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A B S T R A C T   

Formation of new oceans by continental break-up is understood as a continuous evolution from rifting to ocean spreading. The Red Sea is one of few locations on 
Earth where a new plate boundary presently forms. Its evolution provides key information on how the plate tectonics operates and how the plate boundaries form and 
evolve in time. While the new plate boundary has already been formed in the southern Red Sea where ocean spreading is active, the north-central segment still 
experiences continental rifting. The region also has west-east asymmetry: in the north-central Red Sea the rift-related magmatism is not located beneath the rift axis, 
as conventional models predict, but instead is offset by ca 300 km into Arabia. 

We propose a new geodynamic model which explains the enigmatic asymmetry of the Red Sea region and is fully consistent with various types of geological and 
geophysical observations. We demonstrate that the north-central rift is a transient feature that will not develop into coincident ocean spreading. Instead, the new 
plate boundary forms across Arabia. Our numerical experiments, supported by geological, seismic and gravity observations, predict that in 1–5 Myr the north-central 
extensional axis will jump ~300 km eastward into Arabia. The Ad Damm strike-slip fault, normal to the central Red Sea rift axis, will evolve into a transform fault 
between the on-going ocean spreading in the southern Red Sea and the future spreading in north-central Arabia. 

We demonstrate that crustal-scale weakness zones control lithosphere extension and lead to long-distance jumps of extensional axes in continental lithosphere not 
affected by hotspots. Therefore, our model also provides theoretical basis for understanding dynamics and mechanisms of the transition from rifting to continental 
break-up at passive continental margins not affected by hotspots.   

1. Introduction 

Formation of new oceans is a fundamental plate tectonic process that 
produces new lithosphere plates. Extension in continental lithosphere 
causes rifting, which may continue into continental breakup and ocean 
spreading (Kendall et al., 2005; Lizarralde et al., 2007; Huismans and 
Beaumont, 2011; Wright et al., 2012; Liao and Gerya, 2015). These 
processes are primarily controlled by the dynamic interplay of far-field 
stresses caused by plate reorganizations and lithosphere weakening 
associated with mantle convective instabilities. The dynamics of rift-to- 
drift evolution depends on rheological coupling in the lithosphere (Liao 
and Gerya, 2015), rift obliquity (Corti, 2008), erosion/sedimentation 
(Bialas and Buck, 2009), mantle lithosphere depletion (Lizarralde et al., 
2007), hotspot magmatism (Ebinger and Casey, 2001; Kendall et al., 
2005; Bastow et al., 2011), lithosphere weakness zones (Liao and Gerya, 
2015) and crustal-scale faults (Yang et al., 2018; Molnar et al., 2020). 
Rifts often fail without leading to continental breakup. However, it is 
commonly assumed that ocean spreading already active in the southern 

Red Sea will develop northward into the present continental rift in the 
central-northern Red Sea (Ghebreab, 1998; Cochran, 2005; Almalki 
et al., 2015; Augustin et al., 2021; El Khrepy et al., 2021). 

Ocean spreading may also fail and the spreading axis may jump. 
Hotspot magmatic heating close to mid-ocean ridges is proposed as the 
dominant cause of ridge jumps in mature oceans with typical ridge 
relocation of <100 km distance (Mittelstaedt et al., 2008). On-shore, 
jumps of extensional axes at the initial stages of ocean opening have 
yet been reported only for Iceland (Wright et al., 2012), which is located 
above a hotspot and where it is uncertain if the lithosphere is continental 
or oceanic. Thus, the fundamental problem of possible long-distance 
extensional jumps in continental lithosphere has not yet been 
addressed and, consequently, this process has not been included to plate 
paleo-reconstructions. 

Here we demonstrate by numerical experiments that under certain 
conditions (1) the extensional axis may jump over hundreds of kilo-
metres in cratonic lithosphere and (2) this process does not require 
hotspot presence. The importance of our discovery is that this proposed 

* Corresponding author at: SinoProbe Laboratory, Chinese Academy of Geological Sciences, Beijing 100037, China 
E-mail address: iartemieva@geomar.de (I.M. Artemieva).  

Contents lists available at ScienceDirect 

Earth-Science Reviews 

journal homepage: www.elsevier.com/locate/earscirev 

https://doi.org/10.1016/j.earscirev.2022.103955 
Received 10 August 2021; Received in revised form 15 January 2022; Accepted 27 January 2022   

mailto:iartemieva@geomar.de
www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2022.103955
https://doi.org/10.1016/j.earscirev.2022.103955
https://doi.org/10.1016/j.earscirev.2022.103955
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2022.103955&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Earth-Science Reviews 226 (2022) 103955

2

process is now in operation in the Red Sea region, such that the nu-
merical model can be tested by geophysical and geological observations. 

2. Models of the Red Sea evolution 

The formation of the Red Sea-Ethiopian rift-Gulf of Aden triple 
divergent junction above a mantle plume may have triggered conti-
nental break-up (Burke and Dewey, 1973; Courtillot, 1982). Combined 
with a large volume of continental flood basalts in the region, this hy-
pothesis led to the commonly accepted view that lithosphere rupturing 
and volcanism in the Red Sea-Afar region was associated with mantle 
plume(s) (Ebinger and Sleep, 1998; Park et al., 2007; Chang et al., 2011; 
Bosworth et al., 2016; Koptev et al., 2018). Alternatively, a part of or all 
rifting was attributed to far-field forces (Voggenreiter et al., 1988; 
McGuire and Bohannon, 1989), e.g. associated with the Mediterranean 
subduction systems (Reilinger and McClusky, 2011) or slab pull caused 

by subduction of the Arabian plate beneath Zagros (McQuarrie et al., 
2003; Yao et al., 2017) (Fig. 1).. 

2.1. Along-strike variations: continental rifting vs ocean spreading 

The Red Sea formed at 24 ± 4 Ma by continental rifting along the 
Nubia–Somalia–Arabia plate boundaries, which began at ~30 Ma 
following extension in the Gulf of Aden, and evolved into ocean 
spreading in the southern Red Sea at ~12–13 Ma (Izzeldin, 1987; 
Augustin et al., 2021), although the oldest recognizable magnetic 
anomaly corresponds to 4.18 Ma and the oldest identified oceanic crust 
(at ~17 oN, 40.5◦E) is of the early Pleistocene age (4.62 Ma) (Izzeldin, 
1987; Schettino et al., 2016). Yet the absence of marine rift-parallel 
magnetic anomalies north of ~20–22 oN (Coleman and McGuire, 
1988; Cochran, 2005; Schettino et al., 2016) indicates that oceanic crust 
does not yet form in the central-northern part of the Red Sea (Fig. 2). 

Fig. 1. Schematic end-member models proposed for the Red Sea – Arabian Shield late Cenozoic evolution. (a-b) Active rifting with mantle flow channelled 
northwards from the Afar hotspot (Camp and Roobol, 1992; Park et al., 2007; Al-Saud, 2008; Yao et al., 2017), e.g. (a) by the LAB topography (Hansen et al., 2007; 
Petrunin et al., 2020) or (b) by the Arabian plate motion (Hansen et al., 2006; Park et al., 2007; Chang et al., 2011; Elsheikh et al., 2014); absolute plate velocity is 
based on (ArRajehi et al., 2010). (c-d) Passive rifting caused by far-field stresses, with possible development of a lithosphere-scale low-angle detachment (c) 
(Voggenreiter et al., 1988; McGuire and Bohannon, 1989; Yao et al., 2017). Far-field forces are either associated with the separation of Arabia from Africa (Makris 
and Rihm, 1991; Bosworth et al., 2016; Molnar et al., 2020), driven by Neotethys Mediterranean subduction systems (Reilinger and McClusky, 2011), or subduction 
of the Arabian plate beneath Zagros (McQuarrie et al., 2003; Yao et al., 2017). The offset of the thinnest lithosphere from the rift axis causes passive mantle upwelling 
and melting below Arabia. (d) Rotational extension caused by relative movement of the Arabian Plate with respect to the African Plate during the Nubia-Arabia 
divergence. Pre-existing weakness zones in the lithosphere, especially along the Red Sea axis, control the evolution of rifting (Molnar et al., 2020). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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This conventional view supported by regional seismic, gravity and 
magnetic observations has been challenged in two recent studies. One of 
them (Augustin et al., 2021) interpretes the north-central Red Sea as an 
ultra-slow spreading center using an analogy with the Mid-Atlantic and 
Reykjanes Ridges near Iceland and with the Galapagos Spreading 
Centre, where rift-parallel magnetic and gravity anomalies are absent 
because of the Iceland and Galapagos hotspots, respectively. However, 
no hotspot mantle anomaly is known in the north-central Red Sea from 
regional seismic studies (Park et al., 2007; Chang et al., 2011; Yao et al., 
2017; Kaviani et al., 2020) (Fig. 3b). Furthermore, the pattern of vertical 
gravity gradient (VVG) anomalies in the north-central Red Sea (north of 
~20 oN) with the identified series of eleven ridge-perpendicular belts of 
the maximal VVG values (Augustin et al., 2021) (Fig. 2) cannot be 
explained by spearding. In contrast, the maximal VVG anomalies are 
ridge-parallel in the studied part of the southern Red Sea between ~20 
and 17oN (Augustin et al., 2021), where the ridge-parallel magnetic 
anomalies associated with the ocean spreading are also observed 
(Schettino et al., 2016) (Fig. 2). Therefore, the pattern of the VVG 
anomalies with a ~90◦ angle between the spreading axis and the belts of 
the maximal VVG values is consistent with melt flow normal to the rift 
axis in the north-central Red Sea, rather then with ocean spreading. 

The other study that challenged the conventional view on the con-
tinental rifting in the northern Red Sea (El Khrepy et al., 2021) hy-
pothesizes that the north-central (around ~25 oN) Red Sea region may 
be at the transitional stage to ocean spreading based on a regional 

tomography model, which resolved a typical continental rift in the 
northernmost part (~26–27 oN) but has neither lateral nor vertical 
resolution below the north-central Red Sea basin south of 26 oN (see the 
Supplementary Information in El Khrepy et al., 2021). We note that all 
other seismic models image thin (<15 km), oceanic-type, crust (Fig. 3a) 
and low-velocity upper mantle (Fig. 3b) only in the southern Red Sea 
basin (Chang et al., 2011; Kaviani et al., 2020). 

The different styles of the lithosphere deformation in the southern 
and north-central parts of the Red Sea are consistent with the strikingly 
different bathymetry, with a narrow deep valley in the south and a broad 
depression north of ~20 oN (Fig. 2). A combination of active rifting 
associated with the Afar plume in the south and passive rifting in the 
north was proposed to explain a sharp difference in the structure of the 
southern and northern parts of the Red Sea (Chang et al., 2011; Petrunin 
et al., 2020). These models imply that the northern Red Sea rifting will 
continue and may evolve into seafloor spreading (Ghebreab, 1998; 
Cochran, 2005; Augustin et al., 2021; El Khrepy et al., 2021). However, 
scenarios with a ceased rifting have not yet been examined. 

2.2. Across-strike variations: West Arabia magmatic province 

Red Sea rifting was associated with massive alkali basaltic volcanism 
in the south with a peak at ~30 Ma in Ethiopia and at 30–26 Ma in SW 
Arabia (Yemen) (Kendall et al., 2005; Wolfenden et al., 2005; Bastow 
et al., 2011). In the north-central Red Sea region all rift-related <10 Ma 

Fig. 2. (a) Topography of the Red Sea region. White lines – belts of the maximal values of the vertical gravity gradient (Augustin et al., 2021); the belts are 
perpendicular to the extensional axis north of ~20◦N and are axis-parallel south of the Ad Damm strike-slip fault. The fault (thick black line, Zahran et al., 2019) 
separates the two domains with the contrasting styles of lithosphere deformation as also refelected in the Red Sea bathymetry. Orange lines in the southern Red Sea 
show the oldest recognizable magnetic anomaly 3; yellow lines mark magnetic isochron 2A (based on Schettino et al., 2016). Marine rift-parallel magnetic anomalies 
are absent north of ~20–22 oN and south of ~15 oN (Coleman and McGuire, 1988; Cochran, 2005; Schettino et al., 2016). (b) Topographic profiles across the Red 
Sea. Locations are marked in (a). (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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magmatic complexes (harrats) are displaced by 200–400 km from the 
Red Sea axis into Arabia (Figs. 4, 5a), and an enigmatic observation is an 
apparent gap in western Arabia volcanism at ca. 20–10 Ma (Fig. 5b), 
which was explained by far-field plate-boundary forces (Courtillot, 
1982; Bosworth et al., 2016). We speculate that the two distinct pulses of 
volcanism may alternatively be associated with the along-rift difference 
in the style of the Red Sea extension: in general the boundary between 
the young and old harrats spatially correlates with the N extent of the 
ocean spreading zone (Figs. 4-5). 

The prominent west-east asymmetry of the north-central Red Sea 
rift-related magmatism is marked by an associated >1500 km long belt 
of negative Bouguer anomalies (Fig. 6a) and low seismic velocities in the 
upper mantle of western Arabia (Figs. 3a, 5a), which suggests the 
presence of low-density, high-temperature mantle material (Benoit 
et al., 2003; Chang et al., 2011; Koulakov et al., 2016; Yao et al., 2017). 
Yet normal thickness of the mantle transition zone beneath the Arabian 
shield (Benoit et al., 2003) indicates that the temperature anomaly has 
shallow origin. The 100–300 km wide negative Bouguer anomaly belt 
implies that the centre of mass of the low-density material is located at 
~50–80 km depth, consistent with typical depths of basaltic magma 
generation by decompressional melting (McKenzie and Bickle, 1988) 
and with the presence of a thin (50–75 km) lithosphere beneath western 
Arabia (Hansen et al., 2007) (Fig. 3b). 

Despite differences between geodynamic models, they commonly 
assume that the West Arabia continental flood basalts (CFB) province 
was formed by melt generation beneath the southern Red Sea axial zone 
(Camp and Roobol, 1992; Park et al., 2007; Chang et al., 2011). The 
across-strike asymmetry of the north-central Red Sea in seismic and 
gravity anomalies is commonly explained by the melt channelized by 
upper mantle flow from the Afar hotspot northward to western Arabia 
(Chang et al., 2011; Petrunin et al., 2020) (Fig. 1b). This hypothesis is 

challenged by observations. Mantle flow channelling is consistent with 
the almost N-S fast polarization of shear-waves in western Arabia 
(Elsheikh et al., 2014) which, however, does not match the present 
absolute plate motion (Fig. 6b). At the same time, fossil anisotropy 
cannot explain consistent delay times between the fast and slow waves 
at all stations in the region with a highly variable lithosphere thickness 
(Elsheikh et al., 2014). Furthermore, northward mantle flow is incon-
sistent with fault geometry, deformation pattern, and focal plane solu-
tions for earthquakes at Lunayyir harrat (ca 25 oN, 37 ◦E) (Fig. 6b) which 
are better explained by asthenospheric flow perpendicular to the Red 
Sea rift axis (Pallister et al., 2010). These observations suggest that melt 
generation is associated not with the Afar plume, but with the extension 
in the rift zone, from where melt is channelled eastwards to the western 
Arabia magmatic province. Such interpretation is consistent with the 
axis-perpendicular belts of high vertical gravity gradients in the north- 
central Red Sea (Augustin et al., 2021) (Fig. 2a). 

Alternatively, geological models favour passive rifting, in which 
lithosphere extension is attributed to far-field forces of various origin 
(Yao et al., 2017; Voggenreiter et al., 1988; Makris and Rihm, 1991) 
(Fig. 1cd). The across-strike north-central Red Sea asymmetry is 
explained by a low-angle lithosphere-scale detachment fault formed 
during the Red Sea rifting (Voggenreiter et al., 1988) which causes 
eastward displacement of the decompressional melting zone from the 
rift axis into Arabia. However, the along strike differences between the 
northern and southern parts of the Red Sea region cannot be explained 
by these models. 

3. Setup of numerical experiments 

We perform numerical experiments to explain the asymmetries of the 
southern and north-central Red Sea by a single, consistent geodynamic 

Fig. 3. (a) Interpolated seismic Moho depth (superimposed on a shaded relief) in the Arabian and Nubian shields and the Red Sea. Colour symbols – Moho depth 
based on receiver functions (Sandvol et al., 1998; Hansen et al., 2007; Al-Damegh et al., 2004; Hosny and Nyblade, 2016; Tang et al., 2016) and refraction profiles 
(Makris et al., 1983; Mooney et al., 1985; Mechie et al., 1986; El-Isa et al., 1987; Badri, 1990; Egloff et al., 1991; Makris and Rihm, 1991; Mechie et al., 2013). (b) 
Depth to the lithosphere base (LAB) based on S-receiver functions (colour circles) (Hansen et al., 2007) superimposed on Vs anomalies at 150 km depth (Schaeffer 
and Lebedev, 2013) and a shaded relief. White dashed line ~300 km eastward from the Red Sea axial zone follows the line of <10 Ma harrats. The Red Sea axial zone 
is marked by black dots in the north-central part with continental rifting and by black line in the southern part with ocean spreading. White line – the Ad Damm 
strike-slip fault (Zahran et al., 2019) that marks the transition from ocean spreading to rifting. (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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model and to predict future lithosphere deformation in the region. To be 
consistent with various geophysical and geological observations, geo-
dynamic models for the Red Sea evolution should explain the following: 

(1) the west-east asymmetry of geophysical upper mantle models in 
the north-central segment, (Figs. 3b, 5b, 6); 

(2) the along-strike asymmetry with seafloor spreading in the south 
and continental rifting in the north, where the axis-parallel magnetic 
anomalies are absent in the absence of an upper mantle hotspot anomaly 
(Figs. 2, 3a); 

(3) the north-south change, from 30 -20 Ma magmatism close to the 
present oceanic spreading in the south, to <10 Ma magmatism displaced 
by ~300 km from the present continental rift in the north-central Red 
Sea (Figs. 4-5); 

(4) a ca 10 Myr long gap in western Arabia magmatism (Fig. 5b); 
(5) preferential vertical mantle flow in the south and horizontal 

mantle flow normal to the rift axis in the north (Figs. 5a, 6b); 
(6) axis-perpendicular alignment of the maximal vertical gravity 

gradients north of ~20◦N and their axis-parallel orientation south of the 
Ad Damm fault (Fig. 2a). 

We adopt the hypothesis that the western Arabia Cenozoic volcanic 
province is associated with passive rifting of the north-central Red Sea 
caused by far-field forces, which reactivated lithosphere weakness zone 
along a ca. 600 Ma (Pan-African) Red Sea suture between the Nubian 
and Arabian cratons (Makris and Rihm, 1991). We propose that the 
location of this pre-extensional crustal weakness zone relative to a 
change in lithosphere thickness across the Red Sea controls the style of 
deformation and location of magmatism. Our approach builds on 

geological, geophysical and numerical studies that demonstrate a major 
role of pre-existing crustal weakness zone in lithosphere deformation 
during rifting (Dunbar and Sawyer, 1988; Morley, 1989; KRISP Working 
Party, 1991; Van Wijk, 2005; Buck, 2007; Cloetingh et al., 2013; Bonini 
et al., 2015; Deng et al., 2017; Yang et al., 2018; Osagiede et al., 2021). 

We use the 2D finite element code Underworld2 (Moresi et al., 2007) 
to model thermo-mechanical deformation of the crust and upper mantle 
with visco-plastic, non-Newtonian rheologies during lithosphere exten-
sion in the presence of decompressional adiabatic mantle melting (for 
details see Appendix A). More than 1 million randomly distributed 
Lagrangian markers are used to track the history of material properties, 
e.g. density, viscosity and melt fraction. Our regional model, which 
simulates deformation of the crust and upper mantle in the presence of a 
pre-existing crustal-scale weakness zone, leads to continental rift 
development and incipient ocean spreading. While the evolution of the 
Red Sea is inherently 3D, our 2D model predicts and successfully ex-
plains all known geological and geophysical observations. 

We adopt a typical structure of the initial cratonic lithosphere with 
the LAB (lithosphere-asthenosphere boundary) depth of 200 km in the 
Nubian shield and 140 km in the Neoproterozoic Arabian shield (Arte-
mieva and Mooney, 2001). The Nubian and Arabian shields are sepa-
rated by a transitional zone (model distance km 150–300) where the 
Moho and the LAB depth are linearly interpolated between the two 
cratons (Fig. A1, Tables A1-A2). Within the transitional zone we intro-
duce a 6 km wide, E-dipping, crust-cutting weakness zone. We apply a 
constant extensional velocity of 12 mm/yr, which corresponds to the 
rate of the Red Sea opening in the central segment at ca. 20–24◦N 

Fig. 4. Topography and volcanism in Arabia (Camp et al., 1991). Volcanism in Africa is not shown. White dashed line ~300 km eastward from the Red Sea axial zone 
follows the line of <10 Ma harrats. The transition from ocean spreading (black line) to continental rifting (black dots) in the Red Sea roughly corresponds to the Ad 
Damm strike-slip fault (dark red line) (Zahran et al., 2019). (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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Fig. 5. Geophysical and geological observations in the Red Sea – Arabian Shield region. (a) Seismic Vs anomalies at 100 km depth (Schaeffer and Lebedev, 2013) 
superimposed on a shaded relief. Colour circles – mantle transverse anisotropy (Tkalčić et al., 2006), negative/positive values correspond to vertical/horizontal 
mantle flow (see also Fig. 6b). Shaded areas - Cenozoic volcanism (Camp and Roobol, 1992) (purple 30–20 Myr, yellow 10–0 Myr). White dashed line 300 km 
eastward from the Red Sea axis follows central line of young harrats. The Red Sea axial zone is marked by white dots for continental rifting and white line for ocean 
spreading. Blue line - the Ad Damm strike-slip fault (Zahran et al., 2019) between the two domains with different styles of lithosphere deformation. (b) Age of 
magmatism, latitude, areal size, and distance from the Red Sea extensional axis for western Arabia harrats (for locations see Fig. 4). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Geophysical and geological observations in the Red Sea – Arabian Shield region (background – shaded relief). (a) Bouguer anomalies; thin dotted black line – 
outline of the Arabian shield; thin black lines – major faults in the Precambrian basement (after Johnson et al., 2011). White dashed line 300 km eastward from the 
Red Sea axis generally follows central line of young harrats. The Red Sea axial zone is marked by black dots for continental rifting and black line for ocean spreading. 
Dark red line - the Ad Damm strike-slip fault (Zahran et al., 2019) between the two domains with different styles of lithosphere deformation. (b) Crustal and mantle 
deformation styles. Background colors - mantle transverse anisotropy (interpolation based on (Tkalčić et al., 2006), see Fig. 5a), blue arrows - fast directions of shear- 
wave splitting (Hansen et al., 2006), red arrow - direction of a principal tensional axis in the crust at Harrat Lunayyir (Pallister et al., 2010), and green arrows - the 
Arabian plate velocity (Reilinger and McClusky, 2011). (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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(ArRajehi et al., 2010), and demonstrate that the position of the pre- 
extensional weakness zone controls the lithosphere deformation. 

Two model experiments (Figs. 7-8) explain geophysical and 
geological observations in the southern (Case S) and north-central (Case 
N) Red Sea region. In Case S, the paleo-weakness zone is located along 
the margin of the Arabian craton (km 300), while in Case N it is located 
in the middle of the Nubia-Arabia transition (km 240), i.e. above thicker 
and stronger lithospheric mantle than in Case S (Fig. A1). 

4. Lithosphere extension in the southern Red Sea 

Case S (Fig. 7) evolves as a classic rift-to-drift model with lithosphere 
thinning and decompressional mantle melting at the rift axis which 
evolves into seafloor spreading. Our model does not include processes 
associated with the Afar triple junction, which may contribute to the 
evolution of the southern Red Sea region, e.g. magmatism in the Yemen 
continental flood basalt province. The model predicts the following 
evolution of the southern segment of the Red Sea region. 

(1) A low-angle lithosphere-scale detachment fault is formed 
(Fig. 7a) as proposed by geological data (Voggenreiter et al., 1988). 

(2) Lithosphere extension causes eastward migration of the rift axis 
with a rate of ~10 km/Myr (Fig. 7a-d) until seafloor spreading initiates 
(Fig. 7e). After ~10 Myr of extension, the pre-extensional weakness zone 
is abandoned and new spreading forms in the thin lithosphere ~100 km 
east of the initial rift axis (Fig. 7bb’, 9b). 

(3) Lithosphere thinning to ~70–100 km initiates decompressional 
melting and magmatism at the new extensional centre (Fig. 7bc). 

(4) The model predicts that after ~15–17 Myr, extension on the 
detachment fault ceases, thus terminating eastwards displacement of 
magmatism (Fig. 7d, 9b), and by ~17 Myr magmatism localizes in a <
50 km wide zone (Fig. 7d’e’), as observed at the southern Red Sea 
oceanic spreading (Figs. 2a,5a). 

Model time 17.1 Myr corresponds to the present evolution of the 
southern Red Sea region (Fig. 7ee’). The model predicts ongoing ocean 
spreading of the southern Red Sea at the present mid-ocean ridge and 
accounts for the following observations. 

Thin (<15 km) crust at the spreading centre is consistent with for-
mation of oceanic crust in agreement with seismic data (Fig. 3a). 
Extremely thin (30–50 km) lithosphere around the spreading centre and 
thicker (~100 km) lithosphere in southern-western Arabia is consistent 
with seismic S-wave receiver function observations (Hansen et al., 2007) 
(Fig. 3b). The presence of the upper mantle melt zone at ~40–120 km 
depth is supported by combined traveltime and waveform inversion 
(Chang et al., 2011) and Rayleigh wave tomography (Yao et al., 2017). 
The larger present mantle melting zone in Case S than in Case N (Fig. 8d) 
is in agreement with the strong negative Bouguer anomaly in the SW 
part of the Arabian peninsula (Fig. 6a). 

5. Lithosphere extension in the north-central Red Sea 

Case N (Fig. 8) is a typical model with off-rift magmatism (Yang 
et al., 2018), where lithosphere thinning and mantle melting are dis-
placed hundreds kilometres from the rift axis. The model predicts all 
geophysical observations along the north-central segment of the Red Sea 
rift zone. 

(1) At the early stages of extension, a low-angle lithosphere-scale 
detachment fault forms as observed in geological data (Voggenreiter 
et al., 1988) (Fig. 8a). 

(2) During the first ~10 Myr of extension, the lithosphere weakens 
and thins to ~100 km approximately 300 km to the east of the rift axis. 
However, the deformation is yet insufficient to initiate decompressional 
mantle melting (Fig. 8ab). 

(3) A new weakness zone, displaced far from the extensional axis, 
forms in the lithospheric mantle (Fig. 8b) and, in contrast to Case S 
(Fig. 7b), crustal and mantle deformation detach. 

(4) Due to the offset of the new mantle weakness zone from the 

extensional axis (Fig. 8b), magmatism initiated at ~10–12 Myr is dis-
placed eastwards by ~300–350 km from the Red Sea rift axis (Fig. 4-5) 
to the zone of localized crustal deformation (Fig. 8cd). 

(5) The ca. 10 Myr delayed onset of rift-related magmatism in the 
northern Red Sea since the initiation of lithosphere extension, which 
started later than in the southern Red Sea, explains the gap in volcanism 
in western Arabia at 20–10 Ma (Fig. 5b). 

The present evolution of the north-central Red Sea region corre-
sponds to model time 13.8 Myr (Fig. 8d), i.e. soon after the onset of 
magmatism (Fig. 8c) in agreement with dominant ages of the north- 
central western Arabian harrats (Fig. 4). The model accounts for the 
following geophysical observations. 

The predicted strongly localized crustal thinning to <20 km close to 
the extensional axis is observed on seismic refraction profiles in the 
northern Red Sea (Fig. 3a). The numerical experiments do not predict 
notable crustal thinning beneath the north-central part of western Ara-
bia where the model predicts crustal thickness of 30–35 km below the 
young (<10 Myr) volcanic fields (Fig. 8cd), in agreement with seismic 
data (Fig. 3a). 

The lithosphere preserves the cratonic thickness (120–150 km) 
below the north-central Red Sea axial zone, where the structure is un-
resolved by seismic data (Benoit et al., 2003; Hansen et al., 2007; El 
Khrepy et al., 2021), but thins significantly (to ~50–80 km) below the 
young harrats in western Arabia, in agreement with results from S- 
receiver functions (Hansen et al., 2007) and seismic tomography (Yao 
et al., 2017; Schaeffer and Lebedev, 2013) (Fig. 3b, 5a). 

The numerical experiments predict that deformation at the present 
rift axis has decreased since the early stages (Fig. 8bd) and that the 
extension occurs ~250–400 km further east in a broad zone in Arabia as 
observed in geological studies of faults, seismicity distribution and focal 
mechanisms (Pallister et al., 2010) (Fig. 9a). In agreement with the 
Bouguer anomaly (Fig. 6a), the numerical experiments predict that the 
~100 km deep mantle melt zone is located directly below the western 
Arabia volcanic fields ~200–400 km from the rift axis (Fig. 8dd’), as also 
observed in surface wave tomography (Chang et al., 2011; Yao et al., 
2017) (Figs. 3b, 5a). 

The model predicts sub-horizontal mantle flow in a broad area be-
tween the rift axis and the volcanic fields (Fig. 8d), which is consistent 
with (a) observed strong (~10%) VSH > VSV polarization anisotropy 
(Tkalčić et al., 2006) (Figs. 5a, 6b) and (b) observations at Lunayyir 
harrat (Fig. 6b), where fault geometry, deformation style, and focal 
plane solutions are explained by asthenospheric flow perpendicular to 
the Red Sea rift axis (Pallister et al., 2010). 

Shear-wave splitting interpretations in western Arabia generally 
detect fast axes which are sub-parallel to the Red Sea in the north 
(Fig. 6b). While anisotropy is usually attributed to olivine alignment by 
channelled mantle flow, shear-wave splitting based on SKS, PKS and 
similar phases cannot distinguish between anisotropy in the crust and 
the mantle. The prevailing NW-SE (320o - 340o) alignments of volcanic 
vents, major dykes, lineaments and faults in the north-central part of 
western Arabia (Camp and Roobol, 1992; Johnson et al., 2011) are all 
parallel to the Red Sea axis (~330o) (Zahran et al., 2019) (Fig. 6ab), 
whereas the fast polarization of shear-waves is parallel to N-S (~0o) 
trends of major faults and basement structures in the southern Red Sea 
region (Fig. 6). Therefore, crustal anisotropy may significantly 
contribute to the observed shear-wave splitting in the Arabian shield, in 
analogy with the Kaapvaal craton where strong crustal anisotropy par-
allel to the strike of major dyke swarms accounts on average for 30–50% 
of the total SKS splitting (Thybo et al., 2019), which conventionally 
earlier was explained by mantle flow. 

6. Future evolution of the Red Sea 

Our major finding is that rifting in the north-central Red Sea is a 
transient feature which soon will end (Fig. 8e), unless a significant 
change in the far-field stress may occur. Our model predicts that, during 
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Fig. 7. Case S: Snapshots of strain rate (shown with log10 scale) and melt fraction evolution in the southern Red Sea (left) and line-drawings of major model features 
(right). Left panels: yellow and blue lines - deformation of initial vertical lines at the pre-set fault (km 300) and at the right end of the LAB ramp (km 450); arrows of 
uniform length show the material velocity direction; orange lines – 1400 ◦C isotherm. Right panels: black lines – faults (solid lines – major faults, dashed line – 
secondary faults); red lines – mantle flow direction; orange lines – lithosphere-asthenoshere boundary (LAB) assumed to be at 1400 ◦C isotherm; red triangles atop – 
volcanoes and harrats. (a): A low-angle lithosphere-scale detachment fault formed at an early stage of extension is marked by the zone of high deformation (magenta 
colors in the left panel and black line in the right panel). (b-c): After ~10 Myr of extension, mantle melting produces a zone of localized magmatism below the rift 
graben; (d-e): ocean spreading begins after ~15 Myr. (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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the next 1–5 Myr, extensional deformation in the present rift zone will 
be fully abandoned and transferred to the region of young volcanic 
provinces in western Arabia, ~300 km eastwards from the Red Sea axis, 
where the current mantle melt zone is located and all lithosphere 
extension concentrates. The newly formed lithospheric deformation 

zone is marked by the system of young grabens, sub-parallel to the 
north-central Red Sea axis (Zahran et al., 2019) (Fig. 9a), and defor-
mation localizes within a narrow zone typical of continental breakup. 
Upwards migration of the melt zone to ~50 km depth (Fig. 8e) will cause 
intensive decompression melting and fast formation of a new spreading 

Fig. 8. Case N: Snapshots of strain rate and melt fraction evolution for the north-central Red Sea (left); line-drawings of major model features (right). The pre-set 
fault is at km 240. Notations as in Fig. 7. (a): A low-angle lithosphere-scale detachment fault is formed at an early stage of extension. (b-d): The weak zone localizes 
the crustal deformation; white and magenta colors within the crust (black lines in line-drawings) mark the Rea Sea rift graben; lithosphere extension forms a low- 
angle detachment (subhorizontal lines in a’-d’). (c-d): Lithosphere extension produces a zone of distributed magmatism displaced by ~300 km eastwards from the rift 
axis. (e-e’): Deformation localizes at the mantle melting region leading to continent breakup. (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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zone across the western Arabian shield, similar to the present southern 
Red Sea. The melting anomaly has already significantly weakened the 
Arabian lithosphere and produced young volcanic centres and a NW-SE 
trending linear belt of young extensional grabens in western Arabia 
(Fig. 9a). The predicted jump of the extension axis in 1–5 Myr will 
initiate continental breakup and split the Arabian shield. This process, 
presently at the final preparation stage, does not require hotspot 
volcanism at any stage of extension, contrary to previous models for 
oceans and continents (Kendall et al., 2005; Mittelstaedt et al., 2008). 

Our predicted ~300 km rift jump is a new process for continental 
lithosphere. Similar to oceans, it requires a transform fault to link the 
spreading axes in the south and north. It is remarkable that a proto- 
transform fault already exists in the central Red Sea region. The seis-
mically active Ad Damm transpressional shear zone (average width 3 
km) extends ~250 km inland in a NE-SW direction (i.e. perpendicular to 
the Red Sea extensional axis) (Zahran et al., 2019) and marks the 
transition between the zones of ocean spreading in the south and con-
tinental rifting with off-rift magmatism in the north-central Red Sea 
(Figs. 2, 5, 9a). We propose that the jump of the extensional axis will 
utilize the Ad Damm fault as the transform fault between the on-going 
ocean spreading in the southern Red Sea and the incipient mid-ocean 

ridge which forms in the Arabian shield ~300 km from the present- 
day rift axis (Fig. 9b). 

Our new model for a large-distance jump of extensional axis in 
continental lithosphere explains geological and geophysical observa-
tions at magma-poor continental margins (Whitmarsh et al., 2001) and 
provides theoretical basis for understanding dynamics and mechanism 
of the transition from rifting to continental break-up at continental 
margins not affected by hotspots. Our finding describes a yet unknown 
process for large-distance jumps of extensional axes in the continental 
lithosphere and the formation of new spreading centres. Similar jumps 
may have played an important role in paleotectonics with broad im-
plications for future plate reconstructions. 

7. Conclusions 

Our model with lithosphere deformation controlled by the location 
of a pre-extensional crustal-scale weakness zone with respect to the 
craton margin explains both the north-south and the west-east asym-
metries in the evolution of the Red Sea – western Arabia region within a 
single geodynamic framework. For the north-central Red Sea, the model 
provides an efficient mechanism for the eastward displacement of the 

Fig. 9. Evolution of the Red Sea lithosphere extension. (a): Present deformation in the Red Sea region. Seismicity is based on international catalogues (http://www. 
isc.ac.uk/iscgem/; http://earthquake.usgs.gov/earthquakes/; http://www.emsc-csem.org/Earthquake/) updated for regional 2 < M < 3 onshore events (Zahran 
et al., 2019). Purple lines – young extensional grabens (Zahran et al., 2019); yellow and pink shading - Cenozoic magmatic provinces (Camp and Roobol, 1992), 
magenta line follows the Red Sea axis displaced eastwards by 300 km. (b): Future position of the axial zone of lithosphere extension with the formation of a new 
spreading axis in the north-central Arabia and a transform fault in the Ad Damm fault zone. (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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upper mantle melting zone by 200–400 km from the rift axis by plate- 
boundary forces, and predicts the future evolution of the north-central 
Red Sea. 

The model predicts that, unless a significant change in plate- 
boundary forces occurs, extensional deformation in the present rift 
zone will be fully abandoned during the next 1–5 Myr. The extensional 
axis will jump to the current mantle melt zone in western Arabia in the 
region of young volcanic provinces ~300 km eastwards from the Red 
Sea axis, where all lithosphere extension concentrates and where the 
incipient mid-ocean ridge forms beneath the Arabian shield. 
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Appendix A. Method 

A.1. Experimental design 

Our regional two-dimensional thermomechanical model with inclusion of melt generation and magmatic processes simulates deformation of the 
crust and upper mantle under extension in the presence of a pre-existing crustal-scale weakness zone. It leads to continental rift development and 
incipient ocean spreading. The governing equations of conservation of momentum, mass, and heat (energy) are solved by application of the open- 
source software Underworld2 (Moresi et al., 2007), which is based on a particle-in-cell finite element algorithm (Moresi et al., 2003). All numeri-
cal experiments are run for visco-plastic non-Newtonian rheologies and include creep flow. The modeling accounts for the effects of radioactive 
heating and mantle melting, assuming generation of basaltic magmas. The 800 km × 400 km numerical model domain is resolved by 400 × 200 
quadrilateral elements with linear elements for velocity and constant elements for pressure, that provide a uniformly high model resolution of 2 km. 
More than 1 million randomly distributed Lagrangian markers (16 markers per cell) are used to track the history of material properties, e.g. density, 
viscosity and melt fraction. The position of the markers is updated based on the calculated velocity field. 

The model evolution caused by a constant outward velocity of 12 mm/yr is specified by the governing equations of conservation of momentum (Eq. 
(1a)) and mass for incompressible material (Eq. (1b)). The resulting velocity field is coupled with the heat conservation equation (Eq. (1c)) that 
simulates changes in temperature caused by advection-diffusion heat transfer: 

∇∙σ − ∇P = ρg (1a) 
∇∙u = 0 (1b) 

ρCp

(
∂T
∂t

+ u∙∇T
)

=
∂

∂xi

(

k
∂T
∂xi

)

+ ρH (1c)  

where σ denotes deviatoric stress, P - pressure, ρ - density, g - gravity acceleration, u - velocity, T - temperature, Cp - heat capacity at constant pressure, 
k - thermal conductivity, H - radioactive heat production. The only heat source is radioactive decay, while heating caused by shear, adiabatic, or melt 
processes are disregarded. 

A.2. Model setup 

Laterally, the model extends from the Nubian craton in the west across the Red Sea and into the Arabian craton in the east. Vertically, the model 
domain includes 5 physical layers: the upper, middle, and lower crust, the lithospheric mantle, and the asthenosphere (Fig. A1). The thickness of each 
crustal layer is 1/3 of the total crust thickness, in overall agreement with global seismic data (Christensen and Mooney, 1995) and regional seismic 
data for the Arabian Shield (Mooney et al., 1985; Mechie et al., 1986). The upper and middle crust rheology corresponds to wet quartzite (Ranalli, 
1987), whereas the mafic lower crust and the mantle (lithosphere mantle and asthenosphere) rheologies correspond to plagioclase and anhydrous 
peridotite, respectively (Hirth and Kohlstedt, 2004; Wang et al., 2012). While cratonic lithospheric mantle may have a variable range of water content 
(Peslier et al., 2010), partial melting of mantle peridotite leads to rock dehydration (Hirth and Kohlstedt, 1996) and strengthening. 
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The top boundary of the lithosphere between rock surface and air is considered as a free surface; this boundary condition may have a significant 
effect on lithospheric and mantle dynamics (Kaus and Becker, 2008). To simulate a free surface boundary condition, we add an overlying 20-km-thick 
“sticky-air” layer (y = 0 to +20 km) represented by a low viscosity (1018 Pa⋅s) and low density (1000 kg/m3) material (Crameri et al., 2012) (Fig. A1). 
The evolution of topography is controlled by limiting the elevation lower than the initial model topography, while erosion and sedimentation are not 
considered and are analysed elsewhere (Yang et al., 2018). 

At model time zero the thickness of the continental crust is 40 km in the Nubian shield (model distance x = 0–150 km) and 45 km in the Arabian 
shield (model distance x = 300–800 km) (Table A1 and Fig. A1). In the Nubian shield, the LAB (lithosphere-asthenosphere boundary) depth of 200 km 
corresponds to a Paleoproterozoic or a reworked Archean cratonic geotherm of 45–50 mW/m2, while in the Arabian shield a Neoproterozoic cratonic 
geotherm of 55–60 mW/m2 yields the LAB depth of 140 km (Artemieva, 2006), in overall agreement with xenolith geotherms from the Arabia volcanic 
province (Stern and Johnson, 2010). The difference in lithosphere thickness between the two cratons is important for the model evolution, since the 
melt zone migrates towards the craton with a thinner lithosphere. We assume a mantle potential temperature of 1400 ◦C at the LAB; below the LAB 
mantle temperature increases with an adiabatic gradient of 0.5 K/km. 

The two cratonic blocks are separated by a transitional zone with linear ramps at the surface, the Moho, and the LAB (Fig. A1 and Table A1). Within 
the transitional zone, we introduce a narrow (~6 km wide) crust-cutting rheologically weak zone with plastic strain of 2, which results in a friction 
coefficient of 0.1 and a cohesion of 5 MPa. The position of the weak zone (dipping at ~75o towards the Arabian shield) within the transition zone has a 
determining effect on the lithosphere evolution. We present the results for the two cases which correspond to observations in the north-central and 
southern Red Sea regions (Figs. 7-8). 

A.3. Visco-plastic deformation 

The numerical simulations are based on a visco-plastic rheology. Viscous deformation is specified by the power-law dislocation creep: 

ε̇II = A σII
nexpexp

(

−
E + VP

RT

)

(2)  

where ε̇II and σII are the second invariant of strain rate and deviatoric stress, respectively, n is the stress exponent (n > 1 for dislocation creep), E - 
activation energy, V - activation volume, R is the gas constant, A is a material constant, and the effective viscosity is σII

2ε̇II
. 

For plastic deformation, when stress reaches the transition limit between viscous deformation and plastic failure (Byerlee, 1978), we use the 
Drucker-Prager pressure-dependent criteria: 

σyield = μP+C (3)  

where σyield is the maximum second deviatoric stress invariant, μ is the friction coefficient and C is cohesion. Strain localization is achieved by allowing 
for a linear strain weakening of friction coefficient (0.6–0.1) and cohesion (20–5 MPa) between plastic strain of 0.5 and 1.5. The composite visco- 
plastic flow material is modelled with an effective viscosity: 

ηvp = min

⎛

⎝ σII

2ε̇II
,

σyield

2ε̇II

⎞

⎠.

Its value is limited to the range between 1018 Pa⋅s (“sticky-air” layer and the melt) and 1025 Pa⋅s. Other values of model parameters adopted in the 
numerical experiments are listed in Table A2. 

A.4. Partial melting 

The melt function of mantle rocks, implemented for basaltic magmas, describes source regions where partial melting occurs. At model time zero, all 
mantle rocks are assumed to be melt-depleted. The melting fraction (F) is parameterized as (McKenzie and Bickle, 1988): 

F (Tss) = 0.5+ Tss +
(
T2

ss − 0.25
)
×(0.4256+ 2.988Tss) (4)  

where the supersolidus temperature Tss is defined by the solidus (Ts) and liquidus (Tl) temperatures as: 

Tss =
T − (Ts + Tl)/2

Tl − Ts
. (5) 

We adopt Ts = 1085.7 + 132.9P − 5.1P2 and Tl = 1475.0 + 80.0P − 3.2P2 based on experimental relations with T expressed in ◦C and P in GPa (Katz 
et al., 2003). Once the material temperature is higher than the solidus temperature, the material is changed to melt material, i.e. melt fraction F = 0 at 
T ≤ Ts and F = 1 at T > Tl. The model does not include the processes of melt extraction and migration, and melt percolation is assumed to be nearly 
instantaneous (Perchuk et al., 2020). For the melt material, the latent heat and density change is neglected. That means the compositional density for 
the melt is the same as the source rock density (Table A2). A significant weakening of rock strength happens at a melt fraction of >7% (Rosenberg and 
Handy, 2005). We adopt viscosity values as for the source rock when the melt fraction is <7%, with a linear viscosity decrease to the lower limit (1018 

Pa⋅s) at 30% melt fraction. 
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Fig. A1. Design and boundary conditions of the numerical model. Colors indicate materials (crust with three layers, lithospheric mantle, and asthenosphere); LAB is 
the lithosphere-asthenosphere boundary. Top: A 20 km thick air layer simulates a free surface (Crameri et al., 2012). Bottom: At the start of the extension (time zero), 
the Nubia and Arabia cratons have different thicknesses of the crust and the lithosphere. Initial crustal thickness and temperature profiles are linearly interpolated in 
the transitional zone between the two cratons (Table A1). Mantle potential temperature is 1400 ◦C, and lithosphere extension is caused by a constant outward 
velocity of Vx = 12 mm/yr, which corresponds to the rate of the central Red Sea opening at 20–22 oN (Chu and Gordon, 1998; ArRajehi et al., 2010). We present two 
cases for pre-set crustal-scale weakness zones in the transitional zone between the two cratons. The evolution of the model is shown in Figs. 7 and 8. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)  

Table A1 
Model geometry at time zero of the numerical experiments.  

Parameter Nubia (N) Arabia (A) N-A transitional zone 

Surface elevation 0.6 km 1.2 km Linear between N-A 
Crustal thickness 40 km 45 km Linear between N-A 
Profile distance for crustal thickness km 0–150 km 300–800 km 150–300 
Lithosphere thickness 200 km 140 km Linear between N-A 
Profile distance for lithosphere thickness km 0–100 km 450–800 km 100–450   

Table A2 
Physical properties of materials used in the numerical experiments.  

Parameter Symbol (unit) Upper crust Middle crust Lower crust Mantle** 

Material constant A (MPa-n/s) 3.2 × 10− 4 3.3 × 10− 4 0.01 1.6 × 104 

Stress exponent n 2.3 3.2 3.2 3.5 
Activation energy E (kJ/mol) 154 240 240 530 
Activation volume V (cm3/mol) 0 0 0 18 
Density* at 0.1 MPa, 0 ◦C ρo (kg/m3) 2700 2850 2950 3300 
Heat capacity Cp (J/kg) 1000 1000 1000 1000 
Thermal expansion α (K− 1) 3 × 10− 5 3 × 10− 5 3 × 10− 5 3 × 10− 5 

Compressibility β (Pa− 1) 1 × 10− 11 1 × 10− 11 1 × 10− 11 1 × 10− 11 

Thermal conductivity k (W/mK) 2.5 2.5 2.5 3.5 
Radioactive heat production Hr (μW/m3) 1.0 0.4 0.1 0.01 

Data are from Ranalli (1987); Hirth and Kohlstedt (2004); Wang et al. (2012). 
* Density ρ = ρ0[1 − α(T − T0)] [1 + β(P − P0)], where T0 = 298 K and P0 = 0.1 MPa. 
** Lithospheric and asthenospheric mantle. 
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