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Abstract Central Afaris shaped by the interaction between the Red Sea (RS) and Gulf of Aden (GoA) rifts.
While there have been several studies conducted in the region, we know surprisingly little about the mechanism
of connection between these two rift branches. Here we use high-resolution 3D lithospheric scale geodynamic
modeling to capture the evolution of linkage between the RS and GoA rifts in central Afar. Our results
demonstrate that the two rifts initially overlap and interact across a broad zone of faulting and vertical axis block
rotation. However, through time, rift overlap is abandoned in favor of direct linkage which generates a series of
localized en-echelon basins. The present-day direct linkage between the two rifts is supported by geodetic
observations. Our study reconciles previously proposed models for the RS and GoA rift connection by
considering spatial and temporal evolution of the rifts.

Plain Language Summary Rifts are places where tectonic plates move away from each other. They
normally start as short, isolated features, and then grow and connect together to eventually form oceans. Central
Afar in East Africa is a great location to study how these rifts form and grow by connecting with other rifts. In
this area, the Red Sea (RS) and Gulf of Aden (GoA) rifts interact, but it is not clear how this happened through
time. Some studies suggest that the two rifts form an overlap zone where blocks within the overlap rotate, while
others argue that the two rifts directly link and form a continuous rift zone. To resolve this debate, we conducted
a high-resolution computer simulation of the evolution of the RS and GoA rifts in central Afar. We compared
our model results with earthquake positions and satellite data that constrain the present-day motion of the plates.
Our results demonstrate that the RS and GoA rifts first overlapped for a few millions of years, and then formed a
direct linkage. Our study suggests that both conceptual models can be reconciled when we consider the temporal
evolution of the two rifts through geological times.

1. Introduction

The interaction and linkage between two propagating rift segments during continental breakup play a major role
in shaping continental rifted margins. Important insights regarding rift linkage are gained from observations
(Ebinger et al., 2000; Kolawole et al., 2021; La Rosa et al., 2022; Nelson et al., 1992), and modeling experiments
(Balazs et al., 2023; Brune et al., 2017; Le Pourhiet et al., 2017; Wolf et al., 2022; Zwaan & Schreurs, 2017).
According to these studies, two rifts link either via a transform fault, a single curved ridge, rift tip splay (tip
bifurcation), or they form an overlap zone. However, in most rifts globally it is unclear which mechanism is
responsible for rift linkage, what the controlling factors are, and how the mechanism changes in space and time
(e.g., Allken et al., 2012; Neuharth et al., 2021).

The Afar rift, East Africa, is one of the few places in the world where we can directly observe tectonic processes
related to rift interaction and linkage during the late stage of continental rifting (e.g., Rime et al., 2023). Here, the
linkage between active segments occurs at a range of scales and stages of rift evolution. For example, Illsley-
Kemp et al. (2018) and La Rosa et al. (2022) showed that the linkage between closely spaced, en-echelon seg-
ments in the northern Afar (Figure 1a), where the rift is close to breakup, occurs via localized oblique slip on a
conjugate fault set. On the contrary, the central Afar rift system is broad and less evolved and characterized by a
wide and complex network of distributed faults (Doubre et al., 2017; Pagli et al., 2014). The distributed defor-
mation is generally attributed to central Afar being a zone of linkage between highly localized extension at both
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Figure 1. (a) Location of central Afar. The gray circles are earthquake epicenters (Pagli et al., 2018). AR—Arabia. The thick
white lines at the Dabbahu-Manda Harraro (DMH) and ASAL segments indicate the orientation and portion of the Red Sea
(RS) and Gulf of Aden (GoA) rifts modeled here (Figure 3a). The red ovals indicate the active rift segments in the region
(Wolfenden et al., 2004). The numbers 1, 2, 3, show progressive strain localization from block bounding faults (1) to curved
faults at their tips (2) to NW-SE oriented faults in the Dobi basin (3) attested by distribution of faults in central afar
(Manighetti et al., 1998). The Dobi and Serdo grabens are considered as the locus of deformation between the DMH and
ASAL segments (b) Proposed models for the connection between the RS and GoA rifts. The open gray box in (a) bounds the
study area shown in Figure 2. The red arrow in (a) shows the general opening of central Afar rift. CW = clockwise rotation.

the Dabbahu-Manda Harraro (DMH) segment of the southern Red Sea (RS) rift, and the Asal-Ghobbet (hereafter
called ASAL) segment of the western Gulf of Aden (GoA) rift (Figure 1a; Moore et al., 2021).

Since ~3 Ma, extension in central Afar is thought to have become localized to the 60-km-long, 10-km-wide DMH
and ASAL segments (Figure 1; Wright et al., 2006; Almalki & Betts, 2021). These two segments are left stepping,
and offset from each other by ~100 km in a right-lateral sense. However, the mechanism of linkage between the
two segments has been a long-standing topic of debate that can be summarized in terms of two conceptual models
(Figure 1b). On one hand, the pattern of faulting coupled with paleomagnetic observations from mostly ~1-2 Ma
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Figure 2. Deformation maps, a to ¢, indicate dilatation (positive values are extension), maximum shear strain, and second invariant strain rates, respectively, derived
from horizontal velocity field (arrows in a). The gray lines are contours of respective fields. The earthquake focal mechanisms (green—extension and white—
compression) are taken from Craig et al. (2011). The numbers show the local magnitude of the focal mechanisms.

Stratoid basalts has been put forward to show that the RS and GoA rifts substantially overlap causing blocks
within the overlapping region to rotate in a clockwise sense (Acton et al., 1991; Kidane et al., 2003; Muluneh
et al., 2013). On the other hand, geodetic data and strain rate analysis from the last ~20 years suggest that the RS
and GoA do not substantially overlap and that linkage between the two rifts occurs through a belt of overlapping,
left-stepping series of extensional basins, with dextral shear occurring at the lateral edges of the linkage zone
(Demissie et al., 2023; Pagli et al., 2018; Polun et al., 2018).

The discrepancy between these models could be accounted for by the difference in timescale of observations
and that each method constrains different stages of rift evolution. Geodetic methods constrain decadal de-
formations and may not provide insight into the long-term propagation and linkage of rifts over geologic time
scales, that is, millions of years. We present lithospheric scale 3D numerical experiments using ASPECT
(Advanced Solver for Planetary Evolution, Convection, and Tectonics; Gassmoller et al., 2018; Glerum
et al., 2018, 2020; Heister et al., 2017; Kronbichler et al., 2012; Rose et al., 2017) to constrain the evolution of
strain accommodation mechanisms in central Afar. Our model results, in conjunction with high-resolution
geodetic data interpretation and geological/paleomagnetic data, captured the stages of deformation from
overlap to direct linkage suggesting that both rift connection models can be reconciled when considering space
and time evolution of rifts.

2. Deformation Rate From Geodesy

The present-day deformation of the Afar rift is well constrained by geodetic observations (Moore
et al., 2021; Pagli et al., 2014). Here we combine available GPS data (Doubre et al., 2017) with InSAR
from two different Sentinel-la/b tracks in ascending and descending geometries spanning the period be-
tween 2014 and 2021 to generate a high-resolution continuous 3D velocity field for central Afar following
the method described in Pagli et al. (2014). Then we calculate the horizontal strain rates (Cardozo &
Allmendinger, 2009; M. Wang & Shen, 2020) (See the Supporting Information S1 file for strain rate
analysis). Our results show that the highest extensional and shear strain rates occur at the DMH and ASAL
segments (Figure 2), likely due to the presence of crustal magma (Drouin et al., 2017). Outside of the two
magmatic segments, relatively higher strain rates occur in a ~ NW-SE oriented region between the DMH
and ASAL segments and at the southern tip of the DMH segment. While the strain localization at the
southern tip of the DMH could be related to the formation of the triple junction in central Afar (Maestrelli
et al.,, 2022), the higher strain rate between the DMH and ASAL segments clearly indicates incipient
linkage between them.

Combining the strain rate analysis with the pattern of local seismicity (Pagli et al., 2018) and the faulting style
inferred from teleseismic earthquake focal mechanisms (Craig et al., 2011) in the Dobi basin (Figure 1a), we
hypothesize that the linkage between the DMH and ASAL segments currently occurs via a series of en-echelon
basins of dominantly normal dip slip, within an overall transtensional zone bound by oblique and strike slip faults
(Pagli et al., 2018).
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3. Geodynamic Model Setup

The DMH and ASAL segments belonging to the RS and GoA rifts, respectively, form two nearly parallel, en
echelon, left-steeping segments in central Afar (Figure 1a). We setup a numerical modeling experiment using the
ASPECT software to capture spatial and temporal evolution of the deformation pattern during the connection
between these two segments. We construct a 3D lithospheric scale box model setup (Figure 2a) with dimensions
of 400 x 400 x 100 km in X, Y, and Z directions, respectively. We use the adaptive mesh refinement capability of
ASPECT to model the region where rift linkage occurs with a maximum resolution of 2.5 km (in the area marked
by gray box in Figure 3a). Far-field motion is imposed by specifying velocities on both the left and right model
boundaries. We applied a constant total extension rate of 16 mm/yr (Vigny et al., 2007). Plate reconstructions and
geological studies show no evidence for a significant change in plate motions relevant for our study area for at
least the last 10-15 Myrs (e.g., McClusky et al., 2010). In all model runs, we use an initial 30 km thick crust
dominated by wet anorthite rheology (Rybacki et al., 2006), which is chosen based on high Vp/Vs ratio (>1.8) in
central Afar (Ahmed et al., 2022; Hammond et al., 2011; T. Wang et al., 2021). In doing so we assume that crustal
composition has not changed dramatically during the last few million years, which is justified given the mag-
matism that has affected Afar over tens of millions of years. The lithospheric mantle and asthenosphere are
modeled by dry and wet olivine rheology, respectively (Hirth & Kohlstedt, 2003) (Table S1; see the Supporting
Information S1).

The model's depth to the lithosphere-asthenosphere boundary (LAB) is based on multiple data sets. Tomographic
images suggest that the LAB depth occurs at ~75 km (Bastow et al., 2008; Chambers et al., 2022). Similarly,
receiver functions derived from joint inversion of surface and body waves show that the LAB beneath the western
flank of the Afar rift occurs at depth ranges of 60—80 km (Dugda et al., 2005). This is consistent with S-P receiver
function studies which image a weak LAB beneath Afar at ~70 km depth (Lavayssiere et al., 2018). The range of
depths for the LAB suggested by seismic imaging is broadly consistent with petrological modeling which suggest
the top of the Afar melt zone, and by implication the LAB, is at ~65-85 km depth (Ferguson et al., 2013; Watts
et al., 2023). Figures 3b—3e shows the reference model for the evolution of linkage between the DMH and ASAL
segments. As the tectonic regime during rift linkage is highly influenced by the thickness of the lithosphere, we
test its impact by varying the thickness of the lithospheric mantle while keeping the crustal thickness fixed at
30 km.

The linkage regime is also controlled by the rift-perpendicular offset (i.e., in x-direction) between rift segments
(Neuharth et al., 2021). To asses its impact, we run a suite of models assuming different lithospheric thicknesses
and x-offsets. Figure 4 shows a regime diagram for lithospheric thicknesses of 60, 70, and 80 km (i.e., 30, 40, and
50 km thick lithospheric mantle with a 30 km thick crust) and x-offsets of 50, 100, and 150 km, while the y-offset
is held fixed at 50 km. We calculate the strain rate at each time step in order to compare our model simulations to
strain rate maps derived from combinations of InSAR and GPS. The models have been running for 5 million years
since their initiation, as shown in Figure 3. Strain localization has affected central Afar since ~4-3 Ma. Therefore,
Figure 3e illustrates a potential future style of deformation.

4. Interpretation of Model Results

In order to aid visual comparison with the strain map of central Afar (Figure 2), we rotate the model results by
~40° to the left. Our reference model (Figures 3b—3e) uses an x-offset of 100 km and a lithospheric thickness of
70 km (Lavayssiere et al., 2018), which are similar to the observed scale of offset and lithospheric thickness in
nature. This model reproduces key aspects of strain rate pattern seen in InSAR and GPS (Figures 2a—2c).

For the first 1 Myr, the rift segments extend without significant propagation along strike. After ~1 Myr,
deformation starts to localize at the rift segments and simultaneously the tips propagate to form an overlap zone
(Figure 3b). Crustal blocks within the overlap rotate in a clockwise direction to accommodate the deformation
field. After 2 Myr, diffuse deformation focuses onto a narrower (<50 km wide) deformation zone and the tips
merge by abandoning those faults bounding the overlap zone (Figure 3b). At 3 Myr (Figure 3c), the size of the
overlap significantly decreases and deformation progressively localizes between the two rift segments. With
further extension, at 4 Myr, a belt of overlapping, left-stepping, en-echelon zones form between the segments
(Figure 3d). These segments resemble segmented continental rift basins that evolve into segmented oceanic rifts
(Hayward & Ebinger, 1996). Ultimately, at 5 Myr (Figure 3e), the en-echelon segments merge to form a narrow,
high strain rate zone that eventually links the two rift segments (Movie S1).
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Figure 3. (a) 3D model setup forwarded to 1.5 Myr and yield strength envelope. The two parallel rift zones represent the
Dabbahu-Manda Harraro and ASAL segments shown by thick white lines in Figure 1a. Vx and Vz represent the velocities in
x- and z-directions. LAB—Lithosphere-Asthenosphere Boundary. The open gray box indicates the model domain presented
in b—e. (b—e) Show snapshots of space-time evolution of rift linkage for x-offset of 100 km and lithospheric thickness of
70 km by tracking the instantaneous deformation rate. The time steps refer to the time since model initiation. Rotation rate is
derived from horizontal velocity field. We interpret the rotation rate about a vertical axis where the velocity vectors indicate a
clear rotational motion. Higher rotation rates can occur when the angle between the velocity vectors is high, which is not
related to block-like motion. CCW- Counterclockwise; CW- Clockwise. Refer to the Supporting Information S1 documents
for model animation.

Our test of the tectonic regimes at 3 Myr (Figures 4a—4i; Movies S2-S9) allows us to detect possible styles of rift
connections for a combination of lithospheric thicknesses and x-offsets. An x-offset of 50 km allows for a direct
linkage to form via a curved rift irrespective of the lithospheric thickness variation (Figures 4a, 4d, and 4g). A
larger x-offset (150 km; Figures 4c, 4f and 4i) prohibits direct linkage between rift segments and leads to the
formation of a micro-block that homogeneously rotates about a vertical axis (Duclaux et al., 2020; Neuharth
etal., 2021). Drastic changes in tectonic regime from block rotation to linkage by a curved rift zone occurs for an
x-offset of 100 km and lithospheric thickness varying from 60 to 80 km (Figures 4b, 4e, and 4h). We suggest that
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Figure 4. Regime diagram at 3 Myr for ranges of x-offset and lithospheric thickness. The tectonic regime remains the same irrespective of the lithospheric thickness for
x-offsets of 50 and 150 km. For x-offset of 100 km, the tectonic regime changes from block rotation to linkage via curved rift as the lithospheric thickness increases. The
red rectangle indicates the reference model shown in Figure 3. Refer to the Supporting Information S1 documents for model animations.

thicker lithosphere and therefore colder enhances plastic strain localization and favors direct linkage (Figure 4h).
On the other hand, thinner lithosphere encourages diffuse deformation generating overlapping rifts (Figure 4b). A
similar style of tectonic regime change (i.e., overlap to direct linkage) is observed in Neuharth et al. (2021) when
models are conducted for a stronger lithosphere. In order to test the robustness of our model, we conduct addi-
tional experiment using granulite (Wilks & Carter, 1990) flow law for the crust. With the exception of delayed
strain localization, the pattern of rift connection remains consistent with our reference model.

5. Connection Between the Red Sea and Gulf of Aden Rifts

Competing models for the connection between the RS and the GoA rifts suggest that the two rifts either directly
link or form an overlap zone. The overlap scenario bases its argument on paleomagnetic observations from ~1—
2 Myr old volcanic units in central Afar; accordingly, crustal blocks within the overlap rotate in a clockwise sense
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(Acton et al., 1991; Kidane et al., 2003). Although the paleomagnetic studies suggest a similar sense of rotation,
the detailed mechanisms to explain the rotation are different. For example, Kidane et al. (2003) proposed that the
overlap is accommodated by rift parallel, sinistral strike slip faults that are arranged in a “bookshelf” manner
(Tapponnier et al., 1990), whereas the model by Acton et al. (1991) argues that rotation of the blocks within the
overlap is a kinematic consequence of strain transfer between the growing and dying rifts at their tips. Combining
our model result at 2 Myr (Figure 3b) with earthquake focal mechanisms in the region (Figure 2; Craig
et al., 2011), we suggest that block rotation in central Afar occurred without bookshelf faulting.

The present-day deformation rates derived from InSAR and GPS (Figures 2a—2c) show not only focused
deformation at the DMH and ASAL segments but also a zone of high strain rate that occurs in the linkage
zone between the two segments (Figure 2c). A number of recent geophysical and geological observations
corroborate this argument. For example, slip rate analysis from the Dobi graben (Figure 1a) shows that faults
exhibit increasing slip rates both to the NW- and SE-directions from the graben, which eventually transfer
the strain between the DMH and ASAL segments (Demissie et al., 2023). Earthquake swarm analysis from
the Afar rift suggests that the Dobi and Serdo basins are the loci of incipient deformation in central Afar
(Ruch et al., 2021). Similarly, detailed earthquake catalog analysis shows an ~ E-W oriented pattern of
seismicity between the segments induced by dextral shearing (Pagli et al., 2018). The above-mentioned
deformation patterns are best reflected by our reference model at 3—4 Myr (Figure 3). In summary, slip-
rate analysis, and earthquake swarm studies confirm that the linkage between the RS and GoA rifts is
accommodated by a transtensional deformation zone that eventually paves the way for a direct linkage via a
proto-transform fault.

Previous numerical models observed a similarly complex and time-dependent evolution of connection between
propagating rifts. For example, Illsley-Kemp et al. (2018) demonstrated that strain localization at the tips of
propagating rifts in Northern Afar can induce proto-transform fault linkage. This study however does not explain
the connection through block rotation observed in central Afar. The oblique rifting model by Duclaux et al. (2020)
provided insights on direct linkage of segments prior to break-up, but did not encompass a phase of initial block
rotation. Our work reproduces the observed spatiotemporal evolution of the linkage system in central Afar.
Importantly, we demonstrate that rift linkage is highly dynamic and can involve significant changes in rotation
and fault kinematics through space and time.

6. Conclusions

A detailed understanding on how the connection between propagating rifts occurs is crucial to capture the dy-
namics of continental break-up and the onset of seafloor spreading. The mechanism of linkage between the RS
and GoA rifts in central Afar has long been debated. We use high resolution InSAR and geodynamic modeling to
understand the evolution of linkage between the RS and GoA rifts during the last ~4 million years. We
demonstrate that the connection between the two rifts is best explained by progressive localization of deformation
from overlapping segments to direct linkage involving en-echelon basins and proto-transform fault. These results
reconcile contrasting views and conclusively demonstrate that the connection between rifts is a dynamic process
that involves significant changes in style over time and space.

Data Availability Statement

The earthquake data plotted in Figures 1 and 2 can be found in Pagli et al. (2018). We use ASPECT (version
2.4.0), which is open source and can be downloaded at https://aspect.geodynamics.org/. The input files and source
code are available here: https://zenodo.org/doi/10.5281/zenodo.11619586.
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