.

3.2.1. Observations: REE trends
We compare predicted melt compositions to the REE chemistry 

of late-Pleistocene samples from the Erta Ale (Barrat et al., 1998), 
Dabbahu (Ferguson et al., 2013) and Asal (Pinzuti et al., 2013;
Schilling et al., 1992) magmatic rift zones. These were corrected 
for crystal fractionation by the incremental addition of olivine, un-
til melts were obtained that are in equilibrium with mantle olivine 
compositions of Fo90. This was done using an Fe3+/

∑
Fe ratio of 

0.16 (Ferguson et al., 2013) and an Fe–Mg partition coefficient 
(Kd = (Fe2+/Mg)olv/(Fe2+/Mg)melt) of 0.3. For each zone, the data 
display a clear decrease in source normalised concentration from 
middle to heavy REE. The ratio of La to Yb for the rock samples 
from all three zones have a mean of 5.52 and a standard deviation 
of 2.26. For Dy/Yb the ratio is 2.02 ± 0.15 (Fig. 4).

3.2.2. Models: Effect of mantle temperature and rift duration
During early extension low degree melts are generated during 

hydrous melting at high pressures, where garnet is stable in the 
mantle. During this early period, the most incompatible elements, 
Fig. 4. Model trend in the ratio of La to Yb and Dy to Yb against time as the 
rift evolves with extension at a half rate of 7 mm yr−1 after an initial period of 
11 Myr of extension at a half spreading rate of 3.5 mm yr−1. The model is com-
pared to the observed compositions from the Erta Ale (Barrat et al., 1998), Dab-
bahu (Ferguson et al., 2013) and Asal magmatic segments (Pinzuti et al., 2013;
Schilling et al., 1992). Dashed lines are for hydrous-only melt production. (A) Ratio 
of Dy to Yb plotted against time. The ratio decreases as more productive dry melt-
ing begins, and as the degree of melting increases above the garnet-in transition. 
(B) Ratio of La to Yb plotted against time. (C) Dy/Yb plotted against La/Yb showing 
the observed compositions from the three regions. The model trend in composition 
is plotted with a colour scale that represents the mean melt fraction. Both models 
trend towards the observed compositions, but along different paths and reaching 
different mean melt fractions. (For interpretation of the colours in this figure, the 
reader is referred to the web version of this article.)

such as La and Ce, enter the melt leaving a depleted source. Com-
patible elements, such as Dy and Yb, predominately remain within 
the solid mantle matrix during early melt production.

For a fertile mantle with no previous depletion, and a mantle 
potential temperature of 1350 ◦C, the wet solidus is crossed at a 
depth of 120 km and the dry solidus at 55 km; for a mantle poten-
tial temperature of 1450 ◦C, the wet solidus is crossed at 150 km 
and the dry solidus is at 80 km depth (see Eqs. (4) to (6) in the 
Supplementary Material). The spinel-out boundary is between 80 
and 85 km at 1350 and 1450 ◦C (McKenzie and O’Nions, 1991). 
With these parameters the La/Yb ratio decreases earlier than the 
Dy/Yb ratio, due to the incompatible elements having partition co-
efficients that are two orders of magnitude smaller in the garnet 
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stability field (Fig. 4). From the plot of Dy/Yb against time we can 
see that, if the mantle temperature is 1450 ◦C, productive dry melt-
ing occurs while the melt composition is still dominated by the 
garnet signature. If however the mantle temperature is 1350 ◦C 
there is a second decrease in Dy/Yb at 26 Myr, as more produc-
tive dry melting commences (Fig. 4A). If we assume the mantle is 
dry (models 1350D and 1450D in Table 1) then the REE compo-
sition is only matched by the colder model when there is a very 
small volume of melt (see Supplementary Material).

3.2.3. Comparison with REE trends
In Fig. 4 the evolution of the La/Yb and Dy/Yb ratios approaches 

the observations after dry melting has initiated and the lithosphere 
has thinned to less than 50 km (Fig. 3). For a mantle temperature 
of 1350 ◦C the model 1350N approaches the observed composi-
tion after 29 Myr of model evolution with a mean melt fraction 
of 0.05 (Fig. 4). For an asthenosphere of 1450 ◦C the model 1450N 
approaches the observed composition after 22 Myr of model evo-
lution with a mean melt fraction of 0.08 (Fig. 4).

To further explore which mantle potential temperature best fits 
the REE signature of the recent Afar lavas, we use a simple mea-
sure of maximum likelihood (Wald, 1943), and compare this fit to 
the χ2 value for each sample size at the 95 and 70% confidence 
interval (Fig. 5). For each zone, the data display a clear decrease 
in source normalised concentration from middle to heavy REE. For 
our two model scenarios, as the rifting progresses the modelled 
melt compositions approach those of the observed lavas and then 
diverge towards more depleted compositions. For all three data 
sets, the model with a mantle potential temperature of 1450 ◦C 
gives the best fit at a time of 22–23 Myr after the initiation of 
extension, while the cooler model requires a longer duration of 
extension, 30–35 Myr (Fig. 5).

In detail, for the Erta Ale lavas, the model with a mantle poten-
tial temperature of 1450 ◦C fits well, while the cooler model does 
not as convincingly re-create REE compositions (Fig. 5A and D). 
The hotter model can match the Dabbahu magmatic segment data, 
however, the cooler model fits better (Fig. 5B and E). The south-
ernmost site, the Asal Rift, which is the first on-land section of the 
Gulf of Aden, has an REE profile that is best matched by the melt-
ing of a 1450 ◦C mantle (Fig. 5C and F). The cold model does also 
approach a close fit to the composition at older ages, yet there is 
a systematic over prediction in the concentration of REEs (Fig. 5F). 
A shorter duration of rifting at Erta Ale is in close agreement with 
plate reconstructions that suggest extension initiation in the south-
ern Red Sea at 24 ± 4 Ma (Reilinger and McClusky, 2011), though 
slightly younger than the 26 to 29 Ma estimate of Wolfenden et al.
(2005). For the Dabbahu magmatic segment, both the shorter and 
longer duration of rifting are plausible given the age constraints 
from kinematic reconstructions (Reilinger and McClusky, 2011;
Wolfenden et al., 2005). The elevated temperature at Asal is in 
agreement with previous estimates of mantle temperatures in this 
region (Rooney et al., 2012b; Pinzuti et al., 2013).

3.3. Bulk seismic structure

The comparison of the predicted melt production with the ob-
servations yielded two preferred model scenarios: model 1450N at 
∼22 Myr of extension and model 1350N after ∼30 Myr. The Afar 
region is well known for its extreme low-velocity anomalies. A 
range of surface-wave studies find minimum shear velocities be-
tween 3.6 and 4.0 km s−1 between about 50 and 100 km depth 
(Knox et al., 1998; Debayle et al., 2001; Montanger et al., 2007;
Fishwick, 2010; Chang and Van der Lee, 2011). Next, the synthetic 
seismic structures predicted for the two preferred models are com-
pared to these shear wave constraints.
3.3.1. Modelled seismic structure
Fig. 6 displays in the left column model thermal structure, 

with contours for the amount of retained melt, for models with 
a 1450 ◦C and 1350 ◦C mantle temperature and different amounts 
of melt retention (models 1350N, 1450N, 1450L and 1450T in Ta-
ble 1). Asymmetry in the zone of partial melting is created due 
to the 100 km east to west shift in extension after 11 Myr (see 
Section 2.5). In the central panels, the melt production and melt 
fraction is plotted against depth for the centre of extension. In 
the right hand column of Fig. 6, the corresponding shear velocity 
structure (dependent on temperature, pressure, composition, melt 
retention and dehydration) is shown.

The seismic structure is strongly affected by the thickness of 
the thermal lithosphere. Due to the decreasing ∂V S/∂T with in-
creasing pressure (e.g. Goes et al., 2000), adiabatic upwelling of 
mantle material leads to lower velocities at shallower depths. As 
a result the cooler model, 1350N (Fig. 6A and B), with the thin-
ner lithosphere (30 km) yields lower minimum velocities than the 
warmer model 1450N (50 km lithosphere) (Fig. 6C and D). Note 
that the effect of the thinner lithosphere is even stronger than the 
effect of the larger amount of melt in model 1450N (up to 0.5% 
melt retained) than model 1350N (up to 0.3% melt retained).

If melt retention is enhanced, velocities are further decreased. 
This is illustrated by the model with an order of magnitude lower 
permeability (1450L), where the maximum melt retention is in-
creased to 0.9%, and the model where melt does not migrate until 
its porosity exceeds 1% (1450T), where the retained melt fraction is 
enhanced to 1.1% (Fig. 6E and G). These two models are also plot-
ted at slightly later times than model 1450N (25, 24 and 22 Myr 
respectively). This contributed to the stronger and wider low ve-
locity zones in the two high melt-retention models.

3.3.2. Comparison with tomographic constraints
We find that all model cases are able to produce low shear ve-

locities in the observed range, due to the combination of strong 
attenuation at asthenospheric temperatures and the elastic effect 
on seismic wave speed from presence of melt (Fig. 6). The higher 
amounts of melt predicted by the models with stronger retention 
are required to reach the lowest values in the observed range.

Bulk seismic velocities provide a strong indication of a rela-
tively shallow lithosphere–asthenosphere boundary at 50 to 30 km 
depth. If the lithosphere was thicker than 80 km, as proposed by 
Ferguson et al. (2013), then seismic velocities would not reach the 
minimum values observed. A thinning factor of 2 to 3 is there-
fore required by the seismic constraints and REE patterns. This is 
within the range of values we estimated to derive igneous thick-
ness estimates in Fig. 3 and of crustal stretching factors inferred 
for Afar (e.g. Wolfenden et al., 2005). Furthermore, significant 
fractions of melt only form once the dry solidus is crossed, i.e., 
melt fractions of around 1%. This requires the lithosphere to have 
thinned to 50 km from an original thickness outside of the rift of 
100 km. Thus, the seismic velocities provide further support for 
our choice of initial lithospheric thickness, and are consistent with 
the 1450 ◦C mantle temperature preferred by the comparison melt 
volumes and melt chemistry.

3.4. Seismic discontinuities

3.4.1. S-to-P receiver function constraints
A detailed S-to-P receiver function study of the lithosphere and 

shallow mantle below Afar (Rychert et al., 2012) found two promi-
nent discontinuities below the rift flanks, one at around 30 km 
with a positive velocity change (i.e. increase of velocity with depth) 
attributed to the base of the crust, and one at about 80 km depth 
with a negative polarity associated with the base of the lithosphere 
(the ‘LAB’, lithosphere–asthenosphere-boundary). Within the rift 
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Fig. 5. Comparison of predicted Rare-Earth Element (REE) composition against the observed compositions from the Erta Ale (Barrat et al., 1998), Dabbahu (Ferguson et 
al., 2013) and Asal magmatic segments (Pinzuti et al., 2013; Schilling et al., 1992). Parts (A)–(C) show the quality of the fit of the range of REE predicted against the 
observations, by calculating the misfit using Wald’s Test (Wald, 1943). The gray lines display the confidence levels for the quality of fit. Parts (D) to (F) show the pattern of 
REE compositions at each region and the two model generated best fits. Dashed lines are for hydrous-only melt production.
zone however, the negative polarity signal was absent and instead, 
under large parts of the rift, a positive polarity signal (with an 
amplitude 15–20% of that associated with the Moho) was found at 
around 50–70 km depth in addition to the Moho signal at 30 km 
depth. Rychert et al. (2012) interpreted the latter discontinuity as 
the base of the dry melt zone with an 8% change in shear wave ve-
locity which has to occur over a depth interval of at most 10 km.

3.4.2. Models: impedance contrasts and receiver functions
Whether a seismic velocity jump leads to the conversions from 

S-to-P waves that are imaged with receiver functions, depends on 
the strength and sharpness of the impedance (product of velocity 
and density) contrast across the boundary. We show impedance 
gradients for the two asthenosphere temperatures 1350 ◦C and 
1450 ◦C and with increased melt retention (models 1350N, 1450N, 
1450L, 1450T in Table 1) in Fig. 7 and as 1-D profiles through 
the centre of extension in Fig. 8D (models 1350N, 1450N, 1450L). 
By far the strongest impedance contrast is that predicted for the 
Moho, while a negative impedance contrast characterises the base 
of the dehydrated lithosphere. A positive impedance contrast de-
velops near the base of the melt zone, but its amplitude is only 
a very small fraction (<1%) of the Moho contrast even when we 
impose a threshold of 1% for melt transport (Fig. 7).

Vertical profiles of attenuation, shear velocity structure and 
shear impedance gradients directly below the centre of the model 
rift illustrate the velocity jumps (Fig. 8). This figure includes an 
additional model with low permeability where melt is assumed to 
have an additional attenuating anelastic effect. The models span 
a large range of potential melt retention and seismic sensitivity 
to the presence of melt. In spite of this, in all cases, the transi-
tion from wet to dry melt regions remains too gradual to cause a 
strong impedance jump.

We calculate a synthetic receiver function for model 1450N and 
model 1450L (Fig. 9). At the rift axis we predict a profile with 
two positive peaks, separated by a negative one (Fig. 9B). The first 
positive and negative peaks of the synthetic receiver function are 
due to the Moho velocity contrast. The negative Moho side lobe is 
further enhanced by a negative peak due to the base of the dehy-
drated lithosphere, which is accompanied by a deeper positive side 
lobe. The base of the dry melt zone generates a negligible signal in 
the 1450N model and gives only a very minor contribution to the 
deepest positive swing in the 1450L model.

3.4.3. Comparison: impedance and receiver functions
Although higher melt retention and increased attenuation of 

the melt enhance the velocity contrast across the base of the dry 
melt zone, none of the models produce an impedance contrast that 
comes close to the sharp 8% increase in V S inferred from the ac-
tual receiver functions. Furthermore, this additional melt effect on 
attenuation reduces the V S to very low speeds, significantly be-
low the lowest observation from surface waves (Fig. 8). Not even 
when all melt is retained, or productivity increased by reducing 
the solidus-depletion gradient, ∂Ts/∂ F |z (see Supplementary Ma-
terial), from 300 to 200 ◦C, which deteriorates the fit of the REE 
data, are we able to significantly increase the impedance jump.

The expression of the inferred 8% jump in the receiver func-
tion is the absence of the negative lobe due to the Moho. This 
requires a shallow (between 50 and 70 km depth) positive discon-
tinuity to largely cancel this part of the Moho signal (Rychert et 
al., 2012). The impedance contrast from our modelled base of the 
silicate (dry) melt zone occurs deeper in our warmer models, but 
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Fig. 6. Modelled temperatures and the volume of melt retained within the partial melt zone for a number of different model cases on the left. The centre plots display the 
melt fraction (black lines) and the melt production rate against depth at the centre of extension (0 km). Corresponding synthetic shear velocity on the right. Model structures 
are shown at the best fit time for the REE composition taken from Fig. 5. Contours in the left panels display the extent of the zone of partial melting and then contours 
at 0.1%. Contours in the right panels are drawn every 0.1 km/s. (A, B) Model 1350N with potential temperature of 1350 ◦C and reference melt permeability (10−10 m2).
(C, D) Model 1450N with potential temperature of 1450 ◦C and reference melt permeability. (E, F) Model 1450L with low permeability (10−11 m2, compared to 10−10 m2

in parts (A)–(D)). (G, H) Model 1450T with reference permeability, but where melt is immobile if the porosity is below 1%. Maximum melt retention ranges from less than 
0.5% (panels A, C) to 1.1% (panel G). All cases give minimum V S consistent with those imaged below Afar (see text). Seismic velocities are more sensitive to depth of the 
lithosphere–asthenosphere transition than to potential temperature in the range from 1350 to 1450 ◦C. The slight asymmetry in the zone of partial melting is due to the 
100 km east to west shift after 11 Myr in the centre of extension across the Danakil block. Models 1450N, 1450L and 1450T are plotted at the same numerical time step, 
which corresponds to slightly different duration’s given the differing convective vigour between the models. (For interpretation of the colours in this figure, the reader is 
referred to the web version of this article.)
even in the 1350N model it is insufficient to mask the negative 
side lobe from the Moho conversion.

A further difference between our profiles and the structure that 
the receiver functions found below the rift zone is that the neg-
ative polarity jump due to the base of the lithosphere is also 
present (Fig. 9). It has been proposed by a range of seismic and 
resistivity studies that the lithosphere below the rift is heav-
ily melt intruded by as much as 3% melt (Stork et al., 2013;
Desissa et al., 2013). This melt is thought to occupy a large re-
gion at and below the Moho beneath Dabbahu segment (Desissa 
et al., 2013). If the amount of melt in the lithosphere is at least 
as large as that in the asthenosphere directly below, the veloc-
ity contrast at the lithospheric base could be cancelled. Thus, the 
absence of an ‘LAB’ type discontinuity in the receiver functions 
would further confirm that the lithosphere below the rift is melt-
filled. We find that a 1% melt porosity above the zone of partial 
melting can mask the impedance jump between the dehydrated 
lithosphere and damp, melt-filled underlying mantle. The synthetic 
receiver functions also predict a Moho jump that is too strong, 
unless we assume a low velocity lithosphere. One might argue 
that such a melt-filled lithosphere should not be called a litho-
sphere, as it is no longer seismically distinct. However, it may still 
behave different rheologically than the asthenospheric mantle be-
low, leading to the relatively narrow zone of shallow vertical and 
along-axis alignment of seismic anisotropy (Hammond et al., 2014;
Hammond, 2014).
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Fig. 7. Vertical shear impedance (V S times density) gradients for the four models 
at the best fit time for the REE composition taken from Fig. 5 (corresponding shear 
velocity structures are shown in Fig. 6B, D). Impedance increases with depth are in 
red, decreases in blue colours. (A) Model where the mantle temperature is 1350 ◦C 
(1350N, Table 1) at 29.3 Myr. (B) Model where the mantle temperature is 1450 ◦C 
and the permeability is 10−10 m−2 (1450N, Table 1) at 22.7 Myr. (C) Model where 
the mantle temperature is 1450 ◦C and the permeability is 10−11 m−2 (1450L, Ta-
ble 1) at 24.9 Myr. (D) Model where the mantle temperature is 1450 ◦C and the 
permeability is 10−10 m−2 with a 1% threshold on melt transport (1450T, Table 1) 
at 23.6 Myr. The strongest contrast occurs at the Moho, which reaches an amplitude 
outside of the range plotted: 4 g cm3 s−1. The base of the dehydrated lithosphere 
gives rise to a negative impedance contrast, while the base of the dry melt zone cor-
responds to a weak positive contrast. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

The assumption that there is 1% melt in the lithosphere cre-
ates a synthetic receiver function which is closer to the observation 
(Fig. 9). Yet this assumption is somewhat ad hoc and still cannot 
replicate the signal previously attributed to the base of the dry 
melt zone. Therefore, the comparison with receiver functions does 
not allow us to further narrow down the plausible model scenar-
ios.
4. Discussion

4.1. Melt chemistry

Overall, 1450 ◦C and a rift age of 22 to 23 Myr gives the best 
match to the REE data and crustal thickness. Models with a more 
depleted source composition fit the data but yield the same best-fit 
age and temperature. The variable quality of the fits to the ob-
served lavas between rift zones may reflect some lateral variations 
in temperature and rift onset times.

In all of our modelled melts there is a systematic underesti-
mation of the concentration ratios between the most incompatible 
elements, such as La and Ce, when compared to the observed lavas. 
The positive slope between La and Pr in Fig. 5 is because of model 
source depletion. It is possible that our assumption that melt and 
solid are in equilibrium for a particular model time step, which 
has a typical duration of 40 kyr, allowing a simple mass balance to 
be used to estimate the solid composition as melting progresses 
is not valid. The inverse model used to model REE melt compo-
sitions by Ferguson et al. (2013) for example assumes fractional 
melting throughout. The other possibility is that there is a greater 
flux of fertile mantle through the melt zone due to a buoyant man-
tle source, such as a thermal plume beneath Afar that the present 
model does not capture, which leads to less source depletion.

4.2. The onset of melt retention and seismic discontinuities

Our models indicate that the positive discontinuity amplitude 
that S-to-P receiver functions image at a depth of 50–70 km be-
low the rift zone cannot be a simple consequence of the isotropic 
effects of melt on seismic velocities. Different melting models, like 
that developed by Katz et al. (2003), also predict a gradual onset 
of melting and hence a gradual reduction in V S and V P , especially 
for melting in the presence of water.

A recent 1-D modelling study (Havlin and Parmentier, 2014)
suggests that strong discontinuities associated with melting can be 
produced in a mantle of higher viscosity and/or lower water con-
tent or at high upwelling rates. Our models are not able to match 
melt constraints using a dry mantle, and it would thus be hard to 
argue for significantly higher viscosity. Higher upwelling rates pro-
vide faster influx of new fertile material and hence enhance melt 
production and for the same permeability also increase melt re-
tention. According to the models of Havlin and Parmentier (2014), 
upwelling rates of several tens of cm/yr are required. Using the 
same numerical model as presented here, Goes et al. (2012) found 
melt retention increased to 1.3% when the half spreading rate and 
hence vertical flow was roughly 6 times greater, insufficient for a 
strong impedance contrast at the onset of dry melting. It is unclear 
that the conditions under Afar, with much lower spreading rates 
and potential active upwellings with relatively mild excess temper-
atures, could produce fast enough upward flow to allow formation 
of an 8% shear-velocity discontinuity. If so, the receiver function 
signal could be further support for a hotter mantle with active 
upwellings, although it may not be a direct effect of the onset 
of dry melting, which at higher temperatures occurs deeper than 
50–70 km depth. Furthermore, increased upwelling at a mantle 
temperature of 1450 ◦C, which is consistent with the melt chem-
istry, would increase crustal thickness beyond that observed.

While it is not easy to explain the velocity increase at 50–70 km 
depth below Afar by the onset of melting, similar S-to-P observa-
tions in a range of hotspots (e.g. Hawaii, Galapagos; Rychert et 
al., 2013, 2014) do indicate that the discontinuities are a signal 
of melt in the mantle. Another possible mechanism to sharpen 
the impedance contrast could be a change in seismic anisotropy 
with depth, a similar mechanism to that which is suggested below 
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Fig. 8. Shear velocity-depth and shear impedance-depth profiles below the ridge for several different models: (A) Melt porosity for the cool model (1350N; blue line), 
the hot model (1450N; red line), and the model of low permeability (1450L; 10−11 m2), which is very similar to the model of minimum melt retention (1450T; Fig. 6). 
(B) Attenuation structure for the three models in panel A, and a fourth model where the low permeability is combined with an increased attenuation due to the partial melt 
retained in the mantle (dashed line). (C) Shear wave velocity for the four models in panel B with the range of observed shear wave velocities extracted from surface waves 
below Erta Ale, Dabbahu and Asal (Fishwick, 2010). (D) Shear impedance-depth profiles for the same four models. None of the cases give a velocity and impedance contrast 
approaching that inferred from Afar receiver functions (about 8% change in V S over <10 km and about 20% of the Moho impedance contrast, respectively Rychert et al., 
2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
cratons (e.g. Yuan and Romanowicz, 2010). Melt that retains a pref-
erential orientation is an efficient mechanism to generate seismic 
anisotropy (Blackman and Kendall, 1997), and so a rapid change in 
the style of preferred orientation of melt with depth could cause a 
sharp discontinuity. In rift settings a number of mechanisms exist 
that could align melt. Where significant topography exists on the 
lithosphere–asthenosphere boundary, high strain rates can cause 
melt bands to form (Holtzman and Kendall, 2010). Also, the align-
ment of melt as it migrates through lithosphere (Faul, 2001) or in 
the presence of vertical flow in the asthenosphere (Blackman and 
Kendall, 1997) will likely cause a seismic anisotropy. Shear-wave 
splitting and P -wave receiver function studies show that verti-
cally aligned melt exists at the rift axis and rift margins in the 
crust and lithospheric mantle beneath Afar (Hammond et al., 2014;
Hammond, 2014), whereas much of the asthenospheric mantle be-
neath Afar has little shear-wave splitting suggesting horizontally 
aligned or no preferential alignment of melt (Hammond et al., 
2014). A change in alignment of melt between the lithosphere 
and asthenosphere or due to the onset of melt mobilisation, which 
enhances preferential orientation as melt fraction approaches 1%, 
could cause the discontinuity seen in S-wave receiver functions.

5. Conclusions

This study suggests that mantle temperatures are elevated be-
low Afar and the lithosphere has significantly thinned. This agrees 
with aspects of previous geochemical and seismic interpretations: 
Rare-earth-element concentrations from mafic magmas point to 
melt in the garnet stability field, at elevated temperatures 1450 ◦C. 
However, rather than requiring a thick lithosphere (Ferguson et al., 
2013), our models reproduce the REE data with the addition of 
hydrous melting. S-to-P receiver functions imaged a seismic dis-
continuity at ∼50–70 km depth which was attributed to the base 
of the dry melt zone, requiring a thinned lithosphere (Rychert et 
al., 2012). To also fit constraints on volumes of magma in the crust, 
our models require that rifting started at ∼23 Ma, and the man-
tle is ∼1450 ◦C, leading to lithospheric thinning by about a factor 
of 2, to around 50 km, and significant decompressional melting. 
However, in none of the models are the isotropic effects of re-
tained melt on seismic velocity able to recreate the strong and 
sharp change in shear speed found in the receiver functions at 
50–70 km depth. Alternatively, we propose that the discontinuity 
Fig. 9. Synthetic receiver functions for the forward model compared with a charac-
teristic rift receiver function from Rychert et al. (2012). To be able to make a fair 
comparison with the receiver function derived from observations, we set the Moho 
depth from 20 to 30 km to be consistent with the published receiver function below 
Afar (Rychert et al., 2012). (A) Shear wave velocities through the centre of exten-
sion for the model 1450N (red dashed line), the same model where we assume 1% 
melt is in transport within the lithosphere above the zone of partial melting (red 
solid line) and the model 1450L with additional attenuation due to the presence 
of melt (black solid line). These vertical profiles are compared against surface wave 
estimates of V S from Fishwick (2010) in light blue. (B) Synthetic receiver functions 
from the model 1450N (red dashed line), model 1450N with melt above the zone
of partial melting (red solid line) and the model 1450L with additional attenuation 
due to melt (black solid line). These synthetic receiver functions are compared to 
the binned receiver function from Afar in light green, with statistical errors esti-
mated from the 95% confidence interval from a bootstrapping exercise Rychert et 
al. (2012). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

is a consequence of a change in seismic anisotropy due to melting. 
In other respects, extension above a mantle with elevated tem-
peratures reconciles the observed magma chemistry, estimates of 
magmatic crust volumes and minimum mantle shear velocities be-
low the Afar rift.



J.J. Armitage et al. / Earth and Planetary Science Letters 418 (2015) 78–90 89
Acknowledgements

This work was funded by a Royal Astronomical Society Fellow-
ship to John J. Armitage. James O.S. Hammond was funded by 
NERC fellowship NE/I020342/1. We would like to thank Ian Bas-
tow for initiating this work, Lidia Panico for statistical assistance, 
Mark Behn and John Maclennan for their constructive reviews.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2015.02.039.

References

Armitage, J.J., Collier, J.S., Minshull, T.A., 2010. The importance of rift his-
tory for volcanic margin formation. Nature 465, 913–917. http://dx.doi.org/
10.1038/nature09063.

Armitage, J.J., Collier, J.S., Minshull, T.A., Henstock, T.J., 2011. Thin oceanic crust 
and flood basalts: India–Seychelles breakup. Geochem. Geophys. Geosyst. 12, 
Q0AB07. http://dx.doi.org/10.1029/2010GC003316.

Armitage, J.J., Henstock, T.J., Minshull, T.A., Hopper, J.R., 2009. Lithospheric con-
trols on the rifting of continents at slow rates of extension: application to 
the North Atlantic. Geochem. Geophys. Geosyst. 10, Q06018. http://dx.doi.org/
10.1029/2009GC002404.

Artemieva, I.M., Mooney, W.M., 2001. Thermal thickness and evolution of Precam-
brian lithosphere: a global study. J. Geophys. Res. 106, 16387–16414. http://dx.
doi.org/10.1029/2000JB900439.

Barrat, J.A., Fourcade, S., Jahn, B.M., Cheminee, J.L., Capdevila, R., 1998. Isotope (Sr, 
Nd, Pb, O) and trace-element geochemistry of volcanics from the Erta Ale range 
(Ethiopia). J. Volcanol. Geotherm. Res. 80, 85–100. http://dx.doi.org/10.1016/
S0377-0273(97)00016-4.

Bastow, I.D., Keir, D., 2011. The protracted development of the continent–ocean tran-
sition in Afar. Nat. Geosci. 4, 248–250. http://dx.doi.org/10.1038/ngeo1095.

Blackman, D., Kendall, J.-M., 1997. Sensitivity of teleseismic body waves to mineral 
texture and melt in the mantle beneath a mid-ocean ridge. Philos. Trans. R. Soc. 
A 355, 217–231.

Bostock, M.G., 1998. Mantle stratigraphy and evolution of the slave province. J. Geo-
phys. Res. 103, 121183–121200. http://dx.doi.org/10.1029/98JB01069.

Cerveny, V., 2005. Seismic Ray Theory. Cambridge University Press.
Chang, S.-J., Van der Lee, S., 2011. Mantle plumes and associated flow beneath 

Arabia and East Africa. Earth Planet. Sci. Lett. 302, 448–454. http://dx.doi.org/
10.1016/j.epsl.2010.12.050.

Connolly, J.A.D., 2005. Computation of phase equilibria by linear program-
ming: a tool for geodynamic modeling and its application to subduction 
zone decarbonation. Earth Planet. Sci. Lett. 236, 524–541. http://dx.doi.org/
10.1016/j.epsl.2005.04.033.

Dean, S.M., Murton, B.J., Minshull, T.A., Henstock, T.J., White, R.S., 2008. An inte-
grated kinematic and geochemical model to determine lithospheric extension 
and mantle temperature from syn-rift volcanic compositions. Earth Planet. Sci. 
Lett. 278, 26–39. http://dx.doi.org/10.1016/j.epsl.2008.11.012.

Debayle, E., Lévêque, J. -J., Cara, M., 2001. Seismic evidence for a deeply rooted 
low-velocity anomaly in the upper mantle beneath northeastern Afro/Arabian 
continent. Earth Planet. Sci. Lett. 193, 423–436.

Desissa, M., Johnson, N.E., Whaler, K.A., Hautot, S., Fisseha, S., Dawes, G.J.K., 2013. 
A mantle magma reservoir beneath an incipient mid-ocean ridge in Afar, 
Ethiopia. Nat. Geosci. 6, 861–865. http://dx.doi.org/10.1038/ngeo1925.

Faul, U.H., 2001. Melt retention and segregation beneath mid-ocean ridges. Na-
ture 410, 920–923. http://dx.doi.org/10.1038/35073556.

Faul, U.H., Fitz Gerald, J.D., Jackson, I., 2004. Shear wave attenuation and dis-
persion in melt-bearing olivine polycrystals: 2. Microstructural interpretation 
and seismological implications. J. Geophys. Res. 109, B06202. http://dx.doi.org/
10.1029/2003JB002407.

Ferguson, D.J., Maclennan, J., Bastow, I.D., Pyle, D.M., Jones, S.M., Keir, D., Blundy, 
J.D., Plank, T., Yirgu, G., 2013. Melting during late-stage rifting in Afar is hot and 
deep. Nature 499, 70–73. http://dx.doi.org/10.1038/nature12292.

Fishwick, S., 2010. Surface wave tomography: imaging of the lithosphere–
asthenosphere boundary beneath central and southern Africa? Lithos 120 (1), 
63–73. http://dx.doi.org/10.1016/j.lithos.2010.05.011.

Fishwick, S., Bastow, I.D., 2011. Towards a better understanding of African to-
pography: a review of passive-source seismic studies of the African crust 
and upper mantle. In: Geol. Soc. (Lond.) Spec. Publ., vol. 357, pp. 343–371. 
http://dx.doi.org/10.1144/SP357.19.

Gibson, S.A., Geist, D., 2010. Geochemical and geophysical estimates of lithospheric 
thickness variation beneath Galápagos. Earth Planet. Sci. Lett. 300, 275–286. 
http://dx.doi.org/10.1016/j.epsl.2010.10.002.

Goes, S., Govers, R., Vacher, P., 2000. Shallow mantle temperatures under Europe 
from P and S wave tomography. J. Geophys. Res. 105 (B5), 11153–11169.
Goes, S., Armitage, J.J., Harmon, N., Smith, H., Huismans, R., 2012. Low seismic ve-
locities below mid-ocean ridges: attenuation versus melt retention. J. Geophys. 
Res. 117, B12403. http://dx.doi.org/10.1029/2012JB009637.

Gribb, T.T., Cooper, R.F., 2000. The effect of an equilibrated melt phase on the 
shear creep and attenuation behaviour of polycrystalline olivine. Geophys. Res. 
Lett. 27, 2341–2344. http://dx.doi.org/10.1029/2000GL011443.

Hammond, J.O.S., 2014. Constraining melt geometries beneath the Afar Depres-
sion, Ethiopia from teleseismic receiver functions: the anisotropic H–κ stack-
ing technique. Geochem. Geophys. Geosyst. 15, 1316–1332. http://dx.doi.org/
10.1002/2013GC005186.

Hammond, J.O.S., Kendall, J.-M., Wookey, J., Stuart, G.W., Keir, D., Ayele, A., 2014. Dif-
ferentiating flow, melt, or fossil seismic anisotropy beneath Ethiopia. Geochem. 
Geophys. Geosyst. 15, 1878–1894. http://dx.doi.org/10.1002/2013GC005185.

Hammond, J.O.S., Kendall, J.M., Stuart, G.W., Ebinger, C.J., Bastow, I.D., Keir, D., Ayele, 
A., Belachew, M., Goitom, B., Ogubazghi, G., Wright, T.J., 2013. Mantle upwelling 
and initiation of rift segmentation beneath the Afar Depression. Geology 41, 
635–638. http://dx.doi.org/10.1130/G33925.1.

Hammond, J.O.S., Kendall, J.M., Stuart, G.W., Keir, D., Ebinger, C., Ayele, A., 
Belachew, M., 2011. The nature of the crust beneath the afar triple junc-
tion: evidence from receiver functions. Geochem. Geophys. Geosyst. 12, Q12004. 
http://dx.doi.org/10.1029/2011GC003738.

Hammond, W.C., Humphreys, E.D., 2000a. Upper mantle seismic wave attenuation: 
effects of realistic partial melt distribution. J. Geophys. Res. 105, 10987–10999. 
http://dx.doi.org/10.1029/2000JB900042.

Hammond, W.C., Humphreys, E.D., 2000b. Upper mantle seismic wave velocity: ef-
fects of realistic partial melt geometries. J. Geophys. Res. 105, 10975–10986. 
http://dx.doi.org/10.1029/2000JB900041.

Havlin, C., Parmentier, E.M., 2014. Implications for melt transport and source 
heterogeneity in upwelling mantle from the magnitude of Sp converted 
phases generated at the onset of melting. Geophys. Res. Lett. 41, 5444–5450. 
http://dx.doi.org/10.1002/2014GL060890.

Hayward, N.J., Ebinger, C.J., 1996. Variations in the along-axis segmentation of the 
Afar Rift system. Tectonics 15, 244–257.

Hirth, G., Kohlstedt, D.L., 1996. Water in the oceanic upper mantle: implications for 
rheology, melt extraction and the evolution of the lithosphere. Earth Planet. Sci. 
Lett. 144, 93–108.

Hofmann, C., Courtillot, V., Feraud, G., Rochette, P., Yrigu, G., Ketefo, E., Pik, R., 1997. 
Timing of the Ethiopian flood basalt event and implications for plume birth and 
global change. Nature 389, 838–841. http://dx.doi.org/10.1038/39853.

Holtzman, B.K., Kendall, J.-M., 2010. Organized melt, seismic anisotropy, 
and plate boundary lubrication. Geochem. Geophys. Geosyst. 11, Q0AB06. 
http://dx.doi.org/10.1029/2010GC003296.

Katz, R.F., Spiegelman, M., Langmuir, C.H., 2003. A new parameterisation of hy-
drous mantle melting. Geochem. Geophys. Geosyst. 4, 1073. http://dx.doi.org/
10.1029/2002GC000433.

Keith, C.M., Crampin, S., 1977. Seismic body waves in anisotropic media – syn-
thetic seismograms. Geophys. J. R. Astron. Soc. 49, 225–243. http://dx.doi.org/
10.1111/j.1365-246X.1977.tb03710.x.

Knox, R.P., Nyblade, A.A., Langston, C.A., 1998. Upper mantle S velocities beneath 
Afar and western Saudi Arabia from Rayleigh wave dispersion. Geophys. Res. 
Lett. 25, 4233–4236. http://dx.doi.org/10.1029/1998GL900130.

Lévy, F., Jaupart, C., 2011. Temperature and rheological properties of the mantle be-
neath the North American craton from an analysis of heat flux and seismic data. 
J. Geophys. Res. 116, b01408. http://dx.doi.org/10.1029/2010JB007726.

Maguire, P.K.H., Keller, G.R., Klemperer, S.L., Mackenzie, G.D., Keranen, K., Harder, S., 
O’Reilly, B., Thybo, H., Asfaw, L., Khan, M.A., Amha, M., 2006. Crustal structure 
f the northern Main Etheopian Rift from the EAGLE controlled-source survey; 
a snapshot of incipient lithospheric break-up. In: Yrigu, G., Ebinger, C.J., Maguire, 
P.K.H. (Eds.), The Afar Volcanic Province within the East African Rift System. In: 
Geol. Soc. (Lond.) Spec. Publ., vol. 259, pp. 269–291.

Markis, J., Ginzburg, A., 1987. The Afar Depression: Transition between continental 
rifting and sea floor spreading. Tectonophysics 141, 199–214. http://dx.doi.org/
10.1016/0040-1951(87)90186-7.

McCarthy, C., Takei, Y., 2011. Anelasticity and viscosity of partially molten rock 
analogue: toward seismic detection of small quantities of melt. Geophys. Res. 
Lett. 38, L18306. http://dx.doi.org/10.1029/2011GL048776.

McKenzie, D., O’Nions, R.K., 1991. Partial melt distributions from inversion of rare 
earth element concentrations. J. Petrol. 32, 1021–1091.

Mechie, J., Prodehl, C., Koptschalitsch, G., 1986. Ray path interpretation of the crustal 
structure beneath Saudi Arabia. Tectonophysics 131, 333–352.

Montanger, J.-P., Marty, B., Stutzmann, E., Sicilia, D., Cara, M., Pik, R., Lévêque, J.-J., 
Roult, G., Beucler, E., Debayle, E., 2007. Mantle upwellings and convective in-
stabilities revealed by seismic tomography and helium isotope geochemistry 
beneath eastern Africa. Geophys. Res. Lett. 34, L21303. http://dx.doi.org/10.1029/
2007GL031098.

Moresi, L., Zhong, S., Gurnis, M., 1996. The accuracy of finite element solutions of 
Stokes’ flow with strongly varying viscosity. Phys. Earth Planet. Inter. 97, 83–94.

McDonough, W.F., Sun, S.S., 1995. The composition of the Earth. Chem. Geol. 120, 
223–253. http://dx.doi.org/10.1016/0009-2541(94)00140-4.

http://dx.doi.org/10.1016/j.epsl.2015.02.039
http://dx.doi.org/10.1038/nature09063
http://dx.doi.org/10.1029/2010GC003316
http://dx.doi.org/10.1029/2009GC002404
http://dx.doi.org/10.1029/2000JB900439
http://dx.doi.org/10.1016/S0377-0273(97)00016-4
http://dx.doi.org/10.1038/ngeo1095
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib626C61636B6D616E2D31393937s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib626C61636B6D616E2D31393937s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib626C61636B6D616E2D31393937s1
http://dx.doi.org/10.1029/98JB01069
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib63657276656E792D32303035s1
http://dx.doi.org/10.1016/j.epsl.2010.12.050
http://dx.doi.org/10.1016/j.epsl.2005.04.033
http://dx.doi.org/10.1016/j.epsl.2008.11.012
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib64656261796C652D6574616C2D32303031s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib64656261796C652D6574616C2D32303031s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib64656261796C652D6574616C2D32303031s1
http://dx.doi.org/10.1038/ngeo1925
http://dx.doi.org/10.1038/35073556
http://dx.doi.org/10.1029/2003JB002407
http://dx.doi.org/10.1038/nature12292
http://dx.doi.org/10.1016/j.lithos.2010.05.011
http://dx.doi.org/10.1144/SP357.19
http://dx.doi.org/10.1016/j.epsl.2010.10.002
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib676F65732D6574616C2D32303030s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib676F65732D6574616C2D32303030s1
http://dx.doi.org/10.1029/2012JB009637
http://dx.doi.org/10.1029/2000GL011443
http://dx.doi.org/10.1002/2013GC005186
http://dx.doi.org/10.1002/2013GC005185
http://dx.doi.org/10.1130/G33925.1
http://dx.doi.org/10.1029/2011GC003738
http://dx.doi.org/10.1029/2000JB900042
http://dx.doi.org/10.1029/2000JB900041
http://dx.doi.org/10.1002/2014GL060890
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib686179776172642D31393936s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib686179776172642D31393936s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib68697274682D31393936s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib68697274682D31393936s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib68697274682D31393936s1
http://dx.doi.org/10.1038/39853
http://dx.doi.org/10.1029/2010GC003296
http://dx.doi.org/10.1029/2002GC000433
http://dx.doi.org/10.1111/j.1365-246X.1977.tb03710.x
http://dx.doi.org/10.1029/1998GL900130
http://dx.doi.org/10.1029/2010JB007726
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6167756972652D6574616C2D32303036s1
http://dx.doi.org/10.1016/0040-1951(87)90186-7
http://dx.doi.org/10.1029/2011GL048776
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D636B656E7A69652D31393931s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D636B656E7A69652D31393931s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D65636869652D6574616C2D31393836s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D65636869652D6574616C2D31393836s1
http://dx.doi.org/10.1029/2007GL031098
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6F726573692D31393936s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6D6F726573692D31393936s1
http://dx.doi.org/10.1016/0009-2541(94)00140-4
http://dx.doi.org/10.1038/nature09063
http://dx.doi.org/10.1029/2009GC002404
http://dx.doi.org/10.1029/2000JB900439
http://dx.doi.org/10.1016/S0377-0273(97)00016-4
http://dx.doi.org/10.1016/j.epsl.2010.12.050
http://dx.doi.org/10.1016/j.epsl.2005.04.033
http://dx.doi.org/10.1029/2003JB002407
http://dx.doi.org/10.1002/2013GC005186
http://dx.doi.org/10.1029/2002GC000433
http://dx.doi.org/10.1111/j.1365-246X.1977.tb03710.x
http://dx.doi.org/10.1016/0040-1951(87)90186-7
http://dx.doi.org/10.1029/2007GL031098


90 J.J. Armitage et al. / Earth and Planetary Science Letters 418 (2015) 78–90
Nielsen, T.K., Hopper, J.R., 2004. From rift to drift: mantle melting during con-
tinental breakup. Geochem. Geophys. Geosyst. 5, Q07003. http://dx.doi.org/
10.1029/2003GC000662.

Nooner, S.L., Bennati, L., Calais, E., Buck, W.R., Hamling, I.J., Wright, T.J., Lewi, E., 
2009. Post-rifting relaxation in the Afar region, Ethiopia. Geophys. Res. Lett. 36 
(21), L21308. http://dx.doi.org/10.1029/2009GL040502.

Nyblade, A.A., 2011. The upper-mantle low-velocity anomaly beneath Ethiopia, 
Kenya, and Tanzania: constraints on the origin of the African superswell in east-
ern Africa and plate versus plume models of mantle dynamics. In: Beccalura, L., 
Blanchini, G., Wilson, M. (Eds.), Volcanism and Evolution of the African Litho-
sphere. In: Spec. Pap., Geol. Soc. Am., vol. 478. Geological Society of America, 
pp. 37–50.

Phipps Morgan, J., 2001. Thermodynamics of pressure release melting of a veined 
plum pudding mantle. Geochem. Geophys. Geosyst. 2, 1001. http://dx.doi.org/
10.1029/2000GC000049.

Pik, R., Marty, B., Hilton, D.R., 2006. How many mantle plumes in Africa? The geo-
chemical point of view. Chem. Geol. 226, 100–114. http://dx.doi.org/10.1016/
j.chemgeo.2005.09.016.

Pik, R., Daniel, C., Coulon, C., Yirgu, G., Marty, B., 1999. Isotopic and trace el-
ement signatures of Ethiopian flood basalts: evidence for plume-lithosphere 
interactions. Geochim. Cosmochim. Acta 63, 2263–2279. http://dx.doi.org/
10.1016/S0016-7037(99)00141-6.

Pinzuti, P., Humler, E., Manighetti, I., Gaudemer, Y., 2013. Petrological con-
straints on melt generation beneath the Asal Rift (Djibouti) using quater-
nary basalts. Geochem. Geophys. Geosyst. 14, 2932–2953. http://dx.doi.org/
10.1002/ggge.20187.

Plank, T., Spiegelman, M., Langmuir, C.H., Forsyth, D.W., 1995. The meaning of “mean 
F”: clarifying the mean extent of melting at ocean ridges. J. Geophys. Res. 100, 
15045–15052.

Reilinger, R., McClusky, S., 2011. Nubia – Arabia – Eurasia plate motions and the 
dynamics of Mediterranean and Middle East tectonics. Geophys. J. Int. 186, 
971–979. http://dx.doi.org/10.1111/j.1365-246X.2011.05133.x.

Rooney, T.O., Hanan, B.B., Graham, D.W., Furman, T., Blichert-Toft, J., Schilling, J.G., 
2012a. Upper mantle pollution during Afar plume-continental rift interaction. 
J. Petrol. 53, 365–389. http://dx.doi.org/10.1093/petrology/egr065.

Rooney, T.O., Herzberg, C., Bastow, I.D., 2012b. Elevated mantle temperature beneath 
East Africa. Geology 40, 27–30. http://dx.doi.org/10.1130/G32382.1.

Ruegg, J.C., 1975. Main results about the crustal and upper mantle structure of the 
Djibouti region (T.F.A.I.). In: Pilger, A., Riisler, A. (Eds.), Afar Depression, vol. 1. 
Schweizerbart, Stuttgart, pp. 120–134.
Rychert, C.A., Harmon, N., Ebinger, C., 2014. Receiver function imaging of 
lithospheric structure and the onset of melting beneath the Galápagos 
Archipelago. Earth Planet. Sci. Lett. 388, 156–165. http://dx.doi.org/10.1016/
j.epsl.2013.11.027.

Rychert, C.A., Laske, G., Harmon, N., Shearer, P.M., 2013. Seismic imaging of melt 
in a displaced Hawaiian plume. Nat. Geosci. 6, 657–660. http://dx.doi.org/
10.1038/ngeo1878.

Rychert, C.A., Hammond, J.O.S., Harmon, N., Kendall, J.M., Keir, D., Ebinger, C., Bastow, 
I.D., Ayele, A., Belachew, M., Stuart, G., 2012. Volcanism in the Afar Rift sus-
tained by decompression melting with minimal plume influence. Nat. Geosci. 5, 
406–409. http://dx.doi.org/10.1038/ngeo1455.

Rychert, C.A., Rondenay, S., Fischer, K.M., 2007. P-to-S and S-to-P imaging of a sharp 
lithosphere – asthenosphere boundary beneath eastern North America. J. Geo-
phys. Res. 112, B08314. http://dx.doi.org/10.1029/2006JB004619.

Schilling, J.G., Kingsley, R.H., Hanan, B.B., McCully, B.L., 1992. Nd–Sr–Pb isotopic 
variations along the Gulf of Aden: evidence for Afar mantle plume-continental 
lithosphere interaction. J. Geophys. Res. 97, 10927–10966.

Schilling, J.G., 1973. Afar mantle plume: rare Earth evidence. Nature 242, 2–5.
Scott, D.R., 1992. Small-scale convection and mantle melting beneath mid-ocean 

ridges. In: Phipps Morgan, J., Blackman, D.K., Sinton, J.M. (Eds.), Mantle Flow 
and Melt Generation at Mid-Ocean Ridges. In: Geophys. Monogr., vol. 71. Amer-
ican Geophysical Union, pp. 327–352.

Stork, A.L., Stuart, G.W., Henderson, C.M., Keir, D., Hammond, J.O.S., 2013. Uppermost 
mantle (pn) velocity model for the Afar region, Ethiopia: an insight into rifting 
processes. Geophys. J. Int. 193, 321–328. http://dx.doi.org/10.1093/gji/ggs106.

Stracke, A., Bourdon, B., McKenzie, D., 2006. Melt extraction in the Earth’s man-
tle: constraints from U–Th–Pa–Ra studies in oceanic basalts. Earth Planet. Sci. 
Lett. 244, 97–112. http://dx.doi.org/10.1016/j.epsl.2006.01.057.

Wald, A., 1943. Tests of statistical hypotheses concerning several parameters when 
the number of observations is large. Trans. Am. Math. Soc. 54, 426–482.

White, R.S., McKenzie, D., 1995. Mantle plumes and flood basalts. J. Geophys. 
Res. 100, 17543–17585.

Wolfenden, E., Ebinger, C., Yirgu, G., Renne, P.R., Kelley, S.P., 2005. Evolution of a 
volcanic rifted margin: Southern Red Sea, Ethiopia. Geol. Soc. Am. Bull. 117, 
846–864. http://dx.doi.org/10.1130/B25516.1.

Xu, W., Lithgow-Bertelloni, C., Stixrude, L., Ritsema, J., 2008. The effect of bulk 
composition and temperature on mantle seismic structure. Earth Planet. Sci. 
Lett. 271, 70–79. http://dx.doi.org/10.1016/j.epsl.2008.08.012.

Yuan, H., Romanowicz, B., 2010. Lithopshere layering in the North American craton. 
Nature 466, 1063–1068. http://dx.doi.org/10.1038/nature09332.

http://dx.doi.org/10.1029/2003GC000662
http://dx.doi.org/10.1029/2009GL040502
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib6E79626C6164652D32303131s1
http://dx.doi.org/10.1029/2000GC000049
http://dx.doi.org/10.1016/j.chemgeo.2005.09.016
http://dx.doi.org/10.1016/S0016-7037(99)00141-6
http://dx.doi.org/10.1002/ggge.20187
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib706C616E6B2D6574616C2D31393935s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib706C616E6B2D6574616C2D31393935s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib706C616E6B2D6574616C2D31393935s1
http://dx.doi.org/10.1111/j.1365-246X.2011.05133.x
http://dx.doi.org/10.1093/petrology/egr065
http://dx.doi.org/10.1130/G32382.1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib72756567672D31393735s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib72756567672D31393735s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib72756567672D31393735s1
http://dx.doi.org/10.1016/j.epsl.2013.11.027
http://dx.doi.org/10.1038/ngeo1878
http://dx.doi.org/10.1038/ngeo1455
http://dx.doi.org/10.1029/2006JB004619
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib736368696C6C696E672D6574616C2D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib736368696C6C696E672D6574616C2D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib736368696C6C696E672D6574616C2D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib736368696C6C696E672D31393733s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib73636F74742D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib73636F74742D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib73636F74742D31393932s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib73636F74742D31393932s1
http://dx.doi.org/10.1093/gji/ggs106
http://dx.doi.org/10.1016/j.epsl.2006.01.057
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib77616C642D31393433s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib77616C642D31393433s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib77686974652D31393935s1
http://refhub.elsevier.com/S0012-821X(15)00125-9/bib77686974652D31393935s1
http://dx.doi.org/10.1130/B25516.1
http://dx.doi.org/10.1016/j.epsl.2008.08.012
http://dx.doi.org/10.1038/nature09332
http://dx.doi.org/10.1029/2003GC000662
http://dx.doi.org/10.1029/2000GC000049
http://dx.doi.org/10.1016/j.chemgeo.2005.09.016
http://dx.doi.org/10.1016/S0016-7037(99)00141-6
http://dx.doi.org/10.1002/ggge.20187
http://dx.doi.org/10.1016/j.epsl.2013.11.027
http://dx.doi.org/10.1038/ngeo1878

	Upper mantle temperature and the onset of extension and break-up in Afar, Africa
	1 Introduction
	2 Methods
	2.1 Geodynamic model
	2.2 Melt chemistry
	2.3 Conversion to seismic velocities
	2.4 Synthetic S-to-P receiver functions
	2.5 Model cases

	3 Results
	3.1 Melt production
	3.1.1 Constraints on igneous addition to the crust
	3.1.2 Models: Effect of lithospheric thickness and mantle temperature
	3.1.3 Comparison with igneous crustal thickness

	3.2 Melt composition
	3.2.1 Observations: REE trends
	3.2.2 Models: Effect of mantle temperature and rift duration
	3.2.3 Comparison with REE trends

	3.3 Bulk seismic structure
	3.3.1 Modelled seismic structure
	3.3.2 Comparison with tomographic constraints

	3.4 Seismic discontinuities
	3.4.1 S-to-P receiver function constraints
	3.4.2 Models: impedance contrasts and receiver functions
	3.4.3 Comparison: impedance and receiver functions


	4 Discussion
	4.1 Melt chemistry
	4.2 The onset of melt retention and seismic discontinuities

	5 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


