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Abstract The Afar region in East Africa represents a key location to study continental breakup. We
present an integrated structural analysis of the Western Afar Margin (WAM) aiming to better understand
rifted margin development and the role of plate rotation during rifting. New structural information from
remote sensing, fieldwork, and earthquake data sets reveals that the N‐S striking WAM is still actively
deforming and is characterized by NNW‐SSE normal faulting as well as a series of marginal grabens.
Seismicity distribution analysis and the first‐ever borehole‐calibrated sections of this developing passive
margin show recent slip concentrated along antithetic faults. Tectonic stress parameters derived from
earthquake focal mechanisms reveal different extension directions along the WAM (82°N), in Afar (66°N)
and in the Main Ethiopian Rift (108°N). Fault slip analysis along the WAM yields the same extension
direction. Combined with GPS data, this shows that current tectonics in Afar is dominated by the local
rotation of the Danakil Block, considered to have occurred since 11 Ma. Earlier stages of Afar development
(since 31–25 Ma) were most likely related to the large‐scale rotation of the Arabian plate. Various authors
have proposed scenarios for the evolution of the WAM. Any complete model should consider, among
other factors, the multiphase tectonic history and antithetic fault activity of the margin. The findings of this
study are not only relevant for a better understanding of the WAM but also provide insights into the role of
multiphase rotational extension during rifting and passive margin formation in general.

Plain Language Summary The Earth's continents are in gradual but perpetual motion, driven by
large plate tectonic forces in the Earth's deep interior. A crucial process is the stretching and breaking up of
continents, initially forming localized rift or graben depressions, followed by the opening of a new ocean
flanked by the margins of the newly divided continents (passive margins). Rifts and passive margins are
important because of their vast resource potential (e.g., oil, gas, geothermal energy), but pose also severe
risks (volcanism, earthquakes, and landslides) since they are often home to large populations.
We focus on the Western Afar Margin in Ethiopia, where the African continent is currently splitting apart,
providing a unique research opportunity. In the framework of an international collaborative effort, we
combined satellite imagery, topography data, field observations, GPS, and earthquake measurements in
order to map out the present‐day geology and tectonic activity along the margin.
Our results show the complexity of tectonic plate movements: We find evidence for two phases of
continental stretching in Ethiopia that both involve the rotation of tectonic plates. We also observe active
faulting, which may help to assess seismic risks in the area. Our study helps to better understand passive
margins worldwide.

1. Introduction
1.1. Rifting and Rotational Extension

Extension of the lithosphere, leading to rifting and breakup of continents is an integral part of the global
plate tectonic system, and a thorough understanding of the processes involved is of great interest for scien-
tific, economic, and societal reasons. Rifts and passive margins hold extensive sedimentary archives contain-
ing crucial information regarding global change, as well as vast resource potential (e.g., oil, gas, geothermal
energy), but pose also severe risks in the shape of volcanism, earthquakes, and (submarine) landslides,
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especially since these areas of the world are often home to large populations (e.g., Brune, 2016; Catuneanu
et al., 2009; Davison & Underhill, 2012; Haq et al., 1987; Kirschner et al., 2010; Levell et al., 2011; Zou
et al., 2015). However, a common challenge to researchers is that once breakup occurs and passive
margins are formed, the remnants of the once active continental rift are often situated offshore and
mostly covered by thick (postrift) sedimentary sequences (e.g., Argent et al., 2000; Straume et al., 2019).
Hence, the Afar region in East Africa represents a unique opportunity to study extensional processes and
associated structures (e.g., fault geometries and kinematics); it contains active rifts in various stages of
maturity, from initial continental rifting to continental breakup, oceanic spreading, and passive margin for-
mation, all accessible onshore (e.g., Illsley‐Kemp, Bull, et al., 2018; Varet, 2018; Figure 1).

The Afar region is of further interest due to the occurrence of rotational rifting related to the anticlockwise
pivoting of the Arabian plate (e.g., ArRajehi et al., 2010; Bellahsen et al., 2003; Smith, 1993, Figure 1). A com-
mon simplification is, namely, that rifting involves constant along‐strike extension conditions (e.g.,
Vink, 1982). Yet in natural rifts, deformation rates often change along‐axis due to plate rotation about an
Euler pole (e.g., Martin, 1984; Muluneh et al., 2013; van der Pluijm & Marshak, 2004; Zwaan, Schreurs, &
Rosenau, 2020). Recent analogue and numerical modeling studies show that such rotational plate motion
strongly affects the development and allows propagation of rifting and continental breakup on regional to
global scales (e.g., Molnar et al., 2017, 2018; Mondy et al., 2018; Zwaan, Schreurs, & Rosenau, 2020). The
development of the Gulf of Aden and Red Sea rifts is a prime example, where extension rates double over
every 1,000 km (ArRajehi et al., 2010, Figure 1, see section 1.2). The Afar region thus provides a unique nat-
ural laboratory to study the effects of rotational tectonics on rifting and passive margin development.

1.2. Geology of Afar

Afar forms a triangular depression near and partially below sea level, between the Ethiopian and Somalian
Plateaux to the west and south and the Danakil and Ashia Blocks to the NE and east (Figures 1 and 2). It is an
area of highly extended crust, 25 to 15 km thick from south to north, compared to the 40 km thick crust
below the Ethiopian Plateau (Hammond et al., 2011; Makris & Ginzburg, 1987). From the north, the Red

Figure 1. (a) Tectonic setting of Red Sea‐Afar‐Gulf of Aden rift system (modified after Bosworth, 2015). Note the
westward decreasing width of the oceanic crust as a result of the rotation of the Arabian plate. AF: Alula‐Fartaq
fracture zone, CR: Carlsberg Ridge, GoS: Gulf of Suez, OFZ: Owen Fracture Zone. Red arrows represent GPS velocities
from ArRajehi et al. (2010) and indicate counterclockwise rotation of the Arabian plate. (b) Timeline of main tectonic
events in the Red Sea‐Afar‐Gulf of Aden rift system (see text for details). GoA: Gulf of Aden, MER: Main Ethiopian Rift,
MS: Magmatic segments. Modified after Zwaan, Corti, Keir, & Sani (2020).
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Sea rift axis steps into the Danakil Depression at the Gulf of Zula and extends to the SE through a number of
offset rift basins. The Gulf of Aden rift axis enters Afar from the east at the Gulf of Tadjura (e.g., Makris &
Ginzburg, 1987; Manighetti et al., 1998, 2001). To the south and separated from the Red Sea and Gulf of
Aden system by the Tendaho‐Goba'ad Discontinuity (TGD), the Ethiopian Rift forms the third branch of
the current Afar triple junction (Wolfenden et al., 2004).

Figure 2. (a) Afar Depression in East Africa and the location of the Western Afar Margin (WAM). Red dots indicate his-
toric earthquakes from the 1970–2018 NEIC earthquake catalog. Focal mechanisms are derived from the CMT catalog.
AB: Aisha Block, DB: Danakil Block. DD: Danakil Depression, DS: Dabbahu segment, TGD: Tendaho–Goba'ad
Discontinuity. Topography is derived from ASTER data (90 m resolution). (b) Sections A‐A′ and B‐B′, illustrating the
difference in structural style between (A‐A′) the Western Afar Margin (WAM) and (B‐B′) the Southern Afar Margin
(SAM). The former is dominated by antithetic faulting (towards the plateau) and associated marginal grabens, whereas
the latter is characterized by synthetic (basinward) faulting. Section locations are indicated in (a). Image modified after
Corti et al. (2015) and Beyene and Abdelsalam (2005).
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The formation of the Afar Depression is associated with two large‐scale processes: the rotation of the
Arabian plate with respect to the Nubian/African plate and the emplacement of a thermal mantle anomaly
beneath the continental lithosphere (Figure 1b). Prior to rifting (around 40–30 Ma) a mantle plume is
thought to have impacted the lithosphere below Afar (e.g., Rooney, 2017 and references therein). In Afar,
this caused an intense flood basalt event at 30 Ma (Hoffmann et al., 1997), the remains of which (Trap series)
are found in large parts of Ethiopia and Yemen (e.g., Bosworth et al., 2005; Mohr, 1983a, Figure 1a). The out-
pouring of most of these basalt flows took place within a ca. 1 Myr period and covered the preceding
Oligocene laterite surface with up to 2 km of volcanics (Abbate et al., 2015; Hoffmann et al., 1997;
Mohr, 1983a). Meanwhile, rifting started in the eastern parts of the Gulf of Aden at ca. 35 Ma (Leroy
et al., 2010; Purcell, 2017 and references therein) related to the counterclockwise motion of the
Arabian plate about a rotation pole currently positioned near 31.7°N, 24.6°E (ArRajehi et al., 2010;
Bellahsen et al., 2003; McKenzie et al., 1970). Ongoing divergence of the Arabian plate caused rift pro-
pagation towards Afar around 26–31 Ma (Ayalew et al., 2006; Wolfenden et al., 2005) and subsequently
to the Red Sea at ca. 23 Ma (Szymanski et al., 2016), creating a continuous L‐shaped rift zone bordering
the southern edges of the Arabian plate (Bosworth, 2015; Bosworth et al., 2005). Oceanic spreading in
the easternmost Gulf of Aden was established around 17.6 Ma or even 20 Ma (D'Acremont et al., 2006;
d'Acremont et al., 2010; Fournier et al., 2010; Leroy et al., 2010; Manighetti et al., 1997) and reached the
western Gulf of Aden around 10 Ma (Figure 1a), whereas oceanization in the Red Sea started around
5 Ma (e.g., Augustin et al., 2014; Bosworth et al., 2005; Cochran, 2005) or possibly as early as 12 Ma
(Izzeldin, 1987). Afar has however not reached complete breakup so far, reflecting a more complex local
geological history (Figure 1).

The formation of the Southern Afar Margin (SAM) probably started at ca. 24 Ma (Bosworth et al., 2005,
Figure 2). Along the Western Afar Margin (WAM), rift‐related volcanism and geomorphology indicates that
extension simultaneously initiated in the north between 26 and 31Ma andmigrated to the south until 11 Ma
(Ayalew et al., 2006; Tesfaye & Ghebreab, 2013; Wolfenden et al., 2005; Zanettin & Justin‐Visentin, 1975).
Around that time the Danakil Block, a continental sliver that was part of the stretched Red Sea/Afar rift zone
(Collet et al., 2000; Morton & Black, 1975; Redfield et al., 2003; Stab et al., 2016), started a counterclockwise
rotation (Eagles et al., 2002; McClusky et al., 2010; Sichler, 1980). This rotational motion is associated with
the formation of the Danakil Depression, the current rift axis in northern Afar, which together with the par-
allel Red Sea trend forms a system of overlapping rift axes (Mohr, 1972, Figures 1a and 2). Simultaneously,
the Aisha Block began a clockwise motion (Kidane, 2015), possibly due to the propagating Gulf of Aden rift
system. The northern part of the currently still continental Main Ethiopian Rift was formed around 11 Ma
(DeMets &Merkouriev, 2016; Wolfenden et al., 2004) due to the eastward motion of the Somalian plate with
respect to the Nubian plate and by linking up with the Red Sea and Gulf of Aden system, thus establishing
the present Afar triple junction (Figures 1a and 2).

At around 2 Ma deformation in Afar, which had over time gradually shifted from the rift margins into the
depression, became strongly localized along narrow segments in the axial portion of the rift valley floor
(e.g., Wolfenden et al., 2005). Here extension is accommodated primarily by episodic diking rather than pure
faulting (e.g., Barnie et al., 2015; Hayward & Ebinger, 1996; Medynski et al., 2016; Wright et al., 2006). These
active magmatic segments, referred to as Axial Volcanic Ranges in Afar and Wonji Fault belt along the axis
of the MER (e.g., Barberi et al., 1972; Dumont et al., 2019; Mohr, 1967), create significant seismicity
(Figure 2a) and are considered to represent embryonic spreading centers heralding imminent breakup
(e.g., Ayalew et al., 2019; Barberi et al., 1970; Barberi & Varet, 1977).

Most recent scientific studies concerning Afar tend to focus on the development and interaction of the axial
magmatic segments, as well as the associated continental breakup processes (e.g., Dumont et al., 2019; Pagli
et al., 2019). In contrast, the parts of Afar that represent (future) passive margins and thus provide unique
research opportunities (i.e., the SAM and WAM, Figure 2) receive relatively little attention, partially due
to the often challenging geographical, climatological, and political conditions in Ethiopia and Eritrea (e.g.,
Fazzini et al., 2015; Varet, 2018; Williams, 2016). The focus of this paper lies on the structural geology of
the Western Afar Margin (WAM), and our aim is to provide an up‐to‐date detailed structural interpretation
of the area by bringing together data from previous publications, regional mapping, well logs, earthquake
surveys and recent fieldwork, and fitting these data in a regional tectonic framework.
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1.3. The Western Afar Margin

The ca. N‐S striking WAM represents a sharp transition in both topography and crustal thickness from the
Ethiopian Plateau to Afar over a distance of 50–100 km (Figure 2). Altitudes on the plateau reach as high as
4 km, whereas Afar lies near and even below sea level in the north. Crustal thickness reduces from 40 km
beneath the plateau to 25 km beneath southern and central Afar and to 15 km beneath the Danakil
Depression (Hammond et al., 2011).

The lithology of the WAM can be divided in six main units, separated by planation surfaces that reflect the
geological history of the Afar region (Abbate et al., 2015; Coltorti et al., 2007, 2015, Figure 3a). The oldest
rocks are found in the north and belong to the Precambrian (Neoproterozoic) metamorphic basement, con-
taining a structural grain inherited from the Panafrican orogeny (e.g., Collet et al., 2000; Drury et al., 1994;
Ghebreab & Talbot, 2000). Near the city of Mekele, modest occurrences of Paleozoic sandstones and

Figure 3. (a) Geological map of the WAM. Modified after Arkin et al., 1971; Kazmin (1972), Barberi et al. (1972) and
Kazmin et al. (1978). (b) Distribution of marginal grabens along the Western Afar Margin (WAM). The dotted boxes
indicate the locations of detailed maps presented in Figures 5 and 7–9.

10.1029/2019TC006043Tectonics

ZWAAN ET AL. 5 of 25



glacial deposits occur (Arkin et al., 1971). The next unit consists of Triassic Adigrat sandstones and Jurassic
limestones that are abundant in the Mekele basin (Alemu et al., 2018; Arkin et al., 1971; Beyth, 1972).
Cretaceous deposits are only outcropping in the SW where the Blue Nile cuts deep into the Ethiopian
Highlands (Gani et al., 2007; Kazmin, 1972). At about 13°N, a distinct lithological divide occurs between
the north, where Precambrian‐Jurassic units crop out, and the south, where Oligocene‐Miocene Trap basalts
predominantly cover the Ethiopian Plateau and WAM. Patches of these lava flows are also present in the
north, suggesting that their preerosion extent was significantly larger (e.g., Mohr, 1983a; Mohr &
Zanettin, 1988). Extensive Miocene‐present sedimentary and volcanic infill (among which the
Pliocene‐Quaternary Stratoid units, Barberi & Santacroce, 1980) forms the most‐recent unit and covers the
Afarfloor, but has also accumulated in depressions along theWAMand on the Ethiopian Plateau (Figure 3a).

The structural style of the WAM is characterized by a number of notable features. Firstly, faulting along the
margin is generally considered to be dominantly antithetic (i.e. dipping away from the Afar rift basin; e.g.,
Abbate & Sagri, 1969; Baker et al., 1972; Mohr, 1983b; Stab et al., 2016; Wolfenden et al., 2005, Figure 2b).
As a result, fault blocks seem to be increasingly tilted towards Afar as indicated by increasing dips of the
Trap basalt layers and rotated dikes, in a system which has been described as “flexure” of the crust into
Afar (Abbate & Sagri, 1969). Furthermore, a series of faulted basins, referred to as “marginal grabens,”
(Mohr, 1962) align along the WAM (Figures 2 and 3). These grabens, (partially) filled with
Pliocene‐Recent sediments (Abbate et al., 2015; Chorowicz et al., 1999), are associated with the dominant
antithetic style faulting, a situation that is in contrast to the SAM and Yemenmargin, of which the bordering
plateaus have very similar altitudes, but faults are considered to be dominantly synthetic (i.e., dipping basin-
ward, Baker et al., 1972; Berhe, 1985, 1986; Beyene & Abdelsalam, 2005, Figure 2b). Where antithetic fault-
ing occurs along the SAM or Yemen, no marginal grabens have developed (Berhe, 1985, 1986; Davison
et al., 1994, 1998; Geoffroy et al., 1998; Tesfaye et al., 2003). Terminology and toponymy in the area are often
confusing since authors regularly use different names and spelling, due to changing political realities and the
difficulties in translating local names in Latin script (Gouin, 1979; Williams, 2016). In this work, we follow
and refine the marginal graben nomenclature established by Zwaan, Corti, Keir, & Sani (2020) (Figure 3b,
see also the supplementary material: Zwaan, Corti, Sani, et al., 2020).

Another important feature is the presence of ongoing seismic activity along the WAM. Most earthquakes in
the region are concentrated along the rift axes of the Red Sea, Gulf of Aden, central Afar and the MER (e.g.,
Illsley‐Kemp et al., 2017; Illsley‐Kemp, Bull, et al., 2018; Illsley‐Kemp, Keir, et al., 2018; Tesfaye &
Ghebreab, 2013, Figure 2a). Someminor activity is registered at the SAM as well, but a significant proportion
of the region's seismicity is recorded along the whole of the WAM (e.g., Ayele et al., 2007; Craig et al., 2011;
Goitom et al., 2017; Gouin, 1970, 1979; Hofstetter & Beyth, 2003; Illsley‐Kemp, Keir, et al., 2018, Figure 2a).
Historical accounts describe devastating earthquakes along the margin and as recent as 1961 a series of
earthquakes with magnitudes up to 6.4 struck Korakore, causing significant damage in the area
(Gouin, 1979, Figure 2a). The ongoing activity shows that WAM is not a true passive margin yet (Corti
et al., 2015; Zwaan, Corti, Keir, & Sani, 2020).

2. Methods

We use three different approaches in order to obtain new data for an integrated structural interpretation of
theWAM and adjacent parts of Afar, involving (1) analysis of earthquake data sets to quantify current defor-
mation in the region, and to characterize active faults, (2) large‐scale structural mapping by means of geo-
morphological analysis, and (3) new field data as well as unique well logs collected at key locations in the
study area to verify and refine the structural interpretation. These methods are described in more detail
below, and extensive supplementary material is publicly available in the form of a GFZ Data Publication
(Zwaan, Corti, Sani, et al., 2020).

2.1. Seismicity Analysis

Earthquake data help to visualize ongoing tectonic activity in the area. We consider data from various
sources. Firstly, the National Earthquake Information Centre (NEIC) catalog (849 earthquakes since 1973,
https://earthquake.usgs.gov) which is complete above magnitudes of ca. M4, and hypocenter positions have
error bars of ca. +/− 20 km. We combine the NEIC catalog with focal mechanism data (99 events from the
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Global Centroid Moment Tensor (CMT) Project catalog; Dziewonski et al., 1981; Ekström et al., 2012,
https://www.globalcmt.org), to obtain a coarse impression of the large‐scale tectonics in Afar (Figure 2).

For more detailed analysis, we use high‐resolution data from the study area. We use the local earthquake
catalogs from Ebinger et al. (2008), Keir et al. (2006, 2009), Belachew et al. (2011), and Illsley‐Kemp, Keir,
et al. (2018) with a total of 13,499 events from the period 2001–2013. These catalogs together provide coverage
of large parts of the WAM with a magnitude of completeness of a little above ML2 and were used to compute
spatial variations in seismic moment release (SMR) of the area. Furthermore, the extraction of T‐axes using
earthquake focal mechanisms from the NEIC catalog as well as the Keir et al. (2006) and Illsley‐Kemp, Bull,
et al., (2018), Illsley‐Kemp, Keir, et al., (2018) surveys provides an insight of ongoing fault slip style and
direction.

In order to better resolve the locus of faulting and subsurface fault geometry of theWAM, we used the earth-
quake data sets of Belachew et al. (2011) and Illsley‐Kemp, Keir, et al. (2018). To homogenize our earthquake
data set, we relocated the Belachew et al. (2011) catalog using NonLinLoc and the same velocity model as
applied by in Illsley‐Kemp, Keir, et al. (2018). From this now standardized and combined data set, we use
a selection of 3,689 earthquakes with epicenter location error bars of +−5 km or less in three dimensions
(xyz) for subsequent structural analysis plotted in both map and section view using Generic Mapping
Tools (GMT, http://gmt.soest.hawaii.edu/).

2.2. Structural Mapping

Mapping of the structures within the study area was predominantly carried out through geomorphological
analysis in QGIS (www.qgis.org). Detailed (30 m resolution) Shuttle Radar TopographyMission (SRTM) and
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital topography data from
NASA and METI (https://earthexplorer.usgs.gov) provide an excellent basis for structural mapping, espe-
cially due to the dry climate preserving fault‐related topography in the area (e.g., Chorowicz et al., 1999;
Fazzini et al., 2015). Satellite images and the possibility to observe these in 3D in Google Earth Pro allow
additional quality control and the identification of other features such as dikes and tectonic lineaments.
Criteria for a proper fault interpretation include the presence of layering in the hanging wall, the general
shape of tilted fault blocks, and the apparent presence of a fault plane. Especially the pre‐rift Trap basalts
are of great interest, as they provide a pre‐rift subhorizontal reference that allows us to recognize syn‐rift
deformation.

2.3. Field and Well Data Collection

A recent field campaign along theWAMprovided a crucial opportunity to ground truth the large‐scale struc-
tural interpretation acquired through the methods described in sections 2.1 and to gain further insights in
the associated tectonic regime. Since fault measurements are available from the northernmost (Buia area,
Sani et al., 2017) and the southern sections of the margin (Robit and Borkenna grabens, Chorowicz
et al., 1999), we focused our efforts on the central part of the WAM, between Berhale to the north and the
Karakore Fault in the south (Figure 3b). We visited various key locations, that is, outcrops along interpreted
faults, to collect fault data (fault strike, dip direction, pitch, and sense of fault slip). Additional field data were
collected during a second campaign in the northernmost WAM in Eritrea, where N‐S trending faults offset-
ting the Dandiero basin sedimentary infill were measured. Analysis of fault data with Wintensor (Delvaux &
Sperner, 2003) was performed in order to determine fault characteristic and the stress field under which they
developed.

Furthermore, the first‐order geomorphological observations made along the margin during both field
campaigns are highly valuable for assessing fault activity. We also collected unique well logs from irrigation
projects near the towns of Mehoni, Alamata, and Kobo in the agriculturally important Kobo graben (Tadesse
et al., 2015; Zwaan, Corti, Sani, et al., 2020, Figure 3) that allow the construction of the first‐ever borehole‐
calibrated structural profiles of the WAM.

3. Large‐Scale Earthquake Analysis
3.1. Earthquake Distribution and SMR

Plotting all available data from the Keir et al. (2006), Belachew et al. (2011) and Illsley‐Kemp, Keir,
et al. (2018) earthquake catalogs shows intense seismic activity along the rift axes in Afar (Figure 4a).
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Here, a distinct right‐stepping zigzag pattern emerges, connecting the Danakil rift axis to the north with the
Dabbahu segment to the south, perhaps marking structures that transfer strain between both rift axes (e.g.,
Dumont et al., 2019). Less continuous patches of recorded earthquakes to the south indicate the location of
theMER (Figure 4a). Note however, the significant number of seismic events along the sigmoidal trace of the
whole WAM, which are most concentrated between ca. 12.5°N and 14°N (Figure 4a).

Figure 4. Large‐scale earthquake analysis. (a) Map of combined earthquakes from the Keir et al. (2006), Belachew et al. (2011) and Illsley‐Kemp, Keir, et al. (2018)
datasets (survey periods: 2001–2003, 2007–2009 and 2011–2013, respectively). Focal mechanisms are from the CMT database, Keir et al. (2006), Illsley‐Kemp, Bull,
et al. (2018), and Illsley‐Kemp, Keir, et al. (2018). (b) Seismic moment release (SMR) map of the WAM and nearby Afar, produced with the earthquake data
presented in (a). (c) Tectonic stress parameters revealing current extension directions along the Western Afar Margin (WAM), in Afar and along the Main
Ethiopian Rift (MER) derived from the earthquake focal mechanisms presented in (a). The general results of the calculation are shown in (d). Background
topography is derived from ASTER data (90 m resolution). Map locations shown in Figure 2a.
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Although a lower number of earthquakes are recorded in the southern sectors of the WAM due to a lack of
seismic stations there, the calculated seismic moment release (SMR) does not show a significant decrease in
energy (Figure 4b). This is consistent with the fact that some of the major earthquakes in (recent) Ethiopian
history occurred in the southernmost sectors of the WAM, near Ankober and Karakore (Gouin, 1979,
Figure 2b). We also clearly observe a high concentration of seismic moment release along the various rift
axes in Afar (Figure 4b). Calculations by Illsley‐Kemp, Keir, et al. (2018) have shown that these account
for 2/3 of the energy release in the Danakil rift axis, whereas the WAM takes up the remaining third in
the region north of 12.5°N. Our data now confirm this distribution for the whole WAM.

Figure 5. Detailed maps of (a) the Buia graben and (b) Garsat graben. AAR: Abala‐Raya Ridge, EAF: East Abala Fault, BM: Belekiya Mountains, WAF:
West Abala Fault, WB: Wikro Basin WDS: Wikro Dike Swarm. Note the crescent‐shaped depression at NE edge of the Garsat graben, which Chorowicz
et al. (1999) interpret as a slope collapse structure. Earthquakes are shown by yellow circles, scaled for magnitude, interpreted faults by white lines. Background
topography is derived from ASTER data (90 m resolution). For locations, see Figure 3b. (c) Two contrasting structural interpretations for the SE Garsat graben
margin, S1 being the interpretation by Kazmin et al. (1978) involving a faulted contact, whereas Williams (2016) proposes a halfgraben architecture with a
sedimentary contact on the basis of data from Garland, (1980) (S2). Hagos et al. (2016) and Le Gall et al. (2018) support the latter option. (Approximate) section
locations are indicated in (b).
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3.2. Tectonic Stress Calculation From Focal Mechanisms

Earthquakes are a manifestation of a region's tectonic stress field. However, the nonlinear interaction
between the stress field and frictional slip on fault planes means it is difficult to draw inferences regarding
stress field orientation from individual earthquake focal mechanisms. We separate focal mechanisms from
Keir et al. (2006), Illsley‐Kemp, Bull, et al. (2018), and Illsley‐Kemp, Keir, et al. (2018), and the CGMT data-
base, into geographically distinct regions. We then use a Bayesian method of stress parameter estimation
(Arnold & Townend, 2007), which accounts for errors in nodal plane parameters, to infer tectonic stress
parameters for each region. This provides us with a quantitative measure of the current extension direction
along the WAM and the adjacent Afar (Figure 4c). The WAM north of 10.5°N is characterized by a ca.
WSW‐ENE extension, of which the cluster east of Mekele provides a statistically significant mean S3
(Smin) strike of 82°N (Figures 4c and 4d). South of 10.5°N, the S3 orientation indicates an east‐west

Figure 6. Detailed maps of (a) Kobo‐Raya‐Teru area and (b) zoom in on the Kobo graben. AF: Abdera Fault, ARR: Abala‐Raya Ridge, AsB: Ashenge basin, BF:
Bariye Fault, EAF: East Abala Fault, KHAZ: Kobo‐Hayk Accommodation Zone, MaF: Manu Fault, MeF: Mehoni Fault, MF: Mersa Fault, PPM: Pierre Pruvost
Massif, RKAZ: Raya‐Kobo Accommodation Zone; SF: Solaka Fault, W.: Weldiya (town), WAF: West Abala Fault, WeF: Weldiya Fault, WPF: West Plateau
Fault. Earthquakes are shown by yellow circles, scaled for magnitude, interpreted faults by white lines. Background topography is derived from ASTER data
(90 m resolution). For location, see Figure 3b. (c, d) Well‐controlled sections S3 and S4 through the northern and southern sectors of the Kobo graben, respectively.
See (b) for well locations, indicated by crosses. Well data are provided in the supplementary material (Zwaan, Corti, Sani, et al., 2020).
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extension near Karakore and a more WNW‐ESE extension where the margin aligns with the MER. Here, S3
has a statistically significant mean trend of 108°E (Figures 4c and 4d). At the Dabbahu segment and along
the Danakil rift axis in Afar, extension is slightly more to the NE (66°N) compared to the WAM (mean
extension direction: 82°N, Figures 4c and 4d), which is in agreement with the ca. 60°N extension at the
Danakil axis reported by La Rosa et al. (2019).

Figure 7. Detailed maps of (a) the Hayk graben area, (b) the Borkenna graben, and (c) the Arcuate Accomodation Zone and Robit graben. AAZ: Arcuate
Accommodation Zone, AtF: Ataye Fault, AnF: Ankober Fault, DBAZ: Dessie‐Bati Accommodation Zone, Kg: Kombolcha graben, KHAZ: Kobo‐Hayk
Accommodation Zone, KKB: Karakore basin, KF: Kombolcha Fault, KKF: Karakore Fault, LC: Lake Caddabassa, Lhr: Lake Haribo, LHy: Lake Hayk, MB: Mersa
basin, SeB: Senbete basin, ShB: Sheba basin, WiB: Wichale basin. Earthquakes are shown by yellow circles, scaled for magnitude, interpreted faults by white lines.
For location, see Figure 3b.
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4. Structural Mapping

Detailed maps of every marginal graben area are presented in Figures 5–7, we show the results of detailed
earthquake‐based fault interpretation in Figure 8, and a general overview of interpreted faults along the
WAM are provided in Figures 9a and 9b. The main points of this mapping effort are laid out below, but
an exhaustive description of the characteristics of theWAM is made available in the supplementary material
(Zwaan, Corti, Sani, et al., 2020).

Figure 8. (a) Detailed analysis of the southern Garsat basin/Wikro graben area. Earthquakes shown are a selection from the Illsley‐Kemp, Keir, et al. (2018) seis-
mic survey and relocated dataset from Belachew et al. (2011) (selection criteria: xyz error margins ≤10 km). Gray focal mechanisms are derived from the CMT
database, the black focal mechanism from the Illsley‐Kemp, Keir, et al. (2018) catalog. ARR: Abala‐Raya Ridge, EAF: East Abala Fault, WAF: West Abala Fault,
WDS: Wikro Dike Swarm, WG: Wikro graben, WGF: Wikro graben Fault. Earthquakes are shown by yellow circles, scaled for magnitude, interpreted faults by
white lines. (b‐f) Five E‐W sections (Q1‐5) showing earthquake clusters indicating active faults (gray lines) and how these may relate to faults visible at the surface
(dotted lines). Earthquake swoop width is 6 km as indicated by the boxes on both sides of the map. For location, see Figure 5b. Topography is derived from ASTER
data (90 m resolution).
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Figure 9. Overview of structural interpretation of the Western Afar Margin (WAM) as derived from DEM and satellite image analysis, as well as the assessment of
novel and published field data. (a) WAM fault map as derived from satellite image and topography analysis. Interpreted faults are depicted with thin white lines,
whereas thick white lines indicate recently active faults. (b) Combined fault kinematic analysis (data from Chorowicz et al., 1999; Sani et al., 2017 and new
fieldwork) providing the extension directions of all points along the WAM. (c) Distribution of well‐localized seismic events (of ≤ + −5 km in xyz directions) from
our combined earthquake survey and recently active faults, as well as rift axes in Afar. Thick white lines indicate active faults/rift axes. Dotted lines indicate
potential transverse structures (e.g., reactivated basement lineaments or rift linkage zones). Background topography is derived from ASTER data (90 m resolution).
(d) Quantification of fault orientations along the WAM. (e) Quantification of extension directions derived from fault measurements.
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4.1. Fault and Marginal Graben Trends

Although the WAM is aligned north to south, the numerous normal faults we mapped along the margin
display a dominant NNW‐SSE strike (Figures 5–7, 9a, and 9d). The exception to this is the southernmost
part of the WAM, below ca. 10.5°N, which shows clear fault realignment with the NNE‐SSW striking
Main Ethiopian Rift (Figures 7b, 7c, and 9a). Naturally, the marginal grabens follow the same trends,
and the discrepancy between the general fault alignment and the WAM orientation is accounted for
by the presence of various accommodation zones between the marginal grabens. These accommodation
zones come in different forms. A minor but well‐defined NNE‐SSW graben (Dandiero basin) forms the
connection between the Buia and Garsat grabens (Figures 5a and 5b). By contrast, the latter is linked to
the Abala graben through an NNE‐SSW area of rather chaotic topography (Figure 5b). Between the
Abala, Raya, Teru, and Kobo grabens lie various ridges with different orientations (Figure 6a). The
Teru graben represents an anomaly in that it opens into Afar and is somewhat out of sync with the gen-
eral right‐stepping arrangement (Figure 6a). The northern part of the Hayk graben diverts towards the
west, away from the Kobo graben into the Ethiopian plateau, creating a type of overlapping graben zone
(Figure 6a). To the south, the Hayk graben transitions into the complex Desi‐Bati Accomodation Zone
through which it links with the Borkenna graben (Figures 7a and 7b). The latter at its southern tip sees
the faults diverting to N‐S and then NNE‐SSW over the Arcuate Accomodation Zone that connects the
WAM with the Main Ethiopian Rift (Tesfaye et al., 2003, Figure 7b). Here, a second set of faults follows
an opposite curve from SSW‐NNE to NNW‐SSE, giving an “hourglass” shape in map view, possibly
marking the initial location of the SW tip of the Arabian Peninsula before Afar rifting (Tesfaye
et al., 2003). This transition from the Borkenna to Robit graben through the Arcuate Accomodation
Zone is rather gradual (Figures 7c and 7d).

The type of faulting we observe by means of topography analysis is in general agreement with previous con-
cepts, that is, synthetic escarpment faults west of the marginal grabens and numerous antithetic faults and
small tilted fault blocks to their east (Figures 2b, 5–7, and 9). The latter are however much better defined in
the southern parts of theWAM,where the Trap basalts are preserved (Figure 3a). In the northern areas (Buia
to Raya/Teru grabens), where these basaltic units are removed by erosion (Bosworth et al., 2005;
Mohr, 1983a), no clear pervasive antithetic faulting is observed (Figures 5 and 6a).

4.2. Constraints on Recent Fault Activity

Fault morphology provides an impression of fault activity, as fresh, uneroded fault scarps indicate recent dis-
placement, which we complement with detailed seismicity analysis using earthquake data with <10 km
hypocenter error margins, as well as information form boreholes. In the Buia graben, both the western
and eastern boundary faults are well‐defined (Figure 5a), where the former displaces large Quaternary fan
systems (Abbate et al., 2004; Sani et al., 2017). The clear slope breaks along the Garsat graben indicating
recently active faults (Figure 5b), although the nature of the eastern graben edge is elusive (fault or sedimen-
tary contact? Figure 5c). No field measurements are available due to the highly erodible schisteous lithology
characterizing the basement units (Barberi et al., 1972; Kazmin, 1972; Kazmin et al., 1978, Figure 3a).
Well‐localized earthquake data in the northernmost part of the WAM (Buia‐Garsat) are limited and concen-
trated along the Danakil axis.

The chaotic zone separating the Garsat and Abala grabens, as well as in the Abala graben itself contain suf-
ficiently concentrated high‐quality earthquake data for detailed fault interpretation (Figure 8a). We plot the
events on E‐W sections (Q1–5, Figure 8), projecting seismicity from 3 km either side of the profile
(Figure 8a). The plots reveal seismicity defining a number of antithetic faults, yet these faults are not always
associated with the apparent rift boundary faults in the area (Figures 8b–8f). Our analyses improve upon pre-
vious interpretations (Illsley‐Kemp, Keir, et al., 2018) and better define the active antithetic fault systems.
Section Q1 shows an antithetic fault that may be the eastern boundary fault of the small Wikro graben, as
well as some other minor antithetic faults (Figures 8a and 8b). Also section Q2 shows clear antithetic fault-
ing, potentially a continuation of the Wikro Graben Fault from Q1 (Figures 8a and 8b). More to the south in
section Q3, the Wikro Dike Swarm seems inactive, yet a possible antithetic fault occurs east of it (Figure 8d),
representing a southward continuation of the Wikro Graben seismicity into the zone east of the Abala gra-
ben (Figure 8a), also seen in section Q4 (Figure 8e). Section Q4 captures the East Abala Fault, which is
aligned with the dominant eastern boundary fault of the Raya graben to the south (Figures 5b, 6a, and
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8a). The last section (Q5) reveals antithetic fault activity at the Abala‐Raya Ridge (Figures 8a and 8f), which
is however not clearly associated with a surface fault.

A belt of seismicity is projected to the SW from the Abala‐Raya Ridge (Figures 6a and 9c), possibly indi-
cate a reactivated basement structure of perhaps Pan‐African origin (e.g., Ghebreab & Talbot, 2000). Just
to the south of this earthquake zone, the northern Kobo sedimentary plain is bordered by a series of
rather well‐developed eastern boundary faults, whereas a strongly eroded margin occurs in the west
(Figure 6a). Yet the significant and linear topographic downstep at the western edge of the northern
Kobo plain implies an important, but recently inactive normal fault (Mehoni Fault). Instead, a major
active fault system (Maychew Fault) occurs on the plateau to the west, forming the current western
boundary fault of the northern Kobo marginal graben structure, which has “stepped back” into the pla-
teau and continues southward to the small Hashenge basin. (Figure 6a). The westward shift of earth-
quake activity just to the north of the Kobo graben fits well with the prominence of the Maychew
Fault (Figures 6a and 9c). Borehole‐controlled section S3 (Figures 6a–6c) shows both the Maychew
and Mehoni fault in the west, as well as sedimentary infill thickening towards the east (122 m in well
BH‐2 and 222 m in well PZ‐1), interrupted by the northern extension of the Bariye Fault (Figures 6b
and 6c). In the east, the 198 m deep well BH‐1 does not reach bedrock and also registers geothermal
activity, possibly related to recent faulting. This indicates that deformation is not localized along a single
fault in this part of the margin.

In the southern Kobo graben, the scarce seismicity data seems to shift to the prominent East Kobo Fault,
whereas its western counterparts are poorly defined (Figures 6a, 6b, and 9c). Wells near Alamata suggest
limited (ca. 100 m) sediment infill there, whereas PK3‐5, and TK1(RE) near Rare indicate thicker deposits
towards the east (Figures 6a and 6b). A second structural profile (S4, Figure 6d) south of Kobo town describes
a similar trend, with well TK6 indicating a fault step similar to the one in section S3 (Figures 6c and 6d). We
have no direct data in the east, but based on geomorphology (fault scarps, depocenter location, Billi, 2015)
and data from the wells near Rare, the thickest deposits should occur near the East Kobo Fault
(Figure 6b), which likely has accommodated most of the recent deformation in the area.

Seismic data south of the Kobo graben is too scarce for proper analysis, but the boundary faults of the north-
ern Hayk basin are well‐defined as they cut into the Ethiopian plateau, indicating ongoing tectonic activity
(Figure 7a). The depocenters near the antithetic Mersa Fault and its pronounced morphology imply recent
deformation as well. Further south towards the Dessie‐Bati Accomodation Zone, numerous well‐defined
faults are present, suggesting complex active deformation (Figures 7a and 7b). In the Borkenna area, the
antithetic eastern boundary faults are marked by clear slope‐breaks, suggesting ongoing deformation,
whereas the Kolemo Fault to the west looks relatively eroded (Figure 7b). Yet the Western Borkenna
Fault is rather well‐defined, as are its equivalents to the south (Ataye and Ankober Faults, Figures 7b and
7c). Finally, the Karakore Fault, responsible for the 1961 Karakore seismic crisis (Gouin, 1979), represents
the main antithetic fault in the Arcuate Accomodation Zone (Figures 7b–7d).

Geomorphological interpretation supported by detailed earthquake analysis and well data thus suggests
some variation in the location of the currently dominant boundary faults in the marginal grabens (i.e., anti-
thetic vs. synthetic graben boundary faults, Figure 9a), yet the large and sudden topographical decline along
the whole of the margin (i.e., the escarpment, Figure 3) implies an continuous synthetic boundary fault sys-
tem that has accommodated significant, km‐scale deformation over time, even if segments of it are currently
inactive and partially eroded. By comparison, the offsets of the recently active eastern boundary faults are
much smaller, and those of the pervasive antithetic faulting small to minimal.

4.3. Additional Observations

Between the Garsat and Abala graben, an N‐S series of dikes (Wikro Dike Swarm) occurs, which transitions
in the East Abala Fault (Figure 5a). Within the Kobo‐Hayk Accomodation Zone, a series of ca. SW‐NE
Miocene dikes (Stab et al., 2016) interrupt the general NNW‐SSE fault architecture (Figure 6a). Chorowicz
et al. (1999) suggest a relation between the latter dike family and the formation of the northernMER, around
11 Ma (DeMets &Merkouriev, 2016; Wolfenden et al., 2004 and references therein), causing a short phase of
ca. NW‐SE extension in the area (see also section 6.3).
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Furthermore, we observe that the floor of most grabens is rather irregular and interrupted by prominent
ridges and tilted fault blocks (Figures 5–7). This is likely due to the basins being underfilled as confirmed
by our borehole data from the Kobo graben, which forms the largest sedimentary basin along the WAM,
revealing marginal graben infill of not more than a couple of hundred meters thick (Figures 6c and 6d,
Zwaan, Corti, Sani, et al., 2020). The Buia graben with up to 500 m of sediments forms an exception, but
is not a marginal graben sensu stricto since it forms continuation of the Danakil rift axis (Sani et al., 2017;
Zwaan, Corti, Keir, & Sani, 2020, Figure 5a). Indeed, we observe various rivers that cross‐cut the margin,
draining the marginal grabens and even eroding their limited sedimentary infill (Billi, 2015), so that instead
of filling available accommodation space, material is directly transported to the main depocenter in Afar
proper. As a result, the extent of sedimentary basins or plains is not always equivalent to the actual marginal
graben structure (e.g., the Hayk graben structure is much larger than its sedimentary plains seems to sug-
gest; Figure 7a).

5. Structural Field Data Analysis

The original locations of fault measurements used for kinematic analysis, as well as the derived extension
directions, are presented in Figures 5–7, of which a regional overview is provided in Figures 9b and 9e.
The underlying information (i.e., fault measurements, field photos, and field book) is available in the supple-
mentary materials (Zwaan, Corti, Sani, et al., 2020).

5.1. Regional Kinematic Interpretation

Kinematic analysis of our new field data yields an average extension direction between 75°N and 90°N
(Figure 8e). However, we have (except for the fault at point ER1 affecting Quaternary deposits and the
1961 Karakore event, Figures 5a and 7b–7d) no specific age constraints on the fault planes on which our
new kinematic measurements were taken, other than they mostly cut Trap basalts and follow the marginal
trend. Yet, the mean extension direction is highly compatible with the results obtained by focal mechanism
analysis (section 3.2, Figure 4c, 4d, and 9e). Furthermore, since the WAM is still actively deforming, and the
various faults we analyzed have likely experienced recent displacement, it is reasonable to infer that the
extension directions derived from field measurements represent current tectonics. These results are subse-
quently complemented with kinematic data from faults affecting Quaternary deposits in Eritrea (Sani
et al. 2017), and from the southernWAM (belonging to “phase 3,” the youngest, currently active deformation
stage reported by Chorowicz et al., 1999). By doing so, we obtain the first field‐based overview of recent kine-
matics covering the whole length of the WAM (Figure 9b). Furthermore, the combined mean extension
direction is the same as previously derived from focal mechanism analysis (i.e., 82°N, section 3.2,
Figures 4c, 4d, and 9e), underscoring the consistency of our interpretation.

Note that some faults in the Kobo and Borkenna areas provide deviating extension directions as well
(Figures 6b and 7b), which may simply be the result of local stress field changes that are not uncommon
in nature (Muirhead & Katterhorn, 2018; Roberts & Michetti, 2004) and do not significantly change the out-
comes of our analysis. Far to the south, we took fault measurements at two sites along the antithetic
Karakore Fault, among which a well‐known outcrop containing slickensides that were probably exhumed
during the events of 1961 (point 9.10, Fubelli & Dramis, 2011, Figures 7b and 7c). These indicate pure normal
faulting compatible with the shift of extension direction with respect to the northern parts of the WAM
(Figures 4c, 4d, and 9b).

5.2. Evidence of Previous Tectonic Phases

Although the regional interpretation provides a clear overview of ongoing extension along the WAM, addi-
tional kinematic information on preceding tectonic phases was collected in the field. In the Abala area, we
find evidence of ca. NNW‐SSE extension recorded along ca. E‐W striking normal faults oriented subparallel
to the main faults of the Jurassic Mekele basin (Alemu et al., 2018; Arkin et al., 1971; Beyth, 1972, Figure 3a,
point 1.1. in Figure 5b) and are likely of the same age. Also a phase of NW‐SE compression is recorded in
Triassic units north of Abala (point 3.6, Figure 5b), possibly related to Early Cretaceous tectonics
(Bosellini et al., 2001). Finally, data from point 2.6. suggest a NNE‐SSW extension (Figure 5b), perhaps repre-
senting an early stage of Afar rifting (Chorowicz et al., 1999, see section 6.3).
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6. Discussion
6.1. Synopsis of Structural Interpretation

Fault directions are dominantly NNW‐SSE along most of the WAM (Figures 9a and 9c), due to the
en‐echelon right‐stepping arrangement of the margin and the associated marginal grabens that follow the
same orientation (Figures 9a and 9d). In the accommodation zones between the marginal grabens, faults
do curve to a degree, but only south of ca. 10.5°N, at the Arcuate Accomodation Zone does the prevailing
fault trend truly deflect to align with the ca. SSW‐NNE strikingMER segments. The fault population is domi-
nated by antithetic structures, a feature that is highly developed east of the marginal grabens between 10°N
and 12°N, but less prevalent in the northern sectors of the WAM, possibly due to the difference in lithology
(Figures 3a, 5–7, and 9a). Furthermore, in various places current fault activity occurs on or along the plateau,
as well as along the antithetic faults (Figure 9a). Also, earthquake and well data from the Abala and Kobo
area, respectively, clearly indicate recent antithetic fault activity (Figures 6c, 6d, and 8), which fits very well
with the concept of ongoing marginal flexure (Abbate & Sagri, 1969; Kazmin et al., 1980; Wolfenden
et al., 2005; Zwaan, Corti, Keir, & Sani, 2020). Well data also show marginal graben infill to be thin
(<250 m, Figures 6c and 6d) and in spite of their impact on the landscape, marginal grabens and antithetic
faults seem to form relatively small structures with respect to the large‐scale (synthetic) escarpment faults
that clearly must have accommodated large amounts of displacement over time.

6.2. Current Tectonic Regime in Afar

Large‐scale earthquake analysis clearly shows that the whole of the WAM is still actively deforming and
accounts for 1/3 of all seismic moment release. Subsequently, computing tectonic stress parameters from
available focal mechanisms allows us to derive the current extension directions along the WAM, as well
as in the adjacent Afar and the northernmostMER (Figures 4c and 4d). We find a general extension direction
of 82°N for the WAM, 66°N for Afar, and 108°N for the MER, respectively (Figures 4c and 4d).

Integrating our new fault measurements with published data from Chorowicz et al. (1999) and Sani
et al. (2017) allows us to further assess the tectonic regime along the whole length of the WAM
(Figures 9b and 9e). Most faults have a normal fault character and indicate a ca. WSW‐ENE extension direc-
tion (median: N82°E) that is highly compatible with the focal mechanism stress analysis.

We find that some data points deviate, but these are probably related to preceding tectonic phases (e.g.,
Jurassic opening of the Mekele basin and Early Cretaceous compression, Alemu et al., 2018; Beyth, 1972;
Bosellini et al., 2001, Figure 5b) and potentially earlier phases of Afar rifting (Chorowicz et al., 1999; see
section 6.3), or may simply be the result of local stress field changes that are not uncommon in nature
(e.g., Muirhead & Katterhorn, 2018; Roberts & Michetti, 2004).

Combined with GPSmotion fromMcClusky et al. (2010) and Saria et al. (2014), we can now construct a map
of the current tectonics in the region (Figure 10a). We find a curved pattern of extension directions from
N82°E along the WAM to N66°E in Afar and ca. N48°E at the Danakil Block. This is also inferred from seis-
mic anisotropy, which shows a local rotation in the direction of maximum horizontal compression (SHMax;
Illsley‐Kemp et al., 2017). Furthermore, La Rosa et al. (2019) record a ca. 60°N extension along the Danakil
axis as well. These results are highly compatible with a rotational opening of Afar scenario due to the pivot-
ing of the Danakil Block since ca. 11Ma (e.g., Chorowicz et al., 1999; Collet et al., 2000;McClusky et al., 2010;
Sichler, 1980; Souriot & Brun, 1992).

There is some evidence of non‐rift parallel structures that transfer strain between laterally offset rifts as indi-
cated by the right‐stepping zigzag pattern of earthquakes between the Danakil and Dabbahu rift axes
(Figures 4a, 4b, and 8c). However, while these features represent local complexities linking en‐echelon
and overlapping rift axes (e.g., Dumont et al., 2019; Pagli et al., 2019), they sit very much within a framework
of anticlockwise rotation of the Danakil Block, as shown by GPS measurements and plate reconstructions
(e.g., Collet et al., 2000; McClusky et al., 2010).

Finally, in the MER to the south of theWAM, the average extension direction derived from earthquake focal
mechanism analysis (N108°E) is similar to that provided by GPS data (N96°E, Saria et al., 2014, Figure 10a),
and Nubia‐Somalia plate motion analysis (DeMets & Merkouriev, 2016). This extension direction in
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Figure 10. Interpretation of regional tectonics. (a) Combined overview of current tectonic setting in Afar as derived from (1) focal mechanism analysis, (2) field
measurements (based on data from Chorowicz et al., 1999; Sani et al., 2017 and this study) and (3) GPS data (McClusky et al., 2010; Saria et al., 2014). MER:
Main Ethiopian Rift. (b) Theoretical extension directions (described by angle α between the normal to the rift trend and the general extension direction) in the
Red Sea, Gulf of Aden and along the Western Afar Margin (WAM) as a result of the rotation of the Arabian plate about a pole at 31.7°N, 24.6°E (ArRajehi
et al., 2010). The ca. N‐S orientation of the WAM should result in a ca. NE‐SW extension direction (50°N–57°N) there, similar to the first (sinistral) extension
phase described by Chorowicz et al. (1999). Modified after Smith (1993). (c‐e) Proposed multiphase evolution of Afar within the regional tectonic framework and
effects on extension directions along the WAM. Initial sinistral oblique extension due to the rotation of the Arabian plate (c) is followed by a near‐orthogonal
extension due to the individual motion of the Danakil block (d‐e). Based on Smith (1993), Bosworth et al. (2005), ArRajehi et al. (2010) and Bosworth (2015).
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combination with the orientation of the MER highlights the ongoing sinistral oblique extension there (e.g.,
Muluneh et al., 2014).

6.3. Past Tectonic Regime in Afar: The Influence of Arabian Plate Rotation

By combining data from different sources, we show how the current tectonic regime of Afar is dominated by
the rotation of the Danakil Block (Figure 10a). However, rifting in Afar started between 25 and 31 Ma (Ayele
et al., 2007; Wolfenden et al., 2005), much earlier than the rotation of this microplate initiated (ca. 11 Ma,
McClusky et al., 2010). As pointed out by Smith (1993), the N‐S orientation of the WAM in combination with
the counterclockwise rotation of the Arabian plate about a pole near Egypt (ArRajehi et al., 2010; McKenzie
et al., 1970) demands a local sinistral oblique extension along the margin (Figure 10b), which is comparable
to the initial “NE‐SW” extension direction reported by Chorowicz et al. (1999, Figure 11b). Such an extension
direction along the N‐S margin could also elegantly explain the remarkable right‐stepping en echelon arrange-
ment of the WAM, which is typical for oblique rifting and can easily reactivate during multiphase rifting, con-
trolling the locus of subsequent faulting (e.g., Bonini et al., 1997; Keep & McClay, 1997). Similar geometrical
relations also explain the oblique fault structures observed in the Gulf of Suez, as well as those along the mar-
gins and spreading ridge of the Gulf of Aden (Leroy et al., 2012, Smith, 1993, and references therein, Figures 1a
and 10b). The fact that we currently observe an almost E‐W extension along the WAM thus indicates a signif-
icant local tectonic anomaly, which we can only attribute to the rotational opening of Afar (Kogan et al., 2012).

We therefore propose the following tectonic history of the WAM (Figures 10c–e). Sinistral oblique extension
occurred at the start of Afar rifting as the Arabian plate started rotating, and rifting propagated from the Gulf of
Aden in the east to the Red Sea in the west (Figures 1, 10c, and 10d). We note that Bosworth et al. (2005) and
Bosworth (2015) describe slight variations in extension direction, but these are minor changes and would always
cause sinistral oblique extension along theWAM, so that our pure rotational extension model remains valid for a
large‐scale interpretation. TheN‐S orientation of theWAMwas either controlled by the reactivation of Panafrican
lineaments (Chorowicz et al., 1999; Collet et al., 2000; Drury et al., 1994; Ghebreab&Talbot, 2000) or by the north-
ward extension of the weak lithospheric mantle below Afar forming a distinct rheological contrast (Chang
et al., 2011;Hansen&Nyblade, 2013;Molnar et al., 2017). Initial riftingwas distributed (e.g., Stab et al., 2016), lead-
ing to a wide rift zone with the later Danakil Block as a part of the extending terrain (Collet et al., 2000;Morton &
Black, 1975;Redfield et al., 2003, Figure 10c). Subsequently, two rift axes (theRedSea andDanakil axes) formedon
both sides of theDanakil Block (Figure 10d). This overlapping rift arrangement caused amodification of the regio-
nal tectonic setting and the rotation of theDanakil Block from ca. 11Ma on (Eagles et al., 2002; Kogan et al., 2012;
McClusky et al., 2010;Molnar et al., 2017; Reilinger &McClusky, 2011). As a result, the local stress field along the
WAM is now almost E‐W (Figures 4c, 9b, 9e, 10a, 10d and 10e). Around the same time (11 Ma), also the MER
became part of the Afar triple junction (Wolfenden et al., 2004, Figure 10d). Based on field data, Chorowicz
et al. (1999) propose that the localization of theMERwas preceded by a short phase of widespread NW‐SE exten-
sion. Yet many other studies suggest that extension directions in the MER were always similar to the near E‐W
extension currently constrained bymeans of GPS surveys and focal mechanisms, a viewwe adopted in our recon-
struction (DeMets & Merkouriev, 2016; Saria et al., 2014 and references therein, Figures 4c, 10a, 10d, and 10e).

6.4. Regional and Global Significance

In the above paragraph, we describe the structural features of the WAM and how Afar and its western mar-
gin have experienced two phases of rotational extension, the first related to the motion of the Arabian plate
and the second related to the opening of the Danakil Depression.

As discussed in the review by Zwaan, Corti, Keir, & Sani (2020), various contrasting scenarios have been pro-
posed to explain the current structural architecture of the WAM, most of which are based on a small area of
the WAM and extrapolated over the whole margin. We hope that the data presented in this work will serve
as a basis to better constrain the structural evolution of the margin as a whole. Our new data confirm the
presence of active antithetic faulting and shallow underfilled marginal grabens, hinting towards recent mar-
ginal flexure (e.g., Abbate & Sagri, 1969; Illsley‐Kemp, Keir, et al., 2018; Wolfenden et al., 2005), as well as
the influence of multiphase (rotational/oblique) extension and fault reactivation during rifting. Both these
factors need to be considered for any complete model.

Afar is often seen as a key location to study continental breakup and passive margin formation in
magma‐rich environments. Our constraints on extension direction in Afar from fault slip and focal
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mechanism data show significant changes in extension direction over relatively short length scales, best
explained by rotational tectonics. This provides further support to the growing body of evidence that plate
rotation needs to be considered when interpreting timing of rift initiation, as well as spatial and temporal
variations in extension amount and direction (e.g., Molnar et al., 2017, 2018; Mondy et al., 2018; Zwaan,
Schreurs, & Rosenau, 2020). For example, large‐scale rotation similar to that of the Arabian plate, as well
as associated extension gradients (both in rate and amount of extension) can be found along rift systems
worldwide, and various passive margins have experienced changes in extension direction during their evo-
lution (e.g., the NE Atlantic; Brune et al., 2018; Gaina et al., 2009). Furthermore, the ongoing tectonic activ-
ity of the WAM after the formation of the magmatic segments in Afar suggests that seafloor spreading is not
fully established in Afar. In addition, pervasive antithetic faulting has been observed along various
magma‐rich passive margins (e.g., the South Atlantic margins, Paton et al., 2017; Norcliffe et al., 2018),
and it appears that marginal graben‐like structures are in fact present along the Uruguayan margin
(Tugend et al., 2018). We conclude that the WAM provides highly valuable insights concerning (magma‐
rich) passive margin development.

7. Conclusion

In this paper, we have combined seismicity analysis, large‐scale structural interpretation, new and published
(field) data and well logs to create an up to date description of the structural framework of the Western Afar
Margin (WAM) in East Africa and the associated tectonic implications. We find that:

1. Although Afar is in the final stages of continental breakup and extension has largely shifted from the
WAM to central Afar, earthquake and seismic moment release (SMR) data show that significant defor-
mation is still taking place along the whole of theWAM,which is clearly not a “true” passivemargin yet.

2. Tectonic stress parameters derived from focal mechanism analysis reveal different extension directions
along the WAM (82°N), Afar (66°N), and in the Main Ethiopian Rift (108°N). Analysis of new and pub-
lished fault measurements also reveals an extension direction of 82°N along the WAM.

3. The N‐S oriented WAM forms a major transition between the Ethiopian Plateau and Afar and is char-
acterized by NNW‐SSE normal faulting, a significant part of these antithetic in nature, and an associated
series en echelon marginal grabens.

4. Geomorphology and detailed earthquake analysis suggests that the antithetic faults are currently
accommodating significant deformation along the margin. Yet we also find evidence of active deforma-
tion at of the Ethiopian Plateau and recognize that the large escarpment faults must have accommo-
dated large amounts of slip over time.

5. We present the first‐ever borehole‐calibrated sections of the WAM, which highlight the limited sedi-
mentary infill of the marginal grabens and support the interpretation that the antithetic faults are cur-
rently accommodating significant deformation along the WAM.

6. Fault kinematic analysis on new fault measurements complemented by published fault data allows us to
create the first fault kinematic analysis of the WAM, indicating a current 82°N extension direction,
highly compatible with the results from focal mechanism analysis.

7. By combining the results of fault kinematic analysis, tectonic stress estimations, and published GPS
data, we create an integrated overview of active deformation in Afar, which provides strong evidence
that current tectonics in Afar are dominated by the rotation of the Danakil Block and to a lesser degree
the opening of the Main Ethiopian Rift.

8. The earlier stages of Afar development (25–11 Ma) were however most likely directly related to the rota-
tion of the Arabian plate and the N‐S orientation of the futureWAM, the latter possibly as a result of reac-
tivated Pan‐African lineaments, and involved sinistral oblique extension creating the characteristic en
echelon fault arrangement of the margin. Only after the Danakil started its rotation around 11 Ma, the
current tectonic regime was emplaced, and the en echelon faults reactivated under near‐EW extension.

9. Any complete scenario to explain the structural evolution of theWAM should take into account, among
other factors, the multi‐phase tectonic history of the WAM, the syntethic escarpment and marginal gra-
ben development, as well as the current antithetic fault activity we observe.

10. The findings of this study are not only relevant for a better understanding of the WAM but also for the
understanding of the role of (multiphase) oblique and rotational extension during rifting and (magma‐
rich) passive margin evolution in general.
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Data Availability Statements

Extensive supplementary material is publicly available in the form of a GFZ Data Publication (Zwaan, Corti,
Sani, et al., 2020): http://doi.org/10.5880/fidgeo.2020.017.
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