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Sensitivity experiments on True Polar Wander

Marianne Greff-Lefftz! and Jean Besse'

'Institut de physique du globe de Paris-Sorbonne Paris Cité, Université Paris Diderot, UMR CNRS 7154, Paris, France

Abstract Using sensitivity experiments based on the position of subductions and of superplumes, we
derive models for the temporal evolution of 3-D mass anomalies in the mantle and compute the associated
inertia perturbations and polar wander. We show that although the large length-scale mantle dynamics dur-
ing the Earth’s history may have been dominated by coupled supercontinent-superplume cycles, subduc-
tions alone are sufficient to trigger major True Polar Wander (TPW) episodes, or rotation of the whole
lithosphere and mantle with respect to the Earth’s rotation axis. We present two examples. We speculate
that the distribution of continents with respect to the equator on the Earth’s surface is driven by episodic
subductions during the Wilson cycle: alternating fast subduction girdles around continents and upwellings
during the divergence phases, with both reduced or stopped subductions activity around continents and
moderate inter-continental subductions during the convergence phases, lead to successive equatorial or
polar distributions of continents, both configurations being separated by strong episodes of TPW. Finally,
using plate reconstructions and geologic maps, over the period 1100-720 Ma, the period of amalgamation
and destruction of the Rodinia supercontinent, we explain with our model the observed large eastward/
westward and poleward/equatorward motions of the rotation axis.

1. Introduction

The Earth’s history is possibly dominated by a supercontinent cycle, with an episodic aggregation and dis-
persal of Earth’s continental crust accompanied by superplume events (for a review see Li and Zhong, [2009]
and Yoshida and Santosh [2011]). During this cycle, major true polar wander events (TPW) may occur (in this
study, True Polar Wander will refer to the large-scale motions of the Earth'’s rotation axis with respect to a
fixed terrestrial frame). On geological time scales, this motion is linked to modes of mantle convection
[Gold, 1955; Goldreich and Toomre, 1969; Steinberger and O’ Connell, 1997; Zhong et al., 2007; Steinberger and
Torsvik, 2010], and hence to the temporal variation of the mantle density heterogeneities. Recurrent explan-
ations refer to inertial perturbations linked to domes—-the two large-scale upwellings (thermo-chemical
piles) at the bottom of the lower mantle-—and episodic ascent of hot (less dense) material in the mantle
[Evans, 2003] and/or to the inertial perturbations associated with subducted plates [Richards et al., 1997;
Rouby et al., 2010; Greff-Lefftz and Besse, 2012].

A ring of subduction zones (such as the present Ring of Fire) has probably existed around the envelope of
continents [Evans, 1998; Collins, 2003], delimitating a huge oceanic domain (at present the Pacific Ocean, or
during Pangea times the Panthalassa) opposed to a domain containing continents (or episodically super-
continents). These subduction zones have a considerable impact on mantle dynamics as they lead to a sub-
continent return flow responsible for the formation of one or two antipodal superplumes, causing for
instance the breakup of supercontinents. Such a ring of subductions probably exists during long periods of
times, but the subduction rate, on a location, may vary, as shown by the analysis of calc-alkaline volcanism
along the western margin of North America [Greff-Lefftz and Besse, 2012]. Another feature is the existence of
a roughly E-W striking ocean such as the Indian Ocean at present, the successive Tethyan domains during
Late Paleozoic and Mesozoic, or the Rheic Ocean during early Paleozoic. These ocean domains result from
the rifting of continental blocks from the South continent leading to a South verging E-W subduction zone,
which stops after the collision against the northern continent. After a while, a new subduction rebirths
nearby the previous collision [Collins, 2003].

In this paper, we try to separate the respective role of domes and subduction types on TPW. We use a sim-
ple model which describes the large-scale pattern of mantle dynamics, and investigates how subducted
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Figure 1. (a) Viscosity profile within the mantle as a function of the radius. (b) Degree 2 geoid kernel as a function of the radius.

lithosphere and long wavelength upwellings perturb the mantle density heterogeneities and create a drift
of the rotational axis with respect to a fixed terrestrial reference frame. The article is organized as follows. In
section 2, we detail our geodynamical model and present some simple examples. In section 3, we propose
an explanation for the observed TPW during the assembly and the destruction of the Pangea, which is char-
acterized by successive tracks separated by abrupt cusps. In section 4, we use published paleogeographic
evolution of the supercontinent Rodinia from its aggregation to its dispersal [Li et al., 2008, 2013] to specu-
late how changes in subductions distribution and velocities have trigger True Polar Wander. Finally we dis-
cuss our results and conclude.

2. Geodynamical Model

We first present our simple model for the large-scale pattern of mantle dynamics. We combine con-
tributions due to subducted lithosphere and to long wavelength upwellings. In this geodynamic
model, the mantle is assumed to be homogeneous in density; the lithosphere, the upper and the
lower mantles are viscous with respective viscosity plotted in Figure 1a; the core is a homogeneous
inviscid fluid.

2.1. Downwelling Model
We start with the model of mantle density heterogeneity derived by [Ricard et al., 1993a]. They used plate-
motion reconstructions under the assumption that subducted slabs sink vertically into the mantle [see Lith-
gow-Bertelloni and Richards, 1998, Figure 5]. The velocity of the vertically sinking slabs depends on the posi-
tion of the slabs within the mantle and on the viscosity ratio between lower and upper mantle: it is equal to
the surface velocity of the plates v, when the sinking slabs are in the upper mantle, whereas it is equal the
surface velocity of the plates divided by a factor Vi when the slabs are in the lower mantle. The characteris-
tic time tcyz needed for a plate to sink through the whole mantle consequently is:

670X10° (5701—3480)x10°

tem= +Vr (1
Vs Vs

where v is in meter per year and tqyz in year. In our study, we have fixed the viscosity ratio between lower
and upper mantle to 40, and then, we have V ; = 4. Consequently, if the surface velocity v, is about 7.5 cm/
yr, we will obtain teyg=127 Myrs.

The model assumes also that the size (the thickness) of the sinking slab is increased by the same factor V
in the lower mantle (Figure 2b).
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Figure 2. (a) Position of the subduction zone. (b) Mantle density heterogeneiti

induced by sinking plates for different times T;, T, and Ts. The depth and the plotted
interfaces are labeled on the right. (c) Temporal evolution of the perturbations of the

six components of the inertia tensor.

ies

Because the mantle is not rigid,
these mass anomalies involve inter-
nal mass redistributions and associ-
ated surface readjustments that
have to be taken into account in
the computation of the geoid—the
gravitational equipotential at the
Earth’s surface-—in addition to the
direct effect of the mass [Richards
and Hager, 1984]. In a reference
frame centered at the Earth's
center of mass O, this geoid is
expanded in spherical harmonics:

nmax n

Geoid(0, p) :az Z(cnmcos me

n=2 m=0

+Spmsin me)P" (cos 0)

where a is the Earth’s radius, P
the Legendre functions, 0 the cola-
titude and ¢ the longitude. ¢,
and s,,, are the coefficients of the
spherical harmonics expansion,
normalized to 4n. To compute
these coefficients, we use a
“degree n geoid kernel,” that is to
say a transfer function between
the degree n coefficients of the
spherical harmonics expansion of
the mantle mass anomaly and the
ones of the geoid ¢,,, and s,
[Richards and Hager, 1984].

By MacCullagh’s theorem [e.g.,
Munk and MacDonald, 1960], we
may relate the components of the
inertia tensor perturbation
induced by the mantle mass
anomalies (I for i, j=1..3) to the
degree 2 spherical harmonics
coefficients of the geoid:

ly _
lo
@0 . s C
—=—Cn ) —C1
V3
Ma? C
i —522 % T2  —Sn
C
—C =521 -2 \/L%
)]

where I, is the inertia tensor of a
spherical nonrotating Earth with a
mass M: (I,=0.33Ma?). We do not
take into account the diagonal
inertia tensor perturbation
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induced by the degree zero mantle mass anomalies, since such a perturbation will only cause variations in
the length of day but no change in the TPW [Greff-Lefftz, 2011]. Consequently to compute the inertia pertur-
bations induced by the mantle mass anomalies taking into account the viscous gravitational deformations,
we use a "degree 2 geoid kernel”: this function is plotted (Figure 1b) for our reference Earth’s model using a
viscosity profile (Figure 1a) with V g = 4. The geometrical and physical parameters of the four-layered refer-
ence Earth model are given in Rouby et al. [2010, Table 1]. A particular characteristic of this kernel is that a
positive mass anomaly located in the upper part of the mantle (depth less than 1200 km) will involve a posi-
tive geoid whereas a positive mass anomaly in the lower mantle (depth larger than 1200 km) will involve a
negative geoid.

2.1.1. Example 1: A Single Plate Subduction

We first study the effect of one slab sinking vertically within the mantle. This situation corresponds for
example to the effect of Tethyan subductions. At t = 0, the plate starts to sink at the surface velocity of

7.5 cm/yr along a subduction zone plotted in green on Figure 2a. We compute and plot the temporal evolu-
tion of the 6 components of the inertia tensor perturbation normalized to the inertia tensor of a spherical
nonrotating Earth (Figure 2¢). For t < Ty, the masses are located at depth smaller than 1200 km (Figure 2b)
and involve positive degree 2 geoid. For t = T, the perturbations of the degree 2 geoid induced by the
masses located beneath 1200 km exactly compensate the perturbations induced by masses above 1200 km
and consequently the six components of the inertia tensor are zero. For t > T,, most of the masses are in
the lower mantle and the associated degree 2 geoid perturbation is negative, whereas for t = T; the slab
reaches the CMB where it is isostatically compensated.

We diagonalize the inertia tensor perturbations to compute the temporal evolution of the Principal Inertia
Axis (PIA). We find that for t < T, Myrs, the minimum PIA will be the axis passing through the center of
mass of the Earth O and the center of mass of the plate, whereas this axis will become the maximum PIA for
t > T,: there is thus an inertial interchange at t = T,. For a surface velocity of 7.5 cm/yr, we have T, ~ 75
Myrs.

2.1.2. Example 2: A Girdle of Subductions

We now assume a girdle of subductions around a supercontinent (located on a small circle of the sphere
centered at [0°, 0°] with a radius about 80° (black circle on Figures 3a and 3b) with a constant surface veloc-
ity about 7.5 cm/yr which starts to sink into the mantle at t = 0. Similarly to the previous example, for t < T,
the subducted masses are in the upper part of the mantle and consequently induce a hole in the degree 2
geoid centered on the center of the small circle [0°, 0°] (Figure 3a), whereas for t > T, most of the cold
masses are in the lower mantle and thus induce a high in the degree 2 geoid at [0°, 0°] (Figure 3b). The tem-
poral evolution of the perturbations of the moments of inertia is plotted on Figure 3c. We show that for

t < T, the maximum PIA is the axis passing through the Earth’s center of mass O and the center of the
small circle ([0°,0°] in this example), whereas for t > T, the minimum PIA coincides with this axis and the
two maximum PIA are in a perpendicular plane: at t = T, there is an inertial interchange.

Note that, because of the large amount of subducted cold materials, the amplitude of the perturbations of
the inertia tensor is larger for a girdle of subduction than for a Tethyan-like subduction, by about a factor 3,
and thus the subduction at the periphery of continents will be the dominant source of perturbations of the
PIA due to subducted plates.

In this example, we assumed that the size (the thickness) of the sinking slab was increased by a factor Vz = 4
in the lower mantle, that is to say that large sheets of cold material were sinking down to the lower mantle.
To fix a lower bound for the effect of a girdle of subduction on the inertia of the Earth, we put Vz =1 in our
computation: in this extreme case, we find that the sinking slab will reach the CMB in less than 40 My and
the amplitudes of the inertia tensors perturbations will be decreased by a factor 2.

2.2. Upwelling Model

Seismic tomography models show two present-day large-scale zones at the CMB in which wave velocities
are abnormally slow: the Large-Low Shear Wave Velocities Provinces (LLSVPs) [Dziewonski, 1984]. They are
sometimes interpreted as two thermo-chemical domes that are chemically denser than the overlying man-
tle [McNamara and Zhong, 2005], explaining their stability over long periods of time. They are probably
overlain by hot and less dense large-scale upwellings or plumes in the ambient mantle, which may domi-
nate the effect on the geoid [Steinberger and Torsvik, 2012]. As a consequence, the "domes” are associated
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Figure 3. (a) Degree 2 geoid for t = T;. Black small circle: girdle of subduction. (b)
Degree 2 geoid for t = T3. (c) Temporal evolution of the perturbations of the
moments of inertia.

with geoid highs, even though the
domes themselves are positive den-
sity anomalies, and would account for
the existence of the superswells
observed at the Earth’s surface, one
beneath Africa and the other one in
the Pacific. According to Zhong et al.
[2007], mobile-lid mantle convection
in a three-dimensional spherical shell
is characterized by a spherical har-
monic degree-1 planform with a
major upwelling during the assembly
of the supercontinent, changed to
two major antipodal upwellings dur-
ing the supercontinent stage. The
axis of the mantle upwelling is com-
plementary to the cold downwelling
girdle of subduction encircling the
supercontinent, which forces the hot
lower mantle to rise.

To model the distribution of mantle
mass anomalies associated with
domes, we extend a simple modeling
derived from Greff-Lefftz and Besse
[2012]: domes are modeled as one or
two partially full hemispheres (Figure
4a) with a radius «=45° and a height
h =600 km aligned with an axis pass-
ing through the center of the super-
continent. Because the present-day
domes are associated with geoid
highs, we arbitrarily fixed to —50

kg/m?3 their density contrast with
respect to the surrounding mantle,
although these densities are still
debated.

Such a dome involves not only a large
degree 1 coefficient in the spherical
harmonics expansion of the mantle
mass anomaly but also, because of its
hemispheric geometric form, some
degree 2. In our model, the mass
anomaly of one dome is about —3.3

X 10% kg, negligible in comparison with the Earth’s mass. We can compute the inertia perturbation associ-
ated with this mass anomaly without taking into account the shifting (which is less than 200 m) of the
centre of mass of the system. The associated inertia tensor perturbations, for a unique dome located at the
equator on an axis passing through the center of the supercontinent and its antipode, is then computed

using the degree 2 geoid kernel plotted on Figure 1b:

—0.5X107° 0
7
L= 0 0.25X107°
lo
0 0

0
0 (3)
0.25X107°
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Figure 4. (a) Schematic for domes at the bottom of the mantle and the surface intraplate volcanism above it. The angle « is the radius of
the dome and h its height. (b) One or two full domes aligned with an axis passing through the center of the supercontinent (red triangle),
the origin of our fixed reference frame.

If we take into account two antipodal domes, because of the geometry of our system, the degree one coef-
ficient of the associated mass anomalies will vanish and the amplitude of the inertia perturbations will be
simply doubled.

Individual plumes coming from the margins of the domes, as well as primary plumes coming from the lower
most mantle boundary layer will create mantle mass anomalies with smaller wavelengths and consequently
will induce only smaller perturbations of the inertia tensor, related to degree 2 density heterogeneities. To
quantify them, we have used the simple model described in Greff-Lefftz [2004], for a hot spherical plume
(with a radius about 300 km and a density contrast of —50kg/m?) crossing the mantle at the Stoke’s veloc-
ity: we have obtained maximal perturbations of the inertia tensor of about 1077 X I,. The associated polar
motion will be negligible or will appear as an excursion of fews degrees on a trajectory of the pole gov-
erned by the subducted plates and by the domes.

Comparing the amplitude of the inertia tensor perturbations induced by the downwellings (V = 4) with
the ones induced by two stable domes at the bottom of the mantle, we find that the effect of domes would
probably be at least as large as the effect of slabs. The precise amount of cold slabs in the lower mantle is
still uncertain but a factor V z = 4 seems to be in good agreement with what is currently observed at pres-
ent by seismic tomography.

2.3. Polar Motion

The temporal evolution of the Earth’s rotational vector can be deduced from the inertia tensor perturba-
tions, by solving the equations governing the conservation of the angular momentum of the Earth H
[Munk and MacDonald, 1960], in a frame corotating with the mantle:

dH
where H= J.w. Jis the inertia tensor of the Earth and @' is the angular velocity of the reference frame.
The time-dependent inertia tensor J(t) may be written as the sum of 3 parts:

JU:I06U+CU+/U7 (5)

where J;; is the Kronecker symbol. The first term I, is the inertia tensor of the reference spherical nonrotat-
ing Earth. The second term Cj is the inertia perturbation associated with the response of the Earth to the

changing centrifugal potential, and consequently depends on the components of the rotation vector; the
difference between the associated principal moments of inertia represents the rotational “bulge.” The last
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term /; describes changes in inertia due to mantle mass anomalies, including internal mass redistributions
and the associated surface readjustments as described in the previous section.

The geological time is large in comparison with the length of day and consequently % < o, and the equa-
tion governing the polar wander may be written:

—

GAH=0 ©6)

or, in the quasi-fluid approximation [Ricard et al., 1993b], using indicial notation:

€ijk a)jcbk=e,jk i (u/a)j (7)
OCIOTR

where o is the hydrostatic flattening of the Earth (difference between polar and equatorial inertia moments
of the hydrostatic rotational bulge divided by the equatorial moment: o= 31@) and Tg the characteristic time
of the delayed readjustment of the equatorial bulge of a rotating planet toward this fluid position. T may
be computed with the use of the tidal viscoelastic Love number [Ricard et al., 1993b]. For our mantle model
of viscosity, its value is about 20 kyr [Greff-Lefftz, 2011]. The time scale at which the rotation axis will adjust
to the maximum principal inertia axis depends consequently on two terms: the relaxation of the rotational
bulge («l,Tg), and the amplitude and the temporal evolution of the inertia tensor perturbations induced by
internal loads (/i). For our mantle density heterogeneities model, the difference between the inertia
moments of mantle convection varies between 1—2X107°/,, and consequently, the time scale at which the
rotation axis will adjust to the maximum principal inertia axis will be a few millions years [Tsai and Steven-
son, 2007; Cambiotti et al., 2011; Chan et al., 2011].

Let us now present some simple examples combining downwellings and domes in the mantle.

2.3.1. Example 1: A Single Plate Subduction and One or Two Domes

We simply add the perturbations of the inertia tensor induced by a single plate sinking vertically within the
mantle (Figure 2¢) to the perturbations induced by one or two stable equatorial domes at the bottom of
the mantle (I}jJ or 2><I,}D.), at the position [0°,0°] and [0°, 180°]. This case may mimic the subduction effect
corresponding to a convergence phase during the assembly of a supercontinent. The pole is assumed to be
at North pole at time t = 0, when the plate starts to sink into the mantle. The polar motion (i.e., the intersec-
tion of the rotational axis and the surface of the Earth) is plotted in Figure 5a as a black line with a single
dome, a cyan line with two domes and a red line without dome at all. The amplitude of the inertia tensors
perturbations when the slab is in the upper part of the mantle is small and consequently the velocity of the
polar motion will be also small: the rotational bulge will tend to inhibit the motion of the rotational axis
toward the maximum PIA. The pole first moves toward an antipodal position with respect to the plate, and
then for t > T, (time when the amount of slabs below 1200 km exactly compensate the amount of slabs
above 1200 km), most of the masses being in the lower mantle, it changes its motion which becomes plate-
ward (in fact toward the maximum PIA associated with the plate alone or with plates plus domes, according
to the investigated cases). The temporal evolution of the latitude, longitude and velocity of the pole are
plotted in the center part of the figure. We find that the domes tend to stabilize the pole in a plane perpen-
dicular to its equatorial axis, that-is-to-say privilege a rotation pole on a great circle perpendicular to the
minimum PIA of the inertia tensor due to domes. The limit value (t > Ts3) of the longitude of the rotation
pole corresponds to a meridian located between 14°, the maximum PIA for the plate, and 90° the maximum
PIA for the domes: meridian 52° if we take into account one dome and meridian 77° with two domes (top
of the right column of Figure 5a). Note that the stabilizing effect of the domes leads also to a decrease of
the velocity of the pole of rotation (bottom of the middle part of Figure 5a).

2.3.2. Example 2: A Girdle of Subduction and One or Two Domes

We use the example described in section 2.1.2 and plot, in Figure 5b, the associated polar motion, assuming
that the pole is at the North pole at time t = 0 when the plate starts to sink into the mantle: for t < T,
plates alone effect (red solid line) leads to a large motion toward the center of the girdle in more than 30
Myrs because of the small amplitude of the inertia perturbations. A quasi stable position of the rotational
pole at the North pole is obtained when the effect of one (black line) or two (cyan line) domes are added to
that of plates. For t > T, the rotational pole returns toward the North pole. The amplitudes of the inertia
tensors perturbations induced by either one or two domes and the slab in the upper part of the mantle are
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Figure 5. Polar motion for the four examples discussed in the text, using Mollweide projection (left column) or orthographic projection (right column). (a) A single plate subduction and
one or two domes, (b) a girdle of subduction and one or two domes, (c) a single plate followed by a girdle of subduction and one or two domes. (d) a girdle of subduction during 200
Myrs followed by a stop of a part of the subduction and one or two domes. The subductions are plotted as a thick green line and the domes as orange spherical caps. If we do not take
into account the effects of the domes, the trajectory of the axis of rotation is plotted as red line; the polar motion is plotted as black line if we add one dome and in cyan if we add two
domes. The filled circles dot the pole position every 10 Myr. The red triangle is the center C of the small circle surrounding the supercontinent. On the middle part of the figure are plot-

ted the temporal evolution of the latitude and of the longitude of the pole as well as its velocity in degree per Myr.
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very weak and have to be studied with scrutiny. If we add a single dome, there is not enough slabs in the
upper mantle at the beginning. The dome dominates and consequently, the pole drift toward the meridian
90°. After a few Myrs, the effect of the slabs dominates and the pole tends toward the axis passing through
the center of the girdle, this movement remaining close to the North pole. Then most of the plates are in
the lowest part of the mantle and the pole remains stable at its initial position. If we add two domes, the
effects of the domes are larger than the effects of the girdle of subduction.

Consequently, we show that the maximum PIA is mainly dominated by domes. It remains stable due to the
symmetry of the dome and slab settings, as well as the choice of the initial position of the pole of rotation.
Because of this weak amplitude of inertia perturbations, any other mass anomalies within the mantle involv-
ing perturbations of the inertia products breaking the symmetry of our plate will perturb the position of the
pole.

2.3.3. Example 3: A Single Plate Followed by a Girdle of Subduction and One or Two Domes

We now combine the two previous examples to investigate the effect of a Tethyan-like subduction, from its
initiation to its death, and the birth of a girdle of subduction: we assume that a single plate starts to sink
into the mantle at t = 0 and stops to dive at t = 200 Myrs. Then, a girdle of subductions begins to sink from
t =200 up to t = 400 Myrs. This time scale is about 3 times t¢5, the characteristic time needed for a plate
to sink through the whole mantle; this choice is quite arbitrary and is motivated by the real case simulations
done in section 4. We add one or two domes antipodal along an axis passing through the center of the gir-
dle and the center of mass of the Earth. This situation would describe a convergence phase followed by a
divergence phase during the assembly and dislocation of a supercontinent. The associated polar motion is
plotted on Figure 5¢, assuming that the pole is at the North pole at time t = 0 when the plate starts to sink
into the mantle, for the three cases——with one dome (black line), two domes (cyan line) or without dome
(red line)——we find that the geometry of our system allows large motion of polar wander. At t = 200Myr,
the pole is at the final position of Figure 5a (i.e., at the maximum PIA associated with the single plate alone
or with domes). For 200 < t < 200+T5, the pole drift toward to new maximum PIA which is inside the ring
of subduction, and finally for t > 200+T,, when most of the masses associated with the girdle of subduc-
tions are in the lower mantle, the pole returns toward the plane of the girdle.

This result shows that the effect of subductions are determinant for polar wander, and that the domes
which involve a positive degree two geoid above the center of the supercontinents stabilize the minimum
PIA in the equator plane. Such conclusion was also obtained by [Steinberger and Torsvik, 2010] which argue
that LLSVPs stabilize the planet Earth and that TPW is caused by subduction.

2.3.4. Example 4: A Girdle of Subducted Plates With Localized Interruption of Subduction

We now assume that a girdle of subduction starts to sink into the mantle at t = 0 and that a part of this gir-
dle stops to dive at t = 200 Myrs. We add one or two domes antipodal along an axis passing through the
center of the girdle and the center of mass of the Earth. This situation would describe some localized inter-
ruptions of subduction due to collisions between two continental plates. The polar motion associated with
this configuration is plotted on Figure 5d. During the first 200 Myrs, we obtain the same results than in Fig-
ure 5b. At t = 200Myrs, the pole is returned near the North pole. After 200 Myrs, the stop of the subduction
perturbs the symmetry of our system and involves a large drift of the pole of rotation in a plane perpendicu-
lar to the center of the subduction girdle. During the first 75 Myrs, the mass mantle anomaly associated
with the lack of subduction is in the upper part of the mantle and the pole drift toward the equator,
whereas, for t > 275 Myrs, the default of mass is in the lower mantle and the pole returns toward the North
pole. Consequently, the end of the active subduction could be responsible for two tracks separated by an
abrupt cusp at t = 275 Myrs. Note that the cusp has occurred 75 Myr after the stop of the subduction, that
is to say after a time delay equal to T,, and that consequently the cusps in the observed TPW may result
from earlier geodynamic events. For t > 200 Myrs, the three curves (red, black and cyan) are identical
because, the domes being aligned along an axis perpendicular to this plane, they do not perturb the trajec-
tory of the pole.

In these different examples, the velocity of the polar wander may reach a value of 10 degrees per Myr (1 m/
yr), a large value in comparison with the velocity estimates for the last 200 Ma, where the faster TPW rate
was about 3 cm/yr [Besse and Courtillot, 2002]. This observed low velocity may be explained by the fact that
there was no inertial interchange during the last 200 Myrs. Our value of 10 deg/Myr occurring after an
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inertial interchange is the speed limit for the model used in this study: Ty, the characteristic time of the
delayed readjustment of the equatorial bulge of a rotating planet toward this fluid position, about 20 kyrs
and inertia perturbations about 1—2X107° I, [Tsai and Stevenson, 2007].

Keeping in mind these orders of magnitude, we will now combine the “girdle” of subductions, Tethyan-like
plate subductions, collisions and one or two antipodal domes, in two quite speculative but nevertheless
interesting examples. First, we suggest that cusps observed in the TPW between 320 Ma and the Present
(one around 230 Ma and the other one around 190 Ma) may result from earlier major geodynamic events.
We then compute the TPW trigerred by the complex subduction history during the formation and the dislo-
cation of the supercontinent Rodinia.

3. Paleo Movement of Continents Since 300 Ma and Cusps in the TPW

Let us now apply these simple examples to explain the TPW observed during the assembly and the destruc-
tion of the Pangea. In a previous paper [Greff-Lefftz and Besse, 2012], we have modeled the positions of the
subduction zones and the surface velocities since 400 Myrs, based on geological and paleomagnetic recon-
structions and constrained by subduction volcanism. To summarize, the peri-Pacific subductions are active
for long period of times during the Paleozoic (Example 2) but parts of them are locally interrupted (Example
4) and over this period, there are episodical stop and rebirth of subductions (Example 1). The domes have
been modeled as two antipodal domes in the bottom of the mantle and their positions and size constrained
by intraplate volcanism at the surface. Using these two inputs, we have shown that, because there is no
stop of the girdle of subduction, the minimum PIA remains relatively stable and close to an axis passing
through the center of the ring of subduction and that the presence of the two antipodal domes at the base
of the mantle reinforces this result. There is no inertial interchange since 300 Ma. The rotation axis remains
consequently in a plane perpendicular to the domes axis, and we have found that, in this plane, a major
trend of both observed and computed TPW are successive oscillatory tracks separated by abrupt cusps. Fol-
lowing the example 4, an important conclusion is that these cusps may not be synchronous with events
such as the collision, but from a combination of events that happens earlier and which affects the inertia of
Earth when the associated masses are in the deep mantle.

4. Modelling True Polar Wander of a Real Supercontinent: Rodinia

We investigate now the inertial interchanges and TPW induced by the formation and breakup of Rodinia, a
supercontinent thought to have existed between 1100 and 720 million years ago [Dalziel, 1991]. Its configu-
ration, formation or evolution are still highly controversial, and there are debates on the number of cratons,
their relative configuration, and the exact timing of assembly and breakup [Hoffman, 1991; Weil et al.,1998;
Torsvik, 2003, Meert and Torsvik, 2003, Li et al., 2008, Evans, 2009]. Amongst the last attempts to reconstruct
Rodinia, a multidisciplinary research group [Li et al., 2008] has published paleogeographic maps that docu-
ment the evolution and location of major crustal domains of the Precambrian continental blocks, and docu-
ment also the subduction activity with respect to time. These maps were updated without major changes
in a recent paper by Li et al. [2013]. Despite the large variability in the reconstructions, a robust feature is
perhaps an episode of a global plate motion derived from paleomagnetic data, with a remarkable event
between 800 and 780 Ma, bringing the center of the entire supercontinent from polar to equatorial lati-
tudes in some tens of million years, and interpreted as an episode of True Polar Wander. This interpretation
derives from an older scenario by Li et al. [2004] in which South China was located between Australia and
Laurentia, and Rodinia broke apart by ca.750 Ma. Their analysis indicates some 60° southward motion of
South China by using their Xiaofeng dykes poles at 80210 Ma and the 74812 Ma Liantuo pole [Evans

et al,, 2000]. This analysis is then confirmed by the pole positions of the Indian Harohalli dykes at 814+34
Ma [Radhakrishna and Mathew, 1996] compared with the 771-751 Ma Malani Igneous Suite [Torsvik et al.,
2001], and a rotated pole from the 755-748 Ma Mahe dykes from Seychelles [Torsvik et al., 2001]; The Aus-
tralian poles indicate the same evolution using the ca.820 Ma Wooltana Volcanics pole [McWilliams and
McElhinny, 1980], the pole from the cap dolomite of the Walsh Tillite [Li, 2000], and the 755+3 Ma Mundine
Well dykes pole [Wingate and Giddings, 2000]. Finally, they argue that these poles appear to be in agreement
with the Congo poles at 795+7 Ma (Gagwe lavas) and the 75525 Ma Mbozi Complex pole [Meert et al.,
1995]. A quick polar wander episode was also found on Svalbard at around 800 Ma by Maloof et al. [2006].
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50-1100Ma

00-1050Ma

Figure 6. Interpolated reconstruction stages in the Laurentia fixed mantle refer-
ence frame. The relative positions between blocks and Laurentia are recon-
structed from the maps of Pisarevsky et al. [2013] for the stage 1250-1100 Ma,
and drawn using the Euler rotation poles of Li et al. [2008] for stages from 1100
to 720 Ma. Subductions (green circles) are from the same paper. Vergences of
subductions are not drawn, since our model assumes that slabs sink vertically in
the mantle. The red triangle is the center C of the small circle surrounding the
supercontinent.

Following Evans [2009], the resulting
APW loop in the Laurentian path at c. 800
Ma is also supported by the data from
other cratons that imply large APW shifts
between 800 and 750 Ma [Li et al., 2004].
Although the reliability of 820-800 Ma
poles from Laurentia are uncertain during
this period, the arguments brought by
the listed above poles are sufficiently
convincing to support if not ascertain
TPW, and allows for the modeling of
Rodinia motion from its formation to its
breakup.

4.1. Mantle Density Heterogeneities
To model the temporal evolution of
mantle mass anomalies, we start with a
mantle reference frame in which Lauren-
tia is fixed (Figure 6). Indeed, Laurentia is
a central plate during the assembly and
destruction of Rodinia, a plate to which
or from which most continents con-
verged or diverged that stood as the
"core” of the supercontinent. Here we
use as the starting point the reconstruc-
tion of Li et al. [2008] at 1050 Ma.
Younger reconstructions (Figures 6b-6e)
keep the 1050 Ma position of Laurentia,
and the relative position of other land-
masses are recomputed using the rota-
tion parameters of Li et al. [2008]. The
locations of subduction are those pro-
posed in their set of maps.

During the time interval 1250-1100 Ma,
little is known about the paleogeogra-
phy, except for a 1.25 Ga paleomagnetic
reconstruction of continents [Pesonen

et al., 2003]. Very recent reconstructions
by [Pisarevsky et al., 2013] indicate
important landmasses divergences at
1380 and 1270 Ma following the major
breakup of the Nuna supercontinent. We
assume for this period that subduction
proceeded with a constant velocity
along a small circle with its center here-
after noted C: this girdle of subduction
as well as the position of the continents
derived by [Pisarevsky et al., 2013] are
plotted in Figure 6a, in our Laurentia
fixed reference frame. We set the veloc-
ity at 7.5 cm/yr, so that the characteristic
time needed for the plate to sink

through the whole mantle is about 127 Myr. Consequently, we have as initial condition for t = 1100 Ma, a
stable distribution of mantle mass anomalies beneath all subduction zones from the surface down to the
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CMB. To build our time-varying model of mantle density heterogeneities, we then use 4 plate stages inter-
polated from the reconstructions of [Li et al., 2008] at 1100-1050 Ma, 1050-1000 Ma, 1000-900 Ma and
900-720 Ma. The simplified shapes and locations of continents and subduction zones (green dots) in the
fixed Laurentian reference frame are plotted in Figure 6. From 1100 to 900 Ma, the Rodinia supercontinent
is on the way to aggregate, and the only mapped subductions are those that accommodate the conver-
gence (Figures 6b—6d): during the stages 1100-1000 Ma, the velocities of the plates are estimated to have
been about 5 cm/yr, whereas for the 1000-900 Ma stage the velocity at the convergence zone between
Australia-East Antarctica and the continent is smaller and is set at about 3cm/yr. Rodinia is fully formed at
900 Ma and a "subduction girdle” appears (Figure 6e), that wraps around all continents and predates the
breakup of Rodinia: we model this girdle as subductions located on a small circle surrounding the supercon-
tinent with a radius about 80° and a constant velocity about 7.5 cm/yr. With this simple plate model, we
compute the temporal evolution of the downwelling mantle mass anomalies from 1100 Ma onward. The
temporal evolution of the associated inertia tensor perturbations is plotted on Figure 7a.

For the upwelling mass anomalies, we extend the simple model described in the previous section: one or
two thermo-chemical domes that are chemically denser than the overlying mantle, explaining their stability
over long periods of time, and that are probably overlain by hot and less dense large-scale upwellings or
plumes in the ambient mantle, which may dominate the effect on the geoid. We assume the existence of
two antipodal domes for the time intervals (1250-1000 Ma and 800-720 Ma) during which the girdle of sub-
ducted slab has reached the bottom of the mantle, the time intervals of divergence (1250-1100 Ma and
900-720 Ma) delayed by 100 Myr, the duration of slab preclusion required to generate an upwelling under
a mature supercontinent [Evans, 1998]. During the time interval of convergence (1100-900 Ma) also delayed
by 100 Myrs (1000-800 Ma), we suppose one single dome. For simplicity we assume the domes to be stable
with time over these intervals. We present in Figure 7b the temporal evolution of the associated inertia ten-
sor perturbations.

4.2. Polar Motion

Solving the equation (7), we compute the temporal evolution of the latitude and of the longitude of the
pole of rotation as well as its velocity (Figure 7c). For our simple modelization with a small circle of subduc-
tion (Figure 6a), at t = 1100 Ma the maximum PIA could be anywhere in the plane perpendicular to the the
axis passing through the center of the continent. But we assume that at t = 1100 Ma, the pole of rotation
was at the North pole. This is indicated by the paleo-reconstructions of Li et al. [2008] in the paleomagnetic
reference frame, a frame in which the axis of rotation coincides with the North pole. We plot, on an ortho-
graphic projection, the polar wander between 1100 and 720 Ma in the center of Figure 8 (black line) in the
Laurentia fixed mantle reference frame.

At 1100 Ma, because of the symmetry of the girdle of subduction zones (Figure 8a), the minimum PIA coin-
cides with the axis OC, whereas the intermediate and maximum PIAs are in a plane noted P (Figure 8, red
great circle) perpendicular to this axis OC. The "subduction girdle” stops at t = 1100 Ma, but the internal
masses associated with the previous/ancient subducted plates, continue to sink toward the CMB (Figure
8b), maintaining the rotational axis in the plane P. This stabilization is enhanced by the presence of equato-
rial domes during this interval. Consequently, smaller plates sinking during stages 1100-1050, 1050-1000,
and 1000-900 Ma lead to smaller perturbations of inertia tensors and consequently produce only cusps in
the polar motion, which remains in plane P. With our initial condition (pole at the North pole at t = 1100
Ma), we obtain one cusp around 1050 toward East, motion with very small amplitude (Figure 7c) followed
by a large drift in polar motion toward the equator, still in the plane P, until 900 Ma. At t = 900 Ma, there is
no more influence of the previous “subduction girdle,” and the maximum PIA is related to the geometrical
distribution of the subducted plates (Figure 8c) and to the domes, i.e,, close to the equator. At that time, a
new “subduction girdle” forms around the continents (Figure 8d), producing a large perturbation of the
inertia tensor. During the next 75 Myrs, the rotation axis drift toward the center of Laurentia, the new maxi-
mum PIA. This is followed by an episode of inertial interchange (IITPW), at t = 825 Ma, and the minimum
PIA returns to the center of Laurentia, whereas the rotational pole returns to its initial position (i.e., the
North pole of our Laurentia-fixed reference frame).

These results show that the subducted plates within the mantle are able to trigger the major TPW episodes
observed by paleomagnetism. We are aware of the uncertainties in our model, but a robust result appears:
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Figure 7. (a) Temporal evolution of the inertia tensor perturbations induced by the downwelling cold slabs. (b) Temporal evolution of the
inertia tensor perturbations induced by the domes. (c) Temporal evolution of the latitude and longitude of the associated polar motion
and its velocity: in black line when we take into account both the sinking plates and the domes and in red line when we take into account
the plates alone.
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Figure 8. (middle) Time evolution of our modeled rotation axis with respect to Laurentia (light pink). Red stars are the pole positions for
the ages discussed in the text, black dots the pole position every 10 Myr. The trajectory is figured as the thin black line. The green small
circle is the trace of the “subduction girdle” with the red triangle at its center C. The red great circle defines the P plane perpendicular to
the OC axis (see text). (periphery) mantle mass anomalies for the ages discussed in the text ((a) 1100 Ma and 780 Ma, (b) 1000 Ma, (c) 900
Ma, and (d) 820 Ma), subducted slabs are figured in black, domes in orange and continents in grey; thick orange axis shows schematically
the position of the rotational axis.

the necessary and sufficient condition to have an episode of IITPW is that the pole of rotation has to be in a
plane perpendicular to the axis passing through the center of the continent, when the girdle of subduction
restarts.

4.3. Comparison to the Observed True Polar Wander

In order to confront our results with available paleogeographic reconstructions, we use our computed rota-
tional pole to rotate our Laurentia fixed reference in such a way that the rotation axis intersects the Earth’s
surface at the North pole. This reference frame is directly comparable with the paleomagnetic reference
frame. The modeled positions of the subduction zones and of the continents are plotted in the Figure 9
(right column) for different times windows. For t = 1050 Ma, continents are located symmetrically with
respect to the equator and C lies at the origin [0,0]. Then all continents are rotating counterclockwise by
about 45° from 1050 to 1000 Ma, and then by another 45° from 1000 to 900 Ma. However, let us recall that
the amplitudes of the E/W rotations are strongly dependent on the initial position of the pole in the plane P
at t = 1000Ma.

At t =900 Ma, the new "subduction” around the continents starts, and because of the inertial interchange
described above all of the continents drift toward the North pole. 75 Myrs later, the minimum PIA is again
centered on Laurentia and the supercontinent is centered on the equator.

To compare our modeled motion, in direction and amplitude with the observed paleomagnetic motion
described in Li et al. [2008], we try to separate plate tectonics from true polar wander in Li's reconstruction
by computing the small circle which best fits the envelope of continents using the PaleoMac Software Pack-
age [Cogné, 2003], and analyze first the rotations, and then the latitudinal motion of the small circle center
(Figure 9, left column). The 45° counter clockwise (CCW) rotation determined between 1.05 and 1 Ga by the
model (Figure 9, right) is not observed on the corresponding reconstruction, but the 1 Ga to 900 Ma 45°
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Figure 9. Comparison between paleogeographic maps of (left) Li et al. [2008] and (right) our model in the paleomagnetic reference frame.
Arrows, motion inferred in each case; Blue circles, best fit of continent envelopes (with 95% error bar) determined using the PaleoMac Soft-
ware [Cogné, 2003]. Red Stars, centers of the small circles; India, Siberia and Baltica are filled in purple for a better visualization of rotations.
Red Triangles, center of Laurentia; Subduction zones, green circles; Ages are in million years.

CCW rotation predicted by the model seems to compare with a 40° observed rotation despite some
uncertainties.

The other polar wander events correspond well for the younger time windows: the 90° poleward motion
between 900 and 820 Ma predicted by the model compares well with a 66° observed rotation, followed by
the modeled 90° equatorward motion between 820 and 780 Ma roughly similar to the 63° observed one.

The agreement not only between directions, but also between amplitudes of motion in the model and the
plate tectonic reconstructions [Li et al., 2008] appears thus good. We however recall the readers that Rodinia
configuration is strongly debated.

5. Discussion and Conclusion

In this paper, we use a geodynamic model in which the temporal evolution of the mantle mass anomalies
are computed using plate reconstructions and geologic maps. We assume that subducted slabs sink
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vertically into the mantle down to the CMB, with a velocity reduction and a thickening with a 4 factor within
the lower mantle. We also take into account large-scale domes in the lower mantle and show that, for cer-
tain configurations, subductions clearly dominate the triggering of TPW events. This result is thus in contra-
diction with models that favor Superplumes as the main mechanism that triggers TPW, such as for example
those derived from convection models [Zhong et al., 2007; Li and Zhong, 2009]. Looking closely, the differ-
ence is due to the amount of subduction present in the mantle. In the numerical approach, some fine fila-
ments of cold materials essentially represent the downwelling around the supercontinent whereas in our
approach, large sheets of cold material are sinking down to the lower mantle and thus dominate the inertia.
Numerical models are probably unable to reproduce what is currently observed by seismic tomography:
the precise amount of cold slabs in the lower mantle. However our results are in good agreement with a
recent paper by Steinberger and Torsvik [2010] who explained essential features of TPW for the last 300 Myrs
as caused by changes in mantle density anomalies due to subduction, while density anomalies related to
LLSVPs, remaining largely unchanged, stabilized the planet.

From plate reconstructions and our model, two end member configurations emerge:

1. Continents are mainly located in a single E-W hemisphere, more or less symmetrical with respect to the
equator, and a girdle of subductions is active all around: this is the case at present (circum-Pacific subduc-
tions), and this situation may have lasted since at least 250 Ma or even more [Torsvik et al., 2008; Zhang
et al,, 2010; Rouby et al., 2010]. This is also the case for the 1050-900 Ma time interval--during which the
subduction girdle has stopped but is still active in the lower mantle--and a long period after 780 Ma in our
study (see Figure 9). This configuration is driven by dominant long lived active subductions zones around
continents reaching a sufficient depth in the lower mantle to stabilize the Earth rotation pole in a plane
perpendicular to an axis passing through the Earth’s center of mass O and the center of the girdle C, an
effect reinforced by the presence of one or two domes at the bottom of the mantle. The present state of
convection as seen by seismic tomography leads to same conclusions with a degree 2 signal characterized
by two antipodal regions of low velocities, more or less centered on the equator and separated by a
circum-polar torus of high velocities material attributed to subductions, in which lies the rotational pole
[Dziewonski et al., 2010]. During these periods, oscillatory polar wander is attributed to TPW around the min-
imum inertial axis [Evans, 2003], situated close to the center of the supercontinent, and the cusps observed
in the TPW may not result from synchronous events such as a collision, but from a combination of events
happening earlier which affects the inertia of Earth when the associated slabs are in the deep mantle.

2. Continents leave their "stable” positions and drift more or less toward a N-S Hemisphere. This is the case
at 820 Ma in Li's reconstructions, and some other periods in the Earth history. This situation would result
with a lack or a diminution of subductions girdle at the periphery of continents, during a time interval
lasting a few tens of millions of years, followed by a renewed ring of subduction. During this time interval,
other subductions such as those situated between continents (see Figure 9) may have a dominant effect.
When the girdle of subduction, centered on the equator, restarts, there will be global motion of the
supercontinent toward the pole, followed by an equatorward motion, when most of the masses associ-
ated with the girdle of subductions are in the lower part of the mantle. A new stable state is then reached
when a sufficient amount of material in the lower mantle stabilizes again the Earth rotation pole in a
plane perpendicular to an axis passing through O and the center of the girdle.

TPW may thus be sometimes driven by episodic subductions during the Wilson cycle: alternating fast sub-
duction girdles around continents during the divergence phases, and both reduced or stopped subductions
activity around continents, with moderate inter-continental subductions during convergence phases, would
explain respectively the observed global rotation with respect to a pole located at the center of the super-
continent and the large poleward/equatorward motions.
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