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ABSTRACT
We assessed the relative contribution of ridge-push forces to the stress state of the Nubia-Somalia plate system by comparing ridge-push
forces with lithospheric strength in the oceanic part of the plate, based on estimates from plate cooling and rheological models. The ridgepush forces were derived from the thermal state of the oceanic lithosphere, seafloor depth, and crustal age data. The results of the comparison show that the magnitude of the ridge-push forces is less than the integrated strength of the oceanic part of the plate. This implies that
the oceanic part of the plate is very little deformed; thus, the ridge-push forces may be compensated by significant strain rates outside the
oceanic parts of the plate. We used an elastic finite element analysis of geoid gradients of the upper mantle to evaluate stresses associated
with the gravitational potential energy of the surrounding ridges and show that these stresses may be transmitted through the oceanic part
of the plate, with little modulation in magnitude, before reaching the continental regions. We therefore conclude that the present-day stress
fields in continental Africa can be viewed as the product of the gravitational potential energy of the ridge ensemble surrounding the plate in
conjunction with lateral variations in lithospheric structure within the continent regions.

LITHOSPHERE; v. 7; no. 5; p. 503–510 | Published online 9 June 2015

doi:10.1130/L441.1

INTRODUCTION

The excess potential energy of a mid-ocean ridge generates a ridgepush force generally thought to be an order of magnitude less than the
slab-pull force (Forsyth and Uyeda, 1975; Lithgow-Bertelloni and Richards, 1998; Conrad and Lithgow-Bertelloni, 2004; Schellart, 2004; Wessel and Müller, 2007; Faccena et al., 2012; van Summeren et al., 2012).
While viscous and frictional resistances balance the slab-pull, basal shear
traction resists the ridge-push force (Forsyth and Uyeda, 1975; Doglioni,
1990). Numerical and experimental studies have shown that basal shear
tractions can be as dominant as slab-pull in driving plate motion (Rucker
and Bird, 2007; Barba et al., 2008). In terms of the net slab-pull acting
on the plates, almost 8%–12% of the slab-pull is used to pull the surface plate into the mantle, with the remainder split among driving mantle
flow, bending the plate, and balancing the viscous resistance of the mantle
(Schellart, 2004). However, the relative importance and contribution of
the ridge-push force in assisting plate motion are unknown (Richardson,
1992). It is also not well understood whether this force can be transmitted in an oceanic plate and assist plate motions, or if it is dissipated in the
form of intraplate deformation. The transmission of ridge-push force in an
oceanic plate can be assessed, as a first-order analysis, by comparing the
ridge-push force to the total strength of oceanic lithosphere, provided that
the influences of other sources of tectonic stresses (basal shear traction,
far-field forces, and stress associated with gravitational potential energy
of elevated regions) are negligible.
The Nubia-Somalia plate system provides an ideal location in which to
evaluate the ambient lithospheric state of stress in a continental plate given
its unique boundary geometry of being nearly completely surrounded by
mid-ocean ridges (Fig. 1). Evaluation of the state of stress in the NubiaSomalia plate system is not complicated by boundary forces and is the
product of upper mantle and lithospheric density forces arising from a
combination of intraplate tectonic forces (e.g., ridge-push from the cooling
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Figure 1. Age of the oceanic part of the Nubia-Somalia plate system (Müller et al., 2008).

oceanic lithosphere; see detailed discussions in Coblentz and Sandiford,
1994; Stamps et al., 2010) and basal tractions (e.g., upper-mantle convection; see discussion in Lithgow-Bertelloni and Silver, 1998; Moucha and
Forte, 2011; Stamps et al., 2014). There is indication in mantle convection
models that much of Africa’s tectonic evolution (including the present-day
high topography of the East African Rift and the South African plateau) is
driven by buoyancy forces in the mantle (Lithgow-Bertelloni and Silver,
1998; Gurnis et al., 2000; Stamps et al., 2010, 2014; Moucha and Forte,
2011; Ghosh and Holt, 2012; Ghosh et al., 2013).
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In this study, we examine the relation between the present-day lithospheric strength and ridge-push transmission in the oceanic part of the
Nubia-Somalia plate system. To assess the tectonic response of the oceanic part of the plate to the ridge-push–related stresses, the lithospheric
strength and ridge-push force are compared. We estimated the strength of
the lithosphere using a plate cooling model and relevant rheology, and we
derived the ridge-push force from thermal state, crustal age, and seafloor
depth data. The thermal structure of oceanic plates is constrained by bathymetry, surface heat flow, and geoid height data (Parsons and Sclater,
1977; Stein and Stein, 1992).
METHODOLOGY
Thermal State of Oceanic Lithosphere

observed geoid before the ridge-push force can be determined. However,
isolation of the isostatic geoid from the total observed geoid remains problematic. Several approaches have been explored to extract the isostatic
geoid anomaly from the cooling oceanic lithosphere model. DeLaughter
et al. (1999) used observed geoid signals between wavelengths of 2800
and 1000 km to predict the isostatic geoid anomaly of a cooling oceanic
lithosphere. This corresponds to the spherical harmonic degrees of 14 and
39, respectively. The results of this analysis, however, depend on the input geoid model. Sandwell and Schubert (1980) used geoid slope (gradient of the geoid with increasing crustal age) to suppress long-wavelength
anomalies and enhance the isostatic part of the geoid signal. In the present
study, we used observed seafloor depth, thermal structure, and crustal age
data to predict the geoid height associated with the cooling oceanic part of
the Nubia-Somalia plate system. The depth data are from the global relief
model of Earth’s surface (ETOPO1) and have one arc-minute resolution
(Amante and Eakins, 2009). The model integrates global shoreline, bathymetric, and topographic data sets.
The geoid height (∆N), as derived from the plate cooling model, was
used to estimate the ridge-push force (FRP) in the oceanic part of the
Nubia-Somalia plate system (Parsons and Richter, 1980; Turcotte and
Schubert, 2002).

Following the mathematical development of thermal models of oceanic lithosphere, a significant advancement was made to constrain the
basal temperature and asymptotic thickness of oceanic plates using observed seafloor depth, surface heat flow, and geoid height data (cf. e.g.,
detailed discussions in Parsons and Sclater, 1977; Stein and Stein, 1992;
McKenzie et al., 2005; Grose and Afonso, 2013). The thermal state of oceanic lithosphere mainly depends on age (Stein and Stein, 1992; McKenzie
2
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where t is the age of the oceanic lithosphere, z is depth, H is the basal where w is seafloor depth from the ETOPO1 global relief model (Amante
thickness of the lithosphere, k is thermal diffusivity, and To and Tb are the and Eakins, 2009), av is the volume thermal expansion coefficient, g is
surface and basal temperatures, respectively (Carslaw and Jaeger, 1959, gravitational acceleration, G is the universal gravitational constant, and rw
p. 100). Table 1 shows the parameters used to compute the thermal struc- and rm are densities of water and mantle, respectively.
ture of the oceanic lithosphere. The crustal age data (Fig. 1) were taken
from Muller et al. (2008) and have two arc-minutes resolution. The value Mechanical Behavior of Lithosphere
of the basal temperature used for this study is based on the GDH1 model.
The computation of lithospheric strength is based on the thermal
structure and relevant rheological parameters of the crust and lithospheric
Lithospheric Geoid and Ridge-Push Force
mantle. Olivine and plagioclase are the dominant minerals of the upper
The geoid anomaly of a thermally compensated oceanic lithosphere mantle and oceanic crust, respectively. Accordingly, the top 8-km-thick
and the ridge-push force are linearly related to the dipole moment of den- oceanic crust and the underlying lithospheric mantle were modeled using
sity distributions (Haxby and Turcotte, 1978; Parsons and Richter, 1980). the rheology of diabase and peridotite, respectively. The cold part of the
It is, therefore, theoretically possible to calculate the ridge-push force lithosphere deforms by shear failure, and, hence, the Coulomb-Byerlee’s
from observed geoid height data. This approach requires that the isostatic frictional failure criterion was used in estimating the strength of the brittle
geoid anomaly of a cooling oceanic lithosphere be extracted from the total regime (Eq. 4; Sibson, 1974).
TABLE 1. PARAMETERS USED IN THE COMPUTATION OF
THE PREDICTED TEMPERATURE AND GEOID HEIGHT
Parameters
Thermal expansion coefficient, αv
Plate thickness
Basal temperature
Thermal conductivity, K
Specific heat, CP
Density of water, ρw
Density of mantle, ρm
Density of crust, ρc

Values
3.1 × 10–5 K–1
95 km
1723 K
3.1 W m–1 K–1
1.2 kJ kg–1 K–1
1000 kg m–3
3330 kg m–3
2920 kg m–3

σ1 – σ 3 = βρgz(1 – λ ),

(4)

where, σ1 – σ3 represents the critical stress difference for shear failure, r is
the average density of rock above depth z, g is gravitational acceleration, l
is the pore fluid factor (ratio of the pore fluid pressure to overburden pressure = 0.4), and b is a parameter for which the value depends on cohesion
and friction coefficients. The value of the frictional coefficient on a fault,
as inferred from earthquake mechanism solutions in some seismogenic regions, ranges from 0.2 to 0.3 (Reasenberg and Simpson, 1992; Iio, 1997).
In the absence of information in the ocean, we used a frictional coefficient
of 0.75 estimated by laboratory experiments (Byerlee, 1978). For negli-
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gible cohesion and friction coefficient (0.75), the values of b are 0.75 and
3.0 for extensional and compressional tectonic regimes, respectively.
The strength in the ductile regime was computed using power-law
creep (Eq. 5; Kirby, 1983; Ranalli, 1995) and the low-temperature plasticity flow law (Eq. 6; Goetze, 1978; Mei et al., 2010; Faul et al., 2011;
Ranalli and Adams, 2013; Demouchy et al., 2013). The low-temperature
plasticity flow law is based on experimental results on olivine in anhydrous conditions (Mei et al., 2010).
E 
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where A, AP, and n are rheological parameters; σ is deviatoric stress; E is
activation energy; R is the gas constant; T is temperature; Ek(0) is zero-stress
activation energy; σP is Peierls stress, and ε is the average strain rate value
of the mantle (10–15 s–1). We used a range of strain rate values (10-14, 1015
, and 10-16 s-1) in the computation of lithospheric strength. A change in
strain rate by one order of magnitude increases or decreases the estimate
of lithospheric strength by less than 0.3 TN m-1. Detailed discussion on the
upper and lower limits of lithospheric strength for a possible range of strain
rate values (10-14 to 10-16 s-1) can be found in Mahatsente et al. (2012). The
effect of pressure on the creep strength is not significant for lithospheric
depth scale modeling and, hence, is neglected. The strength at any depth
is the lower stress difference associated with the predominant deformation
mechanisms. The creep parameters are given in Table 2. To estimate the
total lithospheric strength S, we integrated the stress σ (z) over the thickness
of the lithosphere H as
H
(7)
S = ∫σ ( z ) dz .
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lithosphere. We used the plate cooling model to determine the temperature
distribution in the oceanic part of the Nubia-Somalia plate system. The
thermal model shows cooling and contraction of the plate (Fig. 2A and
2B). The lower isothermal boundary of the oceanic part of the plate is in
the order ~1660 K (Fig. 2B). This isotherm defines the asymptotic plate
thickness of the oceanic part of the Nubia-Somalia plate system at old
ages (>75 Ma).
The models are first-order approximations and do not take into account the effects of hydrothermal circulation near the surrounding midocean ridges. It is possible that the presence of fossil ridges may affect
the thermal evolution of the oceanic lithosphere. In the Indo-Australian
plate, for example, the fossil ridge segments of the Wharton and Central
Indian Basins are documented to have ceased spreading between 65 and
42 Ma (Krishna et al., 2012), and the effects of the fossil ridge on the present thermal structure of the plate are not considered to be significant (unless existing fracture zones are reactivated by the occurrences of nearby
earthquakes). In the Africa plate, however, there is a lack of fossil ridge
segments, and therefore this effect is considered to be negligible.

0

RESULTS AND DISCUSSIONS
Thermal Structure

The plate cooling model has been extensively used to estimate the
thermal structure of oceanic lithosphere (cf. e.g., Stein and Stein, 1992;
McKenzie et al., 2005; Grose and Afonso, 2013). The model describes
major features of observed seafloor depth and heat-flow variations, and it
can be used to constrain strength variations in the oceanic and continental

TABLE 2. RHEOLOGICAL PARAMETERS USED IN THE COMPUTATION OF
LITHOSPHERIC STRENGTH
A (MPa–n s–1)

n

E (kJ mol–1)

Reference

2.0 × 10–4
8

3.4
4.7

260
485

Shelton and Tullis (1981)
Mackwell et al. (1998)

Peridotite (wet)

2.0 × 103

4.0

471

Peridotite (dry)

2.5 × 104

3.5

532

Chopra and Paterson
(1981, 1984)
Chopra and Paterson
(1981)

Material
Oceanic crust
Diabase (wet)
Maryland-diabase
(dry)

Lithospheric mantle

Material

AP (MPa–2 s–1) EK (kJ mol–1) σP (MPa)

Reference

Low-temperature plasticity
Peridotite (dry)

1.4 × 10–7

320

5.9 × 103 Mei et al. (2010)
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Figure 2. Models of thermal structure of the oceanic part of the NubiaSomalia plate system at depths of (A) 8 km and (B) 95 km. We use the two
thermal structures to infer the strength of the oceanic part of the plate.
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We used the two thermal models and realistic rheological parameters
to infer the strength of the oceanic part of the Nubia-Somalia plate system,
and this is discussed in “Stress Fields and Lithospheric Strength.”
Stress Fields and Lithospheric Strength

In the plate-tectonics paradigm, the lithospheric plates are the surface
manifestation of large-scale flow in the mantle, with convection of the
mantle primarily controlled by thin thermal boundary layers (Hess, 1962;
Turcotte and Oxburgh, 1967; Moresi and Solomatov, 1998). The theory
of plate tectonics has seen its greatest success in the explanation of the
thermal evolution and dynamics of oceanic plates. To a very good approximation, the bathymetry of the ocean floors increases with square
root of the age of the ocean floor (at least for ocean lithosphere younger
than ca. 80 Ma), and the corresponding decrease in the heat flow with the
square root of age gives rise to the well-established age–bathymetry–heat-

flow relationship for cooling oceanic lithosphere. The density structure of
the cooling oceanic plate can be computed using observed seafloor depth,
surface heat flow, and geoid height variations (see detailed discussions in
Parsons and Sclater, 1977; Stein and Stein, 1992; McKenzie et al., 2005;
Grose and Afonso, 2013) and provides a way to compute the resulting
“ridge-push” force with a high degree of fidelity.
The geoid drop from the ridge crest to the deep oceanic basin of the Nubia-Somalia plate system for the cooling oceanic plate model is ~10 m along
all the ridge segments with gradients correlating with spreading (Fig. 3A).
In contrast, the lithospheric (or upper-mantle) geoid (Fig. 3B), as defined in
Chase et al. (2002) and Coblentz et al. (2011, 2015), exhibits a large number of long-wavelength features along the ridge segments that reflect uppermantle density variations and are presumably associated with upper-mantle
convection. The difference between the two geoid fields (Fig. 3C) can be as
great as 5 m (along the Northwest Indian Ridge and along the southern MidAtlantic Ridge around 40°S), but overall the agreement is good.

Figure 3. Geoid anomaly of the oceanic part of the
Nubia-Somalia plate system (m). (A) Geoid of the
cooling oceanic lithosphere. (B) Geoid of the upper
mantle. (C) Geoid difference (A – B).
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The difference in the predicted stresses between a formulation that represents the ridge-push force concentrated at the ridge crest (2.5 × 1012 N
per meter of ridge segment) and an evolving ridge-push force that develops with the cooling oceanic lithosphere is known to be significant (see
discussion in Richardson and Cox, 1984). Here, we used a finite-element
analysis of the African intraplate stress field to determine constraints on
the stress state resulting from variations in the gravitational potential energy of the lithosphere associated with lithospheric geoid gradients (for a
discussion of the methodology, see Humphreys and Coblentz, 2007). We
calculated the magnitude and orientation of the tectonic stresses, where
tectonic stress refers to the horizontal stress component minus the reference state (Engelder, 1993). The lithosphere is represented by a spherical
elastic shell composed of 1893 nodes in a network of 3576 constant-strain
triangular elements. The spatial resolution of the finite-element grid is
~2° in both latitude and longitude. Thus, the sensitivity of the modeled
stresses is limited to large-scale tectonic features with wavelengths of a
few hundred kilometers. The stress magnitudes are presented as averages
over a lithosphere of constant thickness, assumed to be 125 km. Substantial stress focusing may occur where there are variations in the thickness
of the mechanical lithosphere, such as beneath the Afar region in the East
African Rift, where the lithosphere is thought to be as thin as 30 km; thus
the predicted stresses discussed here are lower limits on the state of stress.
The predicted stresses in the Nubia-Somalia plate system originating
from the complete upper-mantle geoid are shown in Figure 4. The oceanic
regions are in a state of compression with a magnitude in the range of
10–20 MPa. The potential energy due to the density variations associated
with the continental margin and elevated continental lithosphere reduces
the magnitude of the intraplates stresses in the continental regions to nearzero (in the range of 0–5 MPa), and the stress regime is an equal mix
of strike-slip and compressional states of stress (Fig. 4B, inset). We note
that the state of stress for continental regions with elevations greater than
~500 m is primarily strike slip to extensional.
The fact that the ambient state of stress in the African continental
lithosphere is extensional has important implications for understanding
the sources of intraplate tension. This prediction differs significantly from
other investigator’s assumptions that the state of stress within the continents is dominated by stresses transmitted from the mid-ocean ridges and
is therefore compressional (e.g., Crough, 1983; Houseman and England,
1986; Zoback, 1992). These predictions are also consistent with the finding of Zoback and Mooney (2003) that compressive stresses in continental
cratonic regions are associated with lithospheric roots that produce strong
negative potential energy differences relative to surrounding regions
(which introduce additional compressive stresses that are superimposed
on the stresses derived from lithospheric gravitational potential energy
forces; see discussion in Flesch and Kreemer, 2010). The combination of
intracontinental gravitational potential energy forces and lithospheric root
forces helps to explain the prevalence of a compressional state of stress in
cratonic regions. In the case of Africa, our modeling shows that areas of
high elevation and a thin mantle lid (East African Rift and South Africa)
are predicted to be in extension, consistent with the observed stress regime
in these areas, and indicative that the high elevations of these areas result
in density moments that exceed the gravitational potential energy of the
surrounding mid-ocean ridges (Bird et al., 2006). Furthermore, our prediction of deviatoric stresses associated with lithospheric geoid (and therefore gravitational potential energy gradients) in the range of 10–20 MPa
is consistent with the recent work of Stamps et al. (2010, 2014), which
found similar results using a thin viscous sheet approach for predicting the
African intraplate stresses.
The deviatoric stress magnitudes (averaged over a 100-km-thick lithosphere) for the Nubia-Somalia plate system are shown in Figure 5. To fa-
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Figure 4. (A) Predicted stress fields in the Nubia-Somalia plate system
derived from elastic finite element analysis of geoid gradients of the
upper mantle, (B) distribution of stress magnitudes with elevation, and
(C) distribution of stress magnitudes for the two principal stress directions σ1 and σ2.

cilitate a comparison, σ1 (maximum compressive stress) is averaged over
the plate for three cases of the ridge-push force formulation considered:
(1) a ridge crest boundary force of 2.5 × 1012 N per meter of ridge segment;
(2) forces from the gradient in the geoid derived with the cooling oceanic
lithosphere model (based on seafloor depth and crustal age data); and (3)
forces derived from the gradient of the upper mantle geoid. The net torque
acting on the plate for the geoid gradient formulations (in 1.5 and 2.5 ×
1025 Nm) are less than half of the net torque for the ridge crest case (~5
× 1025 Nm), suggesting that the formulation that captures the geometry
of the young oceanic lithosphere is more closely in a state of mechanical
equilibrium and therefore more closely approximates the ambient state of
stress. The ridge crest formulation is an oversimplification of the ridgepush force (Richardson and Cox, 1984), and therefore the predicted magnitudes of σ1 for this formulation (25 MPa in the oceanic basins and 15
MPa in the elevated continental regions) are overestimates of the compressive stress generated by the ridge-push force. Computation of the stresses
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Figure 5. Mean stress magnitudes for σ1 (most compressive stress magnitude) for three cases of the ridge-push force formulation acting on the
Nubia-Somalia plate system: 1—ridge crest, force per unit length of ridge
acting along the ridge crest; 2—cooling plate geoid, distributed force based
on the cooling plate model; and 3—upper mantle geoid, distributed force
based on the gradient of the upper-mantle geoid (Coblentz et al., 2015).
White- and black-filled circles designate the mean stress value for the oceanic basin and elevated continental regions, respectively. Errors bars are the
stresses for 1 standard deviation about the mean value. The net torque acting on the plate from the three formulations is also listed for comparison.

using the geoid gradient is more viable, and both the cooling oceanic plate
model and the upper-mantle geoid predict average compressive stresses
in the range of 5–10 MPa in the oceanic basins, which are reduced by
about a third in the continental regions. Ridge-push based on the uppermantle geoid (which captures other subtleties in the upper-mantle density
structure that are difficult to explicitly include in a numerical model of the
intraplate stress field) results in a predicted state of stress in the continental
lithosphere that is neutral to slightly compressive and is more consistent
with observation (e.g., Zoback and Mooney, 2003).
These stress fields can be used to constrain the strength of the oceanic
part of the Nubia-Somalia plate system. Models of the integrated strength
of the oceanic part of the Nubia-Somalia plate system for dry and wet rheology are shown in Figures 6A and 6B, respectively. The models are based
on the assumptions that the ocean basin is in compression and the regions
near the surrounding mid-ocean ridges and the rift zones are in extension.
Rocks at a depth greater than 6 km are assumed to be impermeable and
could block hydrothermal circulation (Morgan et al., 1987). For this reason, we consider both wet and dry olivine rheology as limiting cases. The
strength of the oceanic part of the Nubia-Somalia plate system increases
with age both for dry and wet rheology. The use of dry rheology increases
the strength by a factor of 2. The older oceanic parts of the plate exhibit
high strength. This is attributed to the cold geothermic condition in the old
oceanic lithosphere. The regions near the axial zones of the mid-ocean
ridges are characterized by low strength (~1 TN m–1).
Role of Ridge-Push in the Stress State of the Nubia-Somalia
Plate System

The Nubia-Somalia plate system moves at a slower rate and is completely surrounded by mid-ocean ridges. It is therefore a reasonable assumption that the effects of basal shear traction and far-field forces on the
state of stress of the Nubia-Somalia plate system are negligible. Thus, the
unique dynamics and tectonic setting of the Nubia-Somalia plate provide
an opportunity to study the role of ridge-push force in the stress state of the
Nubia-Somalia plate system. Figure 7 shows the ridge-push force anomaly

Figure 6. Models of the integrated lithospheric strength of the oceanic
part of the Nubia-Somalia plate system for (A) dry and (B) wet rheology.

(on a point-by-point basis) in the oceanic part of the Nubia-Somalia plate
system, as derived from the isostatic geoid anomaly of the oceanic part of
the Nubia-Somalia plate system (Fig. 3A) using a plate cooling model.
We assessed the role of ridge-push force in the stress state of the Nubia-Somalia plate system by comparing the net ridge-push force (Fig. 7)
with the integrated strength of the oceanic part of the plate for dry and wet
rheologies of the crust and upper-mantle structures (Figs. 6A and 6B). The
strength of the oceanic part of the Nubia-Somalia plate system is higher
than the ridge-push forces (Fig. 8). This may indicate that the oceanic
part of the plate is very little deformed; thus, the ridge-push forces may
be compensated by significant strain rates outside the oceanic parts of the
plate. Lithospheric deformation occurs when the ambient force exceeds
the integrated strength of the lithosphere (Sonder and England, 1986). The
stresses associated with the ridge-push forces may be transmitted into the
interior of the oceanic plate and influence the present-day stress state of
the African continent. As discussed already, the stress fields in the NubiaSomalia plate system based on the gravitational potential energy forces
associated with the cooling oceanic lithosphere are dominantly compres-
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and the presence of the surrounding mid-ocean ridges suggest that the
basal shear traction (at least due to the plate motion over the asthenosphere) is negligible.
We leave a more detailed evaluation of the effects of basal shear traction
on the relation between lithospheric strength and ridge-push transmission
in the oceanic part of the Nubia-Somalia plate system for future studies.
For an asthenospheric strain rate of 10-14 s–1 and viscosity 1020 Pa S, basal
shear traction can be in the order of a few TN m–1 (Mahatsente et al., 2012).
CONCLUSIONS

Figure 7. Ridge-push forces derived from isostatic geoid anomalies in the
oceanic part of the Nubia-Somalia plate system. The ridge-push force for
old plates (>75 Ma) is of the order of ~3.5 TN m–1.

Ridge-push is one of the major forces acting on the plates in the platetectonics paradigm, and as such, it is one of the major contributors to the
stress state of tectonic plates. Most of the continental plates (including
North America, South America, and Indo-Australia) are relatively fast
moving, and the stress generated by ridge-push forces may be counterbalanced by basal shear tractions and other sources of tectonic stresses.
The Nubia-Somalia plate, however, is unique in its combination of slow
absolute plate velocity and its plate-boundary geometry, which is nearly
completely surrounded by mid-ocean ridges. It therefore offers an ideal
location in which to evaluate the contribution of the ridge-push force to
the stress state of continental plates. We assessed the role of ridge-push
force in the stress state of the Nubia-Somalia plate system by comparing the magnitudes of ridge-push forces with the integrated strength of
the oceanic part of the Nubia-Somalia plate. The integrated lithospheric
strength and ridge-push forces are age dependent, and, hence, the comparison is made for all ages of the plate. The magnitude of the ridge-push
force is significantly less than the integrated strength of the oceanic part of
the Nubia-Somalia plate system. This suggests that the oceanic part of the
plate is very little deformed. Thus, the stresses associated with the gravitational potential energy of the surrounding ridges may be transmitted into
the interior of the oceanic and continental parts of the Nubia-Somalia plate
system. The present-day stress fields in the Nubia-Somalia plate system
may be caused by lateral variations of lithospheric structure and thicknesses in the African continent and gravitational potential energy forces
associated with the surrounding mid-ocean ridges.
The effects of other sources of tectonic stresses on the stress state of
the Nubia-Somalia plate system have not been quantitatively evaluated in
this study. However, given the slow motion of the Nubia-Somalia plate
system and its present tectonic setting, these effects may be negligible.
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Figure 8. Difference between ridge-push (Fig. 7) and integrated strength
of the oceanic part of the Nubia-Somalia plate system (Fig. 6A).

sional. It is, therefore, less likely that the ridge-push–related stresses are
diffused due to intraplate deformation. Instead, the stresses are transmitted into the interior of the plate (and, in the case of the Nubia-Somalia
plate system, into the continental regions). An important implication of the
transmission of stresses into the continents is that potential energy variations (as defined by the geoid gradients) are communicated via the intraplate stress field throughout the plates (see discussion in Sandiford, 2010).
This notion is supported by the observation that intraplate deformation
(in the form of enhanced seismic moment release and neotectonic indicators) within the continental interiors is consistent with significant ongoing
strain accumulation in the continental interior (e.g., Braun et al., 2009).
This transmission (or communication) of stresses is dependent, however,
on the magnitude of basal shear traction and other sources of tectonic
forces. The relatively slow rate of movement of the Nubia-Somalia plate

LITHOSPHERE | Volume 7 | Number 5 | www.gsapubs.org
Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/7/5/503/3045244/503.pdf
by guest

This research is one of several collaborative projects supported by the German Research
Council (SPP1257: Mass transport and mass distribution in the system of the Earth). The presented data are available via FTP transfer by contacting the authors. We thank the two anonymous reviewers for thoughtful and constructive comments, which were of great help in the
preparation of the final version of this paper.

REFERENCES CITED
Amante, C., and Eakins, B.W., 2009, ETOPO1 1 Arc-Minute Global Relief Model: Procedures,
Data Sources and Analysis: National Oceanic and Atmospheric Administration (NOAA)
Technical Memorandum NESDIS, NGDC-24, 19 p., March 2009.
Barba, S., Carafa, M.M.C., and Boschi, E., 2008, Experimental evidence for mantle drag in
the Mediterranean: Geophysical Research Letters, v. 35, L06302, p. 1–6, doi:
10.1029
/2008GL033281.
Bird, P., Ben-Avraham, Z., Schubert, G., Andreoli, M., and Viola, G., 2006, Patterns of stress
and strain rate in southern Africa: Journal of Geophysical Research–Solid Earth, v. 111, p.
B08402, doi:10.1029/2005JB003882.
Braun, J., Burbidge, D.R., Gesto, F.N., Sandiford, M., Gleadow, A.J.W., Kohn, B.P., and Cummins, P.R., 2009, Constraints on the current rate of deformation and surface uplift of the
Australian continent from a new seismic database and low-T thermochronological data:
Australian Journal of Earth Sciences, v. 56, p. 99–110, doi:10.1080/08120090802546977.
Byerlee, J.D., 1978, Friction of rocks: Pure and Applied Geophysics, v. 116, p. 615–626, doi:
10.1007/BF00876528.
Carslaw, H.S., and Jaeger, J.C., 1959, Conduction of Heat in Solids (2nd ed.): Oxford, UK, Oxford
University Press, 510 p.

509

MAHATSENTE AND COBLENTZ

Chase, C.G., Libarkin, J.A., and Sussman, A.J., 2002, Colorado Plateau: Geoid and means of
isostatic support: International Geology Review, v. 44, no. 7, p. 575–587, doi:10.2747/0020
-6814.44.7.575.
Chopra, P.N., and Paterson, M.S., 1981, The experimental deformation of dunite: Tectonophysics, v. 78, p. 453–473, doi:10.1016/0040-1951(81)90024-X.
Chopra, P.N., and Paterson, M.S., 1984, The role of water in the deformation of dunite: Journal
of Geophysical Research, v. 89, p. 7861–7876, doi:10.1029/JB089iB09p07861.
Coblentz, D., and Sandiford, M., 1994, Tectonic stresses in the African plate: Constraints on the
ambient lithospheric stress state: Geology, v. 22, p. 831–834, doi:10.1130/0091-7613(1994)
022<0831:TSITAP>2.3.CO;2.
Coblentz, D., Chase, C.G., Karlstrom, K.E., and van Wijk, J., 2011, Topography, the geoid, and
compensation mechanisms for the southern Rocky Mountains: Geochemistry Geophysics Geosystems, v. 12, p. Q04002, doi:10.1029/2010GC003459.
Coblentz, D.J., van Wijk, R., Richardson, and Sandiford, M., 2015, The upper mantle Geoid:
Implications for continental structure and the intraplate stress field, in Foulger, G.R.,
Lustrino, M, and King, S., eds., The Interdisciplinary Earth: A Volume in Honor of Don L.
Anderson: Geological Society of America Special Paper 514 (in press).
Conrad, C.P., and Lithgow-Bertelloni, C., 2004, The temporal evolution of plate driving forces:
Importance of “slab suction” versus “slab pull” during the Cenozoic: Journal of Geophysical Research, v. 109, p. B10407, doi:10.1029/2004JB002991.
Crough, S.T., 1983, Hotspot swells: Annual Review of Earth and Planetary Sciences, v. 11,
p. 165–193, doi:10.1146/annurev.ea.11.050183.001121.
DeLaughter, J., Stein, S., and Stein, C.A., 1999, Extraction of a lithospheric cooling signal
from oceanwide geoid data: Earth and Planetary Science Letters, v. 174, p. 173–181, doi:
10.1016/S0012-821X(99)00247-2.
Demouchy, S., Tommasia, A., Ballaranb, T.B., and Cordier, P., 2013, Low strength of Earth’s uppermost mantle inferred from tri-axial deformation experiments on dry olivine crystals: Physics of the Earth and Planetary Interiors, v. 220, p. 37–49, doi:10.1016/j.pepi.2013.04.008.
Doglioni, C., 1990, The global tectonic pattern: Journal of Geodynamics, v. 12, p. 21–38,
doi:10.1016/0264-3707(90)90022-M.
Engelder, T., 1993, Stress Regimes in the Lithosphere: Princeton, New Jersey, Princeton University Press, 451 p.
Faccenna, C., Becker, T.W., Lallemand, S., and Steinberger, B., 2012. On the role of slab pull in
the Cenozoic motion of the Pacific plate: Geophysical Research Letters, v. 39, p. L03305,
doi:10.1029/2011GL050155.
Faul, U.H., Fitz Gerald, J.D., Farla, R.J.M., Ahlefeldt, R., and Jackson, J., 2011, Dislocation creep
of fine-grained olivine: Journal of Geophysical Research, v. 116, p. B01203, doi:10.1029
/2009JB007174.
Flesch, L.M., and Kreemer, C., 2010, Gravitational potential energy and regional stress and
strain fields for continental plateaus: Examples from the central Andes and Colorado
Plateau: Tectonophysics, v. 482, p. 182–192, doi:10.1016/j.tecto.2009.07.014.
Forsyth, D.W., and Uyeda, S., 1975, On the relative importance of the driving forces of plate
motion: Geophysical Journal of the Royal Astronomical Society, v. 43, p. 163–200, doi:
10.1111/j.1365-246X.1975.tb00631.x.
Ghosh, A., and Holt, W., 2012, Plate motions and stresses from global dynamic models: Science, v. 335, no. 838–843, doi:10.1126/science.1214209.
Ghosh, A., Holt, W.E., and Wen, L.M., 2013, Predicting the lithospheric stress field and plate
motions by joint modeling of lithosphere and mantle dynamics: Journal of Geophysical
Research–Solid Earth, v. 118, p. 346–368, doi:10.1029/2012JB009516.
Goetze, C., 1978, The mechanisms of creep in olivine: Philosophical Transactions of the Royal
Society of London, ser. A, Mathematical and Physical Sciences, v. 288, p. 99–119, doi:
10.1098/rsta.1978.0008.
Grose, C.J., and Afonso, J.C., 2013, Comprehensive plate models for the thermal evolution
of oceanic lithosphere: Geochemistry Geophysics Geosystems, v. 14, no. 9, doi:10.1002
/ggge.20232.
Gurnis, M., Mitrovica, J. X., Ritsema, J., and van Heijst, H.-J., 2000, Constraining mantle density
structure using geological evidence of surface uplift rates: The case of the African superplume: Geochemistry Geophysics Geosystems, v. 1, p. 1020, doi:10.1029/1999GC000035.
Haxby, W.F., and Turcotte, D.L., 1978, On the isostatic geoid anomalies: Journal of Geophysical
Research, v. 83, no. B11, p. 5473–5478, doi:10.1029/JB083iB11p05473.
Hess, H.H., 1962, History of ocean basins, in Engel, A.E.J., James, H.L., and Leonard, B.F., eds.,
Petrologic Studies: A Volume in Honor of A.F. Buddington: New York, Geological Society
of America, p. 559–620.
Houseman, G., and England, P., 1986, A dynamical model of lithosphere extension and sedimentary basin formation: Journal of Geophysical Research, v. 91, p. 719–729, doi:10.1029
/JB091iB01p00719.
Humphreys, E., and Coblentz, D., 2007, North American dynamics and western U.S. tectonics:
Reviews of Geophysics, v. 45, p. RG3001, doi:10.1029/2005RG000181.
Iio, Y., 1997, Frictional coefficient on faults in a seismogenic region inferred from earthquake
mechanism solutions: Journal of Geophysical Research, v. 102, p. 5403–5412, doi:10.1029
/96JB03593.
Kirby, S.H., 1983, Rheology of the lithosphere: Reviews of Geophysics and Space Physics,
v. 21, p. 1458–1487, doi:10.1029/RG021i006p01458.
Krishna, S.K., Abraham, H., Sager, W.W., Pringle, M.S., Frey, F., Rao, D.G., and Levchenko,
O.V., 2012, Tectonics of the Ninety East Ridge derived from spreading records in adjacent oceanic basins and age constraints of the ridge: Geophysical Research Letters v. 117,
p. B04101, doi:10.1029/2011JB008805.
Lithgow-Bertelloni, C., and Richards, M.A., 1998, The dynamics of Cenozoic and Mesozoic plate
motions: Reviews of Geophysics, v. 36, no. 1, p. 27–78, doi:10.1029/97RG02282.
Lithgow-Bertelloni, C., and Silver, P.G., 1998, Dynamic topography, plate driving forces and the
African superswell: Nature, v. 395, no. 6699, p. 269–272, doi:10.1038/26212.
Mackwell, S.J., Zimmerman, M.E., and Kohlstedt, D.L., 1998, High-temperature deformation
of dry diabase with application to tectonics on Venus: Journal of Geophysical Research,
v. 103, p. 975–984, doi:10.1029/97JB02671.

Mahatsente, R., Ranalli, G., Bolte, B., and Götze, H.-J., 2012, On the relationship between lithospheric strength and ridge-push transmission in the Nazca plate: Journal of Geodynamics, v. 53, p. 18–26, doi:10.1016/j.jog.2011.08.002.
McKenzie, D., Jackson, J., and Priestley, K., 2005, Thermal structure of oceanic and continental
lithosphere: Earth and Planetary Science Letters, v. 233, p. 337–349, doi:10.1016/j.epsl
.2005.02.005.
Mei, S., Suzuki, A.M., Kohlstedt, D.L., Dixon, N.A., and Durham, W.B., 2010, Experimental constraints on the strength of the lithospheric mantle: Journal of Geophysical Research,
v. 115, p. B08204, doi:10.1029/2009JB006873.
Moresi, L., and Solomatov, V., 1998, Mantle convection with a brittle lithosphere: Thoughts
on the global tectonic styles of the Earth and Venus: Geophysical Journal International,
v. 133, p. 669–682, doi:10.1046/j.1365-246X.1998.00521.x.
Morgan, J.P., Parmentier, E.M., and Lin, J., 1987, Mechanisms for the origin of mid-ocean ridge
axial topography: Implications for the thermal and mechanical structure of accreting
plate boundaries: Journal of Geophysical Research, v. 92, p. 12,823–12,836, doi:10.1029
/JB092iB12p12823.
Moucha, R., and Forte, A.M., 2011, Changes in African topography driven by mantle convection: Nature Geoscience, v. 4, p. 707–712, doi:10.1038/ngeo1235.
Müller, R.D., Sdrolias, M., Gaina, C., and Roest, W.R., 2008, Age, spreading rates and spreading symmetry of the world’s ocean crust: Geochemistry Geophysics Geosystems, v. 9,
p. Q04006, doi:10.1029/2007GC001743.
Parsons, B., and Richter, F.M., 1980, A relation between the driving force and geoid anomaly
associated with mid-ocean ridges: Earth and Planetary Science Letters, v. 51, p. 445–450,
doi:10.1016/0012-821X(80)90223-X.
Parsons, B., and Sclater, J.G., 1977, An analysis of the variation of ocean floor bathymetry
and heat flow with age: Journal of Geophysical Research, v. 82, p. 803–827, doi:10.1029
/JB082i005p00803.
Ranalli, G., 1995, Rheology of the Earth: New York, Chapman and Hall, 413 p.
Ranalli, G., and Adams, M., 2013, Rheological contrast at the continental Moho: Effects of
composition, temperature, deformation mechanism, and tectonic regime: Tectonophysics, v. 609, p. 480–490, doi:10.1016/j.tecto.2012.10.037.
Reasenberg, P.A., and Simpson, R.W., 1992, Response of regional seismicity to the static
stress change produced by the Loma Prieta earthquake: Science, v. 255, p. 1687–1690,
doi:10.1126/science.255.5052.1687.
Richardson, R.M., 1992, Ridge forces, absolute plate motions, and the intraplate stress field:
Journal of Geophysical Research, v. 97, no. B8, p. 11,739–11,748, doi:10.1029/91JB00475.
Richardson, R.M., and Cox, B.L., 1984, Evolution of oceanic lithosphere: A driving force study
of the Nazca plate: Journal of Geophysical Research, v. 89, no. B12, p. 10,043–10,052,
doi:10.1029/JB089iB12p10043.
Rucker, W.K., and Bird, P., 2007, Basal shear traction, not slab-pull, may be the dominant platedriving force: San Francisco, California, American Geophysical Union, Fall Meeting,
abstract T21B-0596.
Sandiford, M., 2010, Why are the continents just so...?: Journal of Metamorphic Geology, v. 28,
no. 6, p. 569–577, doi:10.1111/j.1525-1314.2010.00888.x.
Sandwell, D., and Schubert, G., 1980, Geoid height versus age for symmetric spreading ridges:
Journal of Geophysical Research, v. 85, p. 7235–7241, doi:10.1029/JB085iB12p07235.
Schellart, W.P., 2004, Quantifying the net slab pull force as a driving mechanism for plate tectonics: Geophysical Research Letters, v. 31, p. L07611, doi:10.1029/2004GL019528.
Shelton, G., Tullis, J., and Tullis, T., 1981, Experimental flow laws for crustal rocks: Eos, Transactions, American Geophysical Union, v. 62, p. 396.
Sibson, R.H., 1974, Frictional constraints on thrust, wrench and normal faults: Nature, v. 249,
p. 542–544, doi:10.1038/249542a0.
Sonder, L., and England, P., 1986, Vertical averages of rheology of the continental lithosphere:
Relation to thin sheet parameters: Earth and Planetary Science Letters, v. 77, no. 1,
p. 81–90, doi:10.1016/0012-821X(86)90134-2.
Stamps, D.S., Flesch, L.M., and Calais, E., 2010, Lithospheric buoyancy stresses in Africa
from a thin sheet approach: International Journal of Earth Sciences v. 99, no. 7, p. 1525,
doi:10.1007/s00531-010-0533-2.
Stamps, D.S., Flesch, L.M., Calais, E., and Ghosh, A., 2014, Current kinematics and dynamics
of Africa and the East African Rift: Journal of Geophysical Research, v. 119, p. 5161–5186,
doi:10.1002/2013JB010717.
Stein, C.A., and Stein, S., 1992, A model for the global variation in oceanic depth and heat flow
with lithospheric age: Nature, v. 359, p. 123–129, doi:10.1038/359123a0.
Turcotte, D.L., and Oxburgh, E.R., 1967, Finite amplitude convection cells and continental drift:
Journal of Fluid Mechanics, v. 28, p. 29–42, doi:10.1017/S0022112067001880.
Turcotte, D.L., and Schubert, G., 2002, Geodynamics (2nd ed.): New York, Cambridge University Press, 456 p.
van Summeren, J., Conrad, C.P., and Lithgow-Bertelloni, C., 2012, The importance of slab pull
and a global asthenosphere to plate motions: Geochemistry Geophysics Geosystems,
v. 13, no. 2, p. 1–13, doi:10.1029/2011GC003873.
Wessel, P., and Müller, R.D., 2007, Plate tectonics, in Schubert, G., and Watts, A.B., eds., Crust
and Lithosphere Dynamics: Treatise on Geophysics, Volume 6: Elsevier, p. 49–98.
Zoback, M.L., 1992, First- and second-order patterns of stress in the lithosphere: The World
Stress Map project: Journal of Geophysical Research, v. 97, no. B8, p. 11,703–11,728,
doi:10.1029/92JB00132.
Zoback, M.L., and Mooney, W.D., 2003, Lithospheric buoyancy and continental intraplate stresses:
International Geology Review, v. 45, no. 2, p. 95–118, doi:10.2747/0020-6814.45.2.95.

MANUSCRIPT RECEIVED 21 JANUARY 2015
REVISED MANUSCRIPT RECEIVED 1 MAY 2015
MANUSCRIPT ACCEPTED 21 MAY 2015
Printed in the USA

510www.gsapubs.org | Volume 7 | Number 5 | LITHOSPHERE
Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/7/5/503/3045244/503.pdf
by guest

