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Asymmetric three-dimensional topography over mantle plumes Evgueni Burov1,2 & Taras Gerya3



The role of mantle–lithosphere interactions in shaping surface topography has long been debated1–3. In general3,4, it is supposed that mantle plumes and vertical mantle flows result in axisymmetric, longwavelength topography, which strongly differs from the generally asymmetric short-wavelength topography created by intraplate tectonic forces. However, identification of mantle-induced topography is difficult3, especially in the continents5. It can be argued therefore that complex brittle–ductile rheology and stratification of the continental lithosphere result in short-wavelength modulation and localization of deformation induced by mantle flow6. This deformation should also be affected by far-field stresses and, hence, interplay with the ‘tectonic’ topography (for example, in the ‘active/passive’ rifting scenario7,8). Testing these ideas requires fully coupled three-dimensional numerical modelling of mantle–lithosphere interactions, which so far has not been possible owing to the conceptual and technical limitations of earlier approaches. Here we present new, ultra-high-resolution, three-dimensional numerical experiments on topography over mantle plumes, incorporating a weakly pre-stressed (ultra-slow spreading), rheologically realistic lithosphere. The results show complex surface evolution, which is very different from the smooth, radially symmetric patterns usually assumed as the canonical surface signature of mantle upwellings9. In particular, the topography exhibits strongly asymmetric, small-scale, three-dimensional features, which include narrow and wide rifts, flexural flank uplifts and fault structures. This suggests a dominant role for continental rheological structure and intra-plate stresses in controlling dynamic topography, mantle–lithosphere interactions, and continental break-up processes above mantle plumes. The question of the spatial scales at which surface topography is affected by mantle–lithosphere interactions rather than by plate-scale processes has attracted attention1–3,5–10 owing to its key importance for understanding the Earth’s tectonic, magmatic and seismic activity4,8. This problem becomes crucial specifically in the light of current debates concerning the existence and impact of mantle plumes11, the significance of the LAB (lithosphere–asthenosphere boundary), large-scale mantle– lithosphere instabilities12 and lithosphere rheology13, and the mechanisms of continental rifting and breakup14. Of particular interest is the asymmetric or complex surface topography in regions where plate mechanics might influence mantle dynamics, such as the East African2,8,14,15, Tanzanian8,14,15, Red Sea8,14 and Dead Sea rift systems8,14, the PannonianCarpathian system15, the Basin and Range province14, the Rio Grande rift and the Colorado plateau14, the Iranian and Tibetan plateaus14, the Yellowstone hotspot15, and some cratons15,16. Mantle–lithosphere interactions have important consequences for tectonic evolution and for long-term climate change. For example, Archaean metallogenic ‘crises’ (sharp accelerations of metallogenic production) at the boundaries of the West African and Australian cratons and formation of volcanic traps coincide with plume events15–17 that have also played an important role in continental crustal accretion18 and in key geodynamic and environmental processes; and Siberian Traps magmatism is behind the greenhouse-gas emissions that led to global climate catastrophe and mass extinction of 80% of living species at the end of the Permian17.



The observation-based contribution of mantle flow to surface topography, dubbed ‘dynamic topography’3, is commonly evaluated by filtering out short-wavelength components (l , 1,000 km) and by stripping local isostatic components of the observed topography and gravity and geoid fields2. The remaining long-wavelength (l . 1,000 km) undulations with amplitudes of the order of several hundred metres are regarded as an imprint of mantle flow. Such undulations are however difficult to separate from contributions due to heterogeneities in lithospheric structure, surface erosion and, in some cases, tectonic processes. Mantle flow is only hinted at by other observations such as gravity, seismic tomography, seismic anisotropy patterns (SKS orientations) or tectonic strain orientations2,3,10,19–23. For instance, seismic tomography, which has been used to characterize mantle flow, does not always reveal features such as rising mantle plumes and sinking lithospheric slabs19. As a consequence, attempts to link mantle flow with surface dynamics often yield ambiguous results3,9. These complications have triggered debates on the existence of mantle plumes11,19,21, partitioning between mantle and tectonically driven processes6,7,9,13–15 and other questions such as the significance of dynamic topography9,20. These disputes are fuelled, in particular, by the fact that axisymmetric dome uplifts expected above mantle upwellings1,6 are not unambiguously distinguished in the areas showing other (for example, tomographic, thermal, geochemical) evidence for mantle upwellings5: such areas include major recognized hotspots such as the African Superplume1,2, Hawaii24,25, and the ‘Afar Triangle’–Red Sea zone26,27. Surface impact of mantle–lithosphere interactions is usually predicted from three-dimensional (3D) numerical models of mantle dynamics2,9,10. However, the existing models2,9,10 are designed to reproduce mantle flow and not surface deformation, as they: (1) do not compute surface topography (estimated post hoc from isostatic assumptions, Fig. 1a); (2) imply single-layer viscous stagnant lithosphere; and (3) have low spatial resolution, insufficient to resolve small-scale deformation and rheological stratification13. High-resolution two-dimensional (2D) models6,15,28,29 of rheologically stratified lithosphere that are free of these limitations predict shortwavelength topography marked by closely spaced fault patterns and multi-harmonic tectonic-scale features with l < 30–100, 150–350 and 400–500 km. The reason for this is that thick rheologically stratified lithosphere acts to dampen and modulate the mantle flow ‘signal’ (Fig. 1). This is because the lower continental crust typically represents a lowviscosity 10–20-km-thick ductile channel6,13 that mechanically separates crust from mantle and absorbs undulations of crust–mantle interface (Moho) induced by mantle flow (Fig. 1). As a consequence, mantle flow stresses acting at the LAB are attenuated or re-focused, resulting in shortwavelength tensional/compressional instabilities in competent rheological layers constituting lithosphere. The actual wavelengths are controlled by the thicknesses of these layers and do not depend on the wavelength of mantle upwellings29. The 2D models provide little information, however, on 3D features of Earth’s surface topography. This is despite the fact that axisymmetric mantle upwellings or downwellings would be expected to produce axisymmetric radial topography and gravity, which are therefore searched-for in
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Figure 1 | Mantle–lithosphere interactions and topography. Evaluation of deformation of the Earth’s surface caused by mantle flow (dynamic topography3) is commonly not straightforward and is based on additional assumptions; here we show surface topography (top row) and corresponding conceptual models (bottom row). In the conventional1,3,9 view (a), mantle upwellings can produce only long-wavelength (l . 1,000 km) axisymmetric domes at the surface; in the corresponding models, the lithosphere commonly represents a passive flat-top viscous stagnant lid2,9,10 and the topography is computed from mantle flow patterns assuming local isostasy1. Our approach (b, c) considers instead free-surface response of rheologically stratified



brittle–ductile lithosphere that may exhibit several short-wavelength harmonics6,29, whereas long-wavelength deformation is dampened in the ductile lower crust (LC). The actual surface wavelengths li (for example, l1 < 30–50, l2 < 100–150, l3 < 250–350 km) are controlled by thicknesses of strong upper crustal (UC), lower crustal (LC) and mantle–lithosphere (ML) layers6. The initial topography (b) may become strongly asymmetric after some short time t0 in the case of even very weak far-field tectonic stresses that trigger anisotropic strain localizations (c). In the bottom row, red arrows and white arrows indicate direction of surface and subsurface movements. Black lines indicate faults, and white half-arrows indicate direction of movements on the fault interfaces.



spectral studies attempting to identify dynamic topography5,15 (Fig. 1). Yet, in the presence of a directional far stress/strain field, mantle flow may trigger development of non-axisymmetric features that are controlled by far-field stress/strain orientation and strain-localizing properties of the pre-existing lithosphere8 (Methods, Fig. 1). These considerations suggest a need for a novel, tectonically realistic 3D modelling approach that encompasses large horizontal scales (.1,000 km3 1,000 km), the entire 650-km-deep upper mantle, and offers ‘lithospheric-grade’ numerical resolution (,2 3 2 3 2 km) in order to handle rheological stratification and localized deformation29. This implies unprecedented numerical efforts, huge mesh dimensions comprising several hundred million elements (,5003), and billions of moving rock markers, compared to the previous models that could handle only 10 times smaller arrays. To meet this challenge, we have designed an ultrahigh-resolution model based on an optimized staggered grid/particle-in cell method30 (Methods). Several sets of 3D experiments exploring different geodynamic settings have been performed, totalling 106 hours (,114 years) of nodal processing time on the supercomputers of ETH and UPMC. To reduce the tested parameter range, we conducted a series of fast 2D high-resolution parametric experiments6,15,29 (Methods, Extended Data Figs 1–4). The retained reference model considers a 200-km-wide plume impinging on the base of a 150-km-thick, 250-Myr-old lithosphere29. We then conducted a set of 3D experiments for different far-field tectonic boundary conditions: (1) no far-field forces; (2) unidirectional pure shear extensional forcing; (3) bi-directional pure shear forcing; and (4) combined pure and simple shear forcing. The lateral boundary conditions correspond to ultra-slow velocities applied at model sides (3 mm yr21, typical for pre-breakup continental rifts affected by mantle upwellings, such as the Rio Grande and East African rifts14), so that the associated intraplate stresses are very low—insufficient on their own to produce significant large-scale deformation (for example, passive rifting) during the time of plume impingement. Figure 2 illustrates two end-member scenarios: ultra-slow stretching of a continental lithosphere in the absence of active mantle upwelling;



and active mantle plume upwelling impinging on a stress-free lithosphere. In the first case (Fig. 2a), ultra-slow tectonic stretching produces patterns of distributed small-offset parallel faults, in which the fault spacing (30–50 km) is controlled by the thickness of the uppercrustal brittle layer. These faults are distributed over 1,000-km scales, without focusing in any particular zone. In the second scenario (Fig. 2b), surface deformation is radially axisymmetric, with periodic multiharmonic short-wavelength radial undulations (l < 30–250 km, Fig. 2b, Extended Data Fig. 5). This result is consistent with rheologically realistic 2D models6,15,29 (Extended Data Figs 1–4), and (expectedly) disagrees with conventional 3D models9,10 (l . 1,000 km). We note radial undulations at the bottom (LAB) of the lithosphere, with l < 200–250 km, and shorter-wavelength (l < 30–100 km) surface and crustal deformation (Fig. 2, Extended Data Fig. 5). Vertical motions in the crust and lithosphere that overlie the plume change with time. The surface shows a sequence of events as follows: (1) a short (,0.25 Myr) dynamic uplift; (2) a large subsidence, which is first caused by mechanical erosion (thinning) of the LAB by mantle flow above the upwelling plume, and then amplified by gravitational down-warping of the LAB caused by fast Rayleigh–Taylor instability in cold dense mantle lithosphere6,12; (3) a surface uplift (at ,0.5–1.0 Myr) resulting from buoyancy and the dynamic push of the plume; and (4) a subsidence in the middle of the uplifted zone due to continuing interplay between plume and lithosphere mantle. The uplift/subsidence events alternate over several Myr as plume ponds at the LAB. Small initial radial crustal cracks (not distinguishable in Fig. 2b) vanish after ,0.25 Myr. The predictions from the above ‘end-member’ cases depart strongly from those observed in our next experiment, which considers the mixed scenario of ‘active/passive rifting’8, in which the lithosphere is submitted to ultra-slow far-field extension and simultaneously impinged upon by an upwelling mantle plume (Figs 3, 4, Extended Data Fig. 6). The initial radial uplift patterns disappear within the first 0.5 Myr, and a series of linear localized sub-parallel normal faults form in the direction normal to the direction of extension. When the plume impacts the base of the lithosphere, the lithosphere begins to thin in a single direction that is
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determined by the far-field stress field and brittle localization in the lithosphere. The large-offset faults become increasingly important above the plume head, while almost no faulting occurs at distance larger than 200 km from the centre of rifting. Faults soon merge into a localized, linear rift, which opens at a significantly faster (5 to 10 times) rate than that of the ultra-slow passive extension applied at the borders (a 80-kmwide rift forms in less than 2.5 Myr while the amount of extension applied at the borders is only 7.5 km), showing that in this case the major driving force of rifting is active mantle upwelling. As predicted7, rifting creates a rift-parallel conduit for the flow of the plume material away from the region underlain by the starting plume head, further enhancing localized thinning of the lithosphere. The large-scale deformation becomes ‘cylindrical’, that is, two-dimensional, resembling a ‘typical’ continental rift (Extended Data Figs 5b, 6). The evolution of topography is summarized in Fig. 4: the initial surface response (,1.5 Myr) is axisymmetric, as in the case of Fig. 2b, with large-scale subsidence evolving into a largescale 1-km-high dome that narrows (300 km) and becomes more elevated with time (.1.5 km). During the following few Myr, small-scale faulting is superimposed on a long-wavelength topography, which vanishes after 5–6 Myr. Further surface topography evolution is dominated by localized tectonic-scale rift structures. It is noteworthy that pre-rift doming is largely reduced. In the next series of 3D experiments (Extended Data Fig. 7, 8), far-field velocities were applied at four sides of the model to produce a combination of simple and pure shear. The plume–lithosphere interaction then triggers formation of a sub-diagonal large-scale normal-and-strike-slip fault segmented by oblique Riedel shears. The fault has small lateral displacement (,10% of its length) and nucleates by the simultaneous coalescence of small-scale shears along the entire length of the rift. Interestingly, the surface topography resembles an early stage of a segmented spreading centre with a strong strike-slip component (for example, the Dead Sea rift and the Gulf of Aden). The same experiment implemented without mantle upwelling (Extended Data Fig. 7) shows only a series of distributed small-scale conjugated fault patterns. We conclude from our modelling that localization of large-scale linear normal and strike-slip faults can be triggered and maintained by mantle flow that impacts the base of a pre-stressed lithosphere, so that the final state of the rifted lithosphere is an indicator of the far-field stress at the time the plume arrived. This suggests an efficient mechanism for continental rift initiation and breakup that involves passive and active rifting processes that interact with each other8, resulting in the development of large continental rifts (for example, the Afar, Gulf of Aden, Dead Sea, Baikal and East African rifts26,27) and plate-scale strike-slip faults (for example, the Karakoum and North Anatolian faults10).
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There is also a significant difference in the impact of the rheological profile on rifting style in the case of dominant active rifting compared to dominant passive rifting. Narrow rifting, conventionally attributed to cold strong lithosphere in passive rifting mode14, may develop in
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Figure 2 | Initial stages of end-member 3D numerical experiments. Top row, surface topography resulting from end-member cases of plume–lithosphere interactions (bottom row). Shown also in the bottom row are corresponding surface strain rate fields and the material phase field. a, No plume, and ultra-slow unidirectional tectonic extension (at a rate Vx 5 3 mm yr21) applied to a 250-Myr-old continental lithosphere. Note distributed closely spaced sub-parallel smalloffset fault patterns spaced at l < 30–40 km. b, A 200-km plume initialized at 650-km depth impinges on the bottom of non-prestressed lithosphere. Note axisymmetric surface undulations with wavelengths (l) of ,250 km (150–250 km). Surface strain rate fields, or distributions, characterize the rates of surface deformation and topography evolution, ranging from fast (.10214 s21) to slow (,10216 s21). ML, mantle lithosphere; UC, upper crust; LC, lower crust; M, sub-lithosphere mantle. See also Extended Data Figs 1, 5, 7. The topography in a has a 2.5 vertical exaggeration compared to b.
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Figure 3 | Surface fault patterns and strain distributions in the case of plume–lithosphere interaction in the presence of a weak tectonic far-field stress field (Vx 5 3 mm yr21). The bottom panel shows the surface strain rate field (distribution) and the material phase field at time t 5 1 Myr. The top row shows the time evolution of the surface strain rate field (white to red colour, fast surface topography movements) at several key stages (t 5 0.6 Myr, 1.2 Myr, 12 Myr) of plume–lithosphere interaction. See also Fig. 4 and Extended Data Fig. 6. Note progressive focusing and amplification of surface deformation (linear faults) above the plume, resulting in rapid localization of nonaxisymmetric, uni-directional deformation (rifting) at the surface. Rifting results in the alignment of the plume with the rift axis, causing rift-parallel flow of plume material away from the region underlain by the starting plume head, which further accelerates localized thinning of the lithosphere and the lithosphere break-up process. The lithosphere deformation soon becomes ‘cylindrical’, almost two-dimensional, resembling a ‘typical’ continental rift. 4 S E P T E M B E R 2 0 1 4 | VO L 5 1 3 | N AT U R E | 8 7
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Figure 4 | Summary of time evolution of representative topography profile x, y. Top panel, overall time evolution of surface topography along a profile that runs through the centre of the model in the direction of extension (experiment shown in Fig. 3). Bottom panel, a zoom to the first, most important stages (1–2 Myr) of surface evolution. The rectangular insets show surface and Moho topography at key stages of time evolution (see Extended Data Fig. 6 for more details); colour bars with units of km correspond to vertical amplitudes of these topographies. Note initially short-lived axisymmetric domal uplift, which is rapidly followed by narrow, almost twodimensional, rifting patterns. The lineation of these rifts is normal to the tectonic stress field direction. After 2 Myr, surface deformation patterns have shorter wavelengths than Moho topography.
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weak hot ultra-stretched lithosphere during active rifting, after plume impingement on a tectonically pre-stressed lithosphere. In that case, initially ultra-wide small-amplitude rift patterns focus, in few Myr, into large-scale faults that form a narrow rift. Also, wide rifting may develop during ultra-slow spreading of strong lithosphere, and ‘switch’ to narrow rifting upon plume impingement. Interplay between mantle–lithosphere interactions, rheological structure and intraplate stresses can result in two main topographic evolution scenarios: (1) in the general case of rheologically stratified lithosphere (with thermo-tectonic ages of 50–500 Myr; ref. 13), the topography exhibits short wavelengths (l < 50, 100, 350 km) that are much smaller than those of mantle flow (l . 1,000 km). In the presence of even a weak pre-existing far-field forcing, the topography is strongly asymmetric and is shaped by faults and rifts. (2) In the case of young and weak (age ,50 Myr) or old and strong plates (.700 Myr ago, shields), the dynamic topography has ‘classical’ features, that is, it correlates with large-scale mantle flow. Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
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RESEARCH LETTER METHODS General features of the numerical models. The numerical 3D code I3ELVIS is based on a combination of a finite difference method, applied on a staggered Eulerian grid, and a marker-in-cell technique30,31. The momentum, continuity and energy equations are solved on the Eulerian frame, and physical properties are transported by Lagrangian markers that move according to the velocity field interpolated from the fixed grid. Non-newtonian viscous-plastic rheologies are used in the model (Extended Data Tables 1, 2), which is also fully thermodynamically coupled and accounts for mineralogical phase changes, adiabatic, radiogenic and frictional internal heating sources. The free surface topography is reproduced using the ‘sticky air’ technique30 enhanced by the introduction of a high-density marker distribution in the near-surface zone (Extended Data Fig. 1). Full details of this method, allowing for its reproduction, are provided elsewhere30. The complementary 2D experiments (Extended Data Figs 1–4) implementing true high-precision free surface and nonnewtonian viscous-elastic-plastic rheology employ the Flamar code29, which uses the robust FLAC29 algorithm based on a fully Lagrangian formulation allowing for precision tracking of surface topography. The 2D experiments were used for preliminary parametric tests aimed at reducing the tested parameter range in 3D, and for verification of topography amplitudes and radial topography spectra predicted by 3D models. This well-tested algorithm has been used for plume and mantle– lithosphere interaction problems in many previous studies6,15,29. Numerical model design. In the 3D experiments implemented with I3ELVIS, the regular rectangular Eulerian grid has a spatial resolution of 3 3 3 3 3 km and comprises 500 3 500 3 217 nodes filled with half a billion randomly distributed Lagrangian markers. The spatial dimensions of the model are, accordingly, 1,500 3 1,500 3 650 km. Some experiments were implemented with spatial grid resolutions of 2 3 2 3 2 km (spatial dimensions 1,000 3 1,000 3 650 km) and 5 3 5 3 5 km (spatial dimensions 2,000 3 2,000 3 650 km). The 3D model setup is described in the main text and depicted in Fig. 2 and Extended Data Fig. 1. To reduce 3D computational efforts by narrowing the explored parameter range, as well as to conduct additional cross-checking of the results with an accurate independent code, we first implemented a series of ‘fast’ 2D parametric tests (Extended Data Fig. 1), combining them with the inferences from previous rheologically realistic 2D models6,15,29. This has allowed us to limit the tested thermo-tectonic age range to 75–450 Myr ago, and the range of the tested diameters of mantle upwellings to 150–300 km (the tests have shown that smaller plumes have limited impact while bigger ones produce a predictably larger effect6). Following the results of the 2D parametric experiments, the reference plume size has been fixed at 200 km and the thermo-tectonic age of 150-km-thick lithosphere at 250 Myr ago29. During these tests we actually used both the main code I3ELVIS executed in ‘2D’ mode and the Lagrangean 2D code Flamar29 that implements an explicit free surface, which makes it potentially more accurate in reproduction of surface topography (Extended Data Fig. 1b). The 3D and 2D models29 have, as much as possible, an identical design (Extended Data Fig. 1). It comprises a stratified three-layer continental lithosphere composed of upper crust, lower crust and lithospheric mantle placed on top of the upper mantle. The starting geometry of the mantle plume corresponds to a sphere with a diameter of 200 km initially located at the bottom of the model. The total crustal thickness is 40 km. The rheology of the upper and lower crust corresponds to that of wet granite and diabase, respectively (Extended Data Table 2). The thickness of each crustal layer is 20 km. The depth to the bottom of the lithosphere is 150 km. The rheological properties of the mantle lithosphere and of the sub-lithosphere mantle correspond to those of dry olivine (Extended Data Table 2). The initial lithospheric geotherm is calculated as function of the assumed thermo-tectonic age6,13. The initial mantle geotherm is adiabatic below the lithosphere. The boundary conditions at the upper surface and at the bottom of the model are 0 uC and 1,600–1,700 uC, respectively. The initial temperature at the bottom of the lithosphere is 1,330 uC, yielding an initial adiabatic temperature gradient in the mantle of the order of 0.5–0.7 uC km21. The plume has an initial temperature of 2,000 uC. Zero horizontal heat flux is assumed across the lateral (vertical) boundaries. As mechanical boundary conditions, we apply divergence velocities at the appropriate sides of the model. In 3D models, compensating vertical influx velocities through the upper and lower boundaries are introduced to ensure mass conservation in the model domain; free slip boundary conditions are used on the sides that are not subject to extension or compression. The initial configuration of the model corresponds to a general scenario6,29, in which the model experiment begins at the moment when the deep mantle plume has just arrived at the interface between the upper and lower mantle at 650 km depth and started its ascent to the surface through the upper mantle. It is generally accepted (except for ‘baby plumes’) that plumes ascend from great depth32 in two stages: a slow, long primary stage in the high-viscosity lower mantle (small, near-critical, Rayleigh number), and a rapid stage in the low-viscosity upper mantle (high Rayleigh number6,29, 105–107). When the lower-mantle plume ascends through the phase change barrier between the upper and lower mantle at 650 km depth, it undergoes



radical transformations32, so that it can be considered as a ‘new’ plume instantly generated at 650 km depth. As mentioned in the main text, under this scenario, the initial surface uplift and subsidence events (t , 0.5–1 Myr, Fig. 4, Extended Data Fig. 5) are caused by interplay between the dynamic push, temperature and buoyancy of the plume, the isostatic effect of mechanical erosion and thinning of the LAB due to the mantle flow above the upwelling plume head, and gravitational Rayleigh–Taylor instability that develops in chemically un-depleted dense mantle lithosphere destabilized by LAB erosion and lower-density plume upwelling. During the first 0.1–1 Myr, the lowermost part of the light, weak, hot mantle lithosphere is mechanically eroded by mantle flow above the upwelling plume, leaving a stronger, cold, dense, gravitationally unstable lithospheric mantle ‘core’. As result, the dense mantle lithosphere develops a Rayleigh–Taylor instability and sags down towards the lower density plume head, in accordance with the predictions of previous rheologically realistic 2D studies6. This effect is facilitated by rheological stratification of the continental lithosphere. It is noteworthy that the eventual detachment of the down-warped dense mantle–lithosphere ‘blob’ causes localized isostatic uplift at the surface. Hence, the initial large-scale subsidence is superimposed on narrower central doming caused by LAB instabilities and the dynamic impact and buoyancy of the mantle plume (see Fig. 4 at ,0.5–1.5 Myr). Starting from t 5 0.5 Myr, the buoyancy and dynamic push from the arriving plume increases, producing large-scale uplift. Uplifts and subsidence events due to plume/lithosphere interplay continue for several Myr until lithospheric rifting starts to dominate surface topography. Viscous-plastic rheological model. The viscous and brittle (plastic) properties (see Extended Data Tables 1, 2) are implemented via evaluation of the effective viscosity of the material. For the ductile materials, the contributions from different flow laws such as dislocation, diffusion and Peierls creep (due to computational speed issues included in the 2D models only) are taken into account via computation of inverse average viscosity. For example, for a material experiencing diffusion and dislocation creep, characterized by effective viscosities gnewt and gpowl, respectively, the average viscosity g (or gductile) is defined by: 1 1 1 ~ z gductile gnewt gpowl



ð1Þ



where gnewt and gpowl are calculated from equations for newtonian diffusion creep and power law dislocation creep, respectively: AD EzPV e RT gnewt ~1=2 n{1 s



ð2Þ



cr



 1 EzPV n 1{n gpowl ~1=2 AD e RT e_ IIn



ð3Þ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ where P is the dynamic pressure, T is temperature (in K), e_ II ~ 1=2e_ ij e_ ij is the are experisecond invariant of the strain rate tensor and AD, E, V, n and sn{1 cr mentally determined flow law parameters (Extended Data Table 2), which stand for the material constant, the activation energy, the activation volume, the stress exponent and the diffusion-dislocation transition stress, respectively. The ductile rheology is combined with a brittle/plastic rheology to yield an effective viscousplastic rheology characterized by the effective viscosity gplastic: syield gplastic ~ ð4Þ 2_eII where syield is the yield stress. The Drucker-Prager yield criterion for brittle behaviour is implemented as follows: syield ~CzP sin (Q)



ð5Þ



Here P is pressure and the residual rock strength C and the internal frictional angle Q are defined by ~ 0 z(N ~ 1 {N ~ 0 ) e{e0 C~N ð6Þ e1 {e0   e{e0 ð7Þ Q~ arcsin b0 z(b1 {b0 ) e1 {e0 ~0, N ~ 1 , b0, b1, e0 and e1 are softening where e is the second invariant of strain and N parameters provided in Extended Data Table 1. Brittle rheology results in localized anisotropic deformation, for example, in formation of conjugate faults making an angle ,K(p 2 Q) with principal stress direction. With gductile and gplastic, the visco-plastic rheology is assigned to the model by means of a Christmas-tree-like criterion, where the rheological behaviour depends on the minimum viscosity (or differential stress) attained between the ductile and brittle/plastic fields:
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ð8Þ



G~



n X



mi Ni



ð16Þ



i~1



Governing equations. The numerical code I3DELVIS solves momentum, continuity and heat conservation equations for 3D creeping flow. Its numerical schema is based on finite differences with a marker-in-cell technique, which allows for nondiffusive numerical simulation of multiphase flow in a rectangular fully staggered Eulerian grid30,31. Owing to the Eulerian framework, free surface is implemented using the ‘sticky air’ approximation, with a 30-km-thick effectively weightless ‘air’ layer28 with viscosity of 1018 Pa s on top of the model lithosphere. These ‘sticky air’ parameters provide an optimal compromise between the accuracy of the freesurface reproduction and the numerical performance (see below; Extended Data Fig. 1b, see also discussion at the end of Methods). A fully detailed version of the code description provided below can be found elsewhere30. The momentum equations are presented in the form of the Stokes flow approximation: Ltxx Ltxy Ltxz LP z z ~ ; Lx Ly Lz Lx Ltyx Ltyy Ltyz LP z z ~ {rg; Lx Ly Lz Ly



ð9Þ



Ltzx Ltzy Ltzz LP z z ~ ; Lx Ly Lz Lz where tij are the components of the viscous deviatoric stress tensor, r is the density dependent on rock composition, temperature and pressure, and g is the acceleration due to gravity. Conservation of mass is approximated by the continuity-compatibility equation: Lvx Lvy Lvz z z ~+v~0 Lx Ly Ly



ð10Þ



where vx, vy and vz are components of the velocity vector. The components of the deviatoric stress tensor are calculated using the viscous constitutive relationship between stress and strain rate:



where mi is the chemical potential and Ni the mole number for each component i constitutive of the assemblage. Given the mineralogical composition, the computation of density is straightforward. 2D modelling experiments. For ultra-high-resolution (element sizes 1 3 1 km and 2 3 2 km for the entire computation domain) 2D experiments used for parametric study (Extended Data Figs 1–4), we cross-checked a 2D implementation of I3DELVIS with the free-surface 2D code Flamar v1234 based on the FLAC algorithm35. As mentioned in the main text, Flamar has been chosen because of its previous successful application to the problems of plume–lithosphere interactions6,15,29 and tectonic deformation34 warranted by its explicit Lagrangean free-surface implementation that provides high accuracy for surface topography. During these experiments, we have tested Flamar using Crameri’s benchmark test36 for plume upwelling, where it has demonstrated an order of 1 m accuracy for an element size of 3 3 3 km. Unlike Flamar, I3DELVIS (and other Eulerian codes used in geotectonics36) implements the ‘sticky air’ approximation to reproduce free-surface topography36,37. The benchmark tests of the 2D version of I3DELVIS (I2VIS) for plume upwelling have shown a largely sufficient accuracy (,50 m for 3.3 km grid spacing) in reproduction of the free surface36 for a ‘sticky layer’ of thickness $ 30 km and viscosity #1019 Pa s (see also Extended Data Fig. 1b). This accuracy, however, has been obtained for the simple case of linear viscous rheology36, so additional crosschecking of the results with an independent free-surface code was used to ensure the robustness of the results. The results of 2D experiments implemented with two different codes (Flamar and 2D implementation of I3DELVIS) have demonstrated very good compatibility (Extended Data Fig. 1a). These tests were particularly encouraging, since, while solving the same thermo-mechanical problems as I3DELVIS, Flamar uses a very different, independent numerical scheme. Unlike I3DELVIS, Flamar employs a fully explicit hybrid finite element/finite difference time-marching Lagrangian scheme solving Newtonian equations of motion in full stress formulation (that encompass equation (9) under equivalent conditions): rinert



dvi Lsij ~ zrgi dt Lxj



ð17Þ



ð15Þ



Lsij Ltij Lp ~ z , gi is component i of acceleration Lxj Lxj Lxi due to gravity, rinert corresponds to the inertial density, that is, rinert 5 r in the gRe g dynamic mode or rinert ~ ƒ0:01 in quasi-static mode, where L is the vL vL characteristic flow length and Re is the ‘numerical’ Reynolds number that must be smaller than 0.01 in the quasi-static regime35. In FLAC/Flamar, all rheological terms are implemented explicitly, without using the equivalent viscosity for nonviscous terms. The other processes and properties implemented in the version of Flamar that has been adjusted for these experiments were set equivalent to those given by equations (1)–(3), (5)–(7) and (12)–(16). Flamar is specially adapted for solving nonlinear large-strain problems, while its numerical scheme is widely used and well-tested for nonlinear large-strain problems, thanks to its commercial engineering version (FLAC35). It is noteworthy that accurate reproduction of surface deformation is warranted in Flamar not only by its explicit Lagrangean free surface implementation but also by its explicit time-marching scheme which allows for very short time steps (1–10 yr in our problem); hence it is devoid of surface stabilization issues that might eventually affect surface predictions in the implicit codes37. Flamar also takes into account the elastic rheology (sij 5 leeiidij 1 2Geeij, see Extended Data Table 1, that is, this code is elastic-viscous-plastic), while, due computational speed issues, I3DELVIS disregards elasticity for longterm processes. We hence also used Flamar-based experiments to verify that elasticity has no particular importance in the framework of our study (Extended Data Fig. 1a). Successful comparison of the results of two independent codes made us particularly certain of the robustness of the experiments of this study.



where T0 5 298 K and a is the coefficient of thermal expansion. Petrological phase changes are implemented using a thermodynamic solution for density, r 5 f(P,T), obtained from optimization of Gibbs’ free energy for a typical mineralogical composition of the mantle, plume and lithosphere material. With that goal, the thermodynamic PERPLEX algorithm and the associated petrological database33 has been coupled with the main code to introduce progressive changes in density and other material properties. PERPLEX minimizes free Gibbs’ energy G for a given chemical composition to calculate an equilibrium mineralogical assemblage for given P–T conditions:



31. Gerya, T. V. & Yuen, D. A. Robust characteristics method for modelling multiphase visco-elasto-plastic thermo-mechanical problems. Phys. Earth Planet. Inter. 163, 83–105 (2007). 32. Goes, S., Spakman, W. & Bijwaard, H. A lower mantle source for central European volcanism. Science 286, 1928–1931 (1999). 33. Connolly, J. A. D. Computation of phase equilibria by linear programming: a tool for geodynamic modeling and its application to subduction zone decarbonation. Earth Planet. Sci. Lett. 236, 524–541 (2005). 34. Burov, E. & Yamato, Ph. Continental plate collision, P-T-t-z conditions and unstable vs. stable plate dynamics: Insights from thermo-mechanical modelling. Lithos 103, 178–204 (2008).
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tij ~g(_eij z_eji ) where the components of shear strain rate tensor are:   1 Lvi Lvj z e_ ij ~ 2 Lxj Lxi



ð12Þ



The mechanical equations are coupled with heat conservation equations: rCp (



LT Lqx Lqy Lqz { { zHr zHa zHs ; )~{ Lx Ly Lz Lt qx ~{k



LT LT LT ,qy ~{k ,qz ~{k , Lx Ly Lz



ð13Þ



where Cp is the heat capacity, k is the thermal conductivity, Hr is the radiogenic heat production and Ha and Hs are the contributions due to isothermal (de)compression (that is, adiabatic heating/cooling) and the shear heating, respectively: Ha ~



aTrvy g 1{a(T{T0 )



Hs ~txx e_ xx ztyy e_ yy ztzz e_ zz z2txy e_ xy z2tyz e_ yz z2txz e_ xz



ð14Þ



where s is full stress, that is,
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Extended Data Figure 1 | Numerical model set-up and tests of 3D and 2D models. Top panel shows the numerical model set-up. The initial plume– mantle temperature contrast DT is 300 uC. Lateral velocities (for example, Vx, Vy, Vz) are applied at two or four opposite sides of the model. Bottom panels, comparison of 2D implementation of I3DELVIS (left) with FLAMAR (right), for the experiment of Fig. 4 at t < 1.5 Myr. Middle panel a presents topographies (red and blue curves) generated by the models shown in the



bottom panel. Green curve in a shows conventional dynamic topography (that is, filtered non-isostatic topography)2. Middle panel b shows Crameri’s topography precision benchmark test36 (100-km-diameter plume rising below an isoviscous lithosphere36). Star in b corresponds to ‘sticky air’ thickness and viscosity retained for computations (30 km,1018 Pa s); colour curves in b correspond to tested sticky-air viscosities. See Methods for further details.
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Extended Data Figure 2 | 2D experiment showing time evolution of surface topography for the reference case (lithosphere with a thermo-tectonic age of 250 Myr). Top, set-up of this 2D experiment is identical to that of the 3D experiments shown in Fig. 3. Far-field extension (Vx 5 3 mm yr21) is applied at both sides of the lithosphere. The red-grey circles mark major stages of



topography evolution (initial subsidence followed by large-scale doming, then by a more localized higher amplitude doming that progressively gets overprinted by rifting patterns). Note persistent short-wavelength features. Bottom, snapshot of density anomaly field at 10 Myr since the onset of plume initiation. Inset at left shows reference yield–stress envelope of the lithosphere.
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Extended Data Figure 3 | 2D experiment equivalent to that shown in Extended Data Fig. 2 but under the assumption of strong, dry, diabase lower crustal rheology. See Extended Data Fig. 2 legend for notation. Top, note



the difference in the surface and sub-surface dynamics (double-width rifting) from the case of Extended Data Fig. 2 with weaker lower crustal rheology. Bottom, note also phase density changes at the 410-km phase boundary.
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Extended Data Figure 4 | 2D experiment equivalent to that shown in Extended Data Fig. 2 but under the assumption of hot, young, lithosphere with a thermo-tectonic age of 60 Myr. Top, note crucial differences in the dynamic topography compared to the cases of colder and stronger lithosphere.



Bottom, material field evolution (large-scale delamination of mantle lithosphere). Note delamination of the major part of the continental lithosphere mantle, which is being replaced by new lithosphere mantle formed from mantle plume material.



©2014 Macmillan Publishers Limited. All rights reserved



LETTER RESEARCH



Extended Data Figure 5 | 3D deformation patterns at the bottom of the lithosphere in the case of plume impingement. a, 3D deformation patterns at lithosphere bottom in the absence of tectonic forcing (experiment similar to that of Fig. 2b at 0.5 Myr). Note periodic axisymmetric undulations with short wavelengths l (30–250 km), in agreement with 2D models (Extended Data Fig. 2, Methods). Central down-warping is caused by Rayleigh–Taylor



instability in dense mantle lithosphere, which is destabilized by plume ascent. b, Time evolution of plume–lithosphere interaction in the case of unidirectional far-field stretching (Vx 5 3 mm yr21, experiment of Fig. 3). Note progressive channelized alignment of plume head material along the rift axis accelerating localization of the rifting zone.
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Extended Data Figure 6 | Stages of surface topography and Moho topography evolution in the case of the 3D experiment shown in Fig. 3. The left column (‘topo’) shows surface topography evolution, and the right column (‘moho’) shows the Moho topography evolution, with time increasing from top



to bottom. The experiment of Fig. 3 considers plume impingement on a lithosphere with a thermo-tectonic age of 250 Myr experiencing ultra-slow farfield extension at Vx 5 3 mm yr21. Note the large difference between the surface and Moho topography and wavelengths.
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Extended Data Figure 7 | Ultra-high-resolution 3D experiment (grid cell size 2 3 2 3 2 km, spatial grid dimensions 1,000 3 1,000 3 600 km). Shown is surface evolution in the absence of a plume, in the case of bi-directional horizontal boundary conditions representing a combination of extensional and compressional pure shear far-field forcing (lateral velocities Vx, Vz of



respectively 13 mm yr21 and 23 mm yr21 applied on the pairs of opposite sides). In these settings, small-scale distributed conjugated fault patterns form at the surface (different to the distributed parallel linear faults observed in the case of uni-directional extension shown in Fig. 2).
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Extended Data Figure 8 | 3D surface evolution in the case of plume– lithosphere interactions with bi-directional boundary conditions representing a combination of simple and pure shear far-field forcing. Lateral velocities with oblique Vx,Vz components, 3 mm yr21. Dark-blue



shaded zone shows the plume geometry. The resulting surface topography resembles an early stage of a segmented spreading centre with a strong strike-slip component and Riedel shear (for example, the Dead Sea rift, the Gulf of Aden).
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LETTER RESEARCH Extended Data Table 1 | Thermomechanical parameters and boundary conditions used in numerical experiments38



~ 0, N ~ 1 (refs 28, 30); softening parameters b0, b1, e0, e1 (refs 28, 30); Peierls flow t0, e_ , Q (ref. 39). In mechanical parameters: Perple_X (ref. 33); softening parameters N
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RESEARCH LETTER Extended Data Table 2 | Dislocation (A,n,E) and diffusion (A,n,E,a,m) ductile creep parameters used in this study



We used ‘classical’ parameters most often used in convection and tectonic models. More recent data40 predict slightly different values. However, in practice the impact of these differences is smaller than that of the uncertainties in the thermal and compositional structure of mantle and lithosphere41. The activation volume V 5 9.5 3 1026 m3 mol21 is taken into account for pressure dependence of viscosity in mantle materials42. For the diffusion creep (mantle), creep parameters are43: activation energy E 5 300 kJ mol21, A 5 1.92 3 10210 MPa21 s21, a 5 1, m 5 1, n 5 1. References: upper crust (continental) wet westerly granite44, lower crust (continental) Maryland diabase45, lower crust (continental) quartz-diorite46, mantle lithosphere (dislocation creep) dry olivine39, mantle lithosphere dry olivine39.
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