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Ethiopian rift shoulders, where the highest values are related to the
flexural uplift (Weissel et al., 1995; Sembroni et al., 2016a; Stiiwe et al.,
2022; Fig. S2), and the Ethiopian Plateau, because of the strong fluvial
incision (Sembroni et al., 2016b, 2021; Fig. S2). The elastic thickness
values obtained (Table S1) together with published seismic tomography
data (Priestley et al., 2008; Chang and Van der Lee, 2011; Hansen et al.,
2012; Chen et al., 2015) well correlate with the topographic pattern of
the region and point to a mantle supported uplift (Chen et al., 2015). The
feedback between erosion and seafloor spreading in the Red Sea area
(Stiiwe et al., 2022) could have enhanced the flexural uplift at the Red
Sea margins inhibiting the capture of the swell top surface by rivers
draining the inner part of the Red Sea shoulders. Portions of this surface
has been locally studied in the past (Coltorti et al., 2007; Gani et al.,
2007; Avni et al., 2012; Bar et al., 2016; Sembroni et al., 2016a, 2016b;
Sembroni and Molin, 2018; Sembroni et al., 2021), but the topographic
analysis performed here allows designating different fragments. They
are located roughly along the axis of the swell ridge at an elevation
between 800 m, in the north, and 2700 m, in the south (Fig. S1). The
overall elevation pattern and geometry of the surface resembles the
filtered, residual, and dynamic topographies (Figs. 7a, b and 10b, f). In
turn, the filtered topography at 200 km approximates the present
topography except for the Red Sea margins where the flexural compo-
nent is dominant (Figs. 8 and 9). This suggests that the swell top surface
and part of the present topography of the study area can be related to
mantle processes (Sengor, 2001; Daradich et al., 2003; Forte et al., 2010;
Moucha and Forte, 2011; Faccenna et al., 2013).

Recent studies on the uplift history of the Ethiopian-Somalian and
Yemen plateaux (Sembroni et al., 2016a; Faccenna et al., 2019;
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Sembroni et al., 2021) and the Jordan plateau (Bar et al., 2016) show
that the southern portion of the swell (Horn of Africa) in the lower
Oligocene was at elevations very close to those currently shown by the
swell top surface, while the northern one (Levant region) reached the
elevation of ~1000 m (the average elevation of the swell top surface in
this region) at the end of upper Miocene (Fig. 16). This means that the
bulk of the uplift in most of the study area occurred between the
Oligocene and Miocene and that the present topography is very similar
to the one reached in that period, partly modified by surface erosion,
flood basalt emplacement, and flexural uplift along the Red Sea and
MER margins. This is also confirmed by thermochronology data showing
a rapid and significant exhumation phase during that period (Boone
etal., 2021; Lanari et al., 2023) with rates between 0.1 and 0.3 mm/yr in
the northern portion of the Red Sea (Lanari et al., 2023).

The opening of the Red Sea begun in its southernmost portion be-
tween the end of the Oligocene and the beginning of the Miocene (Boone
et al., 2021, and references therein). This would relate, at least tempo-
rally, this event to the deep process underlying the formation of the swell
but does not allow to define with certainty whether the same process
also caused the opening of the Red Sea. Several studies (McQuarrie et al.,
2003; Bellahsen et al., 2003; Bosworth et al., 2005; Koptev et al., 2018;
Khalil et al., 2020) agree that the Red Sea and the Gulf of Aden rifts were
mainly driven by slab pull occurred along the Bitlis-Zagros subduction
front, with plume-related magmatism acting to generate extension in the
Afar and Red Sea.

However, the thermo-mechanical weakening of the lithosphere
related to plume impingement together with pre-existing lithospheric
heterogeneities seem to have played a role in rift evolution (e.g., Koptev
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Fig. 16. Uplift histories of the Ethiopian, Jordan, and Eastern Anatolian plateaux according to recent studies (respectively Faccenna et al., 2019; Bar et al., 2016;

Molin et al., 2023).
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et al., 2018; Khalil et al., 2020). The analysis of flexural uplift along the
Red Sea margins confirms the progressive northwards opening of the rift
with an uplift increasing from north to south (Fig. 9a and Table S1). The
greatest elevations (wy) and wavelength (o) were found on the Arabian
plate. Despite the high values (see Table S1), the flexural uplift
marginally influenced the topographic configuration of the EAAS since
its effect becomes close to zero at a maximum distance of ~250 km from
the Red Sea margins (Fig. 9a). The same analysis performed in the Main
Ethiopian Rift area suggests again a southward increase in flexural uplift
(from 500 to 1200 m) with maximum wavelength of ~200 km from the
rift shoulders (Weissel et al., 1995; Sembroni et al., 2016a).

The comparison between flexural uplift data and filtered topogra-
phies in the Red Sea region (Fig. 9b) clearly shows how the topography
in this area is the result of the interaction between shallower (flexural
uplift) and deeper (mantle plume) processes. Indeed, the topographic
profile across the Red Sea presents neither a pattern typical of a rift
margin subjected to flexural unloading (green curve in Fig. 9b) nor that
of an area characterized by bulging due to rising hot mantle material
(blue curve in Fig. 9b) but something in between: for the first 200 km the
green curve is what best approximates the topography; beyond that
distance the profile follows the blue curve.

Like topography and flexural uplift, the areal distribution of volca-
nism shows a marked asymmetry as much in the Horn of Africa as in the
Arabian Peninsula (Fig. 14). Our analysis reveals that in the Horn of
Africa most of the volcanic deposits outcrop to the west of the Main
Ethiopian Rift (cf. Sembroni et al., 2016a). Conversely, in the Arabian
Peninsula, most of volcanic fields follows the axis of the EAAS to the E of
the Red Sea (Fig. 14). Along the strike of this axis, from Ethiopia to
Turkey, there is an overall decrease in the age of volcanics and a parallel
decrease in topography (Fig. 15c¢). This implies that a single main mantle
upwelling is sufficient to explain the present topographic configuration
and the chronology of volcanic deposits, as seismic tomography and
geochemical data seem to confirm (Priestley et al., 2008; Hansen et al.,
2012; Faccenna et al., 2013; Schaeffer and Lebedev, 2013; Auer et al.,
2014; Gvirtzman et al., 2016; Lu et al., 2019; Thrastarson et al., 2024).
If, as claimed in some studies (e.g., Chang and Van der Lee, 2011;
Koulakov et al., 2016; Chang et al., 2020), there were more sources of
volcanism (more arrivals of hot mantle material) or there was a different
path, both the topography and volcanics age distribution would likely
show a more irregular pattern. However, the concomitance of other
local processes underlying Arabian volcanism cannot be ruled out. For
example, the recent volcanism (< 12 Ma) in southwestern Arabia has
been speculated to be related to decompression melting in the mantle
lithosphere caused by flexural uplift (Stiiwe et al., 2022).

The appearance of magmatism below the Arabian Peninsula seems to
be spread over a very large area. This would imply the presence of a very
low-viscosity asthenosphere as seems to be confirmed by seismic,
petrological, and geochemical data (Hua et al., 2023).

The ages of the volcanic deposits are progressively younger toward
the north, some of which may be due to younger deposits partly or
completely covering older ones. Despite this limitation, the frequency of
volcanic deposits ages shows a bimodal trend with a brief period (few
millions of years) of partial quiescence characterized by few events
(Fig. 15a, b). On the Arabian plate, the areal distribution of volcanics
before and after this time span shows a marked change. In particular, the
old volcanics were emplaced along NW-SE dikes inherited from Pre-
cambrian tectonic lineaments (Najd Fault System; Johnson et al., 2017
and references therein). Conversely, the new volcanic centers are
aligned N-S (Fig. 14). The age of the partial quiescence shifts to younger
ages from south (16-18 Ma) to north (8-10 Ma; Fig. 15a, b). The older
quiescence period is coincident with the advanced stage of the Arabia-
Eurasia collision at the Bitlis collision zone (18-14 Ma — Okay et al.,
2010; Ballato et al., 2011; Cavazza et al., 2018, 2019; Gusmeo et al.,
2021; Darin and Umhoefer, 2022) and the activation of the Dead Sea
transform fault (17-20 Ma — Quennell, 1958; Freund et al., 1970; Gar-
funkel, 1981; Garfunkel et al., 1981; Joffe and Garfunkel, 1987;
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Bosworth et al., 2005; Nuriel et al., 2017). These processes caused the
counterclockwise rotation of the Arabian plate and the change in the
direction of maximum compression (at the Bitlis-Zagros front) and
extension (in the Red Sea and Gulf of Aden) from NE-SW to N-S (Boone
etal., 2021, and references therein). This may have caused the closure of
the NW-SE Precambrian lineaments and the opening of new N-S linea-
ments as was already proposed in the case of the Harrat Ash Shaam in
Syria (Al Kwatli et al., 2012).

The pause and renewal of volcanism in the study area are followed,
respectively, by increases and decreases in the number of mammal
evolution lineages (de Vries et al., 2021). Although de Vries et al. (2021)
cite also the climate factor as a contributing cause, the close correlation
between volcanism pauses and renewal and the mammal evolution
lineages trend, makes the geological factor predominant as already
demonstrated in other parts of the world (e.g., Deccan and Siberia; Prave
et al., 2016; Ernst and Youbi, 2017).

In summary, the present topography of the region spanning from
Ethiopia to Syria shows an elongated ridge with a roughly NNW-SSE
direction. It originates in Ethiopia, where it presents the greatest ele-
vations and amplitude, and extends mainly into the Arabian plate with
decreasing elevation and amplitude toward the north. The ridge is well
described by the Oligocene low-relief surfaces and by the trend of
filtered (200 and 400 km), residual, and dynamic topographies (Figs. 7,
10, 11). The same area has lower lithospheric thickness and higher re-
sidual and dynamic topographies respect to the surroundings and has
negative P- and S-wave velocity and gravity anomalies (Fig. 10; Benoit
etal., 2006a, 2006b; Priestley et al., 2008; Chang and Van der Lee, 2011;
Hansen et al., 2012; Schaeffer and Lebedev, 2013; Auer et al., 2014;
Chen et al., 2015; Gvirtzman et al., 2016; Lu et al., 2019; Boyce et al.,
2021, 2023; Ebinger et al., 2024; Thrastarson et al., 2024). The decrease
of filtered topography from Ethiopia to Syria is very similar to the trend
of the volcanic deposits age, decreasing from south to north. All these
data indicate the presence of a main single process which sculpted the
past and present topographic configuration of the area. This process,
having a wavelength of >200 km, is likely subcrustal as it exceeds
flexural wavelengths. As already stated in the previous works on the
study area (Faccenna et al., 2013; Gvirtzman et al., 2016; Agostini et al.,
2021; Hua et al., 2023) this deep seated process may be identified with
the upwelling of the Afar Superplume below the Ethiopian lithosphere
that, taking advantage of prior discontinuities and/or pression gradi-
ents, channeled to the Levant region in a few million years causing the
tilting to the SE of the Arabian Peninsula discussed in several studies
(Sengor, 2001; Daradich et al., 2003). The northward progression of
plume induced flow as discussed by Faccenna et al. (2013) is also
broadly consistent with time dependent mantle convection re-
constructions for the region (e.g. Moucha and Forte, 2011; Faccenna
et al., 2019; Straume et al., 2024).

According to geological data (Avni et al., 2012; Bar et al., 2016) the
planation surface detected between the southern Levant area and the
northern Red Sea region can be dated at the Oligocene. However, the
region rose from 500 m to 1000 m elevation only at the end of upper
Miocene (Bar et al., 2016; Fig. 16). This means that the arrival of the
superplume in this sector may be placed at the beginning of the Miocene
(Fig. 16). If this is correct, the tilting of Arabia can be placed between the
impingement of the plume beneath Ethiopia (Late Eocene; Ebinger and
Sleep, 1998; Sengor, 2001; Ebinger et al., 2024) and the arrival of the
same plume in the Levant region (upper Miocene). This is confirmed by
stratigraphic data which indicate a strong subaerial erosion phase
throughout the Arabian Peninsula between the end of Paleogene and the
beginning of the Neogene, immediately after a long transgression phase
which established shallow marine condition over eastern Arabia since
early Paleocene (Alsharhan and Nairn, 1995; Sengor, 2001; Ziegler,
2001). This phase generated an unconformity between the Paleocene
and Miocene sediments and the shifting of the eastern Arabia coastline
by >500 km to the northeast (Alsharhan and Nairn, 1995; Ziegler, 2001;
Fig. 17). Looking at the coastline reconstruction of the eastern sector of
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Fig. 17. Map showing the migration of the eastern Arabia coastline from Late Paleocene to Quaternary (modified after Alsharhan and Nairn, 1995 and Zie-

gler, 2001).

Arabia (Fig. 17), it is interesting to note that the northeastward shift
appears to be parallel to the swell axis (Figs. 7, 8, 11). This suggests a
direct involvement of the northward passage of the superplume in the
coastline migration (cf. Straume et al., 2024). The presence of a new
relief in the western side of Arabia is also confirmed by huge volumes of
sands deposited from an easterly flowing river network between late
Oligocene and early Miocene in an area comprising Saudi Arabia,
Kuwait, and southeastern Iraq (Alsharhan and Nairn, 1995; Ziegler,
2001; Barrier and Vrielynck, 2008).

On the other hand, mantle flow took a longer time to reach Turkey.
In fact, in the middle Miocene, the area was still under sea level (Molin
et al., 2023 and references therein; Fig. 18). The uplift of Anatolia and in
particular of the Eastern Anatolian Plateau is debated. Different models
have been proposed: 1) mantle delamination (Gogiis and Pysklywec,
2008; Keskin, 2003; Bartol and Govers, 2014; Kounoudis et al., 2020); 2)
slab break-off (Bottrill et al., 2012; Faccenna et al., 2006; Keskin, 2003;
Schildgen et al., 2014); 3) mantle asthenosphere support (Faccenna
et al., 2013; Keskin, 2007; Sengiil Uluocak et al., 2021). Recently, Molin
et al. (2023) tried to reconcile these three model in a single evolutionary
scenario where at ~10-11 Ma the slab break-off drove the formation of a
slab window which continued to widen until ~4-5 Ma (Faccenna et al.,
2006, 2013; Schildgen et al., 2014). Such a corridor could have allowed
the plume to reach the base of the Eastern Anatolian Plateau, as
confirmed by the basaltic volcanism mainly Quaternary in age in that
area (Figs. 14, 15a, ¢, 18). Recent upper mantle seismic tomographic
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models (e.g. Kounoudis et al. 2020), seismic anisotropy studies (e.g. Paul
etal., 2014; Merry et al., 2021), and residual topography calculations (e.
g. Ogden and Bastow, 2022) seem to confirm the requirement for a
mantle contribution to plateau uplift (cf. Straume et al., 2024).

The path of mantle flow throughout the region deeply influenced
also the evolution of the main river networks: the Nile and the
Euphrates-Tigris drainage systems. Indeed, both river networks source
from areas of positive residual and dynamic topographies and have their
base level in regions characterized by negative values (Fig. 10).
Geological (Garzanti et al., 2006; Padoan et al., 2011; Sembroni et al.,
2016a), geophysical (Faccenna et al., 2019, and references therein), and
thermochronological data (Pik et al., 2003) indicate that the Nile River
establish a connection between the Ethiopian plateau and the Mediter-
ranean since at least Oligocene sustained by the upwelling of the Afar
superplume at its source (Faccenna et al., 2019). Similarly, the first
appearance of the Euphrates River is dated back to the middle Eocene
when the subduction started at the Bitlis front (Okay et al., 2010; Ballato
et al., 2011; Cavazza et al., 2018, 2019; Gusmeo et al., 2021; Darin and
Umbhoefer, 2022) and the whole region passed from marine to conti-
nental conditions (Molin et al., 2023, and references therein). The suc-
cessive evolution of the river with the progressive migration of the
coastline to the southeast and the consequent lengthening of the river
course could be related partly to the ongoing subduction and partly to
the arrival of Afar superplume in the northern Arabia region at late
Miocene (Molin et al., 2023).
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Fig. 18. Tectonic evolution of the study area (modified after Barrier and Vrielynck, 2008).

These data show how mantle processes can sculpt the surface of the
Earth over tens of millions of years and support the idea expressed by
Faccenna et al. (2019) that long-lived intra-continental rivers dynamics
may provide indication of dynamic topography variations.

6.1. Tectonic evolution of the study area

The tectonic evolution of the study area can be summarized as fol-
lows (Figs. 18, 19):

45-35 Ma: Plume impingement occurred beneath Ethiopia, causing
early uplift and volcanism mainly in southern Ethiopia.

31-29 Ma: Trap basalts are emplaced all over the Horn of Africa and
the SW corner of the Arabian Peninsula forming an extended plateau. At
about the same time (28-27 Ma) basalts poured out also in the western
sector of Saudi Arabia from dikes and volcanoes aligned to Precambrian
NW-SE structures. About 2/3 of the mammal fauna in the Afro-Arabia
region becomes extinct (de Vries et al., 2021).

27-23 Ma: Volcanism continued in Arabia while a relative pause has
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been registered in Ethiopia highlands (formation of intratrappean levels;
Abbate et al., 2014). Parallel to this pause in volcanism an increase in
mammal fauna occurred in the region until about 20 Ma (de Vries et al.,
2021). During this time the Oligocene planation surface formed in the
Sinai and Levant areas (Avni et al., 2012). The uplift in the Oligocene
formed almost all the topography of the Horn of Africa and the SW
corner of the Arabian Peninsula. Meanwhile, the Gulf of Aden opened,
and the Red Sea began to propagate from south to north (as well as the
related flexural uplift as suggested by thermochronology data; Boone
et al., 2021, and references therein). The tilting to the SE of the Arabia
Peninsula began, testified by a strong erosion phase throughout Arabia
and the northeastward shifting of the eastern Arabia coastline
(Alsharhan and Nairn, 1995; Ziegler, 2001). An easterly flowing river
network carried huge volume of sands eroded from the uplifted western
Arabia to the Iraq-Persian Gulf area where a large deltaic system formed.

21-17/14 Ma: At the end of upper Miocene the Levant region
experienced strong uplift which increased elevation from 500 to 1000 m
(Bar et al., 2016; Fig. 16). Volcanic activity on the Ethiopian-Somalian
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Fig. 19. Topographic evolution of the study area represented along a S—N trending topographic profile from Ethiopia to Eastern Anatolia. Note the lateral migration
of the mantle flow and the parallel increase of surface topography (see text for further explanations).

plateau (shield volcanoes) and in the Ethiopian rift started over. In
parallel, another dramatic decline in mammals occurred (de Vries et al.,
2021). The stress regime changed: the Arabian plate rotates counter-
clockwise, and the direction of maximum compression becomes ~N-S.
At the same time, the Dead Sea Transform Fault developed. A brief pause
in volcanism in both Arabia and Horn of Africa occurred in coincidence
with this change in the stress regime.

14 Ma-Present: Volcanism resumed in most of the study area. As a
demonstration of the change in stress regime, the new volcanic edifices
in Arabia are aligned ~N-S. It is at this stage that the most extensive
volcanic fields formed in Arabia Peninsula. The eastern portion of
Anatolia is strongly uplifted as demonstrated by geological data (pas-
sage from marine to continental deposition; Fig. 18), dating of Euphrates
R. fluvial terraces (Demir et al., 2007) and river network analysis (Molin
et al., 2023).

7. Conclusions

The East Africa - Arabia region has long been studied because of its
anomalously high topography, volcanism, and active rifting. There is
broad consensus about the role of mantle plumes in generating this high
elevation, but the number of plumes and the uplift patterns are debated.
We contribute to this discussion by providing an integrative evolu-
tionary model of the region which seeks to integrate the range of con-
straints we have reviewed here. The main results are the following:
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1. The EAA swell is a NNW-SSE trending ridge extending from Ethiopia
to Jordan with amplitude and elevation gradually increasing from
north (800 km and 800 m) to south (1600 km and 2700 m). Its
continuity is interrupted to the south by the Turkana tectonic
depression and to the north by the Mesopotamian foredeep basin
whose depression may be related to the flexure of the lithosphere by
subduction as confirmed by dynamic topography modeling. The area
occupied by the swell presents thin lithosphere, high residual and
dynamic topography, underlain by low seismic velocity anomalies.

2. The swell top is characterized by low relief surfaces, Oligocene in

age, located roughly along the axis. The envelope of these surfaces
represents the swell top surface which extends for >4000 km from
Ethiopia to Jordan with present elevation decreasing from south
(2500 m) to north (900 m).

3. The elevation pattern and geometry of the swell top surface re-

sembles the filtered (200 and 400 km), residual, and dynamic
topography, suggesting that the this surface is caused by mantle
convective processes. Moreover, the uplift pattern of the southern
portion of the swell show that the surface was at elevation close to
the present one since the beginning of the lower Oligocene, while in
the northern portion it reached ~1000 m at the end of the upper
Miocene. Such a shift in uplift histories could match the migration
pattern of the mantle plume, and indicates that most of the present
topography is mainly the surface expression of mantle plume
impingement.

4. The migration of mantle flow from eastern Africa drove the tilting of

the Arabian Peninsula between late Eocene and upper Miocene.
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Stratigraphic data indicate an erosion phase in the Arabian Peninsula
between the end of Paleogene and the beginning of the Neogene and
a significant shifting of the eastern Arabia coastline to the northeast
which could constrain such an event.

5. The Nile and Euphrates-Tigris river networks source from areas of
positive residual and dynamic topography and have their base level
in regions characterized by negative values. This suggest that the
formation and evolution of these drainage systems are influenced by
mantle processes. In particular, the stable presence of a mantle up-
welling beneath east Africa and the progressive migration of mantle
flow to Turkey contributed to the formation of the Nile (Oligocene)
and Euphrates-Tigris (Middle Miocene) river networks and to the
maintenance of their path through tens of millions of years.

6. The incision pattern (local relief) on the top and on both flanks of the
swell is low except for the rift margins, where the higher values are
related to the flexural uplift, and of the Ethiopian Plateau because of
the strong fluvial erosion.

7. Analysis of flexural uplift at the Red Sea margins shows an increase in
uplift from south to north confirming thermochronological data from
literature. In general, the western margin presents lower values than
the eastern one, while the deformation related to flexural is visible
up to ~250 km from the Red Sea margins. The comparison between
flexural data and filtered topography confirms that the Red Sea re-
gion topography is the result of the interaction between shallower
(flexural uplift) and deeper (mantle plume) processes.

8. The distribution of ages of volcanic deposits shows a gradual
decrease in maximum age from Ethiopia to Turkey which broadly
follows the curves of filtered topography extracted along the axis of
the swell.

9. Along the swell axis volcanoes and basaltic lava fields are located.
The frequency of volcanic deposits ages shows a bimodal trend with
peaks separated by a brief period of low volcanic activity with a
trend toward younger ages from south to north. In particular, the
older quiescence period is coeval with the advanced stage of the
Arabia-Eurasia collision at the Bitlis zone and the activation of the
Dead Sea Transform Fault. These processes caused the counter-
clockwise rotation of the Arabian plate and the change in the di-
rection of maximum compression from NE-SW to N-S favoring the
opening of N-S trending tectonic lineaments and the closure of old
NW-SE ones. In confirmation of this, Arabian volcanics older than 16
Ma emplaced through NW-SE-trending dikes, while younger deposits
appear aligned in a N-S direction.

All these results point to the presence of a single process which
shaped the past and present topographic configuration of the region, the
upwelling of the Afar superplume. Once the plume reached the base of
the lithosphere below the Horn of Africa, it flowed laterally toward the
Levant area by exploiting pre-existing lithospheric structure, and then
reached the Anatolian Plateau, facilitated by slab break-off and the
consequent formation of a slab window. The buoyancy of the mantle
material below the lithosphere generated the East African-Arabia swell
interrupted to the north by the Mesopotamian foredeep basin.
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