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The Oligocene-Recent Red Sea rift is one of the preeminent examples of lithospheric
rupture in the recent geological past, forming the basis for manymodels of how continental
breakup occurs and progresses to the formation of new oceanic crust. Utilisation of low-
temperature thermochronology in the Red Sea Rift since the 1980s has been key to
constraining its spatio-temporal evolution, providing constraints for the propagation of
strain and geomorphological development of its margins where datable syn-tectonic strata
and/or markers are absent. We review the wealth of published apatite fission track and
(U-Th-Sm)/He data from along the Red Sea, affording insights into the Oligocene-Recent
thermo-tectonic evolution of the Nubian and Arabian margins. A regional interpolation
protocol was employed to synthesise time-temperature reconstructions generated from
the mined thermochronology data and burial histories produced from vitrinite reflectance
and well data. These cooling-heating maps record a series of pronounced episodes of
upper crustal thermal flux related to the development of the Oligocene-Recent Red Sea
Rift. Assimilation of these regional thermal history maps with paleogeographic
reconstructions and regional magmatic and strain histories provide regional
perspectives on the roles of tectonism and geodynamic activity in Red Sea formation
and their effects on rift margin development.
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INTRODUCTION

The development of the Red Sea Rift since the Oligocene has facilitated the separation of Western
Arabia from Africa. The rift system formed in the presence of the Afar mantle plume and far-field
tectonic stresses related to subduction of the Neotethys Ocean beneath Eurasia far to the north
(Bosworth et al., 2005; Almalki et al., 2015), eventually leading to formation of new oceanic crust as
early as 13 Ma (Mohriak, 2019; Augustin et al., 2021). Consequently, it has formed the basis for a
variety of rifting models, including for different rifting modes, active versus passive rifting, the role of
mantle plumes in continental breakup, plume-induced topography development, the onset of sea
floor spreading, rift shoulder uplift and extensional faulting (e.g. Milanovsky, 1972; Burke and
Dewey, 1973; Sengör and Burke, 1978; Bonatti, 1985; van der Beek et al., 1995; Khalil and McClay,
2002; Burov and Gerya, 2014).

Key to resolving the spatiotemporal evolution of the Red Sea has been the application of low-
temperature thermochronology techniques, such as apatite fission track (AFT) and (U-Th-Sm)/He
(AHe), to constrain the tectono-thermal history of its rifted margins. These temperature-sensitive
radiometric dating techniques provide information on when a rock cooled through the respective
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method-specific temperature sensitivity range; ∼60 to 110–120°C
for AFT (Gleadow and Duddy, 1981) and ∼40–80°C for AHe
(Wolf et al., 1998). For AFT, additional quantification of the
distribution of fission track lengths and their mean (MTL, mean
track length) allow the rate and character of a cooling path to be
characterised (Laslett et al., 1987). By jointly numerically
modelling these data, the thermal history of a sample can then
be reconstructed (e.g. Gallagher, 1995; Ketcham, 2005). As such,
thermochronology data provide unique insights into the upper
crustal thermal history of rifts in relation to tectonic and erosional
exhumation, syn-rift deposition and burial, and passive margin

evolution, particularly important where datable syn-tectonic
strata and/or markers are absent (Braun and van der Beek,
2004; Ehlers, 2005; Stockli, 2005; Wildman et al., 2019).

Here, we summarise the Oligocene-recent tectono-thermal
evolution of the Red Sea rift and adjacent hinterlands in the
context of the wealth of published low-temperature
thermochronology data (Figure 1), time-temperature
reconstructions and burial history models from across the
region (Figure 2). Through a synthesis of the upper crustal
thermal evolution of the Red Sea margins, rift nucleation,
inception and propagation mechanisms are explored.

FIGURE 1 | Synthesis of the surface geology, plume and syn-rift volcanism, topography and low-temperature thermochronology of the Red Sea and adjacent
hinterlands. (A) Simplified geological map (after Bosworth, 2015; Thiéblemont et al., 2016; Bosworth and Stockli, 2016) showing the locations of published AFT (green
circles: 1,2Abbate et al., 2002, 2001; 3Balestrieri et al., 2005; 4Abebe et al., 2010; 5Balestrieri et al., 2009; 6Bohannon et al., 1989; 7Bojar et al., 2002; 8Feinstein et al.,
2013; 9Ghebreab et al., 2002; 10Kohn and Eyal, 1981; 11Kohn et al., 1997; 12Kohn et al., 2019; 13Menzies et al., 1992, 1997; 14Morag et al., 2019; 15Naylor et al.,
2013; 16,17Omar et al., 1987, 1989) and AHe data (red circles: 3Balestrieri et al., 2005; 12Kohn et al., 2019; 14Morag et al., 2019; 18Szymanski et al., 2016; 19Vermeesch
et al., 2009). Note, detailed AFT data from Omar and Steckler (1995) was not published (location 20). (B) Digital elevation model of the Red Sea region illustrating the
distribution of pre-rift plume-related continental flood volcanics and initial syn-rift volcanism, with the locations of swath profiles (righthand) shown with representative
AFT and AHe ages projected onto them (corresponding reference numbers refer to study locations). Pre-existing shear zones, such as the Shagara Fracture Zone (SFZ)
shown in white, after Crane and Bonatti (1987). The corresponding radiometric determined emplacement ages are illustrated in a chronogram (C) after Bosworth and
Stockli (2016). (D–F) Inverse distance weighted interpolations (distance coefficient P of 5) of AFT ages, AFT mean track lengths (MTL) and AHemedian single grain ages.
While thermochronology data are sporadically distributed along the Red Sea margins, AFT and AHe ages proximal to the coast appear to generally increase and
corresponding MTL decrease northwards. In all panels, dark solid lines are major faults, light solid lines are minor faults, hashed lines are inferred faults and red lines are
spreading ridges (from Thiéblemont et al., 2016). DST, Dead Sea Transform; GS, Gulf of Suez; GAq, Gulf of Aqaba; MMN, Makkah-Madinah-Nafud volcanic line.
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FIGURE 2 | Paleogeographic reconstructions of the opening of the Red Sea and absolute plate velocities since 31 Ma (rectangular projection centered on the Arabian Plate
afterMüller et al., 2016) overlain by cooling-heatingmaps.Cooling-heatingmapswere generatedbyperforming inversedistanceweighted interpolations (distance coefficient Pof 5)
of δT°C as recorded by published best-fit time-temperaturemodels generated from low-temperature thermochronology (LTT) data (purple circles – refer to study locations 1, 2, 3, 5,

8, 9, 12, 14, 18, 19 in Figure 1) and well data (orange circles: aTsegaye et al., 2018; bWolela, 2007; cCole et al., 1995; dAl-Areeq et al., 2018; eKeshta et al., 2012; fNaylor et al.,
2013; gAli and Lee, 2019 - locations in 31 Mapanel). Simplified structures after Thiéblemont et al. (2016) andBosworth et al. (2005). Age of Red Seamid oceanic ridge (MOR) after
Augustin et al. (2021). Syn-rift igneous rock locations after Bosworth and Stockli (2016). (N)MER, (North) Main Ethiopian Ridge; MMN, Makkah-Madinah-Nafud volcanic line.
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GEOMORPHOLOGY AND
LOW-TEMPERATURE
THERMOCHRONOLOGY OF THE RED SEA
RIFTED MARGINS

The Red Sea displays longitudinal and along-strike variations in
rift flank morphology and exhumation histories, as recorded by
low-temperature thermochronology data, that reflect its
asymmetric Oligocene-recent rift evolution. The Nubian
margin is characterised by the narrow, 1,500 km long “Red
Sea Hills,” which have a mean elevation of 500 m and reach
heights >2,000 m along the Ethiopian plateau (Figure 1). The
conjugate Arabian Escarpment has experienced even greater
surface uplift, with broad highlands averaging 1,000–1,500 m in
elevation and attaining heights of up to 2,750–3,200 m in Yemen
(Figure 1). This east-to-west discrepancy in rift flank uplift is
reflected in the generally younger thermochronology ages along
the Arabian margin, indicative of cooling from higher
temperature and interpreted as recording exhumation from
greater depths (Figure 1i, ii, iii, iv). However, this pattern
may be exaggerated by the dearth of lower temperature-sensitive
AHe data along the Nubian margin. Explanations for
longitudinal asymmetry in Red Sea physiography include
northeast tilting of Arabia due to its collision with Eurasia
since the Paleogene (Bohannon et al., 1989), potential
underplating due to Cenozoic volcanism being largely
restricted to the Arabian plate (Dixon et al., 1989), the
presence of a broad low velocity anomaly beneath Arabia
(Ritsema et al., 1999; Debayle et al., 2001; Chang and Van
der Lee, 2011), associated dynamic topography (Daradich et al.,
2003), and strong lateral thermal gradients beneath Arabia
towards significantly hotter temperatures along the Red Sea
margin (Benoit et al., 2003).

Both Red Sea margins are characterised by a marked northward
decrease in rift flank topography, north of ∼21°N (Figure 1). This
transition to more subdued topography coincides with the
intersection of the Makkah-Madinah-Nafud volcanic line (Camp
and Roobol, 1989) and the offshore Shagara Fracture Zone (Crane
and Bonatti, 1987), leading Szymanski et al. (2016) to suggest first-
order magmatic and structural controls on rift margin morphology.
South of this point, initial extension occurred in a narrow
deformation zone, limited to a 60–120 km wide domain of the
Arabian margin, with no evidence for significant normal faulting
and syn-rift dike emplacement inland of the coastal escarpment
(Bohannon et al., 1989; Davison et al., 1994). Along the conjugate
Eritrean rifted margin (Figure 1v), AFT and AHe data suggest that
the escarpment evolved by plateau degradation, whereby initial
localized rift scarps gradually retreated to form the high
escarpment that now flanks the Nubian margin (Abbate et al.,
2002; Balestrieri et al., 2005). The Central and Northern Red Sea
rift, by contrast, experienced diffuse stretching, dissecting >150 km
of the Arabian margin alone with active normal faults and dikes
(Szymanski et al., 2016). Consequently, the rift escarpment north of
∼21°N is more attenuated, mirroring the wide distribution of strain,
and reflected by a general increase in thermochronology ages and
reduction in MTL (Figure 1).

TECTONO-THERMAL EVOLUTION OF THE
RED SEA RIFT

Onset of Afro-Arabian Breakup and Afar
Plume Impingement
The Red Sea Rift developed in the Neoproterozoic Arabian-
Nubian Shield (ANS) of northeast Africa and Arabia, which
comprises a collage of low-metamorphic grade island-arc
terranes that collided during the Pan-African Orogeny. During
this series of collisional events between ∼870 and 542 Ma that
amalgamated East and West Gondwana (e.g. Kröner and Stern
2004), regional-scale, deep-seated shear zones developed which
acted as important stress guides during later tectonism.

Afro-Arabian breakup first began sometime during the late
Eocene with initiation of rifting in the eastern proto-Gulf of Aden
in a ∼NNE-SSW oriented far-field stress regime resulting from
slab-pull in the subduction zone along the northern Neotethys
(Bosworth et al., 2005). A subsequent period of subtle early
Oligocene cooling recorded along the Egyptian margin by AFT
data was initially heralded as recording the onset of rifting in the
Northern Red Sea (Omar and Steckler, 1995). However, this
cooling phase, also documented by thermal history modelling of
AFT vertical profiles and burial history models of exploration
wells in Jordan, was later shown to significantly predate the age of
the nearby Gulf of Suez and Dead Sea rifts (Feinstein et al., 2013;
Naylor et al., 2013). (U-Th-Sm)/He data from the central ANS, by
contrast, record thermal stability or possible slight reheating until
the late Oligocene (Figure 2; Szymanski et al., 2016), indicating
early Oligocene cooling was restricted to Northern Egypt and the
Levant. This erosional phase has, therefore, been interpreted as
representing a period of regional denudation restricted to the
Northern Arabian margin, related to Oligocene peneplanation in
Southern Israel, Transjordan and Sinai (e.g. Avni et al., 2012).
Bosworth and McClay (2001) suggested that this exhumation
phase was likely related to well-documented late Eocene Syrian
Arc compression (Guiraud and Bosworth, 1999).

Soon after, between 31 and 29 Ma, >600,000 km2 of plume-
related flood basalts were emplaced over Ethiopia, Northeast
Sudan and Southwest Yemen, centered around the Afar
(Figure 1; Bosworth and Stockli, 2016). Afar plume
magmatism is considered pre-rift, due to a dearth of
significant faulting in Arabia, Yemen and the Ethiopia plateau
during flood volcanism and the notable lack of early Oligocene
syn-rift strata in Red Sea exploration wells (Hughes et al., 1991;
Davison et al., 1994; Menzies et al., 1997; Corti, 2009). Shortly
after early Oligocene Afar magmatic activity, an extensive series
of volcanic centres began erupting along the Western Arabian
margin at 30 Ma, collectively referred to as the Older Harrats
(Bosworth and Stockli, 2016).

Birth of the Southern Red Sea Rift
Significant extensional strain in the proto-southern Red Sea Rift
first nucleated in a narrow zone of thermo-mechanically
weakened crust between 29 and 26 Ma (Wolfenden et al.,
2005), accompanied by volumetrically insignificant volcanism
(Bosworth and Stockli, 2016). Well data from offshore Eritrea
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revealed a late Oligocene basal syn-rift section between 28 and
23 Ma (Hughes et al., 1991). The onset of rift-related uplift and
denudation via normal faulting along the conjugate Eritrean and
Yemeni Southern Red Sea margins soon followed at sometime
between ∼26 and 20 Ma (Figure 2; Menzies et al., 1997; Balestrieri
et al., 2009; Ghebreab et al., 2002). A coeval late Oligocene onset
of rapid syn-rift deposition in the Jizan Basin along the Southern
Arabianmargin is recorded by burial history modelling (Figure 2;
Cole et al., 1995). Major extension in the Afar began soon after
∼25 Ma (Zanettin et al., 1978).

Synchronous Initiation of the Central and
Northern Red Sea Rift
Between 24 and 21 Ma, the Red Sea Rift initiated concomitantly
north of the Afar (Bosworth et al., 2005; Bosworth and Stockli,
2016). While earlier proposed models (e.g. Girdler, 1984;
Voggenreiter et al., 1988) advocated a gradual south-to-north
propagation of rifting, a wealth of geochemical, geodetic, well and
structural data collected since record a synchronous onset of
strain, syn-rift deposition and shoulder uplift along the length of
the Central and Northern Red Sea (e.g. ArRajehi et al., 2010;
Almalki et al., 2015; Bosworth, 2015; Szymanski et al., 2016).

The latest Oligocene-early Miocene was marked by extensive
dyking, granitic intrusions and silicic volcanism along the
1,700 km length of the Western Arabian margin 24–23 Ma,
magmatically linking the Afar with the Cairo mini-plume
(Bosworth and Stockli, 2016). This was accompanied by coeval
initiation of orthogonal extension along the length of the Red Sea
north of Afar at 24 ± 2.2 Ma, as indicated by geodetic data
(ArRajehi et al., 2010) and the relationship between brittle
structures and syn-rift depositional ages (Bojar et al., 2002). A
series of pre-existing, oblique shear zones, such as the Shagara
Shear Zone (Figure 1), played a critical role in the early structural
evolution of the rift, offsetting the axial trough (Crane and
Bonatti, 1987). Further northward propagation of the Gulf of
Suez may have been halted by the sharp increase in lithospheric
strength of the Mediterranean continental margin (Steckler and
ten Brink, 1986).

Earliest syn-tectonic sedimentation was marked by
widespread deposition of the uppermost Oligocene-lower
Miocene Al Wajh Formation and its lateral equivalents
throughout the Red Sea coastal basins (Hughes and Johnson,
2005; Tubbs et al., 2014). Basal syn-rift strata comprise often
poorly-sorted arkosic and granitic clasts, indicating direct
derivation from the unconformably underlying and adjacent
Proterozoic basement (Hughes and Johnson, 2005) and record
early localized footwall uplift (Bosworth et al., 2005).

The nearly simultaneous latest Oligocene-early Miocene
initiation of rift shoulder uplift and erosion along the length
of the Central and Northern Red Sea is recorded by AFT and AHe
data and thermal history modelling (Figure 2; Kohn and Eyal,
1981; Omar et al., 1987; Omar et al., 1989; Szymanski et al., 2016;
Morag et al., 2019). However, in certain areas, such as along the
Sudanese margin, rift shoulder uplift was insufficient to exhume
rocks with reset Neogene AFT ages (Figure 1; Balestrieri et al.,
2009). Older AFT ages preserved in three deep boreholes from

Miocene syn-rift sediments in the Eastern Suez Rift indicate that
the rift-related thermal regime was moderate (Kohn et al., 1997),
despite the coincident onset of regional alkali-basalt magmatism
and basin formation in the Northern Red Sea.

Main Phase of Red Sea Rifting
The principal phase of Red Sea rifting followed, as recorded by a
shift to rapid rift shoulder exhumation (Figure 2) and
pronounced extension-driven subsidence, bio-stratigraphically
dated to ∼20.4 Ma (Bosworth, 2015). Well data from the
Midyan Basin records a concurrent phase of rapid early
Miocene sedimentation at the junction of the Red Sea and
Gulf of Aqaba (Figure 2; Cole et al., 1995). In Northern
Egypt, this was recorded by rapid early Miocene cooling of the
Western Suez margin (Omar et al., 1989). Similarly, rapid early
Miocene exhumational cooling along the Southern Red Sea
margins related to isostatic footwall uplift is recorded by
thermochronology data in Sudan, Eritrea, Yemen (Davison
et al., 1994; Abbate et al., 2002; Ghebreab et al., 2002;
Balestrieri et al., 2009) and possibly Southern Saudi Arabia
(Bohannon et al., 1989).

This main phase of Miocene rifting in the Red Sea and Gulf of
Suez did not correspond to volumetrically significant rift-related
volcanism, suggesting that plate-boundary forces were the
primary mechanism facilitating the breakup of Western Arabia
from Africa (Bosworth and Stockli, 2016). Nevertheless, the
complex interplay between thermo-mechanical weakening of
the lithosphere via plume impingement and the presence of
pre-existing lithospheric heterogeneities is thought to have
played a fundamental role in along-strike changes in Red Sea
Rift propagation and style (e.g. Cochran and Karner, 2007; Khalil
et al., 2020). The most important of these inherited crustal
discontinuities were the WNW-ESE striking, left-lateral
Neoproterozoic Najd shear zone which played a significant
role in governing Miocene strain (Younes and McClay, 2002;
Khalil and McClay, 2009). The relationship between
magmatically attenuated lithosphere and pre-existing fabrics is
thought to have controlled the length and orientation of border
faults (Hubert-Ferrari et al., 2003; Bellahsen et al., 2013) and
distribution of accommodation zones (Younes and McClay,
2002).

Formation of the Dead Sea Transform
The Dead Sea Transform (DST) extends over 1,000 km from the
Gulf of Aqaba to the Southern Turkey convergent zone and
accommodates relative motion between Sinai (Africa) and
Arabia. The DST was thought to have formed sometime
between ∼20 and 14 Ma, based on stratigraphic, magmatic and
structural evidence (Garfunkel, 2014). However, recent direct
dating of syn-faulting calcite has further constrained the
formation of the DST plate boundary to 20.8–18.5 Ma in
Southern Israel and propagating >500 km northwards by
17.1 Ma (Nuriel et al., 2017). DST formation was, therefore,
broadly concurrent with the initiation of sea floor spreading in
the Eastern Gulf of Aden (∼19–18 Ma; Leroy et al., 2004). Early
DST brittle deformation and related low-temperature
hydrothermal fluid flow is also recorded by thermally-reset
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17 Ma ZHe and AFT ages (Kohn et al., 2019); the latter
representing intra-strata recrystallisation of authigenic
carbonate-fluorapatite from Southern Israel.

A dramatic reduction in uplift, exhumation and cooling along
the Eastern Suez Rift occurred after 18 Ma (Figure 2), as strain
was preferentially accommodated by the newly formed DST
(Morag et al., 2019). As a result of the strike-slip dominated
strain regime of the DST, a lesser degree of margin uplift along the
Eastern Sinai accompanied Gulf of Aqaba formation.
Consequently, older AFT ages are preserved along its shores
compared to the Suez rift, where more rift-normal extension
dominates (Figure 1; Kohn and Eyal, 1981). Since its formation,
the DST has accommodated ∼105 km of left-lateral displacement,
as recorded by offset of Precambrian to Palaeogene stratigraphic
markers, depositional patterns and tectonic elements (Garfunkel,
2014).

A second important stage of minor displacement along the
DST occurred later in the Pliocene due to changes in regional
plate kinematics, resulting in some southern areas developing a
more rift-like morphology, in part manifested as pull-apart basins
such as the Gulf of Aqaba and Dead Sea (Garfunkel, 2014).
Thereupon, ∼1 km of Tertiary to Senonian section was removed
from the DST rift shoulders and deposited in adjacent basins. A
resulting ∼35–40°C of Plio-Pleistocene denudational cooling is
recorded by AHe ages of authigenic apatite in Southern Israel
(Kohn et al., 2019) and independently corroborated by Ar-Ar
data (Gur et al., 1995).

Onset of Sea Floor Spreading in the Red Sea
Early estimates for a 5 Ma onset of sea floor spreading in the Red
Sea were based on magnetic anomalies preserved in exposed
oceanic crust, and were therefore limited to areas of the
Southern Red Sea unobstructed by overlying thick
successions of sediment and salt deposits (Courtillot, 1982;
Cochran, 1983; Almalki et al., 2016). However, a recent study
(Augustin et al., 2021) utilising earthquake and vertical gravity
gradient data, able to observe the extent of oceanic crust beneath
the salt and sediment cover, indicates that sea floor spreading
began much earlier along the full length of the Red Sea by
between 13 and 12 Ma. The middle Miocene transition to mid-
ocean spreading corresponded to a rotation of Red Sea
extension from rift orthogonal (N°60°E) to highly oblique and
parallel to the DST (N°15°E; Bosworth et al., 2005) and was
accompanied by a 70% increase in Arabia-Nubia relative motion
since 13 Ma (ArRajehi et al., 2010). A concurrent period of rift
flank uplift and cooling is recorded by middle Miocene AHe
ages from several fault blocks in Western Arabian (Figure 1;
Szymanski et al., 2016) and thermochronology data from along
the Southern Arabian and conjugate Eritrean margins (Figure 2;
Bohannon et al., 1989; Balestrieri et al., 2005).

This abrupt change in plate kinematics was marked by the
coeval propagation of seafloor spreading into the Central
Gulf of Aden, termination of onshore syn-rift deposition
along the Aden margins (Bosworth, 2015) and the main
phase of the Zagros orogeny ∼14 Ma (Sengör and Yilmaz,

1981; Burke, 1996). Renewed volcanism in the Arabian Shield
followed with the eruption of the so-called Younger Harrats
in the middle Miocene (∼13 Ma; Figure 2), thought to be
associated with movement along the DST (Bosworth and
Stockli, 2016).

Afar Triple Junction Formation and Danakil
Block Rifting
Circa 11 Ma, extensional deformation in the Afar propagated
southward with the development of the northern Main Ethiopian
Rift (NMER) (Wolfenden et al., 2004), resulting in the
configuration of the Afar triple junction (Corti, 2009). This
was marked by development and pronounced erosion of the
Western Afar scarp (Pik et al., 2003). Soon after (∼10 Ma) sea
floor spreading in the Gulf of Aden rapidly propagated more than
400 kmwestward towards the Afar (Bosworth et al., 2005). By this
time, the Danakil block, a narrow, NW-trending Precambrian
basement block along the Northern Afar margin, began to slowly
rift away independently from Nubia, Somalia and Arabia
(Figure 2; Eagles et al., 2002). Sometime between 8 and 5 Ma,
the central Main Ethiopian Rift formed, as recorded by AFT data
(beyond the extent of Figure 2; Abebe et al., 2010) and structural
observations (Bonini et al., 2005), linking the Red Sea-Gulf of
Aden rift systems to the greater East African Rift System. Over the
past 1 Myr, the Gulf of Aden spreading centre has continued to
propagate westwards into the Afar and now links to the Red Sea
plate boundary via the west side of the Danakil microplate.
Consequently, Arabia and Africa are now kinematically
decoupled.
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