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Abstract Recent research in Afar (northern Ethiopia) has largely focused on the formation of the present-day
ocean-continent transition at active segments (e.g., Manda Hararo). However, the Oligo-Miocene history of
extension, from the onset of rifting at ~25 Ma to the eruption of the massive Stratoid flood basalts at ~4 Ma,
remains poorly constrained. Here we present new structural data and radiometric dating from Central Afar,
obtained along a zone stretching from the undeformed Oligocene Ethiopian plateau to the Manda Hararo and
Tat'Ale active volcanic segments. Basaltic and rhyolitic formations were mapped in two key areas corresponding
to the proximal and distal parts of a half-rift. We present a balanced composite cross section of Central Afar,
reconstructed using our new data and previously published geophysical data on the crustal structure. Our main
findings are as follows: (1) Extension during the Mio-Pliocene corresponds to a “wide rift” style of rifting. (2) The
lower crust has been underplated/intruded and rethickened during rifting by magmatic injection. (3) Our
restoration points to the existence of midcrustal shear zones that have helped to distribute extension in the
upper crust and to localize extension at depth in a necking zone. Moreover, we suggest that there is a close
relationship between the location of a shear zone and the underplated/intruded material. In magma-rich
environments such as Central Afar, breakup should be achieved once the initial continental crust has been
completely replaced by the newly, magmatically accreted crust. Consequently, and particularly in Afar, crustal
thickness is not necessarily indicative of breakup but instead reflects differences in tectono-magmatic regimes.

1. Introduction

Magmatism and extensional processes are fundamental to our understanding of the formation of rift basins
and their potential evolution into continental passive margins and therefore tectonic plate boundaries.
Interactions between tectonics and magmatism have been investigated at all scales, from the geodynamic
reconstruction of plate motions to mid-oceanic ridges. The relationship between magma supply and conti-
nental extension (rifting) has received much attention. For example, localized magmatism can help focus
extension [Buck, 1991; Ebinger et al., 2013], whereas disperse magmatism appears to distribute extension
[Corti et al., 2003], magma supply can facilitate rifting of the lithosphere in the absence of sufficient tectonic
force [Buck, 2004, 2006], and dyking and underplating appear to accommodate divergence without involving
significant normal faulting [i.e., Grandin et al., 2010]. Thus, tectono-magmatic interactions play a significant
role in shaping rift basins and rifted passive margins. Given the various rift structures documented in the
literature, it is essential to improve our understanding of rheology, i.e., the structural and thermal evolution
of the lithosphere. The simple idea of stretching and thinning a lithosphere to 0 km [McKenzie, 1978] no
longer holds as geological observations made in the past few decades have highlighted a considerable
degree of complexity. Rifts may be narrow or wide and magma-poor or magma-rich, and the lithosphere
may initially be thin and hot or old and cold [e.g., Buck, 1991; Brun, 1999]. While analog and numerical simula-
tions can handle many of these rheological parameters and therefore provide important constraints on rifting
processes, the effects of magma supply on rheology, and hence on the structural style of a passive margin,
remain largely unknown.

Magmatism at nascent passive margins is dependent on the state of the underlying mantle. In Large Igneous
Provinces (LIP), the huge eruptions of Continental Flood Basalts (CFB) are commonly related to mantle-scale
thermal anomalies known as mantle plumes. The origin of mantle plumes is a subject of intense debate in the
literature and will not be discussed in this paper. Nevertheless, mantle plumes are thermal anomalies,
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sometimes originating from the deep mantle, that trigger adiabatic melting and bring magma to the surface.
The existence of such thermal anomalies may be unrelated to any other preexisting tectonic process in
continental [Courtillot et al., 1999] and more often in oceanic settings [Le Bas, 1987]. As such, plumes could
be a prerift feature [Courtillot et al., 1999; Hofmann et al., 1997] or they may be superimposed on the earlier
tectonic history [Ziegler et al., 2001; Nikishin et al., 2002; Ziegler and Cloetingh, 2004; Geoffroy, 2005]. In volcanic
passive margins, the eruption of massive flood basalt prisms, tilting toward the ocean and controlled by
continent-facing normal faults (the so-called seaward dipping reflectors or SDR), is related to the syn-rift or
the syn-breakup history of the margin [Hinz, 1981; Mutter et al., 1982; Coffin and Eldholm, 1994; Menzies
et al., 2002; Geoffroy, 2005; Franke, 2013; Quirk et al., 2014]. This raises the question of whether magmatism
during margin development necessitates the existence of a plume-type thermal anomaly or if it might
instead be the consequence of processes related to lithospheric thinning, such as adiabatic decompression
[Van Wik et al., 2001], small-scale convection in the mantle [Anderson, 1994; Huismans et al., 2001; Ballmer
et al, 2007], lateral rifting diachronism controlled by transform zones [Koopmann et al., 2014], pre-CFB
thinning [Armitage et al., 2009], or modification of the mantle’s fertility by delamination [e.g., Anderson,
2005]. A margin can sometimes be of sedimentary rather than volcanic nature, even if it is located close to
a contemporaneous CFB province at the time of rifting [Franke, 2013]. There therefore appears to be a com-
plex spatial and temporal relationship between plume-generated magmatic provinces and volcanic passive
margins, and the simple notion of purely “active” and “passive” rifting of Seng6r and Burke [1978] can no
longer be applied in explanations of margin formation.

Volcanic passive margins should therefore be considered in the context of their main two, closely related, fea-
tures. (1) The first of these are the tectonic structures. Extension and thinning of the lithosphere is recorded by
syn-rift structures, such as tilted blocks in the proximal margin and detachments in the most distal parts that,
along with the SDR, form the ocean-continent transition (OCT) [Péron-Pinvidic et al., 2013]. These two types of
structural feature are well documented at magma-poor margins and in continental rifts and are linked to the
tectonic history. (2) The second key feature of the volcanic passive margin is magmatism. Magmatic activity
at volcanic passive margins is expressed by the eruption of CFB and emplacement of SDR. These are sometimes
superimposed on an earlier phase of tectonic activity and associated with high velocity lower crust imaged by
seismic refraction, seismology, gravimetry, and magnetism [e.g., Ahmed et al., 2013]. This high velocity lower
crust is primarily interpreted, among other possibilities, as mafic underplating of the thinned crust [White
et al.,, 2008; Thybo and Nielsen, 2009; Thybo and Artemieva, 2013]. Extrusive and intrusive magmatism both con-
stitute new transitional crust, which is commonly observed in geophysical studies [Holbrook et al., 2001; White
et al.,, 2008; Mjelde et al., 2009; Voss et al., 2009; Thybo and Nielsen, 2009]. However, investigating the transitional
crust involves further issues. First, the SDR commonly act as an observational mask in geophysics. Seismic waves
are often reflected on the SDR, making it impossible to observe the underlying OCT-related structures. Second,
the accretion of transition crust during rifting involves a certain degree of syn-rift magma-compensated
thinning, making it difficult to establish a sound balanced cross section [Geoffroy, 2005]. Thus, a current issue
regarding volcanic passive margins is to be able to distinguish between tectonic stretching and thinning and
magmatic underplating. Third, the rheological effects of magmatic underplating remain poorly constrained.

To address these three key issues, we have investigated extension and magmatism in the Afar Depression—a
magmatic rift that has not yet reached the breakup stage. This locality presents several advantages, in parti-
cular the fact that there are no thick volcanics masking the syn-rift structures because the rift has not yet
reached breakup (although it is probably close to it [see Hammond et al., 2011]). The Afar Depression extends
from the Ethiopian plateau to the magmatic active segments that define the plate boundary between the
Nubian and Arabian plates (Figure 1). Rifting in Afar began during the Oligocene, soon after the impingement
of the Afar mantle plume and the subsequent eruption of the Ethiopian large igneous province at around
30 Ma [Hofmann et al., 1997]. Seismic studies show the presence of a broad mantle anomaly rooted at the
core-mantle boundary [Ritsema and Allen, 2003; Simmons et al., 2007; Bastow et al., 2008; Li et al., 2008;
Ritsema et al., 2011], and the Afar rift is therefore considered an example of rifting following impingement
of a plume-like thermal anomaly. The Afar rift system (Figure 1) has been interpreted as an asymmetric rift,
analogous to SDR, where strain and magmatism have migrated toward the rift center and play a major role
in dyking [Ebinger and Casey, 2001; Wolfenden et al., 2005], or alternatively, as a detachment-dominated rift
[Ghebreab and Talbot, 2000; Geoffroy et al., 2014]. The relationship between normal faulting, dyking, and
low-angle faults therefore remains unclear.
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Figure 1. Structural map of the Afar Depression, modified from Varet [1978] and Wolfenden et al. [2005] for the southwestern
marginal part (south of Arabati), from Le Gall [2014] for Djibouti, and from Kidane et al. [2003] for Tendaho Graben. Datum:
WGS84. Grey = basement rocks (undifferentiated, crystalline, or cretaceous limestones). Brown = Traps series, prerift.

Red = plutonic/ intrusive rock (Limmo massif and Affara Dara massif, see Figure 2a). The orange unit (Dessie series) is defined
as the circa 25 Ma basaltic series found in the present-day marginal graben and absent in the Afar depression, documented by
Ukstins et al. [2002]. The yellow unit, labeled “Miocene,” represents the volcanic sequence described in this study, as well as
other Miocene formations (e.g., the Mabla and Dahla Formations, Djibouti). The dotted yellow unit in the Erta’Ale segment
represents the Red Beds series [Varet, 1978], which are sedimentary deposits, possibly Miocene in age. The blue unit is the
mainly basaltic Stratoid Formation, whereas the light blue unit corresponds to the Gulf Basalts as redefined by Kidane et al.
[2003]. Recent lavas are restricted to active segments and are shown in purple. Quaternary infill is shown white. See text for
more details of the volcano-stratigraphy. The grey dotted lines are transform. The thick dotted line is the Tendaho Goba'ad
Discontinuity (TGD), which marks the change from Red Sea-oriented to MER-oriented structures [Harding et al., 1990; Hayward
and Ebinger, 1996]. The thin brown double-dotted line represents the contour of the Danakil block as described in the
literature [Eagles et al., 2002]. Major faults are defined as faults with throws >100 m.
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Figure 2. (a) Zoom on the Central Afar, Ethiopia. Datum WGS84, projection UTM 37°N. Same color code as used in Figure 1.
Structures mainly trend NW-SE in the study area, so the area investigated is a near-cylindrical half-rift. Black rectangles
outline the two key study areas (Arabati, Figure 6; Sullu Adu, Figure 8). The thin black line (labeled Figure 5) indicates the
location of the Arabati cross section. The thick black line marks the NE-SW trending composite cross section (Figure 10).
Note the overall SW dip of major faults. (b) Compilation of age data from the literature and from this study (same area as
Figure 2a). Ages (in Ma) were mostly determined by K-Ar and Ar/Ar methods, except for data from this study ((U-Th-Sm)/He
and K-Ar). See legend for sources of published ages. WR = Whole Rock age (analysis was not performed on separated
minerals). Although WR ages should be treated with caution, they nevertheless show a good agreement with more recently
published data. Ages shown of Figure 2b are from Kunz et al. [1975], Barberi et al. [1975], Zumbo et al. [1995], Lahitte et al.
[2001, 20034, 2003b], Ukstins et al. [2002], Coulié [2001], Coulié et al. [2003], Wolfenden et al. [2005], and this study.

We present new structural observations and mapping, along with (U-Th-Sm)/He and K-Ar ages of the volcanic
record of Central Afar. We use this new set of data alongside published geophysical data (receiver functions
and wide-angle controlled source imaging) to construct a composite balanced cross section of Central Afar,
stretching from the Ethiopian Plateau in the west to the active segments of Manda Hararo and Tat'Ale
(Figure 1). We document the extension and thinning of this rift segment and then discuss their significance
in the light of relevant observations about the state of the mantle from previous studies in order to unravel
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Figure 2. (continued)

the structural style of the future margin. We also discuss a number of problems concerning the distribution of
volcanism in relation to rift sesgmentation. Finally, we compare Central Afar to other volcanic passive margins
and discuss the process of SDR accretion and the significance of breakup in magma-rich settings.

2. Geological Setting
2.1. Present-Day Extension and Strain Accommodation

In this paper, Central Afar is defined as the broad zone of rifting that extends from the Ethiopian plateaus to
the Gulf of Tadjoura (see Figures 1 and 2). We have named the topographic margin [e.g., Wolfenden et al.,
2005] the “Western Afar.” Active volcanic segments mark the boundary between Nubia and Arabia
(Figure 1), which separated during oblique rifting in the Red Sea and Gulf of Aden, which can be linked to
the convergence of Arabia on Eurasia [e.g., Bellahsen et al., 2003; ArRajehi et al., 2010; Leroy et al., 2012;
Faccenna et al.,, 2013]. GPS measurements constrain the NNE motion of Arabia with respect to Africa
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[McClusky et al., 2010] and show that the strain shifts gradually south of 16°N from the Red Sea to the Afar and
is totally accommodated in the Afar at 13°N. South of 13°N, the NW-SE trending rift structures of the Afar are
truncated by roughly N-S trending faults of the Main Ethiopian Rift along the Tendaho Goba’ad Discontinuity
(TGD) [Harding et al., 1990; Hayward and Ebinger, 1996, see Figure 1]. Plate reconstruction models predict a
total extension factor of 8>3 in Central and Southern Afar, assuming that the Danakil block (Figure 1) is a
separate microplate [Eagles et al., 2002]. However, although the prerift structures are poorly documented,
especially on the Danakil block, Jurassic limestones with tilts of 50-60° have been identified on the
Danakil block [Morton and Black, 1975], suggesting high amounts of extension.

These high B factors have been accommodated by the migration of strain from major border faults toward
narrow strips of active deformation in the rift center [Wolfenden et al., 2005]. Later studies have suggested that
such localization, from the rift border to narrow segments controlled by dyking, can be expected when the
lithosphere becomes sufficiently weak [Corti et al.,, 2003]. In Central Afar, however, the strain is accommodated
over a wide zone. Kogan et al. [2012] have shown that 90% of the present-day strain is accommodated over a
broad strip of 175 km width. This strain pattern may be due to the presence of a weak mantle beneath the Afar
[Kogan et al., 2012], to complex interactions between propagating rift systems in the area [Pagli et al., 2014] or to
the presence of a faulting-dominated system [Hammond et al., 2011; Keir et al., 2013; Pagli et al., 2014].

2.2. Mantle Beneath Ethiopia

The mantle beneath Ethiopia is hotter than normal [Benoit et al., 2006; Rooney et al., 2012]. Seismic tomogra-
phy studies show a broad low P wave velocity anomaly of 3% in the mantle beneath Ethiopia, which is rooted
at a depth of ~500 km [Li et al., 2008]. This anomaly is thought to be the expression of the Afar plume, which
was responsible for the extensive magmatism during the Oligocene in Ethiopia [Baker et al., 1996a, 1996b;
Marty et al., 1996; Hofmann et al., 1997; Pik et al., 1999, 2006] and in Yemen [Baker et al., 1996a, 1996b], as well
as for the dynamic topography that characterizes the Ethiopian, Somalian, and Yemeni plateaus [Daradich
et al,, 2003; Pik et al., 2008; Stamps et al., 2010]. This low velocity anomaly eventually connects with the
Afar crust (at ~50 km depth, the limit of resolution) through narrow paths of channelization rather than a dif-
fuse zone [Hammond et al., 2013]. This argues against the presence of a plume-head in the present day, and
the magma ascent is therefore best explained by passive upwelling in response to lithospheric thinning
[Rychert et al., 2012]. However, numerical modeling of the PT conditions necessary for the eruption of
present-day basalts [Ayalew and Gibson, 2009; Rooney et al., 2012; Ferguson et al., 2013b] has shown that
the Ethiopian mantle remains hot today, with an anomaly of +150°C, and that partial melting occurs at depth
of ~80 km, even though the mantle beneath Ethiopia is one of the coolest of the world’s continental and
oceanic magmatic provinces [Rooney et al., 2012]. The Ethiopian mantle is also characterized by some of slow-
est seismic velocities on Earth. P wave velocities decrease from the classic mantle velocity (Vp) of 8.0 km/s,
characteristic of the Main Ethiopian Rift (MER), and then level off to a slower velocity of 7.4 km/s, characteristic
of anomalously hot mantle, beneath the Afar [Bastow and Keir, 2011]. Kogan et al. [2012] have shown that a
substantial part of the lithospheric strength is borne by the lithospheric mantle beneath East Africa. Long
period surface wave dispersion shows that this mantle thins beneath the Afar, from 100 km under the MER
to less than 30 km [Pasyanos et al., 2009]. Dugda et al. [2007] argue for the possible absence of lithospheric
mantle beneath the Afar on the basis of the absence of a lithospheric mantle lid in their observations.

2.3. Nature of the Crust, Magma Intrusions, and Underplating

Debate surrounding the nature of the crust, and whether it is of stretched and intruded continental nature
(transitional crust) or is already oceanic crust, has been ongoing since the early work of Berckhemer et al.
[1975]. Magnetic anomalies analogous to those of mid-oceanic ridges have previously been observed in
Afar [Bridges et al., 2012], and ridge-like organization of the magmatic plumbing system, with on-axis and
off-axis reservoirs, has been described in the Manda Hararo segment [Medynski et al., 2013]. Magma-assisted
rifting has also been reported in the MER and Afar, where a shift occurs from fault-accommodated extension
to dyke injection-accommodated extension at the active segments [Grandin et al., 2010; Ebinger and Casey,
2001; Ebinger, 2005]. Casey et al. [2006] argues for oceanic-type extension. However, recent trace element
modeling of basalts from MER Pliocene-Quaternary lavas [Rooney et al., 2014a] and isotopic data from the
Miocene shield on the plateau adjacent to the MER [Rooney et al., 2014b] suggest that the magma associated
with rifting is derived from melting of phlogopite- and amphibolite-bearing mantle. Furthermore, they
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suggest that the oldest magnetic stripes recorded in the lavas may in fact reflect intrusions into continental
crust that strike parallel to the structures, and these should not be confused with oceanic-like intrusions.

Magma chambers are present at shallow depth beneath Alu Dallafilla volcano (at ~1km depth) [Pagli et al.,
2012] and Dallol volcano (at 1-2 km depth) in the Erta’Ale segment [Nobile et al., 2012]. A deeper magma reser-
voir, containing up to 13% melt fraction and 30 km wide and 35 km deep, has been identified beneath Manda
Hararo [Desissa et al., 2013] (Figure 1). Vp/Vs ratios of 1.9 to 2.1 under the Manda Hararo/Sullu Adu zone
(Figure 2) point toward the presence of partially molten mafic material in the crust [Hammond et al.,, 2011;
Dugda et al.,, 2005]. Such high ratios imply the presence of fluids that are interpreted as partial melting stored
in the crust [e.g.,, Ahmed et al., 2013; Korostelev et al., 2014]. A high velocity lower crustal layer (Vp =7.2-7.4 km/s)
has been identified documented beneath the shoulder of the MER but not beneath Afar. However, the lower
crust velocity under the Afar increases from 7.0 to 7.4 beneath Erta’Ale [Bastow and Keir, 2011]. High velocities
like these may be characteristic of mafic underplating [Thybo and Artemieva, 2013], but unfortunately, an insuf-
ficient number of across-strike seismic refraction profiles have been acquired to confirm the existence of a high
velocity body under Afar or to constrain its spatial distribution. However, gravity modeling has shown that the
crust must contain high density (3000 g/cm?) mafic rocks in both the lower crust and the mantle in order to fit
the observed prominent positive Bouguer anomalies [Tessema and Antoine, 2004].

2.4. Crustal Thinning

The thickness of the crust has been well constrained by receiver function computations and decreases from
35-40 km under the Ethiopian plateau to ~25km under Central Afar and ~18-15 km under Northern Afar
(Erta’Ale) [Hammond et al., 2011; Reed et al., 2014]. Hammond et al. [2011] identified sparse, 30 km thick slivers
of crust under Afar (under Tendaho graben, Figures 1 and 2, for example), which they interpreted as remnants
of less-stretched continental crust. However, more recently, Reed et al. [2014] applied a correction for the
strong reflective phase of quaternary sediment infill in the Tendaho Graben and concluded that was actually
only 20 to 18 km thick, giving an overall thinning factor () of 2.0-2.2.

The thickness of the upper crust decreases from 22 to 25km under the Ethiopian plateaus [Makris and
Ginzburg, 1987; Maguire et al., 2006] to ~7 km beneath the Sullu Adu area (SW Manda Hararo, see Figure 2)
(inverse modeling of receiver function data [Hammond et al., 2011]) and ~10km under most of Central
Afar (seismic refraction profiles in Berckhemer et al.[1975]). The lower crustal thickness seems to remain about
the same beneath the plateaus and Central Afar, but thins abruptly under Erta’Ale. On the basis of modeling
of dyking-accommodated extension, crustal thickness, and recent volcanism, Bastow and Keir [2011] argued
that Erta’Ale is at a more advanced stage of rifting than Central Afar.

The equivalent elastic thickness of the lithosphere under Afar is ~6km [Ebinger and Hayward, 1996;
Pérez-Gussinyé et al.,, 2009]. This is thought to represent the upper crust as the strength of the mantle
lithosphere beneath the rifted region is negligible [Pérez-Gussinyé et al., 2009], or has a low thickness (with
a lithospheric lid at <50 km depth) [Dugda et al., 2007]. The seismogenic layer is ~7-9 km thick under Afar
but 25-30 km thick under the plateaus [Craig et al., 2011]. These thicknesses are consistent with those of
the early magnetotelluric study of Berktold et al. [1975], which used the electrical properties of rocks to set
the depth of brittle/ductile transition at around ~6 km under Afar after determining a mean geothermal
gradient of ~60°C/km. Under the plateaus, the long-term geothermal gradient is 35-38°C/km, as constrained
by U-Th/He thermochronometry [Pik et al., 2003].

2.5. Stratigraphy and Volcano-Tectonic History

In this paper, the term syn-rift is used to describe rocks that were emplaced after the onset of extension in the
area. Thus, even though the term is traditionally used to describe sequences that show syn-tectonic features
(such as growth strata and extensional fans), it is used only in the temporal sense here.

Rifting in northeast Africa began during the late Eocene-early Oligocene in response to closure of the Tethyan
Ocean [e.g., Bellahsen et al., 2003]. Rifting began at 26 Ma in the central and southern Red Sea [Baker et al.,
1996a; Ukstins et al., 2002], after 29 Ma in the Afar [Ukstins et al., 2002; Wolfenden et al., 2005] and at around
34 Ma in the Gulf of Aden [Leroy et al., 2012, and references therein]. Oceanic spreading in the Gulf of Aden
[d’Acremont et al., 2010; Leroy et al., 2012] began at around 18 Ma. Divergence between Somalia and Nubia
began at around 11 Ma with the formation of a triple junction and opening of the MER [e.g., Wolfenden
et al., 2004; Corti, 2009].
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A regional continental flood basalt episode occurred in the Oligocene prior to the onset of any significant
extension [Pik et al., 1998]. The bulk volume eruptions took place between 31 and 29 Ma [Hofmann et al.,
1997; Rochette et al., 1998; Coulié et al., 2003]. The Trap Basalt formation overlies the older Jurassic sediments
and Proterozoic basement. The Traps are also found in Ethiopia and Yemen [Baker et al., 1996a; Ukstins et al.,
2002] and are a key feature of the Ethiopian plateaus. Trap Basalts are also found elsewhere on the Afar floor,
notably in the Affara Dara massif (Figures 1 and 2) [Barberi et al., 1975; Mohr, 1978; Varet, 1978] and near the
Western Escarpment [Morton and Black, 1975; Ukstins et al., 2002; Wolfenden et al., 2004, 2005]. The Traps are
usually referred to as “prerift” structures as they predate extension.

During the Miocene, the cessation of flood basalt eruptions signaled a decrease in volcanic activity, at the
same time as or shortly after the onset of extension in the region. Volcanic activity became mostly confined
to large shield volcanoes on the plateaus [Kieffer et al. 2004]. In Djibouti, the Miocene lavas have been
assigned to the historical Adolei, Mabla, and Dahla Formations [Varet, 1978; Barberi et al., 1975; Audin et al.,
2004] (Figures 1 and 4a). In Central Afar, Miocene volcanics are sparser [Ukstins et al., 2002; Wolfenden et al.,
2005; Coulié, 2001; Le Gall, 2014] (Figure 2). The Miocene record mainly consists of silicic series and no con-
tinuous record of volcanism has been mapped. Instead, in southern Afar, the volcanic units are separated
by minor (<10°) angular unconformities [Wolfenden et al., 2004, 2005], indicating minor extension accommo-
dated by faulting (see Figure 4). Farther south, where the MER overprints the Afar structures, the angular
unconformities become more pronounced [Wolfenden et al., 2005].

A second pulse of flood basalt eruptions occurred during the Pliocene, beginning at around 4 Ma and with
peak activity at around 2Ma. With massive basaltic fissural eruptions that spanned the Afar floor, the
Stratoid Formation covers 70% of the rift surface. Above the Stratoid Formation lie the Gulf Basalts, which
were emplaced between ~1.1 and 0.6 Ma [Kidane et al., 2003]. Unlike the rest of the Stratoid series, the
Gulf Basalts erupted along silicic centers, most notably near the major southeast dipping fault scarps of
the Tendaho and Tat’'Ale grabens (Figures 1 and 2). The Gulf Basalts were first mapped and described on each
side of the Gulf of Tadjoura, where the Gulf of Aden has been propagating into the Afar since around 1 Ma
[Manighetti et al., 1998; Audin et al., 2004].

Present-day magmatism in the Afar is focused in discrete active segments. Extension is primarily accommo-
dated by dyke injection in the crust [Wright et al., 2006; Grandin et al., 2010]. Morphologically, the structure of
the segments resembles that of oceanic ridges [Hayward and Ebinger, 1996; Medynski et al., 2013, 2015], but
the segments have formed within a transitional crust [Hammond et al., 2011]. They are therefore generally
considered to be features indicative of the imminent breakup in Afar and are thought to represent the
ocean-continent transition [Medynski et al., 2013], which is characterized by strong segmentation, rapid
emplacement, and discrete spatial distribution.

2.6. Synthesis and Main Objective

The Oligocene Traps and recent/active magmatic centers and faults have been comprehensively mapped and
studied in the Afar [e.g., Hofmann et al., 1997; Rochette et al., 1998; Pik et al., 1998, 1999; Coulié et al., 2003;
Grandin et al., 2010; Medynski et al., 2013, 2015; and references therein]. The lithospheric structure has likewise
received considerable attention [Ritsema and Allen, 2003; Simmons et al.,, 2007; Bastow et al., 2008; Li et al., 2008;
Pasyanos et al., 2009; Ritsema et al., 2011; Bastow and Keir, 2011]. The Traps series have been linked to an early
thermal mantle anomaly, and the present-day magmatic centers have mostly been interpreted in the context of
Gulf of Aden and Red Sea interactions that have taken place over the past few million years. However, the
Mio-Pliocene tectonics and magmatism have received relatively little attention. Consequently, key constraints,
such as the amount of Cenozoic thinning/stretching and the ages and volumes of magma involved, are poorly
quantified. As a result, the interactions between magmatism and tectonics could not be properly discussed so
far, even though the Afar is a unique place to do so. In the following, we present our approach and the main
results obtained on age constraints for magmatism and tectonic evolution.

3. Methods
3.1. Geochronology

In order to better constrain the age of the Mio-Pliocene volcanics and associated tectonic events, samples
were collected between Central Afar and the Plateaus (Figure 2b). Two methods were used to determine
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Table 1. K-Ar Analyses in This Study

Sample Formation Longitude Latitude K (wt%) A0ppx (%) 40ppx (1 0'? at/g) Age (Ma) = (Ma)
AF12-02 Stratoid 3 40.712 11.403 1.167 7.73 3.5246 2.89 0.06
8.84 3.5870 2.94 0.05
Mean 292 0.05
AF12-06  Transform volc. 8 39.970 12.157 1.269 28.73 2.1918 1.65 0.02
27.68 2.1879 1.65 0.02
Mean 1.65 0.02
AF12-11 Sullu Adu 8 40.382 12.133 0.126 5.87 0.5941 4,51 0.10
4.08 0.5817 441 0.12
Mean 447 0.11
AF13-82 Sullu Adu 8 40.280 12.034 0.121 2.69 0.6875 543 0.22
0.086 1.27 04776 531 042
Mean 5.39 0.28
AF13-90 Sullu Adu B 40.174 12.026 0.366 4.68 1.5204 3.97 0.10
AF13-98 Chifra 8 39.897 11.459 0.089 343 0.7669 8.23 0.27
3.77 0.6747 7.24 0.22
3.17 0.7109 7.63 0.26
Mean 7.69 0.50
AF13-99 Chifra 8 39.892 11.450 0.783 36.21 18.9568 23.0 0.3
43.45 18.7734 22.8 0.3
Mean 229 0.3
AF13-102 Dessie 8 39.520 11.077 0.565 50.53 14.4679 244 0.3
47.29 14.5262 244 0.3
Mean 244 0.3

the geochronology: (U-Th-Sm)/He dating of zircons and apatites from rhyolites and K-Ar dating of basalt and
rhyolite samples. These methods date the instantaneous cooling of the volcanics and therefore their age
of emplacement.

3.1.1. K-Ar

Samples were prepared and analyzed at the Geosciences Paris Sud laboratory, Université Paris-Sud (Orsay,
France). The Cassignol-Gillot method of K-Ar dating has already been used to determine a large span of ages
in the Afar [Lahitte et al., 2003a, 2003b; Coulié et al., 2003; Kidane et al., 2003] and our new K-Ar ages are
consistent with previously obtained Ar/Ar ages, notably those of Ukstins et al. [2002] and Coulié [2001]. The
K-Ar data of this study are presented in Table 1.

After careful examination of thin sections in order to eliminate the most altered samples, rock samples were
sawed, crushed, and then sieved to obtain a homogenous fraction of typically 63-125 pm and 125-250 um
grain size.

Because lava phenocrysts can crystallize prior to eruption or be inherited from the magma chamber, they
may contain excess Ar that leads to erroneously old ages. Phenocrysts should therefore be discarded from
the sample. Magnetic separation and heavy liquids were used to separate out the phenocrysts from the
basaltic groundmass and plagioclase (in basalt) or sanidine (in rhyolite) microcrysts used for dating. The
end products of the separation process were basaltic groundmass of homogenous grain size and a density
of 3.05 to 2.95 g/cm?, plagioclase microcrysts with densities of 2.79 to 2.75 g/cm?, and sanidine microcrysts
with densities of 2.57 to 2.54 g/cm®. K and Ar were measured on several aliquots of each sample according
to the Cassignol-Gillot technique [Gillot and Cornette, 1986]. K was measured by flame absorption spectro-
photometry. Argon-40 and 3®Ar concentrations were measured simultaneously by mass spectrometry. The
amount of radiogenic *°Ar* in the sample was then obtained after correcting for atmospheric contamination
using the *°Ar/*®Ar isotopic ratio of an air pipette. Each K and Ar measurement was performed at least twice
in order to ensure a relative standard deviation of less than 1% for any given sample.

The uncertainty assigned to each individual age was then calculated using

Oage = \/(O-K)2 + (O-Ca|)2 + ([)-Ar')(')27 )

where 7,4 is the uncertainty in Ma, ok is the uncertainty in the K measurements (measurements were repeated
on each aliquot until a relative standard deviation inferior to 1% was reached), oc, is the uncertainty of the
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Table 2. (U-Th-Sm)/He Analysis

Sample

Formation

Longitude

Latitude

Phase

“He
(10~° mol/g)

238U

(ppm)

232Th

(ppm)

147
Sm

(ppm)

He Age
(Ma)

Fr

Corrected
Age (Ma)

+ (Ma)

AF12-21
AF12-07

AF12-10

AF12-12

AF12-15

AF13-76

Chifra Rhyolite
Finto Rhyolite

Traps

Finto Rhyolite

Sullu Adu Rhyolite

Traps

39.935
40.379

11.463
12127

Zr
Zr

8.509
20.961

216.0
182.3

125.8
1121

449
1834.8

6.42
18.43

0.86
0.81

7.5
22.7

04
1.1

Ap 2451 10.0 39.8 2501.4 20.22 0.83 243 1.2
Mean 235 1.2

40.374 12.124 Zr 8.560 51.96 45.30 55.71 2531 0.88 28.8 14

Zr 8.522 49.84 43.04 59.99 26.31 0.86 30.6 1.5
Mean 29.7 1.5

40.410 12.153 Zr 316.770 824551 5796.78  633.07 6.11 0.76 8.0 04

Ap 14.933 387.29 270.23 951.87 6.13 0.67 9.2 0.5
Mean 8.6 0.4

40.204 12.051 Zr 3.479 163.58 99.12 29.74 3.45 0.86 4.0 0.2

Zr 2.360 113.37 65.39 16.64 3.40 0.84 40 0.2
Mean 4.0 0.2

40.304 12.100 Zr 14.412 75.86 88.48 22.86 2761 0.92 299 1.5

Zr 10.236 57.25 65.78 22.35 26.07 0.90 28.9 1.4
Zr 10.381 49.79 58.07 25.90 30.30 0.92 329 1.6
Mean 30.6 1.5

mass spectrometer calibration and is inferior to 1%, and oa,+ is the uncertainty in the determination of the
quantity of atmospheric “OAr in the sample. The latter was determined by comparing the “OAr/3Ar ratio of the
sample with the “°Ar/*®Ar ratio of a standard air pipette under similar Ar pressure. Sample AF13-98 yielded
more heterogeneous ages (see Table 1) than the other samples, and the uncertainty reported for this sample is
therefore the standard deviation of the mean age.

3.1.2. (U-Th-Sm)/He

Samples were prepared at the Centre de Recherches Pétrographiques et Géochimiques and the Service
d’Analyse des Roches et des Minéraux (Nancy, France), following the method described in Pik et al. [2003]
and B. Tibari et al. (manuscript in preparation, 2015). The U-Th-Sm/He measurements are presented in
Table 2. Rocks were crushed and sieved, and heavy minerals were then separated by densimetry. Aliquots
of three to five zircon or apatite grains were prepared, and “He and U, Th, Sm concentrations were measured
on each aliquot. Errors in the measured ages are equal to the reproducibility of standards (B. Tibari et al.,
manuscript in preparation, 2015) being 6% at a 1 sigma confidence interval. This level of precision is in agree-
ment with those in the literature (see review in B. Tibari et al., manuscript in preparation, 2015). The uncer-
tainty of the U-Th-Sm/He ages is higher than it is for K-Ar, the data can still be used to identify formations
of Cenozoic age. For example, an uncertainty of 6% for an age of 30 Ma (the age of the Traps in this study)
will yield an error of 1.8 Ma. The ages reported in Table 2 are therefore still consistent with those documented
in the literature [i.e., Ukstins et al., 2002; Coulié et al., 2003]. Although the (U-Th-Sm)/He method may lack the
precision required to discriminate between younger formations such as the Dahla and Stratoid, the ages
obtained can be compared with the more precise K-Ar ages of the basalts. A particular advantage of the
(U-Th-Sm)/He method is that zircons and apatite are typically found in acid rocks, such as rhyolites, and it
is therefore an ideal tool for mapping zones that contain a large abundance of acid magmatism.

3.2. Balancing Cross Sections: Polyphase Faulting and Tilted Blocks

The western part of Central Afar is composed of domino-style fault blocks bound by SW facing normal
faults and tilted toward the center of the depression [Zanettin and Justin-Visentin, 1975]. These faults are
numerous enough and have such throws that the resulting architecture is a strongly tectonized margin,
with a smooth gradient in elevation from the escarpment toward the depression. The traditional method
used to determine the extension factor (8) in such environments is to calculate the amount of horizontal
displacement created by the rotation of two adjacent blocks that were initially horizontal and contiguous
[Le Pichon and Sibuet, 1981]:

B =sin6/sin(0 — ¢), (2)

where (0) is the fault initiation angle and (¢) is the amount of rotation before fault lock-up. In
“domino-models” such as this, a number of assumptions are made: (1) each fault generation initiates at the
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Figure 3. Surface stretching factor calculation for a single phase of faulting
and for polyphase faulting bed dips of 60°. We assume a domino model
with initially steep faults with dips of 70° and initial bed dips of 0°. Tilted
blocks do not suffer any internal deformation, and thus, stress is only
released by pure shear and extension is only accommodated on fault
planes. Elevation differences between tilted blocks are neglected. The
mathematical formula used to calculate 8 is from Le Pichon and Sibuet
[1981] (equation (2) in text). (a) Single faulting episode. Conditions are
such that no second-generation faults initiate during extension. Blocks are
tilted from 0° to 60° and extension is accommodated on the same fault
plane. The corresponding accommodated extension is 441% (8 =5.41).
Note that after rotation the fault plane is nearly flat. (b) Polyphase faulting.
A first-generation fault rotates the beds from 0° to 30°. At this point it is
more favorable for a second-generation fault to develop so the fault
consequently locks up. The second-generation fault rotates the strata
from 30° to 60°. The first-generation fault planes are rotated to a nearly flat
angle, whereas the second-generation fault plane dips to around 45°. The
corresponding accommodated extension is 116% (8 = 2.16). The figure
illustrates the impact of the number of fault generations on the surface
stretching factor corresponding to observed strata dips: the greater the
number of fault generations, the smaller the value of 8.

4, Results

same dip, (2) blocks do not undergo any
internal deformation, (3) the difference
in elevation from one tilted block to
another is small enough to be neglected
at a local scale (e.g., along a ~25 km long
transect), and (4) the rotation of each
block is identical.

However, bedding dips as high as 60° have
been encountered in the Afar [Morton and
Black, 1975]. Mohr-Coulomb theory pre-
dicts fault initiation at 60-70° dip. From
this simple perspective then, extreme bed-
ding dips of 60° would correspond to sub-
horizontal fault planes and predict an
infinite extension rate. Because flat or
near-flat fault planes are never observed
in Afar (Figure 3a), our favored model is
therefore one of polyphase faulting
[Reston, 2005], as illustrated in Figure 3b.
The method has previously been used
to resolve extension discrepancy and
upper/lower plate paradox issues on the
Iberia-Newfoundland sedimentary passive
margins [Reston, 2005, 2007].

In the polyphase faulting model, a first
generation of faults initiates at dips of
60-70° and then rotate until fault dips of
~35° are reached (Figure 3b). Once the
first-generation faults have become inac-
tive, a second generation of faults initiates
to pursue extension. These second-
generation faults then rotate and even-
tually lock-up, and the process is repeated
(Figure 3b). The extension rate obtained
after n generations of faulting is much
lower than that obtained from a single
fault generation model (Figure 3a). More
extension is accommodated by near-flat
fault planes than by a succession of steeply
dipping faults.

The Central Afar study zone encompasses the northern half of the map in Figure 2, extending from the
Ethiopian plateaus, across the marginal graben, and through the depression (Figures 1 and 2). Toward the
south, there is a shift from the NW-SE to NNW-SSE trending structures of the Red Sea, characteristic of
Central Afar, to a NNE-SSW oriented grain that corresponds to the opening of the Main Ethiopian Rift through
the Afar (Figure 1). We therefore focus our study on a cylindrical part of the margin, where all structures strike
subparallel to the marginal graben and Manda Hararo active segment (Figure 2). The area was mapped using
field observations, calibrated Landsat 7 composition with bands (7, 4, and 1), Universal Transverse Mercator
(UTM) 37 N projection and satellite imagery (SPOT and Centre National d'Etudes Spatiales), and aerial photo-
graphs. In this section, we will refine the chronostratigraphical chart and structure of the Central Afar rift by
focusing on two key localities, Arabati and Sullu Adu (Figure 2), which correspond to a proximal zone (east of
the marginal graben) and a more distal zone in the depression, (west of the Manda Hararo active segment),
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Figure 4. Volcano-stratigraphic chart of Central Afar and Djibouti. (left) Compilation from Wolfenden et al. [2005] of local
volcano-stratigraphic records mapped along four transects (A, B, C, and D) that show the along-strike N-S evolution of
Western Afar. The transects document the transition from N-S trending structures representative of the MER (profiles D and C),
to NW-SE trending structures representative of the Red Sea tectonic grain (profiles B and A). (right) Spatio-temporal evolution
of volcano-stratigraphy along a SW-NE cross section (see Figure 2a) based on new age data and field observations of this
study. Wavy lines represent angular unconformities. Values in degrees (°) are the difference in dip between the two discordant
units. Straight contacts represent conform volcanic units. Question marks indicate inferred contacts between units (contact
was not observed) (see text for more information). The (U-Th-Sm)/He and K-Ar age data of this study are shown in the right
panel (in Ma, 1 sigma uncertainties; see Tables 1 and 2). For comparison, the central column shows historical formations
mapped mainly in Djibouti and then extended to the rest of Afar [after Varet, 1978, and references therein].

respectively. We first present new field data and radiometric ages in an attempt to unravel the tectono-
magmatic evolution. We then synthesize the results along a balanced composite cross section in order to link
surficial and deep structures.

4.1. Volcano-Stratigraphy of Central Afar

A local stratigraphic chart for the Arabati and Sullu Adu areas is presented in Figures 4a and 4b. The
ages obtained from K-Ar and U-Th-Sm/He techniques are presented in Tables 1 and 2, respectively.
The results are summarized in Figure 4, which shows the south-north distribution of ages along the
western part of Central Afar, based on the stratigraphic charts of profiles A, B, C, and D in Wolfenden
et al. [2005] (see Figure 2). This is compared to a west-east variation that reflects the time span of lava
formations along our study profile (Figure 2). We were able to distinguish four units, which are separated
by angular unconformities.

4.1.1. Oligocene Flood Basalts

The Traps formation is recognizable in the Sullu Adu area by the U-Th-Sm/He ages of 29.7 £ 1.5 and 30.6 + 1.5 Ma
of strongly tilted rhyolites (AF12-10 and AF13-76; Figure 4b). These ages are in agreement with the age of Coulié
[2001] of 30.2 + 0.4 Ma obtained at the northernmost tip of the Sullu Adu area (Figure 2b). Although we did not
date any samples of the Traps in the Arabati area, they are most likely present below the Miocene volcanics
[Ukstins et al., 2002; Wolfenden et al., 2005] (see below). We can correlate the Trap formation in Sullu Adu to
the Trap Basalts observed elsewhere in Western Afar and on the plateaus.
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4.1.2. Miocene Basalts and Rhyolites

The marginal graben basalts near Dessie yield a K-Ar age of 24.40 +£ 0.35 Ma (sample AF13-102; Figure 2b). We
did not observe any unconformity between this formation and the underlying Traps. Given the age range and
similar rock types, we correlate this formation to other local marginal graben-related volcanics (Dessie and
Kemise Formations) [Wolfenden et al., 2005] (Figures 1, 2, and 4). These upper Oligocene formations appear
to be restricted to the present-day marginal grabens and are not found in Arabati or Sullu Adu (Figure 2).
This may suggest that the eruptions at 25 Ma were localized in a protomarginal graben.

In contrast, early to late Miocene volcanic formations are found in both the Arabati and Sullu Adu zones. In
Arabati, the age of Chifra series is bracketed between 22.9+0.3 Ma (AF13-99, K-Ar) and two ages of 7.69
+0.50 (AF13-98, K-Ar) and 7.5+ 0.4 Ma (AF12-21, (U-Th-Sm)/He, Figure 4b). However, as it was not possible to
observe the contact between the tilted Arabati series and the Traps, the lowermost part of the series may well
be older than this. A series as old as 25 Ma, i.e,, as old as the basalts of the marginal graben, might therefore exist.

In Sullu Adu, the base of the Finto series has an age of 23.5 + 1.2 Ma (AF12-07, (U-Th-Sm)/He, Figure 8). The
sample was taken from an ignimbrite layer lying conformably above a layer of green tuff. This tuff is a
commonly observed stratigraphic marker throughout the area and lies unconformably above rhyolites and
basalts of the Traps formation (Figure 9). The top of the Finto series has an age of 8.6 +0.4Ma (AF12-12,
(U-Th-Sm)/He), but the upper limit for this series may be younger. Given the age correspondences between
the two study areas, we correlate the Chifra and Finto series and argue that they erupted simultaneously.

Little to no extension appears to have occurred during the emplacement of these series as no internal uncon-
formities were observed. Moreover, no intermediate ages (i.e., between 22 and 9 Ma) were determined within
the formation. This suggests that the volcanic activity was either sparse, consisting of only two significant
events, or was continuous but with relatively low volumes. This Miocene formation can be correlated to
other formations found toward the south, namely, the Burka, Aneno, and Bercha Formations [Wolfenden
et al, 2005] (Figure 4). In these locations, the Miocene series contain several unconformities: in profile A
(Figure 4), the Burka Formation is apparently continuous [Wolfenden et al., 2005], whereas in the MER profiles
B and C, a 10° discontinuity separates the ~16 Ma Aneno Formation from the ~7 Ma Bercha Formation
[Wolfenden et al., 2005]. In profile D this corresponds to a MER-type orientation, the early Miocene record
being truncated by three angular unconformities [Wolfenden et al., 2005].

4.1.3. Pliocene Flood Basalts

The flat-lying Arabati and Sullu Adu series (Figure 8) occupy the top of the volcanic record in our study areas.
We dated the Sullu Adu flat-lying basaltic formation at several places along the NE-SW Sullu Adu transect
(Figure 8) and obtained ages of 5.39+0.28 (AF13-82, K-Ar), 447 +0.11 (AF12-11, K-Ar), 4.0+0.2 (AF12-15,
(U-Th-Sm)/He), and 3.97 +0.10 Ma (AF13-90, K-Ar). Coulié [2001] determined a similar age of 3.93 +0.06 Ma
for a rhyolite located farther north. These results are consistent with our age of 2.92+0.05Ma (AF12-02,
K-Ar) obtained south of Sullu Adu, near the Mille River (see Figure 2b). Given these ages, we correlate the
Pliocene flood basalts with the lower Stratoid Formations found elsewhere in Afar.

One sample from the Awra plain yielded an age of 1.65+0.02 Ma (AF12-06, K-Ar, Figure 2b). This upper
Stratoid age argues in favor of late uplift of the Sullu Adu area. Thus, after emplacement of the Stratoid
Formation, the Sullu Adu area was uplifted while the Awra basin subsided and was filled with volcanic
products until at least ~1.6 Ma.

Unfortunately, we were unable to find any suitable material with which to date the flat-lying Arabati rhyolites
(Figure 8). However, these lie flat over the tilted Miocene Chifra series in the same way as the Sullu Adu basalts
lie over the tilted Finto Miocene series. We therefore correlate these two volcanic units and can infer that the
Arabati rhyolites most likely have an age of between 8 and 4 Ma. Because of the occurrence of 6 Ma old acidic
rocks north of our profile (Figure 2b), we can correlate the Arabati rhyolites with Stage 3 of Wolfenden et al.
[2005] (see Figure 4).

4.2. Structural Features of Central Afar

4.2.1. Arabati (Flexure Area)

The Arabati area (Figures 2, 5, and 6a-6d) is part of the flexure zone, which has been preserved from signifi-
cant erosion. Farther north, erosion has been more intensive, and the only markers of past volcanism that
remain are feeder dykes that intruded the Traps (Figure 2). Topographically, the Arabati area remains high,
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Figure 5. Cross section from the marginal graben through the Arabati study zone (see Figure 2a). The “Western side” is the
zone of Oligocene outcrops, where Trap basalts and rhyolites are found, progressively flexured toward the NE. The “Eastern
side” represents the Arabati zone, where outcropping Miocene Chifra and Arabati series lie unconformably over the Traps.
Bedding dips and ages are also shown.

with an elevation that decreases slightly, from ~2000 to ~1500 m, in a northeastward direction (Figure 5). The
area consists of a tight network of tilted blocks with observed faults that strike between 150°N and N-S and
dip WSW (Figures 5 and 6c¢). The blocks tilt toward the rift center (northeastward) and the main faults are
typically spaced 1 to 5 km apart (Figures 5, 6¢, and 6d). These observations are consistent with the description
given in Zanettin and Justin-Visentin [1975]. The easternmost tilted blocks of Arabati are buried beneath the
present-day sedimentary infill of the Awra Plain around the town of Chifra, at an elevation of ~900 m
(Figure 6). The area can be divided into two parts: the western side, which contains the Oligocene Traps
(Figure 5), and the eastern side, where the Miocene lavas outcrop (Figures 5 and 6).

In the western part of the flexure area, the Traps series lies subhorizontally in the footwall of the west dipping
marginal graben border fault (Figure 5). The dip then increases progressively from 10°NE to 40°NE at Arabati
(at 22 km on the cross section in Figure 5), forming a flexure. The Traps are then buried under Miocene
volcanics in the eastern part of the flexure area (Figure 5). In our balancing calculations, we assume that
the Traps series is 2 km thick, as is commonly reported in the literature [e.g., Hofmann et al., 19971.

In the eastern flexure area, the Chifra series consists of a series of basalts, which lie below interbedded rhyo-
lites and tuffs capped by a massive white rhyolitic unit. The dip of the Chifra series decreases from 35°NE at
Arabati to 10-15°NE at the northeasternmost tip of the study area (Figures 5-7). The angular relationships
between the Chifra series and the Traps series are unclear as no contacts were observed. However, given
the smooth variation in dip between the traps to the west and the tilted Chifra series to the east, the existence
of an abrupt unconformity of 30° between the two is unlikely. This suggests that either little extension
occurred between the emplacements of the Traps series and Chifra series, or that tilting of the Traps to the
west occurred synchronously after emplacement of the Chifra series. It is interesting to note that no thickness
variations, unconformities or growth strata are observed within the Miocene series, indicating that significant
deformation most likely took place after the whole unit had been emplaced.

The Arabati flat-lying rhyolites series is also observed in the eastern part of the flexure area, lying horizontally
and unconformably above the 30°-dipping Arabati series (Figures 5, 6a, 6b, and 7). The Arabati flat-lying rhyo-
lites are 100 m thick at most, and have been affected by a few NE dipping normal faults (Figures 6a and 6b).
The total stretching factor accommodated by the Arabati flexure is 8 = 1.30 (obtained by measuring the initial
length of the base of the traps).

4.2.2. Sullu Adu (Area of Highly Tilted Blocks)

We remapped the area as far as the northernmost tip of the Sullu Adu range, a prominent positive topographic
anomaly in the Awra basin (Figures 2 and 8). In previous mapping studies, the area was reported to be mostly
covered by the Dahla Formation [Varet, 1978] and was interpreted to be a protorift axis corresponding to an
episode of localization of deformation at 8 Ma [Audin et al,, 2004; Hammond et al., 2011]. In our mapping, how-
ever, we identified three distinct formations separated by angular unconformities (Figures 4b, 8, and 9a-9c¢).
The youngest formation is a thin (50 m) undeformed layer of basalt that caps the tilted blocks. This flat-lying
Sullu Adu basalt is the main feature observed in the Sullu Adu range (Figures 8 and 9b).
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Figure 6. (a) Geological map of the Arabati area, WGS84, UTM 37 N, inset in Figure 2a. Maps were constructed using SPOT
and Landsat (7, 4, and 1) images calibrated with field observations. (b) Cross section of the Arabati area, (Eastern Side in
Figure 5). Mapped faults are projected onto the cross section. Emphasis is put on the angular relationship between the
tilted Chifra series and the flat-lying Arabati series. The relationship with the underlying traps is unclear. Two faults were
hypothesized (dotted lines or “hidden faults”) based on the observation of topographic ridges on the satellite images.
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A.

Figure 7. Field photographs of the Arabati area. (a) Flat-lying rhyolites of the Arabati series, represented in bright yellow.
The Arabati rhyolites form a flat plateau (see Figure 6) affected by a single NE dipping normal fault. (b) Google Earth view of
the Arabati plateau (outlined in bright yellow) over the Miocene tilted blocks (uncolored). (c) E-W view of the 50 m thick
Arabati rhyolites (bright yellow) lying unconformably over the tilted Chifra series (pale yellow). The tilted blocks of the
Chifra series dip E-NE. (d) Typical tilted block of the Chifra series. These tilted blocks have the fault plane preserved, with a
throw of at least 50 m. The upper part of the series is composed of rhyolites (pale yellow) and the basal part is composed of
basalts (pale yellow/orange), which outcrop in the footwall of the fault.

The tilted blocks are composed of the Traps and Miocene Sullu Adu series. These dip to the NE and are bound
by west to SW dipping normal faults (Figures 8 and 9a-9c). The ~1 km spacing of the tilted blocks is tighter
than it is in Arabati (Figure 8). This most likely indicates that the crust has been thinned more here than it has
in Arabati. This is consistent with the lower bulk elevation (~600 m above sea level) compared to Arabati,
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Figure 8. (a) Geological map of the Sullu Adu area, WGS84, UTM 37 N, inset in Figure 2a. Map was constructed using SPOT and Landsat (7, 4, and 1) images calibrated
with field observations. A SPOT image is shown in transparency to illustrate the extent of the drainage system. The most prominent feature on the map is the
flat-lying Sullu Adu basalts (blue and hatched). The rhyolitic equivalent of the Sullu Adu basalts, the Sullu Adu rhyolites (of similar age and also flat lying), is present on
the western side of the map. (b) Cross section of the Sullu Adu area. Mapped faults are projected onto the cross section. The reconstruction assumes that (1) all
mapped faults are second-generation faults (i.e., steep-faulted contacts between the Traps and the Miocene Finto series) because no flat faults were observed, (2) the
throw of first-generation faults is never higher than 1.5 km so that the basement is never exposed, and (3) the Sullu Adu basalts and rhyolites are strictly unaffected by
any faults (see text for more information).

and the Traps in this region do appear to have undergone intense deformation as they are found dipping
at 60°E-NE at three localities (Figures 8 and 9a-9c). This dip direction appears to be constant over the
whole area and is a key feature of the Sullu Adu area.

The Miocene series (in yellow in Figures 8 and 9) are tilted 30° + 5° above the traps, indicating that an episode
of extension took place between the emplacement of the Traps at 30 Ma and emplacement of the Miocene
series at ~27-23 Ma. This age is consistent with the period of marginal graben extension and volcanism. This
suggests that a period of distributed stretching, from the marginal graben area to the present-day Central
Afar area, occurred at around 25 Ma.

It is noteworthy that the bedding dips observed in the Miocene series are similar to the flexure of the Arabati
area. This suggests that a second episode of stretching, which occurred after 7 Ma, was also distributed
spatially and affected both areas in a comparable way. This second extensional episode ended with the
emplacement of the flat-lying Sullu Adu series of the Stratoid Formation.
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Figure 9. (a) Angular unconformity between the Traps (in brown) and the Finto series (bright yellow). (b) Google Earth image of the Sullu Adu flat-lying rhyolites.
Although not dated, we correlate the rhyolites of limited extent (kilometer scale) to the acidic formation in the west of the map in Figure 8 (because the rhyolites
unconformably overlie the tilted blocks of the Finto series and are also flat lying). These structures are present throughout the studied area, suggesting that the eruption
of the Sullu Adu basalts and rhyolites was widespread. (c) Basaltic columns of the Trap series on which the dip of the strata (60°NE) can be measured. The columns form
perpendicular to the surface of the flow, and thus, flat-lying flows display vertical columns. Handheld GPS device is shown for scale on the top of the columns. (d) Two
tilted blocks separated by a SW dipping normal fault, a typical tectonic pattern in the Sullu Adu area. Finto series in bright yellow, Trap Basalts in brown.
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Figure 10. Composite cross section of Central Afar constructed from field observations at Arabati and Sullu Adu and data from the literature (see text). (a) Composite
cross section with no vertical exaggeration. Surface stretching factors are given for each zone. Position of the upper/lower crust boundary is based on literature. The
surface (area?) of the lower crust is too large in respect to the upper crust and the section is not balanced, implying an excess of lower crust. (b) Reinterpreted cross
section of Central Afar that takes into accounts underplating in the lower crust. Polyphase faulting is represented as the tectonic style of the upper crust. Second-
generation faults (in green) crosscut the older first-generation faults (red) and are rooted on a midcrustal shear zone that links distributed extension at the surface
(upper crust) to localized deformation in the lower crust. The underplating is stored where crustal thinning has left in a gap in the lower crust. The process is then
repeated as third-generation faults (black), absent in the Arabati and Sullu Adu areas, connect to younger shear zone beneath the Tendaho/Tat'Ale area. The three
underplated bodies in this cross section are required in order to balance the lower crust with respect to the upper crust.

One problem encountered when attempting to balance the Sullu Adu cross section (Figure 8) was the 60° dip
of the prerift Oligocene traps (Figures 9a and 9c). We followed the method described in section 3.2 and
assumed that the faulting was polyphase. In our reconstruction, the first generation of faults displaced the
Traps series at around 23-25Ma. A second generation of faults then affected the Finto series between
7 Ma and the emplacement of the Stratoid series at 4 Ma. These later faults also affected the earlier tilted
blocks, resulting in rotation of the Traps to 60°. Our main limitation was that we were only able to map the
second-generation faults, i.e., the steep contacts between the traps and the younger Miocene rocks. In most
cases, the first-generation faults (i.e,, those that only affected the Traps prior to emplacement of the Finto
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Table 3. Stretching Factors

Domain Final Length (%) B (70°) B (65°) B(61°) Mean
M. Graben 1 ~1.05 ~1.05 ~1.05 1.05
Arabati® 13 13 13 13 13
Sullu Adu 28 2.13 2.50 2.88 20+04
Tendaho/Tat'Ale 48 2.28 2.68 3.08 27+04
BWEIGHTED 100 1.81 2.00 2.13 20+02°
100 22°

@Measured on initial length of Traps for the western side and initial length of Chifra rhyolites on the eastern side, see text.
Obtained after the calculation of the weighted mean of surface £.
“Obtained after the balancing of the total area of (upper crust + lower crust) — (underplating).

series) were not observed; we did not observe any flat fault planes and, moreover, anomalous contacts within
the Traps series are difficult to map. The resulting geometry shows that some of the second-generation faults
have accommodated more displacement than others (Figure 8). This is consistent with the large variation in
the orientation of the mapped structures. From west to east, the strike of the tilted blocks changes from
~N160° to almost N-S in the vicinity of Finto and then back to N160°.

4.3. Composite Balanced Cross Section

In this section, we present a balanced cross section of Central Afar (see Figures 10 and 2a for location), which
we built from the sections described above (Arabati and Sullu areas; Figures 5, 6, and 8). We then compare our
calculated crustal stretching to the crustal thinning observed in geophysics. First, we present the surface
extension factor for each zone (Arabati, Sullu Adu, and Tendaho/Tat’Ale). These were extrapolated into
tectonic “domains” on the cross section (Table 3 and Figure 10a). The upper crust below each domain was
then balanced in order to check for consistency in the calculations assuming the conservation of area. The
upper-lower crust boundary was reconstructed using the literature described in section 2.4. Next, we balance
the lower crust beneath the Awra/Sullu Adu and Tendaho domains and identify any excess lower crust
beneath the cross section, which we interpret to be syn-rift magmatic underplating, i.e., post-Traps magma-
tism (Figure 10b). Finally, we propose the existence of a low-angle midcrustal shear zone, which links the
distributed stretching at the surface with the localized thinning in the lower crust. Shear zones such as this
would also influence the spatial distribution of the excess lower crust (Figure 10b).

4.3.1. Amount of Extension at the Surface

The first step was to estimate the surface extension factors for the different domains (Table 3 and Figure 10a).
We subdivided the cross section into several domains (Figure 10a). The length of these domains is expressed
as relative length with respect to the total cross section length (for example, the length of the Arabati domain
is 13% of the total cross section length). The marginal graben area experienced extension of about 8=1.05.
The Arabati area has a local extension rate of Bacapati = 1.30 (see 4.2, Figure 10 and Table 3). In Sullu Adu, 8
depends on the initial dip of the faulting (Table 3), which was between 70° and 61° (Table 3). Because this
variation is sizeable and because the initial dip of the faults was difficult to constrain, we chose to express
the local £ for Sullu Adu with an error bar equivalent to the mean value of 8 (2.50+0.38; Table 3). For the
Awra plain (Figure 2), we used the same B8 as for Sullu Adu, which means that the combined length of
Sullu Adu + Awra is 28% of the total length (Table 3 and Figure 10a). A 8 value of 2.50 +0.38 was eventually
reached between 7 (the end of Finto series emplacement) and 4 Ma (the onset of Stratoid series emplace-
ment). The 8 for Tendaho area is the same as for Sullu Adu, multiplied by 1.07, which is the mean value of
8 accommodated by the post-Stratoid structures [Acocella et al, 2008]. Thus, we obtained a £ value of
2.68 +£0.40 for the area from Tendaho to Tat'Ale (Table 3 and Figure 10a). It was then possible to check
whether the extension accommodated by faulting at the surface was equivalent to the thinning of the upper
crust beneath each domain. For this, we assumed the upper-lower crust boundary to be at 15km depth
beneath Arabati and 7km depth between Awra and Tat'Ale [Berktold et al., 1975; Pérez-Gussinyé et al.,
2009; Craig et al, 2011; Hammond et al., 2011]. The upper crust beneath Awra-Sullu Adu (~590 km?)
(Figure 10a), when balanced to a 15 km thick prerift stage, displays a stretching factor of ~2.7, which is con-
sistent with the calculated value of 2.5 +0.38 (Table 3). The upper crust beneath Tendaho-Tat'Ale (~730 km?)
displays a stretching factor of ~3.0, also consistent within error with the value of 2.68 + 0.40. This means that,
in the present study, the amount of extension accommodated by faulting is a good proxy for the amount of
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upper crustal thinning. Because we defined the base of the upper crust as the boundary between brittle and
ductile behavior, the depth variation of this boundary should be temperature dependent as well as extension
dependent. However, as our results show good agreement between surface stretching and upper crustal thin-
ning, the depth variation over time that results from differences in heat flux can be neglected. Moreover, the
effects of magma advection in the upper crust are probably also extremely local and can therefore also be
neglected at this spatial scale. Thus, extension exerts the primary control on the thickness of the upper crust.

A final verification consisted of calculating the weighted mean of the sum of the initial length of the tectonic
domains, weighted by the B8 of each tectonic domain. This gives a virtual Byggurep of 1.98 +0.16. Of note,
balancing the whole upper crust surface (~2440km?) back to an initial thickness of 15km gives a 8 of
~2.16, which is in good agreement with the model. Note however that here, 8§ describes the thinning of
the entire cross section and thus depends on how much undeformed length is included in the balance
calculations. Thus, the “weighted mean 8" value of ~2 is representative of the cross section alone and
confirms only that our surface estimations are correct. However, the “real” 8 value of ~2.7 £ 0.4 corresponds
to the extension experienced in the most stretched part of Central Afar, i.e.,, from Sullu Adu to Tat'Ale
(Figure 2), and is comparable to other values of 8 reported in the literature, notably those obtained in plate
kinematics reconstructions [Eagles et al., 2002; Redfield et al., 2003]. Our stretching factor is however higher
than the 8 value of ~2.0 predicted by receiver functions analysis [Hammond et al., 2011].

4.3.2. Total Thinning Factor and Excess Lower Crust

The depth of the Moho was determined by receiver functions analysis [Hammond et al., 2011; Reed et al.,
2014]. We inferred the depth of the upper/lower crust boundary by combining observations from the
literature [Berktold et al., 1975; Pérez-Gussinyé et al., 2009; Craig et al, 2011; Hammond et al., 2011]. The
Moho depth values are projected onto the profile in Figure 10 (location in Figure 2a). An overall decrease
in crustal thickness from ~35 to ~20 km is shown, the “necking” of the crust occurring under the Arabati area
(Figure 10a). We define the lower crust as the portion of crust (equivalent to a surface in cross section)
between the upper/lower crust boundary and the Moho as defined above. The lower crust has an initial thick-
ness of 20 km (from 15 to 35 km depth). When we balance the lower crust in Figure 10a (~3350 km?) to its
initial thickness of 20 km, we obtain a mean 8 factor of ~1.4, which is lower than the mean value of ~2
obtained for the upper crust. This means that the lower crust is too thick with respect to the upper crust,
or in other words, there is an excess of lower crust beneath Central Afar. In fact, in order to make the lower
crustal thinning comparable to the upper crustal thinning, approximately 1850 km? must be subtracted from
the lower crust. It may be necessary to assume that this excess crust was not present at the initial prerift stage
but was instead added to the crust during rifting. Consequently, we refer to this excess lower crust as “under-
plating,” independent of the spatial and temporal distribution of this material during rifting. At this point, a
kinematically correct although unlikely solution could be obtained by adding a uniform layer of underplating
in proportions that would fit the balancing, regardless of its distribution. However, this would imply that the
crustal thinning crust along the whole cross section was continuous, which is inconsistent with the crustal
necking inferred from receiver functions computations [Reed et al., 2014]. There must therefore have been
a particular spatial and thus temporal distribution of the underplating beneath the Afar, related to the mode
of crustal thinning. Moreover, part of this “underplated” material most likely intruded the lower crust and not
only stopped beneath the original Moho.

4.3.3. Structural Style, Midcrustal Shear Zone, and Underplating

Two key observations support the presence of a flat midcrustal shear zone: (i) the uniform NE dip of tilted
blocks separated by antithetic normal faulting and (ii) the wide distribution of the domino faulting style.
Because the tilted blocks achieved rotation synchronously (shortly after 7 Ma) and as all of the normal faults
have similar throws (generally of 100 m but occasionally up to 500 m), the crustal thinning might be expected
to be distributed proportionally at depth. However, seismic receiver functions reveal a necking in the western
part of the cross section. Thus, the deformation is broadly distributed at the surface (the tilted blocks occur
over a ~100 km long area) and localized within a necking zone at depth. This is consistent with the presence
of a top-to-west shear zone in the midcrust, which is rooted toward the west in the lower crust beneath the
plateau (Figure 10b). This is also supported by detachment faulting models [Lister and Davis, 1989] in which
thinning of the lower crust is focused on a single point, whereas extension at the surface is distributed.

Moreover, in order for the two crustal layers to be stretched by the same amount, extra lower crust needs to
be assigned to the cross section. The amount of additional lower crust can be determined by comparing the
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Bupper crusT to the BLower crust directly below the abrupt thinning of the upper crust, and this extra lower
crust does indeed fill the “gap” left by what would be the actual thickness of the lower crust. We thus propose
the existence of a flat detachment at midcrustal level beneath the Afar, which is rooted in the lower crust in
the necking zone of Arabati and which corresponds to or even controls the preferential emplacement of
mafic material in the zone of abrupt thinning in order to fill the voids left in the thinned crust (the shear zone
in green in Figure 10b). Some of the largest faults would connect to the shear zone at depth (faults in green,
Figure 10b) while crosscutting older faults (in red, Figure 10b). This mechanism might also explain the
formation of the “active segments” of Tendaho and Tat'Ale, and this is supported by the findings of Desissa
et al.[2013], who identified a wide zone of partial melting beneath Manda Hararo. We therefore propose that
a more recent shear zone mechanism, analogous to the first, develops and controls the localization of
deformation and magmatism at depth beneath a segment.

This interpretation relies on the observation of WSW dipping faults as being the major structures that accom-
modate extension on the long term. Unlike Wolfenden et al. [2004, 2005] farther south, we do not observe
major east dipping faults, except the one bounding the Tendaho graben (Figures 1 and 2). This is either
because east dipping faults have been overprinted by Miocene west dipping structures (which is unlikely)
or because they never existed north of the Dessie-Bati accommodation zone [Wolfenden et al., 2005], which
separate our study area from Wolfenden'’s. The major east dipping faults near Dessie (Figures 1 and 2) are
located south of the accommodation zone; one of them is represented on our cross section (Figure 10). It
is noteworthy that even though they control the topography south of the Dessie-Bati accommodation zone,
they are not recognized as major structures in terms of crustal thinning in Wolfenden et al. [2005]. Therefore,
such east dipping faults, if they exist in our study zone, did not act as major accommodating structures, either
because they were generated during the stretching phase, or because they are minor (see Figures 5 and 10).
This is compatible with the flexure we documented between the plateau and the Afar area.

It is worth noting that the wide pattern of distribution of the deformation documented in this study cannot
be attributed to the presence of transfer zones. The Arabati-Chifra cross section (Figure 5) is located close to a
minor transfer zone (Figures 1 and 2), where the marginal graben is slightly offset. However, the fault pattern
we observed corresponds to a wide zone (more than 50 km, Figure 2) compared to the width of the transfer
zone and can thus be considered as representative of the rift segment. Finally, our cross section is composite
and, close to the plateau, crosses the transfer zone (the marginal graben of the cross section being south of
the transfer zone and the flexure being north of it, Figures 2, 5, and 6). This has little influence on the cross
section as the structural styles are quite similar on both sides.

5. Discussion
5.1. Timing of Deformation

Rifting in Central Afar from the Oligocene to the present has taken place in three main steps (Figures 11 and 12).
The first tectonic event (the stretching phase) occurred at around 25 Ma, after emplacement of the Traps at
30-29 Ma and just prior to the onset of emplacement of the Miocene series at around 23 Ma, as observed in
the marginal graben (Figure 12d). In Sullu Adu, the Traps were tilted to 30°E during this first tectonic phase.
Thus, the stretching was distributed over a wide area (around 100 km; Figures 11 and 12d). In the southernmost
part of Western Afar [Wolfenden et al., 2005], it has been suggested that the deformation was focused on the
border faults of the marginal graben between 29 and 26 Ma (Stage 1 of Wolfenden et al. [2005]). In our opinion,
the pre-Miocene deformation in Central Afar was more widely distributed, as suggested by the succession of
grabens and tilted blocks, which have recorded 0° to 30° of bed rotation locally.

The second phase of deformation (thinning phase) (Figures 11 and 12b) occurred after the emplacement of
the Miocene series, which ended at about 7 Ma (marking the end of Chifra and Finto series emplacement). In
both the Arabati and Sullu Adu areas, the tilting of the Miocene series can be recognized by the absence of
growth strata or by variations in thickness in the hanging wall of faults, indicating that this phase of extension
occurred after emplacement of the Miocene series. Moreover, we observed that the Chifra series and Finto
series were synchronous and present throughout the whole of the Miocene, from ~23 to ~7 Ma. During this
period, the Miocene series appears to have been conform, although not continuous as no erosional surfaces
were observed. However, it is possible that the oldest rocks of the unit are separated from the younger
rocks by a paraconformity and that there were two distinct pulses of volcanism instead of one continuous,
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Figure 11. Volcano-tectonic evolution of Central Afar. Table figure summarizing the different tectonic phases that structured Central Afar. The Traps were emplaced
at 30 Ma, during the prerift phase, probably in response to the thermal anomaly of the Afar plume. The emplacement was accompanied by no—or very little—
extension. Rifting began between 30 and 25 Ma, prior to the onset of Miocene volcanism (in yellow), with a “stretching” phase. The stretching affected a wide area
and was characterized by strong coupling between the brittle and ductile levels of the crust: NE dipping tilted blocks were created by the accommodation of
extension on SW dipping faults. The Afar rift was already asymmetric at this point, with numerous half-grabens. The stretching phase was followed by a period
of tectonic quiescence and the eruption of sparse acidic magmas (Miocene in yellow). Between ~7 and ~4 Ma, after the emplacement of the Miocene series and
before the emplacement of the Stratoid, a second tectonic phase—the “thinning phase”—occurred. During this phase, the Arabati zone underwent flexure, and the
Sullu Adu zone started to subside in response to crustal thinning. The thinning phase was therefore a distributed mode of extension, during which time the crust
was thinned and then partially rethickened by magmatic underplating. In our model, the normal faults of the thinning phase connect to a shear zone at depth
that helped to create a necking zone in the lower crust. When tectonic activity ceased, the Stratoid flood basalts were emplaced on top of the newly thinned Afar
crust (Stratoid volcanism from ~4 to ~0.6 Ma). This was then followed by the “localizing phase,” in which the Afar remains today. Magmatic and tectonic activity is
currently focused within the active segments, in our case Manda Hararo and Tat'Ale.

volume-starved series. Nevertheless, we can conclude that almost no deformation occurred in our study zone
during the Miocene (Figures 11 and 12c¢).

In their southernmost cross sections (see in Figure 4b, profiles B to D), Wolfenden et al. [2005] found that
magmatism and faulting shifted twice during the Miocene: an eastward jump occurring at 15Ma and a
second jump occurring at 8-7 Ma. This process produced younger basins toward the center of the rift.
This model was supported by the early geological mapping of Afar of Varet [1978] in which the whole of
the Sullu Adu ridge was interpreted as being of Dahla age (7.4 + 0.3 Ma, Figure 2b), on the basis of a single
whole rock K-Ar age of Barberi et al. [1975]. Our observations do not support the model of progressive strain
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Figure 12. Geodynamic reconstruction of the movements of Nubia and Arabia during the last 25 Ma. At 25 Ma, rifting began simultaneously in the Red Sea and Afar
and was already active in the Gulf of Aden. Extension in Afar was accommodated over a wide zone. At ~18 Ma, divergence in the Gulf of Aden was focused at
the ocean-continent transition [e.g., d’Acremont et al., 2006; Leroy et al., 2012], which could have potentially triggered localization in a narrower area, possibly in the
highly deformed Danakil block as no extension was recorded in Central Afar. At 5 Ma, oceanic spreading was active in both the Gulf of Aden and Red Sea. Rifting
in Afar was once again widely distributed, remaining so until recently. In the present-day, divergence in Afar is taken up by localized active segments. Areas in yellow
mark the zones of accommodation of divergence, whereas those in light grey mark those that have become inactive. The OCT is marked in orange, and the dark
grey areas represent inherited Cretaceous rift basins that were reactivated during rifting in the Gulf of Aden. The main escarpments are shown for clarity. Structural
map of the Gulf of Aden is from Leroy et al. [2012, and references therein]. Gulf of Aden transform timing is from Bellahsen et al. [2013].

migration during the Miocene [Wolfenden et al., 2005] as the Miocene series are not localized in a single
narrow basin, which would have been located riftward of the protomarginal graben, but are instead
distributed over a large area on top of previously stretched crust (Figure 11). Our interpretation also favors
widely distributed strain during the upper Miocene/lower Pliocene second phase of deformation
(5 Ma, Figure 12b).

However, no extension is recorded in our study areas so there appears to have been a gap in extension during
mid-Miocene times. As divergence did not stop between 23 and 7 Ma (as attested to in Gulf of Aden conti-
nental and oceanic records), we postulate that deformation took place farther to the northeast during this
time, in the southern Red Sea rift or on the Danakil block.

In the Red Sea, the main phase of rifting probably began at between 27 and 22 Ma [Omar and Steckler, 1995;
Hugues et al.,, 1999; Bosworth and McClay, 2001]. The rifting may well have started earlier than this [Omar and
Steckler, 1995], but no evidence for significant uplift and erosion is found in the sedimentary record at this time
[Bosworth et al.,, 1998]. Moreover, the ocean-continent transition in the Gulf of Aden formed at 18-20 Ma,
leading to the strong localization of divergence in distal margins [Leroy et al., 2004; d’Acremont et al., 2006;
Leroy et al., 2012; Bellahsen et al., 2013] (see Figure 12c). We propose that the rifting became focused in the
Red Sea at around 22 Ma and that lithospheric breakup (after the OCT formation) [Leroy et al., 2012] in the
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Gulf of Aden at 18 Ma triggered localization of the rifting in the north, i.e., along the Red Sea/Gulf of Aden
connection (Figure 12c).

From 4.0 to 1.1 Ma, the Stratoid series erupted over a large zone at the border of Western Afar (Figure 2b),
infilling the Awra basin and the more distal parts of the rift (the flat-lying Sullu Adu basalts and rhyolites,
which lie horizontally above the Finto series, Figures 5, 6, and 8). Between 1.1 and 0.6 Ma, at the end of the
Stratoid emplacement (and previously included in the Stratoid by Varet [1978]), a distinct mode of emplace-
ment can be recognized [Kidane et al., 2003; Lahitte et al., 2003a]. The authors correlate these basalts with the
“Gulf Basalts” Formation, which outcrops around the Gulf of Tadjoura (Figure 12a). In Central Afar, the Gulf
Basalts are emplaced along massive silicic centers in the hanging wall of major west dipping normal faults
that form the easternmost border of the Tendaho Graben [Kidane et al., 2003] (Figures 1 and 2) and in the
major west dipping fault that bounds the half-graben of Tat'Ale. They are also found in association with
the earliest lava flows of Manda Hararo and on top of the basaltic plateaus near Manda Inakir (Figure 2).
The Gulf Basalts therefore appear to be the first geological formation in the Afar to have localized along large
faults during the third phase of extension (the localizing phase) (Figure 11). After emplacement of the Gulf
Basalts (ending at 0.6 Ma), a significant amount of strain, characterized by intense dyking, localized on mag-
matic centers [Wright et al., 2006; Grandin et al., 2010; Pagli et al., 2014] (Figure 11). The distribution of the Gulf
basalts therefore largely corresponds to the distribution of active volcanic segments (Figures 11 and 12a).

Our interpretation therefore points toward widely distributed rifting during the Oligo-Miocene, both before
and after the main flood basalt events (Oligocene traps and Pliocene Stratoid series), although the mode of
rifting switched from stretching to thinning during this period. During the Quaternary, the divergence
became localized in the magmatic centers, although the process of localization may have started during
emplacement of the Stratoid series.

5.2. Extension Discrepancy and Extra Lower Crust

Our results show that the lower crust is thicker than predicted from taking into account the surface extension
calculated from the cross section balancing of the upper crust. The amount of extension determined from
surface balancing techniques when the amount of syn-rift lavas and sediments is excluded (84,awn=2.16) in
agreement with the amount calculated from the local 8 (B aiculated = 1.96 = 0.16). This may appear to be incon-
sistent with a divergence model in which dyking is an important mechanism for strain accommodation. In these
models, horizontal displacements are taken up by magma injection into the crust instead of displacement
along normal faults [Ebinger and Casey, 2001; Buck, 2004]. Such processes are well described in the Manda
Hararo active segment [e.g., Grandin et al., 2010] and the Main Ethiopian Rift (see the review in Corti et al.
[2003]) and were initially inferred to explain the most recent (<7 Ma) formation history of Central Afar
[Wolfenden et al., 2005] based on the observation of feeder dykes that crosscut the Dahla basalts. In our calcula-
tions using bedding dips, the dyke-accommodated divergence cannot be observed because dyke injection
does not generate block rotation. Moreover, no dykes were found in either Arabati or Sullu Adu, making it
difficult to directly quantify the amount of dyking-related divergence. Magma injection may play an important
role in the accommodation of divergence [Mohr, 1989; Buck, 2004; Keir et al., 2011] and can take up to 50% of
the total divergence [Mohr, 1989]. However, even though this process occurs in discrete segments, there is no
evidence to suggest that it is significant at the scale of a whole rift. We propose instead that most of the exten-
sion is accommodated by normal faulting at the surface. This is supported, for example, by the high density of
faults (1 fault/km mapped in Sullu Ady, Figure 8). However, we do not preclude an active role for magma in the
accommodation of thinning and extension at depth, especially in the ductile lower crust.

If this is true, the stretching factor obtained in this study of ~2.7 is higher than those inferred from geophysics
[e.g., Hammond et al., 2011]. It is closer to the estimation of Eagles et al. [2002], who provide a reconstruction
of the Danakil block position with respect to Nubia and an estimation of its pole of rotation, and predicts a
total extension rate of § > 3 in Central and Southern Afar. However, geodynamic reconstructions such as this
do not take into account the fact that the Danakil block experienced extension (Figure 12c), with bedding
dips as high a 60° encountered in the prerift rocks [Morton and Black, 1975], and the block should not
therefore be treated as a single rigid block. Further evidence comes from dykes that intrude the Jurassic
limestones. Moreover, recent (<2 Ma) tectonic individuation of the Danakil Block (Figure 1) [Le Gall et al.,
2011] took place with the reactivation of inherited faults, which affected the Miocene Mabla formation.
Several episodes of extension may therefore have affected the block since the Oligocene.
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Our structural model for the Afar rift with extra lower crust was developed in order to explain the fact that the
upper crust suffered a higher amount of stretching and thinning than the lower crust. This is rarely the case
along nonvolcanic rifted margins, as the amount of extension calculated from fault displacements in seismic
reflection profiles (which provide an approximate estimate of the stretching factor of the upper brittle crust)
is always lower than the stretching factor for the whole crust [Driscoll and Karner, 1998]. The likeliest explanation
for this discrepancy is depth-dependent stretching [Royden and Keen, 1980; Davis and Kusznir, 2004], which may
involve preferential extension of the lower crust through lower crustal flow while brittle faulting of the upper
crust remains minimal [Weinberg et al., 2007; Blaich et al., 2008]. Alternatively, the discrepancy could be an arti-
fact of the difficulty in determining the total amount of extension from several generations of faults (sequential
faulting [Reston, 2005, 2007; Ranero and Pérez-Gussinyé, 2010]). In Afar, the problem is the opposite—there is
apparently more extension in the upper crust than in the lower crust. Whether or not depth-dependent stretch-
ing due to lower crustal flow is a phenomenon at play in the Afar, our interpretation does not change. If depth-
dependent stretching has been a factor in the Afar, then the lower crust would be even more thinned than the
upper crust, and thus, the thick lower crust would be even more at odds and there would be even more excess
lower crust. A final issue concerning lower crustal flow is the possibility of lower crustal material being trans-
ported over long distances, which would make it difficult to perform proper area balancing. It could even be
argued that the lower crust may be transported out of the cross section; thus, inducing a bias in the lower crust
area estimation used for balancing. However, our “weighted check” (see section 4.3.1) demonstrates that both
the initials and underplated volumes have been conserved during rifting. This can be explained by the fact that
we consider a relatively long cross section (250 km) so that even if material has been transported through flow,
the material has stayed within the cross section and has been taken into account in our model.

5.3. Magma-Compensated Crustal Thinning During Rifting

Our interpretation of this excess lower crust is that the crust has experienced magma-compensated thinning
achieved by underplating/intrusion, as is frequently observed along volcanic passive rifted margins [e.g.,
Geoffroy, 2005; Thybo and Artemieva, 2013] and continental magmatic rifts such as the Baikal Rift [Thybo and
Nielsen, 2009] and the East African Rift System [MacKenzie et al, 2005; Maguire et al., 2006]. Magma-
compensated thinning is frequently associated with the presence of high velocity bodies at the base of the
lower crust. Seismic refraction profiles across the Main Ethiopian Rift (MER) have imaged a 10 km thick layer with
a crustal velocity of Vp =7.4 to 7.7 km/s [MacKenzie et al., 2005; Maguire et al., 2006]. In this case, the presence of
mafic material that has been added to the base of the lower crust is supported by the existence of a reflective
P wave interface above the Moho [Maguire et al, 2006], which the authors interpret as the top of the high
velocity body. In Central Afar, Hammond et al. [2011] modeled the Vp of the lower crust with receiver functions
and determined values of 6.9 to 7.2 km/s. Bastow and Keir [2011] report lower crustal P wave velocities of 7.0 to
7.5km/s beneath the Afar. Whether lower crustal layers characterized by P wave velocities such as those
described above are of magmatic origin or whether they correspond to metamorphosed basement rocks is
an issue that is still under debate [Gernigon et al.,, 2004; Thybo and Artemieva, 2013]. The P wave velocities of
the lower crust beneath the Afar range from 7.0 to 7.5km/s [Bastow and Keir, 2011] and might therefore
correspond to magmatic underplating. However, these values are restricted to the axial zones of the Afar
and cannot alone account for magmatic underplating because the present-day elevated temperatures
recorded in these segments could lower the P velocities. Even though these velocities are lower than in the
MER, they are comparable those of other underplated bodies such as the Vgring High in the North Atlantic,
which ranges from 6.9 to 7.3 km/s [Mjelde et al., 2009].

Furthermore, Vp/Vs of between 1.9 and 2.2 are found in Central Afar [Hammond et al., 2011] and are consistent
with the presence of mafic material/injected crust. However, zones of Vp/Vs=1.9 are found between Western
Afar and Sullu Adu, which are volcanically inactive at present. This suggests that the high ratio might be better
explained by mafic material whose high Vp signature would increase that of the initial continental crust. In
contrast, the ratio of >2 below Tendaho and Manda Hararo would be best explained by a mixture of mafic
underplating and present-day partial melting. Another important characteristic of the Central Afar crust is
the presence of positive Bouguer anomalies that are accounted for by adding high density material
(d=3000 g/cm3) to the lower crust [Tessema and Antoine, 2004].

All of these observations strengthen a hypothesis that involves the addition of mafic material to the crust
during crustal stretching. A common alternative interpretation for the underplating is that it could be either
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serpentinized mantle or high-grade metamorphic rock [e.g., Gernigon et al., 2004]. Serpentinized mantle can
display a broad range of Vp values, from 5 km/s to 7.5 km/s with Vp/Vs > 1.8 [O'Reilly et al., 1996] similar to
those observed beneath Afar. However, serpentinization is expected when the crust has been extensively
stretched and thinned [Péron-Pinvidic and Manatschal, 2009] thereby allowing fluids to percolate through
an exhumed lithospheric mantle. Such a process seems unlikely given the ~5-10 km thickness of the upper
crust [Hammond et al., 2011].

The data discussed above do not allow us to completely discard the hypothesis of metamorphic rocks being
part of the underplating. However, the fact that a certain volume of the lower crust must have been readded
to compensate for the thinning favors magmatic production of volumes that did not exist prior to extension
(as metamorphism does not create new magma). In addition, Vp/Vs > 1.8 points toward an ultramafic origin
for the underplating (Figure 10).

Finally, this point of view is supported by the fact that underplating of magmatic origin is usually linked to the
eruption of the large volumes of basaltic and sometimes rhyolitic lavas that are characteristic of large igneous
provinces across the world [Cox, 1980]. The volume of this underplating may be several orders of magnitude
greater than the volume of the surface volcanics [Cox, 1993]. When a mantle source rock is partially melted
and fractionated to produce basaltic liquids, some of the initial volume is retained in the form of olivine,
plagioclase, and clinopyroxene-bearing cumulates. Cox [1980] states that only the plagioclase-bearing cumu-
lates (gabbros) have a crustal character and are therefore associated with crustal underplating. The remaining
olivine and pyroxene-rich cumulates are the ultramafic products of primary source rock differentiation and
are considered to be mantle rocks. The mass fraction ratio of gabbroic cumulates over erupted liquid is at
least ~0.5, which means that at least half of the volume erupted has been retained at the base of the crust.
This should be considered a minimum ratio, however, because it assumes that all of the available liquid
has been erupted (if this were not the case, the ratio would be higher than 0.5).

Further evidence for important volumes of underplating is the presence of rhyolitic products at the surface. Cox
[1993] suggests that 6 to 10 times this volume may be present as cumulates in the deep crust. These cumulates
could be the source rock of the rhyolites (with the rhyolites derived from the fusion of any basalt in the lower
crust), or be gabbroic cumulates formed from fractional crystallization of primitive mantle liquids (of picritic
composition) or could even be cumulates formed by melting and recrystallization of the basalts themselves
[Cox, 1993]. This subtlety precludes any proper estimate of the amount of underplating because it assumes that
the volume of cumulates, basalts, and rhyolites derived from original mantle source rock melting and the
amount of rhyolite derived from remelting of the already differentiated basalt are both known. In our cross sec-
tion, we suggest that a large volume of underplated material is stored at the base of crust (Figures 10 and 11).
Given the ~1 km thick pile of mostly acidic Miocene volcanism of over ~200 km length in the cross section, plus
the ~1 km thick pile of Stratoid basalts a number of acidic centers [Varet, 1978] spread over 120 km (excluding
the Awra plain beneath which the Stratoid is present in the form of basaltic edifices and sparse acidic flows;
Figures 2, 8, and Coulié [2001]), and another ~1 km of recent axial flows restricted to an area of around 20 km
length, the extruded post-Traps magmas should cover an area of ~340 km?>. In contrast, the section balancing
predicts a surface area of 1850 km? of underplated bodies (in red in Figures 10 and 11). This therefore yields an
underplated/erupted area ratio of ~5.4, which is in agreement with the interpretations of Cox [1993].

5.4. Midcrustal Shear Zone Model

The first model of crustal attenuation by polyphase faulting (i.e., several generations of faults) for the Afar
margin is from Morton and Black [1975]. The model was developed in order to provide constraints on how
much extension the Afar floor underwent in order to facilitate Arabian-African reconstruction. The model
was developed after observation of pre-Miocene rocks outcropping along Western Afar and on the Danakil
Block. The original hypothesis was that the Afar floor was entirely covered with oceanic floor, and thus, the
presence of silicic outcrops in the depression was problematic [Morton and Black, 1975]. The model was an
attempt to link the thickness of the crust to the horizontal displacement deduced from bed dips. They recog-
nized the riftward tilting blocks and postulated they were regularly spaced and then computed the effect of
several generations of faults on the extension factor. For simplicity, they assumed a purely geometric model
with planar faults, that none of the divergence was accommodated by dyking and that all the strain was pure
shear, i.e., that deformation was progressively taken up through ductile deformation so that there was no
décollement or major asymmetric shear zone located at depth [Morton and Black, 1975]. Up to here,
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the approach of Morton and Black [1975] is similar to our own (see section 3). However, in using the seismic
refraction profiles of Berckhemer et al. [1975], Mohr [1983] argued in favor of a décollement mechanism,
through which the upper brittle crust is decoupled from the ductile lower crust. Differential thinning between
the upper crustal layer (Vp =6.0-6.1 km/s), which thins from 12 km under Addis Ababa to 4 km under Mille,
and the lower crustal layer (Vp =6.6-6.7), which thins from 30 km under Addis Ababa to 18 km under Mille,
certainly occurs (Figure 2). Thus, the upper crust has a 8 of ~3, whereas the lower crust a 8 of ~1.7.
However, contrary to the remarks of Mohr [1983], second-generation faults are indeed observed [Rooney
et al,, 2013]. This last observation supports our model of polyphase faulting. Thus, the model of Morton
and Black [1975] lacks a feature that could explain both the necking of the crust at depth and the spatial
distribution of the tilted blocks at the surface. As suggested by Mohr [1983], a shear zone (or décollement)
at midcrustal level might be a possible solution. Midcrustal shear zones have already been directly observed
in the northernmost part of Afar by Ghebreab and Talbot [2000] on the Eritrean Plateaus and in the neighbor-
ing Gulf of Zula. In particular, they observed tilted blocks that had been dissected by seaward dipping normal
faults rooted in an inferred top-to-the-east shear zone. According to the authors, the extension exploited an
inherited Pan-African low-angle fabric which represented an incipient detachment zone. During a second
phase of extension, landward normal faults crosscut the preexisting detachment at the surface in a domino
fashion and are rooted in an inferred second detachment at depth with top-to-the-west orientation. The
Eritrean escarpment was therefore proposed to consist of a monoclinal flexure due to the second detach-
ment. The seaward dipping blocks of Eritrea were interpreted by Ghebreab and Talbot [2000] to be the
equivalent of onshore SDR observed at the Disko flexure in west Greenland [Geoffroy et al., 1998].

The models of SDR formation above a midcrustal shear zone are consistent with our interpretations in Central
Afar. In our model, we infer the presence of a shear zone in order to fit the deep crustal necking to the widely
distributed surface extension so that our cross section is balanced. There is however an important difference
between our interpretation and the “classical” view of syn-tectonic SDR formation. Our observations show
that the main stretching and thinning episodes took place in between magmatic pulses (Figure 11). We
documented (1) an Oligocene prerift magmatic pulse (the Trap Basalts) followed by a stretching phase,
(2) a protracted Miocene acidic magmatic phase followed by an episode of thinning and underplating,
and (3) a second major magmatic pulse (the Pliocene Stratoid), later followed by a localizing phase.
Consequently, the eruption of the Stratoid basalts, which are a characteristic feature of the wide and thick
Central Afar segment, occurred over a crustal layer that had previously been intensively thinned and subse-
quently rethickened. In our chronology, the magmatic compensation for the thinning is sequential: we did
not observe any syn-volcanic thinning or stretching. Thus, from a chronological point of view, the crust is
“rethickened” after an extension phase. This may appear to be at odds with observations made at other
onshore volcanic passive margins, such as the SE Afar rift in Djibouti [Geoffroy et al., 2014]. Here syn-tectonic
prisms of 8 to 2 Ma age (stage partly intermediate between Figures 12b and 12c) are thought to be controlled
by rollover faults that are rooted in a detachment at depth that controls the location of future breakup. It is
important to specify that this is a recent feature, younger than 2 Ma, linked to the propagation of the Aden
ridge into Afar [Geoffroy et al., 2014]. Features such as the rollover faults may be hidden below the volcanics
of the Manda Hararo magmatic center (Figures 1 and 2). Although we do not directly observe this kind of
detachment system, our model contains the same kind of feature beneath the Manda Hararo axis, with a
breakaway located at Affara Dara, where the prerift rocks outcrop (Figures 1, 2, and 10b).

In our midcrustal shear zone model, the location of detachments rooted in the lower crust (i.e., the locus of
maximum thinning) exerts a strong control on the distribution of underplating. Extra lower crust is added at
the footwalls of detachments where the lower crust is thinnest, i.e., where the pressure gradients are most
favorable for ascending mafic material. Comparable mechanisms have been described for megamullions at
slow-spreading ridges, where core complex-like detachments are interpreted as nonconservative faults
because magmatic material is continuously stored at the base of the detachment footwall and are preferen-
tially underplated, like plutons, during amagmatic periods [Dick et al., 2008]. These faults are thus termed
“plutonic growth faults” by the authors.

5.5. A “Magmatic Wide Rift” During the Mio-Pliocene

GPS measurements in the MER and Central Afar have revealed that despite relative localization of strain in the
active volcanic segments, the distribution of deformation was accommodated within a zone that widens
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gradually from the Southern MER (~6 km) to the Afar (175 km) [Kogan et al., 2012]. Deformation in Afar is thus
distributed over a length that exceeds the lithosphere thickness. This corresponds to the definition of a “wide
rift” [Buck, 1991; Brun, 1999]. Wide rifting has occurred in natural extensional settings such as the Basin and
Range province [Lister and Davis, 1989]. Kogan et al. [2012] related the increasing size of the actively extend-
ing zone from the MER to Afar to a reduction in the integrated lithosphere strength, as modeled by Stamps
et al. [2010], and to the thinning of the lithospheric mantle under Afar [Pasyanos et al., 2009]. They suggested
that the disappearance of the strong lithospheric mantle enhanced the gradual widening of the zone of
strain accommodation. The presence of hot mantle beneath Afar was reported in the early work of Makris
and Ginzburg [1987] and later in Bastow et al. [2008] (and references therein). More recently, Stork et al.
[2013] and Corbeau et al. [2014] showed the presence of a low velocity mantle (P waves velocities of
7.2 0.4 km/s) beneath a zone encompassing the western flexure to Manda Hararo. This may indicate a weak-
ening of the uppermost mantle and, since low lithospheric mantle strength due to mantle thinning can trig-
ger delocalization [e.g., Sokoutis et al., 2007], could thus explain the delocalizing pattern observed by Kogan
et al. [2012]. In contrast, Reed et al. [2014] found that crustal thinning in the area adjacent to the Tendaho
Graben was not focused under the graben but was instead quite diffuse. They suggested that most of the
extension was diffusely accommodated by the ductile lower crust and that the lower crust is decoupled from
the brittle upper crust, a parameter that may enhance delocalizing [Davis and Kusznir, 2004; Reed et al., 2014].

We propose that this wide rift strain pattern, characteristic of magmatically weakened lithosphere and crust,
was already present in early Miocene times, i.e., during the early rifting. This means that the mantle was already
hot at the beginning of rifting, still under the influence of the mantle thermal anomaly that was responsible for
the eruption of the Traps at 30 Ma. Our aim is not to discuss the provenance of such a thermal anomaly (e.g., a
mantle plume) but to highlight the fact that the temperature effect and the subsequent mantle thermal erosion
and weakening has had an effect on the structural style of Afar since the early history of rifting, and that this
effect is recorded in the distribution of Miocene and Pliocene faults and volcanic sequences.

In Iceland, rollover structures have formed during the last 12 Ma. These tectono-magmatic structures were
underlain by shallow magma chambers at different places within a large zone about 200 km wide and were
triggered by the decoupling of the upper crust from the lower crust [Bourgeois et al., 2005]. Moreover, this strain
distribution tends to disappear away from the sustained temperature anomaly of the mantle, i.e., the Icelandic
plume. This is consistent with our model of a midcrustal detachment above the thermal anomaly, this detach-
ment being rooted in the lower crust in a more localized fashion beneath the Plateau, away from the
thermal anomaly.

The novelty of our model is that it combines this “magmatically enhanced wide rifting” mode with localized
necking at depth. It does not therefore oppose a mechanism of dyke injection that localizes strain in the rift
center into narrow magmatic segments [e.g., Ebinger, 2005, and references therein]. It instead suggests that
such processes may have been active during earlier rifting and distributed the strain over a wide zone.

5.6. Segmentation and SDR Formation

As described in Bastow and Keir [2011], the wide and thick Central Afar rift segment and the narrow and thin
Northern Afar Erta’Ale segment experienced different amounts of magma eruption in relation to stretching
and thinning. For Central Afar, we have shown in this study that extension has been accommodated over
a wide zone as it has in other volcanic settings with a magmatic wide rifting mode, such as Iceland.
Furthermore, Central Afar has experienced intense volcanism with the eruption of the Stratoid flood basalts
at 4 Ma. In northern Afar (Erta’Ale segment), the crust has been thinned to ~15 km and the Stratoid series is
absent. Instead, a Miocene sedimentary infill has accumulated in the subsiding basin. Between these two
provinces, a NE-SW transfer zone has developed (Figure 1).

Along the North and South Atlantic margins, the emplacement of the SDR occurred in close relationship with
major syn-rift transfer faults, and thus, the observed along-strike variation in breakup-related magmatism
appears to have been controlled by the rift segmentation [Franke et al., 2007; Elliott and Parson, 2008].
Numerical simulations in Koopmann et al. [2014] show that a delay in the opening of a rift segment bound
by a transfer fault zone can explain the difference in SDR volume on either side of the transfer fault zone.
Furthermore numerical modeling [Armitage et al., 2009] has shown that SDR volumes observed in the
Atlantic required not only a thermal anomaly, but also a previously thinned lithosphere in order to be erupted.
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Figure 13. Comparison of the Central Afar half-rift presented in this study and an interpreted seismic line of the Pelotas
basin (modified from Stica et al. [2014]).

This suggests that the presence of the Stratoid in Central Afar and its absence in northern Afar is closely
related to the two rift sesgment morphologies. Although we cannot tell whether the segmentation influenced
the magmatism or if the major transfer zones were the result of the distribution of preexisting partial melting
sources in the mantle, it appears that the two are strongly linked. Bastow and Keir [2011] stated that the
northern Afar is closest to break up because it is thinner, however, we suggest in this study that breakup
in Afar is not necessarily a function of the apparent thickness of the crust. The northern Afar has not
experienced the same amount of magmatism and underplating as Central Afar. Furthermore, the mantle
temperature anomaly was most likely lower in northern Afar than in Central Afar, and the mode of rifting
appears to have been different as a result.

5.7. Comparison With Volcanic Passive Margins

The model presented here has several implications for the formation of volcanic margins. In Figure 13, we
compare our Central Afar cross section to a section of the Pelotas margin in the South Atlantic [Stica et al.,
2014]. The thinning of SDR formation at the Pelotas margin, though unclear, appears to have been syn-rift,
coeval with the first rifting phase of thinning and followed by a phase of sag-like accommodation of lava
weight [Stica et al., 2014]. The overall thickness of the SDR is several tens of kilometers, whereas in Central
Afar it is only few km thick (Figures 5, 6, and 8). This is likely due to the fact that Central Afar has not yet
reached the breakup stage. If magma decompression is enhanced by a thin lithosphere, as suggested by
the eruption of the Stratoid above a thin crust (Figures 10 and 11), then the complete removal of the initial
crustal thickness should provoke another, breakup-related, pulse of magmatism which would cover up the
preexisting tilted blocks. In our view, SDR development is controlled by two parameters: (1) the intensity of
magma decompression, which is probably enhanced by thinning of the crust (with maximum thinning
experienced during breakup; see section 5.6, above), and (2) mantle temperature. Rooney et al. [2012] showed
that the Ethiopian Large Igneous Province (LIP) has a lower mantle potential temperature (Tp) than any other
LIP. A Tp anomaly of +170°C characterizes the Oligocene flood basalt, whereas the Tp anomaly of <10 Myr
old lavas in Djibouti is only +140°C [Rooney et al., 2012]. The recent lavas at Manda Hararo exhibit a Tp anom-
aly of +150°C [Ferguson et al., 2013]. Although hotter than normal asthenospheric mantle [Tp = 1350+ 50°C,
Herzberg et al., 2007], the Tp recorded in the Afar lavas are still some 100°C lower than in the North Atlantic
Province [Rooney et al., 2012]. Even though crustal thinning has been shown to be the primary control on
massive SDR emplacement along the North Atlantic margins [Armitage et al., 2009], it is likely that a low Tp
would have had an effect on the volumes of magma produced and erupted. In Afar, we suggest that the
Stratoid to recent lava series are equivalent to SDR or proto-SDR (blue and purple units in Figures 1, 2, 8, and
10) as they thicken toward and into the active magmatic segment (i.e., the rift center). These (proto)-SDR are
emplaced over an already thinned and intruded/underplated crust.
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An important question raised by examining the Pelotas margin in Figure 13 is the temporal relationship
between the SDR emplacement and the first oceanic crust. Toward the ocean, the most recent layers
of the SDR fan lie on oceanic crust, which means that the youngest part of the SDR fan is postbreakup
(or syn-breakup), emplaced after (or during) the formation of the first oceanic crust (Figure 13). This implies
that breakup sometimes occurs during the SDR emplacement, some of the layers being syn-rift, others being
postrift. In our schematic cross section (Figure 13), it appears that the place where the lower crust is the
youngest (i.e., thinned and rethickened by underplating during rifting) corresponds to the thinnest part of
the upper crust, where most of the material is erupted volcanics. In this particular view, the breakup consists
of the complete removal of the upper crust, which would then be replaced by volcanic material. Successive
rethickening by mafic material would then modify the lower crust in the same way that the initial prerift lower
crust was thinned to 0 km and then replaced by new syn-rift accreted lower crust, analogous to the transi-
tional crust described in many models [e.g., Menzies et al., 2002; White et al., 2008; Franke, 2013]. We suggest
that in this type of magma-rich environment, breakup can be defined as the complete removal of the upper
crust, marking a lateral transition from “continental upper crust and continental lower crust” to “surface
volcanics and newly accreted gabbroic lower crust”, the latter is constituting the continent-ocean transition.
This would be consistent with the model of magma-assisted extensional growth presented in the study of
Quirk et al. [2014]. Here, a high quality seismic line from East Greenland was used to observe the transitional
crust beneath the SDR. The SDR were observed in a 50 km wide band between the continental slope and the
oceanic crust, underlain by a narrow necking zone. The transitional SDR-bearing crust (identified using
magnetic and gravimetric profiles) is composed of around 4km of volcanics forming the SDR fans, 4 to
6 km of faulted midcrust, and 2 to 5.5 km of lower crust, which correlates with mafic underplating toward
the continent [Quirk et al., 2014]. The SDR fans begin in the hanging wall of a major landward dipping fault.
The continental upper crust disappears on the footwall of this fault. The fault then flattens and is rooted in the
lower crust. The authors interpret this ~160 km long structure as being the last syn-rift fault as it marks the
outer limit of the continental crust, and they therefore referred to it as “Breakup Fault” [Quirk et al., 2014].
The outer limit of the transitional SDR domain is marked by a second major fault—referred to as “Ocean
Continent Boundary” that separates the SDR from “normally” structured oceanic crust [Quirk et al., 2014].
According to their observations and to the magnetic and gravimetric inversion data of Voss et al. [2009],
the lower crust of the transitional domain has the same composition as both the continental underplating
and the oceanic crust.

Despite the similarities between Central Afar and the present-day volcanic passive margins of Pelotas and
East Greenland, there are some important differences. The first is that the length of the half-margin appears
to be narrower for the two present-day rifted margins. The transitional crust zone is also narrow in East
Greenland (~50 km [Quirk et al., 2014]1), which infers localized rifting. This is consistent with volcanic passive
margin formation models that predict a narrow margin as a result of localized extension [e.g., Callot et al.,
2001, 2002, and references therein]. In these models, the rapid necking of a strong, four-layered lithosphere
is achieved by incorporating a weak zone in the mantle, corresponding to a thermal anomaly [Callot et al.,
2001]. These thermal anomalies, or soft points [Geoffroy, 2001], are assumed to be persistent zones of
localized partial melting in the mantle that act as local rheological weaknesses. They favor the localization
of the breakup zone and drive the segmentation of the future margin [Callot et al, 2002]. However, the
models do not consider the possibility that a broad zone of the mantle may be anomalously hot, which would
have an effect on the distribution of the deformation (see section 5.5). Although our results do not allow us to
predict the future zone of breakup or the geometry of any transitional domain, the widely distributed strain in
Central Afar “half-margin” might be attributed to rheological modification due to the absence of “normal”
brittle lithospheric mantle and an elevated Moho temperature.

Another difference is the size of the underplating beneath the Pelotas margin compared to Central Afar
(Figure 13). In Pelotas, the underplated layer seems to be too thin to compensate for the amount of erupted
SDR. One possible reason for this is that the required volume of mafic material left over after SDR differentia-
tion is hard to estimate. In section 5.3, estimation of cumulate volumes was seen to be closely tied to the
composition of extruded lavas. If the minimum underplating/erupted lava ratio of ~0.5 of Cox [1993] is correct
for primitive basalts, then the amount of underplating present below the Pelotas margin in Figure 13 may
well be correct. However, if there are more-evolved lavas, such as rhyolites, present in the SDR, then this ratio
should be considerably higher [Cox, 1993]. If so, the thinness of the underplated layer might instead be
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explained by a ductile nature of the underplating. In this case, lateral mass movements enhanced by ductile
flow could displace the underplating and thus lead to an apparent deficit in the volume budget along strike.

6. Conclusions

In this contribution, we have refined the volcanic stratigraphy of Central Afar and remapped certain key areas
along a transect that stretches from the Ethiopian plateau to the Manda Hararo active rift axis. We show that
extension was accommodated over a wide zone during the early Miocene rifting and that extension
remained diffuse until the recent formation of an active volcanic axis (<1 Ma). We also demonstrate that
the tectono-magmatic evolution of the Central Afar was marked by two flood basalt pulses (at 30 and
4Ma) each followed by a tectonic phase (stretching, thinning, and localizing). Long periods of tectonic
quiescence are characterized by “starved” volcanism with the emplacement of rhyolitic series during the
Miocene (23-7 Ma). This apparent gap in the extension record implies that extension must have been at play
elsewhere on the Danakil block (and southern red Sea), which can no longer be considered as an unde-
formed, steady microcontinent.

The crust has experienced much more thinning than is usually documented by geophysical studies in this
area. Our restorations suggest that thinning of the Afar crust has been compensated for by magma intrusion
and underplating. We argue in favor of a shear zone at midcrustal levels with a top-to-west sense of shear on
which landward dipping continental faults are rooted. Such a structure explains both the distributed fault
pattern in the upper crust and the localization of crustal thinning into a narrow necking zone at depth.
The presence of crustal underplating is predicted by our restorations. This underplating would be distributed
in the lower crust but mostly below the deep root of the detachments. Moreover, the predicted volume of
underplated material is consistent with the volume of the lava series erupted at the surface.

Once the crust had been sufficiently thinned (although its thickness was partially maintained by magma
addition), the Stratoid flood basalt pulse occurred, which was possibly analogous to SDR. We have called this
particular tectono-magmatic style of rifting “magmatic wide rifting”, and we link it to the effect of mantle
temperature and magma on the lithospheric rheology. In the case of Central Afar, both factors prevent
localization of deformation: thermal attenuation and weakening of the lithospheric mantle coupled with
weak and thick lower crust during extension led to a distributed mode of rifting.

The difference between the wide, magma-rich, thick crust Central Afar segment, and the narrow, thin, and
relatively magma-poor Northern Afar Erta’Ale segment is probably due to differences in magma supply.
Both segments are probably close to breakup and apparent crustal thickness cannot be used to predict
the location and timing of breakup.

The implications of our findings are that volcanic rifted margins are not necessarily narrow and that the wide
rift mode can occur and be maintained during most of the history of rifting until the area proceeds to break
up. Eruption of large magma volumes (such as SDR) is not necessarily synchronous with the lithospheric thin-
ning, but may rather intrude into and erupt over an already thinned lithosphere.
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