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Abstract

The contribution of mantle upwellings of varying spatial extent to Cenozoic mag-
matism across Africa is debated because geochemical and seismological tools used to
interrogate them are primarily sensitive to either composition or temperature. Ther-
mochemical conditions control the depth at which mantle materials undergo phase
changes, which cause seismic discontinuities. Mapping seismic discontinuities across
the mantle transition zone (MTZ) and below provides insight into the variable thermo-
chemical nature of upwellings. We present observations of seismic discontinuities be-
neath Africa obtained from a compilation of P-to-s receiver functions (using Pds, PPds,
and PKPds phases), recorded at seismograph networks across Africa between 1990—
2019. We exploit a recent high-resolution African continental P-wavespeed model to
migrate our receiver functions to depth in a common conversion point stack. Cenozoic
magmatism along the East African Rift is largely underlain by a thin MTZ implying a
contribution to rift magmatism from sources at or below MTZ depths. The Ethiopian
rift is underlain by a depressed d410 and uplifted d660 indicating a moderate positive
thermal anomaly at MTZ depths (~100-150 K). The southern East African Rift dis-
plays a greater d410 depression and a regional d660 depression, suggesting a stronger
thermochemical anomaly at MTZ depths. Here, seismic conversions at ~1025km
depth are collocated with slow wavespeeds within the African Superplume, corrobo-
rating evidence for a compositional anomaly. We suggest that the contribution of a
purely thermal plume directly below Ethiopia augments conditions for mantle melting
and rifting. Distinct upwellings may also affect the MTZ below Cenozoic magmatism
in Cameroon and Madagascar.

Plain Language Summary

The African plate has experienced widespread Cenozoic hotspot and rift-related
activity during the development of the East African Rift, the Cameroon Volcanic Line
and other magmatic provinces e.g., central Madagascar. Warmed by the Earth’s core,
hot mantle rock rises slowly over millions of years within mantle plumes, and melts
upon reaching the near-surface. Mantle plumes may therefore be partly responsible
for the formation of volcanoes and crustal magmatism across Africa. However, the
number, size and physical properties of African mantle plumes are debated because
geochemical and seismic imaging techniques often used to investigate them are typi-
cally sensitive to temperature or mineral chemistry. Instead, we measure the depth at
which seismic waves undergo conversions from compressional-to-transverse that reflect
where mantle minerals undergo changes in their crystal structure. This informs us
of variations in both temperature and mineral chemistry in the mantle because both
factors affect the precise crystal rearrangement depths. Mantle plumes rooted below
1000 km depth may exist below East Africa and perhaps also, Cameroon and Mada-
gascar. Specifically, warm mantle rising below Kenya and Madagascar may transport
material from chemically distinct regions on the core-mantle boundary. Plumes else-
where are likely purely thermal in nature, not sampling chemically distinct deep mantle
regions.

AGU “index terms”: Africa — Receiver Functions — Mantle Transition Zone —
Hotspots, large igneous provinces, and flood basalt magmatism — Earth’s interior:
composition and state



1 Introduction
1.1 Background

The African plate hosts numerous loci of Cenozoic magmatism (Figure 1). In
East Africa, uplifted plateaus (e.g., Lithgow-Bertelloni & Silver, 1998; Pik et al., 2003;
Pik et al., 2008) and emplacement of the Ethiopian flood basalt province at ~30Ma
(e.g., Chorowicz, 2005; Rooney, 2017) are associated with the rift-related igneous
activity continuing to the present day. Here, magmatism and uplift has previously
been explained by one or more mantle plumes (Ebinger & Sleep, 1998; George et al.,
1998; Rogers et al., 2000; Furman, Bryce, et al., 2006; Pik et al., 2006), but whether
they originate in the lower mantle, and the extent to which they are purely thermal
or thermochemical in nature is debated (e.g., Nelson et al., 2012; Rooney, 2017).

In west Africa, the Cameroon Volcanic Line (CVL) is a linear volcanic chain
straddling the continent-ocean boundary. Initially explained in the context of tradi-
tional plume-plate interactions, leading to inclusion with global deep-mantle hotspot
catalogs (Courtillot et al., 2003; French & Romanowicz, 2015), the CVL’s lack of age
progression has given rise to numerous subsequent alternative formation hypotheses.
Such hypotheses include small-scale convection (e.g., King & Ritsema, 2000; Reusch
et al., 2011), shear zone reactivation (e.g., Fairhead, 1988), lithospheric delamina-
tion (e.g., Milelli et al., 2012; De Plaen et al., 2014), and inflow of material from
Ethiopia/Afar (e.g., Ebinger & Sleep, 1998). Whether CVL magmatism requires any
contribution from the lower mantle is therefore uncertain.

Elsewhere, Madagascan Cenozoic magmatism has been postulated to arise from
decompression melting associated with regional uplift, lithospheric thinning and intra-
continental rifting with limited contributions from subplate thermal anomalies (e.g.,
Melluso et al., 2016; Cucciniello et al., 2017). However influx of plume material below
the northern magmatic province specifically, has previously been suggested (Ebinger &
Sleep, 1998). Below recent magmatism in central Madagascar, the presence of thermal
anomalies that may extend below the shallow mantle (>200km) is unresolved (e.g.,
Cucciniello et al., 2017; Pratt et al., 2017) because seismic station coverage has only
recently expanded (e.g., Wysession et al., 2011; Tilmann et al., 2012), meaning body
wave constraints capable of resolving this issue are presently lacking.

Africa’s deep mantle structure is characterized by the African Superplume (e.g.,
Ni et al., 2002; Simmons et al., 2007). This broad, >500km wide inclined upwelling
appears to rise from the Large Low Velocity Province (LLVP) on the core-mantle
boundary below southern Africa, reaching upper mantle depths somewhere below the
East African Rift System (e.g., Ritsema et al., 2011; Cottaar & Lekié¢, 2016). This
feature has been imaged frequently by seismic tomography (e.g., Ritsema et al., 1999,
2011; Li et al., 2008), however more recent high resolution studies indicate the pres-
ence of multiple upwellings with a variety of depth extents (e.g., Chang & Van der
Lee, 2011; Civiero et al., 2015; Boyce et al., 2021). Tomographic images often suf-
fer along-raypath smearing, underestimation of anomaly amplitudes, and are typically
inadequate to allow discrimination between the competing effects of thermal and com-
positional variation on seismic wavespeed in the sublithospheric mantle. Consequently
tomographic models have not been able to robustly constrain the thermochemical con-
tribution to magmatism from mid-to-lower mantle depths (e.g., Reusch et al., 2010;
Adams et al., 2015; Pratt et al., 2017; Boyce et al., 2021; Emry et al., 2019).

Petrological evidence for high 3He/*He ratios in Ethiopia specifically (up to
R/Ra=20), presents clear evidence for a deep mantle contribution to East African
Cenozoic magmatism (e.g., Marty et al., 1996; Pik et al., 2006). More recent studies
have presented elevated helium isotopic ratios observed in the southern East African
Rift as evidence for a common lower mantle source for all East African magmatism



(Hilton et al., 2011; Halldérsson et al., 2014). However, the relative proximity of pro-
posed mantle upwellings (e.g., George et al., 1998; Rogers et al., 2000), limited depth
resolution, variable sampling strategies and lithospheric contamination (e.g., Furman,
Bryce, et al., 2006; Barry et al., 2013) limit the capability of such studies to con-
clusively decipher between competing models of African mantle upwellings (Rooney,
2017). A high resolution, continent-wide investigation capable of constraining thermo-
chemical contributions to African magmatism from below the upper mantle is therefore
required.

Thermochemical conditions control the depth at which mantle materials undergo
phases changes (e.g., Xu et al., 2008), which cause seismic impedance contrasts of
varying amplitude (e.g., Bina & Helffrich, 1994; Helffrich & Wood, 1996; Buchen et
al., 2018). Compositional variations may also give rise to further phase transitions
not predicted within a well mixed, pyrolitic composition (e.g., Murakami et al., 2005;
Nomura et al., 2010). Upon encountering impedance contrasts, seismic energy can
convert from P-to-s and vice versa. Processing of seismic waveforms to extract receiver
functions (RFs) highlights these conversions in the seismogram, and when stacked
appropriately can elucidate the depth at which phase transitions occur. RFs, processed
to target mantle transition zone (MTZ) depths and below, can therefore be used to
probe the thermal and compositional impact of heterogeneous upwellings below Africa.

Regional studies of the African MTZ are legion (e.g., Owens et al., 2000; Gao et
al., 2002; Benoit et al., 2006; Reusch et al., 2011; Lemnifi et al., 2019) and have been
revisited periodically as new networks have been deployed. Continent-wide studies
are scarce and primarily focus on single station stacks from few permanent observa-
tory sites (e.g., Julia & Nyblade, 2013). RF studies often show conflicting results,
in part due to variable and/or inadequate time-to-depth corrections applied based on
1D radial Earth models or relative arrival-time tomographic models. Here we present
a continent-wide compilation of P-to-s receiver functions (obtained from P, PP and
PKP phases) recorded at 947 publicly available African seismograph stations from
1990-2019 (Figure 1). We capitalize on the recent high-resolution absolute arrival-time
P-wavespeed tomographic model for Africa of Boyce et al. (2021) to convert our RFs
from time-to-depth, and compare against results from four other S-wavespeed models.
This consistent continent-wide data processing approach enables us to compare MTZ
discontinuity topography beneath regions of mantle upwellings across Africa. We con-
sider whether RF data can provide evidence in support of multiple mantle plumes
below the East African Rift System, and specifically if these upwellings manifest as
two thermochemically distinct regions at MTZ depths and below. We also interrogate
our continental RF data set for insights into the nature of mantle upwellings below
magmatism in Madagascar and Cameroon.

1.2 Mantle Discontinuities, Causes and Topography

Important to investigating the variable impact of upwellings on mantle disconti-
nuity structure below the African continent is an understanding of seismically observ-
able diagnostics of mantle thermochemical heterogeneity sampled by RF techniques.
While comprehensive reviews can be found in Bina and Helffrich (1994); Helffrich
(2000); Deuss et al. (2013) and Kaneshima (2016), here we briefly summarize the
characteristics and causal mechanisms of mantle discontinuities in the depth range
~350-1200 km. The dominant mineralogical component of mantle rock is olivine, mak-
ing up 40-60%. The most abrupt phase changes in the olivine system are expressed as
the upper and lower discontinuities of the mantle transition zone at ~410km depth,
where olivine transitions to wadsleyite, and at ~660 km where ringwoodite transitions
to bridgmanite and ferropericlase. We refer to these transition depths as d410 and
d660 respectively and their converted phases by phase names bounding the disconti-
nuity depth from which they are converted (e.g., P410s, PP660s). The transition from



wadsleyite to ringwoodite at ~520km is thought to be more gradational and is only
intermittently observed (Deuss & Woodhouse, 2001; Julia & Nyblade, 2013).

The olivine to wadsleyite transition at ~410km displays a positive Clapeyron
slope such that the transition occurs at greater depth in regions of higher temperature,
and promotes mass transfer (e.g., Davies, 1995). Clapeyron slope estimates center on
~+3.0MPa/K (e.g., Bina & Helffrich, 1994), but literature values can vary (~+1.5
— +4.0MPa/K: Akaogi et al., 1989; Katsura et al., 2004). In MTZ RF analyses,
the P410s conversion typically manifests as a single peak arrival, but variations in
transition sharpness/impedance contrast (reflected in signal peak broadness) can be
affected by composition (including water content) and temperature (e.g., Helffrich &
Wood, 1996; Buchen et al., 2018).

The lower MTZ phase transition is typically dominated by the transition from
ringwoodite to bridgmanite and ferropericlase at ~660km. It displays a negative
Clapeyron slope of 2.5 MPa/K (e.g., Ye et al., 2014) on average, although a range
of values have been proposed (-0.5 — -3.9MPa/K: Litasov et al., 2005; Herndndez
et al., 2015). The transition is thought to impede mass transfer, perhaps leading to
ponding of warm upwellings and stagnation of downgoing slabs (e.g., Tosi & Yuen,
2011; Fukao et al., 1992). However, a significant proportion of the upper mantle and
MTZ may be composed of majorite garnet, which undergoes a transition to bridgman-
ite in the depth interval ~640-750km. Garnet is thought to be particularly stable
in warm and basaltic environments (Xu et al., 2008). The majorite transition is de-
scribed by a positive Clapeyron slope of ~+1.3 MPa/K and therefore promote mass
transfer (Hirose, 2002). Due to competing effects of both the olivine and garnet transi-
tions, the d660 discontinuity may display greater topography and complexity than the
d410, sometimes manifesting as two peaks within RFs (e.g., Andrews & Deuss, 2008).
Consequently, it also possesses powerful diagnostic potential for both temperature and
compositional variation, particularly within upwellings (Deuss, 2007; Jenkins et al.,
2016).

Despite the typically well-mixed nature of the mid-to-lower mantle, within the
depth interval 800-1200 km, impedance contrasts have been observed by multiple seis-
mic methods (Kaneshima, 2016; Jenkins et al., 2017; Waszek et al., 2018). These dis-
continuities likely result from heterogeneity introduced by downgoing slabs or upwelling
plumes, often linked to the presence of an entrained basaltic component (Kaneshima,
2016; Jenkins et al., 2017). A number of phase transitions within subducted material
have been proposed, yet only a transition from stishovite to post-stishovite (e.g., No-
mura et al., 2010) can occur outside of subduction settings. Therefore this phase tran-
sition has been invoked to explain observations of converted arrivals from mid-mantle
depths below Iceland (Jenkins et al., 2017) and southern Africa (e.g., Vinnik et al.,
2010). Intermittent observations of mid-mantle discontinuity structure can therefore
be indicative of chemically distinct plume material, or small-scale entrained hetero-
geneity from a chemically distinct deep source. The mineral physics and seismological
contributions discussed above provide the framework within which to interpret man-
tle upwellings and associated processes causing heterogeneous discontinuity structure
below the African plate.

1.3 Previous Geophysical Observations of African Mantle Discontinu-
ities

The African continent is the ideal locale to study mantle upwellings because it
has remained largely free of collisional tectonics for over 550 Myr (Stern, 2004). Un-
derlying subducted slabs are therefore largely restricted to the lower-most mantle (e.g.,
Steinberger, 2000). Furthermore, the relatively stationary nature of the African plate
since 30 Ma (Gordon & Jurdy, 1986; Miiller et al., 2015) presents the opportunity to



investigate the uncertain role of directly underlying mantle thermochemical anomalies
in the formation of uplifted plateaus, rift and flood basalt related magmatism in the
east (e.g., Pik et al., 2003; Pik et al., 2008; Rooney, 2017), the enigmatic CVL in the
west (e.g., Ebinger & Sleep, 1998; King & Ritsema, 2000; Milelli et al., 2012), and
volcanic provinces of Madagascar (e.g., Cucciniello et al., 2017).

Because sampling of African mantle discontinuity structure by reflected phases
is piecemeal by nature (e.g., Huang et al., 2019; Day & Deuss, 2013), previous dis-
continuity observations are primarily derived from converted seismic phases. Prior
African broad-scale converted phase studies utilized single station RF stacks. For ex-
ample, Julid and Nyblade (2013) found intermittent observations of the wadsleyite to
ringwoodite transition at ~520km depth with little correlation with thermal or com-
positional proxies. Meanwhile, Tauzin et al. (2008) observed little correlation between
MTZ thickness and sites of upwelling mantle across Africa.

A number of RF studies have focused on the MTZ structure below the northern
East African Rift, centered around Ethiopia and Afar. Nyblade et al. (2000) used
single station RF stacks to propose a normal MTZ thickness below Afar, suggesting
that any small positive thermal anomaly (100-150K) is isolated in the upper man-
tle. By contrast, Benoit et al. (2006) imaged an uplifted d660 by ~20-30km below
the eastern Ethiopian plateau but average values below the northwestern Ethiopian
plateau, instead suggesting that a thermal anomaly of ~300K restricted to central
and eastern Ethiopia may extend below 660km. Cornwell et al. (2011) revealed a
regionally depressed d410 by 30-40km below the Main Ethiopian Rift (MER) and
Afar indicating a positive thermal anomaly of ~250 K in the MTZ. This study also ob-
served variable d660 depths and interpreted these in light of compositional variations;
Olivine-dominant below Afar, and garnet dominant below the MER. More recent M'TZ
studies imaged largely average MTZ thicknesses in Afar and central Ethiopia suggest-
ing minimal thermal perturbations (Thompson et al., 2015; Reed, Gao, et al., 2016).
These studies focused on local heterogeneity to invoke a stable melt layer caused by
hydrous upwelling directly above the d410 in Afar (Thompson et al., 2015) and 20 km
of MTZ thinning as evidence for a lower mantle plume stem isolated to below the
western Ethiopian plateau (Reed, Gao, et al., 2016).

In the southern East African Rift, a thinned MTZ (30-40 km) and associated 200—
300 K anomaly below the eastern rift branch is often interpreted as evidence for active
upwelling from deeper mantle (Owens et al., 2000; Mulibo & Nyblade, 2013; Sun et al.,
2017). Normal thickness MTZ below the western rift branch and Tanzanian craton
is inconsistent with present-day thermal anomalies rooted at/below the MTZ (e.g.,
Sun et al., 2017). A significantly depressed d410 beneath rifts in Kenya and northern
Tanzania (30-40km) combined with a pervasively depressed d660, was interpreted as
evidence for a warm, garnet dominant MTZ by Huerta et al. (2009). Mulibo and
Nyblade (2013) suggested that processing RFs using 3D time-to-depth corrections
leads to improved d660 depths compared to previous results, instead citing an uplifted
d660 as compelling evidence for a connection of the African Superplume through the
MTZ in this region.

Below southern Africa, while some small-scale discontinuity heterogeneity has
been proposed (e.g., Blum & Shen, 2004; Vinnik et al., 2009), a consensus is emerging
that there is minimal thermal perturbation of the MTZ below cratonic regions and
the most southerly African rifts (Gao et al., 2002; Yu et al., 2015; Reed, Liu, et al.,
2016; Sun et al., 2018). Elsewhere below the Cameroon Volcanic Line, Reusch et al.
(2011) used MTZ RFs to suggest that thermal anomalies associated with magmatism
are isolated to the upper mantle.

Particularly below regions of African Cenozoic magmatism, where reliable 3D
time-to-depth corrections are paramount, quantitative comparisons between previ-



ous studies are hindered by the variable methodological approaches used in time-
to-depth corrections and RF stacking, limited exploration of uncertainties in discon-
tinuity depths and a lack of published data sets available electronically. We address
these issues by applying a consistent, reproducible data processing approach at the
continental-scale which facilitates quantitative interrogation of discontinuity depths
and make our codes, data set and results available electronically. Furthermore, we
allow more smoothing in our stacking procedure than previous regional studies, taking
an approach to map and interpret broader-scale features away from the edges of our
data coverage. Because previous studies lack agreement on the nature of the d660
discontinuity across Africa, we pay particular attention to this discontinuity in our
study.

2 Data and Methods
2.1 P-to-s Receiver Functions

Upon encountering an impedance contrast, seismic energy undergoes partial con-
versions from P-to-s and vice versa. We refer to the P-to-s conversions from the MTZ
discontinuities as P410s and P660s. Pds phases are delayed with respect to the direct-P
phase arrival due to slower S-wave propagation above the discontinuity. In the absence
of dipping interfaces and significant anisotropy, Pds arrivals can be enhanced through
deconvolution of the vertical from the radial seismogram producing receiver functions
(RFs). This process removes the effect of the seismic source, instrument response and
source side structure, with the resulting time series representing Earth structure along
the raypath beneath the seismometer. RFs can subsequently be stacked to further
enhance arrivals. We calculate RFs using the time domain iterative deconvolution
method of Ligorria and Ammon (1999) using up to 200 Gaussian pulses of a user de-
fined width. This is initially set to 5s (i.e. a maximum frequency of 0.2 Hz), but we
also explore the effect of increasing maximum frequency in later analysis.

2.2 Seismic Data Processing

Our data download, processing and analysis is conducted using ObsPy (Beyreuther
et al., 2010). Seismic data were sourced from the Incorporated Research Institutions
for Seismology (IRIS), GeoForschungZentrum datacenter (GEOFON), French national
datacenter (RESIF) and Institut de Physique du Globe de Paris datacenter (IPGP).
Due to the lack of proximal tectonic environments generating large magnitude earth-
quakes over a broad backazimuthal range required for RF analysis, we extend our data
coverage by calculating RF's not just from direct-P phases but also from PP and PKP
phases. We use minimum earthquake magnitudes of 5.0 M,,, 6.2 M,, and 6.2 M,, at
epicentral distance ranges of 30°-90°, 100°-130° and 145°-155° for P, PP and PKP
RFs respectively. We consider phases recorded at stations throughout Africa active in
the time period 1990-2019.

Initially raw data are windowed from 25s before, to 150s after, the direct phase
arrival, filtered from 0.01-0.2 Hz and RF's with a 0.2 Hz maximum frequency are cal-
culated. The quality control (QC) steps detailed below are used to assess this initial
data set. RFs that pass QC criteria are recomputed using a range of higher maximum
frequencies (0.5-0.9 Hz), which are re-assessed against the same QC to check that RFs
also pass at the higher frequency. We follow the strict QC procedures adopted by
Cottaar and Deuss (2016) but make a few minor adaptations. We exclude RFs in
which the direct phase arrival does not occur within 2s of zero (implying poor cor-
relation between radial and vertical seismograms) and that when reconvolved with
the vertical component reproduce less than 60% of the radial component seismogram.
RFs are also removed in which pre- and post-peak amplitudes are greater than 40%
and 70% of the direct phase arrival amplitude respectively. Lastly we impose signal-



to-noise ratio (SNR) constraints on the vertical (SNR>2.5) and radial (SNR>1.75)
component seismograms used in RF calculation. We define SNR as % Asignai
is the root-mean squared amplitude for a 60s window beginning at the direct phase
arrival time using the ak135 reference model (Kennett et al., 1995). We include a
preceding 5s buffer and define A, ,;sc as the root-mean squared amplitude for a 60s
window beginning 65 s before the predicted direct phase arrival time. Due to the strict
nature of this automated QC procedure and the prevalence of sub-optimally deployed
temporary networks yielding low SNR waveforms across Africa, we also employ a vi-
sual data inspection. Those vertical and radial component data that only failed QC
through the SNR constraint are visually inspected when SNR values are greater than
1.25 for both components which resulted in the recovery of a further 2971 good Pds,
PPds and PKPds RFs.

Supplementary Figures S1-S3 show stacks of Pds, PPds and PKPds RFs sorted
by epicentral distance. Abundant interference from upper mantle and core diffracted
phases with converted phases from MTZ discontinuities is visible at the limits of our
initial epicentral distance ranges. We therefore further restrict the data used in sub-
sequent stacking procedures to the ranges 40°-90°, 100°-125° and 145°-150° for the
Pds, PPds and PKPds data sets respectively. This process yields 15020 Pds RFs,
12713 PPds RFs and 741 PKPds RFs (28474 RFs in total) from 2778 unique events
recorded at 947 stations across Africa. Where appropriate, we also utilize RF stack-
ing in the slowness domain to differentiate between multiples and conversions which
have shallower and steeper incidence angles respectively, compared to the direct phase.
Slowness stacks for the entire data set and for the five notable sub-regions across Africa
can be found in Supplementary Figures S4 and S5.

2.3 Time-to-Depth Corrections

At a given epicentral distance, the travel-time difference between the direct
phase and P-to-s converted phases depends on the depth to the discontinuity and
the wavespeed difference between the P and S phases above it. To extract discontinu-
ity depths from delay times of converted phases, we must assume a mantle wavespeed
structure. Previous African MTZ RF studies primarily used 1D reference Earth mod-
els such as ak135 (Kennett et al., 1995) or regional relative arrival-time tomographic
models that place no constraint on the background mean velocity structure. Without
adequately accounting for 3D absolute wavespeed structure, reliable interpretations
from MTZ studies are restricted to MTZ thickness, typically less influenced by over-
lying velocities than absolute discontinuity depths. Conversely insights into both the
thermal and chemical nature of the MTZ can be obtained by interpreting the behavior
of the d410 and d660 separately. We therefore seek reliable absolute discontinuity
depths, necessitating consideration of 3D absolute wavespeed structure.

Here, we compute time-to-depth corrections using the 1D radial model ak135
(Figures S6-S8) and five 3D mantle absolute wavespeed models. We utilize the most
up-to-date P- and S-wavespeed models for Africa (AFRP20 and AF2019: Boyce et
al., 2021; Celli et al., 2020). Both AFRP20 and AF2019 are parameterized globally
to >660km depth and specifically improve resolution beneath Africa by including
data from temporary deployments across the continent. We also test three recent
global S-wavespeed models (SL2013SV, SEMUCB-WM1 and SGLOBErani: Schaeffer
& Lebedev, 2013; French & Romanowicz, 2014; Chang et al., 2015). We calculate
estimated S-wavespeed anomalies for the AFRP20 model by using the relationship
Vs = 6Vp x (depth/2891 + 2) and use the inverse relationship to calculate estimated
P-wavespeed anomalies for S-wavespeed models. Our 3D depth corrections account for
station elevations and the continental crust appropriate for each tomographic model.
We use the results from the five 3D time-to-depth corrections to quantitatively assess
the uncertainties in MTZ discontinuity depths (Figures S9-S13).



2.4 Common Conversion Point Stacking

Raypath backazimuthal variation facilitates sampling of the MTZ over a broad
area beneath a seismograph station (~500km radius). Converted ray piercing points
at 410km depth for our African data set are shown in Figure 1. We employ the
common conversion point stacking method of Dueker and Sheehan (1997) to account
for the spread of conversion points beneath each station and enhance converted phase
amplitudes. We define a grid of points spaced 0.5° in latitude and longitude and 2 km
in depth throughout our study region (36°S—27°N, 0°E-52°E 60-1300 km depth). RF
energy is back-propagated along raypaths and stacked into proximal grid points at
distances within two-times the Fresnel-zone half width (A#W) from the raypath using
a normalized cubic spline weighting function defined by Leki¢ et al. (2011). The Fresnel
zone half width is defined as:

ARV — (% +2)2 — 22

where A is the wavelength of a 10s shear wave and z is depth. Summed stacking
weights and the standard error are tracked throughout the grid volume and are subse-
quently used to normalize stacked amplitudes and highlight poorly constrained regions
within the grid (following Cottaar & Deuss, 2016). Supplementary Figure S6 shows
the data coverage through the final summed stacking weights in the grid at 410 km
and 660 km depth. We can expect to constrain discontinuities in regions where the
summed weight is above 2 and amplitudes are greater than twice the standard error
from the mean. Given these criteria, depths of peak amplitudes within the CCP stacks
are picked in the ranges 370-450 km and 620-700 km to highlight converted phases ar-
riving from mantle transition zone depths. We limit our presentation of CCP stacking
results to these regions shown on map plots and highlight picked depths as yellow
dashes in cross sections plots (Figures 2-6). We refer to 3D time-to-depth corrected
CCP stacks based on the tomographic model used as AFRP20-CCP, AF2019-CCP,
SL2013-CCP, SEMUCB-CCP and SGLOBErani-CCP throughout the manuscript. In
the Supplementary Material, following van Stiphout et al. (2019), we quantitatively
assess the observed topography in the different 3D time-to-depth corrected CCP stacks
(Figures S14-S17) as well as a stack for ak135 (ak135-CCP). Strong positive corre-
lation between MTZ discontinuity topography typically indicates inadequate account
of upper mantle wavespeed structure, which is expected to vary significantly below
Africa (e.g., Celli et al., 2020; Boyce et al., 2021). AFRP20-CCP achieves the best
statistical performance of the resulting depths and is most similar to the average of
the five 3D time-to-depth corrected CCP stacks (Figures S9-S12), so is the primary
focus of results and interpretations below.

3 Results
3.1 MTZ Topography and Thickness

African MTZ discontinuity topography and thickness from AFRP20-CCP is ex-
plored in maps (Figures 2, 3) and cross section (Figure 4). By using five 3D tomo-
graphic models for time-to-depth corrections, we can isolate robust features of our
CCP stacks, independent of the tomographic model used (Figures 5, S9-S10) and de-
rive regional uncertainty estimates from the standard deviation of the d410 depth,
d660 depth and MTZ thickness (Figures S11-S12). The average uncertainties across
Africa are 4.3km, 6.8 km and 3.9km for d410 depth, d660 depth and MTZ thickness
respectively. We highlight regions where AFRP20-CCP differs significantly from the
average values across the five 3D time-to-depth corrected CCP stacks. We present
discontinuity depths using a discrete color scales of 5 km for all map plots in line with
quantitative uncertainties.



Below Ethiopia (ETH), the regional d410 depth is depressed at ~417+5.0km
with maximum depths of ~420-435km below the Main Ethiopian Rift (MER), ad-
jacent rift flanks and Afar (Figures 2, 4). Western ETH displays normal d410 and
d660 depths. Regional d660 depths in AFRP20-CCP are ~657+7.2km, yet below the
MER and eastward, d660 depths are ~645-655 km. However, the average d660 depths
across the five 3D time-to-depth corrected CCP stacks favors a depressed d660 in the
southeast (Figures S10-S11). ETH shows a regional MTZ thickness of ~240+3.4km
with strongest thinning of ~25-30 km below Afar, the MER, adjacent rift flanks and in
the southwest, while the northwestern Ethiopian plateau shows normal MTZ thickness
(Figures 3, 5). Below the southern East African Rift (EAR), AFRP20-CCP shows a
depressed regional d410 of ~4214+4.1km depth with maximum depressions of >30km
in the northeast (Figures 2, 4). The regional d660 depth below EAR is also depressed
at ~667+5.8km, with much of the region exhibiting ~10km depression of the d660.
EAR displays a regional MTZ thickness of ~244+3.0km with the strongest zones of
thinning (>20km) confined to the northeast (Figures 3, 5).

Below southern Africa (SAF), the regional d410 depth is ~4074+3.9km, while
the regional d660 depth in AFRP20-CCP of ~663+6.4km (Figures 2, 4) differs signifi-
cantly from the average across five 3D time-to-depth corrected CCP stacks of ~653 km
(Figures S10-S11). MTZ thickness is ~256+5.1 km below SAF. Madagascar (MAD)
shows depressed regional d410 and d660 depths of ~415+5.8 km and ~669+10.5 km
respectively (Figure 2), however stacking amplitude loss, incoherency or error in-
creases towards the north likely contributing to significant uncertainty, particularly
in d660 depths (Figures S10-S11). MAD displays some apparent thinning of the MTZ
(>10km) below the southern, central and northern zones (Figures 3, 5). None of the
six CCP stacks show a coherently stacked d410 below Cameroon (CAM: Figures 2,
S9). AFRP20-CCP shows a regional d660 depth of ~671+7.7 km below CAM (Figure
2) but differs significantly from the average across the five 3D time-to-depth corrected
CCP stacks of ~658km (Figures S10-S11).

Figures 6 and S18-S19 explore the sensitivity of d410 and d660 depths to RF max-
imum frequency. Across Africa, d410 depths are largely insensitive to RF frequency
content (Figure S18). Below EAR, the d660 peak splits towards higher frequencies,
causing variability in d660 depth picks. Maximum amplitude peaks in Fmax=0.2 Hz
stacks show depths of greater than 665km (Figures 6 — A). At higher frequency, the
maximum amplitude peak is the shallower of the two peaks, resulting in picks at
depths of less than 660 km (Figure 6 — B), while the marginally weaker peak occurs at
depths around ~680 km (Figure 6). Below ETH d660 depths do not exhibit significant
sensitivity to RF maximum frequency because the depth to the maximum converted
phase amplitude is consistently less than 660 km (Figure 6). Indeed the regional d660
depth for ETH at 0.2Hz and 0.9 Hz maximum frequency is ~657 km, while beneath
EAR regional d660 depths decrease from 667—661 km with increasing maximum RF
frequency.

3.2 Mid-mantle Observations

We further interrogate AFRP20-CCP for mid-mantle conversions, selecting peak
amplitudes in the depth range 960-1100km (Figure 7), based on the abundance of
scatters previously observed away from subduction zone settings at these depths (e.g.,
Kaneshima, 2016; Jenkins et al., 2017). Because low amplitude seismic conversions
from mid-mantle depths often suffer interference from multiples, we assess whether
observed peaks in AFRP20-CCP are robust by returning to the RF data themselves
to compute fifteen local depth and slowness stacks for both Pds and PPds data sets
(Figures S20-S29). Only well-sampled regions are chosen to maximize the data within
each local stack that indicate similar discontinuity depths. Following Jenkins et al.
(2017), we adopt a traffic-light system indicating our confidence that a seismic con-
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version represents mid-mantle structure rather that an interfering multiple, where red
indicates low confidence, yellow indicates medium confidence and green indicates high
confidence. Our approach focuses on confirming the identification of mid-mantle con-
versions; we cannot confirm or deny the presence of mid-mantle conversions away from
good data coverage.

Robust conversions appear below EAR at a depth of ~1025km and below south-
ern Africa at ~1056 km (R8, R15 - Figure 7). The corresponding high confidence Pds
depth and slowness stack for region R8 is shown in Figure 8. EAR hosts a number
of other regions with possible observations at 1018-1080 km depth (R5, R6, R7, R9,
R10). We note that in our broader regional stacks (Figures S4 and S5), the EAR
stack including 2902 RFs is the only stack to indicate a robust mid-mantle conver-
sion, suggesting a discontinuity might be more widespread here. Possible mid-mantle
conversions may also exist in R3, R12 and R13 below ETH and MAD respectively.
Elsewhere, although positive amplitude peaks exist in AFRP20-CCP above two stan-
dard error, these are more likely the result of multiples from shallow structure (see
slowness stacks in Figures S20-S29).

4 Discussion
4.1 Robustness of Discontinuity Depths

Significant differences in discontinuity depths between 3D time-to-depth cor-
rected CCP stacks, computed using identical RF data (i.e. the same maximum fre-
quency content), result directly from the 3D tomographic corrections applied, and
are the primary source of uncertainty in our MTZ discontinuity depths. 3D time-
to-depth corrections are further influenced by our imposed relationship between §Vg
and 6Vp, variable data coverage, resolving power, and inherent sampling differences
between shear and compressional wavespeed tomographic models. Straightforward as-
sessment of uncertainties in tomographic models is challenging. However, tomographic
models typically underestimate wavespeed anomaly amplitudes leading to under cor-
rection of discontinuity depths in time-to-depth corrections. In this instance, discon-
tinuities are not shifted shallow/deep enough so appear deeper/shallower than their
true depth (see detail in Supplementary Material and Figures S14-S17). Quantitative
analysis (see Supplementary Material) shows that our 3D time-to-depth corrections
within CCP stacks remove a large degree of the correlated discontinuity topography
present in ak135-CCP, where both MTZ discontinuities are strongly uplifted below
SAF and strongly depressed below EAR and ETH (Figures S9-S10). Before interpret-
ing discontinuity topography, we discuss the extent of under-or-over correction, and
quantitatively consider the reliability of our discontinuity depth results.

Because previous studies in southern Africa find little thermal MTZ perturba-
tion (e.g., Gao et al., 2002; Julia & Nyblade, 2013; Sun et al., 2018) below cool
cratonic lithosphere (e.g., Celli et al., 2020; Boyce et al., 2021), we can test under-
or-over correction of MTZ topography within 3D time-to-depth corrected CCP stacks
beneath SAF and extend these inferences throughout other well sampled regions of
Africa. For example, within AF2019-CCP, similar to ak135-CCP, regional d410 and
d660 depths (~399 km and ~645km) are uplifted below SAF, and are therefore likely
under corrected in this region (Figures 4, S9-S10). Conversely in AFRP20-CCP, up-
lifted regional d410, but the slightly depressed regional d660 below SAF (~407 km and
~663km) suggests that d410 depths are under corrected while the d660 depths may be
slightly over corrected. These inferences are consistent with damped least-squares to-
mographic models constrained predominantly by shallowly penetrating shear waves in
AF2019 resulting in lateral smearing, and deep diving compressional waves in AFRP20
resulting in vertical smearing (Celli et al., 2020; Boyce et al., 2021).
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3D time-to-depth corrections, in regions where the upper mantle wavespeed is
slow, shift apparent MTZ discontinuity depths shallower (e.g., Figure S14). Accounting
for potential under correction of d410 depths in both AFRP20-CCP and AF2019-CCP
would reduce the depression of the d410 below EAR and ETH. For the d660, accounting
for under correction within AF2019-CCP and slight over correction within AFRP20-
CCP leads to convergence of depth estimates (improved similarity across Figures 4b—
d, S10), showing a depressed d660 beneath EAR and an uplifted d660 beneath ETH.
Because the regional d660 discontinuity depths derived from the average of the five
3D time-to-depth corrected CCP stacks below ETH and EAR are slightly uplifted and
depressed respectively (658.6 km and 665.8 km), this observation is likely robust rather
than an artifact of our 3D wavespeed corrections. Additionally under correction of the
d410 and over correction of the d660 could result in artificial MTZ thinning below
areas of warm upper mantle anomalies. However, the normal MTZ thickness observed
below the northwest Ethiopian plateau provides confidence that this effect is negligible
below well instrumented regions.

The imposed relationship between §Vg and §Vp anomalies used in time-to-depth
correction may also be a significant source of error, particularly in regions of highly
heterogeneous upper mantle structure. One such region is the Main Ethiopian Rift
(MER), in which a significant portion of the crust and upper mantle is melt rich (e.g.,
Kendall et al., 2005; Bastow et al., 2010). S-wavespeeds are significantly more sensi-
tive to the presence of melt than P-wavespeeds (e.g., W. C. Hammond & Humphreys,
2000). Consequently when using the AFRP20 tomographic model, the imposed con-
version to §Vg anomalies does not capture the full extent of slow S-wavespeed anomaly
amplitudes observed along the MER in high resolution upper mantle studies (dVs =
-11% Gallacher et al., 2016; Emry et al., 2019). Here, shallow mantle §Vg anoma-
lies are ~2.7x the highest §Vp anomaly in AFRP20. We estimate a melt rich upper
120km below the MER may cause a further depression of up to 9km on MTZ dis-
continuities. True discontinuity depths below the MER may therefore be shallower
than imaged in AFRP20-CCP. While, melt is confined to a narrow region below the
MER (e.g., Gallacher et al., 2016), our two Fresnel-zone half width smoothing criteria
during CCP-stacking means this source of uncertainty may have a broader footprint
at MTZ discontinuity depths. In the relatively melt poor southern EAR (Rooney,
2020), we expect this source of error to be less significant. Consequently, considering
the distribution of melt in the upper mantle further supports the observed variable
behavior of the d660 between ETH and EAR.

Furthermore, in the lower lithosphere of the Tanzanian craton (>90-135km
depth), AFRP20 shows P-wavespeed anomalies are slow (Boyce et al., 2021), while
S-wavespeed anomalies remain fast to significantly greater depth (~175km e.g., Weer-
aratne et al., 2003; Adams et al., 2012; Emry et al., 2019). If 6Vs and §Vp anomalies
are anti-correlated in this region, our assumed scaling between them breaks down.
However the resulting estimated uncertainty is less than the vertical resolution (2 km)
of our CCP stacks when using the AF2019 tomographic model (Celli et al., 2020).

To minimize the impact of data noise in our CCP stacks, we limit our interpre-
tations to broad regional features, rather than shorter wavelength features at the edge
of data coverage. To avoid miss-identification of maximum amplitude peak in a given
depth interval which may not be derived from the true discontinuity depth, we only
report discontinuity depths from the low frequency stacks (up to 0.2Hz) that do not
exhibit double peaked arrivals. In the cases where high frequency stacks exhibit a
double peaked nature we take the utmost care when interpreting discontinuity depths.
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4.2 MTZ Discontinuity Structure Below Africa
4.2.1 African MTZ Thickness

Our results show a strong correlation exists between locations of African Cenozoic
magmatism and a locally thinned MTZ, particularly beneath ETH and EAR (Figures
3, 5), in contrast with results from the broad-scale study of Tauzin et al. (2008).
Extending our observed correlation to regions at the edge of our data coverage across
Cameroon, northern Madagascar, southwest ETH and western EAR may be less robust
however (see Sections 4.2.4-4.2.5, Figures S11-S12). MTZ thinning of ~25-30km
occurs below Afar and extends to the southwest below the MER and adjacent rift
flanks, while the northwestern Ethiopian plateau is not underlain by a significantly
thinned MTZ. Our results conflict with previous RF studies that suggest MTZ thinning
is restricted to beneath the northwestern Ethiopian plateau (Reed, Gao, et al., 2016),
the MTZ thickens towards the southwest (Cornwell et al., 2011) or observe little MTZ
thinning throughout ETH (Nyblade et al., 2000; Thompson et al., 2015). Only the
work of Cornwell et al. (2011) and Thompson et al. (2015) consider the impact of
3D absolute wavespeed heterogeneity on discontinuity depths beneath ETH (using the
tomographic model of Montelli et al., 2006). However, our results migrated from time-
to-depth using five different tomographic models show broad agreement beneath ETH
(Figure 5).

MTZ thinning of >20km also underlies northeastern EAR although magmatism
occurs significantly offset to the east of the thinned MTZ (Figures 3, 5). Because
strong cratonic lithosphere may extend beyond the mapped surficial Archean terranes
(e.g., Figure 3), this offset may indicate deflection of upwelling material around the
Tanzanian craton (Mulibo & Nyblade, 2013). Our results broadly agree with previous
studies that have suggested MTZ thinning below northeast Tanzania and the eastern
rift branch of the EAR reflects active upwelling while the lack of distinct thinning on
western rift shows upwelling is likely to be more passive (Owens et al., 2000; Mulibo
& Nyblade, 2013; Sun et al., 2017). MTZ thinning largely underlying Cenozoic mag-
matism in Afar, the MER and Kenyan eastern rift branch implies that magmatism is
influenced by processes at MTZ depths or below. Elsewhere, below SAF, the average
MTZ thickness across the five 3D time-to-depth corrected CCP stacks corroborates
previous results (Gao et al., 2002; Yu et al., 2015; Reed, Liu, et al., 2016; Sun et al.,
2018) indicating little MTZ thickness perturbation beneath this region but is subject
to significant uncertainty (Figure S12).

4.2.2 African MTZ Temperature

Given robust MTZ discontinuity depths, MTZ temperature anomalies can be
estimated using d410, d660 depths and MTZ thickness (e.g., Tauzin et al., 2008). We
favor estimates based on d410 depths and MTZ thickness because d660 depths are
sensitive to both temperature and composition (e.g., Deuss et al., 2006). Similarity
between d410 depth and MTZ thickness derived temperature anomaly estimates in-
dicates regional d410 depths obtained from 3D tomographic corrections are reliable,
thermal anomalies traverse the MTZ and the d660 is not controlled by the garnet
transition, i.e. a pyrolitic composition dominates. We calculate temperature estimates
based on the depth to the maximum amplitude peak observed for both MTZ dis-
continuities within AFRP20-CCP for the lowest maximum frequency (up to 0.2 Hz),
because thermal anomaly estimates based on higher maximum frequency CCP stacks
yield variations over unrealistically short length-scales. While the absolute value and
range of thermal anomaly estimates is highly sensitive to the Clapeyron slopes used
to calculate them, the spatial pattern remains unchanged (in Figure 9 we assume av-
erage values: 0P/0Ty410=3.0 MPa/K and 6P/0Tge60=-2.5 MPa/K following Bina &
Helffrich, 1994; Ye et al., 2014). Analysis presented in Section 4.1 suggests that these
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thermal anomaly estimates are likely to represent an upper bound, because not all 3D
wavespeed-induced topography may have been removed. By propagating a maximum
regional d410 depth uncertainty of ~5.8km (in CAM, MAD) through the relation-
ships used to estimate temperature anomalies, we anticipate uncertainties of <67 K
using average Clapeyron slope values. The most sensitive Clapeyron slope would yield
maximum uncertainties of >130 K.

In ETH, peak MTZ thermal anomalies below the MER and adjacent rift flanks
are ~100-150 K across both estimates, while below Afar, peak thermal anomalies vary
from ~150-275 K (Figure 9). The median MTZ thermal anomaly across ETH is slightly
elevated ranging from ~60-76 K. Further south beneath EAR, median thermal anoma-
lies are significantly higher when using the d410 estimate (~122K) compared to the
MTZ thickness proxy (~35K). Correspondingly, MTZ thicknesses predict a maximum
thermal anomaly of ~175K in this region while the d410 depths predict >425 K. The
differences between the two predictions may suggest the d660 in EAR is affected by
non-olivine phase transitions (discussed further in the next Section). Evidence from
our five CCP stacks and their corresponding 3D wavespeed models indicates that these
observed differences are not likely the result of inaccurate 3D time-to-depth correction
or thermal anomalies that do not traverse the MTZ. Median regional MTZ thermal
anomalies for SAF are approximately equal across both estimates (Figure 9). We hes-
itate to interpret thermal anomalies in CAM and MAD where data coverage and thus
results are highly variable.

Figure 9 shows that maximum MTZ temperature anomalies reside beneath EAR,
and are significantly higher than those below ETH. Previous studies of the southern
East African Rift consistently reveal a 200-350 K thermal anomaly below the eastern
rift branch (Owens et al., 2000; Huerta et al., 2009; Mulibo & Nyblade, 2013; Sun
et al., 2017) corroborated by our results. Meanwhile in Ethiopia previous studies do
not provide a consensus on MTZ thermal anomalies because average MTZ thicknesses
imaged by Nyblade et al. (2000); Thompson et al. (2015) and Reed, Gao, et al. (2016)
below Afar and central Ethiopia suggest minimal thermal perturbations, while Benoit
et al. (2006) and Cornwell et al. (2011) suggest significantly greater thermal pertur-
bations of ~250-300 K below central/eastern Ethiopia and Afar. We suggest that our
observation of higher thermal anomalies in the MTZ below EAR compared to ETH
is robust because both the d410 is deeper and MTZ thinner in EAR, compared to
ETH, across the five 3D time-to-depth corrected CCP stacks (Figures S11-S12). At
shallower depths, however, petrologically determined temperature estimates show the
modest maximum temperature peak resides below ETH (4+140K at present beneath
Afar: Rooney et al., 2012), and the slowest absolute upper mantle seismic wavespeeds
(e.g., Boyce et al., 2021) exist below the MER and adjacent western Ethiopian plateau.
In Section 4.4, we explore whether this anti-correlation between the location of high-
est temperatures in the East African upper mantle compared to the MTZ could be
explained by additional heating of the Ethiopian upper mantle or a lateral influx of
warm material to the Ethiopian upper mantle.

4.2.83 FEast African MTZ Composition

The depressed d410 underlain by an uplifted, frequency insensitive d660 below
the MER and eastward (>10km: Figures 2, 4, 6), indicates a warm MTZ dominated by
phase transitions within the olivine system. Approximately average d660 depths below
the adjacent western Ethiopian plateau indicate that the lower MTZ lacks significant
thermal or compositional heterogeneity here (Figure 2). Both of these observations
from AFRP20-CCP agree with prior work of Benoit et al. (2006). Unlike Cornwell et al.
(2011), we do not observe any evidence for deepening of d660 depths to the southwest
beneath ETH across the five 3D time-to-depth corrected CCP stacks (Figures S11-
S12), and therefore do not interpret any compositional heterogeneity here.
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Below EAR, the d410 depression of up to 30km (Figures 2, 4), underlain by
a depressed d660 at lower frequencies (>10km: Figure 6 — A) with double-peaked
arrivals at higher frequencies (Figure 6 — B), is consistent with a majorite garnet tran-
sition around the d660 (e.g., Deuss et al., 2006). The observed behavior of the d660,
particularly at lower frequencies, agrees with prior work using RF's and reflected phase
observations in EAR (Huerta et al., 2009; Day & Deuss, 2013). While Mulibo and
Nyblade (2013) used 3D time-to-depth corrections from a relative arrival-time tomo-
graphic model to image an uplifted d660 in EAR, we suggest that depression of d660
in EAR is robust because it is consistently imaged across our five 3D time-to-depth
corrected CCP stacks utilizing absolute wavespeed tomographic models (Figures S10—-
S11). The majorite garnet transition is expected to occur in anomalously warm regions
(Hirose, 2002), corroborating the greater depression of the d410 observed below EAR
than below ETH (Figures 2, 4). Both d660 depression (e.g., Jenkins et al., 2016) and
double-peaked arrivals (e.g., Andrews & Deuss, 2008) have been interpreted as garnet
signatures within upwellings elsewhere. Within Section 4.4 we investigate whether
these two regions of differing MTZ behavior may indicate two mantle upwellings of
distinct thermochemical nature lie beneath the East African Rift System.

4.2.4 Cameroon

The regional depth stack for Cameroon shows a weak converted arrival from the
d410 (Figure S4). In the CCP stacks beneath Cameroon, the stacked d410 converted
arrival is patchy and incoherent (Figures 2, S9), despite >500 piercing points sam-
pling 410 km and 660 km depths, reasonable stacking weights (e.g., Figures 1, S6) and
the ability to account for backazimuthal discontinuity topographic variations. This
is all the more striking, as the d660 converted arrival has high amplitudes in depth,
slowness and CCP stacks (Figures 2, S4, S10). However median d660 depths vary
widely (649-671km: Figures S10-11) and exhibit significant uncertainty, likely re-
flecting poorly resolved upper mantle wavespeeds away from dense seismic station
coverage. Consequently we hesitate to interpret broad-scale d410 and d660 patterns
beneath Cameroon.

The small coastal region, below which both d410 and d660 depths are reported,
shows an apparently thinned MTZ by 20-30 km (Figures 3, 5, 10, S12), collocated with
the most recent magmatism along the CVL at Mount Cameroon (Fitton & Dunlop,
1985) and the region of uncertain d660 depth observed by Reusch et al. (2011). High
frequency CCP stack cross sections (Figure 10f — A) indicate double peaked behav-
ior around both the d410 and d660 here, meaning multiple arrivals may interfere to
produce depressions of both d410 and d660 in the low frequency stack (Figure 10e).
Notably, very low positive d410 converted arrival amplitudes are often found below
strong negative peaks (Figure 10b,e — B), but overlying negative arrivals do not appear
to overprint any positive arrivals from the d410 within higher frequency stacks (Figure
10c,f). It remains unclear from slowness stacking whether these negative arrivals are
multiples or conversions (Figure S4).

The normal amplitudes observed for the d660 converted arrival suggest the weak
d410 converted arrival amplitudes are not due to incoherent stacking due to poor
time-to-depth corrections. More appealing explanations for low d410 converted ar-
rival amplitudes include a gradational discontinuity, incoherent stacking induced by
short-wavelength discontinuity topography, or a low impedance contrast. A water-rich
MTZ (e.g., Buchen et al., 2018) or basaltic accumulation (e.g., Kemp et al., 2019)
have recently been invoked to explain decreased d410 impedance contrasts yet mecha-
nisms to achieve this below the CVL are likely to require a lower mantle contribution.
Reusch et al. (2011) found little evidence of MTZ thinning along the CVL, so favored
a upper mantle thermal convection cell, adjacent to the Congo craton, as a causal
mechanism for CVL magmatism. Regional tomographic models also do not support
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a low wavespeed anomaly across the MTZ (Reusch et al., 2010; Adams et al., 2015),
yet continental and global scale images do not rule out a lower mantle contribution to
magmatism (e.g., French & Romanowicz, 2015; Emry et al., 2019; Boyce et al., 2021).
The complex d410 and d660 behavior exhibited below Cameroon in this study is also
not easily reconciled with a causal mechanism for the CVL solely isolated in the upper
mantle, but improved data coverage in the region is required to draw more definite
conclusions.

4.2.5 Madagascar

As far as we have been able to determine, this study is the first to illuminate
MTZ discontinuity structure below Madagascar using converted phases. AFRP20-
CCP reveals depressed median d410 and d660 depths with moderate MTZ thinning
(~415km, ~669km, ~246 km respectively; Figures 2, 3, 10). Rather than interpret
d410 depression and MTZ thinning at the northern and southern tips of Madagas-
car, we focus on central Madagascar where AFRP20 displays adequate upper mantle
horizontal resolution (Boyce et al., 2021) and high-quality RF data coverage is good
(Figures 10, S6).

Below central Madagascar, we observe a depression of both d410 and d660 (~10-
15km) centered at ~17-19°S (Figures 2, 3, 10 — C). MTZ thinning and depression
of both d410 and d660 in central Madagascar is observed across the majority of our
five 3D time-to-depth corrected CCP stacks (Figures 5, S9-S10) although this region
exhibits moderate uncertainties (Figures S11-S12). Similarly to EAR, depression of
the d410 and d660 may indicate a warm upwelling crossing the MTZ in which the d660
is dominated by the garnet transition (e.g., Hirose, 2002), rather than the olivine tran-
sition. This is consistent with a relatively narrow slow wavespeed anomaly extending
to >1000km depth within AFRP20 (Boyce et al., 2021). While this may imply that
central Madagascan Cenozoic magmatism is underlain by a mantle upwelling sourced
below the MTZ, a significant thermal anomaly is not necessary to explain central
Madagascan magmatism from a geochemical perspective (Cucciniello et al., 2017).

4.3 Implications of Mid-mantle Discontinuity Observations

Depth and slowness stacks indicate that EAR is underlain by several potential
mid-mantle discontinuities, the most robust of which is observed at ~1025km depth
in region R8 (Figures 7, 8, S5, S20-529). Mid-mantle discontinuities below EAR are
in a similar region to those identified using P’P’ precursors (LeStunff et al., 1995).
The region coincides with distinct slow wavespeeds within AFRP20 (Boyce et al.,
2021) at ~1000 km depth, which is the likely the mid-mantle expression of the African
Superplume (Figures 7). Slow wavespeeds also correlate with intermediate confidence
discontinuity observations below ETH and MAD at mid-mantle depths (regions R3,
R12, R13).

SAF is also underlain by a high confidence result (R15), proximal to mid-mantle
discontinuities previously identified using SKSdp RFs (Vinnik et al., 2010). However
R15 does not correlate with slow wavespeeds at 800-1200 kin depth in AFRP20 (Boyce
et al., 2021), perhaps indicating other causal mechanisms beyond upwelling anomalous
material need to be considered. Although the top of the African LLVP may underlie
southern Africa, its is likely limited to below ~1500km depth (e.g., Ritsema et al.,
2011; Cottaar & Lekié¢, 2016).

Several studies have suggested that the presence of mid-mantle discontinuities
requires a basaltic component (e.g., Kaneshima, 2016; Jenkins et al., 2017), since
phase changes are not predicted within a pyrolitic composition at mid-mantle depths
(e.g., Murakami et al., 2005). To explain observations below both subduction zones
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and regions of active upwelling, such as EAR and Iceland (e.g., Jenkins et al., 2017),
chemical heterogeneity may be introduced to the mid-mantle by recycled basaltic crust
that remains differentiated at the core mantle boundary, before subsequent entrain-
ment within upwellings. Alternatively, upwellings may sample primordial material
within LLVPs (Labrosse et al., 2007) introducing small-scale chemical heterogeneity
to mid-mantle depths.

Association of high confidence mid-mantle discontinuities below EAR likely in-
dicative of chemical heterogeneity associated with slow wavespeeds of the African Su-
perplume (e.g., Ritsema et al., 2011; Boyce et al., 2021) corroborates previous studies
(Ni et al., 2002; Simmons et al., 2007) that suggest the African Superplume is a ther-
mochemical feature. East African magmatism may therefore be underlain by a basalt
enriched or primordial chemically distinct upwelling. Slow mid-mantle wavespeeds de-
marcating a second whole mantle upwelling that reaches the lower mantle below the
Indian Ocean (Boyce et al., 2021), distal from the African Superplume, are collocated
with intermediate to low confidence mid-mantle discontinuity observations beneath
ETH. Therefore an upwelling below ETH is not required to contain a chemically dis-
tinct component based on this mid-mantle criterion.

Elsewhere, intermediate confidence mid-mantle observations reside below offshore
western and eastern Madagascar (R12, R13 - Figures 7, S20-S29). Lateral diversion
of upwelling plume material in the depth range 1000-1500 km has been previously in-
voked, in the case of the Icelandic plume, to explain mid-mantle discontinuity observa-
tions below mainland Europe (Jenkins et al., 2017). .Within the AFRP20 tomographic
model (Boyce et al., 2021), the slow wavespeeds below Madagascar (6Vp <-0.6%) are
distinct from a slow wavespeed conduit beneath the Reunion hotspot further east and
do not extend directly down into the lower mantle much below ~1000km depth, so
instead appear as an eastward extension the African Superplume. Intermediate con-
fidence mid-mantle observations proximal to Madagascar may therefore result from
sampling of chemically distinct material linked to the African Superplume, laterally
diverted eastwards towards this region (e.g., Forte et al., 2010). Given that depressions
of the d410 and d660 discontinuities below central Madagascan Cenozoic magmatism
are collocated with slow wavespeeds extending from the upper mantle (e.g., Pratt et
al., 2017) to ~1000km depth (Boyce et al., 2021), our intermediate confidence mid-
mantle discontinuity observations cannot preclude the possibility that Madagascan
magmatism is underlain by compositionally distinct upwelling material sourced from
the African Superplume.

4.4 Implications for East African Magmatism

Although substantial debate has centered around the number of plumes that
contribute to East African magmatism (e.g., George et al., 1998; Rogers et al., 2000;
Furman, Bryce, et al., 2006; Nelson et al., 2012; Rooney, 2017), recent results point
towards the contribution of two whole mantle plumes (Boyce et al., 2021): a subver-
tical slow wavespeed anomaly that extends eastward from the upper mantle below
ETH to the lower mantle below the Indian Ocean and the African Superplume that
extends southwestward from the upper mantle below the EAR to the lower mantle
below southern Africa. Our RFs provide compelling evidence for a strong thermo-
chemical upwelling below EAR likely associated with the African Superplume (Figure
11). By comparison, upwelling below central/eastern ETH is likely to be purely ther-
mal in nature, exhibiting lower peak temperatures at MTZ depths. RF results alone
are insufficient to independently confirm the two whole-mantle plume hypothesis due
to relative proximity of upwellings at transition zone depths (Boyce et al., 2021) and
reduction in data coverage below the Turkana depression separating the two distinct
regions of MTZ behavior (Figure S6). However, a single broad plume is hard to rec-
oncile with available RF evidence because a mechanism to heat the lower transition
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zone below ETH without introducing a chemical perturbation from elsewhere is re-
quired. Both the garnet transition, dominant around the d660 in EAR and overlying
d410 are predicted to promote mass transfer (Bina & Helffrich, 1994; Hirose, 2002) so
ponding of hot material is not expected around MTZ depths, in agreement with avail-
able tomographic evidence (e.g., Boyce et al., 2021). Furthermore, lateral spreading of
thermal anomalies within the transition zone is unlikely based on global observations
(Lawrence & Shearer, 2008).

The nature of the d660 and mid-mantle discontinuities sampled here support
the view that East African geochemical anomalies sourced in the deep mantle are
likely transported to the surface via the basalt enriched African Superplume (e.g.,
Furman, Kaleta, et al., 2006). This upwelling likely taps the African LLVP (e.g.,
Cottaar & Leki¢, 2016) and crosses the MTZ below EAR (e.g., Boyce et al., 2021).
Entrainment of high He/*He ratios (R/Ra~20 in Ethiopia: Marty et al., 1996; Pik
et al., 2006; Hilton et al., 2011; Halldérsson et al., 2014) within a basalt enriched
African Superplume is consistent with the developing consensus that only the most
buoyant upwellings facilitate transport of primordial helium signatures to the surface
(Williams et al., 2015; Jackson et al., 2017). This may be sourced from LLVPs in the
lower mantle that likely host both recycled basalt and primordial helium signatures
(Ballmer et al., 2016; Williams et al., 2019). The lack of significant along-rift variabil-
ity in basalt isotopic ratios (e.g., Hilton et al., 2011; Hallddrsson et al., 2014) suggests
that Superplume material spreads throughout the East African upper mantle (Rooney,
2020). Consequently, significantly reduced seismic wavespeeds (Boyce et al., 2021) and
modestly elevated petrologically-determined thermal anomalies (Rooney et al., 2012)
below ETH compared to EAR, are challenging to explain by along-rift upper mantle
compositional variation. Our results combined with those of Boyce et al. (2021) sug-
gest compositionally anomalous material is presently not transported to the Ethiopian
upper mantle directly from below because Ethiopia is underlain by a purely thermal
anomaly likely sourced away from LLVPs in the lower mantle (Figure 11). Although
Superplume material may be pervasive throughout the East African upper mantle,
in Ethiopia specifically, conditions for mantle melting, rifting and highly anomalous
upper mantle wavespeeds may be enhanced by the additional contribution of a purely
thermal plume directly below. Proximal plumes of varying nature (e.g., Farnetani &
Samuel, 2005) are therefore responsible for the complex East African upper mantle
thermochemical signatures.

5 Conclusions

Using Pds, PPds, and PKPds receiver functions we present continent-wide ob-
servations of seismic discontinuity structure beneath Africa at mantle transition zone
depths and below. We exploit a new high-resolution absolute P-wavespeed tomo-
graphic model for the African continent (Boyce et al., 2021) to migrate the RFs in
our common conversion point stacks, and compare against results from four other
S-wavespeed models.

A thin transition zone is seen beneath the majority of Cenozoic magmatism along
the East African Rift, although some offset occurs and can be explained by interac-
tions between upwellings and overriding stable mantle lithosphere. Our observations
imply that East African Rift magmatism is influenced by processes at or below tran-
sition zone depths. The Main Ethiopian Rift and adjacent rift flanks are underlain
by a depressed d410 (>10km) while the uplifted d660 (~10km) is offset eastward,
indicating a positive thermal anomaly in the Ethiopian transition zone. Below the
eastern branch of the southern East African Rift, depression of the d410 of up to
30km suggests a stronger thermal anomaly. Here, a regionally depressed (~10km)
d660 showing frequency dependent splitting and robust mid-mantle discontinuities at
~1025 km depth indicate an anomalous composition. Our observations combined with
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slow wavespeeds illuminated by Boyce et al. (2021) suggest a hot, chemically dis-
tinct upwelling beneath the southern East African Rift, likely sourced from within the
African LLVP. Meanwhile Ethiopian rift magmatism is underlain by a purely thermal
upwelling, sourced away from the African LLVP. Variations in East African upper
mantle seismic wavespeeds and petrologically determined temperature estimates can
be reconciled with along-rift geochemical trends if the confluence of a dominant ther-
mochemical African Superplume spreading in the upper mantle, with a purely thermal
upwelling centered below Ethiopia is considered.

A patchy, incoherent d410 is underlain by a broadly coherent d660 below Cameroon.
The complex d410 behavior, perhaps resulting from a regionally lowered impedance
contrast, may suggest a causal mechanism for the Cameroon Volcanic Line not isolated
to the upper mantle. Depression of MTZ discontinuities below central Madagascar col-
located with tomographically imaged slow wavespeeds extending to ~1000km depth
may reflect eastwards diversion of chemically distinct African Superplume material.
However a direct causal link to Cenozoic Madagascan magmatism remains uncertain.
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Figure 1. (a) Red/orange/yellow circles indicate P410s/PP410s/PKP410s piercing points;
947 seismograph stations are shown as blue triangles. Inset globe shows 2778 unique earthquakes
used for three RF data sets using the same colors. (b) Quaternary volcanoes and Cenozoic vol-
canic provinces shown with respect to the main geological features. White dashed circles: the
Ethiopian (EP) and Kenyan (KP) topographic plateaus. AF: Afar, CM: Central Madagascan
magmatism, CO: Comoros Islands, CVL: Cameroon Volcanic Line, MER: Main Ethiopia Rift,
TD: Turkana depression, WRB/ERB: western/eastern rift branches of southern East African Rift
System (EAR).
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Figure 2. Maps of d410 (a) and d660 (b) discontinuity depths within AFRP20-CCP using RF
data containing maximum frequencies of 0.2 Hz. Regions are shown only where stacking weight

is greater than 2 (Figure S6) and relative amplitude is greater than two standard error. Regional
discontinuity depths are presented for the five regions outlined in white boxes throughout the
manuscript. CAM: Cameroon, ETH: Ethiopia, EAR: East African Rift, SAF: Southern Africa,
MAD: Madagascar.
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Figure 3. Map of mantle transition zone (MTZ) thickness (d660 — d410) within AFRP20-
CCP (Figure 2). Violet lines: outlines of Archean cratons. TC: Tanzanian craton. Black trian-
gles: Quaternary volcanoes. Regions are shown only where both d660 and d410 converted arrivals

are significant. Regional acronyms as in Figure 2. GM: Global mean.
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Figure 4. Along the profile (a), waveform cross-sections (up to 0.2 Hz) through AFPR20-CCP
(b) and AF2019-CCP (c). Yellow ticks: depths of maximum amplitudes of MTZ discontinuities
within regions where peaks are significant. Strong negative peaks in the MTZ often result from
coherent stacking of surface multiples. d660 depths within AFRP20-CCP (solid) and AF2019-
CCP (dashed) are shown below (d). ETH: Ethiopia, EAR: East African Rift, SAF: Southern
Africa.
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Figure 5. Maps of mantle transition zone (MTZ) thickness (d660 — d410) within ak135-CCP
(a), AFRP20-CCP (b), AF2019-CCP (c), SL2013-CCP (d), SEMUCB-CCP (e), SGLOBErani-
CCP (f). Regions are shown only where both d660 and d410 converted arrivals are significant.
The corresponding plots for d410 and d660 depth as well as the mean and standard deviation
d410 and d660 depths derived from the five 3D time-to-depth corrected CCP stacks are included
in the Supplementary Material (Figures S9-S12). Violet lines: outlines of Archean cratons. TC:
Tanzanian craton. Black triangles: Quaternary volcanoes. CAM: Cameroon, ETH: Ethiopia,
EAR: East African Rift, SAF: Southern Africa, MAD: Madagascar.
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Figure 6. Along the profile (a), waveform cross-sections through AFRP20-CCP of increasing
maximum RF frequency from 0.2-0.9 Hz (b—¢). Yellow ticks: depths of maximum amplitudes

of MTZ discontinuities where peaks are significant. Magenta ellipses (A4, B) highlight specific
features referred to in the text. d660 depth comparison (f) within AFRP20-CCP of increasing
maximum frequency (Fmax = 0.2Hz: black, Fmax 0.5-0.9 Hz: grey lines, dark to light). The
yellow region highlights the difference between d660 depth using RF Fmax = 0.2 Hz and 0.9 Hz.
ETH: Ethiopia, EAR: East African Rift.
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Figure 7. Map of mid-mantle observations in AFRP20-CCP (up to 0.2Hz). Colored regions
highlight depths of significant peaks at mid-mantle depths 960-1100 km. Labeled regions are out-
lined based on confidence of a true Pds/PPds conversion within the CCP stack based on slowness
analysis (see example in Figure 8). High confidence result: green, intermediate: yellow, low: red.
Dashed blue regions show location of previous mid-mantle discontinuities observed using using
P’P’ precursors LeStunff et al. (1995, - A) and using SKSdp phases Vinnik et al. (2010, - B).
Grey dashed lines mark the 6Vp = —0.5% contour in the AFRP20 tomographic model (Boyce et
al., 2021).
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Figure 8. Depth (a) and slowness (b) stack for 163 Pds RFs whose piercing points at

1000 km depth fall within R8 (see Figure 7). RF max frequency is 0.2 Hz. (a) Depth stack ampli-
tudes are multiplied by five and twenty below 150 km and 900 km respectively. Depth conversion
uses the AFRP20 tomographic model (Boyce et al., 2021). The depth of high amplitude positive
peaks at and below MTZ depths are labeled. (b) Predicted converted Pds arrivals have nega-
tive slowness (solid line), multiples have positive slowness (dashed line) w.r.t. direct-P phase.
The number of RFs included in the stack is given in the upper left. A positive high confidence

amplitude conversion is observed on the predicted slowness line at ~106s (violet dashed circle).
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Figure 9. Maps of estimated temperature anomalies within the MTZ derived from AFRP20-
CCP (Figures 2, 3). Discontinuity depths are converted to pressure using PREM (Dziewonski &
Anderson, 1981). (a) Temperature anomaly derived from d410 depths. We assume the tempera-
ture anomaly where d410 depth equals 410 km is zero. We assume an average value for the d410
Clapeyron slope of 6 P/6Tq410=3.0 MPa/K (Bina & Helffrich, 1994). (b) Temperature anomaly

derived from MTZ thickness. We assume the temperature anomaly is zero where MTZ thickness
is 250km. We use the same Clapeyron slope for the d410 as in (a) and an average d660 Clapey-
ron slope of §P/dTa660=-2.5 MPa/K (Ye et al., 2014) for the olivine transition. WEP: Western

Ethiopian plateau, other regional acronyms as in Figure 2.
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Figure 10. Waveform cross-sections through AFRP20-CCP in Cameroon (a,d) and Mada-
gascar (g,7) using maximum RF frequencies of 0.2Hz (b,e,h,k) and 0.5Hz (c,f,7,1). Yellow ticks:

depths of maximum amplitudes of significant d660 and d410 converted arrivals. Magenta ellipses

(A, B, C) highlight specific features referred to in the text.
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Figure 11. Schematic summary of our favored interpretation along the profile shown in the
inset map, including observed high confidence mid-mantle discontinuity topography (thick dashed
line), and interpreted anomalous LLVP composition in the southern upwelling below EAR (black
flecks). Upwelling below ETH, is likely to be purely thermal in nature and is rooted further east
in the lower mantle, but is projected onto the profile for illustration. Topographies on the sur-
face, base of the lithosphere, and mantle discontinuities are exaggerated and not to scale. CMB:

core-mantle boundary. Other acronyms follow those in the text.
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