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INTRODUCTION
The breakup of continents is often associated with intense mantle 

magmatic activity at the origin of continental fl ood basalts. This tem-
poral coincidence, together with domal uplift and subsequent hotspot 
tracks rooted in the breakup sites, has led several authors to propose 
that a deep mantle plume head could soften the lithosphere, initiate 
rifting (Morgan, 1983; Richards et al., 1989), and trigger continental 
fl ood basalt emplacement. The largest Phanerozoic continental fl ood 
basalt on Earth (~10 million km2) is the Central Atlantic Magmatic 
Province, which was emplaced with a peak rate at 199 Ma during the 
initial breakup of Pangea and is now preserved over four continents 
(Marzoli et al., 1999). The Central Atlantic Magmatic Province is often 
cited as a reference example of plume-derived continental fl ood basalt 
(Hill, 1991; Courtillot et al., 1999); yet this hypothesis is severely 
debated because (1) no hotspot track has been identifi ed (McHone, 
2000), (2) the geometry of the Central Atlantic Magmatic Province 
is elongated, not radial, as would be expected from a plume model, 
(3) the area near the Blake Plateau (that would record the maximum 
uplift above the center of the hypothetic plume head) does not show 
evidence of uplift—only thin subhorizontal lava fl ows are preserved 
(McBride, 1991; McHone, 2000), (4) the apparent radiating pattern of 
feeder dike swarms that would result from the impingement of a plume 
head is an oversimplifi cation that ignores regional lithospheric control 
(McHone et al., 2005), and (5) the geochemical and isotopic signatures 
are diagnostic of shallow-mantle sources that experienced ancient sub-

duction and do not bear a deep plume composition (Pegram, 1990; 
Puffer, 2001; Verati et al., 2005).

In this paper, we propose an alternate nonplume model for the gen-
eration of the Central Atlantic Magmatic Province on the basis of numeri-
cal simulations of mantle convection involving continents. We show that 
continental aggregation favors longer length scales of fl ow and naturally 
generates a subcontinental warming of 100 °C without the involvement of 
hot active plumes. Our model supports and quantifi es the idea of Anderson 
(1982) who proposed that continental assembly would cause an increase 
in mantle temperature and the breakup of Pangea.

HYPOTHESIS AND TESTING
Without hot plumes, a signifi cant change of the convective fl ow is 

needed to decrease heat transport effi ciency and signifi cantly elevate the 
temperature. Our hypothesis is that the subcontinental heating is gener-
ated by an increase of the fl ow wavelength caused by continental aggrega-
tion. Indeed, in convection, the larger the wavelength, the less effi cient the 
heat removal and hence the higher the temperature (Grigné et al., 2005). 
Continental rafts are known to impose their own wavelength on mantle 
convection (Guillou and Jaupart, 1995; Zhong and Gurnis, 1993; Phillips 
and Bunge, 2005) by impeding downwelling below them (Gurnis, 1988). 
As a consequence, the assembly of a supercontinent should force larger 
length scales and drive the underlying mantle toward higher temperatures. 
This agrees with the proposal of Anderson (1982), who argued for higher 
temperatures generated by the aggregation of Pangea.
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To test this hypothesis, we set up numerical models of mantle convec-
tion incorporating continental lithosphere. The models are purely heated 
from within in order to eliminate hot plumes. The vigor of convection is 
expressed by the Rayleigh number

 Ra
2

= ρ α
κµ

gH h
k

5

, (1)

where ρ, g, H, α, h, k, κ, and µ are the density, the acceleration due to grav-
ity, the heat production, the thermal expansivity, the depth, the thermal 
conductivity, the thermal diffusivity, and the viscosity, respectively.

Continents are defi ned to fi rst-order by their buoyancy, limited inter-
nal deformation, and low surface heat fl ux. There are several approaches 
for representing these characteristics in a mantle convection model. We 
tried two of them. In the two-dimensional (2-D) calculations performed 
with ConMan (King et al., 1990), we followed Gurnis (1988) by introduc-
ing ~290-km-thick, highly viscous and buoyant rafts, to mimic the cratonic 
lithosphere (Artemieva and Mooney, 2001). Additional complexities, such 
as weak zones on the edge of the continents (Zhong and Gurnis, 1993) or 
deformable continents (Lenardic et al., 2003), were not considered in this 
study. To account for realistic wavelength (fi ve times the thickness of the 
mantle) and continental cover (30%), the aspect ratio of the model had to 
be 16:1. Wraparound boundary conditions were used in the simulations in 
order to allow relative motion between the mantle and the rafts.

In the three-dimensional (3-D) spherical simulations performed with 
TERRA (Bunge and Baumgardner, 1995), continents were modeled by 
rigid semispherical caps covering a total of 30% of the surface. As in Phil-
lips and Bunge (2005) and Davies (2002), the surface temperature over 
the continental regions was set to the mean mantle temperature at the base 
of the upper boundary layer. This technique prevented high heat fl ow and 
subduction below the cap and yielded upper bounds on subcontinental 
temperature anomalies.

We also investigated the role of a viscosity increase with depth since 
it generates a long wavelength structure that can compete with the infl u-
ence of the continents. For this reason, most of the models incorporated a 
mid-mantle viscosity jump of a factor of 30 as suggested by geoid inver-

sions (Ricard et al., 1993). We did not use temperature-dependent viscos-
ity because it leads to a stagnant lid regime that prohibits continental drift, 
which is irrelevant to Earth. The heat production was determined for a 
given Ra in order to obtain 1350 °C for the average temperature at the base 
of the boundary layer outside continental regions.

RESULTS
We fi rst studied the intrinsic temperature difference between the 

supercontinent and confi gurations with dispersed continents. We fi xed the 
positions of the continents and computed an equilibrium temperature fi eld 
by stacking the temperature fi elds over several billion years to remove 
the time-dependent features and obtain a statistical steady state. We com-
pared the average temperature at the base of the boundary layer below the 
continents. Figure 1 displays the temperature fi elds for aggregated and 
dispersed models in 3-D. The temperature below the supercontinent is 
~10% higher than that below the two continents. Figure 2 shows that sub-
continental temperature correlates inversely with the number of continents 
(at constant continental area). As we move from eight to two continents, 
subcontinental temperatures remain within 40 °C. However, with a single 
supercontinent, the convection planform is dominated by spherical har-
monic degree 1 (Phillips and Bunge, 2005), and temperatures are on the 
order of 100 °C higher than with dispersed continents.

The large temperature excess observed in the supercontinent con-
fi guration is maintained as we vary the convection parameters (Fig. 3). 
Although we used different methods, the 2-D and 3-D results are consis-
tent and confi rm the hotter subcontinental temperatures of the aggregated 
state across a range of Rayleigh numbers. In the isoviscous models, the 
excess temperature does not depend on convective vigor. However, with 
depth-dependent viscosity, the larger the Rayleigh number, the lower is the 
temperature excess. This shows that the length scale of the fl ow imposed 
by the viscosity jump increases with convective vigor and competes with 
that of the supercontinent.

We then present 2-D simulations of continental aggregation to 
investigate the time scale of subcontinental heating. This transient state 
between dispersed and aggregated continents is modeled by allowing 
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Figure 1. Temperature fi eld snapshots for models with (A) a supercontinent and (B) two antipodal continents. Mean temperature at base of 
continental thermal boundary layer in (A) is 1614 °C (red), while in (B), it is only 1475 °C (yellow). Translucent caps denote continent loca-
tions. Outer surface is at 100 km depth. Heating is purely internal, with a heat production rate of H = 4 × 10−12 W kg−1, viscosity is layered, and 
the Rayleigh number is Ra = 107. Linear features on planetary surfaces delineate regions of cold, subducting material.
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one raft to move freely and respond as a rigid body to convective viscous 
stresses, as in Gurnis (1988). Figure 4 displays the results of a simulation 
at Ra = 108 with layered viscosity. The transition between dispersed and 
aggregated continents is continuous: the temperature starts to increase 
before aggregation and does not reach its fi nal value until 300 m.y. after 
continental assembly. 100 m.y. after continental aggregation, a time 

scale comparable to the lifetime of Pangea (Van der Voo and Torsvik, 
2001), the temperature has already increased by 75 °C. Subcontinental 
warming is not caused by accumulation of radiogenic heat under the cap, 
since the required time scale is 1 b.y., but by transfer of heat from out-
side the continent to the subcontinental domain. Indeed, subcontinental 
warming is compensated by cooling outside the continental domain in 
our experiment (Fig. 4).

DISCUSSION
Our simulations suggest that the reorganization of convective fl ow 

during continental aggregation can be responsible for a positive tem-
perature excursion up to 100 °C, which could be considered as an upper 
bound given the lack of 3-D spherical models that include self-consistent 
plate-like rheology. Such a large-scale thermal anomaly would be suffi -
cient to trigger partial melting of the subcontinental mantle (Anderson, 
1982), especially if the lithospheric mantle were hydrated (Gallagher and 
Hawkesworth, 1992), which would be expected since continents collide 
at the position of a vanished subduction zone (Lowman and Jarvis, 1999). 
The temperature anomaly generated by the global warming is wide and 
diffuse, and it disappears with continental dispersal and would not leave a 
hotspot track on the seafl oor. This differs from the plume model, in which 
heating is localized, on the order of 200 °C, stable in time, and located at 
the origin of a hotspot track (Sleep, 1990). While the plume model fi ts the 
observations for typical traps like the Deccan (high rate of magma sup-
ply producing a thick lava pile, hotspot track; see Courtillot et al., 1999), 
the global warming model accounts for the characteristics of the Central 
Atlantic Magmatic Province (wider surface but thinner lava pile, no hot-
spot track). Our model might also apply to earlier continental fl ood basalts 
such as the one linked to the breakup of the supercontinent Pannotia dur-
ing late Neoproterozoic times (Doblas et al., 2002).

Pure internal heating convection is an end member chosen here to 
highlight a physical phenomenon, bearing in mind that the mantle is cer-
tainly heated mostly from within (Sleep, 1990). However, our results are 
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Figure 2. Subcontinental temperature (averaged over 1 b.y. for three-
dimensional [3-D] calculations and 5 b.y. in two-dimensional [2-D] 
calculations) as a function of number of continents at constant con-
tinental area (30%). Results are given for Ra = 107, layered viscosity, 
and heat production of H = 1.2 × 10−12 W kg−1 in 2-D and H = 4 × 10−12 
W kg−1 in 3-D.
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Figure 3. Subcontinental temperature excess (averaged over 5 b.y. in 
two dimensions [2-D] and 1 b.y. in three dimensions [3-D]) of aggre-
gated state relative to two-continent dispersed state as a function of 
Rayleigh number for isoviscous and layered viscosity cases.
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Figure 4. Temporal evolution of distance between two moving conti-
nents and average temperatures in internally heated two-dimensional  
(2-D) convection simulation at Rayleigh number Ra = 108. Time is 
scaled by transit time (30 m.y.), which is the time it takes to cross 
the mantle with surface horizontal velocity (Gurnis, 1988). The heat 
production is H = 2.6 × 10−12 W kg–1.
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by no means incompatible with the existence of plumes beneath supercon-
tinents. We suggest instead that there are two end members of continental 
fl ood basalts: (1) plume-derived continental fl ood basalts that are char-
acterized by a very brief and high rate of magma supply over a restricted 
and radiating area followed by continuous hotspot activity; and (2) global 
warming–derived continental fl ood basalts that occur over a supercon-
tinent and are characterized by wide and diffuse magmatism at a lower 
magma supply rate that disappears with continental dispersal. Mantle 
global warming is also an alternate model that can explain the episodic 
creation of juvenile crust from the upper mantle (Condie, 2004) without 
invoking deep-seated mantle plumes.

ACKNOWLEDGMENTS
We thank M. Gurnis and two anonymous reviewers for helpful comments. We 

thank P. Planton and A. Dechamps for being there when we started.

REFERENCES CITED
Anderson, D.L., 1982, Hotspots, polar wander, Mesozoic convection and the 

geoid: Nature, v. 297, p. 391–393, doi: 10.1038/297391a0.
Artemieva, I.M., and Mooney, W.D., 2001, Thermal structure and evolution of 

Precambrian lithosphere: A global study: Journal of Geophysical Research, 
v. 106, p. 16,387–16,414, doi: 10.1029/2000JB900439.

Bunge, H.-P., and Baumgardner, J.R., 1995, Mantle convection modeling on 
parallel virtual machines: Computers in Physics, v. 9, p. 207–215, doi: 
10.1063/1.168525.

Bunge, H.-P., Richards, M.A., and Baumgardner, J.R., 1996, The effect of depth 
dependent viscosity on the planform of mantle convection: Nature, v. 379, 
p. 436–438.

Condie, K.C., 2004, Supercontinents and superplume events: Distinguishing sig-
nals in the geologic record: Physics of the Earth and Planetary Interiors, 
v. 146, p. 319–332, doi: 10.1016/j.pepi.2003.04.002.

Courtillot, V., Jaupart, C., Manighetti, I., Tapponnier, P., and Besse, J., 1999, 
On causal links between fl ood basalts and continental breakup: Earth 
and Planetary Science Letters, v. 166, p. 177–195, doi: 10.1016/S0012–
821X(98)00282–9.

Davies, G.F., 2002, Stirring geochemistry in mantle convection models with stiff 
plates and slabs: Geochimica et Cosmochimica Acta, v. 66, p. 3125–3142, 
doi: 10.1016/S0016–7037(02)00915–8.

Doblas, M., Lopez-Ruiz, J., Cebria, J.M., Youbi, N., and Degroote, E., 2002, 
Mantle insulation beneath the West African craton during the Precambrian-
Cambrian transition: Geology, v. 30, p. 839–842.

Gallagher, K., and Hawkesworth, K., 1992, Dehydration melting and the 
generation of continental fl ood basalts: Nature, v. 358, p. 57–59, doi: 
10.1038/358057a0.

Grigné, C., Labrosse, S., and Tackley, P.J., 2005, Convective heat transfer as a 
function of wavelength: Implications for the cooling of the Earth: Journal of 
Geophysical Research, v. 110, p. B03409, doi: 10.1029/2004JB003376.

Guillou, L., and Jaupart, C., 1995, On the effect of continents on mantle con-
vection: Journal of Geophysical Research, v. 100, p. 24,217–24,238, doi: 
10.1029/95JB02518.

Gurnis, M., 1988, Large-scale mantle convection and the aggregation and disper-
sal of supercontinents: Nature, v. 332, p. 695–699, doi: 10.1038/332695a0.

Hill, R.I., 1991, Starting plumes and continental break-up: Earth and Planetary 
Science Letters, v. 104, p. 398–416, doi: 10.1016/0012–821X(91)90218–7.

King, S.D., Raefsky, A., and Hager, B.H., 1990, ConMan: Vectorizing a fi nite 
element code for incompressible two-dimensional convection in the Earth’s 

mantle: Physics of the Earth and Planetary Interiors, v. 59, p. 195–207, doi: 
10.1016/0031–9201(90)90225-M.

Lenardic, A., Moresi, L.-N., and Mühlhaus, H., 2003, Longevity and stability of 
cratonic lithosphere: Insights from numerical simulations of coupled man-
tle convection and continental tectonics: Journal of Geophysical Research, 
v. 108, p. 2303, doi: 10.1029/2002JB001859.

Lowman, J.P., and Jarvis, G.T., 1999, Thermal evolution of the mantle following 
continental aggregation in 3D convection models: Geophysical Research 
Letters, v. 26, p. 2649–2652, doi: 10.1029/1999GL008332.

Marzoli, A., Renne, P., Piccirillo, E., Ernesto, M., Bellieni, G., and De Min, A., 
1999, Extensive 200-million-year-old continental fl ood basalts of the Cen-
tral Atlantic Magmatic Province: Science, v. 284, p. 616–618, doi: 10.1126/
science.284.5414.616.

McBride, J.H., 1991, Constraints on the structure and tectonic development of the 
early Mesozoic South Georgia rift, southeastern United States; seismic refl ec-
tion data processing and interpretation: Tectonics, v. 10, p. 1065–1083.

McHone, J.G., 2000, Non-plume magmatism and tectonics during the opening 
of the central Atlantic Ocean: Tectonophysics, v. 316, p. 287–296, doi: 
10.1016/S0040–1951(99)00260–7.

McHone, J.G., Anderson, D.L., Beutel, E.K., and Fialko, Y.A., 2005, Giant 
dykes, fl ood basalts, and plate tectonics: A contention of mantle models, 
in Foulger, G.R., Natland, J.H., Presnall, D.C., and Anderson, D.L., eds., 
Plates, plumes and paradigms: Geological Society of America Special 
Paper 388, p. 401–420.

Morgan, W.J., 1983, Hotspot tracks and the early rifting of the Atlantic: Tectono-
physics, v. 94, p. 123–139, doi: 10.1016/0040–1951(83)90013–6.

Pegram, W.J., 1990, Development of continental lithospheric mantle as refl ected 
in the chemistry of the Mesozoic Appalachian tholeiites, U.S.A.: Earth 
and Planetary Science Letters, v. 97, p. 316–331, doi: 10.1016/0012–
821X(90)90049–4.

Phillips, B.R., and Bunge, H.-P., 2005, Heterogeneity and time dependence in 3D 
spherical mantle convection models with continental drift: Earth and Plan-
etary Science Letters, v. 233, p. 121–135, doi: 10.1016/j.epsl.2005.01.041.

Puffer, J.H., 2001, Contrasting HFSE contents of plume sourced and reactivated 
arc-sourced continental fl ood basalts: Geology, v. 29, p. 675–678, doi: 
10.1130/0091–7613.

Ricard, Y., Richards, M.A., Lithgow-Bertelloni, C., and LeStunff, Y., 1993, A 
geodynamic model of mantle density heterogeneity: Journal of Geophysi-
cal Research, v. 98, p. 21,895–21,909.

Richards, M.A., Duncan, R.A., and Courtillot, V., 1989, Flood basalts and hotspot 
tracks, plume heads and tails: Science, v. 246, p. 103–107, doi: 10.1126/
science .246.4926.103.

Sleep, N.H., 1990, Hot spots and mantle plumes: Some phenomenology: Journal 
of Geophysical Research, v. 95, p. 6715–6736.

Van der Voo, R., and Torsvik, T.H., 2001, Evidence for late Paleozoic and Meso-
zoic non-dipole fi elds provides an explanation for the Pangea reconstruc-
tion problems: Earth and Planetary Science Letters, v. 187, p. 71–81, doi: 
10.1016/S0012–821X(01)00285–0.

Verati, C., Bertrand, H., and Féraud, G., 2005, The farthest record of the Cen-
tral Atlantic Magmatic Province into West Africa craton: Precise 40Ar/39Ar 
dating and geochemistry of Taoudenni basin intrusives (northern Mali): 
Earth and Planetary Science Letters, v. 235, p. 391–407, doi: 10.1016/
j.epsl.2005.04.012.

Zhong, S., and Gurnis, M., 1993, Dynamic feedback between a continentlike raft 
and thermal convection: Journal of Geophysical Research, v. 98, p. 12,219–
12,232.

Manuscript received 29 August 2006
Revised manuscript received 11 December 2006
Manuscript accepted 17 December 2006

Printed in USA


