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Abstract Quantifying fault slip rates and resolving rift segment linkage mechanisms is important for
understanding the evolution of magma-rich rift systems and the broader processes of continental break-up. In
tectonically and volcanically active rifts, such as Afar, there is commonly a lack of quantitative, observational
constraints on long-term fault system evolution and linkage. Quantitative geomorphology has proven effective
in magma-poor rifts, yet its application in magma-rich contexts remains limited. In this study, we analyze 26
river catchments crossing active normal faults across seven major grabens in Central Afar. Using integrated
geomorphic and topographic methods including stream power law analyses, knickpoint retreat metrics and
swath profiles, we quantify landscape signals of tectonic activity and construct a spatial model of graben
evolution. Our results show that rift linkage in Afar has been active for at least 3 Myr, with individual grabens
accommodating extension over timescales of 0.5-1.0 Myr. Multiple grabens are commonly active
synchronously, but integrating the graben initiation ages with their measured fault slip rate shows that most
extension localizes through the center of the linkage zone. Notably, the Dobi Graben, in the center of the linkage
zone, exhibits the youngest graben formation age and highest throw rates in the region of 0.4-0.8 mm/yr,
implying it is the locus of present-day deformation. Our results provide the first quantitative constraints on
spatio-temporal graben evolution in Central Afar, showing that extension due to rift linkage is primarily
accommodated by en-echelon, normal fault-bound graben systems with the deformation progressively
localizing through time.

Plain Language Summary Continental rifts are areas where the Earth's continents are being
stretched and thinned by tectonic plates moving apart, leading to the formation of a rift valley and eventually a
new ocean. In the Afar Depression in the Horn of Africa, three major rifts link, making it an area of active
earthquake activity, leading to the formation of normal faults and grabens (cracks in the Earth's surface). While
scientists accept this theory, not much work has been done in using real-world measurements to properly
constrain how long these processes take. In this study, we use river systems to understand how the landscapes in
the region respond to tectonic activity—that is, how river profiles have changed through time due to the
movement and uplift on the faults. Knickpoints, breaks in channel slopes, are good records of faulting, and their
formation age tells us about the age of fault initiation. We show that the faulting progresses towards the center of
the depression. One of the central grabens—Dobi—is the most active, with fault throw (movement) rates of
0.4-0.8 mm/yr. Therefore, this is currently the most active with the largest concentration of earthquake activity.

1. Introduction

Continental rifts are zones of lithospheric extension, where deformation occurs through a complex, multi-stage
process of the initiation, evolution, and linkage of the rift segments, potentially culminating in continental
break-up (Brune et al., 2023; Neuharth et al., 2022). Depending on their geologic and geodynamic setting, rift
systems display a spectrum of various structural styles and controls, ranging from fault-dominated (magma-poor)
to magma-dominated systems showing an interplay between fault activity and magmatism (Dan et al., 2025;
Merle, 2011). In most continental rift systems, extension and deformation are accommodated by the development
of a complex array of normal faults and the initiation, propagation, and linkage of these fault segments controls
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basin morphology, sediment distribution, seismic hazard and the localization of subsurface resources such as
geothermal energy, hydrocarbons and natural hydrogen (Cherkose et al., 2023; Dambly et al., 2023; Jolie
et al., 2021; Ledésert et al., 2021; Olivia et al., 2019; Pan et al., 2022; Zwaan et al., 2024). Consequently, an
understanding of such fault systems not only provides critical insights into the temporal and spatial evolution of
rifting processes but also helps to address challenges related to energy security and natural hazard resilience.

A major challenge in magma-rich rifts is to understand the growth and evolution of fault networks over space and
time. This can be attributed to the fact that in magma-rich rift settings, extension is accommodated not only by
faulting but also by intrusive processes such as diking (Bialas et al., 2010; Ebinger & Casey, 2001; Hurman
et al., 2023), which can make it challenging to distinguish tectonic deformation from magmatic contributions
(e.g., Siegburg et al., 2020). Frequent, volcanic activity can complicate bedrock strength analysis and knickpoint
retreat metrics, obscure fault traces, and modify landscapes. Despite these challenges, faulting remains a critical
mechanism for accommodating extension throughout the lifecycle of magma-rich rifts (Bastow & Keir, 2011;
Corti, 2009; Ebinger & Casey, 2001; Hurman et al., 2023; Muirhead et al., 2016; Rowland et al., 2007), therefore,
making the study of active normal fault growth and interaction patterns crucial in our understanding of the
evolution of continental rift processes. Particularly, in the Afar Depression, Ethiopia, the mechanisms governing
rift linkage are not well understood due to the lack of structural-based measurements and shallow sub-surface data
such as seismic reflection profiles. The Red Sea (RS), Gulf of Aden (GoA) and East African Rift (EAR) systems
link in the Afar Depression, and multiple normal fault-bound graben systems in the center of the depression
accommodate the extension and deformation in the linkage zone (Acocella et al., 2008). Most past work in the
region has focussed on understanding the role of magmatism in the rifting processes (Barberi & Varet, 1977;
Chernet et al., 1998; Kendall et al., 2005; Tortelli et al., 2022, 2025a, 2025b; Watts et al., 2025) but there is limited
work on the role of the graben systems in the accommodation of extension. While numerical models based on
geodesy, strain rate analysis and paleomagnetism have provided valuable conceptual insights into rift develop-
ment and linkage timescales (La Rosa et al., 2025; Manighetti et al., 1998, 2001; Muluneh et al., 2024; Pagli
et al., 2019; Tapponnier et al., 1990), direct structural constraints on fault initiation ages are lacking, and the
chronology of graben development remains unresolved.

Quantitative geomorphology has emerged as a powerful approach for investigating landscape dynamics in re-
gions of active normal faulting. Analyses of river longitudinal profiles, hydraulic geometry, drainage divide
migration, and the spatial distribution of tectonic knickpoints have increasingly been used to trace fault growth
and interaction over time (Attal et al., 2008; Boulton & Whittaker, 2009; Gallen & Wegmann, 2017; Gasparini
et al., 2016; Kirby & Whipple, 2001, 2012; Roda-Boluda & Whittaker, 2018; Stiiwe et al., 2022; Whipple &
Tucker, 2002; Whittaker et al., 2007a, Whittaker et al., 2007b). These metrics, typically contextualized with
respect to the stream power law, can provide insights into how fluvial systems respond to active tectonics, record
long-term uplift, and constrain the timing of landscape adjustment (Allen et al., 2013; Boulton et al., 2014; Kent
et al., 2021; Miller et al., 2012; Snyder et al., 2000, 2003; Whittaker et al., 2007a, Whittaker et al., 2007b;
Zondervan et al., 2020). Furthermore, relationships between knickpoint height, formation age, and fault relief
have been used to quantify fault growth and linkage patterns, reinforcing the utility of transient landscape analysis
in constraining fault evolution timescales, particularly where bedrock erodibility can be estimated or constrained.
Knickpoints act as geomorphic markers of tectonic perturbation, often forming in response to fault initiation,
evolution and linkage, differential uplift, or changes in the slip rate (Whittaker, 2012). The spatial distribution of
the knickpoints and the rates at which they migrate upstream of a channel have been used to understand the
propagation of normal faults through time, and the patterns of deformation associated with activity on these faults
(Roda-Boluda & Whittaker, 2017; Whittaker, 2012; Whittaker & Walker, 2015), as well as the scaling rela-
tionship between knickpoint retreat rates and fault throw (Whittaker & Boulton, 2012). For example, Pavano
et al. (2016) have used catchment slope-area analysis and knickpoint ages to constrain non-uniform fault uplift
patterns in northeastern Sicily, and slope-break knickpoints have been used to infer fault slip rates and segment
linkage timescales in the Gediz Graben in Turkey (Kent et al., 2017, 2021). A coupled approach between
structural and geomorphic analysis focusing on knickzones, notches, the magnitude of incision, bedrock prop-
erties, stream network mapping and fault profiles has been used to understand the reconstruct the growth and
evolution of normal fault arrays in the Canyonlands Graben, Needles District, Utah (Commins et al., 2005;
Gieger, 2014; Trudgill, 2002). Similarly, Sembroni et al. (2016) have used topography data, river long profiles
and knickpoint celerity models to investigate the relationship between mantle dynamics and surface processes in
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the Ethiopian Highlands, NW Ethiopia, and successfully provided a framework of landscape evolution in the
region.

While these previous studies have successfully applied quantitative geomorphology techniques to investigate
fault growth and landscape response in fault-dominated (magma-poor) rifts, such approaches remain significantly
under-explored in magma-rich rifts. Recent studies have demonstrated that it is possible to extract insights
into normal fault evolution from topography in volcanically active rift settings such as the East African rift
(e.g., Wedmore et al., 2024; Williams et al., 2022), although little work to date incorporates the full suite of
geomorphology tools that could add additional quantitative constraints on fault activity and landscape response
over time and space.

Central Afar is a complex zone of magma-rich rifting and is widely recognized as a key natural laboratory to study
present-day rift linkage and continental break-up (Bastow & Keir, 2011; Chauvet et al., 2023; Keir et al., 2013;
Rime et al., 2024; Wolfenden et al., 2005), yet a gap exists in the research around two key aspects: (a) the
evolution patterns of normal fault-bound graben systems within the rift linkage zone; and (b) the potential of
quantitative geomorphology techniques to quantify fault growth and evolution timescales in magma-rich con-
tinental rift systems. This study therefore aims to address the gap by integrating geomorphic and structural an-
alyses to constrain the initiation and spatio-temporal evolution of the graben systems in Central Afar where the
timing of fault initiation is poorly constrained.

In particular, we: (a) quantify landscape signals of normal fault activity over million-year timescales using a
combination of swath and long profile analysis; (b) constrain the timing of graben initiation and rate of fault
growth—using a stream power model to estimate bedrock erodibility and knickpoint formation timescales
coupled with maximum age constraints on fault initiation from surface lava flow ages and erosion rate data; and
(c) Integrate knickpoint retreat metrics with fault geometry and relief, to constrain the spatio-temporal dynamics
of fault growth and rift linkage. Knickpoints preserved in the geomorphic record serve as proxies for fault-driven
base level changes, allowing us to extract temporal information on fault growth and segment linkage. In so doing,
we provide new constraints on the timing and evolution in seven grabens associated with the rift linkage zone in
the Afar Depression.

2. Geological Setting of the Afar Depression

The Afar Depression, located in the Horn of Africa (Figure 1a), spans an area of ~150,000 square kilometers
across northeast Ethiopia, southern Eritrea, and western Djibouti. It is bound by the Ethiopian plateau to the west,
Somalian plateau to the south and the Danakil block to the North (Figure 1b). The Afar Depression is a classic
triple junction of the Arabian, Nubian (African), and Somalian plates (Figure 1a). Three active divergent plate
boundaries—the Red Sea rift (RS), the Gulf of Aden rift (GoA), and the East African Rift System (EARS)—meet
in this region (Maestrelli et al., 2024). The northernmost segment of the EARS is the Main Ethiopian Rift (MER)
(Figure 1a). The Afar Depression is also one of the few places in the world that has a plume upwelling associated
with the continental rifting—the Afar Plume, that impinges on the base of the thinning plate. The anomalously
warm mantle enhances the rift related magmatism and volcanic activity in the region (Bastow et al., 2005; Watts
et al., 2025). This unique configuration makes the Afar Depression an excellent natural laboratory for studying
continental rift processes and the evolution and linkage of continental rift systems.

Geodetic data show extension across the Red Sea rift at ~18 mm/yr (Arabian—Nubian), ~15 mm/yr across the
Gulf of Aden rift (Arabian—Somalian), and ~6 mm/yr across the Main Ethiopian Rift (Nubian—Somalian)
(McClusky et al., 2010; Saria et al., 2014). Extension across the Red Sea and Gulf of Aden rifts is directed
NE-SW, interacting with the E-W-trending northern Main Ethiopian Rift in southern Afar (Beyene &
Abdelsalam, 2005).

Rift development in Afar was diachronous: Initial rifting began in the Oligocene (~30 Ma), forming large border
faults in the Gulf of Aden—Red Sea system and marking the onset of extension (Wolfenden et al., 2005). This
phase coincided with the Ethiopian Flood Basalt event, linked to the Afar plume (~31-29 Ma) (Leroy et al., 2010;
McClusky et al., 2010; Wolfenden et al., 2005; Zwaan et al., 2020). Continued rifting through the Miocene led to
the development of distinct continental rift segments and evolving fault architectures, and the accommodation of
extensional strain through smaller-scale faults and dike intrusions (Wolfenden et al., 2005). Over the past ~4
million years, rifting in Afar has become progressively localized to the magmatic segments (Barberi &

CHANDRESH ET AL.

3 of 28

85UB01 7 SUOWILLIOD BAIKERID 8ot (dde ayy Aq peusenob are sejoie O ‘8sn JO Sa|nJ Joj Akeiq 18Ul UO /8|1 UO (SUOIPUOD-pUR-SLUIBYWI0D A8 | 1M A1 1[eul [UO//Sd1Y) SUORIPUOD Pue SWLB | 38U} 88S *[9202/70/9T] Uo A%iqiauluo A8 |im ‘uoidureyinos JO A1sieAlun Aq 9/2600015202/620T OT/I0p/woo" Aeim Ariqijeul|uo'sqndnBey/sdiy wouy pepeojumod ‘v ‘9202 ‘v6TevY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2025TC009276

Study area -
Central Afar

Structures

—~" Main rift system

== [Major magmatic rift segment
=——— Normal fault

==== Major escarpment

—— State borders

~— Spreading direction with velocities

Volcanic rocks (basalt)
Holocene - recent
Mid - late Pleistocene
I Pliocene - Early Pleistocene
I Oligocene - Miocene

Lithology

Sedimentary rocks
Holocene - recent
Miocene - Pliocene
Paleocene - Eocene
Triassic - Cretaceous

Basement
Precambrian

Figure 1. (a) Simplified topographic map of the Horn of Africa, showing the three major rift systems of the Afar Triple Junction, and their tectonic (red) and magmatic
(orange) segments (derived from Manighetti et al., 1998; Beyene & Abdelsalam, 2005). Current plate spreading velocities derived from McClusky et al., 2010; Saria
et al., 2014. (b) Simplified lithological map of the Afar Depression (lithology boundaries derived from Rime et al., 2023). The map shows extent of the Depression and
the major tectonic segments that is, normal fault bound graben systems (red). Ak = Akulle Graben; Ab = Ab'a Graben; Im = Immino Graben; Do = Dobi Graben;
Ha = Hanle Graben; Go = Goba'ad Graben; Ka = Kalkle Graben; Te = Tendaho Graben.

Varet, 1977; Doubre et al., 2007; Hayward & Ebinger, 1996; Manighetti et al., 1998; Rime et al., 2023; Tortelli
etal., 2025a, Tortelli et al., 2025b), where extension is accommodated by dike intrusion and dike-induced faulting
(Moore et al., 2021; Rowland et al., 2007). The period from the Pliocene to present, has seen extensive volcanic
activity and the emplacement of volcanic units throughout the center of the depression (Corti et al., 2015; Tortelli
et al., 2025a, Tortelli et al., 2025b; Wolfenden et al., 2005).

Central Afar is a complex zone of rift linkage between the Dabbahu-Manda-Harraro (DMH) magmatic segment of
the Red Sea rift and the Asal magmatic segment of the Gulf of Aden rift (Figure 1). This zone of linkage between
both magmatic segments is marked by a complex array of fault systems and active deformation (Muluneh
et al., 2024). These include kilometer-scale grabens bound by high-angle normal faults, smaller cross-cutting
grabens, and faults with varying orientations (Figure 1). The principal grabens (Figure 1b), typically span
30-60 km in length and 7-10 km in width, trend predominantly W-NW—E-SE and accommodate active crustal
extension through faulting (Doubre et al., 2007; Pagli et al., 2014, 2019). Subordinate N-S grabens and minor
faults crosscut the major grabens, resulting in a highly segmented fault architecture across the region (Figure 1b).

Although active linkage between these two magmatic rift segments has been ongoing since the last ~3-5 My
(Beyene & Abdelsalam, 2005; Manighetti et al., 1998), the chronology of graben formation and mechanism of
linkage remains debated. Older models based on paleomagnetic analyses (Kidane et al., 2003; Manighetti
et al., 1998, 2001; Muluneh et al., 2013; Tapponnier et al., 1990) have proposed that the rift linkage occurred
through overlap between the southward propagating DMH (RS) segment and northward propagating Asal (GoA)
segment. The shear was accommodated by clockwise block rotation with slip occurring along rift parallel sinistral
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Figure 2. (a) Map of the study area, corresponding to the inset marker in Figure 1b. The blue inset marker corresponds to
Figure 3a. (b) Spatial distribution of published ages for the Afar Stratoid Series (Lahitte et al., 2003; Tortelli et al., 2025a,
Tortelli et al., 2025b). All data are displayed over a shaded relief and elevation map derived from the 30m DEM in
ArcGIS Pro.

strike slip faults, that is, bookshelf faulting (Courtillot et al., 1984; Tapponnier et al., 1990). However, recent
numerical modeling studies (Duclaux et al., 2020; Muluneh et al., 2024), have shown that during the initial
2-3 My, linkage was accommodated by overlapping rift propagation, enabling the clockwise rotation of the
linked block without bookshelf faulting. Over time, this evolved into direct linkage and progressive localization
of extension along left-stepping en-echelon basins, and the zone of direct linkage is shown to be bound to the N
and S by rift-perpendicular shear zones and strike-slip faults. These results are consistent with the current strain
distribution modeled from InSAR and GNSS (Doubre et al., 2017; La Rosa et al., 2025; Muluneh et al., 2024,
Pagli et al., 2019).

The tectonic evolution of the Afar Depression is closely tied to its lithological framework. Extensive geochemical
and isotopic analyses (Barberi et al., 1972; Chernet et al., 1998; Lahitte et al., 2003; Teklay et al., 2010; Tortelli
et al., 2022, 2025a, 2025b) and geological mapping (Rime et al., 2022) reveal that Central and Southern Afar are
predominantly composed of the Afar Stratoid Series. These mainly basaltic flows were emplaced during the
Pliocene to early Pleistocene in Southern Afar, representing the Lower Stratoid Series. In Central and Northern
Afar, the primary focus of this study (Figure 1b), the Upper Stratoid Series dominates and is characterized by a
voluminous, predominantly basaltic succession emplaced over a well-defined period from the mid-to-late
Pleistocene (White et al., 2006). This formed a regionally extensive bedrock plateau which was subsequently
dissected and offset by extensive faulting throughout the Afar Depression (Acocella et al., 2008, 2010). Strati-
graphic characterizations (Barberi et al., 1972; Barberi & Varet, 1977; Kidane et al., 2003; Rime et al., 2022),
indicate that the Stratoid flows are laterally continuous at a regional scale of several hundred kilometers. Although
minor compositional and petrological variations occur locally, the Upper Stratoid series is considered to be
largely chemically homogeneous (Acocella, 2010; Tortelli et al., 2022, 2024).

The emplacement of the Stratoid Series is associated with diachronous magmatic activity linked to rift migration
and localization (Nelson et al., 2012; Tortelli et al., 2025a, Tortelli et al., 2025b). K/Ar isotopic geochronology
studies from parts of Central Afar have shown that the ages of the different flows range from approximately
1.0-2.5 Ma (Figure 2b) (Feyissa et al., 2019; Lahitte et al., 2003; Tortelli et al., 2025a, Tortelli et al., 2025b),
reflecting broadly uniform bedrock ages in this region.
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The Afar region today is characterized by an extremely hot and arid climate, receiving less than 300 mm of annual
rainfall. During the Pliocene—Early Pleistocene, intermittent increases in precipitation and humidity supported
lake formation and the accumulation of lacustrine sediments (Abbate et al., 1995; Bonnefille et al., 2004;
DiMaggio et al., 2015). Mid-late Pleistocene marked a shift towards more extreme aridity (Rime et al., 2023;
Smail et al., 2025; Tierney et al., 2017; Trauth et al., 2005), and from the Holocene to the present, Afar's climate
has remained persistently dry, largely due to its position in the rain shadow of the Ethiopian and Somalian
highlands (Gasse et al., 1980; Gasse & Street, 1978).

Despite extensive research on rift kinematics role of magmatic segments and dyke intrusions in accommodating
extension (Belachew et al., 2011; Keir et al., 2009), relatively little work has been conducted in Central Afar to
quantify the spatio-temporal evolution of graben systems and their linkage patterns. Particularly, there is a lack of
structural, quantitative constraints on the timing of fault initiation and growth across the region. Recently, Polun
et al. (2024) made a first step towards addressing this gap by applying a landscape evolution model calibrated with
terrestrial cosmogenic nuclide analyses to estimate fault initiation timescales within the Dobi graben; however,
their study was limited to two river systems only, and a systematic analysis of multiple catchments in a regional
context crossing faults remains outstanding. Therefore, this study aims to provide a more comprehensive analysis
of fault initiation and evolution across multiple graben systems in Central Afar.

3. Methods

To study the landscape response to the continental rift associated normal fault growth and evolution, our study
employs a combination of geomorphic and structural analysis of seven major graben systems in the Afar
Depression, from North to South, the Akulle, Ab'a, Immino, Dobi, Hanle, Goba'ad, and Kalkle Grabens
(Figure 1b, graben names as labeled in Pagli et al., 2019; Rime et al., 2023).

3.1. Catchment Analysis

The selection of river systems and catchments for this study was guided by a combination of geomorphological,
structural, and hydrological criteria, aimed at isolating catchments that would reflect active tectonic processes,
and therefore be suitable for quantitative geomorphology-based analysis. This was done using the 30m spatial
resolution digital elevation models (Farr et al., 2007; NASA SRTM, 2013) from the Shuttle Radar Topography
Mission (SRTM) data set, which were first processed in ArcGIS Pro using the spatial analyst and hydrology
toolboxes to extract potential stream networks. This was followed by manual geomorphic mapping using high-
resolution aerial imagery in Google Earth Pro to accurately identify flow networks and catchment boundaries.
Catchments were selected where stream flow clearly originated on the top of the footwall of the graben bounding
faults, and terminated within the graben, on the hangingwall. Another key criterion was the presence of a drainage
network, including identifiable channel trunks and/or tributaries. Additional morphological identifiers of stream
flow included the presence of incised canyons indicating sustained erosion, and the presence of fan-like deposits
on the graben floor at the base of the incised canyons, interpreted as products of flow.

Based on these criteria, 26 river systems and their catchments were delineated across the seven graben systems
within the study area (Figures 2 and 3). The DEMs of each catchment were subsequently fed into MATLAB, and
further topographic and geomorphic analyses were done using the TopoToolbox functions (Schwanghart &
Scherler, 2014).

For each catchment, a threshold value of 300 pixels was used to extract and create the stream network, giving a
stream-forming drainage area threshold of 0.27 km?. These thresholds were chosen to clearly pick out detailed
stream features, including smaller tributaries, ensuring that there were no gaps in the main flow network and the
analysis of geomorphic metrics could be conducted for all catchments. This threshold also corresponds well with
the scale at which small headwater channels are visible in aerial imagery mapping on Google Earth Pro in the Afar
region (>0.15 km?). Using the PPS (Point Pattern on Stream networks) function in the TopoToolbox directory
(Schwanghart et al., 2021), 100 spatially uniform sample points were identified along the main channel/trunk of
each river system, and the elevation (in meters), upstream flow distance (in meters) and upstream drainage area (in
square kilometers) was obtained for each point. Only fluvial catchments with drainage areas >3 km? were
included in this study.
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Figure 3. (a) Zoomed in view of catchments R13 and R14, from the Dobi Graben, used in the catchment analysis calculations
as highlighted in Section 3.1. In Panel (a) corresponds to the blue inset marker in Figure 2a. The blue rectangles are the traces
of the fault relief profiles in (c). (b) 3D view of the main graben bounding fault scarp and the canyons incised by R13 and
R14. The blue stars show the location of the knickpoints. (c) Fault relief profiles to quantify the footwall height proximal to
R13 and R14.

Using the TopoToolbox knickpoint finder function, the major knickpoints in each catchment were located, and
added to the long profiles. The function identifies the knickpoints as sharp convex sections separating the
otherwise concave (equilibrium) sections in the river long profiles (Schwanghart & Scherler, 2017). To assess
sensitivity to DEM noise, we tested this function with specified tolerances of 10, 30, 50 and 100m, which span and
exceed the vertical absolute error range of the SRTM 30m DEM (10-20m; Farr et al., 2007). The same major
knickpoint was consistently identified along the channel trunk for all threshold values, and this feature was used
as the slope-break knickpoint in our analyses. In addition, the knickpoints were located at zones that showed
abrupt breaks in channel gradient (Whittaker & Walker, 2015). This was further validated by aerial imagery on
Google Earth, and DEM mapping in ArcGIS Pro, following the knickpoint characterization work done by Zhou
et al. (2024), in the Gulf of Corinth, Greece.

To facilitate visual and consistent comparison of rivers of different lengths and drainage areas, and to be able to
visualize and compare knickpoint heights in each graben consistently, the river long profiles were normalized and
scaled using:

d
d. . =— 1
norm L ( )
Where d,, ., is the normalized distance downstream, d is the distance downstream from the point to the outlet, in

meters and L is the total flow distance along the channel trunk. The outlet was chosen as the point where the river
crosses the normal fault plane, and in cases where there were fan-like deposits are present at the base of the fault
plane, the outlet was chosen to be at the top of the fan deposits (Figure 3).

Similarly, for the elevation:
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— <~ Zoutlet (2)

Znorm
Zmax ~ Zoutlet

Where z,,..,, is the normalized elevation, z is the elevation at the point in meters, z,, is the elevation of the river
outlet in meters, and z,,,,, is the maximum elevation point at the channel head, in meters.

3.2. Bedrock Erodibility and Knickpoint Propagation Analysis

To effectively constrain the knickpoint propagation timescales and compare knickpoint formation ages across the
seven grabens, we treat the underlying bedrock as compositionally and mechanically uniform. Regional
geological stratigraphic mapping shows that the bedrock in the study area is primarily composed of the Upper
Stratoid Series (Barberi & Santacroce, 1980; Kidane et al., 2003; Rime et al., 2022, 2023), which are mainly
basalts, laterally continuous, and emplaced across the region during the mid-late Pleistocene (Wolfenden
et al., 2005). Although variations in flow sequences can occur locally, petrological, and geochemical studies
demonstrate that the bedrock is largely homogeneous throughout the study area (Barberi & Varet, 1977; Feyissa
etal., 2019; Tortelli et al., 2022, 2024). Published K-Ar geochronology-based ages for the Stratoid in Central Afar
range from approximately 1.5-2.0 Ma proximal to the Dobi Graben (Figure 2b), and capture the variability
associated with different flows and stratigraphic units, suggesting the absence of major lithological variability
across all grabens. The absence of other spatially continuous age constraints and lithology or erodibility data sets
across all grabens allows for the consideration of bedrock in the study area as uniform. In addition, past work
focusing on establishing the tectonic evolution at an Afar-wide scale (Acocella, 2010) assume the Stratoid to be
mechanically homogeneous.

Therefore, we make the simplifying, first-order assumption that the bedrock through which the rivers incise is
uniform, allowing the erodibility to be treated as effectively constant across all grabens. This approach isolates the
tectonic controls on knickpoint generation and enables comparison of knickpoint ages across the multiple
kilometer-scale grabens. This assumption is also well supported by similar geomorphic studies in different
tectonic and lithological settings across the globe (Densmore et al., 2003; Gasparini & Whipple, 2014; Harkins
et al., 2007; Kobor & Roering, 2004; Stucky de Quay et al., 2019), where the aim is to extract and quantify
tectonic signals on landscape evolution. These studies show that although bedrock erodibility can vary locally, a
uniform erodibility model reliably recovers tectonic controls. Following this simple but effective approach gives
us a robust and internally consistent framework for estimating fault initiation timescales across the study area.

In addition, the Afar Depression has remained persistently arid since at least the late Pleistocene, as evidenced by
past work on paleoclimate reconstructions and isotopic records (Levin et al., 2004; Rime et al., 2023; Smail
et al., 2025; Trauth et al., 2005). Moreover, studies have also demonstrated frequent oscillations in climatic
conditions associated with multiple glacial-interglacial cycles and marine isotope stages that occur over short
timescales of at the scale of 10°~10* years (Tierney et al., 2017), which is considerably shorter than the ~2.0 Ma
landscape evolution window analyzed in this study. Therefore, the local variations in climate and humid intervals
are integrated over the 10%-year period relevant to our study.

We assume that the faulting post-dated the emplacement of the Stratoid Series because presently, the rivers are
located at the top of the footwall of the main graben bounding faults and are incising into these bedrock units
(Figure 3b). Following this, the minimum erosion rate where the river crosses the fault (the catchment outlet) was
estimated as follows:

H
min. erosion rate, E (m/yr) = 7 3)

Where H = Fault relief where the river crosses the fault in meters; and 7' = age of the bedrock at the top of the
footwall, in years (ages of the Stratoid series from Tortelli et al., 2025a, Tortelli et al., 2025b) (Figure 2b).

To quantify the timescale of the landscape response to fault-induced uplift, we employed the unit stream power
law (Tucker & Whipple, 2002; Whipple & Tucker, 1999). This equation expresses erosion rate (E) as function of
the catchment drainage area (A, m?) and the channel slope (S).

E = KA"S" )
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where the constant of proportionality, K, is the bedrock erodibility, an inherent property of the bedrock defining
its erosional efficiency. Within the stream power law framework, the value of K is linked to the choice of the
empirical exponents m and n, which in turn affects the scaling relationship between erosion and the channel
drainage area and slope. It is important to note that the values of bedrock erodibility K, and the values chosen for m
and n are interdependent. This means that varying the values for m and n can yield similar topographic fits but
result in different calculated estimates for K (Harel et al., 2016; Royden & Taylor Perron, 2013; Smith &
Fox, 2024; Stock & Montgomery, 1999). Sembroni et al. (2016) conducted a geomorphic characterization of two
river systems draining the Ethiopian Plateau escarpment into the Afar Depression (Figure 1b), where incision
occurs through basalt and the rivers appear to be in steady state. Using slope-area analysis and power-law scaling
of river profiles, they estimated the channel concavity index (m/n = @) ranging from 0.45 to 0.65, giving a mean
concavity of these rivers to be 0.5. Additionally, other theoretical models, as well as past studies, focussed on
rivers undergoing transient response to tectonic forcing have shown that m tends to fall within a narrow range of
0.4-0.6 and using m = 0.5 tends to be useful in comparing landscape responses across multiple catchments
(Gasparini & Brandon, 2011; Harel et al., 2016; Kirby & Whipple, 2012; Mitchell & Yanites, 2019; Whipple &
Tucker, 1999). In this study, we have chosen a unit stream power model where n = 1, and we explore a range of m
values from 0.3 to 0.7, spanning the range of concavities estimated by Sembroni et al. (2016), (see below). The
assumption of n = 1 has been shown in various past studies to be broadly appropriate for rivers incising through
bedrock, particularly in regions undergoing active uplift and transient adjustment (D’Arcy & Whittaker, 2014;
Royden & Taylor Perron, 2013; Quye-Sawyer et al., 2021). In addition, assuming n = 1 allows for consistent
comparisons with the cosmogenic nuclide-based erodibility analysis conducted by Polun et al. (2024). They
estimate K for just two catchments in the Dobi Graben and calibrate their results against a simple knickpoint
migration model. Throughout the study area, there is a limited availability of other cosmogenic erosion rate data
sets and spatially continuous lithology and erodibility constraints, so we make the simplifying choice of n = 1, to
effectively compare knickpoint generation timescales across the study area in the case where calibration of other
stream power parameters is not feasible.

We calculate different estimates of K using five m values from 0.3 to 0.7 in Equation 4. The resulting values of K
therefore come from different versions of the stream power law and have different units. Following this, we also
compute the ages of knickpoint formation from the respective value of K, and present results from both calcu-
lations in the Supporting Information S1, Table S1. But we choose m = 0.5 for the main purpose of our study,
because this value (a) aligns with regional geomorphic constraints (Sembroni et al., 2016) (b) allows us to es-
timate K and model our knickpoint propagation to first-order (Kirby & Whipple, 2012; Pechlivanidou et al., 2019;
Whipple & Tucker, 1999; Zhou et al., 2024) and (c) enables a direct comparison of our results with past K es-
timates in the Dobi Graben by Polun et al. (2024) and with other studies around the world.

Our chosen values reflect a simple stream power law approach and follow the methods used for transient
landscapes around the world given we have relatively few constraints in this region to justify a more complex
erosion law (Duvall et al., 2004; Gailleton, Mudd, et al., 2021; Leonard et al., 2023). We revisit the potential
implications on bedrock erodibility estimates of choosing different m and n values, and further comparisons, in
Section 5.1.

In principle, an erosion rate calculated at the fault (using Equation 3) can be used in the stream power law
(Equation 4), and with measures of drainage area and channel slope to estimate the maximum values of bedrock
erodibility of the basalt in units of yr™".

To constrain the bedrock erodibility (K) values, we selected catchments R13 and R14 within the Dobi Graben
(Figure 3), because the published age ranges of approximately 1.5-2.0 Ma for the Afar Stratoid series are
available for this region (Figure 2b), capture the variability associated different flows and stratigraphic units
(Lahitte et al., 2003; Tortelli et al., 2025a, Tortelli et al., 2025b). We therefore use the bounding ages of 1.5 Ma
and 2.0 Ma for R13 and R14 respectively, ensuring that the resulting K values derived from Equations 3 and 4,
assuming the Afar Stratoid likely represents a homogeneous datum, and incorporate the full range of reported ages
and uncertainties. These erodibility values represent reliable, first-order estimates calculated directly from
available geochronological data, and they are further supported by independent, field-based geochemical K es-
timates of the same catchments from Polun et al. (2024). We also estimate different K values by varying m from
0.3 to 0.7 (therefore, using different stream power law frameworks) and present these results in the Supporting
Information S1, Table S1.
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The resulting erodibility values for catchments R13 and R14 (Figure 3a) were then applied to estimate, where
present, the knickpoint formation ages in the other catchments, allowing for consistent temporal comparisons
across the region. Using these estimates of bedrock erodibility, the knickpoint retreat velocity was calculated at
each point along the trunk channel, based on the simple unit stream power law.

The unit stream power law represents an advective equation that implicitly defines a relationship between
knickpoint retreat velocity and catchment drainage area, derived from partial differential formulations (Royden &
Taylor Perron, 2013). This relationship is expressed as

V = KA"S™! 5)

When n = 1, the equation simplifies to show that the upstream migration velocity of the erosional wave, that is, the
knickpoint retreat rate, scales directly as a function of catchment drainage area. In addition, there is a trade-off
between the values of K and m for a unit stream power model, that is, varying m influences the absolute value
of K, but the resulting knickpoint propagation rates and timescales are almost identical. We present these values in
the Supporting Information S1, Table S1, and discuss them in Section 5.3.

Retreat rates were computed at each of the extracted points along the channel trunk. An iterative approach was
then applied to estimate the time required for the knickpoint to migrate upstream from the outlet to its current
position, following the methodology employed by Zondervan et al. (2020).

The estimate of the time taken for a knickpoint to have propagated to its current position was interpreted as the age
of knickpoint formation. This procedure was repeated for both K values to produce two knickpoint age estimates
for each catchment; and the range of ages produced thus encompassed the uncertainty in the erosion rate and
knickpoint height estimates, as well as the margin of error in the published ages (Lahitte et al., 2003; Tortelli
et al., 2025a, Tortelli et al., 2025b).

To investigate the spatial variation in ages of knickpoint formation, the resulting ages from the iterative approach
outlined above, for each value of K, were plotted across the seven grabens from south-north (Afar scale trend in
ages), and within each graben from E-SE to W-NW (local and graben-scale trends, if any).

3.3. Structural and Topographic Analysis

For the main graben bounding faults (Figure 4a), cross-strike (perpendicular to fault strike) swath profiles were
extracted using the SWATHobj function in TopoToolbox. The profiles were extracted for 1 km wide sections, at
1 km intervals all along the fault. From each profile, the fault relief at that location was measured by subtracting
the elevation of the base of the footwall from the elevation of the top of the footwall (in m). In the presence of any
fan deposits on the graben floor, the base of the footwall was taken to be top of the fan deposit. The relief
measured at each location was plotted against the distance along fault strike (in km) to obtain an along strike fault
footwall relief profile. The along-strike profile traces are highlighted as shaded rectangles in Figures 4b—4e. The
standard deviation values of the fault relief were used as the error estimates.

A similar approach was applied to any interacting segments and relay ramps; their respective fault reliefs were
added to the main footwall relief profile to examine the interaction between the various fault segments.

The vertical height of the knickpoints above the footwall of each graben-bounding fault (Hy, ¢,) was calculated by
subtracting the elevation of the base of the footwall (H,,) from the absolute elevation of the knickpoints (Hy).

Hkp—fw = Hkp - Hb (6)

An empirically derived error of +£10% was added to these values to account for observational uncertainty in
ascertaining the exact location and elevation of the knickpoint on the river long profile from the DEM. These
values were then added to the fault/footwall relief profiles at their respective locations along strike, to study the
temporal relationship between the ages of fault initiation and the formation of the knickpoints.

To better understand the age relationships of these graben systems in terms of their footwall reliefs (scales), we
estimate the apparent throw rate, in mm/yr, on the footwalls of the major graben bounding faults (the vertical/
uplift component),
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H, e
Throw rate = —2/* @)
kp

Where Hy, 1, is the vertical height of the knickpoint above the footwall (in millimeters, from Equation 6), and Ty,
is the age of knickpoint generation calculated in this study (in years). The obtained range of throw rates for each
catchment reflect the error estimates in the ages of knickpoint generation.

4. Results

The seven graben systems analyzed in this study, from North to South in the Afar Depression—Akulle, Ab'a,
Immino, Dobi, Hanle, Goba'ad and Kalkle, are bound by major normal fault segments, and are shown in Figure 4.
These grabens exhibit broadly similar geometries, spanning 30-60 km in length and 7-10 km in width. From
these, the Akulle, Ab'a, Dobi and Hanle grabens trend NW-SE, while the Goba'ad and Kalkle grabens trend E-W.
The Immino graben displays an arcuate geometry, with the western half of the fault segment trending more NW-
SE, and gradually transitioning to an E-W trend towards the eastern end (Figure 4c). The 26 catchments delineated
and used in this study were grouped according to their respective graben systems. Catchments R1-R3 cross the
main graben bounding fault in the Kalkle Graben (Figure 4¢), similarly R4-R7 in the Goba'ad Graben (Figure 4e),
R8-R12 in the Hanle Graben (Figure 4d), R13-R16 in the Dobi Graben (Figure 4c), R17-R20 (Figure 4c),
R21-R23 in the Ab'a Graben (Figure 4b) and finally R24-R26 in the Akulle Graben (Figure 4b). The spatial
distribution of these catchments and the major normal faults they cross and incise are highlighted in Figure 4a.
Major knickpoints identified within each catchment are marked along the channel trunk (blue stars,
Figures 4b—4e). The knickpoint formation age ranges calculated in this study are annotated on the map (pink
boxes). All estimates of fault relief, knickpoint heights above fault, knickpoint ages and throw rates derived and
calculated in this study are presented in Table 1.

4.1. Long Profiles and Footwall Relief

The normalized river long profiles of all 26 catchments are convex-up, with the presence of knickpoints despite
the broadly homogeneous bedrock (Figure 5). Most profiles cluster around a common trend, displaying the
knickpoints within a normalized elevation range of 0.6-0.9, and around normalized downstream distances of
0.6-0.8. The river long profiles of catchments R15 (Figures 4c and 5d) and R17 Figures 4c and Se, show a
deviation from this trend, with the knickpoints located at elevation values of 0.2-0.4, and a more concave-up
geometry upstream of the knickpoint. Given the broadly homogeneous bedrock, these observations clearly
indicate that all the rivers are undergoing a transient response to the fault activity in the Afar Depression.
Consequently, our interpretation is that the rivers are actively recording and reflecting temporal fault evolution
patterns in the timescale and locus of knickpoint migration upstream.

The seven footwall relief profiles of the main graben bounding normal faults are shown in Figure 6, and their
respective profile traces are color-coded and marked on the map in Figures 4b—4e. Broadly, all profiles follow a
bell-shaped relief profile, with the highest footwall relief towards the center of the fault segment, gradually
decreasing towards the fault tips. In the northernmost section of the study area, the Akulle Graben (Figure 6a)
shows a maximum footwall relief of 250m over a length scale of 45 km, and towards the SE section of the profile,
the local variations in footwall relief are due to the presence of a second set of younger normal faults trending
more N-S, cross-cutting the main graben fault that trends NW-SE (Figures 4a and 7a). In the Ab'a Graben
(Figure 4b), the footwall relief reaches a maximum of 350m closer to the center of the 30 km long fault segment

Figure 4. (a)Regional overview map of the study area, showing the seven graben systems, and the locations of the major normal fault segments in the region (red) and the
minor/cross-cutting normal fault traces (dark red). The 26 major river catchments analyzed in this study are delineated. The inset rectangles indicate the locations of the
zoomed in panels (b—e), each focusing on specific grabens and their associated catchments. All data are displayed over a shaded relief and elevation map derived from
the 30m DEM in ArcGIS Pro. The circular inset markers (7.a-f) correspond to the respective labeled panels in Figures 7b—7e Enlarged-view panels corresponding to the
inset areas in (a), illustrating the numbered catchments, main channel trunk within each catchment, locations of the major tectonic knickpoints and the knickpoint
formation ages calculated in this study. The shaded rectangles denote the along fault-strike footwall relief profile traces for each graben. (b) Akulle and Ab'a grabens
(northern Afar Depression); (¢) Immino and Dobi grabens (central Afar Depression); (d) Hanle graben (central Afar Depression); (e) Goba'ad and Kalkle grabens
(southern Afar Depression). A consistent color scheme is applied throughout this study, with each graben represented by a distinct color across all figures, as shown in
the legends, to facilitate visual continuity and comparison—Akulle (purple); Ab'a (yellow); Immino (green); Dobi (blue); Hanle (red); Goba'ad (orange) and Kalkle

(teal).
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Table 1

Summary of Key Results for Each Catchment Analyzed in the Study, Including the Absolute Elevation of the Knickpoints (m), Mean Footwall Relief (m), Height of
Knickpoints Above the Footwall (m), Minimum and Maximum Estimated Ages of Knickpoint Formation (Ma), and Corresponding Minimum and Maximum Throw Rates

(mm/yr)
Knickpoint Mean Minimum knickpoint age ~ Maximum knickpoint age ~ Knickpoint height Maximum Minimum
Catchment  elevation footwall (Ma), from (Ma), from above footwall throw rate throw rate
Graben number (m) relief (m) K=112x107° K=567x10" relief (m) (mm/yr) (mm/yr)
Kalkle R1 723 280 0.6 1.0 241 0.40 0.24
R2 703 230 0.6 12 243 0.41 0.20
R3 701 220 0.5 1.0 263 0.53 0.26
Goba'ad R4 464 110 1.3 2.6 169 0.13 0.07
RS 511 120 1.5 2.5 221 0.15 0.09
R6 637 300 1.2 2.3 292 0.24 0.13
R7 626 245 0.6 13 191 0.32 0.15
Hanle R8 591 200 1.5 3.0 356 0.24 0.12
R9 703 435 1.6 32 408 0.26 0.13
R10 864 405 12 2.5 459 0.38 0.18
RI11 952 730 12 2.5 712 0.59 0.28
R12 1,081 700 1.3 2.5 711 0.55 0.28
Dobi R13 722 570 0.5 0.9 352 0.70 0.39
R14 846 275 1.0 1.2 616 0.62 0.51
RI15 365 260 0.4 0.9 165 0.41 0.18
R16 686 340 0.5 1.0 366 0.73 0.37
Immino R17 346 215 0.6 0.9 146 0.24 0.16
R18 614 515 1.3 2.7 494 0.38 0.18
R19 684 570 0.9 2.0 579 0.64 0.29
R20 725 600 0.9 1.7 600 0.67 0.35
Ab'a R21 720 250 0.5 0.9 250 0.50 0.28
R22 640 305 0.6 1.2 300 0.50 0.25
R23 575 315 0.8 1.5 320 0.40 0.21
Akulle R24 250 200 0.8 1.5 150 0.19 0.10
R25 202 180 0.5 1.1 202 0.40 0.18
R26 205 150 1.0 1.7 205 0.21 0.12

Note. These values underpin graphical analyses and data presented in Figures 5, 6, 8, 9 and 10.

(Figure 6b). The Immino Graben (Figure 4c) fault segment spans 65 km and the footwall relief reaches a
maximum 650m (Figure 6¢). Around 23 km along fault strike of the roughly E-W striking Immino Graben, there
is a local topographic low which highlights a smaller scale cross-cutting graben system, trending N-S (Figure 7b).
Rivers R18 and R19 cross the main graben bounding fault in Immino Graben, and the knickpoints formed up-
stream of the fault are marked, highlighting the prominent incised canyons in 3D. The Dobi Graben, in the center
of the Afar Depression (Figure 4c) reaches a similar footwall high of 650m over a shorter fault length of 45 km
(Figure 6d). An additional feature in the Dobi graben is the ~7 km long minor fault segment, intersecting the main
graben bounding fault at ~20 km along fault strike (Figure 7c). R13 in the Dobi Graben shows pronounced
incision in the form of a deep canyon, and a major knickpoint was identified at the top of this canyon (Figure 7c).
The Hanle Graben (Figure 4d) has the highest fault relief, with a maximum of 900m across the short 25 km fault
segment (Figure 6¢). Moving further south in the study area, the Goba'ad and Kalkle Grabens (Figure 4e), trend E-
W, and the western ends of the graben are located proximal to the axis of the Northern Main Ethiopian Rift
segment (Figures 1 and 7f), and the main graben bounding fault reliefs are 500m (Figure 6f) and 300m
(Figure 6g), respectively, at the eastern fault tips. Other than this variation, the Goba'ad Graben follows the broad
bell-shaped profile trend, with the relief decreasing from 400m in the center of the fault segment to 100m at the
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Figure 5. Normalized River long profiles for the 26 rivers in the study, (grouped by graben). Normalized distance and
elevation values derived from Equations 1 and 2, respectively. The locations where the river intersects the normal fault plane
(red squares) and the location of the tectonic knickpoint (stars) are marked. The catchment locations for each of the rivers are
shown in Figures 4b—4e. (a) Kalkle Graben, R1-R3; (b) Goba'ad Graben, R4-R7; (c) Hanle Graben, R8-R12; (d) Dobi
Graben, R13-R16; (e) Immino Graben, R17-R20; (f) Ab'a Graben, R21-R23; (g) Akulle Graben, R24-R26.

western fault tip (Figure 6f). A clear interaction between the minor fault segment in Goba'ad Graben and R7 is
observed in 3D view in Figure 7d. R7 visibly incises through the relay ramp created as such, and the knickpoint
formed on the footwall is marked. River R6 has a similar catchment size to R7 and has formed a knickpoint at the
top of the incised section (Figures 4e and 7d), but flows across the main graben bounding fault. On the other hand,
the Kalkle Graben exhibits a slightly different relief profile, with a topographic low at 16 km along strike
(Figures 6g and 7e) due to the intersection of a smaller-scale perpendicular graben system that is roughly parallel
to the main NMER segment (Figures 7e and 7f). Overall, the data in Figure 6 suggests that the majority of
knickpoints plot on the footwall crests in terms of elevation, within error.
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Figure 6. Footwall relief profiles for each of the seven grabens analyzed in this study, shown in individual panels. Each
profile represents the footwall relief extracted along the fault strike, with the solid line indicating mean elevation and the
shaded envelope is the +/— standard deviation. The heights of the knickpoints above the fault footwall relief are shown as
black circles. An error of +/— 10% was added to account for the uncertainty in accurate estimations of the knickpoint
location. Profile traces correspond to the shaded fault-trace rectangles in Figures 4b—4e.

To test this relationship explicitly, we plotted the heights of the knickpoints above the footwall relief (meters)
against the footwall relief of the main graben bounding fault at that point (meters) (Figure 8). This graph shows
that the knickpoint height is directly related to the footwall relief by a linear relationship—the line of best fit (with
the y intercept set to 0) plotted for the data set can be represented by an 7> value of 0.9804, and the equation
y = 1.03X (Figure 8), meaning that the gradient of this line is ca. 1. This result confirms that the knickpoints were
generally created as a result of the initiation and growth of the main fault segment on which they lie, therefore
tracking the timing of fault initiation, and most do not relate to later linkage (c.f. Whittaker & Walker, 2015).
While the knickpoints predominantly track fault initiation, a few exceptions point towards more localized trends.
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Figure 7. Locations of all panels correspond to the circular inset markers in Figure 4a. (a) Bird's eye view of the interacting normal fault systems in the Akulle Graben
showing the main graben bounding normal faults (red) crosscut by minor intersecting faults (dark red, dashed) (b)—(f) 3D perspective view sections extracted from the
Local Scene—Map 3D View setting in ArcGIS Pro, with 3X vertical exaggeration to enhance structural contrast. The panels highlight key fault geometries across the
study area including cross-cutting grabens and intersecting fault segments. Where present, the main channel trunks and the major knickpoints are marked, emphasizing
the incision and drainage response to faulting. (b) Secondary, perpendicular graben intersecting the main Immino Graben. (c) Minor fault segment intersecting the Dobi
Graben, corresponding to the violet secondary profile in Figure 6d. (d) Minor fault segment intersecting the Goba'ad Graben, proximal to the outlet of catchment R7.
(e) Secondary, perpendicular graben intersecting the main Kalkle Graben. (f) Interaction zone between the Goba'ad and Kalkle Grabens and the axis of the Northern
Main Ethiopian Rift (NMER).
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Figure 8. Plot of the knickpoint height above the fault footwall relief against the extracted footwall relief. An error of £10%
was added to account for the uncertainty in accurate estimations of the knickpoint location. The black-dotted line represents
the line of best-fit, the linear regression, with the equation of the line in the pink box.
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In cases where the knickpoint plots below the footwall relief, as for R7 in the Gobaad graben, we interpret that the
river is responding to a younger tectonic feature such as a cross-cutting, minor fault segment (Figure 7d).
Similarly, for knickpoints plotting above the footwall crests, such as R4 and RS in the Goba'ad Graben, we
interpret that they were formed during the early stages of fault initiation before the growth of present-day footwall
relief, potentially representing older secondary tectonic signals relative to the dominant population of knickpoints
plotting on the footwall crest.

4.2. Bedrock Erodibility, Knickpoint Analysis and Fault Initiation

In catchments R13 and R14 of the Dobi Graben (Figures 2b, 3, 4c), the amount of incision was found to be
approximately 500 and 640m, for channel slopes of ~0.06 and drainage areas of 86.5 and 15.5 km?, respectively.
From these incision and geomorphic metrics, the values of bedrock erodibilities (K) for the Afar Stratoid series
were calculated in this study to be 5.67 X 1077 yr~! from R13 and 1.12 x 107 yr~! from R14. The bedrock
sections underlying each catchment are grouped under the Upper Stratoid series and have been independently
dated to 1.5 = 0.06 Ma and 2.0 £ 0.06 Ma, proximal to R13 and R14, respectively (Lahitte et al., 2003; Tortelli
et al., 2025a, Tortelli et al., 2025b). These values cover the range of bedrock ages reported for the wider Dobi
Graben (Figure 2b) and helped better constrain the uncertainty in the timing of incision and knickpoint formation.

Consequently, the knickpoint formation age estimates for each of these rivers range from 0.5-0.9 Ma in R13 and
1.0-1.2 Ma in R14. Based on this, we obtained knickpoint propagation upstream rates of 0.27-0.32 mm/yr in the
Dobi Graben since fault initiation.

Following this approach for the other river systems in the study area, using bedrock erodibilities derived above
from Equation 4, the range of ages for knickpoint formation in each catchment was calculated (Figures 4b—4e). In
correlation with the knickpoints plotting on the footwall crest from Figure 6 and the linear relationship between
the footwall relief values and heights of the knickpoints above the footwall in Figure 8, we interpret in this study
that the age of knickpoint formation is the maximum age of initiation of the main graben bounding faults. These
values represent maximum estimates because K was derived using the available age constraints for the Stratoid
Series (1.5-2.0 Ma; Figure 2b). As knickpoint formation must post-date basalt emplacement and associated fault
initiation, the ages of knickpoint generation we present in our study define upper bounds and may be younger if
incision began later.

Figure 9a shows the calculated knickpoint ages for all catchments, plotted by graben from SE-NW, and at the
depression-scale from S-N. The rectangles in the figure represent the range of knickpoint ages derived using the two
calibrated bedrock erodibility (K) values calculated for the representative catchments R13 and R14 (Figure 3a) in
this study using Equation 4. These bounds bracket the possible regional variations in the erodibility of the Stratoid
series, and provide maximum, conservative constraints on knickpoint formation ages across the region.

The graph highlights the spatial variation in knickpoint formation ages throughout the study area, with notable
trends and deviations at the graben scale. The Kalkle Graben (teal rectangles, Figure 9a) in the South records
knickpoint formation ages of 0.6—1.2 Ma. All three catchments in the Kalkle Graben have consistent age ranges.
The Goba'ad Graben (orange rectangles, Figure 9a) overall is older than the Kalkle and exhibits a minor graben-
scale variation in knickpoint ages. This corresponds to catchment R7, which is younger compared to the other
catchments in the graben (R4, RS and R6), with a knickpoint formation age of 0.6—1.2 Ma, while the others are
older (1.0-2.5 Ma). From this age estimation and the map of major faults in the Afar Depression, this knickpoint is
interpreted to be formed by uplift and incision caused by the formation and growth of the smaller interacting fault
segment, forming a relay ramp with the main graben bounding fault (Figure 7d). The Hanle Graben (red rect-
angles, Figure 9a) records the oldest knickpoint ages, ranging from 1.0-3.0 Ma. The Dobi graben (blue rectangles,
Figure 9a), located in the center of the depression, records knickpoint formation ages of 0.5-1.2 Ma, and with
consistent age estimations throughout the graben, the Dobi Graben is one of the youngest normal fault systems in
Afar. Moving further North, the Immino Graben (green rectangles, Figure 9a) also exhibits a graben-scale
variation in ages. R17 at the eastern end of the main Immino fault segment is younger, with ages <1 Ma, and
the knickpoint ages get older towards the central and western ends of the segment (1.0-2.5 Ma). The Ab'a Graben
(yellow rectangles, Figure 9a) is younger than the Immino and the ages for these knickpoints were 0.6—1.5 Ma.
Lastly, the Akulle Graben (purple rectangles, Figure 9a) in the northernmost end of the study area is structurally
complex with two sets of normal faults—the main graben bounding fault system trending NW-SE, and a second
set trending more N-S (Figure 7a). The 3 identified catchments in this graben interact with different segments;
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Figure 9. Plots of (a) Maximum knickpoint formation ages in each catchment (in Ma); and (b) Minimum fault throw rates
(mm/yr), representing the footwall uplift component Data are plotted for each catchment, grouped by graben, from South to
North. In (a), each shaded rectangle represents the age range derived from the two bedrock erodibility (K) values calculated
in this study. The upper and lower bounds correspond to the maximum ages associated with each K value, providing a visual
representation of the uncertainty in the estimation of knickpoint migration timescales. In (b), shaded rectangles represent the
range of throw rates calculated from the two age estimates. The bounds correspond to rates derived from each age, reflecting
the uncertainty in the calculation of the throw rates.

hence this graben also records varying ages. Catchment R25 was mapped to be intersecting the N-S set of faults,
while catchments R24 and R26 intersect the main graben-bounding NW-SE fault. Thus, the younger ages in
catchment R25 (0.6-1.1 Ma) indicate that the N-S trending fault system is younger than the main graben fault,
supported by the older ages in R24 and R26 (0.8-1.8 Ma).

The throw rates for each catchment are plotted from S-N in the study area, in Figure 9b and the catchment numbers
correspond to those in Figure 9a. The graph shows a clear increase in throw rates towards the center of the study
area, underscoring a dominant regional pattern alongside local, graben-scale variations. The Kalkle normal fault
shows a near consistent throw rates, ranging from 0.2-0.5 mm/yr. The Goba'ad graben shows an increase in throw
rates from 0.1 mm/yr to 0.15-0.3 mm/yr towards the western end of the fault strand. The highest throw rate at R7
can be attributed to the younger intersecting fault segment (Figure 7d) and younger knickpoint age (Figure 9a). The
Hanle Graben exhibits a similar trend of increasing throw rates, with notably higher overall values than the Goba'ad,
from 0.1 to 0.2 mm/yr in the SE to 0.3-0.6 mm/yr in the NW (Figure 9b), towards the center of the depression
(Figure 4d). In the center of the region, the Dobi Graben has the highest overall throw rates, ranging from 0.4 to
0.8 mm/yr. R15 has a relatively lower throw rate of 0.2—-0.4 mm/yr (Figure 9b) due to its location at the NW fault tip
(Figure 4c). Throw rates generally decrease towards the northern half of the study area. The Immino fault mirrors
the trend observed in the Hanle and Goba'ad grabens, with rates increasing from 0.2 mm/yr at the western end to
0.3-0.65 mm/yr near the center of the fault segment (Figure 9b). The Ab'a fault shows a relatively consistent throw,
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ranging from 0.2 to 0.5 mm/yr. The Akulle Graben aligns with the overall trend in decreasing throw rates away from
the center of the depression, with values of 0.1-0.2 mm/yr along the main graben bounding fault. The younger,
intersecting fault (Figure 7a, 9a) displays moderately higher rates of 0.2-0.4 mm/yr.

5. Discussion
5.1. Landscape Response to the Fault Activity

Our results show that for all 26 catchments identified in the Afar Depression, there is one major knickpoint located
upstream of the main graben bounding normal fault, at normalized elevations of 0.6-0.9 (Figure 5). From the DEM
mapping (Figures 4b and 7) and the river long profiles (Figure 5), the convex-up profile with clear slope-break
knickpoints and incised canyons imply that rivers are undergoing a transient response to the normal faulting and
are still actively recording and reflecting the tectonic activity, clearly demonstrating the use of quantitative geo-
morphology as a suitable tool in studying and understanding fault activity in a magma-rich rift setting. Owing to the
consideration of largely homogeneous bedrock in the study area (Rime et al., 2023) we discount a significant
lithological effect on knickpoint generation. Additionally, the effects of climate on the incision and erosion of the
river systems are also limited due to local, short-term climatic variations 10°-10* years) (Levin et al., 2004;
Tierney et al., 2017) that integrate over the 105-year timescales analyzed in this study, and the mostly dry and arid
conditions since the Pleistocene (Gasse & Street, 1978). Seeing that the knickpoint heights plot nearly on the crest
of the footwalls (Figure 6), we additionally conclude in this study that the knickpoints have formed with or just
following the initiation of the main graben bounding fault on which they are located. Therefore, the formation of,
and activity on the main graben bounding faults associated with the linkage between the Red Sea and Gulf of Aden
rift segments is the main driver behind incision in the rivers and subsequently, the formation of the knickpoints.

We estimate in this study that the bedrock erodibility of the Afar Stratoid Basalt series ranges between
5.67 x 1077 yr~! — 1.12 x 107® yr™!, and this range accounts for the margin of error in the dated ages of the
rock. This value was obtained using a simple model of the unit stream power law, where we chose m = 0.5 in
Equation 4, which implies that the rate of erosion in the catchment scales with the square root of the catchment
drainage area. Choosing n = 1 produces a linear scaling relationship between erosion rate and channel slope that is
physically meaningful and does not suggest knickpoint generation by shockwave behavior (Berlin & Ander-
son, 2007; Pritchard et al., 2009; Roberts et al., 2012). We acknowledge that more complex models of the stream
power law exist, with values of m varying from 0.3 to 0.6 and n # 1 (Gailleton, Sinclair, et al., 2021; Royden &
Taylor Perron, 2013), but we have chosen a simpler model to balance interpretability, empirical relevance, and
comparison of further analyzed data across the study area. Although varying exponent combinations, that is,
different erosion law frameworks, produce different absolute values of K (and corresponding units), the resulting
knickpoint retreat rates remain of comparable magnitude. We present a comparison of K values calculated using a
range of m values (m = 0.3-0.7) in Table S1 in the Supporting Information S1. From this, we observe that while
the choice of m results in a difference in the units and absolute magnitude of K, the estimated knickpoint for-
mation ages differ only by a factor of +10%. Therefore, the velocity of knickpoint migration, and subsequently the
formation ages are not substantially influenced by the value of m.

The unit stream power model chosen in this study allowed for direct comparisons with the independent estimates of
erosion rates and bedrock erodibilities by Polun et al. (2024). Specifically, their analysis of the Dobi Graben
catchments, corresponding to R13 and R14 in our study, yielded incision rates calibrated using terrestrial
cosmogenic nuclide (TCN) analysis. Their TCN derived erosion rates were applied within the same stream power
framework (with n = 1) we outline in Equation 4 to obtain K value estimates ranging from
8.88 x 1077 yr~! — 2.65 x 107 yr~! reflecting timescales of 10°~10* years. These values are comparable by
order of magnitude to the K values we estimate over a longer temporal scale of 10° years, reinforcing our results and
the use of the simple stream power model (n = 1). Additionally, it is important to note that we have not explicitly
used channel width in our calculations or modeled discharge variation over time. A™ in Equations 4 and 5 therefore
represents an integrated discharge component (c.f. Hack, 1957; Roberts et al., 2012; Whipple & Tucker, 2002).
Considering that local and short-term (10°~10* years; Tierney et al., 2017) variations in rainfall integrate over the
10%-year timescales considered in this study, we discount a significant effect of rainfall on the erosion and gen-
eration of knickpoints. The rainfall would have to be changed by a large factor to change the value of K.
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The erodibility values calculated in our study fall within the same orders of magnitude, as reported in other global
studies using comparable stream power law frameworks and units. For a similar version of the stream power law
applied over 10%-year timescales, Stock and Montgomery (1999) also show erodibility values of 107" —107 yr™!
for various lithologies in Australia, Hawaii (basalt—volcaniclastics), California, and Japan. In the Central
Apennines, Whittaker and Boulton (2012) found K values within 107"=107°® yr™! over 10°~10°-year timescales,
while K estimates 107 yr™' have been estimated in the Gediz and Hatay Graben systems in Turkey (Kent
etal., 2017; Whittaker & Boulton, 2012) as well as in the Gulf of Corinth, Greece for rivers crossing active normal
faults in a fault-dominated rift setting (Gallen & Fernindez-Blanco, 2021; Pechlivanidou et al., 2019; Zhou
et al., 2024). This highlights the consistency of our results with other established erosional behavior across global
active tectonic settings.

5.2. Spatio-Temporal Evolution of the Graben Systems

The observable linear relationship between the heights of the knickpoints and the extracted footwall relief
(Figure 8) shows that the knickpoints were primarily created due to the initiation and growth of main graben
bounding faults and a small number reflect more localized tectonic influences. In particular, knickpoints asso-
ciated with intersections between minor fault segments and the main graben fault may record younger phases of
fault growth or propagation (for e.g., R7 in the Goba'ad Graben). Because these features are spatially discon-
tinuous, we therefore suggest that the ages of knickpoint formation are a true reflection of the maximum graben
initiation ages. Thus, the age ranges highlighted in Figures 4b—4e, 9a represent the overall timescales of initiation
of the main graben bounding normal faults in the Afar Depression. The integration of geomorphic markers with
fault relief mapping (Figures 6 and 8) and the differences in throw rates and graben scale (Figure 9b, Figure S1 in
Supporting Informating S1) allowed us to infer a spatio-temporal fault initiation pattern. This approach con-
tributes to a more refined understanding of fault evolution in the Afar Depression, and adds quantitative, structural
based constraints on the current models of rift linkage.

We therefore present a landscape dynamics-based model of fault evolution grounded in the relative age re-
lationships between the principal graben systems (Figure 10). This spatial framework reconstructs the relative
sequence and timing of fault activity as derived from landscape dynamics, offering insights into how and when
different graben segments were initiated and became tectonically active.

Between 3 and 2 Ma, the Afar Depression was dominated by the eruption of the Afar Stratoid Basalt series
(Tortelli et al., 2025a, Tortelli et al., 2025b), and the initiation of the first major normal fault systems in Central
Afar. Our age model indicates that the Hanle fault system initiated around 3 Ma, followed closely by the
development of the central-western Immino fault at 2.7 Ma. Concurrently, extensional strain in southern Afar was
accommodated by the formation of the Goba'ad basin around 2.5 Ma, which exhibits an E-W geometry
(Figure 10a).

Between 2 and 1 Ma (Figure 10a), there was an increase in fault activity across the depression, marked by the
initiation of the Ab'a and Akulle graben-bounding faults around 1.5 Ma. These structures strike parallel to the
Dabbahu-Manda-Harraro (DMH) magmatic segment (Figure 1), and form part of the developing linkage zone
between the RS and GoA rifts. In the southernmost extent of Central Afar, the Kalkle graben emerged in
proximity to the northern axis of the MER. Its orientation and relatively higher throw rate suggest that it ac-
commodates enhanced extension in the southern sector.

The Dobi graben fault system initiated around 1.0 Ma (Figure 10b), and rapidly evolved into the dominant
extensional structure, as evidenced by its high throw rates reaching up to 0.8 mm/yr (Figure 9b). Around
1.0-0.9 Ma, the eastern segment of the Immino graben also developed (Figures 4c, 9a, 10b). Although this segment
exhibits relatively low throw (R17, Figure 9b), its initiation allowed for the formation of the Immino graben's
arcuate geometry. The progressive change in fault strike from NW-SE in the western segment to E-W in the eastern
segment suggests structural reorientation associated with the rift linkage, which is indicative of active fault segment
linkage between the RS and GoA rifts. This faulting coincides with the onset and propagation of the continental
segments of the RS and GoA rift systems—the DMH and Asal magmatic segments (Acocella et al., 2008), sug-
gesting that our fault initiation chronology (Figure 10) is consistent with the broader rift dynamics.

Evolution of the linkage between the three major rift systems has generated various minor normal faults that form
grabens or crosscut the main graben systems. The age constraints we obtain in Figure 9a for the Akulle Graben
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Figure 10. Schematic map-view diagram illustrating the spatio-temporal evolution of the major graben systems in Central Afar between 3.0-0.5 Ma, as determined from
our geomorphic analyses. (a) Faults initiated between 3.0-2.0 Ma are shown across the map. The inset boxes highlight fault segment growth from 2.0-1.0 Ma (b)-(c)
Data overlaid on a global terrain topography base layer. (b) Fault activity from 1.0-0.5 Ma, with fault traces dotted and weighted by throw rate—thicker line indicates
higher throw rate. (c) Spatial distribution of earthquakes (>3.0 Mb) extracted from the NEIC Seismicity catalog between 1900-present day. Concentration of
earthquakes labeled with fault and magmatic segments to distinguish tectonic and volcanic contributions to seismicity. Data sourced from USGS (2025). (d) and

(e) Conceptual sketches illustrating the inferred distribution of active deformation within the rift linkage zone during stages (a) and (b), respectively. These sketches
represent the same geographical area shown in panels (a) and (b). The extensional grabens are based on the spatial patterns of fault initiation ages and throw rates derived
in this study, shown in Panels (a-b), and the gray rectangles denote zones of strike-slip faulting, locations derived from (Doubre et al., 2017; Pagli et al., 2019).

(R25, Figure 4e) show that more N-S trending faults (Figures 4a and 7a) have initiated later, around 1-0.5 Ma
(Figure 10b), which could be translated to the other minor perpendicular faults intersecting the Immino and Dobi
grabens. Faults parallel to the axis of the MER (Figures 4a, 7e and 7f) would have also formed after the generation
of the main graben basins, following the northward propagation of the NMER (Bonini et al., 2005; Wolfenden
et al., 2005).

5.3. Regional Implications for Rift Linkage Mechanisms

The Afar Depression is structurally complex, with the fault segments playing an important role in accommodating
the rift-related extension between the DMH and Asal magmatic segments (Acocella et al., 2008; Doubre
et al., 2017; La Rosa et al., 2022; Muluneh et al., 2024; Pagli et al., 2014, 2019). Analysis of fault throw rates
across the study area (Figure 9b) reveals spatial variability in the fault activity, indicating that the extension is
accommodated to different degrees by the major grabens. Notably, the throw rates progressively increase towards
the center of the linkage zone. Among the seven graben systems analyzed, the highest are concentrated in the
central part of the depression, specifically between the Immino, Dobi and Hanle grabens; of these, the Dobi has
the highest throw rates (Figure 9b). Consequently, we interpret that majority of the extension in Afar is localized
at the center of the lateral step between the DMH and Asal magmatic segments (Figure 10e). The Dobi Graben has
emerged as the dominant, active structure after 1 Ma, implying that most of the extension in Central Afar is
localized at the Dobi. Both, the spatial distribution of seismicity from the earthquake catalog data (Figure 10c) and
geodetic strain rates (La Rosa et al., 2022; Pagli et al., 2019) reveal a clear concentration of extensional strain in
Central Afar, primarily near the Dobi graben, independently supporting our interpretation of Dobi as the principal
locus of present-day deformation (Figure 10b; 10e). Our results complement the numerical modeling results
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produced by Muluneh et al. (2024), who have suggested that extension has progressively localized through time
towards the center of rift step-over zone.

Figure S1 in Supporting Information S1 presents a scatter plot comparing fault initiation ages (Ma) with corre-
sponding footwall relief (m) across the analyzed grabens. The data reveal a non-systematic relationship between
these two parameters—older grabens do not consistently exhibit greater relief, nor do younger ones necessarily
show lower topographic expression. When considered alongside Figure 9a, this pattern suggests that there is no
definite correlation between graben scale and initiation age. This implies that the graben development in the central
linkage zone is not synchronous; instead, grabens evolve progressively over time to accommodate the migrating
extension. Our results confirm that the linkage in Central Afar has been active for at least 3 Ma and the normal fault-
bound graben systems have formed as a result of the extension. From the graben age and throw rate relationships
(Figure 9), we see that the fault activity in Central Afar is dynamic and migrates. Individual graben systems initiate,
accommodate extension over 0.5-1 Ma timescales, and subsequently diminish in activity as the strain progressively
transfers to adjacent fault systems (Figures 10a and 10b). Overall, we show that the strain has focused towards the
center of the linkage zone (Figures 10d and 10e). Progressive fault activity migration and localization have been
documented across the Edward-George, Luangwa, and Malawi branches of the East African Rift system, where
fault activity increases as the rift evolves (Wedmore et al., 2022, 2024; Williams et al., 2022). Similar trends are
observed in the Corinth Rift, Greece, where fault throw rates vary and strain rapidly localizes over time reflecting
dynamic fault system evolution in response to ongoing extension (Nixon et al., 2016, 2024).

Our interpretation of fault linkage in Central Afar indicates that extension is primarily accommodated through the
development of en-echelon normal faults. This structural style differs from the traditional model of bookshelf
faulting (left-lateral strike-slip faults) previously proposed for Central Afar (e.g., Kidane et al., 2003; Manighetti
et al., 1998, 2001; Muluneh et al., 2013). Illsley-Kemp et al. (2018) outlined a range of mechanisms for strain
transfer and accommodation between linking rift segments, including asymmetric half-grabens (oblique defor-
mation), rotational shear zones, en-echelon vein arrays (bedrock faulting) and the formation of proto-transform and
pure strike-slip faults. They also highlight the role of overlapping magmatic rift segments within the linkage zone,
resulting in block rotation, and influencing fault architecture styles. In North Afar, Illsley-Kemp et al. (2018) and La
Rosaetal. (2021) show that deformation between propagating rift segments is accommodated by oblique fault slip
in a zone of diffuse strain transfer interpreted to be a proto-transform fault (Illsley-Kemp et al., 2018). Corti
et al. (2019), through an integrated approach combining numerical and analog modeling, remote sensing and
fieldwork investigated the Ririba Rift, Southern Ethiopia. They showed that interaction between the Ethiopian and
Kenyan rift segments began with propagation of the segments, which was later aborted. The linkage zone evolved
into a narrow zone of complex normal faulting with strain localization and stress-field rotation. Importantly, they
demonstrate that fault propagation and abandonment processes occur over <1.5 Ma timescales, consistent with the
fault age constraints we present in Figures 9 and 10. Our study thus contributes refined insights into the structural
evolution of the Central Afar rift linkage zone, supporting broader, regional models of continental rift development
wherein early distributed deformation transitions into focussed extension, and tectonic segments progressively
evolve to accommodate strain (Acocella et al., 2008; Brune et al., 2023; Neuharth et al., 2022). While these models
capture the diversity of rift linkage processes, our findings suggest a distinct structural evolution in Central Afar.
We observe the initiation and development of near-symmetric, normal fault bound graben systems as the dominant
method of accommodating extension due to rift linkage. This en-echelon faulting pattern, while consistent with
some aspects of previous models, reflects a distinct structural style of localized deformation, differing from
distributed strain and proto-transform faulting described in previous work.

6. Conclusions

In this study, we present structural constraints on the evolution timescales of seven major graben systems within
the rift linkage zone between the Red Sea and Gulf of Aden rifts in Central Afar, Ethiopia. By applying quan-
titative geomorphology techniques to 26 catchments crossing normal faults, we resolve the timing of graben
initiation to advance our understanding of rift linkage mechanisms in this zone of active continental rifting.

Using a landscape dynamics framework and stream power law analysis, we estimate the bedrock erodibility of the
Afar Stratoid Basalts to range between 5.67 x 1077 yr~! — 1.12 x 1076 yr~!. Knickpoint retreat metrics
coupled with the relationship between footwall relief and knickpoint elevation allow us to constrain the timing of
knickpoint generation, therefore the initiation of faulting. Using this data, we present a spatial model of fault
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segment evolution, revealing that (a) the linkage has been active in Afar for at least 3 Ma, and (b) the individual
grabens accommodate rift-related extension over 0.5-1.0 Ma timescales before the strain migrates towards the rift
axis along newer grabens in the center of the linkage zone.

Our analysis of fault throw rates further highlights a pronounced spatial gradient, with rates increasing towards the
center of the linkage zone. We show that all the graben systems are accommodating the extension to different
degrees, but the Dobi has the highest throw rates of 0.4—-0.8 mm/yr, implying that Dobi is the current locus of
major deformation. This finding demonstrates the dynamic nature of strain migration in rift linkage zones and
aligns with the current seismicity data, showing focus of current localization and activity primarily through the
center of the linkage zone. Our work also complements prior rift evolution geodynamic numerical models. This
study also shows that the rift linkage in Central Afar primarily occurs through the development of en-echelon,
normal fault bound graben systems, with localized extension, differing from previously proposed linkage models
rift segment overlap and bookshelf faulting proposed for the area.

By integrating geomorphic metrics with structural analysis, this work provides a novel, structural based frame-
work for quantifying fault evolution and understanding strain localization in complex continental rift systems.
Our results offer critical insights into the spatio-temporal dynamics of rift propagation, with broader implications
for understanding the mechanics of plate boundary zones.
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years ago [Dataset]. In Communications Earth and Environment. Zenodo. https://doi.org/10.5281/zenodo.
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