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[1] The mantle transition zone (MTZ) structure beneath the
Ethiopian Rift and Afar is mapped using receiver functions.
The 410 discontinuity is flat and regionally depressed by 30–
40 km, most likely due to a hot (≥+250 °C) and slow (average
dVS > 3 %) upper mantle. The 660 discontinuity is shown to
have variations in depth (665–705 km) over short length
scales (<200 km). This results in a MTZ with a ‘normal’
average thickness of 244 km, (i.e., within error of the
observed global average). However, local thickness varia-
tions (<230 km to >260 km) indicate possible compositional/
chemical heterogeneities and elevated ambient temperatures
near the base of the MTZ. These observations provide evi-
dence for a link between the low velocity anomalies of the
Ethiopian upper mantle and the African Superplume in the
lower mantle. Citation: Cornwell, D. G., G. Hetényi, and T. D.
Blanchard (2011), Mantle transition zone variations beneath
the Ethiopian Rift and Afar: Chemical heterogeneity within a hot
mantle?, Geophys. Res. Lett . , 38 , L16308, doi:10.1029/
2011GL047575.

1. Introduction

[2] East Africa is underlain by one of the most striking
features of the lower mantle: the African Superplume [e.g.,
Ritsema et al., 1999]. Numerous regional seismological
studies [e.g., Benoit et al., 2006; Bastow et al., 2008; Chang
and Van der Lee, 2011] favor the hypothesis that this broad
(>500 km‐wide) low velocity body extends across the mantle
transition zone (MTZ) somewhere in the region of Kenya/
Ethiopia but limited depth resolution usually renders this
claim uncertain. Also unclear is the extent to which the low
velocity zone beneath Ethiopia is a purely thermal anomaly,
or one in which chemical heterogeneity also plays an
important role. To address these issues we perform here a
receiver function study of the Ethiopian MTZ.
[3] Mean global MTZ thickness has been measured at

242 ± 2 km [Lawrence and Shearer, 2006] or 247 km [Tauzin
et al., 2008], although the actual depth of the seismic dis-
continuities at approximately 410 (the ‘410’) and 660 km (the
‘660’) is controlled by local temperature and composition
of the mantle [e.g., Deuss, 2007]. If hot plumes pass through
the MTZ, they are commonly predicted to cause an overall
thinning by deepening the mineral phase transition of olivine
(a) to wadsleyite (b‐olivine) from 410 km depth and
shallowing the mineral phase transition of ringwoodite to
Mg‐perovskite + magnesiowustite from 660 km depth [e.g.,

Helffrich, 2000], assuming that olivine dominates the mantle
composition. Recent studies, however, suggest that another
phase transition involving garnet (majorite→Ca‐perovskite)
also takes place near 660 km depth or below, particularly
if mantle potential temperatures are elevated [e.g., Vacher
et al., 1998]. The proportion of olivine‐dominated (pyrolite
[Ringwood, 1975]) and garnet‐dominated (piclogite [Anderson
and Bass, 1986]) mantle compositions is not ubiquitous and
may change from one region to another.
[4] Previous MTZ thickness studies beneath Ethiopia/Afar

either illuminated the MTZ beneath permanent seismological
stations [e.g., Nyblade et al., 2000; Tauzin et al., 2008] or
did not successfully image both the ‘410’ and ‘660’ beneath
the region [Benoit et al., 2006] and therefore do not place
constraints on the lateral changes in MTZ thickness that are
required to assess whether the African Superplume intersects
the MTZ beneath Ethiopia.
[5] We use seismological data from stations in Ethiopia to

identify the MTZ and map changes in its thickness beneath
the Ethiopian rift, Afar and the uplifted Ethiopian Plateau.
The receiver function (RF) method with subsequent migra-
tion using a regional velocity model produces a MTZ thick-
ness map.We aim to test if a hot thermal anomaly has affected
the MTZ beneath Ethiopia whilst considering the effects of
lateral variations in composition and temperature.

2. Geodynamic Setting

[6] Hotspot tectonism in Ethiopia (Figure 1), which is
characterised by Cenozoic continental flood basalt volca-
nism, plateau uplift and a transition from continental rifting to
incipient seafloor spreading [Ebinger and Casey, 2001], is
probably the result of a thermal plume that may extend from
the Core‐Mantle Boundary (CMB) [e.g., Simmons et al.,
2007]. The triple junction that links the Main Ethiopian rift
(MER), Red Sea and Gulf of Aden is located within the Afar
Depression and is believed to have started rifting during the
Miocene [e.g.,Wolfenden et al., 2004]. The Afar Depression
and MER are still magmatically active [e.g., Wright et al.,
2006]. Geophysical measurements in the Ethiopia‐Afar
region imaged a thinned crust and lithosphere beneath rifted
areas compared to the uplifted Ethiopian Plateau [e.g.,Dugda
et al., 2007; Cornwell et al., 2010].
[7] In the mantle, RF studies using permanent stations

show a normal MTZ thickness (∼250 km at both FURI and
ATD [Tauzin et al., 2008]; 244 ± 19 and 250 ± 16 km
respectively at ATD and AAE [Nyblade et al., 2000]), sug-
gesting that a broad thermal anomaly beneath Afar does not
extend to the MTZ. Tauzin et al. [2008] observed both dis-
continuities to be depressed by 30–50 km, most likely caused
by the use of a velocity model without slow upper mantle
anomalies. A study using regional deployments [Benoit et al.,
2006] found the MTZ beneath Ethiopia to be complex and
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reported no conclusive evidence for the ‘410’ with P‐to‐S
converted‐waves, whereas the ‘660’ is mapped with consid-
erable relief (625–675 km).

3. Data and Processing

[8] We utilize teleseismic (mb > 5.8) earthquake data
recorded by EAGLE [Maguire et al., 2003] and EBSE
[Nyblade and Langston, 2002] temporary broadband seis-
mological stations plus permanent stations FURI and ATD
(Figure 1 and Figure S1 in the auxiliary material).1We use the
time domain iterative deconvolution technique of Ligorria
and Ammon [1999] to calculate RFs that capture P to
S wave conversions from impedance discontinuities within
the Earth. We filtered our RFs between 0.033 and 0.25 Hz in
order to detect conversions from the MTZ and converted the
arrival times of each RF to depth using a model based upon
IASP91 [Kennett and Engdahl, 1991] but adapted to include
regional upper mantle P and S wave velocity anomalies
[Montelli et al., 2006, hereafter M06]. The conversion points
were migrated to their correct geometric positions [Zhu,
2000] and converted energy binned into voxels and smoothed
(according to the size of the Fresnel zone and vertical reso-
lution of the RFs) to produce final migrated images of the
MTZ discontinuity depths (we follow a similar data reduction

scheme to Hetényi et al. [2009]). The potential vertical res-
olution of RFs at the considered frequencies and depths is
∼5 and ∼6 km at the ‘410’ and ‘660’, whilst the lateral reso-
lution is estimated to be ∼125 and ∼160 km, respectively.

4. Results

[9] We stack our dataset in its entirety (1923 traces)
(Figure S2) to illustrate that both phases are clear with strong
amplitudes (mean P410S and P660S are 49.2 and 72.9 sec-
onds after P, respectively). The observed phase times are
consistent with permanent broadband station studies (P410S =
49.8 ± 0.4 and P660S at 74.0 ± 0.2 seconds at FURI; P410S =
48.2 ± 0.2 and P660S = 72.6 ± 0.4 seconds at ATD) [e.g.,
Tauzin et al., 2008].
[10] Images through the migrated CCP volume show clear

evidence for the ‘410’ and ‘660’ occurring at mean depths of
443 km (range = 434–456 km; 1s = 3 km; range = ±11 km)
and 688 km (665–705 km; 1s = 8 km; range = ±20 km),
respectively (Figure 2). The ‘410’ displays a relatively minor
variation in depth when compared to the ‘660’ and is con-
sistently between 440 and 450 km across the majority of the
study region. It tends to the deeper end of this range to the SW
and appears shallowest in the NE. The ‘660’ is also shal-
lowest in the north‐easternmost parts of the study region
(reaching 665 km near 500 km along section B–B′) and
is deepest in the central and southern parts of the region
(>700 km). The north‐south deepening is also seen on the
succession of west‐to‐east sections in Figure 2.
[11] The location and depth of the maximum converted

energy from both ‘410’ and ‘660’ was manually picked and
contoured across the study area. An MTZ thickness map
(Figure 3) was made by taking the difference in these con-
toured surfaces. It is probable that the absolute positions of
the ‘410’ and ‘660’ are biased by the global‐scale velocity
model we use, however, we can assess thickness changes
quantitatively because MTZ thickness is derived from P660S‐
P410S differential travel times that are insensitive to velocity
anomalies above the ‘410’.
[12] The MTZ shows important thickness variations

(∼40 km). It is thinnest in the north‐east (225–235 km) and
has a thickness of ∼240 km in the south‐west, with a gradient
striking approximately NW‐SE delineating the edge of a
∼200 × 200 km2 region where the MTZ is thickest (245–
265 km). Owing to the greater range of depth variation seen in
‘660’ compared to ‘410’ depths across the area, the MTZ
thickness map is similar in appearance to the ‘660’ discon-
tinuity map.

5. Discussion

5.1. The 410 Discontinuity

[13] We clearly image the ‘410’, which appears to be
depressed by 30–40 km beneath Afar, the MER and both rift
flanks. The absolute position of the ‘410’ is primarily gov-
erned by the upper mantle velocity model and the local
temperature [e.g., Helffrich, 2000] (Figure S3).
[14] No part of the ‘410’ is observed at 410 km depth, even

though M06 contains upper mantle velocity anomalies (typ-
ically dVP = −1.8 % and dVS = −3.8 % and similar to other
absolute regional velocity models, e.g., dVS = −2.4 %
[Ritsema et al., 1999]) throughout the study area. We note
that fixing the ‘410’ to a mean depth of 410 km requires a

Figure 1. Topographical map of the study region with the
locations of broadband seismological stations used marked
by black triangles (temporary) and stars (permanent, AAE/
FURI in Ethiopia and ATD in Djibouti). Calculated piercing
point locations at depths of 410 and 660 km are shown as blue
and red circles, respectively, using a velocity model including
mantle anomalies as defined by Montelli et al. [2006].
Labelled black lines show the locations of cross‐sectional
profiles in Figure 2. The inset indicates the study location in
relation to the African continent.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL047575.
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model containing velocity anomalies a factor of ∼2 larger
than M06 (Figure S3).
[15] Assuming that the M06 velocity model is a correct

representation of the upper mantle, we require a ∼250 °C hot
anomaly that pervades the entire study region to explain the
‘410’ position (Clapeyron slope of 2.9 MPa K−1 [Bina and
Helffrich, 1994]). An elevated temperature is coherent with
the geodynamic context and tomographic results [e.g., Benoit
et al., 2006].

[16] We attribute the relatively minor changes in ‘410’
depth across the region to either long‐wavelength (≥200 km)
lateral variations in temperature, or upper mantle velocity
heterogeneities that are unaccounted for by the M06 model.

5.2. The 660 Discontinuity and MTZ Thickness

[17] The ‘660’ varies in depth from 665 to 705 km within
the study region and we resolve a NW‐SE striking gradient
between the shallowest and deepest region beneath southern

Figure 3. Maps of picked depth to 410 and 660 discontinuities andmantle transition zone thickness (TZT) (km). The nominal
extent of the Ethiopian rift is shown with black lines. Pick locations for the 410 and 660 discontinuities are shown as red and
black dots, respectively, and the X‐Y scale is in kilometers relative to 40°E, 10°N.

Figure 2. Representative cross‐sections through the migrated volume using the M06 velocity model (i.e., including mantle
anomalies as defined by Montelli et al. [2006], compare to Figure S5 to view the effects of the velocity anomalies) that
correspond to the profiles marked on Figure 1. The topography along each of these profiles is also shown. Dotted linesmark the
extent of well‐resolved parts of the volume, as defined by 10% of the maximum hit count.
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Afar. The MTZ thickness is similar to the ‘660’ topography
due to the relatively smaller topography of the ‘410’ and
varies from >260 km beneath the NMER to <230 km beneath
Afar.
[18] We consider the following possible contributors that

dictate the position of the ‘660’ and thus the lateral changes in
MTZ thickness: i) the velocity structure within the MTZ; ii)
horizontal temperature gradients at the base of the MTZ that
affect the depth of the olivine‐dominant (pyrolite model)
phase transition; iii) a higher ambient temperature of theMTZ
that favors the garnet‐dominant (piclogite model) phase
transition; and iv) compositional heterogeneities within the
MTZ.
5.2.1. Velocity Structure Within the MTZ
[19] Introducing a horizontal slow‐to‐fast velocity gradient

in the MTZ would produce a thinning in the same direction,
but the magnitude of such an anomaly would need to be dVP >
5% and dVS > 10%within a horizontal distance of <100 km to
match the observations. A local tomography study by Chang
and Van der Lee [2011] shows that Swave velocity anomalies
within the MTZ are typically <1 % (although it should be
noted that tomographic methods typically underestimate
amplitudes of mantle seismic anomalies and suppress steep
lateral gradients).
[20] Some regional models predict a slow upper mantle

anomaly pervading into the MTZ (e.g., M06 has mean dVP =
−1.25 and dVS = −2.50 % within the MTZ), but these models
do not possess the required resolution to image a short‐
wavelength velocity gradient within this anomaly. It is also
highly unlikely that velocity gradients larger than those
imaged in the upper mantle [e.g., Benoit et al., 2006; Bastow
et al., 2008;Chang and Van der Lee, 2011] are present within
the Ethiopian MTZ. We therefore conclude that the effects
of lateral velocity changes within the MTZ alone cannot
explain our findings.
5.2.2. Lateral Temperature Changes
[21] A temperature change of >250 °C within a horizontal

distance of <200 km would be required to vary the olivine‐
dominant 660′ phase transition by 35–40 km in depth
(assuming a Clapeyron slope of −1.9 MPa K−1 [Bina and

Helffrich, 1994]). Since there is little evidence for a large
velocity gradient near the ‘660’ [e.g.,Chang and Van der Lee,
2011] and, assuming that S wave tomography is an indicator
of temperature [e.g., Karato, 1993], we do not expect that the
required temperature gradient is present beneath Ethiopia.
[22] Combining the effects of the temperature and velocity

anomalies described above does not help to explain the
observed ‘660’ depth variation as they have opposite effects:
a narrowing of the MTZ would require a change towards a
faster but hotter anomaly; whereas a thickening of the MTZ
would require a change towards slower but colder anomaly.
This scenario is therefore unlikely.
5.2.3. Majorite to Ca‐Perovskite Transition
[23] Our ‘660’ RF amplitudes could correspond to the

majorite → Ca‐perovskite transition rather than to the phase
change of olivine [Deuss, 2007]. The commonly‐used pyr-
olite mantle model contains 40 % majorite that may become
the dominant phase transition at high temperature [Ringwood,
1975; Vacher et al., 1998;Weidner and Wang, 2000; Hirose,
2002] (Figure S4). This is a plausible scenario because a
plume rising from the lower mantle (as imaged beneath
Ethiopia by global tomography) represents a thermal anom-
aly that could raise the temperature near the base of the MTZ
to >1800 °C. Although the higher temperatures are more
favorable for the garnet‐dominant phase change to be present
[e.g., Hirose, 2002], the relatively small Clapeyron‐slope
(+1.3 MPa K−1 [Bina and Helffrich, 1994]) implies that a
temperature anomaly of >600 °C is required to change the
depth of the ‘660’ by the >30 kmwe observe. Therefore, even
if the ambient temperature is such that the garnet transition is
dominant, temperature alone cannot explain the observed
depth variations.
[24] However, combining a garnet‐dominated composition

with both high temperature and slow velocity anomalies does
help to explain the thickest parts of the MTZ. The positive
Clapeyron‐slope of the majorite → Ca‐perovskite phase
transition means narrowing of the MTZ (an uplift of the
‘660’) is here coherent with faster MTZ velocity and cooler
temperature and a thickening is associated to changes towards
slower and hotter values. This combination of compositional
effects together with potential temperature and velocity
trends is our preferred model. It is similar to that proposed to
explain a regionally‐deepened ‘660’ (at ∼680 km) beneath
Kenya and Tanzania [Huerta et al., 2009].
5.2.4. Compositional Heterogeneity
[25] Whilst we have explained the thickest observed MTZ,

in order to explain a 35–40 km change between neighboring
thinned and thickened MTZ regions that are probably at
similar temperatures, we require a compositional change
in the lower parts of the MTZ. In other words, we require
horizontal changes in the MTZ composition between more
piclogitic [Anderson and Bass, 1986] and more pyrolitic
[Ringwood, 1975] parts (Figure S4). Thick MTZ regions
occur where the composition has greater amounts of garnet
relative to olivine and a greater proportion of Al2O3 [e.g.,
Vacher et al., 1998] (Figure 4) whereas thinned MTZ regions
are dominated by olivine and the negative Clapeyron slope
at the ‘660’. Such a compositional change would take place in
a mantle with a high ambient temperature and would cause
changes in MTZ thickness.
[26] Compositional changes at the base of the MTZ are

normally attributed to foundering of subducted oceanic or

Figure 4. A conceptual sketch of our favored explanation
for the MTZ structure beneath Ethiopia.
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detached subcontinental lithosphere that sank to the base of
the MTZ [e.g., Green et al., 2010]. However, compressional
tectonics last occurred in Ethiopia ∼550Myr ago [Stern, 1994],
perhaps suggesting that we have imaged a long‐lived com-
positional heterogeneity that is elucidated by elevated mantle
temperatures. The origin and persistence of chemical het-
erogeneities in the MTZ are the subjects of ongoing investi-
gations using thermo‐chemical models [e.g., Cammarano
et al., 2003].

6. Conclusions

[27] We use receiver functions to map the mantle transition
zone structure beneath Ethiopia including Afar by clearly
imaging the 410 and 660 discontinuities.
[28] The ‘410’ is flat and regionally depressed by 30–40 km,

most likely caused by a combination of slow upper mantle
velocities and high temperatures.
[29] The ‘660’ has depth changes (665–705 km) over short

distances (<200 km), resulting in a overall thinned MTZ
(mean thickness = 244 km) that is locally thickened to over
260 km.
[30] Geologically plausible temperature and velocity chan-

ges both individually and combined are insufficient to
explain the ‘660’ depth changes and hence MTZ thickness
variations.
[31] Our preferred model has two adjacent chemical com-

positions with contrasting amounts of garnet at the base of
the MTZ. In the presence of a hot lower mantle, a majorite→
Ca‐perovskite phase transition (deeper ‘660’) would be favored
in a piclogitic MTZ, whereas a ringwoodite (g‐olivine) to
Mg‐perovskite + magnesiowustite (shallower ‘660’) phase
transition would occur in a piclogitic MTZ, resulting in the
abrupt MTZ thickness changes we observe.
[32] The requirement of high ambient MTZ temperature

provides evidence that the Ethiopian upper mantle low
velocity anomaly is linked to the lower mantle African
Superplume across the MTZ.
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