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Abstract The role of lithospheric heterogeneities, presence or absence of melt, local and regional stresses,
and gravitational potential energy in strain localization in continental rifts remains debated. We use new
seismic and geodetic data to identify the location and orientation of the modern Nubia-Somalia plate boundary
in the 300-km-wide zone between the southern Main Ethiopian Rift (MER) and Eastern Rift (ER) across the
Mesozoic Anza rift in the Turkana Depression. This region exhibits lithospheric heterogeneity, 45 Ma-Recent
magmatism, and more than 1,500 m of base-level elevation change, enabling the assessment of strain
localization mechanisms. We relocate 1716 earthquakes using a new 1-D velocity model. Using a new local
magnitude scaling with station corrections, we find 1 < M; <4.5, and a b-value of 1.22 + 0.06. We present

59 first motion and 3 full moment tensor inversions, and invert for opening directions. We use complementary
geodetic displacement vectors and strain rates to describe the geodetic strain field. Our seismic and geodetic
strain zones demonstrate that only a small part of the 300 km-wide region is currently active; low elevation and
high-elevation regions are active, as are areas with and without Holocene magmatism. Variations in the active
plate boundary's location, orientation and strain rate appear to correspond to lithospheric heterogeneities. In
the MER-ER linkage zone, a belt of seismically fast mantle lithosphere generally lacking Recent magmatism
is coincident with diffuse crustal deformation, whereas seismically slow mantle lithosphere and Recent
magmatism are characterized by localized crustal strain; lithospheric heterogeneity drives strain localization.

Plain Language Summary Continental rifting involves the stretching, thinning, and heating of
plates. Where present, magma adds heat, fluid, and new rock material into the plate, altering its physical and
chemical properties. Pre-existing lithospheric thickness variations and crustal shear zones may also influence
when and where rifting occurs. Rifting processes can be monitored by tracking the vertical and horizontal
movement of plates, and by analyzing earthquake patterns. To address debates concerning the role of plate
thinning, magmatism, and pre-rift lithospheric structures, we analyze new seismic and geodetic data from the
Turkana Depression, a 300-km-wide region linking the Main Ethiopian Rift to the north and the Eastern Rift to
the south. Additionally, the region has a failed Mesozoic rift with pre-existing crustal shear zones. We identify
regions that are actively deforming, defining the active plate boundary. The breadth of the actively rifting zone
decreases above mantle low-velocity zones, thinned mantle lithosphere, and/or hotter melt-infiltrated zones.
We also find little to no evidence of reactivation of faults within the thin crust of a failed Mesozoic rift that

is circumnavigated by the active rifting in the region. Our findings suggest that differences in the plate-scale
physical and chemical properties dictate where and how faulting and magmatism occur.

1. Introduction

Data and models of the Cenozoic East African rift system and the Ethiopia-Yemen flood basalt province have
offered invaluable insights into rifting processes above mantle plumes, yet questions remain regarding the
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processes controlling the localization of strain in old and thick continental lithosphere. Gravitational potential
energy (GPE) (e.g., Gosh et al., 2009; Koptev & Ershov, 2010; Stamps et al., 2010), the presence or absence of
magma and mantle dynamics (e.g., Buck, 2004; Furman et al., 2016), reactivation of pre-existing shear zones
(e.g., Chorowicz, 2005), and lithospheric heterogeneities (e.g., Koptev et al., 2018; Kounoudis et al., 2021;
Naliboff et al., 2012) are all considered factors that control strain localization in continental rifts, but their impor-
tance remains debated. New and existing seismic and geodetic data from the Turkana Depression region of East
Africa offer new opportunities to evaluate the relative importance of these processes on rift localization and
hence define the modern-day Nubia-Somalia plate boundary in the region.

The NW-trending Turkana Depression, a failed Mesozoic rift system, separates the uplifted Ethiopia-Yemen
and East Africa plateaus that formed above one or more mantle plumes (e.g., Boyce et al., 2023; Chang &
Van der Lee, 2011; George et al., 1998; Pik et al., 2006) (Figure 1a). The Oligocene-Recent East African rift
zones transecting the plateaus overlap and link within the 300 km-wide Depression, but little was known of the
age of structures, the kinematics of rift linkage, and the role of pre-existing structures in strain evolution (e.g.,
Knappe et al., 2020). This led to a range of proposed models for linkage of the Main Ethiopian, Eastern rifts (e.g.,
Brune et al., 2017; Corti et al., 2019; Ebinger et al., 2000; Morley et al., 1992), as well as possible linkage with
the Western rift (e.g., Katumwehe et al., 2016).

The west to east migration of magmatism and sedimentary basins across the Turkana Depression since 30 Ma
(Bruhn et al., 2011; Ebinger et al., 2000; Morley et al., 1992) suggests time variations in strain, and consequently
changes in rift linkage along a changing plate boundary, but large data gaps prevented a clear picture of the
breadth of the modern Nubia-Somalia boundary. New mantle imaging reveals heterogeneity at lithospheric scales
associated with terranes accreted during the Pan African Orogeny (Kounoudis et al., 2021) (Figure 2). Recent
crust and mantle lithosphere imaging (Kounoudis et al., 2021, 2023; Ogden et al., 2023) provide a strong context
for our crustal strain studies. A recent geodetic study in the region has suggested that the high strain rates are
localized in Lake Turkana rift basin (Figure 1b), the region with the lowest GPE (e.g., Knappe et al., 2020), but
little was known of the broadly rifted area to the north of Lake Turkana.

Critical to assessing the hypotheses for strain localization and rift linkage in heterogeneous continental litho-
sphere is an understanding of the location and orientation of the modern-day Nubia-Somalia plate boundary,
its relation to mantle velocity anomalies interpreted as compositional, thermal, and melt variations (Kounoudis
et al., 2021, 2023), and the crustal thin zones in the Depression created by the superposition of two rifting
episodes (Ogden et al., 2023). The Turkana Rift Array to Investigate Lithospheric Structure (TRAILS) seismic
and geodetic studies infill a crucial data gap that enables us to define the active plate boundary, its kinematics, as
well as the depth extent and geometry of fault zones. Using a new 1-D velocity model, we develop the first local
seismicity catalog for the region from seismic data collected by the 34 broadband TRAILS stations (Figure 3;
Figure S1 in Supporting Information S1). We present 59 first motion and 3 full moment tensor inversions to
explore the kinematics of linkage between the <20 Ma Main Ethiopian Rift (MER) and the <27 Ma Eastern rift.
Additionally, we analyze geodetic data from 20 campaign and continuous Global Navigation Satellite System
(GNSS) stations from the TRAILS array (Figure 3; Figure S2 in Supporting Information S1; Knappe et al., 2020)
providing complementary constraints on the regional geodetic strain field. We compare seismic and geodetic
strain patterns with pre-existing Mesozoic rift structures (Figure 1b) and Pan-African accreted terranes to the
Tanzania craton (Figure 2), crustal thickness variations (Ogden et al., 2023), and mantle imaging (Kounoudis
et al., 2021, 2023) to evaluate their relative importance in the modern-day deformation. In doing so, we can
evaluate and revise models of linkage between the MER and the ER systems, produce a revised modern-day plate
boundary in the region and inform hazards in northern Kenya and southwestern Ethiopia.

2. Geodynamic and Tectonic Background

The ~300 km-wide zone of linkage between the MER and the ER spans the southern Ethiopian plateau, and
the northern part of the East African plateau through the Turkana Depression (Figure 1b). The zone of link-
age encompasses four sub-parallel 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 continuation of the MER (Figure 1b). The Turkana rift
connects to the 60—80 km wide Eastern rift (ER) through the Suguta rift south of Lake Turkana (Figure 1b).
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Figure 1. (a) Turkana Depression relative to the Main Ethiopian Rift (MER), Eastern rift (ER) and Western rift in

East Africa. Mesozoic-Paleogene rift basins are shaded in gray (after Ebinger et al., 2000; Purcell, 2018; Boone, 2018)

and Pliocene-Recent eruptive centers are in black triangles with a red outline (after Global Volcanism Program, 2013;
Sullivan, 2023). TZC is the Archean Tanzania craton. RS and GA are the Red Sea and Gulf of Aden, respectively. (b) Zone
of linkage between the MER and ER showing the Turkana Depression with Mesozoic-Paleogene and Oligocene-Recent
faults and basins in purple and black, respectively (after Corti et al., 2019; Davidson, 1983; Ebinger et al., 2000;

Schofield et al., 2021; Franceschini et al., 2020; Morley, 2020). Four sub-parallel rift strands from southwest to northeast:
Turkwel-Lokichar (LK) rift, Suguta-Lake Turkana-Omo-Usno rift, Kino Sogo (KSFB)-Chew Bahir (CHB)-Weyto (WYT) rift
and Ririba-Segen-Chamo rift. Kerio basin (KB). Pliocene-Recent eruptive centers are in black triangles with a red outline.
TZ craton is the Tanzania craton (outline after Westerhof et al., 2014) with 20-25 Ma carbonatite volcanoes denoted by red
circles (after Cote et al., 2018; Muirhead et al., 2020). The Mesozoic Anza rift basin in gray shading (after Boone, 2018;
Purcell, 2018). The dashed line is the Neoproterozoic Aswa shear zone (after Katumwehe et al., 2016).

Pre-existing lithospheric terranes of northeastern Africa include the >150 km-thick lithosphere of the Archean
Tanzania craton and the ~120 km-thick Pan-African orogenic belt (e.g., Boyce et al., 2023; Emry et al., 2019).
The Pan-African orogeny (700-550 Ma) led to the accretion of island-arcs and micro-continents to the Tanza-
nia craton (e.g., Fritz et al., 2013; Stern et al., 2012; Teklay et al., 1998). A NW-striking high-grade ultramafic
arc complex occurs within the Pan-African lithosphere of southwestern Ethiopia (e.g., Davidson & Rex, 1980)
(Figure 2). West of the Turkana Depression at the northeastern side of the Tanzanian craton is the NW-striking
Neoproterozoic Aswa shear zone (660—690 Ma) that sutured two cratons (e.g., Katumwehe et al., 2016).

Three main rifting phases occurred in the Turkana Depression: the Cretaceous (130-80 Ma), Paleogene (65-50 Ma)
and Miocene to Recent (25-0 Ma) (Ebinger et al., 2000; Morley et al., 1992; Torres Acosta et al., 2015). The
largely amagmatic NW-SE failed Mesozoic rift spans the Central African rift through the Turkana Depression
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MER (Figure 1b). This ~45 to 35 Ma period of magmatism is not associ-

ated with any surface extension, although dikes feeding the lavas must have

Arabia-Nubia | caused some crustal extension (e.g., Steiner et al., 2022). The southern extent
‘Shiyutures of the flood basalts is ~5.5°N (Steiner et al., 2022).

Between 25 and 27 Ma, there was a pulse of basaltic volcanism and the initia-
tion of faulting west of Lake Turkana, leading to the formation of half-graben
basins (Morley et al., 1999; Wescott et al., 1999). From 18 to 25 Ma, the east-
ern margin of the Tanzania craton experienced carbonatite volcanism (e.g.,
Cote et al., 2018; Muirhead et al., 2020). Time-space patterns of magma-
tism, faulting, and basin subsidence determined from surface outcrops, scien-
tific drilling, and exploration well data indicate a west to east migration of

rifting and magmatism in northern Kenya (Morley et al., 1999; Schofield

o a8 a0 42 et al., 2021), whereas geochronology is too sparse to determine in southwest-
ern Ethiopia (e.g., Ebinger et al., 2000; Philippon et al., 2014).

Figure 2. Tectonic units spanning Archean cratons, Pan African Orogeny and

Proterozoic-Paleozoic accreted terranes. Overlain are Pan-African suture zones
(red lines) that occurred in distinct phases: the ~850-620 Ma Arabian-Nubian
shield with predominant juvenile Neoproterozoic crust and the ~650-620
Eastern Nappe complex with granulite-facies metamorphism (after Fritz

Seismic reflection data calibrated by well data indicate that the
Turkwel-Lokichar rift contains 5-7 km of Miocene-Recent sedimentary and
volcanic strata (Schofield et al., 2021). Beneath Lake Turkana, 2-5 km of

et al., 2013). Pleistocene volcanoes (orange) and Holocene volcanoes (red) sedimentary strata cut by sub-N-S striking intrabasinal faults with local-
denoted by triangles (Global Volcanism Program, 2013). The study area is ized magmatic intrusions have been imaged, although Mesozoic strata may

delineated by the black box.

underlie some parts of the Turkana rift (Dunkleman et al., 1989; Muirhead

et al., 2022). The eastward migration of faulting and magmatism continues

through to Holocene time: east of Lake Turkana, there are unfaulted ~3
Ma-recent basaltic shield complexes and fissures (e.g., Guth, 2016) (Figure 1b). The 25 Ma-Recent eastward
migration of magmatism and faulting produced the unusual breadth of the Turkana Depression (e.g., Ebinger
et al., 2000; Knappe et al., 2020; Morley et al., 1992).

Global tomographic models support the hypothesis that the African superplume rises from the core mantle bound-
ary beneath southern Africa to the base of the lithosphere beneath East Africa (e.g., French & Romanowicz, 2015;
Ritsema et al., 2011). Regional body and surface wave models image details within the super plume province
and reveal two or more whole-mantle slow wave speed anomalies (Boyce et al., 2023; Chang et al., 2020; Emry
et al., 2019). These separately imaged plumes are suggested to have influenced the spatial and temporal varia-
tions in mantle sources for magma in the EAR (e.g., Boyce et al., 2023; Chang et al., 2020). Using the TRAILS
database, Kounoudis et al. (2021) imaged velocity variations in the mantle at depth ranges of ~75-600 km. They
showed a continuity of the slow wave speed anomaly from the Ethiopian plateau underneath the Turkana Depres-
sion to the East African plateau. The seismically slow wavespeed anomaly is interpreted as a zone of mantle
lithosphere thinning, heating, and/or melt infiltration (Kounoudis et al., 2021, 2023). A second prominent feature
is a NW-trending high velocity zone at depths <150 km that coincides with a belt of mafic/ultramafic rocks inter-
preted as a refractory Proterozoic lithosphere (Kounoudis et al., 2021). Kounoudis et al. (2021) proposed that the
higher velocity terrane may have served as a stronger zone that influenced Mesozoic and Cenozoic strain local-
ization in the Turkana Depression. Surface wave tomographic models indicate the continuation of the refractory
accreted terrane at the uppermost parts of the mantle lithosphere at depths of 50-70 km (Kounoudis et al., 2023).
The same study showed that mantle beneath the NW-trending Mesozoic Anza rift is relatively refractory, with
shear wavespeeds of >4.5 km/s.
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Figure 3. Inverted triangles are the Turkana Rift Array to Investigate Lithospheric Structure (TRAILS) project seismic
stations (Ebinger (2018) Y1 network = orange; Bastow (2019) 6R network = blue. Other seismic networks (GEOFON
Data Center (1993) = yellow hexagon; Ogden et al. (2021) network = brown hexagon). Gray square boxes show the
spatial distribution of 12 continuous and eight campaign Global Navigation Satellite System (GNSS) stations. GNNS

and seismic stations that are collocated have seismic stations overlain with a black box. Black arrows indicate plate
motion in mm/yr relative to the fixed Nubia plate (after Kogan et al., 2012; Knappe et al., 2020). Note that 2.6 mm/yr
velocity in southern MER is an underestimation of velocity due to the lack of GNSS stations in South Sudan (Figure S2 in
Supporting Information S1). Pliocene-Recent eruptive centers are black triangles with red outline (after Global Volcanism
Program, 2013; Sullivan, 2023).

Several studies have probed the crustal structure of parts of the Turkana Depression. A crustal-scale
refraction/wide-angle reflection seismic profile along the length of Lake Turkana determined a crustal thickness
of 20 km (Mechie et al., 1994; Prodehl et al., 1994). Rayleigh wave dispersion studies using permanent and tempo-
rary broadband seismic stations outside the Turkana Depression reported crustal thickness of 25 + 5 km (Benoit
et al., 2006). Based on new receiver function analyses and surface wave studies using data from the TRAILS
network and nearby surrounding seismic stations, Moho depths within the Depression are 21-30 km relative to
the 34-38 km in unrifted areas west and east of the TRAILS array, respectively (Ogden et al., 2023). The thinnest
crust underlies the Lokichar, Omo-Turkana and Chew Bahir rifts, all of which lie within the area affected by
Mesozoic rifting; crustal stretching factors are >1.9 (Ogden et al., 2023). The Turkana Depression, therefore, is a
consequence of twice-stretched crust with as much as 500 m of dynamic support (Kounoudis et al., 2021; Ogden
et al., 2023). Although the lithosphere had largely equilibrated before the onset of rifting at ~27 Ma, the crustal
thinning is permanent. Hence, comparatively strong, dense mantle lithosphere occupies a larger percentage of
the lithosphere beneath the Mesozoic rifts, potentially making these zones stronger than areas with thicker crust.
Despite the 45 My history of magmatism in some parts of the study area, the bulk crust Vp/Vs in the study area
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is <1.75, except in some localized regions east of Lake Turkana with bulk Vp/Vs of >1.8 that may signify the
influence of magmatic modification (Ogden et al., 2023).

The Main Ethiopian Rift (MER) marks the boundary between the stable Nubia plate and the Somalia plate to
the east, which are diverging at 5~7 mm yr~! from data (Birhanu et al., 2016) and models (Stamps et al., 2021).
Within the Turkana Depression and southward in the Eastern Rift (ER), the Victoria microplate lies between the
Western and Eastern rift (Figure 1a). Campaign and continuous GNSS data record an average of ~4.7 mm yr~!
of eastward extension relative to stable Nubia (Knappe et al., 2020) (Figure 3). GNSS strain patterns indicate that
the present-day deformation is localized in the half-graben basins of Lake Turkana, the area with the lowest GPE
(Knappe et al., 2020). Although Chorowicz (2005) and Katumwehe et al. (2016) kinematically link the Eastern
and Western rifts via reactivation of the Proterozoic Aswa shear zone as a left lateral transform fault, the absence
of earthquake activity and lack of motion from geodetic data argue against linkage to the Western rift through the
Turkana Depression (Knappe et al., 2020).

Analog and numerical models of two propagating rift zones suggest that the existence of the stretched lithosphere
beneath the Anza graben created an unusually broad zone of interaction between the southward-propagating MER
and the northward-propagating ER (Brune et al., 2017), but geological data show that basins in the Depression
formed diachronously, and along-axis propagation was away from the Turkana Depression. Corti et al. (2019)
used remote sensing and field mapping to propose that the unusual rift width is caused by the southward propa-
gation of the MER through the Ririba rift, and the subsequent abandonment of the connection in the past 1 Ma,
but the kinematics of current linkage remained unclear.

3. Data

We analyze seismic data collected from the Turkana Rift Array to Investigate Lithospheric Structure (TRAILS)
project and incorporate results from GNSS data acquisition and analyses, building on Knappe et al. (2020). The
project comprises 34 broadband seismic stations located in northwestern Kenya (network Y1, Ebinger, 2018) and
southwestern Ethiopia (network 6R, Bastow, 2019), 12 continuous and eight campaign Global Navigation Satel-
lite System (GNSS) stations (Figure 3, Figures S1 and S2 in Supporting Information S1). The GNSS stations are
spaced 200-300 km apart with the array aperture limited to the west near South Sudan due to security concerns
(Figure 3; Figure S2 in Supporting Information S1). The TRAILS project stations were deployed from January
2019 to June 2021. In Kenya and Ethiopia, the earthquakes were detected by Giiralp CMG3T and CMG-ESP
sensors. The 6R and Y1 seismic networks have Reftek and Q330 data loggers, respectively. Stations in Kenya
recorded at 100 sps; smaller data logger storage sizes in Ethiopia meant that only a few low noise stations
recorded at 100 sps; the remainder recorded at 50 sps. Data from two additional GEOFON STS2 sensors in Kenya
(LODK, KIBK) and a Giiralp 6TD sensor and datalogger in southern Ethiopia (ARGA, Ogden et al., 2021) are
also incorporated into the database (Figure 3; Figure S1 in Supporting Information S1).

We use a Butterworth bandpass filter between 1.5 and 10 Hz and manually pick P- and S- wave phases. The
first arrivals of the P-wave were picked from the vertical channel whereas the S-wave picks were made on the
transverse channel, after initial location. All earthquakes considered in this study are confined within the seismic
network geometry (6R and Y1, Figure 3) to minimize the earthquakes' location uncertainties.

4. Methods
4.1. Velocity Model

The absolute earthquake locations of 1716 events are first located using a velocity model obtained from the
Turkana area seismic refraction/wide-angle reflection KRISP profile along the length of the Lake Turkana basin
(Mechie et al., 1994). We use the arrival times of a subset of 237 earthquakes distributed across the broadly rifted
southern MER and Lake Turkana active rifts (Figure S1 in Supporting Information S1) and with 10 or more
P-wave arrivals to find a new 1-D velocity model that minimizes the earthquakes' travel time residuals (Kissling
et al., 1995). Since most of the local earthquakes in our catalog are relocated at upper-to-lower crustal depths
(<25 km) (Ogden et al., 2023), we damped our 1-D velocity inversions at the average Moho (depths > 25 km).
The new velocity model and the station corrections are then used to relocate the entire database and provide
absolute earthquake locations.
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4.2. Earthquake Locations and Relocations

The absolute locations of the earthquakes were determined using the HY POINVERSE2000 algorithm (Klein, 2000)
and the new 1-D velocity model (Figure 5; Figure S3 in Supporting Information S1). Relative locations of spatial
clusters that occurred beneath the Usno-Omo-Turkana, Weyto-Chew Bahir, and Segen rifts are calculated using
the hypoDD double-difference algorithm and the 1-D velocity model (Waldhauser & Ellsworth, 2000) (Figure 6).
The double-difference algorithm relocates earthquake pairs based on these two conditions: earthquake pairs
having separation distances that are less than their hypocentral depths, and earthquake pairs with ray paths that
are less than the lateral scale of crustal heterogeneity (Waldhauser & Ellsworth, 2000). The relative relocations
are done relative to the clusters' centroid.

Input data for the double-differencing algorithm are the lag times from the cross-correlated P-wave onsets. The
cross-correlation was done on waveforms bandpass filtered at 1.5-10 Hz. The correlation process involves defin-
ing short window sizes ranging from 0.3 to 0.6 s around one of the earthquake pairs and using that window to take
a sliding dot product to the other earthquake pair. The short time window selected enables the cross-correlation
around the P-wave onset section of the waveform. Waveform similarity is then quantified by the cross-correlation
coefficient. The event pairs with cross-correlation coefficient >0.6 are then used to stack the waveforms, result-
ing in improved P-wave arrival times for well-correlated pairs of earthquakes. In hypoDD, the lag times are used
to adjust the vector difference between the earthquake pairs while updating their locations through successive
iterations (Waldhauser & Ellsworth, 2000). Uncertainties in the relative earthquake locations are estimated using
the Singular Value Decomposition (SVD) by using a subset of ~50 randomly selected events per spatial cluster.

4.3. Earthquake Magnitude and b-Value

Local magnitudes are estimated using measurements of the maximum amplitude of the shear wave arrivals as
measured on a Wood-Anderson seismograph and a new magnitude scaling with station corrections, as described
in Supporting Information S1. The b-value describes the magnitude frequency distribution of earthquakes,
whereby a smaller b-value indicates a high proportion of large earthquakes (Kanamori, 1983). The b-value is
inversely proportional to plate stress (e.g., Scholz, 2015). The frequency-magnitude analysis is used to determine
the magnitude of completeness (M), the minimum magnitude of the earthquakes that are well determined in the
catalog, assuming a Gutenberg-Richter law, as outlined in the Supporting Information S1.

4.4. Source Mechanisms

Source mechanism solutions are determined using the polarity of the first motion of the P-wave arrival times
from visual inspection and using the take-off angle and azimuth to the station using output from HYPOINVERSE
(Snoke, 1984). The FOCMEC program determines and displays the strike, dip, and rake of the primary and
auxiliary nodal planes that fit the data using a grid search approach. The criteria used to select source mecha-
nisms in this study include (a) earthquakes with more than 10 first P-wave arrivals with azimuthal gap <130°, (b)
20 < 110°l deviation for the source mechanisms' strike dip and rake, (c) allowing one P-phase error if it is within 5°
of a nodal plane to account for the sensitivity of take-off angles to depth and lateral crustal heterogeneity. Given
that take-off angles are sensitive to depth, we use waveform modeling of the largest magnitude earthquakes in
the data set (M, > 3.8) to evaluate the earthquakes' focal mechanisms with depth as a free parameter. In our Full
Moment Tensor inversions (FMT), we fit a synthetic waveform to the surface waves (Rayleigh and Love wave)
parts of the local earthquakes bandpass filtered to a range within 0.02-0.10 Hz following Oliva et al. (2019) and
as outlined in the Supporting Information S1. Surface waves are less sensitive to small scale crustal heterogeneity,
providing an independent method of determining the earthquake's depth and type of source mechanism.

4.5. Stress Inversion and Kostrov Summation

We recognize that the earthquake cycle in the rift zones is much longer than the ~2.5 years of seismic data
recorded by the TRAILS project. While we also used the teleseismically detected earthquakes spanning 1983—
2021 in our analyses (e.g., Ekstrom et al., 2012), we still acknowledge that the ~40-year duration of the CMT
catalog may also be shorter than the earthquake cycle in our study area. Using these two available seismic
records, we independently estimate and compare the plate velocities and strain rates. We use two approaches
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to quantify the crustal principal stress regime: inversion for principal stresses using the grid search algorithm
MSATSI (Martinez-Garzon et al., 2014) and Kostrov summation that provides the average individual moment
tensor components weighted by their magnitudes (Kostrov, 1974).

The MSATSI algorithm estimates the stress-field orientation from the nodal planes of the earthquake focal mech-
anisms (Martinez-Garzon et al., 2014). The MSATSI algorithm uses a grid search to estimate the deviatoric stress
tensor and the orientations of the principal stresses. Uncertainties are quantified using the bootstrap method with
200 solutions and using 95% confidence limits. In each iteration, one nodal plane is used with the preferred nodal
plane being the one oriented to the given state of stress (Vavrycuk, 2014).

Kostrov summation simulates the deformation of a finite-width plate boundary and sums the individual moment
tensor components, weighted by their magnitudes (Kostrov, 1974). For teleseismically detected earthquakes, we
used depth-calibrated source mechanism results from waveform modeling (Craig & Jackson, 2021; Foster &
Jackson, 1998) to address the 20-30 km horizontal uncertainties and depth uncertainties associated with Global
CMT solutions with fixed depths (e.g., Ekstrom et al., 2012). Additionally, we incorporated waveform modeling
source parameter results for the Mw 5, 3 May 2020, teleseismically detected earthquake recorded by the local
TRAILS array to provide depth calibration of the event. The source mechanism solutions of the earthquakes
recorded at teleseismic distances in the region are then used to invert strain rates and principal stress orientations
and compare the stress orientations to those inverted from local earthquakes and geodetic displacement vectors,
as outlined in the Supporting Information S1.

4.6. GNSS Velocity and Strain Rates

To accurately constrain the surface kinematics, observations from our GNSS network are combined with data
collected from 2012 to 2021 from stations located within Ethiopia and Kenya and International GNSS Continu-
ous stations in Africa, Europe, and Asia to define a stable reference frame. The TRAILS project consisted of the
installation of 9 new continuous sites in January and February of 2019 and serviced 3 existing continuous stations
(NEGE, XTBI, XTBT) and 5 campaign stations, the installation of one campaign station in January 2020 (XHRI),
and the re-occupation of 3 campaign stations in 2020 (KEYA, SEOL, XHRI), and 2 in 2021 (XHRI and SEOL)
(Figure 3 and Figure S2 in Supporting Information S1). These data were combined with raw data from 38 regional
sites, including several International GNSS Service reference stations. We process the data using the GAMIT/
GLOBK software package (Herring et al., 2010) following the procedure described in Reilinger et al. (2006).
We calculate daily position time series using GAMIT. These time series are then inspected for any outliers and
transient signals, which are then removed. The time series are then binned and averaged into fortnightly position
estimates. We then use GLOBK's Kalman filter to estimate linear velocities within the International Terrestrial
Reference Frame 2014 (ITRF14) (Altamimi et al., 2016), incorporating a random walk noise model to account
for systematic errors in the continuous sites. For the campaign stations that do not have enough data to calculate
a site-specific noise model, we apply a median noise model derived from all the continuous stations. The result-
ing linear velocities, representative of long-term tectonic deformation rates, are then rotated into a stable Nubia
reference frame using the ITRF14-Nubia angular velocity calculated by Altamimi et al. (2017).

Once site velocities are determined, the sites are separated into 3 rift normal transects and a sigmoid is fitted to
the east velocity (primary direction of extension, e.g., Saria et al., 2013; Knappe et al., 2020) as a function of
distance along the profile following Kogan et al. (2012) and utilizing the station uncertainties as weights. The
sigmoid function is defined as follows:

Umax

Ux = Umin+ ——— ————
1 ( d‘v/dx:—x>
+ exp -,

where v_ is the velocity, v, ;. and v . are the minimum and maximum extension velocities, respectively, Xy, is

min
the inflection point along the profile that defines the location of maximum extension, and p is the sigmoid rate

coefficient.

We calculate the first-order geodetic strain rates by first averaging all the annual velocities of GNSS stations
located in the deforming zones of interest. We divide the annual average velocities of the GNSS stations in the
deforming zones of interest with their associated zone lengths (L1), the length parallel to the extension direction
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in our study area (Figure 3), to constrain the geodetic strain rates consistent

4
" \ ° cumulative frequency with our Kostrov Summation calculations. To confirm the validity of our
. :?:J'e;zci 0.06 geodetic strain rates, we additionally took the derivative of the GNSS veloc-
108} e Mc=1.78 ity profiles in the zones of interest and obtained comparable strain rates (e.g.,
Knappe et al., 2020).
Zz10%;
" S. Results and Interpretations
]! & 5.1. 1-D Crustal Velocity Model
The new 1-D velocity model was stable at depths <25 km, which coincides
with the Moho beneath some areas, and the lower crust elsewhere in the study
1000 1 é area (Ogden et al., 2023). The regression of all the local earthquakes plotted
Magnitude in the S-P arrival times versus P- wave arrival times space gave a Vp/Vs ratio
of ~1.75 (Figure S4 in Supporting Information S1), which is comparable
Figure 4. The b-value determination using the maximum likelihood method to the bulk crustal Vp/Vs of <1.75 from receiver function analysis (Ogden
estimate in the Turkana Depression is 1.22 + 0.06. The magnitude of et al., 2023).

completeness (M) is 1.78 after accounting for the correction factor +0.2 from
the maximum curvature method (Woessner & Wiemer, 2005).

5.2. Magnitudes and b-Value

Based on our new local magnitude scaling (see Supporting Information S1),

the 1716 local earthquakes recorded in ~2.5 years in the Depression have
arange of 1.0 < M, < 4.5 and the b-value is 1.22 + 0.06 (Figures 4 and 5). The b-value estimates north and
south of 5° N, delineating southwestern Ethiopia to northern Kenya, are comparable to the regional estimate of
1.39 + 0.07 for the northern sector of the Eastern rift, including the southern Turkana Depression (Shah, 1986).
Our values are comparable to the b-values of 1.13 + 0.05 (Keir et al., 2006) in the central MER, but much larger
than the estimate of 0.69 + 0.08 for the Lake Abaya rift zone based on a 1-year study (Ogden et al., 2021).

With a crustal thickness of 21-30 km in the Turkana Depression (Ogden et al., 2023), we determined the b-value
variations between the upper (<10 km) and mid-to-lower (>10 km) crust. In the upper crust, there are 1223 earth-
quakes with a b-value of 1.36 + 0.11 (Figure S7 in Supporting Information S1), whereas at the mid-to-lower crus-
tal depths, there are 493 earthquakes with a low b-value of 1.16 + 0.09 (Figure S8 in Supporting Information S1).
The lower b-value at mid-to-lower crustal depths may be biased owing to the small number of earthquakes (e.g.,
Muluneh et al., 2020). Other plausible explanations for b-value variations at depth include the linear decrease in
b-values with decrease in differential stress (Scholz, 2015), changes in stress conditions and/or crustal heteroge-
neity and fluid diffusion (Marzocchi et al., 2020).

5.3. Earthquake Locations
5.3.1. Absolute Locations

Quality control of the 1716 earthquakes in our local earthquake catalog include earthquakes with azimuthal gaps
<120° and depth uncertainties <8 km. The mean horizontal uncertainty was 3.2 km, and the mean depth uncer-
tainty was 2.1 km. Our event location for the 3 May 2020, Mw 5 (M, 4.5) provides a measure of uncertainties
in the Global CMT catalog: our horizontal location is 11 km southeast of the Global CMT location. The GCMT
depth of 13.9 km is within the limits of our depth uncertainty estimates (14.2 + 1.5 km).

In southern Ethiopia, seismicity is largely localized to three ~100 km-wide N-S to NNE-trending zones of basins
and their flexurally uplifted flanks: the Usno-Omo-Turkana basins; Aluma-Weyto-Chew Bahir-Kino Sogo rift;
Chamo-Segen-Ririba rift (Figure 5). We briefly summarize seismicity patterns to outline the logic of cluster
analyses and stress inversion groupings and integrate results along three cross sections in the Discussion.

5.3.1.1. Chamo-Segen-Ririba Rift Zone (MER)

Shallow seismicity is concentrated along the western side of the Segen rift. Owing to the ARGA seismic station
in the Abaya basin during the period from July 2019 to February 2020 (Ogden et al., 2021), the apparent gap
in seismicity in the NNE-trending Chamo basin is probably representative (Box A, Figure 5). The Ririba rift is
largely aseismic.
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Figure 5. Absolute earthquake locations are color-coded by depth and scaled by magnitude. Boxes A, B, C, and D enclose
clusters that were analyzed using the double-difference algorithm (Figure 6). The high P-wave mantle velocity anomaly in
southern MER, imaged at depths of 50-100 km and denoted by the purple ribbon, is interpreted as a Pan African accreted
terrain (Kounoudis et al., 2021). MER, WYT, CHB, SG, RR, KSFB, and ER are the Main Ethiopian Rift, Weyto, Chew
Bahir, Segen graben, Ririba rift, Kino Sogo Fault Belt, Suguta, and Eastern rift, respectively. Pliocene-Recent eruptive
centers include North, Central, and South Islands labeled as NIV, CIV and SIV, respectively. Recent volcanic fields in black
triangles with red outlines.

5.3.1.2. Teltele Plateau

Earthquakes occur at the edge of the Teltele plateau, including an M, 3 earthquake (~4.8°N, 38°E) (Figure 5).
The Mega volcanic field is largely aseismic.

5.3.1.3. Aluma-Mali-Weyto-Chew Bahir

The Aluma basin experienced multiple clusters of earthquakes at depths 25 km to the surface during the study
period, including M, 4 and M, 3.8 earthquakes. The number of earthquakes increases southward from the Aluma
basin to the northern Weyto basin where the rift faults also strike NNE (Box A, Figure 5). The seismicity is most
intense in the eastward jog in the rift trace between the Aluma and Weyto basins. Seismicity is less focused than
along the Turkana rift, and there is no clear gap between this zone and the Chamo-Segen-Ririba rift zone to the
east (Box A, Figure 5). By comparison, the Chew Bahir rift is less active and characterized by lower crustal
earthquakes in this area of <25 km-thick crust (Ogden et al., 2023).

5.3.1.4. Usno-Omo-Turkana Basins

The NNE-trending Usno basin is characterized by an ~50 km-wide zone of primarily shallow (<10 km-deep)
seismicity that broadens where the rift faults shift to a N-S orientation at the northern end of the Omo basin
(Box B, Figure 5). Here, two distinct zones of seismicity spanning a depth of 15 km to surface are observed: a
NNW-trending zone and a ~30 km-wide zone of seismicity that continues southward to North Island Volcano
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yseyemn, ’
Table 1 (NIV, Box B, Figure 5). An intense zone of primarily lower crustal seismicity
Number of Relocated Earthquakes, Maximum Horizontal Error, and Depth lies along the eastern side of the northern Turkana basin (Box B, Figure 5),
Uncertainties of the Relocated Earthquakes (Figure 6) in Each of the 4 followed by a tight cluster spanning 20 km to the surface slightly north of
Zones Shown by Boxes in Figure 5 Central Island Volcano (CIV, Box C, Figure 5). A largely aseismic zone
Zone N Ahoriz (km) Az (km) separates seismicity at Central Island with the most intense concentration of
Box A 198 <09 <15 seismicity in the southern Turkana rift, which coincides with the eastward jog

in the rift, linking the Turkana rift with the narrow Suguta rift in the Eastern

Box B 205 <0.04 <0.06 Rift (Box D, Figure 5). This area, the Eliye Springs kink, is the site of the 3
Box C 39 <0.03 <005 May 2020, Mw 5.0 (M, 4.5) earthquake.
Box D 306 <0.8 <0.5

Note. Horiz is horizontal.

5.3.1.5. Largely Aseismic Zones

Basins west of the Omo-Turkana rift (e.g., Turkwel escarpment, Lotikipi,

Lokichar) are largely aseismic, consistent with the eastward migration of the
depocenter and magmatism between ~15 Ma and ~3 Ma (e.g., Ebinger et al., 2000; Morley et al., 1992; Schofield
et al., 2021). Shallow earthquakes west of Lake Turkana may be quarry blasts. The exception is the Lokichar
basin west of Lake Turkana, which experienced earthquakes in the lower crust (Box D, Figure 5). East of Lake
Turkana, the Kino Sogo fault belt and the largely unfaulted shield volcanic complexes, for example, Marsabit and
Hurri Hills, are also largely aseismic (Figure 5). The Anza graben is largely aseismic, as well. Given these spatial
patterns, as well as background geology and geophysics, we relocate and interpret earthquakes in the 4 separate
regions, as shown in Figure 5.

5.3.2. Relative Relocations

We relocate earthquakes in boxes A-D (Figure 5) using the double-difference algorithm after cross-correlating
P-wave arrivals using 0.3-0.6 s windows (e.g., Figure S9 in Supporting Information S1). The mean relative earth-
quake uncertainties of clusters are found using the SVD method (Table 1). The comparatively higher depth uncer-
tainties for Box D are associated with the lateral velocity variations associated with the >5 km-thick sedimentary
basins (e.g., Schofield et al., 2021). For Box A, the lack of stations to the NW as well as the lateral velocity vari-
ations associated with the ancient arc complex may have played a role in the relatively large horizontal and depth
uncertainties in this region (Table 1 and Figure 5). The number of relocated earthquakes in each box is small in
part owing to the large depth distribution of earthquakes in each area (0-25 km), and in part owing to the ~50 km
station spacing of this reconnaissance array.

Earthquake clusters are concentrated in kinks or jogs in the axis of the rift zone where transfer faults link border
faults. In the Aluma-Mali-Weyto sector, earthquakes along NNE-striking border faults are linked by seismically
active NNW-striking faults. In boxes C and D, faults beneath Lake Turkana have been mapped from coarse seis-
mic reflection coverage, and orientations are not well constrained. Our work shows a N350°-striking crustal-scale
fault, as well as broad band of <10 km deep earthquakes across the Eliye kink.

The distribution of both the absolute and relocated earthquakes shows large differences in the breadth of
the seismically active zone along the length of the rift. In southern Ethiopia, the combined breadth of the
Usno-Aluma-Weyto-Chew Bahir and the Chamo-Segen-Ririba rifts (broadly rifted zone) is ~280 km. The zone
of active seismic and geodetic strain narrows into the Omo-Turkana rift where in some parts, the thinnest crust
(<25 km) coincides with the doubly thinned crust (Mechie et al., 1994; Ogden et al., 2023) (Figure 1b).

5.4. Earthquake Depth Distribution

From the 748 relocated earthquakes, we produced a depth histogram overlain with cumulative seismic moment
release using a crude assumption that M, = M, , in the absence of sufficient earthquakes with M, > 4 to establish
a scaling relationship and given that mb is approximately equal to Mw for earthquakes with mb < 5 (Gasperini
et al., 2013) (Figure 7). Not included is the teleseismically detected 3 May 2020, magnitude 5 M, (4.5 M,)
event at a depth of 14 + 1.5 km, which is grouped with teleseismically detected events. The pattern of seis-
mic moment release will not change, but we acknowledge that the absolute values with depth will. We assume
M, = (logM;-9.1)/1.5 in Nm (IASPEI, 2013). Despite the higher number of earthquakes at depths between 0
and 10 km as compared to 10-15 km, the seismic moment release values at 1015 km are ~5 times greater than
at 0—10 km, consistent with the decrease in b-value with depth (Figure S8 in Supporting Information S1). The 3

MUSILA ET AL.

11 of 26

8SUSD| SUOLULLOD) BRI B|qedlidde aup Aq peusenob a1 sappiie YO ‘88N JO SaIn 104 AXeig1T 23Ul UO AB]IM UO (SUONIPUOD-pUB-SLLB IO A8 I ARe.q | BUTUO//SUNY) SUORIPUOD PUe SWB L 8L3 89S *[£20Z/0T/E0] U0 A%IqITaUIUO ABIIM ‘ALISHIAINN IHLYINIM NvA3A Aq 2860T0DDEZ0Z/620T OT/I0pAL0d Ao 1M Areiq1jeutiuosqndnBe/sdny wo.y pepeojumoq ‘6 ‘€202 ‘£2025¢5T



A~
Fa\C 1% Geochemistry, Geophysics, Geosystems

ADVANCING EARTH
AND SPACE SCIENCES

10.1029/2023GC010982

&
A‘7
Usno

%
L= ) 08 0

oM 2 Cha
RML 25 9 basi
M, 3.5 Y
4 oY J
Kuraz \z i We)_/to‘
Volcanq’ basin
o | -5
| e
Om& y Ch v Bahi S
basin ew Bahir egen
FEa AN basin basin

Gy %

North Island /
Volcano ///
] () :

36°

“+JA & Bl

37° 38°

0 5 10 15 20 25 30 35 40
Earthquake Depth (km)

*M, 1.5
oM, 2.5
oM 35
*M, 4.5

Lake Turkana

Lokichar
basin

/ /y
%f

4°

I 30

A

South Island

36°

0 5 10 15 20 25 30 35 40
Earthquake Depth (km)

37°

Figure 6. Relative locations of earthquake hypocenters relocated using double ditferencing located in zones A, B, C and D as shown in Figure 5. The brown star in
(c) and (d) shows the relative location of the 3 May 2020, M, 4.5 teleseismically detected earthquake in the study area. Overlaid are Cenozoic faults (black continuous

lines) and Pleistocene-Recent eruptive centers (black triangles outlined in red).
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Figure 7. Histogram of hypocentral depths from 748 double-difference earthquake relocations from areas shown in Figure 6.
Overlain in black are the seismic moment release values in Nm. We excluded the Mw 5 (M, 4.5) earthquake at 14 + 1.5 km
(the brown star) as it obscures patterns. A significant increase in seismic moment release occurs at 10-15 km. The high
seismic moment release values at depths of 10-15 km are surprising given the 20-28 km crustal depths in the study area
(Ogden et al., 2023). The mid to lower crust accommodates a considerable amount of elastic strain in the Turkana Depression.
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Figure 8. Focal mechanisms of 59 first motion focal mechanisms from the Turkana Rift Array to Investigate Lithospheric
Structure (TRAILS) color-coded by depth, scaled by magnitude, and numbered as in Table S2 in Supporting Information S1.
The teleseismically detected earthquake recorded by our array, Event 49, was analyzed using the Full Moment Tensor (FMT)
inversion (Event 7b, Table S2 in Supporting Information S1 and Figure 10). Events A and B are FMT source mechanisms

for the second and third largest earthquakes in our catalog with M, 4 (Event A, Figure 9) and 3.8 (Event B, Figure S13 in
Supporting Information S1) respectively (Figure 9). These two events at the northern limit of our array had azimuthal gaps
>130° (Table S2 in Supporting Information S1). Stress inversions (Figures 11a and 11c) and Kostrov summation (Figures 12b
and 12d-12f) are done in zones A and B, given the change in fault orientations, and geodetically determined opening
directions (Figures 3 and 11). Overlain are the Mesozoic-Paleogene and Cenozoic fault structures in purple and black,
respectively. Quaternary-Recent eruptive centers are in black triangles outlined in red.

May 2020, 5 M,, (4.5 M,) teleseismically detected earthquake (14 + 1.5 km) also occurred in this depth interval.
The shallow earthquakes are associated with the extensive intra-basinal fault arrays and illustrated in representa-
tive cross-sections in the Discussion.

5.5. Earthquake Source Mechanisms

The source mechanism solutions comprise normal, strike-slip and reverse mechanisms with considerable oblig-
uity (Figure 8). In the broadly distributed zone of deformation, the Usno-Aluma-Mali-Weyto rift, source mech-
anisms are predominantly normal and strike-slip. The <4 M, earthquakes with strike-slip mechanisms have no
surface expression of strike-slip faulting (Sullivan, 2023). The presence of strike-slip earthquakes of varying
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Figure 9. Full moment tensor inversion solutions (velocity seismograms) computed using the Grond package (Heimann et al., 2018) for the two events with M, > 4
earthquakes recorded by TRAILS network including the 5 Mw (4.5 M,) teleseismically detected earthquake. Event 49 is referenced in Figure 8 and Table S2 in
Supporting Information S1 as Event 49, whereas Event A is as shown in Figure 8. P and T axes are denoted in gray and white, respectively. Five sample synthetic
waveform fits (red) are plotted on top of the data (black) for each event. Light gray traces are untapered data waveforms and light red traces are unshifted waveforms.
Information on the top left of each waveform includes the station name, station-to-receiver distance, azimuth, weighting factor, and relative residuals (See Supporting
Information S1 for detailed explanations).

strikes and displacements argues against basin linkage by crustal-scale shear zones, but instead by arrays of
sub-parallel NNE-striking normal faults linked by short NW-striking faults. Along the Turkana rift, there are
a wide range of source mechanisms ranging from normal, strike slip and reverse. Many of these mechanisms
correspond to sub-N-S border and intrabasinal faults and magmatic intrusions mapped at the surface and imaged
by 2-D seismic reflection profiles (Corti et al., 2019; Dunkleman et al., 1989; Ebinger et al., 2000; Morley
et al., 1992; Muirhead et al., 2022; Schofield et al., 2021).

We used Full Moment Tensor (FMT) inversion to model earthquakes with M; > 3.8 recorded by our TRAILS
array. These events include the magnitude 5 Mw (4.5 M) event on 3 May 2020, located SW of Lake Turkana
rift basin (Event 49, Figure 8). The other two events are in the southern MER: the 4 M, earthquake on 16 April
2019 (Event A, Figure 8) and the 3.83 M, event on 12 May 2020 (Event B, Figure 8). Events A and B are not
included in our 1st polarity motion focal mechanism catalog (Table S1 in Supporting Information S1) because
they are close to the edge of our seismic array (Figure S1 in Supporting Information S1) and have azimuthal gaps
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>130°. Our FMT source mechanism solution of Event 49 (Figure 8) is normal (Event 7b, Figure 10) with the
nodal planes oriented in a sub-N-S trending strike consistent with the Global CMT solution (Event 7, Figure 10)
that used an adaptive velocity model from the closest velocity profile from CRUST2 (Bassin et al., 2000), which
is probably less representative of the velocity structure in the study area (Craig & Jackson, 2021) (Event 7a,
Figure 10 and Table S2 in Supporting Information S1), and our local focal mechanism (Event 49, Figure 8 and
Table S1 in Supporting Information S1). From our FMT results, the event has a centroid depth of 9.5 km that is
within the depth uncertainties of the event's double-differenced relocated depth (10.8 + 1.5 km) and less than the
Global CMT (13.9 + 4 km) depth. We attribute the depth differences to the lateral velocity anomalies from the
deep (2-5 km) sedimentary basins along ray paths. Depth and source mechanism solutions' discrepancies across
methods for Events A and B (Figure 8; Figures S12 and S13 in Supporting Information S1) are outlined in the
Supporting Information S1. We interpret focal mechanisms with respect to representative cross-sections in the
Discussion.

5.6. Rift Kinematics

From the 59 local source mechanisms that passed our selection criteria (Figure 8 and Table S2 in Supporting
Information S1), 48 earthquakes had M, > 2.0 and were used in our stress inversion analyses. We assumed that
this new subset of earthquakes (48) represents tectonic stresses for use in the grid search stress inversion as well as
Kostrov summation to determine the orientation of the principal stresses in the crust. Using seismicity, and new
GNSS velocity profiles that supplement those of Knappe et al. (2020) we partition the study area into northern
and southern zones based on the extent and style of deformation (Figures 7 and 9). In zone A, the deformation
style is diffuse across an ~280 km-wide seismically active zone spanning 3 rifts; in zone B, strain accommodation
is localized to an ~150 km-wide seismically active zone centered on the Turkana rift. Kostrov summation for the
orientation of P- and T- axes and strain rates is done in a volumetric sense, where we assumed that the depths of
the deforming zones are equal to the seismogenic layer thickness of 17 km (Figure 7; Figure S10 in Supporting
Information S1). We tested the consistency of our inverted seismic strain rates in zones A and B by varying the
zones' breadths using the extent of their seismic strain zones. We observe that regardless of the different breadth
of deformation, the seismic strain rate in Zone B (Turkana rift) is about 7 times larger than that in zone A (broadly
rifted zone in southern MER).

5.6.1. Local Earthquakes

We used the stress inversion method of Martinez-Garzon et al. (2014) to determine 6,, 6,, 6, and their uncertain-
ties using 200 random bootstrap resamplings of input focal mechanism solutions. We consider analyses in two
zones (Figures 8 and 10). In zone A, the stress field orientation of the T-axis (s;) is 140° + 18°/—28° (Figure 11a),
whereas in zone B, the orientation of the T-axis is 88° + 18°/—25° (Figure 11c). We also used Kostrov summation
to constrain the orientation of the P- and T-axes and excluded the M, 4.5 earthquake, which we consider with
the teleseismically detected earthquakes. In zone A, the T-axis orientation is N138° + 20°/—15° (Figure 11b),
whereas in zone B, the T-axis is N91° + 20°/—15° (Figure 11d). In zones A and B, the T-axis orientation esti-
mates across methods are identical, within uncertainties.

5.6.2. Teleseismically Detected Earthquakes

Our 2-year array presents a temporally biased data set to consider plate-boundary strains. To expand the time
intervals of the study's observations, we used teleseismically detected earthquake source mechanisms from the
Global CMT project (e.g., Ekstrom et al., 2012) (Table S2 in Supporting Information S1). Additionally, we incor-
porated waveform modeling source parameter results for the Mw 5, 3 May 2020, teleseismically detected earth-
quake recorded by the local TRAILS array (Event 7b, Figure 10). We combined the source parameter results from
these two independent analyses to address the 20—30 km horizontal uncertainties associated with the locations
of the Global CMT results, and we incorporated adjusted depths with their corresponding waveform modeling
results of Foster and Jackson (1998) and Craig and Jackson (2021).

Owing to the significant differences in source mechanisms in the northern and southern parts of the study area,
and from inspection of source mechanisms, we see two families of mechanisms, WNW-ESE and E-W (Figure 10).
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Figure 10. Source mechanisms for teleseismically detected earthquakes in the Turkana Depression from the Global CMT
catalog between 1983 and 2022 (Table S3 in Supporting Information S1). Event location errors may be as large as 25 km
(e.g., Weinstein et al., 2017); the GCMT location for the 3 May 2020, event (Event 7) differed by 11 km, but its depth is
within our absolute location depth uncertainty estimates. Also plotted are the FMT source solutions for events with M, > 3.8
in red, including the 5 Mw (4.5 M,) teleseismically detected earthquake denoted as Event 7 (GCMT) with our FMT source
mechanism solution as Event 7b in red and Craig and Jackson (2021) as Event 7a in orange. FMT solutions computed for
pre-2019 teleseismically detected earthquakes in the region include Events 3a and 4a by Foster and Jackson (1998) and
Event 8a (Craig & Jackson, 2021) in orange. Overlain are the Mesozoic-Paleogene and Cenozoic fault structures in purple
and black respectively and Quaternary-Recent eruptive centers in black triangles. MER, WYT, CHB, SG, KSFB, L. TURK,
LKB and ER are the Main Ethiopian Rift, Weyto, Chew Bahir, Segen, Kino Sogo, Lake Turkana, Lokichar and Eastern rift,
respectively.

Although the number of teleseisms in each region is 4, we consider the same two boxes as in the local earthquake
analyses (Figure 8). The resultant source parameter solutions of the teleseismically detected earthquakes were
used in the Kostrov summation inversion to quantify the orientation of P- and T- axes and the strain rates in zones
A and B (Figure 11a). We obtained the orientation of the T axis in zone A to be 115° + 20°/15°, whereas in zone
B to be 88° + 18°/—25° (Figure 11a).

Comparing results between methods and between local and teleseismically detected earthquakes, all are
identical, within uncertainties, which are <20° (Figure 11). The north to south variation in extension direc-
tion from WNW in the MER to E-W in the Eastern rift implied from the orientation of structures, therefore,
is supported by our analyses. The near similarity of the principal stress orientations from stress inversion
and Kostrov summation of local earthquakes with those from teleseismically detected earthquakes indi-
cates that the local earthquakes recorded by the TRAILS temporary array are representative of the tectonic
process in the region.

MUSILA ET AL.

16 of 26

8SUSD| SUOLULLOD) BRI B|qedlidde aup Aq peusenob a1 sappiie YO ‘88N JO SaIn 104 AXeig1T 23Ul UO AB]IM UO (SUONIPUOD-pUB-SLLB IO A8 I ARe.q | BUTUO//SUNY) SUORIPUOD PUe SWB L 8L3 89S *[£20Z/0T/E0] U0 A%IqITaUIUO ABIIM ‘ALISHIAINN IHLYINIM NvA3A Aq 2860T0DDEZ0Z/620T OT/I0pAL0d Ao 1M Areiq1jeutiuosqndnBe/sdny wo.y pepeojumoq ‘6 ‘€202 ‘£2025¢5T



AL . .
M\I Geochemistry, Geophysics, Geosystems 10.1029/2023GC010982

Zone A with N =18 b
. T-axis ( )

A B 7N - . . . .
MER
3 3+1 mm/yr KORA 6
" T-axis ¢
6°N ! e MSATSI & :
Zone Awith T = 140° +20°/-15°, R= 0.44  Zone A Kostrov Summation South Sudan | R B SEINAE
! XJINK NNGN
Zone B with N =28 s | NN
A~ KEYA 3 NEGE
Stable ' /p €
5°N{ Nubia 7. 1| XTRM XTEL -
_— [ XYAB !
c Platchanie & ZONE A BN SESeRRa 5 %
N Somali
Plate-
4°N - N e |
! - DX /
] oAy f’\‘XMOY
Zone B with T=N91° +18°/-25°, R =0.19 Zone B Kostrov Summation I3 g T
\ ~ MSATSI &
Zone A with N =4 Zone B withN=4 N \ I L KS I
C T A
|
£ E MARB
P-axis T-axis N \ XSAS
T-axis 34°E ° 38°E 39°E 40°E 41°E

Zone A Kostrov Summation

Zone B Kostrov Summation

Figure 11. (a) Comparison of the stress inversion (a, ¢) using MSATSI (Martinez-Garzon et al., 2014) to determine the best fitting 6, (red), o, (green) and o,

(blue) indicated by crosses and using solutions in Table S1 in Supporting Information S1. (b, d) Kostrov summation (KS) for local earthquakes from zones A and

B in Figure 7. (e, f) Are Kostrov summation using the teleseisms, including the 2019 Mw 5.0 (M, 4.5) earthquake. (b) Global Navigation Satellite System (GNSS)
displacement vector solution (black arrows) using a fixed Nubia frame of reference with 95% confidence ellipse. Zones A and B, in black dotted boxes, are our two
breadths of deformation, broadly and narrowly deforming zones, respectively. Solid and dotted brown arrows show the orientations of T-axes including uncertainty
inverted from stress inversions as shown in (a). The similarities between the seismic inversions of the local earthquakes (2019-2021) and teleseismically detected
earthquakes (1983-2022) indicate that our local source mechanism solutions are representative of the tectonic stress in the region. A comparison of our inverted T-axes
orientations with the geodetic displacement vectors indicates that in zone B, the near eastward displacement of most GNSS stations are within the limits of uncertainty
of the seismically inverted T-axis orientations contrary to what we observe in zone A. The discrepancy in GNSS and seismic-opening directions in zone A may indicate
that areas northwest of Lake Turkana may not be stable, as was assumed in the GNSS solutions. The discrepancy in rift opening direction warrants further studies to

explain this complex deformation zone.

6. Discussion

The new geodetic measurements of rift-opening velocities (see file in Supporting Information S1) combined
with the spatial distribution of seismicity, fault kinematic information from earthquake source mechanisms and
b-values provide new constraints on crustal strain patterns between the MER and ER. Crustal thickness variations
determined from receiver function analyses (Ogden et al., 2023) and controlled source experiments (Mechie
et al., 1994) provide information on time-averaged strains. Mantle tomographic imaging also provides insights
into strain below the crust (Kounoudis et al., 2021, 2023). Our results, when integrated with the new TRAILS
constraints on crustal thickness variations, the presence or absence of magmatic modification, and uppermost
mantle velocity variations, enable us to evaluate the current models of linkage of the MER and ER, and to
produce a revised modern plate boundary (Figure 12, digital file in the Supporting Information S1). These obser-
vations provide a common geodynamic framework for comparisons across and along the Turkana Depression and
the MER and ER to the north and south, respectively. For ease of discussion, we construct three rift perpendicular
lithospheric-scale profiles comparing seismicity and geodetic strain with zones of crust and mantle thinning and/
or thermal anomalies (Figures 12 and 13).

6.1. Kinematics of Opening and Rift Linkage

We interpret the modern plate boundary between the Somali and Nubia plates as the zones of seismic and geodetic
strain localization. In southern Ethiopia, the combined breadth of the Usno-Aluma-Mali-Weyto-Chew Bahir and
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the Chamo-Segen-Ririba rifts (broadly rift zone) is ~280 km (Figures 5, 6, and 12). The zone of active seismic
and geodetic strain narrows into the Omo-Turkana rift, where in some parts, the thinnest crust (<25 km) is a
consequence of superposed Mesozoic and Oligocene-Recent stretching (Mechie et al., 1994; Ogden et al., 2023).
In this area, seismic and geodetic strain is largely focused across an ~150 km-wide region centered on the Lake
Turkana rift, with no significant strain across the Quaternary-Recent volcanic field east of Lake Turkana or
across the Kino Sogo and Ririba rift zones (Figures 5 and 12). Although the Chew Bahir-KSFB rift zone marks
the shortest path of linkage between the MER and the Suguta rift, the Lake Turkana rift zone ~50 km to the west
appears to be the locus of strain (Figures 5, 12, and 13).

We create representative cross sections to illustrate the variations in seismicity and kinematics with respect
to rift structures (Figure 13). The dip angle was constrained by projecting faults imaged by seismic reflection
profiles, assuming a fault dip of 50° (e.g., Dunkleman et al., 1989; Muirhead et al., 2022; Schofield et al., 2021)
(Figure 13). A comparison of the projected faults, seismicity, and focal mechanisms to our 2-D crustal cross
sections (Profiles A-A’, B-B’, and C-C’, Figure 13) demonstrate along-strike variation in the distribution of
seismicity and fault kinematics.

Our analysis of well-located earthquakes indicate border and intra-basinal faults, and localized magma intrusions
are accommodating active extension along the active plate boundary to depths of 15-20 km, arguing against
detachment faults soling at 10 km in earlier interpretations (e.g., Morley et al., 1992, 1999). Moving from north to
south, Profiles A-A’ and B-B’ sample the broadly rifted zone (zone A, Figure 12). The broad zone of deformation
has NW and NNE dominant fault strike orientations having normal and strike-slip focal mechanisms with consid-
erable obliquity (Profiles A-A’ and B-B’, Figure 13). Further south, the ER links with the Turkana Depression at
the Eliye kink (Figures 5 and 6), which is a complex damage zone that has (a) deforming en echelon normal faults
linked with relay ramp interaction zones projected to the normal and strike-slip source mechanisms, respectively
(Figure 13; Profile C-C’) (Sullivan, 2023) and (b) active localized magma intrusions imaged by reflection imag-
ing (Dunkleman et al., 1989; Muirhead et al., 2022; Schofield et al., 2021). One of these intrusions corresponds,
within pre-GNSS navigation uncertainties in the seismic reflection data, with the observed pipe-like cluster of
seismicity along Profile C-C’ (Figure 13). Mid-lower crust normal and upper crust strike-slip focal mechanisms
(Profile C-C’, Figure 13) in this cluster are observed in other dike and sill complexes (e.g., Oliva et al., 2019). The
3 May 2020, Mw 5.0 (4.5 M,) earthquake occurred along a projection of the Kerio border fault surface trace to
15 km depth; its aftershocks outline the activated fault array in this heavily faulted zone (Profile C-C’, Figure 13).

Seismic strain observations reveal a significant change in the rift-opening direction from N115° + 20°/—15° in
the southern MER and broadly rifted zone to N87° + 18°/—25° in the narrow deforming Omo-Turkana rift, and
southward along the Eastern rift (Figure 11). The differences in rift-opening directions imply fault block rota-
tions along vertical axes in this zone, but our seismic and geodetic arrays were too coarse to quantify. The change
in rift-opening direction coincides with the broadly rifted zone, which in turn overlies a ribbon of seismically
fast, strong mantle lithosphere associated with a Proterozoic Island arc terrane (Kounoudis et al., 2021, 2023)
(Figure 12a, Zone A). The unusual breadth of the Turkana section of the East African rift zone, therefore, may
in part be a consequence of the stronger, colder lithosphere: small strains are distributed across a broad zone, as
compared to larger strains across narrow zones to the north (MER) and south (ER).

Our results argue against the linkage of the MER, ER and Western rift in the Turkana Depression and contra-
dict models for the reactivation of the Aswa shear zone in the study area (e.g., Chorowicz, 2005; Katumwehe
etal., 2016). The lack of seismic and geodetic data northwest of the Turkana rift (Knappe et al., 2020) allows for a
possible connection northwest of the study area. Additionally, at mantle depths, there is no evidence of low mantle
wavespeed anomalies connecting the ER to the Western rift (Kounoudis et al., 2021); we have no data to the NW in
South Sudan where non-rigid behavior may explain the discrepancy between geodetic and seismic-opening direc-
tions in the broadly rifted zone in southern MER (Zone A, Figure 11b). Likewise, our study shows no evidence of
reactivation of the NW-striking Mesozoic rift structures in the Anza graben or NW-striking Cretaceous-Paleogene
structures in the Lotikipi region (Figures 5 and 12). The observed zone of active deformation is much smaller
than that proposed by numerical models of propagating rift zones (e.g., Brune et al., 2017). Corti et al. (2019)
suggest that linkage between the MER and the ER was through the evolution of two overlapping and disconnected
rifts into a single oblique rift. However, our results indicate that the westward deflection of the modern-day plate
boundary in the southern MER coincides with multiple lithospheric heterogeneities: the NW-trending accreted
Paleoproterozoic-age terrane with strong and refractory mantle lithosphere (Kounoudis et al., 2021, 2023), and
the Mesozoic Anza rift, whose crust-to-mantle lithospheric ratio at the onset of Miocene-Recent rifting was lower
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Table 2
Strain Rates Determined From Teleseismically Detected Earthquakes (Table S2 in Supporting Information S1) and Global
Navigation Satellite System Stations Located in Zones A and B (Figure 12)

S-strain rate S-strain rate G-strain rate T-axis local EQs T-axis local EQs T-axis
Region (s7h (yr™) (yr™h (MSATSI) (KS) TDEs (KS)

Zone A 6.2x 10717 1.9 x 10~° 7.4 %1078 140° 138° 115°
+20°/-15° +20°/-15° +20°/-15°

Zone B 9.5x 1018 2.9 % 10710 8.5%x107% 88° 91° 87°
+18°/-25° +20°/-15° +20°/-15°

Note. S- and G- denote seismic and geodetic, respectively. T-axis orientation deduced from local earthquakes (EQs) (Figure 8)
and teleseismically detected earthquakes (TDEs) (Figure 10) from stress inversion and Kostrov summation. KS is Kostrov
summation.

than surrounding areas (Ogden et al., 2023). Lithospheric heterogeneities appear to control the distribution of
crustal deformation, and hence the location of the modern-day plate boundary (Figure 12).

6.2. Differences Between Seismic and Geodetic Strain Rates

Differences between the seismic and geodetic strain rates provide a means to quantify aseismic deformation
within weakly magmatic rifts (e.g., Zheng et al., 2020). Aseismic deformation may occur co-seismically,
post-seismically and inter-seismically through creep and magma intrusion processes (e.g., Lindenfeld et al., 2012;
Zheng et al., 2020). In zones A and B (Figure 10), Kostrov summation of teleseismically detected earthquake
source mechanisms indicate seismic strain rates of 6.2 X 107'7 s7! or 1.9 x 10~ yr~! and 9.5 x 108 s~!
or 2.9 x 10719 yr~!, respectively. However, geodetic strain rates in zones A and B are 7.4 x 1078 yr~! and
8.5 x 1078 yr~!, respectively (Table 2). Looking at the seismic strain rates inverted from Kostrov summation of
the teleseismically detected events, we observe that in the diffuse zone of deformation (~280 km wide, zone A),
the seismic strain rate is ~7 times greater than in the narrow deforming zone (~150 km wide, zone B).

Geodetic strain rates across the broadly rifted zone and the more narrowly deforming Omo-Turkana rift are more
than a factor of 25 greater than seismic estimates indicating that aseismic processes accommodate most of the strain.
However, the largest seismic and geodetic strain rate discrepancy (30 times smaller) is along the relatively narrowly
deforming, magmatically active Omo-Turkana rift (Table 2), suggesting that magma intrusion accounts for some of the
aseismic deformation. In the South Island area where the Turkana rift links to the Suguta rift, Muirhead et al. (2022)
argue that 85% of the <1 Ma extension is accommodated within the axial magmatic zone, and our results suggest
that this relation holds for the length of the Turkana rift. The seismic-geodetic strain discrepancy in the Turkana rift is
comparable to that of the magmatic North Tanzania Divergence zone (Weinstein et al., 2017). Similar geodetic to seis-
mic discrepancies in the broadly deforming zone are observed in the cratonic and magma-poor South Tanganyika rift
(Lavayssiere et al., 2019) and the Malawi rift (Ebinger et al., 2019). Thus, aseismic deformation appears to be a wide-
spread feature of extension across the EARS, with the largest discrepancy associated with zones of active magmatism.

6.3. Lower Crustal Earthquakes

Earthquakes occur at depths of 15-22 km in 20-30 km-thick crust thinned during multiple rifting episodes (Ogden
et al., 2023) (Figure 7). Lower crustal earthquakes occur in areas unaffected by Holocene magmatism, as well as
along a pipe-like cluster of earthquakes between Central and North Island volcanoes in Lake Turkana (Profile C-C’,
Figure 13). Several models have been proposed to explain the mechanism of lower crustal earthquakes: brittle defor-
mation of a cool dry, mafic lower crust in areas lacking the surface expression of magmatism (e.g., Albaric et al., 2009;
Lavayssiere et al., 2019), and magmatic intrusions which may release volatiles that increase pore pressures causing
small magnitude earthquakes (e.g., Lindenfeld et al., 2012; Muluneh et al., 2021; Weinstein et al., 2017). Lower crustal
xenoliths from Cenozoic volcanoes in the Pan-African orogenic belt indicate a dry and mafic lower crust that may be
granulitic in composition (e.g., Chin, 2018), perhaps explaining the deep seismicity in the broadly deforming zone.

6.4. Strain and Lithospheric Heterogeneities

The lithospheric-scale cross sections enable us to address two questions: (a) Do zones of active mantle
lithospheric extension and/or melt accumulation coincide with zones of crustal thinning, active crustal
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Figure 12. (a) Seismicity and Global Navigation Satellite System (GNSS) stations overlying the 75 km P-wave tomography slice from Kounoudis et al. (2021)
comparing low velocity zones interpreted as mantle lithospheric thin zones or melt-infiltrated lithosphere (red) and the NW-SE high P-wave velocity ribbon interpreted
as a pre-existing heterogeneity. The unobscured spatial distribution of 75 km-deep mantle velocity anomalies is in the supplementary material, Figure S14 in Supporting
Information S1. The gray dotted line is the modern-day plate boundary constrained from the synthesis of our seismic and geodetic results. Sigmoid fits to GNSS

data are shown by bold blue curves. (b) Profile A-A’ model 2 sigmoid fit has pinned point at stable Nubia plate, ~100 km away from XLOK station. Locations of the
maximum strain (inflection points) along the profiles are 435 + 18 km (profile A-A’, model 1), 239 + 14 km (profile A-A’, model 2), 265 + 23 km (profile B-B’, (c)),
and 267 + 12 km (profile C-C’, (d)). Total (time averaged) crustal stretching factors () from Ogden et al. (2023). Low velocity anomalies in the upper mantle are

overlain by crustal with g = 2.07 (Profiles

C-C’), whereas zones with higher velocity upper mantle have a diffuse style of active deformation with relatively low crustal

stretching factors of f = 1.10-1.25 (Profiles A-A" and B-B’). In the diffuse zone of deformation, we suggest a strong deforming block between higher strain zones
(profile A-A’, models 1 and 2). STBN is pinned point on the stable Nubia plate.

deformation, and magmatism? And (b) What are the roles of pre-existing crust and mantle heterogeneities
on the localization of Oligocene-Recent rifting?

We assume that (a) the active rift zones imaged at mantle lithosphere depths as slow wavespeed anomalies are
one or a combination of mantle lithosphere thinning or melt intruded lithosphere (Kounoudis et al., 2021) and (b)
the high wavespeed band, interpreted as strong lithosphere in southern Ethiopia, is part of the mantle lithosphere
(Kounoudis et al., 2021, 2023). Ogden et al. (2023) argued that zones with crustal stretching factors > 1.9 have
doubly thinned crust; Cretaceous-Paleogene and Miocene-Recent rifting as imaged in some parts adjacent and
along the Lake Turkana rift basin. Chew Bahir-Weyto rift (outside the Mesozoic rift) has = 1.35-1.60 amount-
ing to the largest Miocene-Recent rifting we detect, but thinner crust could underlie Lake Turkana, the locus
of subsidence and axial volcanoes (Ogden et al., 2023). The comparatively low average crustal Vp/Vs ratios of
<1.75 argue against widespread and significant magma intrusion.

Zones with crust <25 km underlain by upper mantle low velocity anomalies along modern plate boundary are
interpreted as zones of mantle lithosphere thinning, and/or melt-infiltrated lithosphere (Kounoudis et al., 2021)
(Profiles C-C’ and A-A’, Figures 12 and 13). The zones with most modest and widely distributed crustal
strain are underlain by a high P-wave velocity anomaly at 50-100 km depths, which is interpreted as a cold
and strong Pan-African accreted terrane (Kounoudis et al., 2021, 2023). Kounoudis et al. (2021) proposed that
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Figure 13. Schematic diagrams along profiles A-A’, B-B’, and C-C’ in Figure 12 highlight plate scale heterogeneity and deformation in the Turkana Depression.
Magmatism shown with horizontal lines are color-coded by age (after Global Volcanism Program, 2013; Muirhead et al., 2020; Schofield et al., 2021; Steiner

et al., 2022, Sullivan, 2023). Double-difference earthquake locations and focal mechanisms, within +5 km of each profile, are projected to the crustal-scale structural
cross sections. Earthquakes with magnitude less than M, 2-2.5 may not represent tectonic strains. Moho depth estimates from receiver function measurements (black;
Ogden et al., 2023) and active source seismology along the Turkana rift (blue; Mechie et al., 1994). The dashed red line approximates Moho. Seismicity clusters along
steep border and intra-basinal faults, and local magma intrusions. Lithospheric mantle wavespeed information is from Kounoudis et al. (2021).

the NW-striking pre-existing terrane governed strain localization during both Mesozoic and Cenozoic rifting
episodes. Along this accreted terrane, there is largely no Quaternary-Recent eruptive center (Figure S14 in
Supporting Information S1), consistent with the refractory mantle interpretation.

Pre-existing Mesozoic rift structures are rarely exploited, and steep rift faults crosscut shallow dipping shear
zones within the Pan-African orogen. Precisely relocated earthquakes lie along projections of border and transfer
faults to lower crustal depths, arguing against shallow detachments. The active rift boundary appears to circum-
navigate the pre-existing Anza graben, which may have been stronger than the surrounding crust in Oligocene
time, owing to the larger ratio of strong lithospheric mantle to weak crust (Ogden et al., 2023). Based on these
clear patterns, we postulate that mantle lithosphere heterogeneities play a major role in strain localization, fault-
ing, crustal thinning, and possibly localization of magmatism, consistent with the mantle upwelling driving
mechanism for rifting.
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The role of magmatism in strain patterns is less clear. Along the length of the Omo-Turkana rift, eruptive centers
aligned along the central rift zone correlate with slow velocity anomalies from 75 to 100 km subsurface (Kounoudis
et al., 2021). At depths >200 km, the largest amplitude slow wavespeed anomalies underlie the largely unfaulted
and aseismic Holocene eruptive centers east of Lake Turkana rift (Kounoudis et al., 2021), suggesting that the 25
Ma-Recent eastward migration of the depocenter may be linked to dynamic mantle processes (Morley, 1994). Our
synthesis argues against the interpretation of Franceschini et al. (2020) that eruptive centers east of Lake Turkana
reactivate inherited Precambrian and Mesozoic crustal structures: the deeper mantle melt zones instead appear to
drive the location of magmatism.

7. Conclusions

We used the 2019-2021 TRAILS seismic array and two permanent seismic stations to identify the seismic strain
zones in the southern Main Ethiopian rift (MER), Turkana Depression, and northern Eastern rift (ER). Our local
seismicity catalog was relocated using a new 1-D velocity model with horizontal uncertainties <3.2 km, and <2.1 km
in depth. Relative earthquake locations determined using cluster analyses have location accuracies <1.5 km. Using
a new magnitude scaling relation with station corrections, the 1716 earthquakes are 1.0 < M, < 4.5 M, and have
a b-value of 1.22 + 0.06 with a magnitude of completeness of 1.78. The seismogenic layer thickness is ~17 km,
consistent with the range of depths from our full-moment tensor (FMT) analyses, and with the depths of teleseismi-
cally detected earthquakes. Using stress inversion of 59 first motion source mechanisms and 3 FMTs, we observe a
rotation in extension direction from N115° + 20°/—15° in the southern MER and broadly rifted (rift stepover) zone to
N87° + 18°/-25° in the zones of active extension spanning the Turkana Depression and Eastern rift, consistent with
variations in fault strike orientations. GNSS data used was acquired from 20 continuous and campaign GNSS stations
spanning the region. Most of our GNSS displacement vectors in the narrowly deforming Omo-Turkana rift have near
eastward extension direction consistent with our seismic inversions of the T-axis except for the broadly rifted zone.
The ~30° discrepancy in rift opening direction in this broad zone may indicate incorrect assumptions regarding stable
Nubia in South Sudan. Maximum seismic and geodetic strains spatially correlate. Comparison of seismic and geodetic
strain rates indicates that most of the rift opening occurs aseismically. The Turkana rift with active volcanoes appears
to have a significantly larger component of aseismic deformation than the broadly rifted zone, suggesting that magma
intrusion may contribute to extension over annual cycles.

Linkage of the Main Ethiopian and Eastern rifts is achieved through a zone of three, right stepping en echelon
basins, creating a deflection of the active plate boundary north of the Turkana Depression. The broad zone of
distributed strain coincides with a zone seismically fast, strong, and refractory upper mantle linked to a Protero-
zoic accreted terrane. The diffuse strain, the small amounts of crustal thinning (f = 1.10-1.25), and the large lack
of Quaternary eruptive centers suggest that mantle heterogeneity may explain the lack of strain localization and
magmatism in the stepover zone. During the inception of the most recent episode of rifting at ~27 Ma, the large
ratio of strong lithospheric mantle to weak crust of the Mesozoic Anza rift may have deflected Miocene-Recent
stretching to areas with thicker crust. In the deflected Miocene-Recent stretching, west of the Anza rift, the
active plate boundary narrows along the Omo-Turkana rift with sub-N-S border and intrabasinal faults, Pleis-
tocene eruptive centers, and seismically imaged magma intrusions along the rift axis. This narrowly deforming
Omo-Turkana rift has high amounts of crustal thinning (f > 1.9) and high aseismic to seismic strain rates (25
times greater) underlying a zone of seismically slow mantle velocity inferred as zones of mantle lithosphere
thinning and/or melt-infiltrated plate. Further south, the narrowly deforming Omo-Turkana rift links with the
ER through deforming en echelon normal faults linked with relay ramp interaction zones and active localized
magma intrusions. The correlation of crustal strain patterns to mantle lithosphere heterogeneities implies that the
mantle lithosphere exerts some control on the locus of crustal deformation; the location and linkage of faults,
crustal thinning, and localized magmatic intrusions are consequences of heterogenous lithosphere.

Data Availability Statement

Seismic data obtained from the TRAILS project are archived at IRIS under two network codes Y1 (Ebinger, 2018)
and 6R (Bastow, 2019). Data from an additional permanent seismic station, LODK, were sourced from OREFUS
(https://www.orfeus-eu.org). Further north in the study area, in southern MER, we used seismic data from tempo-
rary seismic station, ARGA, as part of the Lake Abaya project (Ogden et al., 2021). Campaign and continuous
geodetic data are archived at UNAVCO (Bendick et al., 2007, 2017).
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