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[1] The topography of ocean ridges and rifts show a
distinct asymmetry. The eastern sides of the East Pacific
Rise, theMid-Atlantic Ridge, and the NW Indian Ridge
are, on average, 100–300 m more elevated than the
conjugate flank to the west. The asymmetry is
maintained when bathymetry is plotted versus the
square root of crustal age. A comparable topographic
asymmetry occurs in the Red Sea and Baikal rifts where
the ‘‘eastern’’ continental shoulders are more elevated.
We suggest that depleted and lighter asthenosphere
generated below the ocean ridge was shifted
‘‘eastward’’ relative to the lithosphere, determining a
density deficit below the eastern flank. The eastward
migration of the lighter Atlantic asthenosphere below
the African continent could eventually have contributed
to the anomalous postrift uplift of Africa. This model
suggests that the ‘‘westward’’ drift of the lithosphere
relative to the underlying mantle might be a global
phenomenon. INDEX TERMS: 8155 Tectonophysics: Plate

motions—general; 8120 Tectonophysics: Dynamics of lithosphere

and mantle—general; 8109 Tectonophysics: Continental

tectonics—extensional (0905); 8150 Tectonophysics: Plate

boundary—general (3040); 9305 Information Related to

Geographic Region: Africa; KEYWORDS: rift asymmetry,

bathymetry, lithosphere, asthenosphere, westward drift,

continental uplift. Citation: Doglioni, C., E. Carminati, and

E. Bonatti, Rift asymmetry and continental uplift, Tectonics,

22(3), 1024, doi:10.1029/2002TC001459, 2003.

1. Introduction

[2] Since plate tectonics were confirmed by the recog-
nition of specular magnetic anomalies in the two sides of
oceanic ridges [Vine and Matthews, 1963], oceanic rift
zones have in general been considered as symmetric
features. The first-order bathymetry of the oceans has
been related to subsidence generated by thermal contrac-
tion of the lithosphere [Parsons and Sclater, 1977; Stein
and Stein, 1992; Carlson and Johnson, 1994]. Flattened
oceanic bathymetric profiles have been related to radio-
genic heating in convecting mantle [Jarvis and Peltier,
1980] or asthenospheric flow [Phipps Morgan and Smith,
1992]. However, Calcagno and Cazenave [1994] have
shown how the subsidence of the seafloor is more com-
plex than predicted by global plate or half-space cooling
models. Petrologic, density and bathymetrical variations in

the generation of the 0–100 Ma oceanic crust have been
observed [Humler et al., 1999]. Initially shallow ridges
subsided faster than deep ridges [Calcagno and Cazenave,
1994]. Basalt chemistry, axial depth and thickness of the
oceanic crust [Klein and Langmuir, 1987] are related to
the degree of melting of the underlying mantle [Bonatti et
al., 1993].
[3] Recent observations indicate that the symmetry

across oceanic ridges is much less ubiquitous than origi-
nally thought: Hayes [1988], Marty and Cazenave [1989],
Kane and Hayes [1992], Calcagno and Cazenave [1994],
Marks and Stock [1994], and Perrot et al. [1998] have
shown significant variations in bathymetry and subsidence
rates between the conjugated oceanic flanks both in the
Atlantic and in the Pacific. According to Calcagno and
Cazenave [1994] the eastern Atlantic subsided �60 m
Myr�1/2 slower than the western Atlantic, a value signifi-
cantly larger than average uncertainties in subsidence rate
estimates. Looking at the seafloor age map [Müller et al.,
1997], asymmetric rates of spreading are evident all over
the oceans, and frequently faster rates are in the eastern or
northeastern plate. As a general trend, the eastern flank of
oceanic ridges subsided more slowly, but there are along-
axis variations of even larger magnitude [Marty and Caze-
nave, 1989].
[4] Along rift axis variations and asymmetric subsidence

rates have been ascribed to presence of hotter than normal
asthenosphere, which may perturb the cooling process of
the plate [Calcagno and Cazenave, 1994]. Another model
[Phipps Morgan and Smith, 1992] predicts an asthenospher-
ic flow where either shallower or deeper seafloor than the
half-space values depend on whether lithospheric plates are
bounded by trenches or continents.
[5] Asymmetric rifting was proposed and interpreted as

related to simple shear extension particularly in continental
lithosphere [Wernicke, 1981, 1985]. Peculiar asymmetries
characterize topography, gravity and geology of subduction
zones as a function of their direction [Harabaglia and
Doglioni, 1998; Doglioni et al., 1999a].
[6] Here we test whether asymmetry occurs also along

oceanic ridges and continental rifts, and if this asymmetry
has a constant geographic polarity. We show how both
oceanic and continental rift zones are generally more
elevated in the eastern side, and we propose an explanation
related to horizontal motion of the mantle, eventually
producing continental uplift. An additional ingredient in rift
zones modeling is combining the asymmetric vertical
motions with the mean ‘‘eastward’’ relative mantle flow
implicit in the ‘‘westward’’ drift of the lithosphere [Bostrom,
1971; O’Connell et al., 1991; Ricard et al., 1991], a concept
that implies decoupling between mantle and lithosphere.
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The oceanic lithosphere is differentiated mantle; therefore it
is entirely controlled by mantle geochemistry, temperature
and kinematics [Anderson, 1989]. The precise relation
between mantle movements and oceanic rifts is mostly
unknown, except for recent discoveries [Silver and Holt,
2002].

2. Asymmetric Topography Across Rift Zones

[7] In order to make representative topographic profiles
of rift zones, we used the ETOPO5 data base [National
Oceanic and Atmospheric Administration (NOAA), 1988],
with later refinements [e.g., Smith and Sandwell, 1997]. We
selected a number of representative sections of the most
prominent rift zones (Figure 1; see Table 1 for profile

coordinates). The profiles have been traced as far as
possible through areas not disturbed by hot spots (which
may perturb the oceanic age-depth relation [Heestand and
Crough, 1981]), seamounts tracks, triple points, and large
clastic influx of deep-sea fans. The sections are between 400
and 2200 km long, and the vertical scale is strongly
amplified (e.g., 30� in the Atlantic and Pacific Oceans,
12� in the Indian Ocean) in order to detect elevation
asymmetries not visible in physiographic maps of the ocean
floors.
[8] The eastern sides of the East Pacific Rise (Figure 2),

the Mid-Atlantic Ridge (MAR) (Figure 3) and the NW
Indian Ridge (Figure 3) are on average more elevated than
the conjugate flanks to the west or southwest as shown by
topographic sections. The average larger elevation of the

Figure 1. Topographic profiles across the major oceanic ridges and the Red Sea and Baikal rift. The
locations were chosen trying to avoid seamount tracks, triple points and large deep-sea fans. Note how
the eastern sides are generally more elevated. The gray sinusoidal line indicates the main direction of
plate motion.
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eastern side is in the order of �100–300 m. Opposite larger
elevation to the west (e.g., section 5 in the central Pacific) or
spikes deviating from the average elevation are usually
associated to local seamounts (e.g., section 11 in the
Atlantic, or section 14 in the Indian Ocean), due to horsts,
volcanoes or extensive magmatic provinces. Bathymetry
seems undistinguishable between the two flanks in the early
stages of the oceanic rift (Figures 2 and 3). The shallower
behavior of the eastern side becomes appreciable starting at
least 50–100 km away from the ridge.
[9] In order to test this general asymmetry, the bathym-

etry has also been plotted versus the square root of age.
Figures 4 and 5 show depth versus age1/2 plots for the same
traces shown in Figure 1. The ocean floor ages were taken
from the GMT globalage_1.3.grd file, based on the work by
Müller et al. [1997]. In the adopted version 1.3, the Müller
et al. [1997] Pacific-Nazca isochrons were replaced with
others based on new magnetic anomaly picks in French
Polynesia from Munschy et al. [1996]. The linearization of
depth-age1/2 plots was obtained using the trend2d command
of GMT software [Wessel and Smith, 1995]. The depth-
age1/2 plots confirm the observations done on distance
versus depth plots of Figures 2 and 3. In fact, the regression
lines calculated for the eastern flanks of most of the profiles
(13 out of 16) are less steep with respect to regression lines
calculated for the western flanks. In two sections the two
slopes are almost similar (sections 6 and 8), and one is
opposite (still section 5 as for bathymetry which is close to
the south Pacific superswell). This indicates slower subsi-
dence of eastern flanks, in agreement with the above out-
lined shallower depths. As a consequence, differences in
ocean floor ages do not play a unique role in the depth
asymmetry of oceans.

[10] The eastern flank of the Atlantic subsided generally
more slowly than the western side [Kane and Hayes, 1992],
probably because of density differences between the two
sides, due to thermal and/or compositional differences. The
MELT experiment along the East Pacific Rise [Schreir et al.,
1998] suggests a hotter mantle and a more elevated topog-
raphy in the western side of the ridge (e.g., section 5 of
Figure 1). This opposite asymmetry can be explained by the
influence on the ridge of the south Pacific superswell
[McNutt and Judge, 1990]. The same experiment also
detected no deep mantle upwelling beneath the ridge,
demonstrating that oceanic spreading is mainly a shallow,
passive upper mantle process. This is possible if lithosphere
and asthenosphere are sufficiently decoupled, as required by
the westward drift of the lithosphere hypothesis. However,

Table 1. Geographic Coordinates and Length of the Topographic

Profiles Shown in Figure 1

Profile

Western Edge Eastern Edge

Length, km
Longitude,

deg
Latitude,

deg
Longitude,

deg
Latitude,

deg

1 225. 46.9N 235.7 44.5N 769
2 230. 42.5N 235. 41N 431
3 250. 14.3N 262. 14.1N 1293
4 247. 0.3N 266.5 1.5S 2177
5 236. 15.3S 255.5 18.5S 2103
6 235.4 43.6S 262. 47.8S 2106
7 232. 47.7S 258.5 52.6S 1952
8 230. 51.7S 254. 56.5S 1643
9 306.6 19.4N 322. 17.4N 1639
10 319.5 5N 335. 5N 1716
11 337. 2.8S 355.5 1.2N 2104
12 336. 18.2S 355.5 14.S 2133
13 334.5 43.4S 357. 40.3S 1889
14 55. 6.2N 59.7 12N 825
15 58.2 3N 63. 9.1N 861
16 62.5 0.3S 66.8 5.6N 811
17 28. 23N 45. 32.N 1948
18 30. 17.7N 48.7 27.8N 2217
19 102. 53.5N 109. 51N 551
20 104. 54.5N 111.5 52N 570

Figure 2. Topographic profiles across the Pacific Ocean.
The western (W) and eastern (E) sides are plotted together
in order to better appreciate the altitude differences. Gray
dashed lines represent the western flanks, whereas the thick
black lines are the eastern flanks. Eastern flanks are on
average shallower. Location and coordinates of the profiles
are given in Figure 1 and Table 1.
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passive rifting might induce secondary active upper mantle
convection [Huismans et al., 2001].
[11] Additional sections were made across the Red Sea

and the Baikal rifts, to check whether this asymmetry occurs
also along early stages of oceanic rift and continental
extensional areas. The Red Sea presents a northeastern
flank more elevated by �500 m or more, as marked also
by the larger outcrop of the deep basement rocks (Figure 6).

The Baikal rift presents higher elevation of the eastern
shoulder as well (Figure 6).

3. Model of Rifting

[12] A 2–4 cm yr�1 westward movement of the litho-
sphere relative to the mantle has been estimated in inde-

Figure 3. Topographic profiles across the Atlantic and
Indian Oceans. Gray dashed lines represent the western or
southwestern flanks, whereas the thick black lines are the
eastern or northeastern flanks. Eastern flanks are on average
shallower. Location and coordinates of the profiles are given
in Figure 1 and Table 1.

Figure 4. Elevation of the oceanic lithosphere versus
square root of age in the Pacific sections. Line dots
represent the western flank. The asymmetry persists
showing an average less inclined mean inclination (intercept
of the regression line) of the eastern flanks; the steeper slope
indicates faster subsidence, which is more often in the
western limb. Location and coordinates of the profiles are
given in Figure 1 and Table 1.
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pendent reference frames, such as the hot spot reference
frame, or geodetic and seismological data bases [O’Con-
nell et al., 1991; Ricard et al., 1991; Gordon, 1995].
Decoupling between lithosphere and asthenosphere is con-
sidered to be variable under different plates [Doglioni et
al., 1999a], thus generating velocity gradients and plate
tectonics. We now show with a simplified kinematic model
(Figure 7) that the westward relative motion of the
lithosphere can explain the topographic asymmetry out-
lined above. Our kinematic three-stage model assumes
that, in a rift zone, the western plate moves westward
faster relative to the mantle (5 cm yr�1) than the eastern
plate (3 cm yr�1), producing a rift in between with an
opening rate of 2 cm yr�1. Passive mantle compensation of
the removed lithosphere on top requires asthenosphere
upwelling, mobilizing the entire underlying upper mantle
column. These kinematics imply a westward displacement
of the ridge relative to the mantle at intermediate velocity
(4 cm yr�1). Consequently, the mantle anomaly generated
by partial melting at the ridge at the beginning of rifting
(Figure 7, t1) is progressively displaced eastward with
respect to the ridge and should substitute the asthenospheric
mantle underneath the ocean and eventually the continent
to the east of the ridge at the speed of 3 cm yr�1

(Figure 7, t2). Mantle upwelling at the ridge determines
decompression partial melting, which depletes the subridge
asthenosphere of high-density phases, such as garnet.
Moreover it lowers its Fe/Mg ratio, thus decreasing its
density (Dr � 60 kg m�3), relative to the undepleted
mantle [Oxburgh and Parmentier, 1977]. The residual
mantle, less dense and containing some fluids [Scott and
Stevenson, 1989], when displaced to the east, should
generate a mass deficit with respect to the western limb
of the ridge, where this low-density mantle did not
propagate. As a consequence, the migration of the depleted
asthenosphere from west to east (e.g., below the Atlantic)
should provide a significant topographic asymmetry due to
lower densities in the eastern side, therefore partly counter-
acting the thermal subsidence in the eastern flank of the
oceanic ridge (Figure 7, t3).
[13] Models of oceanic crust generation [Bonatti et al.,

1993] predict a fertile peridotitic mantle (>3300 kg m�3)
upwelling along ocean ridges. Partial melting up to a
maximum of 25%, results in a Fe-depleted and less dense
(by �2%) harzburgite (3230 kg m�3). Extracted basaltic
melt (2800 kg m�3) rises and forms the oceanic crust.
Partial melting also induces a temperature decrease of the
depleted asthenosphere. The density increase due to tem-
perature decrease can be evaluated considering the relation
dr = �ravdT, where av = 3 � 10�5 K�1 is the volumetric
coefficient of thermal expansion, r = 3230 kg m�3 is the
density and dT is the temperature decrease. Assuming a
temperature decrease of 100 K, we obtain dr of �10 kg
m�3. Consequently, the density of the depleted astheno-
sphere, after correction for thermally induced volumetric
contraction should have densities of �3240 kg m�3, far
smaller than the density of the fertile asthenosphere. There-
fore a lighter and colder asthenosphere is expected after
melting below ridges.

Figure 5. Elevation of the oceanic lithosphere versus
square root of age in the Atlantic and Indian Ocean sections.
Line dots represent the western flank. The asymmetry
persists showing an average less inclined mean inclination
(intercept of the regression line) of the eastern flanks; the
steeper slope indicates faster subsidence, which is more
often in the western limb. Location and coordinates of the
profiles are given in Figure 1 and Table 1.
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[14] Asthenospheric uplift, a passive response to two
lithospheric plates spreading apart, determines a perturba-
tion in the upper mantle column below the ridge. The
magnitude and depth extent of the density anomaly vary
as a function of initial composition, water content, degree of
melting, thermal gradient and mantle dynamics [Sparks and
Parmentier, 1993; Karato and Jung, 1998; Choblet and
Parmentier, 2001]. Part of the eastwardly shifted depleted
asthenosphere becomes lithosphere due to cooling deter-
mining an asymmetry in the density column relative to the
western flank. Moreover, when shifted eastward from the
ridge, the perturbation is likely to decay partially due to
cooling.
[15] Assuming isostatic equilibrium and a purely conduc-

tive heat transfer and considering the simple geometry of
Figure 8a for the water-oceanic lithosphere-asthenosphere
system, Turcotte and Schubert [1982] calculated the theo-
retical shape of ocean bottom. The depth of the ocean is
predicted to increase with the square root of the age of the
ocean floor according to

w ¼ 2rmav Tm � T0ð Þ
rm � rw

kx
pu

� �1=2
;

where rm and rw are the densities of asthenosphere and
water, respectively; Tm and T0 are the temperatures within

the mantle and at the surface, respectively; av is the
volumetric coefficient of thermal expansion; k is the mantle
thermal diffusivity; x is the distance from the ridge; and u is
the half spreading rate. The above simple relation predicts
reasonably well the ocean deepening from the ridge crest
toward the passive continental margin for ocean ages
younger than 80 Ma.
[16] The model of Figure 8a is based on symmetric

geometry, density and temperature distributions with
respect to the ridge axis and predicts therefore equal
subsidence and subsidence rates on both flanks. The
kinematic model for rifting and oceanic spreading that
we propose implies asymmetric settings on the two flanks
of ridges. As sketched in Figure 8b, fertile asthenosphere
(solid arrow) is expected to flow eastward with respect to
the ridge, and asthenospheric upwelling below the ridge
axis retains an eastward component of motion. At the
ridge axis the upwelling asthenosphere undergoes partial
melting which decreases both its density and temperature
[e.g., Fukuyama, 1985; Scott and Stevenson, 1989; Mor-
gan, 2001, and references therein]. After melting, the
depleted (cooler and lighter) asthenosphere (dashed arrow
in Figure 8b) shifts underneath the eastward flank of the
ridge. For sake of simplicity, in the model of Figure 8b
the asthenospheric melting is forced to occur exactly at
the ridge axis. In fact, the lateral extension of melting

Figure 6. Topographic profiles across the Red Sea and the Baikal rift. Gray dashed lines represent the
southwestern or northwestern flanks, whereas the thick black lines are the northeastern or southeastern
flanks. Eastern flanks are on average shallower. Eastern flanks are on average shallower. Location and
coordinates of the profiles are given in Figure 1 and Table 1.
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asthenosphere at ridges spans a few tens of kilometers.
This, however, does not preclude the validity of the
modeling at distances greater than some 50 km from the
ridge axis.
[17] Lithosphere thickening will occur at expense of

undepleted and depleted asthenosphere on the western
and eastern ridge flanks respectively. Since the depth at
the ridge axis is the same for both flanks, the difference in
mantle density and temperature underneath the two flanks
will result in asymmetric bathymetry and subsidence rates.
As already discussed, density increase due to partial
melting of the asthenosphere could justify depleted
asthenosphere density as low as 3240 kg m�3. In the
following calculations we assume a very conservative value
of 3270 kg m�3 for the depleted asthenosphere density.
Considering the densities and the temperatures shown in
Figure 8b and assuming av = 3 � 10�5 K�1and k = 1 mm2

s�1 and assuming equal spreading rates on the two flanks,
the above formula predicts, for any fixed floor age,
shallower depths for the eastern flank (weast) than for the
western flank (wwest). The ratio between the western and
eastern side depths is constant for any considered age. In
particular, wwest/weast = 1.08 for the parameters, densities
and temperatures assumed in the calculation. For example,
a weast of 3000 m should correspond a wwest of 3227 m.
Differences of some 200 m are quite common on the
bathymetric profiles of Figures 2 and 3.
[18] The present-day Atlantic is a well-developed oce-

anic basin, conceptually similar to stage t3 of Figure 7.

The observed asymmetry of the bathymetry (Figure 3) is
consistent with model predictions. In the southern Atlan-
tic, lithospheric thickness [Nyblade et al., 2000] in the
western side is also larger (100–125 km) than the eastern
one (75–100 km). The eastward propagating density
deficit in the asthenospheric mantle could account for
this asymmetry and explain mantle tomography [Zhang
and Tanimoto, 1992; King and Ritsema, 2000], showing
lower asthenospheric velocities in the eastern side of the
Atlantic Ocean. The lower S wave velocities in the
eastern side have been ascribed to the ‘‘hot spot’’ volca-
nism of Saint Helena, but they also persist outside this
alignment.
[19] Magmatic tracks occur in both sides of the MAR.

However, the distribution in the central and southern
Atlantic of intense igneous activity associated with oceanic
islands (Canaries, Capoverde, Saint Helena, Tristan da
Cuna) and with aseismic ridges (Walvis and Rio Grande
Rise) is asymmetric, being prevalent on the eastern side of
the basin [Gallagher and Hawkesworth, 1994]. This
activity is frequently ascribed to hot plumes upwelling
from the deep mantle [Morgan, 1993]. However, at least
some of these melting anomalies may have a shallow
source, as suggested by their low 3He/4He ratios [Kurz
and Jenkins, 1982] and other evidence [Anderson, 2001].
It is possible that they are caused not only by mantle
thermal anomalies but also by relatively shallow mantle
sources volatiles (H2O)-rich that favor melting [Bonatti,
1990]. The presence of a shallow asthenosphere close to

Figure 7. Kinematic three-stage model of an oceanic rift where the mantle is considered fixed and two
plates A and B have variable westward velocity. Separation of the two plates determines passive
upwelling and partial melting of the asthenosphere. Eastward motion of the asthenosphere relative to the
lithosphere causes migration of the density anomaly, resulting in a slower subsidence in the eastern flank
of the oceanic ridge and in uplift of the eastern continent.
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the melting point, and shifted from the ridge to the east,
would favor stronger magmatism in the eastern side of the
MAR.

4. Continental Uplift

[20] Why continents rise? Africa stands unusually high for
a continent that has not undergone recent compressive
tectonics, and it has a distinctive hypsometry reflecting
broad-scale uplift [Harrison et al., 1983]. Except for internal
rift zones (e.g., the Congo Basin, the East Africa rift, etc.),
Africa experienced the largest uplift of all the continents

during the Mesozoic and the Tertiary; today it stands higher
than any other continent (Figure 9). A large part of Africa is
above 1000 m [Bond, 1979]. Gravity anomalies of up to ±25
mGal and wavelength of �2000 km correlate with regional
changes in topography [Hartley et al., 1996] and show a
lineation of the mantle-related long-wavelength gravity field
in the direction of absolute African plate motion, implying a
possible SW-NE mantle flow.
[21] On the basis of the spatial distribution of Cretaceous

and Tertiary sediments, Bond [1979] identified areas of
Africa with evidence of uplift since the Late Cretaceous.
These areas (Figure 10) are located in northern Africa, east
of the oldest Jurassic portion of the Atlantic Ocean. Evi-
dence for Tertiary uplift was found [Bond, 1979] for the
areas east of the Cretaceous Atlantic opening. This broad-
scale picture is confirmed by quantitative studies on vertical
motions, although large areas of Africa remain uncon-
strained. Apatite fission track (AFT) data cover only the
areas affected by Tertiary rifting (Figure 10). The upper
Cretaceous uplift in northern and central Africa is supported
by the following AFT data: (1) uplift stage >61 Ma in the

Figure 8. Geometry, density and temperature distributions
adopted for the modeling of ocean bathymetry, where rm and
rw are the densities of asthenosphere and water, respectively;
Tm and T0 are the temperatures within the mantle and at the
surface, respectively; u is the half-spreading rate; and w is
the water thickness. (a) The generally accepted classical
symmetric scenario [e.g., Turcotte and Schubert, 1982]. (b)
The asymmetric configuration of lithosphere formation
proposed in this work. The solid arrow represents the
trajectory of fertile lithosphere, moving eastward with
respect to the ridge and upwelling underneath the ridge
axis (dashed line). The dashed arrow represents the
trajectory of depleted (lighter and colder) asthenosphere
shifting eastward from the ridge. With the asymmetrical
configuration (Figure 8b) the water thickness is thinner in
the right side because the ratio wwest/weast is larger than 1.
For example, for a water depth of 3000 m on the eastern
side, the western correspondent water section would be
3200 m deep. See text for model’s details.

Figure 9. Comparison of representative topographic
profiles of South America and Africa continents, apart the
Andean orogen. South America profiles have been
positioned in the most elevated areas of the continent;
nevertheless, Africa has higher average elevation.
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Sinai [Omar and Steckler, 1995], (2) 70–60 Ma uplift in the
Kenia rift flanks [Foster and Gleadow, 1993], and (3) 80–
65 Ma uplift in the eastern Tanzania rift flanks [Noble et al.,
1997]. Younger uplift in southern Africa is supported by
Tertiary uplift (<40–50 Ma) obtained with AFT techniques
in the Malawi-Rukwa rift flanks [Van der Beek et al., 1998].
Stratigraphic analysis also suggests a Tertiary (65–35 Ma)
uplift stage in the Gamtoos basin, South Africa [Thomson,
1999], and a post-Karoo-rifting (possibly upper Tertiary)
uplift in the Cabora Bassa Basin, Zimbawe [Shoko and
Gwavava, 1999].
[22] Unlike the Pacific and Indian Ridges that have

subduction zones to the east or northeast, the Atlantic Ocean
shows a time correlation between spreading and subsequent
uplift of the African plate to the east, suggesting some cause/
effect relation between the two processes. The uplift of
Africa has generally been ascribed to dynamic topography
induced by mantle superplumes, i.e., mostly vertical mantle
ascent [Burke and Whiteman, 1973; Thiessen et al., 1977,
1979; Lithgow-Bertelloni and Silver, 1998; Artyushkov and
Hofmann, 1998; Gurnis et al., 2000, and references therein].
[23] The central North Atlantic opened between 180 and

154 Ma (Figure 10). The remaining southern portions of the
Atlantic started opening later, progressively from south to
north. Our model, linking oceanic rifting and continental
uplift, would predict a diachronous uplift between northern
and southern Africa, from Jurassic to recent times.

[24] The kinematics proposed in the previous section
should generate a significant uplift wave able to transit
below the continent to the east or northeast of the ridge.
According to model velocities, the depleted asthenosphere
would move 3000 km to the east in 100 Ma. Progressive
opening causes the distance between the ridge and the
continents to increase. The low-velocity zone is in general
very thin under shields, extending from �150 to 200 km,
whereas it goes from a few km depths, down to 400 km
underneath some oceanic ridges [Anderson, 1989]. A max-
imum lithospheric thickness of �250 km has been detected
under Africa (West African, Congo, Kalahari and Tanzania
cratons [Ritsema and van Heijst, 2000; Nyblade et al.,
2000]). A global reference of lithospheric thickness has
been proposed by Pollack and Chapman [1977], a map with
sufficient resolution considering the scale of the present
study. Pollack and Chapman [1977] show an average
thickness of �75 km in the Atlantic, with maximum
thickness in the southwestern side (100 km). Moving from
the oceanic ridge to the continent, the upper and lower
boundaries of the asthenosphere tend to converge. The
upper asthenosphere boundary along the MAR dips toward
Africa at an average low angle of �1�, whereas it increases
to �3� from the continental margin to the deepest shield.
The lower asthenosphere boundary, moving from the MAR
to the continental root probably rises at an average angle of
1�. Thinning of the asthenospheric channel below conti-
nents should cause faster flow of the mantle due to the
Bernoulli Principle.
[25] We attempted some modeling, under the assumption

that a density anomaly of �20 kg m�3 still affects the
anomalous asthenosphere column when shifted underneath
the continent. We also assume local isostasy and consider a
column composed by a 40 km thick continental crust
(density of 2800 kg m�3), a lithospheric mantle (LID) of
60 km (3370 kg m�3) and by 50 km (a part of) of
asthenosphere (3400 kg m�3, Figure 11). Density values
are consistent with the PREM [Anderson, 1989], which
suggests average density up to 2900 kg m�3 in the crust and
3370 kg m�3 in the LID, whereas the asthenosphere may
have density as low as 3350 kg m�3. An upper mantle with
relative lower density under the Colorado plateau has been
considered the reason for the Cenozoic uplift of that
continental area [Parsons and McCarthy, 1995].
[26] Assuming an arbitrary compensation depth within

the asthenosphere at 150 km, we would expect a load of
�4842 MPa. The replacement of the original (3400 kg m�3)
with lighter asthenosphere (3380 kg m�3) would produce an
uplift of �330 m, necessary in order to keep constant the
load at the assumed compensation depth. Increasing the
thickness of the asthenosphere down to 200 km and
assuming a 200 km compensation depth, would double to
660 m the isostatic continental rebound (Figure 11).
[27] Keeping fixed the compensation depth, larger litho-

spheric thicknesses decrease the asthenosphere section and
therefore produce lower isostatic uplift. Note that central
southern Africa (where lithospheric thickness is lower)
underwent post-Atlantic rift uplift larger than thicker north-
ern Africa (Figure 10). This would explain the paradox of

Figure 10. Areas of Africa marked by uplift since late
Cretaceous (vertical blue lines) and Tertiary (horizontal red
lines) after Bond [1979]. The earlier uplift in northern
Africa follows the earlier Jurassic (J) opening of the central
Atlantic. The lower topography of northern Africa corre-
sponds to the area with thickest lithosphere (thickness
values after Pollack and Chapman [1977]). See discussion
in the text. Uplift stages from AFT data are shown.
Topographic base map after NOAA.
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higher topography where the continental lithosphere is
thinner, as in southern Africa.
[28] Uplift should be maximal as the low-density anom-

aly flows beneath the continent; subsequently, in a steady
state transit, it should stabilize or decrease. Africa is more
uplifted in the central southern part, east of the Cretaceous
Atlantic Ocean, whereas the northern part of the continent,
with a lower topography (Figure 10), is located eastward of
the oldest Jurassic part of the Atlantic. The West Africa
continental margin acts as an active hinge zone between the
uplifting continent and the subsiding ocean.
[29] A significant morphologic high occurs also in

central southern India, and its origin could be similar to
that for Africa, but related to the opening of the Indian
Ocean. South America is located eastward of the Pacific
ridges, but the intervening Andean subduction is probably
limiting the passage of the depleted asthenosphere. Topo-
graphic comparison between Africa and South America,
excluding the Andean orogen, confirms the higher average
topography in the continent eastward of the Atlantic Ocean
(Figure 9).
[30] The Red Sea rift provides another test for the model,

similar to the early stages of Figure 6. A striking elevation
asymmetry can be observed on the two flanks of the rift
zone, the eastern flank showing far higher elevations than
the western one. The uplift mainly occurred during the
Pliocene and Quaternary. The Gulf of Suez, Red Sea and
Gulf of Aden opening and their asymmetry have been
interpreted in a number of ways (e.g., the plate size where
the larger uplift of Sinai and Arabia with respect to Africa is
due to their smaller size; asthenospheric advection; initia-
tion of other concomitant geodynamic processes such as the
Aqaba rift [Moretti and Chénet, 1987; Colletta et al., 1988;
Patton et al., 1994; Ghebreab, 1998, and references there-
in]). In the Red Sea-Suez Gulf, the uplift of the shoulders
occurred after the initiation of the rift [Garfunkel and
Bartov, 1977; Moretti and Chénet, 1987]. Moreover, the
rapid subsidence in the rift and uplift of the shoulders
cannot be due to purely thermal processes [Moretti and
Chénet, 1987]). Therefore the Red Sea and Gulf of Suez

support a model of initial stretching of the lithosphere,
contemporaneous asthenospheric uplift and subsidence in
the rift itself for the upraise of the underlying high-density
mantle rocks. In the meanwhile, the lateral shift of the
depleted mantle below unstretched continental lithosphere
and substitution of undepleted asthenosphere could explain
the larger uplift of the northeastern shoulder. Low Q values
are also indicated below the Arabia plate [Mitchell et al.,
1997].
[31] Most of the proposed models in this area as else-

where do not consider the decoupling between lithosphere
and underlying mantle. As an alternative hypothesis, we
suggest that the relative eastward or northeastward mantle
flow could explain the differences between the two conti-
nental margins. The Baikal rift [Ionov, 2002] shows asym-
metric topography, which could be interpreted in a similar
way. The Red Sea and the Baikal rift are almost perpendic-
ular to each other. In fact the higher rift flank elevation is
located respectively to the northeast and to the southeast.
However, the rifts are located at right angle relative to the
global flow of plates motion (Figure 1), which is sinusoidal,
and not simply E-W [Doglioni et al., 1999a]. Strictly along
the axis of the two rifts, the topography does not show
significant asymmetry. This would suggest that asymmetry
becomes significant only at mature stages of oceanization,
but it is more rapidly recorded under the continental
lithosphere to the east.

5. Westward Drift of the Lithosphere and

Discussion

[32] Mantle anisotropy provides evidence of mantle flow,
e.g., beneath western North America [Silver and Holt, 2002]
and beneath the southern Pacific rise [Wolfe and Solomon,
1998]. Kennedy et al. [2002] have shown how mantle
xenoliths recorded a shear possibly located at the litho-
sphere-asthenosphere interface. This supports the notion of
a flow in the upper mantle and some decoupling at the base
of the lithosphere [Russo and Silver, 1996; Doglioni et al.,

Figure 11. Low-density asthenosphere replaces ‘‘normal’’ asthenosphere below a continent (stage t2),
thereby causing uplift.
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1999a; Bokelman and Silver, 2000]. However, we still do
not know how plates and the entire lithosphere move
relative to the mantle.
[33] There are two reference frames for measuring plate

motion: the no-net-rotation (NNR) reference frame and
the hot spot reference frame. The first has been con-
structed in two ways, either on the base of seismicity and
magnetic anomalies [DeMets et al., 1990], or, in the last
decade, on the base of space geodesy [e.g., Robbins et
al., 1993]. The hot spot reference frame is based on plate
motion relative to hypothetically fixed deep mantle sour-
ces rotation [Gripp and Gordon, 1990; Argus and Gor-
don, 1991; Ricard et al., 1991]. The NNR reference
frame is anchored to a hypothetic fixed Earth’s center
and does not tell us what the lithosphere is doing relative
to the underlying mantle.
[34] Assuming the hot spot reference frame, the velocity

of the Pacific plate toward west-northwest is so high that
summing all vectors oriented in other directions, a residual
component of mean lithosphere motion toward the west is
observed, in the sense of nonzero toroidal field of degree
one [Ricard et al., 1991]. In other words, the lithosphere
has a net westward rotation, but this rotation is at present
a kinematic parameter, not necessarily a physical rotation
of the entire outer shell with respect to the deep lower
mantle. Another way of saying this is that the mean
lithosphere velocity involves a westward motion of the
entire lithosphere system with respect to the deep lower
mantle. If one adds up the cross product of the velocity
with the radial vector over the entire surface of the Earth,
then there is a net rotation that is nonzero in the hot spot
frame.
[35] The key point is to consider what individual plate-

ridge-plate systems are doing in the hot spot frame itself,
not only what the mean lithosphere motion is doing. If
one examines Africa–South America in the hot spot
frame, Africa is barely moving or it would move north-
eastward relative to the mantle [e.g., Müller et al., 1993].
Thus Africa would never override the more buoyant
residual ridge mantle material as proposed here, unless
it has a westward motion with respect to the lower
mantle.
[36] Nevertheless, growing evidence suggests that the so-

called hot spots, on which the ‘‘absolute’’ motion of Africa
has been computed, are rather superficial features, originat-
ing either from the asthenosphere or the lithosphere itself
[Bonatti, 1990; Smith, 1993; Anderson, 1999, 2000, 2001;
Smith and Lewis, 1999; Harpp et al., 2002]. Thus the
widespread African magmatism [Morgan, 1972; Burke et
al., 1973; Burke and Wilson, 1976; Morgan, 1983] might be
unrelated to deep mantle sources, and therefore not be a
suitable reference frame for plate motion. African magma-
tism could be rather triggered by the passage of the
underlying lighter asthenosphere.
[37] Moreover, oceanic ridges are moving one respect to

the other (e.g., Atlantic and Indian Ridges are moving away
from Africa), increasing the distance between the two rifts
and suggesting that the lithosphere is decoupled from the
underlying mantle [White and McKenzie, 1995]. Therefore

hot spots which are persistently located along oceanic ridges
(Azores, Ascencion, Tristan da Cuna, Galapagos) cannot be
considered fixed [e.g., Burke et al., 1973]. Moreover the
northeastward motion of Africa detected by space geodesy
is relative to a NNR reference frame, unrelated to what the
mantle is doing. The absence of the westward drift as an
entire lithospheric delay (and not only of a few plates) relies
on the now weaker evidence of the deep source and fixity of
hot spots.
[38] As for subduction zones asymmetry, the westward

drift can be inferred also by geological and geophysical
asymmetries along rift zones, independently of the obso-
lete hot spot reference frame. Therefore the mantle could
move northeastward underneath Africa faster than the
lithosphere. This would be possible if the African litho-
sphere were sufficiently decoupled from the mantle, which
is easier if below Africa there is a lower lithosphere or
upper asthenosphere containing some melt sourcing its so-
called hot spots along rift zones. Evidence for eastward
mantle flow is the eastward retreat of the west directed
Apennines subduction zone, which occurs along the north-
ern prolongation of Africa, i.e., the Adriatic plate or
African promontory. Whether it is the cause or the
consequence, the slab retreat requires eastward mantle
motion both in the hanging wall and in the footwall of
the slab [Doglioni et al., 1999b].

6. Conclusions

[39] Although not predicted by classic plate tectonics
theory, the eastern sides of most of the Earth’s rift zones
have an average higher elevation of 100–300 m. This
affects not only the oceanic lithosphere, but also the
continents to the ‘‘east’’, e.g., Africa and Arabia, several
hundreds or thousands km away from the rift. The
asymmetry could be explained by a shift to the east of
the asthenosphere previously depleted along the rift zone,
and producing a mass deficit relative to the western
counterpart. Therefore continental uplift can be accounted
for not only by vertical mantle motion, but also by
horizontal substitution of undepleted denser mantle with
a slightly depleted mantle that causes upward isostatic
readjustment. The eastward motion of the mantle in the
oceans and beneath Africa would be a further support to a
globally persistent relative westward drift of the litho-
sphere along the sinusoidal flow lines of plate motion
[Doglioni et al., 1999a], reconciling the geological and
geophysical asymmetries observed both along subduction
and rift zones. The so-called hot spots are a misleading
reference frame for measuring plate motion relative to the
mantle, because they are not fixed and they might partly
originate in the lower lithosphere or the asthenosphere
[Anderson, 1999; Smith and Lewis, 1999].
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