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Abstract

The structure of the crust beneath the Red Sea is obscured by thick evaporites, impeding
progress in understanding the processes associated with continental rifting and leaving the
nature of the crust (whether oceanic or continental) still controversial. Here, version 18.1 of
the marine gravity field derived from satellite altimetry measurements by Sandwell and Smith
(1997) is examined because the gravity field has the potential to reveal structure associated
with the topography of basement beneath the evaporites and with crustal density variations.
Comparing the satellite-derived data with gravity data from expeditions of RRS Shackleton in
1979 and RV Conrad in 1984, discrepancies are found to have standard deviations of 6.1 and
4.9 mGal, respectively, somewhat higher than parts of the gravity data from the open oceans.
Coherent features in maps of these discrepancies suggest that some systematic errors in
version 18.1 of the gravity field still remain. Nevertheless, they appear not to affect the short-
wavelength structure of the data because simple image processing reveals some striking
structural features in plan-view. The satellite-derived gravity data are enhanced by showing
them with artificial shading and as directional second derivatives. The maps reveal lineaments
that cross the central Red Sea. Many of them die out towards the coastlines and have convex-
north-west shapes. These features are interpreted as evidence for migrating volcanic segments
of oceanic crust, here suggesting a 1.5 mm year ' along-axis movement of the sub-axial
asthenosphere away from the Afar plume. This migration velocity is modest compared with
the plate-opening rate (~ 12 mm year ' here) and compared with velocities deduced from
V-shaped ridges near Iceland and the Azores.

probably mostly oceanic (Allan 1970; Cochran 1983; Roeser
1975; Vine 1966) except near the coasts (Egloff et al. 1991).

Resolving the structure beneath the Red Sea is important for
addressing questions such as what type of crust lies beneath
the sea and how oceanic fracture zones relate to structures on
land. Of the former issue, Cochran (2005) and Cochran and
Karner (2007) have argued convincingly that the northern
Red Sea is floored by stretched continental crust, while other
authors have shown that the crust in the southern Red Sea is
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In the intervening central Red Sea, high crustal velocities
from seismic refraction experiments suggest that oceanic
crust exists within about 65 km of the deeps (Davies and
Tramontini 1970; Drake and Girdler 1964; Egloff et al. 1991;
Tramontini and Davies 1969). The smooth character of a
basement reflector in seismic reflection data also suggests
oceanic crust (Izzeldin 1987). However, the lower amplitudes
of magnetic anomalies away from the deeps may indicate
instead that these are areas of continental crust (Bonatti 1985;
Cochran 1983; Ligi et al. 2011, 2012, this volume).

In Mitchell and Park (2014), the depth of a crustal seismic
refractor recorded in the central Red Sea east of Thetis Deep
(Davies and Tramontini 1970; Tramontini and Davies 1969)
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was found to co-vary with free-air gravity anomalies derived
from satellite altimetry data (Sandwell and Smith 2009). The
rate of co-variation is compatible with the effect of topog-
raphy of basement with a density contrast of crustal rocks
with evaporites. This offers the possibility that marine
gravity data can allow us to “see” through the evaporites to
resolve some of the underlying structure.

Subsequent to the original data release of Sandwell and
Smith (1997), their estimates of the free-air marine gravity
field have improved with re-tracking of radar waveforms,
better filtering methods and increasing coverage of the
oceans by successive altimeter missions (Sandwell et al.
2013; Sandwell and Smith 2009). Although tracking error
can be expected to be a problem in areas near coasts of
narrow seas such as in the Red Sea, sea surface waves
produce noise in altimeter data (Goff 2009), so the limited
fetch and therefore smaller wave heights in the Red Sea than
in broader oceans may partly compensate for the effect of
tracking error. In the present study, version 18.1 of the data
is studied, which is referred to as “SSv18”.

The available terrestrial gravity field around the Red Sea
has only modest resolution and is not useful for comparing
with fine structure in the marine gravity field, so instead
elevation data (Becker et al. 2009) derived from the Shuttle
Radar Topography Mission (SRTM) were used in the pres-
ent study to fill in land areas of the following maps. Strictly
speaking, elevation data cannot be compared simply with
gravity data because the topography of the Arabian-Nubian
shield is the result of a long history of tectonics, erosion and
other geological processes, whereas the gravity anomalies
represent effects of topography of the crust under the Red
Sea and variations in density and thickness of the crust.
Nevertheless, the elevation data can provide some context
for the offshore gravity data.

Datasets

Gravity data were collected on RRS Shackleton in 1987 with
a LaCoste and Romberg marine gravity meter (Girdler and
Southren 1987) and during RV Robert Conrad cruise 2507
in 1984 with a Bell BGM-3 (Cochran and Martinez 1988).
Little information exists for the Shackleton data but, for the
Conrad data, Cochran and Martinez (1988) found internal
crossing errors of only 1 mGal in areas navigated by Loran-
C and <3 mGal in the worst cases. (Given the “spikey”
character of the Conrad data shown here, these values were
presumably computed after data filtering.) These gravity data
were obtained from the National Geophysical Data Center
(www.ngdc.noaa.gov).

The SSv18 gravity field was sampled along the ship
tracks, and the shipboard gravity measurements were then
subtracted from those sampled values. The resulting
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differences are shown as profiles plotted towards NO30°W in
Figs. 1 and 2 for the Shackleton and Conrad cruises,
respectively. Some spikes in Fig. 1 at the ends of lines appear
to be mostly due to centripetal accelerations occurring with
course changes. Given that other spikes occur in both data-
sets, the shipboard values were first filtered with a 4-km
running median average filter before computing the statistics
and other graphs outlined below. This 4-km filter width was
necessary to ensure that a few samples populate the filter,
whereas the theoretical spatial resolution limit of the marine
gravity field is about equal to the depth to the density vari-
ations causing the anomalies (Turcotte and Schubert 1982),
here 1-6 km depth below sea level to the evaporite/basement
interface in the central Red Sea (Egloff et al. 1991; Izzeldin
1987, 1989; Tramontini and Davies 1969), so ~1-6 km
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Fig. 1 Map of the Red Sea showing differences in free-air gravity
anomaly between the Sandwell and Smith (2009) anomalies derived
from satellite altimetry (SSv18) and the shipboard anomalies collected
on RRS Shackleton (i.e., SSv18 minus the Shackleton data). The
differences are plotted as profiles towards NO30°W with the scale
shown upper-right and with positive differences shaded. Background is
a shaded-relief image of SSv18 illuminated from NO60°E
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Fig. 2 Difference in free-air gravity anomaly between the SSv18 and the shipboard data collected on RV Conrad during cruise 2507, as Fig. 1
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Fig. 3 Profiles of bathymetry (bold lines), free-air gravity shipboard
measurements (grey lines) and free-air gravity sampled from SSv18
(dotted lines) for RRS Shackleton profiles (A—G) marked in Fig. 1

represent the range of the expected theoretical resolution.
Figure 3 shows the shipboard and sampled gravity data along
seven of the Shackleton profiles located in Fig. 1, revealing

discrepancies over short wavelengths, including a tendency
to flatten depressions or highs owing to the poorer resolution
of the satellite-derived data.

In Fig. 4a, b, the variation of SSv18 with the filtered
shipboard data is shown. The discrepancies between the two
datasets are enlarged in Fig. 4c, d. Although the co-variation
appears good, some large positive free-air anomaly (FAA)
values have a negative bias and some large negative FAA
values have a positive bias in the SSv18 data. This is an
effect of the poorer resolution of the altimetry-derived data.

Figure 5 suggests that the differences are roughly nor-
mally distributed. The mean differences are —1.8 and
—1.2 mGal in the Shackleton and Conrad data, respectively;
note that these datasets have been reduced using different
reference ellipsoids [International Association of Geodesy
1967 formula for the Shackleton data, Potsdam for the
Conrad data and Earth Gravitational Model 2008 (Pavlis
et al. 2012) for the SSv18 data (Sandwell and Smith 2009)].
The corresponding standard deviations are 6.1 and 4.9 mGal,
the lower Conrad value possibly representing superior per-
formance of the Bell BGM-3 gravity meter on the Conrad
compared with the older LaCoste and Romberg meter that
was installed on RRS Shackleton. These values are similar to
the 5.6 mGal standard deviation found by Ligi et al. (2012)
for a more limited area in the central Red Sea around Thetis
Deep, but larger than differences between SSv18 and values
from shipboard gravity in the open oceans, which have been
shown locally to reach as small as 2.03 mGal (Sandwell and
Smith 2009). Comparisons of the newer (version 21) gravity
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model with ship gravity measurements collected globally
(National Geophysical Data Center data) by Sandwell et al.
(2013) suggested a most likely median absolute difference of
2.75 mGal. For comparison with a dataset from another
inland sea, a modest 2.35 mGal standard deviation was
found between SSv18 and shipboard gravity data from
Hudson Bay (Keating and Pinet 2013).

Somewhat more of a concern for structural studies, the
difference maps in Figs. 1 and 2 show some non-random
components (differences correlating between lines). Figure 6
is a colour-coded map of the differences. Whereas some
narrow anomalies correlating between lines are probably
caused by the satellite data resolution mentioned earlier (e.g.
at 23.5°N mid-way between the coasts), large areas of blue
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Fig. 6 Differences of the SSv18 gravity field and the Shackleton and
Conrad shipboard gravity data (SSv18 minus shipboard). Shipboard
data were first de-spiked with a 4-km along-track median filter

Fig. 7 The marine gravity field
(SSv18) and land elevation data
both shown in shaded relief with
the artificial illumination from
NO60°E. Two white bars within
the sea represent 3 m y of plate-
tectonic movement predicted
using the Chu and Gordon (1998)
plate rotation pole. Open circles
show a selection of the deeps of
Pautot et al. (1984) to help
readers locate features. From
south to north, these are the
Suakin, Port Sudan, Erba,
Atlantis II, Thetis, Nereus, Vema,
Kebrit, Jean Charcot and
Oceanographer deeps

(—10 mGal difference) occur on the east side at 25°-26°N,
centre at 24°N and south of the dataset south of 20°N. The
24°N central anomaly lies in an area of strong gravity field
gradients (Styles and Gerdes 1983). Some coherent positive
anomalies of +10 mGal occur close to the Egyptian coast.
The magnitudes of these systematic biases are larger than
those in the Hudson Bay study (Keating and Pinet 2013),
where they typically reach only 4 mGal. Their origins are
unclear. Sandwell (pers. comm. 2013) has suggested that
these could be edge effects associated with converting
altimetry deflections of the vertical offshore to gravity
anomalies. Nevertheless, these anomalies are small com-
pared with the >100 mGal full range of the SSv18 dataset
and the appearance of structural features in the images pre-
sented below suggests that the gravity anomalies do not
result in false structures appearing in plan-view.

Image Processing

To show elevations and the SSv18 data together, elevation
values from the SRTM (Becker et al. 2009) were first
rescaled so that the rescaled relief had a similar local vari-
ation to the gravity (a factor of 0.06 was found to achieve
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Fig. 8 As Fig. 7, with
illumination from N0O30°W

visually the best result). Figures 7 and 8 show shaded-relief
images of that combined dataset with the illumination
directions shown in the upper-right in each figure. Before
completing this operation, the elevation data were smoothed
with a 0.25°-wide cosine-tapered two-dimensional filter to
reduce the distraction of fine erosional geomorphology of
escarpment gullies, etc. As the marine free-air gravity field is
correlated with the relief of a basement refractor (Mitchell
and Park 2014), basement structures beneath the evaporites
should be correctly displayed with artificial illumination
from the northerly compass direction (i.e., an apparent ridge
in gravity should represent a ridge in the underlying base-
ment, not a valley). The directional second derivatives
shown in Figs. 9 and 10 were computed in a similar fashion,
though with a grey-scale range that is narrower than the full
range in order to enhance small curvature values represent-
ing more subtle data ridges or valleys.

A selection of the deeps given by Pautot et al. (1984) is
shown by white and red dots on Figs. 7, 8, 9 and 10 so that
readers can locate features on the maps (see caption of Fig. 7
for listing). To represent the trends expected of Nubia-Ara-
bia plate motion, the Chu and Gordon (1998) plate rotation
pole was used to rotate two points representing 3 m y of
motion. The results are shown by white and red bars near
25°N and 22°N in Figs. 7, 8, 9 and 10.

Observations

Structures lying sub-parallel to the overall trends of the Red
Sea and coasts are revealed in Figs. 7 and 9. Within the Red
Sea north of 26°N, a series of NW-SE lineaments can be
observed in Fig. 7. These correspond with the structures
interpreted as continental rift blocks by Cochran (2005)
[Compare also with the orientations of the extensional faults
within Saudi Arabia in Figs. 3b and 6 of Bosworth (this
volume)]. Elsewhere, Fig. 7 reveals longer lineaments
mostly along the axis, although structures are visible near the
Arabian coast at 22°N and on the African coast 22°-24°N
and around Zabargad Island (near 24°N). The second
derivative in Fig. 9 tends to enhance smaller inflections in
both datasets to reveal further lineaments.

In Fig. 8, prominent transverse structures are visible
within the Red Sea at 24°N (the Zabargad Fracture Zone)
and 25°N. Further transverse structures are visible in the
central Red Sea from 24°N to 20.5°N. At 20.5°N, a major
lineament can be seen crossing the entire Red Sea and this
feature is aligned with lineaments in elevation data on the
surrounding land. A further lineament running N—S occurs in
the marine gravity data on the Arabian side at 20°N and
other lineaments on the corresponding African side, but
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Fig. 9 Second derivative of
SSv18 offshore and elevation data
(Becker et al. 2009) onshore
computed from NO60°E (black
represents downward-curved
areas such as ridge crests and
white represents upward-curved
areas such as valleys or breaks in
slope). Red annotation: 3 m y
plate motion and deeps as Fig. 7

Fig. 10 Second derivative of
SSv18 offshore and elevation data
(Becker et al. 2009) onshore
computed from NO30°W. Red
annotation: 3 m y plate motion
and deeps as Fig. 7
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otherwise lineaments are generally absent in the southerly
part of the gravity dataset.

Discussion

Some transverse gravity lineaments appear to link with
structures within the shields on land, in particular with two
major ancient plate suture zones (Camp 1984; Stoeser and
Camp 1985): the Halaib-Yanbu suture around 24°N and the
Port-Sudan-Bi’r Umq suture around 20°N. These sutures
coincide roughly with major protrusions of the Arabian coast
and with indentations of the African coast.

The region south of 20°N has fewer transverse linea-
ments. A seismic refraction experiment carried out here by
Egloff et al. (1991) revealed primarily oceanic crust and
seismic reflection data show a subdued basement reflector
(Izzeldin 1987). The Egloff et al. (1991) data show a 2-km-
deep crustal depression in oceanic crust at the major trans-
verse lineament at 20°N, which is therefore probably an
oceanic fracture zone. The continuity of this feature makes it
a good candidate for a continental structure that has directly
led to the development of an oceanic transform fault.

Between there and 23°N, the transverse lineaments in the
gravity data are generally less straight. Instead, they are
slightly convex-NW, lying clockwise from the trend
expected of plate motion on the Arabian side and anti-
clockwise of those trends on the Nubian side. In Fig. 8, the
trends generally do not continue to the coast. This mor-
phology is expected of non-transform discontinuities and
volcanic segments on slow-spreading ridges, which tend to
migrate in the direction expected of the mantle hot spot
reference frame (Schouten et al. 1987) or away from hot
spots (Briais and Rabinowicz 2002). In the case of the Red
Sea, the migration is away from the Afar region, as expected
if SAA is migrating north-westwards. Such a migration
direction has been inferred from low seismic velocities
extending north-west from Afar beneath the Red Sea in
seismological studies of the upper mantle (Park et al. 2007).

The procedure of Schouten et al. (1987) can be used to
estimate the rate of along-axis flow of SAA. In Fig. 11, the
relative velocity of Nubia and Arabia is shown, computed
from the rotation pole of Chu and Gordon (1998) for a point
at 21.5°N on the axis (Fig. 7). Velocities along the spreading
ridge are expected to lie along the dashed line in Fig. 11,
which bisects the Nubia-Arabia velocity [assuming sym-
metrical spreading, which is suggested by the magnetic
anomalies (Chu and Gordon 1998; Izzeldin 1987)] and with
an orientation passing through the deeps. In contrast with
Schouten et al. (1987), no distinction is made here between
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Fig. 11 Velocity-space diagram for the migrating segments of the
central Red Sea. Bold circles marked Nubia and Arabia represent the
relative separation of the two plates computed from the rotation pole of
Chu and Gordon (1998) for a point at 21.5°N on the axis (white bar in
Fig. 7). Dashed line represents velocities along the spreading ridge.
Grey lines represent measured orientations of spreading segments.
Remaining bold solid circle is the estimated SAA velocity

the mantle and SAA velocities. To estimate the direction of
vectors between Nubia and SAA and between Arabia and
SAA, the orientations of three segments were interpreted on
either side of the axis from the near-axis trends in Fig. 8 (one
segment immediately south of the white bar at 21.5°N and
two segments north of there). Those orientations are shown
by the grey lines in Fig. 11. The lines do not intersect along
the dashed line, a result probably of the limited extents of
data to make these measurements and data variability.
Nevertheless, the velocity of the SAA can be estimated most
likely to lie in the centre of the velocity space region
encompassed by these lines along the dashed line, that is, at
the solid circle marked “sub-axial asthenosphere” in Fig. 11.
The velocity of SAA relative to the axis is thus around
1.5 mm year ', a slow rate compared with the plate veloc-
ities (around 12 mm year ' full separation rate of Arabia and
Nubia here (Chu and Gordon 1998).

To put this SAA movement in context relative to the Afar
plume, Fig. 12 locates the central Red Sea area of migrating
spreading segments on a three-dimensional view of the
elevation data (Becker et al. 2009). The region of strongly
elevated topography in Nubia and southern Arabia (higher
than 1.5 km or red in Fig. 12) may reflect the northern-most
region of magmatism and/or most important dynamic uplift
and lithospheric heating by the Afar plume (Ebinger et al.
1989). The migrating segments lie to the north-west of this
region. Comparison with evidence of the mantle plume from
seismology is problematic because the present models of
seismic velocity are derived from data with poor ray cov-
erage under the Red Sea. Nevertheless, a study of shear-
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Fig. 12 Context of the proposed northward migrating oceanic
spreading segments. Three-dimensional projection of the elevation/
bathymetry model of Becker et al. (2009) is shown with the area of
migrating segments marked (ellipse). These migrations imply a modest
north-north-west velocity of the upper mantle (arrow). The central Red
Sea corresponds with a region of the upper mantle with intermediate

wave velocity (V) by Park et al. (2007) was based on
teleseismic arrivals recorded at stations distributed across
Saudi Arabia and provides a view that is probably mimicked
under the Red Sea. A vertical section of their model (Fig. 12)
reveals a ~ 1.5 % increase in upper mantle Vs going north-
west from southern Arabia beneath the coast. The area of
migrating segments lies adjacent to intermediate V; in the
Park et al. (2007) model. Estimates of upper mantle tem-
perature from sodium oxide contents of spreading centre
lavas (“Na8.0”) suggest a commensurate 60 °C decrease
from 18°N to 26°N (Haase et al. 2000).

The area of modest 1.5 mm year ' migration therefore
appears to lie at the periphery of plume-influenced mantle. It
also contrasts with regions of more rapid mantle velocity
implied by V-shaped ridges around spreading centres (pre-
sumably located more proximal to their respective plumes). For
example, such ridges around the Reykjanes Ridge suggest
velocities away from the Icelandic plume of 87-282 mm year™ '
(Poore et al. 2009) and those around the Mid-Atlantic Ridge
south of the Azores suggest 60 mm year ' (Cannat et al. 1999).

Distance (km)
200 400 600 800 1000 1200 1400 1600 1800

Elevation (km)

0 1
V¢ anomaly (%)

shear-wave velocities shown by the lower cross section, which is from a
model of Park et al. (2007) based on teleseismic arrivals in Arabia. The
velocity section is shown contoured every 0.5 % and represents
structure between the two solid circles marked on the 3D view. Grey
areas of section have poor teleseismic arrival constraints

Conclusions

Simple image processing (shaded-relief and directional
second derivatives or curvature) applied to version 18.1 of
the marine gravity field of Sandwell and Smith (2009)
reveals lineaments within the Red Sea, likely representing
crustal structures beneath the evaporites. Lineaments cross-
ing the central Red Sea are not straight and are more like
migrating oceanic spreading segments observed elsewhere.
Their orientations here imply a modest 1.5 mm year '
migration of the SAA away from the Afar plume. Combined
with other evidence of the region of influence of the plume
(elevations, axial lava Nag o and V from teleseismic arrivals
in Arabia), the area of migrating lineaments lies at the
periphery of the Afar plume.
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