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A B S T R A C T   

The East African rift overlies one or more mantle upwellings and it traverses heterogeneous Archaean-Paleozoic 
lithosphere rifted in Mesozoic and Cenozoic time. We re-analyze XKS shear wave splitting at publicly available 
stations to evaluate models for rifting above mantle plumes. We use consistent criteria to compare and contrast 
both splitting direction and strength, infilling critical gaps with new data from the Turkana Depression and North 
Tanzania Divergence sectors of the East African rift system. Our results show large spatial variations in the 
amount of splitting (0.1–2.5 s), with fast axes predominantly sub-parallel to the orientation of Cenozoic rifts 
underlain by thinned lithosphere with and without surface magmatism. The amount of splitting increases with 
lithospheric thinning and magmatic modification. Nowhere are fast axes perpendicular to the rift, arguing 
against the development of extensional strain fabrics. Thick cratons are characterized by small amounts of 
splitting (≤0.5 s) with a variety of orientations that may characterize mantle plume flow. Splitting rotates to rift 
parallel and increases in strength over short distances into rift zones, implying a shallow depth range for the 
anisotropy in some places. The shallow source and correlation between splitting direction and the shape of upper 
mantle thin zones suggests that the combination of channel flow and oriented melt pockets contribute > 1 s to 
the observed splitting delays. Enhanced flow, metasomatism, and melt intrusion at the lithosphere-asthenosphere 
boundary suggest that fluid infiltration to the base of the lithosphere may facilitate rifting of cratonic lithosphere.   

1. Introduction 

Lateral heterogeneities in crust and mantle structure influence the 
distribution of strain and magmatism in continental rift zones, yet the 
influence of plume-lithosphere interactions on melt generation and 
lithospheric strain patterns remain weakly constrained (e.g., Currie and 
van Wijk, 2016; Liu et al., 2021). The initiation of rifting in thick, cold 
continental lithosphere remains an outstanding problem in plate tec
tonics: the strength of lithosphere thicker than 100 km is more than the 
combined forces of gravitational potential energy and magma buoyancy 
forces, and is comparable to slab pull forces (e.g., Bialas et al., 2010; 
Stamps et al., 2010). Yet, active faulting with and without magmatism 
occurs in 150–200 km-thick Archaean lithosphere of the African plate in 
the absence of slab pull forces (e.g., Tiberi et al., 2019; Fishwick and 
Bastow, 2011), and rifting has occurred in other cratonic regions, such 
as the Proterozoic Mid-Continent rift (e.g., Bollmann et al., 2019). 
Rifting has also occurred in regions where the mantle lithosphere was 

previously heated and experienced melt extraction, creating both 
topographic relief at the lithosphere-asthenosphere boundary and 
compositional heterogeneities, as in parts of the Turkana Depression, 
Africa. 

Mantle flow and applied forces contributing to rifting processes 
cause dislocation creep of mantle rocks, leading to crystallographic and 
lattice-preferred orientations (LPO) of minerals that produce seismic 
anisotropy of the bulk mantle aggregate (e.g., Nicolas and Christensen, 
1987). A radially polarized shear-wave traversing an anisotropic mate
rial will split into orthogonal waves, with one polarization traveling 
faster than the other. Measurements of shear-wave splitting of 
core-refracted waves (e.g., SKS, SKKS, PKS, hereafter called XKS) yield 
the shear wave splitting parameters ϕ, the direction of the polarization 
plane of the fast shear wave, and δt, the delay-time between the fast and 
slow shear waves. The polarization plane of the fast shear wave gives 
insight into the orientation of the anisotropic axes, whereas the delay 
time is affected by the strength of the anisotropy and the thickness of the 
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anisotropic layer beneath the seismograph (e.g., Silver and Chan, 1991; 
Becker et al., 2006). Mantle upwellings are expected to manifest as 
measurable anisotropic fabrics (e.g., Sleep et al., 2002; Becker et al., 
2006). Other factors may influence SKS splitting measurements in rifts; 
preferentially-oriented melt pockets (OMP) in the mantle lithosphere 
and crust may contribute to observed anisotropy (e.g., Mainprice, 1997; 
Kendall et al., 2005; Holtzman and Kendall, 2010). In addition to 
melt-filled lenses, CO2-rich fluids from deep magma sources may fill 
cracks and enrich the mantle lithosphere in anisotropic pyroxenites (e. 
g., Snyder and Lockhart, 2009). 

Spatial patterns in the direction and strength of seismic anisotropy in 
melt-rich and melt-poor, tectonically active rift zones that formed above 
a broad mantle upwelling offer insights into bottom-up processes 
contributing to the initiation of rifting in cratonic lithosphere, as well as 
the role of pre-existing lithospheric heterogeneities in rifting processes. 
The East African rift system (EARS) formed above one or more low ve
locity zones rising from the core-mantle boundary to the base of the 
plate (e.g., Chang et al., 2020; Boyce et al., 2023). Yet, large data gaps 
and differences in the approach and treatment of SKS-splitting analyses 
between studies hampered comparative studies of upper mantle shear 
wave splitting patterns beneath eastern and central Africa, and few 
studies considered variations in the amount of splitting in their analyses 
(Fig. 2). 

Our new XKS-splitting studies of the EAR offer unprecedented in
sights into rifting processes. We analyze new and existing data from 
eastern Africa using both splitting intensity and transverse energy 
minimization methods to evaluate spatial patterns in both the splitting 
direction and the amount of splitting (Fig. 2). New analyses include data 
from 1) the Turkana depression region that spans an area of unusually 
thin and comparatively melt-poor mantle (Kounoudis et al., 2021), 
enabling evaluation of upwelling mantle flow contributions and 2) the 
North Tanzania Divergence at the Tanzania craton boundary, which 
samples the sharp contrast between the flanks of a cratonic keel and 
adjacent rift zones, localized volcanic zones in the Eastern rift, and the 
Ethiopian flood basalt province > 100 km from the rift zone (Tiberi 
et al., 2019)(Supplementary Material, Tables SM1, SM2). The consistent 
analyses allow us to compare the direction and amount of splitting 
across deeply-rooted Archaean cratons, Proterozoic orogenic belts, 
Mesozoic rifts, and Cenozoic rifts with and without rift magmatism, as 
well as the Eo-Oligocene Ethiopian flood basalt province largely unaf
fected by extension. 

While the absolute motion vector of the African plate is NNE from 
hotspot reference models (Doubrovine et al., 2012) and NE from no-net 
rotation models (e.g., Argus et al., 2011), the < 5 mm y−1 African plate 
velocity over the past 8–10 My is probably too slow to generate basal 
drag fabrics in the asthenosphere (e.g., Debayle and Ricard, 2013). East 
Africa is therefore an ideal study locale to address: Are splitting patterns 
dominated by NE-oriented upper mantle flow from the African super
plume (e.g., Adriampenomanana et al., 2021), or is splitting dominated 
by strain fabrics in Archaean to Late Proterozoic lithosphere (e.g., 
Walker et al., 2004; Albaric et al., 2014)? Does extended lithosphere 
effectively channel asthenospheric flow along the rift axis, and is flow 
deflected by topographic relief at the lithosphere-asthenosphere 
boundary (e.g., Sleep et al., 2002; Holtzman and Kendall, 2010)? Do 
rift-parallel, fluid-filled fractures contribute to splitting (e.g., Kendall 
et al., 2005; Bastow et al., 2010)? 

2. Background 

2.1. Geodynamic and tectonic setting 

The large African plate comprises several > 150 km-thick Archaean 
cratons that amalgamated during orogenies between ~2.5 - 0.5 Ga (e.g., 
Fritz et al., 2013). Proterozoic orogenies imparted a NW-fabric in areas 
now transected by parts of the Western rift (e.g., Boniface and Appel, 
2018; Fritz et al., 2013). The Pan-African orogeny (950–550 Ma) 

imparted a predominantly N-S metamorphic fabric along much of the 
Indian Ocean margin of Africa when continental and oceanic lithosphere 
was accreted (e.g., Fritz et al., 2013; Fig. 3). Since the Pan-African, 
eastern Africa has experienced episodes of rifting in the 
Permo-Triassic, Cretaceous, and an enigmatic event in Paleogene time 
(e.g., Fig. 3). 

The East African rift initiated after flood magmatism in Ethiopia at 
~45 Ma, and fault bounded basins initiated by 27–30 Ma in the Red Sea, 
Turkana Depression (e.g., Ebinger et al., 2017; Fig. 3). Rift zones with 
and without magmatism separate semi-rigid plates whose boundaries 
remain poorly determined owing to the slow separation velocities as 
well as paucity of Global Navigation Satellite System (GNSS) observa
tions (e.g., Saria et al., 2014; Birhanu et al., 2016; Daly et al., 2020; 
Knappe et al., 2020). The Main Ethiopian Rift (MER) marks the diver
gent plate boundary between the slowly opening (≤ 6 mm y−1) Nubia 
and Somalia plates; ongoing magma intrusion leads to strain accom
modation across parts of the uplifted plateau outside the MER (Birhanu 
et al., 2016). The Eastern rift separates the Victoria microplate from the 
Somalia plate where opening velocity is ~3 mm y−1 (e.g., Saria et al., 
2014; Knappe et al., 2020) (Figs. 1, 3). The lack of seismicity and 
absence of upper mantle velocity variations between the Eastern and 
Western rift argue against a tectonic connection across the Turkana 
depression (Kounoudis et al., 2021; Musila et al., 2023). Opening rates 
across the Western rift are poorly determined owing to the absence of 
GNSS sites on the western side of the rift, or complicated by volcano 
inflation signals (e.g., Geirsson et al., 2017; Stamps et al., 2018). 

Normal fault systems bounding the Western and Eastern rifts and 
MER strike sub-N-S, and formed in Proterozoic orogenic belts sur
rounding the unusually thick, strong, Archaean cratons (Fig. 1), sug
gesting that the pre-existing lithospheric thickness variations guided 
initial rift and magma localization (e.g., Sleep et al., 2002; Muirhead 
et al., 2020). Although segments of border and intrabasinal faults may 
parallel pre-existing shear zones (e.g., Daly et al., 2020), many steep 
border faults cut shallow basement fabric and show a regular along-axis 
segmentation that scales with plate strength (e.g., Ebinger et al., 1999). 
Obliquely-trending faults linking initially disconnected border faults are 
in many cases transtensional and may reactivate basement shear zones, 
but these are local features (e.g., Muirhead and Kattenhorn 2018; 
Musila et al., 2023). Stress inversions of earthquake source mechanisms 
spanning 40 km to surface and sparse GNSS data indicate sub-E-W 
extension throughout the study area (e.g., Lavayssière et al., 2019; 
Craig et al., 2011; Stamps et al., 2018; Musila et al., 2023). 

The uplifted African continent overlies one or more mantle upwell
ings rising from the core-mantle boundary to the base of variable 
thickness continental and oceanic lithosphere (e.g., Ritsema et al., 2011; 
Chang et al., 2020; Boyce et al., 2023). Using new data from the Turkana 
region, Boyce et al. (2023) image three separate low velocity zones: one 
rooted beneath the Atlantic margin of S. Africa, and a second below the 
Indian Ocean north of Madagascar. The thinnest mantle transition zone 
beneath East Africa is below the NW Turkana Depression and northern 
Uganda and is underlain by a lower mantle plume tail; a possible third 
upwelling (Boyce et al., 2023). The Ethiopia-Yemen flood basalts may 
have overlain this thin MTZ at 40–45 Ma when flood magmatism initi
ated. Two or three plumes sampling different source zones can explain 
temporal and spatial variations in geochemistry of eruptive lavas (e.g., 
Pik and Hilton 2006). In some parts of the plateau areas, 1 and 2 
km-thick lavas and isostatic compensation for 1–10 km of now frozen 
magma added to the base of the crust contribute to uplift (e.g., Cham
bers et al., 2019; Ogden et al., 2023). The timing of plume impingement 
is linked to the onset of flood basalt magmatism between ~45 and 35 Ma 
in southwestern Ethiopia, and a coeval period of kimberlite emplace
ment along the margins of Archaean cratons (Fig. 1). 

The Ethiopia-Yemen and East-Central African plateaux are separated 
by an ~300 km-wide topographic depression that is underlain by crust 
stretched during Mesozoic and Palaeogene rifting: the Turkana depres
sion (Fig. 2). The two plateaux are actually one dynamically uplifted 
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region extending from southern Africa to the Red Sea (Kounoudis et al., 
2021; Ogden et al., 2023). The superposed episodes of rifting create a 
zone of pronounced crustal thinning that in large part explains the low 
elevation of the Turkana Depression (Ogden et al., 2023). 

Between 35 and 15 Ma carbonatitic and alkali basaltic magmatism 
occurred in some areas now part of the Eastern and Western rift zones 
ringing the Tanzania craton (e.g., Roberts et al., 2012), suggesting that 
pre-existing lithospheric thickness variations may have influenced melt 
generation (e.g., Tiberi et al., 2019; Muirhead et al., 2020). 
Pleistocene-Recent magmatism occurs in a few isolated provinces in the 
Western rift, along the length of the Eastern rift and MER, at a kimberlite 
locale on the Tanzania craton, and across the Ethiopian plateau west of 
the MER (Figs. 1 and 3). 

Most Miocene-Recent mantle xenoliths are metasomatized (e.g., 
Rudnick et al., 1998; Baptiste et al., 2015; Trestrail et al., 2017) (Fig. 2). 
The exception is peridotite xenoliths from Marsabit volcano that formed 

in lithosphere stretched during Cretaceous time; they lack metasomatic 
refertilization but show progressive thinning during cooling (Kaeser 
et al., 2006; Kaczmarek and Reddy, 2013) (Fig. 2). Peridotite and py
roxenite xenoliths from a nearby site (Mega) also show decompression 
from ~90 to 50 km (Tommasi et al., 2016; Casagli et al., 2017) (Fig. 2). 
Xenoliths from the southernmost Eastern rift and its flanks (Pello-Eledoi, 
Olmani, Chyulu Hills, Labait) sample much thicker and probably 
Archaean lithosphere affected by the percolation of carbonatitic fluids 
(e.g., Vauchez et al., 2005) (Fig. 2). Some xenoliths show deformation by 
dislocation creep at high deviatoric stresses beneath the current rift, and 
low deviatoric stress beneath the rift flanks (Baptiste et al., 2015). The 
Mega samples show < 6% and < 4% for P- and S-wave polarization 
anisotropy, respectively (Tommasi et al., 2016), compared to craton 
edge samples in the southern part of the Eastern rift that show 
3.3–18.4% P-wave polarization anisotropy, and 2.3–13.2% S wave po
larization anisotropy (Baptiste et al., 2015). Considered together, the 

Fig. 1. Major fault systems of the Red Sea, Gulf of Aden, Main Ethiopian rift (MER), Eastern rift, Western rift, Southwestern (SW) rift, Southeastern rift and Comoros- 
Madagascar rift zones with respect to Nubia, Somalia, Arabia, and Rovuma (RMP), Victoria (TZ) and Lwandle (LWP) microplates, and the approximate boundaries of 
the Congo, Tanzania (TZ), Bangweulu (BG), Zimbabwe (Zim) and Kaapvaal Archaean cratons with ≥ 160 km-thick lithosphere. Green lines indicate Permian- 
Mesozoic normal faults associated with Gondwana breakup, and Paleogene faults that lie within the EAR (dashed if reactivated). The brown ellipse outlines an 
area of ~ 7 Ma magmatism and platform formation in the Indian Ocean between Africa and Madagascar. Nm is Nyamuragira volcano, Ng is Nyiragongo volcano. 
Pleistocene volcanoes from Global Volcanism Program (2013). Only faults that cut dated sedimentary sequences or dated lavas, or are seismically active are shown; it 
is likely that more fault systems are active. From Ebinger et al. (2017) updated with data from Daly et al. (2020) and Franke et al. (2015). 
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mantle xenolith data, as well as magma chemistry indicate that the 
lower lithosphere has been heated and thinned, and it has been refer
tilized with C–O-H-rich fluids, but in a spatially heterogeneous pattern. 
This metasomatism could remove any pre-existing strain fabrics, and 
introduce new fabrics in gabbroic rocks (e.g., Snyder and Lockhart 
2009). 

2.2. Previous investigations of seismic anisotropy and mantle deformation 
in east Africa 

Previous shear wave splitting (Table SM2, Fig. SM2) and analyses of 
radial and azimuthal anisotropy of surface waves show several consis
tent patterns (e.g., Bastow et al., 2010; Kendall et al., 2005). In rift 
sectors with surface expressions of rift magmatism, the fast S-wave 

polarization, or splitting direction is parallel to rift bounding structures 
and the orientations of dikes, suggesting that oriented melt pockets 
(OMP) in the mantle lithosphere and crust contribute to the observed 
along-axis splitting patterns (e.g., Gao et al., 1997; Kendall et al., 2005). 
Enhanced mantle flow along lithospheric thin zones that are broader 
than the surface expression of the rift may also contribute to rift-parallel 
anisotropy (e.g., Holtzman and Kendall 2010; Bastow et al., 2010; Tepp 
et al., 2018). Adriampenomanana et al. (2021) interpret primarily NNE 
and N-S splitting directions throughout East Africa as LPO primarily 
created by NE-directed Africa Superplume flow distributed throughout 
the upper mantle. Walker et al. (2004) found considerable spatial vari
ability in terms of ϕ and δt across the Tanzania craton, and they inter
preted patterns as evidence for fossilized strain fabrics from cratonic 
collisions. Tommasi and Vauchez (2015) used numerical models to 

Fig. 2. Distribution of seismic networks analyzed in this study. Black circles are permanent stations of the Global Seismic Network and GEONET (see Table SM2 for 
data sources). K-S is Kenya-Sweden project. Boxes enclose CRAFTI (XJ2), TRAILS (Y1/6R); Paka and Menengai volcano arrays (1C). Red stars: mantle xenolith locales 
(Mega, Marsabit, Chyulu Hills, Pello-Eledoi, Labait, Lashaine, and Olmani). Orange triangles: Pleistocene volcanic centers; Red triangles: Holocene eruptive centers. 
Black arrows: absolute plate motion in not net rotation reference after Conrad and Behn (2010). 
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demonstrate the effects of fossilized crystallographic preferred orienta
tion of mantle materials on XKS measurements. 

Reiss et al. (2019) considered lower mantle contributions to anisot
ropy from the large low shear velocity province (LLSVP) beneath Africa 
through comparison of SKS and SKKS phases, and found contributions to 
anisotropy along the steep margins of the LLSVP and within an ultra-low 
veolcity zone inside the LLSVP. The influence of the D” anisotropy is 
similar throughout the region we analyze except for the NE corner of our 
study area, where D” anisotropy is stronger (Reiss et al., 2019). 
Accordingly, XKS measurements in the selected area most likely sample 
upper mantle anisotropy. 

3. Methods and data 

3.1. Methods 

P-to-S conversions at the core-mantle boundary provide an oppor
tunity to measure upper mantle seismic anisotropy below a seismograph 
station (e.g., Silver and Chan 1991). At distance ranges of 88–130◦, 
teleseismic body-waves arrive with near vertical incidence angles (<
~15◦), making the distance traveled through the anisotropic layer close 
to the thickness of the layer. 

We use SplitRacer 2.0 (Reiss and Rümpker, 2017), which uses ob
servations in 50 randomly selected time windows, to facilitate all aspects 
of the data analyses. We use both the transverse component minimiza
tion (TCM) method of Silver and Chan (1991) and the multichannel 

Fig. 3. Crustal tectonic domains after Fritz et al. (2013) and Boniface and Appel (2018). Archean cratons have unusually thick lithosphere (> 150 km), compared to 
100–120 km-thick Proterozoic orogenic belts, and ≤ 100 km-thick Mesozoic passive margins (e.g., Fishwick and Bastow, 2011). Black lines-Proterozoic sutures; red 
lines-Pan-African sutures; orange line-Pan-African reactivation; orange triangles- Pleistocene volcanic centers; red triangles-Holocene eruptive centers. 
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method of Chevrot (2000) as implemented in Reiss et al. (2019). After 
transforming waveforms to radial and transverse components, the TCM 
method utilizes a grid-search over all combinations of ϕ and δt to best 
minimize the transverse component energy (energy minimization), 
effectively removing the effect of splitting on individual waveforms. 
Here we also use SplitRacer’s option to analyze all data at a given station 
in one grid search which then results in a single combination of ϕ and δt 
that best reduces the transverse energy of all waveforms simultaneously. 
The multichannel method measures the splitting intensity, which is 
derived from the amplitude ratio between the transverse component and 
the time derivative of the radial component, on individual XKS wave
forms (Chevrot, 2000). Assuming a reasonable distribution of phases in 
backazimuth of the teleseisms recorded at each station, the observed 
splitting intensities map a sinusoid whose phase and amplitude define 
the fast direction and delay time (e.g., Fig. SM1, Table SM1). 

3.2. Data 

We process and analyze data from five temporary arrays (1C, Y1/6R, 

XJ, YY, Sweden-Kenya), three permanent stations in the Eastern rift 
(KIBK, LODK, KMBO), and four permanent stations in the Western rift 
and its flanks (MBAR, BUJA, IDJ, LWI) (Fig. 2, Table SM2). In addition to 
these new measurements, we re-analyze data from publicly available 
data from African networks (Table SM2; Fig. 2). Data from network 1B 
in Uganda was analyzed using the same approach; the results of Homuth 
et al. (2016) are used. With all other data sets, we considered teleseisms 
of moment magnitude 5.9 and greater at epicentral distances between 
88◦ and 130◦ We identified high-quality XKS waveforms for analysis 
through both automated and visual checking for signal-to-noise ratio >
2, good waveform clarity, and measured initial polarizations within 10◦

of the backazimuth. For example, for station STCK, the energy is zero 
when the XKS wave is polarized parallel or perpendicular to the fast axis 
of the anisotropic material, and maximized when the polarization is 45◦

from the bulk symmetry axis of the aggregate material (Fig. 4). We filter 
using a zero phase Butterworth bandpass filter with corner frequencies 
of 0.02–0.25 s (see Supplementary Materials). Null measurements were 
determined by the initial linearity of the particle motion and the lack of 
signal on the transverse component (e.g., Reiss and Rümpker 2017). 

Fig. 4. Transverse component minimization analyses of an SKS phase recorded at station STCK from network Y1/6R. (a) Normalized radial and transverse com
ponents. The red bars denote 50 randomly selected time windows used for the analysis. (b) Particle motions for different periods and time windows. The top left panel 
corresponds to the entire time window of 100 s. Other panels show the particle motion for a selected time window surrounding the phase of interest (SKS). The red 
bar indicates the back azimuth. (c) Histogram of splitting parameters for the randomly selected time windows. (d) Energy grid of the corrected transverse component. 
The blackened contour level refers to the 95% confidence level. The blue cross marks the pair of splitting parameters which minimizes the energy on the trans
verse component. 
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Additional criteria were the initial ellipticity of the particle motion, the 
linearity of the corrected particle motion, the waveform quality, the 
similarity of the fast and slow split shear waveforms. 

All splitting measurements present path-integrated results. Splitting 
intensity measurements alone cannot be used to infer multi-layered 
anisotropy whereas TCM can provide information on multiple layers if 
results from different backazimuths are available (e.g., Chevrot 2006; 
Silver and Long 2011). If e.g. two anisotropic layers are present, φ and δt 
display a typical 90◦-periodicity with the backazimuth. However, 
splitting intensity measurements can result in meaningful measurements 
even where there is a weak signal in the transverse component close to 
null, whereas the TCM method may fail to detect small δt (e.g., Lopes 
et al., 2020). Used together, the TCM and splitting intensity measure
ments enable insights in areas with complex anisotropy, including var
iations with backazimuth resulting from multiple anisotropic layers and 
local variations in mantle structure. 

3.3. Data selection 

We illustrate our approach using the four networks (CRAFTI-CoLi
BREA, TRAILS, 1C, YY) analyzed for the first time. Thirty-four tele
seismic earthquakes of MW ≥ 5.9 at distances between 88 and 130º 
recorded on the CRAFTI (XJ) temporary array between January 2013 
and December 2014 provided results that satisfied our ‘good’ criteria: 
signal-to-noise ratios > 2, energy reduction > 50%, no interference with 
non-XKS phases (e.g., Fig. 5). Eighty-seven teleseisms of MW ≥ 6.0 at 
distances between 88o and 130o recorded on the TRAILS network (Y1 
and 6R) between January 2019 and October 2021 in the Kenya, and two 
additional stations from the Sweden-Kenya partnership infill a large gap 
between the ER and MER (Fig. 3). For the permanent stations (LODK, 
KIBK, KMBO), 46 teleseisms of MW ≥ 6.0 at distances between 88º-130º 
were used (Figs. 2 and 5). Fifty-nine teleseismic earthquakes of MW ≥

6.0 at distances between 88o and 130o recorded on network 1C in the 
Kenya rift near the geothermal prospects of Paka and Menengai vol
canoes provided good results (Fig. 3). For both permanent and tempo
rary arrays, azimuthal coverage is excellent (Fig. 5). 

A critical part of our analyses is to place the new results within a 
regional context, and to interpret both splitting direction, φ, and amount 
of splitting, δt. Previous XKS-splitting studies in Africa have used 
different filters, or a single window rather than the 50 utilized in this 
study, and rarely has splitting intensity been considered. We chose to re- 
analyze published and accessible data to enable comparison of splitting 

direction, strength, as well as splitting intensity, which is more accurate 
in areas with small amounts of splitting (e.g., Lopes et al., 2020). We 
report results at stations where four or more non-null measurements are 
made, and report null where 5 or more null measurements are made. 

The back-azimuths of null measurements are approximately 
perpendicular or parallel to measured ϕ (Fig SM2). Null measurements 
can occur from (1) alignment with the fast or slow splitting direction, (2) 
multiple anisotropic layers that cancel each other out (e.g., Barruol and 
Hoffmann, 1999), or 3) lack of azimuthal anisotropy. Our null mea
surements are consistent with the first interpretation on most stations, 
where non-nulls are also detected. The relatively short time period of 
observations at temporary seismic stations did not afford azimuthal 
coverage adequate to evaluate the presence or absence of two-layer 
splitting. At the permanent sites in the Eastern rift, we found little evi
dence for two-layer splitting: azimuthal variations in splitting direction 
and intensity are small and two-layer models showed similar splitting in 
both layers (Figure SM3). 

4. Results 

For all of the data sets, we first evaluated sensor orientations from 
analyses of teleseismic arrivals, with few sites showing deviations 
greater than ± 5◦. Both TCM and splitting intensity measurements were 
made for each station, as reported in Tables SM1, SM2. Comparison of 
results using the two methods shows that the results are identical, within 
uncertainties, for both ϕ and δt for the new data. For individual mea
surements, the splitting intensity method typically provides a lower δt 
error but a slightly higher error in ϕ (e.g., Reiss et al., 2019). New and 
re-analyzed SKS-splitting patterns are presented in Fig. 6, with an 
enlargement of the new data from the Eastern rift shown in Figure SM3. 

We equate ‘rift zone’ with the 200–300 km-wide swath of faulted 
basins as well as their flexurally uplifted rift flanks; this breadth captures 
the wider zone of mantle lithospheric thinning as compared to the 
breadth of the fault bounded rift valleys. The Eastern rift is sub-N-S 
trending and perpendicular to its approximately E-W opening direc
tion (Saria et al., 2014; Birhanu et al., 2016; Knappe et al., 2020). In the 
Western rift zone, modern extension direction rotates from WNW in the 
north to sub-E-W south of Lake Kivu (e.g., Stamps et al., 2018). The 
modern extension direction in the ENE-trending MER is WNW-ESE to 
E-W (Birhanu et al., 2016). 

Within the Western rift, Eastern rift, and MER, fast splitting di
rections are sub-parallel to the sub-N-S-striking rift boundary fault 

Fig. 5. (A) Azimuthal distribution of teleseisms used in analyses of CRAFTI (XJ) and Paka-Menengai (1C) experiments. Null measurements are determined from most 
azimuths for both temporary arrays. (B) Azimuthal distribution of teleseismic used in analyses of the TRAILS network in Kenya (Y1) and Ethiopia (6R), respectively 
(Tables SM1–2). 
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systems that, in some areas, parallel pre-existing shear zones and 
metamorphic fabric of Proterozoic orogenic belts (e.g., Kolawole et al., 
2018), and reactivate the Mesozoic Rukwa fault (Roberts et al., 2012) 
(Figs. 1, 3 and 6). In turn, some of the border fault systems parallel the 
strike of basement lineations. Outside the rift zone within the 
Pan-African and other Proterozoic orogenic belts of the Western rift, 
splitting directions are generally NE, but with δt < 1 s. Exceptions are the 
southern part of our study area at stations within Permo-Triassic rift 
zones where δt is ~1 s. Some of these Permo-Triassic basins show evi
dence of re-activation in Pliocene-Recent time (e.g., Ebinger et al., 

2017). A second exception is the Pan-African belt between the Tanzania 
craton and the Eastern rift. The lithosphere in this region was modified 
by magmatism at 30–18 Ma continuing to Holocene in some areas 
(Fig. 3). 

Within the Tanzania and Bangweulu cratons the fast direction is 
spatially variable (NW, N-S, NE), and δt is small (≤ 0.5 s). The orien
tations of fast axes rotate to directions sub-parallel to craton margins 
over distances < 100 km, and δt increases, as in the north Tanzanian 
Divergence (Fig. SM3). Splitting patterns within the Pan-African orogen 
unaffected by Cenozoic magmatism show a NE orientation with δt ≤ 1 s 

Fig. 6. New XKS splitting observations from energy minimization in dark blue; wedge width indicates 95% confidence limits. Re-analyzed data from Albaric et al. 
(2014) are shaded aqua to distinguish from the CRAFTI network. Burgundy wedge indicating 95% confidence limits from Homuth et al. (2016). Brown lines indicate 
the surface contact of Archaean and Proterozoic crust; northern margin is debated. Orange triangles are Pleistocene volcanoes; red triangles indicate Holocene 
volcanoes. NTZ is N. Tanzania Divergence; Kivu is sector with rift perpendicular measurement. Purple bands denote areas of data projected onto line of profiles 
shown in Fig. 7. 
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in the southeast along the northern edge of the Tanzania craton. This 
orientation parallels the NE-trending crustal fabric and ancient dikes 
imaged in aeromagnetic data and is oblique to N-S to NNE-striking rift 
faults (e.g., Albaric et al., 2014). 

5. Discussion 

The spatial detail afforded by the new, dense seismic networks as 
well as the consistent approach to quality control in the determination of 
best-fitting φ and δt enables us to compare their spatial variations 1) 
with lithospheric thickness variations at craton-orogenic belt boundaries 
and beneath the Cenozoic East African rift system, 2) zones with and 
without magma intrusion, and 3) lithospheric strain fabrics. Our split
ting directions are generally consistent with the orientations of fast 
splitting directions from earlier studies (Figure SM2), but we report 
significant reductions in the amount of splitting in many areas. Another 
major difference is that our compilation is smaller than the catalog data 
base (e.g., Rajaonarison et al., 2023) owing to the omission of sites with 
fewer than 4 good/null measurements (compare Figs. 6, SM2 and SM3). 
All single splitting measurements are shown in Fig. SM2, even for sites 
with fewer than 4 good/null measurements. 

5.1. Extension, faulting and magma intrusion 

Throughout the study area, fast axes parallel the extensional basins 
and dikes that vary from NNW-striking in the southern part of the 
Western rift to NNE-striking along its northern sector, and N-S to NNE 
along the Eastern rift and MER (Figs. 1, 6). Data from dense arrays at the 
edges of the Tanzania craton provide additional insights into the mantle 
layer(s) contributing to the observed anisotropy patterns. The CRAFTI 
data from the eastern side of the Tanzania craton show a shift from NE to 
N-S splitting over a distance of 20–30 km (Fig. 6, SM2). Using the Fresnel 
zone models of Rümpker and Ryberg (2000), the minimum Fresnel zone 
width is 60–70 km depth for an assumed 80 km-thick lithosphere. 
Fresnel zones in the sub-lithospheric mantle overlap, requiring the 
anisotropy to reside within the lithosphere. A similar pattern was found 
along the NW margin of the Tanzania craton by Homuth et al. (2016). 
The magma-poor southern Tanganyika rift also shows a shift from 
NE-directed splitting outside the rift, to rift-parallel (NNW) over short 
length scales (Fig. 6). These changes in direction and amount of splitting 
over short spatial scales argue for anisotropy concentrated in the mantle 
lithosphere and uppermost asthenosphere. 

We see little evidence for rift perpendicular strain fabrics (Figs. 3, 6), 
as reported by Eilon et al. (2014) in the back-arc system of Papua New 
Guinea. Instead, φ in the Eastern rift is roughly N-S, which is perpen
dicular to the N90◦E extension direction (Saria et al., 2014; Knappe 
et al., 2020). In the MER and Ethiopian plateau the fast direction is NNE, 
again perpendicular to rift opening direction of ~N106 (Birhanu et al., 
2016). Likewise, the NNW and NNE φ orientations in the southern and 
northern sectors of the Western rift are perpendicular to rift opening 
direction (e.g., Lavayssière et al., 2019; Homuth et al., 2016; Stamps 
et al., 2018). The exception is the ~1 s of WNW-directed splitting at a 
single station in the Kivu rift (Fig. 6) where the IDJ station is sited near 
the surface expression of a Proterozoic shear zone with the same strike 
(Figs. 3 and 6). 

5.2. Ancient lithospheric strain fabrics 

The rift parallel anisotropy observed in magma-poor and magma- 
rich sectors, regardless of age or fabric of lithosphere undergoing 
extension, argues against fossil strain fabrics as the primary contributor 
to observed XKS-splitting patterns within the modern extensional 
provinces (e.g., Walker et al., 2004). Outside the rifts and Ethiopian 
flood basalt province, splitting direction is predominantly NE, oblique to 
the ~N-S orientation of thrusts and sutures in the Pan-African. Some 
areas show little evidence for parallelism with ancient shear fabrics. For 

example, fast splitting direction shows no deviation from N-S to NNW 
near the lithospheric-scale Aswa shear zone (Figs. 3, 6, SM2). Mantle 
tomographic imaging in southwestern Ethiopia defines a NW-striking 
high velocity zone in the upper mantle associated with a NW-trending 
accreted Pan-African terrane (Kounoudis et al., 2021), yet fast di
rections are NNE and show little change regionally (Fig. 6). South and 
east of the Eastern rift splitting is oriented NE to E-W, whereas 
Pan-African recumbent folds and shear zones strike N-S (Figs. 6, SM2). 
The WNW-trending suture zones between the Tanzania and Bangweulu 
craton are oblique to the NNW and N-S φ directions we observed. 
Instead, fast directions parallel the shape of the lithospheric thin zones 
imaged tomographically and with receiver functions (e.g., Wölbern 
et al., 2012; Hopper et al., 2020). Weak anisotropy (< 1 s) may be caused 
by pre-existing strain fabrics in the lithosphere in all or some parts of the 
rift zones, as indicated by xenolith data; strain fabrics may contribute to 
the observed delay times. 

5.3. Superplume dynamics 

The direction of XKS-splitting we determine follows the general NE- 
directed upper mantle strain patterns predicted by the African Super
plume spanning the upper mantle (e.g., Andriampenomanana et al., 
2021; Rajaonarisan et al., 2023), with notable exceptions in the southern 
part of the Western rift where NNW splitting parallels the Bangweulu 
and Tanzania craton margins. The spatial variations in strength of 
splitting require additional processes: the smallest amounts of splitting 
occur outside the extensional provinces; the largest amounts of splitting 
are in areas with magmatism and lithospheric thinning. For example, δt 
increases from 1.5 s in the Turkana depression to more than 2 s across 
the broad Ethiopian plateau. 

5.4. Rifting model 

The amount of splitting is largest in the rift zones and flood basalt 
provinces, and smallest in the Archaean cratons, as shown in a WNW- 
ESE-trending profile spanning the Western rift, Tanzania craton, 
Eastern rift and Pan-African belt and a SSW-NNE-trending profile from 
the Malawi rift at the southern end of the Western rift, along the length 
of the Eastern rift to the MER (Fig. 7). For example, δt is less than 0.5 s in 
the Tanzania craton, less than 1 s in the north Tanzania Divergence area 
where magmatism and extension initiated after 7 Ma, and it increases to 
more than 1.5 s in the Turkana Depression where magmatism and 
extension initiated after ~30 Ma. The amount of splitting on the largely 
unfaulted Ethiopian flood basalt province is comparable to that in the 
MER where lithospheric thinning is 25% (e.g., Bastow et al., 2010); 
channeled flow alone cannot explain these patterns. The small amounts 
of anisotropy and large percentage of null measurements beneath 
cratonic regions may be related to their long and complex history, as 
well as the lack of metasomatism and magma intrusion during present 
day rifting. Summarizing, rift parallel anisotropy is observed in both 
magma-rich and magma-poor rift sectors, the primary anisotropic zone 
is in the upper asthenosphere and mantle lithosphere, and δt increases in 
areas with magmatism, with the largest amounts of splitting in the 
Ethiopian flood basalt province. 

Multiple lines of reasoning lead us to deduce that contributions to 
anisotropy from LPO fabrics throughout the upper mantle are small, 
owing to the ≤ 1 s of NE-directed splitting observed outside the rift and 
magmatic zones (Fig. 7). Instead, the more than 1 s delay time, observed 
parallelism of splitting directions with zones of lithospheric thinning 
and magmatism, and indications for shallow sources of anisotropy argue 
for primary contributions from channeled along-axis flow and oriented 
melt pockets. Fossil strain fabrics in the mantle lithosphere may also 
contribute, but the weak anisotropy outside the rift suggests that these 
fabrics contribute < 1 s to the observed delay times. 

Mantle xenoliths indicate up to 50% thinning of mantle lithosphere, 
and percolation of fluids with 2–13% S wave-anisotropy (Baptiste et al., 
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2015). Seismic imaging in some parts of the rift indicate 50 km or more 
relief at the LAB beneath rift zones (e.g., Tiberi et al., 2019; Hopper 
et al., 2020). The 1–1.5 s of splitting in the weakly magmatic Turkana 
rift (Eastern rift) and the Albertine-Rwenzori zone (Western rift) may be 
representative of the combined along-axis flow contribution and fossil 
strain fabrics. 

Melt preferentially ponds in zones of thinner lithosphere, spatially 
linking the channeled flow and melt and injection zones (e.g., Sleep 
et al., 2002) (Fig. 8). Aligned melt bodies and fluid-filled cracks in the 
lithosphere can produce rift-parallel splitting strength of ~1 s (e.g., 
Holtzman and Kendall 2010; Hammond and Kendall 2016). Where 
magma intrusion is localized, crustal contributions to splitting may be 
~0.3–0.5 s (e.g., Kendall et al., 2005). Sharp contrasts in lithospheric 
thickness variations at the lithosphere-asthenosphere boundary may 

cause deflections in ambient mantle flow (e.g., Currie and van Wijk, 
2016) where melt migration is enhanced (Holtzman and Kendall, 2010) 
(Fig. 7). These conditions are met at the eastern margin of the Tanzania 
craton where tomographic imaging indicates 50 km or more relief at the 
lithosphere-asthenosphere boundary (Tiberi et al., 2019). The step in 
lithospheric thickness is consistent with constraints from mantle xeno
liths (e.g., Vauchez et al., 2005). Taken together, the spatial patterns of ϕ 
and δt suggest that anisotropy is enhanced by along-axis mantle flow in 
lithospheric thin zones augmented by oriented melt pockets and fossil 
anisotropy that combine to 1.5 s or more of rift-parallel anisotropy. The 
topographic relief at the LAB along craton margins may enhance flow, 
and hence melt extraction, coupling these two processes (Fig. 8). 

NE-directed mantle flow from the African superplume may enhance 
the observed splitting, if the asthenospheric flow is faster than the slow- 

Fig. 7. Comparison of amount of splitting (δt) along (a) a WNW-ESE transect of the East African rift crossing the Archaean Tanzania craton and (b) a SSW to NNE 
transect from the Rungwe volcanic province at the northern end of the Malawi rift along the Eastern rift and Main Ethiopian rift, crossing parts of the uplifted 
Ethiopian plateau and Eo-Oligocene flood basalt province (Fig. 6). Data from ±50 km from the line were projected onto the line of the profile. Bold black lines 
indicate zones of lithospheric thinning. Gray line indicates average δt value outside rift zones, which we interpret as the combined contributions of fossil crust and 
mantle strain fabrics, as well as mantle plume flow contribution. The smallest amounts of splitting are found beneath the > 150 km-thick Tanzania craton, whereas 
the largest amounts of splitting (≥ 1.5 s) are observed across the Ethiopian flood basalt province, parts of which have experienced rifting over the past ~20 My. The 
Turkana depression is a region of lithospheric thinning during Mesozoic time, as well as the past ~27 My of extension and rift-related magmatism (e.g., Ogden 
et al., 2023). 
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moving plate (e.g., Fishwick and Bastow 2011) (Fig. 8). Our regional 
analyses support more local rift studies showing evidence for bottom-up 
processes driving extension in Africa, as indicated by widespread 
metasomatism and significantly larger amounts of mantle lithospheric 
thinning as opposed to mechanical crustal stretching (e.g., Wölbern 
et al., 2012; Hopper et al., 2020). Pre-existing lithospheric strain fabrics 
are not pervasive or may have been weakened in some areas by meta
somatism (e.g., Snyder and Lockhart 2009). Topography at the 
lithosphere-asthenosphere boundary may pre-dispose craton edges to 
magmatism and subsequent faulting. The enhanced flow at craton edges, 
metasomatic alteration of the base of the plate, and progressive melt 
intrusion may explain the initiation of rifting in thick cratonic 
lithosphere. 

6. Conclusions 

We analyzed data from five networks (XJ, 9I/6R, 1C, YY, Sweden- 
Kenya) and re-analysed publicly available data from 13 African broad
band networks spanning 1994 through 2022 using consistent criteria to 
evaluate both splitting direction (φ) and amount (δt). Rift parallel 
anisotropy is observed in both magma-rich and magma-poor rift sectors, 
but δt is largest in magmatic rift zones. The largest delay times (> 2 s) are 
found in the Ethiopian flood basalt province where dikes and sills span 
the entire lithospheric thickness. Cratonic areas outside the rifts have the 
smallest δt (≤ 0.5 s) with generally NE-directed φ, which may indicate 
an African Superplume contribution. The observed parallelism of split
ting directions with sub N-S trending zones of lithospheric thinning and 
magmatism, indications for shallow sources of anisotropy, and spatial 
patterns of φ and δt indicate that anisotropy arises from strain fabrics 

created by along-axis mantle flow in lithospheric thin zones augmented 
by oriented melt pockets and fossil strain fabrics. The evidence for 
shallow contributions at craton edges, metasomatic alteration of the 
base of the plate, and progressive melt intrusion may explain the initi
ation of rifting in thick cratonic lithosphere. Contributions from pre- 
existing lithospheric strain fabrics are < 1 s, perhaps in part owing to 
the pervasive metasomatism above the relatively volatile-rich mantle 
upwelling(s). 
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