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Plate tectonic theory in 1965
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How big is Africa, really?

Fake Tectonics, 2023
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Fig. 3. Three crustal blocks bounded by a rise, trench, and faults are shown at three 
successive time intervals. Note the motion of the four circular markers placed on the ridge 
cres• at time 1: the solid segments show the motion o,f these circles; the dotted segments show 
the original coordinates of these markers. The strike of a transform fault is parallel to the 
difference of the velocities of the two sides; the crest of the ridge drifts with a velocity that 
is the average of the velocities of the two sides. 

vector average of the velocities of the two sides. 
Note that the two transform faults extending 
into block 2 on the left are not parallel. All 
faults north of the trench (between blocks 1 and 
2) would run east to, west as the one shown, and 
all faults south of the trench (between blocks 
2 and 3) would have a 45 ø strike as shown. An 
example of where the strike of transform faults 
changes in this manner occurs off the coast of 
Mexico at, the intersection of the Middle Amer- 
ica trench, the East Pacific rise, and the Gulf 
of California. 

We now go to a sphere. A theorem of geom- 
etry states that, a block on a sphere can be moved 
to any other conceivable orientation by a single 
rotation about a properly chosen axis. We 
use this theorem to prove that the relative 
motion of two rigid blocks on a sphere may 
be described by an angular velocity vector by 
using three parameters, two to specify the loca- 
tion of the pole and one for the magnitude of 
the angular velocity. Consider the left block in 
Figure 4 to be stationary and the right block to 
be moving as shown. Fault lines of great dis- 
placement occur where there is no component of 
velocity perpendicular to their strike; the strike 

of the fault must be parallel to the difference in 
velocity of the two sides. Thus, all the faults 
common to these two blocks must lie on small 
circles concentric about the pole of relative mo- 
ron. 

The velocity of one block relative to another 
will vary along their common boundary; this 

Fig. 4. On a sphere, the motion of block 2 
relative to block I must be a rotation about some 
pole. All faults on the boundary between I and 2 
must be small circles concentric about the pole A. 
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Plate tectonics as a kinematic theory

McKenzie, Nature 1967Morgan, JGR 1968



Plate tectonics controls heat flow

mW/m2
Jaupart & 
Mareschal



The solid mantle is a fluid

(on long timescales)

(Solid ice is a fluid too)



Isoviscous thermal convection far above critical Ra

courtesy of S. Labrosse, ENS Lyon



Mantle viscosity, plates and convection

G0 can be considered a function of W0 only. To estimate the
axial depth anomaly expected across a discontinuity (e.g.,
Figure 1a), we integrate G0 over an area W where melt is
assumed to be focused to the axis. The predicted difference
in crustal thickness, DH, is then the difference between the
crustal thickness anomalies at leading and trailing segment
ends given by:
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where rc is the density of the crust and U0 is the
half spreading rate. Assuming isostatically compensated
topography and crustal density of 2700 kg/m3, the
difference in axial depth, Dd, is equal to approximately
0.26DH [Turcotte and Schubert, 2002].

4. Results

[10] Figure 3 shows that ridge migration produces asym-
metry in the melting rate in 2D calculations. The difference
in melt production across the ridge axis increases with
spreading rate. For a domain of 670 km depth it ranges
from 1% of the total melt production rate for U0 of 1 cm/yr,
to 5% at 3 cm/yr, to 11% at 7 cm/yr. Predicted asymmetry in
axial depth computed from these simulations are shown
with global ridge data in Figure 2. The curves in this figure
are generated using equation (3), adjusted for isostatic
compensation. For moderate to fast spreading (greater than
3 cm/year half rate), the model predicts that asymmetry in
axial depth has a maximum when the offset length is
about 50 km and is still evident when offsets are greater
than 200 km. Slower spreading rates result in a peak

asymmetry at slightly smaller distances and zero asymmetry
beyond an offset of about 100 km. These model results are
consistent with observed differences in ridge elevation as a
function of ridge offset length from the moderate to fast
spreading ridges examined in Carbotte et al. [2004] as well
as from the slowly spreading southern Mid Atlantic Ridge
(MAR) (Figure 2). The largest contrasts in ridge elevation
for the southern MAR occur at transform offsets of less than
50 km and rapidly diminish at longer offsets. Faster spread-
ing ridges show a maximum asymmetry in ridge morphol-
ogy at longer transform faults of about 50–100 km and
smaller amounts of asymmetry at longer offsets.
[11] The solid curves in Figure 2 are computed with a

pooling region W of size h = 24 km, chosen to roughly fit
the data (h is defined in Figure 1a). Although there is scatter
in the data, our model can account for the general trend and
amplitude. The amplitude of the model curves scales
inversely with the asthenosphere depth and directly with
the area within the pooling region. Both of these parameters
are poorly constrained and may vary considerably over the
global mid-ocean ridge system. Our estimate of the charac-
teristic distance of melt focusing, h, is thus non-unique.
It depends on our assumption of asthenospheric depth of
670 km. A thinner asthenosphere would produce a greater
2D melting asymmetry and thus require a smaller melt
focusing region, W. The sensitivity of amplitude could be a
source of the observed scatter in the data, along with mantle
fertility, local spreading rate, deviation of the ratio of half
spreading rate to migration rate from unity, etc. However, the
shape of the curves and the position of their maxima are
independent of these poorly constrained parameters.

5. Discussion

[12] The behavior of the model is readily understood by
considering just the component of mantle flow induced by
ridge migration (Figure 3b). If there were no lithospheric
plates, this additional flow would be simple shear with no
vertical velocity component. However, because the litho-
sphere provides a boundary that curves upward beneath the
ridge, the perturbed flow has a vertical component with
upwelling on the leading side of the ridge and downwelling
on the trailing side. This enhanced vertical flow translates to
more melt production on the leading side (Figure 3c). Note
that with increasing depth, the location of the maximum (or
minimum) of the perturbed melting rate field moves away
from the ridge axis along the bold lines shown in Figure 3c.
The maximum excess melt production occurs near the
intersection of this line with the depth of the solidus, which
in this calculation occurs about 50 km off axis.
[13] Figure 4a shows the positions of the extremal lines

and the lithospheric thickness for a range of spreading rates
from a simplified model that calculates only the perturbed
flow due to ridge migration. This figure suggests that for a
constant depth solidus, the position of the peak in excess
melt production is reasonably insensitive to spreading rate
(and should occur roughly at a distance comparable to the
depth of the solidus). This result explains the stable position
of the peak in Figure 2.
[14] The amplitude of the perturbation in melt produc-

tion, however, depends on the rate of ridge migration and
spreading. Figure 4b shows the value of jW 0j as a function

Figure 3. Output from a sample calculation with U0 = Ur =
1 cm/year and domain size of 200 km depth by 1200 km
width. (a) Colored field is log10 of the viscosity field.
Vectors represent the flow pattern beneath the migrating
ridge. (b) Colored field as in (a). Vectors represent the
perturbations of the solid flow field caused by ridge
migration. The scaling of the vectors is slightly different
in (a) and (b). (c) Colored field is W 0, the vertical
component of the velocity perturbation field in km/Ma.
The red contour shows the boundary of the melting region
and black contours map G0, the melting rate perturbation, in
kg m#3 Ma#1. White lines mark the location of the maximal
values of W0 as a function of depth, as in Figure 4a.
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Figure 4.4. Dependence of viscosity on temperature. Each curve is labelled with
its activation energy.

Examples of the dependence of viscosity on temperature for two different acti-
vation energies are shown in Figure 4.4. Activation energies are not easy to deter-
mine, and there is some debate about which value applies to the upper mantle.
The value also depends on whether the mantle is really a linear viscous fluid or
has a more nonlinear dependence on stress [39]. Pressure tends to increase the
activation energy (strictly speaking, it increases the activation enthalpy), so the
sensitivity of viscosity to temperature is likely to be even stronger in the deep
mantle.

4.4 Inevitable convection

This strong dependence of mantle viscosity on temperature plays a very important
role in mantle convection. It is the reason the lithosphere is much stronger than
the underlying mantle. It also controls the form of mantle plumes, as we will
see in Chapter 7. Also, Tozer [40] argued in 1965, at a time when convection
throughout the mantle was still controversial, that the temperature dependence of
mantle viscosity made convection virtually inevitable in an Earth-sized planet.

Tozer’s argument was that the planet would presumably be heated to some degree
by the release of gravitational energy as it accreted from fragments orbiting the
Sun. Radioactivity would then slowly heat it more. The conductivity of rocks is low,
and conduction would only cool the planet to a depth of around 500 km over the
age of the Earth. Sooner or later the deeper interior would become hot enough that
the mantle viscosity was reduced to a value that permitted convection. Thereafter
the mantle temperature and viscosity would self-regulate to remove whatever heat
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Mid-ocean ridges:
80% of volcanism

half of Earth surface
every 100 Ma

Plate tectonics controls sea-floor volcanism



The driving forces of plate m
otion 
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FIG. 8. Percentage of circumference of plate connected to downgoing slab. Open 
bar is total length, filled bar is effective length. 
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FIG. 9. Total length of transform fault boundary expressed as percentage of total 
circumference of the plate. 
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Forsyth & Uyeda, JGRAS 1975

Forces driving and resisting plate motion

190 D. Forsyth and S. Uyeda 

Table 6 

Summary of the forces 
Relative 

Form Direction Importance, X, strength Force. 

FRP 
FCR 
FTF 
FSP 
Fsu 
FSR 
FCD 
FDF 

ad1 I strike 
a dl opp. rel. motion 
a dI opp. rel. motion 
a dl I strike 
a dl I strike 
a V M i  d l l  strike 
u VM dA opp. abs. motion 
a VM dA opp. abs. motion 

0.075 
0.040 
0.063 
0.745 
0.044 
0.652 
0.056 
0.061 

0.36 
0.16 
0.36 
6.43 
0.50 
0.89 
5.65 
0.82 

Uncertainty units 

f 0.10 km-' 
+- 0.09 km-' 
i- 0.13 km-' 
& 0.19 km-I 
f. 0.25 km-I 
i- 0.03 km-km-' yr 
i- 2.22 km-2 cm-' yr 
i- 0.30 lo-' km-2 cm-' yr 

slower under the continents, the net importance of FcD is about the same as FDF, 
even though continental drag is the primary regulator of the velocity of plates not 
attached to downgoing slabs. The magnitude of uncertainty in the terms prevents 
any detailed analysis of the relative strength of the smaller terms. 

Testing the model. The model summarized in Table 6 does explain the motions 
of the plates. As formulated in this paper, this test is met if the torques acting on a 
plate are balanced. The degree to which the dynamic equilibrium condition is satisfied 
is illustrated in Fig. 13. There is a close balance between driving and resisting forces 
with noise about 10 per cent of the amplitude of the signal. This figure is dominated 
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2Q 40 
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FIG. 13. Balance of the torques acting on plates. There are three points for each of 
the twelve plates; one for each torque axis. Positive torques tend to rotate the plate 
clockwise about the axis. The driving torques are the sum of the slab pull, ridge 
push, and suction. Resisting torques are the sum of drag on the base of plates, 
resistance to relative motion at transform faults and convergenf plate boundaries, 
and the resistance to the advance of the slab into the mantle. Scale is arbitrary. 



Horizontal surface speed 0

Temperature

Grigne, Labrosse & Tackley 2005
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Internal heating + T-dependent viscosity + Plastic yield stress = Plate Tectonics

•broad plates with narrow boundaries

•passive divergent boundaries (MORs)

•active convergent boundaries (SZs)

•physical basis(es) for yield stress

•chemical heterogeneity

•continents and continental rifting

•one-sided subduction 

•strike-slip (poloidal) motion

•role of magma in mechanics



Force of slab pull — simple estimate

<latexit sha1_base64="Whs37VH5rCZ7DVEKemUqOy4m3C4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZ2xjNQ=</latexit>

F

<latexit sha1_base64="NHkUu7018XjRdlpm2J9XpzKepoE=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIr2XRjQsXFewDmlAm00k7dDIJMzfSErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JEsE1OM63tbC4tLyyWlgrrm9sbm3bO7t1HaeKshqNRayaAdFMcMlqwEGwZqIYiQLBGkH/euw3HpjSPJb3MEyYH5Gu5CGnBIzUtvdvPZIkKh5g13E8YAPIcD8ate2SU3YmwPPEzUkJ5ai27S+vE9M0YhKoIFq3XCcBPyMKOBVsVPRSzRJC+6TLWoZKEjHtZ5P7R/jIKB0cxsqUBDxRf09kJNJ6GAWmMyLQ07PeWPzPa6UQXvoZl0kKTNLpojAVGGI8DgN3uGIUxNAQQhU3t2LaI4pQMJEVTQju7MvzpH5Sds/LZ3enpcpVHkcBHaBDdIxcdIEq6AZVUQ1R9Iie0St6s56sF+vd+pi2Llj5zB76A+vzBy29lZU=</latexit>

L ⇡ 100 km

cool

hot mantle asthenosphere

mantle lithosphere

<latexit sha1_base64="WTbMjRKJklMR9SStRfG7ead6T5Y=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSseqx6KXHCvYDmlA22227dLMJuxNpiT34V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwgFlyD43xbuZXVtfWN/GZha3tnd8/eP2joKFGU1WkkItUKiGaCS1YHDoK1YsVIGAjWDIa3U7/5wJTmkbyHccz8kPQl73FKwEgd+6jqkThW0QiXHccDNoIUD8NJxy46JWcGvEzcjBRRhlrH/vK6EU1CJoEKonXbdWLwU6KAU8EmBS/RLCZ0SPqsbagkIdN+Ort/gk+N0sW9SJmSgGfq74mUhFqPw8B0hgQGetGbiv957QR6137KZZwAk3S+qJcIDBGehoG7XDEKYmwIoYqbWzEdEEUomMgKJgR38eVl0jgvuZel8t1FsXKTxZFHx+gEnSEXXaEKqqIaqiOKHtEzekVv1pP1Yr1bH/PWnJXNHKI/sD5/AC2ZlZU=</latexit> H
⇡

50
0
km

<latexit sha1_base64="Adl9lWEVpltoLgV4yhn+ch7bXhA="></latexit>

F ⇠ (�⇢)gLH

⇠ ⇢0↵(�T )gLH

⇠ ⇢0↵(Tm/2)gLH

⇡ 3⇥ 1013 N/m = 30 TN/m



Slab pull and plate speed — simple estimate

5.3 Plate velocity – simple mechanical version 43
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Figure 5.2. (a) Sketch of a subducting plate and the mantle flow it induces.
(b) Simplification of the situation in (a).

values carefully, this estimate is likely to be within an order of magnitude or less
of the accurate answer.

So, in Figure 5.2(b), the cooler, denser fluid in the sheet on the right-hand side
of the box will sink. This will displace fluid within the box and thus induce a
circulation in the box. It will also drag the surface plate along behind it. Referring
back to Figure 5.2(a), the idea is that, as the sheet reaches the bottom, it spreads
across the bottom, and, as the surface plate moves to the right, material is added to
it at the spreading centre on the left. In this way the surface plate and its sinking
component are continuously renewed and the picture remains basically unchanged.

I have stated that the vertical sheet will sink because it is heavy – in other words,
it has negative buoyancy. As portrayed in Figure 5.2(b), there is nothing else that
might drive flow in the fluid. Therefore the sinking sheet is the active component,
and it will exert a force on the adjacent fluid. The fluid will resist motion because
it is viscous. Therefore, there will be a resisting force exerted on the sinking sheet.
Because mantle motion is so slow, accelerations are negligible, as discussed in
Chapter 4. If the acceleration is zero, Newton’s second law says that the net force
on the sinking sheet must be zero. In other words, the resisting force, FR, must
balance the driving buoyancy force, B:

B + FR = 0. (5.6)
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constraining the crust, lithospheric and mantle structure (Section 5.4)
and illustrate the characteristics of seismic activity and the distribu-
tion of the current extensional deformation (Section 5.5).

Finally, in Section 6, all the above data will be used to illustrate the
history of extension in the MER, which provides a more general model
for the evolution of continental rifts, from early stages to incipient
break-up. Discussion will be focused on the influence of the
modification of the lithospheric properties induced by magmatic
processes on weakening and subsequent break-up of the lithosphere.

It is out of the scope of this paper to summarise the geology of the
other sectors of the East African Rift and the Red Sea–Gulf of Aden
systems and only some general aspects that are of interest for the
evolution and structure of the MER (e.g., lithosphere–asthenosphere
structure and general characteristics of the magmatism of the Afar
depression) will be briefly introduced in the following sections.
Further insight into these rift systems can be found in recent review
papers (e.g., Chorowicz, 2005; Bosworth et al., 2005; Beyene and
Abdelsalam, 2005).

2. Physiography and different rift segments

The Ethiopian Rift extends for about 1000 km in a NE–SW to N–S
direction from the Afar depression, at the Red Sea–Gulf of Aden
junction, southwards to the Turkana depression (Figs. 1–3). The
southern boundary may be traced at latitude ~5°N, south of the area
where the rift is divided into two branches (Chamo basin to the west
and Galana basin to the east) by the Amaro Mts; southwards, the rift
zone widens and deformation becomes more complex being accom-

modated by the ~300 km-wide system of basins and ranges (referred
to as Broadly Rifted Zone; Baker et al., 1972; Moore and Davidson,
1978; Davidson and Rex, 1980; Ebinger et al., 2000) that characterises
the overlapping area between the Ethiopian and Kenya Rifts. To the
north, the present-day Red Sea–Gulf of Aden–Ethiopian rift triple
junction lies in a complex zone at ~11.5° N within the central Afar
depression, where a left-lateral, oblique-slip, Quaternary fault zone
(the Tendaho-Goba'ad Discontinuity) separates the roughly E–W
extension in the south (Ethiopian Rift) from the NE–SW extension in
the north (e.g., Wolfenden et al., 2004 and references therein).

The Ethiopian Rift can be divided into two main physiographic
segments, namely southern Afar and the Main Ethiopian Rift
(Figs. 2, 3); the rift morphology is typically developed in this latter
segment, where a ~80 km-wide rift valley (Ethiopian Rift valley sensu
stricto of Mohr, 1983) separates the uplifted western (Ethiopian) and
eastern (Somalian) plateaus (Fig. 2b). Mohr (1962) pointed out that
the boundary between the MER and southern Afar does not
correspond to any physiographic feature, as the rift valley gradually
funnels outwards into the wide Afar depression north of Addis
Ababa. A limit can be placed in correspondence to an arcuate pattern
of faults at latitude ~10° N (Tesfaye et al., 2003), which Wolfenden et
al. (2004) interpreted as the southern termination of the Oligocene
Red Sea rift.

In turn theMER, which is the focus of this paper, can be subdivided
into three segments that have been interpreted to reflect different
stages of the continental extension process, being characterised by
different fault architecture, timing of volcanism and deformation,
crustal and lithospheric structure (Figs. 2, 3; see below; e.g., Hayward

Fig. 1. Digital elevation model (from Shuttle Radar Topography Mission – SRTM – data) showing the topographic expression of the East African Rift System. Inset shows a schematic
plate kinematic setting of the area. BRZ: Broadly Rifted Zone; EAP: East African Plateau; ER: Ethiopian Rift; ESP: Ethiopian–Somalian plateaus; KR: Kenya Rift; MR: Malawi Rift; SAP:
Southern African Plateau; TR: Tanganyika Rift.

3G. Corti / Earth-Science Reviews 96 (2009) 1–53

2008), such that non-plume models for the EARS cannot be ruled out
completely (see also Nyblade and Langston, 2002).

5. Tertiary rifting

5.1. Plate kinematics setting

The evolution of rifting in the MER is strictly related to the long-
term kinematics of themajor Nubia and Somalia plates, whereas south
of the Turkana depression a two-plate model for the EARS is too

simplistic as extension occurs both along the Western and Eastern
branches and different microplates are present between the two
major plates (Fig. 8).

5.1.1. Present-day kinematics
The most recent kinematics models based on analysis of space

geodesy velocities and earthquake slip vectors (Stamps et al., 2008)
indicate the occurrence of at least three intervening microplates
(Lwandle, Rovuma, Victoria) between Nubia and Somalia south of
latitude ~5°N. The relative Nubia–Somalia motion occurs with a

Fig. 8. a) Plate kinematics setting of the East African Rift System (EARS) (after Horner-Johnson et al., 2007). Black dots indicate earthquake epicentres (1964–1995); ABTFC: Andrew
Bain Transform-Fault Complex; BTJ: Bouvet triple junction; RTJ: Rodrigues triple junction; CIR: Central Indian Ridge. b) Relative velocities along the EARS and adjoining areas in a
Nubia-fixed reference frame (after Stamps et al., 2008). Thin black arrows indicate modelled velocities along plate or block boundaries; thick black arrows indicate motions at GPS
sites (both modelled and measured velocities are reported). Relative rotation poles are shownwith black stars. The first plate rotates counter-clockwise with respect to the second,
except for VI–NU where Victoria rotates clockwise with respect to Nubia. c) Nubia–Somalia displacement vectors at the latitude of the Main Ethiopian Rift derived from different
analyses, as follows: local geodetic observations (Bendick et al., 2006); analysis of elongation of caldera complexes (Casey et al., 2006); stress inversion from focal mechanisms (Keir
et al., 2006a); palaeostress analysis of fault-slip data (Pizzi et al., 2006); plate motion data (Royer et al., 2006; Horner-Johnson et al., 2007); geodetic solution and earthquake slip
vectors (Stamps et al., 2008). Light gray boxes in bottom left indicate the approximate timescale (reported in x axis) of the different approaches used to analyse the relative plate
motion.

10 G. Corti / Earth-Science Reviews 96 (2009) 1–53
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where � is the wavelength and k = 2⇡/� is the wavenumber. In what follows, w0 ⌧ �, and this
will be useful for making a few approximations.

We expect high pressures beneath areas with initial surface displacements that are high and
lower pressures beneath areas with initial surface displacements that are lower. These lateral
pressure gradients will drive a flow in the mantle and the rate at which this flow restores the
surface to its original shape (zero vertical displacement) will tell us about the viscosity of the
fluid in the mantle.

This problem meets all of the criteria discussed in Section 2.11 for using the stream function,
thus we are looking for a solution to the equation

r
4
 = 0. (2.92)

Let’s start by making a simplifying assumption based on what we might physically expect. The
initial vertical displacement is periodic in x and we should therefore expect that our solution
for  is also periodic. We might try to find solutions that involve sines and cosines in the x
direction. But we can save ourselves a lot of work by noting that the initial surface displacement
involves the cosine function and we would expect the vertical velocity to therefore also depend on
cosine (we will have maximum vertical flow in areas that have maximum vertical displacement).
Noting that uy = �@ /@x we would then expect  to depend on the sine function. Applying
the method of separation of variables, we try to find a solution of the form

 = sin (kx)Y (y) (2.93)

where the function Y (y) is to be determined. Substituting this into the biharmonic equation
given by (2.92) and dividing by sin(kx) gives

d
4
Y

dy4
� 2k

2d
2
Y

dy2 + k
4
Y = 0. (2.94)

This is a fourth-order linear ordinary differential equation with constant coefficients. You may
recall that equations like this have solutions of the form

Y / y0 e
my

(2.95)

where m and y0 are to be determined. Substituting equation (2.95) into (2.94) gives the
characteristic equation for m

m
4
� 2k

2
m

2
+ k

4
=

�
m

2
� k

2�2
= 0. (2.96)

From this we see that solutions for m are m = ±k. This gives us two solutions for Y (y), but we
expect two more since equation (2.94) is fourth-order. The next step is to try solutions of the
form (you can verify that this works) Y (y) / y exp(±ky). Then the general solution for Y (y) is

Y (y) = Ae�ky
+Bye�ky

+ Ce
ky

+Dye
ky

(2.97)
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where�isthewavelengthandk=2⇡/�isthewavenumber.Inwhatfollows,w0⌧�,andthis
willbeusefulformakingafewapproximations.
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Notingthatuy=�@ /@xwewouldthenexpect todependonthesinefunction.Applying
themethodofseparationofvariables,wetrytofindasolutionoftheform
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Fromthisweseethatsolutionsformarem=±k.ThisgivesustwosolutionsforY(y),butwe
expecttwomoresinceequation(2.94)isfourth-order.Thenextstepistotrysolutionsofthe
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6.6 Convection and Dynamic Topography

We consider a simple model for convection in a fluid half-space (z  0); this consists of setting
up a temperature field and determining how it drives flow. For this instantaneous model, the
non-linearity we alluded to when discussing the onset of convection is circumvented by neglecting
the influence of the flow on the temperature field. Models such as this have a lengthy tradition
in the study of convection in the Earth; the one we discuss here was presented by (McKenzie,
1977, and see Figure 6.14).

Consider a half-space with a temperature T (x, 0) = Tm +�T cos (kx) imposed on its upper
surface. When temperatures are determined by heat diffusion alone, in steady state they are
governed by the equation r

2T = 0 which allows solutions of the form cos (kx) exp (±kz). In our
example, the solution for the internal temperature satisfying the boundary conditions is

T (x, z) = Tm +�T cos (kx) exp (kz) . (6.57)

Recall that

r
4 = �

⇢0g↵

⌘

@T

@x
(6.58)

(sign correct for z downwards). After application of the usual methods that we have seen in
earlier chapters, the solution with a free-slip boundary condition on the upper surface ⌧xz|0 = 0 is

 =
⇢0g↵�T

8⌘k

⇣
z2 �

z

k

⌘
exp (kz) sin (kx) . (6.59)

We are interested in the deflection of the surface due to the convection. Recall, from our
discussion of post-glacial recovery, that we equated the hydrostatic pressure ⇢g�h associated with
the topography �h to the vertical normal stress at the upper boundary of the fluid half-space,
z = 0. In this case, where we want to allow the possibility of the topography being covered by
water in the oceans, the topography is given by

�⇢g�h = Tzz,

= �p+ 2⌘Ezz = �p+ 2⌘
@uz
@z

. (6.60)

where �⇢ is the difference in density between the convecting fluid and what overlies it, e.g.
water. From Equation 6.59

2⌘
@uz
@z

= �2⌘
@2 

@x@z
=
⇢0g↵�T

4k
cos (kx) , (6.61)

and the dynamic pressure on z = 0, obtained from the horizontal component of Stokes equation,
is

p = �
⇢0g↵�T

2k
cos (kx) . (6.62)

Hence

�h =
3⇢0↵�T

4�⇢k
cos (kx) . (6.63)

We now need to calculate the total gravity anomaly which is the sum of the gravity anomaly
due to the topography and that due to the density variations in the half-space. In the limit of
long wavelength (kh ⌧ 1), we may approximate the part of the gravity anomaly due to the
variation of the surface height alone by the attraction of a slab of thickness �h and density �⇢,
which is (the Bouguer formula):

�gh(x) = 2⇡G�⇢�h(x), (6.64)

=
3⇡G ⇢0 ↵�T

2k
cos (kx) . (6.65)
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due to the topography and that due to the density variations in the half-space. In the limit of
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GPE gradient force (~same as ridge push force)
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Force per length:

Observation: rifting can occur at driving force less than ~5 TN/m

hot
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h = 1 km, L = 150 km, ⇢ = 3000 kg/m3
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Corti 2009, Buck 2006

Rifting by frictional slip on faults
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and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
magmatic along-axis segmentation evident at all lithospheric level
developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
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developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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Using plasticity to represent faults

viscous dashpot representing creep deformation

frictional slider representing fracture and fault slip
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and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
magmatic along-axis segmentation evident at all lithospheric level
developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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Faulting & frictional slip modelled as plastic deformation 
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boundary faults of the Northern MER started to develop at around
11 Ma (Wolfenden et al., 2004); geological data and historic and local
seismicity patterns indicate these fault systems are largely inactive
(Wolfenden et al., 2004; Casey et al., 2006; Keir et al., 2006a; see
Section 5.5).

5.2.1.2. Central MER. In the Central MER, the rift valley orients
between N25° and N45° and is characterised by major rift escarp-
ments on both western and eastern margins; boundary faults show an
average trend around N30°E (Figs. 9, 11). The western margin is well
expressed by the N25°E–N35°E-trending and ESE-dipping Guraghe
and Fonko faults, whereas the eastern margin is well represented by
the N30°E-trending and WNW-dipping Asela–Langano fault system
(Fig. 9). Both systems are characterised by high-angle (N60°) normal
faults, with large cumulative vertical throw. Overall, these fault
systems give rise to a roughly symmetric rift valley (Figs. 11, 13), as
supported by the 3D modelling of gravity data that indicate syn-rift
sediment thickening towards the central part of the graben where
basin infill thickness can exceed 6 km (Mahatsente et al., 1999).
However, knowledge of the subsurface rift architecture in the Central
MER remains poor. The border fault systems are normally segmented
and articulated, and characterised by the presence of minor
transversal structures and local complex geometries. As an example,
near Lake Langano the NE–SW-trending border faults curve to acquire

a local NW–SE trend and the interaction between these two
intersecting trends result in the typical S- or Z-shaped pattern of the
Langano (or Haroresa) Rhomboidal Fault System (Fig. 15; e.g., Mohr,
1987; Boccaletti et al., 1998; Le Turdu et al., 1999). Moreover, the
western rift margin is characterised by the presence of roughly N–S-
trending structural highs (such as the Boru Toru and Midre Kebd
structural highs; Fig. 9), where lowermost syn-rift volcanic units crop
out, which give rise to major embayments in the rift structure (Abebe
et al., 2005). This is evident in the Debre Zeyt area, where the NE–SW-
trending rift margin and the N–S Boru Toru structural high give rise to
the major Addis Ababa embayment (Fig. 9). The presence of these N–S
structural highs and embayments defines lacustrine sub-basins that
are aligned along a N–S trend (Abebe et al., 2005). Fault-slip data on
both rift margins in the Central MER indicate a stress field
characterised by an extension direction oriented roughly ESE–WNW,
with local variations between E–W and NW–SE (Fig. 14; Boccaletti
et al., 1992,1998; Abebe,1993; Korme et al., 1997; Acocella and Korme,
2002; Bonini et al., 2005; Pizzi et al., 2006). This gives rise to a sinistral
component oblique-slip on the NE–SW-trending fault planes, as
supported by local structural features as pull-aparts, en-echelon
tensional fissures and the en-echelon right-stepping arrangements of
the boundary fault segments observed in the field and on satellite
imagery (Boccaletti et al., 1992, 1998; Mazzarini et al., 1999; Abebe
et al., 2005; Bonini et al., 2005). According to Bonini et al. (2005) the

Fig. 9. Tectonic sketch map of the Main Ethiopian Rift (modified from Boccaletti et al., 1998) superimposed on a digital elevation model (SRTM data). Inset shows the en-echelon,
right-stepping arrangement of the volcano-tectonic segments of theWonji Fault Belt. AAE: Addis Ababa Embayment; BT: Boru Toru structural high; MK: Midre Kebd structural high;
WFZ: Woito fault zone; YTVL: Yerer–Tullu Wellel volcano-tectonic lineament. Other abbreviations as in Fig. 2.
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upper-crustal velocities and higher uppermost mantle density; see
Section 5.4) together with rift marginal axes of extension (instead of a
single rift-centred volcano-tectonic axis) and – possibly – a more
complex magmatic system (see Section 5.3.2) suggest that the Central
and Southern MER are characterised by a lower degree of extension
andmagmatic modification of a lithosphere with continental affinities
(Rooney et al., 2007). This in turn suggests that the temporal evolution
of deformation (from incipient rifting and boundary fault activity to
magmatic segments and continental break-up) summarised above for
the NorthernMER is also currently spatially observable in the different
MER/Afar segments, whose characteristics of structure/magmatism
reflect different stages in the development of a continental rift. The
general south to north decrease in the amount of tectono-magmatic
modification of the crust and the lithosphere indicated by geological/

geophysical data (see Sections 5.2–5.4), together with a systematic
variation of magmatism (northward increase in volume of fissural
basalts, with onset of voluminous basaltic volcanism in Afar) suggests
indeed a transition from continental rifting stages in the Southern/
Central MER to oceanic spreading in Afar (e.g., Hayward and Ebinger,
1996).

7. Conclusions

Fig. 50 summarises the different stages of the evolution of theMain
Ethiopian Rift (MER), from rift initiation to break-up and incipient
oceanic spreading (see also Ebinger, 2005). The first tectono-
magmatic event related to the Tertiary rifting was the eruption of
voluminous flood basalts, which seems to have occurred in a rather
short time interval at around 30 Ma; strong plateau uplift, resulting in
the development of the Ethiopian and Somalian plateaus now
surrounding the rift valley, has been suggested to have initiated
contemporaneously or shortly after the extensive flood-basalt
volcanism, although its exact timing remains controversial. Volumi-
nous volcanism and uplift started prior to the main rifting phases,
suggesting a mantle plume influence on the Tertiary deformation in
East Africa, possibly in connection with a hypothetical African
superplume. The main rifting phases started diachronously along
the MER in the Mio-Pliocene with a discontinuous rift propagation
interpreted in terms of southwards or northwards rift propagation or
more complex evolutive scenarios. Rift location was most probably
controlled by the reactivation of a lithospheric-scale pre-existing
weakness; the orientation of the weakness (roughly NE–SW) and the
Late Pliocene (post 3.2 Ma)-recent Nubia–Somalia relative motion
(roughly ESE–WNW) suggests that oblique rifting conditions have
controlled rift evolution. However, it is still unclear if these
kinematical boundary conditions have remained steady since the
initial stages of rifting or the kinematics has changed during the Late
Pliocene or at the Pliocene–Pleistocene boundary.

Continental rifting in the MER evolved in two different phases. An
early (Mio-Pliocene) continental rifting stage (Fig. 50b) was char-
acterised by displacement along large boundary faults, subsidence of
rift depression with local development of deep (up to 5 km)
asymmetric basins and diffuse magmatic activity. In this initial
phase, magmatism encompassed the whole rift, with volcanic activity
affecting the rift depression, the major boundary faults and limited
portions of the rift shoulders (off-axis volcanism).

Progressive extension led to the second (Pleistocene) rifting stage
(Fig. 50c–d), characterised by a riftward narrowing of the volcano-
tectonic activity. In this phase, which is well expressed in the Northern
MER the main boundary faults were deactivated and extensional
deformation was accommodated by dense swarms of faults (Wonji

Fig. 50. Schematic model of rift evolution in the Main Ethiopian Rift (modified after
Ebinger, 2005). a) Flood-basalt event affecting Ethiopia before the main extensional
events. Note the presence of an inherited weakness zone that localises rifting in the
subsequent deformation phases. b) Activation of large boundary faults (11–2 Ma),
giving rise to major fault-escarpments and rift-floor subsidence. This first (Mio-
Pliocene) rift phase was associated to diffuse volcanism, which encompassed the whole
rift depression. c) Abandonment of large boundary faults and shift of deformation
within the rift valley, with activation of the oblique Wonji Fault Belt (~2 Ma). This
riftward narrowing of deformation does not require a change in Nubia–Somalia
kinematics and is independent of magmatic processes (Corti, 2008). Rather, the oblique
deformation zones focus magmatic activity that becomes then localised along Wonji
segments (d). As soon as, the volcano-tectonic activity is localised within Wonji
segments, a strong feedback between deformation and magmatism develops: the
thinned lithosphere is strongly modified by the extensive magma intrusion and
extension is facilitated and accommodated by a combination of magmatic intrusion,
dyking and faulting. e) With further thinning, heating and magma intrusion, the
tectonically and magmatically thinned lithosphere may rupture in the heavily intruded
zones, and new oceanic lithosphere created. The solidified mafic intrusions in the mid-
to lower crust and the thick piles of lavas in themagmatic segments load theweak plate,
flexing it towards the new ocean basin to form seaward-dipping lavas. The passive
margin subsides as heat transferred from the asthenosphere dissipates (Ebinger, 2005).
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and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
magmatic along-axis segmentation evident at all lithospheric level
developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
magmatic along-axis segmentation evident at all lithospheric level
developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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Figure 1: Numerical simulation of an ascending, finite batch of fluid. In this simulation,
1.95 m3 of fluid is injected over 130 seconds. Two views of the fracture are shown at each
time. On the left is a view looking onto the fracture’s face, shaded by aperture (F) with the
tip-line in black. On the right is a grey cross-section showing the profile of aperture along

the centre of the crack. The latter has a horizontal exaggeration of 2⇥104.
a) Analytical solution that defines the radius 0. The plotted solution contains fluid volume

+ and has a radius such that  � (I = �0) = 0.
b) Numerical simulation of fracture ascent using PyFrac (Table. 1). Simulation times are

shown below the respective fractures. The time-dependant analytical approximation of the
fracture’s cross-section is shown as dashed lines (Roper & Lister 2007). The tail height ⌘

from equation (3.10) is marked with a dot.

Fluid-driven fracture (e.g., hydrofracture)

Davis et al JFM 2023



Using plasticity to represent dikes?

and Ebinger, 1996; Ebinger, 2005). The characteristics of magmatic
segments outlined above point indeed to a new, shorter, narrower and
magmatic along-axis segmentation evident at all lithospheric level
developed within the broad rift depression in the last ~2 Ma. The
morphology and architecture of this new tectono-magmatic segmen-
tation, defined by 60–80 km long, 20 km-wide zones of magmatic
intrusions at depth and faulting and dyke intrusion in the upper crust
in the centre of the rift valley, is comparable to slow-spreading mid-
oceanic ridges (e.g., Ebinger and Casey, 2001; Keranen et al., 2004;
Ebinger, 2005; Daly et al., 2008). For instance, the crustal structure
beneath the magmatic segments in the Northern MER shares striking
similarities with that shown by the Northern Neovolcanic Zone in
Iceland, consisting of rift segments arranged en echelon along the Mid
Atlantic ridge plate boundary (see Daly et al., 2008 and references
therein). This suggests that the Wonji magmatic segments in the
Northern MER may represent a precursor to seafloor spreading
centres, developing within a lithosphere that is transitional between
continental and oceanic (e.g., Ebinger and Casey, 2001; Keranen et al.,
2004; Rooney et al., 2007; Daly et al., 2008). Comparison of the crustal

between the MER and the Woodlark Rift in Papua-New Guinea, a
highly evolved backarc rift where break-up has occurred without
extrusive volcanism, suggests a similar pattern of extensive mafic
addition to the crust within a narrow zone of localised strain, despite
the crustal stretching is much more limited in MER than in the
Woodlark basin (see Daly et al., 2008 and references therein). TheMER
magmatic segments, therefore, suggest that transitional crust can be
produced at relatively small stretching factors where basaltic melt is
available. Theuppermostmantle beneath theMERhas however not yet
organised itself into a series of punctuated magmatic upwellings as is
expected beneath a fully developed seafloor spreading centre;
punctuated upwellings in the mantle are probably only occurring
northwards beneath the Afar depression where break-up and spread-
ing are in a more advanced stage (Bastow et al., 2008).

Rooney et al. (2007) relate this incipient spreading in the Northern
MER to the southwards propagation of the Red Sea Rift system, now
interacting with the EARS-related deformation in the Central MER.
Irrespective of the of the propagation model (see Section 6.1.1),
geophysical indications (such as thicker crust, lower magnitude

Fig. 48. Combination of magmatic intrusion, dyking and faulting within magmatic segments and relations with the depth-distribution of seismic activity. Below a depth of ~10 km,
extension is mostly aseismic and controlled bymagma injection in a hot, ductile middle to lower crust and uppermost mantle (e.g., Keranen et al., 2004; Keir et al., 2006a). Seismicity
is mostly concentrated in the upper ~10 km above axial mafic intrusions, where extension is accommodated by both dyke intrusion and faulting (Keir et al., 2006a).

Fig. 49. Different ways to extend normal-thickness continental lithosphere. Upper panel: tectonic stretching; lower panel: magmatic stretching. Note the large difference in yield
stress (the stress difference needed to get extensional separation of two lithospheric blocks) with and without magma injection. After Buck (2004, 2006) and Ebinger (2005).
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boundary faults of the Northern MER started to develop at around
11 Ma (Wolfenden et al., 2004); geological data and historic and local
seismicity patterns indicate these fault systems are largely inactive
(Wolfenden et al., 2004; Casey et al., 2006; Keir et al., 2006a; see
Section 5.5).

5.2.1.2. Central MER. In the Central MER, the rift valley orients
between N25° and N45° and is characterised by major rift escarp-
ments on both western and eastern margins; boundary faults show an
average trend around N30°E (Figs. 9, 11). The western margin is well
expressed by the N25°E–N35°E-trending and ESE-dipping Guraghe
and Fonko faults, whereas the eastern margin is well represented by
the N30°E-trending and WNW-dipping Asela–Langano fault system
(Fig. 9). Both systems are characterised by high-angle (N60°) normal
faults, with large cumulative vertical throw. Overall, these fault
systems give rise to a roughly symmetric rift valley (Figs. 11, 13), as
supported by the 3D modelling of gravity data that indicate syn-rift
sediment thickening towards the central part of the graben where
basin infill thickness can exceed 6 km (Mahatsente et al., 1999).
However, knowledge of the subsurface rift architecture in the Central
MER remains poor. The border fault systems are normally segmented
and articulated, and characterised by the presence of minor
transversal structures and local complex geometries. As an example,
near Lake Langano the NE–SW-trending border faults curve to acquire

a local NW–SE trend and the interaction between these two
intersecting trends result in the typical S- or Z-shaped pattern of the
Langano (or Haroresa) Rhomboidal Fault System (Fig. 15; e.g., Mohr,
1987; Boccaletti et al., 1998; Le Turdu et al., 1999). Moreover, the
western rift margin is characterised by the presence of roughly N–S-
trending structural highs (such as the Boru Toru and Midre Kebd
structural highs; Fig. 9), where lowermost syn-rift volcanic units crop
out, which give rise to major embayments in the rift structure (Abebe
et al., 2005). This is evident in the Debre Zeyt area, where the NE–SW-
trending rift margin and the N–S Boru Toru structural high give rise to
the major Addis Ababa embayment (Fig. 9). The presence of these N–S
structural highs and embayments defines lacustrine sub-basins that
are aligned along a N–S trend (Abebe et al., 2005). Fault-slip data on
both rift margins in the Central MER indicate a stress field
characterised by an extension direction oriented roughly ESE–WNW,
with local variations between E–W and NW–SE (Fig. 14; Boccaletti
et al., 1992,1998; Abebe,1993; Korme et al., 1997; Acocella and Korme,
2002; Bonini et al., 2005; Pizzi et al., 2006). This gives rise to a sinistral
component oblique-slip on the NE–SW-trending fault planes, as
supported by local structural features as pull-aparts, en-echelon
tensional fissures and the en-echelon right-stepping arrangements of
the boundary fault segments observed in the field and on satellite
imagery (Boccaletti et al., 1992, 1998; Mazzarini et al., 1999; Abebe
et al., 2005; Bonini et al., 2005). According to Bonini et al. (2005) the

Fig. 9. Tectonic sketch map of the Main Ethiopian Rift (modified from Boccaletti et al., 1998) superimposed on a digital elevation model (SRTM data). Inset shows the en-echelon,
right-stepping arrangement of the volcano-tectonic segments of theWonji Fault Belt. AAE: Addis Ababa Embayment; BT: Boru Toru structural high; MK: Midre Kebd structural high;
WFZ: Woito fault zone; YTVL: Yerer–Tullu Wellel volcano-tectonic lineament. Other abbreviations as in Fig. 2.
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upper-crustal velocities and higher uppermost mantle density; see
Section 5.4) together with rift marginal axes of extension (instead of a
single rift-centred volcano-tectonic axis) and – possibly – a more
complex magmatic system (see Section 5.3.2) suggest that the Central
and Southern MER are characterised by a lower degree of extension
andmagmatic modification of a lithosphere with continental affinities
(Rooney et al., 2007). This in turn suggests that the temporal evolution
of deformation (from incipient rifting and boundary fault activity to
magmatic segments and continental break-up) summarised above for
the NorthernMER is also currently spatially observable in the different
MER/Afar segments, whose characteristics of structure/magmatism
reflect different stages in the development of a continental rift. The
general south to north decrease in the amount of tectono-magmatic
modification of the crust and the lithosphere indicated by geological/

geophysical data (see Sections 5.2–5.4), together with a systematic
variation of magmatism (northward increase in volume of fissural
basalts, with onset of voluminous basaltic volcanism in Afar) suggests
indeed a transition from continental rifting stages in the Southern/
Central MER to oceanic spreading in Afar (e.g., Hayward and Ebinger,
1996).

7. Conclusions

Fig. 50 summarises the different stages of the evolution of theMain
Ethiopian Rift (MER), from rift initiation to break-up and incipient
oceanic spreading (see also Ebinger, 2005). The first tectono-
magmatic event related to the Tertiary rifting was the eruption of
voluminous flood basalts, which seems to have occurred in a rather
short time interval at around 30 Ma; strong plateau uplift, resulting in
the development of the Ethiopian and Somalian plateaus now
surrounding the rift valley, has been suggested to have initiated
contemporaneously or shortly after the extensive flood-basalt
volcanism, although its exact timing remains controversial. Volumi-
nous volcanism and uplift started prior to the main rifting phases,
suggesting a mantle plume influence on the Tertiary deformation in
East Africa, possibly in connection with a hypothetical African
superplume. The main rifting phases started diachronously along
the MER in the Mio-Pliocene with a discontinuous rift propagation
interpreted in terms of southwards or northwards rift propagation or
more complex evolutive scenarios. Rift location was most probably
controlled by the reactivation of a lithospheric-scale pre-existing
weakness; the orientation of the weakness (roughly NE–SW) and the
Late Pliocene (post 3.2 Ma)-recent Nubia–Somalia relative motion
(roughly ESE–WNW) suggests that oblique rifting conditions have
controlled rift evolution. However, it is still unclear if these
kinematical boundary conditions have remained steady since the
initial stages of rifting or the kinematics has changed during the Late
Pliocene or at the Pliocene–Pleistocene boundary.

Continental rifting in the MER evolved in two different phases. An
early (Mio-Pliocene) continental rifting stage (Fig. 50b) was char-
acterised by displacement along large boundary faults, subsidence of
rift depression with local development of deep (up to 5 km)
asymmetric basins and diffuse magmatic activity. In this initial
phase, magmatism encompassed the whole rift, with volcanic activity
affecting the rift depression, the major boundary faults and limited
portions of the rift shoulders (off-axis volcanism).

Progressive extension led to the second (Pleistocene) rifting stage
(Fig. 50c–d), characterised by a riftward narrowing of the volcano-
tectonic activity. In this phase, which is well expressed in the Northern
MER the main boundary faults were deactivated and extensional
deformation was accommodated by dense swarms of faults (Wonji

Fig. 50. Schematic model of rift evolution in the Main Ethiopian Rift (modified after
Ebinger, 2005). a) Flood-basalt event affecting Ethiopia before the main extensional
events. Note the presence of an inherited weakness zone that localises rifting in the
subsequent deformation phases. b) Activation of large boundary faults (11–2 Ma),
giving rise to major fault-escarpments and rift-floor subsidence. This first (Mio-
Pliocene) rift phase was associated to diffuse volcanism, which encompassed the whole
rift depression. c) Abandonment of large boundary faults and shift of deformation
within the rift valley, with activation of the oblique Wonji Fault Belt (~2 Ma). This
riftward narrowing of deformation does not require a change in Nubia–Somalia
kinematics and is independent of magmatic processes (Corti, 2008). Rather, the oblique
deformation zones focus magmatic activity that becomes then localised along Wonji
segments (d). As soon as, the volcano-tectonic activity is localised within Wonji
segments, a strong feedback between deformation and magmatism develops: the
thinned lithosphere is strongly modified by the extensive magma intrusion and
extension is facilitated and accommodated by a combination of magmatic intrusion,
dyking and faulting. e) With further thinning, heating and magma intrusion, the
tectonically and magmatically thinned lithosphere may rupture in the heavily intruded
zones, and new oceanic lithosphere created. The solidified mafic intrusions in the mid-
to lower crust and the thick piles of lavas in themagmatic segments load theweak plate,
flexing it towards the new ocean basin to form seaward-dipping lavas. The passive
margin subsides as heat transferred from the asthenosphere dissipates (Ebinger, 2005).
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• Earth is a thermal engine that converts heat 
(radiogenic, primordial) into work by convection.


• Plate tectonics is the surface expression of mantle 
convection.


• Continents rift under the convective forces of slab 
pull, topographic/GPE gradients, and basal drag.


• Tectonic forces are of order 10 TN/m.


• Why do rocks yield and what do they remember of 
past yielding? What is mechanical role of magma at 
rifts and mid-ocean ridges? How do faults and dikes 
interact mechanically?

Summary and questions

constraining the crust, lithospheric and mantle structure (Section 5.4)
and illustrate the characteristics of seismic activity and the distribu-
tion of the current extensional deformation (Section 5.5).

Finally, in Section 6, all the above data will be used to illustrate the
history of extension in the MER, which provides a more general model
for the evolution of continental rifts, from early stages to incipient
break-up. Discussion will be focused on the influence of the
modification of the lithospheric properties induced by magmatic
processes on weakening and subsequent break-up of the lithosphere.

It is out of the scope of this paper to summarise the geology of the
other sectors of the East African Rift and the Red Sea–Gulf of Aden
systems and only some general aspects that are of interest for the
evolution and structure of the MER (e.g., lithosphere–asthenosphere
structure and general characteristics of the magmatism of the Afar
depression) will be briefly introduced in the following sections.
Further insight into these rift systems can be found in recent review
papers (e.g., Chorowicz, 2005; Bosworth et al., 2005; Beyene and
Abdelsalam, 2005).

2. Physiography and different rift segments

The Ethiopian Rift extends for about 1000 km in a NE–SW to N–S
direction from the Afar depression, at the Red Sea–Gulf of Aden
junction, southwards to the Turkana depression (Figs. 1–3). The
southern boundary may be traced at latitude ~5°N, south of the area
where the rift is divided into two branches (Chamo basin to the west
and Galana basin to the east) by the Amaro Mts; southwards, the rift
zone widens and deformation becomes more complex being accom-

modated by the ~300 km-wide system of basins and ranges (referred
to as Broadly Rifted Zone; Baker et al., 1972; Moore and Davidson,
1978; Davidson and Rex, 1980; Ebinger et al., 2000) that characterises
the overlapping area between the Ethiopian and Kenya Rifts. To the
north, the present-day Red Sea–Gulf of Aden–Ethiopian rift triple
junction lies in a complex zone at ~11.5° N within the central Afar
depression, where a left-lateral, oblique-slip, Quaternary fault zone
(the Tendaho-Goba'ad Discontinuity) separates the roughly E–W
extension in the south (Ethiopian Rift) from the NE–SW extension in
the north (e.g., Wolfenden et al., 2004 and references therein).

The Ethiopian Rift can be divided into two main physiographic
segments, namely southern Afar and the Main Ethiopian Rift
(Figs. 2, 3); the rift morphology is typically developed in this latter
segment, where a ~80 km-wide rift valley (Ethiopian Rift valley sensu
stricto of Mohr, 1983) separates the uplifted western (Ethiopian) and
eastern (Somalian) plateaus (Fig. 2b). Mohr (1962) pointed out that
the boundary between the MER and southern Afar does not
correspond to any physiographic feature, as the rift valley gradually
funnels outwards into the wide Afar depression north of Addis
Ababa. A limit can be placed in correspondence to an arcuate pattern
of faults at latitude ~10° N (Tesfaye et al., 2003), which Wolfenden et
al. (2004) interpreted as the southern termination of the Oligocene
Red Sea rift.

In turn theMER, which is the focus of this paper, can be subdivided
into three segments that have been interpreted to reflect different
stages of the continental extension process, being characterised by
different fault architecture, timing of volcanism and deformation,
crustal and lithospheric structure (Figs. 2, 3; see below; e.g., Hayward

Fig. 1. Digital elevation model (from Shuttle Radar Topography Mission – SRTM – data) showing the topographic expression of the East African Rift System. Inset shows a schematic
plate kinematic setting of the area. BRZ: Broadly Rifted Zone; EAP: East African Plateau; ER: Ethiopian Rift; ESP: Ethiopian–Somalian plateaus; KR: Kenya Rift; MR: Malawi Rift; SAP:
Southern African Plateau; TR: Tanganyika Rift.
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