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Abstract
As the Earth’s best-known example of an active, incipient
ocean basin, the Red Sea provides crucial information
about continental rifting and the tectonic transition from
extended continental crust to seafloor spreading. Study of
the Red Sea over the past decades has given many
answers, but significant questions remain about how and
when it opened because of lacking or ambiguous data and
thick salt cover. A key issue is the geometry of the pre-rift
join between the Arabian and Nubian Shields that form the
basement flanking the Red Sea because this constrains the
nature of Red Sea crust. The Neoproterozoic basement
rocks flanking the Red Sea contain prominent shears and
sutures between amalgamated tectonostratigraphic ter-
ranes, regions of transpressional shortening, and
brittle-ductile faults related to Ediacaran orogenic collapse
and tectonic escape. These structures vary in orientation
from orthogonal to oblique with respect to the Red Sea
coastlines. Importantly, they correlate across the Red Sea,
and provide piercing points for a near coast-to-coast
palinspastic reconstruction of the Arabian and Nubian
Plates along the entire Red Sea. A tight pre-rift fit of the
Arabian and Nubian Shields implies that most of the Red
Sea is underlain by oceanic crust. Potential-field data are
compelling evidence for oceanic crust along the axis of the
Red Sea south of latitude *22°N, persuasive for the
margins of the southern Red Sea, and suggestive for the
northern Red Sea. A variety of 20–24 Ma dikes, gabbros,
and basaltic flows emplaced during the early stages of Red
Sea rifting are consistent with Miocene asthenospheric
upwelling, partial melting, and intrusion that would have
weakened and facilitated rupture of the *40-km thick
continental crust and thicker mantle lithosphere of the then

contiguous Arabian and Nubian Shields. The dikes,
gabbros, and basaltic flows emplaced during the early
stages of Red Sea rifting are strong evidence furthermore
that the Red Sea is an example of a volcanic-rifted margin.
Offshore seismic profiling designed to image beneath the
salt followed by drilling to basement in the Red Sea are
required to test these ideas.

1 Introduction

The Red Sea is a *300 km wide nascent ocean centred on a
well-defined active divergent boundary between the formerly
continuous Neoproterozoic rocks of the Arabian Shield and
Nubian Shield (ANS) (Fig. 1) that are now parts of the
Arabian and Nubian (or African) plates. The Red Sea is
Earth’s best example of an active, incipient ocean basin that
has progressed from continental rifting to seafloor spreading
(Bonatti et al. 2015; Bosworth 2015). It is therefore an
important natural laboratory in which to test rift-to-drift
models of continental rifting and to refine our understanding
of the nature of the crust beneath continent-ocean transitions
and the formation of passive continental margins. However,
although the Red Sea has been studied by geologists, geo-
morphologists, and geophysicists for more than six decades,
so that much is known about the region, many aspects of Red
Sea development are unresolved because of geological and
logistical problems. Geologic problems include the effect of a
thick sediment cover (including salt) that prevents direct
observation of most Red Sea crust (Orszag-Sperber et al.
1998); logistical problems for integrated study stem from the
Red Sea geographic spread across the jurisdiction of six
nations, and the differing approaches and objectives of
industrial and academic researchers and terrestrial and marine
geoscientists. Most data for models of Red Sea development
come from the Gulf of Suez, and the margins of Egypt and
Yemen, whereas the rift flanks of Saudi Arabia and Sudan are
understudied leaving a large information gap along the cen-
tral portions of the Red Sea (Szymanski et al. 2007).
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Fig. 1 Major geologic features of the Red Sea (spreading ridges,
deeps), surrounding uplifted margins of the Arabian and Nubian Shield
(ANS), and distribution of Late Cenozoic lava fields or harrats. These

harrats bring fragments of the ANS lower crust and upper mantle to the
surface as mafic and ultramafic xenoliths
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Nonetheless, an extensive literature about the Red Sea is
now available, including the series of papers about Red Sea
research between 1970 and 1975 published by the Saudi
Arabian Directorate General of Mineral Resources (DGMR
1977) and the recent collection of papers resulting from a
2013 workshop on Red Sea geology, geography, and biol-
ogy sponsored by the Saudi Geological Survey (Rasul and
Stewart 2015). As a consequence, many aspects of Red Sea
development are well established; others, however, continue
to be debated.

Here we consider two related issues: (1) the geometry of
the pre-rift join between the Arabian and Nubian Plates, and
(2) the nature of the crust beneath the Red Sea. We do this by
reviewing what we know about the nature of Red Sea crust
and the magmatic history of the Red Sea basin; by identifying
structures in the Neoproterozoic rocks of the ANS that cor-
relate across the Red Sea and provide “piercing-points” for
the palinspastic reconstruction of the Arabian and Nubian
Plates; and by considering the composition and vertical
structure of ANS lithosphere as factors that should affect the
strength of the lithosphere and thus how it ruptures. We use
this review to argue for a near coast-to-coast palinspastic
reconstruction of the Arabian and Nubian Plates, to propose
that oceanic crust underlies more of the Red Sea than is
generally considered, and to propose a volcanic-rifted margin
(VRM) origin for the Red Sea in the light of VRM models
used to account for continental-oceanic rifting elsewhere.

A large proprietary geophysical, stratigraphic, and litho-
logic dataset is held by petroleum exploration companies
working on either side of the Red Sea. However, the results
are not available for consideration here, and our review is
based on published geologic maps and reports, publicly
available geophysical information, and journal articles.
Consequently, conclusions made here are limited by the
level of detail in these sources and, as with all things per-
taining to the structure of the Red Sea, would benefit
immeasurably from future drilling and geophysical surveys.
We are also aware of the difficulty of making pre-Red
Sea-spreading reconstructions, as discussed by Coleman
(1993), because of assumptions made about the structure of
plate boundaries. Kinematic models proposed for the plate
motions within the Red Sea area during the last 4–5 million
years have met with some success. This is because it is
reasonable to assume instantaneous motions of plates with
rigid plate boundaries about Euler poles of rotation. How-
ever, Coleman (1993) argues that pre-5 Ma reconstruction
are problematic because plate boundaries were probably
more diffuse as a result of modification to the Red Sea
basement prior to the onset of sea-floor spreading by normal
faulting, thinning, and mafic intrusion and underplating.
Geodetic (GPS), plate tectonic, and geologic observations
indicate that the present rate of extension across the Red Sea
is 24 ± 1 mm/y in the south and 7 ± 1 mm/y in the north

(Reilinger et al. 2015). This rate probably pertained since
*11 Ma, whereas the extension rate prior to that was about
half. Recognizing a clear distinction between the onset of
rifting and the onset of sea-floor spreading, Coleman (1993)
points out that the Gulf of Suez is an example of early
extension within the rift zone and that the southern Red Sea
underwent considerable extension without the production of
oceanic crust. Nonetheless, we are impressed by the overall
pattern that emerges from correlating flanking Neoprotero-
zoic structures to argue for a relatively tight pre-Red
Sea-spreading juxtaposition of plates. This implies a differ-
ent history for Red Sea basin evolution than is commonly
generally accepted (e.g., Cochran 1983; Bosworth 2015).

2 Red Sea Overview

As recognized by Wegener (1920), the Red Sea is the result
of rupture of continental crust and transition into an oceanic
basin that has occurred in a complex system of continental
extension represented by the Gulf of Aden, East African, and
Red Sea rifts. The rifts meet at a triple junction in the Afar
region of Eritrea, Djibouti, and Ethiopia, but individually
show different stages of development (Bonatti et al. 2015).
In this paper, the term “Red Sea” refers to the region covered
by present-day seawater, whereas “Red Sea basin” refers to
the wider structure comprising the present-day sea and its
oceanic crust, Mesozoic-Cenozoic sedimentary rocks
deposited on the shelves and coastal plain along the margins
of the Red Sea, and coeval Mesozoic-Cenozoic sedimentary
rocks preserved in fault basins that reflect pervasive exten-
sion across a broader region inland from the Red Sea.

The Red Sea itself is 1900 km long and a maximum of
355 km wide. South of latitude *21°N (Fig. 1), it has an
axial trough 1000–2900 m deep and shallow marine shelves
<50 m deep. Between *21° and 25°N, the bathymetric
trough is discontinuous and the axial part of the Red Sea
forms a series of deeps that contain basaltic cones, dense, hot
brines and deposits of Fe, Cu, and Zn (Schardt 2016). North
of latitude 25°N, the Red Sea has a common depth of
1200 m; it is punctuated by deeps but lacks an axial trough.
The southern marine shelves and most of the northern Red
Sea are underlain by sedimentary rocks that include pre-rift
Late Cretaceous to Early Oligocene sandstone, shale and
carbonates; syn-rift Early to Middle Miocene Globigerina
marl, carbonate, and sandstone; and kilometre-thick
sequences of late-rift Middle Miocene to Recent anhydrite,
halite, shale, and sandstone (Bosworth 2015).

Although some authors see the Cretaceous-Paleogene
embayment that extended south from Tethys Ocean toward
Jiddah subparallel to the present day Red Sea axis as a har-
binger of the eventual Red Sea rift (d’Almeida 2010), the
onset of extension in the Red Sea region is generally
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considered to be early Miocene, marked by the beginning of
deposition of syn-rift sediments (see review by Bosworth
2015). Several stages in development of the overall Gulf of
Aden-Red Sea rift system are recognized (Bosworth 2015),
including: (1) plume-related basaltic and rhyolitic volcanism
at *31 Ma in the Afar region and SW Yemen that subse-
quently spread northward into western Saudi Arabia; (2) de-
position of marine, syntectonic sedimentary rocks in the
central Gulf of Aden between *29.9 and 28.7 Ma, followed
by Early Oligocene rifting in the Gulf of Aden; (3) formation
of a small rift basin in the Eritrean Red Sea between *27.5
and 23.8 Ma, virtually concurrent (*25 Ma) with extension
and rifting in the Afar; (4) intrusion of layered gabbro, gra-
nophyre, and basaltic dike swarms in southern Arabia at
*24–23 Ma, eruption of early syn-rift basaltic flows (har-
rats) in southern and northwestern Arabia and in the sub-
surface in the Cairo region of Egypt, emplacement of basaltic
dikes along the margin of, what is now, western Arabia,
rift-normal extension, rift-margin uplift (Szymanski 2013),
and a deepening of the Red Sea basin marked by a transition
to predominantly Globigerina-rich marl and deepwater
limestone (Bosworth et al. 2005); (5) penetration of the Dead
Sea transform into the continental crust of the northern Ara-
bian Plate at*14–12 Ma and cessation of rifting in the Gulf
of Suez; (6) from *10 Ma onward, eruption of a younger
phase of Oligocene-Recent syn-rift basaltic lava forming the
lava fields (harrats) of the western and northern Arabian
Plate; and (7) onset of oceanic accretion by *5 Ma, if not
earlier, and the development of organized spreading in the
southern Red Sea and, to a debated extent, in the northern Red
Sea. As noted by Bosworth et al. (2005), initiation of conti-
nental extension marked by the intrusion of mafic dikes and
normal faulting, was virtually instantaneous between Eritrea,
Egypt, and northwestern Arabia, at the Oligocene-Miocene
transition. Extension was initially orthogonal to the trend of
the Red Sea, but by 14 Ma, at the time of initiation of the
Dead Sea transform, extension became oblique to the Red
Sea.

The crux of the debate about Red Sea development hin-
ges on the interpretation of south-to-north morphologic and
geophysical variations as approximating a tectonic evolu-
tionary sequence from drifting in the south to rifting in the
north (Cochran 1983). The southern axial trough and mag-
netic anomalies are treated as evidence of active seafloor
spreading. In the north, the absence of an axial trough and
Vine-Matthews magnetic anomalies and the presence of
extensive syn-rift sedimentary rocks are interpreted as evi-
dence that the Red Sea here is a continental rift, which has
developed nearly to the point of seafloor spreading (Martinez
and Cochran 1988; Lazar et al. 2012; Ligi et al. 2012).
Bosworth (2015) concluded that this crust may be highly
extended continental material or mixed continental and
volcanic material. The central part of the Red Sea between

about 21°N and 23°N is regarded as a transitional zone
between oceanic and continental rifting (Cochran and Mar-
tinez 1988) (Fig. 1) in which the cluster of prominent deeps
is interpreted as isolated spreading cells above ‘hot points’
where upwelling mantle diapirs puncture continental litho-
sphere (e.g., Bonatti 1985; Bonatti et al. 2015). The Gulf of
Suez at the northern end of the Red Sea is an entirely con-
tinental rift formed by a complex half graben broken along
strike into a series of smaller half grabens. Each half graben
consists of nested rotated fault blocks that displace both
sedimentary fill and crystalline continental basement (Bos-
worth 2015). Because its structure is so well known as a
result of excellent exposure and a vast amount of drilling and
geophysical surveying, the Gulf of Suez is commonly used
as a model for the northern Red Sea, although the much
deeper seafloor of the northernmost Red Sea requires a
different crustal structure.

The widely accepted timing of initial seafloor spreading
at *5 Ma is based on interpreting the age of
large-amplitude, short wavelength magnetic anomalies cen-
tred on the axial trough of the Red Sea between latitudes
*23.5°N and 15°N. A limited section of these anomalies is
shown in Fig. 2a; they are more fully shown in a residual
magnetic anomaly map of the Red Sea compiled by Hall
et al. (1977). The anomalies trend NW parallel to the Red
Sea and are interpreted as Vine-Matthews type magnetic
anomalies indicative of newly formed oceanic crust (Girdler
and Styles 1974; Roeser 1975; Hall et al. 1977). By com-
parison with worldwide magnetostratigraphy, the oldest
anomalies are estimated to be 5 Ma, the youngest 0 Ma. As
shown in Fig. 2a, the linear magnetic anomalies in the axial
region of the southern Red Sea are flanked by broader, lower
amplitude anomalies that extend as far as the coastlines and
even onto part of the coastal plain. The nature of these
anomalies is debated, but Girdler and Styles (1974), Hall
(1989), and Hall et al. (1977) interpret them as also caused
by oceanic crust, although older than the crust in the axial
region and reduced in amplitude because of the 4–5 km
sedimentary sequence covering them (Rasul et al. 2015).
These anomalies are estimated to be either 25–26 Ma or 35–
37 Ma, and on this basis two stages of Red Sea sea-floor
spreading are proposed (Girdler and Styles 1974). The first
stage spanned 41–34 Ma and the second stage occurred from
4–5 Ma to the Present. The southern Red Sea axial trough is
further marked by a continuous gravity high (Fig. 2B) and
high heat flow, consistent with the emplacement of oceanic
crust. Between *21° and 25°N, where the bathymetric
trough is discontinuous, large-amplitude magnetic anomalies
are associated with the deeps and basaltic intrusions. North
of latitude 25°N, the Red Sea has neither trough nor obvious
spreading-related linear magnetic anomalies and the ocean
crust is largely considered to be extended continental
material analogous to the Gulf of Suez. However, combined
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Fig. 2 Potential-field data for the
Red Sea. a Reduced-to-the-pole
magnetic anomaly map for the
central Red Sea surveyed in 1976
(after Zahran et al. 2003). The
plot uses the conventional color
scheme of red for high intensity
and blue for low intensity. The
image shows magnetic stripes
composed of narrow magnetic
highs and lows along the Red Sea
axial trough and its eastern
margin south of 20°N
corresponding to
Vine-Matthews-type anomalies
indicative of seafloor spreading.
Discontinuous highs and lows
north of 20°N reflect the
transition zone of seafloor
spreading shown in Fig. 1.
b Bouguer gravity of the Red Sea
generated from TOPEX/Poseidon
satellite data (cf., Stewart and
Johnson 1994) and presented at a
1-km grid interval. The image
shows a virtually continuous
gravity high extending from 16°N
to 24°N coincident with the axial
trough. The gravity high is
consistent with the emplacement
of mafic material, and suggests
active ocean floor spreading at
least as far north as 24°N
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3-D interpretations of gravity and aeromagnetic data suggest
a different crustal structure. Beneath the northern Red Sea,
hot upper mantle is present from within a few tens of kilo-
metres of the coastlines and the crust thins from 21 km at the
Egyptian coast to 8–12 km thick (excluding the thick sedi-
ments) offshore (Saleh et al. 2006).

At the surface, the boundary between the Red Sea basin
and the flanking Arabian-Nubian Shield is a depositional-to-
faulted contact between sedimentary and locally volcanic
rocks of the basin and Neoproterozoic basement rocks. The
boundary is reasonably clear in outcrop despite cover by
Recent alluvium and colluvium, and well defined in
potential-field (magnetic and gravity) (Fig. 2) and seismic-
refraction surveys (Fig. 3). A seismic reflection survey of the
seaward portion of the coastal plain in southwest Saudi
Arabia made in the 1960s (Gillman 1968) indicated that the
surface of the Jurassic/basement contact dipped toward the
Red Sea at about 10°, deepening from about 2 km deep
20 km inland to nearly 5 km at the coastline near the
Mansiyah No. 1 drill hole and the Jizan salt dome (for
locations, see Fig. 7). Unfortunately, the Mansiyah drill hole
had to be abandoned at 3.9 km depth, short of seismic
basement. The reflection survey profiles did not extend
northeastward onto the Neoproterozoic basement of the
Arabian Shield, and therefore its seismic properties could not
be compared with those of basement beneath the coastal
plain. This same locality was covered by the 1978
Riyadh-Farasan seismic-refraction survey conducted by the
Saudi Arabian Deputy Ministry for Mineral Resources and
the U.S. Geological Survey Saudi Arabian Mission (Mooney
et al. 1985) (Figs. 3 and 7) which shows an abrupt thinning
of continental crust from *40 km beneath the Arabian
Shield to *20 km beneath the coastal plain and *10 km
beneath the Farasan Islands coincident with an inferred
transition from continental to oceanic crust (Mooney et al.
1985; Gettings et al. 1986). The seismically indicated

transitional crust is characterized by P-wave velocities
between 6 and 8 km/s, and is interpreted by Blank et al.
(1986) as oceanic crust produced during early stages of
seafloor spreading and strong evidence in support for a
hypothesis of essentially shore-to-shore opening in this part
of the Red Sea. A recently published study of teleseismic
P-wave receiver functions in Egypt (Hosny and Nyblade
2016) indicates thinning of continental crust from 35–39 km
inland to 30 km at the northern Red Sea coast. There are no
results for the crustal thickness of the Red Sea itself although
a figure in the Hosny and Nyblade paper suggests crustal
thicknesses of <20 km offshore, but the model illustrated is
not precise enough to make any conclusion about the nature
of crust beneath the northern Red Sea.

The contact between the ANS basement and the Red Sea
basin is generally exposed within 25 km of the shoreline,
and the relatively narrow coastal plain between the ANS and
the Red Sea coast is underlain by Neogene sedimentary and
minor volcanic rocks. In places, however, abrupt changes in
the strike of the contact and the development of embayments
and fault basins shift the contact more than 100 km inland,
testifying to tectonic complexity. The Lisan basin at *28°N
in NW Saudi Arabia, for example, is a broad region of
Cenozoic sedimentary rocks and ANS basement horsts in a
structurally complex region where the Gulf of Suez, Dead
Sea Transform, and Red Sea meet (Fig. 4). Drag along the
Dead Sea Transform caused folding and anticlockwise
rotation of Cenozoic rocks in the Lisan basin and a 110
km-sinistral slip of the basin rocks from their original
position contiguous with the Gulf of Suez. The Gulf of
Aqaba remains the most active seismic area in Saudi Arabia
and is the site of the last two (1983 and 1995) major
earthquakes (Roobol and Stewart 2009).

Other embayments include the Nakheil basin at *26°N
in Egypt (Khalil and McClay 2002; Abd el-Wahed et al.
2010) and Azlam (Aznam) basin at about *27°N in Saudi

Fig. 3 Interpretive section
showing crustal structure based
on P-wave velocities (km/s) along
the 1978 Riyad-Farasan
seismic-refraction profile that
extends southwesterly from
central Saudi Arabia to the
Farasan Islands in the Red Sea
(after Mooney et al. 1985)
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Fig. 4 Simplified geologic map of the Arabian-Nubian Shield
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Arabia (Suayah et al. 1991) (Fig. 4). These basins are filled
by pre- and syn-rift Mesozoic-Cenozoic sedimentary rocks,
and extend into the basement oblique to the general trend of
the Red Sea as extensional structures focused along reacti-
vated, preexisting NW-trending Neoproterozoic Najd shear
zones. They may have been originally one continuous basin.
The Shumaysi basin (E of Jiddah) and the Jizl-Hamd basin
(north of Yanbu) are fault basins isolated from the Red Sea
by intervening blocks of Neoproterozoic rocks. Apatite and
zircon (U-Th)/He thermochronology identifies a prolonged
period of diffuse extension associated with the development
of these basins, particularly an *8 million-year period of
block faulting that created a *200 km-wide zone of diffuse
extension associated with the Jizl-Hamd half graben (Szy-
manski 2013; Szymanski et al. 2012, 2016).

The Gulf of Suez at the northern end of the Red Sea lacks
evidence of volcanic rocks, intrusive rocks, or sea-floor
spreading and is a region of well-defined normal faulting and
thinned continental crust (Khalil and McClay 2001; Bos-
worth 2015). The abrupt change in depth from a few metres
below sea level in the southern Gulf of Suez to >1200 m in
the northern Red Sea suggests an abrupt change in crustal
type at the transition between the Gulf and the Red Sea. The
Gulf of Aqaba, which marks the southern extension of the
Dead Sea transform, is a narrow, transtensional basin with
seafloor down to 1850 m deep. This active plate boundary
has faulting and earthquakes but no known igneous activity.

ANS crust is exposed on Tiran Island at the northern end
of the Red Sea (Goldberg and Beyth 1991) and is present
farther south as Neoproterozoic granitic gneiss and peridotite
in a horst of continental crust extending SSE from Ras Benas
in Egypt to Zabargad Island (Brueckner et al. 1996). Granitic
rocks are encountered elsewhere as much as 20 km from the
Egyptian and Saudi Arabian coastlines (Bosworth et al.
2005). Other islands in the Red Sea, however, are underlain
by Cenozoic to Recent reef material, such as the Farasan and
Dahlak Islands, or by Recent volcanic rock, such as Jebel at
Tare and Zubeir Islands (Fig. 4).

It is well known that young rifted continental margins are
flanked by large-scale, low-relief plateaux elevated 1 to
2 km or more above sea level as the result of rift-margin
uplift or post-rift exhumation and uplift (Japsen et al. 2011).
Such uplifted margins may remain exposed for some tens of
millions of years after the onset of seafloor spreading, as is
the case of crystalline rocks exposed in Norway and
Greenland on the flanks of the North Atlantic Ocean, which
began seafloor spreading *54 Ma (Gaina et al. 2009). As
the opening ocean matures and widens, the uplifted rift
flanks subside and are buried with sediments to become
complementary passive continental margins, such as the
flanks of the Central Atlantic and Gulf of Mexico, where
seafloor spreading began >150 Ma. In these cases, only the

largest, most regional basement features can be correlated
across the ocean basin, and only broad inferences can be
made about the possible effects of basement structures on
ocean opening and oceanic crustal composition. In the case
of the Red Sea however, rift-margin uplift was recent
enough that the basement rocks persist as prominent
rift-flank uplifts on either side of the Red Sea, and excellent
exposures in these uplifts allow relatively straightforward
correlation of basement structures across the Red Sea
(“piercing-points”).

North-to-south morphologic differences, nevertheless,
characterize the dynamic topography resulting from Red
Sea rift-flank uplift, mimicking changes seen in the Red Sea
itself. Low-temperature (U-Th)/He thermochronology
shows that the west-central Saudi Arabian Red Sea margin
in an area referred to as the central Arabian rift flank
(CARF) was partly exhumed at *350 Ma but for much of
the subsequent Mesozoic was relatively stable (Szymanski
2013; Szymanski et al. 2012, and in prep.). However, a
complex Middle Miocene cooling history shows that the
onset of Red Sea rifting was associated with footwall
exhumation at *23 Ma during which the CARF was dis-
sected along rift-parallel fault blocks and exhumed from
pre-rift flank depths of *1.5–3.9 km (Szymanski et al.
2012, and in prep.). A comparable exhumation signal
elsewhere along the Red Sea Nubian margin and the
southern Arabian rift flank in Saudi Arabia and Yemen
indicates that Red Sea rifting began along nearly the entire
length of the Red Sea-Gulf of Suez system at *23 Ma
(Szymanski et al. 2012, and in prep.). A formerly extensive
cover of Phanerozoic sedimentary rocks was stripped off
the Arabian-Nubian Shield around the Red Sea but rem-
nants are preserved as outliers unconformable on basement
rocks at the top of the Red Sea escarpment and in blocks on
the Red Sea coastal plain down-faulted along a W-dipping
detachment that formed during Red Sea extension
(Bohannon 1989). Rift margins in the south rise in ero-
sional escarpments to elevations of more than *3000 m. In
Arabia, the escarpment is a continuous topographic feature
south of Jiddah and the lip of the escarpment is the
watershed between drainages to the Red Sea and to the
Persian/Arabian Gulf. North of the Jiddah area, in contrast,
the escarpment is discontinuous and is no longer a water-
shed. Drainage from far inland cuts through the mountains
inland from the Red Sea in contrast to the sharp drainage
divide present in the south. A similar topography occurs
west of the Red Sea, with a prominent escarpment flanking
the coastal plain in Eritrea and southern Sudan, but only
mountains and valleys, not a continuous escarpment, in
northern Sudan and Egypt. This suggests that the southern
Red Sea rift flanks have been recently rejuvenated but that
the northern margins have not.
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3 The Red Sea Basin as a Magmatic Province

In addition to its dynamic rift-related topography, develop-
ment of the Red Sea was accompanied by the emplacement
of abundant dikes, sills, and volcanic flows (Bosworth and
Stockli 2016) (Fig. 5).

Overall, Red Sea magmatism is decidedly asymmetric,
with a preponderance of dike emplacement and basalt
eruptions along the western margin of the Arabian Plate
(Fig. 5). The earliest magmatism in the region was related to
the Afar plume in the form of pre-rift mafic lavas extruded in
Ethiopia, Eritrea, and southern Yemen at *31 Ma. The
earliest rift-related Red Sea magmatism comprised swarms
of syn-rift mafic tholeiitic dikes, gabbroic intrusions, and
volcanic rocks emplaced between *24 and 20 Ma, and
extending over 3000 km from north of Afar into northern
Egypt (Bosworth and Stockli 2016) and northern
Jordan-southern Syria (Harrat ash Shaam) (Ilani et al. 2001).
Particular concentrations of dikes and intrusions make up the
Al Lith igneous complex (ALIC) 100 km SE of Jiddah
(Figs. 1 and 6) and the Tihama Asir igneous complex
(TAIC) 40–100 km east and north of Jizan (Figs. 1 and 7).
The dikes formed from magmas produced by partial melting
of the mantle (Coleman 1993) and make up swarms of
sheeted sequences, as in the igneous complexes, or wide and
elongate dikes forming extensive linear structures. The latter
do not crop out everywhere but are indicated along most of
the Red Sea eastern margin by narrow magnetic lineaments
such as those on the RTP aeromagnetic anomaly map of
western Saudi Arabia in Fig. 2a. North of latitude 22°N, the
magnetic lineaments are virtually continuous, indicating that
the dikes extend tens to hundreds of kilometres along strike;
south of 22°N, the dikes are less continuous. They yield
40Ar/39Ar ages of *21 Ma (Sebai et al. 1991). Contempo-
raneous dikes and lava flows (23–22 Ma) mapped in the
subsurface in the Cairo area possibly originated from a
short-lived “mini-plume” (Bosworth 2015; Bosworth and
Stockli 2016).

Following a *7–9 million-year quiescence, apart from
local volcanism in the Afar area and at Harrats Ishara (*17–
14.5 Ma; Szymanski 2013) and Harairah between Madinah
and Al Wajh (Fig. 5), Middle Miocene resumption of
magmatism in the Red Sea basin resulted in new basaltic
flows at Harrat ash Shaam (<*13 Ma) and formed the
younger harrats of Saudi Arabia (Nawasif/Al Buqum, Kishb,
Rahat, Khaybar and Ithnayn, and Uwayrid). Ilani et al.
(2001) envisage that this renewal of volcanism was associ-
ated with sinistral movement along the Dead Sea transform,
and may reflect the emergence of upper-mantle upwelling
beneath the western Arabian Plate. Recent volcanic and dike
activity is evidenced at Harrats Rahat and Lunayyir in the
past 800 years until the Present (Pallister et al. 2010) in

northwestern Saudi Arabia and on the coastal plain east of
Jizan. As pointed out by Bosworth and Stockli (2016), Red
Sea magmatism was episodic and although it gave rise to the
prominent fields of basalt that characterize the western
Arabian Plate, the exposed erupted and intruded magmatic
material does not amount to a large volume when considered
in relation to other rifted margins. Nevertheless, the presence
of the sheeted dikes and plutons of the Al Lith and Asir
Tihama complexes show that oceanic-like rifting, albeit
briefly, accompanied the early phase of the Red Sea rift
history (Bosworth and Stockli 2016). Furthermore if, as
contended in this paper, more of the Red Sea is underlain by
oceanic material than conventionally accepted, the overall
volume of magmatic material is considerable.

The Al Lith Igneous Complex comprises two sets of
dikes and small gabbro and diorite plutons that intrude
crystalline rocks of the Arabian Shield (Fig. 6) and volcanic
rocks that interdigitate with other epiclastic rocks of the Red
Sea basin (Pallister 1987). The volcanic rocks (Sita Forma-
tion) are a suite of basalt, dacite, and rhyolite interbedded
with volcaniclastic rocks, wacke, and limestone. One set of
dikes, referred to as the Ghumayqah complex, consists of
widely spaced linear intrusions of gabbro to monzogabbro
10–100 m wide. The Ghumayqah dikes create prominent
magnetic anomalies (Fig. 6b). The anomalies and geologic
mapping show that two NW-trending dikes shown in Fig. 6a
extend more than 50 km SE of the area shown in the figure
where they are associated with as many as ten, widely
spaced, similar dikes intruded into basement across a width
of *30 km (Pallister 1986). The other set of dikes, referred
to as the Damm dike complex, forms swarms of subparallel
to parallel, and locally sheeted, dikes and minor sills of alkali
basalt and lesser hawaiite, trachyte, comendite, dacite, and
rhyolite. This swarm extends over a width of 10 km.
Because of greenschist-facies metamorphism, K-Ar dating
reported by Pallister (1987) is not as reliable as the 40Ar/39Ar
dating reported by Sebai et al. (1991). Whole-rock plateau
ages range from 26.0 ± 1.3 Ma to 22.3 ± 0.5 Ma and
amphibole ages range from 24.0 ± 0.2 Ma to
22.3 ± 0.6 Ma (Sebai et al. 1991). Pallister (1987) interprets
the Al Lith Igneous Complex as magmatism in continental
crust thinned and extended by horst-graben faulting, and
envisages a sheeted mafic dike complex forming the Red Sea
oceanic crust farther west (Fig. 6c). The conspicuous mag-
netic boundary shown on Fig. 6b and regionally shown on
Fig. 2a is located where SW-trending anomalies reflecting
the structure of the Arabian Shield are truncated by a
regional high that extends along the entire eastern margin of
the Red Sea south of Jiddah, and is interpreted by us as the
boundary between continental and oceanic crust.

The Tihama Asir igneous complex (Fig. 7) comprises
swarms of sheeted dikes, bodies of layered gabbro, and
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Fig. 5 a Cenozoic to Recent volcanic and intrusive rocks of the Red
Sea basin and northwestern part of the Arabian Plate. Additional
Cenozoic basalt occurs in the Cairo area, west of the western margin of
this map (see Bosworth 2015 for details). b Compilation of published
40Ar/39Ar ages of pre- and syn-rift magmatism in the Red Sea basin
(after Bosworth and Stockli 2016) and K-Ar ages in Harrat ash Shaam
(after Ilani et al. 2001). Two periods of Oligocene–early Miocene
magmatism are distinguishable: (1) initial activity associated with the

Afar plume at *31 Ma, affecting the southern ANS; and (2) syn-rift
magmatism along essentially the entire Red Sea rift and northwestern
Arabian Plate (Harrat ash Shaam). Widths of boxes indicate published
error bars for individual samples except for the Ethiopia and Yemen
traps, which are composites of many samples. See Bosworth and
Stockli (2016) for sources of data. Lavas in the far north of the Arabian
Plate are related to Late Cenozoic collision between the Arabian and
Anatolian and Eurasian Plates (Pearce et al. 1990)
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Fig. 6 The Al Lith igneous complex (after Pallister 1987). a Map of
the complex showing the great concentration of Damm dikes that
characterizes the complex. b Reduced-to-the-pole aeromagnetic map
showing NW-trending linear anomalies coincident with Ghumayqah
complex gabbroic dikes and a broad region of high-magnetic intensity

in the southwest suggestive of strongly magnetic, possibly oceanic,
crust beneath the coastal plain and Red Sea. c Schematic paleogeo-
graphic reconstruction showing the location of the Al Lith igneous
complex in rifted basement of the Arabian Shield at the margin of an
inferred swarm of sheeted dikes forming a hypothetical Red Sea crust
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Fig. 7 The Tihama Asir complex (after Coleman et al. 1979 and Blank
et al. 1987). a Map of the complex showing its strike length of
>150 km at the contact between continental crust of the Arabian Shield
and Cenozoic sedimentary and volcanic rocks of the Red Sea basin.
The complex is partly overlain by Pleistocene-Holocene lava and cinder
cones, and details of the contact are obscured by Cenozoic

unconsolidated alluvial and eolian sediment. b Reduced-to-the-pole
aeromagnetic map showing a zone of high-magnetic intensity partly
coincident with the Tihama Asir complex and broader zones of
high-to-moderate intensity along the coastal plain and Red Sea
interpreted here as indicative of oceanic crust
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irregular plutons of granophyre exposed inland from Jizan
that intruded faulted and extended continental basement at
the contact between the Arabian Shield and the Red Sea
basin. It has a strike length of >150 km NW–SE parallel to
the trend of the Red Sea. Its outcrop width is 5–10 km, but its
coincidence with the NW-trending magnetic high shown in
Fig. 7b indicates a minimum subsurface or concealed width
of at least 20 km. Conspicuous linear, short-wavelength,
NW-trending magnetic anomalies farther east suggest the
presence of buried Red Sea dikes of the type known else-
where along the Saudi Arabian margin. The number of dikes
and the dike/country-rock volume ratio increase east to west
across the shield/coastal plain contact and the western
exposures are virtually entirely sheeted dikes, pillow lava,
and volcaniclastic rock (Gettings et al. 1986). Individual
dikes of the sheeted dike complex are 0.5–19 m wide and
vary in density from 100% in areas of dike-on-dike intrusion
to 10% or less in areas where screens of country rocks are
present. Many dikes intruded along fault planes or joints in
the bedrock. Compositionally they are diabase and basalt,
with minor gabbro and rhyolite. Layered gabbro, in which
variations in plagioclase, clinopyroxene, and olivine contents
define subtle, seaward-dipping layers as much as 1 m thick,
crops out in plutons as much as 8 km long and 2.5 km wide
(Blank et al. 1987). Granophyre occurs as pods and small
plutons that intrude the dikes and gabbro. The complex yields
K-Ar ages between 24 and 20 Ma for gabbro and granophyre
(Coleman et al. 1972), indicating an early Miocene age for
the complex, similar to the age estimated for the Al Lith
igneous complex. Since the 1950s, the complex was believed
to be located at the boundary between the Arabian Shield and
Red Sea basin. This conclusion is supported by the coinci-
dence of a region of abrupt thinning of continental crust at the
contact between the Arabian Shield and Red Sea basin shown
on the seismic-refraction survey profile (Fig. 3) and the
NW-trending magnetic boundary shown in Fig. 7b between a
region of heterogeneous, shortwave anomalies to the north-
east and a region of broad-wavelength anomalies to the
southwest.

4 Continental Crust of the Red Sea Margins

The Arabian-Nubian Shield (ANS) extends 3500 km
north-south from southern Israel and SW Jordan to Kenya
and some 1500 km east-west from central Saudi Arabia to
the Nile in Egypt and Sudan, underlying an area of
*2.7 � 106 km2 (Fig. 1, inset). This crust formed between
*880 and *580 Ma as part of the Rodinia-Gondwana
supercontinent cycle, during a *300 m.y. period of Neo-
proterozoic magmatic and tectonic evolution that yielded a
juvenile tract of continental crust, as the ANS was sand-
wiched between colliding continental blocks of eastern and

western Gondwana. Transpressional convergence coupled
with tectonic escape and orogenic collapse produced broadly
north-trending shear zones and upright tight folds in the
southern ANS and northwest-trending strike-slip shear zones
of the Najd fault system in the north (Figs. 1 and 4). By
early-Cambrian times, the ANS was part of the East Africa–
Antarctic Orogen (EAAO; Stern 1994; Fritz et al. 2013), an
orogenic belt that stretched southward through the Gond-
wana supercontinent along the eastern margin of Africa and
across Antarctica. Around the Red Sea, ANS rocks crop out
in Sinai, Israel, and Jordan in the north; on the Red Sea
western flank in the Eastern Desert of Egypt, the Red Sea
Hills of Sudan, and the highlands of Eritrea and northern
Ethiopia; and on the Red Sea eastern flank in western Saudi
Arabia and the highlands of Yemen.

Exposed ANS is composed of subequal proportions of
mostly greenschist-facies volcanic and related immature
sediments and intrusive plutons (Fig. 8b) that formed during
Tonian-Cryogenian and Ediacaran-earliest Cambrian stages.
The earlier stage, *250 m.y. long, corresponds to an epi-
sode of accretionary tectonics dominated by formation of
volcanic-arc assemblages and accretion of multiple arcs
around the Mozambique Ocean to form proto-continental
crust. These rocks are dominated by greenschist-facies vol-
canic and related immature sedimentary rocks and “I-type”
granodioritic intrusions that are characterized by similar
U-Pb zircon radiometric ages and Nd model ages. In terms
of their petrogenesis, they are juvenile additions to the crust
from the mantle as indicated by their isotopic compositions
(Stern 2002), and are sometimes referred to as the western
arc or oceanic terranes of the ANS (Stoeser and Frost 2006).
The later, shorter (*50 m.y.) stage was a period of conti-
nental collision, escape tectonics, orogenic collapse, and
possible lithospheric delamination; rocks formed during this
stage include less-metamorphosed volcanic and sedimentary
rocks and widespread granitoid plutons and batholiths
(Fig. 4).

Stabilization of the end-Ediacaran ANS crust coincided
with shield-wide exhumation, uplift, and the development of
a regional angular unconformity (Ram Unconformity of
Powell et al. 2014). Uplift possibly resulted from litho-
spheric delamination coupled with regional compression
associated with terminal collision between crustal blocks of
eastern and western Gondwana (Avigad and Gvirtzman
2009; Abu-Alam et al. 2011). Subsequent regional subsi-
dence allowed deposition of thick sequences of Cambrian
and Ordovician sandstone and siltstone, derived mostly from
erosion of the Trans-Gondwana “supermountains” in the
south (Squire et al. 2006; Meinhold et al. 2013).
Cambro-Ordovician rocks originally extended across the
entirety or most of the ANS basement, but have been
extensively removed by erosion. Lower Paleozoic sandstone
locally crops out on the Saudi Arabian coastal plain as
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blocks downdropped from their original position at the top
of the Red Sea escarpment along seaward-dipping detach-
ment faults (Bohannon 1989), but the main expanse of
Phanerozoic rocks east of the Red Sea is 100–700 km inland
in central and eastern Arabia. ANS exposures west of the
Red Sea extend *500 km inland in Sudan from the Red Sea
coast as far as the Saharan Metacraton (Fig. 1, inset), a
region of mainly pre-Neoproterozoic crust that was exten-
sively reworked during the Neoproterozoic (Abdelsalam
et al. 2002). To the north, in the Eastern Desert of Egypt, the
ANS exposures narrow to less than 100 km.

Tonian-Cryogenian volcanic-arc assemblages constitute
tectonostratigraphic terranes that, adjacent to the Red Sea,
are referred to as the Eastern Desert, Gebeit, Haya, and
Tokar terranes in Egypt, Sudan, and Eritrea, and the Midyan,
Hijaz, and Jiddah terranes in Saudi Arabia (Fig. 1). On the
basis of isotopic dating and field observations, it is evident
that these terranes were once continuous and are now
bisected by the Red Sea. The Eastern Desert terrane corre-
lates with the Midyan, the Gebeit terrane with the Hijaz, the
Haya terrane with the Jiddah, and the Tokar terrane with the
Asir (Fig. 9). The mere fact of correlation, of course, does
not itself constrain how close the terranes were juxtaposed
prior to Red Sea opening, but the present relationship of the
terranes precludes any significant strike-slip displacement of

continental crust along the axis of the Red Sea during ini-
tiation of Red Sea opening of the type proposed, for
example, by Shimron (1989).

4.1 Suture Zones

In addition to the lithostratigraphic terranes that correlate
across the Red Sea, there is also general consensus about the
correlation of inter-terrane ophiolite-decorated suture zones
that resulted from closing the Neoproterozoic ocean basins in
which the arc assemblages originated (Azer and Stern 2007;
Stern et al. 2004) (Figs. 1 and 9). Of the two ANS sutures that
impinge on the Red Sea, the northerly Allaqi-Heiani-Onib-Sol
Hamed-Yanbu suture trends E–W to NE–SW across southern
Egypt and northern Sudan, and irregularly NE–SW across
northwestern Saudi Arabia, forming a composite structure
referred to as the YOSHGAH (Yanbu-Onib-Sol Hamed-Gerf-
Allaqi-Heiani) suture (Stern et al. 1990). The western part of
the suture zone in Egypt and Sudan is a *400 km-long
ophiolite-decorated fold-and-thrust belt composed of imbri-
cate thrust sheets and slices of ophiolite (serpentinite,
amphibolite, metagabbro and metabasalt) and island arc
metavolcanic/metasedimentary rocks. The Yanbu suture in
the Arabian Shield is a similar subvertical to steeply-dipping

Fig. 8 a Structure of western
Arabia lithosphere, simplified
from Stern and Johnson (2010).
b Composition of western
Arabian lithosphere, as
determined from outcrops for
upper crust (after Johnson et al.
2011) and reported proportions of
lower crust and lithospheric
mantle xenoliths brought up in
Neogene volcanic eruptions
(Harrats; Stern and Johnson
2010). For upper crust, gneiss is
calculated in terms of the
protolith—thus dioritic gneiss is
grouped with diorite, granite
gneiss with granite, etc.
Ultramafic rocks do not figure
either, but amount to about 1%.
The Nubian Shield has a similar
composition except for a greater
proportion of ultramafic rocks
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shear zone containing nappes and fault-bounded lenses of
mafic and ultramafic rocks (Pallister et al. 1988). Radiometric
dating of ophiolites, metavolcanic rocks, gabbro, quartz
diorite and stitching granites suggests that the ophiolites
formed *730 Ma and that accretion between the Gebeit and
Eastern Desert terranes and emplacement of the ophiolitic
nappes occurred between 730 Ma and 709 Ma (Ali et al.
2010). The timing of convergence along the Yanbu suture is
not precisely constrained, but amalgamation probably occur-
red at*700 Ma following 808–721 Ma ophiolite formation,
and preceding emplacement of 730–690 Ma granodiorite and
tonalite (Pallister et al. 1988). The suture zone in Egypt and
Sudan extends to the shield/coastal plain boundary; the Yanbu
suture stops some 50 km short of the contact with the Red Sea
basin because its continuity is interrupted by granite
intrusions.

The Bir’Umq-Nakasib suture, one of the best-exposed
Neoproterozoic sutures in the world, is a slightly older zone
of amalgamation between the Jiddah-Haya and Hijaz-Gebeit
terranes in Saudi Arabia and Sudan (Fig. 9). It extends NE
across the ANS as a belt of ophiolite nappes and juvenile
metavolcanic, metasedimentary, and intrusive rocks 5–
65 km wide and over 600 km long. Dating of ophiolitic
rocks, volcanic rocks, and pre- and syntectonic plutons
indicates that oceanic magmatism in the region was active
*870–830 Ma and suturing occurred *780–760 Ma
(Abdelsalam and Stern 1993; Hargrove 2006).

The Ad Damm-Barka shear zone is a prominent zone of
subvertical shearing and folding at the contact between the
Jiddah-Haya and Asir-Tokar terranes. The Barka shear zone
is a transpressional duplex made up of at least seven struc-
turally distinct units separated by shears (Drury and de
Souza Filho 1988). It dips west between 45° and 80° and is
as much as 40 km wide. Each unit has large folds; some are
internally imbricated by lesser shear zones. The Ad Damm
shear zone is a subvertical fault zone 2–4 km wide extending
>350 km NE from the Red Sea coastal plain. It is charac-
terized by dextral strike-slip, moderately to steeply
NW-plunging stretching lineations, and conspicuous S–C
kinematic indicators in greenschist- to amphibolite-facies
phyllite and schist developed from volcanic and volcani-
clastic rocks as well as mylonitic gneiss developed from
granite of the *620 Ma Numan Complex. Because shearing
deforms the Numan Complex, the age of the youngest finite
strain of the Ad Damm fault zone is inferred to be Ediacaran,
and the structure is considered by some to be a conjugate
shear of the otherwise NW-trending Najd fault system
(Hamimi et al. 2014). The Ad Damm-Barka shear zone
contains little ophiolite and its tectonic significance is
debated; it may be a cryptic suture or a young, dextral
strike-slip shear zone superimposed on or obliterating an
earlier suture. Importantly, however, both the YOSHGAH
and Bi’r Umq-Nakasib sutures and the Ad Damm-Barka

shear zone impinge, at various oblique angles, on the Red
Sea and create a network of structures and piercing-points
that must be put back together in any palinspastic model for
the Red Sea (Fig. 9).

4.2 North-Trending Shear Zones

Another distinctive structure in the Asir-Tokar and
Jeddah-Haya terranes comprises northerly trending belts of
shearing, thrusting, and folding coupled with variable
amounts of horizontal strike-slip displacements that resulted
from terminal transpressional E–W convergence (Abdel-
salam and Stern 1996) (Figs. 1 and 9). These shear zones are
marked by chlorite-sericite schist, phyllonite, and local ser-
pentinite schist derived by retrograde metamorphism of the
greenschist and amphibolite-facies country rocks. They have
a marked lithologic and rheologic contrast with the unaltered
country rocks, and constitute north-trending zones of
potential crustal weakness. The shear zones are subparallel
to the Red Sea dikes, the dike swarms of the Al Lith and
Tihama Asir igneous complexes, and to the general trend of
the southern Red Sea coastline. Consequently, it is likely
that such pre-existing Neoproterozoic structures exercised a
geometric control on rifting in the southern Red Sea.

Such shear zones are exposed in the Ghedem area of
Eritrea, immediately adjacent to the Red Sea coastline
(Ghebreab et al. 2005). The basement rocks here include
domes of low- to middle-crustal gneiss and schist meta-
morphosed to amphibolite facies during progressive
syn-deformation metamorphism that peaked at *590 Ma
when P–T conditions were near 12 kbar and 650 °C.
Structurally, the domes are characterized by low-angle,
mylonitic ductile shear zones. Subsequent exhumation of the
high-grade rocks and extension along E–ESE- and W–

WNW-directed low-angle faults during ANS orogenic col-
lapse are denoted by retrogressive metamorphism between
580 and 565 Ma (40Ar/39Ar hornblende and mica ages)
(Fritz et al. 2013). The high-grade rocks were further
exhumed during Permo-Carboniferous times and were fur-
ther thinned from a thickness of *35 to *14 km during the
Cenozoic by low-angle normal faulting. The Cenozoic faults
sole-out into detachments among the low-angle Neopro-
terozoic mylonites, suggesting that the Cenozoic faults
reflecting Red Sea extension exploited, or were controlled by
Neoproterozoic structures. Unfortunately, 40Ar/39Ar cooling
ages of hornblende and muscovite fail to constrain the age of
detachment, possibly because this occurred below the clos-
ing temperature of muscovite (Ghebreab et al. 2005).

The Gebeit terrane contains the Hamisana and Oko
shortening zones (Abdelsalam 1994, 2010; Abdelsalam and
Stern 1996) (Ha and On in Fig. 1) that formed between
*660–560 Ma (Miller and Dixon 1992; Stern et al. 1989a,
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b). The Hamisana shortening zone extends north across the
YOSHGAH suture, which it displaces by about 50 km
(Stern et al. 1990), into the southernmost Eastern Desert
terrane and impinges the Red Sea coastline at an acute angle.
The correlative Hanabiq shear zone, a belt of highly strained
rocks >35 km long and nearly 5 km wide, in the Arabian
Shield north of Yanbu (Hn in Fig. 1) (Duncan et al. 1990),
contains mylonitic gneiss and schist with dextral kinematic
markers and syntectonic granitoids that yield a U-Pb zircon
age of 590.5 ± 2.8 Ma (Kennedy et al. 2010) interpreted as
the time of syntectonic intrusion. Deformation on the Han-
abiq shear zone is estimated to be *610–585 Ma, over-
lapping the time of movement on the Hamisana shortening
zone. The Hanabiq shear zone is evidently a continuation of
the Hamisana shortening zone and the two structures con-
stitute another set of piercing-points for modeling Red Sea
closure.

4.3 Najd Shear Zones

The northern ANS terranes lack the N–S shortening struc-
tures of the southern ANS. Instead, they are pervasively
affected by NW-trending “Najd” shear zones (Sultan et al.
1988) that developed in association with northward-directed
tectonic escape of the ANS during terminal collision of E
and W Gondwana (Burke and Sengor 1985) and created
prominent NW-trending brittle-ductile fault zones (Fig. 1).
The Najd system, dating between *620 and 580 Ma, is one
of the largest shear zone systems on Earth (Stern 1985) and
constitutes a zone of deformation, sometimes referred to as
the Najd fault corridor, that extends across the entire Arabian
Shield and northern Nubian Shield.

The composition of mid-level ANS crustal rocks includes
upper amphibolite-facies quartzofeldspathic (granitic)
gneisses and amphibolites exposed in the Meatiq and Hafafit
domes in the Central Eastern Desert of Egypt, the Qazzaz
dome in northwestern Saudi Arabia and elsewhere (Fig. 4).
These rocks crop out in structural highs surrounded by
greenschist-facies ensimatic arc rocks and younger sedi-
mentary basins intruded by dioritic, granodioritic, and
granitic plutons, and are interpreted as examples of
high-grade and migmatitic infrastructure of the mid-crust
(“Tier 1” of Bennett and Mosley 1987) that poke through
lower grade superstructure rocks (“Tier 2” of Bennett and
Mosley 1987). High-strain mylonitic zones separate the
high-grade and low-grade rocks and form a system of crustal
dislocations referred to, in the Nubian Shield, as the Eastern
Desert Shear Zone (EDSZ) (Andresen et al. 2009, 2010) that
is related to*600 Ma Najd faulting. Similar types of crustal
vertical heterogeneity are referred to by Blasband et al.
(2000) and Fritz et al. (2002), who describe metamorphic
belts in Wadi Kid in Sinai and the Sibai and Meatiq regions

of the Central Eastern Desert, Egypt as core complexes. The
exhumation of the ANS infracrustal rocks in these localities
may reflect interaction of Najd left-lateral strike-slip shear-
ing, extension and partially molten middle crust (Stern
2017). Because of their relatively high metamorphic grades
and schistose and gneissic fabric, the ANS infracrustal rocks
in Egypt were earlier interpreted as remnants of
pre-Neoproterozoic continental crust (e.g., Habib et al. 1985;
El-Gaby et al. 1988, 1990). However, the absence of sig-
nificant geochemical, geochronologic, or isotopic differences
between the high- and low-grade rocks strongly supports the
view that rocks of the two tiers represent different thermal
regimes experienced by different levels of Neoprotero-
zoic ANS crust and are further evidence that the ANS crust
in its entire thickness is juvenile.

The Najd system is associated with Neoproterozoic
pull-apart volcanosedimentary basins located at bends or
jogs in the faults and provided a mechanism for the
exhumation of mid-level crustal rocks in gneiss domes or
core complexes (Fritz et al. 2002; Abd El-Naby et al. 2008;
Meyer et al. 2014). Because the Najd structures are so long
and form a network of shears that obliquely intersect the Red
Sea coastline, they are particularly useful geologic features
for constraining palinspastic reconstruction of the ANS
before Red Sea opening. Sultan et al. (1988) (using different
names to those used here) correlate specific strands of the
Najd system across the Red Sea, linking the Qazzaz and
Duwi shears and Ajjaj and Nugrus shears for example.
Correlations at the level of such detail may be debated, but
the general extension of the Najd fault system from the
Arabian Shield into the Nubian Shield is without doubt, and
must be accommodated in any model of Red Sea closure.
Furthermore, Cenozoic rejuvenation of Najd faults con-
trolled the development of the Late Mesozoic-Cenozoic
Nakheil and Azlam (Aznam) basins mentioned above. The
faults do not appear to cause any jog in the coastline or affect
the location of Red Sea deeps, but they do modify Miocene
fault geometry and create the Quseir-Duba accommodation
zone, a region across which there is a significant change in
Red Sea faulting polarity, from NE-dipping Miocene faults
to the north to SW-dipping faults to the south (Bosworth
2015).

5 Vertical Structure of ANS Lithosphere

In all discussions of Red Sea opening, it is accepted that the
boundary between the Red Sea basin and the ANS crust
approximates a major lithospheric discontinuity that marks
where once-continuous continental crust was ruptured.
Models of continental rifting necessarily entail an under-
standing of the overall strength of the lithosphere, a rheo-
logic parameter that is generally considered to be controlled
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by composition, geothermal gradient or temperature struc-
ture (dT/dZ), strain rate, and crustal thickness (Kusznir and
Park 1987), along with how much magma was injected
(Bialas et al. 2010). Composition affects the rheology of the
various layers that make up the lithosphere, and the overall
strength of continental lithosphere is considered by some to
reflect a relatively strong olivine-rich upper mantle, a weaker
granitic to dioritic lower crust, and a stronger upper crust
(e.g., Handy and Brun 2004). An alternative view, based on
earthquake depth distributions, suggests that the strongest
part of the lithosphere is the crust and that the upper mantle
is relatively weak (Jackson 2002).

The temperature structure and strain rate of the ANS at the
time of rifting is not well established. Limited heat flow data
are available from temperatures logged in drill holes at shot
points, before explosives were loaded, along the seismic
refraction survey conducted in 1974 by the U.S. Geological
Survey Saudi Arabian Mission and Saudi Arabian Direc-
torate General of Mineral Resources (USGS/DGMR) from
close to Riyadh in the northeast, across the southern Arabian
Shield, and finishing at the Farasan Islands in the Red Sea
(Fig. 3) (Mooney et al. 1985; Gettings et al. 1986). Together
with information from the Mansiyah I deep petroleum
exploration drill hole (Fig. 7) (Girdler 1970) and from the
Red Sea shelf and axial trough (Girdler and Evans 1977), the
data show an apparent increase in heat flow from the Arabian
Shield (*40 mW/m2) toward the Red Sea margin (*80–110
mW/m2). Gettings et al. (1986) account for high heat flow at
shot-point 5 close to the Red Sea (Figs. 3 and 7) as the effect
of abutting oceanic crust and (or) an enhanced mantle com-
ponent of heat-flow through the continental crust, which here
has been thinned to*25 km, assuming a temperature regime
that has persisted for 10 million years or more.

Comprehensive information about the structure and
composition of the ANS lithosphere is given by sources as
varied as seismic-refraction surveys, S-wave splitting
parameters, lower-crust and upper-mantle xenoliths obtained
from Cenozoic lavas (harrats), and structural and lithologic
mapping of high-grade rocks exhumed from mid-crustal
levels and exposed in gneiss domes or core complexes. One
widely accepted model of P-wave arrival times measured
during the 1974 Riyadh-Farasan seismic-refraction survey
identifies *40 km thick continental crust divided into an
upper *20 km thick layer of low Vp (<6.5 km/s) of likely
felsic composition and a lower *20 km thick layer of
higher Vp (6.7–7.8 km/s) of likely mafic composition
(Fig. 3) (Mooney et al. 1985; Gettings et al. 1986). The ANS
upper mantle is characterized by high Vp velocities
(>8 km/s), suggesting a bulk ultramafic composition. S- and
Raleigh-wave functions indicate that the ANS upper (litho-
spheric) mantle varies in thickness from >40 km at the Saudi
Arabian coastline to*90 km beneath the shield to >170 km
just east of the shield (Hansen et al. 2007; Park et al. 2008).

Prodehl (1985) modeled the Saudi Arabian crust–mantle
boundary at a common depth of 40 km with a maximum of
50 km beneath the southwestern part of the shield and an
abrupt thinning to 15 km beneath the Red Sea; a similar
result was obtained more recently by Tang et al. (2016). In
the Prodehl model, relatively high-velocity material at about
10 km depth in the western shield upper crust is underlain by
velocity inversions, and the lower crust with a velocity of
about 7 km/s is underlain by a transitional crust-mantle
boundary. The upper mantle appears to have a laterally
discontinuous lamellar structure with intermixed
high-velocity and lower velocity zones.

A limitation of seismic-refraction surveys, of course, is
that the results emphasize horizontal structure at the expense
of vertical or steep structure. As a consequence, although the
Riyadh-Farasan survey clearly shows vertical heterogeneity
(layering) in the ANS crust, it provides few instances of
conspicuous Vp discontinuities that reflect the many
steeply-dipping shear zones and lithologic contacts known to
exist in the Arabian Shield (Gettings et al. 1986). The ver-
tical discontinuities that are identified (Mooney et al. 1985)
denote a fault in the upper crust *200 km from the north-
eastern end of the profile, structures in the upper part of the
upper crust southwest of the known Al Amar fault zones, a
diapiric structure coincident with the Khamis Mushayt
gneiss, and an abrupt thinning of the crust from *40 km
beneath the western edge of the ANS to *5 km beneath the
Red Sea coastal plain (Fig. 3) (Blank et al. 1986; Gettings
et al. 1986).

Mafic xenoliths brought to the surface in Cenozoic basalt
have been obtained from eight locations in the western part
of the Arabian Plate, extending from Harrat Kishb to Harrat
ash Shaam (Fig. 5) (see review in Stern and Johnson 2010;
Stern et al. 2016). Compositionally, the xenoliths are divided
into samples of ANS lower crust and upper mantle on the
basis of whether or not the samples contain plagioclase or
olivine; plagioclase indicating a lower crustal origin,
whereas abundant olivine suggests an upper-mantle origin.
Lower crustal xenoliths include mafic granulites, 2-pyroxene
gabbro, and rare garnet-bearing granulites. Ten lower crustal
xenolith samples from Saudi Arabia yield a mean Nd model
age of 0.76 ± 0.08 Ga (Claesson et al. 1984) indicating that
the southern Arabian crustal lithosphere originated during
the Neoproterozoic, whereas*360 Ma and*560 Ma U-Pb
zircon ages of lower crustal samples from Syria and Jordan,
respectively, imply that the crust in the northern part of the
Arabian Plate is younger (Cadomian and Carboniferous)
(Stern et al. 2014, 2016; Golan et al. 2017). Xenolith sam-
ples of the upper mantle include spinel lherzolite, dunite,
wehrlite, clinopyroxenite, and megacrysts of clinopyroxene
and amphibole, representing a suite of peridotite and
pyroxenite consistent with the >8 km/s P-wave velocity
revealed by the seismic-refraction data.
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Another glimpse of mantle structure beneath the Arabian
Shield is given by analysis of teleseismic receiver functions
and shear-wave splitting (Levin and Park 2000; Hansen et al.
2006) which reveal an upper mantle fabric with anisotropic
symmetry axes oriented *N–S. Levin and Park (2000)
suggest that the anisotropy represents shear zones developed
during Neoproterozoic continent–continent collision. Han-
sen et al. (2006, 2007) alternatively argued that neither fossil
lithospheric anisotropy nor present-day asthenospheric flow
fully explains the observed splitting. They interpreted the
splitting as a result of Cenozoic northeast-oriented flow
associated with absolute Arabian Plate motion combined
with northwest-oriented flow associated with a channelized
Afar plume.

6 Discussion

The Red Sea basin is the world’s best example of a nascent
ocean, juxtaposing well-defined continental and oceanic
crusts. It is located between Neoproterozoic crustal blocks of
the northeastern Nubian and western Arabian Plates and is
the result of rupturing and separation of continental
lithospheres.

As described above, the accepted Red Sea model envis-
ages active rifting and emplacement of oceanic crust in the
axial region of the southern Red Sea and a transition to a
northern region underlain by extended continental crust. In
our opinion, however, the geologic, geophysical, and geo-
graphic features of the Red Sea strongly support an alter-
native model in which most of the Red Sea, in the north as
well as the south, is underlain by oceanic crust. These fea-
tures are: (1) the pattern of basement structures that require a
virtual coast-to-coast closure of the Red Sea; (2) interpreta-
tions of potential field data—gravity and magnetics, that that
we find to be compelling in the axial region south of *22°
N, persuasive for the margins of the southern Red Sea, and
suggestive of extensive oceanic crust in the northern Red
Sea; and (3) the presence of dikes, gabbros, and basalt flows
emplaced during the early stages of Red Sea development,
which suggest major upwelling of the asthenosphere, partial
melting, and intrusion that would have thermally and
mechanically weakened the lithosphere and facilitated rup-
ture of the *40-km thick continental crust and thicker
mantle lithosphere that existed prior to Red Sea opening.

Ever since Wegener (1920) there has been a strong
opinion that the two plates prior to Red Sea opening were
closely juxtaposed, a model referred to by Gettings et al.
(1986) as “this venerable concept” and by Coleman (1993),
in the context of the reconstruction by Vail (1985), as “the
most successful”. Wegener (1920) made the proposal
because of the close fit of the opposing shorelines, the
prominent eastward bend of both shorelines north of Jiddah

and Port Sudan, and a westward bend south of Jiddah and
Port Sudan (Fig. 1). Palinspastic reconstructions of Pre-
cambrian structures across the Red Sea by Abd El-Gawad
(1970), Greenwood and Anderson (1977), Vail (1985), and
Sultan et al. (1988, 1993) all adopt a close-fit. A variant
palinspastic model resulted from a study by the Saudi
Geological Survey (SGS) and the Egyptian Mineral
Resource Authority (EMRA) designed to test the hypothesis
of a virtual coast-to-coast closure in the northern part of the
Red Sea (Kozdroj et al. 2011). Although existing geologic
maps, rock descriptions, and geochronological results sug-
gested that rock units and structures (piercing-points) on one
side of the Red Sea had counterparts on the other side, the
investigation revealed that no unique one-to-one correlation
of rock units could be made and structural misfits remained.
It was concluded that a reconstruction based on tightly fitting
the present shorelines was not satisfactory and at least a 15–
30 km gap should be left between them, representing an area
covered by Cenozoic sediments and underlain by unknown
Neoproterozoic rocks (Kozdroj et al. 2011).

The conclusion of Kozdroj et al. (2011) runs counter to
the view of the northern Red Sea as being underlain by
stretched continental crust, but it is the best way to fit cor-
relative ANS basement rocks and structures on either side of
the Red Sea. This fit is the primary reason we also argue for
a relatively tight pre-Red Sea juxtaposition of the Arabian
and Nubian Plates (Fig. 9). As noted above, the correlative
basement structures intersect the Red Sea coastlines at ori-
entations ranging from approximately orthogonal to acute.
Structures oblique to the Red Sea provide particularly tight
reconstruction constraints because bringing such structures
into alignment is very sensitive to minor differences in back
rotation. Structures that intersect the Red Sea at high angles
are much less sensitive to such small differences in rotation
and so are correspondingly less useful in constraining how
the Red Sea should be palinspastically closed. Nevertheless,
the integrated network of basement structures strongly sup-
ports a tight fit of the Arabian and Nubian Plates. Sultan
et al. (1993) proposed a similar fit on the basis of juxta-
posing satellite imagery (Fig. 10) and our Fig. 9 uses the
same pole of rotation to juxtapose the Arabian and Nubian
Plates. As in the proposal by Sultan et al. (1988), we
envisage that the Qazzaz shear zone has a counterpart in
shear zones in the Duwi area; the Ajjaj shear zone continues
in the Nugrus shear; the Hamisana shortening zone meets the
Hanabiq shear zone; the Sol Hamed sector of the YOSH-
GAH suture matches up with the Yanbu sector; the Bi’r
Umq suture joins with the Nakasib suture, the Ad Damm
fault continues in the Barka shear zone, and shear zones in
the Asir terrane align with shear zones in the Tokar terrane.

Although Kozdroj et al. (2011) were not able to make
one-to-one correlations between ANS rock units on the
margins of the northern Red Sea, we note a close
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juxtaposition of distinctive lithologies in at least two regions
on either side of the southern Red Sea, compatible with the
reconstruction proposed here. One set of lithologies consists
of ophiolite and marble that crop out as components of the
Bi’r Umq-Nakasib suture on either side of the Red Sea. The

ophiolites are exposed as nappes in Jabal Tharwah in the east
and Jabal Arbaat in the west (Fig. 9), underlain in their
respective footwalls by thick units of marble. The resulting
lithologic couplet—ophiolite and marble—crops out in
mountains immediately adjacent to the coastal plain on

Fig. 9 Preferred palinspastic
reconfiguration of the pre-Red
Sea rifting relationship of the
Arabian and Nubian Shields,
showing a near coastline to
coastline closure based on the
alignment of major structures
(sutures and shear zones) in the
basement. The configuration is
the same as that shown in Fig. 10
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either side of the Red Sea. A palinspastic reconstruction of
the type proposed here would place the lithologic couplets in
virtual contact. Farther south, another set of distinctive rock
units would be brought within a few tens of kilometres
juxtaposition by our preferred reconstruction. The rocks—
kyanite-bearing metasediments—crop out in the Ghedem
area, Eritrea, and in Wadi Marbat on the Red Sea margin
80 km north of Jizan, Saudi Arabia. In the Ghedem area, the
kyanite-bearing rock is paraschist, composed of kyanite,
staurolite, almandine garnet, biotite, and quartz derived from
a pelitic protolith (Beyth et al. 1977). At Wadi Marbat, the
kyanite-bearing rock is kyanite-topaz-lazulite gneiss associ-
ated with andalusite-bearing hornfels and quartz-sericite
schist that may have originated by high-pressure

hydrothermal alteration of pelitic sedimentary rock (Col-
lenette and Grainger 1994). Kyanite-bearing rocks are
uncommon in the ANS, being confined to some ten locations
in the Arabian Shield (Collenette and Grainger 1994) and in
the Nubian Shield to metamorphic core complexes in Egypt
and kyanite gneiss in the Duweishat area of northern Sudan.
Exposures of kyanite in basement rocks close to both
western and eastern contacts of the ANS with the Red Sea
basin are therefore noteworthy as a possible piercing-point
across the Red Sea.

The satellite imagery shown in Fig. 10 (after Sultan et al.
1993) illustrates the continuity of ANS structures achieved
by closing the Red Sea in our preferred ANS reconstruction.
In this figure, the Arabian and Nubian Shields were restored

Fig. 10 Colour composite of 23
Landsat thematic mapper scenes
(each 185 � 185 km), from
Sultan et al. (1993). Dashed red
line is preferred closure of Red
Sea, near coastline-to-coastline,
required to bring structures of the
Arabian and Nubian Shields into
alignment. The Arabian and
Nubian shields were restored to
our preferred pre-Red Sea
configuration by rotating the
Arabian plate around by 6.7°
around a pole positioned at 34.6°
N, 18.1°E (Note that this is very
close to present rotation pole at
32.8°N, 23.8°E (DeMets et al.
2010)). Note that 6.7° of rotation
at present rate of 0.38°/Ma would
take 17.6 Ma. Restoration is
based on matching ANS
structures on either side of the
Red Sea. TM band ratio product
5/4 � 3/4 (sensitive to the
abundance of Fe-bearing
aluminosilicates) is assigned blue,
band 5/1 (sensitive to the
abundance of opaque minerals
such as magnetite) is assigned
green, and band 5/7 (sensitive to
the abundance of hydroxyl- and
carbonate-bearing minerals) is
assigned red
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to a pre-Red Sea configuration by rotating the Arabian
Plate 6.7° clockwise around a pole positioned at 34.6°N,
18.1°E (Sultan et al. 1993). Such a rotation at the present
rate for the Arabian Plate of 0.38°/Ma would take 17.6 Ma.
This pole is very close to the rotation pole at 32.8°N, 23.8°E
more recently determined by DeMets et al. (2010) on the
basis of a global assessment of best-fitting angular velocities
for the geologically current motions of 25 tectonic plates.

Furthermore, the ANS structures not only help constrain
models of Red Sea closure, they also provide insight into
Red Sea geometry. As commented earlier, the Red Sea was
initiated by propagation of plume-related magmatism
northward from the Afar region. Such magmatic extension
would have penetrated continental lithosphere, in the region
north of Afar, dominated by a N–S structural grain in which
zones of shearing and retrogressive metamorphism consti-
tuted zones of weakness. We propose that the structural
grain of the ANS, at least south of 20°N, was a major factor
in controlling the trend of the southern Red Sea by localizing
Red Sea extensional faults. It is interesting to note, further-
more, that the upper-mantle anisotropy symmetry axis rec-
ognized by Levin and Park (2000) also trends N–S and is
explained by Levin and Park as the effect of shear zones
developed in the ANS during terminal Neoproterozoic
continent–continent collision. This raises the intriguing
possibility that there is a causal link between the structure of
the upper mantle and trend of the southern Red Sea, as well
as between the crust and the Red Sea.

To the north, in the region between latitudes *20°N and
24°N, the Red Sea axis and coastlines are characterized by
sigmoidal bends. This part of the Red Sea is north of the
region dominated by north-trending shear zones, but instead
is bracketed by the YOSHGAH and Bi’r Umq-Nakasib
sutures. As noted earlier, these structures are somewhat
orthogonal to the Red Sea trend and therefore would not
have directly controlled it. However, they would have con-
stituted zones of lithospheric weakness and they may have
indirectly controlled rifting geometry in the manner of tec-
tonic inheritance at a passive margin of the type described,
on a larger sale, to account for bends in the eastern North
American continental margin during the opening of the
Iapetus and Atlantic Oceans (Thomas 2006). The
NW-trending Najd structures that dominate the ANS conti-
nental crust north of 24°N had little effect on the trend of the
notably linear Red Sea and its coastlines. This may be due to
the flattening of Najd shears above hot Tier 1 upper crust
(Stern 2017), so that they did not penetrate deeply enough
into the lithosphere to form significant zones of weakness;
alternatively, the Najd shears were annealed by Ediacaran
igneous intrusions long before Red Sea opening. The Najd
faults, however, helped to localize Cenozoic sedimentary
basins that indent the basement exposures in Egypt and

Saudi Arabia, and create the Quseir-Duba accommodation
zone of faulting in the Red Sea (Bosworth 2015).

The degree of closure accepted for the Red Sea is
important because it has a direct bearing on interpretations
about the composition of the Red Sea crust, namely that
different closures are expected if the Red Sea is underlain by
stretched continental crust or Cenozoic oceanic crust.
A simple estimate that the Red Sea is underlain by conti-
nental crust stretched to b = 2 implies that basement struc-
tures on unrifted crust in NE Africa and Arabia would
realign when the Red Sea, presently *300 km wide, is
closed to *150 km width. In contrast, a Red Sea crust
composed of newly emplaced Cenozoic igneous rocks
would permit a virtual coastline-to-coastline closure and a
tight fit of basement structures.

The alignments of basement structures presented here
strongly favour a near coast-to-coast closure of the Red Sea
and a model that most if not all of the Red Sea is underlain
by oceanic crust. This situation is widely accepted for the
southern Red Sea. Short wavelength Vine-Matthews mag-
netic anomalies along the axial trough south of 22°N provide
unequivocal evidence for the emplacement of oceanic crust
under the central part of the southern Red Sea, and the
presence of broader wavelength, but similarly NW-trending
anomalies to the east is permissive of oceanic crust beneath
the Red Sea margins as well. Farther inland, the Al Lith and
Tihama igneous complexes testify to the emplacement of
new igneous material on the margins of the Red Sea, and are
consistent with a transition from continental to oceanic crust
close to the shoreline in a region where seismic-refraction
profiling indicates that the crust changes abruptly in thick-
ness from *40 km inland to 5 km beneath the Red Sea
shelf (Mooney et al. 1985) (Fig. 3) and where regional
magnetic boundaries testify to abrupt changes in crustal
lithology.

The nature of the northern Red Sea crust is more con-
tentious. As considered by Bosworth (2015), the similarity
of Miocene stratigraphy in the northern Red Sea and Gulf of
Suez, established by petroleum exploration drilling, is a
strong argument in favor of extrapolating models for
development of the Gulf of Suez to the northern Red Sea.
However, the geophysical interpretations of Hall et al.
(1977) and Saleh et al. (2006), for example, strongly favor a
conclusion that the northern Red Sea crust contains much
more oceanic material than is considered in the conventional
interpretation.

If the Red Sea is modeled as largely underlain by oceanic
crust in the south and to an unknown but significant degree
in the north, an immediate question concerns how the ANS
continental crust ruptured and separated to accommodate
oceanic crust? As quantitatively modeled by McKenzie
(1978), lithospheric extension and rift evolution reflects two
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phases, extension and subsidence. Rapid stretching thins the
lithosphere and allows passive upwelling of hot astheno-
sphere. This stage is associated with normal faulting and
tectonic subsidence. Once extension stops or localizes at a
new mid-ocean spreading ridge, the stretched lithosphere
cools and re-thickens, accompanied by slow “thermal”
subsidence. This model has been applied to rifts all over the
world. It is applied to the East African Rift and the Gulf of
Suez (e.g., Bosworth 2015; Fig. 11a) and is implicit in
models calling for the northern Red Sea to be largely
underlain by stretched continental crust (Fig. 11b).

However, one problem arising from applying a stretching
model to the Red Sea is the considerable strength of ANS

lithosphere. Regardless of the relative importance of a strong
or weak upper mantle in controlling lithospheric rheology,
the Neoproterozoic-Cadomian age and mafic nature of ANS
lower crust would make it cool, strong, and difficult to
stretch. A solution to this problem comes from understand-
ing the importance of dike injection as a mechanism that
weakens and ultimately allows rupture of otherwise strong
lithosphere (Bialas et al. 2010). This has been assessed
recently by Ligi et al. (2015) to account for rupture of
continental crust and initiation of seafloor spreading in the
central part of the Red Sea. Ligi et al. (2015) envisage that
the initial phase of continental lithospheric thinning by
normal faulting was accompanied by asthenospheric
upwelling which resulted in melting at the mantle-crust
boundary and underplating of the crust by gabbro. Subse-
quent weakening of the lithospheric mantle and concomitant
injection of gabbroic and basaltic dikes ruptured the litho-
sphere; mantle partial melting generated mafic magmas that
were extracted at the rift axis forming shallow gabbro
intrusions, dikes, and basaltic lava. Ligi et al. (2015) see
evidence for their model in the swarms of dikes that run the
entire length of the eastern Red Sea coast and in the
high-pressure gabbro exposed on Zabargad Island and
low-pressure gabbroic intrusions and basaltic dikes found on
the Brothers Islands off the coast of Egypt. Following
modeling by Saleh et al. (2006), we propose that gabbros
and dikes representing oceanic crust underlie much or most
of the shelf regions of the Red Sea as well as its axial region.
Given these thermal and intrusive processes, it is likely that,
at its initiation, rifting in the thick, cool, and strong
NE-African-Arabian lithosphere resulted in a narrow zone of
localized strain of the type described by Kearey et al. (2009),
but subsequent thermal weakening of the lithosphere would
lead to widening of the zone of strain. The asymmetry of the
Red Sea basin shown by more basaltic flows and dikes and
greater rift flank elevations in Arabia than NE Africa has
been seen as evidence for rifting in terms of simple shear
extension on an east dipping, low-angle master fault that
penetrates the lithosphere (Dixon et al. 1989) although the
model of Ligi et al. (2015), for example, envisages sym-
metrical extension at the continental to oceanic transition.

On the basis of our interpretation that the Red Sea is
largely underlain by oceanic material, is part of a magmatic
province, and that dike intrusion was important for weak-
ening and rupturing the lithosphere, we tentatively propose
that the Red Sea is a volcanic rifted margin (VRM).
The VRM concept derives from modern interpretations of
continental breakup that emphasize great magmatic out-
pourings at the time of rifting. The VRM concept was, in
fact, being developed in the early 1980s at about the same
time that Red Sea models emphasizing continental stretching
were articulated, but for unknown reasons did not get
applied to the Red Sea. The VRM concept was triggered by

Fig. 11 Models of continental rifting. a Continental rifting and
breakup based on our understanding of the East African Rift and Gulf
of Suez. Early Rift Stage as in the East African Rift; in the initial stage
of rifting, continental crust and underlying mantle lithosphere stretches.
Intermediate Rift Stage; in this stage continued crustal thinning by
normal faulting and lithosphere extended, as experienced by the Gulf of
Suez during the Oligocene. b Model of a mature rift stage based on the
conventionally understood geology of the Gulf of Suez and northern
Red Sea, showing thinned continental crust and mantle lithosphere
beneath marine basin. c Continental breakup with a marine basin
underlain by a volcanic rifted margin; our proposed model for the
northern Red Sea
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recognition of seaward-dipping layered seismic reflectors in
the upper oceanic crust offshore Norway, which Mutter et al.
(1982) interpreted as a layered igneous sequence formed at
the earliest stage of North Atlantic opening. It is interesting
to note that Norwegian coastal regions contain little or no
evidence that a VRM exists offshore even if rift-flank crust is
exposed; for example, the onshore part of the *55 Ma
Norwegian VRM has no exposed lavas, dikes, or plutons
despite the nearby presence of a massive offshore igneous
construction. Prior to the work by Mutter et al. (1982), crust
marking the transition from continent to ocean—which
forms at the time of continental breakup and is buried
beneath thick sedimentary sequences of passive continental
margins—was thought to be overwhelmingly composed of
stretched continental crust. At the present time, the VRM
paradigm is the dominant model for continental breakup and
*90% of all passive continental margins are now thought to
be VRMs to varying degrees (Menzies et al. 2002).

A model for the crust beneath Red Sea evaporites as a
VRM is depicted in Fig. 11c, in contrast to models of Red
Sea continental rifting and breakup based on our under-
standing of the East African Rift and Gulf of Suez. It is
interesting to note that thirty years ago, McGuire and
Coleman (1986) explicitly compared the Tihama Asir
complex to the tholeiitic gabbro and syenite intrusions and
dike swarms of East Greenland, which are now accepted as a
prime example of a VRM (Voss and Jokat 2007).
Emplacement of dikes as well as kilometre-scale thicknesses
of basaltic and rhyolitic volcanic formations figure in the
VRM model proposed for the onset of rifting in the Afar
(Wolfenden et al. 2005). We acknowledge that the volume
of magmatic material exposed on the margins of the Red Sea
is considerably less that that present in Afar, but if dike
intrusion was important for weakening and rupturing the
lithosphere, then a VRM interpretation for the Red Sea
becomes an attractive interpretation as an alternative to the
conventional continent-ocean transition model.

Exceptions to the VRM model occur. The Portugal con-
tinental margin is known to lack a VRM (Manatschal 2004).
A key factor in support of the Red Sea as a VRM is its
obvious association with magmatism. Oceanic magmatism
created accreted oceanic crust in the southern part of the
present-day axial trough and, depending on interpretation of
magnetic striping and the tectonic significance of
dike-on-dike intrusions, across the entire southern sea and
parts of the coastal plain. Elsewhere on the Red Sea ANS
margin continental magmatism created extensive lava fields
(harrats). Continental volcanism began in Ethiopia and
Yemen *31 Ma and continued between 24 and 23 Ma
along the eastern margin of the Red Sea and in the subsur-
face near Cairo. A major episode of mafic diking affected
Sinai and NW Arabia at 20–24 Ma; a slightly larger range

(21–28 Ma) is found for intrusive rocks and dike swarms
near 21°N in coastal Arabia.

If a VRM model applies to the Red Sea crust, it probably
formed *20–24 Ma ago, when the basin-wide basaltic
volcanism occurred. Early Miocene igneous activity was
characterized by tholeiitic basalts, indicating high-degree
(10–20%) mantle melts comparable to those that characterize
other VRMs. Early Miocene magmas differed in this regard
from low-degree (1–5%) mantle melts of basanite and alkali
basalt, which erupted more recently in the basalt fields
(harrats) to the east. The 20–24 Ma (K-Ar age) sequence of
layered gabbro, granophyre, and dike swarms at Tihama
Asir in the southern Red Sea coastal region and similar
igneous rocks at Al Lith could well be exposed Red
Sea VRM. Offshore seismic profiling designed to image
beneath the salt followed by drilling to basement in the Red
Sea is required to test these ideas.

7 Conclusion

The correlation of Neoproterozoic structures and lithologies
across the Red Sea strongly favors a model in which the Red
Sea crust is predominantly Cenozoic oceanic material and in
which NE Africa and the Arabian Peninsula were originally
closely juxtaposed. A model of this type suggests the Red
Sea contains minimally stretched continental crust and
identifies the Red Sea as a Volcanic Rifted Margins (VRM).
It is now recognized that continental breakup often involves
great magmatic outpourings and almost 90% of all passive
continental margins are now thought to be VRMs (Menzies
et al. 2002). By considering the known ages of tholeiitic
igneous activity on the margins of the Red Sea basin, we
suggest that the Red Sea VRM formed *20–24 Ma ago.
Early Miocene tholeiites around the Red Sea indicate
high-degree (10–20%) mantle melts like those of other
VRMs. The 20–24 Ma sequence of layered gabbro, gra-
nophyre, and dyke swarms at Tihama Asir in the southern
Red Sea coastal region (McGuire and Coleman 1986) is
likely exposed Red Sea VRM. The emplacement of gabbro
and dikes associated with the formation of oceanic crust
provides a mechanism for rupturing strong ANS lithosphere
by magmatic weakening of the lithosphere and accounts for
the magnetic stripes along the Red Sea axial trough as well
as under the Red Sea marginal sedimentary basins and
coastline. It appears that the northerly trend of the southern
Red Sea was controlled by the N–S trending structural fabric
of the basement. We concur with previous authors that the
bend in the Red Sea between 20°N and 24°N is a conse-
quence of preexisting zones of crustal weakness orthogonal
to the Red Sea represented by the YOSHGAH and Bi’r
Umq-Nakasib sutures and the Ad Damm-Barka shear zone.
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We likewise concur with inferences by other authors that the
Najd fault system in the north strongly affected Cenozoic
Red Sea faulting.
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