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Abstract

Rift initiation within cold, thick, strong lithosphere and the evolving linkage to
form a contiguous plate boundary remains debated in part owing to the lack of
time-space constraints on kinematics of basement-involved faults. Different rift
sectors initiate diachronously and may eventually link to produce a jigsaw spatial
pattern, as in the East African rift, and along the Atlantic Ocean margins. The
space-time distribution of earthquakes illuminates the geometry and kinemat-
ics of fault zones within the crystalline crust, as well as areas with pressurized
magma bodies. We use seismicity and Global Navigation System Satellites (GNSS)
data from the Turkana Rift Array Investigating Lithospheric Structure (TRAILS)
project in East Africa and a new digital compilation of faults and eruptive centres
to evaluate models for the kinematic linkage of two initially separate rift sectors:
the Main Ethiopian Rift (MER) and the Eastern rift (ER). The ca. 300km wide
zone of linkage includes failed basins and linkage zones; seismicity outlines ac-
tive structures. Models of GNSS data indicate that the ca. 250 km-wide zone of
seismically active en echelon basins north of the Turkana Depression is a zone,
or block, of distributed strain with small counterclockwise rotation that serves to
connect the Main Ethiopian and Eastern rifts. Its western boundary is poorly de-
fined owing to data gaps in South Sudan. Strain across the northern and southern
boundaries of this block, and an ca. 50 km-wide kink in the southern Turkana rift
is accommodated by en echelon normal faults linked by short strike-slip faults in
crystalline basement, and relay ramps at the surface. Short segments of obliquely
oriented basement structures facilitate across-rift linkage of faults, but basement
shear zones and Mesozoic rift faults are not actively straining. This configuration
has existed for at least 2-5My without the development of localized shear zones
or transform faults, documenting the importance of distributed deformation in

continental rift tectonics.
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1 | INTRODUCTION

For at least the past 3Ga, Earth's continental plates have
stretched and thinned in rift zones; some rupture to be-
come new ocean basins that later close in subduction
(e.g., Wilson, 1966). Yet, the dynamics of rift initiation
and along-axis linkage within cold and heterogeneous
lithosphere to form a contiguous plate boundary, as in the
Red Sea and the East African rift system, remain debated.
Hypotheses for the time-space pattern of strain localiza-
tion during the early stages of rifting of cold continental
lithosphere include one or a combination of lateral het-
erogeneities in crust and mantle composition, strength,
and thickness, plate stretching forces, and the availabil-
ity of magma (e.g., Burov & Diament, 1995; Buck, 2004).
Heterogeneities in plate strength may localize strain (e.g.,
Neves et al., 2021; Petit et al., 2008). Topographic relief
at the lithosphere-asthenosphere boundary may localize
magma production (e.g., Koptev et al., 2018; Muirhead
et al.,, 2020), and local heating by magma intrusion, or
rapid stressing by dike and sill intrusion both localize
strain (e.g., Bialas et al., 2010; Kounoudis et al., 2021;
Musila et al., 2023). Favourably oriented basement shear
zones may also be weak zones reactivated during rifting
(e.g.,Kolawole et al., 2021; Williams et al., 2022). Obliquity
of pre-existing weak zones and changes in extension di-
rection may influence rift linkage (e.g., Brune et al., 2018;
Corti et al., 2019; van Wijk et al., 2017). Throughout rift
evolution, the influence of one or more of these processes
may lead to strain localization in spatially separated re-
gions, requiring new structures to form and link the
originally spatially separated zones of extension to form
a contiguous plate boundary. These time space patterns
may cause block rotations about vertical axes or lead to
microplate formation (e.g., Stamps et al., 2008).

Active and ancient continental rift zones are inherently
three-dimensional owing to the finite length of faults and
magma intrusion processes. Rift zones show an along-
axis fault segmentation into typically half-graben basins
bounded on one or both sides by large offset border faults
(e.g., Hayward & Ebinger, 1996; Morley et al., 1992); this
fault segmentation may be replaced with a magmatic
segmentation as rifting reaches seafloor spreading (e.g.,
Ebinger & Casey, 2001; Keranen et al., 2004). Normal
faults link and grow to a lengthca.3 times the integrated
elastic thickness of the plate (e.g., Cowie et al., 2000)
and over time scales of 10,000-100,000years (Kinabo
et al., 2007). The border fault has the largest dimension
in the fault population, and it is flanked by flexural uplifts
that may rise more than 2km above the surrounding re-
gional elevations (e.g., Weissel & Karner, 1989). Initially
discrete border fault segments interact and are mechani-
cally connected through relay ramps and, less frequently,

Highlights

At rift kinks, short oblique-slip faults link ar-
rays of normal faults aligned perpendicular to
extension direction.

» Small rotations about vertical axes across the
linkage zones improve fits to geodetic and seis-
micity data.

« Lithospheric-scale heterogeneities may have
deflected rifting, but Proterozoic and Mesozoic
structures are inactive.

transfer faults oriented obliquely to the strikes of border
faults (e.g., Fossen & Rotevatn, 2016; Gupta et al., 1998).

Earthquake data from rift zones provide critical in-
sights into basement-involved faulting patterns achieving
rift zone linkage. Earthquake source mechanisms and
geodetic data constrain the kinematics of border, intra-
basinal, and linkage faults, enabling comparison with
basement fabrics, shear zones, and compositional vari-
ations (e.g., Knappe et al., 2019; Lavayssiere et al., 2019;
Musila et al.,, 2023; Zheng et al.,, 2020). Earthquakes
initiate in the crystalline crust beneath sedimentary ba-
sins and rupture upwards, sometimes distributing strain
along multiple faults near the surface or at the basement-
sedimentary contact where rock strength is at least an
order of magnitude lower than the crystalline basement
(e.g., Cintiet al., 2011; Zheng et al., 2020). The distribution
of smaller magnitude microseisms, and potentially dam-
aging earthquakes and their aftershocks illuminate the
geometries of fault zones within the crust, as well as areas
with pressurized magma bodies (e.g., Nakai et al., 2017;
Oliva et al., 2019; Reiss et al., 2021). Earthquake magni-
tude scales with fault length; the moment magnitude of
earthquakes (Mw) is proportional to fault rupture area
and displacement.

Oil and gas exploration in rift basins has produced
high spatial resolution images of extensional fault arrays
and magmatic systems within sedimentary strata (e.g.,
Schofield et al., 2021). Yet, the geometry and kinemat-
ics of basement-involved fault arrays and their relation-
ship to crust and mantle thinning and magma intrusion
remain poorly understood (e.g., Brune et al., 2023; Olive
et al., 2022). Multi-physics models rarely consider the role
of strain accommodation by magma intrusion and local
heating (e.g., Bialas et al., 2010), or of the role of short du-
ration, intense faulting and/or magma intrusion events as
opposed to time-averaged strains (e.g., Ebinger et al., 2023;
Oliva et al., 2019). Our approach is to use local seismicity
and geodetic data to characterize basement-involved fault
kinematics and extension accommodated by magmatism
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over short time scales using data from the zone of linkage
between two rift zones separated by ca. 300 km: the south-
ern Main Ethiopian rift (MER) and the northern Eastern
rift (ER) through the Turkana Depression (Figure 1). The
region has significant pre-rift lithospheric-scale hetero-
geneities; Cenozoic structures cross-cut Mesozoic rifts
and parts of the Eo-Oligocene Ethiopia-Yemen flood ba-
salt province (e.g., Ogden et al., 2023; Steiner et al., 2022)
which is underlain by heterogeneous mantle lithosphere
associated with the oceanic terranes accreted during the
Pan-African orogeny (Kounoudis et al., 2021, 2023).

In large part owing to data gaps, a variety of models
have been proposed for the low-elevation region between
the Ethiopian and E African plateaus. Existing numer-
ical and analogue models for rift linkage in this area
involve a pre-existing weak zone between two propagat-
ing rifts and assume synchronous development across

10° data gap
(S Sudan)

‘ Mesozoic faults
al L

a very broad zone (Brune et al., 2017; Corti et al., 2019);
diffuse NE to ENE-striking transcurrent fault(s) that re-
activate(s) basement structures (e.g., Brune et al., 2018;
Vétel & Le Gall, 2006); reactivation of the NW-striking
Proterozoic Aswa shear zone as a continental transform
(Chorowicz, 2005; Katumwehe et al., 2016). This area,
therefore, affords an opportunity to understand the kine-
matics of fault linkage during rift migration and propaga-
tion within a magmatic rift zone.

Our study uses seismicity and geodetic data from the
Turkana Rift Array Investigating Lithospheric Structure
(TRAILS) project and a new digital compilation of
Cretaceous-Recent faults (Supplementary Material), and
Oligocene-Recent eruptive centres to evaluate (1) the ge-
ometry and kinematics of active border and transfer faults
linking extensional basins and (2) models for the kine-
matic linkage of two initially separate rift sectors through
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FIGURE 1 Mesozoic, Palacogene, and Oligocene-Recent rift basins overlain on topographic relief after Bosworth and Morley (1994);
Ebinger et al. (2000); Tiercelin et al. (2012); Philippon et al. (2014); Torres Acosta et al. (2015). Inset: Main Ethiopian rift (MER), Eastern rift,

and Western rift with Holocene volcanoes (red triangles).
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a ca. 300km-wide broadly rifted zone (BRZ) whose
breadth is a consequence of a lateral migration of rifting,
as well as extension of heterogeneous lithosphere, as out-
lined below. Musila et al. (2023) present the new seismic-
ity data set and establishes a regional context for our study
of basin linkage between two initially widely separated,
migrating rift zones.

2 | TECTONIC AND GEODYNAMIC
SETTING

The African plate overlies one or more low-velocity zones
that rise from the core-mantle boundary to the base of the
African plate (e.g., Boyce et al., 2023; Chang et al., 2020);
the upwellings drive uplift, extension and magmatism
(e.g., Koptev et al., 2018; Muirhead et al., 2020) (Figure 1).
Although the Turkana Depression between the Ethiopian
and East African plateau had been interpreted as evidence
for two separate mantle upwellings, the region has ex-
perienced 400-500m of uplift since Miocene time (e.g.,
Wichura et al., 2015), consistent with isostatic models of
crustal thickness variations (Ogden et al., 2023). The low-
elevation area between the Ethiopian and East African pla-
teaus, therefore, is largely a consequence of the Mesozoic
crustal thinning, and the entire region is dynamically sup-
ported (Boyce et al., 2023; Kounoudis et al., 2021; Ogden
et al., 2023).

The MER and the ER sectors formed in Proterozoic
lithosphere east of the thick (>150km) Archaean
Tanzania craton. NNW to N-S-striking Neoproterozoic
island-arcs and microcontinents accreted east and north
of the craton during the Pan-African orogen (800-
550Ma) (e.g., Abdelsalam & Stern, 1996; Fritz et al., 2013;
Figure 2). Northeastern Africa was rifted subsequently in
Cretaceous (130-80Ma); Palacogene (ca. 60-50 Ma); and
Oligo-Miocene to Recent times (ca. 27-0; e.g., Ebinger
et al., 2000; Morley et al., 1992; Philippon et al., 2014;
Tiercelin et al., 2012; Figures 1 and 3). The Cretaceous rift-
ing episode created the NW-SE trending Anza Graben and
the South Sudan rifts (e.g., Bosworth & Morley, 1994) that
contain sedimentary and volcanic strata (Winn et al., 1993;
Figure 1). Palaeogene rifting and uplift along the north-
eastern Tanzania craton margin (Owusu-Agyemang
et al., 2019; Torres Acosta et al., 2015) and in what is now
the southern MER (Erbello et al., 2024) is inferred from
thermochronological data and stratal ties to seismic re-
flectors beneath the Lotikipi basin (Hendrie et al., 1994;
Tiercelin et al., 2012), but there is no evidence for exten-
sional faulting beneath the oldest (ca. 45Ma) lavas of the
Ethiopian flood basalt province north and northeast of
the Turkana Depression (Davidson & Rex, 1980; Ebinger
et al., 2000; Erbello et al., 2022; Figure 1).
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FIGURE 2 Tectonic domains after Fritz et al. (2013) and
Boniface and Appel (2018). Archaean cratons have unusually thick
lithosphere (>150km), compared to 100-120km-thick Proterozoic
orogenic belts, and <100 km-thick Mesozoic passive margins (e.g.,
Fishwick & Bastow, 2011). Black lines are Proterozoic sutures; red
lines are Pan-African sutures; orange line indicates Pan-African
reactivation; orange triangles: Pleistocene volcanic centres. Red
triangles: Holocene eruptive centres from Global Volcanism
Program (2023).

We summarize the diachronous magmatic and faulting
history to establish time-space context for the current link-
age of the MER and ER, and its relationship to pre-existing
heterogeneities. Widespread and voluminous magmatism
with no stratal tilting occurred in southwestern Ethiopia
at ca. 47-35Ma prior to rapid outpourings 32-30 Ma along
the Red Sea, and along the future site of the Turkana rift
(e.g., Ayalew et al., 2021; Davidson & Rex, 1980; Ebinger
et al., 2000; Morley et al., 1992). Formation of sedimentary
basins in the Turkana region initiated at ca. 28 Ma soon
after magmatism (Erbello et al., 2024; Morley et al., 1992;
Ragon et al., 2019). Between 27 Ma and Recent time, mag-
matism and faulting migrated eastwards from near the
Archean Tanzania craton edge to the region east of Lake
Turkana (Brune et al., 2017; Franceschini et al., 2020; Key
et al., 1987; Shinjo et al., 2011). Faulting in the south-
ern MER initiated considerably later at about 15-20Ma
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based on dating of eruptive centres along border faults
(Ebinger et al., 2000; Franceschini et al., 2020; McDougall
& Brown, 2009; WoldeGabriel et al., 1990), and time-tem-
perature reconstructions from basement exhumation ages
(Balestrieri et al., 2016; Boone, Balestrieri, et al., 2019;
Philippon et al., 2014). Erbello et al. (2024) find a period
of rapid basement cooling at ca. 27Ma along the flanks
of the Mali-Dancha basin north of the Chew Bahir basin,
suggesting that faulting in at least one part of the BRZ ini-
tiated synchronously with the Turkana region.

Holocene and historic magmatism continues at
Kuraz (Korath) volcano north of Lake Turkana, at North,
Central, and South Island volcanoes that emerge from
Lake Turkana, Kulal volcano and the central rift valley
volcanoes of the Suguta rift, the northernmost sector of
the ER zone (Figures 2 and 3). Largely unfaulted Holocene
eruptive centres east of the zones of active faulting in-
clude Marsabit and Hurri Hills shield volcanoes and the
Dilo (Dukana) and Mega monogenetic cone complexes;
these eruptive centres lie above an upper mantle low-
velocity zone at depths of 300-500km (Kounoudis et al.,
2021; Figures 2 and 3). Shield construction east of Lake
Turkana diverted Omo river drainage to the Indian Ocean
along the Anza rift in Pliocene time, and reshaped Lake
Turkana (Bruhn et al., 2011).

The kinematics of rifting between the MER and ER
and the Western rift has long been debated, in large part
owing to the limited crustal imaging and fault kinematics
data. The few teleseismically detected earthquakes that
have occurred in the region (M>4) show oblique and
normal slip (Figure 3), but these earthquakes have loca-
tion uncertainties of 25km or more and cannot be linked
to specific structures (e.g., Musila et al., 2023; Weinstein
et al., 2017; Figure 3). GNSS data indicate 5-7mmyear ™"
of N95°E+10° opening in the MER north of our study
area (Birhanu et al., 2016). Philippon et al. (2014) es-
timated a N105°E extension direction in the MER and
N135°E in the BRZ using surface fault slip indicators, and
they suggested some counterclockwise rotations around
vertical axes. Musila et al. (2023) determine an extension
direction of N140°+18°/—28°E across the BRZ from in-
version of earthquake focal mechanism solutions. GNSS
data show spatial variations ranging from N65°E south-
west of the MER to N140°E in the BRZ that suggests ro-
tations about vertical axes (Figures 3 and 4). Across the
Turkana Depression, extension direction from Kostrov
summation of teleseisms and inversion of local earth-
quakes is N88°E+18°/—25° for the Turkana rift region
(Musila et al., 2023). Campaign and continuous GNSS
data record an average of ca. 4.7mmyear ' ca.E-W ex-
tension relative to stable Nubia, with localization to the
<100km-wide Lake Turkana basin (Knappe et al., 2019;
Musila et al., 2023).
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FIGURE 3 Source mechanisms of teleseismically detected
earthquakes from the Global Centroid Moment Tensor (gCMT)
catalogue between 1983 and 2023 (Dziewonski et al., 1981; Ekstrom
et al., 2012)(Table S1) across the Broadly Rifted Zone (BRZ) and
Turkana Depression. Red is the full moment tensor source solution
for the 2020-03-05 Mw 5 (4.5 M;) Event 7b (Musila et al., 2023).
Orange CMT is the solution from teleseismic arrivals labelled as

7a (Craig & Jackson, 2021). 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. Event location errors may be as large

as 50km (compare 4 and 4a locations); the gCMT location for the
May 3rd, 2020, event (Event 7) differed by 11km from our precise
location (Musila et al., 2023). Mesozoic-Palaeogene and Cenozoic
fault structures in purple and black, respectively, and Quaternary-
Recent eruptive centres in black triangles. Lake Turkana shaded

in blue. MER, D, WYT, CHB, SG, KSFB are the Main Ethiopian
Rift, Dancha, Weyto, Chew Bahir, Segen, Kino Sogo Fault Belt,
respectively.

The along-axis propagation and eastward migration of
faulting and magmatism sequence outlined above does not
support the propagating overlapping rift model of Brune
et al. (2017) that predicts synchronous and broadly distrib-
uted Cenozoic strain across the Mesozoic rift zone, which
was assumed to be a weak zone. The thinner crust (ca.
27km) beneath the Cretaceous Anza rift, therefore, means
that lithosphere has a larger percentage of strong mantle
than the surrounding regions with ca. 40 km-thick crust;
this area may have been stronger than surrounding areas
with thicker crust (Ogden et al., 2023). Chorowicz (2005)
and Katumwehe et al. (2016) propose that the NW-striking
Proterozoic Aswa shear zone was re-activated as a left-
lateral transform fault linking the Western and ERs, but
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FIGURE 4 GNSS opening velocities with 2 sigma uncertainties of Somalia plate relative to stable Nubia with caveat that Nubia-

Somalia boundary in northwestern part of the region is poorly determined owing to data gaps in South Sudan. Brown arrows indicate

opening direction from Kostrov summation of teleseismic earthquakes and from inversion of local earthquake source mechanisms, with 2

sigma uncertainties (from Musila et al., 2023). Grey ellipses outline major kinks in the orientation of the rift zone—the focus of this study.

ER, Eastern rift; MER, Main Ethiopian rift. See also Pliocene-Recent slip indicators from Philippon et al. (2014) in Figure 5.

geodetic and seismic data show no evidence for seismic-
ity or aseismic slip along the Aswa fault zone and instead
show approximately E-W extension, not NW-SE extension
(Knappe et al., 2019; Musila et al., 2023). These earlier re-
gional studies, however, did not evaluate the kinematics
of border faults, inter- and intra-basinal fault linkage, the
focus of this study.

3 | DATA AND ANALYSES

3.1 | Seismicity

We use subsets of the TRAILS seismicity catalogue (2019-
2021) relocated using waveform cross correlation of P-
wave first arrivals and a double-difference algorithm with
location uncertainties <0.9km and <1.5km in depth, and
with local magnitude 1<M; <4.5 (Musila et al., 2023) to
interpret the kinematics of border fault and rift segment
linkage. Earthquake locations along three representative
cross sections as well as existing constraints on crustal
thickness, sedimentary basin geometry, and stratal ages
reveal active faulting and their relation to Quaternary
eruptive centres. The ca. 2-year time span of seismic ob-
servations and <7years for GNSS data for the TRAILS
array is much shorter than the earthquake cycle for poten-
tially damaging tectonic earthquakes. Teleseismically de-
tected earthquakes (Mw >4) from 1985 to present provide

additional constraints on rift kinematics (Figure 3) but lo-
cation uncertainties of 11-24 km mean these earthquakes
cannot be associated with a specific fault system without
corresponding field evidence (e.g., Musila et al., 2023;
Weinstein et al., 2017).

3.2 | Earthquake source mechanisms
Source mechanism solutions are published in Musila
et al. (2023) and in Table S1 (Figure 6).

3.3 | Stressinversion

We complement the estimates of extension direction across
the BRZ and Turkana Depression in Musila et al. (2023)
with new estimates of principal stress directions in the
eastward step in the Turkana rift, referred to as the Eliye
kink that includes 15 earthquake source mechanisms (el-
lipse in Figure 5). We use the bootstrap resampling pro-
gram MSATSI (Martinez Garzon et al., 2014).

3.4 | GNSSdata

Twelve continuous and 8 campaign GNSS stations
throughout Ethiopia and Kenya as well as continuous
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stations from the International GNSS service (IGS)
that give a standard global reference frame (Knappe
et al., 2019; Musila et al., 2023) were used to evaluate plate
kinematic models (Figure 4).

3.5 | Synthesis of structures and eruptive
centres

Field mapping prior to the availability of satellite loca-
tions relied on air photos and 1:250,000 topographic maps
(e.g., Davidson & Shiferaw, 1983; Ebinger et al., 1993,
2000; Moore & Davidson, 1978; Morley et al., 1992;
WoldeGabriel & Aronson, 1991). We adjust locations of
faults mapped from air photos and pre-GPS seismic reflec-
tion data, and synthesize published structural interpreta-
tions in smaller parts of the study area that were validated
with field studies (Alemu, 2017; Bruhn et al., 2011; Corti
et al., 2019; Erbello et al., 2022; Franceschini et al., 2020;
Hackman et al., 1990; Muirhead et al., 2022; Philippon
et al.,, 2014; Ragon et al., 2019; Schofield et al., 2021;
Tiercelin et al., 2012; Vétel & LeGall, 2006). Subsurface in-
terpretations of faults from gravity, seismic reflection, and
magnetotelluric data were calibrated with sparse well data
(Abdelfettah et al., 2016; Hendrie et al., 1994; Muirhead
et al., 2022; Schofield et al., 2021; Tiercelin et al., 2012;
Winn et al., 1993). For areas with only lineament or large-
scale mapping, structures of length>2km in multiple
DEMs exhibiting three or more of the following criteria
were mapped as faults: lineation, triangular fault scarps,
vegetation change, drainage change, asymmetric relief,
and geologic non-conformities. Eruptive vents, cinder
cones, ash and tuff cones, and maars were delineated by
collating results of previous mapping projects (Davidson
& Shiferaw, 1983; Ebinger et al., 2000; Franceschini
et al.,, 2020; Hackman et al., 1990; Morley, 2020) using
the morphology criteria established by Franceschini
et al. (2020).

3.6 | Kinematic Modelling

As a test of different large-scale kinematics of the link-
age zone between the MER and the ER, we construct a
series of simple rigid block models using TDEFNODE
(McCaftrey, 2009). Are spatial variations in GNSS vectors
across the BRZ consistent with a slowly rotating micro-
plate (Figure 4)? We approximate the boundaries of the
blocks using the seismogenic zones, varying the geom-
etry of linkage through the BRZ and evaluating the pos-
sible role of the Mesozoic rift structures. The motions of
the blocks are defined by Euler rotation poles defined
by our GNSS velocities, and interseismic slip is applied

Research =

to block boundaries. TDEFNODE iterates to minimize
the misfit to the observed velocity field (Figure 4). In all
models, faults are input from either the GEM global fault
database (Styron & Pagani, 2020) updated with our work,
and including the locations of Mesozoic faults (Figure 5).
Given the en echelon geometry of faults, our input faults
are connected using pseudo-faults, which are essentially
free slip boundaries. To test the validity of our models, we
calculate the RMS error for each model from the residu-
als of predicted GNSS velocities. Additionally, to account
for increasing the complexity of the model, we utilize the
least squares case of the Akaike information criterion
(AIC), and its sparse observation equivalent (the AIC.)
(Akaike, 1974; Burnham & Anderson, 2002).

4 | RESULTS

We summarize spatial patterns in faulting and seismicity
to evaluate models for current rift linkage in map view
and cross sections, integrating surface fault and basin
geometry, sediment thickness, earthquake source mech-
anisms, seismicity, and Moho depth along three cross sec-
tions spanning the zone of linkage between the southern
MER and the northern ER. These cross sections highlight
abandoned basins and eruptive centres, along and across-
rift differences in fault geometry, and their relation to
magmatism, crustal thickness variations, and relationship
to Mesozoic rift structures (Figures 5-7).

4.1 | Spatial distribution of
Seismicity and Faulting

4.1.1 | Northern BRZ (Profile A-A’)

In the southern MER at the northern limit of our study
area, seismicity and Quaternary magmatism are localized
to the ca. 80km-wide, Abaya basin (Ogden et al., 2021;
Philippon et al., 2014; Figure 5). Seismic reflection im-
aging indicates up to 3600m of sedimentary strata in the
westward-tilted half-graben (Kebede et al., 2023). Source
mechanisms of four local earthquakes along the western
border fault show normal slip along N-S to N30°E strik-
ing nodal planes (Ogden et al., 2021). Fault slip data in
Pliocene-Recent strata indicate WNW-ESE directed ex-
tension (Philippon et al., 2014) (blue arrows, Figure 5),
consistent with GNSS data (Birhanu et al., 2016).

Moving southwards, the seismically active zone
broadens to nearly 300km across the BRZ, an area un-
derlain by fast wavespeed lithosphere corresponding
to a NW-trending mafic-ultramafic accreted terrane
(Kounoudis et al., 2021). The BRZ comprises many
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sub-parallel fault-bounded basins connected by short
NW-striking faults: from west-to-east: Kibish, North
Omo, Mago-Usno, Beto-Mali-Dancha, Weyto (Weyito),
Chamo, Segen, and Galana-Ririba basins (Davidson &
Shiferaw, 1983; Ebinger et al., 2000; Erbello et al., 2022,
2024; Philippon et al., 2014; Figures 5 and 6). Primarily
basaltic magmatism between 45 and 35Ma preceded
basin formation across this region but there is no ev-
idence for stratal thickening indicative of extension
(e.g., Davidson & Rex, 1983; Ebinger et al., 2000; George
et al., 1998).

4.1.1.1 | Usno-Mago basins

The westward-tilted Usno-Mago basin is ca. 30km wide
and ca. 60km in length, but the thickness of sediments in
the basin is unconstrained. A sedimentary basin existed
by 4.2Ma when the youngest known lavas in this area
were erupted from fissures along what is now the NNE-
striking western border fault (Davidson & Rex, 1980), but
the basin age could be considerably older.

4.1.1.2 | Aluma (Beto), Mali-Dancha, Weyto basins

The border faults and transfer faults linking basins com-
prise both NE and NNW-striking faults that parallel meta-
morphic fabrics in some areas (e.g., Corti, 2009; Erbello
et al., 2024). Faulting and initial deposition began between
18 and 13Ma when small alkali basalt and phonolitic

eruptive centres developed near or along developing bor-
der faults (Ebinger et al., 1993; Philippon et al., 2014).
Crustal thickness decreases from 30 to 35km to ca. 26 km
beneath the Weyto basin (Figure 7a). The 25 October 1987
Mw 6.1 earthquake occurred along or near the Beto basin
border fault based on field studies by Asfaw (1990); the
source mechanism indicates normal slip along approxi-
mately N-S striking nodal planes (3a, Figure 3). Three
days later, an Mw 5.6 oblique-slip earthquake occurred in
the same region, with N-S and NE-striking nodal planes
(4a, Figure 3). Earthquakes span surface to 20km depth
and largely coincide with normal and oblique slip faults
(Figures 5 and 6). Event 53 between the Beto and Mali ba-
sins indicates normal slip along NW-striking fault planes.
Events 43 and 36 within the basin show oblique extension
along NNE and NE-striking nodal planes (Figure 6).

4.1.1.3 | Chamo, Segen basins

The narrow Chamo basin is the southward continuation
of the Abaya basin; the two basins are separated by a chain
of <1.34-0.68 Ma eruptive centres (Ebinger et al., 1993). It
is bounded by a border fault on the west and by the ca.
3000m-high Amaro horst to the east. Lacustrine mud-
stones were deposited by Mid-Miocene time in the south-
ern Chamo basin coeval with eruption of alkali basalts
and phonolites (WoldeGabriel et al., 1991). Both sides of
the Segen basin to the southeast of the Chamo basin are
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FIGURE 6 Source mechanisms of local earthquakes recorded on the TRAILS array (Table S1) colour coded by depth and scaled by
magnitude across the BRZ (top) and the Eliye kink (bottom). The Mw 5.0 (M, 4.5) Eliye Springs earthquake (Event 49, Table S2) is denoted
by a star. CB, Chamo basin; CIV, Central Island Volcano; MD, Mali-Dancha basins.
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flanked by N-S striking border faults (Ebinger et al., 2000;
Philippon et al., 2014). The Segen basin is characterized
by a few scattered, shallow earthquakes located on or near
border faults (Figures 5 and 6). The earthquake source
mechanism for event 38 between the Chamo and Segen
basins is left-lateral strike-slip along approximately E-W
nodal planes. Earthquake 26 in the southern Segen basin
has a similar source mechanism (Figure 6).

4.1.14 | Weyto (Woyito) basin

The Weyto basin is one of the most seismically active parts
of the rift (Figures 5 and 6). Its northern limit is delim-
ited by an N75°E-trending line of earthquakes at depths
of 0-20km interpreted as a transfer fault zone (Figure 6).
Event 35 lies on the western flank of the Weyto basin;
left lateral motion along the N100°E nodal plane is sub-
parallel to short fault segments along the border fault.

al. (2022).

Shallow events 36 and 43 in the central basin are oblique
normal along NNE-striking nodal planes, whereas event
3, a shallow M 3.3 earthquake along the western border
fault, indicates normal slip along N20°E nodal planes. The
ENE orientation of strike-slip faults is nearly orthogonal
to the NW strike of the accreted terrain structures, but
parallel to some undated brittle structures in metamor-
phic basement (Philippon et al., 2014).

4.1.2 | Southern BRZ, Profile B-B’

At ca. 55N, the seismically active zone narrows to
<200km across the Omo and Chew Bahir basins; the
Teltele plateau and Ririba rift to the east are largely in-
active, consistent with fault morphology interpretations
(Corti et al., 2019). The 45-37Ma flood basalts pre-dating
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rifting are thin to absent in this rift swath (e.g., Ebinger
et al., 2000; Steiner et al., 2022). Instead, basement is over-
lain by localized basalts erupted between 37 and 32Ma
and sedimentary strata deposited in fault bounded ba-
sins by about 28 Ma (e.g., Davidson & Rex, 1980; Morley
et al., 1992; Ragon et al., 2019).

4.1.2.1 | Omo-N Turkana basin

The Omo-N Turkana basin is a westward-tilted half gra-
ben with a low-relief, N-S-striking border fault system that
is about 75km long (Alemu, 2017; Dunkleman et al., 1989;
Nutz et al., 2022). Cretaceous to Palaeogene sediments
crop out west of northern Lake Turkana, and show NW
palaeodrainage directions, suggesting that the Anza rift
underlies northern Lake Turkana (Owusu-Agyemang
et al., 2019; Tiercelin et al., 2012; Figure 6). Uplift and ero-
sion of a pre-existing sedimentary basin, therefore, may
explain the low relief flanks. Reflection seismic data cali-
brated by well data indicate ca. 2.5km of Lower Miocene
to Recent sediments in the Omo basin (Ethiopia), thicken-
ing to ca. 4km of sedimentary and interbedded volcanic
strata in the North Basin of Lake Turkana (Alemu, 2017),
consistent with gravity models (Mammo, 2012). Synthetic
faults define a series of westward-tilted fault blocks (Nutz
etal., 2022) thatare seismically active to depths of 15-20km
(Figures 6 and 7), with occasional igneous intrusions
(Dunkleman et al., 1989). Two Holocene volcanoes devel-
oped within the westward tilted half-graben: the 91 +15ka
Kuraz (Korath) shield volcano in the west-central section
of the Omo basin (Jicha & Brown, 2014) and North Island
volcano (NIV), flows of which post-date 10ka (Dunkley
et al., 1993; Key & Watkins, 1988; Figure 8b).

Seismicity occurs across both the western and east-
ern uplifted flanks of the Omo and N. Turkana basins
spanning the Ethiopia-Kenya border and at depths from
surface to 20km (Musila et al., 2023). Local and teleseismi-
cally detected earthquakes indicate extension along NNW
to NNE-striking faults as well as ENE-striking transfer
faults. The majority of focal mechanisms indicate oblique
to strike-slip along NW- or NNE-striking nodal planes,
and span 20 km subsurface. Events 22 and 15 indicate nor-
mal slip along approximately N-S to NNW striking planes,
whereas event 39 indicates oblique normal slip along ENE
or NW nodal planes. The largest event in the basin, M; 3.2
(event 54), is strike-slip along sub-vertical NW or NNE-
striking nodal planes. Events 7, 29, 45, 46, 47 and 48 at
the northern end of Lake Turkana and its eastern flank
are right lateral oblique NNE to NE-striking nodal planes.
Events on the eastern side of the N Turkana-Omo basin in-
dicate oblique normal slip along NE or NW-striking nodal
planes. Both right lateral and left lateral slip are consis-
tent with short faults achieving linkage between approx-
imately N-S striking, sub-parallel normal faults. Event

FIGURE 8 Bootstrap solutions for stress inversion of local
earthquake source mechanisms within the Eliye Kink. Red circles
indicate o,, green circles—o,, and blue circles—o;. Blue line
indicates best-fitting opening direction of N82E +20/—24°; orange
arrow is geodetically determined extension direction (Musila

et al., 2023). The smearing of o, is expected with both left lateral
and right lateral slip planes in these closely spaced extensional fault
arrays.

41 in the south-central part of the North Turkana basin
indicates reverse oblique slip along N15°-45°E-striking
planes. Along the southeastern side of the basin, seis-
micity outlines a NNE-striking fault zone that terminates
south of NIV (Figure 6). This fault zone may serve to link
magma intrusion zones to rift bounding fault systems in a
geometry similar to that of the Natron-Manyara rift zone
(e.g., Oliva et al., 2019). Teleseismically detected events 1,
4, 5 with magnitudes Mw >4, an order of magnitude larger
than the local events we detect, are normal faulting events
with N20-45°E striking nodal planes (Figure 3, Table S1).

4.1.2.2 | Chew Bahir basin

The Chew Bahir basin is bounded by steep border faults
on both its western and eastern sides, and its eastern flank
rises more than 1000m above surrounding topography.
The northern Chew Bahir is linked to the Weyto basin by
awell-developed step-over characterized by transfer faults
in a broken relay ramp, the largest of which is ca. 15km
long (Figures 5 and 6). The earliest sedimentary strata
are not known in the Chew Bahir basin, but trachytic
centres displaced by the eastern Chew Bahir border fault
indicate initial faulting by about 19Ma. Depth to base-
ment is estimated at 2.5km from models of gravity data
(Ebinger et al., 2000). There are no intra-basinal faults
seen at the surface owing to high sedimentation rates
(0.47 mmyear'l; Roberts et al., 2021).

Seismicity is concentrated along border faults that in-
clude short (<10km) NW-striking faults that parallel the
strong metamorphic fabric of the NW-trending ultramafic
belt, where exposed beneath 45-0Ma lavas (Figure 1,
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structure). A Mw 5.1 earthquake in 2011 (event 6) oc-
curred within or near the Chew Bahir basin (Figure 3,
Table S2). Seismic activity is concentrated along a sub-
surface projection of the western border fault. Event 34,
a left-lateral oblique reverse fault occurred at a depth of
17.4km along the horst between the Chew Bahir and Omo
basins (Figure 6).

4.1.2.3 | Riribarift

At ca. 4°N, a system of N-S striking faults cutting ca.
3.7Ma lava flows is termed the Ririba rift, separated from
the Chew Bahir basin by the Teltele Plateau (e.g., Corti
et al., 2019). Eruptive centres dated at 1.9-0.3Ma (Shinjo
et al., 2011) lie along the margins of the Ririba fault zone;
the youngest flows are not cut by faults. The Ririba rift
experienced a few earthquakes that occurred along a pro-
jection of an east-dipping fault.

4.1.3 | Turkana Depression - ER linkage
(Profile C-C’)

South of 4°N the rift zone is characterized by sub-parallel
fault bounded basins that show a progressive west to east
age progression, but most of the seismicity is concentrated
across the lowest elevation region partially filled by Lake
Turkana (Figures 5 and 6).

4.1.3.1 | Turkwel basin

The approximately N-S striking Turkwel escarpment
marks the western margin of the Turkana Depression.
Structures in the Turkwel basin strike N-S, with no intra-
basinal faults evident at the surface. The basin is ca.
100km long and ca. 40km wide, but no subsurface data
exist.

4.1.3.2 | Lokichar basin

The ca. 25km-wide Lokichar half-graben parallels the
Turkwel escarpment, and it is bounded on its western
side by a N-S-striking border fault. The westward-tilted
Lokichar basin has a basin infill thickness of ca. 4km
based on interpretation of seismic reflection calibrated
by well data that did not reach crystalline basement
(Schofield et al., 2021). Well data indicate the basin ex-
isted by Oligocene time, and a thick sequence of volcanic
and clastic Miocene strata is overlain by a thin Pliocene-
Recent sequence (Schofield et al., 2021). The Lokichar
basin has moderate seismicity, and it was also the site of
fluid injection for oil production in 2019-2020. A single
focal mechanism (event 21, Figure 6) indicates oblique
compression along NE-striking planes. Crust thins to
26km beneath the basin (Figure 7; Ogden et al., 2023),
with the maximum thinning along a projection of the

border fault to the base of the crust, rather than the offset
to the east offset predicted by a shallow detachment fault
(Morley et al., 1999).

4.1.3.3 | Kerio basin

East of the Lokichar basin is the 60-km-long, 40-km-wide
Kerio basin bounded on its western side by the Kerio bor-
der fault (Figures 5-7). Sediment thickness is ca. 4km, but
the thickest sequence is Pliocene-Recent, in contrast to
the Oligo-Miocene dominated Lokichar basin to the west
(Schofield et al., 2021). Stratal rotations along intrabasinal
normal faults expose Middle-Miocene basaltic rocks at the
surface (Figure 7).

4.1.34 | Central Turkana Basin

This ca. 60km-wide basin, ca. 70km-long basin is
marked by low relief border faults on both its western
and eastern sides. Crustal thickness is about 20km
based on refraction imaging (Mechie et al., 1994).
Legacy seismic data indicate stratal thicknesses of ca.
3km, but basement was not clearly imaged (Dunkleman
et al., 1989). Neither the western nor the eastern border
faults were seismically active during the 2-year TRAILS
observation period. Instead, seismicity was focused
along a persistent pipelike cluster between North Island
and Central Island volcanoes that spans 20 km to surface
near volcanic intrusions imaged in seismic reflection
data (Dunkleman et al., 1989), suggesting magma and
volatile release. Clusters of earthquakes at the south-
ern end of the Central basin lie along projections of ap-
proximately N-S striking normal faults: events 9, 12, 13,
27, 28, and 40 indicate slip along NNW to NNE-striking
nodal planes (Figure 6). The M| 2.0 event 30 indicates
extension along NNW-striking planes. Events 5 and 30
indicate oblique slip along NNE-striking nodal planes.

4.1.3.5 | South Turkana basin

The South Turkana basin is a narrow segment bounded
on both sides by N-S striking normal faults, and with
crustal thickness of ca. 20km (Mechie et al., 1994;
Ogden et al., 2023; Figures 5-7). Faults bounding the
eastern side of the South Basin offset 3.0-2.2 Ma lavas of
Longipi and Kulal shield volcanoes (Bruhn et al., 2011).
This short rift segment includes South Island volcano
near its centre, and it links the Turkana rift to the nar-
row Suguta rift, the active rift zone within the broader
Miocene-Recent ER. Fault orientations in this rift sec-
tor range from NO0°-10°. Seismicity occurs from the
surface to about 15km along closely-spaced N10-20E-
striking faults beneath the western side of the basin.
Strike-slip events 10, and 58 and reverse fault event 25
occurred near the tips of faults imaged in reflection seis-
mic data (Muirhead et al., 2022). South Island volcano
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is seismically inactive, arguing against a pressurized
magma chamber.

4.1.3.6 | EliyeKink

Central basin and South basin segments are linked via
the Eliye kink, which is dominated by en echelon nor-
mal faults with relay ramps between left-stepping en
echelon normal faults (and potentially dikes). The Eliye
kink hosted event 49, the Mw 5 (M|, 4.5) May 3, 2020
earthquake with a N-S striking normal fault mechanism
(Figure 6). Normal faulting events 9, 20, 40, 49, and 51 at
5-22km depth have nodal planes steeper than 45°, as in
basins to the north. Oblique-slip events 33 and 42 show
extension along NE-striking nodal planes, whereas and
Events 25 and 58 show left-lateral slip along sub E-W
striking nodal planes.

4.1.3.7 | Kino Sogo rift

The Kino Sogo fault zone lies along the eastern flank of
Lake Turkana and south of the Chew Bahir basin. Small
offset faults and monoclines of the Kino Sogo fault belt
developed concurrent with or after fissural eruptions
at 4.05-3.95Ma when the Gombe group basalts erupted
and flowed eastwards into the Anza depression (Bruhn
et al, 2011). Palaecomagnetic data indicate that the
Gombe sequence was erupted earlier, and over the shorter
time interval of 4.29-4.18 Ma (Erbello & Kidane, 2018).
Monogenetic cones in the southern Chew Bahir basin
mark the northern tip of this fault zone (Bruhn et al., 2011;
Ebinger et al., 2000). Although it appears as a potential
connection between Chew Bahir and the South Turkana
basin, it is seismically inactive, as suggested from mor-
phological analyses (Corti et al., 2019), and geodetic data
(Musila et al., 2023). We find structures or seismicity sup-
porting the NE-striking lineaments inferred by Vétel and
Le Gall (2006).

4.1.3.8 | Angzarift and <3Ma eruptive centres

Faults bounding the Mesozoic Anza Graben and the South
Sudan rift are not readily evident in surface topography,
but Bouguer gravity data calibrated by well and seismic
data indicate that the basin is bounded by NW-SE striking
border faults (Dindi, 1994; Figures 6 and 7). The low relief
of the Anza rift east of Lake Turkana is interrupted by elon-
gate shield volcanoes with NNE to NE-trending chains of
eruptive centres and maars: Hurri Hills, Marsabit, Kulal,
and Longipi. Hurri Hills and Marsabit have parasitic cones
aligned along NNE-striking trends (e.g., Mazzarini &
Isola, 2022), but there is no apparent elongation of calderas
indicating extension (Franceschini et al., 2020). An enigma
is the NW-striking Mega escarpment which parallels the
Anza graben border faults (Figure 5). The parallelism of

the Mega escarpment with the Mesozoic Anza bounding
fault suggests that it may be an erosional remnant of the
original uplifted flank to the Anza rift.

4.1.3.9 | Easternrift

At the southern end of the study area, strain and mag-
matism within the initially ca. 60 km-wide S. Kerio basin
migrated eastwards from near the Tanzania craton bound-
ary to the ca. 20km-wide Suguta rift (e.g., Baker, 1986;
Bosworth & Maurin, 1993; Figure 5). Although the Chew
Bahir-Kino Sogo Fault Belt rift zone marks the shortest
linkage between the MER and the Suguta rift, the Lake
Turkana rift zone ca. 50km to the west is the current locus
of strain (Figure 5).

Summarizing, the highest density of earthquakes oc-
curs in the Eliye and Weyto kink zones rather than along
border fault systems, although focal mechanisms are still
predominantly classified as normal in these rift offset
zones. Earthquakes occur in areas with and without mag-
matism, as illustrated in the three cross sections (Figure 7).
Earthquakes occur throughout the crust, primarily along
projections of border faults along planes dipping >45°, ar-
guing against low-angle faults detaching in the mid-crust
(e.g., Morley et al., 1999, 2020; Muirhead et al., 2022; Vétel
& Le Gall, 2006).

4.2 | Border faults and extension
direction

Most focal mechanisms of local and teleseismically de-
tected earthquakes show normal faulting along N-S
striking planes, and oblique-slip motion along NE and
NW-striking nodal planes (Figures 3 and 6). There is a
potential bias to strike-slip faults at the northern and
southern edges of our array owing to azimuthal gaps that
prevent resolution of approximately N-S striking nodal
planes (e.g., Musila et al., 2023). Considering that the
teleseisms release one to four orders of magnitude more
energy than the local earthquakes, they provide key infor-
mation on the regional opening direction.

We used the stress inversion method of Martinez-Garzén
et al. (2014) to determine o, 6,, 05 and their uncertainties
using 200 random bootstrap resampling of input focal mech-
anism solutions in the Eliye kink area (Figure 8), and we
adopt the opening directions for the BRZ and Turkana rift
from Musila et al. (2023). The best-fitting opening direction
is N82E +20/—24° and identical, within uncertainties, of the
geodetically determined Turkana rift opening direction of
NS8S8E (orange arrow; Musila et al., 2023). The smearing of o,
is expected with both left lateral and right lateral slip planes
in these closely spaced extensional fault arrays.
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4.3 | Kinematic Models

The diachronous cooling histories inferred from thermo-
chronology in the BRZ all suggest that linkage between the
MER and ER has changed with time since the MER initi-
ated by about 12 Ma (e.g., Erbello et al., 2024). Considering
the west to east migration across the Turkana depression
to the current locus beneath Lake Turkana and the Ririba
rift failure, we infer that the present linkage geometry has
developed over the past 2.5 My (e.g., Corti et al., 2019;
Schofield et al., 2021). We use rigid block models to evalu-
ate current rift linkage, and evaluate models with com-
parison to the 16 GNSS measurements in Figures 4 and
9, as well as regional data. We assume that the area west
of the BRZ is part of the stable Nubian plate. GNSS sta-
tions XLOK, LOCH, and KAKE show no significant mo-
tion relative to stable Nubia, so any linkage must lie north
of ca. 5N (Figure 9).

In our block modelling, Model 1 and Model 2 test dif-
fering orientations of the modern plate boundary(ies)
between the MER and ER. These models include either
a simplification of the BRZ between the MER and ER
as a single boundary following Musila et al. (2023), or a
boundary along a reactivated northern boundary of the
Anza rift, respectively. In these two models, the main
boundary follows the western escarpment of both the
MER and the ER. In Model 3, we implement a third
block that encompasses the BRZ as an individual block
bounded by the Omo and North Omo basins to the West
and extending to the Segen Basin in the East. Model 4
enlarges the third block by moving its boundary to the
northern edge of the Anza rift zone. Additionally, as re-
gional rates of deformation are relatively low, the influ-
ence of fault locking on model outputs is expected to be
small. While we have drawn these boundaries, it is also
important to note that all evidence indicates a broad re-
gion of deformation accommodates the modern linkage
between the MER and ER. Our simplified modelling,
therefore, is meant primarily to probe the large-scale ki-
nematics and is not representative of the complexities of
the entire system, tests of which would require denser
geodetic arrays.

Results of this modelling are summarized in Table 1.
Overall, the lowest RMS value is that from Model 4,
which represents the BRZ as its own block, or microplate.
Among the single boundary models, Model 1, which ap-
proximates the linkage between the MER and ER as a free
slip boundary across the BRZ yields low RMS values. By
contrast Model 2, which approximates this linkage as a re-
activated Mesozoic fault on the northern edge of the Anza
graben, does not yield as low RMS values. In comparing
our models using the AIC and AIC_, we find that Model
1 yields the lowest values, indicating that it represents the

best balance between fit and increasingly complex mod-
els. However, additional velocity measurements could
change this result.

5 | DISCUSSION

Our new results and existing data constrain the kinemat-
ics of modern rift sector linkage between the southern
MER and the ER.

5.1 | Border fault geometries and
extension direction

Earthquakes span the surface to 20km depth through-
out the study region, including beneath the Turkana ba-
sins where crustal thickness is ca. 20km (Figure 7). Most
earthquakes, and the largest magnitude earthquakes,
occur along projections of border and transfer faults to
lower crustal depths, arguing against a weak lower crust
and detachment faults soling at depths <10km (Boone,
Balestrieri, et al., 2019; Morley et al., 1999). For example,
the full moment tensor inversion for the M; 4.5 May 3,
2019 earthquake has nodal planes dipping at ca. 45° at a
rupture depth of 10km (Musila et al., 2023; Figure 7c).
Although we cannot accurately relocate the teleseismi-
cally detected earthquakes with nodal planes dipping ca.
45°, comparison with local seismicity suggests that they
occurred along the border faults.

The ca. 35° change in seismically and geodetically de-
termined extension direction from approximately N90°E
across the ER and Turkana rift to N125°E across the
MER occurs across the BRZ (Knappe et al., 2019; Musila
et al., 2023; Figure 4). The exceptions are GNSS data from
the western BRZ that indicate a local rotation in extension
direction to N50-70E (Figure 4). Although GNSS data from
South Sudan are needed to evaluate block Model 4, con-
sideration of the BRZ as a distinct block with a speculative
western boundary reproduces GNSS data, within uncer-
tainties, suggesting counterclockwise rotations about ver-
tical axes along NE- and NW-striking faults (Figure 9d).
Philippon et al. (2014) also suggested a CCW rotation of
extension direction in the western BRZ based on analogue
modelling.

52 | Pre-existing structures and
heterogeneities

Our work and earlier studies find little evidence for reacti-
vation of Mesozoic Anza rift border and intrabasinal faults
(e.g., Morley et al., 1992). Instead, the Oligocene-Recent
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FIGURE 9 Mapsshowing different block model configurations and their model output. In all panels, black arrows indicate observed
GNSS velocities, while the coloured arrows represent TDEFNODE-derived block motion. Pseudofaults are coloured grey while input faults
and TDEFNODE-derived block motion at all stations are coloured according to Table 1. (a) Model 1 with faults and predicted velocity
arrowheads in cyan. (b) Model 2 with faults and predicted velocities in magenta. (c) Model 3 with faults and predicted velocities in green. (d)

Model 4 with faults and predicted velocities in red.

rift boundary appears to circumnavigate the Mesozoic
Anza graben, which may have been stronger than sur-
rounding crust at rift onset in Oligocene time, owing to
the larger ratio of strong lithospheric mantle to weak crust
(Ogden et al., 2023). The Mega escarpment is sub-parallel
to, but lies ca. 25km north of, the Anza border fault; it
may represent an erosional remnant of the former uplifted
flank to the Anza rift (e.g., Sacek, 2017).

Although short segments of basin-bounding faults
strike both NW and NE parallel to basement strain
fabrics in the BRZ, the orientations of border fault sys-
tems across the BRZ and the Turkana Depression are
approximately perpendicular to the regional, active ex-
tension directions determined from earthquake source
mechanisms and from GNSS velocity vectors (Knappe
et al.,, 2019; Musila et al.,, 2023; Figures 3-6). For
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TABLE 1 Summary of block modelling results. AIC is the least squares case of the Akaike information criterion (AIC), and AIC, is its

sparse observation equivalent.

Degrees of
Model Residual RMS # blocks freedom
1 1.240 2 8
2 1.422 2 8
3 1.185 3 12
4 1.075 3 12

example, along the southwestern side of the Chew Bahir
basin, or the Aluma basin, short NW-striking faults
parallel basement shear zones and link NNE-striking
segments (Figures 5 and 6). Other NNW-trending seg-
ments in SW Ethiopia parallel the axes of Pan-African
syn-forms and anti-forms, but cross-cut shallow dip-
ping fabrics on fold limbs (Davidson & Shiferaw, 1983;
Ebinger et al., 2000; Erbello et al., 2022, 2024; Philippon
et al., 2014). Fault arrays that form early in rift history
may be non-optimally orientated structures that reac-
tivate basement fabric, such as the zig-zag patterns in
the BRZ (e.g., Cowie et al., 2000; Nutz et al., 2022). In
other areas, border faults cross-cut the NW-striking
shear zones bounding accreted terranes, as mapped by
Davidson and Shiferaw (1983) and Erbello et al. (2022,
2024), again suggesting that reactivation is local.

Pre-existing lithospheric heterogeneities may play a
role in the distinct broadening of the active rift zone into
the ca. 250 km-wide, seismically active BRZ where exten-
sion direction rotates counterclockwise from ENE across
the BRZ and southern MER to approximately E-W across
the Turkana rift (Figures 3 and 9). The BRZ transects a
NW-trending belt of ultra-mafic rocks underlain by high
velocity mantle lithosphere interpreted as a NW-trending
island arc accreted during the Pan-African (Kounoudis
et al., 2021, 2023). Dehydration reactions during mantle
melting may have led to a more refractory mantle beneath
the former Eo-Oligocene flood basalt province and ex-
plain the very small volume of Miocene-Recent magma-
tism across the BRZ (e.g., Kounoudis et al., 2023; Steiner
et al., 2022). More localized crustal magma chambers and
dikes of the flood magmatism episode may have created
crustal compositional heterogeneities (Steiner et al., 2022)
exploited in ca. 20 Ma-Recent rifting.

5.3 | Kinematics of rift linkage

The kinematics of rift linkage has changed with time
as magmatism and faulting have migrated eastwards
from the edge of the Tanzania craton to the Mesozoic
Anza rift over the past ca. 27 My, and strain is localized
along the length of Lake Turkana, the current locus of

# obs AIC AAIC AIC, AAIC, Colour
22 20.737 0.000 31.814 0.000 Cyan

22 23.740 3.003 34.816 3.003 Magenta
22 27.735 6.998 62.402 30.588 Green
22 25.582 4.845 60.249 28.435 Red

subsidence (Knappe et al., 2019; Muirhead et al., 2022;
Musila et al., 2023). The eastward migration of strain and
magmatism associated with mantle dynamics has caused
time-variations in linkage patterns; the current configura-
tion probably developed in the past ca. 2.5 My.

Vétel and Le Gall (2006) interpret the right stepping, or
eastward shifts in the rift axis as evidence for NE-striking
shear zones. Fault kinematic data and existing data instead
indicate that the diachroneity of ER and Turkana rift exten-
sion and eastward migration of magmatism led to the offset,
or kink in the shape of the southern Turkana rift: the Eliye
kink (Figure 8). As magmatic plumbing systems reached
shallow crustal levels in the ER, strain localized to the cen-
tral rift punctuated by eruptive centres during the past ca.
4 My. At ca. 4Ma, Lake Turkana filled the Depression west
of South Island volcano (Bruhn et al., 2011). Northward
propagation of faulting and magmatism in the ER created
a ca. 35km-wide depression east of the former lake basin,
and flank uplift effectively restructured the lake system,
leading to an eastward shift in the depocentre (e.g., Bruhn
et al., 2011; Schofield et al., 2021; Muirhead et al., 2022).
The Eliye kink, therefore, achieves linkage of fault sys-
tems bounding Lake Turkana with the ER with no signif-
icant rotation in extension direction across the Eliye kink
(Figure 8). The nodal planes of earthquakes at depths
<15km across the left-stepping Eliye kink and relay ramps
indicate that linkage is accommodated by short, left-lateral,
sub-E-W striking transfer faults (Figures 7 and 9).

The right-stepping BRZ is seismically and volcanically
active across aca.250km wide zone, effectively connect-
ing the widely separated ER and MER. Many of the mi-
croseisms (M <2.5) in the BRZ show oblique-slip along
NE- to NNE-striking planes, suggesting that these short
faults serve as dextral transfer zones achieving linkage
of the broad zone of sub-parallel, weakly extended fault
arrays between the MER and ER. The BRZ may have
broadened as the Ririba rift developed over the past ca.
3.7Ma (Corti et al., 2019; Erbello et al., 2022; Franceschini
et al., 2020). The lack of seismicity in the Ririba rift sug-
gests that the rift has failed, perhaps owing to the thin-
ner and hence stronger crust of the Anza rift zone (e.g.,
Ogden et al., 2023), or abandonment as proposed by Corti
et al. (2019).
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The BRZ spans a NW-trending zone, or ribbon, of fast
wavespeed mantle and crust intruded by flood magma-
tism that may be a distinct tectonic block with CCW ro-
tations, as seen in Model 4 (Figure 9). Although a strong
lithosphere would be expected to lead to more localized
deformation, the ribbon of high-velocity mantle is narrow
and may instead lead to diffuse extension on either side
of the lateral mantle heterogeneity (e.g., England, 1983;
Wenker & Beaumont, 2018), explaining the BRZ's unusual
breadth. Fault systems form a splay pattern at the terrane
boundary edges, producing a range of NW- to NE-striking
fault planes and transfer fault zones, as shown in the sim-
plified tectonic cartoon (Figures 5 and 10).

Earthquakes of M| <2.5 corresponding to short faults
have oblique-slip and strike-slip mechanisms at the tips
of extensional fault arrays, creating a broad transtensional
shear zone that effectively links disconnected border faults
characterized by relay ramps at the surface (Figures 9 and
10). These short oblique-slip and strike-slip faults with
both right lateral and left lateral slip link a wide array of
active faults. Extension in the BRZ kink, therefore, can
be explained by rift-perpendicular shearing at or near the
tips of extensional faults arranged in a right-stepping en
echelon pattern. A left-stepping pattern of dikes and nor-
mal faults linked by approximately E-W oblique-slip and
strike-slip faults accommodates a more than 50 km east-
ward stepover of the Turkana rift to achieve linkage with
the northernmost ER sector. This style of rift sector link-
age is also seen in the zone of linkage between the south-
ern Red Sea and Gulf of Aden rifts in the Afar depression
where rift-perpendicular shearing achieves plate bound-
ary linkage without the formation of through-going fault
systems (Pagli et al., 2019).

6 | CONCLUSIONS

Our new syntheses of seismic, geodetic, stratigraphic,
structural, and volcanological data from the zone of link-
age between the southern MER and the ER through the
Turkana Depression offer new constraints into the ge-
ometry and kinematics of rift zone linkage, and insights
into rift zone evolution in heterogeneous continental
lithosphere. Brittle strain across the ca. 250km wide
zone of right-stepping sub-parallel fault zones connect-
ing the MER to the ER through the Turkana Depression
is accommodated by steep normal faults linked with en
echelon relay ramps and short oblique slip faults, rather
than by through-going transform faults. Short segments
of NE-striking basement structures facilitate across-rift
linkage of faults, but NW-striking Mesozoic rift faults are
not actively slipping, based on GNSS and seismicity data.
Instead, the stronger (higher mantle: crust ratio) may
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FIGURE 10 Models for rift linkage across the ca. 250 km-wide
Broadly Rifted Zone (top right) and the Eliye Springs kink (bottom
right). Strike-slip motion is achieved by short fault segments
linking extensional fault arrays and no crustal-scale transform fault
is formed. The Eliye kink developed in the past 2-4 My, whereas
the BRZ is long-lived, in part explaining the locally varying GNSS
opening vectors, and evidence for counterclockwise rotations about
vertical axes.

have deflected rifting. Eastward migration of faulting and
magmatism in the Turkana Depression, along-axis evo-
lution of both the MER and ER, and lateral variations in
crust and mantle structure all contributed to the unusual
breadth of the zone of linkage between the MER and ER
across the Turkana Depression.

Earthquake source mechanisms, block models of GNSS
opening vectors, and structural data provide insights into
the kinematics of rift sector linkage in response to lateral
migration and along-axis propagation. The BRZ transect-
ing an accreted terrane may be a discrete block with small
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counterclockwise rotation that serves to connect the MER
and ER. Strain across the BRZ and the Eliye kink is ac-
commodated by en echelon normal faults linked by short
strike-slip faults in crystalline basement, and relay ramps
at the surface (Figure 10). Short segments of obliquely ori-
ented basement structures facilitate across-rift linkage of
faults, but basement shear zones and Mesozoic rift faults
are not actively straining.
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