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Abstract Earth’s spin axis follows the maximum moment of inertia axis of mantle convection, with
some delay due to adjustment of the rotational bulge. Here we compute this axis for geodynamic models
based on subduction history, assuming constant slab sinking speed, with another contribution due to
thermochemical piles. For a wide range of parameters, a large shift of ≈90∘ is predicted around 80–90 Ma.
It can be largely attributed to a change in circum-Paciﬁc subduction from predominantly in the North
and South toward East and West. Actual amounts of true polar wander are much smaller, pointing toward
additional inertia tensor contributions, possibly due to slabs in the lowermost mantle below both polar
regions. These slabs would have been subducted before ≈150 Ma, when plate motions in the Panthalassa
basin are largely unknown. Matching predicted and observed true polar wander can serve at constraining
such plate motions.

1. Introduction
When the Earth’s mantle and lithosphere, as a whole, change their orientation relative to the rotation axis,
it could also be viewed, in the mantle reference frame, as motions of the rotation pole. Hence, this process
is termed “true polar wander” (TPW) (see Courtillot [2007], for a review). On geologic timescales, it is generally believed to mainly result from changes of the mass distribution in Earth’s mantle. Accordingly, it can
be computed from mantle convection models and therefore possibly serve to constrain such models: If predicted TPW signiﬁcantly disagrees with observations, some feature(s) of the model must be wrong, and one
can therefore aim at modifying the models to achieve better agreement. In this way, considering TPW may
lead to an improved understanding of processes in the Earth interior.
Paleomagnetic poles from a given plate will fall along an apparent polar wander path which can be converted to “observed” TPW by correcting for plate motions in a suitable mantle reference frame. For the past
≈130 Myr, a hot spot reference frame can be used. The motion of hot spots—of the order 1 cm/yr, much slower
than typical plate motions—can also be estimated and taken into account [O’Neill et al., 2005; Doubrovine
et al., 2012].
The pole follows the maximum moment of inertia axis of mantle convection (abbreviated here as MaxMI
axis), but lags behind, because the equatorial bulge needs to adjust to changes in the spin axis [Gold, 1955;
Cambiotti et al., 2011]. With realistic assumptions, one can estimate that the spin axis may move as much as
≈1–2∘ /Myr [Steinberger and O’Connell, 1997; Tsai and Stevenson, 2007; Steinberger and Torsvik, 2010]. If the
MaxMI axis moves much slower than this and is already close to the spin axis, they both will remain closely
aligned. This has probably been the case during the Cenozoic [Steinberger and O’Connell, 1997; Steinberger
and Torsvik, 2010].
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Past mantle density can be inferred from seismic tomography through backward advection [Steinberger and
O’Connell, 1997] or the adjoint method [Bunge et al., 2003], but the fraction of mantle density anomalies that
cannot be reliably reconstructed gets larger and larger further back in time. Therefore, to model TPW during
the Mesozoic or even Paleozoic, an alternative forward modeling approach, where mantle density through
time is based on subduction history and the sinking of slabs [Richards et al., 1997], becomes more attractive.
The drawback is that this approach essentially only considers the downward limb of convection. In a limited
way, one can consider the eﬀect of upwellings by assigning an inertia tensor contribution to the Large Low
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Shear Velocity Provinces (LLSVPs) under
Africa and the Paciﬁc (Figure 1a), where
probably most of the upwelling ﬂow
occurs [Rouby et al., 2010; Steinberger and
Torsvik, 2010]. Since the LLSVPs correspond to geoid highs, they are assigned
an inertia tensor contribution with the
axis of minimum moment of inertia (MoI)
near their centers, and intermediate and
maximum axes ≈90∘ away (Figure 1a).
Because the diﬀerence between maximum and intermediate MoI of the LLSVPs
is much smaller than the diﬀerence between their intermediate and minimum
MoI, the total MaxMI axis tends to stay
near a great circle halfway between the
two LLSVPs, and the distribution of slabs
determines where, approximately along
this circle, the MaxMI axis occurs. However, upwellings above LLSVPs and their
margins could be quite time-dependent,
even if the LLSVPs themselves are not, and
any changes in the inertia tensor due to
this time dependence cannot be modeled
reliably.
Rouby et al. [2010] and Steinberger and
Torsvik [2010] predict rather large amounts
of TPW over the past 120–130 Myr, much
exceeding observations. In Steinberger and
Torsvik [2010] large motions only occur
before 100 Ma. Limited TPW after 100 Ma
was also emphasized by Richards et al.
Figure 1. (a) Calculated minimum moment of inertia (MoI) axis of
[1997], but even they ﬁnd fast TPW (see
(uncompensated) slabs versus subduction age, indicated by color.
Size of circles corresponds to diﬀerence between intermediate and
their Figure 3) before 100 Ma. In contrast,
minimum MoI. LLSVPs (Large Low Shear-wave Velocity Provinces)
paleomagnetic reconstructions indicate
indicated in pink, with symbols plus, minus, and zero for their axis of
much less observed TPW back to 320 Ma
maximum, minimum, and intermediate MoI. (b) Depth of subducted
[Steinberger and Torsvik, 2008]. Here we
slabs versus slab age t2 for diﬀerent times t1 (corresponding to line
aim at better understanding this discrepcolor) before present. Curves change as slabs sink through the mantle.
Continuous lines for equation (1), dashed lines for equation (2).
ancy and pointing at possible ways to
(c) Degree 2 geoid kernel [Steinberger and Calderwood, 2006] as
resolve it. Whereas Steinberger and Torsvik
weighting factor of how much slabs at given depth contribute to
[2010] used a dynamic mantle ﬂow model
the total MoI tensor.
based on subduction history, here we
adopt the simpler approach of assuming
vertical slab sinking with prescribed speed [Richards et al., 1997; Rouby et al., 2010]. In this way, we can run a
much larger number of models and test how results depend on various assumptions, and which results are
robust. Moreover, a recent comparison of subduction history with seismic topography at various depths in
the mantle indicates that a sinking speed that is constant or only depends on depth could be quite an appropriate assumption [Domeier et al., 2016]. We can therefore assign sinking speeds consistent with observations,
rather than using those generated within the numerical model.
We will describe our method of computing the MaxMI axis and TPW in the next section. The results section
will show a large predicted motion of the MaxMI axis, and hence a large TPW prediction for a wide variety
of models. We will then discuss the reasons for this result, which is clearly discrepant with observations and
possible ways it could be resolved.
STEINBERGER ET AL.
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2. Method
Our workﬂow consists of the following steps:
1. Computing the inertia tensor of (uncompensated) subducted slabs at given times: From plate reconstructions, convergence rate is computed. Given the length of each subduction zone element, convergence rate,
depth-integrated density anomaly (assumed either constant 2.184 ⋅ 106 kg/m2 or depending on age of subducted lithosphere), and time interval (2 Myr), an anomalous mass is assigned to each subduction zone
element. Besides the reference case [Steinberger and Torsvik, 2010] for 0–300 Ma, we use several other plate
reconstructions to account for uncertainties. The minimum MoI axis through time for the reference case
is shown in Figure 1a. This corresponds to the regions where most subduction occurs (and/or around its
antipode) and the convergent quadrupoles of Conrad et al. [2013].
2. Converting age to depth: Following Domeier et al. [2016] we assign slabs subducted at a given time t2 in the
past, before the time t1 for which the inertia tensor is to be computed, to depth z. We vary the age-depth
relationship between
)
)
(
(
z t1 , t2 = 1.9 cm/yr ⋅ t2 − t1
(1)
(reference case) and
)
)
(
(
z t1 , t2 = 1.1 cm/yr ⋅ t2 − t1 + 600 km.

(2)

In the ﬁrst (second) case, slabs take 153 Myr (209 Myr) to sink to the base of the mantle, i.e., 300 Myr of
subduction history allows TPW prediction back to 147 (91) Ma. In the latter case, slabs are inserted at depth
600 km. Results remain very similar with a faster slab sinking rate in the upper mantle; hence, we maintain
our simpler assumption equation (2).
3. Computing contribution of slabs at given depth to inertia tensor: Subducting slabs induce ﬂow in the
mantle and this ﬂow causes dynamic topography at the Earth surface and core mantle boundary (CMB).
These topographies also aﬀect the inertia tensor, partly compensating or even overcompensating the eﬀect
of the slab density anomalies. In case of viscosity only varying with radius, this can be expressed in terms
of a depth-dependent kernel, which speciﬁes the fraction of the MoI, compared to the one caused by the
same uncompensated density anomaly pattern at the surface. We assume here that this density anomaly
pattern does not change as slabs sink in the mantle. This is not strictly the case, as slabs geometrically widen,
relative to the reduced radius at depth, but the eﬀect on the inertia tensor could be more or less compensated (within uncertainties) by reduced thermal expansivity at depth. Since the MoI tensor is related to the
degree 2 geoid coeﬃcients according to McCullagh’s formula, we use the degree 2 geoid kernel K2 (z). Spikes
at 410 and 660 km (top and bottom of the transition zone; Figure 1c) account for phase boundaries, such
that the integral over the kernels corresponds to the total phase boundary eﬀect.
4. Computing the total inertia tensor: First, we add the contribution at each time for all slabs above a certain maximum depth zmax . The default value (reference case) for zmax is at the CMB, but since Domeier et al.
[2016] ﬁnd a decorrelation of slabs and tomography in the lowermost mantle, we also consider cases with
slabs only included to a smaller zmax . This corresponds to assuming that, below that depth, slabs no longer
sink vertically but distribute laterally over the CMB. Second, we add a constant “background inertia tensor.”
In our reference case, we adopt this contribution from Steinberger and Torsvik [2010], where it has been estimated assuming it is related to the LLSVPs. However, we also consider other cases described in the results
section.
5. Computing the MaxMI axis and (optionally) TPW. Given the shape of the kernels in point (3), this axis tends
to be located such that slabs in the upper mantle are far away, but slabs in the lower mantle close by. From
the MaxMI axis, TPW can be computed, considering that the spin axis does not instantaneously follow the
MaxMI axis, due to adjustment of the equatorial bulge. However, in most cases, for the sake of simplicity,
we will not do this ﬁnal step. This will be further justiﬁed in the results section.

3. Results
Figure 2 shows results for the reference case with age-depth relation equation (1) and slabs included to CMB
depth. For the present day, the MaxMI axis is <3∘ from the North Pole. Also, the trend and speed of motion
for the last 10 Myr is similar to observed. However, discrepancies become larger further back in time, and the
predicted MaxMI axis moves by almost 90∘ around 80–90 Ma. For the observed TPW of the last 120–130 Myr,
STEINBERGER ET AL.
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the largest motion of ≈10∘ occurs in a similar direction 100–110 Ma. Computation
of the spin axis, following the procedure
described in Steinberger and Torsvik [2010],
leads to the TPW curve shown as grey
line with small colored circles in 2 Myr
intervals: Since the most rapid change of
≈90∘ of the MaxMI axis occurs around
80–90 Ma, and the maximum speed of
TPW is ≈2∘ /Myr, it is only after 40 Ma that
the predicted spin axis comes and stays
close to the MaxMI axis. Therefore, this
last step rather increases the discrepancies with observed TPW.
If the age-depth relation of slabs is
changed to equation (2) (Figure 3a; curve
marked “2900 slow”; Movie S1 in the supporting information), corresponding to
faster sinking in the upper mantle and
slower sinking in the lower mantle, the
misﬁt of the present-day pole is substantially larger, but otherwise results remain
similar, especially a fast motion, in a very
similar direction, is still predicted between
80 and 90 Ma. Since Domeier et al. [2016]
Figure 2. Predicted MaxMI axis (maximum moment of inertia axis of
show that the correlation of subduction
mantle convection) in the reference case (red line). For comparison,
zones with tomography deteriorates
we also show predicted TPW (true polar wander), under consideration
below depth 2300 km, we also include a
of its speed limit due to adjustment of the equatorial bulge (grey line),
and observed TPW in the global mantle reference frame of Torsvik et al. curve (marked “2300 slow”), where only
slabs above depth 2300 km are consid[2008]. Bold numbers indicate ages in Ma.
ered. It ﬁts the present-day pole better,
but otherwise remains very similar. For
faster slab sinking, fast motion of the MaxMI axis would occur at an earlier time, more similar to the model
of Steinberger and Torsvik [2010] and observed TPW. However, such fast sinking would be inconsistent with
Domeier et al. [2016]. With only slabs above a certain depth and age-depth relation equation (1) (Figure 3b;
curves marked “2300” and “1400”; Movie S2 in the supporting information) results remain similar to the reference case, but poles are shifted toward Greenland after 70 Ma, and fast motion before that is mostly in the
opposite direction.
We now turn to varying the LLSVP contribution (Figure 3c; Movie S3 in the supporting information). If the
constant MoI tensor assigned to the LLSVPs is reduced (increased), the MaxMI axis is less (more) constrained
to remain close to halfway between the LLSVPs, and the motion of the MaxMI axis toward the Paciﬁc LLSVP
between ≈70 and 10 Ma varies accordingly. However, we still obtain a fast motion between 80 and 90 Ma
similar to the reference case.
In a further attempt to reduce this fast motion, we make the “background” inertia tensor triaxial, by reducing
the intermediate MoI (Figure 3d, curve “IMI = 0”; Movie 4 in the supporting information). As expected, this
reduces the motion of the MaxMI axis, but it still remains too large, ends later than, and goes in the opposite
direction to observed TPW.
Further, we modiﬁed the background inertia tensor, such that the total inertia tensor (background + slabs
contribution) exactly matches observations (Figure 3d, curve marked “total matched”; Movies S5 and S6 in
the supporting information) and the present-day MaxMI axis falls exactly on the pole. Given that the axis of
minimum MoI of the Earth is further west than the LLSVP centers, the largest predicted motion of the MaxMI
axis occurs in a somewhat diﬀerent direction in these cases, but remains fast during a similar time interval as
in the reference case.
STEINBERGER ET AL.
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Figure 3. Predicted MaxMI axis for modiﬁcation cases. Numbers indicate ages in Ma. (a) Sinking of slabs modiﬁed to
equation (2). Slabs included to CMB (curve marked “2900 slow”) or only depth 2300 km (marked “2300 slow,” red line).
(b) Slabs included to depth 2300 km (marked “2300”; red line) or 1400 km (marked “1400”); otherwise as reference
case. (c) LLSVP inertia tensor increased by factor 2 or reduced to 40% (red line), as indicated. (d) Intermediate MoI
of “background” reduced to zero (marked “IMI = 0”), or “background” inertia tensor chosen such that total matches
observations (marked “total matched”; red line). (e) Results with subduction input as in models 2 and 3 of Steinberger
and Torsvik [2010], with constant lithosphere thickness (red line) and also constant convergence rate. (f ) Subduction
input models MS12 [Seton et al., 2012, green line] for 0–200 Ma, TT10 [Torsvik et al., 2010; Conrad et al., 2013, red line] for
0–250 Ma, and three cases RD85, AK01 (light brown line), and PW08 considered by Conrad et al. [2013] with diﬀerent
Paciﬁc plate motions [Duncan and Clague, 1985; Koppers et al., 2001; Wessel and Kroenke, 2008] for 80–150 Ma and
150–250 Ma plate motions as in TT10. Curves in Figure 3f except for MS12, disregard age variations of subducted
lithosphere and are very similar. Subduction input before 200 Ma for MS12 and before 250 Ma for other models in
Figure 3f as in reference case. Like in Figure 2, predicted TPW follows the predicted MaxMI axis, but with some time
delay if the MaxMI axis moves very fast (not shown). For comparison, distributed over Figures 3a–3c for clear visibility,
three further cases for “observed” TPW are shown: “PD12” is the African Apparent Polar Wander Path of Torsvik et al.
[2012] transferred to the global mantle reference frame of Doubrovine et al. [2012], “CO05” is in the African mantle
reference frame of O’Neill et al. [2005], and “JB02” is from Besse and Courtillot [2002].
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In the results obtained so far, we had
considered variations in the thickness of
subducted slabs, due to diﬀerent age of
subducted lithosphere, back to 140 Ma.
The motion of the MaxMI axis remains
very similar, if we instead assume a
constant lithosphere thickness (red line
in Figure 3e). If, however, the convergence rate is also set to be constant
for all times, results change considerably, motion of the MaxMI axis is much
reduced over the past 130 Myr, but
the predicted motion is still rather different from observation-derived TPW,
with total motion in approximately the
opposite direction.
Results also remain similar for several
other plate reconstructions (Figure 3f ):
The models TT10 and MS12 are based
on a plate reconstruction back to
250 Ma (200 Ma), and therefore, in contrast to the results shown so far, also
Figure 4. Diﬀerence between maximum and intermediate MoI for all
consider variations in convergence rate
cases shown in Figures 2 and 3 as indicated in the legend. Value of LLSVP
before 140 Ma. These are rather uncercontribution indicated by thick grey line, for comparison. “age=const”,
constant lithosphere thickness; “conv=const”, constant convergence rate. tain, because plate motions in the
Paciﬁc hemisphere are very poorly constrained before 140 Ma, but for these
models, the predicted MaxMI axis remains very similar. Paciﬁc plate motions are somewhat better constrained
between 83 and 140 Ma, and results for three diﬀerent models remain very similar to TT10.
Further models yielding similar results are not shown: These include changing the longitude of subduction
[van der Meer et al., 2010], considering (or disregarding) lithosphere thickness variations with age, neglecting
the eﬀects of phase transitions, using diﬀerent kernels as in Steinberger and Torsvik [2010], and using the plate
reconstruction of Matthews et al. [2016], based on Müller et al. [2016] and Domeier and Torsvik [2014], and
diﬀerent slab input models for the cases shown in Figures 3a–3d.

4. Discussion
We only consider degree 2 kernels that are negative in the lower part and positive in the upper part of the
mantle, similar to Figure 1c. Such a kernel shape is required to explain the long-wavelength geoid based on
mantle density anomalies [Thoraval and Richards, 1997]. Also, a substantial viscosity increase with depth in
the mantle, leading to such a kernel shape, is necessary to obtain realistic speeds of TPW [Spada et al., 1992].
Several of our models predict the present position of the MaxMI axis within a few degrees of the north pole.
Whereas the axis for only the LLSVP contribution would be in Northern Siberia, about 19∘ from the pole,
combining this with the subducted slab contribution brings the axis much closer to the pole. Also, the recent
trend toward Greenland is approximately matched by these models. Back to ≈70 Ma, most model predictions agree with observations at least insofar as polar motion is less than ≈10–15∘ , and diﬀerences could
perhaps be due to variations in upwelling ﬂow, given that backward models, which consider variations in
both upward and downward ﬂow, tend to yield a better ﬁt [Steinberger and O’Connell, 1997]. The period,
for which a rather stable rotation axis is predicted, is limited to after ≈40 Ma, if the speed limit of TPW is
considered (Figure 1). Before that, most models predict rather large and fast polar motion, which—based
on paleomagnetic data—have only been claimed for much earlier times [e.g., Kirschvink et al., 1997; Mitchell
et al., 2010].
Large shifts of the MaxMI axis tend to occur during times when the diﬀerence between maximum and intermediate MoI is very small (Figure 4), similar to “Inertial Interchange TPW.” Increasing MoI diﬀerence past
STEINBERGER ET AL.
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≈70–80 Ma can be attributed to circum-Paciﬁc subduction becoming predominantly E-W around that time
(Figure 1a). Because the degree 2 geoid kernel (Figure 1c) is positive in the upper part of the mantle, the axis of
minimum MoI due to slabs only is shifted toward near the equator. This means that for the total inertia tensor
(with minimum axis remaining near LLSVP centers) the MaxMI axis is stabilized near the pole. In contrast, the
kernel (Figure 1c) is negative in the lower part of the mantle. Therefore, for slabs in the lower part of the mantle,
the total MaxMI axis should be near the minimum MoI axis of uncompensated slabs (Figure 1 a). For slabs in the
entire mantle, it can be either way, depending on which contribution is dominant. Amounts of subduction are
increasingly poorly known further back in time, in particular, around the circum-Paciﬁc. Therefore, both the
minimum MoI of slabs (Figure 1a) and the relative (and opposing) contributions from upper and lower mantle
are poorly constrained, especially for subduction before ≈140 Ma. Given that for the sinking rates assumed
here, slabs take ≈153–209 Ma to sink to the lowermost mantle, we can probably only reliably estimate slab
distribution for the largest part of the mantle in the very recent past. This probably corresponds to the relatively good match in the present pole location and recent trend, and decreasing ﬁt, with large shift of the
MaxMI axis, further back in time. A similar fast motion also occurred in the fully dynamic models of Steinberger
and Torsvik [2010], but somewhat earlier. Here slab sinking speed is assigned, based on a comparison with
tomography, which could be thought of making the model more realistic, but in fact aggravates problems.

The only cases where the MoI diﬀerence as a function of time does not pass through a pronounced minimum
around 80–90 Ma in Figure 4 and where accordingly the motion of the MaxMI axis is less fast in Figure 3 are
for a modiﬁed convergence rate, or a more triaxial background inertia tensor. Hence, rates of convergence
diﬀerent from those assumed here for earlier times are probably responsible for the discrepancies found, and
slabs that are now accumulated in the lower mantle could make the “background” inertia tensor more triaxial
than inferred from LLSVPs only [see also Chan et al., 2011; Mitchell, 2014]. An alternative explanation—that
persistent triaxiality is due to long-term elastic strength of the lithosphere, has been proposed by Creveling
et al. [2012]

5. Conclusions
As lithospheric slabs sink through the mantle, they contribute to mantle density anomalies and cause changes
of the inertia tensor and rotation axis (TPW). By comparing TPW predictions with observations, one can therefore test subduction history models for plausibility. Here we perform such “tests” for a variety of models, but all
models fail in the sense that predicted changes of the MaxMI axis and TPW clearly disagree with observations.
However, closer to the present agreement is better than in the more distant past. We therefore regard it as
most likely that the disagreement stems from large uncertainties in absolute plate motions in the Paciﬁc basin,
in particular, before ≈140 Ma, leading to erroneous models of circum-Paciﬁc subduction input. In particular,
results could possibly be improved if models were modiﬁed such that more subduction occurred along the
northern and southern margins of the Paciﬁc/Panthalassa, compared to the east and west, before ≈140 Ma.
Such models would lead to comparatively more slabs in the lower mantle beneath polar regions, thus keeping the rotation axis more stable and closer to its present position for a longer time. While we regard ad hoc
modiﬁcations of plate reconstructions as unwarranted, we expect that true polar wander models can be used
to constrain future plate reconstructions extending to the more distant past, in particular, if there are several
alternatives.
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