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Contributions: Mantle Stresses; Crustal Heterogeneity

Observations of Lithospheric Stress

[Reinecker, J., Heidbach, O., Tingay, M., Sperner, B., and Mueller, B., 2005]
(available online at www.world-stress-map.org)
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gInhomogeneity
Topography
Edge Tractions
Basal Tractions

Sources of Stress
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Computing Mantle Flow

[Conrad et al, 2004]
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[Stixrude and Lithgow-Bertelloni, 2007]

Computing Mantle Flow

[Conrad et al, 2004]



Thursday, 12/1/12 Magmatic Rifting and Active Volcanism Conference

Plate Driving Forces

[van Summeren et al., in press]
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Plate Driving Forces
Slab Pull from Upper Mantle Slabs

Slab Suction from Lower Mantle Slabs
Shallow Roots and Global Asthenosphere

[van Summeren et al., in press]
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Modeling the Lithosphere
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Horizontal Tractions

REGIME

Normal

Thrust
Strike-slip

[Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2009]−20
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Horizontal Tractions

CompressionExtension Strike-Slip

SH(max) & SH(min)

REGIME

Normal

Thrust
Strike-slip

[Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2009]
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Horizontal Tractions

REGIME

Normal

Thrust
Strike-slip

[Lithgow-Bertelloni & Guynn, 2004; Naliboff et al., 2009]−20
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Stresses due to Basal Tractions

€ 

∂
∂θ
(Nθθ sinθ) +

∂Nθφ

∂φ
− Nφφ cosθ + qθ Rsinθ = 0

∂
∂θ
(Nθφ sinθ) +

∂Nφφ

∂φ
+ Nθφ cosθ + qφRsinθ = 0

Nθθ + Nφφ + qrR = 0
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Dynamic Topography

ρ1

ρ2qr

h=− qr/δρg

h

Mantle Flow
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Dynamic Uplift and 
Extension
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Radial Tractions

REGIME

Normal

Thrust
Strike-slip

[modified from Naliboff & Lithgow-Bertelloni, submitted]
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Southern Africa

[Lithgow-Bertelloni & Silver, 1998]
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Southern Africa

[Lithgow-Bertelloni & Silver, 1998]



observed concentric pattern of river
divides in southern Africa. In short,
the first-order topography of south-
ern Africa does not correspond with
the dynamic topography predicted by
the plume model. Therefore the
observed topography demands alter-
native explanations.

Evolution of the topography of
southern Africa

The three major river divides all
cut across geological boundaries and
structural lineaments (Fig. 3), and
therefore do not reflect simple litho-
logical controls. Rather, the divides

have been interpreted to reflect axes of
epeirogenic flexure (Du Toit, 1933;
King, 1963; Moore, 1999), designated,
from the coast inland, the Escarpment
Axis, the Etosha–Griqualand–Trans-
vaal (EGT) Axis and the Ovambo–
Kalahari–Zimbabwe (OKZ) Axis. The
evidence that the three major river
divides represent lines of epeirogenic
flexures is very compelling. TheEscarp-
ment Axis is well modelled as a line of
isostatic flexure, related to the erosion
of the coastal plain following breakup
of Gondwana (Gilchrist and Summer-
field, 1991; Moore and Blenkinsop,
2006). Relative uplift along the EGT
Axis is reflected by the preservation of a
dismembered relic of a fossil drainage
line straddling the flexure at Mahura
Muthla (Fig. 2). The abandoned link
between the Molopo and Orange
Rivers has a convex-up profile where
it crosses this axis (Moore, 1999). This
contrasts with the concave-up profile
expected fromheadward erosion, but is
consistent with uplift across the river
course (Du Toit, 1933; Partridge,
1998). In the case of the OKZ Axis,
there is clear evidence for reversal of
drainage flow directions across this line
of flexure in Botswana (Moore, 1999).
In Zimbabwe, this axis was responsible
for beheading an earlier drainage
network established in the Permian
(Moore and Moore, 2006; Moore
et al., 2009). The EGT Axis forms the
southern boundary of the Kalahari
Formation, which crosses a variety of
bedrock formations (Haddon, 1999,
2001), demonstrating that the axis is
not lithologically controlled (Fig. 4).
Further north, the locus of the OKZ
Axis corresponds closely with the east-
ern and western margins of this sedi-
mentary unit. This underlines the
observation made by Du Toit (1933)
that subsidence of the Kalahari Basin
was closely associated with uplift along
the river divides that define these two
axes.
Several lines of evidence show that

the flexures forming the three major
river divides in southern Africa were
initiated in discrete episodes (Moore,
1999). Uplift along the Escarpment
Axis was initiated by the opening of
the Indian and Atlantic Oceans at
c. 126 Ma (King, 1963; Moore and
Blenkinsop, 2006). This is reflected by
a major Early Cretaceous erosional
event, particularly marked along the
margins of southern Africa (Brown

Fig. 1 SRTM digital elevation image for southern Africa. Note that the highest
elevations (purple-grey tones) are associated with the marginal escarpment and also
the central Zimbabwe watershed. This high ground surrounds the Cenozoic Kalahari
Basin (KB). Elevations in metres.

Fig. 2 Drainage system of southern Africa. Colours denote stream rank from red (1)
to purple (5). M, Molopo River; N, Nossob River; MM, Mahura Muhtla. The major
river divides are interpreted to reflect epeirogenic uplift Axes. EGT Axis, Etosha–
Griqualand–Transvaal Axis; OKZ Axis, Ovambo–Kalahari–Zimbabwe Axes. Data
from USGS EROS, http://eros.usgs.gov/products/elevation/gtopo30/hydro/af_
streams.html

Terra Nova, Vol 21, No. 4, 310–315 A. Moore et al. • Topography and erosion history: plumes or plate tectonics?
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[Moore et al.,  2009]

[Lithgow-Bertelloni and Silver, 1998]



But when we look more closely...?

observed concentric pattern of river
divides in southern Africa. In short,
the first-order topography of south-
ern Africa does not correspond with
the dynamic topography predicted by
the plume model. Therefore the
observed topography demands alter-
native explanations.

Evolution of the topography of
southern Africa

The three major river divides all
cut across geological boundaries and
structural lineaments (Fig. 3), and
therefore do not reflect simple litho-
logical controls. Rather, the divides

have been interpreted to reflect axes of
epeirogenic flexure (Du Toit, 1933;
King, 1963; Moore, 1999), designated,
from the coast inland, the Escarpment
Axis, the Etosha–Griqualand–Trans-
vaal (EGT) Axis and the Ovambo–
Kalahari–Zimbabwe (OKZ) Axis. The
evidence that the three major river
divides represent lines of epeirogenic
flexures is very compelling. TheEscarp-
ment Axis is well modelled as a line of
isostatic flexure, related to the erosion
of the coastal plain following breakup
of Gondwana (Gilchrist and Summer-
field, 1991; Moore and Blenkinsop,
2006). Relative uplift along the EGT
Axis is reflected by the preservation of a
dismembered relic of a fossil drainage
line straddling the flexure at Mahura
Muthla (Fig. 2). The abandoned link
between the Molopo and Orange
Rivers has a convex-up profile where
it crosses this axis (Moore, 1999). This
contrasts with the concave-up profile
expected fromheadward erosion, but is
consistent with uplift across the river
course (Du Toit, 1933; Partridge,
1998). In the case of the OKZ Axis,
there is clear evidence for reversal of
drainage flow directions across this line
of flexure in Botswana (Moore, 1999).
In Zimbabwe, this axis was responsible
for beheading an earlier drainage
network established in the Permian
(Moore and Moore, 2006; Moore
et al., 2009). The EGT Axis forms the
southern boundary of the Kalahari
Formation, which crosses a variety of
bedrock formations (Haddon, 1999,
2001), demonstrating that the axis is
not lithologically controlled (Fig. 4).
Further north, the locus of the OKZ
Axis corresponds closely with the east-
ern and western margins of this sedi-
mentary unit. This underlines the
observation made by Du Toit (1933)
that subsidence of the Kalahari Basin
was closely associated with uplift along
the river divides that define these two
axes.
Several lines of evidence show that

the flexures forming the three major
river divides in southern Africa were
initiated in discrete episodes (Moore,
1999). Uplift along the Escarpment
Axis was initiated by the opening of
the Indian and Atlantic Oceans at
c. 126 Ma (King, 1963; Moore and
Blenkinsop, 2006). This is reflected by
a major Early Cretaceous erosional
event, particularly marked along the
margins of southern Africa (Brown

Fig. 1 SRTM digital elevation image for southern Africa. Note that the highest
elevations (purple-grey tones) are associated with the marginal escarpment and also
the central Zimbabwe watershed. This high ground surrounds the Cenozoic Kalahari
Basin (KB). Elevations in metres.

Fig. 2 Drainage system of southern Africa. Colours denote stream rank from red (1)
to purple (5). M, Molopo River; N, Nossob River; MM, Mahura Muhtla. The major
river divides are interpreted to reflect epeirogenic uplift Axes. EGT Axis, Etosha–
Griqualand–Transvaal Axis; OKZ Axis, Ovambo–Kalahari–Zimbabwe Axes. Data
from USGS EROS, http://eros.usgs.gov/products/elevation/gtopo30/hydro/af_
streams.html
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But when we look more closely...?

observed concentric pattern of river
divides in southern Africa. In short,
the first-order topography of south-
ern Africa does not correspond with
the dynamic topography predicted by
the plume model. Therefore the
observed topography demands alter-
native explanations.

Evolution of the topography of
southern Africa

The three major river divides all
cut across geological boundaries and
structural lineaments (Fig. 3), and
therefore do not reflect simple litho-
logical controls. Rather, the divides

have been interpreted to reflect axes of
epeirogenic flexure (Du Toit, 1933;
King, 1963; Moore, 1999), designated,
from the coast inland, the Escarpment
Axis, the Etosha–Griqualand–Trans-
vaal (EGT) Axis and the Ovambo–
Kalahari–Zimbabwe (OKZ) Axis. The
evidence that the three major river
divides represent lines of epeirogenic
flexures is very compelling. TheEscarp-
ment Axis is well modelled as a line of
isostatic flexure, related to the erosion
of the coastal plain following breakup
of Gondwana (Gilchrist and Summer-
field, 1991; Moore and Blenkinsop,
2006). Relative uplift along the EGT
Axis is reflected by the preservation of a
dismembered relic of a fossil drainage
line straddling the flexure at Mahura
Muthla (Fig. 2). The abandoned link
between the Molopo and Orange
Rivers has a convex-up profile where
it crosses this axis (Moore, 1999). This
contrasts with the concave-up profile
expected fromheadward erosion, but is
consistent with uplift across the river
course (Du Toit, 1933; Partridge,
1998). In the case of the OKZ Axis,
there is clear evidence for reversal of
drainage flow directions across this line
of flexure in Botswana (Moore, 1999).
In Zimbabwe, this axis was responsible
for beheading an earlier drainage
network established in the Permian
(Moore and Moore, 2006; Moore
et al., 2009). The EGT Axis forms the
southern boundary of the Kalahari
Formation, which crosses a variety of
bedrock formations (Haddon, 1999,
2001), demonstrating that the axis is
not lithologically controlled (Fig. 4).
Further north, the locus of the OKZ
Axis corresponds closely with the east-
ern and western margins of this sedi-
mentary unit. This underlines the
observation made by Du Toit (1933)
that subsidence of the Kalahari Basin
was closely associated with uplift along
the river divides that define these two
axes.
Several lines of evidence show that

the flexures forming the three major
river divides in southern Africa were
initiated in discrete episodes (Moore,
1999). Uplift along the Escarpment
Axis was initiated by the opening of
the Indian and Atlantic Oceans at
c. 126 Ma (King, 1963; Moore and
Blenkinsop, 2006). This is reflected by
a major Early Cretaceous erosional
event, particularly marked along the
margins of southern Africa (Brown

Fig. 1 SRTM digital elevation image for southern Africa. Note that the highest
elevations (purple-grey tones) are associated with the marginal escarpment and also
the central Zimbabwe watershed. This high ground surrounds the Cenozoic Kalahari
Basin (KB). Elevations in metres.

Fig. 2 Drainage system of southern Africa. Colours denote stream rank from red (1)
to purple (5). M, Molopo River; N, Nossob River; MM, Mahura Muhtla. The major
river divides are interpreted to reflect epeirogenic uplift Axes. EGT Axis, Etosha–
Griqualand–Transvaal Axis; OKZ Axis, Ovambo–Kalahari–Zimbabwe Axes. Data
from USGS EROS, http://eros.usgs.gov/products/elevation/gtopo30/hydro/af_
streams.html
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“Observed” Dynamic Topography? 

Given observed topography determine isostatic contribution:
Oceans-Isochrons + Half-space cooling or plate model+ sediments

Continents-CRUST 2.0 + lithospheric mantle (depleted and undepleted)

Lithospheric mantle densities computed [Stixrude & Lithgow-Bertelloni, 2011]

Thicknesses determined by matching spherically averaged P at 350 km to PREM

[Lithgow-Bertelloni and de Koker, in revision]

“Observed”= Residual = Total - Isostatic



Dynamic Topography from S40RTS
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Topography and Lithospheric 
Structure
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[England and McKenzie, 1986]
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[Lithgow-Bertelloni and Guynn, 2004]

Crustal Contribution

REGIME

Normal

Thrust
Strike-slip

-CRUST2.0

Fit to observations (Variance Reduction)
Azimuth-42%
Regime-46%
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[Lithgow-Bertelloni and Guynn, 2004]

Crustal Contribution

REGIME

Normal

Thrust
Strike-slip

-CRUST2.0

Fit to observations (Variance Reduction)
Azimuth-42%
Regime-46%

-CRUST2.0 (Pratt Compensation)

Fit to observations (Variance Reduction)
Azimuth-20%
Regime-39%
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Effects of Lithospheric Structure

[modified from Naliboff, Lithgow-Bertelloni et al., 2011]
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Primary Results and Implications

What do we see? 
-lithospheric heterogeneity and dynamic topography dominate the stress signal in Africa
-horizontal mantle tractions are large... but do not match stress patterns, how to decouple?
-Lithospheric structure assumptions CRUCIAL both in density and rheological structure! 
- Choice of mantle density heterogeneity also matters

What does it mean?
-Africa strongly coupled to mantle flow via radial tractions (i.e. dynamic topography)
 -lateral variations not crucial
 -lateral, vertical variations in lithospheric (crustal?) rheology, probably very 
important
-Dynamic topography very important to explain African topography, but what is the right 
mantle structure?

What do we need to do?
-Complete crustal, lithospheric structure needed
-Better representations of lithospheric and mantle rheology (crustal...)
-temporal evolution of stress field


