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Figure 6. (a) Elevation, (b) depth of the d410, (c) depth of the d660 and
(d) MTZ thickness, plotted by their perpendicular distance from the Red Sea
axis. The grey horizontal bars represent the mean and mean ± one standard
deviation of the observed MTZ thickness values for the African and Arabian
plates. Circles are measurements on the African side, and triangles are those
on the Arabian side.

(Hirose 2002). Furthermore, the effects of velocity anomalies and
temperature anomalies, which are related through the scaling pa-
rameter dVp/dT = −4.8 × 10−4 km s−1 ◦C−1 (Deal et al. 1999), are
closely correlated. For instance, in the vicinity of the d410, where
Vp is about 9 km s−1, a 1 per cent reduction of Vp corresponds to a
temperature increase of about 190 ◦C. This, in turn, corresponds to
a 15-km depression of the d410. Similarly, a −1 per cent velocity
anomaly in the MTZ leads to an 8-km apparent depression of the
d660. However, if the anomaly reaches the d660, the 190◦ C temper-
ature anomaly would result in a 11-km uplift of the d660, leading
to a net apparent d660 uplift of 3 km.

(3) Presence of water in the MTZ. Previous studies have sug-
gested that water has a similar effect as low temperature on the
undulation of the MTZ discontinuities (Litasov et al. 2005). Water
was involved to explain observed large (more than 30 km) depres-
sion of the d660 beneath the northern Colorado Plateau (Cao &
Levander 2010).

Figure 7. Same as Fig. 6 but plotted by longitude. The axis of the Afro-
Arabian Dome is at about 40◦E.

In the following discussions, we present several models (Fig. 9)
with low-velocity anomalies that have different depth extents be-
neath the AAD, and explore their consistency with the observed
spatial distribution of the MTZ discontinuity depths. We also ex-
plore the possibility of water in the MTZ and the expected effects
of majorite-to-perovskite transition across the d660. Note that al-
though Clapeyron slopes given by Bina & Helffrich (1994) are used
below, the use of different values provided by other studies (e.g. Ito
& Takahashi 1989; Fei et al. 2004) would not significantly change
the main conclusions. The same is true if a different dVp/dT scaling
factor or a different dln (Vs)/dln (Vp) value is used.

4.2 Possible models to explain the observations

4.2.1 Model A

In this model (Fig. 9), the LVZ is limited to the upper mantle
(0–410 km). The high positive correlation between the observed
apparent depths of the d410 and the d660 (Fig. 8) suggests that
most of the apparent depression of the discontinuities is the re-
sult of lower-than-normal velocity anomalies above the d410. If
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Figure 8. Correlation between the observed depths of the d410 and d660.
The error bars represent one standard deviation, and the thick grey line is
the result of least-squares fitting.

we assume a mean upper-mantle Vp anomaly of −2.0 per cent,
which is similar to the results of most seismic tomography studies
(Benoit et al. 2003; Park et al. 2007; Chang & van der Lee 2011), a
30-km apparent depression of both d410 and d660 should be ob-
served. This is comparable with the observed amount of depression
of the d410, but is smaller than that observed for the d660.

4.2.2 Model B

For this model, the LVZ extends to the uppermost MTZ and reaches
the d410. Using the scaling parameter between Vp and temperature,
a −2.0 per cent Vp anomaly corresponds to a temperature increase
of about 375 ◦C, which results in an additional ∼30-km depression
of the d410. Thus, the total depression of the d410 would be 60 km,
which is twice of the observed value (Model B1 in Fig. 9). To match
the observed depression of the d410, the Vp anomaly in the upper
mantle and surrounding the d410 needs to be reduced to −1 per cent.
This anomaly, however, results in an ∼15-km apparent depression
of the d660, which is only about 1/3 of the observed value. Note
that this model is referred to as Model B2 in Fig. 9.

4.2.3 Model C

This model includes an LVZ with an amplitude of −1 per cent,
extending from the surface to the lowermost MTZ, but it does not
reach the d660. In this case, the apparent depression of the d410 is
still 30 km, but that of the d660 is 23 km, which is about 1/2 of the
observed value. Note that the −1 per cent Vp anomaly in the MTZ
leads to an additional 8 km apparent depression of the d660 relative
to the situation when the anomaly is restricted to the upper mantle
(Model B2 in Fig. 9).

4.2.4 Model D

This model is the same as Model C, but the LVZ extends to be-
neath the MTZ (to an arbitrary depth because velocity anomalies

Figure 9. Schematic models to explain the observed depressions of the MTZ
discontinuities. See Section 4.2 for descriptions about each of the models. In
Model F, the dashed d660 represents majorite to perovskite phase transition.
Note that there is a 2.5× vertical exaggeration for the amplitude of the
depressions.

beneath the d660 have no effects on the depths of the MTZ dis-
continuities). This model is analogous to a mantle plume originated
from the lower mantle. Relative to Model C, the amount of apparent
depression of the d660 reduces due to uplift of the d660 associated
with the high temperature. As discussed in Section 4.1, a −1.0 per
cent Vp anomaly corresponds to a temperature increase of about
190◦C, which leads to a 11-km uplift of the d660. The total depres-
sion of the d660 under this model is thus 12 km, as a result of a
11-km uplift from the 23-km depression in Model C (Fig. 9).

4.2.5 Model E

Given the contrasting effects of velocity and temperature anomalies
on the depth of the d660, a strong LVZ in the MTZ but which
does not extend to the d660 is needed to match our observations.
For the observed 45-km depression of the d660, a Vp anomaly
as large as about −3.5 per cent is needed in the MTZ (and −1
per cent in the upper mantle). This anomaly in the MTZ is not
observed by any of the previous seismic tomography studies. The
only possible exception is the model presented by Chang & van
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der Lee (2011) who proposed an ∼5 per cent shear wave velocity
anomaly in the uppermost MTZ and a much smaller anomaly in the
middle and lower MTZ. However, because in the velocity model the
LVZ reaches the d410 and the rest of the MTZ has normal or slightly
negative velocity anomalies, the d410 is expected to be deeper than
the d660 (Model B1). This is inconsistent with the observations
(Fig. 6). Another problem with Model E is that there is no physical
mechanism to restrain the LVZ in the MTZ so that it does not reach
the d410 or the d660.

4.2.6 Model F

This model assumes a majorite-to-pervoskite transition across the
d660. If we assume a Vp anomaly of −1 per cent extending
from the surface to beneath the d660, the apparent depression of
the d660 due to the velocity anomaly is 23 km (Model C), and
the corresponding temperature increase is about 190 ◦C. Given
the approximate +1.0 MPa K−1 Clapeyron slope associated with
this phase transition, the corresponding depression of the d660
caused by this increased temperature is only about 5 km, leading
to a total depression of less than 30 km. A temperature anomaly of
about 570 ◦C is needed in the region surrounding the d660 to match
the 45-km apparent depression, but such a temperature anomaly
requires a −3 per cent Vp anomaly, which is not found in any of the
existing seismic tomographic models.

4.2.7 Model G

This model advocates for the effects of a hydrated MTZ on the ob-
served MTZ discontinuity depths. An increasing number of mineral
physics experiments suggest that water in the MTZ can lead to uplift
of the d410 and depression of the d660 (e.g. Kohlstedt et al. 1996;
Smyth & Frost 2002; Litasov et al. 2005; Smyth et al. 2006; Cao
& Levander 2010), and thus can account for the observed 15-km
thickening of the MTZ relative to the global average. If we assume
that water causes an 8-km uplift of the d410 and the same amount
of depression of the d660, a mean Vp anomaly of −2.6 per cent
in the upper mantle, which results in a 38-km apparent depression
of both discontinuities, can explain the observed 30 and 45-km de-
pression of the d410 and d660, respectively (see Model G in Fig. 9
and Section 4.3 for additional information).

4.3 Implications on the formation and evolution of the
Red Sea and the AAD

As discussed above, the model that can most satisfactorily explain
the observed spatial distribution of the d410 and d660 beneath
the AAD involves an upper-mantle LVZ with a Vp anomaly of
about −2.6 per cent and a hydrated MTZ (Kohlstedt et al. 1996).
We speculate that one of the likely mechanisms to bring water
to the MTZ is through the subduction of oceanic slabs (Nolet &
Zielhuis 1994). Located adjacent to the northeast edge of the Africa-
Arabian Plate, the MTZ beneath the AAD is a plausible locale for
the accommodation of oceanic slabs subducted in the pre-Cambrian.
Interestingly, surface geological investigations have suggested that
prior to the onset of the rapid uplift of the AAD at 14 Ma, uplift of the
western part of Arabia relative to the eastern part started at about 750
Ma, and the uplift was accompanied by igneous activity (Stern &
Johnson 2010). This long-lasting uplift and igneous activity could
be associated with a hydration-induced LVZ and partial-melting

of the upper mantle resulting from upward migration of water in
the MTZ.

Previous studies suggested that 2.0 wt per cent of water incor-
porated in the MTZ can lead to a 10–30-km elevation of the d410
and a 15-km depression of the d660 (see Cao & Levander 2010
for details), resulting in a 25–45-km thickening of the MTZ. Thus
the observed 15-km thickening beneath the AAD suggests that at
the present time, the amount of water in the MTZ is significantly
less than 2.0 wt per cent, probably due to gradual release of water
to the upper mantle since 750 Ma. Under the assumption that the
amount of water and that of MTZ thickening are linearly corre-
lated, the estimated amount of water at the present time beneath the
AAD is approximately 1 wt per cent. We emphasize that this model
(Model G), while it is the most reasonable among all the possible
models (Fig. 9) in explaining the observed spatial variations of the
MTZ discontinuity depths, is preliminary and it alone cannot sat-
isfactorily explain temporal variations in the chemical composition
of continental magmatism observed in western Arabia (Camp &
Roobol 1992). Another problem with this model is that it does not
allow significant relative movement between the MTZ and the sur-
face of the Earth in the study area. Alternatively, the water could be
brought into the MTZ recently and has no role in the volcanism on
the AAD. Clearly, addition work is needed to identify the source of
the proposed hydration of the MTZ. Our measurements, however,
are inconsistent with the proposed existence of one or more active
mantle plumes beneath the study area (Dixon et al. 1989; Camp &
Roobol 1992; Chang & van der Lee 2011). It must be mentioned that
given the spatial coverage of the RFs used in this study (Fig. 1), the
possibility that there exists one or more small-scale plumes cannot
be completely ruled out. In addition, a lack of plumes at the present
time does not preclude the existence of plumes in the past.

Another significant characteristic of our observations is that the
Red Sea is not associated with significant apparent thickening of
the upper mantle. Such a thickening would be expected if the upper
mantle beneath the Red Sea has slower seismic velocities. This is
consistent with most seismic tomography results, where the Red
Sea is not found to be underlain by particularly low velocities in the
upper mantle compared to those observed beneath the AAD (Park
et al. 2007; Park et al. 2008; Sicilia et al. 2008; Chang & van der Lee
2011; Hansen et al. 2012). On the other hand, our measurements
rule out the possibility that the Red Sea is underlain by a zone of
mantle upwelling originated from beneath the MTZ. Such a
lower-mantle upwelling would produce a thinner-than-normal MTZ
beneath the Red Sea, which is not observed.

5 C O N C LU S I O N S

For the first time, systematic apparent deepening of both the d410
and d660 towards the axis of the AAD from both the African and the
Arabian sides is revealed using broad-band seismic data recorded on
both sides of the northern Red Sea. The magnitude of the apparent
depression of the d410 is about 30 km, and that of the d660 is
about 45 km. The observations can be satisfactorily explained by the
combined effects of an LVZ in the upper mantle, which artificially
depresses both discontinuities by about 38 km, and water in the
MTZ, which actually uplifts the d410 and depresses the d660 by
about 8 km. The present existence of one or more mantle plumes
originating in the MTZ or in the lower mantle beneath the northern
part of the AAD or the northern Red Sea is not supported by the
observed depth variations of the MTZ discontinuities.
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