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Abstract Despite decades of investigation, the origin of forces driving continental rifting remains
highly debated. Deciphering their relative contributions is challenging due to the nonlinear and depth-
dependent nature of lithospheric rheology. Recent geodynamic studies of the East African Rift (EAR)
report contradicting results regarding the relative contribution of horizontal mantle tractions and
lithospheric buoyancy forces. Here, we use high-resolution 3D regional numerical modeling of the EAR to
isolate the contribution lithospheric buoyancy forces to observed deformation. Modeled surface velocities
closely match kinematic models of the Somalian Plate, Victoria Block, and Rovuma Block motions, but
provide poor fit to along-rift surface motions in deforming zones. These results suggest that lithospheric
buoyancy forces primarily drive present-day ~E-W extension across the EAR, but intrarift deformation
may result from viscous coupling to horizontal asthenospheric flow.

Plain Language Summary What forces drive continental rifting remains an outstanding
question of geodynamics. Here, we investigate rifting along the East African Rift (EAR), which is the
largest continental rift on Earth. Some studies suggest relatively shallow forces, known as lithospheric
buoyancy forces, are thought to dominate the rifting. However, others suggest that deeper forces arising
from interactions with mantle flow are driving the extension in the EAR. Here, we use advanced software
to perform realistic 3D simulations to calculate the contribution of lithospheric buoyancy forces in driving
the EAR. We find that lithospheric buoyancy forces are the primary driver of ~E-W rigid block motion
across the EAR, whereas the deeper forces may be driving rift-parallel motions along the boundaries of
rigid blocks. This result provides new insight into our understanding of how continents breakup.

1. Introduction

The East African Rift (EAR, Figure 1a) is the dominantly continental portion of the East African Rift Sys-
tem, which separates the Nubian and Somalian Plates and is the largest continental rift on Earth. The
EAR is traditionally divided into three distinct rift segments: the northern EAR (Afar region), the Eastern
Branch, and the Western Branch. Its spatial extent, heterogeneous lithospheric structure, and variable rates
of extension across the EAR produce a wide range of deformation styles.

At present, the origin of forces driving extension across the EAR remains highly debated. The absence
of regional slab-pull forces requires dominant contributions from lithospheric buoyancy and horizontal
mantle flow. Lithospheric buoyancy arises from a combination of changes in lithospheric structure (com-
position, geothermal gradients) and surface topography (Fleitout, 1991; Fleitout & Froidevaux, 1982; Flesch
et al., 2000; Jones et al., 1996), with the latter partially supported by vertical mantle flow (i.e., dynamic to-
pography; Flesch et al., 2007). When isostatic compensation is assumed, lithospheric buoyancy can be quan-
tified through the integration of lithostatic pressure to a compensation depth (i.e., gravitational potential
energy ~GPE), with regions of locally high GPE undergoing extension (e.g., Coblentz & Sandiford, 1994).

While lithospheric buoyancy generates internal stresses driving deformation, mantle flow gives rise to both
vertical and horizontal tractions acting at the base of the lithosphere (e.g., Bird, 1998; Bird et al., 2008; Co-
blentz et al., 1994; Koptev & Ershov, 2010; Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2012; Yang
& Gurnis, 2016). The magnitude of horizontal tractions acting on the base of the lithosphere is a function
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Figure 1. (a), GPS velocities along the East African Rift (EAR; Stamps et al., 2018; gray vectors with 95% confidence
ellipses). Red, blue, and yellow vectors are kinematic models from Saria et al. (2014) for the Somalian Plate, the
Victoria Block, and the Rovuma Block, respectively. Orange lines are political boundaries. Several rifts are defined:

TG = Tanganyika Rift, RR = Rukwa Rift, AR = Albertine Rift, MER = Main Ethiopian Rift, TR = Turkana Rift,

KR = Kenya Rift, MR = Malawi Rift, and KV = Kivu Rift. (b), Observed SKS splitting and strike-slip focal mechanisms
along the EAR. The shear-wave splitting measurements are shown as blue bars with red circles showing the associated
seismic station location. Black dots indicate earthquake locations where strike-slip focal mechanisms are observed
(GCMT; Dziewonski et al., 1981; Ekstrom et al., 2012).

of both short- and long-wavelength convection patterns and the viscosity at the lithosphere-asthenosphere
boundary, with deep and cold continental roots producing stronger coupling and higher stress magnitudes
(e.g., Conrad & Lithgow-Bertelloni, 2006).

New GPS observations, combined with azimuthal seismic anisotropy and strike-slip focal mechanisms,
provide insight into the balance of these two forces driving deformation across the EAR (Figures 1a and
1b). Several GPS stations positioned within rift segments measure nontransient secular surface motions
between the Nubian and Somalian Plates that are rift-parallel, or oblique to the ~E-W extension across
the broader rift system (Figure 1a). In particular, GPS velocities corrected for volcanic deformation in the
Kivu Rift exhibit NNE trajectories (Ji et al., 2017; Stamps et al., 2018), while multiple GPS stations in the
Eastern Branch and northern EAR exhibit a NE trend. In addition, strike-slip focal mechanisms within
multiple rift segments (Figure 1b; Dziewonski et al., 1981; Ekstrom et al., 2012) provide evidence for strain
partitioning reflecting rift-parallel deformation. N-S oriented azimuthal seismic anisotropy measurements
beneath the Kenya Rift, Uganda, and Ethiopia (Figure 1b) likely reflects the northward mantle flow associ-
ated with the African Superplume (e.g., Bagley & Nyblade, 2013; Kendall et al., 2006). We hypothesize that
the observed northward component of surface motions within rift segments may be the result of viscous
coupling to northward mantle flow associated with a single plume (e.g., Bagley & Nyblade, 2013; Halldors-
son et al., 2014; Kendall et al., 2006; Mulibo & Nyblade, 2013), or multiple plumes (e.g. Castillo et al., 2012;
Chang & Van der Lee, 2011; Civiero et al., 2016; Furman et al., 2006; George et al., 1998; Lin et al., 2005;
Nelson et al., 2008; Pik et al., 2006), and that the forces driving ~E-W opening of the Nubia-Somalia plate
system are dominated by lithospheric buoyancy forces. Here, we use state-of-the-art 3D thermomechanical
models of the EAR to isolate the contribution of lithospheric buoyancy to observed deformation patterns
and test this hypothesis.
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Prior studies of deformation within the EAR have been limited due to a lack of 3D thermomechanical
modeling, although recent 3D thermomechanical experiments (Koptev, Burov, et al., 2018, Koptev, Calais,
et al., 2018) suggest that the interactions of plumes with the lithosphere contribute to both rift initiation
and evolution along parts of East Africa through lithospheric weakening and melt migration. Other 3D
thermomechanical studies have also shown that inherited rheological weaknesses, such as shear zones,
may play a role in producing the asymmetry of magmatism in the EAR (Koptev et al., 2016), and that
strong cratonic blocks may be responsible for nonuniform splitting of plume materials beneath the central
and southern EAR (Koptev, Cloetingh, et al., 2018). However, these studies do not address the distinct
role of the lithospheric buoyancy forces in driving present-day deformation across the EAR. Furthermore,
existing studies that examine the role of lithospheric buoyancy forces have relied on thin-sheet, or shell
approximations, to model lithospheric deformation. While such approximations are computationally inex-
pensive and thus allow for conducting extensive sensitivity analyses, they fail to capture the nonlinear and
depth-dependent nature of lithospheric rheology that affects transmission of both internal buoyancy forces
and viscous coupling to horizontal mantle tractions (e.g., Coblentz & Sandiford, 1994; Min & Hou, 2018;
Naliboff et al., 2012).

In this work, we characterize the contribution of lithospheric buoyancy forces in driving deformation across
East Africa and surroundings, centered on the southern Eastern Branch. We developed a 3D regional model
that comprises the lithosphere-asthenosphere system with topography imposed at the model surface and
lateral density variations in the crust and mantle down to a compensation depth of 100 km. This model
allows for estimates of surface motions to be solely driven by lithospheric buoyancy forces. To assess the
contribution of lithospheric buoyancy forces to the present-day extension across East Africa, we compare
several model outputs with previous modeling results (gravitational potential energy, geodetic strain rates,
and surface motions from kinematic modeling) and GPS data.

2. Modeling Lithospheric Deformation of the East African Rift

We calculate dynamic velocities, continuous strain rates, and deformation style solely driven by lithospheric
buoyancy forces for East Africa and surroundings. We use the open-source finite element code ASPECT
(Bangerth et al., 2015, 2019; Kronbichler et al., 2012; Glerum et al., 2018; Naliboff et al., 2020) to model pres-
ent-day (instantaneous) deformation driven by lithospheric buoyancy forces. The surface deformation is
calculated by simulating a regional 3D thermomechanical model of the lithosphere-asthenosphere system
that encompasses the EAR centered on the Eastern Branch. The model domain is 5,300 X 3,300 X 660 km in
the East, North, and radial (depth) directions, consisting of upper, middle, and lower crustal layers, a mantle
lithosphere layer, the asthenosphere, and the 410-660 km transition zone (Figure S1). We employ quadrat-
ic finite elements for the temperature fields, compositional fields, and velocity fields with a resolution of
~40 X 25 X 5 km. Our modeling approach includes the lithosphere, asthenosphere, and the transition zone
down to 660 km depth, a nonlinear visco-plastic rheology, and initial conditions (temperature, density)
constrained by synthetic lithospheric structure (Figure S3) based on average lithospheric thicknesses of
the key tectonic regions derived from averages of the lithospheric models LITHO1.0 (Pasyanos et al., 2013),
Fishwick (2010, updated), and an estimate of lithospheric thickness derived from shear wave tomography
model from Emry et al. (2019). For cratonic regions (Tanzania Craton and Congo Craton) the lithospheric
thickness is 150 km, 70 km for the Eastern Branch, 90 km for the Western Branch, and 100 km thick for mo-
bile melts. We also impose 50 km thickness for oceanic ridges and 100 km thickness for oceanic lithosphere.
The model is centered on the southern Eastern Branch such that the deforming regions are distant from the
side boundaries to avoid boundary effects. The mechanical boundary conditions are free slip on all faces of
the model, except at the bottom boundary, where it is fixed.

Crustal density variations are derived from CRUST1.0 (thicknesses and density for lower, middle, and upper
crust; Figures S4 and S5; Laske et al., 2013) and ETOPO1 (Amante et al., 2009) data sets into the 3D model.
The lithospheric temperature structure is a steady-state conductive geothermal gradient characteristic of
the continental lithosphere (Chapman, 1986), which is constrained using estimates of regional lithospheric
thickness and surface heat flow of the key tectonic regions (cratons, mobile belts, and rifts; Table S1). Fol-
lowing previous studies (e.g., Ghosh et al., 2009; Naliboff et al., 2012; Stamps et al., 2014), isostatic com-
pensation is enforced through adjustments to the lithospheric mantle density (i.e., Pratt isostasy; Figure S6)

RAJAONARISON ET AL.

30of 10



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090483

down to 100 km, with a constant value of 3,300 kg/m3 assigned from the compensation depth down to
660 km. We assume that all densities are independent of temperature. This approach allows for neglecting
buoyancy driven mantle flow that might arise from plumes (e.g. Koptev, Burov, et al., 2018; Koptev, Calais,
et al., 2018; Koptev, Cloetingh, et al., 2018) or lithospheric modulated convection (e.g., Njinju, Atekwana,
et al., 2019; Rajaonarison, Stamps, Fishwick, et al., 2020) in the sublithospheric regions. While the geother-
mal gradient does vary within our model, temperature variations only affect the rheological structure. The
rheological model of the crust combines nonlinear dislocation creep (dry quartzite; Gleason et al., 1995)
with plastic failure. The mantle lithosphere rheological model follows olivine dislocation creep (Hirth &
Kholstedt, 2003) combined also with plastic failure, while a composite rheology of dry olivine is used in the
sublithospheric mantle (Jadamec & Billen, 2010). In the deforming regions, defined by Stamps et al. (2018),
strain softening, which may arise from shear zones or faults that deform with frictional plasticity, is ap-
plied to promote strain localization (e.g., Brune & Autin, 2013; Huismans & Beaumont, 2003). The strain
softening is implemented as a plastic strain weakening factor for cohesion and friction that reduces the
lithospheric viscosity. Details of the numerical experiment, including the governing equation, the density
variations, the initial temperature field, and the applied rheology, are described in the supplementary ma-
terial Section S5.

3. Results and Discussion
3.1. Lithospheric Buoyancy Forces and Rift Strength

To provide a point of comparison with previous 2D studies of GPE-driven deformation in the EAR, we
calculate regional GPE patterns using the lithostatic pressures from the 3D simulation. Following previous
work that is consistent with our imposed isostatic compensation depth (e.g. Flesch et al., 2001; Ghosh et al.,
2009; Jones et al., 1996; Stamps et al., 2014), we define GPE as the vertically integrated lithostatic pressure
from a depth of 100 km to the surface and compare our results with Stamps et al. (2014). We chose a 100 km
compensation depth because previous studies have shown that the inclusion of deeper density heteroge-
neities associated with cratonic roots produces minor effect on style and direction of lithospheric deviatoric
stresses (e.g. Ghosh et al., 2009). Moreover, we have tested an isostatic compensation depth of 150 km, cor-
responding to the cratonic thicknesses, and found that the model produces less than a 2% increase in surface
velocities indicating that GPE gradients in the EAR are contained in the upper 100 km and that our model
is largely insensitive to compensation depths greater than 100 km.

The first-order patterns and magnitudes of the GPE from this study compare well with Stamps et al. (2014),
which notably uses a lower resolution model of crustal thickness (CRUST2.0; Bassin, 2000) and topography
(ETOPOS; Edwards, 1989, Figure 2a). Our modeled GPE distribution ranges from 1.52-1.66 TN/m in the
African mainland to 1.40-1.52 TN/m in the oceanic basin (Figure 2b), whereas in Stamps et al. (2014) the
same regions have values of 1.54-1.58 TN/m-1.46-1.52 TN/m. The residual between this study and Stamps
et al. (2014) is between 0.05 and 0.1 TN/m (Figure 2c), which accounts for <10% of the total GPE and likely
reflects variations in the assumed crustal structure and surface topography. Notably, the influence of surface
topography is clearly evident in the shorter wavelength GPE variations observed in this study. However, giv-
en that the depth-integrated lithospheric buoyancy driving forces are similar to previous studies, the model
design provides a template for analyzing the effects of vertically and laterally varying lithospheric structure
on surface deformation patterns.

To test whether the available lithospheric buoyancy forces are capable of causing lithospheric rupture at
the deforming zones, we consider six scenarios with variable lithospheric thickness and randomly reduced
brittle strength (cohesion, friction) within the Eastern and Western Branches (Table S1). The reductions
in brittle strength within the rift zones are achieved by applying an initial randomized plastic strain field
between values of 0.5 and 1.5, over which the cohesion and angle of internal friction linearly weaken by a
factor (o, Table S1). The imposed lithospheric thickness in the rifts varies by up to 20 km between mod-
els (Western Branch 80-100 km, Eastern Branch 60-80 km), which modifies the geothermal gradient and
resulting viscosity in ductile portions of the lithosphere. For each simulation, the vertically integrated lith-
ospheric strength is compared to the depth-averaged GPE, and the resulting plate and block rotations are
compared with the kinematic predictions of Saria et al. (2014).
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Figure 2. (a), Calculated GPE for the EAR from this study constrained by CRUST1.0 (Laske et al., 2012) and ETOPO1(Amante et al., 2009) topography data set
with an isostatically compensated lithosphere of 100 km, from this study. Highest GPE are around the rifts. (b), GPE constrained by CRUST2.0 (Bassin, 2000)
and ETOPOS (Edwards, 1989) from Stamps et al. (2014) for an isostatically compensated lithosphere at 100 km depth. (c) The GPE residual between (a) and (b).
Plate and block boundaries are from Stamps et al. (2018) (d), Vertically averaged GPE (averaged over 100 km) acting on the deforming regions of the EAR (e),
Vertically averaged lithospheric strength for Model 1 (Table S1). (f), Residual between (d) and (e).

The available forces acting on the rifts are equal to the GPE averaged over 100 km, which ranges between
15.6 and 16.8 MPa (Figure 2d). For the case of intermediate rift lithospheric thicknesses (Western Branch
~90 km, Eastern Branch ~70 km), the available driving forces only exceed the lithospheric strength (Fig-
ure 2e) when the friction and cohesion are reduced by a factor of 0.01 (Model 1, Table S1). The excess of
the available driving forces with respect to lithospheric strength is supported by the positive residual (Fig-
ure 2f). While rifting occurs in this case, reducing the brittle weakening factor sufficiently increases the lith-
ospheric strength to prevent rifting and resulting plate velocities exhibit a poor fit to kinematic predictions
(Models 2-3, Table S1).

While decreasing the lithospheric thickness by 10 km within both rift segments enables rifting to occur for
brittle weakening factors of 0.1 and 0.01, both models (Models 4-5, Table S1) exhibit the worst fit to the kin-
ematic predictions. Increasing the lithospheric thickness by 10 km and using a brittle weakening factor of
0.01 (Model 6) improves the RMS misfit significantly relative to Models 4 and 5, although the misfit values
are roughly equivalent to Models 2 and 3 where rifting fails to occur. As Model 1 provides the best first-order
match to the observations of plate motion, we hereby use it for analysis of individual regions.

3.2. Rigid Plate Rotation

To further test if lithospheric buoyancy forces drive present-day deformation across East Africa and sur-
roundings, we compare our dynamic velocity estimates from our preferred model with kinematic predictions
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Figure 3. Surface velocities. (a), Dynamic velocities driven by variations in lithospheric buoyancy forces (red vectors)
and kinematic predictions from the Saria et al. (2014) model (yellow vectors) within the Somalian Plate, the Victoria
Block, and the Rovuma Block. (b), Dynamic velocities (red vectors) and GPS data from Stamps et al. (2018; blue vectors)
within the deforming zones.

of surface motions within zones of rigidity (Saria et al., 2014, Figure 3a) and GPS velocities in intrarift zones
(Stamps et al., 2018, Figure 3b). We also quantitatively compare the continuous strain rate magnitude (sec-
ond invariant of strain rate) and qualitatively compare the style of deformation with the geodetic strain rate
model of Stamps et al. (2018; Figure 4).

Surface velocities predicted by the block kinematic model of Saria et al. (2014) for the Somalian Plate, Vic-
toria Block, and Rovuma Block are well reproduced by our dynamic velocities with an overall RMS misfit of

T
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Figure 4. (a)-(c) Strain rate magnitude comparison: (a) Modeled vertically averaged dynamic strain rate magnitudes driven by lithospheric buoyancy
variations, from this study, (b) geodetic strain rate magnitudes from Stamps et al. (2018). (c) Residual strain rate magnitudes. (d)-(f) Strain rate style
comparison: (d) dynamic strain rate style, (f) geodetic strain rate style form Stamps et al. (2018).
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1.4 mm/yr and angular misfit of 8° (Figure 3a). Since the dynamic velocities of the Nubian Plate are nearly
zero, the velocities of the Somalian Plate, Victoria Block, and Rovuma Block can be regarded as in a Nubi-
an-fixed reference frame. For the Somalian Plate, the dynamic velocities have a clockwise rotation at rates of
~2-6 mm/yr decreasing from north to south, while the kinematic velocities are slightly slower at ~2-5 mm/
yr. The RMS value for the Somalian Plate in comparison with predicted velocities from Saria et al. (2014) is
1.8 mm/yr and the angular misfit is 10°. The clockwise rotation of the Rovuma Block in our region of study
predicted by Saria et al. (2014) is on the order of 2 mm/yr and is consistent with our dynamic velocities with
an RMS of 0.2 mm/yr and an angular misfit of 10°. For the Victoria Block, the dynamic velocity is ~1.4 mm/
yr with a counterclockwise rotation decreasing from south to north, which is also consistent with the kine-
matic predictions. The RMS misfit is 0.5 mm/yr and the angular misfit is 5°.

As opposed to clockwise rotation of the Somalian Plate and the Rovuma Block with respect to Nubia, the
counterclockwise rotation of the Victoria Block is an intriguing characteristic of the kinematics of the EAR
(Fernandes et al., 2013; Glerum et al., 2020). However, many authors suggest contradicting explanations
of its driving mechanism. Earlier studies attribute this counterclockwise rotation of the Victoria Block to
plume-lithosphere interactions, with northward mantle flow pushing the keel of the Tanzania Craton posi-
tioned within the Victoria Block (Calais et al., 2006). Numerical models of Koptev et al. (2016) also repro-
duce the counterclockwise rotation of the Victoria block as a result of torque due to asymmetrically distrib-
uted forces exerted by plume material on the Tanzania Craton. However, in a more recent study, Glerum
et al. (2020) used a numerical modeling approach to demonstrate that the rotation is due to edge-driven
mechanisms caused by strong rheology at northernmost Western Branch and southernmost Eastern Branch.
This new finding implies that lithospheric strength across the rifts control the rotation and only the far-field
extensional forces are required. Our result is consistent with the edge-driven mechanism as our model in-
corporates the strong rheology at northernmost Western Branch and southernmost Eastern Branch where
no plastic strain weakening is applied. Lithospheric buoyancy forces acting on laterally varying lithospheric
strength causes the Victoria Block to rotate counterclockwise without the need for sublithospheric forces.

3.3. Intra-Rift Surface Motions

Overall, there is poor agreement between the dynamic velocities and GPS observations within the deform-
ing zones (Figure 3b), with an overall RMS misfit of 2.9 mm/yr and angular misfit of 70°. In the Main
Ethiopian Rift (Region A; Figure 3b), there is an alignment between the dynamic and GPS velocities at five
stations and misalignment at three stations yielding a poor angular misfit of 66°. The dynamic velocities
are twice as fast as the observations along the Main Ethiopian Rift with an RMS misfit of 2.6 mm/yr. The
fit within the southern Eastern Branch is variable. Within the Kenya Rift, there is a good agreement in the
northern segment (Region B; Figure 3b) with an RMS misfit of 1.5 mm/yr and angular misfit of 12°, but the
fit worsens in the central segment (Region C; Figure 3b) where the dynamic velocities are oriented in the
SE direction and the GPS velocities are oriented in the NE direction (RMS misfit of 1.3 mm/yr and angular
misfit of 74°). In the southern segment of the Eastern Branch (Region D; Figure 3b), there is a good fit with
GPS data with an RMS misfit of 1.1 mm/yr and angular misfit of 8°. In the central and northern Western
Branch (Region E; Figure 3b; Kivu Rift and Albertine Rift), dynamic velocities are near zero, but the GPS
velocities are up to 4 mm/yr and parallel to the rift with northward directions, yielding an RMS misfit of
2.1 mm/yr and angular misfit of 114°. For stations located in the Rukwa Rift and northern Malawi Rift, the
dynamic velocities are mostly parallel to the ~E-W GPS velocity directions, but with lower magnitudes,
yielding an RMS misfit of 0.8 mm/yr and angular misfit of 20°.

3.4. Strain Rates in Deforming Zones

For the comparison of vertically integrated strain rate magnitude through the lithosphere with the geodetic
strain rate model of Stamps et al. (2018), we find that both models have similar patterns but slightly differ
in magnitudes (Figure 4). Similar to the geodetic strain rate model, the estimated vertically integrated strain
rate magnitude from our model is spatially varying across the rifts. The highest magnitudes (0.9-1.3 x 107°
yr~!, Figure 4a) are found in the Main Ethiopian Rift, which are slightly lower than the geodetic strain rate
(0.9-2.0 x 107® yr™*, Figure 4b), producing residuals between 0 and 2.0 x 10~° yr™* (Figure 4c). Along the
Eastern Branch, our model predicts relatively large strain rate magnitudes of 1-2 x 10~% yr™" in the Kenya
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Rift, but they are relatively low (0.8-1 x 10~® yr™") in the Turkana Rift. In the Main Ethiopian Rift and the
Eastern Branch, variations from high to low strain rates correspond to regions from high to low topography
in this work. Along the Western Branch, the dynamic strain rates are mostly lower 0-0.8 x 10~ yr™' than the
geodetic strain rates 0.8-2 x 10~* yr™". The highest residuals, ranging from 1.5 to 2 X 107° yr™', between the
dynamic strain rates and the geodetic strain rates are found along the Tanganyika Rift, the Rukwa Rift, and
the northern Malawi Rift. The relatively low dynamic strain rates with respect to geodetic strain rates, along
the Main Ethiopian Rift, in the central segment of the southern Eastern Branch, and along the Tanganyika
Rift, the Rukwa Rift, and the northern Malawi Rift, indicate lithospheric buoyancy forces are not sufficient
to produce the observed strain rate in the deforming zones of the EAR.

Predicted patterns of deformation style (compression, extension, strike-slip) patterns (Figure 4d) largely
match those predicted by the geodetic strain rate model (Figure 4c). The deformation style exhibits domi-
nantly extensional deformation with a component of strike-slip across the EAR, except at the northernmost
Western Branch and the southernmost Eastern Branch where deformation is compressive. These regions
of compression fall within imposed cratonic domains, which act as relatively rigid blocks due to the lower
geothermal gradient and that plastic strain is not imposed. A minor difference occurs at the central segment
of the Eastern Branch where the dynamic model predicts dominantly extensional deformation whereas the
geodetic-based deformation style exhibits sparse regions of compressional deformation. This comparison of
the predicted and geodetic deformation styles emphasize the predominance of the lithospheric buoyancy
forces in driving E-W extension across the EAR.

4. Conclusions

Our 3D thermomechanical models of the EAR demonstrate that lithospheric buoyancy forces drive ~E-W
extension across East Africa that results from rigid block rotation. These findings are consistent with pre-
vious 2D models of regional deformation patterns (i.e., Stamps et al., 2015), but contradict additional 2D
studies that suggest horizontal tractions at the base of the lithosphere contribute significantly to observed
large-scale deformation patterns across the EAR (Bird et al., 2008; Ghosh et al., 2013; Kendall & Lith-
gow-Bertelloni, 2016; Kusznir & Park, 1984). Our comparisons with intrarift GPS velocities demonstrate
lithospheric buoyancy forces cannot explain all surface motions within the deforming zones. This work
suggests that, across East Africa and surroundings, viscous coupling to horizontal mantle flow may play a
role in driving deformation in regions that are relatively weak compared to rigid block rotations controlled
by lithospheric buoyancy forces.

Data Availability Statement

Most figures in this study have been generated with Generic Mapping Tools v5.4.2 (Wessel et al., 2013). One
figure in 3D was created using the VISIT v2.9 software developed by the Lawrence Livermore National Lab-
oratory. The ASPECT files needed to reproduce the model are achieved in Zenodo (Rajaonarison Stamps,
& Naliboff, et al., 2020). In addition, the final model output files are archived at the Open Science Frame-
work repository with doi https://doi.org/10.17605/OSF.IO/KSNB4 that are described in the supplementary
information.
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