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S U M M A R Y 

The role of pre-existing lithospheric heterogeneities in rifting processes remains unclear. 
The Eastern and Main Ethiopian rifts lie within the same geodynamic province and are 
kinematically connected through the Turkana Depression, but they transect heterogeneous 
lithosphere: Pan-African accreted terranes, failed Mesozoic-Paleogene rift systems, zones of 
Eocene–Oligocene flood magmatism. Rifting in these pre-extension heterogeneities offers 
the opportunity to evaluate their relative importance in Oligo-Miocene to Recent stretching 

and magmatism. We use 3-D Rayleigh shear-wave speed (Vs) models inverted from ambient 
noise signals recorded on a temporary seismic network to image heterogeneities in litho- 
spheric structure, and to evaluate their influence on syn-rift faulting and magmatism. Crustal 
feeder zones for Eocene–Oligocene flood magmatism in southwestern Ethiopia are marked by 

≤50 km-wide, 10–15 km-thick mid-lower crustal fast wave speed (Vs ≥ 3.8 km s−1 ) anomalies 
that are localized rather than widespread. Evidence for active magma intrusions only occurs 
beneath aligned chains of Quater nar y er uptive centres in Lake Turkana and ≤1 Ma shield 

volcanoes east of the Turkana rift having localized low Vs ( ≤3.4 km s−1 ) at 0–20 km depth. 
Evidence for widespread lower crustal intrusions, however, is lacking. Pan-African oceanic 
accreted terranes in southern Ethiopia have high Vs anomalies of 3.6 km s−1 throughout 
the crust and overlay previously imaged high-wave speed lithospheric mantle that has been 

interpreted as cold and strong Proterozoic accreted terrane. The integrated strength of this 
lithospheric-scale pre-existing mechanical heterogeneity resisted Oligocene–Miocene stretch- 
ing and subsequently contributed to the unusual breadth of this East African rift sector lying 

north of the Turkana Depression. 

Key words: Crustal imaging; Seismic tomography; Continental tectonics: extensional; 
Cr ustal str ucture; Large igneous provinces. 
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 I N T RO D U C T I O N  

ata and models have shown that progressive thinning and weak-
ning of strong, thick lithosphere as rifting progresses to incipient
ea floor spreading is accommodated through a combination of
1) mechanical plate stretching that thins the crust and the mantle
ithosphere; (2) conductive heating from passively or dynamically
pwelling asthenosphere; (3) advective thinning at the base of the
late; and (4) heating and extension achieved by magma intrusions
ourced from adiabatic decompression melting of the asthenosphere
ith melt and volatile contributions from the lithosphere (e.g. Chin
018 ; Ebinger 2021 ; Brune et al. 2023 ; Ozaydin et al. 2024 ). Yet,
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
hese conceptual models of continental rifting, constrained by geo-
cientific studies, do not account for plate heterogeneity associated
ith pre-existing structures and strength variations such as exotic

erranes, pre-existing rift zones and pre-rift flood magmatism that
ay affect the continental rift’s breadth, orientation and style of

train localization (e.g. Guerri et al. 2015 ; Wenker & Beaumont
018 ; Neves et al. 2021 ; Musila et al. 2023 ). New and existing seis-
ic data from the actively deforming Turkana Depression region of
ast Africa offer the opportunity to evaluate lateral heterogeneities
nd their spatial relationship to faults, pre-rift crustal thin zones
nd crustal magma bodies that fed the pre-rift flood basalts as well
s magma storage and transport zones from active magmatism.
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New crustal imaging and existing constraints enable us to assess 
their relative importance in Oligo-Miocene to Recent stretching 
and magmatism. 

The low elevation Turkana Depression comprises a failed, weakly 
magmatic Mesozoic rift zone now crosscut by Oligo-Miocene to 
Recent rifts between the uplifted Ethiopia–Yemen and East Africa 
plateaus (Fig. 1 ). The unusual 300 km-wide low-lying rift been up- 
lifted since at least 17 Ma and the entire region is dynamically sup- 
ported by one or more mantle plumes (e.g. Kounoudis et al. 2021 ; 
Boyce et al. 2023 ; Ogden et al. 2023 ) (Fig. 1 ). Eocene–Oligocene 
flood magmatism affected the southwestern part of the Ethiopian 
plateau bordering the Turkana Depression but there is no evidence 
for extension until ∼28 Ma (e.g. Davidson & Rex 1980 ; Ebinger 
et al. 1993 ; Ragon et al. 2018 ) (Fig. 2 ). Geochemical analyses of 
flood eruptive products between 45–28 Ma show fractionation at 
progressively shallower crustal levels in crustal magma chambers 
(Steiner et al. 2024 ). The pre-existing crustal thickness and compo- 
sitional differences, as well as the variable magma intrusions predict 
heterogeneities in seismic velocity structure. 

The unusual 300 km-wide zone of Oligocene–Miocene to Recent 
eruptive centres and extensional basins in the Depression, which is 
three times wider than the rift zones to the north (Main Ethiopian 
Rift, MER) and south (Eastern Rift, ER), has been interpreted as: 
(1) rifting into a pre-existing weak zone (e.g. Brune et al. 2017 ; Nutz 
et al. 2022 ; Pusok et al. 2025 ); (2) along-axis propagation and east–
west migration (e.g. Morley et al. 1992 ; Ebinger et al. 2000 ; Corti 
et al. 2019 ); (3) partial melting of lithospheric drips feeding mag- 
matism (e.g. Furman et al. 2016 ; Morley 2020 ); and (4) pre-existing 
oceanic terrane boundaries and failed rift zones, both interpreted 
as strong zones, but with different characteristics: oceanic terrane 
boundaries do not localize strain and instead deform diffusively, 
whereas failed rift zones are circumnavigated and not exploited by 
the East African Rift (EAR) (Kounoudis et al. 2023 ; Musila et al. 
2023 ; Ogden et al. 2023 ; Sullivan et al. 2024 ).The 80–100 km-wide 
MER to the north is characterized by fault-bounded basins with 
Quater nar y er uptive centres and is underlain by low-velocity crust 
with > 3 km of lower cr ustal intr usions (e.g. Mackenzie et al. 2005 ; 
Cornwell et al. 2006 ; Maguire et al. 2006 ). The 60–80 km-wide 
Eastern rift (south) is also characterized by fault-bounded basins 
with Quater nar y er uptive centres underlain by comparable high bulk 
crustal Vp/Vs ( > 1.8; Dugda et al. 2005 ) akin to the magma-mature 
MER to the nor th (Stuar t et al. 2006 ), indicating significant mafic 
intrusions. Imaging the distribution and depth extent of magma in- 
tr usions, cr ustal thinning and lateral heterogeneities is essential to 
evaluate the role of Mesozoic rifting, terrane boundaries and pre-rift 
magmatism, and to distinguish between the models for the Turkana 
Depression. 

The objectives of our ambient noise tomography study are to 
characterize the (1) magmatic plumbing systems for the 45–28 Ma 
flood magmatism; (2) extent of crustal magmatic modification be- 
neath the nor ther n Easter n rift and souther n MER and their relation 
to zones of active deformation; and to (3) evaluate crustal velocity 
variations associated with the Pan-African terranes and Mesozoic 
rifts. We integrate information on seismic velocities from previ- 
ous controlled source and passive source imaging (Mechie et al. 
1994 , 1997 ; Kounoudis et al. 2021 , 2023 ; Ogden et al. 2023 ) and 
seismic reflection imaging, calibrated by exploration wells, beneath 
the Turkana Depression (e.g. Winn et al. 1993 ; Schofield et al. 
2021 ; Muirhead et al. 2022 ; Kebede et al. 2023 ). We evaluate 
the distribution of active (low Vs anomalies) and frozen (fast Vs 
anomalies) magmatic intrusions associated with the past 45 My of 
magmatism using high-resolution 3-D Rayleigh shear wave (Vs) 
velocity models inverted from ambient noise Rayleigh phase veloc- 
ity recorded by the Turkana Rift Arrays Investigating Lithospheric 
Structures (TRAILS) project and a few neighbouring stations to the 
north and south of the study area (Figs 3 , 4 and SM1, Supporting 
Information). 

2  G E O DY NA M I C  A N D  T E C T O N I C  

S E T T I N G  

2.1 Geodynamic background 

Global tomographic models image one or more mantle plumes ris- 
ing from the core mantle boundary beneath southern Africa to the 
base of the lithosphere beneath East Africa (e.g. Ritsema et al. 2011 ; 
Nyblade 2011 ; French & Romanowicz 2015 ; Emry et al. 2019 ; 
Boyce et al. 2023 ). The entire region, including the Turkana De- 
pression, is dynamically supported (Kounoudis et al. 2021 ; Boyce 
et al. 2023 ). The Depression’s low elevation between the Ethiopian 
and Kenyan plateaus is thus a consequence of superposition of 
crustal thinning from multiple phases of rifting (Ogden et al. 2023 ). 

The Main Ethiopian and the Eastern rifts developed in ∼120 km- 
thick lithosphere of the Pan-African orogenic belt accreted to the 
> 150 km-thick Archaean Tanzania craton (e.g. Emry et al. 2019 ; 
Afonso et al. 2022 ; Boyce et al. 2023 ) (Figs 1 and 2 ). Surface 
expressions of lithospheric heterogeneities in the study area in- 
clude Pan African (800–500 Ma) accreted terranes and suture 
zones (e.g. Teklay et al. 1998 ; Stern et al. 2012 ; Fritz et al. 
2013 ) (Fig. 2 ). The MER and ER are kinematically linked across 
the southern Ethiopian plateau, and the northern part of the East 
African plateau through the Turkana Depression (Musila et al. 
2023 ; Sullivan et al. 2024 ) (Fig. 1 ). In southern Ethiopia, the 
Pan-African accreted terranes include island-arcs, such as a NW- 
striking oceanic terrane (e.g. Shackleton 1986 ; Teklay et al. 1998 ; 
Stern et al. 2012 ) (Fig. 2 ); this zone is underlain by high P - and 
S -wave velocity mantle lithosphere ( < 200 km; Kounoudis et al. 
2021 , 2023 ). Kounoudis et al. ( 2023 ) suggested that the mantle 
lithosphere underlying the weakly magmatic Mesozoic Anza rift 
is underlain by a refractory lithosphere that acted as a rheologi- 
cal boundary to subsequent rifting phases. Pusok et al. ’s ( 2025 ) 
numerical models of melt percolation revisit conjecture that the 
Turkana Depression was a lithospheric weak zone in Oligo-Miocene 
time and ignore the dehydration effects of Mesozoic magmatism 

and thinned cr ust, contrar y to seismic imaging that indicates the 
Mesozoic rift zones may have been stronger than the originally 35- 
40 km-thick crust and ‘normal’ mantle lithosphere beneath the West 
Turkana basins at EAR initiation (Kounoudis et al. 2023 ; Ogden et 
al. 2023 ). 

2.2 Tectonic background 

The Proterozoic lithosphere beneath the zone of linkage between the 
MER and ER rifts has been modified in three main rifting phases: 
the Cretaceous phase (130–80 Ma); a poorly understood Palaeo- 
gene phase (65–50 Ma); and Oligocene–Miocene to Recent (28–0 
Ma) (Morley et al. 1992 ; Ebinger et al. 2000 ; Torres-Acosta et al. 
2015 ). The modified crust encompasses four subparallel Oligocene–
Miocene to Recent rift basins: from southwest to northeast and from 

north to south in each strand: the Turkwel-Lokichar rift, Usno–
Omo–Turkana rift, Aluma–Weyto–Chew Bahir–Kino Sogo rift and 
the Chamo–Segen–Ririba rift, which is the southernmost continua- 
tion of the MER (Fig. 1 b). In the same region, there are 2–7 km-thick 



Ambient noise imaging, Turkana, East Africa 3

Pliocene-Recent

Oligocene-Recent

Mesozoic 

Paleogene?? 

Eruptive centers

0-5 Ma

5-15 Ma

15-30 Ma

Undated

Faults and Basins

Mesozoic rift
basins

34.0° 36.0° 38.0°34.0° 36.0° 38.0°34.0° 36.0° 38.0°34.0° 36.0° 38.0°34.0° 36.0° 38.0°34.0° 36.0° 38.0°

2.0°

4.0°

6.0°

2.0°

4.0°

6.0°

2.0°

4.0°

6.0°

2.0°

4.0°

6.0°

2.0°

4.0°

6.0°

2.0°

4.0°

6.0°

?

Aswa 

shear zone

(b)

SE Ethiopian
Plateau

East 
African
Plateau

Tanzania
Craton

Eastern
   Rift

Turkwel
escarpment

Main 
Ethiopian
Rift

 Lake
Abaya

Chamo
 basin

Segen 
basin

Weyto
 basin

Usno
basin

Omo 
basin

Kuraz 
volcano

Lake
Turkana

Chew Bahir
    basin Ririba

  rift
Mega

Lotikipi
 basin

NIV

  Kino
Sogo fb.

Kerio

Lokichar

CIV

SIV

Suguta 
basin

Kulal
volcano

Hurri hills 
volcano

Anza 
 Rift

Marsabit
 volcano

30.0° 33.0° 36.0° 39.0° 42.0° 45.0°30.0° 33.0° 36.0° 39.0° 42.0° 45.0°
−6.0°

−3.0°

0.0°

3.0°

6.0°

9.0°

12.0°

−6.0°

−3.0°

0.0°

3.0°

6.0°

9.0°

12.0°

Red Sea

B

     Afar
DepressionEthiopian 

 PlateauMesozoic
     Rift

  Turkana 
Depression

Main Ethiopian
         Rift

NUBIA 
PLATE

SOMALIA
  PLATE

RS

GA

Paleogene?

Anza 
 RiftEastern 

   Rift
Western 
   Rift

E. African 
 Plateau

VICTORIA
PLATE

Indian
Ocean

(a)

Figure 1. (A) Study region including the Turkana Depression, Main Ethiopian Rift (MER), Eastern Rift (ER) and Western Rift (WR). Mesozoic rifts and 
enigmatic Paleogene basins are after Bosworth & Morley ( 1994 ) and Knappe et al. ( 2020 ). Pliocene-Recent eruptive centres are after Global Volcanism 

Program (2013). TZC: Archaean Tanzania craton. RS: Red Sea; GA: Gulf of Aden. (B) Zone of linkage between the MER and ER showing the Turkana 
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Bahir–Weyto rift and Ririba–Segen–Chamo rift. Kerio basin. Oligocene-Recent eruptive centres are after a compilation by Sullivan et al. ( 2024 ). The Tanzania 
craton (orange dashed line) is after Westerhof et al. ( 2014 ). 
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retaceous sedimentary basins with Palaeogene post-rift sedimen-

ary strata of the weakly magmatic Mesozoic South Sudan and
nza rifts that span the Turkana Depression (e.g. Dindi 1994 ; Mor-

ey et al. 1999 ; Kounoudis et al. 2023 ). Their structural connection
emains debated owing to sparse subsurface data and age constraints
n South Sudan (e.g. Ebinger & Ibrahim 1994 ; Hendrie et al. 1994 ;
orley et al. 1999 ). 
Mantle plume–lithosphere interactions resulted in 45–28 Ma

ood magmatism in the southwestern part of the Ethiopian plateau,
nd what is now the southern MER (e.g. Davidson & Rex 1980 ;

art/ggaf282_f1.eps
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Ebinger et al. 1993 ; George et al. 1998 ) (Fig. 1 b). Dikes feeding 
the pre-rift flood basalts (45–28 Ma) must have caused some crustal 
extension (e.g. Steiner et al. 2021 ), but no tilting or basin formation 
has been documented before ∼27 Ma (e.g. Davidson & Rex 1980 ; 
Ebinger et al. 2000 ; Erbello et al. 2024 ). The southern extent of the 
flood basalts is 5.5◦N (Steiner et al. 2021 ). 

Between 32–27 Ma, there was a pulse of basaltic volcanism fol- 
lowed by the initiation of faulting west of Lake Turkana at ∼27 Ma, 
leading to the formation of half-graben basins (Morley et al. 1999 ; 
Wescott et al. 1999 ; Ragon et al. 2018 ). Based on published seismic 
reflection data calibrated by well data, the westwards-tilted Lokichar 
basin contains 3–7 km of Oligo-Mid-Miocene to Recent sedimen- 
tary and volcanic strata (Morley et al. 1992 ; Schofield et al. 2021 ). 
By Mid-Miocene time, strain and magmatism had jumped eastward 
to the present-day Lake Turkana rift, which contains 2–5 km of 
sedimentary strata with localized magmatic intrusions (Dunkleman 
et al. 1989 ; Muirhead et al. 2022 ). East of Lake Turkana, there 
are unfaulted 3 Ma-Recent basaltic shield complexes and mono- 
genetic cones overlying < 5 km of Mesozoic strata (e.g. Winn et al. 
1993 ; Guth 2016 ) (Fig. 1 b). The 27 Ma-Recent eastward migration 
and abandonment of magmatism and faulting produced the unusual 
breadth of the East African rift system in nor ther n Kenya, but only 
the ∼100 km-wide Lake Turkana basin is currently seismically and 
volcanically active (e.g. Morley et al. 1992 ; Knappe et al. 2020 ; 
Musila et al. 2023 ; Sullivan et al. 2024 ). In southern Ethiopia, the 
∼ 250 km-wide zone of active deformation between the Turkana rift 
and the MER has narrowed with the eastwards migration of rifting, 
and current linkage is achieved by short oblique-slip and strike-slip 
faults at the tips of N–S to NNE-striking extensional fault arrays, 
creating a broad transtensional shear zone in southwestern Ethiopia 
(Sullivan et al. 2024 ). Quater nar y magmatism occurs in the seismi- 
cally active Turkana rift, and the largely unfaulted regions east of 
the lake (Fig. 1 ). The diachronous magmatism and faulting span- 
ning > 30 My, strong, and refractory mantle beneath the Anza rift 
(Kounoudis et al. 2023 ) argue against the lithospheric drip model 
(e.g. Furman et al. 2016 ) and contradict initial conditions of the 
Mesozoic rift as a pre-existing weak zone (e.g. Brune et al. 2017 ; 
Pusok et al. 2025 ). 

2.3 Previous crustal seismic studies 

Passive and controlled source studies provide constraints on crustal 
velocity structure beneath the study area (e.g. Mechie et al. 1994 ; 
Prodehl et al. 1994 ; Benoit et al. 2006 ; Kounoudis et al. 2023 ; 
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gden et al. 2023 ). North of our study area, a wide-angle seis-
ic study (Maguire et al. 2006 ) and ambient noise tomography

tudies of the magma-mature MER provide a strong comparative
asis (Kim et al. 2012 ; Chambers et al. 2019 , 2021 ; Alemayehu
t al. 2023 ). South of the Depression, the Eastern rift has compa-
able high bulk crustal Vp/Vs akin to the magma-mature MER to
he north, indicating significant mafic intrusions (e.g. Dugda et al.
005 ). Receiver function analyses and surface wave studies using
ata from the TRAILS network and nearby seismic stations reveal
oho depths within the Depression of 21–30 km relative to the 34–

8 km in unrifted areas west and east of the TRAILS array (Fig. 3 )
Kounoudis et al. 2023 ; Ogden et al. 2023 ). The thinnest crust un-
erlies the Lokichar, Omo-Turkana, Kino Sogo and Weyto-Chew
ahir rifts, all of which lie within or along the margin of the Meso-
oic Anza rift; crustal stretching factors in these areas are ≥1.9
Ogden et al. 2023 ). Despite the 45 My history of magmatism in
ome parts of the study area, the discrete bulk crustal Vp/Vs in
ost of the region is 1.74, except in some localized regions east

f Lake Turkana where Vp/Vs of > 1.8 (Fig. 3 ) that may signify
he influence of Miocene-Recent magmatic modification (Musila
t al. 2023 ; Ogden et al. 2023 ) and/or pre-existing ultrabasic and
igh-grade metamorphic rocks (e.g. Dodson 1963 ; Mosley 1993 ;
ritz et al. 2013 ). 

 DATA  

e use seismic data collected by 34 broad-band seismic stations
rom the TRAILS project. The TRAILS network spans south-
estern Ethiopia (network 6R, Bastow 2019 ) and nor thwester n
enya (network Y1, Ebinger 2018 ) and recorded continuously
rom January 2019 to June 2021 (Fig. 3 ). The combined net-
ork comprised Güralp CMG-3T (in Kenya) and CMG-ESP (in
thiopia) instruments recording at 50–100 samples per second.
dditional data were sourced from permanent broad-band, STS2

tation LODK (network GE) west of Lake Turkana, CMG-3T sta-
ions MARA and SIGO (network UP) south of our study area and
hree CMG-6TD sensors in southern Ethiopia (ABYA, ARGA,
MBA; Ogden et al. 2021 ) (Fig. 3 ). The combined seismic net-
ork comprised 40 stations spanning a 300 km-wide zone of link-
ge between the MER and ER with an average station spacing of
0–40 km, centred on the Turkana Depression, with the stations
0–100 km north and south of the array used to better localize
nomalies. 

 M E T H O D S  

.1 Computing cross-correlations 

nstrument responses were removed from day-long seismograms of
ll 40 broad-band stations (Figs 3 , 4 b and SM1, Supporting Infor-
ation) for the time period 2019–2021. The resulting waveforms
ere Butterworth bandpass filtered with corner frequencies of 0.01
nd 8 Hz, whitened, and 1-bit normalized before the computation
f the cross-correlations (e.g. Bensen et al. 2007 ; Civilini et al.
019 ). The daily cross-correlations for each station pair were com-
uted according to Lecocq et al. ( 2014 ), following the processing
orkflow outlined in Bensen et al. ( 2007 ). The computed cross-
orrelations are the diagonal components of the Green’s function
atrix for Rayleigh waves (vertical–vertical, ZZ) (Fig. S2, Support-

ng Information). Dispersive surface waves are not observed in the
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off-diagonal components of the Green’s function tensor (e.g. ZT) 
so were excluded from further analysis (e.g. Lin et al. 2008 ; Civilini 
et al. 2019 ). 

At each station pair, we performed linear stacking on one-hour 
segments of the day-long seismic traces containing the recorded 
ambient noise signal resulting to the daily Noise Correlation Func- 
tions (NCFs). The daily NCFs at each station pair were further 
stacked to improve the signal-to-noise (SNR) ratios. The dispersive 
surface waves’ signals are differentiated from the ‘noise’ in the 
seismic traces by using lag times faster and slower than 2 km s−1 , 
respectively (Fig. S2, Suppor ting Infor mation). SNR is calculated 
by dividing the peak amplitude value of the dispersive surface waves 
with the root mean square (RMS) of the ‘noise’ parts in the day-long 
seismic trace. Station pairs with stacked NCFs with signal-to-noise 
ratios > 5.0 are then used to extract the Rayleigh wave dispersion 
curves. 

4.2 Frequency time analyses (FTAN) 

Prior to computing the dispersion curves using frequency–time anal- 
ysis (FTAN; Levshin et al. 1972 , 1989 ), we flipped and stacked the 
acausal (negative) to the causal (positive) part of the station pairs’ 
cross-correlations to further improve the SNR of the stacked NCFs 
(Fig. S2, Suppor ting Infor mation). Flipping and stacking was done 
after visually inspecting each of the station pairs’ stacked NCFs to 
ensure that their causal and acausal parts are symmetric. The FTAN 

method (Levshin et al. 1972 , 1989 ) was then used to extract disper- 
sion curves in the frequency domain from time-series seismic data, 
which in our case are the flipped and stacked NCFs. 

FTAN computes group velocity dispersion curves using a sliding 
Gaussian filter in the frequency domain of the stacked NCFs. Phase 
velocities are then calculated from the envelope function of the 
group velocity and the phase of the analytical signal (e.g. Snieder 
2004 ; Bensen et al. 2007 ). Since we lacked a baseline Rayleigh 
phase velocity curve in the Turkana Depression, we generated one 
using the region’s 1-D P -wave velocity model inverted from local 
earthquakes (Musila et al. 2023 ) and bulk crustal Vp/Vs of 1.74 
(Ogden et al. 2023 ) to generate a 1-D S -wave velocity model. We 
then took 92 per cent of the derived 1-D S -wave velocity model to 
generate our reference Rayleigh phase velocity curve (e.g. Lin et al. 
2008 ). At each station pair, the newly computed reference Rayleigh 
dispersion curves were then used to pick the nearest phase velocity 
curve branches across all periods of interest: 5–25 s. 

While the quality of dispersion curves relies on the SNR of the 
stacked NCFs at each station pair, we further incorporate our dis- 
persion curve management criteria in our processing workflow to 
select the dispersion curves used in this study. The criteria used 
is based on theory, literature (e.g. Civilini et al. 2023 ), and our 
seismic network geometry (Figs 3 , 4 and SM1, Supporting Infor- 
mation). (1) At all periods, phase velocity dispersion curves should 
be faster than the group velocity dispersion curves with the caveat 
that phase velocities might become smaller than group velocities in 
crust with pronounced low-velocity zones at depth. (2) Dispersion 
curves computed from the NCFs and whose station pair distances 
are shorter than the surface waves’ 2-wavelength criterion, at all 
periods, are discarded (e.g. Shapiro et al. 2005 ; Brenguier et al. 
2007 ). (3) If the first period in the dispersion curve was ≥10 s, we 
discard the curve unless the station pair distance is ≥500 km. (4) 
At all periods, phase velocities of the dispersion curves should be 
2–5 km s−1 , a range that mostly isolates the dispersive surface wave 
signals (e.g. Civilini et al. 2019 ) (Fig. S2, Supporting Information). 
In this study, we only present Vertical–Vertical (ZZ) Rayleigh 
wave dispersion curves. The RR Rayleigh dispersion curves are 
relatively few in number, irregularly spaced and have relatively low 

SNR values across the study area (Fig. S6, Supporting Information). 
It, therefore, makes it difficult to obtain a set of parameterizations 
needed to invert for representative RR Rayleigh period and shear 
wave (Vs) models required to address the objectives of this study. 
ZZ Rayleigh dispersion curves, however, are plentiful, uniformly 
distributed, and have significantly higher SNR values in compari- 
son (Figs 4 b, 5 b and SM6, Supporting Information); this explains 
why our ZZ Rayleigh period and their subsequent Vs models have 
representative models that have better lateral and depth resolutions. 

4.3 Sensitivity kernels 

We use the senskernel software package, building on Levshin et al. 
( 1989 ), to determine the sensitivity kernels of the surface wave’s 
phase velocities at different periods. The computation of sensitivity 
kernels requires input shear wave velocity and density models that 
are representative of the study area. We use a 1-D P -wave velocity 
model inverted from the phase arrival times of local earthquakes 
located in the Turkana Depression (Musila et al. 2023 ) (Fig. 5 a). 
Using the local 1-D P -wave velocity model and the bulk crustal 
Vp/Vs estimate of 1.74 (Ogden et al. 2023 ), we determine a 1- 
D shear velocity model, with densities determined following the 
Brocher ( 2005 ) empirical relations between wave speeds and den- 
sity. We then determine the sensitivity kernels using parameters 
such as shear wave velocity and density variations at depth and 
taking the partial derivative of the surface wave’s phase velocity 
with respect to shear wave velocity at depth ( δc/ δb) (e.g. Levshin 
et al. 1972 ). We use the computed phase velocity sensitivity kernels 
to describe the sensitivity of Rayleigh wave phase velocities as a 
function of depth (Fig. 5 b). 

4.4 Surface wave inversion 

The ‘nearly linear’ tomographic algorithm of Barmin et al. ( 2001 ) 
is used to estimate the 2-D surface wave phase velocity variations 
across the region by inverting the dispersion curves that have passed 
our dispersion curve management criteria (Section 4.2 ). The tomo- 
graphic algorithm inverts the traveltime residuals to estimate the 
surface wave velocity variations along each station pair path. The 
algorithm uses spherical geometry, nodes, and dispersion curve den- 
sity to set up the parametrization and regularization needed for the 
inversion process (Barmin et al. 2001 ). We used a grid node spacing 
of 0.2◦ to invert 150–470 ray paths across 5–25 s periods (Figs 4 
and 6 ). 

The user-defined regularization parameters include the width 
of the Gaussian smoothing filter ( δ) and the degree of amplitude 
smoothing ( α) that depends on the nodal spacing and interstation 
distance. However, for this study, we took a step further and chose 
our final set of regularization parameters by performing a trade-off 
curve analysis. This involves plotting the inverted models’ residuals, 
at all periods, with their respective smoothing parameters. Based on 
the ZZ Rayleigh trade-off curve analyses, we chose model regu- 
larization parameters at the inflection point of our trade-off curve 
plot resulting to δ = 45 and α = 340 (Fig. S7, Supporting Infor- 
mation). We then use the regularization parameters in our model 
resolution tests (Fig. 6 ) and inversion of our Rayleigh wave period 
maps (Fig. 7 ). 
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.4.1 Model resolution 

e conducted several tests to assess the resolution of our phase ve-
ocity tomographic models at 9 and 22 s (Fig. 6 ). We calculate inter-
tation velocities across synthetic models comprising high (3.5 km
−1 ) and low (3.0 km s−1 ) velocity anomalies. The synthetic mod-
ls include (1) regularly spaced circular patches of low-velocity
nomalies representing the sedimentary basins in the study area
Fig. 1 b); and (2) localized regions of low-velocity anomalies, de-
icting sedimentary basins or active crustal magma bodies (Fig. 6 ).
n all the synthetic models, we add 0.02 km s−1 Gaussian noise
o mimic the actual noise levels in our ambient noise observations
e.g. Kounoudis et al. 2023 ). We compute the synthetic phase veloc-
ties using Fatiando, an open-source Python library for geophysical
nversions (Uieda et al. 2013 ). The computed synthetic phase ve-
ocities are then inverted using the same algorithm (Barmin et al.
001 ) with the same regularization parameters described in Section
.4 . In southern MER, at Abaya and Chamo basins, resolution tests
ndicate that we cannot resolve anomalies due to a paucity of cross-
utting station pairs (c, d, e and f, Fig. 6 ). We, therefore, exclude
his southern MER region in our subsequent analysis and interpreta-
ions. However, we retain data from the three nor ther nmost seismic
tations because they boost resolution below the Depression (Fig. 6 ).

.5 Shear wave velocity inversion 

e use a grid-search algorithm to extract surface wave velocity
alues at each latitude–longitude grid node, with 0.2◦ grid spac-
ng, at all periods on the inverted surface wave velocity maps. We
efer to these extracted surface wave velocity values at all peri-
ds in each grid node as our ‘pseudo-dispersion curves’ (Figs S3,
M4 and SM5, Supporting Information). The extracted pseudo-
ispersion curves are then inverted to 1-D shear wave velocities us-
ng Dinver’s neighbourhood algorithm (Sambridge 1999 ; Wathelet
t al. 2004 , 2005 , 2008 ). The neighbourhood inversion algorithm
equires an input 1-D layered model with variations of P - and S -
ave velocities at depth, and the layers’ interface depths (Table
M1, Suppor ting Infor mation). The density range at each layer was
ept constant as it has been shown to have minor influence on the
esulting dispersion curve (Wathelet 2008 ). The number of layers
hosen in the 1-D model (Table SM1, Supporting Information) is
onsistent with the number of crustal layers imaged by a wide-angle
eismic profile along the Lake Turkana basin (Mechie et al. 1994 ,
997 ), and the 1-D P -wave model velocity model inverted using
rrival time of local earthquakes in the region (Fig. 5 a; Musila et al.
023 ). 

For each depth dispersion curve at each grid point, we use Din-
er’s probabilistic neighborhood algorithm to invert for 1-D shear
ave velocity models with maximum depths of 29 km that mini-
ize the misfit values (Fig. 5 c). The misfit values are determined

s a percentage difference between the extracted pseudo-dispersion
urve and the calculated dispersion curves obtained from forward
odelling of the inverted 50 000 probabilistic 1-D shear wave ve-

ocity models at each grid point. All the final 1-D Vs models used in
he subsequent analysis have ≤ 10 per cent misfit from the extracted
seudo-dispersion curve at each node. We take the weighted mean
or all the accepted 1-D inverted models at each node to assess
he likelihood of the inverse solution in a comprehensive manner
Figs 5 c and SM8, Supporting Information). Lastly, the weighted
hear wave velocities at each latitude–longitude node are joined
o form a volumetric description of shear wave velocity variations
t depth: a pseudo-3-D velocity structure model. From our new
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Figure 7. Rayleigh-wave phase velocity as a percentage difference from the mean phase velocity ( Cmean ) inverted using vertical–vertical cross-correlations for 
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centres are triangles colour coded by age as in Figure 1 (Sullivan et al. 2024 ). 
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pseudo-3-D model, we derive depth slices and cross-sections to in- 
vestigate shear wave velocity variations at depth along profiles of 
interest. 

5  R E S U LT S  

5.1 2-D Phase velocities 

5.1.1 Low-velocity anomalies at 5–9 s 

Velocity variations are greatest at shorter periods of 5–9 s that sam- 
ple shallow, heterogeneous crust (Fig. 7 ). The low-velocity anoma- 
lies ( −8 to −18 per cent deviation from Cmean = 3.1–3.2 km s−1 ) co- 
incide with the failed Mesozoic Anza rift. The Oligocene–Miocene 
to Recent Omo, Lake Turkana, Lokichar and Kerio basins also 
have relatively low-velocity anomalies ( −4 to −10 per cent devi- 
ation from Cmean of 3.1–3.2 km s−1 ) at shorter periods of 5–9 s 
(Fig. 7 ). Weyto and Chew Bahir rift basins in SW Ethiopia reveal 
low-velocity anomalies ( −3 to −6 per cent deviation from Cmean of 
3.1–3.2 km s−1 ) at periods of 5–9 s. 

5.1.2 High-velocity anomalies at 5–9 s 

Zones with high-velocity anomalies (3–12 per cent deviation from 

Cmean of 3.1–3.2 km s−1 ) coincide with (1) regions covered by 
Eocene–Oligocene flood basalts in southwestern Ethiopia (e.g. 
Davidson & Rex 1980 ; George et al. 1998 ; Ebinger et al. 2000 ; 
Steiner et al. 2021 ), (2) meta-basic rocks in one or more Pan- 
African accreted terranes (Dodson 1963 ; Mosley 1993 ; Fritz 
et al. 2013 ) and/or (3) un-rifted sections of the Ethiopian plateau 
(Fig. 7 ). 

5.1.3 Low-velocity anomalies at 12–24 s 

Regions of superposed Mesozoic-Paleogene and Oligo-Miocene to 
Recent rifting phases such as the nor ther n and central zones of the 
Omo-Turkana rift have relatively low-velocity anomalies ( −2 to −6 
per cent deviation from Cmean of ≥ 3.6 km s−1 ) at 12–24 s periods; 
at the same period range (Fig. 7 ). 

5.1.4 High-velocity anomalies at 12–24 s 

Areas with the shallowest Moho depths ( ≤25 km) in the region 
are basins west of Lake Turkana, the Kino Sogo Fault Belt and the 
Anza rift basins (Ogden et al. 2023 ). All these crustal thin zones 
have high-velocity anomalies (2–5 per cent deviation from Cmean 

3.3–3.7 km s−1 ) at 12–24 s periods (Fig. 7 ). 

5.2 3-D Shear wave velocities 

From the inverted 3-D Rayleigh Vs models, we extract cross- 
sections to investigate shear wave velocity variations and their cor- 
relations with pre-existing accreted terranes, sedimentary basins, 
Quater nar y volcanoes and pre-rift flood basalts (Figs 1 and 2 ). Our 
Vs models were inverted using a 0.2◦ grid spacing, consistent with 
the inverted period models. The final model has a resolution to 
depths of ∼30 km (Figs 8 and 9 ). 

In our 3-D Vs depth cross-sections, regions in the crust with 
Vs ≤ 2.6 km s−1 are bounded by green dashed contour lines; this 
velocity contour matches with depth to crystalline basement in rift 
basins where seismic reflection and well data are available (e.g. 
Winn et al. 1993 ; Schofield et al. 2021 ; Kebede et al. 2024). The 
region’s background crustal shear wave speed values were deter- 
mined using P -wave crustal velocity models from the Kenya Rift 
International Seismic Project (KRISP) wide-angle study (Mechie 
et al. 1994 , 1997 ), combined with a 1-D P -wave velocity model 
inverted from local earthquakes in the region (Musila et al. 2023 ) 
and a bulk crustal Vp/Vs ratio of 1.74 (Ogden et al. 2023 ). The 
background Vs isovelocities are overlain on the 3-D Vs models to 
help assess local variations of the Vs structure along profiles of 
interest (Fig. 9 ). The upper crust and mid-lower crust are defined 
as Vs ≤ 3.2 and 3.4–3.6 km s−1 , respectively. We approximate 
the Moho depth to be between 3.8–4.0 km s−1 contour line as 
highlighted by Kounoudis et al. ( 2023 ), and validate, where avail- 
able, with Moho depth estimates from refraction/wide-angle reflec- 
tion (Mechie et al. 1994 , 1997 ) and H- κ receiver function results 
(Ogden et al. 2023 ). We extracted cross-sections to compare ve- 
locity variations with areas of flood magmatism, crustal stretching, 
pre-existing crustal compositional variations and active magmatism 

(Fig. 9 ). 
The assumptions made when identifying the high- and low- 

velocity zones (HVZs and LVZs) in our 3-D Vs models are as fol- 
lows: (1) The HVZs are interpreted as ∼3.8 km s−1 zones at crustal 
depths, assuming the Ogden et al. ( 2023 ) Moho depths (HVZ1, 
HVZ2 and HVZ3, Fig. 9 ). (2) Crustal LVZs can be manifested at 
shallow and/or mid-lower crustal depths. For shallow LVZs asso- 
ciated with the sediments in Mesozoic-Paleogene and Oligocene–
Miocene to Recent rift basins, we consider a velocity contour of 
Vs ≤ 2.6 km s−1 consistent with depth to crystalline basement as 
determined by exploratory wells in the rift (e.g. Winn et al. 1993 ). 
Mid-to-lower crustal LVZs, our focus, are identified as zones with 
velocity reduction of Vs ≤ 3.4 km s−1 at mid-lower crustal depths 
(8–20 km depth). Additionally, these mid-lower crustal LVZs are 
also compared to surface geology (e.g. Quater nar y er uptive cen- 
tres) and active crustal strain zones in the region (Musila et al. 
2023 ). In the active rift zone where strain is localized (e.g. in the 
Turkana rift), the identified mid-lower crustal LVZs have pipelike 
clusters of earthquakes with some LVZs overlain by Quater nar y 
eruptive centers (LVZ1 in Profiles C–C′ and E–E′ , Fig. 9 ). The 
other identified group of mid-lower crustal LVZs are in the seismi- 
cally inactive zones that are overlain by Holocene-Recent eruptive 
centers east of the Lake Turkana rift (LVZ2 in Profile F–F′ , Fig. 9 ). 
Lastly, all similar HVZs and LVZs sampled by multiple profiles are 
herein identified by same name (e.g. LVZ1 sampled by both Profiles 
C–C′ and E–E′ so as HVZ2 in Profiles B–B′ and F–F′ ). 

5.2.1 Broadly rifted zone in southern MER 

In the Broadly Rifted Zone (BRZ) of southernmost Ethiopia, 
Neoproterozoic crustal domains associated with the Pan-African 
oceanic terranes are adjacent to regions of 45–28 Ma flood basalts 
(e.g. Davidson & Rex 1980 ; Ebinger et al. 1993 ; George et al. 1998 ) 
(Fig. 2 ). The Neoproterozoic oceanic crustal domains are underlain 
by high-velocity anomalies (Vs of ≥ 3.6 km s−1 ) up to depths of 
6–7 km (A–A′ and B–B′ , Fig. 9 ). A more localized ( ≤50 km-wide), 
10–15 km-thick, mid-lower crustal, fast wave speed (Vs ≥ 3.8 km 

s−1 ) zone at ≥15 km depth (HVZ1 in B–B′ , Fig. 9 ) is interpreted 
as an Eocene–Oligocene crustal feeder zone for flood magmatism. 
These localized fast wave speeds are consistent with imaged lower 
crustal layered frozen sills as observed in the heavily intruded and 
underplated MER to the north (e.g. Mackenzie et al. 2005 ; Maguire 
et al. 2006 ). East of the flood basalt province, we observe low upper 
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boxes with white outlines are Moho depths from Kenya Rift International Seismic Project (KRISP) refraction wide-angle reflection seismic studies (e.g. 
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o mid-crustal velocity of 3.4 km s−1 beneath the actively deforming
hew Bahir and Segen rift basins (A–A′ and B–B′ , Fig. 9 ). 

.2.2 Omo-Turkana rift 

he Omo-Lake Turkana rift is characterized by the Quater nar y
ruptive centres of Kuraz, North (NIV), Central (CIV) and South
sland (SIV) volcanoes (Fig. 1 b). Active deformation is localized to
his ∼100 km-wide part of the Turkana Depression where geodetic
train rate is two orders of magnitude larger than seismic strain rate,
uggesting aseismic deformation (e.g. active magma intrusion)
ccommodates a significant proportion of modern-day extension
Musila et al. 2023 ). Along the axis of the Lake Turkana rift,
ocalized low velocity zones (Vs of ∼3.4 km s−1 ) reach 20 km
epth, coincident with the NIV and CIV eruptive centres, several
f which have pipe-like earthquake clusters throughout the crust
 LVZ1 in Profiles C–C′ and E–E′ , Fig. 9 ). These localized low-
elocity anomalies coincide with magma intrusions imaged by seis-
ic reflection data along the Lake Turkana rift (Dunkleman et al.

989 ; Schofield et al. 2021 ; Muirhead et al. 2022 ). The low Vs and
eometry is similar to observations in the active rift segments of
he MER to the north (e.g. Chambers et al. 2019 , 2021 ; Alemayehu
t al. 2023 ). 

.2.3 Anza rift 

he slowest wave speeds of Vs ≤ 2.6 km s−1 spatially coincide
ith the Anza rift’s depocentre at depths ≤4 km (D–D′ and H–H′ ,
ig. 9 ) consistent with depth to crystalline basement as determined
y exploratory wells in the rift (e.g. Winn et al. 1993 ) and a surface
ave analyses (Kounoudis et al. 2023 ). Additionally, we observe
igh-velocity anomalies of 3.8–4.0 km s−1 at depths of 20–25 km
F–F′ and G–G′ , Fig. 9 ) consistent with Moho depths in this area
f β ≥ 1.9 (Kounoudis et al. 2023 ; Ogden et al. 2023 ). The Anza
ift basin is overlain by largely un-faulted shield volcanoes and
onogenetic cone complexes: some are underlain by low-velocity

nomalies. For example, the Holocene Hurri Hills shield complex
as relatively low-velocity anomalies of Vs ≤ 3.4 km s−1 to depths
f ∼ 17 km (LVZ2 in F–F′ , Fig. 9 ). 

.2.4 Oligocene-Recent Lokichar-Kerio rifts 

he rift basins west of the Lake Turkana rift formed during a 27–25
a pulse of magmatism, but active strain and magmatism are now

ocalized to the Lake Turkana rift (Morley et al. 1999 ; Schofield
t al. 2021 ; Muirhead et al. 2022 ; Musila et al. 2023 ). Moho depths
onstrained by controlled source seismology (KRISP; Mechie et al.
994 ) in the Lokichar and Kerio rift matches with our 3.8 km/s
oho depth velocity contour (D–D′ and E–E′ , Fig. 9 ). 

 D I S C U S S I O N  

he 3-D crustal shear wave velocity (Vs) results from ambient noise
omography provide new constraints on the crustal velocity struc-
ure of the Turkana Depression and southernmost Ethiopia. We place
ur work in the context of the recent TRAILS studies in the region:
iscrete bulk crustal Vp/Vs and crustal thickness measurements
Ogden et al. 2023 ), surface wave imaging of the crust and upper-
ost mantle lithosphere (Kounoudis et al. 2023 ), P - and S -wave

ody-wave upper-mantle tomography (Kounoudis et al. 2021 ), and
ctive crustal strain zones (Musila et al. 2023 ), as well as earlier
-D controlled active source imaging (Mechie et al. 1994 , 1997 ).
ur integrated approach enables us to assess how Neoproterozoic
ceanic accreted terranes, Mesozoic-Paleogene failed rift systems,
ocene flood magmatism crustal feeder zones, and Oligo-Miocene-

o-Recent faulting and magmatism modify crustal structure. 
Episodes of flood magmatism in continental rift systems are rel-

tively short-lived ( ≤15 My); the efficient way of achieving flood
agmatism’s rapid outpourings would be through magma chambers

eeding dike systems through the crust (e.g. Karlstrom & Richards
011 ; Rooney 2017 ; Mittal et al. 2021 ; Steiner et al. 2021 ).Our new
esults, when reviewed in light of the geological record, provide con-
ext to distinguish between pre-existing compositional variations
nd frozen Eocene–Oligocene flood basalt plumbing systems, both
f which would appear as high-velocity zones. 

.1 Magmatic crustal modification 

n southwest Ethiopia, a region that experienced Eocene–Oligocene
ood magmatism, has localized ( ≤50 km-wide) and 10–15 km-thick
id-lower crustal zones of fast Vs anomalies of ≥3.8 km s−1 (HVZ1

n A–A′ and B–B′ , Fig. 9 ). This suggests that Eocene–Oligocene
ood magmatism was fed by a few widely spaced crustal feeder
ones that may have been similar to Marsabit or Hurri Hills. With
 crustal thickness of ≥30 km in this region (Ogden et al. 2023 ),
he 10–15 km-thick high velocity zones are comparable to the 8–
5 km-thick flood magmatism crustal feeder zones observed in the
estern Ethiopian plateau, north of our study area (e.g. Mackenzie
t al. 2005 ) and other continental flood basalt provinces world-
ide (e.g. Ridley & Richards 2010 ). The localized nature of these

rozen magma intrusions is also consistent with the absence of el-
vated Vp/Vs except at stations near eruptive centres (e.g. Weyto
asin, Ogden et al. 2023 ) or inferred Eocene–Oligocene magma
odies. Similar patterns of locally high Vs anomalies throughout
he crust are observed in other parts of the Ethiopian plateau out-
ide the active rift zones (Alemayehu et al. 2023 ). These locally
ast wave speed zones may represent crustal feeder zones for the
ood magmatic eruptions (Steiner et al. 2021 , 2024 ) (Profile A,
ig. 10 ). 
Oligo-Miocene to Recent syn-rift magmatism, spanning aban-

oned, active, and incipient rifts, is marked by localized active
agma intrusions: active magma intrusions with low Vs ( ≤ 3.4 km

−1 ) at depths of 17–20 km (LVZ1 and LVZ2 in C–C′ , E–E′ and
–F′ , respectively, Fig. 9 ). For example, the aligned chain of Qua-

er nar y er uptive centres in the actively deforming Turkana rift zone
s underlain by localized slow velocity zones throughout the crust
ith pipe-like clusters of earthquakes, suggesting the presence of

ocalized active magma intrusions. The localized nature of these
ctive intrusions differs from the weakly extended central MER to
he north whereby the central rift valley is underlain by crustal-
cale magma intrusions that underlie aligned chains of Quater-
ar y er uptive centres in the active magmatic rift segments (e.g.
hambers et al. 2019 , 2022 ). The isolated Quater nar y er uptive
enters punctuating the Lake Turkana rift overlie the largest am-
litude seismic slow wave speeds at mantle depths of 75 km in-
erpreted as one or a combination of mantle lithosphere thinning
nd heating with or without a significant melt fraction (Kounoudis
t al. 2021 ). 

The Quater nar y Hurri Hills, located east of the zone of active
eformation, are underlain by localized low-velocity anomalies,
hich also are interpreted as a localized magmatic plumbing system
ith the underlying mantle lithosphere having ‘normal’ wave speeds
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(Kounoudis et al. 2023 ). The Quater nar y rift flank volcanoes overlie 
the slowest sublithospheric mantle wave speeds at depths > 200 km 

that may source magmas for the region (Kounoudis et al. 2021 ; 
Boyce et al. 2023 ). These patterns indicate that mantle upwelling(s) 
as well as lithospheric thinning influence melt production and the 
distribution of magmatism more than 30 My after initial plume 
impact (e.g. Kounoudis et al. 2021 ; Cancel-Vazquez et al. 2024 ). 
The off-rift magma intrusions, in turn, may act as precursors for 
incipient rifting; heat transfer and metasomatic reactions from the 
active magma bodies may weaken the plate and facilitate strain 
migration above the hottest asthenosphere. 

6.2 Pre-existing compositional variations 

The BRZ in Southern Ethiopia developed in Pan-African oceanic 
terranes that have high-velocity anomalies throughout the crust (Vs 
of ≥ 3.6 km s−1 , A–A′ and B–B′ , Fig. 9 ) and upper mantle from 

50–200 km depth (Kounoudis et al. 2021 , 2023 ). This zone has 
no surface expression of Oligo-Miocene to Recent syn-rift magma- 
tism (e.g. Erbello et al . 2024 ; Sullivan et al. 2024 ). The integrated 
strength of this cold lithospheric-scale pre-existing mechanical het- 
erogeneity (Fig. S9, Suppor ting Infor mation) and its relatively low 

Miocene-Recent crustal stretching factors of ≤1.2 (Fig. 9 b; Ogden 
et al. 2023 ) suggest that this region might have resisted Oligocene–
Miocene stretching, contributing to the unusual breadth of the BRZ 

in southern Ethiopia. 
North of the Mesozoic Anza rift’s nor ther n border fault, we ob- 

serve a high-velocity anomaly ≥ 3.8 km s−1 up to depths of 15 km 

(HVZ2 in C–C′ and F–F′ , Fig. 9 ). These high velocity zones corre- 
sponds to compositional variations mapped at the surface as a late 
Precambrian high-grade metamorphic and mafic-ultramafic rocks 
(Adola belt) accreted during the Pan-African Orogeny (e.g. Worku 
and Schandelmeier 1996 ; Yibas et al. 2002 ). 

7  C O N C LU S I O N S  

We analysed ambient noise signals continuously recorded between 
2019–2021 by the TRAILS seismic network and nearby stations 
across the 300 km-wide zone of linkage between the Main Ethiopian 
and Eastern (Kenya) rifts, including the Turkana Depression. We 
inverted for Rayleigh period maps from 5 to 25 s; the period 
maps were subsequently inverted for 3-D Rayleigh shear wave ve- 
locity (Vs) models. The final 3-D Vs models image the crustal 
velocity structure of the Turkana Depression and its immediate 
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Our results, integrated with findings from previous seismic and
etrological studies, offer insights into the modification of conti-
ental crust during flood magmatism. The absence of widespread
ast wave speed lower crustal frozen intrusions and active low ve-
ocity active intrusions, argues against regional lower crustal in-
rusions and widespread dike intrusions, consistent with receiver
unction analyses of Ogden et al. ( 2023 ). Instead, seismic imag-
ng reveals ≤50 km-wide and 10–15 km-thick localized fast wave
peed zones with Vs ≥ 3.8 km s−1 at mid-lower crust depths in-
erpreted as crustal feeder zones that fed pre-rift flood magmatism
Fig. 10 a; Steiner et al. 2021 , 2024 ). Beneath the post-flood basalt
hase Lake Turkana rift, Pleistocene-Recent syn-rift eruptive cen-
res are marked by localized zones of low Vs of ≤ 3.4 km s−1 at
epths of 20 km interpreted as localized active magma intrusions. 

The pronounced Miocene-Recent crustal stretching factors
f ≥1.9 in the Turkana Depression (Ogden et al. 2023 ) coupled
ith the lack of widespread magma modification indicate that the

hermomechanical modification between ∼27 Ma to as recently as
–2 Ma was largely achieved through mechanical stretching in this
ift sector. During the past 2 Ma, with the localization of strain
eneath the Lake Turkana rift, magma-assisted rifting has initi-
ted to connect with the Eastern Rift sector through the Suguta
ift (Fig. 10 b). The shield volcanoes east of Lake Turkana rift also
how crustal-scale low velocity zones indicative of localized active
agma intrusions. The transfer of heat and volatiles through the

et unstretched (in the Oligocene-Recent rifting phase) crust may
eaken the plate and pre-condition the crust to subsequent exten-

ion, in part explaining the west to east migration of rifting in the
egion. 

Pre-existing crustal or lithospheric-scale terranes appear to have
layed a role in strain localization during early rifting. The NW-
rending Pan-African oceanic terranes in southern Ethiopia (e.g.
ritz et al. 2013 ; Verner et al. 2021 ) manifest as high Vs anomalies
f 3.6 km s−1 throughout the crust; these zones are underlain by
igh seismic velocity mantle at depths of 50–200 km interpreted
s a Proterozoic oceanic accreted terrane (Kounoudis et al. 2021 ,
023 ). Owing to the integrated strength of this lithospheric-scale
re-existing mechanical heterogeneity, the mafic Pan-African ter-
ane might have resisted Oligocene–Miocene stretching and mag-
atism, contributing to the unusual breadth of the BRZ in southern
thiopia. 
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igure S1. Spatial distribution of the 2019–2021 TRAILS project
eismic stations used in our ambient noise tomographic imaging.
he inverted triangles are the Ethiopian stations (network 6R, Bas-

ow 2019 ) whereas the orange triangles are the Kenyan stations
network Y1, Ebinger 2018 ). GEOFON seismic station LODK is
hown as a yellow polygon. Three stations in southern MER, north
f Lake Abaya, are part of the Lake Abaya project and are denoted
s pink polygons (Ogden et al. 2021 ). Pink polygons indicate two
ppsala Kenya seismic network stations. 
igure S2. [A] ZZ Rayleigh NCF for DILE-NHRK station pair.

B] Fourier transforms of DILE-NHRK NCF. Possible sources of
he zero-point noise seen in some of the stacked NCFs include
eleseismic P -waves generated by distant storms and in deep oceans
Gerstoft et al. 2008 ; Landes et al. 2010 ) or body waves reflected
y the Moho (Zhan et al. 2010 ; Poli et al. 2012 ). 
igure S3. [A] Flipped and stacked positive (causal) and negative

acausal) sides of the noise correlation functions for ZZ Rayleigh
ILE-NHRK station pair. [B] Group and phase velocities dispersion

urves, obtained by the AFTAN programme (Ritzwoller 2013 ) for
tation pairs DILE-NHRK are displayed with the amplitude of signal
o noise ratio described in decibels (dB). 
igure S4. All dispersion curves for ZZ Rayleigh waves that passed
ur dispersion curve selection criteria as described in section 4.2 .
ines of minimum and maximum thresholds, displayed as dashed
lack lines, were selected depending on the distribution of the dis-
ersion curves at all periods. Dispersion curves selected (red) are
ounded by 3 σ threshold lines, and the grey solid lines are excluded
rom further analysis. This resulted in 513 accepted and 39 excluded
tation pairs. 
igure S5. Station-based dispersion curve selection criteria of seis-
ic stations (green triangles) in the Turkana Depression. [A] Ac-

epted (red lines) and excluded (grey lines) dispersion curves for sta-
ion pairs with station YABE’s vertical (ZZ); the dispersion curves
re phase velocities. Dispersion curves that are not within standard
eviation of 3 from the median (solid blue line) are removed; these
re dispersion curves outside the bounding dashed blue lines. [B]
patial distribution of the accepted dispersion curves in red and
xcluded in grey. Seismic stations are symbolized in inverted green
riangles. 
igure S6. ( A and A′ ) Rose diagram plots of the distribution of
Z Rayleigh and RR Rayleigh dispersion curves that passed our
ispersion curve selection criteria and whose length are scaled by
heir SNR. ( A′ and B′ ) SNR heat map of the dispersion curves at
ach channel. The inverted black triangles are seismic stations used
n this study. 
igure SM7. ZZ Rayleigh trade-off curve that plots model RMS
gainst regularization parameters. If we chose the set of regulariza-
ion parameters suggested by Barmin et al. ( 2001 ), based on our
.2◦ nodal separation, we obtain Model Q that has relatively high
odel roughness with lower model residual. We select the set of reg-

larization parameters that matches with the model at the inflection
oint of our trade-off curve, Model I ∗. 
igure S8. 1-D shear wave velocity models at different locations

n the Turkana Depression from our ZZ Rayleigh phase veloci-
ies. [A], [B] and [C] are ZZ Rayleigh waves 1-D velocity models
ampling the broadly rifted zone, Mesozoic-Paleogene Anza rift
nd Oligo-Miocene to Recent Omo-Turkana rift, respectively. The
lue–green–yellow–red are the accepted models that have have ≤10

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf282#supplementary-data
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per cent misfit from the extracted depth dispersion curves at each 
node whereas the gray models below the misfit threshold. The 
white solid line is the weighted mean for all blue–green–yellow–
red accepted models used at each grid to form the final 3-D Vs 
models. 
Figure S9. Yield Strength Envelope simulations illustrating plate 
strength variations across different regions of the Turkana Depres- 
sion and its immediate environs. (A) Crustal thickness for both ‘nor- 
mal’ and oceanic ‘accreted terrane’ is 38 km (Ogden et al. 2023 ). 
Byerlee’s law for the hydrated brittle ‘normal’ granitic upper crust 
and oceanic ‘accreted terrane’ upper crust (e.g. Fritz et al. 2013 ) 
is based on Burgmann & Dresen ( 2008 ). Ductile creep hydrated 
mafic granulitic lower ‘normal’ and ‘terrane’ crust is after Wang 
et al. ( 2012 ). Depths for ‘normal’ and ‘accreted terrane’ LAB are 
80 and 100 km, respectively with adiabats of 1450 ◦C (Kounoudis 
et al. 2023 , 2024 ). In both mantle lithospheric domains, we mod- 
elled for a hydrated mantle Peridotite rock following Goetze & 

Evans ( 1979 ). (B) Crustal thickness for ‘normal’ is 38 km whereas 
for the failed ‘Anza’ rift is 25 km (Ogden et al. 2023 ). In both 
upper crustal domains, we modelled using Byerlee’s law for the 
hydrated brittle ‘normal’ granitic upper crust. We modelled for a 
ductile creep hydrated mafic granulitic lower ‘normal’ and ‘Anza’ 
crust is after Wang et al. ( 2012 ). Depths for ‘normal’ and ‘Anza’ 
LAB depths are 80 km with adiabats of 1450 and 1400 ◦C, respec- 
tively (Kounoudis et al. 2023 , 2024 ). ‘Normal’ mantle lithosphere 
was modelled using a hydrated mantle Peridotite rock whereas for 
the failed ‘Anza’ rift, we modelled for a dry and dehydrated man- 
tle lithosphere (Kounoudis et al. 2023 ). In panels (A) and (B), we 
assumed a uniform conductive geothermal gradient consistent with 
lithospheric thickness and adiabat temperature variations. Fossilized 
pre-existing plate-scale structures such as Neoproterozoic ‘accreted 
terranes’ in southern Ethiopian (A) and the failed Mesozoic ‘Anza’ 
rift (B) are stronger than ‘normal’ lithosphere based on their mod- 
elled effective elastic thickness variations relative to ‘normal’ litho- 
sphere west of Lake Turkana where EAR rift initiated in this 
region. 
Table S1. Parameters used to invert for ZZ Rayleigh wave shear 
wave models using the neighbourhood inversion algorithm, Dinver 
inversion (Sambridge 1999 ; Wathelet et al. 2004 , 2005 , 2008 ). There 
is parametrization layer overlap to ensure that the inversion is guided 
by both the a priori information and the observational data, the depth 
integrated dispersion curves. 

Please note: Oxford University Press is not responsible for 
the content or functionality of any supporting materials sup- 
plied by the authors. Any queries (other than missing mate- 
rial) should be directed to the corresponding author for the 
paper. 
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