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Abstract Global tomography models show a large low‐velocity anomaly extending from the core‐mantle
boundary (CMB) beneath South Africa to the upper mantle in East Africa. Although it is believed that
this anomaly is linked to mantle upwellings that control key surface features of the African continent, its
origin and evolution are still debated. Here we assemble geochemical and seismological constraints along
with information from new seismic analyses and geodynamic laboratory experiments to propose that
presently there are at least two different plume heads beneath Afar and Kenya that originated at the CMB.
A third plume between Kenya and Afar may have caused the Ethiopia‐Yemen traps 30 Ma, now merging
with the Afar plume. We infer that the Afar plume is presently detached from the CMB probably because of
an interaction with the subducted Tethyan slab and that it is likely a dying plume. This may imply that
rifts along the Main Ethiopian Rift would fail by the loss of thermal sources, which consequently
hampers continental breakup.

1. Introduction

Global tomography models consistently show two large low shear‐velocity provinces (LLSVPs) in the lower-
most mantle beneath the South Pacific and Africa (e.g., Chang et al., 2014; Lekic et al., 2012), which may
have been stable over 200 Myr (Burke et al., 2008) due to their thermochemical nature (e.g., Garnero &
McNamara, 2008). LLSVPs and associated mantle plumes may play a critical role in the evolution of
Earth's life by inducing geomagnetic polarity reversals (Amit & Olson, 2015), mass extinctions (Courtillot
& Olson, 2007), the breakup of supercontinents (Li & Zhong, 2009), and so forth. A large low‐velocity anom-
aly rooted in the African LLSVP extends from the core‐mantle boundary (CMB) beneath South Africa to the
upper mantle beneath East Africa (e.g., Hansen et al., 2012; Ritsema et al., 1999). The formation of two
domes in East Africa, the Ethiopian and the Kenyan plateaux, is often attributed to a buoyancy force due
to upwellings associated with this low‐velocity anomaly (Ritsema et al., 1999), yielding a large amount of
dynamic topography (Lithgow‐Bertelloni & Silver, 1998). The East African Rift system (EARS) within these
domes is the locus of rifting activity in one of three arms of the Afar triple junction, causing continental
breakup of the African plate. Although there is a consensus on the role of mantle upwellings in the forma-
tion of the EARS and of the two plateaux (e.g., Daradich et al., 2003; Hansen et al., 2012; Lin & van
Keken, 2005; Ritsema et al., 1999), there are still key questions that remain unanswered, notably, howmany
plumes (or plume heads) are responsible for the formation of the EARS and the two plateaux?Why are there
discrepancies between volcanism in the two plateaux such as different chemical compositions, timing, erup-
tion styles, and hotspot tracks? Can there be a single plume in the region that is tilted as much as ~45° and
causing all the volcanism in the EARS? Is the boundary of the African LLSVP at the CMB fixed?

Several geodynamical models have been proposed to explain the formation of the EARS and the two plea-
teaux as summarized in Figure 1. Many geophysical studies including regional and global tomography
models (e.g., Benoit, Nyblade, Owens, et al. 2006; Benoit, Nyblade, & VanDecar, 2006; Hansen &
Nyblade, 2013; Hansen et al., 2012; Ritsema et al., 1999) and geodynamical simulations using buoyancy
forces inferred from tomography models (e.g., Daradich et al., 2003; Moucha & Forte, 2011) have sup-
ported the idea of one single large, tilted upwelling from beneath South Africa to Afar (a.k.a. “the
African superplume”; Figure 1a). This upwelling may be responsible for all the volcanism along the
EARS through channeled mantle flow along thin lithosphere (Ebinger & Sleep, 1998; Figure 1a). Other
geochemical, geodynamical, and seismological studies have suggested that the large low shear‐velocity
anomaly observed in tomography models beneath East Africa down to the CMB actually comprises two
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separate plumes corresponding to the two plateaux in East Africa (e.g., Chang & van der Lee, 2011;
Davaille et al., 2005; George et al., 1998; Lin et al., 2005; Montelli et al., 2004; Pik et al., 2006; Rogers
et al., 2000; Schubert et al., 2004; Figure 1b). On the other hand, some geochemical and seismological stu-
dies suggested that the two plateaux were formed due to two plume heads sharing a common plume source
in the lower mantle (Halldórsson et al., 2014; Montelli et al., 2006; Nelson et al., 2012; Figure 1c). Recently,

Figure 1. Conceptual plume models beneath East Africa. (a) Superplume model. (b) Two separate plume model with distinct sources at the CMB. (c) Two plume
heads from a common source at the CMB.

Figure 2. Summary of geochemical information in the EARS. The two red explosion symbols indicate the locations of the
initial basalt eruptions in the Ethiopian (30 Ma) and the Kenyan (45 Ma) plateaux (Nelson et al., 2012). Numbers
enclosed by cyan circles represent mantle potential temperatures for lava erupted since 10 Ma (Rooney, Herzberg, &
Bastow, 2012), and the two brown ellipses show the spatial distribution of the highest mantle potential temperatures
in each plateau. The numbers enclosed by orange squares show measured 3He/4He ratios (R/RA notation)
(Hilton et al., 2011).
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some regional tomography studies found a cluster of secondary thin plumes in the upper mantle (Civiero
et al., 2015, 2016), which would be imaged as one single large plume in global tomography models due to
their limited resolution (typically around 1,000 km).

Here we compile geochemical and geophysical data from the EARS and interpret them together with new
constraints from seismology and geodynamics, notably from independent seismic waveform modeling and
geodynamic laboratory experiments. In order to satisfy all the observations, we propose that the
low‐velocity anomaly beneath East Africa observed in global tomographymodels currently consists of at least
two separate plumes, the Afar plume and the Kenya plume, which originated from the African LLSVP at the
CMB. We also infer that a third plume between Kenya and Afar may have caused the Ethiopia‐Yemen traps
30 Ma but is now merging with the Afar plume. Moreover, we propose that the Afar plume is detached from
the CMB, likely a dying plume, hampering continental breakup of the African plate.

2. Constraints From Geochemical Information

In the EARS, the basalts from the Ethiopian and the Kenyan plateaux have several distinct geochemical
characteristics, timing, and eruption styles from each other. The first basalt eruption occurred in southern
Ethiopia and in the northern Turkana depression 45 Ma (Ebinger et al., 1993), and it has continued until
now on an episodic basis, moving southward to central Tanzania (George et al., 1998; Figure 2). In contrast,
massive flood basalts (~500,000 km2) were produced in northern Ethiopia, Eritrea, and Yemen approxi-
mately 30 Ma over a short period of 1 Myr (Hofmann et al., 1997) leading to the emplacement of the
Ethiopia‐Yemen traps. The basalts in the Ethiopian plateau show high 3He/4He ratio (up to 19.6 RA; RA is
isotope helium ratio in the atmosphere), which indicates that they originate from lower mantle reservoirs
(Marty et al., 1996). In contrast, basalts in the Kenyan plateau show mid‐ocean ridge basalt (MORB)‐type
low 3He/4He ratio of ~8 RA (Pik et al., 2006). Furthermore, distinct isotopic compositions were also found
in Sr, Nd, Pb, and Hf isotope data between basalts from Ethiopia and Kenya, which require different mantle
sources (Furman et al., 2006; Locke et al., 2008; Rogers et al., 2000; Rooney, Hanan, et al., 2012). Based on
newOs andHf isotope data in addition to aforementioned isotopic distinctions, Nelson et al. (2012) proposed
that basalts in Ethiopia contain “C”‐like composition, while “HIMU”‐like composition is contained in
basalts in the Turkana depression and in the Kenya Rift. Given these differences of isotope components, tim-
ing, and eruption styles between the Ethiopian and the Kenyan plateaux, twomantle upwellings from differ-
ent sources have been attributed to the origin of the two plateaux (e.g., George et al., 1998; Pik et al., 2006;
Rogers et al., 2000). The decrease of proportion of plume material along the Main Ethiopian Rift southwest-
wardly (Rooney, Hanan, et al., 2012), which may indicate mantle flow starting from Afar, also possibly sup-
ports the separate impingement of different plumes. However, in order to reconcile their results with those
from geophysical studies supporting the African superplume model, some geochemistry studies (Furman
et al., 2006; Nelson et al., 2012) attributed the distinct isotope compositions to heterogeneity of the African
superplume. Nelson et al. (2012) proposed that mixing of ancient recycled oceanic crust and “C”‐dominant
source at the CMB can account for the observed “HIMU” composition in Kenya, suggesting that the hetero-
geneous African superplume is responsible for different compositions in the two pleateaux.

The distinct isotope observations between Ethiopia and Kenya were challenged by the discovery of high
3He/4He ratios up to 14.9 RA in the southernmost part of the Kenyan plateau, Rungwe, similar to the
Ethiopian plateau (Hilton et al., 2011; Figure 2). Such high 3He/4He ratios in Rungwe may imply that
the entire EARS has been affected by a single plume source with high 3He/4He ratios, but the Tanzania cra-
ton in the Kenyan plateau has diluted 3He/4He ratios, thereby producing “HIMU”‐like composition in the
Kenyan plateau. The waning influence of the Tanzania craton in the southernmost of the Kenyan plateau
may be responsible for the reappearance of high 3He/4He ratios in Rungwe. Furthermore, Halldórsson
et al. (2014) found that a single He‐Ne composition can characterize the entire EARS, by mixing a plume
component with depleted MORB mantle or subcontinental lithospheric mantle, suggesting that the two
plateaux in East Africa represent two different plume heads originating from the same deep‐rooted plume
source. Therefore, geochemical evidence seems to rule out the two separate plume model with distinct
sources at the CMB (Figure 1b) as a potential hypothesis to explain the isotope characteristics of basalts
from East Africa, suggesting a common plume source for the entire region, the African superplume
(Figure 1a), or two plume heads from a common source at the CMB (Figure 1c).
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The basalts from the Ethiopian and the Kenyan plateaux also exhibit distinct thermal properties from each
other. Rooney, Herzberg, and Bastow (2012) measured mantle potential temperatures from basalts in East
Africa and found that the highest mantle temperatures from old basalts (40–10 Ma) in both plateaux are
observed near the locations of the first eruptions (explosion marks in Figure 2). When analyzing recent
basalts (<10 Ma), they found a similar location of the highest mantle potential temperatures for the
Ethiopian plateau, whereas the highest temperatures from recent basalts in the Kenyan plateau were
observed further south in Rungwe and in the southern Kenya Rift (brown ellipses in Figure 2). The latter
is compatible with the northeastward absolute motion of the African plate (George et al., 1998). However,
the region with the highest mantle temperature within the Ethiopian plateau did not move southward
unlike its Kenyan counterpart. In section 6, we will discuss that these features can be explained by the pre-
sence of multiple plumes in the region.

3. Constraints From Recent Global Tomography Models

In the past decade, several global tomography models have been built using different data sets and model-
ing strategies (e.g., distinct forward and inverse modeling schemes, parameterization, and data sets as
shown in Table 1), and they share common large‐scale low‐velocity perturbations near the CMB
(LLSVPs). Figure 3 shows cross sections and depth maps using six global shear wave velocity tomography
models: (i) S362ANI (Kustowski et al., 2008), (ii) S40RTS (Ritsema et al., 2011), (iii) SAVANI (Auer
et al., 2014), (iv) SEMUCB‐WM1 (French & Romanowicz, 2014), (v) SGLOBE‐rani (Chang et al., 2015),
and (vi) SEISGLOB2 (Durand et al., 2017). All models clearly show a strong, tilted low‐velocity anomaly of
about −1% from the CMB beneath South Africa to the mantle transition zone (MTZ) beneath Tanzania
and Kenya (Figures 3a–3c and 3g–3i). In contrast, directly beneath Afar, the models show no or very weak
low‐velocity anomalies in the lowermost mantle (Figures 3d–3f and 3j–3l). SEISGLOB2 shows a smoother

Table 1
Details of Recent Global Tomography Models

Models Data Parameterization Modeling scheme

S362ANI (Kustowski
et al., 2008)

Fundamental‐mode phase
velocities (35–150 s),
long‐period waveforms
(T > 50 s), ~140,000 body‐wave traveltimesa

New 1‐D reference model STW105, nominal
lateral resolution: ~1,000 km, 16 depth
splines

Ray theory

S40RTS (Ritsema
et al., 2011)

Approximately 27 M
fundamental and overtone
phase velocities (40–275 s), ~460,000 body‐wave
traveltimes, ~84,000 even‐degree self‐coupling
splitting functions

1‐D reference model PREM,
nominal lateral resolution: ~1,000 km, 21
depth splines

Ray theory

SAVANI (Auer
et al., 2014)

Approximately 12 M fundamental
and overtone phase velocities (25–370 s),
~510,000 body‐wave traveltimes

1‐D reference model PREM,
variable block parameterization
(nominal lateral resolution:
300–1,000 km), 28 vertical layers

Ray theory

SEMUCB‐WM1
(French &
Romanowicz, 2014)

Approximately 250,000
body waveforms (T > 32 s), ~200,000
surface waveforms (T > 60 s)

Own 1‐D reference model,
nominal lateral resolution: ~500 km, 20
depth splines

Spectral element method
for forward modeling,
nonlinear asymptotic
coupling theory for
inverse modeling

SGLOBE‐rani
(Chang et al., 2015)

1.6 M fundamental mode
group‐velocity data (16–150 s), ~41 M
fundamental and overtone phase‐velocity
data (25–374 s), ~420,000 traveltime data

1‐D reference model PREM,
nominal lateral resolution: ~1,200 km, 21
depth splines, simultaneous inversion for
crustal and mantle structure

Ray theory

SEISGLOB2
(Durand et al., 2017)

Approximately 22 M fundamental
and overtone phase‐velocity
data (40–240 s), normal mode
self‐coupling (9,214) and
cross‐coupling (643) coefficients, ~100,661
traveltime data

1‐D reference model PREM, nominal lateral
resolution: ~1,000 km, 21 depth splines

Ray theory

aThe numbers of phase velocities and waveforms used for S362ANI are not clearly stated in Kustowski et al. (2008) for all wave periods used. For the wave periods
reported in Kustowski et al. (2008), the numbers of measurements are 1 to 3 orders of magnitude smaller than those for the other models.
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and broader pattern of low‐velocity anomalies in the lowermost mantle beneath East Africa than in the other
models, which is possibly due to the fact that this model does not use diffracted S waves that are sensitive to
the CMB depth (Durand et al., 2017). Nevertheless, the anomalies in SEISGLOB2 beneath Afar are weaker
than beneath Kenya and are not connected to low‐velocity anomalies in the upper mantle.

In the upper mantle, all the models except for S362ANI seem to show two distinct low‐velocity anomalies
beneath Afar and Kenya, which are more clearly shown in isosurfaces of low‐velocity anomalies
(Figure 4). We also added isosurfaces from high‐resolution regional upper‐mantle models by Emry
et al. (2019) and Celli et al. (2020; AF2019). Emry et al. (2019) built a continental‐scale upper mantle model
by using ambient noise full‐waveform tomography for a period range of 7 to 340 s. AF2019 is a global tomo-
graphy model of the upper mantle constructed by using over 1.2 million seismic waveforms, but its regular-
ization is tuned to optimize the resolution in Africa (and hence, we refer to it as a high‐resolution regional
model). Both studies included newly available waveforms from the AfricaArray (Nyblade et al., 2011). The
high‐resolution regional models also showmultiple segments of low‐velocity anomalies in the upper mantle,
supporting the features observed in the global models except for S362ANI. Both regional models show three
segments of low‐velocity anomalies beneath East Africa (not two as in the global tomographymodels). These
features will be discussed in section 6 in more detail. Interestingly, two separate low‐velocity anomalies in
the global models are also observed in the uppermost lower mantle (Figures 3 and 5), which may imply that
the two low‐velocity anomalies observed in the upper mantle may be upwelling from the lower mantle sepa-
rately, that is, that they are not secondary plumes from a single large plume stagnant in the MTZ. Hence,
global tomography models clearly show a morphology of two separate low‐velocity anomalies beneath
Kenya and Afar down to at least the uppermost lower mantle, which is against the idea of a single large
plume in the region (Figure 1a).

It is also noteworthy that, apart from Model S362ANI, the other global models show strong low‐velocity
anomalies up to −1.8% in the uppermost lower mantle beneath Afar from ~660 to ~1,000 km depth (ellipses
in Figures 3b, 3c, and 3g–3i). We will test whether this morphology is robustly resolved in tomography mod-
els later in section 4 and will discuss it in section 6. Among all models considered, S362ANI is the smoothest
one, and it was built using a smaller data set than the others (see Table 1), which may at least partly explain
why it does not show clearly distinct mantle velocity anomalies between Afar and Kenya.

4. Robustness of Seismic Structure Beneath East Africa in Global
Tomography Models

In the next subsections, we perform several types of robustness tests such as K‐means clustering analyses,
Backus‐Gilbert resolution tests, and waveform modeling in order to assess the robustness of low‐velocity
anomalies beneath East Africa in global tomography models.

4.1. K‐Means Clustering Analysis

In the previous section, we showed that recent global tomography models reveal two separate low‐velocity
anomalies beneath Kenya and Afar in the upper mantle and in the uppermost lower mantle. In order to test
the statistical significance of the two distinct low‐velocity anomalies that go down to the uppermost lower
mantle, we perform K‐means clustering analyses using the six global tomography models aforementioned
in a box around the region of interest (Figure 6). We assemble depth slices on a 2° × 2° horizontal grid from
210 to 660 km depth and from 670 to 1,000 km depth at an interval of 10 km to consider the distributions of
the low‐velocity anomalies in the upper mantle and in the uppermost lower mantle separately. We do not
include depth slices shallower than 210 km to reduce the influence of tectonic features such as cratons on
the analysis. Then, we apply the K‐means clustering algorithm (e.g., Chang & Ferreira, 2019; Ferreira
et al., 2019; Lekic et al., 2012; MacQueen, 1967) to the two collections of depth slices from the six global
tomography models. By using this technique, we divide the set of shear wave velocity profiles into K groups
of similar velocity profiles.

Figure 6 shows the results obtained with K = 7. We use K = 7 because two separate lowest‐velocity anoma-
lies begin to appear for all global models except for S362ANI with K ≥ 7. The study region covers a wide
region including diverse tectonic features from cratons to oceanic crust, so we need at least K = 7 to discri-
minate the lowest‐velocity anomalies as shown in Figure 4. Apart from the S362ANI model (which is the
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3. Cross sections and depth slices at 2,800 km from the Models S362ANI (Kustowski et al., 2008), S40RTS (Ritsema et al., 2011), SAVANI
(Auer et al., 2014), SEMUCB‐WM1 (French & Romanowicz, 2014), SGLOBE‐rani (Chang et al., 2015), and SEISGLOB2 (Durand et al., 2017). (a–c and g–i)
Cross sections along the EARS. Black dashed lines indicate 410, 660, and 1,000 km depths. The yellow lines at 660 km depth beneath Tanzania represent the thin
MTZ reported by Mulibo and Nyblade (2013), while the cyan lines beneath Afar correspond to the hydrous MTZ reported by Thompson et al. (2015) and Reed
et al. (2016). Strong low‐velocity anomalies in the uppermost lower mantle beneath Afar are indicated by dotted red ellipses. Tick marks in cross sections are
indicated every 30°. (d–f and j–l) Depth slices of the six models at 2,800 km. Locations of the Ethiopian and the Kenyan plateaux are indicated by dotted
red ellipses.
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Figure 4. Isosurfaces of low‐ and high‐velocity anomalies in the upper mantle beneath East Africa from six global tomography models and two regional models
(Emry et al., 2019; AF2019 by Celli et al., 2020). We used different values for isosurfaces in each model to clearly show the lowest‐velocity anomalies,
which are noted on the top left of each subplot.
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smoothest one, as discussed in the previous section), the other five global models show separate
lowest‐velocity anomalies (red colors in Figure 6) beneath Kenya and Afar in the upper mantle (S40RTS,
SAVANI, SGLOBE‐rani, and SEISGLOB2) and in the uppermost lower mantle (S40RTS, SEMUCB‐WM1,
SGLOBE‐rani, and SEISGLOB2). Among the five recent global models, only SAVANI shows one single
red region in the uppermost lower mantle. However, the shape of the region in orange color (the second
lowest‐velocity anomaly) seems to depict two separate low‐velocity anomalies connected in between. Two
separate lowest‐velocity anomalies in the uppermost lower mantle are observed in SAVANI from K = 10.
SEMUCB‐WM1 also shows one single large low‐velocity anomaly in the upper mantle (Figure 6), but when
comparing with the depth slice in Figure 5, it seems that two or three lowest‐velocity anomalies are con-
nected due to a low K number. The single lowest‐velocity anomaly begins to divide into two from K = 9.

Figure 5. Depth slices at 400 and 900 km from the six global tomography models considered in this study.
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Therefore, our K‐mean clustering analysis suggests that recent global tomography models except for
S362ANI unanimously show two separate mantle plumes beneath Kenya and Afar down to the uppermost
lower mantle.

4.2. Model Resolution and Effects of Regularization

Among the six global tomography models considered in this study, we perform Backus‐Gilbert resolution
tests (Backus & Gilbert, 1968) of SGLOBE‐rani, since we know all the details of its construction and we have
computed its resolution matrix (Chang et al., 2015). Backus‐Gilbert averaging kernels describe the model's
spatial resolving power. Ideally, these kernels should be delta functions, but in practice, they are broad
because of incomplete data coverage, regularization, and model parameterization. We carry out these
tests for upper mantle depths from 190 to 600 km depth beneath Afar, Turkana, and Kenya to assess how
well resolved is the morphology of the Afar and the Kenya plumes observed in the model's upper mantle
(supporting information Figures S1 and S2). As expected, there is a tendency for the Backus‐Gilbert kernels
to broaden with depth (Figure S1), but there are no substantial differences in the model's resolving power for
the different regions considered, which means that the weak anomalies beneath Turkana are not caused by
poor data coverage. The lateral extent of the Backus‐Gilbert kernels for the three regions tends to spread out
with depth, but they are almost identical between regions without substantial differences between them
(Figure S2). We also perform resolution tests for the lower mantle depths from 950 to 2,580 km depth
beneath Afar, Kenya, and South Africa (Figures S3 and S4). Figure S3 shows that SGLOBE‐rani has a good
vertical resolution in the lower mantle beneath Africa, showing relatively narrow Backus‐Gilbert kernels
with a width of ~400–600 km. The lateral extent of the kernels in the lower mantle is also very similar for
the regions considered (Figure S4), as in the upper mantle. Therefore, these tests assure that the differences
observed in the tomography models between the Kenya and the Afar plumes in the upper and lower mantle
do not result from biases in model resolution between the two regions. The Afar plume is robustly imaged to
be discontinuous, with no clear low‐velocity signature below the uppermost lower mantle. Otherwise, it may
have a weak and/or too thin plume tail in that region beyond the models' resolution (e.g., Goes et al., 2004;
Maguire et al., 2016, 2018; Styles et al., 2011).

Figure 6. K‐mean clustering tests for the distributions of shear wave velocity anomalies in the six global tomography models considered in this study at 210–660
(top) and 670–1,000 km depths (bottom) with K = 7. The strongest and second strongest low‐velocity anomalies are indicated by red and orange colors,
respectively. Other regions are randomly colored in gray scale.
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In order to further evaluate the resolving power of SGLOBE‐rani in a more realistic way, we also perform a
synthetic inversion test using the same parameterization and data set configuration as in the construction of
SGLOBE‐rani and with SGLOBE‐rani as input model (Figure S5). Two strong low‐velocity anomalies
beneath Afar and Kenya are well resolved in the upper and the uppermost lower mantle. Therefore, this
further confirms that SGLOBE‐rani has a good data coverage to discern two separate low‐velocity anomalies
beneath East Africa as shown in the Backus‐Gilbert kernel tests.

We also test the influence of individual data sets on the resolved anomalies to assess the possibility of
model artifacts due to data set bias. To build SGLOBE‐rani, we used two main seismic data sets: sur-
face‐wave dispersion measurements and teleseismic body‐wave traveltime data. Surface‐wave data have
a good vertical resolution but can have lateral smearing along raypaths in the case of a dearth of data.
In contrast, body‐wave traveltimes have a good lateral resolution but are prone to vertical smearing in
the shallow depth due to near‐vertical ray incidence. We carry out inversions with surface‐wave data only
and with traveltime data only (Figure S6). The results at 100–400 km depths show the complementary nat-
ure of the two data sets. Surface‐wave data have a good resolution down to 200 km depth but poorer reso-
lution from 300 km depth and below and vice versa for traveltime data. It is notable that both data sets
independently require two distinct low‐velocity anomalies at 200 km depth, which indicates that the
two observed distinct anomalies are not an artifact due to, for example, the strong influence of traveltime
data caused by limited data coverage. We also note that the body‐wave data coverage for Africa is not
limited to seismic stations installed there, because we used not only the direct S phase but also multiply
reflected phases such as SS, SSS, ScS2, ScS3, sSS, sSSS, and sSCS2 in the construction of SGLOBE‐rani
(Chang et al., 2015). In addition, since we used events occurring in Africa, that also improves the data
coverage of the region.

Finally, we examine the dependence of SGLOBE‐rani on model regularization. As explained in Chang
et al. (2015), norm damping is used in the construction of SGLOBE‐rani. We obtain five different models
using exactly the same data set and modeling approach used to build SGLOBE‐rani but with different levels
of norm damping in Figure S7 (the roughness of the models increases from the top to the bottom). As norm
damping increases, the model's effective (free) number of parameters decreases, which is given by the trace
of the resolution matrix. Although the two low‐velocity anomalies beneath Kenya and Afar become weaker
or stronger according to the roughness of the models, they prevail throughout the upper mantle and upper-
most lower mantle regardless of regularization, thereby indicating that the two plumes are robustly resolved.
We cannot guarantee that other global models also have similar resolution in all regions, as in SGLOBE‐rani.
However, by showing that at least SGLOBE‐rani has enough resolution to detect separate low‐velocity
anomalies in the whole mantle beneath East Africa, we believe that this adds strength to our arguments.
Furthermore, the other models except S362ANI use similar data sets to SGLOBE‐rani, and so we think that
the other global models may have similar resolving powers.

4.3. Seismic Waveform Modeling

In order to further assess the robustness of the low‐velocity anomalies in the tomography models in an inde-
pendent way, we compute theoretical seismograms using the spectral element method (Komatitsch &
Tromp, 2002a, 2002b) for three different mantle models combined with the global crustal model
CRUST2.0 (Bassin et al., 2000): (i) S362ANI (Kustowski et al., 2008), (ii) S40RTS (Ritsema et al., 2011),
and (iii) SGLOBE‐rani (Chang et al., 2015). These models cover the range of tomographic observations in
East Africa discussed in section 3, from showing distinct shear wave speed anomalies beneath Afar and
Kenya (S40RTS and SGLOBE‐rani) to depicting no clear differences between the two regions (S362ANI).
In particular, S40RTS and SGLOBE‐rani share the common feature of low‐velocity anomalies in the MTZ
and the uppermost lower mantle underneath Afar, which does not appear in S362ANI (Figures 4–6). We
use these tomography models among the six global models in section 3 because these three models
represent the various morphologies of low‐velocity anomalies beneath East Africa and it is not our intention
to pick the “best” models out of the six models.

We analyze direct, radial‐component Swaveforms filtered between 20 and 30 s from available temporary and
permanent seismic networks in the region (Tables S1 and S2). We use 30 shallow (depth < 50 km) earth-
quakes with magnitude Mw 4.9–6.3 (Table S3) and within epicentral distances of 19–50° (Figure S8), since
direct S phases in that distance range travel through the transition zone and uppermost lower mantle
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where the wide low‐velocity anomalies are observed (Figure 7).
Figures 8a–8c show all the raypaths sensitive to the MTZ and uppermost
lower mantle structure beneath Afar, which are color coded by the corre-
sponding traveltime differences between the observed and theoretical
waveforms.While S40RTS and SGLOBE‐rani show a good datafit with tra-
veltime differences within 2 s, S362ANI generates synthetic waveforms
much faster than the observations. Illustrative waveform comparisons
between observations and synthetics from the three models for an Mw
5.7 event in the Iran‐Iraq border region (red star) are presented in
Figure 8d. The synthetic waveforms for the Model S362ANI are systemati-
cally faster than the observations.We investigate these systematic fast arri-
vals in S362ANI in detail by depicting color‐coded raypaths from three
events in the Iran‐Iraq border region (see Figure 8 and Table S3) in a
vertical transect to be compared with those from the other two models
(Figure 7). Corresponding phase misfits (traveltime differences) are
shown in Figure S9. It is remarkable that the largest phase misfits of 7 s
are observed only in Afar within epicentral distances of 25° for S362ANI
(Figure S9), which seem to be caused by a lack of strong low‐velocity
anomalies in the MTZ and the uppermost lower mantle beneath Afar
(Figure 7). In contrast, the phase misfits obtained for the other models
are confined within 4 s in Afar, being almost half of the misfits for
S362ANI. However, the misfits are down to 5 s in S362ANI beyond
epicentral distances of 30°, which are comparable to, but still worse than
misfits for the other models. This reduction of misfits for S362ANI for
longer distances may be due to deeper raypaths that are less sensitive to
the strong low‐velocity anomalies in the MTZ and the uppermost lower
mantle beneath Afar. It also suggests that S362ANI's large misfits are not
mainly controlled by its regularization. We also examine the influence of
hypocenter uncertainties on our results by computing synthetic
seismograms using perturbed hypocenters of the red star event in
Figure 8 (Figure S10). We perturb the hypocenter by 20 km laterally or
vertically according to reported errors (~20 km) in Global Centroid
Moment Tensor (GCMT) locations (Weston et al., 2011). The data misfit
residuals from the three models due to the perturbed hypocenters are
different within 1 s between all the models. This indicates a small
influence of hypocenter uncertainties on our results that S362ANI
predicts much faster arrivals in Afar compared with the other models.
Hence, our independent seismic waveform analyses demonstrate that
seismic observations require low‐velocity anomalies in the MTZ and the
uppermost lower mantle beneath Afar, which is against the idea of a
single large plume in the region (Figure 1a).

5. Geodynamical Constraints on Morphology and
Time Dependence of Plumes

The previous section clearly highlighted two distinct seismic low‐velocity anomalies beneath Kenya and
Afar and that the Afar anomaly goes down to the uppermost lower mantle. This is not compatible with
the idea of a single large plume rising from the CMB beneath South Africa, spreading laterally in the upper
mantle and then feeding the surface volcanism in East Africa.

The existence of several plumes beneath Africa is predicted by the physics of mantle convection. Hot mantle
plumes are one of the main features of mantle thermal convection (for reviews, see Davaille & Limare, 2015;
Schubert et al., 2001). In a system cooled from above and heated from below, the intensity of convection and
the convective patterns are controlled by the Rayleigh number

Figure 7. Direct S wave raypaths from three events in the Iran‐Iraq border
region (Table S3) along vertical cross sections from (a) S362ANI,
(b) S40RTS, and (c) SGLOBE‐rani. Raypaths are color coded to indicate
the traveltime differences between observations and synthetics according to
the legend at the bottom. Yellow stars and purple triangles indicate
events and seismic stations, respectively. Black dashed lines indicate 410,
660, and 1,000 km depths. Ticks are marked every 30°.
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Ra ¼ αρgΔTH3

κν
; (1)

where α is thermal expansion coefficient, ρ is density, g is gravity acceleration, ΔT is the temperature dif-
ference across the system, H is the thickness of fluid layer, κ is thermal diffusivity, and ν is viscosity. For
Ra > 106 that is typical in mantle, plumes can arise naturally from the bottom of the mantle, and their
spacing, size, and duration depend on the vigor of convection (and therefore strongly on mantle

Figure 8. Comparisons of observed and predicted traveltimes and waveforms. Raypaths of direct S waves are color coded by the traveltime differences between
observed and theoretical waveforms for the global tomography models: (a) S362ANI, (b) S40RTS, and (c) SGLOBE‐rani. Red circles indicate the locations
of the Afar and the Kenya plumes. (d) Waveform comparisons between observed waveforms (gray) and synthetics from the three models (S362ANI = magenta;
S40RTS = orange; SGLOBE‐rani = green) for the event corresponding to the red star in (a)–(c).
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viscosity) and the presence/absence of compositional heterogeneities. In a compositionally homogeneous
mantle, purely thermal plumes would have typical diameters less than 100–300 km and a spacing between
100 and 850 km at the CMB (e.g., Schubert et al., 2004). However, the presence of compositional
heterogeneities can change hot plume morphology, with much fatter conduits that can reach 600–
1,000 km in diameter (Davaille et al., 2005; Kumagai et al., 2008; Lin & van Keken, 2005) and spacing
that can now reach 2,000–3,000 km (Davaille et al., 2005). Given the sizes of LLSVPs, it is therefore
expected that several plumes may exist in each LLSVP. Moreover, as illustrated by a laboratory
experiment in Figure 9 (corresponding experiment parameters are given in Table 2), plumes are
strongly time‐dependent features, and they tend to rise vertically because of gravity (Figures 9c and 9d).
They spread when they arrive below the lithosphere (Figure 9d) and can even merge there with other
nearby plume thermal anomalies (Figure 9e). Individual plumes disappear when they merge or when
they have exhausted the hot material from their source thermal boundary layer (Figure 9e). In this
case, they first disappear from the bottom up, disconnecting from the bottom hot boundary, so that

Figure 9. Development of hot, purely thermal plumes in a layer of sugar syrup heated from below and cooled from
above at constant temperatures, Thot and Tcold, respectively, for a vigor of convection comparable to the mantle's
(see Table 2). The bright lines are isotherms, and the images are 30 cm wide. (a) t = 570 s, the isotherms are confined to
the lower boundary, delimiting the hot thermal boundary layer (TBL), with a thickness around 1 cm, corresponding
to ~100 km in the mantle; (b) t = 820 s, the hot TBL becomes unstable; (c) t = 870 s, plumes rise; (d) t = 970 s, plumes
become to spread under the top cold TBL; and (e) t = 1,220 s, all the plumes are spreading under the top cold TBL,
and three of them have become disconnected from the bottom hot TBL. Unpublished images from experiment
j1m22 of Androvandi et al. (2011).

Table 2
Laboratory Experiment Parameters Used for Figure 9

Tcold Thot γ Rahot Racold

7.6 48.3 64 1.3 × 106 2.1 × 104

Note. As the viscosity of sugar syrup strongly depends on temperature (as themantle's),Ra has been calculated using the
viscosity at Thot and Tcold. γ is the viscosity ratio between the cold and the hot boundaries.
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their last seismic slow signature will be in the asthenosphere (Figure 9e).
If we had only access to the image of Figure 9e, we could be tempted to
interpret the continuity of the hot thermal anomaly from the bottom left
to the top right as an experimental asthenosphere fed by a unique plume
born in the bottom left of the experimental mantle, like Figure 1a and
the first interpretation of the early tomographic cross section from
South Africa to Afar (Ritsema et al., 1999). However, we see on the
sequence of images (Figures 9a–9d) that Figure 9e represents only the
last stage of the development of four plumes.

Previous studies have also shown that a plume can become tilted because
of plate motion and/or mantle wind (Olson & Singer, 1985; Richards &
Griffiths, 1988; Skilbeck & Whitehead, 1978). However, considering thin
plume tails (radius ~100 km), Steinberger and Antretter (2006) did not
find plume lateral shifts larger than 1,000 km. Moreover, following the
analysis by Richards and Griffiths (1988), plate or mantle wind velocity
of as fast as 10 cm/yr would not be able to tilt the 400 km radius plumes
imaged by tomography by more than a few hundreds of kilometers. In
addition, the recent study of Arnould et al. (2020) using 3‐D spherical
models of mantle convection with self‐consistent plate‐like behavior also
shows the same trend. Simmons et al. (2007) showed that a thermochemi-
cal upwelling can account for the tilt of the African superplume using
numerical modeling. However, they used traveltime data an order of mag-
nitude less than in the global tomographymodels considered in this study,
which inevitably results in coarse resolution only sufficient for
long‐wavelength features such as superplume structure. It is therefore
impossible to attribute to a single tilted plume the observed thick tomo-
graphic structure tilted by 45° between South Africa and Afar. This led
Davaille et al. (2005) to interpret the present‐day large low‐velocity anom-
aly beneath East Africa as being composed of at least three instabilities in
different stages: (i) a large upwelling rising below South Africa, which has
not yet reached the upper mantle; (ii) a plume between South Africa and
Kenya; and (iii) a dying plume beneath Afar due to the exhaustion of all
the material of the thermal boundary layer underneath that region.
However, the improved coverage and resolution of the seismic models
allow now to refine this view and interpret the present‐day tomographic
cross sections between South Africa and Afar as the results of ~100 Myr
of time‐dependent mantle convection.

Another key feature of mantle convection is subducting plates, which
constitute the cold downwellings of the convective pattern. Nearby sub-
duction has also been proposed to influence plume formation, dura-
tion, and motion (e.g., Androvandi et al., 2011; Becker & Faccenna,
2011; Dannberg & Gassmöller, 2018; Faccenna et al., 2013; Gonnermann
et al., 2004; Tan et al., 2002). The spreading of cold subducted slabs onto
the CMB will induce horizontal motion in the thermal boundary layer
there and confine the hot plume formation region outside of the cold slab
area. This behavior is illustrated in a laboratory experiment in Figure 10,
and corresponding experiment parameters are given in Table 3. The
sequence of images shows how a cold downwelling (outlined with the blue
arrows) can strongly influence plume formation (red arrows) and loca-
tions (Figure 10). In this experiment, the plumes are thermochemical (in
bright color), forming out of a bottom hot and denser layer. We can see

the hot upwelling on the left‐hand side (orange bar) migrates leftward because of the interaction with the
cold downwelling. From a tomographic point of view, the hot plume formation region could be

Figure 10. Sequence of images showing the strong influence of a cold
downwelling (blue arrows) on plume formation, upwelling (red arrows),
and locations (orange and green lines). (a) A cold downwelling (blue
arrows) is descending to the bottom, and an upwelling (red arrow) is rising
on the left‐hand side. (b–d) The cold downwelling is spread at the
bottom, and the upwelling on the left‐hand side is migrating leftward due to
the interaction with the cold downwelling. The images are separated
by 30 s. The system was initially composed of two superimposed horizontal
layers of fluids with different viscosities, densities, and thicknesses. The
lower layer was denser and appeared brighter. The experiment parameters
are given in Table 3. Unpublished images from run 18 of Le Bars and
Davaille (2004).
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assimilated with an LLSVP. The nearby subduction of the Tethyan slab
(Figure 3) is therefore a good candidate to induce lateral motion above
the CMB that could potentially lead to substantial deflections of mantle
plumes in the region. The Tethyan slab has been subducting to the lower-
mostmantle since the late Jurassic (~150Ma; Van der Voo et al., 1999), and
its seismic signature has been reported by several studies. For example,
Rao et al. (2017) found substantial anisotropy in the lowermost mantle
beneath the Indian Ocean from ScS splitting measurements, which they
attributed to lattice preferred orientation deformation of the Tethyan sub-
ducted slab dipping southwestwardly. This geometry is consistent with the
migration of the subducted Tethyan slab toward the African LLSVP with
time, which in turn may have pushed the LLSVP westward.

Furthermore, Lynner and Long (2014) identified strong deformation just outside the boundary of the
African LLSVP beneath Afar using shear wave splitting data from SK(K)S phases, which also indicates the
interaction between the subducted Tethyan slab and the African LLSVP. According to a recent plate recon-
struction study by Young et al. (2019), the eastern boundary of theAfrican LLSVPhasmovedwestward due to
an interaction with Tethyan slab at an average speed of ~1.3 cm/yr since 130 Ma, which may have caused
~400 km westward drift on the CMB during the last 30 Myr since the massive eruption in Afar. Therefore,
it is very plausible that the boundary of the African LLSVP at the CMB enclosed the region beneathAfarmore
than 30Ma, providing a deep mantle source for the plume. Hence, it can explain the present‐day lack of slow
anomaly in the deep lower mantle underneath Afar, but it could certainly not have pushed the source of Afar
all the way down to beneath South Africa.

6. Discussion
6.1. Three Plume Scenario and Dying Afar Plume

The geochemical and geophysical differences between the Ethiopian and the Kenyan plateaux presented
in sections 2 and 3 are not compatible with the two plume model with distinct sources at the CMB (e.g., Pik
et al., 2006; Rogers et al., 2000; Figure 1b) nor with the African superplume model (e.g., Hansen et al., 2012;
Ritsema et al., 1999; Figure 1a). Moreover, two distinct plume heads in the upper mantle and the uppermost
lower mantle beneath Afar and Kenya are observed in recent global tomography models, which are sup-
ported by independent seismological tests (section 4) and geodynamic laboratory experiments (section 5).

However, there are a few questions still to be answered. The first one is how the two distinct plume heads can
originate from a common source at the CMB but lead to no hotspot track of the Afar plume, unlike its coun-
terpart, the Kenya plume. According to a paleomagnetic reconstruction study by Vicente de Gouveia
et al. (2018), a plume under Afar right now cannot have produced the Ethiopian‐Yemen traps ~30 Ma,
because Africa has moved ~1,000 km toward the northeast since then. Hence, they proposed the existence
of three plumes in the region—the Afar and the Kenya plumes, which were discussed previously in this
study, plus the so‐called East Africa plume (hereafter we call it the Ethiopia plume since it generated the
Ethiopia‐Yemen traps), which impinged beneath Ethiopia about 30 Ma. They suggested that an associated
massive volcanic eruption led to the Ethiopia‐Yemen traps ~30 Ma, which may have exhausted the
Ethiopia plume's material. This seems to be consistent with recent global tomography models (Figures 5
and 6) showing weak low‐velocity anomalies in the upper mantle region of the Ethiopia plume currently
(located at 6°N, 34°E according to Vicente de Gouveia et al., 2018, and hereafter referred to as “XE”).

In practice, the Ethiopia plumemay be impossible to detect in global tomographymodels due to their limited
resolution. In order to better investigate the presence of the Ethiopia plume, in Figure 11, we present depth
slices of two recent high‐resolution regional waveform tomography models for the upper mantle,
Emry et al.'s (2019) model and AF2019 (Celli et al., 2020). Since these regional tomographic models are built
using more data from Africa such as AfricaArray than global models, their resolution (~5°) seems to be
around twice better than those of typical global models (~10°) as shown in their resolution tests. We observe
that these regional models both show a third low‐velocity anomaly at 400–500 km depth in addition to
anomalies corresponding to the Afar and the Kenya plumes, which is also observed in other regional tomo-
graphy models using teleseismic traveltime data (Bastow et al., 2008; Civiero et al., 2015, 2016). The exact

Table 3
Laboratory Experiment Parameters Used for Figure 10

a γ Ra B

0.30 21 8.8 × 106 0.31

Note. a is the initial thickness ratio (bottom/top); γ is the viscosity ratio;
Ra was calculated with the viscosity of the bottom layer; and B is the
buoyancy ratio, which compares the density contrast between the two
layers of compositional origin with the density contrast of thermal origin.
More details on the experimental procedure can be found in Le Bars and
Davaille (2004).
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location of this third low‐velocity anomaly varies from model to model. AF2019 (Celli et al., 2020) shows a
low‐velocity anomaly west of XE at 500 km depth but directly beneath it at 400 km depth, while the anomaly
in Emry et al.'s (2019) model is rightly beneath XE at ~400–500 km depth. Therefore, we may be able to
interpret this low‐velocity anomaly as the Ethiopia plume. Otherwise, it could be a secondary plume diver-
ging from the Afar plume. It is noteworthy that the two waveform tomography models show that the
Ethiopia plume merges with the Afar plume at shallow depths (see Figures 4 and 11). The mixing of the
Ethiopia plume with the Afar plume further highlights why global tomography models can hardly distin-
guish the two plumes. In conclusion, the Afar plume has risen with an origin ~600 km east of the
Ethiopia plume at the CMB (Vicente de Gouveia et al., 2018), and it may have become a dying plume because
its plume tail was disconnected from the CMB by the interaction between the westward migrating Tethyan
slab and the African LLSVP as discussed in section 5. The chronology of the Ethiopia and the Afar plumes is

Figure 11. Depth slices of the regional models by Emry et al. (2019) and Celli et al. (2020; AF2019) at ~400–500 km.
Yellow ellipses indicate locations of low‐velocity anomalies other than those corresponding to the Afar and the
Kenya plumes observed in other regional tomography models (Bastow et al., 2008; Civiero et al., 2015, 2016).
White triangles represent the position of “the East Africa plume” suggested by Vicente de Gouveia et al. (2018).
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also compatible with the observation of the highest temperatures from old and recent basalts in roughly
the same place in the Ethiopian plateau discussed in section 2. The highest mantle temperature beneath
Afar may have been caused by the Ethiopia plume at 40–10 Ma, but since 10 Ma, it is mainly due to the
Afar plume.

The second question is why there is a strong low‐velocity anomaly in the uppermost lower mantle beneath
Afar (ellipses in Figure 3). The rising of the plume is likely hampered at the 660 km discontinuity due to the
negative Clapeyron slope of the postspinel phase transition, which implies that the thermal buoyancy of the
plume is weak, leading to an accumulation of plume‐tail material in the uppermost lower mantle. If the tem-
perature of the Afar plume was higher than 1800°C at 660 km depth, the positive Clapeyron slope of the
majorite‐bridgmanite transition would dominate, expediting the upwelling speed of the Afar plume, because
the depth range of stable majorite greatly expands at high temperatures (Hirose, 2002). Therefore, the
low‐velocity anomaly observed beneath the 660 km discontinuity suggests that the Afar plume is currently
not very hot and has weak buoyancy, which is consistent with the view of the Afar plume being a dying
plume. Furthermore, compositional heterogeneity may be partly responsible for the strong low‐velocity
anomaly in the uppermost lower mantle between the postspinel phase transition (~660 km) and postgarnet
phase transition (~1,000 km). Basalt has lower density for this depth range than pyrolite but higher density
for the depth ranges above and below (e.g., Faccenda & Dal Zilio, 2017). Jenkins et al. (2017) suggested com-
positional variations (maybe due to basalts) in areas of mantle upwelling in the midmantle beneath Europe
and North Atlantic based on a sharp boundary at ~1,000 km depth from receiver functions. Ballmer
et al. (2015) also suggested compositional heterogeneity could pond around this depth due to a neutral buoy-
ancy crossover for basaltic material. Therefore, the strong low‐velocity anomaly may indicate that a large
fraction of basalt component from recycled oceanic crust may be stabilized in this depth range as in the case
of stagnant slabs (Ballmer et al., 2015), not implying a strong thermal anomaly.

There is another line of evidence supporting the absence of a strong thermal anomaly in the upper mantle
beneath Afar. The normal MTZ thickness found beneath Afar by receiver function studies (Reed et al., 2016;
Thompson et al., 2015) may imply the presence of a weak thermal anomaly. Furthermore, the MTZ beneath
Afar is believed to be hydrated according to receiver function studies (cyan lines in Figures 3a–3c and 3g–3i)
as suggested by reports of a melt layer atop the 410 km discontinuity beneath the region (Tauzin et al., 2010;
Thompson et al., 2015) and a prominent 520 km discontinuity (Thompson et al., 2015), which may be caused
by the shrinkage of the loop width of wadsleyite and ringwoodite in hydrous conditions (Inoue et al., 2010).
The mantle temperatures beneath Afar proposed by Rooney, Herzberg, and Bastow (2012) and Ferguson
et al. (2013) are within 1370–1490°C, which is close to the lower end for the temperature range of large
igneous provinces (Rooney, Herzberg, & Bastow, 2012). Therefore, the strong low‐velocity anomaly in
the upper mantle beneath Afar cannot be attributed to a thermal anomaly alone, requiring other sources
such as H2O and CO2‐related melt, which may be linked to the hydrous MTZ and basaltic composition of
the Afar plume. Rychert et al. (2012) found a strong velocity increase at ~75 km depth beneath Afar using
S‐to‐P receiver functions and used geodynamical modeling to interpret it as decompression melting in the
absence of a strong thermal anomaly. These studies support that a strong thermal anomaly is absent in the
upper mantle beneath Afar, which leads to the conclusion that the Afar plume may be losing its heat,
detached from the CMB.

6.2. Evolution of Mantle Plumes in East Africa

Putting together the range of multidisciplinary information assembled in this study, we conclude that there
are currently two active plumes beneath East Africa.While the Afar plume is likely to have a common source
with the Kenya plume in the African LLSVP, the two plumes have been upwelling separately. The Afar
plume is now detached from the African LLSVP possibly due to the interaction with the subducted
Tethyan slab, and as a consequence, it is dying out. However, as paleomagnetic reconstructions show that
the current Afar plume cannot be responsible for the Ethiopia‐Yemen traps formed ~30 Ma, the traps must
have been created by a third “Ethiopia” plume (Vicente de Gouveia et al., 2018) that has been subsequently
getting mixed with the Afar plume. This time‐dependent three‐plume scenario explains well the geochem-
ical observations of no hotspot track of the Afar plume unlike its counterpart in the Kenyan plateau and a
third low‐velocity anomaly in the upper mantle between the Afar and the Kenya plumes in recent regional
tomography models (Celli et al., 2020; Emry et al., 2019).
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Based on the geochemical and geophysical observations we have listed so far, Figure 12 summarizes the
alternative mechanism that we propose for the evolution of mantle plumes in East Africa. Three major
plumes originated from the same source near the CMB at different times—the Kenya, the Ethiopia, and
the Afar plumes. While the Kenya plume impinged beneath Turkana on an episodic basis 45 Ma
(Figure 12a), the Ethiopia plume caused a massive flood basalt ~30 Ma (Figure 12b). It is still unclear why
eruption styles are different for the Kenya and Ethiopia plumes. It could be related to compositional varia-
tions in the Kenya plume (Nelson et al., 2012) or the presence of the Tanzanian craton and its interaction
with the Kenya plume, which led to the mixing of subcontinental lithospheric mantle and plume material
(Halldórsson et al., 2014). Meanwhile, when the Afar plume was rising, the subducted Tethyan slab reached
the CMB, pushing the African LLSVP and the base of the Afar plume westward (Figure 12c). This led to a
cutoff of the Afar plume from the LLSVP, so that the Afar plume lost its source and started to progressively
cool down. The not‐very‐hot plume tail ascending after the cutoff has accumulated beneath the 660 km dis-
continuity as shown in recent tomography models due to the negative Clapeyron slope at the postspinel
phase transition and the possible compositional heterogeneity in the Afar plume (Figure 12d). With this
alternative interpretation, we can successfully explain all the available geochemical and geophysical obser-
vations of the region (different chemical compositions, timing, eruption styles, and hotspot track patterns in
the basalts in East Africa from geochemical observations; different plume morphology beneath Kenya and
Afar, a third low‐velocity anomaly between the Kenya and the Afar plumes, and a strong low‐velocity anom-
aly just beneath the 660 km discontinuity beneath Afar from geophysical observations), which cannot be
explained with a single, strongly tilted, large plume model.

7. Conclusions

Mantle plumes in East Africa show many unique geochemical and geophysical features. In order to explain
the wide range of observations available, we propose an alternative interpretation of the evolution of

Figure 12. Cartoon summarizing the evolution of the Kenya, the Ethiopia, and the Afar plumes proposed in this study.
(a) The Kenya plume erupted in Turkana on an episodic basis since 45 Ma (Ebinger et al., 1993). An orange arrow
indicates the direction of the African plate motion. (b) The Ethiopia plume erupted a massive flood basalt around 30 Ma,
leading to the emplacement of the Ethiopia‐Yemen traps (Hofmann et al., 1997). (c) The Afar plume rises, and the
subducted Tethyan slab interacts with the African LLSVP, leading to the cutoff of the Afar plume from the LLSVP.
(d) The Afar plume tail has accumulated beneath the 660 km discontinuity, losing its heat, and the Ethiopia plume is
merging with the Afar plume currently.
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upwellings in the region suggesting that there exist at least two separate Afar and Kenya plumes that share
the same deep mantle source near the CMB but rise separately, and a third Ethiopia mantle plume existed
leading to the Ethiopia‐Yemen traps ~30 Ma. The Afar plume seems to be currently a dying plume, which
is consistent with (i) the lack of low‐velocity anomalies beneath Afar below ~1,000 km depth in recent
global tomography models, (ii) a strong low‐velocity anomaly just beneath the 660 km discontinuity
beneath Afar interpreted as accumulation of plume‐tail material, (iii) relatively low mantle potential
temperature beneath Afar comparing to large igneous provinces (Rooney, Herzberg, & Bastow, 2012), and
(iv) decompression melting at ~75 km that indicates the absence of a strong thermal anomaly (Rychert
et al., 2012). We perform waveform modeling and geodynamic laboratory experiments that support this
interpretation.

The cutoff of the Afar plume from the base of the mantle is probably due to the interaction between the sub-
ducted Tethyan slab and the African LLSVP, which highlights that mantle plumes can evolve in complex
ways through time. Because of a lack of magmatic supply from such dying, cooling Afar plume, the conti-
nental breakup along the Main Ethiopian Rift would fail in the near future, not leading to the stage of sea-
floor spreading. This is a new suggestion, and it will be interesting to see if future studies support this idea.
Thus, our understanding of the evolution of mantle plumes may shed new light on the connection between
LLSVPs and surface plate tectonics and, consequently, on the evolution of life in this habitable planet.

Data Availability Statement

Tomography models used in this paper are available from IRIS Data Services Products (http://ds.iris.edu/ds/
products/emc‐earthmodels/). AF2019 model can be found in the author's website (https://nlscelli.wixsite.
com/ncseismology/af2019). The Generic Mapping Tools software (Wessel et al., 2013) was used to plot fig-
ures containing maps.
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