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Abstract Ethiopia's Cenozoic flood basalt magmatism, uplift, and rifting have been attributed to one or
more mantle plumes. The Nubian plate, however, has drifted 500-1,000 km north since initial magmatism at
~45 Ma, having developed above mantle that now underlies the northern Tanzania craton and the low-lying
Turkana Depression. Unfortunately, our knowledge of mantle wavespeed structure and mantle transition zone
(MTZ) topography below these regions is poorest, due to a historical lack of seismograph stations. The same
data gap means we lack constraints on lithospheric structure in and around the NW-SE trending Mesozoic
Anza rift. We exploit data from new seismograph networks in the Turkana Depression and neighboring
northern Uganda to develop AFRP22, a new African absolute P-wavespeed tomographic model that resolves
whole mantle structure along the entire East African rift system. We also map MTZ thickness using Ps
receiver functions. East Africa's thinnest MTZ (~25 km thinning) underlies the northwest Turkana Depression.
AFRP22 reveals a co-located, previously unrecognized, slow wavespeed plume tail, extending from the MTZ,
deep into the lower mantle. This plume may thus have contributed, along with the African Superplume, to the
development of the 45-30 Ma flood basalt province that preceded extension. Pervasive sub-lithospheric slow
wavespeeds imply that Turkana's present-day low elevation is explained best by Mesozoic and Cenozoic-age
crustal thinning. At ~100 km depth, AFRP22 illuminates a fast wavespeed SE Ethiopian plateau. In addition
to governing the northernmost limit of Mesozoic Anza rifting, the refractory nature of this lithospheric block
likely minimized Cenozoic flood basalt magmatism there.

Plain Language Summary The Ethiopia-Yemen plateau is capped by Earth's youngest continental
flood basalt province. Its development, and that of the East African Rift that bisects it, has been linked to the
presence of one or more mantle plumes. However, the African plate has moved 500-1,000 km north since the
initial flood basalt phase at ~45 Ma, meaning the mantle that underlies it is now overlain by northernmost
Uganda and the low-lying Turkana Depression. The Depression separates the Ethiopia-Yemen and East African
plateaus and was once the site of failed NE-SW rifting in Mesozoic time (S. Sudan and Anza rifts). Here, we
use two complementary techniques to image the mantle beneath East Africa using new recordings of distant
earthquakes collected in the Turkana Depression and northernmost Uganda alongside existing data from across
Africa. Combined, these methods help illuminate where hot mantle rock has risen to the surface within mantle
plumes and resulted in magmatism. Intriguingly, East Africa's hottest mantle today, at transition zone depths,
underlay the Ethiopian flood basalt province at 30 Ma. At shallower depths, a fast seismic wavespeed zone

in SE Ethiopia, which was unaffected by flood basaltic magmatism, likely controlled the location of earlier
episodes of failed Anza rifting.

1. Introduction
1.1. Overview

The uplifted Ethiopian-Yemen plateau is home to the world's youngest continental flood basalt province
(Figure 1). The East African plateau lies to the south, but continuous high elevation in East Africa is broken
by the low-lying, ~300-500 km wide Turkana Depression of southernmost Ethiopia/northern Kenya. Ceno-
zoic development of uplifted plateaus, along with that of the East African Rift (EAR) system that bisect them,
has long been linked to a plume-affected mantle (e.g., Ebinger & Sleep, 1998; George et al., 1998; Ritsema
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et al., 1998; Rogers et al., 2000). However, consensus on the number of mantle plumes that underlie East Africa,
as well as their morphology and depth extent, is lacking (e.g., Boyce et al., 2021; Chang & van der Lee, 2011;
Civiero et al., 2015; Emry et al., 2019; Pik et al., 2008; Tsekhmistrenko et al., 2021). Of particular importance in
our understanding of Ethiopia's hotspot tectonism is present-day seismic structure below the 300-500 km-wide
Turkana Depression of southernmost Ethiopia and northernmost Kenya (Figure 1). The Ethiopia-Yemen High-
lands overlay these regions 30 Ma ago, before Africa drifted ~500—1,000 km north to its present day position
(e.g., Miiller et al., 2018). Unfortunately, a historical paucity of seismograph stations has rendered it impossible
to confidently resolve whole mantle wavespeed and mantle transition zone topography below this critical region,
meaning plume-flood basalt province correlations are difficult to substantiate. The Turkana Depression itself
represents a geodynamical puzzle too: specifically whether it owes its low-lying nature (~500 m) to crustal thin-
ning (e.g., Benoit, Nyblade, & Pasyanos, 2006; Ogden et al., 2023), or a lack of mantle dynamic support (e.g.,
Rogers et al., 2000). The extent to which the location of the failed, NW-SE-trending Mesozoic-age Anza rift was
influenced by lithospheric heterogeneity and its connection to the Central African rift system in Sudan are also
poorly constrained.

Utilizing broadband seismic data recorded by two recent temporary seismograph networks in the Turkana Depres-
sion and neighboring northern Uganda, we develop a new African absolute P-wavespeed tomographic model
(AFRP22), and a P-to-s receiver function study of the mantle transition zone, providing the first such constraints
between East Africa's two uplifted plateaus. The presence of warm upwelling material typically results in slow
seismic wavespeeds and a thinned mantle transition zone (MTZ) due to the opposing Clapeyron slopes of the
d410 and d660 phase transitions (e.g., Helffrich, 2000). In tandem, these methods allow us to explore the ther-
mochemical state of the mantle both in present-day and 30 Ma plate configurations. At uppermost mantle depths
our tomographic models allow us to distinguish slow-wave speed zones associated with present-day rifting, from
fast wave speed lithospheric structures that have resisted thermomechanical erosion.

1.2. Tectonic Setting

The Cenozoic EAR extends from Afar to southern Africa, traversing the elevated Ethiopia-Yemen (~2.5 km)
and East African plateaus (~1.5 km) as well as seafloor east of the continent (Figure 1). The low-lying,
300-500 km-wide, Turkana Depression separates the two plateaus, where the Main Ethiopian Rift and East-
ern Rift branches of the EAR meet. The Depression has hosted multiple, superposed phases of rifting: during
the Cretaceous (130-80 Ma), Paleogene (66-50 Ma) and Miocene-recent (25-0 Ma; Ebinger et al., 2000;
Morley et al., 1992). The first two phases constituted the failed NW-SE-trending Anza and S. Sudan rifts
(Macgregor, 2015; Purcell, 2018), which are now traversed orthogonally by the N-S-trending EAR (Figure 1).

East Africa's pre-Cenozoic rift lithosphere comprised numerous Archean cores (e.g., the Tanzania craton;
Figure 1) that sutured along Proterozoic-age mobile belts during the East African Orogen (700-550 Ma; Fritz
et al., 2013). Subsequent rifting has generally localized to these mobile belts, though preserved remnants of
island-arc terranes and/or stacked microcontinents within them have also influenced the development of Meso-
zoic and Cenozoic rifting (e.g., Kounoudis et al., 2021). Below southeasternmost Ethiopia, the reason for the lack
of rifting and magmatism, is uncertain.

The main phase of Cenozoic magmatism and uplift in East Africa is often attributed to the presence of one or
more mantle plumes (e.g., Ebinger & Sleep, 1998; George et al., 1998; Nelson et al., 2012; Pik et al., 2003;
Rooney, 2017). Ebinger and Sleep (1998) suggest that plume material impinged on East African litho-
sphere below the Turkana Depression ca. 45 Ma, concurrent with earliest East African magmatism (Furman
et al., 2006; George et al., 1998). Although the Turkana Depression is low-lying in comparison to the elevated
plateaus, it too has experienced 0.6 km of uplift since the Neogene, prior to which it was close to sea-level
(Brown & McDougall, 2011). The Turkana Depression's significantly thinned crust (e.g., Benoit, Nyblade, &
Pasyanos, 2006; Ogden et al., 2023) allows the possibility that the elevated East African and Ethiopia-Yemen
plateaus are part of a single geodynamic setting, all underlain by buoyant plume-influenced mantle.

1.3. Previous Mantle Tomography and Transition Zone Receiver Function Studies

A common feature in global tomographic studies is a broad, slow wavespeed zone originating at the core-mantle
boundary (CMB) beneath southern Africa, often termed the African Superplume (e.g., Li et al., 2008; Ritsema
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Figure 1. (a) Elevation in East Africa. The Ethiopia-Yemen (EYP) and East
African (EAP) topographic plateaus are separated by the Turkana Depression

et al., 1999). Numerous authors (e.g., Civiero et al., 2015, 2019; Emry
etal.,2019; Montagner et al., 2007) suggest the African Superplume splits into
several, laterally distinct, slow wavespeed plume stems in the upper mantle
along the EAR. Others have hypothesized that two or three distinct plume
heads (e.g., Chang & van der Lee, 2011;Chang et al., 2020; Pik et al., 2008;
Tsekhmistrenko et al., 2021), and/or two distinct deep-seated mantle plumes
may underlie the region (Boyce et al., 2021; Montelli et al., 2006).

Continent-scale ambient noise (Emry et al., 2019), surface-wave (Celli
et al., 2020; Civiero et al., 2022), body-wave (Boyce et al., 2021; Hansen
et al., 2012) tomography, and their joint inversion (Chang & van der

Lee, 2011), image the Turkana Depression as a broad anomalously slow

— Normal Faults @ Neoproterozoic

+ Quaternary Vole. B Mesoproterozoic wavespeed zone. However, these tomographic studies lack seismograph
[ Paleogene Rifts [ Paleoproterozoic . sl . . .. . .
B Cretaceous Rifts B Archean station coverage within the Depression itself. Similarly, while RF studies

Cenozoic Magmatism . . ..
of the East African mantle reveal a thinner mantle transition zone below

southern Ethiopia, than below the Main Ethiopian Rift to the north and
the Eastern and Western Rifts to the south (e.g., Benoit, Nyblade, Owens,

(TD). Dashed black lines: National boundaries. (b) Broad-scale East African & Stuart, 2006; Boyce & Cottaar, 2021; Cornwell et al., 2011; Mulibo &
tectonics modified after Begg et al. (2009) and Kounoudis et al. (2021). Inset: Nyblade, 2013; Nyblade et al., 2000; Owens et al., 2000; Reed et al., 2016;
Study region within Africa. AF: Afar Depression, AR: Anza Rift, ER: Bastern  Sun et al., 2017; Thompson et al., 2015), transition zone structure below the

Rift, LT: Lake Turkana, LV: Lake Victoria, MER: Main Ethiopian rift, SR:

Turkana Depression remains unconstrained. Recent work has however inves-

South Sudan Rift, TC: Tanzanian Craton, WR: Western Rift.

tigated the presence of upper mantle discontinuities here (Pugh et al., 2023).

Kounoudis et al. (2021) used data spanning the period January 2019 to

September 2020 from the recently deployed Turkana Rift Arrays Investigat-
ing Lithospheric Structure (TRAILS) seismic network to construct a relative arrival-time tomographic model
centered on the Turkana Depression. Their images show low wavespeeds throughout the Turkana Depression's
upper mantle, implying there is no evidence for a break in dynamic support between the uplifted Ethiopia-Yemen
and East African plateaus. Instead, crustal RF analysis (Ogden et al., 2023) shows a 20-30 km-deep Moho
below the TRAILS network, implying that the region's low elevations can be explained adequately by crustal
thinning alone. Shallower than 150 km depth, Kounoudis et al. (2021) illuminate a narrow (~50 km-wide), NW—
SE-trending, fast wavespeed band, interpreted as Proterozoic-age refractory lithosphere, sitting atop a diffuse low
wavespeed anomaly. However, their study lacked broadband seismograph station coverage in northern Uganda
and on the SE Ethiopian plateau. Further, their use of relative, not absolute arrival-time data, precludes the possi-
bility of direct comparison of anomaly amplitudes with terranes to the north and south of the Turkana Depression,
due to removal of the background mean in the calculation of relative arrival-times (e.g., Bastow, 2012).

2. Body-Wave Mantle Seismic Tomography
2.1. New Absolute Arrival-Time Data

New broadband seismic data come from permanent GEOFON station LODK in Kenya, and recent tempo-
rary networks in the Turkana Depression (Bastow, 2019; Ebinger, 2018; Kounoudis et al., 2021), northern
Uganda, (Andriampenomanana et al., 2021; Nyblade, 2017), Mozambique (Fonseca et al., 2014; Helffrich &
Fonseca, 2011) and Namibia (Durrheim & Nyblade, 2009; Nyblade, 2015). Following the Absolute Arrival-time
Recovery Method (AARM; Boyce et al., 2017), we align waveforms following VanDecar and Crosson (1990)
to form a high signal-to-noise ratio stack, on which first arrival-times are picked manually. This process yields
13,455 direct and 1299 core P-wave absolute arrival-times (Figure 2a) for use in subsequent global-scale tomo-
graphic inversion. Earthquake, station, and mean P-wave absolute arrival-time residual distributions are shown
in Figures S1-S3 and S4-S12 in Supporting Information S1 show additional details of the procedure used to
determine arrival-times for each temporary network.

Prior to tomographic inversion, absolute arrival-times are corrected for station elevation and Earth's ellipticity
(following Kennett & Gudmundsson, 1996). We also apply a crustal (Moho depth) correction using Crust1.0
(Laske et al., 2013), supplemented wherever possible by RF and wide-angle seismic constraints (Figures S13 and
S14 in Supporting Information S1). To the earlier crustal model compiled by Boyce et al. (2021), we add data
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Figure 2. (a) Mean absolute arrival-time residuals, corrected for Earth ellipticity and station elevation, throughout East
Africa. Negative residuals indicate early arrivals; positive residuals indicate late arrivals with respect to ak135 (Kennett
et al., 1995). (b) Receiver function P410s/PP410s/PKP410s piercing points.

from numerous authors (Braile et al., 1994; Heit et al., 2015; Mechie et al., 1994; Ogden et al., 2023; Prodehl
et al., 1994). Correcting a sign error in the implementation of the topographic and ellipticity travel-time correc-
tions in Boyce et al. (2021) renders delay times slightly earlier in this study, but also improves imaging of shallow
mantle features beneath East Africa. Specifically, an decrease in the mean of 87,184 recalculated arrival-times
from Boyce et al. (2021) by 1.3 s, yields a minor increase in the average wavespeed anomaly of the resulting
tomographic model by 0.087%, with respect to ak135.

2.2. Absolute P-Wavespeed Tomographic Inversion

We use the “EHB” global data set of mantle and core phases recorded from 1964 to 2004 (Engdahl et al., 1998), to
constrain the background Earth model, alongside the AARM-derived data set described in Section 2.1. We follow
the absolute P-wavespeed tomographic inversion approach of Li et al. (2008) and Boyce et al. (2021). Initially,
rays traced through the 1D reference model ak135 are clustered into composite rays according to station and
earthquake proximity. Composite rays are weighted by the square root of the number of rays within each cluster
(Karason & Van der Hilst, 2001). Cells within the initial regularly parameterized global grid (45 km in depth,
0.35° in latitude and longitude), are combined with adjacent cells to obtain a minimum sampling of 900 rays per
cell (Figure S15 in Supporting Information S1). We solve for hypocenter mislocation and slowness perturbations
with respect to ak135 on the adaptively parameterized grid using an iterative, linearized, least squares inversion
approach to minimize the cost function:

€ = w||Gm—d|]* + M| Lm|* + A ||m]|]*. (€))

Comparison between the sensitivity matrix G, model, m, and data d, is weighted by w in the first term. In line
with Boyce et al. (2021), we impose a weighting three times greater for the AARM derived African data sets
compared to the EHB global data set (e.g., Kérason & Van der Hilst, 2001; Li et al., 2008). Regularization is
applied through smoothing in the second term, using the first derivative smoothing operator in horizontal and
vertical directions, L, and damping by the model norm in the third term. Weights associated with these terms are
applied by 4, chosen via trade-off analysis. We independently vary the horizontal gradient smoothing and the
vertical gradient smoothing, prior to varying both together, to select an appropriate model close to the “knee” of
the combined trade-off curve (Figure S16 in Supporting Information S1). Although our model is global in scope,
we focus our attention primarily on East Africa where significant resolution gains have been made over previous
studies (e.g., Boyce et al., 2021; Celli et al., 2020; Hansen et al., 2012).

2.3. Tomographic Resolution Assessment

We test the resolution of realistic upper mantle structures, various plume configurations and checkerboard anom-
alies (Figure 3; Figures S17-S31 in Supporting Information S1). We invert synthetic arrival-time data, calculated
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Figure 3. Structural resolution test of variable wavespeed structure in the upper mantle (a, d, and g—i) compared to AFRP22 (c, f). Input anomaly amplitudes are

6V, = £2.0%. The input narrow north-south slow wavespeed anomaly below the Turkana Depression is 3° wide in longitude and extends to 250 km depth. Meanwhile,
to the north, the narrow east-west fast wavespeed band is 2° wide in latitude and extends to 150 km depth. Yellow circles: “EHB” stations; red triangles: seismograph
stations analyzed here. Visual defects within input models arise from coarse adaptive parameterization due to poor ray path sampling. Other labels as in previous
figures.
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using identical ray paths to observed data, including 0.2 s standard deviation Gaussian noise. Figure 3 indicates
good horizontal and vertical resolution of upper mantle slow wavespeeds below the Ethiopia-Yemen plateau.
The narrow, N-S-oriented slow wavespeed anomaly (3° width) in northern Kenya, is well recovered spatially, but
with reduced amplitudes, especially toward the south. The edges of adjacent fast velocity features are smeared
laterally. Our model cannot recover a narrow (2° width) fast wavespeed band at 100 km depth in southernmost
Ethiopia, not dissimilar to that seen by Kounoudis et al. (2021, see Section 1.3). Shallow mantle slow wavespeeds
below the Turkana Depression and northern Kenya are smeared vertically and so cannot be clearly separated in
depth from an anomaly below the MTZ. Slow wavespeeds below the MTZ are reasonably well constrained later-
ally however (Figures 3j and 31).

Further resolution tests for one, two and three isolated slow wavespeed anomalies below the Ethiopia-Yemen
plateau, the East African plateau and the Turkana Depression, over a range of depth extents are documented in
Figures S17-S20 in Supporting Information S1. Lateral smearing is relatively minor between anomalies in the
upper mantle, but increases toward 1,000 km depth. Below the transition zone, vertical smearing of a few hundred
kilometers occurs. A slow wavespeed anomaly below the Turkana Depression extending to the CMB, can be
resolved by AFRP22 (Figure S20 in Supporting Information S1) but with reduced amplitudes below 1,500 km
depth. Narrow (~2-3° width), upper mantle slow wavespeed anomalies are partially resolvable below dense
station coverage (Figure S21 in Supporting Information S1). Figure S22 in Supporting Information S1 shows
the resolution of cratons and two whole mantle plumes. The broad (14°-28° wide), inclined slow wavespeed
anomaly extending to the lower mantle below southern Africa is reasonably well recovered throughout the entire
mantle (recovery amplitude >60%. The narrow (5°-10° wide), vertical slow wavespeed anomaly below Ethiopia
is well recovered above ~1,500 km depth but drops to ~30% recovery amplitude at the base of the mantle. Lateral
smearing of these two slow wavespeed anomalies increases with depth, especially below 1,500 km. Figure S23 in
Supporting Information S1 shows the recovery of a slow wavespeed, broad mid-to-lower mantle anomaly repre-
senting ponded material. Figures S24—-S25 in Supporting Information S1 shows connectivity of upper and lower
mantle anomalies may be uncertain when an amplitude reduction of ~1/3, compared to that above and below,
occurs over a 300-700 km depth interval. These tests can be compared to previous work (Boyce et al., 2021).
Resolution is mainly improved in the upper-mid mantle beneath the Turkana Depression. Traditional check-
erboard tests with anomalies for 2°-10° are presented in Figures S26-S31 in Supporting Information S1. We
conclude that in East Africa, in regions of sufficient station coverage, reliable recovery of ~300 km width anom-
alies can be expected at shallow mantle depths with >50% amplitude. Anomalies of ~500-1,000 km width are
better recovered below the MTZ in eastern and southern Africa.

2.4. Tomographic Results

Figures 4-6 show AFRP22 at a variety of scales. At 100 km depth, slow wavespeed anomalies (6V, ~ —0.9%)
underlie the Turkana Depression but drop in amplitude northwards into southern Ethiopia (6V, &~ —0.3%). The
highest amplitude slow wavespeed anomalies at 100 km depth (6V, =~ —3.0%) are below the NW Ethiopian
plateau, the Main Ethiopian Rift, and Afar (Figures 4 and 6). At 100 km depth, AFRP22 also resolves fast wave-
peed structure (6V, ~ 0.8%) below the southeasternmost Ethiopian plateau. South of the Turkana Depression,
low wavespeed structure underlies Quaternary volcanoes at 100 km depth along the eastern and western rifts
(Figures 4 and 6). At >200 km depth, slow wavespeed anomalies are relatively constant below the Ethiopia-Yemen
flood basalt province and more recent Quaternary volcanism associated with the Main Ethiopian Rift, Eastern
Rift, and Afar (6V, < —0.5%). Fast wavespeed structure (6V, > +1.0%) is also recovered below the Tanzania
craton (Figure 4), akin to other Archean cores across Africa (Figure 5a). However, the Tanzanian fast wavespeed
anomaly reduces in amplitude to 6V, < 4+0.7% at greater lithospheric depths (>100 km, e.g., Figures S32 and S35
in Supporting Information S1). Resolution tests show the observations above are robust (e.g., Figure 3; Figures
S17-S31 in Supporting Information S1). However, we cannot preclude the possibility that Tanzanian craton fast
wavespeeds are affected by both vertical smearing and/or some overprinting from underlying slow wavespeeds
(e.g., Figure 3; Figure S22 in Supporting Information S1).

In the upper MTZ (410 km depth), slow wavespeeds (6V, > —0.8%) persist continuously from Afar to the
southernmost Eastern Rift (Figure 4); anomalies below the Western Rift are comparatively low amplitude
(0.15% > 6V, > —0.15%). In the lower MTZ (660 km depth), at least two distinct slow wavespeeds anomalies
emerge (A, B, 6V, < —1.0%: Figure 4), below the Ethiopia-Yemen and East African plateaus, respectively. Anom-
aly amplitudes below the eastern Turkana Depression are lower (6V, > —0.5%).
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Figure 4. AFRP22 African tomographic depth slices at 100-900 km depth, focused on East Africa, plotted as percentage
deviation from ak135. Only the global data set constrains the gray regions, according to the projected ray paths of our
seismograph station data (See Supporting Information S1). Panels (a—c) slow wavespeed anomalies discussed in the main
text. Green star in f: plume location proposed by Vicente de Gouveia et al. (2018), distinct from any present-day upwellings
below Ethiopia-Yemen or East African plateaus. Other labels as in previous figures.

Additionally, a third slow wavespeed anomaly emerges in southwest Ethiopia at and below 660 km depth (anom-
aly C, 6V, = —0.4%, Figures 4 and 5; Figures S33-S39 in Supporting Information S1), and remains isolated
from anomalies A and B, as it persists vertically into the lower mantle (>2,300 km depth). In the lower mantle,
anomaly B persists to the south-southwest below southern Africa. Anomaly A persists to the east below the
Indian Ocean, bifurcating at ~1,600 km depth (Figure 5e). No clear amplitude reduction, compared to anomalies
above and below, are seen within anomalies A, B or C (Figure 5; Figure S35 in Supporting Information S1) to
render a connection between upper- and lower-mantle anomalies significantly uncertain (Figures S24-S25 in
Supporting Information S1). AFRP22 is visualized in 3D renderings, and compared to previous models (e.g.,
Hosseini et al., 2019; Li et al., 2008; Montelli et al., 2006; Simmons et al., 2012), in the Supporting Informa-
tion S1 Figures S36-S40 in Supporting Information S1.

3. P-to-s Mantle Transition Zone Receiver Functions
3.1. Receiver Function Data

We constrain MTZ discontinuity structure by calculating P-to-s RFs to isolate P410s and P660s converted phases,
arriving across East Africa. Our data processing procedure uses SMURFPy (Cottaar et al., 2020) and follows
Boyce and Cottaar (2021), whose data set of >28,400 RFs we supplement with newly available data, as per
6.2M,
and 6.2 M, and limit our epicentral distance ranges to 40°-90°, 100°-125° and 145°-150° respectively, to prevent

Section 2.1. We calculate P-to-s RFs from P, PP, and PKP phases using minimum magnitudes of 5.0 M,

w?

interference with other phases (Figures S41-S43 in Supporting Information S1). Our new data set comprises 467
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Figure 5. AFRP22 African tomographic model shown at the continent-scale from upper-to-lower mantle depths in map (a—f)
and cross-section (g—h). All figures plotted as percentage deviation from ak135 shown in lower right. Only the global data set
constrains the gray regions (See Supporting Information S1). Features A—C are discussed in the main text. Other labels as in
previous figures.

Pds RFs, 421 PPds RFs and 23 PKPds RFs from East African stations and a further 611 RFs from stations in
Mozambique and Namibia. d410 piercing points for the African data set are shown in Figure 2b and Figure S44
in Supporting Information S1. We window raw data from 25 s before, to 150 s after the direct-P wave, and filter
from 0.01 to 0.2 Hz. We calculate RFs using time domain iterative deconvolution (Ligorria & Ammon, 1999),
with a Gaussian pulse of 5 s or 0.2 Hz maximum width. Higher maximum frequencies, <0.9 Hz, are also tested
and subject to identical quality control. The precise quality control steps are given by Boyce and Cottaar (2021).

3.2. Stacking Techniques

We use epicentral distance (Figures S41-S43 in Supporting Information S1), depth and slowness (Figures S45—
S46 in Supporting Information S1) stacks to assess the validity of our results at continental and regional scales.
Depth stacks are constructed using RFs migrated to depth using both AF2019 (Celli et al., 2020) and AFRP22
(Section 2). To reconstruct MTZ discontinuity structure in 3D, we use common conversion point stacking (CCP;
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e.g., Dueker & Sheehan, 1997). We update the CCP stacks of Boyce and
Cottaar (2021) using identical stacking parameters and include the new RF
data. Following Boyce and Cottaar (2021), we test time-to-depth correc-
tions (accounting for elevation and the crust), for five 3D mantle abso-
lute wavespeed models against the 1D radial Earth model ak135 (Figures
S47-S48 in Supporting Information S1). We use three global S-wavespeed
models (SL2013SV, SEMUCB-WMI1 and SGLOBErani: Chang et al., 2015;
French & Romanowicz, 2014; Schaeffer & Lebedev, 2013), the African
continental S-wavespeed model AF2019 (Celli et al., 2020) and our conti-
nental P-wavespeed model AFRP22, described in Section 2. To apply the
corrections, we require a scaling factor between S-wavespeed anomalies and
P-wavespeed anomalies (or vice-versa for AFRP22). We explore the scal-
ing factor and choice of model in the next section (and Figures S49-S50 in
Supporting Information S1). We track summed weights and standard errors to

normalize stacked amplitudes and limit our interpretations to regions where
summed weights are greater than two and relative amplitudes are greater than
two standard error from the mean. Figure S47 in Supporting Information S1
shows CCP grid stacking weights at the d410 and d660. Maximum ampli-
tudes within the depth ranges 370-450 km and 620-700 km are chosen to
represent converted phases from MTZ discontinuities (Figures S51-S56 in
Supporting Information S1).

3.3. Robustness of Discontinuity Depths

Figure 6. AFRP22 tomographic model in East Africa at 100 km depth plotted
as percentage deviation from ak135. Only the global data set constrains the 3.3.1. Scaling Between 6V and 6V,
gray regions (See Supporting Information S1). Precambrian crustal domains

are after Begg et al. (2009) and Kounoudis et al. (2021).

The relationship between 6V and 6V, in tomographic models is an area of
ongoing research (e.g., Luetal., 2019; Ritsema & Van Heijst, 2002; Tesoniero
et al., 2016), and is not required to be linearly related in depth or invariant
in space as we will impose here. Notably, the presence of variable quantities of melt in East Africa may impact
the relationship between 6V and 5V, because of greater S-wavespeed sensitivity to melt than P-wavespeed (e.g.,
Hammond & Humphreys, 2000). For example, based on analysis of P- and S-wave relative arrival-time residuals,
Bastow et al. (2005) suggest the presence of shallow, localized melt below the Main Ethiopian Rift. Meanwhile
Civiero et al. (2016) and Kounoudis et al. (2021) find comparably less melt in the surrounding regions of Ethiopia
and further south below the Turkana Depression.

Boyce and Cottaar (2021) assumed the relationship 6V = 6V, X (depth/2891 + 2), following Ritsema et al. (2011),
which in practice means a conversion factor close to 2 for the upper mantle. Here, we quantitatively explore the
results for factors of 2-3. The most favorable parameter/velocity model will minimize the correlation between d410
and d660 depths across the CCP stacks, and minimize the magnitude difference between the correlation of discon-
tinuity depths and the topographic correction on those depths (van Stiphout et al., 2019). This approach assumes
an olivine dominated mantle. Locally, correlations could differ due to the presence of garnet. Results using the
AFRP22 P-wavespeed model and the AF2019 S-wavespeed model are shown in Figures S49 and S50 in Supporting
Information S1. None of the scaling factors result in an anti-correlation between d410 and d600. For AFRP22, best
results are achieved when the upper mantle scaling constraint from 6V, to 6V is 2.7. Testing of AF2019 shows little
improvement by varying this scaling factor, due to the time-to-depth conversions being more sensitive to stronger
shear wavespeed variations.

We proceed with the scaling relationship used by Boyce and Cottaar (2021) for S-wavespeed models but use our
improved scaling relationship with a factor of 2.7 at the surface for AFRP22. With these choices, the strongest
shear wave anomaly of —9.5% in the converted AFRP22 model compares to the value of —9.3% in AF2019.
However, neither model captures the slowest S-wavespeeds in Africa of 6V, & —11% that have been observed
along the central and northern Main Ethiopian Rift by Gallacher et al. (2016) and Emry et al. (2019), likely related
to the melt rich crust and upper mantle (e.g., Bastow et al., 2010; Kendall et al., 2005; Rooney et al., 2005).

BOYCEET AL.

9of 18

d ‘8 €T0T "LTOTSTST

:sdny woxy papeoy;

ASUAII] SUOWIWIO)) dANEAIY) d]qeat[dde ayy £q PauIdA0S a1k SI]oILIE YO 2SN JO SA[NI 10§ AIRIQIT AUI[UQ) AJ[IAY UO (SUOHIPUOI-PUB-SULIA} WO AA[IM AIeIqI[auT[uo//:sdNy) SUONIPUO)) pue SULId T, 3y} 23S “[£707/60/17] U0 A1eiqry aurjuQ AS[IA\ ‘TunH ANsIoATun auein], Aq SLL0100DTT0T/6T01 01/10p/wod Ka[Im',



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010775

30° 40° 50° 30° 40° 50° 30° 40° 50°

Figure 7. (a) Mean East African MTZ thickness based on AFRP22-CCP and SGLOBErani-CCP. (b) MTZ thickness
uncertainty. Only regions in which all CCP stacks provide results are shown. Red triangles: Quaternary volcanism. EYP:
Ethiopia-Yemen plateau, EAP: East African plateau, TD: Turkana Depression. (c) 660 km depth slice through AFRP22,
plotted as percentage deviation from ak135. Overlain are MTZ thickness contours at 5 km intervals. “Highs” are labeled with

«

a “+”; “lows” are labeled with a “-.” Tick marks indicate “downhill” direction.

3.3.2. Choice of Model

Receiver function CCP stacks are constructed using time-to-depth corrections from the 1D radial Earth model
(ak135-CCP), one P-wavespeed tomographic model (AFRP22-CCP) and four S-wavespeed tomographic models
(AF2019-CCP, SL2013-CCP, SEMUCB-CCP, SGLOBErani-CCP). For all stacks based on 3D models, the
correlation between d410 and d660 topography is suppressed, compared to the stack ak135-CCP. Based on these
correlations, all five CCP stacks perform similarly, meaning we cannot base our results on one preferred CCP
stack (e.g., Boyce & Cottaar, 2021). However, discontinuity depth results vary between 3D model corrected CCP
stacks (see Figures S51-S53 and Tables S2—S5 in Supporting Information S1).

To quantify the variation in 3D model corrected CCP stack results, we take the mean and standard deviations
across the five stacks using tomographic models (Figures S54-S56 in Supporting Information S1). Mean uncer-
tainties are <5.3 km and <9.7 km across Africa, for d410 and d660 depths respectively. An E-W band of high
discontinuity depth uncertainty is present in the Turkana Depression (Figure S54 in Supporting Information S1),
but is lacking in MTZ thickness uncertainties (Figure S55 in Supporting Information S1). Detailed interrogation
of the tomographic models used for time-to-depth corrections reveals that this high uncertainty region is likely
related to resolution differences between tomographic models in the Turkana Depression. AF2019, SL2013 and
SEMUCB do not reveal any significant increase in upper mantle wavespeeds in the Depression relative to slow
wavespeeds in neighboring Ethiopia and East Africa. Meanwhile, AFRP22 and SGLOBErani reveal some varia-
tion between these regions. Consequently, upper mantle wavespeed variations sampled by RFs from the Turkana
Depression are mapped into discontinuity depth changes in AF2019-CCP, SL2013-CCP and SEMUCB-CCP,
but this effect is substantially less in AFRP22-CCP and SGLOBErani-CCP. We consider that poor resolution
of MTZ depth wavespeeds also maps into increased MTZ thickness uncertainties. Better apparent resolution
of the Turkana Depression wavespeeds in AFRP22 and SGLOBErani means that while absolute discontinuity
depths are uncertain, the relative variations between the Ethiopia-Yemen plateau, the Turkana Depression and
the East African plateau may be more consistent in the corresponding CCP stacks. Consequently, we present
only MTZ thickness results and favor mean results from AFRP22-CCP and SGLOBErani-CCP (Figure 7a) rather
than AF2019-CCP, SL2013-CCP and SEMUCB-CCP, which we consider to be over estimates. Finally, we take a
series of conservative precautions (e.g., primary interpretations are based on low frequency stacks: <0.2 Hz), to
limit interpretation of data noise or artifacts following Boyce and Cottaar (2021).

3.4. Receiver Function Results

CCP stacking shows the Turkana Depression hosts a thinned MTZ of ~243 + 2.0 km on average (Figure 7).
The strongest thinning, of <25 km, lies beneath the northwestern Turkana Depression, although uncertainties
are relatively elevated here (s.t.d ~ 5.0 km). To the north, the Ethiopia-Yemen plateau exhibits a regional MTZ
thickness of ~247 + 2.0 km, with average MTZ thickness values in the northwest of ~250 km. MTZ thinning
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of <15 km is observed below Afar, and <10 km below the Main Ethiopian Rift. South of the Turkana Depres-
sion, the East African plateau displays a regional MTZ thickness at ~248 + 2.0 km, close to the expected
global mean. A small patch of 15-25 km thinning exists northeast of Lake Victoria, in northeast Uganda and
western Kenya. The regions with largest uncertainty are eastern Ethiopia and the Western Rift (s.t.d > 7.5 km,
Figure 7b). Elsewhere beneath Africa (Figures S51-S55), adding new data in Mozambique and Namibia
reveals little new structure over Boyce and Cottaar (2021). Mean MTZ thickness in southern Africa is ~250 km
compared to ~248 km previously. Results for Cameroon and Madagascar remain unchanged from Boyce and
Cottaar (2021).

Increasing RF maximum frequency content (0.2-0.9 Hz) in CCP stacks shows the Turkana Depression is transi-
tional between the Ethiopia-Yemen plateau and the East African plateau in mean d660 depth variability (~6 km,
Figures S57-S58). The d660 below the East African plateau shows greater sensitivity to RF frequency (<7 km
mean d660 depth variability), while the Ethiopia-Yemen plateau displays less sensitivity (~4 km). d410 depths
are broadly unchanged throughout East Africa as maximum frequency is increased. These results are independent
of tomographic model chosen for depth correction.

4. Discussion
4.1. East Africa's Deep Mantle Upwellings—A New Plume Tail Below the Turkana Depression

AFRP22 illuminates distinct, slow velocity anomalies below the Ethiopia-Yemen and East African plateaus: A and
B, respectively (6V, < —1.0%; Figures 4 and 5 and Figures S33-S39 in Supporting Information S1), that appear
to extend continuously into the lower mantle (>2,000 km depth). Anomaly B—the African Superplume—is a
ubiquitous feature of most global and continental-scale models (e.g., Boyce et al., 2021; Chang et al., 2015, 2020;
French & Romanowicz, 2014; Hansen et al., 2012; Li et al., 2008; Montelli et al., 2006; Ritsema et al., 1999;
Simmons et al., 2012, see Figure S40 in Supporting Information S1). The upper mantle expression of anomaly
A, often referred to as the Afar plume, has also been previously constrained seismologically and geochemi-
cally (Celli et al., 2020; Civiero et al., 2022; Debayle et al., 2001; Furman et al., 2006; Nelson et al., 2012;
Rogers et al., 2000). However the vertical extent of anomaly A, throughout the entire mantle depth-range, has
largely remained inconclusive because the majority of previous deep-penetrating tomographic models present
limited evidence for a continuous upwelling rooted in the lower mantle (e.g., Chang & van der Lee, 2011; Chang
et al., 2020; Hosseini et al., 2019; Montelli et al., 2006; Tsekhmistrenko et al., 2021, also see Figure S40 in
Supporting Information S1). AFRP22 supports the conclusions of Boyce et al. (2021), who suggest that both
anomalies A and B are likely instead whole mantle upwellings.

A striking new observation in Figures 4e, 4f, 5c-5f, and 5h is a narrow plume tail below SW Ethiopia/the
NW Turkana Depression, persisting into the lower mantle: anomaly C (6V, & —0.4%). Anomaly C merges with
anomaly A below southwestern Ethiopia around the base of the MTZ at 600-750 km depth (Figures 4 and 5;
Figures S33-S35 in Supporting Information S1). Likely a product of our new seismograph station coverage in the
Turkana Depression (Figure 2), this deep-seated plume tail has not been resolved before, though its existence has
been inferred previously on the basis of upper mantle seismic images (e.g., Celli et al., 2020; Chang et al., 2020;
Emry et al., 2019) and plate reconstructions (Vicente de Gouveia et al., 2018).

The apparent tilt of anomalies A and B (Figures 4 and 5) has also been observed previously to varying extents (e.g.,
Boyce et al., 2021; Hansen et al., 2012; Simmons et al., 2007; Tsekhmistrenko et al., 2021). However, AFRP22 shows
little evidence for isolated upwellings within the African Superplume itself (anomaly B). Therefore support is lacking
for the hypothesis of Davaille et al. (2005) and Tsekhmistrenko et al. (2021) that it is the result of the sequential release
of multiple, vertically rising plumes. Furthermore, this hypothesis implies monotonically decreasing ages for East
African magmatism moving south to north, for which no field-based evidence exists (e.g., George et al., 1998; Rooney
et al., 2017). Our images of up to three completely distinct slow wavespeed anomalies, that persist from the base of
the MTZ below East Africa to the CMB (anomalies A, B, C), agree with previous suggestions that more than one
whole-mantle plume is required below the region (e.g., Boyce et al., 2021; George et al., 1998; Rogers et al., 2000).
The improved apparent resolution offered by AFRP22 from upper-to-lower mantle depths below East Africa provides
distinct advantages over existing P-wave models (e.g., Boyce et al., 2021; Hansen et al., 2012; Hosseini et al., 2019;
Li et al., 2008; Montelli et al., 2006; Simmons et al., 2012, see Figure S40 in Supporting Information S1) and more
shallowly penetrating S-wave counterparts (e.g., Celli et al., 2020; Chang & van der Lee, 2011) for both imaging the
extent of deep mantle features and constraining their relation to tectonic processes. We return to this in Section 4.3.
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4.2. Mantle Transition Zone Discontinuity Structure Across East Africa: Implications for Mantle
Upwellings and Dynamic Topography

Receiver function CCP stacking results in Figure 7 reveal transition zone thinning below Afar and the Main Ethi-
opian Rift (10-15 km), consistent with the view that mantle temperatures are elevated at this depth range (e.g.,
Cornwell et al., 2011). Assuming average values for the d410 Clapeyron slope of 6P/6T,,, = 3.0 MPa/K (Bina &
Helffrich, 1994) and of 6P/6T 44, = —2.5 MPa/K for the d660 Clapeyron slope (Ye et al., 2014) within the olivine
transition yields a temperature anomaly of ~100 K, if the temperature anomaly is zero where MTZ thickness
is 250 km. Our results therefore contrast with those of Nyblade et al. (2000) and Thompson et al. (2015), who
suggested a MTZ thermal anomaly below Ethiopia was largely lacking. Our observation of a thinned, and thus
elevated temperature MTZ below the East African plateau, particularly the Eastern Rift (>10 km), also corrobo-
rates previous RF results (Mulibo & Nyblade, 2013; Owens et al., 2000; Sun et al., 2017). The apparent variation
in frequency dependence of the d660 depth between the Ethiopia-Yemen and East African plateaus (Figures S57—
S58 in Supporting Information S1), helps corroborate previous work that suggests the Ethiopia-Yemen plateau
overlies a moderate thermal upwelling, but than that below the East African plateau overlies a stronger, thermo-
chemical anomaly at MTZ depths (e.g., Boyce & Cottaar, 2021; Cornwell et al., 2011; Huerta et al., 2009).

A striking observation in Figure 7 is the markedly thin MTZ below southwest Ethiopia and the northwest Turkana
Depression (<25 km), approximately coincident with anomaly C in the lower mantle of AFRP22 (Section 4.1;
Figures 4 and 5). An apparent 4—6 km difference in d660 depth observed in this region, when varying RF maxi-
mum frequency (Figures S57-S58 in Supporting Information S1), suggests that the lower MTZ more closely
resembles that below the East African plateau than the Ethiopia-Yemen plateau. This may point toward a south-
erly deep mantle origin associated with the African Superplume.

Concurrent analysis of AFRP22 and new MTZ thickness constraints allow us to reassess how mantle upwellings
traverse the transition zone and impinge on the base of the overlying lithosphere. In contrast to Civiero et al. (2015),
we find little evidence for multiple, distinct upwellings in the upper mantle (<660 km depth). However, we cannot
preclude the possibility that our lateral resolution is insufficient to resolve fine-scale heterogeneity (Figure S21
in Supporting Information S1). Instead, the observation that the sub-lithospheric upper mantle below both the
Ethiopian and East African plateaus is ubiquitously seismically slow (6V, < —0.5%; Figures 4—6), corroborates
the hypothesis that their high elevations are largely the result of dynamic mantle upwelling (e.g., Pik et al., 2008;
Rogers et al., 2000). A slight reduction in uppermost-mantle slow wavespeed anomaly amplitudes is imaged
around ~5°N, ~36°E (Figure 6). This can likely be explained by a reduction in melt volumes associated with
rifting in both the southern Main Ethiopian Rift (Ogden et al., 2021) and the Turkana Depression (Kounoudis
et al., 2021) compared to the magma-rich central and northern Main Ethiopian Rift sectors to the north (e.g.,
Bastow et al., 2005, 2010; Kendall et al., 2005). Thus, we agree with the conclusions of Kounoudis et al. (2021)
that there is no evidence for a break in dynamic mantle support below the Turkana Depression. Recent crustal RF
analysis of the Turkana Depression crust (Ogden et al., 2023), and associated isostatic mass balance calculations
(assuming Airy isostasy) are also consistent with this hypothesis. Ogden et al. (2023) reveal that Moho depths of
20-30 km across the Depression explain the region's low-lying nature compared to the adjacent plateaus to the
north and south, with 550-645 m of mantle dynamic support required below the Depression.

4.3. Implications for Rifting and Cenozoic Flood Basalt Magmatism

Ethiopia is a unique laboratory for the investigation of rifting and hotspot tectonism because it offers the oppor-
tunity to study the thermo-mechanical state of the mantle responsible for it. However, although magmatism is
ongoing in Ethiopia, the main phase of flood basaltic magmatism that capped the uplifted Ethiopian-Yemen
plateau, occurred ~30 Ma (e.g., George et al., 1998; Rogers et al., 2000; Rooney, 2017). The African plate has
subsequently drifted northward by ~500-1,000 km, meaning mantle directly underlying Ethiopia and Afar today
is unlikely to be primarily responsible for the most voluminous flood basalt magmatism there (e.g., Ebinger &
Sleep, 1998; Vicente de Gouveia et al., 2018). Therefore, to appreciate better the significance of our mantle
tomographic and mantle transition zone results, we reconstruct African Plate motion in the Paleomagnetic refer-
ence frame following Miiller et al. (2018) and Merdith et al. (2020). Figure 8 shows the present-day outline of
flood basalt magmatism in Ethiopia would have overlain the thinnest patches of mantle transition zone at 30 Ma:
below present day southwest Ethiopia/the northwest Turkana Depression, and northeastern Uganda/northwestern
Kenya. Similarly, the northern tip of the flood basalt province was underlain by anomaly C in AFRP22 at ~30 Ma

BOYCEET AL.

12 of 18

d ‘8 “€T0T “LTOTSTST

:sdny woxy papeoy;

ASUAII] SUOWIWIO)) dANEAIY) d]qeat[dde ayy £q PauIdA0S a1k SI]oILIE YO 2SN JO SA[NI 10§ AIRIQIT AUI[UQ) AJ[IAY UO (SUOHIPUOI-PUB-SULIA} WO AA[IM AIeIqI[auT[uo//:sdNy) SUONIPUO)) pue SULId T, 3y} 23S “[£707/60/17] U0 A1eiqry aurjuQ AS[IA\ ‘TunH ANsIoATun auein], Aq SLL0100DTT0T/6T01 01/10p/wod Ka[Im',



Ay
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010775

—ﬁ- + Quaternary Volcanism m
— Flood Basalts

220 240 260 280 — Coastlines 0 10 20 30 40
MTZ thickness (km) ¢ Centroid of Flood Basalts Time (Ma)

Figure 8. MTZ thickness (as per Figure 7) in present-day (a) and 30 Ma (b) plate configurations. Black lines: coastlines. (c)
Centroid position of Ethiopia-Yemen flood basalt province since 45 Ma (diamonds) plotted over East African topography.
The present day footprint of the Ethiopia-Yemen flood basalt province (white lines) is reconstructed to 30 Ma (orange). EYP:
Ethiopia-Yemen plateau, EAP: East African plateau, TD: Turkana Depression. Plate motions reconstructed following Miiller
et al. (2018) and Merdith et al. (2020) using the Paleomagnetic reference frame. Green star: location of third East African
plume proposed by Vicente de Gouveia et al. (2018).

(Figures 7 and 8). This assumes a stationary sub-plate mantle, and dominantly vertical flows in the upper mantle
(e.g., Lawrence & Shearer, 2008). .The colocation of flood basalts and thinned MTZ is likely robust in latitude.
For example, this result is unchanged when a fixed Eurasian Plate is assumed in our reconstructions. However,
longitudinal uncertainties, which affect reconstructions that rely on geomagnetic data, can account for some
apparent lateral offset of the thinned MTZ and center of the flood basalts in our reconstructions (see Civiero
et al., 2022, Figure S11 in Supporting Information S1 for Afar plume example).

Intriguingly, plotting the centroid of the flood basalt province since 45 Ma (Figure 8c), demonstrates that Africa's
northward motion slowed at ~30 Ma, contemporaneous with the Eurasian-African collision and the develop-
ment of Red Sea rifting (e.g., Jolivet & Faccenna, 2000). To some level, our results corroborate the hypothesis
of Ebinger and Sleep (1998), who suggested that a plume was centered at ~8°N, 36°E at 45 Ma. Similarly,
Vicente de Gouveia et al. (2018) proposed a plume centered at ~6°N, 34°E (Figures 4 and 8). Both of these puta-
tive plume locations are remarkably close to deep-seated anomaly C in AFRP22 (Figures 4 and 5) and substan-
tially thinned MTZ in the NW Turkana Depression (Figures 7 and 8).

On the one hand, the observation that Ethiopia's flood basaltic magmatism developed during a period when the
African plate stalled atop the hottest part of the mantle provides a compelling causative link between anomaly C
and 30 Ma flood basalt magmatism. However, petrological analysis of Cenozoic basalts by Rooney et al. (2012)
reveals only a slight reduction in mantle potential temperature anomaly between 30 Ma (~+170°C) and <10 Ma
(~+140°C). The composition of Cenozoic hotspot and rifting-related magmatism also yields no evidence for
plume heterogeneity throughout East Africa (Rooney, 2017), meaning the differential contributions to the upper
mantle from AFRP22 anomalies A, B and C are indistinguishable in the geological record. A hypothesis of a
well-mixed upper mantle, with lateral flow of plume material below lithospheric thin spots (e.g., Ebinger &
Sleep, 1998) seems a likely scenario for East Africa.

At 100 km depth in AFRP22 (Figure 6), we do not image the narrow (50 km-wide), NW—-SE-trending, fast
wavespeed band shown by Kounoudis et al. (2021) to cross the southern extent of the Main Ethiopian Rift.
Figure 3b shows this feature is below the resolving power of our tomographic inversion scheme, though slow
wavespeed anomaly amplitudes are slightly reduced here (6V, = —0.3% compared to 6V, < —0.8% 150 km to the
north and south). However, below the southeasternmost Ethiopian plateau, AFRP22 provides the first evidence
for fast wavespeed structure (6V, ~ 0.8%), consistent with refractory lithosphere that has resisted thermal and
mechanical erosion during Cenozoic hotspot tectonism and rifting. Accordingly, flood basalt outcrops are absent
atop this lithospheric block, which is likely at least Mesoproterozoic in age (e.g., Bianchini et al., 2014; Reisberg
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et al., 2004; Stern et al., 2012). The southern edge of the SW-Ethiopian plateau fast wavespeed anomaly also
marks the northern limit of failed, Mesozoic-age Anza rifting (Figure 6). Mesozoic rifting in Turkana is thus
likely to have localized between two refractory Archean/Proterozoic lithospheric fragments—the Tanzanian
Craton and southern Ethiopian Shield. We postulate that the mantle lithosphere of the southeastern Ethiopian
Shield is likely more similar in composition/nature to the Tanzanian craton to the west, than to its northwestern
Ethiopian plateau counterpart, which has witnessed substantial thermomechanical erosion in Cenozoic-to-recent
times.

A final observation to draw from Figure 6 is the lack of slow wavespeed anomalies associated with the western
rift, except around the Quaternary volcanoes of the Kivu and Virunga Volcanic Provinces. We find no evidence
for linkage of the western rift with either the eastern or Main Ethiopian Rifts at upper mantle depths, in contrast
to previous suggestions (e.g., Chorowicz, 2005). Thus, the boundary between the Nubian and Somalian plates at
mantle lithospheric depths is confined to the eastern side of the Tanzanian craton.

5. Conclusions

Utilizing data from new seismograph networks in the Turkana Depression and northern Uganda we have
constructed a new absolute P-wave whole-mantle tomographic model for Africa (AFRP22) and a P-to-s RF study
of the African mantle transition zone. Our study is the first to analyze whole mantle structure using data from
seismograph stations between, and atop, the Ethiopia-Yemen and East African plateaus.

Receiver functions show that the thinnest transition zone in East Africa is below the NW Turkana Depression
and northern Uganda. AFRP22 reveals a previously unrecognized, approximately co-located, slow waves-
peed plume tail, extending from the base of the mantle transition zone, deep into the lower mantle. Plate
re-constructions demonstrate that the Ethiopia-Yemen flood basalt province lay above this plume tail and
thinned MTZ, during its most voluminous eruption phase at 30 Ma. This present-day plume tail may thus
have contributed, along with the lower mantle African Superplume, to the development of the flood basalt
province.

A previously un-recognized zone of fast-wavespeed lithosphere below the southeastern-most Ethiopian plateau
is interpreted as a refractory block of lithosphere on account of the lack of Cenozoic flood basalts there, and the
observation that it marks the northern limited of failed Mesozoic Anza rifting.

Data Availability Statement

The facilities of IRIS Data Services, and specifically the IRIS Data Management Center, were used for access to
waveforms, related metadata, and/or derived products used in this study. IRIS Data Services are funded through
the Seismological Facilities for the Advancement of Geoscience (SAGE) Award of the National Science Foun-
dation under Cooperative Support Agreement EAR-1851048. The seismic instruments were provided by the
Incorporated Research Institutions for Seismology (IRIS) through the PASSCAL Instrument Center at New
Mexico Tech. Data collected will be available through the IRIS Data Management Center. Phase arrivals from the
EHB Bulletin are available at http://www.isc.ac.uk/ehbbulletin/. Seismic data was obtained (last accessed 08 Jan
2021) from the IRIS (https://ds.iris.edu/ds/nodes/dmc/) database. The waveform data used in this study, added
to the data sets of Boyce et al. (2021) and Boyce and Cottaar (2021), are from the following networks: 6H-2011
(Fonseca et al., 2014; Helffrich & Fonseca, 2011), 8A-2015 (Durrheim & Nyblade, 2009; Nyblade, 2015),
9A-2019 (Bastow, 2019; Kounoudis et al., 2021), XW-2017 (Andriampenomanana et al., 2021; Nyblade, 2017),
Y1-2018 (Ebinger, 2018; Kounoudis et al., 2021). Data was subsequently processed using IRIS products, Obspy
(Beyreuther et al., 2010), ObspyDMT (Hosseini & Sigloch, 2017), SMURFPy (Seismological Methods Utilizing
RFs in Python3 available at https://doi.org/10.5281/zenodo.4337258) and AARM (available as an electronic
supplement in Boyce et al., 2017). A digital model file of AFRP22 is available at https://doi.org/10.17611/dp/
emc.2023.afrp22.1. MTZ thickness values obtained in this study (Figure 7) are available as a Supplementary Text
file that accompanies this manuscript (Boyce_et_al_Africa_RFs_MTZ_thickness.txt). Figures were plotted using
matplotlib (https://matplotlib.org/3.1.1/index.html) and the Generic Mapping Tools (https://www.generic-map-
ping-tools.org/). The raw data files, processed data, inversion software package and plotting codes (Boyce, 2023)
will be available, following lifting of data embargo, on 2024-05-24 at https://doi.org/10.5281/zenodo.7607098.
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