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Highlights:

. Deep seismic data reveal oceanic-like axial ridge beneath central Red Sea.

. Axial high is similar to those of hotspot-affected spreading centres.

. Bouguer anomalies predict low average density beneath axis.

. This low density implies thickened crust and/or low mantle density.

. Normal thickness predicted from Na8.0 implies recent transition from thinner crust.

Keywords: Red Sea, Ocean—continent transition, Oceanic crust, Seismic reflection, Potential

field, Subsalt
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Abstract

The Red Sea is an important example of a rifted continental shield proceeding to seafloor
spreading. However, whether the crust in the central Red Sea is continental or oceanic has
been controversial. Contributing to this debate, we assess the basement geometry using
seismic reflection and potential field data. = We find that the basement topography from
seismically derived structure corrected for evaporite and other sediment loading has an axial
high with a width of 70-100 km and a height of 0.8-1.6 km. Basement axial highs are commonly
found at mid-ocean ridges affected by hotspots, where enhanced mantle melting results in
thickened crust. We therefore interpret this axial high as oceanic-like, potentially produced
by recently enhanced melting associated with the broader Afar mantle anomaly. We also find
the Bouguer gravity anomalies are strongly correlated with basement reflection depths. The
apparent density contrast necessary to explain the Bouguer anomaly varies from 220 kg m
to 580 kg m with no trend with latitude. These values are too small to be caused primarily
by the density contrast between evaporites and mantle across a crust of uniform thickness
and density structure, further supporting a thickened crustal origin for the axial high.
Complicating interpretation, only a normal to modestly thickened axial crust is predicted from
fractionation-corrected sodium contents (Naso), and the basement reflection is rugged, more
typical of ultra-slow spreading ridges that are not close to hotspots. We try to reconcile these
observations with recent results from seismic tomography, which show modest mantle S-

wave velocity anomalies under this part of the Red Sea.

1.0 Introduction

The Red Sea is a young ocean basin transitioning from continental extension to seafloor
spreading (e.g., Bonatti et al., 1981; Cochran and Martinez, 1988; Rihm and Henke, 1998).
However, how far the central Red Sea (Figure 1) is through this transition to full seafloor

spreading has been debated.
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Bonatti (1985) suggested the central Red Sea is just at the point of transitioning from
continental rifting to oceanic spreading. He proposed that the ‘deeps’ found in the central
Red Sea are discrete seafloor spreading cells based on the presence of normal mid-ocean ridge
basalt (MORB) sampled from them and their high amplitude magnetic anomalies. This
contrasts with low amplitude anomalies outside the deeps, which were therefore assumed to

overlie stretched continental crust (Ligi et al., 2011, 2012).

However, other evidence could support the interpretation of more established seafloor
spreading in the central Red Sea. An extensive aeromagnetic survey revealed that there are
low amplitude magnetic anomalies outside the ‘deeps’ aligned parallel to the ridge axis
(Izzeldin, 1987; Rasul et al., 2015). LaBrecque and Zitellini (1985) showed with numerical
modelling that such subdued anomalies could be produced by widely distributed dykes, lava
flows, and sills, as occur in modern-day Afar. Low amplitudes may also have arisen from the
slow spreading rate, the greater depth of basement and alteration under the evaporites
(Augustin et al., 2014; Dyment et al., 2013; Izzeldin, 1987, 1989; Levi and Riddihough, 1986;
Mitchell and Park, 2014). The ‘deeps’ are separated by inter-trough zones, which are
shallower, lacking in strong magnetic anomalies compared to the ‘deeps’, and covered by
evaporites that have flowed laterally and sediments across the axis. Based on seismic
reflection, gravity and magnetic data, Izzeldin (1982, 1987) suggested the inter-trough zones
are manifestations of less organized seafloor spreading and underlain by oceanic crust. Using
multibeam sonar data, Augustin et al. (2014, 2016) also interpreted these zones as merely
areas where the off-axis evaporites have flowed into the axis, obscuring the volcanic
geomorphology. Seismic refraction data show the velocity of basement under the inter-
trough zone between Nereus and Thetis deeps (Figure 1) is 6.86 km s (Davies and Tramontini,
1970; Tramontini and Davies, 1969), which overlaps with velocities of oceanic crust elsewhere
(6.7-6.9 km s’; Carlson, 2001, 2010). Further seismic refraction data collected by Egloff et al.

(1991) along line PIII (Figure 2) also suggested the basement around the ridge axis is oceanic,
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which transitions to stretched continental crustal velocities towards the coast of Sudan.
Finally, free-air gravity anomalies derived from satellite altimeter data (Sandwell et al., 2014;
Sandwell and Smith, 2009) reveal that anomalies along the spreading centre are segmented
(Figure 2). Mitchell and Park (2014) and Augustin et al. (2016) suggested that this segmented
pattern is similar to the segmentation observed at slow-spreading mid-ocean ridges
elsewhere (e.g., the northern Mid-Atlantic Ridge) (Schouten et al., 1987; Sempéré et al., 1990).
The rugosity of basement computed from these anomalies is similar to that of the similarly

slow-spreading Mid-Atlantic Ridge (Shi et al., 2017).

Based on seismic reflection and potential field data, Izzeldin (1982, 1987) suggested that
intermediate crust separates crust that is clearly continental near the coasts from that which

is clearly oceanic around the axis. This area lies ~65-160 km from the ridge axis.

Young ocean basins such as the Red Sea offer opportunities to explore mantle and crustal
processes at the transition from rifting to seafloor spreading. In particular, the rate and
geometry of deformation may be important for how rapidly the rising mantle cools during this
phase. This in turn affects the flux of melt produced by mantle decompression and where
oceanic crust is first emplaced. Buck (1986) suggested that lateral temperature gradients in
the asthenosphere produced by rifting could lead to more rapid upwelling, implying a greater
initial melt flux. Alternatively, the surface rifting and lithospheric mantle thinning could be
laterally offset (Hopper and Roger Buck, 1998), implying a different location of initial magma
emplacement. Some of these and other issues affecting the initial melting are illustrated in
the recent numerical geodynamic models of Harry and Bowling (1999), Corti et al. (2003),
Fletcher et al. (2009), Jeanniot et al. (2016), Ros et al. (2017), and Armitage et al. (2018).
However, the evidence needed to investigate these ideas from basins presently transitioning
to seafloor spreading is limited as examples are rare and often complicated. For example, the

Woodlark Basin is small, opening relatively fast (*60 mm yr?) and in a complicated tectonic
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setting that is still evolving rapidly after the Ontong Java collision with the West Melanesian
Trench (Martinez et al., 1999; Weissel et al., 1982). The Gulf of California rift is opening highly
obliquely (e.g., Atwater and Stock, 1998; Lonsdale, 1989; Withjack and Jamison, 1986). The
Red Sea, in contrast, is opening slowly (~*10-~16 mm yr!) and more nearly orthogonally (e.g.,
Chu and Gordon, 1998), so it provides an important example of mantle and crustal dynamics

of slow orthogonal rifting.

In the present study, we use 11 lines of industrial seismic reflection data from the central Red
Sea reported in Izzeldin (1982, 1987). We verify interpreted basement depths using Werner
deconvolution applied to magnetic anomalies and then correct those depths for isostatic
loading by the evaporites and other sediments. The basement geometry is found to reveal
axial highs similar in gross morphology to, though larger than, those of the Reykjanes Ridge,
with more rapid deepening with distance from the axis that cannot be explained by simple
subsidence. This leads us to favour an oceanic interpretation for the crust here, in which melt
production has recently increased, creating thicker crust which forms the axial high. We then
discuss what these results imply about the evolution of this section of the Red Sea rift and

broader implications.

2.0 Tectonic setting

2.1 Continental rifting and seafloor spreading in the northern and southern Red Sea

The Red Sea opening rate increases southward from ~10 mm yr™* at 25.5°N to ~16 mm yr!
near 18°N with increasing distance from the Nubia/Africa spreading pole, which lies in the
Mediterranean (e.g., Chu and Gordon, 1998; DeMets et al., 1990; DeMets et al., 2010). The
extension of the Red Sea may have begun in the Eocene but became more established in the
Oligocene, associated with massive and rapidly erupted basalts in Ethiopia and southern

Yemen at approximately 30 Ma (Bosworth and McClay, 2001; Hofmann et al., 1997; Mohr,
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1983; Omar and Steckler, 1995). These rapid eruptions have been attributed to the Afar
plume penetrating the lithosphere (Furman et al., 2006; George et al., 1998; Richards et al.,

1989).

The northern Red Sea, which is closer to the pole of opening and has experienced less
extension than our study area (Figure 1), has been thought to be underlain by continental
crust with a series of large crustal fault blocks interpreted from seismic velocity data and from
magnetic and gravity anomalies (Cochran and Karner, 2007; Gaulier et al., 1986; Martinez and
Cochran, 1988). If correct, this area may still be in late stage continental rifting (e.g., Cochran,
1983; Gaulier et al., 1988; Martinez and Cochran, 1988). In contrast, others have interpreted
this region as underlain by oceanic crust on the basis of unpublished seismic and magnetic
data (e.g., Dyment et al., 2013; Tapponnier et al., 2013). Using remote sensing, geochemical,
and geochronological data, Sultan et al. (1992) carried out a plate reconstruction for the
opening of the Red Sea and found a best match of pre-existing African and Arabian geologic
features by juxtaposing present Red Sea coastlines. This has been interpreted as indicating
that the entire Red Sea basin is underlain by oceanic crust (Bosworth et al., 1993). In addition,
a few ‘deeps’ containing basalts are revealed in the northern Red Sea (e.g., Bonatti, 1985;

Guennoc et al., 1988; Ligi et al., 2018; Pautot et al., 1984).

In the southern Red Sea, farther from the pole than our study area (Figure 1), seafloor
spreading magnetic anomalies are clearly identifiable up to Chron 3A near the axial trough
between 16°N and 19°N, suggesting that recognizable seafloor spreading began at least by 5
Ma (e.g., Cochran, 1983; Girdler and Styles, 1974; Phillips, 1970; Vine, 1966). Augustin et al.
(2016) suggested that oceanic spreading likely began somewhat earlier, 8-12 Ma, based on
spreading rates of Chu and Gordon (1998) and locations of volcanic ridges interpreted from
multibeam sonar and vertical gravity gradient data. These are consistent with the spreading

ages (8—12 Ma) discussed by Izzeldin (1987) and Augustin et al. (2014). In addition to the clear
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anomalies in the centre of the basin, Girdler and Styles (1974) and Hall (1989) also interpreted
the low magnetic anomalies over the southern Red Sea shelves as seafloor spreading magnetic
stripes, suggesting the Red Sea was formed by two stages of seafloor spreading. Based on
magnetic and gravity modelling constrained by the seismic refraction data of Gettings et al.
(1986) and Mooney et al. (1985), Almalki et al. (2014) recently suggested that about 75 km of
oceanic crust formed before Middle to Late Miocene (15-5 Ma) under the Farasan Bank
(Figure 1), which supports a two-stage spreading evolution of the Red Sea. In contrast,
Cochran (1983) argued that these magnetic anomalies result from a wide region of mafic
diking and intrusions rather than a continuous oceanic crust of dykes and extrusives, because
the anomalies have low amplitudes (less than 200 nT) and long wavelengths (20-50 km). A
seismic refraction line shot across the Yemen margin by Egloff et al. (1991) was interpreted as
showing that oceanic crust adjacent to the axis terminates southward of 16°N and that

continental-type crust lies farther south as far as 14°N.

2.2 Seismic tomographic studies encompassing the Red Sea

Seismic tomographic studies have found that S- and P-wave seismic velocities of the upper
mantle adjacent to the Red Sea increase by up to a few percent from south to north with
increasing distance from the Afar plume. Using body wave travel time tomography, Park et al.
(2007) found a -1.5% S-wave velocity anomaly at 200 km depth beneath the coast of the
southern Red Sea, rising to ~-1% in the central Red Sea and to 0% or more in the northern Red
Sea. A similar structure was found by Park et al. (2008) from Rayleigh wave tomography
although with a more subdued northwards increase in S-wave velocity. They suggested this
structure is caused by an upwelling of warm mantle beneath the southern Arabian shield,
originating from the Afar hotspot. They proposed that this hot plume material flows from Afar
underneath the southern and central Red Sea, and then extends northwards beneath Arabia,

whereas the northern Red Sea (north of ~23°N) is without underlying hot mantle. Shear wave
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splitting directions from Hansen et al. (2006) indicate that the hot mantle flow moves
northwards rather than parallel to the Red Sea. This is supported by the azimuthal anisotropy
analysis of Sebai et al. (2006). The upper mantle under the Red Sea is poorly resolved in such
models as they are mainly based on teleseismic recordings along the coast of Saudi Arabia (no
offshore recordings). Nevertheless, this general pattern of upper mantle structure is
corroborated by Nagp analyses of axial lavas (sodium oxide concentrations corrected for
fractionation (Klein and Langmuir, 1987)), which indicate the upper mantle temperature in

the Red Sea generally decreases by about 60°C from 18°N to 26°N (Haase et al., 2000).

More recently, Chang et al. (2011) have carried out an inversion of seismic travel times and
waveforms that provides a more complete coverage of the area under the Red Sea. They
found low velocity (hot) material is located beneath the southern Red Sea and Gulf of Aden,
consistent with active seafloor spreading. They also suggested that the hot material at a depth
of ~150 km does not extend north-westwards below the central and northern Red Sea areas,
but forms a channel extending northward beneath Arabia. The comparative high velocities
under the central Red Sea coincide with our data and, as we show later, this could be

important for interpretation of our results.

3.0 Data and methods

3.1 Seismic reflection

The multi-channel seismic reflection survey was carried out by a geophysical services company
in 1976 (Izzeldin, 1982). The data were collected using a Vaporchoc source with a streamer
consisting of 48 channels 50 m apart for the deep-water survey (2.4 km streamer), and of 24
channels 50 m apart for the shallow-water survey (1.2 km streamer), positioned using a local
radio navigation system. The data were processed (24-fold), with semblance analysis

providing interval velocity every 3.6 km along-track, and moveout corrected. The locations of
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seismic reflection profiles 7, 9, 11, 15, 17, 19, 21, 25, 27, 29, and 31 used in this study are

shown in Figure 2.

Two-way travel times for the basement and seabed reflections were converted to depths
below sea level (Figure 4) as follows. A P-wave velocity (V,) of 1.538 km s was used for the
water according to the empirical equations of Mackenzie (1981), with typical Red Sea salinity
of 40 ppt and temperature of 21°C. A 1.9 km/s V, for the Plio-Pleistocene sediments was
chosen based on the measurements of DSDP Leg 23 samples (Whitmarsh et al., 1974) and the
results of seismic reflection and refraction surveys by Egloff et al. (1991) and Gaulier et al.
(1988). AV, of 4.21 km/s was used for the evaporites, based on seismic refraction data from

Tramontini and Davies (1969), Girdler and Whitmarsh (1974), and Egloff et al. (1991).

3.2 Magnetic anomalies

3.2.1 Sources of magnetic data

Marine magnetic field measurements from towed magnetometers were obtained from the
National Centers for Environmental Information (NCEl) (www.ngdc.noaa.gov/mgg). The data
comprise residual magnetic anomalies after removal of the international geomagnetic
reference field (IGRF) from the total field measurements. Figures 3a and 3c show the survey
locations and contoured anomalies after further adjustments to correct IGRF errors of the

individual surveys (see figure caption).

Major causes of magnetic anomalies are expected to be susceptibility and remanent
magnetization variations within the basement produced by intrusive or extrusive volcanic
bodies. To investigate possible magnetic sources, Werner deconvolution was applied to
derive the magnetic source depths and apparent susceptibilities, which were calculated along

individual segments of the magnetic lines (ungridded magnetic data) where they cross the
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seismic reflection profiles of Izzeldin (1987) (Figure 3b), and then were projected to the

seismic profiles.
3.2.2 Werner deconvolution

Werner deconvolution is an inverse method that is used to solve for magnetic source
parameters (e.g., depth and susceptibility) from the observed magnetic field assuming that
the sources comprise thin sheet-like bodies of semi-infinite extent (Werner, 1953). The total
field from a thin sheet-like body is equal to the horizontal gradient of the total field caused by
the edge of a thick body. Werner deconvolution exploits this idea to estimate likely
parameters of dykes and other layered structures (Ku and Sharp, 1983). Although individual
depth values derived using the method have large uncertainties and the method can produce
some erroneous solutions, their depths have been shown generally to cluster within basement

(Cochran and Karner, 2007; Karner et al., 1991).

The total magnetic anomaly caused by a dike or other tabular body is given as (Ku and Sharp,

1983):

A(x—x,)+BD

T (x,0)=
e (%,0) (x—x,)*+D’

(1)

where A=-2AT(J sinl+J_cos Isina), B=2AT(-J cosIsina+J sin[), x, is horizontal
position of the top centre of the dike, D is depth to the top of the dike, 247 is thickness of

the dike (A7 << D), Js=(Jx,JZ) is the vector sum of induced and remanent magnetization,

I is magnetic inclination of the main field F, and « is strike of the body measured

counterclockwise from magnetic north.

Interference from neighbour anomalies or regional trends is incorporated in the form of a

polynomial (Ku and Sharp, 1983):
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_A(x—x,)+BD

+C +Cx+C,x* 2
(x—x0)2+D2 0 ! 2 )

Tmag (‘x5 0)

where C, + C,x+C,x” are interference terms.

By rearranging equation (2), an inversion equation is obtained (Ku and Sharp, 1983; Rao,

1984):

2 3 4 2
a,+ax+ax +ax +ax +b1, . +bxT,, =xT,, (3)
where

a, =—Ax,+BD+C,D* +x,°C,
a,=A-2Cyx,+C,D* +Cx,’,
a,=C,-2Cx,+C,D* +C,x,’,

a, =C, -2C,x,,
a, =C,,

by =—x," =D,
and

b, =2x,

A seven-point Werner operator was applied to construct seven simultaneous equations for
inversion equation (3), with a sample spacing of 4x. Then, we obtain the following results for

the thin dike (Ku and Sharp, 1983):

Horizontal position: X=0.5 b, Ax+x (4a)

Depth: Y=y, —0.25 b> Ax (4b)
JJ 2+
X x z (4c)

Magnetic susceptibility: y, = |F| Ax
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Marquardt’s (1963) non-linear least-squares best-fit method was used to solve the
simultaneous equations, producing the estimates of magnetic source depth and susceptibility

shown in Figure 4.

Magnetic source depths were estimated from the magnetic anomalies where the sources lay
less than 5 km from the seismic lines. If the magnetic bodies recognized by Werner
deconvolution are real, the depth estimates should define either the upper boundaries of
dykes or the edges of other causative bodies, so magnetic source solutions tend to be tightly
grouped vertically beneath the true locations of the causative bodies (Cochran and Karner,
2007; Karner et al., 1991; Ku and Sharp, 1983). Therefore, the upper clusters of Werner

solutions were interpreted as the top of the magnetic basement.
3.3 Bathymetry data

We have used version 18.1 of the Smith and Sandwell (1997) bathymetry grid, which combines
shipboard depth measurements with depths inferred from satellite altimetry of the sea
surface. These data are shown in Figure 1. Comparisons of the bathymetry sampled along
the seismic lines with depths derived from the seabed reflection were used to verify the

positions of the seismic profiles.
3.4 |sostatic loading corrections

When assessing whether the geometry of crustal basement is typical of oceanic crust, it is
necessary to correct the observed basement depth for the effect of loading by the overlying
evaporites and sediment. We have used a simple 1-D Airy isostatic model (Airy, 1855; Watts,
2001) in which the isostatic depression, Az, is:

Az = (pes _pw) tes (5)
pm _pw
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where p; is the mean density of the evaporite and sediment layers, p» and p, are the densities
of mantle and seawater, and t. is the total thickness of the evaporites and other sediments.
A mean density of 2148 kg m™ was used for the evaporite and sediment layers based on DSDP
sample measurements of Wheildon et al. (1974). A density of 3220 kg m3 was chosen for the
hot mantle (Crough, 1983; Gvirtzman et al., 2016). A 1020 kg m™ density was used for the
seawater. Reversing isostatic depression, which was typically 1-2 km, produced the profiles

shown in Figure 5a.

It was not possible to backstrip fully these sediments due to lack of detailed stratigraphic data,
but industry well data show the evaporites were deposited from ~15 Ma, at the start of the
Middle Miocene (Hughes and Beydoun, 1992) to ~5.3 Ma, at the end of the Miocene. This
corresponds to times of active rifting, and continental rifts are typically weak, with a low
effective elastic thickness (T.) of 5-15 km (Watts and Burov, 2003). Young, slow-spreading
oceanic lithosphere is also typically weak, with T. < 13 km and commonly T. < 5 km (Cochran,
1979; Kalnins, 2011). The assumption of Airy isostasy, ignoring lithospheric rigidity, will lead
to overcorrected deep basement and undercorrected shallow basement compared with
flexural isostasy (e.g., Watts, 2001); unloaded basement relief will thus also be
underestimated. For the relatively weak Red Sea, this difference should be moderate. For a
basin of comparable scale, Davison et al. (2012) estimated 0.5 km of isostatic overcorrection

of their deepest basement for a T, of 5 km.

To reveal the systematic trend of basement deepening with distance away from the axis, both
western and eastern sides of the unloaded basement depth profiles were plotted together by
offsetting each segment to their average axial depth of 1.69 km (Figure 5d). To help assess
whether the crust is oceanic, we compare the observed subsidence with the global average
oceanic crust subsidence curve (blue solid line in Figure 5d) from Crosby and McKenzie (2009)

using the Chron 2A to present spreading rates of Chu and Gordon (1998). In doing so, we
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assume that Red Sea opening prior to Chron 2A occurred with a similar opening pole and rate.
Besides some offsets of dated features along the Dead Sea transform fault (e.g., Barjous and
Mikbel, 1990; Garfunkel, 1981; Garfunkel et al., 1974) there are unfortunately no independent
measures of Nubia-Arabia motion to confirm this unequivocally. However, other data from
the Gulf of Aden at 14°N, 52°E show continuous spreading, with opening rate decreasing from
~30 mm year? at 15-17.5 Ma to ~20 mm year? at 10 Ma and then remaining constant to the

present (Fournier et al., 2010).
3.5 Bouguer gravity anomalies

Gravity anomalies arise from density variations within the crust and upper mantle, as well as
topography on the seabed, crust-evaporite, and Moho interfaces. Mitchell et al. (2017)
computed marine Bouguer anomalies of the central Red Sea to remove the component of the

gravity field due to the seabed topography.

We examine the correlation between the marine Bouguer anomalies and the basement
depths for evidence of variations in crustal thickness or density or in mantle density. In regions
of high correlation, we solve for the apparent density contrast (Ap) that best explains the
observed gravity anomaly (Figure 7) to see if it is consistent with the expected density contrast

between the mantle and the evaporites, assuming a constant thickness crust.

Apparent densities were derived from Bouguer-basement depth gradients aég—; by inverting

the equation derived from the gravity slab formula:

0g,
——=2 =27GA 6
= 2mGhp (6)

0g

where G is the universal constant of gravitation. The gradients i were obtained by least-

squares regression for data within 60 km of the axis (regions of high correlation). Using
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equation (6) ignores effects of upward continuation; we explore these potential inaccuracies

in section 4.3.

4.0 Results

4.1 Character of basement and seabed derived from seismic reflection profiles

In Figure 4, the seabed in all the seismic profiles forms an axial trough within ~20 km of the
axis. The average depth of the axial trough shallows southwards from ~1.8 km in profile 7 to
~1.4 km in profile 29. The seismically derived seabed depths are generally consistent with
Smith and Sandwell (1997, version 18.1) bathymetry, except in the axial trough of profile 9,
where within 4 km of the axis, the seismically derived depth is 0.5 km shallower. Below the
seabed, the S-reflection marking the top of the Miocene evaporites (Ross and Schlee, 1973) is
found everywhere other than over the axial trough. The Plio-Pleistocene (PP) sediments
overlying the S-reflection are thin (0.2-0.3 km thick) and tend to be uniform, as found in

shallow seismic surveys (e.g., Phillips and Ross, 1970; Ross and Schlee, 1973).

The basement is considerably more rugged. The basement reflection is discontinuous,
probably because of faulting, and in places completely absent or un-interpretable, a result of
varied data quality. Basement outcrops directly on the seafloor in the axial trough and
deepens progressively towards the coasts from an average depth of 1.69 km near the axis to
~6 km depth at a distance of ~60 km on both sides of the axial trough. Further landward, this
trend changes: the basement rises steeply towards the coasts by up to 4 km in ~60 km distance,
before becoming harder to identify in the seismic data near the coasts. On the western flank
of profile 15, the reflection basement is not clear. Across the central Red Sea, the magnetic
basement tops derived from Werner deconvolution are generally consistent with the seismic
basement reflection depths. Additionally, only a minority of magnetic sources are found by

the deconvolution within the evaporites or PP sediments.
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4.2 Oceanic-like axial crustal highs in isostatically corrected basement depths

After correcting for evaporite and sediment loading, the data reveal axial highs in all profiles
(Figure 5a and 5d). They have plateaux 70-100 km wide with adjacent steep slopes deepening
by 0.8-1.6 km over a distance of 30-40 km (Figure 5a). Within the plateaux are axial troughs,
where basement typically outcrops over 14 km, forming a valley of varied size but on average
0.43 km deep (Figure 5d). Three profiles marked in green in Figure 5d differ from the others;
these lines lie furthest to the north and furthest from the Afar plume. The other basement
depth profiles have a broadly similar morphology. The basement deepens between ~35 km
from the axis (at the axial plateau edge) and ~60-100 km, with the average profile reaching a
minimum at ~80 km. Beyond there, the basement commonly ascends towards the coasts.
Axial crustal highs are not found in active magmatic rifts, which instead contain basement
depressions (Corti et al.,, 2004; Mohr, 1982; Rosendahl, 1987; Thybo and Nielsen, 2009).
However, an axial high is commonly found at spreading ridges located near mantle hotspots
where excess melting generates thicker and more elevated axial crust, such as the slow-
spreading Reykjanes Ridge near the Iceland hotspot (Searle and Laughton, 1981), the ultra-
slow spreading Spiess Ridge near the Bouvet hotspot (Mitchell and Livermore, 1998), and the

intermediate rate Galapagos Spreading Centre near the Galapagos hotspot (Blacic et al., 2008).

Based on the seismic profiles of Johansen et al. (1984), the Reykjanes Ridge axial crustal high
is ~40-60 km wide and rises 0.6-1.0 km above the surrounding topography (Figure 5b).
Although more pronounced than the Reykjanes Ridge, the Red Sea axial basement high may
imply that the central Red Sea has similarly experienced increased melt supply and enhanced
crustal thickness in the recent geological past. As shown in Figure 5a and 5b, the relief of the
Red Sea axial high does not vary systematically with distance from the Afar region, in contrast
with the axial relief of the Reykjanes Ridge, which increases systematically towards Iceland

(Jones et al., 2002; Vogt, 1971; White et al., 1995). Moreover, with a short-wavelength (<10
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km) relief exceeding 150 m, the basement surface around the Red Sea axis is rougher than

that near the Reykjanes Ridge.

4.3 Correlation between Bouguer gravity anomalies and basement reflection depths

There is a strong correlation between the Bouguer anomalies and the basement depths,
although this correlation breaks down at distances greater than ~60 km from the ridge axis,
where the basement shallows while the Bouguer anomaly stays subdued (Figure 6). This
strong correlation suggests that the density interface between the evaporites and basement
is a prominent contributor to the Bouguer anomaly, although other density contributions
(crustal thickness, and mantle and crustal density) may also vary coherently with the
deepening of basement. The changes near the coasts suggest a reduction in the average
density of the materials within and beneath basement. This may reflect a change from oceanic

crust around the axis to continental or transitional crust near the coasts.

If the mantle density and crustal thickness are both assumed for the sake of argument to be
uniform, the correlation would be mainly due to the density contrast between mantle rocks
and evaporites acting on the topography of the basement (a uniform crustal thickness would
contribute a uniform amount to the gravity field, aside from upward continuation effects).
The derived apparent density contrasts in Figure 7 vary from 220 to 580 kg m?3, with no
obvious trend with latitude. These contrasts are rather low compared with 1070 kg m™ if hot
mantle rocks of 3220 kg m=3 density (Crough, 1983; Gvirtzman et al., 2016) were contrasting
with evaporite and other sediments of 2148 kg m™ (Wheildon et al., 1974). The difference
between the 1070 kg m expected value and the 220-580 kg m™ apparent density contrasts
could arise from a combination of upward continuation effects, thickened crust, and hotter

mantle beneath the axis.
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The apparent density contrasts were computed based on the gravity slab formula, so itignores
contributions to the gravity field arising from topographic changes on the basement and Moho
interfaces away from the points of observations. We carried out a simulation in which crust
with a uniform thickness of 7 km and uniform gabbroic density of 2900 kg m (Hyndman and
Drury, 1977) overlies mantle with a uniform density of 3220 kg m3(Crough, 1983; Gvirtzman
et al., 2016). Figure 8 shows two simulations using basement relief from profile 21 (Figure 2).
To quantify the effect of upward continuation, theoretical Bouguer gravity anomalies (Figure
8c) computed from the models with and without the interface between basement and mantle
(Figures 8a and 8b) were used to derive graphs of Bouguer gravity anomaly versus basement
reflection depth and regression lines (Figure 8d) whose gradients were used to calculate
apparent density contrasts. Figure 8d shows that if only the topography on the evaporite-
basement interface were taken into account, the apparent density contrast between
evaporite and mantle would be 1006 kg m3. It also shows that if the topography on both
evaporite-basement interface and Moho were taken into account, the apparent density
contrast would be reduced by ~97 kg m to 909 kg m. We have also run the simulation with
varying basement depths, and found that upward continuation can reduce the apparent

density contrasts we infer using the gravity slab formula by up to ~160 kg m™.

Alternatively, the axial topography could reflect thickened crust. If the basement topography
is uncompensated, with a near-flat Moho, the gravity anomaly reflects the ~730 kg m™ density
contrast between evaporite and oceanic crust, much closer to the values observed. This
further supports the view that the axial high is at least partly due to thickened crust. For a
model with 7 km of crust beneath the axis using Airy isostasy, so the topography on the Moho
compensates for the basement topography, our simulations suggest that an apparent density
contrast of ~575 kg m would be observed. However, this is an extreme model, as it ignores

lateral variations in mantle density due to temperature variations.
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Addressing those mantle temperature variations, upper mantle velocities varying from 7.4 to
7.8 km st were reported for seismic refraction profile PlIl of Egloff et al. (1991), which is
located in Figure 2. In Figure 9a, we show a density structure derived from their velocities
using density-velocity relations of Christensen and Shaw (1970). The model in Figure 9a is
generally isostatically balanced, though there are small imbalances at the oceanic-continental
boundary and around Suakin Deep (Figure 9c). The free-air anomalies predicted using 2D
gravity forward modelling successfully reproduce the observed free-air anomalies. It implies
a lateral mantle density variation of ~300 kg m™ (Figure 9a). Using the basement topography
and Bouguer anomaly from 45 km to 85 km along profile PlIl (outside the axial valley and east
of the ocean-continent transition), we derived an apparent density contrast of 880 kg m™3.
The difference of 190 kg m= between 880 kg m= and 1070 kg m™ could be due to mantle
density variation and upward continuation, since the line shows no variation in crustal
thickness, but does imply a variation in mantle density. More generally, we conclude that a
combination of crustal thickness variations, upward continuation, and mantle density

variations can potentially explain the low apparent density contrasts in Figure 7.

5.0 Discussion

As mentioned above, the axial highs with basement deepening with distance to 60 km from
the spreading axis (Figure 5) are more like those of oceanic crust than continental rifts, which
typically host depressions (Corti et al., 2004; Mohr, 1982; Rosendahl, 1987; Thybo and Nielsen,
2009). Prominent axial highs are common features of oceanic spreading ridges near mantle
hotspots (Blacic et al., 2008; Cochran and Sempéré, 1997; Hooft and Detrick, 1995; Searle and
Laughton, 1981). In the central Red Sea, the boundary of the oceanic crust to transitional or
continental crust likely occurs where the correlations between basement reflection depths
and Bouguer gravity anomalies break down, coinciding roughly with the transitions identified

by Izzeldin (1987). This boundary also coincides with a transition at ~60 km from the axis that
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was interpreted by Egloff et al. (1991) from their velocity data near Suakin Deep (Figure 9).
We here compare the axial high to those of other spreading centres, examine its origin in more

detail and explore implications.

5.1 How does the Red Sea axial high compare with axial highs at other spreading centres near

hotspots?

Axial highs are usually associated with “magmatically robust” spreading centres, where the
crust is unusually thick (e.g., Blacic et al., 2008). For Reykjanes Ridge, it has been suggested
that the axial high is due to thickened crust resulting from enhanced mantle decompression
melting near to the Iceland hotspot (White et al., 1995). Using seismic reflection and
refraction data, Smallwood and White (1998) suggested that at ~62°N the Reykjanes Ridge

crust thins from 10 km on the ridge axis to 7.8 km on 5 Ma crust ~45 km from axis.

Figure 11 shows a compilation of bathymetry from other spreading centres near hotspots. It
includes an area south of the Azores, where a pair of ridges surrounding the Mid-Atlantic Ridge
(MAR) form a giant V-shape in plan-view, believed to have resulted from a pulse of magmatism
from the plume that has now ended, leaving the previous high rifted (Cannat et al., 1999;
Escartin et al., 2001). The Reykjanes Ridge is surrounded by more than one V-shaped ridge,
suggesting multiple pulses of magmatism (e.g., Parnell-Turner et al., 2017; Vogt, 1971). Ridges
surrounding the Galapagos Spreading Centre have been interpreted as arising from magmatic
pulses (Kappel and Ryan, 1986). Full spreading rates in these examples vary from ~16 mm yr

to ~64 mm yr *(Chu and Gordon, 1998; DeMets et al., 1990; DeMets et al., 2010).

The axial relief in the central Red Sea (0.8-1.6 km) is similar to that at Spiess Ridge, more
pronounced than those at Reykjanes Ridge and Galapagos Spreading Centre, and lower than
those at the Mid-Atlantic Ridge near the Azores. The crustal thickness beneath the Spiess

Ridge was estimated to be ~11-15 km (Mitchell and Livermore, 1998), while the Galapagos
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Spreading Centre axis near the Galapagos hotspot has a crustal thickness of only ~5.6-7.5 km

(Canales et al., 2002).

Unlike the Reykjanes Ridge near Iceland and the Mid-Atlantic Ridge near the Azores, the
central Red Sea axial high is not obviously surrounded by V-shaped ridges in either the gravity
field (Figure 2) or from the seismic data (Figure 5a), suggesting that the influence of Afar
hotspot on the opening of central Red Sea is not that strong. Whether this implies a lack of
fluctuations in melt supply from the plume is unclear, as any such effect might be complicated
by the fracture zones apparent from the cross-axis trends in the gravity field (Figure 2).
Possible V-shaped ridges appear in the free-air gravity anomalies at 17°-18°N, closer to the

Afar plume (Mitchell and Park, 2014).

5.2 How thick is crust beneath the axial high and how does it relate to mantle tomographic

results?

In the central Red Sea, there is only one seismic refraction dataset capable of revealing crustal
thickness (Egloff et al., 1991), and it did not reveal thickened crust under the spreading axis
(Figure 9a). Alternative estimates of crustal thickness are available from geochemistry of the
axial lavas. Sodium oxide concentrations in mid-ocean ridge basalt samples corrected for
magma-chamber fractionation to 8% MgO (Naso) have been interpreted by Klein and
Langmuir (1987) as a measure of the depth-extent of mantle melting and shown to correlate
with the thickness of oceanic crust derived from seismic refraction experiments. The Nagg
values from the Red Sea shown in Figure 10a (Haase et al., 2000; Ligi et al., 2012) increase
systematically northwards implying decreasing crustal thickness, as expected from decreasing
extents of melting and decreasing mantle temperature away from the Afar plume. We use
the regression trend in Figure 10a to estimate the average Nasgo at the points where the
seismic reflection lines cross the spreading axis. From the range of Nago and a regression of

the Klein and Langmuir (1987) Naso data on crustal thickness, the central Red Sea axial crust
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thickness is estimated to be ~5-10 km. This is similar to the mean of 7.1+0.8 km for normal
oceanic crust (White et al., 1992), so the geochemical data do not indicate particularly thick
crust. Furthermore, the basement is noticeably more rugged than the Reykjanes Ridge (Figure
5). This may be explained by a combination of (1) the slower spreading rate in the Red Sea,
which leads to stronger, colder lithosphere closer to the ridge and larger abyssal hills (e.g.,
Malinverno, 1991; Sauter et al., 2011; Whittaker et al., 2008) and (2) potentially thinner crust
in the Red Sea, which shows some correlation with greater roughness in slow to ultraslow

spreading systems (Sauter et al., 2018).

To reconcile these observations, we speculate that the earliest seafloor spreading in the
central Red Sea began with lower melt fluxes and thinner than average crust. Melt production
then increased, increasing the crustal thickness to near average and creating the axial high.
Based on current spreading rates of Chu and Gordon (1998) and the basement depths of
Figure 5d, we suggest the axial high has developed since ~¥9 Ma. In Figure 5d, the basement
is most elevated relative to the subsidence curve from 10 to 35 km off-axis, and returns to it
by ~60 km. The rate of deepening from 10 to 35 km is too fast to be caused by normal thermal
subsidence. If we interpret these variations in basement topography as solely due to
thickened crust, the crust would be thickest 10 to 35 km from the axis and would thin to ~60
km, while the increasing elevation with distance within 10 km of the axis is most likely due to
dynamic effects within the active rift (e.g., Buck et al., 2005; Schmalholz and Mancktelow,
2016; Tapponnier and Francheteau, 1978). This view of near normal crustal thickness is
compatible with the recent mantle seismic velocity model of Chang et al. (2011), who showed
low S-wave velocities associated with hotter mantle from the Afar plume extending beneath
Arabia rather than beneath the central Red Sea (S-wave velocity beneath the southern Red
Sea and Arabia is ~0.25 km s lower than that beneath the central Red Sea). This extent of
hot plume material could also explain why the influence of Afar hotspot on the opening of

central Red Sea is not that strong (although the increased melt production could have been
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affected by the Afar) and there is no relation to the distance from the Afar in the apparent

density contrast (Figure 7).

In the Afar region, there have been pulses of volcanism (Audin et al., 2004; Barberi et al., 1975),
so the variations in basement gradient in Figure 5d may have arisen from temporal changes
in composition or temperature of the upwelling mantle. Others have remarked on the
possibility of pulsating mantle plumes leaving V-shaped ridges south of Iceland and similar V-
shaped ridges have been found elsewhere (e.g., Parnell-Turner et al.,, 2017; Vogt, 1971).
However, no V-shaped ridges are observed in the central Red Sea; the crustal thickness

variations appear to be consistent along the ridge.

Alternatively, a low initial melt supply may be a result of the mechanics of rifting mentioned
in the introduction, if early melting was suppressed at the slow rifting rates due to conductive
cooling or locally infertile mantle (Bonath, 1990; Zhou and Dick, 2013). Such a low melt supply
would not be expected if there were enhanced mantle circulation at this stage as proposed by
Buck (1986). We note that seaward thickening of oceanic crust is not always observed in
seismic refraction datasets from other rifted margins (Peron-Pinvidic et al., 2013). However,
seismic reflection and refraction data do show the crust thickens seaward at the oceanic—
continental transition (OCT) on the Angolan margin (Contrucci et al., 2004; Moulin et al., 2005),
indicating the South Atlantic Ocean basin there may have experienced an increase of melt

production during early seafloor spreading as we suggest for the central Red Sea.

5.3 What are its implications?

If the axial high in the central Red Sea represents an increasingly thick crust but approaching
only normal crustal thickness, the earlier spreading centre would have been deeper. The
earlier evaporites may have therefore been deposited continuously across the ridge and not

only on the flanks (as might otherwise have been the case in the south). This would in turn
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imply that volcanic eruption occurred beneath or through the evaporites. Magma can heat
adjacent evaporite and cause it to flow (Schofield et al., 2014). Augustin et al. (2016) proposed
that the salt craters with raised rims found in the inter-trough zones were likely created by
such eruptions, marking locations where volcanism continued after the area was covered by
evaporites. Also, such eruptions ought to have geochemical consequences. For example, the
evaporites affected could be rich in KCl and CaCl, but poor in MgSO,4 due to hydrothermal
alteration of host basalts (e.g., Jackson et al., 2000), and sulfur isotope compositions of marine
sulphates should be negatively shifted (e.g., Mills et al., 2017). Thus, if suitable samples could
be recovered, the geochemistry of the evaporites could help to confirm the existence of a

ridge buried by evaporites and map out its transition to exposed ridge.

6.0 Conclusions

To understand what type of crust underlies the central Red Sea, we carefully corrected for
effects of overlying evaporite and other sediments to reconstruct basement geometry from
11 deep seismic reflection lines. The seismically derived basement depths corrected for
evaporite and other sediment loading reveal an axial high typical of mid-ocean ridges affected
by hotspots such as Reykjanes Ridge, where enhanced mantle melting results in thickened
crust. In contrast, basement axial highs are not commonly observed at active amagmatic
continental rifts. Its relief of ~1 km relative to a background subsidence trend is within the
observed range. It is similar to that at Spiess Ridge, larger than that at Reykjanes Ridge, but
smaller than that of the Mid-Atlantic Ridge near the Azores. We suggest the central Red Sea
is underlain by oceanic crust and the central part of the Red Sea rift is an (ultra) slow spreading
ridge influenced by the Afar hotspot, although our data do not reveal V-shaped ridges in this
part of the Red Sea like those associated with plume pulses on the Reykjanes Ridge near

Iceland or the Mid-Atlantic Ridge near the Azores.
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Bouguer gravity anomalies calculated by correcting for the seabed topography are strongly
correlated with basement reflection depths with ~60 km of the axis. The apparent density
contrast implied by the correlation (220 to 580 kg m) is too small for a uniform thickness
crust overlying a mantle of uniform density, which would lead to mantle rocks contrasting
with evaporites and a 1070 kg m™ apparent density contrast. Around 160 kg m™ of this
difference could be caused by an upward continuation effect (our method ignores topography
of interfaces). We suggest that the remaining discrepancy is caused by lower density mantle
and/or thicker crust towards the spreading axis, although variations in crustal density may

also contribute.

Geochemical data (Naso) suggest that the crust has normal thickness beneath the present axis,
while the rugged basement topography is consistent with a slow to ultra-slow spreading ridge
with cold, rigid lithosphere and thin crust. To reconcile the axial high and gravity inversion
results, which suggest thickening crust towards the present day, with these other observations,
we speculate that the crust was unusually thin earlier in the evolution of the basin and has

recently thickened to a more normal thickness for a slow-spreading ridge.
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976  Figure 1 Bathymetry of the Red Sea (Smith and Sandwell, 1997, version 18.1). Red dots locate
977  the prominent deeps in the central Red Sea from Augustin et al. (2014) and Karbe (1987).
978  From north to south, these are (1) Nereus, (2) Thetis, (3) Hadarba, (4) Hatiba, (5) Atlantis Il, (6)
979 Erba, (7) Port Sudan, (8) Suakin, and (9) Pelagia deeps. Green dot marks the Farasan Islands.
980 The relative plate motion vectors were predicted using the Chu and Gordon (1998) plate

981 rotation pole.
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Figure 2 Free-air gravity anomalies (Sandwell et al., 2014, version 23.1) and locations of
multichannel seismic reflection profiles 7, 9, 11, 15, 17, 19, 21, 25, 27, 29, 31 of Izzeldin
(1987) and seismic refraction profile SO53-Plll of Egloff et al. (1991). Purple curves show the

segmentation of gravity anomalies in the centre of the basin.
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Figure 3 (a): Tracks of shipboard magnetic surveys of RVs Jean Charcot (78005111, 83008011),
Atlantis (A2093L19), Chain (CH043L01, CH043L03, CH061L02, CH100L03), Discovery (DI103B),
Glomar Challenger (DSDP23GC), Melville (INMDO9MV), Robert Conrad (RC0911A), Shackleton
(SHA1079) and Vema (V1413). (b): Extents of magnetic lines (blue) contributing to the seismic
profiles (red) of Werner source depths. (c): Residual magnetic anomalies of the surveys in (a)
obtained from the National Centers for Environmental Information (NCEI)
(www.ngdc.noaa.gov/mgg) gridded and contoured every 50 nT. To reduce effects of
reference field errors, the residual anomalies of each survey were adjusted by subtracting

their mean value before gridding and contouring. (Anomalies are not reduced to the pole.) (d):
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1001 Bouguer gravity anomalies from Mitchell et al. (2017) computed by removing the component

1002  of the free-air gravity field (Sandwell et al., 2014, version 23.1) due to the seabed topography.
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Figure 4 Depths derived from the seismic reflection profiles of Izzeldin (1987) and Werner
deconvolution of marine magnetic data. Line numbers are shown in the lower right corner of
each panel. Magnetic anomalies (purple lines) along the seismic profiles were sampled from

the EMAG2 v3 grid (Meyer et al., 2017). Black lines denote bathymetry (Smith and Sandwell,
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1997, version 18.1). Dark green, cyan, and red lines are the depths of the seabed, the S-
reflection at the top of the Miocene evaporites, and the basement, respectively, derived from
the seismic reflection data. Grey circles are Werner source depth solutions, with circle size
proportional to log, (¥, + 2). Depth estimates tend to cluster vertically beneath the true
location of the causative body, with magnetic basement being interpreted around the top of
the vertical clusters of solution depths. The Werner solutions generally confirm the

seismically derived basement depths.
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Figure 5 (a): Basement depths along the Red Sea seismic lines (Figure 4) corrected for
evaporite and other sediment loading. (b): Basement depths around the Reykjanes Ridge from
Johansen et al. (1984), also corrected for sediment loading. (c): Locations of Reykjanes Ridge
profiles shown over the bathymetry of Smith and Sandwell (1997, version 18.1). (d): Red Sea
crustal deepening with distance from the ridge-axis. All profiles are shown offset to their
average axial depth of 1.69 km (depth at zero distance). The solid blue line is the global normal
oceanic lithosphere subsidence curve from Crosby and McKenzie (2009). Green lines are
profiles 7 (both western and eastern flanks) and 9 (western flank) lying farthest from the Afar
plume. Global normal oceanic lithosphere subsidence (blue line) was predicted from the
Crosby and McKenzie (2009) rate with seafloor spreading rates from Chu and Gordon (1998).
Normal oceanic subsidence curves allowing for different subsidence rates were predicted
using the axial depths and the subsidence rates of Marty and Cazenave (1989). Red subsidence
curves have been offset to common 1.69 km axial depth while blue subsidence curve is shown

without offset.
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1041 Figure 6 Graphs showing correlation between basement reflection depths (red) and Bouguer
1042  gravity anomalies (blue) (Mitchell et al., 2017) derived by correcting free-air anomalies for
1043  seabed relief using a halite density (2160 kg m3). Line numbers are shown in lower right of

1044  each panel.
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1048 Figure 7 Apparent density contrasts deduced from Bouguer-basement depth gradients. The
1049 red and blue symbols represent western and eastern flanks, while black symbols represent
1050  contrasts derived from data of both flanks combined. On the western flank of profile 7, the

1051 basement reflection was too indistinct to calculate an apparent density contrast.

1052



1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

52

10

Depth (km)
=)

15

20
80 -80 -60 -40 -20

20
-80 -60 -40 -20

0 20 40 60 0 20 40 60 80

Distance (km) Distance (km)

T 3201 pm—————r—r - R il R e

] = fromaly cakoulaied from () . [Ap=100557 kg m'¥) = ‘Scafierpiot denved from [b)

Ez2a : s

%EE 160 L 180 g

g 8o L 80

- 35 . 38 10 mGal ken ~

: - - 0 'Eﬁl' e

E‘ id) |Ap=505.17 kg m'7) .

¢5 —ap{ (G} 80 1 -~

B0 60 —40 20 O 20 40 60 80 O 2 4 & 8

Distance (km) Basement depth (km)

Figure 8 Simulation using basement depth profile 21 illustrating how apparent density
contrasts inferred using the gravity slab formula are reduced by upward continuation. (a):
Model with evaporites (2148 kg m=3), 7 km thick crust (2900 kg m3) and mantle (3220 kg m3).
(b): Model with evaporites directly overlying mantle. (c): Theoretical Bouguer gravity
anomalies computed using 2D gravity forward modelling for the two density models. (d):
Scatterplots with regression lines of Bouguer gravity anomaly versus basement reflection
depth. The slight difference in slope translates to a ~¥97 kg m? difference in apparent density

contrast.
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1069  Figure 9 (a): Density structure (kg m3) along line PlII line located in Figure 2 based on the
1070  seismic refraction velocity (V,) model of Egloff et al. (1991, their profile SO53-Plll) and the

1071  density-velocity relations of Christensen and Shaw (1970). (“Pre-evaporites” are pre-evaporite
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sedimentary rocks.) OCT: Oceanic—continental transition. (b): Free-air gravity anomaly
calculated from (a) compared with observations from the Sandwell et al. (2014) gravity field
(version 23.1). (c): Total mass anomaly per unit area along Plll, computed by integrating

density over depth to the base of the model in (a).

30 1 L 1
+ 5 *
e
©25- " . L
p . . ¢¢---1*
2 b o "’"3_7 +
. . . -& "
& bRk nwY i i
Z 2.0 . 9 ) P B
L ]
]
(a)
15 : ‘ .
18 20 22 24
Latitude
§420—_ E
= 1
@ ]
g B
% 10 =
£ 8] F
= 6 - -
[ L
S a4 C,=0.30 wt% -
o
(b) C.=0.26 wi%
2 T T T T
15 2.0 25 3.0 35

Nag o (Wt %)

Figure 10 (a): Sodium oxide contents of axial lavas from Haase et al. (2000) (solid circles) and
Ligi et al. (2012) (plus symbols) corrected for fractionation to 8 wt% MgO. Diamond symbols
indicate the average Naso values expected at the axial locations of the eleven seismic
reflection profiles based on the dashed regression line shown. (b): Seismically determined
estimates of crustal thickness versus average Nasofrom Klein and Langmuir (1987). The Naso
values at the seismic lines (orange shading) suggest that the axial crustal thickness of the

central Red Sea is ~5-10 km (orange dashed lines).
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Figure 11 Examples of locally elevated topography at ridges located near mantle hotspots.
Panels (a), (c), (e) and (g) locate profiles at the Reykjanes Ridge near the Iceland hotspot, the
Spiess Ridge near the Bouvet hotspot, the northern Mid-Atlantic Ridge near Azores hotspot,
and the Galdpagos Spreading Centre near Galdpagos hotspot, respectively. Panels (b), (d), (f),
and (h) show the profiles located in (a), (c), (e) and (g), respectively. Bathymetry data from

Smith and Sandwell (1997, version 18.1).



