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A Complex Mantle Plume Head Below East Africa-Arabia
Shaped by the Lithosphere-Asthenosphere Boundary
Topography
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Abstract Hot plumes rising from Earth's deep mantle are thought to cause uplift, rifting and large igneous
province (LIP) emplacement. LIP volcanism in continents often spans tens of Ma and scatters unevenly over
broad areas. This has been attributed to lateral flow of hot plume material, but observational evidence on such
flow is scarce. New waveform tomography with massive data sets reveals detailed seismic velocity structure
beneath the East Africa-Arabia region, where these processes occur at present. It shows interconnected
sub-lithospheric corridors of hot, partially molten rock, fed by three mantle upwellings beneath Kenya, Afar,
and Levant. The spatio-temporal distribution of the volcanism suggests that we are witnessing an integral
plume head, which morphed into a three-pointed star by ponding and channeling within thin-lithosphere
corridors. Plate reconstructions indicate that it spread south-to-north since ~45 Ma. These results suggest that
complex-shape plume heads can explain the enigmatic, scattered LIP volcanism and are, probably, an inherent
feature of plume-continent interaction.

1. Introduction
1.1. Overview

Mantle plumes, the thermo-chemical instabilities rising from the Earth's core-mantle boundary are believed to
be the primary cause of the emplacement of Large Igneous Provinces (LIPs) (Morgan, 1971, 1972; Richards
et al., 1989). The term “plume head” is often applied to the leading portion of a plume, rising through the Earth's
deep mantle. Some of the early conceptual models and experiments pictured a large, round head of a plume,
followed by a narrow tail (e.g., Campbell & Griffiths, 1990; Richards et al., 1989). Other laboratory experiments
and numerical models show complex and variable shapes of the upwellings (e.g., Davaille, 1999; Farnetani &
Samuel, 2005; Koppers et al., 2021). Mantle structure, including the partial barrier to convection at the 660-km
discontinuity and thermo-chemical heterogeneities elsewhere may strongly affect the morphology of the upwell-
ings (Bercovici & Mahoney, 1994; Courtillot et al., 2003; Cserepes & Yuen, 2000; Koppers et al., 2021).

Once the plume reaches the bottom of the lithosphere, the hot material must accumulate below the
lithosphere-asthenosphere boundary (LAB) and spread laterally. Morgan (1971, 1972) postulated that horizontal
currents in the asthenosphere flow radially away from the plume center. R. White and McKenzie (1989) proposed
that a narrow (150-km diameter) hot plume rising from the deep mantle is deflected laterally by the overly-
ing plate to form a circular, mushroom-shaped head of anomalously hot mantle, 1,000-2,000 km in diameter
(Figure 1a). They proposed that the lithosphere can be rifted anywhere above this mushroom-shaped head, and
voluminous intraplate volcanism is produced by the decompression melting of the upwelling hot asthenosphere.
In this paper, we also apply the term “plume head” to these accumulations of hot material below the LAB.

Continental lithosphere shows strong lateral variations in its thickness (e.g., Fullea et al., 2021). Influenced by
the LAB topography, plume heads below the lithosphere may develop in asymmetric, complex shapes (e.g.,
Burov & Gerya, 2014; Burov et al., 2007; Camp, 1995). Sleep (1997) investigated the probable ponding of the
buoyant plume-head material beneath thin-lithosphere areas and its drainage patterns, determined by pre-existing
lithospheric thickness variations and the evolution of new thin-lithosphere channels due to rifting and seafloor
spreading. Plume material has been proposed to sometimes flow for hundreds of kilometers below the litho-
sphere, guided by thin-lithosphere corridors (Ebinger & Sleep, 1998; Steinberger et al., 2019), and such flow
could explain scattered volcanism. The broad distributions of LIP volcanism (e.g., Bryan & Ernst, 2008) have
fueled debate on how plume heads interact with the lithosphere and on the basic mechanisms of the volcanism
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A] ROUND PLUME HEAD ESTAR-SHAPED PLUME HEAD (e.g., Ballmer et al., 2015; Foulger, 2007). Peace et al. (2020), for exam-

ple, reviewed the LIPs associated with the Pangaea break-up, argued that the
spatial distribution of the volcanism is inconsistent with the standard plume
view and suggested that the plume origin must be ruled out as the cause
altogether.

The East Africa-Arabia region displays spectacular signs of an ongoing
mantle-plume impact onto its continental lithosphere (Figure 2). The East
African Rift System (EARS) extends over 2,000 km from the Red Sea in
the north to Mozambique in the south. It encompasses two regions of topo-
graphic uplift, the Ethiopian and the Kenyan Domes, which rise over 2 km
high (Ebinger et al., 1989). A zone of NW-SE extension, the Turkana Depres-
sion, developed in the Early Cretaceous and lies in between these domes.
Whereas the Ethiopian Dome is cut by a single rift system, the Kenyan Dome
is cut by two rifts, the Eastern (or Gregory) rift and the Western rift, sepa-
rated by the cold, mechanically strong lithosphere of the Tanzania craton

(Chorowicz, 2005). In the Arabian Plate, other two broad, undulating swells,

Figure 1. Alternative models of the mantle plume head beneath a the West Arabian Swell, and the East Anatolian Plateau to the north stand at
continent. (a) The conventional view of a circular plume head (R. White & 1.5-2 km elevation (Bohannon et al., 1989; Sengor et al., 2003). Rifting and
McKenzie, 1989) with different hypothetical diameters. The distributions continental breakup occur at the EARS, Red Sea, and Gulf of Aden, radiat-

of large igneous province volcanism are not matched by the circular shape.
(b) A plume head shaped as a three-pointed star, morphed into the shape
by the topography of the lithosphere-asthenosphere boundary. A body of

ing from the Afar rift-rift-rift triple junction where the Arabian, Nubian, and
Somalian Plates meet (e.g., Corti, 2009; Ebinger & Casey, 2001; Wolfenden

hot, partially molten rock is observed to fill this shape beneath the East et al., 2004). Continental rifting initiated at ~35 Ma in the Gulf of Aden and
Africa-Arabia region, closely matching the distribution of the volcanism at the ~ at ~28 Ma in the Red Sea (e.g., Wolfenden et al., 2005). The earliest exten-

surface.

sion recorded in the EARS occurred west of the present-day Lake Turkana
at ~25 Ma, within lithosphere stretched during a Mesozoic rifting event
(e.g., Hendrie et al., 1994). Extension between the Nubian and Somalian
Plates initiated in the southern and central Main Ethiopian Rift at ~18 Ma
(Wolfenden et al., 2004).

Diffuse basaltic volcanism started in southern Ethiopia/northern Turkana ~45 Ma (“Eocene Initial Phase”
according to Rooney, 2017), and propagated, gradually, to Tanzania and northward to western Arabia (Figures 2b
and 2c, see Text S1 and Table S1 in Supporting Information S1 for further details). The velocity of the African
plate is not constant (P. G. Silver et al., 1998), thus the progression of volcanism may be further controlled
by the uneven NE plate motion. Along the eastern Mediterranean coast, the volcanism started in the Levant
region ~26 Ma and propagated northward to eastern Anatolia and southward to western Arabia (e.g., Al Kwatli
et al., 2012; Krienitz et al., 2009). Once initiated, volcanism at most locations has continued until present, for
millions of years, in contrast with the short-lived, age-progressive volcanism that usually forms the OIB chains.
Magmatic intrusions were facilitated by the extensional regime, weakening the lithosphere that continued to fail
along the original fractures when undergoing to further extensional stresses (Bastow & Keir, 2011; Rogers, 2006;
Rooney, 2010).

In this study, we use seismic waveform tomography to show that a continuous low-seismic-velocity anomaly,
shaped as a three-pointed star, extends beneath all the areas of the Cenozoic intraplate volcanism in the East
Africa-Arabia region (Figure 1b). Our results suggest that the imaged low-velocity anomaly is the seismic expres-
sion of a large volume of plume material morphed into a star shape by the topography of the LAB and captured by
the thin-lithosphere valleys, which allow it to flow thousands of kilometers across. This plume material—which
we consider as the extant East Africa-Arabia plume head—is fed by the continuing supply of hot material through
thin stems below it and has evolved for millions and tens of millions years. We also compare the tomography with
previously published tomographic models and other geophysical, geochemical and geological data to discuss the
origin of the mantle upwellings below the region and their role in the evolution of the system.

1.2. Previous Studies on the Mantle Upwellings Beneath East Africa-Arabia

The uplift, rifting, and volcanism in the East Africa-Arabia region have been attributed to one or more plumes,
based on geochemical, seismic, and other evidence (Camp & Roobol, 1992; Chang et al., 2020; Ebinger
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Figure 2. Topography and volcanism of the East Africa-Arabia system. (a) Topography and main tectonic features. Plate boundaries: green lines. WB and EB:
Western and Eastern Branches of the East African Rift; MER: the Main Ethiopian Rift. (b) Intraplate basaltic volcanism in the region. The volcanic fields are plotted
in orange. Each number indicates a volcanic area. Published volcanic samples from the earthchem.org database, classified as basalt and dated using mainly noble
gases and radiogenic isotopes, are shown as color-coded filled circles. Inset: histogram showing the ages of the 776 available dated samples in 5-Ma bins and the
cumulative eruption rate (orange curve) for the main East African volcanic sites (Ebinger et al., 1993; George et al., 1998; Rooney, 2017). (c) Age-latitude plot of the
igneous activity plotted in panel (b), from Tanzania in the south to Anatolia in the north. For the data compilation, see Table S1, Text S1, and Text S2 in Supporting

Information S1.
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et al., 1989; Fishwick & Bastow, 2011; Montelli et al., 2006; Nelson et al., 2012). Thin-lithosphere corridors
have been proposed to channel the flow of plume material to volcanic fields hundreds of kilometers away (Camp
& Roobol, 1992; Ebinger & Sleep, 1998; Faccenna et al., 2013).

The strongest geochemical evidence supporting the presence of plume material below the region is the lack of a
prominent contribution from shallow, depleted MORB mantle in the source material for pre-rift volcanism (Baker
etal., 1996; Furman et al., 2006; Kieffer et al., 2004). If this episode of volcanism were not plume-related, passive
rifting would have allowed the shallow mantle source to dominate in the geochemistry of the mafic lavas (Nelson
et al., 2012). Isotopic measurements in the basalts of southern Ethiopia and Kenya, however, are significantly
distinct from those in Afar (e.g., Furman et al., 2006; George et al., 1998; Nelson et al., 2012) and those in Levant
(Krienitz et al., 2009), even though all indicate deep-mantle reservoirs, with a lithospheric component. Consid-
ered together, the variable compositional signatures of the rocks are consistent with the occurrence of at least two
upwelling sources of volcanism below the African plate and cast doubt on the hypothesis that all the magmatism
was caused by one plume alone (Pik et al., 2006).

The inference that the volcanism is fed by different mantle upwellings is corroborated by several tomography
models (Boyce et al., 2021; Chang et al., 2020; Chang & Van der Lee, 2011; Montelli et al., 2006; Tsekhmistrenko
et al., 2021), showing separate low-velocity anomalies in the lower mantle, attributable to multiple plumes. Seis-
mic tomography maps the distribution of seismic velocity anomalies and, by inference, thermal anomalies in
the mantle (as well as compositional heterogeneity and, particularly in hot-asthenosphere and thin-lithosphere
regions, partial melting), but tomography studies in the region to date have yielded little agreement in models and
interpretations. A broad low-velocity anomaly has been imaged in the deep lower mantle beneath southern Africa,
tilting northeastward at shallower lower-mantle depths (Nyblade & Robinson, 1994; Ritsema et al., 1999). The
inferred “African Superplume” was proposed as the primary source of volcanism throughout East Africa-Arabia
(e.g., Hansen et al., 2012). Some regional tomographic studies show adjacent low-velocity structures beneath East
Africa and Arabia (e.g., Debayle et al., 2001; Montagner et al., 2007; Sicilia et al., 2008), whereas other models
image isolated low-velocity anomalies below Ethiopia and Kenya (Bastow et al., 2008; Chang et al., 2015; Emry
et al., 2019; Montelli et al., 2006), and a possible third beneath Arabia (Koulakov et al., 2016) or Jordan (Chang
& Van der Lee, 2011).

A channel of hot material from Afar has been proposed to extend laterally below Arabia and the Red Sea coast
(Camp & Roobol, 1992; Ebinger & Sleep, 1998). Some tomography models show a broad, low-velocity feature in
the upper mantle extending from the Red Sea into the interior of Arabia (Benoit et al., 2003; Debayle et al., 2001;
Emry et al., 2019; Fishwick, 2010) and, more recently, a narrow anomaly aligned with the Red Sea but offset
to the east (Chang & Van der Lee, 2011; Chang et al., 2011; Koulakov et al., 2016; Lim et al., 2020; Tang
et al., 2018; Yao et al., 2017). Low shear-wave velocities beneath the Gulf of Aden down to ~150 km depth were
also reported, suggesting that the plume below Afar may be feeding the Gulf of Aden ridge (Sicilia et al., 2008).
The strong differences between the tomographic models are, in large part, due to the relatively sparse data
sampling of the region, especially until recently.

2. Waveform Tomography

Starting with the recently published model AF2019 (Celli, Lebedev, Schaeffer, & Gaina, 2020), we extend it
northward to Anatolia. The model was computed using all freely available (at the time of data retrieval) broad-
band data in the region, combined with global data to create a very dense sampling of the region and maximize
the imaging resolution (Figure 3). The broadband data were downloaded from the following data centers: the
Incorporated Research Institutions for Seismology (IRIS; http://www.iris.edu), the GEOFON Global Seismic
Network (https://geofon.gfz-potsdam.de), the Observatories and Research Facilities for European Seismology
(ORFEUS; http://www.orfeus-eu.org), the French Seismologic and Geodetic Network Résif (RESIF; https:/
www.resif.fr), the National Observatory of Athens (NOA; http://bbnet.gein.noa.gr), the Kandilli Observatory and
Earthquake Research Institute (KOERI; http://www.koeri.boun.edu.tr), and the Instituto Nazionale di Geofisica e
Volcanologia (INGV; https://www.ingv.it).

The global waveform data set contains recordings at 6,360 seismic stations in total, and around 400 seismic
stations are situated in the East Africa-Arabia region (Figure 3). Station information, including the seismic exper-
iment and data center, can be found Table S2 in Supporting Information S1. We selected all earthquakes (27,550
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Figure 3. Earthquakes and seismic stations used in our seismic tomography. Left: Earthquakes and seismic stations within the study area (see Table S2 in Supporting
Information S1 for details on the seismic networks, arrays and experiments). Right: Earthquakes and seismic stations around the globe. Events are plotted as yellow
circles, broadband seismic stations as red triangles.

in total) with magnitude over 4.5 from the Harvard Centroid Moment Tensor Solutions catalog (Dziewonski
et al., 1981; Ekstrom et al., 2012) since 1994. Waveform inversion was performed to extract structural informa-
tion from surface, S and multiple S waves in over 1.2 million vertical-component global and regional seismo-
grams. Our model is focused on East Africa-Arabia, with the data coverage in this region maximized (all freely
available broadband data were included) and the regularization tuned to optimize the resolution in this specific
area. The global data complements the regional data set and ensures dense sampling of the entire region.

The inversion procedure used to obtain the S-wave model was split into three steps. We began by applying the
Automated Multimode Inversion (AMI; Lebedev et al., 2005), which performs automated, accurate processing
of large numbers of broadband seismograms. The result of the waveform inversion of each seismogram is a set
of linear equations with uncorrelated uncertainties (Nolet, 1990) describing 1D average P- and S-wave velocity
perturbations within the sensitivity volumes between the source and receiver with respect to a 3D reference model
(Lebedev & Van Der Hilst, 2008). In the crust, we used the 3D model CRUST?2 (Bassin et al., 2000) smoothed
across cell boundaries, and augmented with added topography and bathymetry databases (Lebedev and Van Der
Hilst, 2008). The mantle reference model for tomography is the global average profile (Lebedev and Van Der
Hilst, 2008). Perturbations in both the crust and in the mantle are solved for, resolving the crust-mantle trade-offs
and preventing artifacts in the mantle due to unaccounted-for crustal structure (Schaeffer & Lebedev, 2014).

In the second step, all the equations produced by AMI were solved together for the 3D distributions of P and S
wavespeeds and the azimuthal anisotropy of the S-wave speed, subject to smoothing and slight norm damping.
The model is parameterized using a triangular grid (Wang & Dahlen, 1995) with an average 327-km interknot
spacing and a depth parameterization over 18 and 10 depth nodes for S-and P-wave velocities, respectively
(S-wave velocities: 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410—, 410+, 485, 585, 660—, 660+, 809, and
1,007 km; P-wave velocities: 7, 20, 36, 60, 90, 150, 240, 350, 485, and 585 km). Rayleigh-wave speeds are
sensitive primarily to S-wave velocities, but their sensitivity to P-wave velocities is also not negligible. P-velocity
perturbations, however, cannot be resolved independently from S-velocity ones with Rayleigh-wave data. We
damped the difference between P- and scaled S-velocity perturbations (Lebedev & Van Der Hilst, 2008), which
gave the inversion more flexibility than imposing a rigid ratio. The P- and S-velocity images are still similar, and
we present only the latter. We also inverted for S-wave 2¥ azimuthal anisotropy in order to prevent anisotropic
heterogeneities from mapping into isotropic ones.
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Figure 4. Shear-wave tomography model. Top: Depth slices at four upper-mantle depths. SKS splitting measurements (from the compilation in Gao et al. (2010)) are
plotted as green bars in the 200-km-depth map. A more complete compilation of the measurements is shown Figure S6 in Supporting Information S1. Plate boundaries:
green lines. AP: Afar Plume; KP: Kenya Plume; LP: Levant Plume. Bottom: cross-sections through key low-velocity features. Section AB is along the “curtain”
low-velocity anomaly beneath EARS, BC—along the low-velocity channel below the Arabian Shield, DE—through the Levant Plume (LP). The locations of the
profiles are indicated in the 110-km-depth map, with the white-circle spacing of 2°. Dotted line in the cross-sections: 410-km discontinuity.

In the final step of the inversion procedure, we exploited the data set redundancy and selected only the most mutu-
ally consistent data through a posteriori outlier analysis. From a first-iteration model, we computed the synthetic
data by multiplication of the sensitivity matrix and the model vector. We then compared the synthetic and real
data and discarded the ones with the largest misfits, due mostly to earthquake mislocations, station timing errors
and unaccounted-for diffraction effects (Celli, Lebedev, Schaeffer, Ravenna, & Gaina, 2020; Lebedev & Van Der
Hilst, 2008; Legendre et al., 2012).

3. Results
3.1. Model Description

The tomographic model provides new information on the distribution of low velocities beneath the rift system, as
well as the deep structure of the adjacent Arabian Platform and Zagros subduction zone.

Our tomography reveals a star-shaped, low-velocity feature in the asthenosphere centered at Afar and composed
of three branches beneath East Africa, the Gulf of Aden, and the Red Sea-western Arabia, the latter extending to
Levant at the northwestern extremity of the Arabian Plate (Figure 4, 110-km depth slice). Low-velocity anoma-
lies within the branches are all laterally continuous and exceed —6% in the shallow asthenosphere in most places.
The recent LAB depth model of Fullea et al. (2021) confirms that this star-shaped low-velocity body coincides
with areas of relatively thin lithosphere (Figure S1 in Supporting Information S1).

Below the EARS, the low-velocity anomaly spans from Afar to Tanzania and is exceptionally deep. It resembles a
curtain of hot material extending down to over 400 km depth (Figure 4, cross-section A-B). In western Arabia, a
low-velocity channel underlies the eastern margin of the Red Sea and extends down to ~250 km depth (Figure 4,
cross-section B-C). This elongated anomaly is stronger in amplitude (dVy ~ —8% at 110 km depth) below the
central-western volcanic sites (“harrats” 10-16, Figure 2b, 20-26°N) and weaker (—4%) to the north (“harrats”
8-9, Figure 2b, 26°-28°N) and, intriguingly, below the Red Sea (—2% to 4%). In the Levant region, the anomaly
amplitude increases to —6%, and it bifurcates westwards to Anatolia and eastwards to the Caucasus. Beneath the
Gulf of Aden, the shortest of the branches, a pronounced low-velocity anomaly (—6% at 110 km depth) extends
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down to ~200 km depth. The extremely low velocities below all three branches suggest extensive partial melt-
ing in the uppermost mantle (e.g., Bastow et al., 2005; Kendall et al., 2005; Rooney et al., 2005). The global
thermochemical model of the upper mantle WINTERC-G (Fullea et al., 2021) confirms estimates of 1%-2%
melt beneath the area, and regional studies report melt fractions over 2% in Afar and western Arabia (e.g., A. H.
Ahmed et al., 2016; George & Rogers, 2002).

Two low-velocity columns are imaged at the extremities of the “curtain” seismic anomaly below East Africa, one
below Kenya-northern Tanzania and the other beneath Afar (Figure 4, cross-section A-B). They are connected
to the “curtain” in the uppermost mantle and extend vertically through the mantle transition zone (MTZ;
410-660 km depth). Similarly to what proposed by previous studies (e.g., Chang et al., 2020; Nelson et al., 2012;
Vicente de Gouveia et al., 2018), we interpret these features as the seismic expression of the Kenya Plume (KP)
and the Afar Plume (AP), respectively.

Our tomography also shows a pronounced low-velocity anomaly in the MTZ beneath Iraq, connected to the Levant
asthenospheric low-velocity corridor, adjacent to a strong high-velocity anomaly below the north-east Arabia
likely correlated with thicker lithosphere (Figure 4, cross-section D-E). The anomaly in the MTZ indicates a hot
mantle upwelling, which we name the Levant Plume (LP). Impinging onto the thick lithosphere of the Arabian
Platform (see Figure S1 in Supporting Information S1), it appears to deflect westward, into the thin-lithosphere
channel, and is likely to sustain most of the Levant volcanism. The lower amplitude of the low-velocity anomaly
at 250-350 km depth is due, in part, to the lateral averaging of the tomography, which reduces the amplitudes
in the model of both the lithospheric high-velocity anomaly beneath the Arabian Platform and the low-velocity
anomaly of the hot material flowing along this lithospheric block's boundary.

3.2. Model Resolution

A series of resolution tests were performed to assess the accuracy of our model. We built a synthetic model
with S-wave spike velocity anomalies (200 ms~! amplitude) at 110, 200, 330, and 585 km depth nodes below
different locations in the model. The two spikes shown Figures S2 and S3 in Supporting Information S1 are in
different parts of the region and are widely spaced (one in the north, within the Levant region, and the other in
the south of the Arabian Plate), which prevents interference of their output point-spread patterns (Rawlinson &
Spakman, 2016). The output synthetic models recover well the locations of the input spikes at 110 and 200-km
depth along both the vertical and horizontal axes (Figure S2 in Supporting Information S1). As expected, the
deeper spikes (at 330- and 585-km depth) show greater spatial spreading of the velocity anomalies, but the
maximum recovered amplitudes are positioned at the correct locations (Figure S3 in Supporting Information S1).
Figure 5 and Figures S4, S5 in Supporting Information S1 show more complex resolution tests, where the seis-
mic velocity structure below the EARS, western Arabia and Levant region had been removed partially (starting
from 150 km depth in Figure 5 and above the MTZ in Figure S4 in Supporting Information S1) and completely
(from O to 660 km depth in Figure S5 in Supporting Information S1) respectively. The tests confirm that if the
low-velocity features, in particular the EARS “curtain” and the Levant anomalies, were not present in the Earth,
then they would not appear in the model as a result of smearing due to insufficient data sampling. Thus, these
anomalies are unlikely to be artifacts and our model resolves them accurately.

4. Discussion
4.1. Star-Shaped Plume Head Beneath the East African-Arabian Lithosphere

Evidence for elevated mantle temperatures beneath East Africa-Arabia has come from different lines of
evidence. Mantle xenoliths derived from alkaline rocks in Saudi Arabia indicate abnormally high temperatures
>1200°C at the top of the uppermost mantle beneath the Arabian shield (A. H. Ahmed et al., 2016; Mcguire &
Bohannon, 1989). Geochemical analyses on EARS lavas found thermal anomalies of up to 170°C above the ambi-
ent upper mantle (Rooney et al., 2012). These values fall within the thermal excess range of 100-200°C estimated
by converting seismic velocity to temperature through a thermodynamic approach (Civiero et al., 2015, 2016),
numerical modeling of lithospheric extension and mantle melting (Armitage et al., 2015), petrogenic modeling
(Ferguson et al., 2013) and receiver function analyses (Rychert et al., 2012). These temperature estimates are
close to the low end of the global temperature range of LIPs (Rooney et al., 2012), despite the strong low-velocity
anomalies imaged in the mantle. Deep partial melting is likely to be required to account for the low seismic
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velocities. Plate stretching during rift development may have produced a large amount of decompression melt in
the asthenosphere that can explain the low seismic velocities observed in the upper mantle beneath the region
(e.g., Bastow et al., 2010). Rooney (2010, 2020a, 2020b) showed that melt sources beneath East Africa lie both
in the lithosphere and convecting upper mantle and suggested that depleted mantle and lithospheric material may
have mixed together with the AP melts.

The relatively high temperatures and melt in the asthenosphere, the pronounced uplift of the surface, and the
temporal (pulsed) continuity of the volcanism since ~45 Ma indicate that a single plume head may be pond-
ing beneath the thin-lithosphere corridors. Ponding and channeling of hot plume material in thin-lithosphere
areas, as well as plume viscous fingering in the asthenosphere, have been proposed previously (e.g., Ebinger &
Sleep, 1998; Lees et al., 2020; Schoonman et al., 2017; Steinberger et al., 2019). However, direct observational
evidence on the morphology and evolution of the volumes of hot rock, especially in the case of ancient LIPs, has
been scarce or missing. Our detailed new images of the hot-rock volume beneath the East Africa-Arabia region,
combined with the evidence from volcanism, suggests that this volume can, indeed, be seen as the plume head
itself, resulting from three separate upwelling stems. The plume material would first have to occupy pre-existing
areas with relatively thin lithosphere, beneath what is now the EARS and western Arabia, and then new ones were
created by lithospheric stretching and rifting and by the thermo-chemical erosion of the lithosphere by the plume.
This large body of hot, partially molten rock, occupying a system of interconnected thin-lithosphere channels,
would have shaped as a three-pointed star with time and sustained all the broadly distributed, protracted, evolving
LIP volcanism.

Lateral asthenospheric flow within the East Africa-Arabia plume head is evidenced by seismic anisotropy. Overall,
shear-wave splitting measurements show the alignment of fast-propagation directions within the three branches
parallel to the branch orientations (e.g., Bagley & Nyblade, 2013; Gao et al., 2010; Kendall et al., 2005, 2006;
Qaysi et al., 2018). This is consistent with north-south flow of hot plume material within the western-Arabia
branch and within the EARS ‘curtain” anomaly and with eastward flow beneath the Gulf of Aden (Figure 4, Figure
S6 in Supporting Information S1). Besides, a more recent study of mantle anisotropy (Andriampenomanana
etal., 2021) found NNE-NE fast polarization directions further south, in northeastern Uganda and in southeastern
Tanzania, which were attributed to an overall northerly orientation of the sublithospheric mantle flow across East
Africa. We do not exclude, however, that a component of melt-induced anisotropy may play a role, contributing
to SKS splitting together with the asthenospheric flow mechanism, in some locations, including the transitional
northern Ethiopian Rift, as suggested by Kendall et al. (2006, 2005).

4.2. Three Deep Mantle Upwellings: Afar Plume, Kenya Plume, and Levant Plume

The low-velocity anomalies that we map beneath the East Africa-Arabia region are confirmed by other regional
tomographic models, computed with other data and methods (e.g., Bastow et al., 2008; Chang & Van der Lee,
2011; Civiero et al., 2019; Koulakov et al., 2016; Montagner et al., 2007; Sicilia et al., 2008; Yao et al., 2017).
Some studies image connected low-velocity anomalies in the upper mantle beneath the EARS and western Arabia
(Chang & Van der Lee, 2011; Debayle et al., 2001; Montagner et al., 2007; Sicilia et al., 2008). Other seismic
models show separated and localized low-velocity bodies below Ethiopia and Kenya (Bastow et al., 2008; Montelli
et al., 2006; Park & Nyblade, 2006). The overall similarity with the other models provides further evidence for
the presence of partially molten rock beneath the region, which rather than spreading as a circle and disappear-
ing, has morphed into a complex shape by the LAB (Figure 1). Our model offers an improvement compared to
previous studies as it clearly shows that this body extends continuously along the three thin-lithosphere corridors,
with anomaly amplitude lower than —6% everywhere within them, which requires high temperature and partial
melting (e.g., Armitage et al., 2015; Civiero et al., 2016; Fullea et al., 2021; Rooney et al., 2012).

The sprawling plume head continues to be fed by hot upwellings from the deep mantle. The (sub-)vertical
low-velocity anomalies interpreted as the tails of the three mantle plumes have been imaged in generally similar

Figure 5. Structural resolution test 1. The seismic structure below the East Africa-Arabia region are removed in the input (top panels) at depths >150 km. The output
model (middle panels) shows that the curtain-like anomaly does not appear at depths greater than 150 km, thus confirming that it is a real feature in our model and
that the Kenya Plume and Afar Plume extend through the transition zone. Although an amount of spurious structure is mapped in the transition zone below the Levant
region, the amplitude of the anomaly is much weaker than that imaged in our model (bottom panels) and does not impact the interpretation of the Levant Plume. The
orientations of the cross-sections are plotted in the 110-km depth slice and are the same as those in Figure 4. Major plate boundaries are plotted as green lines. White
points indicate the distance every 2°. The dotted line in the cross-sections indicates the 410-km depth discontinuity.
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positions in the S-wave tomography model of Chang and Van der Lee (2011), using a different data set and
methodology. Having resolution also in the lower mantle, their model shows that the anomalies extend deeper
than the MTZ down to at least 1,400-km depth. Our upper-mantle results also show broad agreement with the
continental-scale ambient-noise tomography images of Emry et al. (2019), which provide evidence of two distinct
low-velocity features below Afar and Kenya in the MTZ. By contrast, Hansen et al. (2012) found in their P-wave
tomography a single upper-mantle low-velocity anomaly beneath East Africa-Arabia and interpreted it as the
shallower continuation of the African Superplume. The recent P-wave model of Boyce et al. (2021) suggests,
instead, that this single anomaly may split in two below the MTZ. Moreover, although not discussed in their work,
another strong low-velocity feature is imaged below the Levant region, exactly where we locate the tilted LP. This
is also consistent with the P-wave model of Koulakov et al. (2016), which images a tilted low-velocity anomaly
below the Arabian Plate, interpreted as a hot mantle upwelling deflected westward by the Arabian Platform after
impinging onto its thick lithosphere.

The elevated temperatures in the MTZ indicated by the low velocities where the three plumes (AP, KP, and
LP) rise through it are confirmed by independent evidence from several receiver-function studies. Differential
arrival times of the P-to-S conversions at the 660- and 410-km discontinuities indicate anomalously thin—and,
thus, anomalously hot (e.g., Lebedev et al., 2003)—MTZ below Iraq, Afar, and Kenya (Boyce & Cottaar, 2021;
Kaviani et al., 2018; Mulibo & Nyblade, 2013; Sun et al., 2017; Thompson et al., 2015) (Figure 6).

Whole-mantle, body-wave tomography yields further complementary evidence on the deep plume structure. The
surface-wave and regional body-wave waveforms that constrain our model offer the best available sampling of
the lithosphere and asthenosphere, with resolution down to the MTZ. The teleseismic body-wave tomography,
by contrast, has the best resolution in regions with dense coverage with crossing teleseismic rays, normally in the
lower mantle and the MTZ (and in the upper mantle beneath regions with a lot of seismic stations or sources).
Body-wave tomography models confirm the plume anomalies we identify in the MTZ (Figure 7, Figure S7
in Supporting Information S1). In particular, the high-resolution UU-P07 model (Amaru, 2007) shows similar
low-velocity anomalies extending through the MTZ beneath Kenya, Afar and Levant regions, confirming the
occurrence of the three plumes (Figure 7). It can also complement our results by providing information on the
continuity of the anomalies into the lower mantle. The anomaly beneath Kenya extends down to the core-mantle
boundary, whereas the structure beneath Afar and Levant is more complex, with prominent high-velocity
anomalies disrupting the continuity of the low-velocity columns (Figure 7, Figures S8 and S9 in Supporting
Information S1).

Most global tomography models capture a high-velocity body that truncates the Levant low-velocity feature in
the lower mantle (in the ~1,200 to 1,800 km depth range) and connects with the high-velocity anomalies at the
same depths below Afar (Figure 7, cross-section D-E and Figure S8 in Supporting Information S1). According
to a recent catalog of subduction zones of van der Meer et al. (2018), the high-velocity anomaly is probably the
Arabian slab, subducted northeastward along the Eurasian margin during the Late Cretaceous. This body has
been identified also in the recent work of Chang et al. (2020) as the subducted Tethyan slab, which interacted with
the AP and detached it from the core-mantle boundary. Our “vote map” images suggest that the AP and LP may
originate from the same source region at the core-mantle boundary below Arabia-offshore Somalia. This would
be in agreement with the hypothesis proposed by Koulakov et al. (2016), of a mantle plume beneath the Arabia
Peninsula tilting toward west and feeding the surface volcanism. Subducting lithosphere from an ancient subduc-
tion system may be disrupting the upwelling in the lower mantle and splitting it into narrower plumes beneath
Afar and Levant. Alternatively, the two plumes may be entirely separate, as proposed by Boyce et al. (2021),
and both perturbed and deflected by the sinking slab material (Chang et al., 2020) (Figure S10 in Supporting
Information S1).

The “curtain” seismic anomaly below East Africa—a narrow, dyke-like feature extending from the surface into
the MTZ—is a exceptional phenomenon, observed nowhere else on Earth, according to global tomography (e.g.,
French & Romanowicz, 2014; Schaeffer & Lebedev, 2013). Its location between the AP and KPs, located only
1,000 km from each other, is likely to be responsible for its formation, with the flow of hot material in the upper
mantle between the two upwellings the probable mechanism. Our model shows that the EARS “curtain” anomaly
is continuous and nearly uniform at the scales of a few 100 km. Superimposed on this large-scale pattern, it may
also comprise smaller-scale heterogeneity, detected by regional tomographic studies (Civiero et al., 2016, 2019).
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Figure 6. Transition zone thickness from P-wave receiver functions and the average S-wave velocity anomaly within the
transition zone. The points, spaced at 1.5°, show the transition zone thickness anomaly from Kaviani et al. (2018) (a),
Thompson et al. (2015) (b), Sun et al. (2017) (c), and Boyce and Cottaar (2021) (d). The nearneighbor interpolation method
available in GMT is used. Negative values indicate thinning of the transition zone; positive values indicate thickening of the
transition zone relative to the reference value of 250 km. The maps also show the average shear-wave speed (dV) anomaly

in the 410-660 km depth range, according to our tomography. Note the consistency between the location of the subduction
zones in the north and the thickening of the transition zone. There is also a strong correlation at the location of the Levant
Plume, Afar Plume, and Kenya Plume stems between the thinning of the transition zone and the low-velocity anomalies, with
both independent lines of evidence indicating anomalously high temperatures.

4.3. Evolution of the East Africa-Arabia System

Basaltic rock ages show that the EARS volcanism first started in southern Ethiopia at ~45 Ma with a low erup-
tion rate (~0.003 km? yr~!) (Davidson & Rex, 1980; Ebinger et al., 1993; George et al., 1998; Rooney, 2017)
(Figure 2). At that time, plate-tectonic reconstructions locate the KP below northern Ethiopia (see Figure 8,
Figure S11, and Text S2 in Supporting Information S1). Assuming stationary plumes beneath moving litho-
spheric plates, this suggests that the KP has thermo-mechanically eroded the lithosphere and caused the early
flood basalts in southern Ethiopia, once the lithospheric thinning was sufficient to sustain substantial decom-
pression melting. After the impingement, the KP formed a NNE-SSW-oriented line of volcanic edifices, termi-
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Figure 7. Comparison of our tomographic model with the global P-wave
model UU-PO7. The map views (top panels) are plotted at 110 km depth. The
orientations of the cross-sections are plotted in the 110-km depth map view of
our model and are the same as in Figure 4. The dotted lines indicate the 410-
and 660-km depth discontinuities. White points indicate the distance every 2°.

nating around Lake Victoria where the plume is currently located. To the
north, the AP impacted the thick Arabian Platform lithosphere at ~30 Ma
and triggered abundant volcanism in the northern Ethiopia-Yemen area (the
Red Sea was not formed yet), where the lithosphere was thinner. The great
volume of these flood basalts is reflected in a peak in volcanism at this time
(~0.024 km? yr~! eruption rate) (Ebinger et al., 1993; George et al., 1998;
Rooney, 2017), followed by another, lower peak (~0.09 km? yr~!) in the Late
Neogene, associated with the current activity of the AP (George et al., 1998)
(Figure 2b). At 20-30 Ma, the LP impacted the base of the thick Arabian
Platform lithosphere (Stern & Johnson, 2010). The plume material ascended
westward into a thinner-lithosphere area and gave rise to the volcanism in
the Levant region, eventually merging with the plume material beneath west-
ern Arabia (Figure 9). The more localized volcanic events occurring after
~20 Ma are likely associated with lithospheric extension and focused on the
developing rift (Rooney, 2017). However, it is now evident from our new
tomographic observations that the plumes continue to influence volcanism in
extending areas throughout the region.

The rate of the southward propagation of the East-African volcanism in
the Africa reference frame (Figure 2c) does not exceed the rate of Africa's
northward absolute plate motion (Figure 8). This indicates that the KP mate-
rial did not flow south beneath Africa, probably due to the lack of a suita-
ble thin-lithosphere channel. The passage over the KP, however, may have
thinned the African lithosphere, facilitating the flow of the plume material
northward. A contribution of mantle material flowing northerly and trigger
for flood-basalt volcanism may be attributed to an another plume located
between the KP and AP, as evidenced by the paleo-reconstruction model of
Vicente de Gouveia et al. (2018).

The active, star-shaped plume head ponded below the East African-Arabian
lithosphere is a unique feature on the Earth at present. Its structure and evolu-
tion, however, give us an insight into the likely mechanism of emplacement
of many continental LIPs. The volcanism in the Central Atlantic Magmatic
Province and the North Atlantic Igneous Province, for example, is protracted
in time and dispersed over areas thousands of kilometers across and it has
been debated whether they could be considered single magmatic provinces
at all (Beccaluva et al., 2020; Steinberger et al., 2019). Similarly to what we
are observing today in East Africa-Arabia, variations in the continental lith-
osphere thickness—pre-existing and unrelated to rifting and evolving due to
rifting and plume-lithosphere interaction—must have morphed plume heads
into star-like shapes at the base of the lithosphere and caused the enigmatic
broad and uneven distributions of volcanism in these and other LIPs (Ebinger
& Sleep, 1998; Peace et al., 2020; Steinberger et al., 2019).

If we consider the plume head, broadly, as the large volume of plume material
ponding and spreading beneath the lithosphere and supplied via the thin plume
stem (Morgan, 1971; Sleep, 1997; White & McKenzie, 1989), then a star
shape of this volume can explain, for example, the widely distributed volcan-
ism that occurred in the North Atlantic Igneous Province just before the open-
ing of the northeast Atlantic Ocean. In this case, one of the thin-lithosphere
corridors cut east-west across central Greenland, likely created by the passage
of Greenland over the Iceland Plume (Lebedev et al., 2018). The corridor

then provided a conduit for the flow of the Iceland Plume material that is thought to have produced the simulta-
neous volcanism at the western and eastern coasts of Greenland (Steinberger et al., 2019). Other thin-lithosphere
areas extending toward Ireland, Britain and Norway, may have channeled the plume material eastwards and given
rise to the volcanism in these regions (Lebedev et al., 2021; Rickers et al., 2013; White & Lovell, 1997). Shortly
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Figure 8. Hotspot tracks and plate-tectonic reconstructions. (a) Tracks of the Afar, Kenya, and Levant Plumes (AP, KP, and
LP; yellow diamonds), according to the plate-tectonic reconstruction of Torsvik et al. (2019). The seismic tomography model
plotted in the map view is at 110 km depth. (b—d) Plate-tectonic reconstructions at 40 Ma (b) and 20 Ma (c) and the present-
day map (d). The red structure highlighted is the “curtain” low-velocity anomaly beneath EARS, enclosed by a dVs = —2.5%
contour. At 40 Ma (b), the curtain has not formed yet (white), the KP has arrived at the base of the lithosphere (yellow
diamond), and AP and LP are still rising in the mantle (white diamonds). At 20 Ma (c), the material from the three plumes—
KP, AP and LP—is spreading below the lithosphere and feeding volcanism at the surface (yellow diamonds), with the curtain
developing. At present (d), the curtain anomaly between KP and AP has formed, and the three plumes are all active.

after the opening of the northeast Atlantic Ocean, the plume material was captured in the thin-lithosphere valleys
beneath the Mid-Atlantic Ridge (Celli et al., 2021; Sleep, 1997; Steinberger et al., 2019). In the Central Atlantic
Magmatic Province, voluminous flood basalts cover a large area in South America that is underlain by a corri-
dor of relatively thin lithosphere, situated between thick cratonic blocks (Boscaini et al., 2022; Celli, Lebedeyv,
Schaeffer, Ravenna, & Gaina, 2020; Chagas De Melo et al., 2022), which indicates that a large volume of plume
material was channeled into it. These examples illustrate that the thin-lithosphere channels can be created not
only by rifts, such as those radiating from the Afar triple junctions, but also by other processes, such as the
passage of a lithospheric plate above the plume, or simply be pre-existing areas of thinner lithosphere. Numerical
modeling studies corroborate the idea that the passage of a plate over a plume can erode lithosphere and create
thin-lithosphere channels (e.g., Burov & Gerya, 2014; Heyn & Conrad, 2022; Koptev et al., 2017, 2018; Sobolev
etal., 2011).

5. Conclusions

The East Africa-Arabia region is the one place on Earth where we can witness plume-lithosphere interaction in
the context of a LIP emplacement. Like many ancient LIPs, it features volcanism scattered over a very broad area
and protracted in time. Unlike with ancient LIPs, here we can observe the large body of hot, partially molten rock
that extends beneath all the volcanic areas and, in all probability, gives rise to most of the sustained volcanism.
We interpret our tomography as a snapshot of an extant, integral plume head, developing over the last ~45 Ma
and contained within a system of thin-lithosphere corridors. The plume-lithosphere interaction, suggested by our
results, is characterized by a complex feedback between the lithospheric thickness variations, ponding and chan-
neling of hot material in thinner-lithosphere areas, and the thinning of the lithosphere due to rifting and erosion
by the hot plume material.
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Figure 9. Evolution of the East Africa-Arabia plume head. The light-brown band on the maps indicates the location of the
schematic cross-section. 40 Ma: the Kenya Plume impacted the lithosphere and generated volcanism below Ethiopia, with
the Afar and Levant Plumes still rising in the mantle. 20 Ma: the plume material merged between the Kenya and Afar Plume
stems, with volcanism observed throughout, and the Levant Plume reached the lithosphere in the Mesopotamia region. At
present, the three plumes are feeding an integral East Africa-Arabia plume head, with dispersed volcanism and surface uplift
above it.
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