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Supplementary Text S1. Volcanic ages compilation 

 

We compiled the ages of the magmatic phases for 25 volcanic areas across the East Africa-

Arabia region (Fig. 2C, Supplementary Table S1). The dataset includes alkaline basaltic rocks, 

ranging in age from the Eocene (~45 Ma) to present. Due to the highly scattered volcanism in 

Anatolia and Levant, the representative ages of the basaltic samples were taken from the most 

significant locations of volcanic activity, i.e., the age of the largest (and generally the most 

discussed in literature) magmatic bodies. For simplicity, we subdivided Anatolia into three 

provinces, the Western Anatolia Volcanic Province (WAVP), Central Anatolia Volcanic 

Province (CAVP), and Eastern Anatolia Volcanic Province (EAVP). In our compilation, we used 

mainly the geochemical dating (e.g., 40Ar/39Ar geochronology). Supplementary Table S1 gives 

detailed information on data sources. 

 

Cenozoic volcanism in Ethiopia is part of a currently active LIP, and its relative youth makes it 

one of the best-exposed examples in which to examine the relationships with mantle plumes. The 

earliest recorded volcanism started ~45–35 Ma in the southernmost Ethiopia/northern Turkana 

(Eocene Initial Phase, Rooney, 2017) (22 in Fig. 2B-C and Supplementary Table S1), where a 

later major episode occurred 19–11 Ma (George et al., 1998). The first eruptions were followed 

by flood basalt activity in NE Ethiopia (21), Eritrea and Yemen (Oligocene Traps Phase) (19) at 

around 30 Ma (Hofmann et al., 1997; Pik et al., 1999; Rooney, 2017; Schilling et al., 1992), 

which erupted apparently in a short time interval (<5 Ma) and covered an area of >500,000 km2. 

The origin of this event is considered to result from the interaction of the Afar mantle plume 

activity with the African lithosphere (Rooney, 2017). Subsequent volcanism produced a few 
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shield volcanoes in NW Ethiopia (21) at 25–22 Ma (Early Eocene resurgence phase) and 11 Ma 

(Kieffer et al., 2004). The origin of magmatism during this event is unclear, with evidence of 

lithospheric melts and contributions from the Afar plume, coupled with synchronous extension 

of the continental crust (Rooney, 2017; Stab et al., 2016). Volcanic activity in Afar (20) began 

shortly after the eruption of the Ethiopian traps and persisted to present with discontinuous 

phases. The oldest volcanic formation, the Adolei basalts, erupted from 27 to 19 Ma (Deniel et 

al., 1994). Rhyolites on the edges of the Danakil region erupted next, between 16 and 9 Ma 

(Lahitte et al., 2003). This was followed by emplacement of the Dahla basaltic unit from ~8 to 

~6 Ma. The largest volume of basalts in Afar, the Stratoid formation, outcrop between ~2.3 and 1 

Ma, although the eruption age is still debated (Lahitte et al., 2003; Rooney, 2020). After the rift 

initiation ~25 Ma in Turkana, the extension propagated to the north, creating the southern Main 

Ethiopian Rift that merged with faults from the Afar triple junction and to the south, where it 

splits into the Kenya rift and the Western rift, generating episodic volcanism throughout the 

region. Three discrete volcanic episodes have been identified in northern Kenya (23): (1) prerift 

late Eocene-early Oligocene volcanism (32–40 Ma) in the south central portion of the Kenyan 

rift, (2) more voluminous synrift volcanism at 26–16 Ma in the western and eastern part of the 

rift, and (3) Plio-Pleistocene to present eruption of axially aligned composite volcanic centers 

(Furman et al., 2004, 2006). The rift opening occurred synchronously with the second pulse of 

volcanism. After the rift moved southward and the volcanism in the southern rift, Central Kenya 

(24) started at 15 Ma (Baker, 1986), reaching Northern Tanzania (25) at 5.9 Ma. Four stages of 

volcanic activity are identified here: the first in the ~5.9–2.9 Ma, the second between 2.6 and 1.8 

Ma, the third at 1.65–0.75 Ma, and the last one starting at 0.5 Ma to present (Mana et al., 2015). 

 



 
 

3 
 

In Arabia, the first stage of volcanism—including plutons and numerous dykes that stretch along 

the 1,700 km of the Red Sea eastern coast—is coincident with the initiation of the opening of the 

Red Sea at ~30–29 Ma (Baldridge et al., 1991; Sebai et al., 1991). However, most of the 

volcanism is concentrated below the Arabian Shield within 100–500 km from the Red Sea, in 

volcanic fields locally called ‘harrats’ (7-18), which were active up to the Pleistocene, and in 

some cases up to historic times (e.g., the Madinah eruption of 1,256 AD, Camp et al. 1987). 

 

Lava fields of both young and old ages were found from southern Arabia to Syria. Volcanism in 

Syria started later than in Saudi Arabia and Yemen (21 and 30 Ma, respectively, (Ershov & 

Nikishin, 2004; Krienitz et al., 2009)), indicating migration northwards with time (Camp et al., 

1989, 1991). The volcanism in the Arabian Shield comprises two main periods: (1) the Late 

Oligocene to Early Miocene and (2) the Middle Miocene to Quaternary with a volcanic 

quiescence of several million years between the two (~20–13 Ma, Camp and Roobol 1992; Ilani 

et al., 2001). In Northern Syria, Miocene to Pliocene-Pleistocene volcanism and dykes erupted 

along the eastern flanks of the Dead Sea and several small volcanic fields aligned along the 

northernmost trace of the Dead Sea Transform, including the Homs (6) and Al Ghab (5) basalts 

(Ma et al., 2011; Weinstein & Garfunkel, 2014). 

 

In SE Anatolia, the activity of the Karacadag volcano (4) lasted from ~11 Ma to ~0.1 Ma, during 

which a vast amount of magmas erupted to the surface, covering an area of 10,000 km2 (Lustrino 

et al., 2012). Within the collisional setting of the Eastern Anatolia Volcanic Province (EAVP) 

(2), the volcanism appears to have started immediately after the rapid uplift of the East Anatolian 

Plateau ~11 Ma in the northern side of the plate boundary (Erzurum-Kars volcanics). After, it 
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became widespread all over the region and migrated southward, forming large stratovolcanoes 

starting at 2 Ma (Keskin et al., 1998; Özdemir et al., 2006). Central Anatolia Plateau formed ~8 

Ma and the uplift was preceded by the onset of widespread volcanism in the Cappadocia 

Volcanic Province (Central Anatolia Volcanic Province, CAVP) (3) between 13.5 to 8.5 Ma 

(Bartol & Govers, 2014). This initial activity was followed by the eruptions of ignimbrites and 

volcanic ash between 8.5 and 2.7 Ma. Volcanism ended with the eruption of basaltic lavas during 

the development of central stratovolcanoes (Dilek & Whitney, 2000). Extensive volcanism of the 

Western Anatolia Volcanic Province (WAVP) (1) developed in three distinct phases of activity 

(Aldanmaz et al., 2000). The oldest phase began in the Late Eocene at about 37 Ma and ended at 

23 Ma in the NE part of the Biga Peninsula (Ercan et al., 1995). A second phase started in the 

Early-Middle Miocene (21.3–15.2 Ma), covering a broad compositional range from basalts to 

rhyolites. The third pulse in the Late Miocene (11.4–8.3 Ma) is characterized by alkaline rocks 

with OIB-like trace element patterns (11.4–8.3 Ma). Finally, during the Late Pliocene and 

Quaternary (~2–0 Ma), basaltic volcanism developed in the Kula region where volcanic fields 

are composed of several cinder and spatter cones dating back to pre-historic times (Innocenti et 

al., 2005). 
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Supplementary Text S2. Plate-motion reconstructions 

 

We used the open-source plate-reconstruction software GPlates (www.gplates.org) following the 

plate polygons of Seton et al. (2012) to build the model paths, with a starting age of 60 Ma and a 

time interval of 10 Ma. Figure 8 and Supplementary Fig. S11 show the computed hotspot tracks 

that would result from the lithospheric plate moving over the Kenya, Afar, and Levant plumes 

for a number of alternative models, all freely available. The plate reconstruction (Torsvik et al., 

2019) shown in Figure 8 uses a hybrid plate motion frame that combines hotspot and true polar 

wander corrected paleomagnetic reference frames, which is referred to as a mantle frame 

(Doubrovine et al., 2016). The other absolute plate motion (APM) models used in Supplementary 

Fig. S11 are: D2012 – Global moving hotspot model (Doubrovine et al., 2012); M1993 – Indo-

Atlantic fixed hotspot model (Muller et al., 1993); NNR – No-Net-Rotation frame, (Argus et al., 

2011); O2005 – Indo-Atlantic moving hotspot model (O’Neill et al., 2005); S2005 – Global 

paleomagnetic model (Schettino & Scotese, 2005); T2008 – Global moving hotspot model 

(Torsvik et al., 2008); T2012 – Paleomagnetic reference frame (Torsvik et al., 2012); V2010 – 

Slab remnant model (Van Der Meer et al., 2010); M2016 – Global model from a hybrid 

paleomagnetic reference frame (Torsvik et al., 2012) and hotspot tracks (Matthews et al., 2016). 

 

The suite of different tracks gives an indication of the variability and uncertainty of the results. 

For example, assuming fixed hotspots, we can infer that Kenya was approximately above the 

Afar Plume at 60 Ma (red line in Supplementary Fig. S11). From models that take computed 

hotspot motion in large-scale mantle flow into account (blue line in Supplementary Fig. S11), the 

plume location relative to Kenya is expected somewhat further east. The tracks taken by the three 
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upwellings to reach the surface coincide to paths of least resistance, where the lithosphere is 

thinner compared to the surrounding areas (see Supplementary Fig. S11B). We note that the 

conclusions of this study are robust and stand regardless of the choice of the plate motion 

reconstruction. 
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Supplementary Table S1 

Number Name 
Magmatic 
phase time 
range (Ma) 

References 

1 

Western 
Anatolia 
Volcanic 
Province 
(WAVP) 

37-23; 21-15.2; 
11.4-8.3; 2-0 

Ercan et al., 1995; Aldanmaz et al., 2000; 
Innocenti et al., 2000 

2 

Eastern Anatolia 
Volcanic 
Province 
(EAVP) 

11-6; 6-5; 5-2.7; 
2.0-0 

Keskin et al., 1998; 2006; Özdemir et al., 2006 

3 

Central Anatolia 
Volcanic 
Province 
(CAVP) 

13.5-8.5; 8.5-
2.7; 2.5-0 

Le Pennac et al., 2005; Dilek and Whitney, 
2000; Bartol and Govers, 2014; Di Giuseppe et 

al., 2018 

4 Karacadag 
11-2.7; 1.9-1; 

0.4-0.01 
Lustrino et al., 2012 

5 Al Ghab 18-8; 4-1 
Ma et al., 2011; Weinstein and Garfunkel, 

2014; Wahab et al., 2014 

6 Homs 10.1-9.8; 5.6-4 
Ma et al., 2011; Weinstein and Garfunkel, 

2014; Wahab et al., 2014 

7 As Shaam 
26-22; 13-8; 7-

0.2 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

8 Uwayrid 9-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

9 Hutaymah 1.8-1.5 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

10 Ithnayn 3-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

11 Khaybar 5-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

12 Lunayyr 10-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014; Duncan and Al-Amri, 2013 

13 Rahat 10-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014; Downs et al., 2018 

14 Kishb 2-0.02 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 
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15 Hadn 28-15 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

16 Nawasif/Al 
Buqum 

9-0.2 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

17 As Sirat 30-25 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

18 Tihama Asir 25-20 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014 

19 Yemen/Ataq 
30-26; 22-18; 

3.5-0 
Weinstein and Garfunkel, 2014; Wahab et al., 

2014; Rooney, 2017 

20 Afar 
27-19; 16-9; 8-
6; 2.3-1; present 

Zumbo et al., 1995; George et al., 1998, 
Chernet et al., 1998; Lahitte et al., 2003 

21 Northern 
Ethiopia 

33.9-27; 13-9; 
3.2-0 

Hoffman et al., 1997; George et al., 1998; 
Kieffer et al., 2004; Nelson et al., 2012 ; 

Rooney, 2017 

22 S. Ethiopia 
45-35; 19-12; 

3.5-0 
Ebinger et al., 1993; George et al., 1998; 
Ulkstin et al., 2002; Rooney, 2007, 2017 

23 Northern Kenya 
(Turkana) 

40-30; 26-16; 
3.5-0 

Furman et al., 2004, 2006; Meshesha and 
Shinjo, 2008 Nelson et al., 2012; Rooney, 

2017 

24 Central Kenya 
15-9; 6-3; 3-1.7; 

0.7-0 
Baker, 1986 

25 Northern 
Tanzania 

5.9-2.9; 2.6-1.8; 
1.65-0.75; 0.5-0 

Mana et al., 2015 

 

Name, magmatic phase time range, and related references for each volcanic site in the 

East-Africa-Arabia region. We refer to Figure 2B for the location of the volcanic sites and to 

Supplementary Text S1 for more details about the eruption age compilation. 
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Supplementary Table S2 

Network code Station 
name 

Longitude 
(deg) Latitude (deg) 

Data center 
(and seismic 
experiment) 

1B kabe 30.47 0.87 
 GEOFON, 

http://geofon.gfz
-potsdam.de  

1B kmtw 30.38 0.74  
1B mwey 29.9 -0.19  

AB qzx 45.37 41.05 
ORFEUS, 

http://www.orfe
us-eu.org 

AF nbi 36.8 -1.27 

IRIS, 
http://www.iris.

edu/hq/; 
AfricaArray, 

(Nyblade et al., 
2008, 2011) 

G 

 
atd 42.85 11.53 

GEOFON, 
http://geofon.gfz

-potsdam.de 

GE ape 25.53 37.07 
GEOFON, 

http://geofon.gfz
-potsdam.de 

GE arpr 38.34 39.09  
GE bgio 35.09 31.72  
GE css 33.33 34.96  
GE damy 44.39 14.57  
GE eil 34.95 29.67  
GE ghaj 35.57 31.3  
GE isp 30.51 37.84  
GE jer 35.2 31.77  
GE karp 27.16 35.55  
GE kibk 38.04 -2.36  
GE kmbo 37.25 -1.13  
GE kris 25.5 35.18  
GE ksdi 35.66 33.19  
GE last 25.48 35.16  
GE lodk 35.36 3.42  
GE malt 38.43 38.31  
GE mrni 35.39 33.12  
GE msbi 35.36 31.31  
GE nai 36.8 -1.27  
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GE sant 25.46 36.37  
GE socy 53.99 12.52  
GE ujap 35.46 31.95  
GE zkr 26.22 35.11  

GO akh 43.49 41.41 

IRIS, 
http://www.iris.

edu/hq/; 
National 
Seismic 

Network of 
Georgia 

(Tumanova et 
al., 2016) 

GO ddfl 46.12 41.45  
GO lgd 46.24 41.83  
GO oni 43.45 42.59  
GO tblg 44.74 41.73  

HL ape 25.53 37.07 

NOA, 
http://bbnet.gein
.noa.gr; HUSN 
(D’Alessandro 

et al., 2011; 
Evangelidis & 
Melis, 2012) 

HL karp 27.16 35.55  
HL rdo 25.54 41.15  
HL sant 25.46 36.37  

HT aln 26.05 40.9 

NOA, 
http://bbnet.gein

.noa.gr; 
AUTHnet 

(Pitilakis et al., 
2016) 

HT chos 26.05 38.39  
HT sigr 25.86 39.21  

II mbar 30.74 -0.6 
IRIS, 

http://www.iris.
edu/hq/ 

II msey 55.48 -4.67  
II rayn 45.5 23.52  
II uoss 56.2 24.95  

IS amaz 34.92 31.53 
GEOFON, 

http://geofon.gfz
-potsdam.de 
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IS eil 34.95 29.67  
IS hrfi 35.03 30.04  
IS jer 35.2 31.77  
IS ksdi 35.66 33.19  
IS kzit 34.4 30.91  
IS mmli 35.42 32.44  
IU 

 
anto 32.79 39.87 

IRIS, 
http://www.iris.

edu/hq/) 
IU furi 38.68 8.9  
IU gni 44.74 40.15  
IU kmbo 37.25 -1.13  
IU nai 36.8 -1.27  

JS aqbj 35.05 29.73 

GEOFON, 
http://geofon.gfz

-potsdam.de; 
Jordan Seismic 

Network 
(Rodgers et al., 

2003) 

KO agrb 42.99 39.58 

KOERI, 
http://www.koer
i.boun.edu.tr/ne

w/ 
KO alt 30.11 39.06  
KO balb 27.88 39.64  
KO bnn 35.85 38.85  
KO bzk 34 41.96  
KO edrb 26.74 41.85  
KO ell 29.91 36.75  
KO gada 25.9 40.19  
KO gaz 37.21 37.17  
KO guro 42.03 38.55  
KO ikl 33.69 36.24  
KO isk 29.06 41.07  
KO kars 43.09 40.62  
KO kula 28.66 38.51  
KO mdub 31.2 40.47  
KO ptk 39.39 38.89  
KO rsdy 37.33 40.4  
KO sirt 42.44 37.5  
KO snop 35.21 42.02  
KO vanb 43.39 38.6  
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KW mib 47.34 29.8 
IRIS, 

http://www.iris.
edu/hq/ 

MN keg 31.83 29.93 
INGV, 

https://www.ing
v.it 

ZD kris 25.5 35.18 
GEOFON, 

http://geofon.gfz
-potsdam.de 

TU andn 36.35 37.58 

KOERI, 
http://www.koer
i.boun.edu.tr/ne
w/; TNSN (Al-

Lazki et al., 
2003) 

TU aydn 27.88 37.66  
TU bora 30.45 39.88  
TU digo 43.37 40.41  
TU erba 36.75 40.68  
TU hakt 43.71 37.56  
TU ilga 33.72 41.05  
TU kelt 39.26 40.15  
TU kema 38.49 39.27  

XD baso 35.14 -4.32 

IRIS, 
http://www.iris.
edu/hq/; TBSN 
(Brazier et al., 
2000; Nyblade 

et al., 1996) 
XD goma 29.69 -4.84  
XD komo 36.72 -3.84  
XD kond 35.8 -4.9  
XD long 36.7 -2.73  
XD mbwe 34.35 -4.96  
XD puge 33.18 -4.71  
XD sing 34.73 -4.64  
XD tara 36.02 -3.89  

XG agin 38.71 38.94 

IRIS, 
http://www.iris.
edu/hq/; Eastern 
Turkey Seismic 

Experiment 
(Sandvol et al., 

2003) 
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XG ahlt 42.48 38.75  
XG bngl 40.6 38.92  
XG btls 42.12 38.43  
XG bYBt 40.27 40.24  
XG bykn 41.78 38.17  
XG cmcy 43.2 39.92  
XG dgrl 43.33 41.06  
XG dgsu 42.73 39.13  
XG dYBr 40.32 37.82  
XG ergn 39.73 38.26  
XG eZRm 41.36 40.1  
XG hamr 42.99 39.61  
XG hins 41.7 39.35  
XG hrpt 39.25 38.7  
XG hrsn 42.29 39.95  
XG ilic 38.57 39.45  
XG imrl 38.12 39.88  
XG kars 43.07 40.62  
XG kotk 43.01 40.22  
XG krlv 40.99 39.37  
XG ktln 41.71 37.95  
XG kypr 41.17 37.56  
XG mrdn 40.7 37.29  
XG msdy 37.78 40.46  
XG mush 41.48 38.76  
XG siln 41.04 38.14  
XG sirn 39.12 40.2  
XG uzml 39.72 39.71  

XH ayd 27.84 37.84 
IRIS, 

http://www.iris.
edu/hq/ 

XH boz 28.05 38.3  
XH deu 27.21 38.37  
XH kul 28.63 38.54  

XI aaus 38.77 9.03 

IRIS, 
http://www.iris.
edu/hq/; EKBSE 
(Bastow et al., 
2008; Benoit et 

al., 2006; 
Hammond et al., 
2013; Nyblade 
& Langston, 
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2002), SABA 
(Sandvol et al., 

1998, 2001) 
XI afif 43.04 23.93  
XI anga 36.8 -2.5  
XI arba 37.56 6.07  
XI bahi 37.39 11.57  
XI bela 38.47 6.93  
XI birh 39.53 9.67  
XI bish 42.69 19.92  
XI chef 38.21 6.16  
XI dele 36.33 8.44  
XI diya 39.6 11.83  
XI dmrk 37.73 10.31  
XI fich 38.74 9.78  
XI goba 39.98 7.03  
XI gude 37.77 8.97  
XI halm 44.32 22.85  
XI hero 39.28 7.03  
XI hirn 41.11 9.22  
XI hosa 37.86 7.56  
XI jima 36.83 7.68  
XI naza 39.29 8.57  
XI neke 36.52 9.09  
XI rani 42.78 21.31  
XI rayn 45.5 23.52  
XI riyd 46.64 24.72  
XI sela 39.13 7.97  
XI soda 42.38 18.29  
XI taif 40.35 21.28  
XI tend 41 11.79  
XI terc 37.17 7.14  
XI wane 40.65 10.17  
XI wash 40.17 8.99  

XJ ln15 36.18 -2.63 

IRIS, 
http://www.iris.

edu/hq/; 
EAGLE 

(Bastow et al., 
2005; 

Mackenzie et 
al., 2005; 

Maguire et al., 
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2003; Stuart et 
al., 2002) 

XJ ng54 35.36 -2.73  

XW w04 28.09 39.92 

IRIS, 
http://www.iris.

edu/hq/; 
YOCMAL 

(Ahmed et al., 
2013; Leroy et 

al., 2007) 
XW w09 27.9 39  

XY cam 27.39 37.88 

RESIF, 
https://www.resi
f.fr; SIMBAAD 

(Paul et al., 
2008) 

XY cdk 32.18 40.97  
XY evk 27.61 39.02  
XY gun 29.49 37.51  
XY kar 30.66 41.04  
XY kas 29.68 36.21  
XY koy 27.16 39.54  
XY lia 25.18 39.9  

XZ s06 54.05 17.62 

IRIS, 
http://www.iris.
edu/hq/; Dhofar 
(Basuyau et al., 

2010) 
XZ s07 54.49 17.25  
XZ s09 54.7 16.99  
XZ s10 54.2 17.5  

YB a1 51.31 29.44 

IRIS, 
http://www.iris.

edu/hq/; 
Kaapvaal 

Project (Silver 
et al., 2016) 

YB a2 51.78 29.79  
YB at31 34.51 38.57  
YB b2 52.5 30.19  
YB b3 53.06 30.13  
YB c2 53.81 32.15  

YF aper 27.17 35.55 IRIS, 
http://www.iris.
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edu/hq/; Africa 
Array (Nyblade 

et al., 2011) 
YF koum 26.84 37.7  

YJ adee 39.91 7.79 

IRIS, 
http://www.iris.

edu/hq/, 
EAGLE 

(Bastow et al., 
2005; 

Mackenzie et 
al., 2005; 

Maguire et al., 
2003; Stuart et 

al., 2002) 
YJ adue 38.9 8.54  
YJ amme 39.09 8.3  
YJ anke 39.73 9.59  
YJ aree 39.42 8.94  
YJ asee 39.13 7.97  
YJ awae 40.17 8.99  
YJ bede 40.77 8.91  
YJ bore 39.55 8.75  
YJ bute 38.38 8.12  
YJ chae 38.76 9.31  
YJ dike 39.56 8.06  
YJ done 39.55 8.51  
YJ dZEe 39 8.78  
YJ gewe 40.57 10.01  
YJ gtfe 39.84 9  
YJ hire 41.11 9.22  
YJ inee 39.14 9.9  
YJ kare 39.93 10.42  
YJ kote 39.4 9.39  
YJ leme 38.61 8.61  
YJ mece 40.32 8.59  
YJ meke 38.83 8.16  
YJ mele 40.2 9.31  
YJ miee 40.76 9.24  
YJ nure 39.8 8.73  
YJ sene 39.02 9.15  
YJ shee 39.89 10  
YJ wole 37.98 8.53  
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YR ale 42.03 9.42 

RESIF, 
https://www.resi

f.fr; RLBM 
(Sebai et al., 

2006) 
YR aydo 53.36 16.99  
YR ayno 53.89 17.26  
YR bano 54.44 17.69  
YR daho 54.35 17.53  
YR dmto 55.07 17.73  
YR dss 39.64 11.12  
YR hado 55.19 17.22  
YR haso 55.22 17.49  
YR hayo 53.34 17.18  
YR mado 54.38 17.2  
YR mdyo 53.36 17.46  
YR mugo 53.77 16.9  
YR nnmo 54.25 17.36  
YR qaly 53.49 12.69  
YR raho 53.81 17.06  
YR saho 54.68 17.11  
YR say 44.2 15.35  
YR shio 54.17 17.19  
YR sooo 54.88 17.08  
YR tqho 54.43 17.06  
YR yaf 45.25 13.87  

YZ seme 41.00 11.79 

IRIS, 
http://www.iris.
edu/hq/; Afar 

Urgency Array 
(Ebinger et al., 
2008; Keir et 

al., 2009) 

Z3 amos 25.77 36.8 

GEOFON, 
http://geofon.gfz

-potsdam.de; 
EGELADOS 
(Friederich & 
Meier, 2008) 

Z3 anaf 25.78 36.36  
Z3 ikar 26.31 37.64  
Z3 kapa 27.14 35.64  
Z3 kaso 26.92 35.41  
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Z3 kosi 26.95 36.74  
Z3 lero 26.84 37.16  
Z3 myko 25.38 37.48  
Z3 neak 25.4 36.41  
Z3 rhon 28.08 36.38  
Z3 rhos 27.82 36.01  
Z3 samo 26.84 37.7  
Z3 tilo 27.35 36.45  
Z3 tur1 26.87 38.09  
Z3 tur2 27.24 37.64  
Z3 tur3 27.54 37.47  
Z3 tur4 27.81 37.08  
Z3 tur5 27.32 37.03  
Z3 tur6 28.43 37.02  
Z3 tur7 27.57 36.7  
Z3 tur8 28.94 36.83  
Z3 tur9 28.09 36.7  

Z4 ib09 35.4 31.23 

GEOFON, 
http://geofon.gfz

-potsdam.de; 
DESIRE 

(Mechie et al., 
2009) 

Z4 ib15 35.46 31.14  
Z4 ib19 35.44 31.07  
Z4 ib21 35.42 31.02  
Z4 ib22 35.36 31.06  
Z4 ib36 35.39 30.93  
Z4 is02 35.23 31.26  
Z4 is08 35.38 31.24  
Z4 is10 35.41 31.22  
Z4 is16 35.46 31.12  
Z4 is20 35.43 31.05  
Z4 is27 35.28 31.15  
Z4 is32 35.35 31.35  
Z4 is34 35.33 31.07  
Z4 jb01 35.48 31.24  
Z4 jb04 35.43 31.25  
Z4 jb07 35.48 31.29  
Z4 jb10 35.49 31.34  
Z4 jb12 35.5 31.37  
Z4 jb21 35.67 31.2  
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Z4 jb37 35.67 31.39  
Z4 jb39 35.61 31.19  
Z4 jb41 35.54 31.27  

ZE afme 40.86 13.2 

IRIS, 
http://www.iris.
edu/hq/; Afar 
Consortium 

NSF (Belachew 
et al., 2011) 

ZE awee 40.07 12.07  
ZE bare 40.36 12.64  
ZE bere 41.19 12.17  
ZE bree 41.19 12.17  
ZE chie 40.02 11.6  
ZE dame 40.96 11.69  
ZE dige 40.27 12.33  
ZE fine 40.32 12.07  
ZE hare 40.88 11.61  
ZE mege 41.34 11.49  
ZE mile 40.76 11.42  
ZE rode 40.98 12.84  
ZE sehe 40.98 12.04  
ZE seme 41 11.79  
ZE sile 41.19 12.41  
ZE true 40.32 12.48  

ZF abae 39.76 13.35 

IRIS, 
http://www.iris.
edu/hq/; Afar 
Consortium 

NERC, 
(Hammond et 

al., 2011) 
ZF adte 40.76 11.12  
ZF adye 38.98 13.64  
ZF akee 39.17 10.89  
ZF asye 41.44 11.56  
ZF awse 40.17 8.99  
ZF bobe 42.57 10.38  
ZF btie 40.02 11.19  
ZF dere 39.64 11.12  
ZF dice 41.57 11.91  
ZF elle 40.38 11.26  
ZF erte 40.5 13.45  
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ZF gase 38.92 11.68  
ZF gewe 40.57 10  
ZF hale 40.01 13.84  
ZF hyne 42.1 9.31  
ZF kobe 39.63 12.15  
ZF kore 39.93 10.43  
ZF lale 39.04 12.03  
ZF lyde 41.93 12.05  
ZF maye 39.53 12.78  
ZF mise 40.76 9.24  
ZF qate 41.47 9.38  
ZF seke 39.03 12.62  
ZF smre 39.21 13.2  
ZF srde 41.31 11.96  
ZF wlde 39.59 11.82  
ZF wuce 39.61 11.51  
ZF yaye 38 11.86  

ZH y6 49.25 33.98 
RESIF, 

https://www.resi
f.fr 

ZP bend 31.39 0.58 

IRIS, 
http://www.iris.
edu/hq/; Africa 
Array (Nyblade 

et al., 2008, 
2011) 

ZP biha 31.32 -2.64  
ZP bkba 31.81 -1.36  
ZP buti 31.33 1.82  
ZP fopo 30.28 0.66  
ZP geit 32.22 -2.88  
ZP hama 32.64 -3.83  
ZP jnja 33.18 0.45  
ZP kate 29.87 -0.14  
ZP kble 29.99 -1.25  
ZP kgma 29.63 -4.88  
ZP kibo 30.71 -3.58  
ZP male 34.17 1.07  
ZP maus 36.7 -2.74  
ZP mkre 30.42 -4.28  
ZP mlba 31.67 -1.84  
ZP roti 33.6 1.63  
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ZP saka 31.74 -0.31  
ZP sulu 30.09 -4.57  

ZR id07 34.77 30.79 

GEOFON, 
http://geofon.gfz

-potsdam.de; 
DESERT 

(Mechie et al., 
2005; Mohsen 
et al., 2006) 

ZR id08 34.79 30.6  
ZR id10 34.49 31.36  
ZR id12 34.92 30.99  
ZR id26 34.64 30.97  
ZR id27 35.24 30.66  
ZR id28 35.16 30.36  
ZR id29 35.12 31.36  
ZR id31 35.13 30.08  
ZR id32 35.06 29.97  
ZR id33 35 29.91  
ZR jd01 35.48 31.24  
ZR jd02 35.41 30.81  
ZR jd05 35.23 30.26  
ZR jd08 35.05 29.72  
ZR jk02 35.56 30.57  
ZR js02 36.24 30.29  
ZR js05 35.81 29.43  
ZR js07 35.39 29.42  
ZR jw01 35.97 30.87  

ZU glum 36.19 -2.62 
IRIS, 

http://www.iris.
edu/hq/ 

ZZ anaf 25.78 36.36 

GEOFON, 
http://geofon.gfz

-potsdam.de; 
CYCNET/LIBN
ET (Bohnhoff et 

al., 2006) 
ZZ asty 26.41 36.58  
ZZ iosi 25.36 36.74  
ZZ myko 25.38 37.48  
ZZ neak 25.4 36.41  
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All seismic stations (network code, station code, longitude, latitude and data center) used in 

the tomographic inversion.  
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Supplementary Fig. S1. 

 

Lithosphere-asthenosphere boundary (LAB) depth map. According to the new WINTERC 

model of Fullea et al. (2021) The lithosphere is relatively thin (~60-90 km depth) where 

prominent low-velocity anomalies are imaged, i.e., the three branches of the star-shaped low-

velocity centered in Afar. Below the Arabian Platform and Zagros the LAB is deeper, reaching 

depths greater than 200 km. 
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Supplementary Fig. S2. 

 

Resolution tests with spike anomalies at 110 and 200 km depth. The locations of the spikes 

are shown on the maps (left) as red stars. A-D) Cross-sections of the two spikes through the input 

model. E-H) Cross-sections through the output model. Orientation of the cross-section is shown 

on the maps in black. I-L) Vertical and horizontal 1D S-wave anomaly profiles along the cross-

sections. Input profiles are shown in blue, output in red. All S-wave velocity anomalies are 

normalized to the maximum.  
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Supplementary Fig. S3. 

 

Resolution tests with spike anomalies at 330 and 585 km depth. The locations of the spikes 

are shown on the maps (left) as red stars. A-D) Cross-sections of the two spikes through the input 

model. E-H) Cross-sections through the output model. Orientation of the cross-section is shown 

on the maps in black. I-L) Vertical and horizontal 1D S-wave anomaly profiles along the cross-
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sections. Input profiles are shown in blue, output in red. All S-wave velocity anomalies are 

normalized to the maximum. 
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Supplementary Fig. S4. 
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Structural resolution test 2. The velocity anomalies are removed in the input (top panels) at 

depths shallower than 410 km depth. The output model (middle panels) shows that most of the 

structure removed does not appear in the upper mantle above 410 km depth. The magnitude of 

the spurious structure below East Africa-Arabia is weaker than that imaged in our model (bottom 

panels). The orientations of the cross-sections are plotted in the 110-km depth slice and are the 

same as those in Figure 4. Major plate boundaries are plotted as green lines. White points 

indicate the distance every 2°. The dotted line in the cross-sections indicates the 410-km depth 

discontinuity. 
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Supplementary Fig. S5. 

 

Structural resolution test 3. The velocity anomalies below East Africa and the Arabian Shield 

are removed in the input (top panels) from the surface down to 660 km depth. Only a very weak 

spurious feature appears below West Arabia at 110 km depth in the output model, confirming 
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that both the upper-mantle curtain-like anomaly below the East African Rift and the low-velocity 

channel below the Arabian Shield are not artifacts and are required by the data. The orientations 

of the cross-sections are plotted in the 110-km depth slices and are the same of those of Figure 4. 

Major plate boundaries are plotted as green lines. White points indicate the distance every 2°. 

The dotted line in the cross-sections indicates the 410-km depth discontinuity. 
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Supplementary Fig. S6.  

 

The complete compilation of shear-wave splitting measurements (green bars) for East 

Africa and Arabia region. The shear-wave splitting measurements are compiled from previous 

anisotropy studies (from the compilation of Gao et al. 2010; Qaysi et al. 2018). The fast-

propagation directions indicate branch-parallel flow of hot plume material within the three 

branches of the star-shaped low-velocity anomaly. Note, for example, that the orientation of the 

fast polarization directions is east-west in Yemen, parallel to the strike of the Gulf of Aden 
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branch and to the inferred direction of the hot mantle flow, but different—mostly north-south—

in Oman, where the underlying thick lithosphere, indicated by a high-velocity anomaly, impedes 

the asthenospheric flow. 
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Supplementary Fig. S7. 

 



 
 

34 
 

Global tomographic models through the whole mantle. Tomographic depth slices are shown 

for the following whole-mantle tomography models: the P-wave model UU-P07 (Amaru, 2007) 

in the first column; the P-wave model LLNL (Simmons et al., 2012) in the second column; the S-

wave model SEMUCB-WM1 (French & Romanowicz, 2014) in the third column; and the S-

wave model SGLOBE-rani (Chang et al., 2015) in the fourth column. 
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Supplementary Fig. S8. 
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High-velocity vote images of the whole mantle for 34 tomographic models (dv/v > 0). The 

vote maps and cross-sections are obtained by the joint analysis of the 34 P- and S-wave models 

available in the SubMachine tomography repository (Hosseini et al., 2018) and serve as a guide 

in identifying common features from tomographic models. The number of votes at a given 

location corresponds to the number of models in which a seismically fast velocity anomaly at a 

given depth is present. The depth slices are shown at 300, 600, 900, 1200, 1500, 1800, 2100, 

2400 and 2700 km. The vote maps show a broad high-velocity anomaly below Northern Saudi 

Arabia and Middle East at ~1200-2100 km depth, probably indicating the Arabian-Mesopotamia 

slabs subducted during the Late Cretaceous. The orientations of the cross-sections are plotted in 

the depth slices at 300 km and are the same as those presented in Figure 4. In cross-section AB 

the majority of models agree that no high-velocity anomalies are present below East Africa. 

Cross-sections BC and DE indicate a broad positive wavespeed feature between ~1000 and 2000 

km depth below West Arabia and Levant region, suggesting the presence of the Arabian 

subducted slab sinking in the lower mantle. 
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Supplementary Fig. S9. 
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Low-velocity vote images of the whole mantle for 34 tomographic models (dv/v < 0). The 

vote maps and cross-sections are obtained by the joint analysis of P- and S-wave models 

available in the SubMachine tomography repository (Hosseini et al., 2018). The number of votes 

at a given location corresponds to the number of models in which a seismically slow velocity 

anomaly at a given depth is present. The models are those used in Supplementary Figure S8. The 

vote maps highlight a broad low-velocity anomaly below southern Arabia and offshore Somalia 

at 2100-2400 km depth, which may indicate the deep mantle roots of the LP and AP. Another 

low-velocity body below Central-East Africa underlies the KP and is likely to be its deep part. 

The orientations of the cross-sections are plotted in the depth slices at 300 km are the same as 

those in Figure 4. Cross-section AB shows an overwhelming model agreement on the presence 

of a low-velocity anomaly below East Africa down to the base of the lower mantle. The 

maximum vote region is below Kenya and Tanzania. In cross-section BC high vote counts are 

observed mostly in the asthenosphere beneath West Arabia, in agreement with the low-velocity 

channel imaged in our model. Cross-section DE captures the shape and extension of the low-

velocity anomaly imaged below the Levant region, interpreted as the LP. 
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Supplementary Fig. S10. 

 

 

Two proposed scenarios for the source(s) of the Afar and Levant Plumes. Scenario 1 (left 

panel): the Afar Plume (AP) and Levant Plume (LP) originate at the core-mantle boundary 

(CMB) from a single source located beneath Arabia and offshore. LP and AP can be splitted in 

two at mid-mantle depths by the subducted Arabian slab. Scenario 2 (right panel): AP and LP 

may be originated from two distinct sources in the lowermost mantle and both perturbed by the 

Arabian slab. 

  



 
 

40 
 

Supplementary Fig. S11. 

 

Plume tracks at 0-60 Ma according to different plate-motion models. The models are: D2012 

(Doubrovine et al., 2012); M1993 (Muller et al., 1993); NNR (No-Net-Rotation, (Argus et al., 

2011); O2005 (O’Neill et al., 2005); S2005 (Schettino & Scotese, 2005); T2008 (Torsvik et al., 

2008); T2012 (Torsvik et al., 2012); V2010 (Van Der Meer et al., 2010); M2016 (Matthews et 

al., 2016). A. The map view is the tomographic model plotted at 110 km depth. B. The map view 

is the lithosphere-asthensphere boundary (LAB) depth computed by Fullea et al. (2021). The 

yellow diamonds indicate the three plumes: KP (Kenya Plume), AP (Afar Plume), and LP 

(Levant Plume).The different tracks show the variability of results depending on how the plate 

motion model was built. The dots are coloured according to the age, in Ma. 
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