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Mechanisms for oscillatory true polar wander J. R. Creveling1, J. X. Mitrovica1, N.-H. Chan1, K. Latychev2 & I. Matsuyama3



Palaeomagnetic studies1–5 of Palaeoproterozoic to Cretaceous rocks propose a suite of large and relatively rapid (tens of degrees over 10 to 100 million years) excursions of the rotation pole relative to the surface geography, or true polar wander (TPW). These excursions may be linked in an oscillatory, approximately coaxial succession about the centre of the contemporaneous supercontinent5–7. Within the framework of a standard rotational theory8,9, in which a delayed viscous adjustment of the rotational bulge acts to stabilize the rotation axis10, geodynamic models for oscillatory TPW generally appeal to consecutive, opposite loading phases of comparable magnitude6,11,12. Here we extend a nonlinear rotational stability theory10 to incorporate the stabilizing effect of TPWinduced elastic stresses in the lithosphere13,14. We demonstrate that convectively driven inertia perturbations acting on a nearly prolate, non-hydrostatic Earth6,7 with an effective elastic lithospheric thickness of about 10 kilometres yield oscillatory TPW paths consistent with palaeomagnetic inferences. This estimate of elastic thickness can be reduced, even to zero, if the rotation axis is stabilized by long-term excess ellipticity in the plane of the TPW. We speculate that these sources of stabilization, acting on TPW driven



by a time-varying mantle flow field11,12,15–18, provide a mechanism for linking the distinct, oscillatory TPW events of the past few billion years. Palaeomagnetic inferences of TPW are complicated by the difficulty of disentangling polar motion and continental drift. However, independent inferences of five distinct episodes of large-amplitude TPW spanning the Palaeoproterozoic to the Cretaceous1–5 (Fig. 1a; see Supplementary Information) suggest a marked tendency for pseudooscillatory reorientation of the rotation axis6,7. Rotational stability is established, in part, by the non-hydrostatic figure of the Earth, that is, the figure after correction for the equilibrium hydrostatic form. The Earth’s present-day triaxial figure9 (Fig. 1b) is driven by mantle convection associated with large thermochemical anomalies or ‘superswells’ beneath southern Africa and the Pacific Ocean and the circum-Pacific ring of subduction19,20. The minimum axis of inertia aligns with the superswells and the difference between the maximum and intermediate moments of inertia is about half the difference between the maximum and minimum moments: Imax 2 Iint < K(Imax 2 Imin). Thus, mantle convection currently drives significant excess ellipticity along both equatorial axes, stabilizing the rotation
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Figure 1 | TPW, supercontinent phases and the Earth’s figure. a, Time line (in millions of years ago) for palaeomagnetically inferred TPW events1–5,26 (shaded grey boxes) through the Proterozoic and Phanerozoic eons, together with the associated history of supercontinent aggregation, stability, and disaggregation. The Gondwanan superterrane is shown as a precursor to Pangaea. If the grey box is plotted rising above (below) 0u, the pole moved
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clockwise (counterclockwise) relative to an observer on the contemporaneous supercontinent or superterrane. The abbreviations listing Phanerozoic periods represent, from left to right, the Cambrian, Ordovician, Silurian, Devonian, Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Palaeogene, and Neogene. Cz, Cenozoic. b, c, Schematic illustration of Earth models with a triaxial (b) or nearly prolate (c) non-hydrostatic figure.
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LETTER RESEARCH pole9. This stabilization may explain the more muted TPW in the last hundred million years (100 Myr)5,6,9,12,20,21 (Fig. 1a). However, superswells are dynamic structures18,22,23 subject to long-timescale doming18. Likewise, the geometry of subduction evolves12,15–17. It is thus probable that there were times in Earth history when large-scale convective flow was more symmetric about the axis of minimum inertia, leading to a prolate figure10 (Fig. 1c). This prolate form would have a strong propensity for TPW in the plane defined by Imax and Iint, and it has been identified as a favourable pre-condition for episodes of rapid, largemagnitude ‘coaxial’ TPW in deep time6,7 (Fig. 1a). However, although a prolate figure strongly favours TPW coaxial to the axis Imin, the mechanism(s) responsible for the oscillatory nature of the reorientations remain enigmatic. One route to resolving this enigma may be provided by studies of planetary rotation13,14 that revise the standard equilibrium rotational theory8,9 to argue that a rotating system can retain long-term memory of previous pole orientations (Supplementary Fig. 1). Consider a rotating Earth in hydrostatic equilibrium. The rotational bulge stabilizes the rotation axis10,24,25. However, according to refs 8 and 9, this stabilization is transient because the bulge will ultimately readjust perfectly (that is, hydrostatically) to any reorientation of the rotation axis (Supplementary Fig. 1a). In a revised stability theory13,14, TPW-induced elastic stresses in the lithosphere preclude a perfect adjustment of the rotational bulge (Supplementary Fig. 1b). This residual memory is termed the ‘remnant bulge’. Thus, the rotation axis is stabilized by both the delayed viscous adjustment of the rotational bulge10 and, over timescales less than the visco-elastic relaxation time of the lithosphere, the remnant bulge13,14. The remnant bulge stabilization introduces a tendency for the axis to return to the original orientation if the load is removed.



The rotation axis may be subject to a third stabilization mechanism linked to the convective forcing itself (Supplementary Fig. 1c). In particular, the relatively rapid convective forcing responsible for driving excursions of the pole in Fig. 1a may have been superimposed on a convective geometry with long-term stability. If such a geometry supported an excess ellipticity in the plane of the TPW, then this stable background excess ellipticity would also provide a memory of the original orientation of the rotation axis and it would also act to drive the pole back to this orientation once the convective pulse weakened. We adopted the nonlinear rotational stability theory of ref. 10 to investigate TPW driven by mantle convection. We used a form of the theory that incorporates a stable background excess ellipticity, and we introduced a new term that adds stabilization by the remnant bulge (see Supplementary Information). The formulation was applied to model the Mesozoic5,26 (Fig. 2a–d) and Neoproterozoic2 (Fig. 3a) oscillatory TPW events included in Fig. 1a. The Mesozoic event involves two oscillations of amplitude 22.5u and 8u and duration around 100 Myr and 50 Myr, respectively26, coaxial about an axis near the centre of Pangaea. The Neoproterozoic event is characterized by a .50u oscillation with duration around 11–30 Myr (ref. 2), coaxial about Rodinia. Mantle convection simulations indicate that supercontinents reorganize flow into two antipodal superswells, one of which rises below the supercontinent and serves as the driving force for disaggregation23. Accordingly, our numerical simulations aligned the minimum axis of inertia (and maximum excess ellipticity) with the centre of the supercontinent (for example, Fig. 3b). The axis of maximum non-hydrostatic inertia is coincident with the rotation pole. We introduced a simple convective pulse symmetric about the plane of Imax and Iint, and this guarantees, given the symmetry of the background Earth model, that b



a



22.5°



22.5°



250–200 Myr ago



200–150 Myr ago



d



c



8°



8°



110–100 Myr ago



150–140 Myr ago



TPW (°)



20



e



20



15



15



10



10



5



5



0



0



–5



–5



–10



300



250



200 150 100 Time (Myr ago)



50



0



Figure 2 | Modelling palaeomagnetically inferred TPW during the Mesozoic. a–d, Inferred sense and amplitude (green) of coherent continental motion (interpreted as TPW) superimposed on the palaeogeography at the start of each (labelled) time interval26. e, f, Dotted lines show the inferred, cumulative TPW around an equatorial axis coinciding with the centre of mass of the continents26. The solid blue lines are numerical predictions of TPW based
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on the following parameters. For e, EET 5 15 km, DnIMD 5 0.0, and two convective pulses (both with DnImax,int 5 0.035) initiated at 277 Myr ago and 221 Myr ago. For f, DnIMD 5 0.12, EET 5 0 km, and convective forcings (both with DnImax,int 5 0.035) initiated at 274 Myr ago and 218 Myr ago. The simulations adopt n 5 3 3 1022 Pa s.
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Figure 3 | Modelling palaeomagnetically inferred TPW during the Neoproterozoic. a, Rodinian palaeogeographic configuration before the pair of large-amplitude TPW events (green line with 1s error ellipses) with total duration of about 15 Myr (see ref. 2). b, Schematic showing the results of two numerical simulations of TPW (green line) that both adopt a convective forcing of DnImax,int 5 0.3 and n 5 1022 Pa s. These simulations introduce either a



remnant bulge (EET 5 15 km; DnIMD 5 0) or a stable background excess (DnIMD 5 0.1; EET 5 0) to drive a return of the rotation axis. In these two cases, the pole moves about 44u (diamond) and 51u (circle), respectively, in the first 6 Myr or so and then returns to a position around 8u (cross) from the initial location in the next 20 Myr.



TPW is confined to this plane (see Methods). The numerical model has four free parameters: the moment difference (stable background excess ellipticity) of the Earth’s figure, DIMD 5 Imax 2 Iint; the effective elastic thickness of the broken lithosphere (EET; see Supplementary Information); the lower mantle viscosity, n; and the peak perturbation in the product of inertia, DImax,int, driven by the convective flow. We normalized both DImax,int and DIMD using the present-day moment difference27, DIPD 5 IPDmax 2 IPDint, so that DnImax,int 5 DImax,int/DIPD and DnIMD 5 DIMD/DIPD. For our ‘standard’ simulation, we adopted values of DnImax,int 5 0.1 and n 5 1022 Pa s, with the latter being at the lower bound of a joint inversion of ice-age and mantle convection data28. The upper mantle viscosity was set to 5 3 1020 Pa s. We defined two test cases based on the standard simulation. In the first, we adopt DnIMD 5 0 (that is, a prolate spheroid) and an EET of 15 km. In the second, DnIMD 5 0.1 and EET 5 0. These cases invoke stabilization by the remnant bulge or stable background excess ellipticity, respectively. The black lines in Fig. 4a and e are predictions of TPW based on test cases 1 and 2, respectively. The perturbation to the inertia tensor driven by convective flow progressively increases in the first 15 Myr or so of these simulations (see Supplementary Fig. 5a). The motion of the rotation pole lags behind this forcing, and reaches a maximum displacement of about 34u (case 1) or 41u (case 2) in approximately 21 Myr. As the forcing diminishes, elastic stress in the lithosphere or the stable background excess ellipticity begins to dominate the rotational force balance. Once this resistance overcomes the driving force, the pole reverses direction and returns relatively rapidly towards its initial position. The net displacement of the pole drops to half the peak amplitude in about 9 Myr. To investigate the sensitivity of the TPW predictions to the parameter choices listed above, we performed analyses in which one of four parameters is varied over the following ranges: DnImax,int 5 0.025–0.20, EET 5 0–50 km, DnIMD 5 0.0–1.0 and n 5 (3–30) 3 1021 Pa s (see Fig. 4a–d, e–h). (An analysis in which these parameters are varied simultaneously is described in the Supplementary Information). We refer to three specific measures of the polar motion: the maximum displacement of the pole (TPWmax), the time required to reach this maximum displacement (tmax), and, subsequently, the time for the pole to return to a displacement of half of TPWmax (t1/2). These values are TPWmax 5 33.6u, tmax 5 21.0 Myr and t1/2 5 9.5 Myr for test case 1 and TPWmax 5 40.5u, tmax 5 20.7 Myr and t1/2 5 8.8 Myr for test case 2. We first explored the impact of varying the magnitude of the forcing, DnImax,int (Fig. 4a, e). The velocity of the convective flow



is proportional to the imposed density (buoyancy) perturbation. Accordingly, increasing the inertia tensor perturbation from 5% to 20% of DIPD reduces tmax by a factor of about 4. TPWmax increases with the size of the forcing, and it reaches 40u when the convectioninduced inertia tensor perturbation DnImax,int 5 0.2 (case 1) or 0.1 (case 2). In contrast to both these sensitivities, the timescale of recovery t1/2 varies by only a few million years for DnImax,int $ 0.05. Next, we considered the two parameters that stabilize the rotation axis, DnIMD and EET. Varying EET in test case 1 (Fig. 4b) or DnIMD in case 2 (Fig. 4g) has a profound effect on TPWmax and t1/2, but little effect on tmax. Moreover, introducing a stable background excess ellipticity in test case 1 (Fig. 4c) or a remnant bulge in case 2 (Fig. 4f) enhances the already existing stabilizations in these test cases, further decreasing the peak TPW and the recovery time. When EET 5 0 and DnIMD 5 0 (Fig. 4b,g) (that is, a prolate Earth with no remnant bulge), only the delayed viscous adjustment of the rotational bulge acts to resist polar motion10 and the TPW has no return phase. Finally, we considered simulations in which n is varied from 3 3 1021 Pa s to 3 3 1022 Pa s (Fig. 4d, h). The latter is a reasonable upper bound from modern inferences28, and the former is consistent with thermal history modelling29, suggesting that mantle viscosity was about 3–10 times smaller than the present value about a billion years ago. Flow velocity is inversely proportional to mantle viscosity, so tmax increases by a factor of about 10 across this range. However, although the timescale across which the flow-induced perturbation is active increases by this factor, the TPW rate is decreased, and the net effect is a relatively small variation in TPWmax; the sensitivity would be higher in models forced by continuous convective motion21,25. We conclude that a relatively rapid pulse of mantle convection acting on an Earth with elastic lithospheric strength and/or an excess ellipticity that is stable over the timescale of the pulse leads to an inherent tendency for oscillatory TPW events. Whether variability in downwelling12,15–17 or upwelling11,18 mantle flow is the dominant driver of TPW, these stabilization mechanisms remove the necessity of invoking load symmetry to explain a rapid return of the rotation pole to a position near its original location6,11,12. (For mantle-viscosity profiles characterized by a large increase in viscosity with depth, a reversal in the sign of the associated geoid kernel may also contribute to the reversal in the direction of polar motion10.) The sensitivity studies reveal a trade-off such that one can reduce the stabilization associated with the remnant bulge (that is, lower EET) by increasing the stable background excess ellipticity (DIMD). Consider, as
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Figure 4 | Sensitivity of numerical predictions of convectively driven TPW to variations in model parameters. a–d, The black line in each panel shows the TPW prediction based on the first test model (DnImax,int 5 0.1, n 5 1022 Pa s, DnIMD 5 0, EET 5 15 km). Each panel shows predictions in which one of these parameters is varied: a, DnImax,int of (from left to right) 0.2, 0.15, 0.1, 0.075, 0.05 and 0.025; b, EET of (from top to bottom) 0 km, 5 km, 10 km, 15 km, 25 km and



50 km; c, DnIMD of (from top to bottom) 0, 0.1, 0.2, 0.4, 0.6 and 1.0; d, n of (from left to right) 3 3 1021 Pa s, 1022 Pa s and 3 3 1022 Pa s (in each case, plume density contrasts are chosen so that DnImax,int 5 0.1). e–h, The black line in each panel shows the prediction based on the second test model (DnImax,int 5 0.1, n 5 1022 Pa s, DnIMD 5 0.1, EET 5 0 km). Each panel shows predictions of TPW in which one of these parameters is varied (as listed for a–d).



an example, the palaeomagnetically inferred oscillation in pole position during the Neoproterozoic era2 (Fig. 3a). The large amplitude of the event can only be reconciled with an Earth model of nearly prolate form and relatively small EET. Figure 3b summarizes the results of two simulations, both driven by a convective perturbation of DnImax,int 5 0.3. The first adopts a prolate Earth model (DIMD 5 0) with EET 5 15 km, and the second adopts DIMD 5 0.1 and EET 5 0. The simulations predict approximately 44u or 51u, respectively, of TPW in about 6 Myr, followed by a return of the pole to within about 8u of the initial location in the next 20 Myr or so, yielding good fits to the palaeomagnetically inferred TPW path2. One could reduce the total duration of the modelled event by increasing EET or DIMD. However, these changes would significantly reduce the predicted TPW amplitude. Thus, if large, rapid, oscillatory TPW events occurred in the Palaeoproterozoic through to the Palaeozoic era (Fig. 1a), then



their rarity in the geological record may reflect these restrictive constraints on the Earth’s shape and rheology. We next turned to the inference of two back-to-back episodes of oscillatory TPW during the Mesozoic era26 (Fig. 2a–d). These events are more muted than those inferred for the Proterozoic and Palaeozoic, and they are of longer duration than the Neoproterozoic TPW event (Fig. 1a). To reduce the level of non-uniqueness, we considered only simulations in which the EET of the lithosphere and DIMD are the same for both oscillations. Excellent fits to the inferred TPW path can be found for scenarios in which either: (1) remnant bulge stabilization (EET 5 15 km) acts on a prolate (DnIMD 5 0) Earth model (Fig. 2e); or (2) a background excess ellipticity (DnIMD 5 0.12) stabilizes an Earth model with an EET 5 0 (Fig. 2f). Estimates of the EET for various palaeocontinental configurations are uncertain (see Supplementary Information). However, flexure 8 NO V E M B E R 2 0 1 2 | VO L 4 9 1 | N AT U R E | 2 4 7
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RESEARCH LETTER observed at seamounts, long-lived passive margins and intracratonic basins suggests that the Earth’s broken lithosphere retains non-zero elastic strength over the timescales considered here30. Thus, a stable background excess ellipticity augmented, but probably did not entirely replace, remnant bulge stabilization as a mechanism for oscillatory TPW in deep time. The memory of previous rotational states provided by a lithosphere will be partially lost if the timescale of the convective forcing approaches the relaxation time of the crust–lithosphere system (or if the supercontinent disaggregates; see Supplementary Information). Similarly, memory associated with excess ellipticity will be lost as the Earth’s figure evolves. For these reasons, predictions of oscillatory TPW events need not fully return to the original pole location. Moreover, the remnant bulge stabilization will be reset if the timescale of the convective forcing significantly exceeds the longest relaxation time of the lithosphere. There have been suggestions that the longevity of the present-day superswells beneath Africa and the Pacific may extend uninterrupted to the Neoproterozoic. Numerical experiments suggest that the African superswells have persisted for the past 200 Myr or so and the Pacific superswell much longer23, while a suite of observations suggest a lifespan extending 500 Myr (ref. 31) or more32. Indeed, the current equatorial location of the superswells33 implies that any remnant bulge stabilization of TPW driven by these features has since relaxed. However, laboratory experiments on thermochemical convection suggest that long-lived superswells experience pseudo-periodic doming with timescales of 100–1,000 Myr (ref. 18), and such events may drive a relatively rapid pulse of subduction in the plane perpendicular to Imin (Fig. 1c). This, or other classes of rapid, repetitive convective forcing, acting on an Earth with a small EET and/or a relatively stable background excess ellipticity, may provide an overarching physical framework linking the suite of palaeomagnetically inferred, oscillatory TPW events spanning the past few billion years of Earth history.
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METHODS SUMMARY Our numerical predictions of oscillatory TPW are based on the nonlinear rotational stability theory described in the Supplementary Information. This theory requires that the following be specified: (1) the Earth’s background figure; (2) the EET of the lithosphere (see Supplementary Information); (3) the mantle viscosity; and (4) the inertia tensor perturbation due to the convective load, IL(t). For (1), we assume that the axis of minimum inertia (that is, maximum excess ellipticity) intersects the centre of the supercontinent (for example, Fig. 3b). Moreover, we adopt a Stokes flow treatment of mantle convection, with buoyancy comprised of upwelling and downwelling plumes symmetric about the plane defined by Imax and Iint. This geometry, together with symmetry in the Earth model, confines the predicted pole path to a great circle within this plane (that is, coaxial to the axis of minimum inertia). The background moment difference, DIMD 5 Imax 2 Iint, thus controls the level of stabilization associated with long-term excess ellipticity in the plane of TPW, and it is a free parameter in the modelling. The EET, which governs the strength of the remnant bulge stabilization, is a second free parameter. We set the upper mantle viscosity to 5 3 1020 Pa s, and treat the lower mantle viscosity, n, as a third free parameter. The viscosity governs the decay time of stabilization associated with delayed adjustment of the rotational bulge, and the timescale of the convective loading. Finally, we compute the time-dependent inertia tensor perturbation, IL(t), by first mapping the mantle buoyancy field into a geoid anomaly time series using depth-dependent kernels. The geoid time series is then mapped into an evolving inertia tensor perturbation using analytic relationships. The peak perturbation to the product of inertia, DImax,int, serves as the fourth free parameter of the modelling.
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LETTER RESEARCH METHODS To investigate the link between mantle flow and TPW, we apply the nonlinear rotational stability theory described in Supplementary Information to inertia perturbations computed using a simple Stokes flow34 treatment of mantle convection. In computing TPW, the background figure of the Earth—that is, the figure before the application of the convective pulse—has a geometry that is motivated by the supercontinent configurations shown in Figs 2a–d and 3a. As in Fig. 3b, we assume that the axis of minimum inertia passes through the centre of the supercontinent. The convective pulse is comprised of upwelling and downwelling plumes (see below) symmetric about the plane defined by Imax and Iint. This placement, together with the symmetry in the Earth model, ensures that the predicted pole path will be confined to a great circle within this plane. Three free parameters of the modelling relate to the Earth model. These are (1) the difference in the background values of the maximum and intermediate moments of inertia, Imax 2 Iint, denoted as DIMD in the main text (that is, the stable excess ellipticity in the plane of the TPW); (2) the effective elastic thickness of the lithosphere, EET (see Supplementary Information); and (3) the viscosity of the lower mantle, n. The upper mantle viscosity is fixed to 5 3 1020 Pa s in all simulations. The free parameters EET, DIMD and n are linked to the three mechanisms that act to stabilize the rotation axis in the presence of a convective forcing: the remnant bulge, stable background excess ellipticity in the plane of TPW, and the delayed viscous adjustment of the rotational bulge, respectively. Moreover, EET and DIMD introduce a memory of the original (pre-loading) orientation of the rotation axis and a tendency for the pole to return towards this initial position once the forcing ends. Convective forcing within our model involves a pair of plumes upwelling from the core–mantle boundary at 55u N and a second antipodal pair at 55u S. The plumes that comprise each pair are displaced by 60u in longitude, at locations symmetric about the plane defined by Imax and Iint. An equal number of downwelling plumes are also included in the model. These are located at positions defined by a 90u rotation about Imin from each of the upwellings. This configuration permits a maximum TPW of around 60u. We also performed several test calculations where the plumes were placed at higher latitudes (75u N and 75u S) and found that the predicted peak TPW varied by about 5u. Each plume has a radius of 6u. The speed of the plumes is given by Stokes flow equations, and we use the method of images34 to account for the slowing of the plumes near boundaries. The fourth and final free parameter of the modelling is related to the strength of the convective forcing on TPW, which was varied from one simulation to another via the adopted density contrast (see below) between the plumes and surrounding mantle. As discussed in the main text, we quantify the strength of the convective forcing in terms of the peak perturbation in the product of inertia DImax,int. The time series of DImax,int for three simulations, including the standard model run defined in the text, are provided in Supplementary Fig. 5a.



The evolving mantle flow field was converted to a time-dependent geoid anomaly (at spherical harmonic degree two) using depth-dependent kernels valid for a compressible, viscous Earth35. We adopt kernels computed using free-slip boundary conditions at the core–mantle boundary and no-slip conditions at the surface; the latter is appropriate for plume-driven flow away from plate boundaries36. The geoid kernels were calculated using the PREM density profile and g(r) is fully consistent with this profile. Moreover, the calculation is based on a gravitationally self-consistent treatment in which the self-gravity term (the product of the depthdependent density and perturbed gravity) is included. These kernels account for the geoid signal associated with both internal density heterogeneities and the dynamic topography of all density interfaces. Finally, the geoid perturbation at each time step is converted to an inertia tensor perturbation using a wellestablished mapping14, and the latter time series serves as the input to the nonlinear rotational stability theory. Our plume-model of mantle convective flow is highly simplified; however, it allows us to quantitatively test the central hypothesis of this study, namely that stabilization associated with a remnant bulge and/or stable excess ellipticity would have been sufficient to return the rotation axis to its initial location after largeamplitude, convectively driven excursions. In designing the simulations, we were guided by several checks of the plausibility of the convective forcing. First, we distributed mantle buoyancy across a suite of plumes, rather than placing it in a single plume, so that the associated density contrast between the plume and surrounding mantle is reasonable. As an example, the density contrast adopted in the standard simulation described in the text (DInmax,int 5 0.1; black lines in Fig. 4) was 42.5 kg m23. This value is less than 1% of the density of lower-mantle material and it is consistent with inferences based on seismic tomography32. Second, given that the present-day, non-hydrostatic (excess) ellipticity of the Earth is presumably a consequence of mantle convection, our normalization of the plume-induced perturbation to the product of inertia, DImax,int, in terms of the observed excess ellipticity in the same plane (DIPD 5 IPDmax 2 IPDint), provides a direct check of the size of the forcing. We note, in this regard, that TPW excursions of order 40u are predicted for peak (product of) inertia perturbations of only 10%–20% of DIPD. In modelling the palaeomagnetically inferred TPW events shown in Figs 2a–d and 3a, we consider Earth models with prolate, or nearly prolate forms. For this class of Earth models, the TPW path would be coaxial to Imin, or very nearly so, regardless of the orientation of the pulse of convective forcing. Thus, our placement of the plumes symmetric about the plane defined by Imax and Iint is made out of numerical convenience, and it does not imply that a nearly coaxial TPW path requires a convective forcing of specific geometry. 34. 35. 36.
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