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A B S T R A C T   

Many continental rifts are subjected to volcanism in tandem with rifting, which has raised a long-standing debate 
about whether magmatism is the cause or the consequence of plate fragmentation. To re-evaluate this chicken- 
and-egg question, we took advantage of five decades of research on the East African Rift System (EARS), the 
largest active continental rift on Earth, to explore the spatial and temporal relationship between rifting and 
magmatism. By comparing the co-occurrence of tectonics and volcanism since the Eocene with the present-day 
seismicity, we delimit the EARS as a ~ 5000 km-wide zone of volcano-tectonics made of four branches affecting 
not only East Africa but also the Mozambique channel and Madagascar. We then developed a quality filtering 
procedure of published radiometric ages in order to build two independent, robust, and comprehensive age 
compilations for magmatism and rifting over this extended EARS. Our thorough quality-checked selection of ages 
reveals that the EARS presents two distinct regimes of volcanism. Since the Upper Eocene, the rift system was 
affected by (1) pulses of volcanism in 500–1000 km-wide areas, and (2) a discontinuous but remarkably 
simultaneous volcanic activity, scattered along the four branches of the EARS since 25–27 Ma. Combining this 
spatio-temporal evolution of volcanism with a critical review of the timing of rifting, we show that the tectonics 
of the EARS evolves through time from trap-scale to plate-scale rifting. Until the Middle Miocene, extension 
structures first developed following flood basalt events and plateau uplifts. Then, volcanism resumed synchro
nously all over the EARS at ca. 12–12.5 Ma, followed by a general extensional deformation. This evolution, 
which cannot be explained by the sole action of a plume or of tectonics, is therefore interpreted in an inter
mediate way in which the EARS results from (1) extensive stresses acting on the African lithosphere in the long- 
lived context of the Gondwana breakup and (2) an overall complex mantle upwelling dynamics arising from the 
African Large Low Shear Velocity Province (LLSVP). We propose that extension stresses affecting the African 
lithosphere also modulate the melting of mantle anomalies and/or the collection of magma through the Pan- 
African belts. This influence explains the synchronous occurrence of many magmatic and tectonic events in 
the EARS and at the boundaries of the Nubia and Somali plates. Finally, our results suggest that the source of 
extension stresses affecting the African plate probably evolved from a dominant far-field origin to prevailing 
variations of gravitational potential energy (GPE) and a diverging basal shear of the Nubia and Somali litho
sphere. This change would stem from an increase of the mantle flux in the Middle Miocene, yielding a change in 
the EARS’ dynamics from trap-scale to plate scale rifting.   

1. Introduction 

The East African Rift System (EARS) is the largest active tectonic 
structure illustrating the early stage of continental plate fragmentation 

(e.g., Girdler et al., 1969). It is classically described as made of several 
extensional basins, two large plateaux, and many volcanic formations of 
variable spatial extent (Chorowicz, 2005). Indeed, magmatism is wide
spread and voluminous in the East branch, while it is concentrated in 

Abbreviation: AEP, Afar - Ethiopian plateau; EARS, East African Rift System; GNR, Gregory - Nyanza rifts; GPE, Gravitational Potential Energy; LLSVP, Large Low 
Shear Velocity Province; MER, Main Ethiopian rift; QSA, Quatlamba seismic axis; TBRZ, Turkana broadly rifted zone. 
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small and scattered volcanic provinces in the West branch and its 
seaward extension in the Mozambique channel (Fig. 1; Chorowicz, 
2005). This striking difference of distribution is responsible for a long- 
standing debate regarding the link between volcanism and deforma
tion (e.g., Rosendahl, 1987; Bailey, 1992). On the one hand, the EARS 
may be viewed as entirely (Oxburgh and Turcotte, 1974), or partially 
(Corti et al., 2003; Armitage et al., 2015) resulting from the deformation 
of the African lithosphere under far-field stresses, with volcanism being 
the response of lithospheric deformation as in passive rifts. On the other 
hand, the coeval occurrence of continental flood basalts and plateau 
uplift, both prior to extensional basin formation, may arise from one or 
several mantle plume impingements below the African continental 
lithosphere as in active rifts (Sengör and Burke, 1978; Hill, 1991; George 
et al., 1998; Ebinger and Sleep, 1998). Between these two extreme views 
(plate vs. plume-driven volcano-tectonics; Anderson, 2005, Foulger, 
2010), intermediate models involving plume-related buoyancy forces, 
gravitational potential energy (GPE), basal shear traction, magma- 
assisted rifting and/or far-field stresses have been proposed to explain 
the development of the EARS (e.g., Bialas et al., 2010; Kendall and 

Lithgow-Bertelloni, 2016; Min and Hou, 2018), the coeval openings of 
the magma-rich eastern and magma-poor western branches (Koptev 
et al., 2015), or the current plate kinematics (Stamps et al., 2015). All 
these models remain equally plausible yet undemonstrated as long as the 
relative influence of plate tectonics and plumes is not evaluated in time 
(since the initiation of the EARS), and in space (from Afar to the South- 
West Indian Ridge as defined by kinematic models; e.g., Stamps et al., 
2018). In other words, which manifestation, volcanism or lithospheric 
deformation, occurred first during the EARS evolution over its total 
extent? 

To answer this pivotal question and re-investigate the causes and 
dynamics of magmatism and extension in the EARS, we (1) clarify the 
geometry of the rift system, (2) build a comprehensive database of 
radiometric ages of magmatic activity, taking advantage of decades of 
published geochronological research, (3) propose a critical review of the 
published periods of extension from Afar to the Mozambique channel, 
and (4) interpret the spatio-temporal distribution of the EARS volcanic 
and tectonic activity in integrating both regional plate and mantle 
dynamics. 

Fig. 1. a) Spatial distribution of Middle Eocene-to-present volcanism and Oligocene-to-present tectonics. The East African Rift System (EARS) was initially defined 
with two branches (the West and East branches; e.g., Ebinger et al., 1989a). The offshore continuity of the EARS was evidenced by Mougenot et al. (1986) and named 
the Southeastern branch by Chorowicz (2005). Note that this branch was restricted to the Davie Ridge (DR). QSA: Quatlamba seismic axis. b) Zoom of a), with 
seismicity added (≥M3.5 from Bertil et al. (2021) for the Mozambique channel and Madagascar and the USGS database for the rest of the EARS). We define the East 
African Rift System (EARS) as these connected segments of volcanism, faulting and seismicity over a ~ 5000 km-wide zone, including not only the classical East and 
West branches but also a South-East branch corresponding to the previously defined seaward continuity of the rift system along the Davie ridge (i.e., the Southeastern 
branch; Chorowicz, 2005) and the Quatlamba seismic axis, and an Indian Ocean branch separating the Lwandle and Somali plates along the Comoros archipelago 
and Madagascar. 
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2. Pre-EARS African plate fragmentation 

Before the Eocene, the eastern part of the African plate experienced 
several periods of extension that contributed to the fragmentation of the 
Gondwana (e.g., Macgregor, 2018, for a review). First, the poly-phased 
Karoo rifting event dated from the Middle Permian to the Middle 
Jurassic led to the development of a ~ 3000 km-long system of grabens 
parallel to the east continental margin of the current African continent 
(Fig. 2a; Castaing, 1991; Catuneanu et al., 2005). It was followed by the 
Late Jurassic - Early Cretaceous southward drift of Madagascar along the 
Davie ridge main transfer zone, which opened the Mozambique and 
Somali basins (Coffin and Rabinowitz, 1987; Cochran, 1988), and by the 
early Cretaceous extension in Kenya and South Sudan, which opened the 
NW-SE-striking Anza, Muglad, Blue Nile, and Melut grabens (Guiraud 
and Maurin, 1992; Ebinger et al., 2000) and the Rukwa rift between the 
Tanganyika and Zambia cratons (Fig. 2b; Roberts et al., 2010). Finally, 
during the Upper Cretaceous and Early Paleogene, extension resumed in 
the Anza, Muglad and Melut grabens until a regional inversion in the 
Eocene (Bosworth, 1992; Guiraud and Bosworth, 1997). The Eocene 
period corresponds to the onset of the first volcanic activity attributed to 
the EARS, in the Turkana area around 45 Ma, between the Muglad and 
Anza grabens (Ebinger et al., 1993a; George et al., 1998). Thus, in a 
similar fashion to Macgregor (2015), we consider the Middle Eocene 
magmatic activity as the starting point of the evolution of the EARS, 
even if a younger age (Late Eocene) has been proposed by Morley et al. 

(1999a) from sedimentary infill in the Turkana Broadly Rifted Zone. 
Interestingly, these Middle and Late Eocene ages correspond to the 
initiation of the incipient separation (Hempton, 1987) and effective 
extension between Africa and Arabia (Bosworth et al., 2005; Bellahsen 
et al., 2006), suggesting that a broader plate reorganisation started at 
this time in the framework of Africa-Eurasia convergence (Hempton, 
1987; Jolivet and Faccenna, 2000). 

3. Geometry of the East African Rift System 

There is no consensus over the extent of the EARS. Mostly based on 
the distribution of grabens, the EARS is often defined as a tectonic 
structure limited to the African continental lithosphere, made of two 
branches, East and West, and an incipient South-West continuity along 
the Okavango rift zone (Fig. 1a; Ebinger et al., 1989a, 1993b; Modisi 
et al., 2000; Kinabo et al., 2007; Pastier et al., 2017). However, marine 
geophysics suggests that the EARS not only affects the African continent 
but continues in the Mozambique channel along the Davie Ridge 
(Mougenot et al., 1986; Franke et al., 2015), forming a Southeastern 
branch (Fig. 1a; Chorowicz, 2005). Recent offshore surveys have evi
denced a southward continuity of this segment along the Quatlamba 
seismic axis (Courgeon et al., 2016, 2017; Deville et al., 2018). 
Furthermore, the development of N-S trending grabens in Madagascar 
since the Pliocene (like the Alaotra graben; Piqué et al., 1999; Kusky 
et al., 2010) could represent the easternmost manifestation of the plate 

Fig. 2. Grabens and basins formed during (a) the Middle Permian – Middle Jurassic Karoo and (b) Lower Cretaceous rifting events. Paleoposition of Madagascar in 
thick dashed line from Phethean et al. (2016). The Somali basin opened during the Latest Jurassic – Lower Cretaceous southward drift of Madagascar (Coffin and 
Rabinowitz, 1987; Cochran, 1988). LuaG: Luanga graben. TaC, KC, ZaC and ZiC account for the Tanzanian, Kaapvaal, Zambia, Zimbabwe cratons, respectively. Pan- 
African orogenic belts after Shackleton (1996), Begg et al. (2009) and Vérard (2021). 
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extension (Fig. 1a; Kusky et al., 2010; Michon, 2016). In addition, ki
nematic models suggest that the EARS spreads out from Afar to the 
Southwest Indian Ridge along segments that delimit lithospheric blocks/ 
plates between the Somali and Nubia plates (Fig. 1a; Hartnady, 1990; 
Jestin et al., 1994; Calais et al., 2006; Horner-Johnson et al., 2007). 

In the present study, we use the spatial coexistence of Tertiary vol
canic activity, Oligocene-to-present tectonics, and seismicity, as criteria 
to delineate the segments of long-term plate deformation and volcanism 
of the EARS. The occurrence of volcanism, which is mostly mafic in the 
EARS (e.g., Furman, 2007), evidences mantle melting due to either rift- 
induced lithospheric thinning and/or mantle anomaly impingement, 
whereas the past tectonics and current seismicity give insights into the 
past and active lithospheric deformation. Compiled in Fig. 1b, these 
criteria confirm the geometry of the East and West branches and the 
occurrence of an offshore continuity along the northern part of the Davie 
ridge, which was named the Southeastern branch by Chorowicz (2005). 
Recent offshore data reveal (1) that a late Cenozoic volcanism and 
deformation occurred along the southern part of the Davie ridge 
(Courgeon et al., 2018) and (2) that this segment is connected to the 

Quatlamba axis (Deville et al., 2018) and the Natal province, where it 
merges with the N-S trending West branch (Fig. 1b). Moreover, the 
offshore continuity may also extend toward the Comoros archipelago, 
formerly interpreted as a hotspot track (Emerick and Duncan, 1982; 
Class et al., 1998). However, the alignment of the Comoros is not 
consistent with the absolute motions of the Somali or Lwandle plates 
(Wang et al., 2018). Furthermore, we recently showed that the coexis
tence of en-échelon Quaternary volcanic lineaments in the archipelago, 
of focused seismic activity with dominant strike-slip focal mechanisms 
(Bertil and Regnoult, 1998; Lemoine et al., 2020), and of prominent 
strike slip faulting affecting the islands since at least 1 Ma, all indicate 
that the Comoros archipelago is a right-lateral boundary between the 
Lwandle and Somali plates rather than a hotspot track (Famin et al., 
2020). Such a right-lateral displacement between the Somali and 
Lwandle plates along the Comoros archipelago is consistent with GPS 
data (e.g., Stamps et al., 2018). The coexistence of volcanism, N-S gra
bens and seismicity in Madagascar suggests that the plate boundary 
forms a 90◦ sharp bend toward the south. Thus, we propose that the 
Comoros and Madagascar segments form a fourth branch in the EARS, 

Fig. 3. a) Spatial repartition of the radiometric ages of volcanism integrated in the database according to the dating technique used (see Supplementary Table S1 for 
the data and Supplementary Material for the references). b) Temporal distribution of all the radiometric ages available in the 81 publications constituting our 
database whatever their reliability. c) Filtering of the radiometric ages considering their relative error for a 2σ uncertainty and their reliability mainly due to the level 
of weathering of the samples. d) Temporal distribution of all the remaining radiometric ages after applying the filtering procedure described in the text (Supple
mentary Table S3). 
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which we call the Indian Ocean branch. The concentration of magma
tism, faults and earthquakes along the volcano-tectonic corridors of the 
Comoros archipelago, the Davie ridge, Madagascar and the Quatlamba 
axis, suggests that the South-East and Indian Ocean branches are likely 
not a diffuse deforming zone as proposed by Kusky et al. (2010) and 
Stamps et al. (2018, 2021), but rather delineates the Lwandle plate. 

4. Material and methods 

4.1. Dating volcanism 

To refine the history of volcanic activity along the EARS, we 
compiled the published georeferenced radiometric ages available for 
Tertiary magmatic rocks over the East, West and South-East branches 
(Fig. 3a). Instead of integrating all the published ages since the pioneer 
work of Evernden et al. (1957), we applied the following procedure to 
ensure the robustness of the database. (1) Radiometric studies older than 
1980 were not considered because dating methods of young mafic 
igneous rocks were still under development at that time. We made three 
exceptions to this rule for Grommé et al. (1970), Fairhead et al. (1972) 
and Hajash and Armstrong (1972), because they corroborated their 
radiometric ages with paleomagnetic polarities. The initial database was 
thus composed of 1179 radiometric ages available in 81 publications 
(Fig. 3a, b; Supplementary Table S1; all the references are in Supple
mentary Material). (2) Age uncertainties were homogenized to the 2σ 
level. Data presenting high 2 sigma uncertainties with respect to their 

age were rejected with the following relative uncertainty cut-offs: >5%, 
>10%, >12.5%, >15%, >20%, >30%, >50%, and > 100% for ages >30 
Ma, between >15–30 Ma, between >10–15 Ma, between >5–10 Ma, 
between >2.5–5 Ma, between >1–2.5 Ma, between 0.25 and 1 Ma and 
< 0.25 Ma, respectively (Fig. 3c). This step eliminated 16.1% of the 
initial database. (3) Forty-five radiometric ages (i) described as in 
contradiction with stratigraphic successions, (ii) obtained on samples 
presenting evidence of significant alteration, or (iii) poorly constrained 
from their dating method (e.g., absence of plateau for the 40Ar/39Ar 
approach) were not integrated in the final database. (4) All the radio
metric ages using the 40K decay were recalculated with the same decay 
constant, and ages determined with the 40Ar/39Ar method were recal
culated with the same standard (Fish Canyon Tuff sanidine at 28.201 
Ma; Kuiper et al., 2008). This entire filtering procedure resulted in the 
rejection of 233 radiometric ages (20% of the initial database; Supple
mentary Table S2), with the advantage of minimizing the inevitable 
oversampling of the most studied volcanic provinces and periods. 

Our final database is made of 946 radiometric ages (761, 85, 6 and 94 
data for the East, West, South-East and Indian Ocean branches, respec
tively; Fig. 3a) in which K-Ar, 40Ar/39Ar and U-Pb, Rb-Sr or (U-Th-Sm)/ 
He ages account for 72%, 27%, and 1% of the database, respectively 
(Fig. 3d; Supplementary Table S3). This comprehensive database pro
vides a useful representation of volcanic periods, but it must be kept in 
mind that non-systematic sampling may result in temporal and spatial 
biases that cannot be avoided. Furthermore, it must be stressed that the 
abundance or scarcity of radiometric ages for a given volcanic period 

Fig. 4. Synthesis of the published documented periods of rifting in the different branches of the EARS. The symbols colour accounts for weakly to strongly con
strained periods of extension. See text for the quality determination methodology. IO br.: Indian Ocean branch; MER: Main Ethiopian Rift; TBRZ: Turkana broadly 
rifted zone. Boxes and lines account for the age of rift initiation and the duration of extension, respectively. The size of each box takes into account the time range of 
rift initiation determined from age constraints (see supplementary Table S4 for age constraints). Numbers refer to the publications compiled in Supplementary 
Table S4 and listed in Supplementary Material. 
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does not provide any insight regarding the volume of emitted magma, 
but only indicates that the area experienced volcanism at that time. 

4.2. Dating rifting initiation 

To assess the potential genetic link between lithospheric deformation 
and magmatism, we synthesised the documented periods of extension 
that affected the EARS since the Middle Eocene, from Afar to the 
Mozambique channel (Fig. 4; Supplementary Table S4; all the references 
are in Supplementary Material). We compiled 63 publications in which 
the periods of rifting have been dated from radiometric ages of pre-, syn- 
and/or post-rift volcanic products (e.g., McDougall and Watkins, 1988; 
Behrensmeyer et al., 2002; Roberts et al., 2012b; Stab et al., 2016), from 
apatite fission track or (U-Th-Sm)/He thermochronology (Spiegel et al., 
2007; Pik et al., 2008; Philippon et al., 2014; Torres Acosta et al., 2015; 
Balestrieri et al., 2016; Boone et al., 2018), from biostratigraphy (e.g., 
Kent et al., 1971; Suwa et al., 1991; Bromage et al., 1995; Simon et al., 
2017; Courgeon et al., 2018), or, in areas lacking any volcanic or pale
ontological markers, from indirect methods such as seismic reflection, 
orbital stratigraphy and rates of sediment accumulation or rift propa
gation (e.g., Morley, 1988; Mougenot et al., 1989; Cohen et al., 1993; 
Franke et al., 2015; McCartney and Scholz, 2016; Ponte et al., 2019). 

For each publication, we made a critical review of the criteria used to 
accurately date the rift initiation and the periods of extension and 
therefore rated the proposed ages of extension as strongly, moderately 
and weakly constrained (Fig. 4; published periods of extension in Sup
plementary Table S4). Rifting events dated with radiometric dating of 
volcanic formations were rated as follows. The robustness of radiometric 
ages that were used to date rifting events was first checked considering 
the approach described in section 4.1. We therefore did not consider in 
most cases the periods of rifting dated with ages that we rejected, but 
exceptionally kept rifting events dated with radiometric data obtained 
before 1980, when these data were the only available to date extension. 
The latter were rated as weakly constrained. For extension initiation 
dated using pre- and syn-rift lava units whose radiometric ages were 
considered as reliable, we computed an average age from the proposed 
pre- and syn-rift dates. Ages of rift initiation were then considered as 
strongly, moderately and weakly constrained when the time span be
tween the pre- and syn-rift dates accounts for <10%, between 10 and 
30% and > 30% of the average age, respectively (see the example of the 
Afar segment in Supplementary Table S4; Ukstins et al., 2002; Wolf
enden et al., 2005; Stab et al., 2016). Rifting events dated with pre- and 
post-rift formations (e.g., McDougall and Watkins, 1988; Boschetto 
et al., 1992) were considered as moderately constrained since the pre- 
rift unit provided only a maximum age for rift initiation. Several pe
riods of rifting have been dated from the thickening of a volcanic unit in 
the grabens (e.g., Wolfenden et al., 2005). As the thickening of the 
volcanic formation only indicates the existence of a topographic 
depression, it provides a minimum age of rift initiation. Rift initiations 
dated with syn-rift formations were consequently considered as weakly 
constrained. Yet, the occurrence of syn-tectonic units (Wolfenden et al., 
2004) or several syn-rift volcanic units interstratified in sediments (e.g., 
Boschetto et al., 1992; McDougall and Brown, 2008) were considered as 
reliable features to accurately date periods of extension and were thus 
rated as moderately constrained. Finally, rifting events dated from 
radiometric ages of volcanic intrusions (e.g., Bonini et al., 2005) or of 
off-rift volcanic vents (e.g., Ebinger et al., 2000; Ebinger et al., 1993b) 
were rated as weakly constrained because off-rift volcanism has been 
shown to be primarily controlled by topography effects rather than 
regional extension stresses (Maccaferri et al., 2014). 

The exhumation of rift shoulders related to major extension events 
have been dated by apatite fission track analysis or (U-Th)/He ther
mochronology (Spiegel et al., 2007; Pik et al., 2008; Philippon et al., 
2014; Torres Acosta et al., 2015; Balestrieri et al., 2016; Boone et al., 
2018). In these different studies, the onset of rapid exhumation deter
mined from thermal models was considered as indicative of rift 

initiation. We rated these ages as moderately constrained except when 
the results were contradicted by more recent thermochronometry data 
and radiometric ages. They were consequently lowered to weakly con
strained (e.g., Spiegel et al., 2007 for the Northern Gregory rift). 

In areas lacking volcanic rocks to date the periods of extension, 
molluscs, vertebrates, pollens, spores, nannofossils or planktonic fora
minifers embedded in the syn-rift sediments have tentatively been used 
to determine the age of the rifting events. The dating accuracy depends 
on the specificities of the fossil assemblages. We therefore rated as 
weakly constrained the periods of rifting determined from a fauna 
poorly characteristic of a given period, as in Madagascar for the Pliocene 
extension (Bésairie, 1960; Supplementary Table S4). In contrast, fauna 
assemblages representative of a specific period were considered as 
moderately to strongly constrained depending on the existence of 
additional methods to date the rifting events (e.g., E.M. Roberts et al., 
2012b; Simon et al., 2017). 

Finally, the graben structure of several segments of the EARS have 
been imaged from reflection seismology and dated from the stratigraphy 
deduced in deep drill holes, the estimate or determination of Quaternary 
or current sedimentation rates, dated intercalated lava units, or esti
mates of rift lateral propagation. In general, we rated as weakly and 
moderately constrained the rifting periods dated from the extrapolation 
of current and Quaternary accumulation rates, respectively. The ages of 
periods of rifting dated by the stratigraphy recorded in deep wells were 
considered as weakly constrained since the time span between the 
identified horizon frequently exceeds several million years (duration of 
4–8 Myrs of the epochs of the Eocene, Oligocene and Miocene), making 
estimation of the initiation of fault activity imprecise. Finally, the 
determination of the age of rift initiation from estimates of rift south
ward propagation (e.g., the Lacerda graben in the Mozambique channel; 
Franke et al., 2015) is rated as weakly constrained because more recent 
results indicate that rifting initiated at the Middle-Late Miocene transi
tion in the southern Mozambique channel (Deville et al., 2018). 

5. Results 

5.1. Spatio-temporal distribution of volcanism 

At first glance, the compilation confirms that the East branch un
derwent an onset of volcanism in the Middle Eocene (Fig. 5a), ~20 Ma 
earlier than the West, South-East and Indian Ocean branches (Fig. 5b, c 
and d). It also shows a simultaneous initiation of magmatic activity, 
dated with several radiometric methods, since the Upper Oligocene in 
both West and Indian Ocean branches. This early coeval activity is 
hardly compatible with the progressive outward influence of the Afar 
plume proposed by Ebinger and Sleep (1998). 

Thus, we subdivided the EARS into several volcanic provinces based 
on their structural specificities (Fig. 6) to evaluate potential differences 
in the evolution of each branch, for instance due to the influence of one 
or several mantle plumes, as discussed by Emerick and Duncan (1982), 
Ebinger and Sleep (1998), and George et al. (1998). For the East branch, 
we took into account the topographic low made by the Turkana broadly 
rifted zone (TBRZ) between the Ethiopian and Kenyan plateaux (Fig. 1b; 
George et al., 1998) and its precursory extension (Macgregor, 2015; 
Morley et al., 1992) to distinguish it as a separate volcanic province 
located between those of the Afar - Ethiopian plateau (AEP) in the north, 
and the Gregory - Nyanza rifts (GNR) in the south (Fig. 6). The West 
branch was subdivided into two distinct volcanic provinces, Kivu - N 
Tanganyika and Rungwe, based on the gap of volcanism between them. 
The South-East branch is the least dated of the EARS with only six ages. 
We therefore prefer to consider it as a single volcanic province instead of 
two provinces characterized by three dates each, i.e., the Natal and 
Quatlamba seismic axis. Lastly, the Indian Ocean branch has been sub
divided into two volcanic provinces: (1) the Comoros archipelago, the 
northern tip of Madagascar, and the submarine edifices in-between, and 
(2) the central and southern parts of Madagascar. Following our revised 
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Fig. 5. Temporal distribution of radiometric ages since the Middle Eocene for the East branch (a), for the West branch (b), and for the South-East branch (c). 
Distinction is made between radiometric methods to allow their intercomparison. Note that this figure does not provide any information on magma volume but solely 
the number of radiometric ages. It therefore highlights the periods with the highest constraints on the age of volcanic activity (i.e., periods with several dated samples 
and/or with several methods used to date the activity). 

L. Michon et al.                                                                                                                                                                                                                                 



Earth-Science Reviews 231 (2022) 104089

8

geometry of the EARS, these two provinces developed along the E-W and 
N-S boundaries between the Lwandle and Somali plates (Fig. 6). 

Our subdivision of the EARS’ branches into volcanic provinces may 
be applied to the database of radiometric ages in order to explore the 
temporal evolution of magmatic activity (Fig. 6). In this temporal evo
lution, some features were already noticed by previous studies. For 
instance, the volcanic activity of the East branch was almost exclusively 
restricted to the TBRZ during the Eocene, consisting first in a few initial 
eruptions around 40–45 Ma and followed by a bimodal emission of flood 
basalts and rhyolitic ignimbrites around 35–37 Ma that emitted around 
30–100 × 103 km3 of lava (Ebinger et al., 1993a, 2000; McDougall and 
Brown, 2009; McDougall and Watkins, 2006). At that time, a very 
limited activity was found in the AEP volcanic province (George et al., 
1998). The main magmatic event of the East branch occurred around 30 
Ma with the emplacement of the Ethiopian traps in the AEP province. 
This event emitted around 300 × 103 km3 (Mohr, 1983; Ebinger et al., 
1993a) in a short time span (Hofmann et al., 1997). Our compilation 
shows that the TBRZ and AEP provinces experienced a relatively 
different discontinuous activity until half of the Lower Miocene, as a 
volume of around 100 × 103 km3 of flood basalts and rhyolitic ignim
brites (the Kenyan volcanics) was emitted in both the TBRZ and the 
Gregory - Nyanza volcanic province at 11–19 Ma (Williams, 1982; Itaya 
and Sawada, 1987; Boschetto et al., 1992; George et al., 1998; 
McDougall and Feibel, 1999; Ebinger et al., 1993a, 2000; Behrensmeyer 
et al., 2002), while the AEP province became almost quiescent (Fig. 6). 
The magmas emitted during these periods of intense volcanic activity 
display tholeiitic to alkaline compositions (e.g., Fitch et al., 1985; Hart 

et al., 1989; Kampunzu and Mohr, 1991; Kieffer et al., 2004; Furman, 
2007). 

More remarkably, our subdivision also reveals that the Indian Ocean 
and West branches present a nearly similar temporal evolution of 
magmatism. They experienced an Upper Oligocene and Lower Miocene 
discontinuous activity, a quiescence over most of the Middle Miocene, 
followed by a coeval resumption of activity around 12–12.5 Ma in 3 of 
the 4 volcanic provinces, and finally a generalised volcanism from the 
Upper Miocene onward in all the provinces (Fig. 6). It is worth noting 
that the Central - South Madagascar volcanic province is still active 
despite a lack of radiometric ages, as indicated by the Pleistocene- 
Holocene Itasy and Vakinankaratra volcanic fields (Fig. 6; Rufer et al., 
2014; Melluso et al., 2018). Furthermore, the evolution of the Indian 
Ocean and West branches is remarkably similar to that of the submarine 
edifices of the South-East branch that displayed an Upper Oligocene – 
Lower Miocene main building period, followed by an Upper Miocene – 
Pleistocene discontinuous activity (Fig. 6; Courgeon et al., 2017; 
O’Connor et al., 2019; Berthod et al., 2022). Magmas emitted in the 
West, Indian Ocean and South-East branches not only show a similar 
timing, but also share identical chemical affinities of the silica-saturated, 
silica-undersaturated alkaline, and melilitic-carbonatitic suites (e.g., 
Kampunzu and Mohr, 1991; Späth et al., 1996; Rudnick et al., 1993; 
Furman, 2007; Pelleter et al., 2014; Mazzeo et al., 2021; Berthod et al., 
2022). 

A key result arising from our compilation of radiometric ages is that 
the common evolution described above is not limited to the West, South- 
East and Indian Ocean branches, but is also observed in the distant AEP 

Fig. 6. Temporal distribution of volcanism in the EARS, subdivided into volcanic provinces represented in the inset map. For each province, bright colours account 
for periods of volcanism dated by radiometric ages, while light colour bars integrate the radiometric uncertainties (error bars on isotopic ages are 2σ). The light blue 
and light green boxes indicate the occurrence of a Pleistocene volcanic activity along the Central – South Madagascar province (Rufer et al., 2014) and the South-East 
branch (Courgeon et al., 2017), respectively. Dark and light grey vertical lines account for the commencement and termination of the trap events, respectively. Red 
dotted lines in the inset map represent the limits of continental blocks defined in Fig. 1. See Supplementary Fig. S1 to visualize the error bars of individual data in 
each province. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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province (Fig. 7). These different provinces are all characterized by an 
Upper Oligocene / Lower Miocene discontinuous volcanism with coeval 
peaks, a significant hiatus during most of the Middle Miocene (12.5–15 
Ma) and a volcanic renewal from 12 to 12.5 Ma on (Fig. 7). Interestingly, 
the volcanic episode recorded between around 17–18.5 Ma in all the 
provinces initiated at the same time as the Kenyan volcanics in the TBRZ 
and Nyanza rift (Fitch et al., 1985; Drake et al., 1988). 

The TBRZ and GNR provinces share a magmatic evolution that dif
fers from the other provinces. They underwent an intense volcanic ac
tivity at 11–19 Ma and present a hiatus between 9.1 and 7.4 Ma, 
confirmed in the field by the lack of volcanic deposits in the sediments 
and by an angular unconformity (Sawada et al., 1987; Tatsumi and 
Kimura, 1991; McDougall and Feibel, 1999). 

Importantly, we can rule out a possible effect of our filtering of age 
data in the results described above because the latter still stand when 
integrating all the ages of the initial pre-filtering database (Fig. 3b; 
Supplementary Fig. S1b). 

5.2. Timing of extension 

Our compilation of the periods of extension along the entire EARS 
reveals that several ages of rifting have been proposed for a given rifting 
event on a given rift segment, sometimes quite in disagreement with 
each other (Fig. 4). We therefore used the rating of the ages used to date 
extension, from weak to strong as described in section 4.2, to select the 
most reliable ages. To do so, we first considered for each rift segment the 
ages of a given extension period with highest rating. Then, several 
possibilities may occur. When the highest rating corresponds to a single 
date, it corresponds to the age reported in Fig. 8a. When several highest 
rating corresponding to time spans overlapping each other are available, 
we determined a mean age for the time span (e.g., mean age of 27.75 Ma 
for the Afar as the pre- and syn-rift age constraints are 29 and 26.5 Ma, 
respectively, as summarized in Supplementary Table S4). When rifting 
of a given period is dated by several time spans, several single dates or a 
combination of both with similar rating, we determined a mean age, 
taken as the likeliest ages of rift initiation (Supplementary Table S5; 

Fig. 8a). 
We have calculated a series of weighted probability distributions 

(Kernel density estimations; Wessa, 2015) from the 25 ages of rift 
initiation, taking into account the robustness of the rifting age con
straints into account (Supplementary Fig. S2; Fig. 8a; Supplementary 
Table S5). The probability distributions computed with smoothing 
bandwidth values ranging from 0.25 to 1.75 share five main peaks of rift 
initiation, whose mean ages are dated at 35.5, 27.6, 17, 10.7 and 5.7 Ma 
(Fig. 8b; Supplementary Table S6). The oldest peak corresponds to the 
extension that started during the Late Eocene in TBRZ and mainly led to 
the development of the Lokichar basin (Morley et al., 1999b). The sec
ond peak represents the onset of rifting recorded in the late Lower 
Oligocene in the northern part of the EARS (in Afar and TBRZ; Boschetto 
et al., 1992; Morley et al., 1992; Ukstins et al., 2002; Wolfenden et al., 
2005; Macgregor, 2015), which was coeval with the uplift of the Ethi
opian dome (Pik et al., 2003; Gani et al., 2009). The short, slight 
extension in the Rukwa rift during the Upper Oligocene developed 
slightly after this second period of rift initiation (Roberts et al., 2012b). 
The third peak dated at 17 Ma is found in several provinces of the East 
and West branches located around of the TBRZ (i.e., the TBRZ, the South 
MER, and the Nyanza, North Gregory and Albertine rifts; Fig. 8a; Drake 
et al., 1988; McDougall and Watkins, 1988; Boschetto et al., 1992; 
Ebinger et al., 1993a; Behrensmeyer et al., 2002; Simon et al., 2017). 
The tectonic activity was mostly characterized by slight faulting and 
basin downwarping and was synchronous with the uplift of the Kenya 
dome (Wichura et al., 2010). Importantly, these three older periods of 
extension were restricted to one or several segments of the EARS. 

Contrary to the three older peaks, the two most recent peaks corre
spond to periods of generalized rifting that synchronously occurred all 
over EARS. The first period of generalized rift initiation started at 10.7 
Ma and led to the development of grabens in the southern Afar, the 
North and Central MER, the North Gregory and Tanganyika rifts and the 
Mozambique channel (Crossley, 1979; Mougenot et al., 1989; Wolde
Gabriel et al., 1990; Cohen et al., 1993; Ukstins et al., 2002; Wolfenden 
et al., 2005). Around the Miocene - Pliocene transition (~5.7 Ma), the 
already active grabens of the EARS underwent a significant increase of 

Fig. 7. Temporal distribution of the magmatic provinces of the West, South-East, Indian Ocean branches and the Afar-Ethiopian Plateau province (a), and the 
Turkana Broadly Rifted Zone (TBRZ) and Gregory – Nyanza Rift (GNR) provinces (b). Same colours as in Fig. 6. At the EARS’ scale (a), the provinces share periods of 
coeval volcanic activity and hiatus between 12.5 and 15 Ma (hatched zone). The grey bar between 17 and 18.5 Ma accounts for a period of activity in almost all the 
provinces, i.e., except in the poorly dated South-East branch. The thick black line marks the coeval renewal of magmatism at 12–12.5 Ma in the three branches after 
the lull of activity. In the southern East branch (b), the TBRZ and GNR both recorded the main volcanic phase of the Kenyan volcanics, and short but representative 
hiatuses between 7.4 and 9.1 Ma (narrow hatched zone). 
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subsidence (North Gregory and Albertine rifts and Mozambique chan
nel; Spiegel et al., 2007; Franke et al., 2015; Simon et al., 2017), rift 
structures were reactivated (Afar, South MER, TBRZ, Nyanza and Rukwa 
rifts; Pickford, 1994; Ebinger et al., 1989b, 2000; Haileab et al., 2004; 
Stab et al., 2016), and new grabens initiated (South Gregory and Malawi 
rifts and Madagascar; Foster et al., 1997; Laville et al., 1998; McCartney 
and Scholz, 2016). 

Our synthesis of rifting suggests the occurrence of two successive 
periods of rifting distinguished both from the extent of the areas syn
chronously affected by extension and from the magnitude and duration 
of extension (Fig. 8b). 

6. Discussion 

The cause of intraplate magmatism in continental areas is often 
subject to debate. Two endmember models propose that it may result 
either from deep-seated mantle plumes rooted in the core-mantle 
boundary (the “plume” theory; Morgan, 1971), or from lithospheric 
deformation related to plate tectonics without any input of lower mantle 
material (the “plate” theory; Anderson, 2000, 2005; Foulger, 2010). In 
the latter case, magmatism would stem from shallow thermal 

instabilities in the upper mantle (King and Ritsema, 2000) or from the 
collection of already existing partial melts in a heterogeneous upper 
mantle (Valentine and Perry, 2007; Valentine and Hirano, 2010; Brenna 
et al., 2012; Smith et al., 2021). In the context of lithospheric extension, 
asthenospheric decompression is an additional process for mantle par
tial melting and magma production (Ruppel, 1995). 

In this general theoretical framework, the volcanism of the EARS has 
been interpreted in different ways, partly depending on the volume of 
emitted magmas. Deep mantle plumes would have caused the traps and 
flood basalts emitted during relatively short periods (1–7 Myrs) coeval 
with plateau uplift for the two most voluminous (Ethiopian traps and 
Kenyan volcanics; Ebinger and Sleep, 1998; George et al., 1998; Cour
tillot et al., 1999; Pik et al., 2006). The discontinuous small-volume 
volcanic activity in the West, South-East and Indian Ocean branches is 
more controversial. It is thought to be either the result of plume-fed 
lateral asthenospheric flows (Ebinger and Sleep, 1998), independent 
mantle plumes (Comoros archipelago; Emerick and Duncan, 1982; Class 
et al., 2005; Rungwe; Burke and Dewey, 1973), related to lithospheric 
extension (Corti et al., 2003), or remains unexplained as in Madagascar. 
Alternatively, geochemical data and tomographic images suggest that 
the volcanism of the whole EARS could arise from several mantle 

Fig. 8. a) Average age of rift initiation in the different segments of the EARS deduced from our critical review of ages published in the literature (Supplementary 
Table S5). b) Probability distributions (Kernel density estimation (KDE) with smoothing bandwidth ranging between 0.25 and 1.75 Ma; Wessa, 2015) of the periods of 
rift initiation at the scale of the EARS calculated from the 25 mean ages determined in Supplementary Table S5. The weighting procedure on the mean ages of rift 
initiation consists in applying a coefficient to the mean ages (1 to 3 for weak to strong age constraints; see Supplementary Table S5). The different probability curves 
are normalized to the main peak at 5.7 Ma. Note that KDEs performed with different smoothing bandwidth values (Supplementary Fig. S2) allow to determine a mean 
age for each main peak of rift initiation and reveal a maximum standard deviation of 0.35 for these peaks, which are consequently poorly sensitive to this parameter 
(Supplementary Table S6). The peaks on the probability density function, highlighted by dashed black lines, represent the mean age for the periods of rift initiation at 
the EARS’ scale. Grey and black bars account for the trap and continental flood basalt events, and the resuming of the volcanism along the entire EARS, respectively. 
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anomalies rooted in the seismically imaged African Large Low Shear 
Velocity Province (LLSVP; Montelli et al., 2006; Furman, 2007; 
Halldórsson et al., 2014; Civiero et al., 2015; French and Romanowicz, 
2015; O’Connor et al., 2019; Tsekhmistrenko et al., 2021). In this hy
pothesis of a common source for the volcanism, the genetic link with the 
lithospheric extension is unclear. 

Our results suggest that the EARS experienced an overall similar 
timing of volcanism and rifting all over its provinces, overprinted by 
four short periods of intense magma emission on restricted areas (Tur
kana, Ethiopian plateau, Kenya and Afar; Figs. 6, 7). We saw above that 
such sporadic volcanism has been attributed to successive mantle plume 
head impingements below the African lithosphere (Hofmann et al., 
1997; Ebinger and Sleep, 1998; George et al., 1998). However, as pre
viously argued by Bailey (1992, 1993), the remarkable synchronicity of 
volcanism and tectonics in provinces spread over ~5000 km challenges 
the classical plume model, and raises fundamental questions about the 
relationship between lithospheric extension and mantle upwelling. 
Therefore, alternative interpretations suggest that the entire volcanism 
of the EARS results from the sole effect of successive events of plate 
deformation (e.g., Bailey and Woolley, 2005). 

Here, we take advantage of our compilations of volcanism and 
extension ages to infer the respective roles of mantle and plate dynamics 
in the evolution of the EARS. Our synthesis suggests the occurrence of 
two successive periods distinguished by the extent of the areas syn
chronously affected by volcanism and extension, by the magnitude and 
duration of both phenomena (Figs. 8b and 9). We propose that the EARS 
is characterized by an Upper Eocene to Middle Miocene period of pre
vailing trap-scale rifting, during which extension was almost exclusively 
restricted to areas of continental flood basalts. This magmato-tectonic 
event is followed, since the Upper Miocene, by a period of plate-scale 
rifting that marks the onset of a widespread deformation in the four 
branches of the EARS. 

When discussing the possible causes of both volcanism and extension 
and the origin of this twofold evolution, the seven following key features 
must be integrated to any hypothesis for rifting and magma production 
within the EARS. 

1- As noted by Thorpe and Smith (1974), the volcanism and defor
mation almost systematically developed along Pan-African orogenic 
belts and avoided the cratonic regions (Fig. 2a). These belts have 
repeatedly focused thermal events and ascending magmas since the 
Proterozoic leading to the fertilization of the sub-continental litho
spheric mantle (Wilson and Guiraud, 1992; Begg et al., 2009). Thus, the 
spatial distribution of both volcanism and tectonics suggests a main 
mechanical control of the lithosphere in the concentration of the 
deformation and in the channelization of the ascending magmas along 
the main inherited shear zones (e.g., Bailey, 1977; Corti et al., 2007). 

2- Magmatism did not significantly migrate in each volcanic prov
ince (Bailey, 1992) while the African lithosphere drifted northwards of 
about 400–500 km since 25–27 Ma (George et al., 1998). The lack of any 
lateral displacement of the active volcanic centres seems in contradic
tion with the migration expected if each province was related to the sole 
effect of the mantle dynamics. It instead strengthens the role played by 
the lithospheric structures in the location of magma emission. 

3- Synchronous magmatic activity occurs all-over the African plate. 
Wooley (2001) revealed that the magmatism of the African plate expe
rienced periods of coeval activity since the Early Cretaceous. Our 
compilation concentrated on a shorter timescale, spanning from the 
Eocene to present, leads to a similar conclusion. The volcanism started in 
the East branch in the Eocene with two traps events (Turkana and 
Ethiopian flood basalts). Yet, it extended to the entire EARS as soon as 
the Upper Oligocene – Lower Miocene with a discontinuous, 
small-volume volcanic activity (Figs. 7, 9a). Furthermore, a pulse of 
volcanism from 18.5 to 17 Ma occurred in almost all the volcanic 
provinces, synchronously with the initiation of the emission of the 
Kenyan volcanics. Finally, the volcanism renewed at 12–12.5 Ma in most 
volcanic areas after a lull of activity between 15 and 12.5 Ma (Fig. 7). 
The volume of magma (relatively small but hardly quantifiable), the 
timing (a discontinuous volcanic activity since 25–27 Ma) and the lack 
of crustal doming are not compatible with the model of mantle plume of 
Morgan (1971). The onset of the volcanism between 25 and 27 Ma and 
its intensification at ~18.5 Ma in provinces of the EARS distant of about 
5000 km can also be hardly explained by an Afar or Kenyan plume-fed, 

Fig. 9. Evolution of the EARS from a prevailing trap-scale rifting between the Eocene and Middle Miocene (a) to a plate-scale rifting since the Upper Miocene (b). The 
onset of a widespread volcanism around 12–12.5 Ma followed by a generalized rifting around 10.7 Ma mark the transition between the two extension dynamics. 
Extension directions from ArRajehi et al. (2010) for the Red Sea and Gulf of Aden and from Stamps et al. (2018) for the EARS. The EARS developed atop an 
abnormally hot upper mantle as shown by the P-wave velocity perturbations at 600 km depth (c; Hansen et al., 2012). The volcanic provinces of the EARS (light grey 
ellipses in c) are remarkably superimposed to a widespread upper mantle anomaly deepening southward in the LLSVP located in the lower mantle (d; Hansen et al., 
2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fast-moving lateral asthenospheric flow like those producing 
age-progressive hotspot tracks in the southern Atlantics (O’Connor 
et al., 2018). Moreover, the apparent synchronicity of the widespread, 
discontinuous, and small-volume volcanism in the different branches of 
the EARS casts doubt on the existence of totally independent thermal 
anomalies at the origin of each volcanic province. Finally, the absence of 
known lithospheric extension in most segments that experienced this 
Upper Oligocene – Middle Miocene volcanism mostly disagrees with an 
asthenospheric decompression due to rift-related lithospheric thinning, 
as in passive rifts (Ruppel, 1995). 

4- Our synthesis of the volcanic activity and the periods of rift 
initiation seems to indicate that the onset of volcanism predated the 
lithospheric deformation. During the period of predominant trap-scale 
rifting, the traps or major volcanic events were generally coeval with 
crustal doming and followed by extension spatially restricted to the vi
cinity of the volcanic zones (Fig. 9a). As rift initiation in the EARS was 
partly dated by volcanic units deposited within the grabens (providing a 
minimum age rated as weakly constrained), it cannot be totally excluded 
that its age was locally slightly underestimated. Yet, the weighting in the 
age probability estimates combined with the use of several smoothing 
bandwidths in the Kernel density estimations considerably minimizes 
the potential methodological biases and an uncertainty of ±1 Myr seems 
to be reasonably applied to the age of the periods of rift initiation. The 
volcanism/ extension succession begins with the Turkana traps, fol
lowed by extension in the Lokichar basin only by 0.7 Myrs, a too short 
interval to be considered significant given our dating strategy. Then, the 
Ethiopian traps volcanism was followed by ~3 Myrs by extension in Afar 
and TBRZ (Figs. 8b and 9a; Boschetto et al., 1992; Morley et al., 1992; 
Ukstins et al., 2002; Wolfenden et al., 2005; Macgregor, 2015), syn
chronously with the onset of the Ethiopian plateau’s uplift (Pik et al., 
2003; Gani et al., 2009). The same succession was observed in the 
Middle-Late Miocene with the Kenyan volcanics (flood basalts and ig
nimbrites; George et al., 1998; Tatsumi and Kimura, 1991) followed by 
2 Myrs by the slight faulting and basin downwarping in several 

provinces of the East and West branches located in the vicinity of the 
uplifting Kenya Dome (i.e., the TBRZ, the South MER, and the Nyanza, 
North Gregory and Albertine rifts; Figs. 8 and 9a; Drake et al., 1988; 
McDougall and Watkins, 1988; Boschetto et al., 1992; Ebinger et al., 
1993a; Behrensmeyer et al., 2002; Wichura et al., 2010; Simon et al., 
2017). Our compilation also shows that a main change occurred in the 
dynamics of the EARS between 11 Ma and 12.5 Ma, with renewed 
volcanism at 12–12.5 Ma in all the volcanic provinces already affected 
by the volcanism, and followed, by 1.7 Myrs, by the onset of continuous 
and widespread rifting (Figs. 8b and 9b). Thus, volcanism seems to be 
systematically followed by extension in its surrounding areas. It may 
suggest that magmatism-related processes favour rifting in the EARS 
during both periods of prevailing trap-scale and plate-scale rifting. 

5- Combining radiometric ages of the volcanism and the ages of rift 
initiation, we show that the EARS experienced successive magmato- 
tectonic events at 35.5, 27.5–30, 17–19, 11–12.5 and 5–6 Ma 
(Fig. 8b). Noteworthily, most of these events were coeval with the main 
changes in the geodynamics of the plate boundaries surrounding Africa. 
The age of 35 Ma corresponds to the onset of rifting in the Gulf of Aden 
(Bellahsen et al., 2006) and to a sharp increase of the spreading rate in 
the South-West Indian ridge (SWIR; Fig. 10; DeMets et al., 2021). The 
opening of the Red Sea started at 27 Ma synchronously with extension 
around the area covered by the Ethiopian traps (Bosworth et al., 2005) 
and slightly before the extension in the Rukwa rift (Roberts et al., 
2012b). The onset of seafloor spreading in the Gulf of Aden is dated at 
17.5 Ma (Fournier et al., 2010) and the changes of spreading rates along 
the ridges surrounding the Nubia and Somali plates (DeMets and Mer
kouriev, 2019; DeMets et al., 2020, 2021) were all coeval with the 
initiation of magmatic periods and/or extension in the EARS (Fig. 10). 
The widespread volcanic resumption and rifting at 11–12.5 in the EARS 
is contemporaneous with changes of the spreading rates in the southern 
Atlantic (DeMets and Merkouriev, 2019) and the Indian Ocean (Mer
kouriev and DeMets, 2006; Fournier et al., 2010; DeMets et al., 2020), 
the migration of the rotation pole of the India-Somalia and Capricorn- 

Fig. 10. Spreading rates along the ridges bounding the Nubia and Somali plates (Merkouriev and DeMets, 2006; Fournier et al., 2010; DeMets and Merkouriev, 2019; 
DeMets et al., 2020, 2021; Augustin et al., 2021). Note the changes in the spreading rate gradients coeval with the main magmato-tectonic events represented as in 
Fig. 8. RB: Rovuma block; VB: Victoria block. 
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Somalia plate pairs (Merkouriev and DeMets, 2006; DeMets et al., 
2020), and the beginning of the oceanic spreading in Red Sea (Augustin 
et al., 2021). 

6- Seismological images computed from regional and/or global 
seismic networks have all revealed low-velocity anomalies of various 
size and intensity in the upper and lower mantles beneath eastern Africa 
(Anderson et al., 1992; King and Ritsema, 2000; Montelli et al., 2006; 
Montagner et al., 2007; Begg et al., 2009; Civiero et al., 2015; Tsekh
mistrenko et al., 2021). These anomalies, which are superimposed to the 
volcanic provinces of the EARS (Fig. 9c), are in geometric connection 
with the LLSVP beneath southern Africa (Ritsema et al., 1999; Hansen 
et al., 2012; Tsekhmistrenko et al., 2021; Fig. 9d). 

If the occurrence of low-velocity anomalies is widely accepted, their 
nature is highly debated (e.g., Garnero et al., 2016). On the one hand, 
the LLSVP below southern Africa is interpreted as a large thermal 
anomaly broken up into bundles of thermomechanical plumes (Davaille 
and Romanowicz, 2020), which promotes an ascending flow from the 
lower mantle (Forte et al., 2010), feeds mantle anomalies within the 
upper mantle (e.g., Civiero et al., 2015), and/or triggers the develop
ment of plume-like discrete mantle anomalies on their margins (e.g., 
Torsvik et al., 2006; Burke et al., 2008; Tsekhmistrenko et al., 2021). On 
the other hand, the LLSVP is considered as a large compositional 
anomaly with mantle volumes richer in iron, hence denser than the rest 
of the mantle and not thermally buoyant (e.g., Trampert et al., 2004). An 
alternative interpretation suggests that the LLSVP is primarily a thermal 
anomaly with a basal positive density anomaly (Simmons et al., 2010). 
Whatever the amplitude of the dense compositional anomaly, Ishii and 
Tromp (1999) and Mao et al. (2006) proposed that the LLSVP could 
correspond to zones of concentration of dense iron-rich materials, but 
the iron enrichment would stem from an iron concentration beneath 
mantle upwellings. Thus, the possible iron-rich origin of a dense LLSVP 
would be compatible with ascending materials above this anomaly. 

The low-velocity anomalies imaged in the upper mantle below the 
volcanic provinces of the EARS are widely considered as evidence of hot 
mantle volumes (e.g., Anderson et al., 1992; Montagner et al., 2007; 
Civiero et al., 2015). Yet, the temperature estimates of these mantle 
anomalies suggest thermal anomalies toward the lower end of the global 
temperature range for large igneous provinces, despite markedly slow 
seismic velocities of the mantle that underlies the regions (Rooney et al., 
2012). It could therefore suggest that the low seismic velocities under
neath Africa reflect the occurrence upper mantle thermal anomalies 
containing carbonatite (i.e., CO2-assisted) melting (Presnall and Gud
finnsson, 2005; Dasgupta and Hirschmann, 2006; Rooney et al., 2012). 

7- Finally, the geochemical signatures of the lavas emitted along the 
EARS reveal the involvement of different mantle sources in the magma 
production (e.g., Class et al., 1998; Rogers et al., 2000; Pik et al., 2006; 
Furman, 2007). These sources are proposed to originate from the African 
LLSVP, which is thought to compositionally heterogeneous (Furman, 
2007; Meshesha and Shinjo, 2008; Halldórsson et al., 2014). Interest
ingly, this interpretation based on samples restricted to the East and 
West branches, was confirmed by O’Connor et al. (2019) when inte
grating volcanic products of the four branches. Indeed, the authors 
identified a unique non-volatile superplume isotopic signature in the 
post-10 Ma magmas emitted during the plate-scale rifting. 

The above-mentioned synthesis of the seven key features suggests 
that the structure and evolution of the EARS, and the dynamics of the 
surrounding plates and underneath mantle cannot be explained with the 
sole “plume” or sole “plate” theories. We therefore interpret the EARS as 
the result of the combined effects of (1) extensive stresses acting on the 
African lithosphere in the long-lived context of the Gondwana breakup 
and (2) an overall complex dynamics of mantle upwelling. 

The extensive stresses could arise from far-field stresses, variations of 
GPE, and/or divergent shear traction exerted at the base of the Nubia 
and Somali lithospheres (e.g., Forte et al., 2010; Ghosh and Holt, 2012; 
Stamps et al., 2015). According to Stamps et al. (2015), the current ki
nematics of the EARS results from the combined effects of GPE 

variations and Couette-type divergent mantle flow. Yet, it is worth 
noting that extension stresses due to GPE variations cannot be invoked 
for rifting periods prior to any uplift event like for the Turkana extension 
at around 35 Ma. 

It is also important to mention that the mantle upwellings beneath 
Africa clearly differ from the narrow plumes of Morgan’s theory (1971). 
The mantle dynamics could instead correspond to a global upward and 
north-easterly tilted mantle flow (Forte et al., 2010; Hansen et al., 2012; 
Fig. 9d) made of bundles of compositional and/or thermal anomalies of 
different size and magnitude originating from the African LLSVP 
(Davaille and Romanowicz, 2020). 

In such a general context, we propose that the LLSVP may have 
spewed thermal and/or compositional anomalies of various sizes, in
tensities, and compositions in an upper mantle becoming hotter than 
normal. We speculate that their surface expression (i.e., volcanism) was 
partly modulated by extension stresses arising from the plate circuit 
and/or basal lithospheric drag due to divergent mantle flows as sug
gested by the synchronicity between, on the one hand, the tectono- 
magmatic events of the EARS at 35.5, 17–19, 11–12.5 Ma, and, on the 
other hand, changes in the dynamics along the Nubia and Somali plates 
boundaries (Fig. 10). 

The following gradation of mantle anomalies vs. extension stresses 
can be proposed to explain the evolution of the EARS. The first end
member corresponds to a main role played by the mantle anomalies in 
the development of the volcanic event. This case is well illustrated by the 
Ethiopian traps that were followed by extension in the adjacent seg
ments, including the Gulf of Aden and the Red Sea (Courtillot et al., 
1999; Bosworth et al., 2005). The lack of any evolution of the spreading 
rates in the oceanic ridges at that time around the Somali and Nubia 
plates (Fig. 10) suggests that the development of the Ethiopian traps 
followed by rifting does not result from the increase of plate-scale 
extension stresses, but instead from a dynamic mantle anomaly. 

The second endmember is characterized by a dominant role of the 
plate deformation in the location and timing of the volcanism. Following 
Presnall and Gudfinnsson (2005) and Rooney et al. (2012) who sug
gested that the slow seismic velocities could evidence the occurrence of 
carbonatite melts in the upper mantle, we propose that the ascent of 
carbonatite melts from the lower mantle to the upper mantle beneath 
Africa has produced widespread carbonated silicate melts at shallow 
depth having compositions similar to the alkaline magmas emitted in the 
volcanic provinces of the EARS (Kampunzu and Mohr, 1991; Rudnick 
et al., 1993; Coltorti et al., 1999; Dasgupta et al., 2007; Furman, 2007; 
Mazzeo et al., 2021). Moreover, the widespread distribution of easily 
fusible lithospheric metasomes within the continental lithosphere 
mantle might have facilitated magma generation without the need for 
substantial lithospheric thinning or elevated mantle potential tempera
tures (Rooney et al., 2014). Thus, a deformation-driven collection of 
already existing partial melts in a heterogenous mantle, as described by 
Valentine and Perry (2007), Spera and Fowler (2009) Valentine and 
Hirano (2010), Smith et al. (2021), could have produced a tectonically 
controlled magmatism. We therefore interpret the timing of the alkaline 
volcanism along the Pan-African mobile belts, synchronously with main 
changes in the spreading ridge dynamics, as primarily controlled by the 
increase of extension stresses. To this respect, the Late Oligocene 
extension in the Rukwa rift (Fig. 8), coeval with a small alkaline to 
carbonatitic volcanic activity (E.M. Roberts et al., 2012b), would stem 
from a period of increasing extension stresses in the African lithosphere. 

The occurrence of (1) the Turkana traps at around 35 Ma (without 
any lithospheric doming) and (2) the Kenyan volcanics and a wide
spread volcanic renewal initiated around 19 Ma (Fig. 7), while the 
spreading ridges recorded modifications in the extension rates (Fig. 10), 
might be explained by the massive melting of fertile mantle heteroge
neities triggered by lithospheric deformation. 

Our synthesis can hardly determine whether the extension stresses 
primarily stem from far field stresses or divergent mantle flow. However, 
considering the main Middle Miocene change in the EARS evolution, i. 
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e., from a prevailing trap-scale to a plate-scale rifting, we speculate that 
an increase of large-scale ascending mantle flow in the general frame
work of mantle convection during the Middle Miocene may have (1) 
augmented the mantle melting below all the volcanic provinces, (2) 
induced the Middle Miocene - Pliocene uplift of the Central African 
Plateau and Madagascar (de Wit, 2003; Ritsema et al., 2010; G.G. 
Roberts et al., 2012a; Daly et al., 2020), (3) triggered the subsequent 
resumption of volcanism at 12–12.5 Ma, (4) enhanced pre-existing 
extensional stresses within the lithosphere by a stronger basal litho
spheric drag due to a divergent Couette-type mantle flow within the sub- 
African asthenosphere combined to GPE variations (Stamps et al., 2015), 
and eventually (5) produced enough magmatism to reduce the strength 
of the continental lithosphere and promote magma-assisted rifting since 
~11 Ma. This geodynamic change could have been important enough to 
modify the dynamics of the surrounding spreading ridges. Furthermore, 
the plate-motion change of the Capricorn plate, attributed to an 
increasing buoyancy of the Réunion plume flux at 11 Ma (Iaffaldano 
et al., 2018), could instead result from the main change of the dynamics 
of the EARS in tandem with the possible increase of the sub-lithospheric 
mantle flux. The magmatic pulse recently evidenced along the Sheba 
ridge at 11 Ma (Gillard et al., 2021) could also have an origin closely 
linked to the evolution of the EARS. We finally suggest that the source of 
extension stresses affecting the African plate progressively evolved from 
a dominant far-field origin to prevailing GPE variations and a diverging 
Couette-type basal shear, thus changing of the dynamics of the EARS 
from trap-scale to plate scale rifting. In such a context of ascending 
mantle flux and increasing extension, the areas with a significant lith
ospheric thinning likely met extremely favourable conditions to produce 
large magma volumes like in Afar since 5 Ma (Bastow and Keir, 2011; 
Armitage et al., 2015). 

7. Conclusion 

Our study on the magmato-tectonic relationship of the EARS allowed 
us to update its geometry, by including the Mozambique channel and 
Madagascar in the rift system. The EARS is thus composed of one 
magma-rich segment, the East branch, and three magma-poor segments, 
the West, South-East, and Indian Ocean branches, which all delimit in
dependent lithospheric blocks. We have built a comprehensive database 
of volcanic ages made from a thorough selection of the published iso
topic ages of volcanism emitted along the four branches since the Middle 
Eocene. This compilation reveals an overall similar timing of relative 
quiescence (12.5–15 Ma) and renewals (17–18.5 and 12–12.5 Ma) of 
activity in the different volcanic provinces, overprinted by four short 
(1–7 Ma) periods of intense magma emission on 500–1000 km-wide 
areas (Turkana, Ethiopian plateau, Kenya and Afar). We also compiled 
the periods of rift initiation published in the literature and evaluated the 
geological constrains to date them. This critical review provides insights 
on the timing of extension at the EARS’ scale and suggests the occur
rence of five successive periods of extension since the Upper Eocene. 
Combining the spatio-temporal distribution of both volcanism and rift
ing, we show that the African plate dismantling results from the intricate 
relationship between mantle and plate processes during two successive 
periods called trap-scale and plate-scale rifting between the Upper 
Eocene - Middle Miocene and Upper Miocene – Holocene, respectively 
(Figs. 8 and 9). 

We summarize seven key features suggesting that the EARS’ evolu
tion cannot be explained by the sole plume or sole plate theories as 
defined by Anderson (2005). From these seven features, we propose an 
intermediate interpretation in which the EARS results from the intricate 
relationship between the mantle and plate dynamics. We consider the 
African LLSVP as a thermo-compositional deep anomaly that feeds 
mantle anomalies of different composition, size and magnitude in an 
overall ascending and north-easterly tilted mantle flow. This mantle 
dynamics likely brought favourable conditions to promote the wide
spread production of carbonated silicate melts emitted as alkaline 

magmas along the four branches of the EARS and massive volumes of 
tholeiitic melts feeding the trap events. The synchronicity between most 
of the magmato-tectonic events in the EARS and changes in the dy
namics of the Nubia and Somali plates boundaries suggests that exten
sion stresses affecting the African lithosphere partly modulated the 
melting of the mantle anomaly and/or the collection of magma through 
the Pan-African belts. The sole exception corresponds to the Ethiopian 
trap event and the subsequent rifting in the surrounding areas that was 
not coeval with modifications in the dynamics of the plate boundaries. 

Finally, the source of extension stresses affecting the African plate 
probably evolved from a dominant far-field origin to prevailing GPE 
variations and a diverging Couette-type basal shear. We propose that 
this change results from the increase of the mantle flux in the Middle 
Miocene, yielding an evolution of the dynamics of the EARS from trap- 
scale to plate scale rifting. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.earscirev.2022.104089. 
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Späth, A., le Roex, A.P., Duncan, R.A., 1996. The Geochemistry of Lavas from the 
Comores Archipelago, Western Indian Ocean: Petrogenesis and Mantle Source 
Region Characteristics. J. Petrol. 37, 961–991. 

Spera, F.J., Fowler, S.J., 2009. Conceptual model for small-volume alkali basalt 
petrogenesis: implications for volcanic hazards at the proposed Yucca Mountain 
nuclear waste repository. In: Connor, C., Connor, L., Chap-man, N. (Eds.), Volcanism, 
Tectonism, and Siting Nuclear Facilities. Cambridge University Press, Cambridge, 
UK, pp. 195–228. 

Spiegel, C., Kohn, B.P., Belton, D.X., Gleadow, A.J.W., 2007. Morphotectonic evolution 
of the central Kenya rift flanks: Implications for late Cenozoic environmental change 
in East Africa. Geology 35, 427–430. https://doi.org/10.1130/G23108A.1. 

Stab, M., Bellahsen, N., Pik, R., Quidelleur, X., Ayalew, D., Leroy, S., 2016. Modes of 
rifting in magma-rich settings: Tectono-magmatic evolution of Central Afar. 
Tectonics 35, 2–38. https://doi.org/10.1002/(ISSN)1944-9194. 

Stamps, D.S., Iaffaldano, G., Calais, E., 2015. Role of mantle flow in Nubia-Somalia plate 
divergence. Geophys. Res. Lett. 42, 290–296. https://doi.org/10.1002/(ISSN)1944- 
8007. 

Stamps, D.S., Saria, E., Kreemer, C., 2018. A geodetic strain rate model for the East 
African Rift System. Sci. Rep. 8, 732. https://doi.org/10.1038/s41598-017-19097- 
w. 

Stamps, D.S., Kreemer, C., Fernandes, R., Rajaonarison, T.A., Rambolamanana, G., 2021. 
Redefining East African Rift System kinematics. Geology 49 (2), 150–155. https:// 
doi.org/10.1130/G47985.1. 

Suwa, G., White, T., Asfaw, B., WoldeGabriel, G., Yemane, T., 1991. Miocene faunal 
remains from the Burji-Soyama area, Amaro horst, southern sector of the Main 
Ethiopian Rift. Palaeontol. Afr. 28, 23–28. 

Tatsumi, Y., Kimura, N., 1991. Secular variation of basalt chemistry in the Kenya Rift: 
evidence for the pulsing of asthenospheric upwelling. Earth Planet. Sci. Lett. 104, 
99–113. 

Thorpe, R.S., Smith, K., 1974. Distribution of Cenozoic volcanism in Africa. Earth Planet. 
Sci. Lett. 22, 91–95. https://doi.org/10.1016/0012-821X(74)90068-5. 

Torres Acosta, V., Bande, A., Sobel, E.R., Parra, M., Schildgen, T.F., Stuart, F., 
Strecker, M.R., 2015. Cenozoic extension in the Kenya Rift from low-temperature 
thermochronology: Links to diachronous spatiotemporal evolution of rifting in East 
Africa. Tectonics 34, 2367–2386. 

Torsvik, T.H., Smethurst, M.A., Burke, K., Steinberger, B., 2006. Large igneous provinces 
generated from the margins of the large low-velocity provinces in the deep mantle. 
Geophys. J. Int. 167, 1447–1460. https://doi.org/10.1111/j.1365- 
246X.2006.03158.x. 

Trampert, J., Deschamps, F., Resovsky, J., Yuen, D., 2004. Probabilistic tomography 
maps chemical heterogeneities throughout the lower mantle. Science 306, 853–856. 

Tsekhmistrenko, M., Sigloch, K., Hosseini, K., Barruol, G., 2021. A tree of Indo-African 
mantle plumes imaged by seismic tomography. Nat. Geosci. 14, 612–619. https:// 
doi.org/10.1038/s41561-021-00762-9. 

Ukstins, I.A., Renne, P.R., Wolfenden, E., Baker, J., Ayalew, D., Menzies, M., 2002. 
Matching conjugate volcanic rifted margins: 40AR/39Ar chrono-stratigraphy of pre- 
and syn-rift bimodal flood volcanism in Ethiopia and Yemen. Earth Planet. Sci. Lett. 
198, 289–306. 

L. Michon et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0665
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0665
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0670
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0670
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0670
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0675
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0675
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0675
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0675
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0680
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0680
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0685
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0685
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0685
https://doi.org/10.1038/s41467-019-13181-7
https://doi.org/10.1038/s41467-019-13181-7
https://doi.org/10.1016/j.gr.2017.05.014
https://doi.org/10.1016/j.gr.2017.05.014
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0705
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0705
https://doi.org/10.1016/j.tecto.2017.05.035
https://doi.org/10.1016/j.lithos.2014.09.012
https://doi.org/10.1016/j.lithos.2014.09.012
https://doi.org/10.1002/2016GC006624
https://doi.org/10.1002/(ISSN)1944-9194
https://doi.org/10.1002/(ISSN)1944-9194
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0730
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0730
https://doi.org/10.1016/S0012-821X(03)00457-6
https://doi.org/10.1016/j.chemgeo.2005.09.016
https://doi.org/10.1016/j.chemgeo.2005.09.016
https://doi.org/10.1130/G24233A.1
https://doi.org/10.1130/G24233A.1
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0750
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0750
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0750
https://doi.org/10.1016/j.marpetgeo.2018.07.017
https://doi.org/10.1016/j.marpetgeo.2018.07.017
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0760
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0760
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0760
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0760
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0765
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0765
https://doi.org/10.1111/j.1365-246X.2010.04884.x
https://doi.org/10.1016/j.jafrearsci.2009.09.002
https://doi.org/10.1016/j.jafrearsci.2009.09.002
https://doi.org/10.1029/2012GC004040
https://doi.org/10.1038/ngeo1432
http://refhub.elsevier.com/S0012-8252(22)00173-8/optfrZNmE7BLV
http://refhub.elsevier.com/S0012-8252(22)00173-8/optfrZNmE7BLV
http://refhub.elsevier.com/S0012-8252(22)00173-8/optfrZNmE7BLV
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0790
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0790
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0795
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0795
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0795
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0800
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0800
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0805
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0805
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0805
https://doi.org/10.1007/s00445-014-0817-7
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0810
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0810
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0815
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0815
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0815
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0820
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0820
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0825
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0825
https://doi.org/10.1029/2010JB007631
https://doi.org/10.1016/j.marpetgeo.2017.05.006
https://doi.org/10.1016/j.marpetgeo.2017.05.006
https://doi.org/10.1016/j.jvolgeores.2021.107326
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0840
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0840
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0840
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0845
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0845
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0845
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0845
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0845
https://doi.org/10.1130/G23108A.1
https://doi.org/10.1002/(ISSN)1944-9194
https://doi.org/10.1002/(ISSN)1944-8007
https://doi.org/10.1002/(ISSN)1944-8007
https://doi.org/10.1038/s41598-017-19097-w
https://doi.org/10.1038/s41598-017-19097-w
https://doi.org/10.1130/G47985.1
https://doi.org/10.1130/G47985.1
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0875
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0875
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0875
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0880
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0880
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0880
https://doi.org/10.1016/0012-821X(74)90068-5
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0890
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0890
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0890
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0890
https://doi.org/10.1111/j.1365-246X.2006.03158.x
https://doi.org/10.1111/j.1365-246X.2006.03158.x
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0900
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0900
https://doi.org/10.1038/s41561-021-00762-9
https://doi.org/10.1038/s41561-021-00762-9
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0910
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0910
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0910
http://refhub.elsevier.com/S0012-8252(22)00173-8/rf0910


Earth-Science Reviews 231 (2022) 104089

18

Valentine, G.A., Hirano, N., 2010. Mechanisms of low-flux intraplate volcanic 
fields—Basin and Range (North America) and northwest Pacific Ocean. Geology 38, 
55–58. https://doi.org/10.1130/G30427.1. 

Valentine, G.A., Perry, F.V., 2007. Tectonically controlled, time-predictable basaltic 
volcanism from a lithospheric mantle source (central Basin and Range Province, 
USA). Earth Planet. Sci. Lett. 261, 201–216. https://doi.org/10.1016/j. 
epsl.2007.06.029. 

Vérard, C., 2021. 888-444 Ma global plate tectonic reconstruction with emphasis on the 
formation of Gondwana. Front. Earth Sci. 9, 666153 https://doi.org/10.3389/ 
feart.2021.666153. 

Wang, S., Yu, H., Zhang, Q., Zhao, Y., 2018. Absolute plate motions relative to deep 
mantle plumes. Earth Planet. Sci. Lett. 490, 88–99. https://doi.org/10.1016/j. 
epsl.2018.03.021. 

Wessa, P., 2015. Kernel Density Estimation (v1.0.12) in Free Statistics Software (v1.2.1), 
Office for Research Development and Education, URL. http://www.wessa.net/rwas 
p_density.wasp/. 

Wichura, H., Bousquet, R., Oberhansli, R., Strecker, M.R., Trauth, M.H., 2010. Evidence 
for middle Miocene uplift of the East African Plateau. Geology 38, 543–546. https:// 
doi.org/10.1130/G31022.1. 

Williams, L.A.J., 1982. Physical Aspects of Magmatism in Continental Rifts. In: 
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