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ARTICLE INFO ABSTRACT

Keywords: The Afar Depression is a unique place on Earth where active rift processes can be directly observed. It is believed

Rift to be close to continental breakup. The Afar hotspot has a strong influence on the geology of the Depression.

lée(lifSG;a Ad Despite the strong geological interest in the region, difficult field access slowed scientific discoveries. During the
P:s Si: em ainin last two decades, new projects and studies resulted in a better characterization of the region. New field data and
Hotspot & global advances in understanding rift processes call for an integrative and holistic review of the tectonostrati-

graphic evolution of the Afar Depression. This study compiles new geological maps and reviews the stratigraphy
and the geological history of the Afar Depression and the Afro-Arabian Rift System. A new kinematic evolution
model and integrative paleogeological maps are proposed. Results show that geological events are diachronous
throughout the region. We consider the Afar Rift to be distinct from the Red Sea Rift, both being separated by the
Arrata Microplate. The Afar Rift is propagating northwards and forms a relay structure with the Red Sea Rift,
linked to the counter-clockwise rotation of the Danakil Block since the Mid- to Late Miocene. The Afar Depression
can be segmented into two distinct domains, Central Afar and the Danakil Depression. Central Afar experienced
significant extension, protracted and extensive magmatism and magma-compensated thinning. It is believed to
be strongly influenced by the Afar hotspot. In comparison, the Danakil Depression is younger and went through
less extension and less magmatic activity until Recent (~0.6 Ma) times. The absence of magma-compensated
thinning allowed the development of an evolved stage of continental breakup. The tectonostratigraphic evolu-
tion of the Afar Depression with distinct rifting styles shows the complexity of continental break-up.

Continental breakup

1. Introduction

The Afar Depression is the only emerged region on Earth that is close
to continental breakup. It furthermore experiences the unique influence
of a hotspot. As such, the Afar Depression is a unique place to study
ongoing rift mechanisms that shaped planet Earth.

The Afar Depression has triggered geological interest since the 19th
century (Blanford, 1869; Munzinger, 1869). The geological significance
of the region was heavily debated during the rise of the continental drift
theory and the understanding of plate tectonics (e.g. McKenzie et al.,
1970; Mohr, 1967; Tazieff et al., 1972; Teilhard de Chardin, 1930;
Wegener, 1929). The kinematic reconstruction of the Afar region has
been at the core of this discussion for nearly a century. Wegener (1929)
argued for continental drift based on the fitting between the African and
Arabian continents when removing Afar. Conversely, Mohr (1967)
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denied this theory based on the presence of pre-rift blocks in the Afar
Depression. It remains a spectacular natural laboratory for the study of
tectonic processes, such as the transition from rifting to drifting, crustal
structure, strain accommodation, the evolution of tectonic styles, me-
chanical extension vs magma assisted rifting, seismic activity, fault
nucleation, propagation and interactions, and rift linkage, among others
(e.g. Ahmed et al., 2022; Bastow et al., 2018; Bastow and Keir, 2011;
Doubre et al., 2017; Illsley-Kemp et al., 2018a, 2018b; Keir et al., 2013;
La Rosa et al., 2022; Moore et al., 2021; Pagli et al., 2014, 2019; Row-
land et al., 2007; Ruch et al., 2021; Sangha, 2021; Stab et al., 2016;
Zwaan et al., 2020Db). It is also an essential site for studies related to the
understanding of mantle dynamics (e.g. Armitage et al., 2015; Chambers
etal., 2019; Chang and Van der Lee, 2011; Civiero et al., 2015; Faccenna
et al.,, 2013; Hammond et al., 2013; Hansen et al., 2012). The region
constitutes the second most recent Large Igneous Province (after
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Yellowstone) with ~30 Ma old Ethiopian flood basalts (Courtillot et al.,
2003), but is also characterized by a Recent volcanic cover, leading to
numerous studies on petrology, volcanology and volcano-tectonics (e.g.
Acocella, 2010; Ayele et al., 2007; Barberi et al., 1972b; Barberi and
Varet, 1975; Barnie et al., 2016; Ebinger et al., 2010; Ferguson et al.,
2013b; Hagos et al., 2016a; Kieffer et al., 2004; Medynski et al., 2016;
Mohr and Zanettin, 1988; Pagli et al., 2012; Rooney et al., 2013; Roo-
ney, 2017, 2020a; Tortelli et al., 2022; Wright et al., 2006; Xu et al.,
2017). While dominated by magmatic products, the sedimentary ar-
chitecture and infill of the Afar Depression are particular. The Danakil
Depression witnessed episodic marine flooding that led to the formation
of marine sediments as well as thick evaporite deposits, possibly forming
a modern analogue for salt giants (Atnafu et al., 2015; Holwerda and
Hutchinson, 1968; Jaramillo-Vogel et al., 2019, 2023). The interaction
of sediments and magmatism formed the unique Dallol salt volcano that
is believed to be a Mars-analogue for the study of extremophiles (Belilla
et al., 2021; Cavalazzi et al., 2019; Lopez-Garcia et al., 2020; Otalora
et al., 2022; Sanz et al., 2021). The Pliocene to Pleistocene sediments in
the Afar Depression yielded crucial Hominine discoveries (Abbate et al.,
1998; Alemseged et al., 2006; Johanson et al., 1982; Pan et al., 2002;
Villmoare et al., 2015). During Late Pleistocene times, the region pro-
vided a critical corridor for the early waves of Homo sapiens out-of-Africa
migration (Abbate and Sagri, 2012; Beyin, 2006, 2021; Lopez et al.,
2015; Tierney et al., 2017).

Due to challenging environmental conditions, complex logistics and
geopolitical instability, few field studies have been performed consid-
ering the significant scientific interest. The emergence of new projects
and field data and advances in understanding rifts and passive margin
development during the last two decades call for an integrative and
holistic review and reassessment of the current knowledge on the tec-
tonostratigraphic evolution of the Afar Depression. This holistic
approach implies the consideration of the entire Afar Depression and its
margins, as well as the Afro-Arabian Rift System. It requires not only the
study of the dominant volcanic rocks, but also sediments (including pre-
rift and syn-rift sediments) and the basement. Likewise, the structural
analysis includes pre-rift and Precambrian structures that might have
influenced the rifting processes.

The core of this work is the compilation of more than 750 datings and
more than 120 geological maps, along with other published geological
data, new field mapping and remote sensing analysis. All data are in-
tegrated, resulting in a new geological map of the Afar Depression (Rime
et al., 2022a). It is the first detailed (1:1'000°000) map comprising the
complete Afar Depression and its margins. The map combines basement,
sedimentary, intrusive and volcanic units, including pre-rift units.
Lithological formations are homogenized and age constraints are
improved. This map, combined with revised maps of the surrounding
regions (section 3) and a review of the geological history of the Afar
region (section 4), allows for (1) reevaluation of the tectonic structure of
the Depression (section 5), (2) reassessment of the tectonostratigraphic
evolution of area with a new kinematic model (section 6), and (3) dis-
cussion of concepts and mechanisms of rift evolution in the Afar
Depression (section 7).

This revised tectonostratigraphic review will form the base for
further detailed studies in the fields of volcanology, structural geology,
tectonics, petrology, sedimentology, geo(micro)biology, hominid evo-
lution and human dispersal, and the exploration of the limits of life in
extreme settings. The map of the Afar Depression will help local com-
munities in risk assessment of natural hazards and the exploitation of
natural resources such as water, salt, and geothermal energy, among
others (Battistelli et al., 2002; Gardo and Varet, 2018; Hearn, 2022;
Pasquet et al., 2022; Rizzello et al., 2021; Schaegis et al., 2021; Varet,
2018; Varet and Gardo, 2020).

The full review of the magmatic petrology and geochemistry of the
Afar Depression is out of the scope of this study. For more information on
this topic, the reader is referred to the book of Varet (2018), the reviews
of Rooney (2017, 2020b, 2020c, 2020a) and references therein.
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2. Geological setting

The Afar Depression (also called Afar Triangle) is a low-lying trian-
gular region of approximately 600 km by 300 km covering about
105'000 km? and extending in Ethiopia, Djibouti and Eritrea (Fig. 1). It is
bordered in the west by the Ethiopian plateau, in the south by the
Somalian plateau and in the east by the Danakil Block. In the south-west,
it opens up towards the Northern Main Ethiopian Rift (NMER). While the
elevation of the Depression is situated between — 154 m (lake Asal) and
approximately 1000 m, the plateaus reach more than 3000 m. The
broader Afar region' term used in this paper encompasses the Afar
Depression, the Danakil Block, the southern Red Sea, the western Gulf of
Aden and the surrounding margins of the Ethiopian, Somalian and
Yemenite plateaus.

The Afar Depression is situated at the border between the Nubian,
Arabian and Somalian plates, forming a triple junction (McClusky et al.,
2003; McKenzie et al., 1970; Reilinger et al., 2006; Reilinger and
McClusky, 2011; Viltres et al., 2022, Fig. 2). The present-day plate ve-
locities show that the movement of the Arabian plate relative to the
Nubian and Somalian plates is significantly larger (~20 mm/yr in the
southern Red Sea) than the movement between the Nubian and the
Somalian plates (~5 mm/yr in northern MER) (e.g. McClusky et al.,
2010; Stamps et al., 2021). The Arabian plate has constantly been
moving northward relative to the Eurasian plate since 56 Ma due to the
closure of the Neotethys (McQuarrie et al., 2003). The Bitlis and Zagros
sutures (Fig. 2) mark the closure of this former ocean at least 10 Ma ago
(Darin and Umhoefer, 2022; McQuarrie et al., 2003). At ~25 Ma, the
collision in the Mediterranean was probably locked while the Makran
was still actively subducting. This caused a significant slowing of the
northward relative movement of the Nubian plate and led to the opening
of the Red Sea and Gulf of Aden (ArRajehi et al., 2010; Bellahsen et al.,
2003; Jolivet and Faccenna, 2000; McQuarrie et al., 2003; Reilinger
et al., 2015; Reilinger and McClusky, 2011). This collision also caused
the westward escape of the Anatolian plate (e.g. Reilinger et al., 2006,
Fig. 2). The East African Rift System (EARS) experienced localized
extension since late Eocene, but widespread rifting started to propagate
since the Mid to Late Miocene and separated the Somalian plate from the
Nubian plate (Michon et al., 2022).

The opening of the Afro-Arabian rift system was preceded by the
emplacement of the Ethiopian flood basalts. The first basalts emplace-
ment took place in the Eocene (since 45 Ma) in Southern Ethiopia and
Northern Kenya (Fig. 3, see also Rooney, 2017). The main eruptive
phase occurred during a short time period around 30 Ma in Ethiopia and
Yemen, forming the classical Traps or flood basalts (Coulié et al., 2003;
Eid et al., 2021; Hofmann et al., 1997; Ukstins et al., 2002).

This Large Igneous Province (LIP) is related to the African Super-
plume or African Large Low Shear Velocity Provinces (LLSVP) rooted at
the core-mantle boundary (Bastow et al., 2005; Cottaar and Lekic, 2016;
Hansen et al., 2012; Ritsema et al., 2011; Rooney, 2017). While some
authors argued for a minimal plume influence in Recent times in the Afar
Depression (Hammond et al., 2013; Rychert et al., 2012), others asso-
ciated it with an elevated mantle temperature (Armitage et al., 2015;
Bastow and Keir, 2011; Ferguson et al., 2013b; Rooney et al., 2012) and
resulting in dynamic topography, explaining the high elevations around
the Afar region (Lithgow-Bertelloni and Silver, 1998; Moucha and Forte,
2011).

There is a long-standing and unsolved controversy about the number
and configuration of plumes in the upper mantle. While some authors
argue that the Ethiopian flood basalts were formed by one single plume/
superplume (Ebinger and Sleep, 1998; Hansen et al., 2012; Hassan et al.,
2020), others argue for distinct Kenyan and Afar plumes or several
different heads rooted in the African Superplume (Chang and Van der

1 Which should not be confused with the Afar Region (with capital R) rep-
resenting a political division of Ethiopia.
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Fig. 1. Topographic map of the Afar Depression.
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Lee, 2011; Chang et al., 2020; Civiero et al., 2015, 2022; Furman et al.,
2006; George et al., 1998; Halldorsson et al., 2014; Lin et al., 2005;
Montelli et al., 2006; Rogers et al., 2000).

The origin of the driving force causing the extension of the Afro-
Arabian Rift System is often debated (Aldaajani et al., 2021; Michon
et al., 2022). For the East African Rift System, plume and mantle effects
seem to provide the most significant contribution, mainly as gravita-
tional potential energy (Kendall and Lithgow-Bertelloni, 2016; Michon
et al., 2022; Stamps et al., 2014, 2015). For the Red Sea and the Gulf of
Aden, the individual contributions of mantle effects and slab-pull linked
to the subduction of the Neotethys remain unclear (Bellahsen et al.,
2003; Bosworth et al., 2005; Faccenna et al., 2013; Mouthereau et al.,

2012; Petrunin et al., 2020). While slab-pull forces were probably
important during the first phase of rifting, they significantly reduced
after the Arabian slab breakoff in Zagros around 11 Ma (Mouthereau
et al., 2012). Most authors agree that the weakening of the Arabian-
Nubian lithosphere by plume activity played an significant role in the
localization of the Afro-Arabian Rift System (Bellahsen et al., 2003;
Bosworth et al., 2005; Brune et al., 2023; Guan et al., 2021; Khalil et al.,
2020; Koptev et al., 2018a, 2018b; Reilinger et al., 2015).
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Fig. 3. Geological map of the Afro-Arabian Rift System. This map particularly shows the extent and chronology of Cenozoic volcanic rocks. References listed

in Table 3.

3. Geological mapping
3.1. Geological map of the Afar Depression

One of the first geological maps of the Afar region was the Sketch of
the Geological Formations of Abyssinia of Riippel (1834). However, until
the 70s’, no detailed geological map existed. During the 70s’, high-
quality maps were published after field exploration and access to new
satellite imagery. Brinckmann and Kiirsten (1970) published detailed
1:250'000 maps of the Danakil Depression. Barberi et al. (1971) and

Varet et al. (1975) published 1:500'000 maps covering almost entirely
the Afar Depression but excluding the margins and pre-rift rocks. The
Geological Survey of Ethiopia (1973) published the first 1:2'000°000
geological map of Ethiopia (including present-day Eritrea). Until today,
the only geological map covering the complete Afar Depression and its
margins are the 1:2'000°000 maps of Kronberg et al. (1974a, 1974b)
(accompanying paper: Kronberg et al., 1975). Small-scale maps were
since then published in single articles (e.g. Ayalew et al., 2019; Beyene
and Abdelsalam, 2005; Stab et al., 2016) and as part of regional maps (e.
g. Thiélemont, 2016).
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Fig. 4. Geological map of the Afar Depression. The full-scale version of this map is available in Rime et al. (2022a). References listed in Table 1.
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Fig. 4. (continued).

The new geological map of the Afar Depression (Rime et al., 2022a,
simplified version in Fig. 4) covers the Danakil Depression and adjacent
regions from 8.8°N to 16°N and from 39.2°E to 44.3°E at a scale of
1:1'000°000. It includes the northernmost part of the Main Ethiopian
Rift, the less-studied Southern Afar Depression and Somalian margins, as
well as the rift margins. To keep the scale of 1:1'000°000, certain
structures were simplified, and some rare outcrops of important
geological significance were upscaled to remain visible.

The map was compiled in Esri’s ArcGIS Pro. All GIS data and files, as
well as the dating database are available through the Zenodo open-
access database (Rime et al., 2022a). An uncertainty map and the
descriptive uncertainty of each mapped region are also available. The
attributes of the single mapped polygons further contain source

information and comments on the reliability. Finally, on the full-sized
geological map, unit codes followed by “?” indicate higher uncer-
tainty levels (e.g. contradictory interpretation in the literature, poor age
constraint, extrapolation over long distances, unclear remote sensing
data, missing coordinates or vague descriptions).

3.1.1. Material

More than 120 published geological maps of different sizes, scales,
precision and reliability were considered for the mapping (see Table 1
and Rime et al., 2022a). The mapped units across the different maps are
mostly lithostratigraphic. Some maps also follow a chronostratigraphic
approach and/or provide information on geochronology.

We complied an extensive database of published datings (Rime et al.,



V. Rime et al.

Table 1

Reference for the geological map of the Afar Depression.

Geological maps

Datings

Other

Gulf of Zula,
Danakil
Depression
and Danakil
Alps

Ethiopian
plateau

Ethiopian
central-
eastern Afar
(including
here Dabbahu
— Manda
Hararo and
Tendaho)

Western Afar

Abbate et al.
(2004), Antonielli
et al. (2009),
Barberi et al.
(1971), Barberi
and Varet (1972),
Brinckmann and
Kiirsten (1970),
Buffler et al.
(2010), Civetta

et al. (1975a), De
Fino et al. (1978),
Drury et al.
(1994), Duffield
et al. (1997),
Frazier (1970),
Gasse, 1974,
Geological Survey
of Ethiopia (1971,
1978a), Ghebreab
(1998, 1999),
Ghebreab and
Talbot (2000),
Hagos et al.
(2016b), Le Gall
et al. (2018),
Lopez-Garcia et al.
(2020),
Lowenstern et al.
(2006), Mege et al.
(2021), Sagri et al.
(1998), Sani et al.
(2017), Teklay

et al. (2005),
Tortelli et al.
(2021), Watts

et al. (2020)
Ayalew et al.
(2021), Geological
Survey of Ethiopia
(1971, 1978a,
2009a, 2009b,
2010b, 2011),
Hagos et al.
(2020), Sembroni
et al. (2017),
Tesfamichael et al.
(2010)

Ayalew et al.
(2019), Field et al.
(2013), Gasse

et al. (1974, 1980,
1987), Geological
Survey of Ethiopia
(2013a, 2014),
Kidane et al.
(2003), Lahitte

et al. (2003a,
2003b), Medynski
et al. (2015,
2016), Stab et al.
(2016), Varet

et al. (1975)
Adamson and
Williams (1987),
Alene et al.

Barberi et al.
(1972a, 1975),
Brinckmann and
Kiirsten (1971),
Buffler et al.
(2010), Civetta
et al. (1975a),
Drury et al.
(1994), Duffield
et al. (1997),
Frazier (1970), Le
Gall et al. (2018),
Lowenstern et al.
(2006), Shoshani
et al. (2006)

Chernet et al.
(1998), Coulié
et al. (2003),
Drury et al.
(1994), Eid et al.
(2021), Feyissa
et al. (2017),
Hofmann et al.
(1997), Kieffer

et al. (2004), Mohr

and Zanettin
(1988), Morton
et al. (1979),
Rooney et al.
(2013), Stab et al.
(2016), Ukstins
et al. (2002),
Wolfenden et al.
(2005)

Barberi et al.
(1972a, 1975),
Brinckmann and
Kiirsten (1971),
Civetta et al.
(1975a, 1975b),
Ferguson et al.
(2013a), Field
et al. (2013),
Kidane et al.
(1999, 2003),
Lahitte et al.
(2003b),
Medynski et al.
(2015)
Alemseged et al.
(2020), Aronson
etal. (1977),

Bannert et al.
(1970), Barberi

et al. (1970),
Barberi and Varet
(1970),
Brinckmann and
Kiirsten (1971),
Bruggemann et al.
(2004), Buffler

et al. (2010),
Bunter et al.
(1998), Duffield
et al. (1997),
Frazier (1970),
Holwerda and
Hutchinson
(1968),
Munzinger (1869),
Park (2010), Varet
(2018), Walter

et al. (2000)

Mohr and Zanettin
(1988)

Global Volcanism
Program (2013),
Varet (2018)

Black et al. (1972),
Campisano
(2012), Clark et al.

Table 1 (continued)
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Geological maps

Datings

Other

NMER

South-eastern
Afar and
Somalian
plateau

(2017), Asfaw

et al. (2002),
Black et al. (1972),
Chorowicz et al.
(1999),
Christiansen et al.
(1975), Clark et al.
(2003), De
Heinzelin et al.
(1999), DiMaggio
et al. (2009,
2015a, 2015b),
Garello (2019),
Geological Survey
of Ethiopia
(2009a, 2010b,
2011, 2014),
Geraads et al.
(2021), Kalb
(1995), Kalb et al.
(1982), Levin

et al. (2004), Mege
and Korme, 2004,
Mohr (1983),
Mohr and Zanettin
(1988), Niespolo
et al. (2021),
Quade et al.
(2004, 2008),
Semaw et al.
(2005), Stab et al.
(2016), Taieb

et al. (1976),
Tiercelin (1986),
Varet et al. (1975),
Wolfenden et al.
(2005), Wynn

et al. (2008),
Zwaan et al.
(2020a, 2020b)
Abebe et al.
(2005), Benito-
Calvo et al.
(2014), Chernet
et al. (1998),
Feyissa et al.
(2017), Geological
Survey of Ethiopia
(1978b, 1985,
2007, 2009b),
Hujer et al. (2015),
Juch (1975),
Morbidelli et al.
(1975), Popp and
Scholger (2017),
Sickenberg and
Schonfeld (1975),
Siegburg et al.
(2018), Williams
et al. (2004),
WoldeGabriel

et al. (1992b),
Wolfenden et al.
(2004)

Black et al. (1975),
Geological Survey
of Ethiopia (1985,
2007, 2010a,
2014, 2015), Juch
(1975), Mege et al.
(2016), Varet

et al. (1975)

Ayalew et al.
(2019), Barberi
et al. (1972a,
1975), Black et al.
(1972), Braun
etal. (2019), Clark
et al. (1994),
Coulié (2001),
Coulié et al.
(2003), Deino

et al. (2010),
DiMaggio et al.
(2015a, 2015b),
Haile-Selassie

et al. (2015),
Kidane et al.
(2003),
Kleinsasser et al.
(2008), Kunz et al.
(1975), Lahitte

et al. (2003b),
Niespolo et al.
(2021), Renne

et al. (1999),
Rooney et al.
(2013), Saylor

et al. (2019), Stab
et al. (2016),
Ukstins et al.
(2002), White

et al. (1993),
WoldeGabriel

et al. (2001,
2013), Wolfenden
et al. (2005)

Benito-Calvo et al.
(2014), Chernet
et al. (1998),
Feyissa et al.
(2017), Hujer

et al. (2015),
Kazmin et al.
(1980), Kidane

et al. (2006,
2010), Kunz et al.
(1975), Lahitte

et al. (2003b),
Morbidelli et al.
(1975), Morton

et al. (1979),
Siegburg et al.
(2018), Tiercelin
et al. (1979),
Ukstins et al.
(2002), Vogel

et al. (2006),
Williams et al.
(2004),
WoldeGabriel

et al. (1992a,
1992b),
Wolfenden et al.
(2004, 2005)
Audin et al.
(2004), Barberi

et al. (1975),
Berhe (1986),
Black et al. (1975),
Chernet et al.
(1998), Kunz et al.
(1975), Mege et al.

(1984), Hall et al.
(1984), Justin-
Visentin and
Zanettin (1974),
Kleinsasser et al.
(2008), Rowan
et al. (2022),
Varet (2018),
WoldeGabriel

et al. (2013)

Rooney (2020b),
Tiercelin et al.
(1979)

Varet (2018)

(continued on next page)
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Table 1 (continued)

Geological maps

Datings

Other

Somalia Ali (2015, 2009),
Ali et al. (2018),
Ali and Watts
(2013), Geological
Survey Somali
Democratic
Republic (1957,
1970a, 1971a,
1971b)

Arthaud et al.
(1980), Audin

et al. (2004),
Black et al. (1975),
Boucarut et al.
(1985), Chessex
et al. (1975),
Daoud et al.
(2011), Le Gall

et al. (2010,
2015), Manighetti
et al. (1997,
1998), Muller and
Boucarut (1975)

Djibouti

Southern Barberi et al.
Danakil Block (1971), Civetta
(excl. et al. (1975a,
Djibouti) 1975b), De Fino

et al. (1973),

Ganci et al.

(2020), Wiart and

Oppenheimer

(2005)

Carbone et al.

(1998), Dauteuil

et al. (2001),

Frazier (1970),

Gass et al. (1973),

GEBCO

Compilation

Group (2020),

Lambeck et al.

(2011), Le Gall

et al. (2015),

Mallick et al.

(1990), Purkis

et al. (2012), Xu

et al. (2015)

Red Sea and
Gulf of Aden
(incl. islands)

Seasonally
flooded areas

Geographic
features

(2016),
WoldeGabriel
et al. (1992a)

Audin et al.
(2004), Barberi
et al. (1972a,
1975), Chessex
et al. (1975),
Civetta et al.
(1975a, 1975b),
Courtillot et al.
(1984), Daoud
et al. (2011),
Lahitte et al.
(2003b), Le Gall
et al. (2010),
Manighetti et al.
(1998), Piguet and
Vellutini (1991),
Zumbo et al.
(1995b)

Barberi et al.
(1975),
Brinckmann and
Kiirsten (1971),
Civetta et al.
(1974, 1975a,
1975b), Piguet
and Vellutini
(1991)

Mallick et al.
(1990)

Gasse et al. (1980,
1986), Varet
(2018)

Civetta et al.
(1974), De Fino
et al. (1973),
Varet (2018),
Wiart and
Oppenheimer
(2000), Wiart
et al. (2000)

Al-Mikhlafi et al.
(2018), Angelucci
et al. (1975),
Conforto et al.
(1976), Frazier
(1970)

2019/2020/2021 Landsat 8 images (Earth Resources
Observation and Science (EROS) Center, 2018a)

Rivers, lakes, roads, coastlines and political boundaries from
Openstreetmap (https://www.openstreetmap.org, 06.01.2020).

River, lakes, roads and coastlines are manually modified. Data for
insert globe from Natural Earth (naturalearthdata.com).

Names

Ali (2015), Angelucci et al. (1975), Ayalew et al. (2019), Ayele

et al. (2009), Black et al. (1972), Campisano (2012), Chernet
et al. (1998), Christiansen et al. (1975), Clark et al. (2003),
Frazier (1970), Geological Survey of Ethiopia (1978b, 1985,
2007, 2010a, 2011, 2013b, 2014, 2015), Global Volcanism
Program (2013), Kidane et al. (2003), Lahitte et al. (2003a,
2003b), Le Gall et al. (2015), Manighetti et al. (2001),
Munzinger (1869), Nanis and Aly (2020), Stab et al. (2016),
Varet (2018), Varet et al. (1975), Wiart and Oppenheimer
(2005), Williams (2016), Wolfenden et al. (2005), Wynn et al.
(2008), Zwaan et al. (2020b) and the EthioGIS MapServer
Ethiopia (www.ethiogis-mapserver.org). Multiple names and
spelling are common in the region. We favoured the most
commonly used names in the scientific literature. Names with
comments are also featured as a shapefile of Rime et al. (2022a).
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2022a, see also Suppl. Mat. 1). This database contains 773 datapoints
extracted from 75 publications. Most datings have been performed on
volcanic material. 63% of the samples were dated using the K/Ar tech-
nique, 23% using Ar/Ar, 8% by unknown dating techniques, and the last
6% include a variety of techniques like (U-Th-Sm)/He, 36Cl, 14C,
Fission track and 3He. Some techniques are known to be less reliable,
particularly, K/Ar datings compared to Ar/Ar datings (Kidane et al.,
2003; Lahitte et al., 2003b). The higher uncertainty related to the
technique used and the published uncertainty range for each datapoint
were weighted during the mapping process (see discussion on reliability
in Rime et al., 2022a). The precision and reliability of the localisation
were also evaluated and rated for each datapoint. When possible, the
position of the datapoints was reviewed based on the sampling
description or maps presented in the publication. Several (>40) errors in
coordinates and/or inconsistencies were identified, corrected and indi-
cated in the database.

Outcrop descriptions, cross-sections and sedimentological de-
scriptions were also used for the mapping (Table 1).

The map is complemented by lithological and structural field ob-
servations conducted during six field trips (2013, 2015, 2016, 2017,
2019, 2020) led by teams of the universities of Addis Ababa (Ethiopia)
and Fribourg (Switzerland) within the framework of the SNF-funded
project SERENA ‘Sedimentary Record of the Northern Afar’
(200021_163114). Observations focussed on the Danakil Depression and
its western margin, including western Harak graben, the basins N, NE
and E of the Tat’Ali Range, the Erta Ale Range, the basin W of the Erta
Ale Range, the Salt plain and its western margin, several transects be-
tween the salt plain and the Garsat Graben and the road outcrops be-
tween Afdera-Mekele and Dallol-Mekele.

Remote sensing data were used to complement, improve and inter-
polate published data and field observations. Multispectral satellite
images from Landsat 8 OLI and TIRS Level-1 data (Earth Resources
Observation and Science (EROS) Center, 2018a) were used for the
complete study area. The bands 7-6-5 were used to enhance geological
contrasts. Other commercial orthophoto providers (Google Earth, Bing
Maps, Esri) were used for higher-resolution images. The digital elevation
models (DEM) used were the SRTMGL1 (Earth Resources Observation
and Science (EROS) Center, 2018b) for the complete study area and the
ALOS PALSAR RTC (doi:https://doi.org/10.5067/Z97HFCNKR6VA) for
the Danakil Depression.

3.1.2. Lithological units

Different stratigraphic classifications have been proposed in the
literature for the Afar Depression and its margins since the first lithos-
tratigraphy was presented by Blanford (1869) for the Ethiopian Plateau.
Suppl. Mat. 2 compiles the most commonly used formal and informal
lithostratigraphic classifications in the area for the Paleogene, Neogene
and Quaternary based on magmatic and sedimentary units. Fig. 5
compiles the lithostratigraphy from the Ordovician to the Paleogene. As
noted by Mohr and Zanettin (1988) and Rooney (2017, 2020a), litho-
logical units and Formation names used in Afar are based on petrolog-
ical, morphological or genetic relationships, and distinct Formations
sometimes have overlapping ages. Conversely, identical terms are used
for rocks of significantly different ages (e.g. Stratoid, Termaber Fm. on
Suppl. Mat. 2). Also, most studies focus either on magmatic stratigraphy
or sedimentary stratigraphy but an integrated stratigraphic approach is
rarely proposed.

Considering the principal aim of this study is the overall under-
standing of the tectonostratigraphic evolution of the study area, the
authors took an unconventional chronostratigraphic-approach while —
where possible — respecting the historically defined lithostratigraphic
units. As such, the map is the first of its kind for the Afar Depression and
integrates volcanic, magmatic and sedimentary rock units. The authors
are aware of the limits of this combined chrono-lithostatigraphic
approach. Still, they are convinced that this is the only way to under-
stand better rift evolution at a regional scale.


https://doi.org/10.5067/Z97HFCNKR6VA
https://www.openstreetmap.org
http://www.ethiogis-mapserver.org
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Fig. 5. Pre-rift lithological units of the margins of the Afar Depression. Compilation of the most common lithological units. Note that the chronostratigraphy is often
poorly constrained. The reader is referred to the original publications for detailed information. Abbreviations: Fm. = Formation; Gr. = Group; Ls. = Limestone; S. =
Series; Sh. = Shales; Ss. = Sandstone; Ssq. = Supersequence. Sources: Danakil Alps: Brinckmann and Kiirsten (1971), Sagri et al. (1998); NW margin and Mekele
Outlier: Beyth (1972), Hagos et al. (2020), Kidane et al. (2013), Sembroni et al. (2017); Blue Nile basin: Chernet et al. (2020); Ali Sabieh Block: Chessex et al. (1975),
Gasse et al. (1986), Kidane (2016), Le Gall et al. (2015); Somalian plateau: Ali and Watts (2016), Bosellini et al. (2001), Geological Survey of Ethiopia (1985, 1996,
2007, 2010a), Geological Survey Somaliland Protectorate (1956); Yemen: As-Saruri et al. (2010), Grolier and Overstreet (1978), van der Gun and Ahmed (1995).

3.1.2.1. Volcanic stratigraphy. The volcanic units are defined mainly
based on their age and not necessarily on historical defined Formation
names. The units represent lavas erupted synchronously but often have
very different petrology, chemistry or origin. Conversely, one former
defined single, homogeneous lithostratigraphic unit might exceptionally
be mapped in this study by two separate units due to significant age
differences at the bottom and top of the succession. Nevertheless, most
of the volcanic stratigraphic units defined in this study follow the lith-
ostratigraphic consensus presented in recent literature. The encountered
lithologies of volcanic rocks cover various compositions from basalts to
rhyolites (e.g. Barberi et al., 1970; Rooney, 2020a; Varet et al., 1975).
On the full-scale map (Rime et al., 2022a), rhyolite outcrops are indi-
cated with a pattern. Because of significant contradictions among
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different sources, ignimbrites were not included in this category.
The following volcanic stratigraphic units are defined:

mRy: most Recent volcanics. This unit is not defined solely by age but
corresponds to the last eruptions identified and mapped easily due to
their very dark color. It considers historical eruptions, including the
very Recent Erta Ale or Nabro eruptions (Global Volcanism Program,
2018, 2019; Goitom et al., 2015).

e Qzv: Mid-Pleistocene to Recent volcanics younger than ~0.6 Ma.
This unit is comparable to the Recent formations of Kidane et al.
(2003), Stab et al. (2016) and Varet (2018), or the Axial Series of
Rooney (2020a) and Zumbo et al. (1995b).
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e Quv: Early — Mid-Pleistocene volcanics, with ages between ~0.6 and
~ 1.1 Ma. This unit is comparable to the Gulf Basalts of Kidane et al.
(2003) and Stab et al. (2016) or the upper part of the Stratoid series of
Varet et al. (1975).

Q;v: Early Pleistocene volcanics between ~1.1 and ~ 2.5 Ma old.
This unit is comparable to the upper Stratoid Series of Kidane et al.
(2003).

Pov: Pliocene volcanics between ~2.5 and ~ 5 Ma old. This unit
includes the lower Stratoid Series of Kidane et al. (2003) and Rooney
(2020a), most of the Sullu Adu Series of Stab et al. (2016), the Bachi
Fm. of Wolfenden et al. (2004), and the upper part of the Somali and
Dalha Basalts of Le Gall et al. (2015).

M3v: Late Miocene volcanics between ~5 and ~ 8 Ma old. This unit is
shorter but comparable to most of the Dahla Series defined in the
literature (Kidane et al., 2003; Le Gall et al., 2015; Varet et al., 1975;
Wolfenden et al., 2005).

M_v: Early to Late Miocene volcanics between ~19 and ~ 8 Ma old.
This unit covers an extended period but a relatively small extent
(Suppl. Mat. 1c) and includes the Mabla Series.

O2,M;v: late Oligocene to Early Miocene volcanics between ~28 and
~ 19 Ma old. It corresponds to the upper part of the Traps series
(holding a wide variety of names across the region) and includes the
Ali Sabieh basalts (Le Gall et al., 2015) and the Ogaden dyke swarm
(Mege et al., 2016).

O;v: early Oligocene volcanics between ~28 and ~ 34 Ma old cor-
responding to the lower part of the Traps series.

3.1.2.2. Intrusive rocks. Mapped Cenozoic intrusive rocks in the study
area are relatively rare. They are mainly formed by granites and some
dolerite (Bannert et al., 1970; Barberi et al., 1975; Black et al., 1972;
Civetta et al., 1975a; De Fino et al., 1978; Geological Survey of Ethiopia,
1978a). The major intrusions are the Limmo, Affara Dara, Dioita and Asa
Ale intrusives (Barberi et al., 1975; Black et al., 1972; Civetta et al.,
1975a; De Fino et al., 1978). Because they all have similar age, a single
unit was defined:

e O2Mji: late Oligocene to Early Miocene intrusive magmatic bodies
between ~28 and ~ 19 Ma old. They include the Limmo, Affara
Dara, Dioita and Asa Ale intrusives (Barberi et al., 1975; Black et al.,
1972; Civetta et al., 1975a; De Fino et al., 1978).

3.1.2.3. Sedimentary stratigraphy. Stratigraphic units for the syn-rift

sedimentary rock are defined following the International Chronostrati-

graphic Chart. Except for the Pems unit, these units are chiefly composed

of siliciclastic sediments ranging from very coarse conglomerates to

mudstones, but lacustrine carbonates and evaporites are also present.
The following syn-rift stratigraphic units are defined:

e Hs: Holocene sediments covering mainly the basin floor and the Red
Sea and Gulf of Aden coasts.

e Pes: Pleistocene sediments mainly present at the margin of the
Danakil Depression, “Terraces gravel” of Brinckmann and Kiirsten
(1971), in the lower and middle Awash valley, forming the Busudima
Fm. (e.g. Quade et al., 2008), in some graben structures of central-
eastern Afar (e.g. Gasse and Street, 1978) and in the NMER (Wol-
deGabriel et al., 1992b).

e Pems: Pleistocene marine sediments. This unit is distinguished from
the other Pleistocene deposits due to its marine nature and lithology
being significant to understand the basin dynamics of the Danakil
Depression.

e Pos: Pliocene sediments. They are mainly present in the Awash valley
as clastic sediments forming the Sagantole and Hadar Formations (e.g.
Quade et al., 2008; Renne et al., 1999) and in the eastern Goba’Ad
basin (Gasse et al., 1987).
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e PoPes: Pliocene to Pleistocene sediments. This unit is mainly present
in the Awra plain and Guban basin.

e Ms: Miocene sediments. They are present as the Chorora and Adu-Asa
Fm. in the NMER (Sickenberg and Schonfeld, 1975; WoldeGabriel
et al., 2001) and as the Dogali Fm. near Massawa (Drury et al., 1994;
Sagri et al., 1998).

e [MPos: Late Miocene to Pliocene sediments. This unit is almost
exclusively used for the Red Bed Series around and at the margins of
the Danakil Depression.

Pre-rift lithostratigraphic units are well defined in former studies
with a homogenized nomenclature (Fig. 5). However, timing is poorly
constrained. Based on the recurrent, almost synchronous pattern of
facies associations, the stratigraphic units defined in this study mostly
conform to the former lithostratigraphic units.

The following pre-rift stratigraphic units are defined (see legend of
Fig. 5 for sources):

e PEs: Paleocene to Eocene sediments dominated by marine limestone.
They are only present in the SE part of the map forming the Auradu
Fm.

Cs: Cretaceous sediments dominated by sandstones. The upper part

of this unit (Jessoma sandstones) might, however, be early Paleocene

in age (Grolier and Overstreet, 1978; Kidane, 2016; van der Gun and

Ahmed, 1995). Note that the Mugher Mudstones of the Blue Nile basin

are incorporated in this Cs unit.

e Js: Jurassic sediments dominated by marine limestones (often named
Antalo limestones). This unit includes the Agula Shales of the Mekele
outlier and the evaporitic Gohatsion Fm. of the Blue Nile basin.

e TJs: Triassic to Jurassic sediments dominated by sandstones (often
named Adigrat sandstones)

e PZs: Paleozoic sediments dominated by continental tillites, sand-
stones and shales.

Finally, the B unit represents the undifferentiated Precambrian
basement, formed by various plutonic rocks, metasediments and meta-
volcanic rocks.

Often, thin (a few meters or less) Holocene sedimentary cover
(aeolian or lacustrine) or, in the case of the Somalian plateau, eluvium
cover is present on top of older units. As it only concerns a very thin
layer, they are not mapped as distinct ‘Holocene’ units (Hs) but indi-
cated with hatched symbols.

3.1.3. Structural mapping

In addition to the newly defined stratigraphic units, faults, basement
lineaments, dykes, volcanoes/volcanic vents and calderas are mapped.
Faults are classified into three categories reflecting the relative throw of
the fault. The authors are aware that fault mapping mainly based on
remote sensing has inherent limitations related to erosion, vegetation
cover, lithology contrast, topography and fault orientation. The density
of mapped faults is thus not necessarily reflecting the actual fault den-
sity, and the classification by throw is only relative at a local scale. Also,
differentiation between faults and dykes based on DEM data is not al-
ways evident when vegetation covers the area. The basement lineaments
represent any visual lineation identified in the basement that cannot be
attributed to a fault. They were identified based on color/lithology
contrasts and/or lineaments visible on the DEM.

3.2. Other maps

3.2.1. Geological map of the Southern Red Sea & Western Gulf of Aden
Region

The Geological map of the Southern Red Sea & Western Gulf of Aden
region (Fig. 6 and Rime et al., 2022b) was compiled to serve as a base for
the kinematic reconstruction. The mapping was performed at an
approximate scale of 1:3000°000 and wusing a similar
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Fig. 6. Geological map of the Southern Red Sea & Western Gulf of Aden Region. The full-scale version of this map is available in Rime et al. (2022b). References are

listed in Table 2.

chronostratigraphic-lithostratigraphic approach as described for the
map of the Afar Depression. Due to the lower resolution of mapping,
only the following stratigraphic units are mapped:

e Qv: Quaternary volcanic rocks. Includes mRy, Qsv, Qzv and Q;v units
of the geological map of the Afar Depression.

e MPy: Early Miocene to Pliocene volcanic rocks. Includes Mzv and Msv
units of the geological map of the Afar Depression.

e OMy: Oligocene to Early Miocene volcanic rocks. Includes O;v and
O,M;v units of the geological map of the Afar Depression.

e OMi: Oligocene to Early Miocene intrusive rocks. Similar to the
O,Mji units of the geological map of the Afar Depression.

e Qs: Quaternary sediments. Includes Hs and Pes units of the geological
map of the Afar Depression.

e OPs: Oligocene to Pliocene sediments. Includes Pos, PoPes, IMPos and
Ms units of the geological map of the Afar Depression and some older
sediments (up to Oligocene) on the coasts of the Gulf of Aden (e.g.
Ali, 2015; Leroy et al., 2012; USGS and Arabian American Oil
Company, 1963).
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e PEs: Paleocene to Eocene sediments dominated by marine limestones
and including the Auradu Fm. on the Somalian plateau and the
Hadramawt Group on the Yemenite plateau (see Fig. 5).

e TJs: Triassic to Jurassic sediments, including the sandstone-
dominated TJs and the limestone-dominated Js units of the geolog-
ical map of the Afar Depression.

e PZs: Paleozoic sediments similar to the geological map of the Afar
Depression.

e B: Undifferentiated Precambrian basement.

Sources and reference maps used are summarized in Table 2. Remote
sensing data (Landsat imaging and SRTMGL1 DEM) were used to
discriminate between the interpretations of different authors, to
compensate lack of data and to improve the mapping of faults, dykes and
basement lineaments. All data are available in Rime et al. (2022b).

3.2.2. Geological map of the Afro-Arabian rift system and basement map of
the Red Sea

The geological map of the Afro-Arabian Rift System (Fig. 3) was
mapped at an approximate scale of 1:17'000°000 and mainly summa-
rizes the Cenozoic magmatic units. Sedimentary units are the same as
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Table 2
References for the geological map of the southern Red Sea & western Gulf of
Aden region.

Afar Depression Geological map of the Afar Depression (Rime et al.,
2022a, see Table 1 for references)

Abebe et al. (2005), Chernet et al. (1998, 2020),
Chorowicz et al. (1998), Coulié et al. (2003), Drury et al.
(1994), Geological Survey of Ethiopia (1971, 1978a, b,
1996, 2009a, 2009b, 2010b, 2011), Hagos et al. (2017),
Hofmann et al. (1997), Kieffer et al. (2004), Mege and
Korme, 2004, Mohr and Zanettin (1988), Morton et al.
(1979), Rooney (2017, 2020b), Sembroni et al. (2017),
Teklay et al. (2005)

Ali (2009, 2015), Ali et al. (2018), Billi (2022),
Geological Survey Somali Democratic Republic (1970b,
1970c, 1970d, 1970e, 1971c), Geological Survey
Somaliland Protectorate (1954, 1956, 1959a, 1959b,
1959¢)

Baker et al. (1996), Brown et al. (1989), Capaldi et al.
(1987a, 1987b), Davison et al. (1994, 1998), Fairer
(1985), Garzanti et al. (2001), Grolier and Overstreet
(1978), Kruck (1980, 1984), Kruck et al. (1984), Mallick
et al. (1990), Prinz (1984), Stern and Johnson (2019),
USGS (1963), van der Gun (1995), Windley et al. (1996)
Lakes, coastlines and borders from Openstreetmap
(https://www.openstreetmap.org, 06.01.2020) and
Natural Earth (naturalearthdata.com). Lakes and
coastlines are manually modified. Data for insert globe
from Natural Earth.

Ethiopia

Somalia

Yemen and southern
Saudi Arabia

Geographic features

the Geological map of the Southern Red Sea & Western Gulf of Aden region.
Volcanic and intrusive rocks are merged as “igneous rocks”. Age di-
visions are identical except for adding a new unit showing the Eocene
lavas in the southern part of the Main Ethiopian Rift. Sources and
reference maps used are summarized in Table 3. Another version of this
map focused on basement structures was produced (Suppl. Mat. 3).

Table 3
References for other maps.

Abbate et al. (2015), Abebe et al. (2005),
Aghanabati (1993), Ali and Lee (2019),
Ali and Watts (2016), Altherr et al.
(2019), Augustin et al. (2021), Barrier

et al. (2004), Berhe et al. (1987),
Bosworth and Stockli (2016), Brown et al.
(1989), Camp et al. (1991, 1992), Camp
and Roobol (1989), Chernet et al. (2020),
Dawit (2016), Duncan and Al-Amri
(2013), Egyptian Geological Survey
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4. Geological history of the Afar Depression and Afro-Arabian
Rift System

In order to achieve a comprehensive understanding of the Afar
Depression, the tectonic, magmatic and sedimentological history of
different regions are first reviewed and discussed individually in this
section. A chronological chart (Fig. 7) summarizes these events. As the
Afar Depression is part of and genetically linked with the whole Afro-
Arabian Rift System, the latter is also included in this section. The di-
vision of the regions discussed in this section is indicated in Fig. 1b while
local names are presented in Figs. 1a and 2. First, the pre-rift history is
shortly discussed, followed by the detailed Cenozoic evolution of the
Gulf of Aden, Red Sea, Ethiopian Plateau, Yemenite Plateau, Danakil
Block, Ali Sabieh Block, NMER, south-western Afar, central-western
Afar, central-eastern Afar and the Danakil Depression. A shorter, sum-
marized, interpretative and chronological description of the tectonos-
tratigraphic evolution of the Afar region is presented in section 6.2.

4.1. Pre-Rift history

The basement of the Afar region is part of the Arabian-Nubian Shield
and formed during the Neoproterozoic as part of a supercontinent cycle
including the breakup of Rodinia and the East African Orogen. The East
African Orogen comprises the accretion of several island-arc terranes,
the formation of sedimentary and volcano-sedimentary basins, as well as
a complex history of intrusion, volcanism, metamorphism and faulting.
By the end of the Ediacaran, the eroded and weathered Arabian-Nubian
Shield formed a vast low-relief peneplain (Johnson, 2021; Johnson
et al., 2011).

During Paleozoic and Mesozoic times, eastern Africa was influenced
by two main tectonic phases (Frizon de Lamotte et al., 2015; Macgregor,
2018). The first phase (Karoo phase) lasted from Permian to Triassic
times and mainly affected the southern part of eastern Africa, as well as
the southern Ogaden basin (Hunegnaw et al., 1998; Shawel et al., 2022;
Worku and Astin, 1992), characterized by mainly NE-SW oriented
structures. The “late Karoo” phase of rifting during the Lower Jurassic
led to the separation of Madagascar and India. The second phase of
rifting happened in the Upper Jurassic and Lower Cretaceous, forming
multiple NW-SE oriented basins, including the Mekele Basin (Beyth,
1972; Sembroni et al., 2017), the Blue Nile Basin (Chernet et al., 2020;
Gani et al., 2009), the Somaliland basins (Ali and Lee, 2019; Ali and
Watts, 2016) and the southern Yemenites basins (As-Saruri et al., 2010;
Redfern and Jones, 1995). As these structures were also active during
the Cenozoic, it is sometimes unclear when faulting occurred (Hagos
et al., 2020; Macgregor, 2018).

In the Afar region, the first sediments were deposited during Paleo-
zoic times. They consist of terrestrial sediments, often with glacial and
peri-glacial affinities (e.g. Enticho Sandstone, Edaga Arbi Glacials,
Fig. 5). The Triassic to Lower/Middle Jurassic is dominated by wide-
spread terrigenous conditions with the deposition of the Adigrat sand-
stones. During the Middle and Upper Jurassic, a major marine
transgression synchronous with the initiation of the second rifting phase
led to the deposition of marine sediments in the Afar region (e.g. Antalo
Limestone, Fig. 5, Abbate et al., 2015; Beyth, 1972, 1991; Bosellini et al.,
2001; Chernet et al., 2020; Gasse et al., 1986; Guiraud et al., 2005; Sagri
et al., 1998; Sembroni et al., 2017). During the Cretaceous, an large
regression resulted again in terrestrial conditions around the Afar
Depression while marine deposition continued in the southern Ogaden
basin (Abbate et al., 2015; Ali, 2015; Beyth, 1991; Guiraud et al., 2005).
One last marine flooding in the Ogaden and Yemen basin occurred from
the Paleocene till the Eocene (Auradu Fm. and Hadramawt Group on
Fig. 5, Abbate et al., 2015; Ali, 2015; As-Saruri et al., 2010; Guiraud
et al., 2005).
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Fig. 7. Chronological event chart of the Afar and surrounding regions. This figure summarizes the geological evolution of different regions discussed in section 4. The
abbreviated regions are, as defined in Figs. 1, 2 and section 4: the eastern (East.), central (Cent.), western (West.) Gulf of Aden and the Asal-Ghoubbet (As-G.) graben;
the southern (South.), central (Centr.) and northern (North.) Red Sea, along with the Dead Sea fault (D); the northern (N.), central (C.) and southern (S.) Ethiopian
Plateau; the Yemenite Plateau (Yem P.); the northern (N) and southern (S) Danakil Block, as well as its rotation (rot); the Ali Sabieh Block segmented in its central and
eastern part (CE) and its north-western part (NW); the south-eastern Afar with its plateau/escarpment (P./E.) and its basin; the Northern Main Ethiopian Rift (NMER)
with its south-eastern margin (SE-m), its north-western margin (NW) and the Wonji segments; the South-Western Afar with its plateau/escarpment (P/E), the Awash
valley and the horst east of it (Aw/H.), and the Issa Graben; the central-western Afar with its escarpment (Esc.), the Awra plain, Sullu Adu + Affara Dara + Dabbayra
+ Limno (S/A) and the Dabbahu/ Manda Hararo rift segment (DMH); the central-eastern Afar (C-E Afar); the northern Afar with the Danakil Basin (Dana.) and the

Buia Graben.

4.2. Gulf of Aden

The Gulf of Aden, situated east of the Afar Depression, is segmented
into four zones (Figs. 1, 2). The Alula-Fartak Fault Zone separates the
eastern and central Gulf of Aden, while the central and western Gulf of
Aden are separated by the Shukra El Sheik Discontinuity. We included
the Asal-Ghoubbet graben in the Gulf of Aden region as it constitutes its
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eastern tectonic prolongation. Note that more in-depth reviews of the
geological history of the Gulf of Aden and the Red Sea are available
(Bosworth et al., 2005; Leroy et al., 2012; Stockli and Bosworth, 2019).

Leroy et al. (2012) and references therein show that the first syn-rift
sediments of the eastern Gulf of Aden in the region of Dhofar (Oman)
and Socotra Island (Arabian Sea) are dated to late Priabonian/early
Rupelian, and dominated by shallow marine facies. The first tectonic
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activity is already recorded at the end of the mid-Eocene. Major faults
are registered at the end of the Oligocene and a significant unconformity
during the Burdigalian, interpreted to represent the onset of the break-
up of the continental crust. Post-rift sedimentation has been recorded
since Langhian times. These timings are consistent with the initiation of
seafloor spreading before 17.5 Ma in the same area (Fournier et al.,
2010; Ogg, 2020).

The age for the initiation of clastic syn-rift sedimentation at the
Yemenite margin in the central Gulf of Aden is believed to have initiated
during the lower Oligocene (Ali and Watts, 2016; Leroy et al., 2012;
Nonn et al., 2019; Watchorn et al., 1998), coherent with ages of ~32Ma
for rift initiation on the Somalian margin (Ali and Watts, 2013; Fantozzi
and Ali Kassim, 2002). The first marine sediments of the central Gulf of
Aden are dated to ~29.5-27 Ma (Hughes et al., 1991; Speijer et al.,
2020). On the Yemenite coasts, the facies changes from continental to
marine in the Aquitanian/Burdigalian (Leroy et al., 2012). Syn- to post-
rift transition probably happened between 21 and 17 Ma (Watchorn
et al., 1998). The formation of SDR (Seaward Dipping Reflectors) is
described between 21 Ma and 18 Ma, coinciding with significant thin-
ning of the crust (Nonn et al., 2019). In the westernmost part of this
zone, near the Shukra El Sheik Discontinuity, these SDRs are better
developed over longer time periods (~30 to 16 Ma), probably due to the
more significant influence of the Afar plume (Leroy et al., 2012; Tard
et al., 1991). Seafloor spreading starts before 16.3 Ma (Fournier et al.,
2010; Ogg, 2020).

West of the Shukra El Sheik Discontinuity, the nature of the crust
changes (e.g. Hébert et al., 2001; Manighetti et al., 1997, see also
Bouguer anomaly, Suppl. Mat. 4). The crust ranges from oceanic to the
east to continental with an axial valley in the west (Hébert et al., 2001).
Few data exist on the rift history before seafloor spreading. SDRs are
mentioned between ~30 and 16 Ma offshore Aden (Leroy et al., 2012;
Tard et al., 1991). In the Somalian Guban basins, Ali (2015) mentions
extensive basaltic lavas of potential Miocene age. The marine connec-
tion between the Gulf of Aden and the Red Sea was established during
the late Oligocene (Hughes et al., 1991). Seafloor spreading in the
eastern part began between 9 and 6 Ma (Leroy et al., 2012) or9 and 11.6
Ma (Fournier et al., 2010; Ogg, 2020). Further west, oceanic spreading is
believed to have started around 3 Ma ago (Fournier et al., 2010; Leroy
etal., 2012; Manighetti et al., 1997; Ogg, 2020). However, all authors do
not accept the oceanic nature of the spreading in this westernmost part
of the Gulf (Hébert et al., 2001). In the Gulf of Tadjoura, Daoud et al.
(2011) report the initiation of faulting to be around 1.7 Ma, coherent
with the interpretation of Manighetti et al. (1997).

Manighetti et al. (2001, 1998) mention the onset of diffuse rifting of
the Asal-Ghoubbet rift at ~0.9 Ma with the establishment of a fully
developed graben by ~0.3 Ma. This rift segment possibly propagated
towards Manda Inakir around 0.2 Ma ago. Extension in Asal-Ghoubbet is
now partially accommodated by magmatic intrusions (Cattin et al.,
2005).

Marine flooding of the Ghoubbet basin occurred around 9 ka ago, but
it is plausible that it was also connected to the Gulf of Aden during
previous interglacial(s) (Audin et al., 2001). Lake Assal is now evaporitic
but was lacustrine until 5-6 kyr ago (Gasse and Fontes, 1989).

4.3. Red Sea

4.3.1. Tectonic and magmatic history

There is a long-standing debate about the nature of the crust in the
Red Sea and the position of the Ocean-Continent Transition (Almalki
et al., 2014, 2015; Augustin et al., 2014, 2016, 2021; Bohannon, 1986;
Bonatti, 1985; Bonatti et al., 2015; Bonatti and Seyler, 1987; Cochran,
1983; Egloff et al., 1991; Girdler, 1985; Girdler and Southren, 1987;
Girdler and Styles, 1974; Girdler and Underwood, 1985; Hall, 1989;
Issachar et al., 2022; Izzeldin, 1987; Le Magoarou et al., 2021; Ligi et al.,
2018; Makris et al., 1991; Mitchell and Park, 2014; Okwokwo et al.,
2022; Rihm and Henke, 1998; Schettino et al., 2016; Shi et al., 2018;
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Stockli and Bosworth, 2019; Sultan, 1992; Sultan et al., 1993). While all
studies agree on the oceanic nature of the central trough in the central
and southern Red Sea, the nature of the crust in the northern Red Sea
and the one underlaying the platforms in central and southern Red Sea is
under debate. Most models acknowledge the presence of a thin crust
(~20-8 km, Almalki et al., 2014; Egloff et al., 1991; Mooney et al.,
1985) in these areas, thicker however than normal oceanic crust. The
presence of significant magmatic material is testified by magnetic,
gravimetry, as well as seismic refraction and reflection surveys in the
central and southern Red Sea (Almalki et al., 2014; Bohannon and FEit-
treim, 1991; Hall, 1989; Izzeldin, 1987; Mitchell and Park, 2014;
Mooney et al., 1985). It is, however, debated whether these geophysical
data indicate heavily intruded continental crust or oceanic crust (e.g.
Hall, 1989; Izzeldin, 1987). Overall, the distinction between heavily
intruded continental crust and thickened oceanic crust is subtle and has
only small implications for tectonic reconstructions. Both imply that
significant crustal material was accreted during the rifting process.

On the southern margin of the Red Sea (south of approx. 15.5°N),
significant volcanism was recorded between 31 and 18 Ma (Davison
et al.,, 1994; Huchon et al., 1991), together with the emplacement of
plutons between 20 and 26 Ma (Capaldi et al., 1987b). Renewed phases
of post-tectonic volcanic activity occurred at ~10 Ma at the foot of the
escarpment (Jabal an Nar) and on Perim Island (Capaldi et al., 1987a;
Huchon et al., 1991; Mallick et al., 1990). Huchon et al. (1991) indicate
extension starting at least 25 Ma ago and ending before 10 Ma, with a
major pulse of tectonism between 18 and 10 Ma. In the same area,
Menzies et al. (1992) show cooling ages of 16 Ma, and Davison et al.
(1994) indicate exhumation since 20 + 5 Ma.

On the Bab-el-Mandeb platform, Mitchell et al. (1992) mention flat
beds with only minor subsidence and tectonic influence in the Plio-
Pleistocene sequence. These observations, along with the Late Pleisto-
cene tectonic quiescence (Al-Mikhlafi et al., 2018; Faure et al., 1980)
and the absence of volcanic material younger than the Mid-Miocene
(Capaldi et al., 1987a; Mallick et al., 1990) indicate that tectonic ac-
tivity in the area ceased after the Mid- to Late-Miocene. North of Bab-el-
Mandeb, seismic and recent volcanic activity is recorded, forming the
Hanish, Zubair and Jebel at Tair islands (Ruch et al., 2021; Xu et al.,
2015).

Further north, on the SW Saudi Arabian margin (central Red Sea on
Fig. 7), Bohannon (1986), Bohannon et al. (1989) and Bohannon and
Eittreim (1991) show faulting activity between 29 and 23 Ma and an
intense period of extension around 25 Ma, just before significant diking
between 24 and 21 Ma and the emplacement of plutons between 21 and
22 Ma (Sebai et al., 1991). Magmatic extension probably dominated
afterwards, while the uplift of the margins began at ~20 Ma and
accelerated since 13.8 Ma (Bohannon et al., 1989). On the Eritrean
coast, Abbate et al. (2002), Balestrieri et al. (2005) and Ghebreab et al.
(2002) similarly report denudation between 23 and 15 Ma. Omar and
Steckler (1995) interpret a further uplift phase around 34 Ma in SW
Saudi Arabia.

In the northern Red Sea, rifting style and chronology differ. While
Augustin et al. (2021), Makris and Rihm (1991) and Rihm and Henke
(1998) consider seafloor spreading along the whole Red Sea, many au-
thors consider that the northern Red Sea has not yet attained this state or
only partially, as testified by geophysical studies and the presence of
Precambrian basement and granitic rocks on Zabargad Island and in
offshore wells (Ali et al., 2022; Almalki et al., 2014, 2016; Bonatti et al.,
1981; Bonatti and Seyler, 1987; Bosworth et al., 1993, 2005; Cochran,
2005; El Khrepy et al., 2021; Le Magoarou et al., 2021; Mitchell and
Park, 2014; Saada et al., 2021; Stockli and Bosworth, 2019). This part of
the Red Sea probably represents intruded and hyperextended conti-
nental crust with a thickness reduced to <14 km (Ali et al., 2022; Le
Magoarou et al., 2021).

At the NW Saudi Arabian margin, no significant extension or tilting
occurred before 23 Ma. 23 Ma also corresponds to a significant dyking
event (Bosworth and Stockli, 2016; Stockli and Bosworth, 2019) and the
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first syn-rift sediments in Egypt (Bosworth et al., 2005). In Saudi Arabia,
thermochronometry showed the initiation of extension at ~23 Ma with a
second rift pulse at ~15 Ma (Stockli and Bosworth, 2019; Szymanski
et al., 2016). Stockli and Bosworth (2019) provide a comprehensive
review of timing.

The oldest measurable anomalies, identified in the central Red Sea
(between roughly 16° N and 19° N), are C3n.2n (4.6-4.8 Ma) according
to Schettino et al. (2016) and 3A (6.3-7.2 Ma) according to Izzeldin
(1987) (age updated after Ogg, 2020). Other authors estimate the
initiation of seafloor spreading around 10 Ma (Okwokwo et al., 2022),
between 10 and 12 Ma (Izzeldin, 1987; Rihm and Henke, 1998), at ~13
Ma (Augustin et al., 2021; Le Pichon and Gaulier, 1988) and ~ 14 Ma
(Makris and Rihm, 1991). Augustin et al. (2016) suggest younging of the
initiation of seafloor spreading northward, from 12 Ma at 20°N to 8-9
Ma at 23°N.

Mid-Miocene ages are also coherent with the ~14-12 Ma major
structural event recorded in the southern Gulf of Suez and Midyan
(Bosworth et al., 2005), interpreted to represent the abandonment of the
Gulf of Suez rift with the strain being accommodated by the Dead Sea
Fault system (or Aqaba-Levant fault). This reorganisation is thought to
be caused by the very thick and strong lithosphere of the Eastern Med-
iterranean hindering the northward propagation of the Gulf of Suez,
while the Levant area provided a weaker lithosphere (El-Sharkawy et al.,
2021; Steckler and ten Brink, 1986). Based on data from the Gulf of Suez,
Bosworth et al. (1998, 2005) estimate that this ~14 Ma reorganisation
caused a change in extension direction from rift normal to rift oblique
(parallel to the Dead Sea Fault). It also corresponds to a significant in-
crease in the Arabia — Nubia relative motion around 11-13 Ma ago
(ArRajehi et al., 2010; McQuarrie et al., 2003; Reilinger et al., 2015) and
to the closure of the Neotethys ocean (McQuarrie et al., 2003). Motion
along the Dead Sea fault is thought to have initiated before this ~14 Ma
reorganisation, around 20 Ma ago (Craddock et al., 2021; Garfunkel,
2014; Morag et al., 2019; Nuriel et al., 2017). The sinistral transform
movement of the fault accommodates 100-110 km of displacement
(Quennell, 1958; see also Garfunkel, 2014 and references therein).

4.3.2. Sedimentary environments

According to Crossley et al. (1992), Hughes et al. (1991) and Hughes
and Beydoun (1992), the marine connection between the Gulf of Aden
and the Red Sea was established during the late Oligocene (NP25, i.e.
~27 to 23 Ma, Speijer et al., 2020), when adverse marine conditions are
observed offshore Eritrea (Thio-1 well), but no indication of syn-rift
sediments are reported further north or offshore Yemen. The configu-
ration of this potential connection between the Gulf of Aden and the Red
Sea is puzzling as it is not recorded in the sediments of the Tihama Plain
(Hakimi et al., 2021, 2022) and some authors (Smith and Santamarina,
2022) suggest that this initial flooding occurred from the north. In the
Gulf of Suez and the northern Red Sea, the first syn-rift sediments are
reported during the late Oligocene - Early Miocene (Bosworth et al.,
2005; Evans, 1988; Hughes et al., 1999; Montenat et al., 1998; Plaziat
et al., 1998), with Early Miocene marine waters probably coming from
the Mediterranean Sea (Hughes et al., 1991; Mandur, 2009; Mitchell
et al., 1992; Orszag-Sperber et al., 1998). During the Early Miocene,
open-marine conditions were reached offshore Eritrea and marine, but
adverse conditions, possibly due to high clastic inputs, are reported
offshore Sudan and Egypt (Hughes and Beydoun, 1992). During the
Early or Mid-Miocene, the appearance of marine conditions is also re-
ported below the Tihama Plain in Yemen (As-Saruri et al., 2010; Hakimi
et al.,, 2016, 2021). Near Massawa (Eritrea), the Early Miocene lower
Dogali Fm. show continental deposits (Drury et al., 1994; Sagri et al.,
1998). The overlying Mid to Late Miocene upper Dogali Fm. is charac-
terized by coastal conditions (Sagri et al., 1998).

During Langhian to Serravallian, the basin became underfilled and
evaporitic conditions prevailed throughout the Red Sea, while deep
marine conditions were maintained in the Gulf of Aden, clearly indi-
cating a decoupling of both basins (Hughes and Beydoun, 1992; Mitchell
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et al., 1992, 2021; Orszag-Sperber et al., 1998; Plaziat et al., 1998;
Savoyat et al., 1989; Smith and Santamarina, 2022). On the Bab-el-
Mandeb platform, Mitchell et al. (1992) mention the absence of salt,
possibly indicating emersion of the sill.

Following this evaporitic crisis, the re-establishment of open-marine
conditions occurred in the Pliocene, establishing shallow to moderately-
deep (except for the central trough) marine conditions in the Red Sea
(As-Saruri et al., 2010; Crossley et al., 1992; Hakimi et al., 2016, 2021;
Hughes and Beydoun, 1992; Mitchell et al., 1992; Savoyat et al., 1989;
Stoffers and Ross, 1974).

4.4. The Ethiopian Plateau

The Ethiopian plateau represents the western margin of the Afar
Depression (Fig. 1b). In the north, it merges with the Red Sea’s western
margin. The northern part of the Ethiopian plateau (N of approx. 13°N)
is characterized by the sparse Cenozoic volcanic cover. In FEritrea, the
main volcanic event is coeval with the emplacement of the Trap Series
reported for the whole region and having early Oligocene ages
(32.9-28.0; Drury et al., 1994; Zanettin et al., 2006). The second phase
of volcanism is reported in the late Oligocene/Early Miocene (datings
between 24.6 and 22.1 Ma; Zanettin et al., 2006). In Ethiopia, datings in
the Adigrat region (Hofmann et al., 1997) and in the Mekele area
similarly indicate the main phase of volcanic activity during the early
Oligocene, possibly extending from 33 to 26 Ma (Justin-Visentin, 1974;
Sembroni et al., 2017). A Miocene phase of volcanism (19-15 Ma)
formed the Adwa Phonolite and trachyte, as well as volcanic rocks found
along the coast (Drury et al., 1994; Hagos et al., 2017; Natali et al.,
2013), being synchronous with a late pulse of activity of the Simien
Shield volcano (Kieffer et al., 2004). Hagos et al. (2020) report some
fault reactivation in the Mekele basin after the emplacement of the flood
basalts.

In the central part of the Ethiopian plateau (approx. between 11 and
13°N), datings are scarce but Ayalew et al. (2021), Eid et al. (2021),
Hofmann et al. (1997), Kieffer et al. (2004) and Ukstins et al. (2002)
indicate ages ranging from 31.2 to 26.7 Ma. In contrast to the northern
highlands, these Oligocene lavas almost entirely cover pre-Cenozoic
rocks.

The southern part of the Ethiopian plateau (approximately between
11 and 9°N) similarly shows a wide magmatic cover of the pre-Cenozoic
rocks, but their ages are younger than in the north. South of approx. 11°
N, no early Oligocene lava is present (Chernet et al., 1998; Coulié et al.,
2003; Feyissa et al., 2017; Kieffer et al., 2004; Morton et al., 1979;
Ukstins et al., 2002; Wolfenden et al., 2004, 2005), the oldest being 26.7
+ 1 Ma (Feyissa et al., 2017). Coulié et al. (2003) even measured a 20.7
+ 0.3 Ma flow directly overlying the Mesozoic sandstones. The bulk of
the datings indicate ages between 26.7 and 19.7 Ma, and the uppermost
plateau lavas are as young as 12-10 Ma (Chernet et al., 1998; Ukstins
et al., 2002; Wolfenden et al., 2004).

4.5. The Yemenite plateau

The Yemenite plateau forms the eastern margin of the southern Red
Sea and the northern margin of the Gulf of Aden (Fig. 1b). Dating of
lavas on this plateau indicate that the eruption of the traps was a very
brief event lasting from ~30.9 to ~26.5 Ma, (Baker et al., 1996; Riisager
et al., 2005; Thines et al., 2021; Ukstins Peate et al., 2005; Zumbo et al.,
1995a). Recent publications indicate that the volcanic phase was even
shorter, ending around 27.7 Ma. This contrasts with the Ethiopian
plateau, where volcanism continued during the late Oligocene and the
Miocene.

4.6. Danakil Block

The Danakil Block refers to the broad area of relatively more elevated
topography and Bouguer gravity anomaly situated between the Gulf of
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Zula and the Gulf of Tadjoura (Fig. 1, Suppl. Mat. 4). The geological
history of the Danakil Block is poorly constrained due to the lack of
detailed field studies since the 70s. We segment the Danakil Block into
two parts: the northern part (approx. North of 13.2°N) exposes mainly
Precambrian basement, Mesozoic sediments and the massive Nabro
volcanic range. The southern part is almost entirely covered by Neogene
and Quaternary volcanics. This limit also marks a possible tectonic block
boundary (Viltres et al., 2020; section 5.1.1).

On the northern Danakil Block, Frazier (1970) reports two datings on
volcanic rocks in the Howlakil Bay and N of the Amphila Bay at 15 and
23 Ma, respectively. Similarly, Brinckmann and Kiirsten (1971) report
the presence of isolated igneous rocks of ages ranging from ~25 to ~16
Ma in the Danakil Alps. In the southern Danakil Alps, the Dioita Massif is
covered by 27 to 23 Ma lavas (Brinckmann and Kiirsten, 1971; Civetta
et al., 1975a). Two ~21-23 Ma old granitic plutons are described: the
Dioita granite and the Asa Ale granite (Barberi et al., 1975; Brinckmann
and Kiirsten, 1971; Civetta et al., 1975a). They are overlain by ~19 Ma
old rhyolites and a few Recent lava flows (Civetta et al., 1975a; De Fino
et al., 1978).

The relative chronology of the Nabro volcanic range is well-defined
(Wiart and Oppenheimer, 2005; Wiart et al., 2000) with the latest
eruption in 2011 (e.g. Goitom et al., 2015), but the oldest lavas have not
been dated. A maximal Pleistocene age is generally agreed upon (Varet
etal., 1975; Wiart and Oppenheimer, 2005). The lavas situated SE of the
Nabro range have ages between 8 and 6 Ma (Brinckmann and Kiirsten,
1971; Civetta et al., 1975b).

On the southern Danakil Block, the age of the lavas covering most of
the Danakil Block between 12.4°N and 13.2°N is poorly constrained.
Datings from Barberi et al. (1975), Civetta et al. (1975b) and Zumbo
et al. (1995b) indicate Mid-Late Miocene to Recent ages. The youngest
lavas are found in the Assab and Gufa volcanic ranges (Civetta et al.,
1975b; De Fino et al., 1973). The oldest rocks exposed on the Djiboutian
part of the Danakil Block are the Mabla Rhyolites (and associated ba-
salts, sometimes called Andolei basalts). Zumbo et al. (1995b) dated this
formation between 15.4 and 11.8 Ma. Older K/Ar datings of Barberi
et al. (1975) indicated a minimum age of 9.5 Ma. Extrapolation of the
same units found on the Ali Sabieh Block suggests that volcanic activity
began significantly earlier (Oligocene), but the absence of older out-
crops on the Danakil Block does not allow to confirm this hypothesis.
The overlying Dalha basalts in this part of Djibouti yield ages of 6.5 and
6.7 Ma (Barberi et al., 1975; Zumbo et al., 1995b). Comparison with the
same unit in Ali Sabieh indicates that this unit might expand from 8.6 to
3.8 Ma (Audin et al., 2001; Barberi et al., 1975; Chessex et al., 1975;
Daoud et al., 2011; Zumbo et al., 1995b). These units are overlain in the
NW by the Quaternary stratoid basalts (Zumbo et al., 1995b) and near
the shore in the SSE by Gulf Basalts with ages ranging from 3.5 to 1 Ma
(Barberi et al., 1975; Daoud et al., 2011).

No complete interpretation of the tectonic history of the Danakil
Block is available in the literature, but a chronology can nevertheless be
proposed. The similarities of the volcanic and plutonic events of the
northern Danakil Block and the Yemen coast (Fig. 7) suggest a similar
tectonic history related to the opening of this part of the Red Sea, i.e.
starting before 25 Ma and ending before 10 Ma (see section 4.3.1). The
observation that the ~19 Ma rocks of the Dioita Massif are heavily
faulted, while the ~7 Ma rocks situated south of the Nabro range are not
affected by tectonism (Barberi et al., 1975) strengthens the hypothesis of
a cessation of tectonic activity in the Mid-Miocene. Also, C.N.R - C.N.R.S.
Afar Team (1973) mention that Jurassic sediments are tilted in another
direction compared to the Red Bed Series, implying deformation before
deposition of the latter (~8.5 Ma, see section 4.13.2). The northern
Danakil Block experienced a second phase of deformation on its west-
ernmost margin linked to the opening of the Danakil Depression. This
phase is discussed in section 4.13.2.

The detailed tectonic history of the southern Danakil Block is un-
known before the Mid-Miocene, but Makris et al. (1975), Makris and
Ginzburg (1987) and Redfield et al. (2003) showed that the crust of the
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Danakil Block is thinner than the plateaus and thus experienced signif-
icant extension. It is reasonable to assume that the early tectonic history
of the southern Danakil Block is similar to the one of the northern part of
the Danakil Block, Yemen and Ali Sabieh Block, i.e. extension related to
the opening of the Red Sea from late Oligocene to Mid Miocene. Surface
geology shows that along the Red Sea coast, the Mabla Series is heavily
faulted and tilted with an orientation parallel to the Red Sea trend
(NNW-SSE) (Barberi et al., 1975). The Dahla/Dalha basalts lie uncon-
formably on them and are only slightly tilted and faulted (Barberi et al.,
1975; Chauvet et al., 2023), a further indication of the cessation of
tectonism in the Bab-el-Mandeb area during the Late Miocene (see also
section 4.3.1). In contrast, on the SW margin of the block (Makarassou
region), thickness changes indicate continuous tectonic activity during
the eruption of the Dahla basalts (Chauvet et al., 2023; Geoffroy et al.,
2014; Le Gall et al., 2011). The overlying Plio-Quaternary lavas similarly
show very little faulting except in Moussa Ali, Makarassou fault system
and on the coasts of the Gulf of Tadjoura. The faults in the latter zone are
parallel to the ones found on the floor of the Gulf of Tadjoura (Dauteuil
et al.,, 2001), and we interpret it as being caused by the Quaternary
opening of the Gulf (Daoud et al., 2011; Manighetti et al., 1997; see also
section 4.2).

Paleomagnetic data of Manighetti et al. (2001) show that the Danakil
Block rotated 10.7° since ~8 Ma. Assuming a constant rotation rate and
a total rotation of 30°, they estimated the initiation of rotation around
20 Ma ago, but several other authors agree on a significantly younger
age, i.e. at least at ~11 Ma (Eagles et al., 2002), 9.3 + 4 Ma (McClusky
et al.,, 2010) and 11 + 2 Ma (Reilinger and McClusky, 2011).

4.7. Ali Sabieh Block

The Ali Sabieh Block (or Aisha Block) is an elevated area situated at
the border between Ethiopia, Djibouti and Somalia (Fig. 1), covered by
Mesozoic sediments attesting the continental nature of the block (e.g.
Chessex et al., 1975; Geological Survey of Ethiopia, 2015; Le Gall et al.,
2015). It was intruded and covered by trap basalts (19-28 Ma, alter-
natively named Ali Sabieh basalts, Adolei/Andolei basalt or Galile Fm.,
Audin et al., 2004; Barberi et al., 1975; Black et al., 1975; Chessex et al.,
1975; Le Gall et al., 2010, 2015; Zumbo et al., 1995b). The overlying
Mabla series have ages ranging between 19 and 13 Ma (Barberi et al.,
1975; Black et al., 1975; Chessex et al., 1975; Zumbo et al., 1995b) of
which many dykes intrude the Ali Sabieh basalts (Chessex et al., 1975;
Zumbo et al., 1995b). The Dahla series lies unconformably on the Mabla
Series and mainly yields ages between 8 and 4.5 Ma (Audin et al., 2004;
Barberi et al., 1975; Black et al., 1975; Chessex et al., 1975) while some
authors consider rocks as recent as 3.5 Ma being part of this unit (Le Gall
et al., 2015; Zumbo et al., 1995b). The rocks dated between 3.5 and 4.5
Ma were all sampled on the eastern side of the Block and classified by
other authors as part of the Somali Basalts. This latter unit was dated
between 7.2 and 3.6 Ma (Daoud et al., 2011) and is sometimes topped by
the Pleistocene Goumarre Basalts (~2.5-1.7 Ma; Daoud et al., 2011).
Near the Gulf of Tadjoura, Stratoid and Gulf basalts with ages ranging
from ~2.8 to 0.8 Ma (Audin et al., 2004; Courtillot et al., 1984; Daoud
et al., 2011) represent the last volcanic events of the Ali Sabieh Block.
On the SW side of the Block, the Dahla Series is covered by Stratoid lava
of unknown age but probably being Pliocene based on the extrapolation
of this unit in south-eastern Afar (see section 4.8).

South of the Ali Sabieh Block sensu stricto, the geological history of
the region South of Aisha and E of Adigala is similar to the one of the
Block itself (Audin et al., 2004; Black et al., 1975; Geological Survey of
Ethiopia, 2015).

Towards the coast of the Gulf of Tadjoura, the Ali Sabieh Block is
covered by the previously described Dahla unit and by Quaternary
Stratoid and Gulf basalts with ages ranging from 2.5 to 0.8 Ma (Audin
et al., 2004; Barberi et al., 1975; Courtillot et al., 1984; Daoud et al.,
2011).

From a tectonic point of view, Chessex et al. (1975) mention a first
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faulting event before the deposition of the Ali Sabieh lavas. The second
stage of deformation occurs after the emplacement of the Ali Sabieh
lavas, between 16 and 22 Ma, according to Chessex et al. (1975), or
between 15 and 20 Ma, according to Black et al. (1975). The next
faulting event is reported between the emplacement of the Mabla and
Dahla Series. After the emplacement of the Dahla Series, renewed
faulting activity is described (Arthaud et al., 1980; Chessex et al., 1975;
Daoud et al., 2011; Muller and Boucarut, 1975), followed by the faulting
of the Stratoid and Gulf basalts in the Quaternary. This faulting is related
to the opening of the Gulf of Tadjoura and the Asal — Ghoubbet graben,
where most of the present-day tectonic activity is concentrated (Audin
et al., 2004; Daoud et al., 2011; Manighetti et al., 1997).

Paleomagnetic studies (Kidane, 2016) showed a 30° clockwise
rotation of the Ali Sabieh Block somewhen between 60 and 8 Ma. Audin
et al. (2004) show a clockwise rotation of the NW margin of the Ali
Sabieh Block between 8 and 4 Ma and propose that the movement be-
tween the Ali Sabieh and Danakil Block was accommodated by the
strike-slip activity of the NE-SW Holhol fault between ~4 and 1 Ma
before the strain was transferred in the present-day Gulf of Tadjoura.

On the eastern side of the Block, the absence of faulting indicates
tectonic stability, at least since Late Miocene times (Audin et al., 2004;
Barberi et al., 1975).

4.8. South-eastern Afar

The south-eastern Afar is situated between the Goba’Ad graben, the
Issa graben and the Somalian Plateau (Fig. 1). The Somalian Plateau
differs from the Ethiopian Plateau with a smaller volcanic coverage,
almost exclusively confined to the escarpment. The first activity recor-
ded in south-eastern Afar is the formation of the Ogaden Dyke Swarm at
22-25 Ma in the Marda Fault Zone, postulated to be a Precambrian
reactivated structure (Black et al., 1974; Mege et al., 2016; Purcell,
1976). More than 200 km further south in Ogaden, the continuation of
the same dyke swarm indicates older ages, reaching 30 Ma (Mege et al.,
2016). Between 24 and 22 Ma, the Alaji basalts erupted at the present-
day escarpment and on the nearby plateau (Chernet et al., 1998; Kunz
etal., 1975). Mid-Miocene lavas (~13 Ma, Berhe, 1986) are also present
on the plateau.

At the foot of the escarpment, lava flows of Late Miocene ages
(6.8-7.4 Ma) have been reported (Berhe, 1986). They are topped by
slightly younger Stratoid basalts with ages ranging from 4.5 to 5.1 Ma
(Berhe, 1986; Chernet et al., 1998; WoldeGabriel et al., 1992a).

It is unclear when stretching of the escarpment took place (e.g. Black
et al., 1975), mainly because it does not expose much syn-rift volcanism.
The late Oligocene/Early Miocene traps lie conformably above the
Mesozoic sediments (Geological Survey of Ethiopia, 2010a; Juch, 1975).
Late Miocene lavas are not outcropping enough to be conclusive, but
Pliocene lavas have only undergone limited faulting, mainly towards the
N and the Buren plain or towards the W and the NMER, which we
interpret as evidence for post-tectonic magmatism, consistently with the
results of Tortelli et al. (2022) who show that these lavas were probably
emplaced on an already thinned lithosphere. The main stretching phase
could thus have happened anytime between ~22 and ~ 4.5 Ma.

The Dembel Volcanic Range in the easternmost part of the region has
experienced volcanic activity since 3.35 Ma ago, which continued until
Recent times, along with some faulting activity (Audin et al., 2004;
Black et al., 1975). However, data from Doubre et al. (2017), Moore
et al. (2021) and Sangha et al. (2022) show that this region currently
hardly accommodates any extension. The Buren Plain is mainly covered
by Holocene/Recent sediments, suggesting active subsidence.

The history of the horst between the Buren Plain and the Goba’Ad
graben has never been investigated in detail. The oldest rocks are dated
at 6.3 Ma (Black et al., 1975,) or 4.3 Ma (Barberi et al., 1975). The
youngest is 2.4 Ma (Barberi et al., 1975), but Geological Survey of
Ethiopia (2015), Varet et al. (1975) and our mapping results indicate the
presence of younger, undated lavas, hypothetically assigned to Early/
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Middle Pleistocene. The orientation of feeder dykes (coinciding with
magnetic lineations (Purcell, 2018) in the area indicates a SSW-NNE
extension during the Pliocene (Christiansen et al., 1975). This would
fit the hypothesis of Audin et al. (2004), Hammond et al. (2011) and
Wolfenden et al. (2004) that this area was an active rift segment during
the Mio-Pliocene.

4.9. NMER

The Northern Main Ethiopian Rift (NMER) forms a rift valley be-
tween the Somalian and Ethiopian Plateaus, south of approximately
10°N (Fig. 1). On the eastern side of the NMER, the geological history of
the plateau corresponds to the geological evolution of South-Eastern
Afar with Trap basalts between 24 and 22 Ma (Alaji Group). Few dat-
ings are reported between 20 and 16 Ma on the present-day escarpment,
but datings cluster mainly around 13 Ma (on the plateau and the
escarpment) and between 9 and 11 Ma (at the base of the escarpment),
indicating renewed magmatic activity in the Mid to Late Miocene
(Berhe, 1986; Chernet et al., 1998; Kunz et al., 1975; Morbidelli et al.,
1975) (Tarmaber Fm, Anchar Basalts and Arba Guracha Silicics acc. to
Chernet et al., 1998; Geological Survey of Ethiopia, 1985). Intercalated
between this volcanic material, the diatomite-dominated Chorora Fm
indicates the presence of a lacustrine basin at ca. 10 Ma. This basin was
localized between the future Afdem, Asebot and Gara Gumbi volcanoes
and the foot of the escarpment (Geraads et al., 2002; Sickenberg and
Schonfeld, 1975; Tiercelin et al., 1979). This timing corresponds to the
initiation of subsidence according to Chernet et al. (1998). NE of Mieso,
Juch (1975) reports the first angular unconformity in the Arba Guracha
Silicics, which are slightly older (~10-14 Ma; Chernet et al., 1998).
Berhe (1986) also reports the first rifting at 14 Ma with the formation of
this unit. SE of Mieso, this unit is conformable (Juch, 1975).

The large volcanic edifices of Asebot and Gara Gumbi have been
dated between 5 and 6.85 Ma, and the Afdem volcano is assumed to have
a similar age (Chernet et al., 1998; Feyissa et al., 2017; Geological
Survey of Ethiopia, 1985; Kunz et al., 1975; WoldeGabriel et al., 1992a).
They show little faulting except on their W side towards the NMER and
were thus probably emplaced after the first stretching phase. Juch
(1975) reports unconformities in the lowermost part of this Late
Miocene unit which we interpret as a second phase of stretching
restricted to the rift floor. At the NW foot of the volcanoes, the rift is
floored by Mio-Pliocene volcanic products and sediments (~5.6 Ma to
~3.8 Ma) covered near Awash by mostly undeformed Early Pleistocene
lavas (Chernet et al., 1998; Hujer et al., 2015; Kidane et al., 2010;
WoldeGabriel, 1987). This second tectonic event therefore probably
lasted from the Late Miocene to the Pliocene.

On the NW margin of the NMER, Wolfenden et al. (2004) similarly
note the first unconformity at ~10.6 Ma, linked with significant
magmatic production until ~6.6 Ma (Kessem Fm.) (Chernet et al., 1998;
Ukstins et al., 2002; Wolfenden et al., 2004) and a regional southeast-
ward basinal tilt (Wolfenden et al., 2004). Deformation before 11 Ma
cannot be excluded but must have been minor. Slightly further N along
the Ankober fault, Wolfenden et al. (2005) note the first tectonic activity
in the ~11 Ma Aliyu Amba Fm. A significant hiatus with a major un-
conformity is recorded between ~6.6 and ~ 3.5 Ma and is interpreted to
be diachronous with strain migrating towards the centre of the rift.
Pliocene (~3.6-2.5 Ma, Ukstins et al., 2002; Wolfenden et al., 2004)
magmatic products are found in the lower part of the escarpment (Balchi
Fm.).

The Wonji segments or the Wonji fault belt are narrow belts of intense
recent faulting in the MER (Mohr, 1967). In the study area, they include
the Kone, Fentale, Dofen and Hertali volcanoes. Their age range from
~1.8 Ma to very Recent (Chernet et al., 1998; Feyissa et al., 2017;
Kazmin et al., 1980; Morton et al., 1979; Siegburg et al., 2018; Vogel
et al., 2006; Williams et al., 2004), Deformation was focused in the
Wonji belt since ~2 Ma (Corti, 2009; Wolfenden et al., 2004). Defor-
mation is accommodated by both brittle and magmatic processes (Kurz
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et al., 2007). One Lower Pleistocene fluvial and lacustrine clastic unit is
reported near the Dofen volcanic centre by WoldeGabriel et al. (1992b).
Sedimentation was probably nearly continuous since then.

4.10. South-western Afar

The south-western Afar comprise the area between the Issa Graben
and the Ethiopian Plateau (Fig. 1). The geological history of the south-
western Afar margin has been well studied, particularly by Wolfenden
et al. (2005). Early Oligocene flood basalts are reported in the northern
part of the region (Coulié et al., 2003; Rooney et al., 2013; Ukstins et al.,
2002), but, as discussed in section 4.4, the traps outcropping in the
southern part are younger.

The first stage of deformation initiated between 29 and 26 Ma along
border faults and lasted until ~20 Ma (Wolfenden et al., 2005). Defor-
mation was accompanied by significant acidic volcanism (Feyissa et al.,
2017; Rooney et al., 2013; Ukstins et al., 2002; Wolfenden et al., 2005).
In the southern part of the region (9.95°N, transect E-E’ of Wolfenden
et al., 2005), the first tectonic event is recorded along the Ataye border
fault before the deposition of the ~25 Ma old Brikitu Fm. This strongly
contrasts with the initiation of tectonic activity ~12 Ma ago in the
NMER, only 40 km south (see Wolfenden et al., 2005 and section 4.9).

At ca. 16 Ma, the locus of extension shifted towards the east (Wolf-
enden et al., 2005), associated with basaltic and intermediate volcanism
(~16-14 Ma; Ukstins et al., 2002; Wolfenden et al., 2005).

Around 7 Ma, the strain again migrated eastward towards the foot of
the escarpment, corresponding to the 3rd stage of deformation (Wolf-
enden et al., 2005) and accompanied by volcanic products restricted to
the foot of the escarpment (~7-3 Ma; Barberi et al., 1975; Coulié, 2001;
Feyissa et al., 2017; Kleinsasser et al., 2008; Kunz et al., 1975; Wolf-
enden et al., 2005). The absence of large offset faults in this unit is
interpreted by Wolfenden et al. (2005) as an indication that strain was
mainly accommodated by dyke injection. At the SE base of the escarp-
ment, WoldeGabriel et al. (2013,2001) report fluvio-lacustrine clastic
sedimentary units with ages from 5.77 to 3.8 Ma.

The oldest deposits of the Awash valley are found in the middle
Awash (ca. 10.4°N) with ages ranging from 5.5 to 4 Ma (Renne et al.,
1999), and in the ~5.2-3.9 Ma fluvio-lacustrine Sagantole Formation
formed in an eastward-dipping half-graben localized in the present-day
Lower Awash valley (ca. 11.1°N, Quade et al., 2008).

The fluvio-lacustrine Pliocene (3.9-2.9 Ma, Quade et al., 2008)
Hadar Formation in the lower Awash probably formed in response to
extension parallel to the Red Sea Rift System, as testified by the north-
northeast depositional direction observed in this unit (Campisano,
2012; DiMaggio et al., 2015a; Wynn et al., 2008), indicating that the
region was not yet dominated by MER tectonics. Few studies, however,
propose another interpretation with a N-S-oriented basin (see Campi-
sano, 2012 and references therein). Deposits of comparable age
(3.39-4.26 Ma, White et al., 1993) in the middle Awash valley are
believed to belong to a distinct basin (Wynn et al., 2008). The deposition
of the fluviatile Busidima Formation (2.7-0.15 Ma, Quade et al., 2008)
marks a significant change in the dynamic of the basin, the activation of
the N-S As Duma fault and the formation of a marginal graben (Quade
etal., 2008; Wynn et al., 2008). Simultaneously, sedimentation began in
the axial Adda’Do and Yangudi Basin (Issa Graben), according to Wynn
et al. (2008). Sedimentation in the lower Awash valley ended approx.
0.15 Ma ago, probably related to base-level drop (Quade et al., 2008)
and the formation of the Kariyu Basin (Kalb, 1995).

Magmatic rocks situated on the horst east of the Awash basin were
dated between 4 and 2.3 Ma (Barberi et al., 1975; Kunz et al., 1975;
Lahitte et al., 2003b) and were emplaced in a thinned lithosphere
(Tortelli et al., 2022). One dating of 7.1 Ma is presented by Barberi et al.
(1975) at the base of the eastern fault scarp of the Issa graben, suggesting
that Late Miocene rocks are buried below the outcropping Pliocene
lavas.

The age of the Issa graben is probably Quaternary, as proposed by
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Varet et al. (1975) and Wynn et al. (2008), and possibly related to the
reorganisation of the Awash valley at ~2.8 Ma. This is comparable in
age with the tectonic activity of the Wonji segment of the NMER (see
section 4.9). No volcanic material in this graben has been dated. Only a
few flows on the Abida and Ayelu volcanoes yield ages younger than 0.8
Ma (Kunz et al., 1975; Lahitte et al., 2003b; Rees et al., 2023).

4.11. Central-western Afar

The central-western Afar comprises the area between the Affara Dara
and the Ethiopian Plateau (Fig. 1). At the margin, the trap series were
dated between 31.2 Ma and 28.5 Ma (Ayalew et al., 2019; Eid et al.,
2021; Hofmann et al., 1997; Kieffer et al., 2004; Ukstins et al., 2002).
Datings between ~23 and ~ 20 Ma are reported by Ayalew et al. (2019)
and Stab et al. (2016) in the lavas of the Chifra series. The top of this
formation was dated at 7 Ma (Stab et al., 2016). It is unclear whether
low-volume but continuous volcanism existed between these two
Miocene age clusters. No thickness variations, unconformities or growth
strata were observed in the Trap and Chifra series, but it is postulated
that limited extension without block tilting formed marginal grabens
(Stab et al., 2016). The Chifra series is unconformably overlain by the
flat-lying Arabati Rhyolite, probably ~6.8-5.5 Ma old (Ayalew et al.,
2019; Coulié, 2001). This indicates that significant tectonic activity only
occurred during the Late Miocene. Ayalew et al. (2019) measured WSW -
ENE dykes of 24.3-17.4 Ma old in the same region.

At the foot of the escarpment, the Awra plain is covered by poorly
studied sediments. Erosion features indicate that most of those sedi-
ments are not Recent. Studies lack in this basin except along the Mille
River Basin, where sediments were dated as Pliocene (3.4 to 3.8 Ma,
Deino et al., 2010; Haile-Selassie et al., 2015; Saylor et al., 2019).
Extrapolation to the whole basin is difficult but remains plausible.
Volcanoes in the northern part of the basin were dated at 3.5 and 1.6 Ma
(Coulié, 2001; Stab et al., 2016). Very recent volcanic cones are visible
in the centre of the basin. Faults are rarely identified, and the relative
scarcity of Recent sediments could indicate that the basin is not actively
subsiding.

Whereas the escarpment seems to lack deformation during the early
rifting phase, the Sullu Adu area shows a different evolution. In the
northern part, Coulié (2001) and Stab et al. (2016) describe an angular
unconformity between the Early Oligocene (30.6 to 29.7 Ma) lavas and
the Miocene (25.4 to 8.6 Ma) Finto rhyolites. Stab et al. (2016) mentions
the base of this unit to be 23.5 Ma old but Coulié (2001) shows an age of
25.4 Ma, probably in the same unit. It is unclear whether this long-
lasting unit represents continuous deposition or whether it corre-
sponds to two eruptive phases. In each case, the unit lacks any internal
deformation or unconformity, evidencing tectonic quiescence during
most of the Miocene. Renewed tectonic activity between this series and
the Sullu Adu Series (i.e. between 8.6 and 5.4 Ma) formed a second
major angular unconformity (Stab et al., 2016). The Sullu Adu series
(5.4-3.9 Ma) are horizontal but cut by faults. In the southern part of the
Sullu Adu horst (region of Mille), these lavas yield slightly younger ages
(3.5-2.7 Ma, Coulié, 2001; Kidane et al., 2003; Kunz et al., 1975; Stab
et al., 2016). Barberi et al. (1975) report an age of 7.4 Ma for a tilted
block covered by the Sullu Adu series.

NNW of the Sullu Adu horst is the Recent Dabbayra volcanic range.
The timing of the initiation of volcanic activity (in the eastern part of the
area) is unknown, but extrapolation from datings of Coulié (2001) and
Stab et al. (2016) in the Awra plain points towards a possible Plio-
Pleistocene age. Further to the NNW, the 23 Ma Limmo Granite forms
one of the few outcropping plutons of the Afar Depression, intruding in
23-26 Ma porphyritic and extrusive rocks (Black et al., 1972).

East of the Dabbahu — Manda Hararo volcanic range, the Affara Dara
is formed by another granitic body with intruding trap basalts at ~25 Ma
(Barberi et al., 1972a; C.N.R - C.N.R.S. Afar Team, 1973; Varet, 2018).
This body is covered by Early-Middle Pleistocene lavas (Barberi et al.,
1975). This massif was most probably linked to the Sullu Adu horst
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before being separated by the proto-Dabbahu- Manda Hararo range.

The Dabbahu-Manda Hararo volcanic range is formed by lavas
younger than 0.3 Ma (Barberi et al., 1972a; Ferguson et al., 2013a; Field
et al., 2013; Lahitte et al., 2003b; Medynski et al., 2015). During this
timeframe, the range formed the locus of extension, with most of the
strain being accommodated by dyke intrusion rather than faulting
(Ebinger et al., 2010; Ferguson et al., 2013a), as exemplified by the
2005-2010 event (e.g. Ayele et al., 2009; Barnie et al., 2016; Grandin
et al., 2009, 2010; Wright et al., 2006). This area shows low crustal
contamination, high partial melting, shallow Moho, linear magnetic
anomalies, an extensive and long-lasting magma reservoir and is
believed to be heavily intruded, representing an almost oceanic crust,
close to continental breakup (Ahmed et al., 2022; Ayalew et al., 2019;
Ayele et al., 2009; Bridges et al., 2012; Desissa et al., 2013; Didana et al.,
2014; Hammond et al., 2011; Johnson et al., 2016; Lewi et al., 2016;
Reed et al., 2014). The margins of the Dabbahu-Manda Hararo volcanic
range are formed by Pleistocene lavas (2.3-0.6 Ma, Barberi et al., 1975;
Kidane et al., 2003; Kunz et al., 1975; Lahitte et al., 2003b).

4.12. Central-eastern Afar

The central-eastern Afar is situated between the Tendaho and
Goba’Ad grabens and the Danakil Block (Fig. 1). The central-eastern
Afar is almost exclusively covered by rocks of Quaternary age, hiding
part of its geological history. A few late Pliocene K/Ar datings were
obtained near the Assal Rift and two on the Gamarri fault scarp (Barberi
et al., 1975). Dating of the same scarp by Ar/Ar techniques indicates that
previous datings were probably imprecise (Ar/Ar ages ~2 Ma, Ahn
et al., 2016; Kidane et al., 1999, 2003; Lahitte et al., 2003b). Other
datings (> 130 datapoints) indicate ages of 2.3 Ma or younger, assigned
to the upper Stratoid series (Barberi et al., 1975; Brinckmann and
Kiirsten, 1971; Civetta et al., 1975a, 1975b; Courtillot et al., 1984;
Kidane et al., 1999, 2003; Lahitte et al., 2003b; Manighetti et al., 1998;
Zumbo et al., 1995b). Besides the few pre-Quaternary datings discussed
above, most of the oldest datings are found between the Tendaho /
Goba’Ad graben and the Asal — Ghoubbet graben. The age of the lavas
tends to be young towards both of these active rift segments and Manda
Inakir. The Recent (< ~0.6 Ma) lavas are restricted to four areas: the
Tendaho/Goba’Ad graben, the Dadar graben, Manda Inakir and Asal-
Ghoubbet (the latter discussed in section 4.2 above). Except for
Manda Inakir, Recent lavas are confined to active rift segments. Stab
et al. (2016) named this phase the “localizing phase”.

The central-eastern Afar is dissected by numerous grabens. They are
mainly filled by Pleistocene-Recent sediments (e.g. Gasse and Street,
1978; Gasse et al., 1980). The early tectonic history of the area is mainly
unknown due to the ubiquitous Quaternary cover. However, data from
Tortelli et al. (2022) suggest that the lithosphere was still relatively thick
during the emplacement of the Early Pleistocene Upper Stratoid Fm.,
indicating a late thinning. The Tendaho graben is filled in some parts by
more than 1000-1300 m of sediments intercalated with basaltic lava
flows (Battistelli et al., 2002). Formation of this graben has been
postulated to have started 1.8 Ma ago (Acocella et al., 2008; Acton et al.,
1991). However, this value is only constrained by the average age of the
Stratoid basalts. We instead consider the graben to be initiated around
1.1 to 0.6 Ma ago, as argued by Lahitte et al. (2003b), coherently with
petrological indications of rift focusing since 1.1 Ma (Tortelli et al.,
2022). According to Acocella et al. (2008), the rifting activity decreased
in the Tendaho Graben since ~0.2 Ma, in favour of Manda Hararo.
However, lakeshore markers indicate still active subsidence during the
Holocene (Mologni et al., 2021). The eastern part of the Goba’Ad graben
comprises older sediments, up to Pliocene, indicating an earlier forma-
tion (Fig. 4, Gasse et al., 1987). Doubre et al. (2017), Moore et al.
(2021), Pagli et al. (2014), Sangha et al. (2022) show that the Goba’Ad
graben hardly accommodates any shortening nowadays.
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4.13. Danakil Depression

The Danakil Depression sensu lato forms an area of lower elevation
between the Gulf of Zula, the Ethiopian Plateau, the Affara Dara and the
Danakil Block (Fig. 1). We segment it here in the Afar-Danakil transition
zone, the Danakil Depression sensu stricto and the Buia graben.

4.13.1. Afar-Danakil transition zone

The Afar-Danakil transition zone refers in this study to the area situ-
ated between 12.8°N and 13.4°N (Fig. 1). This zone marks important
changes in morphology, magmatism, tectonics and sedimentology be-
tween central Afar south of it and the Danakil Depression sensu stricto
situated north of it (see also section 7.1). This area is characterized by
vast zones covered by Recent (< ~0.6 Ma) lavas of the Ma’Alalta, Alayta
and Tat’Ali massifs. Older lavas of unknown age are present on Afdera
volcano. Barberi et al. (1975) published an age of 3.1 Ma at the foot of
the volcano, but this age is questionable. Varet et al. (1975) map this
volcano as belonging to the upper stratoid series, corresponding to our
Qv unit. Tectonically, the area is dominated by the Alayta — Afdera
Transfer Zone, which links the Dabbahu — Manda Hararo rift segment to
the Tat’Ali and Erta Ale rift segments (Schaegis et al., 2021 and refer-
ences therein). This transfer zone similarly affects Early Pleistocene to
Recent lavas.

The Teru Graben and the Ma’Alalta volcano form the northern pro-
longation of the Dabbahu-Manda Hararo range. The Recent (<0.6 Ma,
Barberi et al., 1972a; Tortelli et al., 2021) lavas of the Ma’Alalta volcano
directly cover Mesozoic sediments towards the E, indicating a possibly
relatively recent age for the formation of this rift segment. Local seis-
micity and the very recent filling of the Teru graben, which is possibly
cut by active faults (12.827 N, 40.317E), indicate that this area is still
active.

4.13.2. Danakil Depression sensu stricto

The Danakil Depression sensu stricto comprises the topographic
depression between ~13.3°N and 14.65°N (Fig. 1). Its geological history
remains debated. Magmatic material at the eastern margins is dated by
Brinckmann and Kiirsten (1971). However, dating results have large
uncertainties (sometimes 200% error ranges). Subvolcanic samples from
plugs and dykes at the western edge of the Danakil Alps showed results
ranging from ~26 to ~16 Ma, probably corresponding to the same
magmatic events studied in the southern Danakil Alps by Civetta et al.
(1975a) (section 4.6). The rare Syenite and Dolerite sills mapped by the
Geological Survey of Ethiopia (1978a) on the western margin probably
have similar ages.

The basin itself is filled by the syn-rift Red Bed Series (also called
Danakil Fm. by Brinckmann and Kiirsten, 1971) or Polychromatic Fm.
by C.N.R - C.N.R.S. Afar Team, 1973 and Varet, 2018) and uncon-
formably overlay the basement and the Mesozoic cover (Beyth, 1973,
1978; Brinckmann and Kiirsten, 1971; Le Gall et al., 2018). This unit is
formed by alluvial and lacustrine sediments dominated by conglomer-
ates, sandstones and siltstones with some basaltic intercalations (Beyth,
1973, 1978; Brinckmann and Kiirsten, 1971; Le Gall et al., 2018). On the
eastern margin of the Depression, Brinckmann and Kiirsten (1971) dated
lava flows embedded within the Red Bed Series. The datings with
reasonable uncertainty range from 8.5 to 6 Ma, with an exception being
3.4 Ma. These values are comparable to the datings on the western
margin ranging from 5.7 to 6.2 Ma (Brinckmann and Kiirsten, 1971; Le
Gall et al., 2018) and to Early Pliocene datings reported by Park (2010)
on the eastern margin.

Continental sedimentation continued until present-day times. Con-
tinental conditions were interrupted by Middle to Late Pleistocene ma-
rine incursions identified as the Zariga Fm by Brinckmann and Kiirsten
(1971) and composed of fringing coralgal reefs covered by gypsum. At
least four marine incursions were observed based on field observations,
of which the two most recent ones were dated as MIS 5e and MIS 7 (i.e.
~0.125 and ~ 0.2 Ma, respectively, Jaramillo-Vogel et al., 2019,
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Foubert et al., in prep.). Desiccation after the marine incursions resulted
in the deposition of thick evaporite units (Bastow et al., 2018; Holwerda
and Hutchinson, 1968) recycled by continental water forming a large
salt pan that is still active today. The sediment thickness below the salt
plain is probably more than 2 km (Behle et al., 1975; Makris and
Ginzburg, 1987).

The Erta Ale volcanic range is situated on the rift axis in the southern
Danakil Depression. It is formed by Recent lava and is still active
nowadays (Burgi et al., 2002; Global Volcanism Program, 2021; Pagli
et al., 2012; Xu et al., 2017, 2020). Barberi et al. (1972a) propose two
datings of the lava deposits, resp. 0.35 + 0.14 and 1.2 + 0.5 Ma. How-
ever, as mentioned by Watts et al. (2020), it is challenging to date very
young material, and most authors consider the Erta Ale lavas as Recent,
i.e. probably younger than 0.6 Ma.

Rifting in the Danakil Depression has traditionally been postulated to
initiate in the Early Miocene (~23-25 Ma), such as proposed by Barberi
et al. (1972a), C.N.R - C.N.R.S. Afar Team (1973) and Le Gall et al.,
2018) based on datings of magmatic material published by Brinckmann
and Kiirsten (1971). However, we challenge this hypothesis. As dis-
cussed above, all Early to Mid-Miocene datings were sampled in plugs
and dykes of the Danakil Alps and not in the syn-rift Red Bed Series as
described by Brinckmann and Kiirsten (1971) and shown on their maps
Brinckmann and Kiirsten (1970). Only one single dating (sample 438, 22
+ 2 Ma, presumably taken at 13.802 N, 40.984E according to their
geological map) cannot unambiguously be attributed to either the Red
Bed Series or pre-rift rocks. The presence of igneous products in pre-rift
rocks is not diagnostic for the formation of the Danakil basin. As shown
in other parts of the Afar Depression, volcanic activity is not always
linked with tectonic activity. If the plugs and dykes are linked to a tec-
tonic event, we suggest relating them to the opening of the Red Sea basin
occurring around the same time (see sections 4.3.1 and 4.6 above). The
deposition of the Red Bed Series, however, is diagnostic for the forma-
tion of an incipient Danakil basin (Brinckmann and Kiirsten, 1971; Le
Gall et al., 2018; Varet, 2018). As discussed above, all datings unam-
biguously attributed to the Red Bed Series are 8.5 Ma or younger. This
younger age is also much more consistent with the kinematic models of
Eagles et al. (2002), McClusky et al. (2010) and Reilinger and McClusky
(2011) that determined the initiation of the Danakil Block rotation at
~11 Ma (see section 4.6 above) and with the 9 to 3 Ma heating event
recorded in fission tracks on Mt. Ghedem (Ghebreab et al., 2002). We
thus conclude that the rifting of the Danakil did not start before the Mid
to Late Miocene, although we cannot exclude prior faulting activity
linked with the opening of the southern Red Sea. The late onset of tec-
tonic activity in the Danakil Depression could also explain the unusual
N-S fault orientation observed in the Garsat Graben and east of the
Mekele Outlier (Fig. 4). As shown by Zwaan et al. (2020b), the rotation
of the Danakil Block changed the stress field from NE-SW to E-W on the
western Afar margin. In the southern part of this margin, the NNW-SSE
faults were formed by initial stress fields, while near the Danakil
Depression, the major faults formed later under the E-W stress field,
forming N-S faults.

The occurrence of the Red Bed Series decreases towards the northern
part of the Danakil Depression. On the western margin, no Red Bed
sediments are found north of 14.24°N. They are visible further on the
eastern margin but not north of 14.50°N. This, along with the change in
topography and the larger tectonic uplift in the north, has been used as
an argument for the younger age of the rift in the north (Rime et al., in
prep., see also section 5.2.1), but the absence of dated material prevents
any quantification.

4.13.3. Buia Graben

The Buia graben is situated between the Danakil Depression and the
Gulf of Zula (Fig. 1a). We only discuss the opening of the graben itself,
representing the northern extension of the Danakil rift. This area expe-
rienced denudation since ~15 Ma, which is not linked to the opening of
the Danakil Depression but to the opening of the Red Sea discussed in
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section 4.3.1 (Balestrieri et al., 2005).

The Buia graben is not filled by a large amount of syn-rift sediments
or lavas, as testified by the basement outcropping inside the crater of the
Alid volcano, on the eastern fault scarp (Duffield et al., 1997) and on the
hills separating the Buia graben and the Danakil Depression (see Fig. 4).
The faulted stratoid lavas found on the shoulders of the graben were
dated between 2.1 and 1.1 Ma (Buffler et al., 2010; Duffield et al., 1997).
Recent (< 0.5 Ma) lavas were also reported by Buffler et al. (2010) in the
north of the graben. The central Alid volcano erupted between ~0.212
and 0.015 Ma, and the basaltic flows at the foot of the volcano are
believed to be younger (Duffield et al., 1997; Lowenstern et al., 2006).

The SW part of the graben forms the Dandiero basin and features
approximately 500 m of Pleistocene sediments studied in detail after the
discovery of Hominid fossils (Abbate et al., 2004; Ghinassi et al., 2009,
2014; Papini et al., 2014; Sani et al., 2017). These continental sediments
are Pleistocene in age.

The Buia graben started forming at ~1.2 Ma (Sani et al., 2017) with
the first phase of N-S faulting followed by NNW-SSE faulting. The graben
is nowadays tectonically active as recorded by coral terrace elevations
(Buffler et al., 2010, Rime et al., in prep), geodetic velocities (Viltres
et al., 2020), earthquake swarms and a likely dike intrusion in Bada in
1993 (Ruch et al., 2021).

5. Tectonic structure of the Afar region

In light of the complex geological history of the Afar region (section
4) and studies on present-day tectonic activity, the tectonic structures
and kinematic of that area are discussed in this section.

5.1. Plates, microplates, blocks and fragments

Three main tectonic plates play a major role in the region: the Nubian
plate, the Arabian plate and the Somalian plate (Fig. 2, 8). Several
smaller tectonic elements of varying extent and importance are also
present. The most important are the Danakil Block and the Ali Sabieh
Block, besides some smaller, minor crustal elements.

5.1.1. The Danakil Block

Most authors classify the Danakil Block as a microplate (e.g. Acton
et al., 1991; Eagles et al., 2002; Keir et al., 2013; McClusky et al., 2010;
Schettino et al., 2016; Sichler, 1980). The counter-clockwise rotation of
this Block has been postulated since the early 70s based on geological
evidences such as fault orientation, paleo stress analysis, comparison
between Ethiopian plateau and Danakil Block geology, the distribution
of young magmatic materiel and early plate tectonic reconstructions
(Mohr, 1970, 1972; Sichler, 1980; Souriot and Brun, 1992; Tazieff et al.,
1972; Zwaan et al., 2020b). Paleomagnetic (Manighetti et al., 2001;
Schult, 1974) and InSAR studies (Moore et al., 2021), as well as GNSS
data (ArRajehi et al., 2010; McClusky et al., 2010; Viltres et al., 2020,
see Fig. 9) confirmed this hypothesis. However, the assumption of one
single rigid Danakil Block is an oversimplification. Barberi et al. (1975),
Barberi and Varet (1977, 1975) and Varet, 2018 already mentioned that
the southern Danakil Block “has to be considered as an accretion of the
Arabian plate” that behaves independently from the northern Danakil
Block, which has been named as the Arrata Microplate. This configura-
tion also explains the low seismicity (Fig. 10) and tectonic quiescence in
the Bab-el-Mandeb Strait (section 4.3.1 and references therein). Recent
GNSS data confirm this hypothesis (Viltres et al., 2020). They show the
absence of relative movement between the southern Danakil Block and
Arabia — both being thus part of the same plate -, and confirm that the
Arrata Microplate is rotating rigidly and independently from both the
Nubian and Arabian plates (see Fig. 9). It should, however, be noted that
even if the southern Danakil Block nowadays represents an accretion to
the Arabian plate, paleomagnetic (Manighetti et al., 2001) and geolog-
ical data (see above) indicates that this was not the case in the past when
the whole Danakil Block rotated and rifted away from Arabia.
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The south-eastern and north-western limits of the Arrata Microplate
are poorly defined. As shown by Viltres et al. (2020), they are probably
situated on the Euler poles of the Arabia-Arrata and Nubia-Arrata ro-
tations, respectively (Fig. 9). As such, they should only accommodate
little strain to no strain at the Euler pole. The limit between the Arrata
Microplate and the southern Danakil Block (part of the Arabian plate) is
unclear and is probably situated between the Nabro range, the Hanish

22

island and the Beilul Bay (Barberi and Varet, 1977; Varet, 2018; Viltres
et al., 2020, see Fig. 9). Earthquake data show seismic activity with
sinistral strike-slip focal mechanisms in the Nabro Range (Fig. 10). The
Hanish Islands show NE-SW fissures and vent alignment (Gass et al.,
1973; Viltres et al., 2020, Fig. 8). Free air anomaly and vertical gravity
gradient data (Suppl. Mat. 5 and 6) also indicate that the Beilul Bay
might represent the southernmost continuation of the Red Sea Rift.
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However, the onshore area of Beilul Bay is devoid of major fault sets.

The northern limit of the Arrata Microplate is similarly ill-defined
and probably runs NE of Massawa (Viltres et al., 2020). Ruch et al.
(2021) show the occurrence of a WSW-ENE-oriented earthquake swarm
in Massawa in 2002. The earthquake cluster can be followed until the
Red Sea trough at 17°N where several possibly sinistral strike-slip focal
mechanisms have been recorded (see Fig. 10). Compressive focal
mechanisms recorded in the vicinity of Massawa (Fig. 10) are coherent
with an Euler pole situated on the plate boundary. Lineaments in free air
anomaly and vertical gravity gradient data can also be observed in the
same zone, albeit in a slightly different orientation (SSW-NNE, Suppl.
Mat. 5 and 6). Further lineaments and earthquakes could even indicate
that some of the strain is accommodated SE of the Dahlak Islands and the
Howlakil Bay.

These elements point towards diffuse strain accommodation patterns
for the NW and SE limits of the Arrata Microplate. As such, Fig. 9 only
presents diffuse plate boundary.

23

5.1.2. The Ali Sabieh Block

The continental Ali Sabieh Block significantly complicates regional
plate tectonic reconstructions (Beydoun, 1970; Collet et al., 2000; Pur-
cell, 2018) and was ignored by some authors (Le Pichon and Franche-
teau, 1978; Redfield et al., 2003).

While some authors consider the Ali Sabieh Block as autochthonous
(Christiansen et al., 1975; Kronberg et al., 1975; Purcell, 2018), others
inferred that it was part of the southern Danakil Block also rotating
counterclockwise (Garfunkel and Beyth, 2006; Mohr, 1970; Sichler,
1980). Other studies proposed a “saloon door mechanism” where both
the Danakil and Ali Sabieh Blocks were rotating in opposite directions
(Audin et al., 2004; Manighetti et al., 2001). The latter hypothesis was
confirmed by paleomagnetic data showing a 29° clockwise rotation for
the Ali Sabieh Block between 55 Ma and 8 Ma (Kidane, 2016). While it
was since then accreted to the Somalian plate, it should be considered a
distinct block during its geological history.

The southern extent of the Ali Sabieh Block and the mechanisms of
movement are poorly defined. Most authors mention the Bia Anot fault as
its southern limit (Audin et al., 2004; Black et al., 1975). According to
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the model of Audin et al. (2004), a significant amount (several tens of
km) of dextral strike-slip movement would have been accommodated by
this fault. The absence of major visible faults and the continuity of the
basement and Mesozoic structure (Fig. 4 and Suppl. Mat. 7) argues
against the presence of both faults indicated by Audin et al. (2004) or
Black et al. (1975) (see Suppl. Mat. 7). We identified a major fault SE of
Bia Anot (eastern Bia Anot fault on Suppl. Mat. 7) that might have
accommodated strike-slip movement but that has an orientation (ENE-
WSW) that is not strictly parallel to the strike-slip faults of the Gulf of
Aden. Another major fault (probably buried beneath younger volcanic
rocks) is indicated by the Ayisha geological map (Geological Survey of
Ethiopia, 2015), SW of Bia Anot (western Bia Anot fault on Suppl. Mat.
7). This lineament also marks a major boundary between rocks of
different ages and structure orientation (WNW-ESE faulted Pliocene and
younger in the West, NNE-SSW faulted and tilted Mid-Miocene to pre-
rift in the East, Fig. 4). North of Bia Anot, this fault might connect
with a WNW-ESE oriented zone at ~10.6°N where no pre-rift rock crops
out (northern Bia Anot discontinuity on Suppl. Mat. 7). This northern
Bia Anot discontinuity also coincides with a significant change in the
orientation of the structures in the pre-rift rocks from WNW-ESE south of
it and NNE-SSW on the Ali Sabieh Block. It might represent the southern
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limit of the Ali Sabieh Block. Even though we used the eastern Bia Anot
fault in our kinematic model (section 6.1), our work cannot bring a clear
conclusion, and further field and paleomagnetic studies would be
needed to understand the complex tectonic history of the area.

5.1.3. Crustal fragments

Several other continental crustal fragments have been proposed in
the Afar Depression, and probably more are present but not reported.
The Affara Dara, exposing Trap basalts intruded by a ~ 25 Ma granitic
body (Barberi et al., 1972a; C.N.R - C.N.R.S. Afar Team, 1973; Varet,
2018, Fig. 4) represents a clear continental fragment. Hammond et al.
(2011) also shows lower crustal Vp/Vs seismic velocities in the area,
confirming the presence of a crustal body. The northern Sullu Adu re-
gion also exposes early Oligocene flood basalts and similarly represents
a continental fragment. Based on geophysics, Hammond et al. (2011)
proposed another continental fragment extending further south, near
Mile. The presence of this block is however debated (see Wang et al.,
2021). Hammond et al. (2011) further hypothesize a possible block in
central-eastern Afar (roughly centred on Siyyarou).
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5.2. Rifts, rift segments and rift propagation

We discuss here the rifts and rift segments of the Afar region. We
define rifts as strain-accommodating areas separating rigid and extensive
blocks, i.e. tectonic plates or microplates.

At a smaller scale, rifts are segmented into rift segments (e.g. Nelson
et al., 1992). They represent continuous, mainly linear strain accom-
modating areas testified by faulting and, in some cases, magmatic ac-
tivity and/or formation of sedimentary basin. They are the equivalent of
the distinct Wonji Fault Belts in the MER.

5.2.1. Re-evaluation of rift propagation in the Afar

The literature usually mentions the presence of three rifts in the Afar
Depression: the Gulf of Aden Rift, the (Northern) Main Ethiopian Rift
((N)MER), which is part of the East African Rift System, and the Red Sea
Rift. They separate the Arabian, Nubian and Somalian plates. These rifts
are often described as “propagators” considering the direction of prop-
agation. We call for a re-evaluation of rift propagation in the Afar
Depression at a regional scale. For this discussion, we define rift prop-
agation as the along-strike migration of the part of a rift that experienced
a certain amount of lateral extension.

The Northern Main Ethiopian Rift (NMER) accommodates extension
between the Nubian and Somalian plates. At the scale of the East African
Rift System, rifting is propagating southwards (Chorowicz, 2005; Mac-
gregor, 2015), consistent with an Euler pole situated far south (DeMets
and Merkouriev, 2016; Stamps et al., 2021) but a northward propaga-
tion from the Turkana Depression has also been proposed (Michon et al.,
2022). At the scale of the study area, while Tesfaye et al. (2003) and
Wolfenden et al. (2004) propose a northward propagation from the
Central MER, most authors suggest a southward propagation from the
Afar Depression towards Central MER (Abebe et al., 2010; Bonini et al.,
2005; Keranen and Klemperer, 2008; Rooney et al., 2007). The long
distance to the Euler pole implies that, at the scale of our study area, the
Nubia-Somalia extension can be considered almost parallel, and rift
propagation mechanisms are thus less significant.

It is well-defined that the Gulf of Aden propagated westwards into
the Afar Depression. This was shown by the magnetic anomalies in the
Gulf of Aden sensu stricto (Fournier et al., 2010; Leroy et al., 2012) and
by the presence of a young rift segment in the Gulf of Tadjoura towards
Asal-Ghoubbet (Courtillot, 1980; Daoud et al., 2011; Manighetti et al.,
1997, 1998, 2001, see section 4.2). This westward propagation is
coherent with the anticlockwise rotation of the Arabian plate.

What traditionally is called the “Red Sea rift” is characterized by two
distinct rift arms (see Figs. 8, 9). One is situated “offshore”, in the Red
Sea trough, possibly reaching the Hanish islands as far south as 14°N.
The other one comprises the Danakil Depression and central Afar.

The “offshore” Red Sea rift is thought to propagate northward in the
central and northern part of the Red Sea (Augustin et al., 2016; Cour-
tillot, 1982; Courtillot et al., 1987; Ghebreab, 1998; Izzeldin, 1987;
Khalil et al., 2020; Schettino et al., 2016, see also section 4.3).
Conversely, it propagates southward in its southern part (south of
approx. 17°N, Courtillot, 1982; Courtillot et al., 1987; Ghebreab, 1998;
Khalil et al., 2020; Schettino et al., 2016). The northward propagation
from ~17°N is linked to the counter-clockwise rotation of the Arabian
plate relative to the Nubian one, and the southward propagation linked
to the counter-clockwise rotation of the Danakil Block and Arrata
Microplate with respect to the Arabian plate.

The propagation of the second arm of the Red Sea rift, comprising the
Danakil Depression and central Afar, is more controversial. (Barberi and
Varet, 1975, 1977; Tazieff et al., 1972) proposed decreased spreading
rates, crustal separation and opening, as well as a younger ages towards
the northern part of the Afar, therefore implying a northward propa-
gation. Since the late 90s’, however, rifting in the Afar has mostly been
described as a southward propagation of the Red Sea Rift (the “Red Sea
propagator”). This concept was first mentioned and published by Man-
ighetti et al. (1998). However, the study focused on the Gulf of Aden rift

25

Earth-Science Reviews 244 (2023) 104519

and the authors probably assumed the same concept of inland (centi-
pede) propagation to be true for the other side of the Afar Depression or
they extrapolated the southward propagation of the Red Sea Rift (sensu
stricto) to the Afar. Since its first publication, this hypothesis has been
mentioned by many authors (Acocella et al., 2008; Audin et al., 2004;
Beyene and Abdelsalam, 2005; Bridges et al., 2012; Chauvet et al., 2023;
Dumont et al., 2017, 2019; Hofstetter and Beyth, 2003; Kidane et al.,
2003; Lahitte et al., 2003a, 2003b; Manighetti et al., 2001; Mologni
et al., 2021; Muluneh et al., 2013, 2017; Purcell, 2018; Reed et al., 2014;
Rowland et al., 2007; Wang et al., 2021; Wolfenden et al., 2004). Only
few publications consider a northward rift propagation (Collet et al.,
2000; Eagles et al., 2002; Gaulier and Huchon, 1991; Ghebreab et al.,
2002; Molnar et al., 2018; Sani et al., 2017). The controversy on the
northward versus southward rift propagation in the Danakil Depression
and central Afar has however never been discussed in detail.

The following facts argue for northward rift propagation in the
Danakil Depression and central Afar:

1) The counter-clockwise rotation of the Danakil Block postulated for a
long time (Mohr, 1970; Sichler, 1980; Souriot and Brun, 1992;
Tazieff et al., 1972), is now proven by GNSS velocity measurements,
InSAR and paleomagnetic studies, as well as geological evidences
(see section 5.1.1 and references therein). Rotation implies rift
propagation towards the Euler Pole, i.e. towards the north (see
Suppl. Mat. 16). This geometrical observation is confirmed by
numerous analogue and numerical modelling studies of rotational
rifting and field analogues (Benes and Scott, 1996; Khalil et al., 2020;
Maestrelli et al., 2020; Molnar et al., 2017, 2018, 2020; Mondy et al.,
2018; Le Pourhiet et al., 2018; Schmid et al., 2022; Zwaan et al.,
2019; Zwaan and Schreurs, 2020).

2) Overall northward younging of the main outcroping magmatic

products is observed in the Afar Depression (Fig. 4). While the

southern Afar is dominated by Pliocene magmatic products, they are
mainly Early- to Mid-Pleistocene in central-eastern Afar and mainly

Recent (<0.6 Ma) in the Danakil Depression, with the exception of

the thin Early Pleistocene basalts east of the Buia Graben.

The northward younging of the rifting age is noticeable (see section

4, Fig. 7). While rifting is reported since 27 Ma in central-western

and south-western Afar (Stab et al., 2016; Wolfenden et al., 2005),

rifting started probably ~11 Ma ago in the Danakil basin (section

4.13.2) and at 1.2 Ma ago in the Buia graben (Sani et al., 2017).

4) At a smaller scale, this trend of rifting with ages becoming younger
towards the N is also observed from Goba’Ad (Pliocene) to Tendaho
(~1.1 to 0.6 Ma, Lahitte et al., 2003b) to Manda Hararo (~0.2 Ma
Acocella et al., 2008). Dumont et al. (2019) furthermore shows a
northward propagation of faulting from Manda Hararo to Dabbahu
at ~0.1 Ma.

5) The topography corroborates this northward younging trend (Suppl.
Mat. 8). The topography in the south is wider, smoother and less
steep, while in the north, it is steeper, indicating a less mature
topography. This trend is also noticeable at the scale of the Danakil
depression (Rime et al., in prep.).

6) The presence of pre-rift rocks shows a N-S gradient in the Danakil
Depression. Basement crops out on the Buri peninsula, the eastern
coast of the Gulf of Zula, the Howlakil Bay, and even the rift axis, on
the Alid volcano (Fig. 4, Duffield et al., 1997). Volcanic material
from the axial Maraho volcano in the northern part of the Depression
contains xenoliths of the basement and Mesozoic cover (Kiirsten,
1975), indicating the deep presence of pre-rift rocks. Further south,
the magma of the Erta Ale range does not show any crustal
contamination, probably indicating the absence of basement (Bar-
beri et al., 1970; Barberi and Varet, 1970; Barrat et al., 1998; Hagos
et al., 2016a; Watts et al., 2020). This evidences an overall crustal
separation gradient, increasing from north to south.

3)

Overall, we consider that rifting in central Afar and Danakil
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Depression is not propagating southward but northward. The northward
propagation implies that the northern Afar has experienced less
stretching and lower extension rates than the central Afar (see also
sections 6.1 and 7.1). It also implies that the same stage of extension
happens later towards the Euler pole, i.e. northwards. Rifting in the Afar
Depression would thus represent a large-scale en-echelon relay structure
of the Red Sea, with the Danakil Block (nowadays only the Arrata
Microplate) rotating between two rifts propagating in opposite
directions.

This northward rift propagation calls for reconsidering the “Red Sea
Rift” nomenclature referring to rifting in central Afar and the Danakil
Depression. Northward propagation implies that the Red Sea Rift did not
propagate southward from the Red Sea central trough through the Gulf
of Zula into the Danakil Depression, as often described. The southern
Red Sea Rift (the offshore arm of the Red Sea Rift) and the described Rift
in central Afar/Danakil Depression (interpreted previously as the
onshore segment of the Red Sea Rift) mark the SW and NE limit of the
rigid (Viltres et al., 2020) Arrata Microplate. Both rifts overlap for >300
km and are >100 km apart. Of course, both arms have the same overall
orientation and separate the Nubian and Arabian tectonic plates at a
global scale. However, at a regional scale, if the Arrata/Danakil Block is
considered a microplate, then both rifts (as defined above) should be
considered distinct. We suggest calling it the Afar Rift. Barberi et al.
(1972a) already named this segment the “Afar Rift” and “Danakil Rift”.
Viltres et al. (2020) also mention the “Danakil-Afar rift” and Le Pichon
and Francheteau (1978) the “Danakil Rift’. We prefer the “Afar Rift”
because it encompasses both the Danakil Depression (northern Afar) and
central Afar. The authors acknowledge that this distinction is not
necessarily useful for global plate tectonic models but valuable at a
regional scale to avoid confusion among scientists.

As shown in Fig. 8, the Gulf of Aden Rift and the Afar Rift are linked
in central-eastern Afar, gradually accommodating extension in a series
of en-echelon grabens. The formal distinction between the Gulf of Aden
Rift and the Afar Rift at a regional scale is that the former accommodates
extension between the Somalian and the Arabian plates while the latter
accommodates extension between the Nubian and the Arrata plates. As
no precise localization of the MER can be identified north of the Ten-
daho — Goba’Ad Discontinuity (TGD) and the limit between the Arrata
and southern Danakil Block is gradual and ill-defined (see section 5.1.1),
the boundary between what belongs to the Afar Rift and the Gulf of Aden
Rift is also vague. It highlights the fact that the Gulf of Aden and Afar
Rifts are forming a single, near-continuous structure (Fig. 8), propa-
gating in the same overall direction. This continuity led Eagles et al.
(2002) to consider the whole structure (the Afar Depression, including
the Danakil Depression) as part of the Gulf of Aden rift.

We conclude that the Afar region is structured by the westward
propagation of the Gulf of Aden Rift, the northward propagation of the
Afar Rift, the southward propagation of the Red Sea Rift and close to
parallel extension of the Main Ethiopian Rift (Fig. 8). This conforms to
the counter-clockwise rotation of both the Arabian and Danakil plates.
This rift propagation pattern and its associated timing (section 4)
confirm the conclusion proposed by Girdler (1991), Hébert et al. (2001),
Khalil et al. (2020), Maestrelli et al. (2022), Manighetti et al. (1997),
Mohr (1972, 1970), Purcell (2018) and Wolfenden et al. (2004) that the
triple junction models showing three rifts propagating synchronously
away from one hotspot does not apply to the Afar region, just as it does
not apply to the south Atlantic and the Etendeka and Parana flood ba-
salts or to the north Atlantic and the Iceland hotspot (Foulger et al.,
2020; Franke, 2013; Peace et al., 2020).

5.2.2. Active rift segments

The position and configuration of rifts and rift segments in the Afar
region varied significantly throughout its history. The most critical
change corresponds to the abandonment of the Bab-el-Mandeb rift
segment after Mid to Late Miocene times (see section 4.3.1). An extinct
rift segment was also active between the Late Miocene and Pliocene in
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present-day Western and South-Eastern Afar (see sections 4.10, 4.11 and
Fig. 7). As discussed in section 4.12, the Goba’Ad graben was probably
active in the Pliocene and Pleistocene and represents another extinct rift
segment.

At a shorter temporal scale, transient rifting processes, where indi-
vidual rift segments accumulate strain for protracted periods before
release during short volcanotectonic events, are known in the Afar
Depression, such as in Iceland and in other rifts (Bourgeois et al., 2005;
Ebinger et al., 2013; Foulger et al., 1992, 2020; Grandin et al., 2010;
LaFemina et al., 2005; Ruch et al., 2016; Sigmundsson, 2006; Smittar-
ello et al., 2016; Vigny et al., 2007; Wright et al., 2006, 2012). For
example, Sangha et al. (2022) show that the distribution of extension
changed before and after the 2005-2010 volcano-tectonic event in
Dabbahu-Manda Hararo, and suggest that “surface deformation patterns
in Afar changed drastically over periods of less than a million years”.
Another example is Manda Inakir which experienced significant Recent
volcanic and tectonic activity as shown by the dense fault network in
Recent lavas (Fig. 4) and by the 1928-1929 tectono-magmatic crisis
(Audin et al., 1990). However, GNSS, InSAR and seismicity data show
that the Manda Inakir currently hardly accommodates any strain
(Doubre et al., 2017; Moore et al., 2021; Pagli et al., 2014, 2019; Ruch
etal., 2021; Sangha et al., 2022, see also Figs. 9 and 10). This shows that
the strain accommodation pattern in the Afar Depression can change
over very short time scales.

The following sections discuss the present-day active rift segments. It
is mainly based on very short observations of movement by GNSS, InSAR
or seismicity methods and are not necessarily representative of the long-
term evolution of the area.

5.2.2.1. The Northern Main Ethiopian Rift. In the studied area, the
Northern Main Ethiopian Rift comprises 3 Wonji Fault Belt (WFB) seg-
ments: the northernmost part of the Kone segment, the Fantale segment
and the Issa Graben. The latter is technically not situated in the NMER
but in southern Afar. Nevertheless, as it accommodates strain between
the Nubian and Somalian plates, it is considered part of the MER here.
The MER rift ends northward abruptly on the Tendaho — Goba’Ad
Discontinuity (TDG). Structures north of this discontinuity are related to
the Gulf of Aden and Afar rifts (Hayward and Ebinger, 1996; Tesfaye
et al., 2003), Figs. 4, 10).

5.2.2.2. The Gulf of Aden Rift. In the Afar Depression, the Gulf of Aden
rift is commonly described as comprising the Gulf of Tadjoura, the Asal-
Ghoubbet graben and the Manda-Inakir segments, linked by the
Makarassou fault system (e.g. Le Gall et al., 2011; Manighetti et al.,
1998, 2001; Tapponnier and Varet, 1974, see Fig. 8). Two rift segments
are identified in the southwestern Gulf of Tadjoura,: the Obock and
Tadjoura Troughs, linked by the Maskali fault zone (Dauteuil et al.,
2001). The Asal-Ghoubeet rift segment witnessed a major rifting episode
in 1978 (Abdallah et al., 1979; Kasser et al., 1981; Ruch et al., 2021;
Smittarello et al., 2016; Vigny et al., 2007). GNSS and InSAR data
indicate that this segment accommodates a significant part of the strain
between the Arabian and Somalian/Nubian plates on a narrow zone
with approx. 12-14 mm/yr of extension (Doubre et al., 2017; Pagli et al.,
2014; Sangha, 2021; Sangha et al., 2022; see also Fig. 9), while Moore
et al. (2021) indicate a more distributed extension.

The Manda Inakir rift segment is traditionally mentioned as an active
rift segment linked to the Gulf of Aden rift (Barberi and Varet, 1975,
1977; Lahitte et al., 2003b; Manighetti et al., 1998; Tapponnier and
Varet, 1974; Varet, 2018). As discussed above, it does not currently
accommodate measurable extension although it probably did in the last
century.

5.2.2.3. The link between the Gulf of Aden Rift and the Afar Rift. As
discussed in section 5.2.1, the limit between the Gulf of Aden Rift and
the Afar Rift is vague. Traditionally, only the Asal-Ghoubbet and Manda
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Inakir segments are considered part of the Gulf of Aden Rift. However,
considering the position of the MER, one could argue that the Gagade
and Dobi grabens also belong to the Gulf of Aden Rift. As a formal limit is
not useful, the transition area is considered here separately.

Strain in central-eastern Afar is distributed over more than 100 km
(Doubre et al., 2017; Kogan et al., 2012; Moore et al., 2021; Pagli et al.,
2014; Sangha et al., 2022). Data from Doubre et al., 2017, Pagli et al.
(2014), Sangha (2021) and Sangha et al. (2022) show that most of the
strain is currently accommodated in a zone going from Assal to Gagade,
Dobi, Manda Gargor, Manda Hararo and Dabbahu, forming an en
échelon graben pattern, similar to what is observed in the Gulf of Tad-
joura (see Figs. 8 and 9). It furthermore represents an area with intense
faulting (Fig. 4); the highest extensional strain (Polun et al., 2018;
Sangha, 2021); high fault slip rates (2-3 mm/yr) during the Holocene
and Quaternary (Manighetti et al., 2001); the most significant seismic
activity (Fig. 10); the highest cumulative seismic moment release during
the 1950-2017 period (La Rosa, 2020) and earthquake swarms recorded
between 1960 and 2017, indicating magmatic processes at depth (Ruch
et al., 2021). This broad area linking the Gulf of Aden Rift and the Afar
Rift is named the Gamarri-Alol Transfer Zone. This complex transfer
zone has been interpreted as bookshelf faulting, explaining the clock-
wise rotation of the Stratoid lavas of central-eastern Afar (Acton et al.,
1991, 2000; Courtillot et al., 1984; Kidane et al., 2003; Manighetti et al.,
2001; Tapponnier et al., 1990). Conversely, Pagli et al. (2019) argue for
a distributed extension and rift-perpendicular shearing model.

5.2.2.4. The Afar Rift. The Dabbahu - Manda Hararo rift segment
constitutes the southernmost rift segment that is indisputably part of the
Afar Rift. It currently accommodates a significant amount of strain. This
area shows low crustal contamination, high partial melting, shallow
Moho, linear magnetic anomalies, an extensive and long-lasting magma
reservoir and is believed to be heavily intruded, representing an almost
oceanic crust, close to continental breakup (Ahmed et al., 2022; Ayalew
et al., 2019; Ayele et al., 2009; Bridges et al., 2012; Desissa et al., 2013;
Didana et al., 2014; Hammond et al., 2011; Johnson et al., 2016; Lewi
et al., 2016; Reed et al., 2014). Towards the southeast, the Dabbahu-
Manda Hararo rift segment is prolonged by the Tendaho graben. The
Tendaho Graben accommodates approximately 6 mm/yr of extension,
mainly along its northern fault (Gamari Fault) and in the Manda Gargori
graben (Doubre et al., 2017, see also Fig. 9). This area witnesses strong
seismic activity (e.g. Ruch et al., 2021 and Fig. 10), as shown by the
deadly 1969 Serdo earthquake (Gouin, 1979).

The Teru Graben and the Ma’Alalta volcano represents the north-
ernmost prolongation of the Dabbahu — Manda Hararo rift segment and
is considered to be an active rift segment (Tortelli et al., 2021). The data
of Moore et al. (2021) show that this segment is probably not accom-
modating significant extension and that most of the strain is transferred
from the Dabbahu — Manda Hararo rift segment to the Tat’Ali — Dadar
and Erta Ale rift segment by the Alayta — Afdera Transfer Zone (Barberi
et al., 1974; Barberi and Varet, 1977; Schaegis et al., 2021).

The Tat’Ali — Dadar forms a rift segment with active faulting (Sangha
et al., 2022), Recent acidic and basaltic volcanism but most of the strain
seems to be currently accommodated by the Dabbahu — Manda Hararo
rift segment except for the northern part of the segment (Lahitte et al.,
2003a; Moore et al., 2021; Sangha et al., 2022). Further north, the Erta
Ale — Tat’Ali Transfer Zone links the Tat’Ali and Erta Ale rift segments
(Illsley-Kemp et al., 2018a, 2018b; La Rosa et al., 2019, 2021, 2022).

The Erta Ale Rift Rift Segment runs from Lake Afdera in the south to
the Gulf of Zula in the north. It shows an alignment of very active Recent
(see section 4.13.2) shield volcanoes (Barberi and Varet, 1970, 1972;
Barrat et al., 1998; Global Volcanism Program, 2013; Hagos et al.,
2016a; Magee et al., 2017; Pagli et al., 2012; Watts et al., 2020; Xu et al.,
2017, 2020). Based on the structure of this part of the basin as well as the
petrology of the Erta Ale Range, several authors postulated that it rep-
resents the point of continental breakup or even proto-oceanic spreading
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(Barberi et al., 1970; Barberi and Varet, 1970, 1977; Barrat et al., 1998;
Hurman et al., 2023; Watts et al., 2020). In the north, the basin is
covered by a rapidly subsiding salt plain punctured by the Dallol and
Maraho volcanoes (Bastow et al., 2018; Hurman et al., 2023). In the
north, finally, the Erta Ale Rift Segment forms the Recent Buia graben
(Sani et al., 2017). The whole rift segment experiences significant seis-
micity and dyke emplacement (Gouin, 1979; La Rosa et al., 2023; Moore
et al., 2021; Nobile et al., 2012; Ruch et al., 2021). While the margins
show significant seismicity, extension in the rift axis accommodates
most of the long-term extension (Illsley-Kemp et al., 2018a, 2018bj;
Moore et al., 2021). In the short term, the InSAR data of Moore et al.
(2021) also show that extension is focused in the centre of the Depres-
sion. Further north, Viltres et al. (2020) show that the rift axis is situated
west of Mt. Ghedem (see Fig. 8).

5.2.2.5. The Red Sea Rift. The Red Sea Rift is probably composed of one
single segment in the study area, represented by the central trough of the
Red Sea. It likely does not extend further south than the Hanish Islands
(see sections 4.3.1 and 5.1.1). It shows significant seismic and magmatic
activity, as testified by the formation of new volcanic islands (Ruch
et al., 2021; Xu et al., 2015).

5.3. Structural inheritance

Structural inheritance is known to control rift localisation, geometry
and evolution (e.g. Brune et al., 2023; Buiter and Torsvik, 2014;
Camanni and Ye, 2022; Molnar et al., 2019; Zwaan et al., 2022). In the
Afro-Arabian Rift System, there is a general agreement that older
structures influence rift development (e.g. Beyth, 1991; Black et al.,
1974; Corti et al., 2018a, 2022; Dixon et al., 1987; Ghebreab, 1998;
Korme et al.,, 2004; Varet, 2021). These structures were therefore
mapped (Fig. 11) to understand their potential influence on the evolu-
tion of the Afar region.

Two types of structures form crustal weaknesses in the study area
and were potentially reactivated during the Cenozoic rifting phase: The
first type are lineaments and suture zones found in the basement. These
structures are often curved and mainly represent ductile deformations
developed during the Precambrian East African orogeny cycle (see sec-
tion 4.1). The prominent sutures relevant to the Afar region are the ones
separating the Asir, Tathlith, Abas, Al-Bayda, Al-Mafid and Al-Mukalla
terranes (Flowerdew et al., 2013; Fritz et al., 2013; Johnson, 2021;
Johnson et al., 2011; Osman and Fowler, 2021; Quick, 1991; Windley
et al., 1996). These structures are represented in Fig. 11 and Suppl. Mat.
3 (see Table 3 for references). The second type are straight linear fea-
tures that developed after this orogeny. Most of them are faults but also
dykes that are interpreted to reactivate pre-rift weaknesses. Five major
recurrent linear structure orientations have been recognized in the
literature and/or mapped in the study area (Fig. 11). For convenience,
we name those orientations after localities or names used in the
literature.

e Mekele orientation, NW-SE: This orientation is ubiquitous
throughout the study area (Fig. 11) and was formed during the Upper
Jurassic — Lower Cretaceous rifting phase (see section 4.1). Rifting
resulted in many grabens and basins, including the Mekele Basin
(Beyth, 1972; Black et al., 1974; Sembroni et al., 2017), the Blue Nile
Basin, spanning from Sudan to SE Ethiopian (Chernet et al., 2020;
Gani et al., 2009; Hunegnaw et al., 1998; McHargue et al., 1992;
Salama, 1985, we arbitrarily name them “Sudanese”, “Central” and
“Ogaden” Blue Nile on Fig. 11), numerous rifts in Sudan and South
Sudan (e.g. Atbara rift, Melut Basin, Dou et al., 2007; Guiraud et al.,
2005; McHargue et al., 1992; Mohamed et al., 2016; Salama, 1985),
the Somaliland basins (e.g. Nogal basins, Ali and Lee, 2019; Ali and
Watts, 2016))and the southern Yemenites basins (e.g. Marib- Shabwa
basin As-Saruri et al., 2010; Redfern and Jones, 1995). Due to their
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Fig. 11. Main potential inherited structures. Suture zones and linear features are represented. Greyed out areas represent basement outcrop. The restoration of this
map to pre-rift configuration is presented in Suppl. Mat. 9. Faults after Ali and Lee (2019), Ali and Watts (2016), Chorowicz et al. (1998), Corti et al. (2018b, 2022),
Dou et al. (2007), Gani et al. (2009), Geological Survey of Ethiopia (1996), Hunegnaw et al. (1998), McHargue et al. (1992), Mege and Korme (2004), Mohamed et al.
(2016), Mohr and Zanettin (1988), Moore and Davidson (1978), Philippon et al. (2014), Redfern and Jones (1995), Rime et al. (2022a, 2022b), Rooney et al. (2018),
Salama (1985), SRTMGL1 and WGM2012 Free Air gravity data (Bonvalot et al., 2012). Suture zones after sources presented in Table 3.

orientation roughly perpendicular to the Arabian - Nubian/Somalian
extension, many of these structures were reactivated during the
Cenozoic, mainly in the Gulf of Aden (Ali, 2015; Beydoun, 1970;
Leroy et al., 2012), but also in the Mekele outlier (Hagos et al., 2020).
These structures are also observed in areas covered by syn-rift rocks,
e.g. in the Debre Tabor graben (Chorowicz et al., 1998; Hautot et al.,
2006), Dinder Dyke Swarm (Mege and Korme, 2004; Rooney et al.,
2018) and the Gojeb graben (Corti et al., 2018b, 2022).

Marda orientation, NNW-SSE: This orientation has been recog-
nized for a long time (Black et al., 1974; Ghebreab, 1998; Korme
et al., 2004; Mege et al., 2016; Purcell, 1976), forming a prominent
fault zone on the Somalian plateau, prolonging in the Ogaden basin
(Hunegnaw et al., 1998). It is believed to represent a Precambrian
fault zone being reactivated in the late Oligocene resulting in an
major dyke swarm (also called Ogaden Dyke Swarm). The orienta-
tion is similar to the main Red Sea orientation, structuring most of
the Afar western margin (Chorowicz et al., 1999; Zwaan et al., 2020b
and Fig. 11). This orientation also forms the Doke Dyke swarm
(Rooney et al., 2018), contributes to the structure of the Chew Bahir
basin (e.g. Corti et al., 2022; Philippon et al., 2014), the Melut Basin
(Dou et al., 2007; Mohamed et al., 2016) and some faults of the Gulf
of Aden (Fig. 11).

Ambo orientation, E-W: This orientation is not pervasive over the
whole study area but represents a major discontinuity in the western
MER margin, forming the Yerer-Tullu Wellel volcano-tectonic
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lineament, of which the Ambo fault is part. This lineament, and the
similar Goba Bonga lineament, represent major crustal discontinuities,
possibly delineating Precambrian crustal weakness (Abebe et al.,
1998; Berhe, 1986; Bowden et al., 2022; Corti, 2009; Corti et al.,
2018a, 2018b, 2022; Gashawbeza et al., 2004; Keranen and Klem-
perer, 2008; Korme et al., 2004; Mohr, 1967). They have an signif-
icant influence on the structure of the Main Ethiopian Rift. E-W
oriented structures are also found on the Afar south-eastern margin,
NW of Lake Tana (Rooney et al., 2018) and in south-eastern Yemen,
but a clear link is difficult to establish.

Weldiya orientation, NE-SW: This orientation is represented by
many faults and dykes throughout the study area (Fig. 11). Faults of
this orientation structure the Yemenite eastern margin (Fig. 11,
Collet et al., 2000). In central Ethiopia, this orientation represents
many dykes, including the God-Serpent dyke swarm (Chorowicz
et al., 1998; Mege and Korme, 2004; Rooney et al., 2018), dykes east
of Debre Tabor and the ones present near Weldiya, on the central-
western Afar margin (Figs. 4 and 11). Multiple faults cutting
through the western Afar margin have the same orientation (Fig. 11,
Collet et al., 2000; Kronberg et al., 1974b, 1975). It furthermore
corresponds to the orientation of the Tepi fault zone (Corti et al.,
2018b, 2022; Moore and Davidson, 1978), one of the fault sets
structuring the Chew Bahir basin (Corti et al., 2022; Philippon et al.,
2014), the south eastern margin of the Afar (Figs. 4 and 11) and the
Ogaden basin (Hunegnaw et al., 1998; Worku and Astin, 1992). The
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widespread nature of this orientation hints at a pre-rift age (Kronberg
et al., 1975) and the similarity with the structures of the Ogaden
basin could indicate that this structural trend formed during the
Karoo rifting phase in eastern Africa, i.e. being Permian to Triassic in
age (see section 4.1).

Dessie orientation, NNE-SSW: This orientation is mainly present in
the Nubian part of the study area. It is predominantly present in the
Central Blue Nile Basin (Gani et al., 2009; Kronberg et al., 1974b,
1975), reaching the western Afar margin, notably in the vicinity of
Dessie (Figs. 4 and 11), but it is also visible in southern Ethiopia and
forms the Dengel Ber graben (Chorowicz et al., 1998). It is unclear
when these structures formed and whether they represent a struc-
tural inheritance. As this orientation is roughly perpendicular to the
Nubia — Somalia extension and parallel to the Wonji fault belt, it is
plausible that it was formed since the Miocene, when the strain was
not yet focused in the MER. The possibility of pre-rift influence is,
however, plausible as such structures are also found in northern
Ethiopia. Chorowicz et al. (1998) furthermore noted that the Dengel
Ber graben predates the termination of flood volcanism indicating at
least an Oligocene age. Hunegnaw et al. (1998) and Shawel et al.
(2022) show that the Mandera Bodle Rift in southern Ogaden has the
same orientation and is floored by Carboniferous to Permian sedi-
ments. Similarly, Hercynian (Devonian to Carboniferous) structures
in eastern Arabia show a similar N-S to NNE-SSW orientation (e.g.
Qatar Arch, Faqira et al., 2009; Geert et al., 2001; Stewart, 2016).

Both basement lineaments/suture zones and linear discontinuities
certainly play a role in the localisation and segmentation of the rift.
When brought back to pre-rift position (section 6.1 and Suppl. Mat. 9),
the major sutures between Abas, Al-Bayda and Al-Mafid terranes align
with the NMER and could potentially extend under the Yerer-Tullu
Wellel volcano-tectonic lineament that represents a crustal-scale
discontinuity (see above). These terrane boundaries also align with
the pre-rift boundary between the Danakil Block and the Ali Sabieh
Block (Suppl. Mat. 9). The presence of these suture zones combined with
different linear discontinuities (see Suppl. Mat. 9) formed an significant
weakness zone in present-day Afar Depression which probably
contributed to the localization of the Afar Rift.

The contribution of the Dessie, Weldiya and Mekele discontinuities
to the segmentation of the Afar Depression and NMER is noticeable. The
step from the Fantale-Dofen and Issa rift segments corresponds to the
presence of Mekele discontinuities potentially extending up to Dire
Dawa (Figs. 4 and 13). The difference between the south-western and
central-western Afar experiencing slightly different geological histories
(Fig. 7) could also be explained by the prominent Weldiya-oriented
structures. SE of Dessie, Wolfenden et al. (2005) measured an ENE-
striking fault zone (the “Dese-Bati accommodation zone™) featuring at
least 800 m of sinistral offset. The major eastward step of the western
Afar margin between the central-western Afar and the Danakil Depres-
sion also coincides with Weldiya and Dessie-oriented faults and dykes
(Figs. 4 and 11). This Weldiya-oriented structure can be traced further
away from the western margin to the active volcanic range of Dabbayra,
the Alayta-Afdera Transfer Zone and the Nabro volcanic range. It is also
along this lineament that Tertiary intrusive rocks are outcropping
(Limmo, Asa Ale, Affara Dara and Dioita granites). This alignment is
believed to represent a transfer zone along a pre-rift crustal weakness
(Barberi and Varet, 1977; Black et al., 1972; Tazieff et al., 1972; Varet,
2018). Varet (2018) calls it the DDDBH Fracture Zone (Dabbayra-
Dababhu-Dubi-Bidu-Hanish) but we instead call it the DDDBH Structure
to avoid any interpretation. The kinematic reconstruction (section 6.1)
postulates that this structure extends to a fault zone of similar orienta-
tion identified in Yemen (Suppl. Mat. 9). The DDDBH structure also
roughly coincides with the limit between the Arrata Microplate and the
southern Danakil Block, i.e., the present-day boundary of the Arabian
plate (see section 5.1.1).

It can therefore be postulated that the structural inheritance of both
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Precambrian lineaments/suture zones and younger faults sets played a
role in the localization of the Afar Rift and the segmentation of the rift.

6. Evolution of the Afar region
6.1. Kinematic modelling

A wide range of different models for the evolution of the Afar region
has been presented in the literature (Acton et al., 1991, 2000; Barberi
and Varet, 1977; Beyene and Abdelsalam, 2005; Bosworth et al., 2005;
Collet et al., 2000; Crossley et al., 1992; Eagles et al., 2002; Garfunkel
and Beyth, 2006; Gaulier and Huchon, 1991; Hammond et al., 2011; Le
Pichon and Francheteau, 1978; Manighetti et al., 2001; McClusky et al.,
2010; Mohr, 1970, 1972; Purcell, 2018; Sani et al., 2017; Schettino
et al., 2016; Sichler, 1980; Stab et al., 2016; Tazieff et al., 1972; Wolf-
enden et al., 2004; Zwaan et al., 2020b). However, there is currently no
holistic, detailed model for the evolution of the Afar region spanning the
complete rift history, considering the complex geological structure of
the Depression and including the Red Sea — Gulf of Aden rift system.

The new geological maps of the Afar Depression (Fig. 4), of the
southern Red Sea & western Gulf of Aden region (Fig. 6), and the map of
basement structures (Suppl. Mat. 3), along with the review of the
geological history and tectonic structure of the region (sections 4 and 5)
allow proposing a new model for the kinematic evolution of the Afar
region. In order to present a kinematically and geometrically coherent
and plausible model, modelling was performed using GPlates 2.3.0
(Miiller et al., 2018). We did not model complex intraplate deformation
but only constructed a model including rigid plates, microplates, blocks
or tectonic elements (a more generic term than plate or block, see e.g.
Vérard, 2021). A movie of the kinematic model is presented in Suppl.
Mat 18, and data are available in Suppl. Mat. 19.

The model is constrained by the position of the three main plates
(Nubian, Somalian and Arabian) through time. We used the Arabian
plate as the reference plate. The Somalian plate was then moved relative
to the Arabian plate according to the relatively well-constrained mag-
netic anomalies of the Gulf of Aden presented by Fournier et al. (2010)
with ages updated according to Ogg (2020) (Suppl. Mat. 10). Movement
before the last recognized magnetic anomaly is modelled to match
structures on both sides of the Gulf of Aden (see Suppl. Mat. 11).

Because of the lack of magnetic anomalies in the Red Sea older than
6.3 Ma (Izzeldin, 1987) or 4.3 Ma (Schettino et al., 2016), the movement
of the Nubian plate was tied to the Somalian plate. A study of magnetic
anomalies in the southern Indian Ocean defines the relative movement
of the two plates, but this movement does not correspond to geological
evidence, probably due to structures outside of the MER accommodating
a significant amount of strain (DeMets et al., 2021). We thus modelled
the movement of the Nubian plate relative to the Somalian one with the
following assumptions. The Precambrian basement suture zones and
other distinctive features (Fig. 6 and Suppl. Mat. 3) must align between
the Nubian and Arabian plates before rifting (see Suppl. Mat. 11, 12 and
13). The movement also needs to be coherent with the opening of the
Gulf of Suez and the movement along the Dead Sea fault (section 4.3.1).
This defines the position of the Nubian plate relative to the Somalian
plate in pre-rift times. They remain fixed relative to each other until
rifting begins in the NMER around ~13 Ma (see section 4.9). The
present-day position of the plate defines its movement between 13 Ma
and the Present. The magnetic anomalies of the Red Sea (Izzeldin, 1987;
Schettino et al., 2016, Suppl. Mat. 10) were therefore not used to
construct this model but the result led to an excellent match of these
anomalies (see Suppl. Mat. 18), highlighting the plausibility of the
model.

The movement of the other tectonic elements of the Afar region was
then modelled according to the geological evidences described in sec-
tions 4 and 5 and considering the correlation of transverse and poten-
tially pre-rift structures (section 5.3, Suppl. Mat. 11 and 12). We used 14
tectonic elements to model the deformation of the Afar region (Suppl.
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Fig. 12. Tectonostratigraphic evolution of the Afar region. Paleogeological map of the evolution of the Afar Depression and surrounding regions for pre-rift times (a),
~30 Ma (b), ~19 Ma (c), ~13 Ma (d), ~8 Ma (e), ~5 Ma (f), ~2.5 Ma (g), ~1 Ma (h), and present day (i). This model is based on the GPlates kinematic model, our
review of the geological history of the region (section 4 and Fig. 7) and on the geological maps presented in Figs. 4 and 6. Note that the model has to be considered as
conceptual, schematic and hypothetical. AG = Asal-Ghoubbet, AS = Ali Sabieh Block, F-D = Fentale-Dofen, GoT = Gulf of Tadjoura, YRVL = Yerer-Tullu Wellel
volcanotectonic lineament.
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Fig. 12. (continued).

Mat. 14). While it is known that the central-eastern Afar does not behave Unlike all models except the one by Gaulier and Huchon et al.
as rigid blocks (Manighetti et al., 2001), these blocks were necessary for (1991), we did not model the Danakil Block as a single rigid block.
the modelling. This is to avoid kinematic incoherence and to serve as a Considering the pre-rift configuration of the three main tectonic plates
guide to produce a coherent graphical output for the paleogeological described above and the critical step on the western Afar margin be-
maps (Fig. 12). tween 12 and 13°N linked to the DDDBH structure, the consideration of
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Fig. 12. (continued).

a rigid Danakil Block would have implied significant shortening
(compression) in the northern part of the Danakil Depression.
Conversely, it is known that the Danakil nowadays represent a plate
boundary (see section 5.1.1 and Fig. 9) and that the NW-SE- orientated,
probably pre-rift DDDBH structure strongly influences the structure of
the region (see section 5.3). Near the town of Weldiya, the dykes with
the same orientation were dated between 21 and 17 Ma by Ayalew et al.
(2019), testifying to the activity of the structure during early rift
development. We thus segmented the Danakil Block according to this
orientation in the Nabro range and across Beilul Bay. Like other studies
(Chu and Gordon, 1998; Eagles et al., 2002; Schettino et al., 2016), we
also separated the Buri peninsula from the Danakil Block in the Howlakil
Bay that is marked by a positive Bouguer gravity anomaly (Suppl. Mat.
4) and by seismic activity (Fig. 10). This avoids any compression in the
north during the rotation of the Danakil Block.

As discussed in section 5.1.2, the kinematics and timing of movement
of the Ali Sabieh Block are poorly constrained. The pre-rift configuration
suggests that this Block was situated in present-day south-eastern Afar.
We modelled movement along the eastern Bia Anot fault since early
rifting followed by rotation accommodated in the northern Bia Anot
discontinuity. To avoid overlap of the Danakil and Ali Sabieh Block, the
latter must rotate ahead of the Danakil Block, consistently with the
observation of no rotation since at least 8 Ma (Audin et al., 2004).

6.2. Tectonostratigraphic evolution of the Afar region

The tectonostratigraphic evolution of the Afar region is discussed
based on the geological history of the different parts of the Afar (section
4, Fig. 7), the tectonic structure of the Afar (section 5), and the new
kinematic model (section 6.1). Note that despite the consideration of
many sources and references, the kinematic model has to be considered
conceptual, schematic and hypothetical.

Prior to rifting and the eruption of the Traps (Fig. 12a), the region
was structured by Precambrian and Phanerozoic inherited structures
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(section 5.3). The suture zones between the Abas, Al-Bayda, Al-Mafid
and Al-Mukalla terranes probably extended into the future southern
Afar, NMER and possibly continued under the Yerer-Tullu Wellel
volcano-tectonic lineament (YTVL). The Marda fault potentially
extended under the future Red Sea Rift.

Between 33 and 28 Ma (Fig. 12b), a short pulse of hotspot-related
volcanism led to the deposition of a significant thickness of volcanic
material (the “Traps”) in the northern part of Ethiopia and in Yemen
(sections 4.4 and 4.5 and references therein). Before 30 Ma, tectonic
movements are only recorded in the eastern and central Gulf of Aden
(Fig. 7).

During the late Oligocene and Early Miocene (~28 to ~19 Ma,
Fig. 12¢), Trap basalts erupted further towards the south (sections 4.4,
4.8 and references therein). The Ogaden dyke swarm, reactivating the
Marda fault zone, was also emplaced, along with several plutonic bodies
and dykes in the Afar region and along the Yemenite and Saudi coast
(sections 4.8, 4.3.1, 4.11 and references therein). Rifting was mainly
concentrated in the Gulf of Aden and Red Sea margins, affecting the
Eritrean, Somalian and Yemenite coasts, as well as the Danakil Block
(sections 4.2, 4.3.1, 4.6 and references therein). In the Afar Depression,
the first tectonic movements are reported at the south-western Afar
margin and in Sullu Adu (section 4.10 and references therein). As no
movement is recorded in the Danakil Depression, a transfer zone prob-
ably developed between Sullu Adu and the Red Sea, potentially reac-
tivating Weldiya (SW-NE) oriented inherited structures, as shown by the
~20 Ma dykes of the same orientation observed near the eponym city. It
is plausible that the Ali Sabieh Block (AS on Fig. 12) began separating
from the Somalian plateaux around the same time, potentially activating
the Bia Anot Fault. The different rift segments probably reactivated
some of the Mekele (NW-SE) and Marda (NNW-SSE) oriented faults. At
that time, an early sea probably made its way from the Gulf of Aden to
the Red Sea but the configuration of this sea is unknown (section 4.3.2
and references therein). Oceanic spreading had just begun by ~19.5 Ma
east of the Sheba ridge (section 4.2 and references therein).
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Between ~19 and ~ 13 Ma (Fig. 12d), the eruption of volcanic
material continued on the present-day Ali Sabieh and Southern Danakil
Blocks, as well as in the eastern part of the future NMER and the south-
western Afar margin (sections 4.7, 4.6, 4.9, 4.10 and references therein).
Tectonic movement accelerates with the westward propagation of the
Gulf of Aden Rift. At ~16 Ma, oceanic spreading began in the western
Gulf of Aden (Fournier et al., 2010). The majority of the tectonic
movements in the Afar region are concentrated on the Red Sea and Gulf
of Aden margins. The central-western Afar margin experiences a period
of volcanic quiescence, but some strain was probably accommodated in
present-day southern/central Afar (sections 4.11 and references
therein). According to our kinematic model, the Ali Sabieh Block moved
away from the Somalian Plateau during this period, possibly dragged by
the Arabian plate. As discussed in section 5.1.2, it is unclear how this
movement is accommodated, but we model a strike-slip motion on the
eastern Bia Anot fault. This is consistent with Gaulier and Huchon et al.
(1991) reporting sinistral movements during this period. The marine
realm expanded significantly. During the Mid-Miocene, the Sea
extended further than today under the Tihama plain (Hakimi et al.,
2021) and near Massawa (Sagri et al., 1998), but during the Langhian-
Serravallian (~16-12 Ma), conditions became increasingly restricted
(section 4.3.2 and references therein).

The period between 13 and 8 Ma (Fig. 12e) corresponds to the most
critical changes in the regional geodynamics since rifting initiation. It
coincides with a major change in the dynamic of the East African Rift
System (Michon et al., 2022). Oceanic spreading in the central Red Sea is
believed to begin around 13 Ma (section 4.3.1 and references therein).
This period also corresponds to a major reorganisation in the northern
part of the Red Sea with the abandonment of the Gulf of Suez and the full
strain transfer to the Dead Sea Fault (section 4.3.1). The deposition of
sediments of the Chorora Fm in an initial depression marks the initial
development of the NMER (section 4.9 and references therein). This
changes the Afar region from a two plates system to a triple junction
with three distinct major tectonic plates. Another major change is the
individualization of the Danakil Block and the beginning of its rotation,
caused by the significant reduction in the tectonic activity of the
southern Red Sea rift and the related increase in activity of the Afar Rift
(sections 4.3.1, 4.13.2 and references therein). This constitutes an major
rift jump. The Afar Rift begins its northward propagation, and rifting
initiates in the Danakil Depression (section 4.13.2). The Bab-el-Mandeb
area is probably devoid of tectonic activity since these times (section
4.3.1). According to our model, the Ali Sabieh Block rotated to reach its
present-day position during this period. Eruptions are reported on the
southern Ethiopian plateaux, in the NMER, on the southern Danakil
Block and near the Bab-el-Mandeb strait (sections 4.4, 4.9, 4.6, 4.3.2 and
references therein). The connection between the Gulf of Aden and the
Red Sea was strongly reduced, leading to evaporitic conditions
throughout the Red Sea (section 4.3.2 and references therein). The
temporal coincidence between the end of active rifting of the south-
ernmost Red Sea and the restricted conditions in the Red Sea evidence a
potential link. The absence of active rifting coupled with dynamic
topography (Moucha and Forte, 2011) caused by the plume probably
triggered uplift or at least reduced subsidence, which, coupled with
global relative sea level fall during the Mid-Miocene Climatic Transition
(MMCT, Miller et al., 2020), led to the isolation of the basin. Sedimen-
tation at the foot of the Yemenite escarpment and the only slightly
younger eruption of the Perim volcano might also have played a role in
this isolation.

The period between 8 and 5 Ma (Fig. 12f) is marked by the eruption
of the Dahla basalts across the Afar Depression and possibly along the
Somalian coast (sections 4.6, 4.7, 4.8, 4.9, 4.10, 4.11, 4.13.2, references
therein and Ali, 2009, 2015; Ali et al., 2018). Significant tectonic
movements are also reported in the western Afar margin, in Sullu Adu
and probably in southern Afar (sections 4.8, 4.10, 4.11 and references
therein). The development of the Danakil Depression continues, ac-
commodating sediments and a few lava flows (sections 4.13.2 and
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references therein). The rotation reported at the NW margin of the Ali
Sabieh Block probably indicates that strain between the Danakil and Ali
Sabieh Blocks was accommodated in that area (Audin et al., 2004). In
the NMER, the border faults are gradually less active as strain is
concentrated in the central part rift (section 4.9 and references therein).
The Red Sea margins were probably nearly devoid of tectonic activity
(section 4.3.1 and references therein), the strain being accommodated
by the oceanic spreading in the north and by the Afar Rift in the south,
forming a relay structure. After the deposition of significant evaporites,
the Red Sea again experiences marine conditions (section 4.3.2 and
references therein).

Between 5 and 2.5 Ma (Fig. 12 g), the Afar Depression is marked by
the eruption of the lower Stratoid Fm nowadays ubiquitously outcrop-
ping south of the Tendaho — Goba’Ad discontinuity (section 4.7, 4.8, 4.9,
4.10, 4.11 and references therein). The rotation of the Danakil Block is
accommodated along the Holhol fault (Audin et al., 2004) and in
southern and central Afar, where sedimentary basins are forming in
Goba’Ad (section 4.12), as well as in the Middle and Lower Awash
valley. Last being important for the first Hominine ancestors thriving in
a lacustrine and fluvial environment (section 4.10 and references
therein). The Danakil Depression accumulated sediments and magmatic
material (section 4.13.2 and references therein). Extension is primarily
accommodated by seafloor spreading in the Red Sea and the Gulf of
Aden, (sections 4.2, 4.3 and references therein).

Between 2.5 and 1.1 Ma (Fig. 12 h), the central-eastern Afar expe-
riences voluminous volcanic eruptions forming the upper Stratoid Series
(section 4.12 and references therein) and corresponding to a northward
shift of tectonic activity from the southern Afar to the central-eastern
Afar (Tortelli et al., 2022). It also constitutes a triple junction migra-
tion (Hammond et al., 2011; Kalb, 1995; Tesfaye et al., 2003; Wolfenden
etal., 2004), probably caused by the significantly higher velocities of the
Arabian plate compared to the Somalian one (Maestrelli et al., 2022).
The Afar Rift continues its northward propagation with sedimentation in
the Danakil basin and the beginning of the opening of the Buia graben
(sections 4.13.2, 4.13.3 and references therein). The rotation of the
Danakil Block is accommodated by block rotation in central-eastern
Afar, and strain is transferred from the Holhol fault to the present-day
Gulf of Tadjoura (GoT on Fig. 12, see sections 4.7, 4.12 and references
therein). Significant sedimentation is also ongoing in the Awash valley
and the Danakil Depression (sections 4.10, 4.13 and references therein).

Between 1.1 Ma and the present day (Fig. 12i), the Afar Depression
witnesses the propagation of the Gulf of Aden Rift, forming the Asal-
Ghoubbet graben (AG on Fig. 12, see section 4.3 and references
therein). The linkage between the Gulf of Aden Rift and the Afar Rift is
achieved through a series of en-echelon faults block rotation and rift
focussing in central-eastern Afar (sections 4.12 and references therein).
Volcanic eruptions focus in active rift segments (Asal, Manda Inakir,
Dabbahu-Manda Hararo, Erta Ale, Issa Graben, Fentale, Hanish, Zubair,
Jebel at Tair) and volcanoes at the margins (Nabro, Ma’Alalta, Moussa
Ali, Dembel, Dabbayra) (sections 4.2, 4.3.1, 4.6, 4.8, 4.9, 4.10, 4.11,
4.12, 4.13 and references therein). Continental sedimentation fills the
Tendaho graben and other grabens, as well as the Danakil Depression.
The sea starts invading the latter, and the Asal-Ghoubbet graben during
sea-level highstands, forming substantial evaporite deposits (sections
4.2, 4.12, 4.13.2 and references therein). In the NMER and southern
Afar, the tectonic and volcanic activity is mainly restricted to the Wonji
segments (Fantale-Dofen (F—D on Fig. 12) and Issa).

7. Different rifting styles in the Afar Depression
7.1. Central Afar domain versus Danakil domain

Similar to Ahmed et al. (2022), Keir et al. (2013), Le Gall et al. (2018)
and Stab et al. (2016), we identify two different domains featuring

different rifting styles, magmatic and sedimentary histories: the
“Danakil” domain and the “Central Afar” domain (see Table 4, Fig. 13).
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Table 4

Comparison between the Central Afar and Danakil domains.

Central Afar Domain

Danakil Domain

Topography

Extension

Stretching factor

Relative age of
rifting

Crustal thickness

Oligocene to Mid-
Miocene
magmatism

Basin fill

Syn-rift magmatism

Recent (<0.6 Ma)
magmatic history

Underplating

Strain
accommodation

Thinning

Rift localization

Hotspot influence

Wide depression with
grabens. Elevation between
350 and 1000 m
Significant extension
(~200-250 km)

Higher

Older

Relatively thick crust with
Moho depth of around 24
km

Voluminous (between 1 and
2 km thickness) flood basalt
deposits covering the
margin

Vastly dominated by lavas

at least 1.5 km of
Pleistocene lavas and
possibly ~1 km of Mio-
Pliocene lavas
Voluminous lava deposits,
mainly in the Dabbahu-
Manda Hararo range
Evidences for magmatic
underplating

Significant magma-
accommodated extension

Magma-compensated
thinning

Distributed extension,
incorporation of continental
fragments

Strong

Valley shape with elevations
below sea level (down to
—125m)

Lower extension (~10-100
km)

Smaller

Younger

Relatively thin crust with
Moho depth of around 22
km, possibly as low as 14
km.

Only one large magmatic
deposit in Adigrat (0.6 km
thick). Dykes and plugs on
the margins of the
Depression.

Dominated by sediments
intercalated by lava flows
Metric- to decametric-scale
flows and sills in the Red Bed
Series

Voluminous lava deposits in
the southern part of the rift
axis (Erta Ale range)

No evidence for magmatic
underplating

Mechanical extension in the
N, magma-accommodated
extension in the Erta Ale
Range.

Non-compensated thinning

Clear rift localization in the
centre of the rift valley

Less significant

Note that the “Central Afar” is meant here in its broad sense, including
the central-eastern, central-western, south-western Afar, and possibly
the south-eastern Afar. The boundary between these two domains
broadly corresponds to the DDDBH Structure (see section 5.3 and
Fig. 11).

Central Afar is shaped by a wide depression cut by numerous gra-
bens. Elevations in the Central Afar Depression are usually between 350
and 1000 m, while a single, well-defined valley shapes the Danakil
Depression with elevations reaching 125 m below sea level at lake
Karum (Fig. 1). According to our kinematic model (section 6.1) and
coherently with the northward propagation of the Afar Rift, Central Afar
experienced significant extension with high stretching factors
(~200-250 km and ~ 2.5-3.3 respectively, see Suppl. Mat. 15) while
both the extension and the stretching factors are lower for the Danakil
Depression (~10-100 km and ~ 1.2-1.8 respectively). The age of rifting
in Central Afar is also older than in the Danakil Depression (see sections
4 and 5.2.1).

While measures of crustal thickness vary considerably between au-
thors (see Suppl. Mat. 16, Appendix A), the average thickness (Ahmed
et al., 2022; Dugda et al., 2005; Hammond et al., 2011; Kibret et al.,
2019; Lavayssiere et al., 2018; Reed et al., 2014; Stuart et al., 2006;
Wang et al., 2021) for the central-western and central-eastern Afar or
these zones plus the south-western and south-eastern Afar is 24 + 3 km
(N = 90 resp. 103, see Suppl. Mat. 16 for zones considered). In the
Danakil Depression, some authors indicate a very shallow Moho depth
(14 km by Makris and Ginzburg, 1987; 16 km by Berckhemer et al., 1975
and Hammond et al., 2011) and the average crustal thickness is 22 + 3
km (N = 19 see Suppl. Mat. 16, Ahmed et al., 2022; Hammond et al.,
2011; Lavayssiere et al., 2018; Wang et al., 2021), being slightly thinner
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Fig. 13. Illustration of the two main domains of rifting style and magmatic
history. Volcanic and intrusive rocks are shown in shades of red indicating their
age. Dark grey indicate pre-rift rocks. Dashed blue lines indicate the approxi-
mate boundaries between the Danakil and Central Afar Domains. The Central
Afar Domain features a much more extensive pre- and syn-rift magmatic
products. Bathymetry similar to Fig. 4.

than for Central Afar. Studies that encompass both the Danakil and
Central Afar evidence the presence of a shallower Moho under the
Danakil Depression (Berckhemer et al., 1975; Chambers et al., 2019;
Hammond et al., 2011; Lavayssiere et al., 2018; Makris and Ginzburg,
1987; Mammo, 2004; Tiberi et al., 2005 with the exception of Wang
et al., 2021; see also Appendix A). The lower Bouguer gravity anomaly
under the Danakil Depression (suppl. Mat. 4) is coherent with the
presence of a relatively shallow Moho.

The pre- to early syn-rift (Oligocene to Early Miocene) volcanic ac-
tivity also differs between both domains (Fig. 13). The margins and
plateaus west of Central Afar experienced very significant volcanic ac-
tivity. Beccaluva et al. (2009) mention 1.8 km of lavas in Lalibela, and
Mohr and Zanettin (1988) report thicknesses between >1290 and >
1870 m on the central western Plateau and between >1030 and < 1980
m in the southern western Plateau. Geophysical data shows an altered
crust, possibly caused by these magmatic intrusions (Ahmed et al.,
2022). Similarly, on the Yemenite plateau, the thickness of magmatic
material locally exceeds 1.5 km (Baker et al., 1996; Ukstins Peate et al.,
2005). On the margins of the Danakil Depression, however, significant
Oligocene to Mid-Miocene lava is only outcropping in the region of
Adigrat (approx. 500 m to 650 m thick according to Beccaluva et al.,
2009 and Mohr and Zanettin, 1988). Few dykes and plugs are mentioned
on the margins of the Depression (Brinckmann and Kiirsten, 1971;
Geological Survey of Ethiopia, 1978a). Ahmed et al. (2022) evidence
unmodified crust in this area. Overall, the Danakil domain experienced
less magmatic influence during pre- and early syn-rift times compared to
Central Afar.
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The syn-rift architecture of both basins is also distinctive. Central
Afar is dominated by magmatic products with at least 1.5 km of Pleis-
tocene (Lahitte et al., 2003b) and possibly ~1 km of Mio-Pliocene lavas
(Stab et al., 2016). The syn-rift deposits of the Danakil Depression (i.e.
the Red Bed Series) are conversely dominated by sedimentary products
(Brinckmann and Kiirsten, 1971; C.N.R - C.N.R.S. Afar Team, 1973; Le
Gall et al., 2018). Le Gall et al. (2018) mention two lava flows (average
thickness of 10 m) and seven sills (3-10 m thick) in a ~ 250 m sedi-
mentary succession. Brinckmann and Kiirsten (1971) similarly mention
one 20-30 m flow and three <10 m flows in a ~ 270 m sedimentary log.
Our observations match these descriptions.

Both regions experienced significant volcanic activity during Recent
times (< 0.6 Ma, Figs. 4 and 13). In Central Afar, eruptions are mainly
concentrated in the Dabbahu-Manda Hararo Range and Asal Graben. In
the Danakil Depression, voluminous magmatic products are present in
the Erta Ale range, interpreted to represent incipient break-up (Barberi
et al., 1972a; Bastow and Keir, 2011; Keir et al., 2013; Le Gall et al.,
2018).

Central Afar is believed to feature significant magmatic underplating
(Stab et al., 2016; Wang et al., 2021), while none have been detected
under the Danakil Depression (Wang et al., 2021). This is consistent with
the reported extensive magmatic activity of Central Afar throughout its
rift history. The volume of underplated material is probably at least as
large as the volume of erupted material (Cox, 1980). Underplating may
explain the higher elevations by increasing crustal thickness and
providing isostatic buoyancy.

A significant part of the strain is believed to be accommodated by
magmatic intrusions in Central Afar (Bastow and Keir, 2011; Ebinger
et al., 2013; Ferguson et al., 2013a; Hofstetter and Beyth, 2003; Keir
et al., 2011, 2013) even though faulting still play an important role
outside the magmatic segments (e.g. Polun et al., 2018). In the Danakil
Depression, extension is likely accommodated by mechanical extension
(faulting and ductile stretching) in the north and magmatic intrusion in
the Erta Ale range since Recent times (Ahmed et al., 2022; Bastow et al.,
2018; Bastow and Keir, 2011; Hurman et al., 2023; Illsley-Kemp et al.,
2018a, 2018b; Keir et al., 2013; La Rosa et al., 2023; Le Gall et al., 2018).
The crust in Central Afar is significantly thicker (between 17% and 55%)
than expected based on mechanical extension solely (McKenzie, 1978)
considering the extension predicted by our tectonic plate reconstruction
(see Appendix A) but also the reconstruction of Eagles et al., 2002
(discussion in Ahmed et al., 2022; Bastow and Keir, 2011; Keir et al.,
2013; Stab et al., 2016). This indicates that crustal thinning is
compensated by underplating, magmatic intrusions and erupted mate-
rial, a process known as magma compensated thinning (Bastow and Keir,
2011; Ferguson et al., 2013b; Stab et al., 2016; Thybo and Nielsen,
2009). It corroborates the hypothesis of magma-accommodated exten-
sion. Conversely, the Danakil Depression shows a crustal thickness
compatible with mechanical extension (see Appendix A). Thinning in
the Danakil Depression is thus probably not compensated, with only
localized magmatic intrusions, supporting the hypothesis of extension
dominated by mechanical processes.

In Central Afar, the extension is distributed over a large area (>100
km) and vary significantly over times of less than 1 Ma (Doubre et al.,
2017; Kogan et al., 2012; Moore et al., 2021; Pagli et al., 2014; Sangha
et al., 2022, see also section 5.2.2). In the Danakil Depression, rifting is
localized in the centre of the Depression, accommodating most of the
long-term extension, even if the margins still experience seismic activity
(Illsley-Kemp et al., 2018a, 2018b; Moore et al., 2021).

The contrasting rift styles between Central Afar and the Danakil
domain can be explained by distinct volumes of magmatic accretion
until Recent times. We tentatively explain this by a stronger influence of
the Afar plume in Central Afar compared to the Danakil Depression. This
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difference in hotspot influence can explain:

1) The abundance of Oligocene to Mid-Miocene volcanic rocks at the
margins of Central Afar.

2) The difference in basin fill, including the abundance of Late Miocene
to Middle Pleistocene volcanic rocks in Central Afar and the
sediment-filled Danakil Depression.

3) The lower crustal thickness of the Danakil Depression and its lower
elevation due to the absence or limited magma-compensated
thinning.

4) The importance of mechanical extension in the N-Danakil Depression
compared to Central Afar, where magmatic intrusion accounts for a
significant part of strain accommodation.

5) The apparent contradiction between the near-oceanic state of the
Danakil Depression and its younger age, smaller stretching factor and
smaller total extension compared to Central Afar. The significant
magmatic production of the former compensates for thinning and
delays breakup.

6) The absence of penrose-like oceanic crust in the Central Afar — Bab-
el-Mandeb region due to magma-compensated thinning. The rest of
the Gulf of Aden - central/southern Red Sea rift system experienced
comparable extension but feature oceanic crust.

7.2. Stages of rift evolution

One hypothesis presented in the literature is that Central Afar and
the Danakil Depression represent two subsequent stages of rift evolu-
tion. The Danakil Depression would represent the evolution of what
Central Afar is nowadays (Bastow and Keir, 2011; Ebinger and Hayward,
1996; Hayward and Ebinger, 1996; Keir et al., 2013; Moore et al., 2021).
Based on this hypothesis, Bastow and Keir et al. (2011) and Keir et al.
(2013) postulate that the Danakil Depression experienced, like Central
Afar, a long and significant history of magma intrusions. The same au-
thors suggest that the current ductile plate stretching in the Danakil
Depression is caused by its history of magmatic intrusions.

The idea of the Danakil Depression representing a more developed
stage of the current Central Afar is inconsistent with the northward
propagation of the rift (discussed in section 5.2.1), with the younger age
of the Danakil Depression (section 4.13.2) and with the lower stretching
factor and extension rate it experienced (Suppl. Mat. 15). It is also
inconsistent with their contrasting magmatic history and the much more
voluminous erupted, intruded and underplated material reported in
Central Afar (section 7.1 and references therein). These observations
invalidate the idea that the Danakil Depression experienced the same
geological history as Central Afar in the past. We therefore consider that
the Danakil Depression is not representing the direct evolution of what
Central Afar is nowadays. The Danakil Depression is more evolved or
more mature in the sense that it is closer to oceanic spreading, but not in
the sense that the Danakil Depression was structured like, or was looking
like Central Afar a few million years ago. The Danakil Depression and
Central Afar represent two different types of rift and not two different
stages of evolution of the same rift type. The observations on volumes of
magmatic products also preclude that strain was accommodated by
significant magma intrusion for a protracted period during the early
phase of rift development in the Danakil Depression. This, in turn, calls
for a reassessment of the idea that the current ductile plate stretching in
Danakil follows - or even is a consequence - of this magmatic intrusion
history. We thus argue that the Danakil Depression first experienced
mechanical extension since Late Miocene times and that extension in the
southern part of the Depression only recently began to be accommo-
dated by magmatic intrusions.
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8. Conclusion

This study presents new and revised geological maps of the Afar
Depression and the Afro-Arabian Rift System. The maps materialize an
up-to-date and integrative representation of the geology of the region.
The tectonostratigraphic evolution of the Afar Depression and sur-
rounding regions has been reviewed, allowing for a detailed under-
standing of the chronology and localization of major tectonic, magmatic
and sedimentary events. The review highlights a complex geological
history and shows that most geological events are diachronous
throughout the different parts of the region.

The Afar region is tectonically structured by four rifts, the Gulf of
Aden Rift, the Main Ethiopian Rift, the Afar Rift and the Red Sea Rift
separating the Nubian, Arabian and Somalian plates, as well as the
Arrata Microplate. Unlike commonly presented, the integrative dataset
shows that the Afar Rift propagates northwards and not southwards. It
forms a relay structure with the Red Sea Rift and is linked with the
counter-clockwise rotation of the Danakil Block. The segmentation and
localisation of the different rifts and rift segments is partially inherited
by Precambrian and Phanerozoic structures.

The combination of maps, the review of the geological history and
the current structure of the Afar region allows us to propose a new ki-
nematic model and paleogeological maps of the evolution of the Afar
region. The eruption of the flood basalts began ~33 Ma ago in northern
Ethiopia and in Yemen. Rifting began approx. 27 Ma ago in the Afar
region. During the first phase, rifting was mainly concentrated in the
Gulf of Aden and the Red Sea with more limited extension in Central
Afar. This situation changed between 13 and 8 Ma with a major tectonic
reorganisation of the region. Tectonic activity significantly decreased in
the southernmost Red Sea as the Afar Rift began to accommodate most
of the extension while oceanic spreading initiated in the central Red Sea.
At the same time, the Northern Main Ethiopian Rift formed and the Afar
region developed into a triple junction. Significant magmatism accom-
panied distributed extension in the Depression since the Pliocene,
forming km-thick lava deposits.

The Afar Depression can be segmented into two distinct domains: the
Danakil domain and the Central Afar domain. Central Afar experienced
significant extension as well as protracted and extensive magmatism
during pre- and syn-rift times. It is believed to be strongly influenced by
the Afar hotspot. Magma-compensated thinning prevented full breakup.
Conversely, the Danakil Depression is younger and experienced less
magmatic activity until Recent times. Although the extension was lower
than in Central Afar, the absence of magma-compensated thinning
allowed it to reach an evolved stage of continental breakup. As the
Danakil Depression experienced a different geological history compared

Appendix A. Crustal balancing

A.1. Introduction
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to Central Afar, it cannot be considered as the simple further evolution of
the latter.
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To quantify the mechanisms of accommodation of extension that are important for the Afar Depression, we propose a simple approach of crustal
balancing. We distinguish between magma-accommodated rifting and mechanically-accommodated rifting.

In the case of 100% magma-accommodated rifting (Fig. Ala), the theoretical space created by the extension (A, defined as the amount of extension
(e) multiplied by the initial crustal thickness (Ty)) is entirely compensated by magmatic addition. The crustal thickness remains constant, and the
present-day (syn-rift) crustal surface over the cross-section (A7) is increased by A, compared to the initial (pre-rift) surface (Ayp).

In the case of 100% mechanical accommodation (Fig. A1b), the extension is entirely compensated by crustal thinning. The crustal surface over the

cross-section remains constant between pre- and syn-rift (Ao = A1).
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a) 100% magma-accommodated rifting
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b) 100% mechanically-accommodated rifting
t=0
AO TO

t=1 —

L

1

Fig. Al. Schematic representation of a) magma-accommodated rifting and b) mechanically-accommodated rifting.

A.2. Methods

The ratio of magma-accommodated rifting (m) is calculated as:

A A
m= A
:Al — [(Ll 7€)To]
eTy

With L, the cross-section length and the other terms defined above.

A; is estimated based on the published Moho depths for the Afar Depression (Berckhemer et al., 1975; Makris and Ginzburg, 1987; Tiberi et al.,
2005; Dugda and Nyblade, 2006; Hammond et al., 2011; Reed et al., 2014; Lavayssiere et al., 2018; Kibret et al., 2019; Wang et al., 2021; Ahmed et al.,
2022, see also Suppl. Mat. 14). The data points situated at less than 75 km distance of two cross-sections (one in the Danakil Depression, one in Central
Afar) are projected onto them (Fig. A2a, b, c). As the data are very scattered, three estimates of the crustal geometry are suggested: a minimal, best and
maximum estimate. The extension (e) is calculated from the GPlates kinematic model (see section 6.1). Initial crustal thicknesses (Ty) are assumed to
be 38 km and 42 km for the Danakil and Central Afar, respectively (Ahmed et al., 2022).
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A.3. Results

For the Danakil cross-section (Fig. A2a), the results (Fig. A2d) show that the percentage of magma-accommodated extension ranges from —47%
(minimum estimate of crust surface), —12% (best estimate) and + 23% (maximum estimate). For Central Afar (Fig. A2b), the percentages are 17%
(minimum estimate), 36% (best estimate) and 55% (maximum estimate).

A.4. Discussion

In accordance with the scattered Moho depth data, the results show an large spread and should thus be interpreted with caution. The best estimate
for the Danakil Depression tend to indicate slightly negative values. This would mean that material was removed from the crust, which we consider not
realistic. These low values could indicate that 1) the Moho depth data are underestimated, 2) the extension value is underestimated, 3) the initial
crustal thickness is overestimated. However, considering that positive values are within the range of calculated uncertainty, we interpret these results
as valid. They show low magma addition to the crust, consistently with outcrop evidences (see section 7.1). Conversely, calculations for Central Afar
shows that a significant proportion of extension is accommodated by magmatic addition to the crust, consistently with other evidences discussed in
section 7.1.

Even considering the large uncertainties, these results show a remarkable difference between the Danakil and Central Afar domains.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.earscirev.2023.104519.
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