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or if the entire East Africa region is dynamically supported and the Depression compensated isostatically
by thinned crust. Also poorly understood is how Miocene-Recent extension has developed across the
Depression, connecting spatially separated magmatic rift zones in Ethiopia and Kenya. Receiver function
analysis is used to constrain Moho depth and bulk-crustal Vp/Vs ratio below new seismograph networks

Keywords: in the Depression, and on the northern Tanzania craton. Crustal thickness is ~40km below northern

crustal thickness Uganda and 30-35km below southern Ethiopia, but 20-30km below most of the Depression, where

bulk crustal composition mass-balance calculations reveal low elevations can be explained adequately by crustal thinning alone.

East African Rift Despite the fact that magmatism has occurred for 45Ma across the Depression, more than 15Ma before

;‘Jrkaftla 113'3131'65510“ East African Rift (EAR) extension initiated, bulk crustal Vp/Vs across southern Ethiopia and the Turkana
-K stacking

Depression (~1.74) is similar to that observed in areas unaffected by Cenozoic rifting and magmatism.
Evidence for voluminous lower crustal intrusions and/or melt, widespread below the Ethiopian rift and
Ethiopian plateau to the north, is therefore lacking. These observations, when reviewed in light of
high stretching factors (8 < 2.11), suggest Cenozoic extension has been dominated until recently by
faulting and plate stretching, rather than magma intrusion, which is likely an incipient process, operating
directly below seismically-active Lake Turkana. Early-stage EAR basins to the west of Lake Turkana, with
associated stretching factors of g ~ 2, formed in crust only moderately thinned during earlier rifting
episodes. Conversely, ~23 km-thick crust beneath the Kino Sogo Fault Belt (KSFB) has small offset faults
and thin sedimentary strata, suggesting almost all of the observed stretching occurred in Mesozoic times.
Despite the KSFB marking the shortest path between focused extensional zones to the north and south,
seismicity and GPS data show that modern extension is localized below Lake Turkana to the west. Failed
Mesozoic rift zones, now characterized by thinned crust and relatively refractory mantle lithosphere, are

being circumnavigated, not exploited by EAR rifting.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

receiver functions

1. Overview (~2.5km) and East African (~1.5km) plateaus (Fig. 1). The rea-
sons for the Depression’s low elevation are debated—specifically

The low-lying Turkana Depression marks a ~500km section whether it is due to a break in mantle dynamic support between
of the East Africa Rift (EAR) separating the uplifted Ethiopian  the two uplifted plateaus (e.g., Rogers et al.,, 2000), or crustal thin-
ning above a broadly dynamically-uplifted region (e.g., Ebinger and

Sleep, 1998). Since 1Ma, magmatic extension has reached crustal

* Corresponding author. depths along the axis of the Lake Turkana basin (Muirhead et al.,
E-mail address: chris.ogden@leicester.ac.uk (C.S. Ogden). 2022; Rooney et al., 2022), but the extent to which this process has

https://doi.org/10.1016/j.epsl.2023.118088
0012-821X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.epsl.2023.118088
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2023.118088&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:chris.ogden@leicester.ac.uk
https://doi.org/10.1016/j.epsl.2023.118088
http://creativecommons.org/licenses/by/4.0/

C.S. Ogden, 1.D. Bastow, C. Ebinger et al.

operated during earlier stages of EAR development is unknown.
Similarly, the extent to which episodes of Eocene-to-Miocene flood
basaltic volcanism, and later smaller volume magmatic episodes
(e.g., Rooney, 2020a; Steiner et al., 2021), have affected bulk crustal
composition in the Turkana Depression is also unconstrained.

Another fundamental question posed by the Turkana region
concerns how focused rifting in northern Kenya and southern
Ethiopia have linked across the Depression. Geodetic data indicate
40-100% of present-day strain is localized across faults and erup-
tive volcanic centers in and around Lake Turkana (Knappe et al.,
2020). Yet Lake Turkana does not chart the shortest path between
present day active extension in the Suguta Valley in the north-
ern Eastern Rift and the Chew Bahir rift of southernmost Ethiopia
(Fig. 1b). Recent attempts to study the development of EAR ex-
tension across the Depression have adopted numerical and analog
modelling approaches (Brune et al., 2017; Corti et al., 2019) that
proceed on the assumption that the Depression was initially a ho-
mogeneous block of previously-thinned crust, with synchronous
development of extensional zones across the entire Depression.
Yet, strain has migrated eastward over the past 25My, and grav-
ity (e.g., Sippel et al,, 2017), structural and stratigraphic data (e.g.,
Schofield et al,, 2021) demonstrate that the Depression was likely
a zone of high material heterogeneity following the complex but
failed development of east-west-trending rifting during Cretaceous
(130-80 Ma) and Paleogene (66-50 Ma) times. Crustal thinning and
magmatic modification imparted during these extensional episodes
would have been permanent, with potentially important implica-
tions for strain localization during subsequent Cenozoic EAR devel-
opment.

Seismic constraints on crustal structure outside of the Lake
Turkana Basin, where wide-angle seismic data confirm the crust
is markedly thinned (~20km: Mechie et al., 1997), are confined to
low-resolution surface wave models that lack seismograph station
coverage within the Depression (Benoit et al., 2006). To address
these issues, we present a study of bulk crustal structure across
the Turkana Depression and neighboring Tanzania craton. Within
the Depression, broadband seismic data come from 32 broadband
seismograph stations deployed during the US-UK-Ethiopian-Kenyan
TRAILS (Turkana Rift Arrays Investigating Lithospheric Structure)
project (e.g., Kounoudis et al., 2021). Data from an additional 20
seismic stations in northern Uganda sample the northern Tanza-
nia craton, including the Proterozoic-age, intra-cratonic Aswa shear
zone (Fig. 1b). We follow the modified H-« stacking method of
Ogden et al. (2019) to constrain Moho depth (H) and bulk crustal
Vp/Vs ratio (k) across the region (Fig. 1). In doing so, we place
fundamental new constraints on crustal structure in a region of
multiple superposed episodes of rifting.

2. Tectonic setting

The Archean Tanzania craton (Fig. 1) forms the nucleus of
the uplifted East African plateau and is surrounded by several
Proterozoic mobile belts. The main collisional phase, the East
African Orogeny (700-550Ma), comprized protracted island-arc
and microcontinent accretion, including the suturing of the Saha-
ran metacontinent with the northern Tanzania craton along the
Aswa shear zone (e.g., Fritz et al., 2013). Proterozoic ophiolites
and sutures in southern Ethiopia mark locations of past subduc-
tion (e.g., Emishaw and Abdelsalam, 2019; Rooney, 2020a). Since
the East African Orogeny, the Turkana Depression has experienced
three distinct rifting phases: during the Cretaceous (130-80Ma),
Paleogene (66-50Ma), and Miocene-Recent (25-0 Ma; e.g., Morley
et al., 1992; Ebinger et al., 2000). The Mesozoic, mostly amagmatic,
WNW-ESE-trending Anza and South Sudan rifts (Fig. 1a), consti-
tute failed rifting associated with the Central African Rift System
and opening of the Indian Ocean (e.g., Wilson and Guiraud, 1992).
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Episodes of magmatism of varying volume, spatial and temporal
extent have affected southern Ethiopia and the Turkana Depres-
sion throughout Cenozoic times. Pre-rift Eocene flood basalt mag-
matism occurred in southern Ethiopia at ~35-45Ma but reached
only as far south as ~5.5°N to the east of Lake Turkana; west
of the lake, it is evidenced further south, near seismograph sta-
tion KAEK (Fig. 1b; e.g., Steiner et al, 2021). Along the eastern
flank of the Tanzania craton, 32Ma carbonatites are associated
with initial heating and metasomatism at the steep craton edge,
localising magmatism and strain during Cenozoic rifting (Muir-
head et al., 2020). Subsequently, magmatism migrated eastward
during the Miocene, concomitant with the development of 3-4
sub-parallel NNE-striking half graben basins (Fig. 1b), including
the Lake Turkana rift basin (e.g., Morley et al., 1992; Ebinger et
al,, 2000). Turkana records three periods of magmatism and re-
lated extension at ca. 20Ma, 12Ma, and 4Ma and similar activity
migrated outward from Turkana to other parts of the East Africa
Rift System (EARS) (e.g., Rooney, 2020a). The Pliocene-age, Stra-
toid phase, Gombe group lavas erupted during the last of these
three phases and span a broad region to the east of Lake Turkana
(Fig. 1b), but are volumetrically less-significant (e.g., Haileab et al.,
2004) than the earlier flood basalt episodes. The dominant topo-
graphic features of the eastern Turkana Depression are the large,
Plio-Pleistocene age, mostly un-faulted, shield volcanoes of Huri
Hills, Marsabit and Kulal which erupted spatially extensive basalt
flows (e.g., Key et al., 1987). Analysis of the very youngest erupted
products along the axis of Lake Turkana suggests that similar mag-
matic extension to that observed below the magmatically-mature
sectors of the Main Ethiopian Rift (MER) to the north may have
initiated below the lake since ~1Ma (e.g., Rooney et al., 2022).

Within the uplifted Ethiopian and East African plateaus, faulting
and magmatism have localized since ~5Ma to 80-100 km-wide
rift basins in the MER to the north of the Turkana Depression,
and 60-80 km-wide zones in the Eastern and Western rifts to the
south (Fig. 1). In the central and northern MER, within the basin
bounded by Miocene border faults, the rift floor comprises a se-
ries of Quaternary-to-Recent aligned volcanic centers cut by small
offset normal fault systems, referred to as magmatic segments,
where ~80% of present-day strain is believed to be accommodated
(Ebinger and Casey, 2001). Precisely how Cenozoic strain has de-
veloped in southernmost Ethiopia immediately to the north of the
failed Cretaceous and Paleogene rift zones is poorly understood,
however. Extension is thought to have started in early Miocene
times in the Chew Bahir Rift (e.g., Ebinger et al., 2000). Fault de-
velopment since ~3 Ma in the Ririba Rift to the east is associated
with a maximum cumulative displacement of ~160 m (Corti et al.,
2019), but its relationship with extensional zones to the north and
south is unconstrained by geological data. Similarly, the Kino Sogo
Fault Belt (KSFB), which lies between the deep basins beneath Lake
Turkana in the west and the low-relief Ririba Rift to the north east,
is associated with minor offset (<100 m), 3 Ma-Recent faults with
associated extension rates of ~1 mmy/yr and 8 ~ 1.01 (Vétel et al,,
2005), but its relationship to extensional zones to the north and
south remains unclear.

3. Previous geophysical work

A consensus has emerged among the mantle tomographic imag-
ing community that East Africa is underlain by a broad (500 km-
wide) slow wavespeed structure originating at the core-mantle
boundary beneath southern Africa, impinging on the base of the
lithosphere somewhere in the vicinity of Kenya/Ethiopia and the
Red Sea/Gulf of Aden (e.g., Ritsema et al., 2011). Most recently,
Kounoudis et al. (2021) used regional body-wave tomographic
imaging using project TRAILS data to assert that there is no evi-
dence for a break in buoyant dynamic support in the upper mantle
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Fig. 1. (a) Tectonics of the Cenozoic East African Rift System. The Turkana Depression is the low-lying region between the elevated Ethiopian and East African Plateaus to
the north and south, respectively. Paleogene and Cretaceous rift basins that developed during Mesozoic rifting are also shown (Hendrie et al., 1994). Orange triangles are
Holocene and Pleistocene volcanic centers. (b) Our study area, including the location of major (thick solid lines), minor (thin solid lines), and inferred (dashed lines) Cenozoic
faults after Brune et al. (2017) and Moore and Davidson (1978); volcanic regions are after Rooney et al. (2017) and Rooney (2020a). Outline of Tanzania Craton from Rooney
(2020b). CBR: Chew Bahir Rift. GP: Gofa Province. KSFB: Kino Sogo Fault Belt. LB: Lokichar Basin. LF: Lokichar Fault. NOR: North Omo Rift. RR: Ririba Rift. SV: Suguta Valley.

UB: Usno Basin.

below the Turkana Depression. However, they noted that low ve-
locity zones at mantle lithospheric depths are not localized to one
or more narrow rift valleys, as in the MER to the north (e.g., Bas-
tow et al.,, 2005) and Eastern Rift to the south (Park and Nyblade,
2006), with the implication that currently-active magma-assisted
rifting may not yet be underway below the Turkana Depression.
A surprising observation in the Kounoudis et al. (2021) P-wave
model was a relatively narrow (~50km-wide) high wavespeed
band in southern Ethiopia, interpreted as refractory Proterozoic
lithospheric mantle that likely influenced Mesozoic (Anza) and
Cenozoic (EAR) strain localization. Until the deployment of the XW
seismograph network in northern Uganda, the only bulk-crustal
constraints available in the region came from the joint receiver
function and surface-wave study of Tugume et al. (2013) who
found, to the south of the Aswa shear zone, a crustal thickness
of 36-45 km for northern Uganda with a ~3 km thick, high-shear-
wave-velocity lower crustal layer. Subsequently, Wang et al. (2022)
presented joint inversion results to the north of the Aswa shear
zone, across which they found no notable changes in crustal prop-
erties. They found Vp/Vs ratios of 1.76-1.82 with Moho depths in
the range 34-38 km.

Wide-angle seismic constraints from the Kenya Rift Interna-
tional Seismic Project (KRISP; e.g., Mechie et al., 1997) revealed
variations in crustal thickness and uppermost-mantle structure
along the axis of the Eastern Rift, reaching northern Lake Turkana

(e.g., Mechie et al., 1997). Moho depths of ~35km and ~20km
are revealed beneath the East African Plateau and Lake Turkana
respectively, with the latter attributed to widespread Cenozoic rift-
ing (Mechie et al., 1997). The Rayleigh wave dispersion model
of Benoit et al. (2006), calculated with no seismograph stations
within the Depression, generally corroborated the KRISP con-
straints: shallow slow wavespeeds spanning the whole Depression
suggest crustal thinning, with an average Moho depth of 25+ 5 km.

To the north of the Turkana Depression in the central and
northern MER sectors, wide-angle seismic profiles (Maguire et al.,
2006), magnetotelluric studies (Whaler and Hautot, 2006), crustal
tomography (e.g., Keranen et al., 2004) and gravity models (e.g.,
Cornwell et al,, 2006) reveal that dense, fast wavespeed lower to
mid-crustal material, interpreted as gabbroic intrusions, have ac-
commodated significant extension without marked crustal thinning
below a relatively narrow (~20km-wide) in-rift zone of fault-
ing and Quaternary magmatism that now accommodates ~80% of
Nubia-Somalia plate separation. Corroborating this magma assisted
rifting hypothesis, receiver function constraints on bulk crustal
structure in the central and northern MER reveal elevated Vp/Vs
ratios, in some cases >2, which strongly imply the presence of
melt and new mafic material (Stuart et al., 2006). Receiver function
constraints on crustal structure in the southern MER are limited,
but Ogden et al. (2021) found Vp/Vs ~1.7 at station ARBA (Fig. 1),
and suggested melt volumes are lower in this less magmatically-
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evolved rift sector, away from major volcanic centers. This finding
was consistent with the observation that strain in the southern
MER is accommodated primarily along the western rift border fault
(Kogan et al., 2012), not along shorter length-scale, in-rift faults as-
sociated with magmatic extension, as is the case in the central and
northern MER sectors.

Analyzing receiver function data from seismograph stations im-
mediately to the north, west, and east of the Ethiopian flood basalt
province including near the Sudan border, Ogden et al. (2019)
found bulk crustal Vp/Vs ratios of the order ~1.74, consistent
with a paucity of melt and mafic material in the crust below
these stations. Further, evidence for a sharp crust-mantle transition
at all of these stations was cited as evidence that the 8-12 km-
thick lower crustal intrusion layer observed below the flood-basalt-
affected part of the Ethiopian plateau (Mackenzie et al., 2005) was
lacking below these stations.

New and ongoing GNSS data show comparable plate open-
ing velocities across the southern Turkana Depression as in the
northern MER, with strain localized to <150km wide basins and
uplifted flanks (Knappe et al., 2020). However, geodetic data are
too sparse to evaluate the current localization of strain across the
300 km-wide broadly-rifted zone in southern Ethiopia.

4. Data and methods
4.1. The TRAILS seismograph network

Seismograph deployments in the Turkana Depression and ad-
joining areas on the MER and Eastern Rift were lacking compared
to the rest of the EAR until the TRAILS broadband seismograph
network (Fig. 1) was deployed in 2019 (e.g., Kounoudis et al., 2021)
comprising 34 Giiralp CMG-ESP and CMG-3T instruments, with flat
responses to periods of 60s and 120s, respectively (see Table S1
for station details). Additional data were sourced from permanent
GEOFON station LODK (Fig. 1), and from seismic stations of the
ZP, XW and XI networks in northern Uganda (see supplementary
information for further network details). The combined seismic
network of 52 seismograph stations has an average station spac-
ing of ~30-50 km.

4.2. Teleseismic dataset

Seismograms for all earthquakes of magnitude >4 in the epi-
central distance range 30-90° were selected for P receiver func-
tion analysis. Additionally, seismograms for magnitude >5.5 earth-
quakes in the epicentral distance range 60° 4+ were selected for
PP receiver functions. Seismograms were filtered using a Butter-
worth bandpass filter with corner frequencies 0.04 Hz and 3 Hz.
Earthquake-station pairs were accepted for further analysis if the
P-wave signal-to-noise ratio was >2, allowing 1729 acceptable-
quality three component seismograms. For each earthquake-station
pair, receiver functions were calculated using the time-domain it-
erative deconvolution method of Ligorria and Ammon (1999). This
deconvolution method produces receiver functions in which the
dominant frequency of the resulting receiver function is that of
the Gaussian width. For example, a Gaussian of 0.8 corresponds
to a low-pass filter of ~0.4Hz; a Gaussian of 4.0 corresponds to
a low-pass filter of ~2Hz. For each earthquake-station pair we
generate a suite of 17 receiver functions with Gaussian width fac-
tors of 0.8 to 4.0 with intervals of 0.2. Receiver functions with an
iterative deconvolution variance (a cross-correlation of the origi-
nal radial component with a radial component recalculated from
the receiver function) of <80% were rejected automatically along
with all other frequencies for that earthquake-station pair; receiver
functions were then inspected manually to remove remaining poor
quality traces. Stations with <6 remaining earthquake-station pairs
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were not analyzed, leaving 955 earthquake-station pairs (16,235
individual receiver functions) from 34 individual stations for sub-
sequent H-«x stacking analysis.

4.3. Receiver functions and H-k stacking

Teleseismic receiver functions capture P-to-S wave conversions
produced at velocity contrasts such as the Moho, beneath seismo-
graph stations (e.g., Ligorria and Ammon, 1999). The travel times
of the Moho P-to-S conversion (Ps) and subsequent crustal rever-
berations (PpPs, PpSs + PsPs), are exploited routinely to glean
information on the crustal thickness (H) and bulk crustal Vp/Vs
(k) via the H-« stacking procedure of Zhu and Kanamori (2000).
The method involves stacking amplitudes along predicted move-
out curves for the Moho conversion and subsequent reverberations.
The optimal H and Vp/Vs ratio is obtained by picking the param-
eters that maximise the stacking amplitude, s(H, ). In this linear
stacking approach, s(H,x) is defined as:

N 3
S(H, 0 = ) wir(t), Q)

j=1k=1

where rj is the amplitude of the radial receiver function for the
jth event sampled at times, ty, for values of k between 1 and 3
corresponding to the predicted travel-times for PpPs and PsPs +
PpSs, respectively. N is the total number of receiver functions; wy
is the weighting factor for each of the phases. Alternatively, in a
phase weighted stacking approach (Schimmel and Paulssen, 1997),
designed to enhance coherent arrivals throughout the stack, the
phase stack is defined first as:

N

c(H,x):%Z

j=1

3
> explig (t)]

k=1

/3 (2)

where ¢ is the instantaneous phase at time t. The value of c(H, )
ranges from 0 for uncorrelated data and 1 for perfectly correlated
data; it is then used to weight the H-« stack:

N 3
SHa0)=c" Y0 wirj (). (3)

j=1k=1

The phase stack is essentially a filter between poorly-correlated
and well-correlated data, with the sharpness controlled by the pa-
rameter v. Following Schimmel and Paulssen (1997), we assume
v=2.

The optimal combination of H and « is taken to be where
s(H,«) is a maximum, individual measurement errors in H and
K are calculated from the 95% contour of the s(H, k) surface. The
choice of H-k stacking input parameters including Vp, the values
assigned to the phase weights, and the choice of stacking strat-
egy: linear versus phase-weighted, can each exert strong control
on the final result. So too can data parameters such as receiver
function frequency content, and the subset of receiver functions to
be stacked. To overcome this parameter sensitivity issue, we follow
the adapted H-x method of Ogden et al. (2019) that repeats the
standard H-k stacking method 1000 times, with H-« input param-
eters and data parameters sampled randomly between geologically
plausible limits, and using cluster analysis to select a final solution
from the suite of individual H-x estimates. In each repeat, one re-
ceiver function frequency is selected randomly, from the 0.4-2Hz
range, resulting in ~1/17th of the 1000 results corresponding to
each individual frequency. If, after the 1000 repeats, a station does
not have a stable result, we systematically remove the individual
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Table 1

Earth and Planetary Science Letters 609 (2023) 118088

The ten criteria used for determining result quality following Ogden et al. (2019) and Ogden and Bastow (2022). Fpay is

the maximum frequency content in result calculation.

Number Criterion

Standard deviation of H is <+2.5 km.
Standard deviation of k is <£0.05.

— O 00NN UThA WN =

o

Cluster analysis selected H or « lies within the boundaries of the H-« grid space.
Errors for cluster analysis selected result are: <+2.5km in H and <£0.05 in «.

Mean average ACE of the repeats with frequency less than Fpgy is >3.

Mode H and « lie within the same cluster as the mean H and «.

Summed amplitudes of Ps, PpPs and PsPs+ PpSs are positive, positive, and negative, respectively.
Mean average cross-correlation of all receiver functions is >3.

Mean average IDVAR of the repeats with frequency less than Fpgy is >90%.

Mean H and « for the linear stack lies within PWS’s standard deviation and vica-versa.

results obtained using higher frequencies (starting from 2 Hz) un-
til a stable result is achieved (e.g., Figs. S1 and S2). The maximum
stable frequency is denoted Fj. If upper-crustal structure is rela-
tively simple (i.e. no major intra-crustal velocity discontinuities are
present), Fmgx can be an indicator of how sharp the Moho is (Og-
den et al., 2019): a gradational Moho will only produce a stable
H-« result at lower frequencies. The standard deviation of H and
k from the <1000 H-« measurements generallyrepresent larger,
more realistic error estimates than individual H-« results chosen
via cluster analysis; they also incorporate uncertainties in Vp. We
therefore refer to these mean values as the final result from hereon
in. Ten quality control criteria (Table 1) are used to assess the re-
liability of H-x stacking at a station. Vp ranges from 6.2-6.8 km/s
for Tanzania craton stations, with a 5.9-6.5km/s range used for
Turkana Depression stations owing to slower P-wave velocities im-
aged by the KRISP project (e.g., Mechie et al., 1997).

Following Ogden and Bastow (2022), we pay particular atten-
tion to three receiver function quality indicators; amplitude com-
parison estimate (ACE), cross-correlation coefficient (CCC) and it-
erative deconvolution variance (IDVAR). Larger values of these an-
alytics indicate a larger amplitude Ps conversion and/or receiver
functions which are relatively simple with homogeneous crustal
structure beneath a station. Conversely, decreased analytic values
might indicate the presence of a more gradational Moho or back-
azimuthally variable crustal structure beneath the station.

Stations for which H-« stacking did not produce a reliable re-
sult, but which had receiver functions with sufficiently clear Pg
conversions, were analyzed via simple Ps arrival time analysis: H
was determined for each individual receiver function by manually
picking tq,

o/ ({5 )

with Vs calculated from a well-constrained Vp/Vs ratio from a
nearby station and Vp = 6.2 km/s. Mean crustal thickness and an
associated standard deviation were then calculated for the suite
of receiver functions to determine an estimate of Moho depth at
these stations. Cunningham and Lekic (2019) have demonstrated
the success of a resonance removal filter in obtaining H-x re-
sults at stations where oscillatory receiver functions result from
<2.5km-thick sedimentary layers. Adopting this strategy in our
study yielded no additional H-« results, perhaps owing to the deep
(>3 km; e.g., Sippel et al., 2017) nature of the Cenozoic and Meso-
zoic age basins that exist across much of the Turkana Depression.

5. Results and comparison to previous studies

Of the 52 seismograph stations analyzed, 34 produce reliable
H-x stacking results (Fig. 3; Tables S1 and S2). Additionally, three
stations were only reliable using the Ps picking method (Table S3).
Stations located on the thickest sedimentary sequences (e.g. on the

shores of Lake Turkana: BUBE, KALK, OMOE, TBIK; Chew Bahir:
BORE) either do not have six acceptable receiver functions (Figs.
S3 and S4) or consistently pass <5 criteria and yield fewer H-«
constraints than stations in southern Ethiopia and Uganda (Fig. 3).
This scenario is exacerbated at stations situated directly on basalts
which overlie 1-2 km-thick thick sedimentary sequences such as
above large regions of the Anza Rift (e.g. BASK, BOBE, GAJO, KRGK,
MAIK, NHRK; Figs. S3 and S4). Receiver function analytics are all
high, implying high quality receiver functions (IDVAR), relatively
high amplitude Ps conversions associated with a sharp Moho and
relatively simple crustal structure (ACE), and high receiver func-
tion similarity (CCC) as a function of earthquake back-azimuth and
epicentral distance (Fig. S5). Result plots for all reliable stations
are found in Figs. S6-S38, stations with unreliable H-« results are
shown in Figs. S39-S41.

In Section 4.3, we detailed how a successful H-« stacking result
uses results obtained from receiver function frequencies < Fpgy.
Thus, stable solutions (e.g., station DILE; Fig. 2) presented at 2 Hz
are inherently also stable at 0.4Hz. Fig. S1 illustrates how H-«
results stay consistent for each individual frequency for a station
reliable at 2 Hz. Following Ogden et al. (2019), achieving a stable
result at all frequencies up to and including 2 Hz suggests that the
Moho discontinuity is likely sharp; stations that work at reduced
frequencies either have a more gradational Moho discontinuity, or
complex intra-crustal structure. Of the 34 reliable stations, only 15
have reliable H-x solutions at reduced receiver function frequen-
cies (e.g., station WETE; Figs. S2 and S37).

Moho depths are 35-40km in central Uganda, with slightly
thicker crust to the south of the Proterozoic (685-655Ma) Pre-
cambrian Aswa shear zone (Saalmann et al, 2016) (e.g., Houru =
38.2km) compared to the north of it (e.g., Hgjr¢ = 35.1km)
on the Saharan metacraton. Performing joint inversion of surface
waves and receiver functions using XW network data, Wang et
al. (2022) found comparable crustal thicknesses of 34-38 km, but
reported no discernible Moho step across the Aswa shear zone.
The crust is ~40km thick on the eastern Ethiopian plateau (e.g.,
Hncre = 38 km; Ogden et al., 2019), decreasing to 30-35km in
southern Ethiopia (e.g., Hrgr g = 32.1 km), and 20-25 km near Lake
Turkana (e.g., H oyx = 24.8 km), the Lokichar Basin (e.g., Hoxx =
21.4km), and the KSFB (e.g., Hg orx = 23.0km) (Figs. 1, 3, and 4).
The thicker crust of the elevated plateaus is consistent with the
surface wave derived estimates of 38 km (Benoit et al., 2006) and
the receiver function derived estimates of 38-41km beneath the
Rwenzori Belt of Uganda (Tugume et al., 2013).

Where coincident, our results corroborate the KRISP wide-angle
seismic lines (e.g., Mechie et al., 1997), but we resolve more Moho
topography than the surface wave study of Benoit et al. (2006),
who found a ~25km-thick crust across the Turkana Depression,
thinning slightly to ~20km beneath Lake Turkana. Our Moho
depths in southern Ethiopia are shallower than those derived from
recent gravity inversions (~43 km: Sippel et al., 2017).
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Table 2
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Stretching factors () for selected rifts and basins of East Africa and the Turkana Depression. MER rift
crustal and sediment thickness from the EAGLE wide-angle seismic (Maguire et al., 2006) and gravity
(Cornwell et al., 2006) profiles respectively. Kenya Rift crustal and sediment thickness from Braile et al.
(1994). Reference station a: NGLE, b: TELE, c: AMDT. Sedimentary thicknesses; d: Cornwell et al. (2006),
e: Doherty et al. (2013), f: Sippel et al. (2017), g: Vétel et al. (2005), h: Schofield et al. (2021), i: Morley

et al. (1992), j: Braile et al. (1994).

Rift B Reference H Rift H Sed. Thick.
(km) (km) (km)
MER 112 38¢ 35.8 2d
Chew Bahir Rift 1.35-1.60¢ 32.1P-38.0° 254 1.6¢
Ririba Rift 1.01 3210 317 of
Anza Rift (N margin) 1.23-1.46 32.12-38.07 28.6 2.5f
Anza Rift 1.51-1.79 32.1P-38.0° 23 1.88
Lake Turkana 2.07 34.2¢ 20 35"
Lokichar Basin 1.93 34.2¢ 212 350
211 5
Kenya Rift 1.28 37 30.5 15/

Markedly thinned crust underlies Lake Turkana in northern
Kenya, and the Chew Bahir Rift (CBR) in southern Ethiopia (e.g.
WETE: 25.4km; Fig. 4: B-B’). In contrast, the Ririba Rift and
Usno Basin show no evidence for crustal thinning relative to
other stations in southern Ethiopia. Moho depth in the Ririba Rift
(Hpj g = 31.7 km) closely matches TELE (32.1 km), GIBE (32.1 km)
and MEGE (34.1 km) which all lie outside of the Miocene-Recent
rift zones. They all lie along the northern flank of the Meso-
zoic Anza Rift, and may have experienced uplift and flank-erosion
prior to the East African rifting phase. Moho depth in the Usno
Basin (Hyacep = 30.4km) is similar to that immediately outside it
(HKEYE =30.7 lel)

Moho depth at station TURK in the Anza Rift (31.3km) is
~3-5km shallower than the Ethiopian plateau (e.g. NGLE: 38 km)
and some stations in southeastern Ethiopia (e.g. YABE: 34.4 km).
To the west, crustal thickness decreases markedly across the Turk-
well Escarpment from 34.2 km (station AMDT) to ~20km in the
Lokichar Basin (Fig. 4: D-D’). Moving northwards, the Lodwar re-
gion (H popx = 25.4km) and the Lapurr Range (Hxagx = 31.1km)
bounding the northwest shore of Lake Turkana have thicker crust
than the Lokichar and Lake Turkana basins.

Several stations have bulk-crustal Vp/Vs <1.72 (Fig. 3); only
one station (SHRK) has a significantly elevated Vp/Vs ratio of
>1.9. This contrasts the surface wave study of Benoit et al. (2006),
which found an average Vp/Vs ratio of ~1.81 for the Depression
(Poisson’s ratio of 0.28). Similarly-low Vp/Vs values (1.71-1.76) to
those in Fig. 3c were found at stations off the eastern and west-
ern flanks of the Ethiopian flood basalt province by Ogden et al.
(2019). Ogden et al. (2021) also found low a Vp/Vs ratio (1.70) at
station ARBA in the southern MER.

Stretching factors (8) quantify the amount of plate stretching
that has occurred in a phase of extension by calculating the ratio
of crustal thickness of pre-deformed crust to that observed after
extension, removing the thickness of basin infill. In each region
of our study area we compare the observed crustal thickness to a
reference station assumed to be unaffected by the extension phase
of interest (Table 2).

For the MER and Eastern Rifts we interpret the seismic refrac-
tion profiles of Maguire et al. (2006) and Braile et al. (1994) to
obtain B values of 1.12 and 1.28, respectively. In southern Ethiopia,
we define g for the Chew Bahir Rift with a reference value of
both station TELE and station NGLE depending on which station
has crust representative of pre-extended crust in the region. This
provides a B value of 1.35-1.60 for the Chew Bahir Rift. 8 =1.01
for the Ririba Rift. The predominantly EAR affected extension zones
of the Lokichar and Lake Turkana Basins are defined using the
reference value of Happr = 34.2 km for pre-Cenozoic crustal thick-
ness at the edge of the Tanzania craton, resulting in 8 =1.93 and

B =2.07, respectively. Additionally, Morley et al. (1992) determine
5km of sediment in the Lokichar Basin, resulting in a slightly
higher estimated stretching factor of 2.11. Finally we obtain two
stretching factor estimates in the region predominantly affected
by Anza Rifting, stations HURK (northern rift margin) and QORK
(closer to the rift depocenter), assuming either Southern Ethiopia
(TELE) or the Somalia Plate (NGLE; Ogden et al., 2019) as pre-
extension crustal thickness references. Gravity models constrained
by exploration well data show ~2.5km of sediments below the
these stations in the Anza basin (Sippel et al., 2017). Our 28.6 km
crustal thickness estimate at HURK thus implies a lower bound es-
timate of 8 = 1.23-1.46 with a larger stretching factor of 1.51-1.79
calculated for QORK. These stretching estimates for the Anza Rift
are minima because we lack crustal thickness estimates from sta-
tions corresponding to the centre of the basin inferred from gravity
(Sippel et al., 2017).

6. Discussion

6.1. The low elevation of the Turkana Depression: crustal thinning or
paucity of mantle dynamic support?

The number and location of mantle plumes below East Africa
is debated. Initial geochemical insights showed that the radiogenic
isotopic characteristics of basalts erupted in Afar exhibited differ-
ences to those found in the Kenya Rift — an observation attributed
to the influence of two mantle plumes with distinct compositions
(e.g., Rogers et al., 2000). This assertion was consistent with the
existing helium isotopic data that showed contributions from a
deep plume source only in the north of the EARS (e.g., Marty et
al., 1996). In this geodynamic scenario, the low elevation of the
Turkana Depression could be interpreted as evidence for a break
in mantle dynamic support between the two plateaus. Subsequent
isotopic observations from the Turkana Depression of a temporal
transition between the two compositional plume types were used
to argue for a heterogenous single plume (Furman et al., 2006).
The subsequent discovery of a deeply-derived helium isotopic sig-
nature in southern portion of the EAR at Rungwe (e.g., Hilton et al.,
2011; Halldérsson et al., 2014), the widespread occurrence of ele-
vated mantle potential temperatures (Rooney et al., 2012), and the
convergence of isotopic data in lavas from throughout the EARS
on a single composition, support the notion that material rising
from the African LLSVP contaminates the entire East African up-
per mantle (Rooney, 2020c). In Turkana, a plume-influenced upper
mantle is currently supported by geochemical data from Quater-
nary basalts erupted in Lake Turkana. South Island lavas have trace
element and isotopic values equivalent to plume-influenced lavas
erupted further north in Ethiopia (Furman et al., 2006; Rooney
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Station: DILE (4.26°N, 37.70°E, 951m), RFs=37, F,,,=2.0Hz
* Mean: H=31.7+1.2km, K=1.74810.015, ACE=5.13, IDVAR=93.9, CCC=0.77
% Cluster: H=31.7+0.5km, K=1.739+0.021, F=2.0Hz, Vp=6.1km/s, Phase, w=(0.5,0.3,0.2)
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Fig. 2. Successful H-k result for station DILE in southern Ethiopia (Fig. 1) for receiver function frequencies of <2 Hz. (a) The s(H, k) stacking surface associated with the
result selected using hierarchical cluster analysis. Crustal thickness (b), Vp/Vs ratio (c), and ACE (d) for each of the 1000 H-« solutions. (e) All 1000 H-« solutions with
color representing the cluster that a result is assigned to. The red star is the mean of H and « from the 1000 repeats, the yellow star is the mode combination of H and
k, the purple star is the combination of H and « selected by the cluster analysis and plotted in (a), the black box marks one standard deviation in H and «. Accepted
receiver functions plotted by horizontal slowness (f), and backazimuth (g), t1, t; and t3 denote the predicted arrival times from the selected H and « solution in (a). The
peaks/troughs are colored when their amplitude is >20% of the P arrival amplitude. (h and i) Distribution of linear and phase weighted stacking results.



C.S. Ogden, 1.D. Bastow, C. Ebinger et al.

32° 34° 36° 38° 40°
| 1 1 |
Criteria Passed )i" ERY
I T 7
5 1K A2
-Jo 2 4 6 8 10 4 71 b
6 10 Best Result at 2Hz 3 \\’,r //d;l// / el <>
O Best Result at <2Hz 'Ty / J'ELE
+ <6 RFs o f iAg e
v {AGIBE( DILE
]\ Nk N \'j\emses 3
"\’/\/‘_’ é‘“ = K HURK‘Q
o y/@ T e .
B\ A +ELTURK
K. R 5 2
2" 44 9 bl -
e a
//
o $
O A
0 1 s

o
Al

L L
Crustal Thickness (km)

|- — |
120 30 40

00 This study at 2Hz
O This study at <2Hz
v This study — Ps
<& Other RF study
O KRISP study

6 1.7 18 19 20
O Cenozoic volcanism
A Volcano

32 34° 36° 38° 40°

Fig. 3. a) Criteria passed for each station with six or more acceptable receiver func-
tions. Dashed line is Aswa shear zone. MER: Main Ethiopian Rift. ER: Eastern Rift.
WR: Western Rift. b) Crustal thickness below the study area. KRISP crustal thick-
ness data are after (Mechie et al, 1997). ¢) Vp/Vs below each station where a
result was reliable. Orange shading: volcanic regions after Rooney et al. (2017) and
Rooney (2020a).

Earth and Planetary Science Letters 609 (2023) 118088

et al,, 2022). These geochemical data thus support the presence
of a plume-influenced upper mantle beneath the Turkana Depres-
sion, at least within the Turkana basin. Global (e.g., Ritsema et al.,
2011; Boyce et al., 2021) and regional (Kounoudis et al., 2021)
seismic tomographic imaging studies also support the view that
mantle dynamic support is continuous below the region. Benoit et
al. (2006) asserted that the region’s low-lying nature is likely the
result of crustal thinning, but drew their conclusions from surface
wave analysis using data from seismograph stations exclusively
outside of the Depression. Our station-by-station Moho depth con-
straints allow a more quantitative analysis of crustal thickness and
elevation.

A striking observation in Fig. 3b is the widespread nature of
thinned (<30km) crust beyond the shores of Lake Turkana. Sim-
ple isostatic mass balance calculations (assuming Airy isostasy) can
be used to quantify the support required beneath the Turkana De-
pression as compared to the neighboring eastern Ethiopian plateau
(Fig. 5). Station NGLE is assumed representative of the un-rifted,
dynamically-supported Ethiopian plateau (Fig. 3a, Table 3). Com-
parative mass balances use crustal thickness estimates and eleva-
tions for southern Ethiopia (station TELE), areas of the Anza Rift
unaffected by Cenozoic rifting (station HURK) and Lake Turkana
(Fig. 3b and Table 3).

Southern Ethiopia, the Anza Rift and Lake Turkana are, in
fact, 635m, 558 m and 554m higher than expected, indicating
that mantle dynamic support is abundant, not lacking below the
Turkana Depression, as indicated in the recent mantle seismic to-
mographic study of Kounoudis et al. (2021). We therefore contend
that the Turkana Depression’s low lying nature is the result of
crustal thinning, not a lack of dynamic support between two up-
lifted plateaus provided by distinct plumes.

6.2. Implications for magmatic crustal modification and
magma-assisted rifting in the Turkana Depression

Assuming bulk crustal Vp/Vs ratios at stations in the south-
ern MER (e.g., Vp/Vs =170 at station ARBA; Ogden et al.,, 2021),
and beyond the eastern and western flanks of the Ethiopian flood
basalt province to the north (Vp/Vs ~ 1.74; Ogden et al., 2019)
are representative of crust largely un-modified by Cenozoic mag-
matism, Fig. 3c reveals a striking lack of elevated bulk-crustal
Vp/Vs ratios across the Turkana Depression, except below some
isolated volcanic fields such as around station QORK (e.g., Vétel
et al,, 2005), where Vp/Vs =1.8. This contrasts sharply much of
Ethiopia to the north, where Vp/Vs ratios are often >1.8 (Stuart
et al., 2006; Ogden et al, 2019) on account of both the volu-
minous flood basaltic magmatism there, and the well-established
magma assisted rifting that is now ongoing in the central and
northern sectors of the MER. Flood basaltic magmatism began in
southern Ethiopia in Eocene times (~40Ma; Davidson and Rex,
1980), but did not persist south of ~5.5°N to the east of Lake
Turkana (Steiner et al., 2021). Younger episodes of magmatism to
affect the Depression include the Pliocene-age Stratoid phase (e.g.,
Haileab et al., 2004). This was spatially widespread (500x 100 km)
east of Lake Turkana but small in volume, with thickness typically
<100 m.

Of the stations situated directly on the large Pliocene-Pleistocene
shield volcanoes in the Turkana Depression, only station HURK
(Huri Hills) returns a reliable H-« result: it displays a low Vp/Vg
ratio (x = 1.692), implying little present-day melt and mafic addi-
tion to the crust. On the other hand, where Pliocene-age volcanism
around the Dilo volcanic field (Franceschini et al., 2020), and where
young (~154ka) volcanism has occurred around Mega, Vp/Vs is
slightly above the regional background mean of ~1.74 at stations
DILE (1.748) and MEGE (1.769), respectively. We cannot, of course,
preclude the possibility that our receiver function data at stations
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Table 3
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Isostasy mass balance layer thickness and expected elevation differences. Diff is the difference between expected elevation difference and the observed elevation difference.
€ is elevation, H is crustal thickness, Hs is sediment thickness. We assume sediment, crustal and lithospheric mantle densities of 2300 kg/m?, 2800kg/m> and 3200 kg/m?,

respectively.

Region € Hc Hs Exp. € Obs. € Diff.
(m) (km) (km) (m) (m) (m)
Ethiopian Plateau 1510 38 0 - - -
Southern Ethiopia 1407 321 0 738 103 635
Anza Rift 584 23 25 1484 926 558
Lake Turkana 361 20 35 1703 1149 554

like HURK are insensitive to potentially-localized magmatic plumb-
ing systems, with or without present-day melt, directly below
individual volcanoes. Our generally low Vp/Vs ratios, however,
confirm that the Turkana Depression crust, at least in the areas
where we have stations, is lacking in present-day melt and large
volumes of mafic intrusions. Additionally, the independence of the
phase conversions as a function of back-azimuth (an observation
corroborated by the generally high CCC values across the network;
Fig. S5c) at many of our stations (e.g., DILE; Fig. 2f and 2g) likely
points towards an absence of highly anisotropic melt, for which
there is significant evidence further north in the central and north-
ern MER (e.g., Kendall et al., 2006).

Bulk crustal Vp/Vs ratios are not the only proxy for crustal
modification via melt intrusion. Lower crustal intrusions blur the
boundary between relatively fast wavespeed mantle and slow
wavespeed crust, suppressing the amplitude of Ps Moho conver-
sions in receiver functions, particularly at high frequencies (e.g.,
Ogden et al,, 2019). Six good quality H-x results (stations DILE,
LODK, LOKK, TURE, TURK, QORK: Fig. 3a) in the Turkana De-
pression emerge using relatively high-frequency receiver functions
(>13Hz), and for which high ACE values are also associated
(Fig. S5, Table S1) at all frequencies in the 0.4-2Hz range (e.g.,
Fig. 2d). This means the thick (8-12km) lower crustal intrusion
layer observed in wide-angle data (Maguire et al., 2006) and co-
incident receiver function analysis (Ogden et al., 2019) below the
Ethiopian plateau likely does not exist below the Turkana Depres-
sion. Corroborating this view, the KRISP wide-angle seismic profile
(Mechie et al., 1997) only features a thin (<2km), lower crustal
intrusion layer below northernmost Lake Turkana, likely associated
with the southernmost extent of Eocene flood basaltic magmatism
in the region.

Stretching factors are another way to address questions con-
cerning magma-assisted rifting. Wide-angle seismic profiles across
the MER to the north (EAGLE, Fig. 4, profile A-A’; Maguire et
al., 2006) and the Eastern Rift to the south of the Turkana De-
pression (KRISP: Fig. 4 profile, E-E’; Braile et al., 1994) show
that crustal thinning is minimal (8 = 1.1-13) below these nar-
row, magmatically-active rift zones in which significant extension
is known to have been achieved via dyke intrusion. In contrast,
B>19 in both the Lokichar basin (where EAR extension began in
the Turkana Depression in Oligo-Miocene times), and in the Lake
Turkana basin. Our results indicate that extension-related magma
intrusion has not altered the crust pervasively in either Mesozoic
or Miocene-Recent rifting throughout large parts of the study area.
Likewise, the area appears to have been relatively unaffected by
initial flood magmatism ~45-35Ma. The evolved nature of lavas
from the Turkana and Suguta rift zones (e.g., Rooney et al., 2022),
and the multiple dikes imaged in reflection profiles (e.g., Muirhead
et al,, 2022) indicate that these areas are experiencing strain local-
ization by magma intrusion. This interpretation is consistent with
large spatial gaps in M > 5 earthquakes in the Turkana Depression
region.

In summary, with the caveat that we lack good quality H-«x re-
sults from stations immediately to the west of and beneath Lake
Turkana, the lack of elevated Vp/Vs ratios associated with either
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present-day melt or large volumes of cooled gabbroic intrusions,
coupled with the region’s generally-high 8 factors, points strongly
towards a scenario in which mechanical (faulting and ductile plate
stretching), not magmatic, extension processes have been domi-
nant in the Turkana Depression until recently. The magma-assisted
rifting that is now underway below Lake Turkana and Suguta, is
likely a very recent (<1Ma) phenomenon, as has been suggested
on the basis of petrological analysis of Quaternary lavas erupting
along the lake (e.g., Muirhead et al., 2022; Rooney et al., 2022).

6.3. Strain localization in northern Uganda and southern Ethiopia

Within northern Uganda, a consistent ~3km step in crustal
thickness across the Precambrian Aswa shear zone (Fig. 3b), which
was not noted in the earlier study of Wang et al. (2022), attests
to the region being shielded from all Phanerozoic rifting phases
affecting the Turkana Depression to the east. In southernmost
Ethiopia, stations KEYE, JNKE, TELE, GIBE, YABE, and MEGE have
Moho depths 30.4-34.4km, some 4-7 km thinner than below sta-
tion NGLE (38 km) on the eastern Ethiopian plateau. To first order,
this corroborates the observation that south of ~7°N, Miocene-
to-Recent extensional faulting has developed across a broad zone
from the Omo Valley in the west to the Pliocene Ririba Rift in
the east (Fig. 1; e.g., Ebinger et al., 2000). Moho depth at station
DILE within the Ririba Rift is similar to nearby stations MEGE and
GIBE that are outside of the rift (8 = 1.01). This corroborates fault
mapping and volcanic edifice studies (Corti et al., 2019; Frances-
chini et al.,, 2020) that consider the Ririba Rift a zone of negligible
Pliocene-to-Pleistocene extension; seismicity is also notably lack-
ing there (Fig. 4: B-B’; Musila et al., 2022).

Crustal thinning in southernmost Ethiopia is particularly pro-
nounced below the Chew Bahir Rift, where Hy grg = 25.4 km and
associated ~1.6km of basin infill (Doherty et al., 2013) yields
B =1.35-1.60 (Table 2). With the caveat that the un-sampled, low-
lying Omo Valley to the west may mark a similar zone of crustal
thinning, seismicity and thus the present day locus of strain ap-
pears to be localized to the Chew Bahir Rift.

Intriguingly, broadly-rifted southernmost Ethiopia, which con-
trasts the narrow MER rift sectors to the north, has developed
above a tomographically-imaged, narrow, high mantle wavespeed
band, interpreted as refractory Proterozoic lithosphere (Kounoudis
et al., 2021). Pre-rift lithospheric mantle heterogeneity, dating as
far back as supercontinent assembly therefore appears to have ex-
erted control on strain localization in southern Ethiopia. Below the
Turkana Depression to the south, Cretaceous (130-80Ma) and Pa-
leogene (66-50Ma) extension phases are also expected to have
affected the crust (e.g., Morley et al., 1992; Ebinger et al., 2000),
with important implications for subsequent Miocene-Recent EAR
strain localization. We explore this issue in the next section.

6.4. Implications for Miocene-Recent strain development in the Turkana
Depression

Moho depths are shallow below the Lokichar Basin (Hipgxg =
21.2 km: Fig. 3b), where EAR-related extension in the Turkana De-
pression initiated to the west of present-day Lake Turkana during
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Oligocene-Miocene times (Morley et al., 1992). The Lokichar Basin
is characterized by <2km upper Miocene and Pliocene basin in-
fill, deposited concomitant with the development of the Lokichar
fault (Fig. 1b; Schofield et al., 2021). These overlie ~780m Mid-
Miocene volcanics, and older Mid-Miocene-to-Paleogene strata that
do not thicken towards the fault, implying deposition prior to the
development of EAR extension. Basin analysis studies have, on the
strength of such evidence, estimated >12km of crustal thinning
below the region (Morley et al., 1999). Assuming Happr = 34.2 km
for pre-Cenozoic crustal thickness, and correcting for 3.5 km basin
infill (Schofield et al., 2021), this translates to 8 > 1.9 (Table 2).

The shortest connection between the narrower zones of active
extension in the Chew Bahir Rift in Ethiopia and the Suguta Val-
ley Rift in Kenya (Fig. 1), is through the <3 Ma KSFB (Vétel et al.,
2005) to the east of Lake Turkana (Fig. 1), where we find evidence
for thin crust (Hg orxk = 23 km; Figs. 3 and 4). Seismicity and GPS
data (Knappe et al., 2020) indicate present-day strain is localized to
the west of the KSFB below Lake Turkana (Fig. 4: C-C', D-D’), con-
sistent with structural geological observations that the small-offset
(<100 m) faults of the ~3 Ma-Recent KSFB have accommodated lit-
tle EAR-related extension (Vétel et al., 2005). Strong gravity lows
(Sippel et al,, 2017) below the belt are interpreted as Anza Rift-
related sedimentary basins, implying much of the observed crustal
thinning developed during Mesozoic times. A clear picture thus
emerges from our work: Oligocene-to-Recent rifting in the Turkana
Depression has developed best in areas affected the least by earlier
episodes of rifting.

The recent mantle tomographic inversion study of Kounoudis
et al. (2021) revealed relatively fast wavespeeds at lithospheric
depths below the northern KSFB. One hypothesis for the failure
of present-day rifting to establish more successfully there is that
post-Mesozoic plate cooling following crustal thinning during Anza
rift development has left the KSFB lithosphere with a smaller
crust:mantle ratio than its relatively un-stretched surroundings.
Cenozoic strain has therefore localized to weaker zones of still-
thick crust. Any magmatism during Anza rifting, or associated with
subsequent Miocene-Recent volcanism, would also have rendered
the underlying lithosphere stronger via dehydration of the mantle
lithosphere. A strong lithospheric mantle below Anza rifted zones
may therefore now be suppressing strain localization through the
KSFB region. In a similar vein, strong lithosphere associated with
the Anza rifting to the east of the KSFB may have contributed to
the inability of Ririba rifting to develop south across the Turkana
Depression.

The hypothesis that earlier, failed rift episodes can render the
lithosphere more, not less, refractory with or without older hetero-
geneity (imparted, for example, during supercontinent assembly),
has important implications for rifting models in any region like
Turkana where multiple rifting episodes are superposed.

7. Conclusions

We present new receiver function constraints on Moho depth
and bulk crustal Vp/Vs ratio below the Turkana Depression and
neighboring northern Uganda using H and « constraints from
a combined network of 37 reliable seismograph stations. Moho
depths reduce from ~40 km on the Ethiopian Plateau and northern
Uganda to ~20km below Lake Turkana, ~21.4km below the Lo-
kichar Basin, and ~23 km beneath the KSFB. Simple mass balance
calculations that show the Turkana Depression is ~550m higher
than expected compared to the eastern Ethiopian plateau. Crustal
thinning, imparted during multiple, superposed rift phases there-
fore explains the low elevation of the Turkana Depression, with no
requirement for a reduction in mantle dynamic support.

Bulk crustal Vp/Vs across the study area is generally much
lower (~1.74) than below the magma-rich central and northern
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sectors of the MER and flood basalt-affected Ethiopian plateau to
the north (Vp/Vs >1.8). These observations, coupled with gener-
ally high stretching factors (8 < 2.11), suggest that past-extension
has been dominated by faulting and plate stretching, not magma
intrusion. However, geochemical and seismicity studies confirm
that magma-assisted rifting is presently ongoing below the Lake
Turkana and Suguta basins, as marked by active volcanoes along
the rift axis (e.g., Melnick et al,, 2012; Rooney et al., 2022; Musila
et al,, 2022).

Although Cenozoic rifting in southern Ethiopia has developed
over a broad region, EAR extension appears to have localized to
the Chew Bahir Rift (Hwgrg = 25.4km). There is no evidence for
pronounced crustal thinning below the Ririba Rift or Usno Basin.
Thin crust (Hg orx =23 km) in the Kino Sogo Fault Belt to the east
of Lake Turkana is not easily explained by Cenozoic EAR rifting:
faulting there is young (<3 Ma) and small-offset (<100 m), imply-
ing the observed thinning occurred in Mesozoic times during Anza
rift development. Instead EAR rifting initially developed in basins
with >2.5km of Cenozoic basin fill to the west of Lake Turkana.

Despite the shortest connection between focused thinning in
the Chew Bahir Rift in southern Ethiopia and the Suguta Valley to
the south being through the KSFB, seismicity and GPS data show
that extension is instead localized to the west below Lake Turkana.
Fast wavespeeds, imaged by recent mantle tomographic studies of
the Depression (Kounoudis et al., 2021) below the northern KSFB,
attest to a strong present-day mantle lithosphere now playing an
important role in governing the locus of strain: crustal thinning
during failed Anza rifting is expected to have rendered the ther-
mally re-equilibrated lithosphere stronger on account of its smaller
crust-to-mantle ratio, and nominal mantle dehydration either dur-
ing the earlier rifting phase or via subsequent Miocene-Recent vol-
canism.
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