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S U M M A R Y
A fundamental assumption in palaeomagnetism is that the geomagnetic field closely approx-
imates a geocentric axial dipole in time average. Here we use numerical dynamos driven by
heterogeneous core–mantle boundary heat flux from a mantle global circulation model to
demonstrate how mantle convection produces true dipole wander, rotation of the geomagnetic
dipole on geologic timescales. Our heterogeneous mantle-driven dynamos show a dipole ro-
tation about a near-equatorial axis in response to the transition in lower mantle heterogeneity
from a highly asymmetric pattern at the time of supercontinent Pangea to a more symmetric
pattern today. This predicted dipole rotation overlaps with a palaeomagnetically inferred ro-
tation in the opposite direction and suggests that some events previously interpreted as true
polar wander also include true dipole wander.

Key words: Core; Mantle processes; Dynamo theories and simulations; Palaeomagnetism;
Reversals; Dynamics: convection currents and mantle plumes.

1 I N T RO D U C T I O N

When using palaeomagnetic data for reconstructing plate tectonics,
continent locations and palaeoclimates, it is generally assumed that
the geomagnetic field consists of a geocentric axial dipole when
averaged over sufficiently long times. Tested against palaeomag-
netic directions from the recent past, this assumption is found to
be accurate within a few degrees (Schneider & Kent 1990; McEl-
hinny et al. 1996) and it is also qualitatively supported by older
palaeomagnetic data when averaged over many hundreds of million
years (Evans 2003; Veikkolainen & Pesonen 2014). Nevertheless,
there is palaeomagnetic evidence favouring small yet long-lasting
axial quadrupole and octupole geomagnetic field components with
amplitudes equal to a few per cent of the dipole (Johnson et al.
2008), broadly consistent with the time average fields produced
by numerical dynamos, which often show persistent axial octupole
components coexisting with the axial dipole that depend on inner
core size, boundary heterogeneity and other effects (Bloxham 2000;
Heimpel & Evans 2013; Landeau et al. 2017).

Non-axisymmetric geomagnetic field components are more trou-
blesome for tectonic and palaeoclimate reconstructions that assume
an axial geocentric dipole because they produce longitudinally de-
pendent errors in palaeolatitude. Yet, there is abundant evidence
for long-lasting non-axisymmetric geomagnetic field components.
Time averages of the geomagnetic field show measurable deviations
from axisymmetry on century (Gillet et al. 2013) and millennium

timescales (Korte & Holme 2010), and there are also dipole tilt
variations on millennial timescales (Nilsson et al. 2011). Palaeo-
magnetic evidence for similar deviations on million year timescales
(Johnson & Constable 1997; Kelly & Gubbins 1997) remains con-
troversial (Johnson & McFadden 2015). Significantly, the same nu-
merical dynamos that produce symmetric time average magnetic
fields with symmetric boundary heterogeneity yield asymmetric
time average magnetic fields with inclined dipoles when asymmet-
ric boundary conditions are applied (Olson & Deguen 2012; Olson
et al. 2017).

In this paper, we analyse numerical dynamos driven by heteroge-
neous outer boundary heat flux that produce long-lasting deviations
of the magnetic dipole axis relative to the planetary spin axis. By
long-lasting we mean deviations that persist when the magnetic field
and its dipole axis orientation are averaged over multiple dipole free
decay times, equivalent to several hundred thousand years in Earth’s
core. This is far longer than the characteristic timescales for vari-
ability of the circulation in Earth’s core (measured in hundreds or
thousands of years), far shorter than the characteristic timescales for
variability of the circulation in Earth’s mantle (measured in tens or
hundreds of millions of years) but comparable to the timescales rep-
resented by palaeomagnetic measurements. By averaging over this
amount of time separately in both magnetic polarities, reverse and
normal, while excluding polarity transitions when the field is non-
dipolar, we suppress transient dipole fluctuations that are intrinsic
to the dynamo process while highlighting the influence of boundary
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heterogeneity on timescales commensurate with the interpretations
of palaeomagnetic data.

Because convection in Earth’s mantle is time-dependent, the ge-
omagnetic dipole axis is expected to slowly rotate as the heat flux
at the core–mantle boundary (CMB) varies. We use the term true
dipole wander for the motions of the geomagnetic pole on these
timescales. Fig. 1 is a schematic depiction of true dipole wander
and the related phenomenon, true polar wander. With true dipole
wander (panel a) the geomagnetic dipole rotates relative to the litho-
sphere and mantle, Earth’s spin axis and the climate equator. With
true polar wander (panel b) the lithosphere and continents (and
likely the bulk of the mantle) rotate relative to the geomagnetic
dipole, Earth’s spin axis and the climate equator.

2 D I P O L E T I LT F RO M
H E T E RO G E N E O U S B O U N DA RY H E AT
F LU X

Fig. 2 illustrates long-lasting dipole tilt obtained using numerical
dynamo code MagIC (Wicht 2002) with control parameters Ek = 1
× 10−4, Ra = 4 × 107, Pr = 1 and Pm = 6 for the Ekman, Rayleigh,
Prandtl and magnetic Prandtl numbers (Olson et al. 2017), in which
the heat flux on the outer boundary (radius r = 1) has the spherical
harmonic Y21 (degree � = 2 and order m = 1) pattern of variation
shown in Fig. 2(a), with its peak-to-peak amplitude q∗

Y21 normal-
ized by the spherical average buoyancy flux on the inner dynamo
boundary (radius r = 0.35). For these dynamos, the spherical av-
erage heat flux on the outer boundary is zero, modelling adiabatic
thermal stratification below the CMB, and the dimensionless heat
sink ε = −0.8 models thermochemical convection dominated by
light element release from the inner core. For the dynamos in Fig. 2,
the heat flux amplitude is varied between arbitrarily wide limits in
order to quantify how the dipole axis tilt angle increases with q∗

Y21;
in the next section we constrain the boundary heat flux heterogeneity
using a mantle global circulation model (GCM).

The elevated heat flux regions on the outer boundary produce
convective downwellings shown as blue patches in Fig. 2(b). These
downwellings concentrate the magnetic field into intense off-axis
spots located at high latitudes in both northern and southern hemi-
spheres, and yielding the dipole axis location shown by the red cross
in Fig. 2(c). Figs 2(d) and (e) show that the tilt angle of the dipole
axis of the time average field increases quasi-linearly with the am-
plitude of the boundary heat flux heterogeneity q∗

Y21, whereas the
dipole axis longitude is less sensitive to the amount of boundary het-
erogeneity. The error bars in Fig. 2(d) indicate standard deviations
of the instantaneous dipole co-latitudes. Although the instantaneous
dipole axis locations are highly variable in these dynamos, we show
in the Supplementary Information that there is a little difference
between the dipole axis location of the time average field and the
time average location of the dipole axis when the non-dipole fields
during polarity reversals are excluded.

3 T RU E D I P O L E WA N D E R F O L L OW I N G
PA N G E A B R E A K U P

Fig. 3 shows the large-scale pattern of CMB heat flux at four epochs
from a mantle GCM constrained by plate motions (Rudolph &
Zhong 2014; Zhong & Rudolph 2015) along with the time average
radial magnetic field intensity on the outer boundary of a numerical
dynamo driven by each heat flux pattern. Except for the patterns of
heat flux heterogeneity, we use the same dynamo parameters and

the same evolutionary scheme as Olson et al. (2013) to model the
geodynamo from the present day to 225 Ma. We combine the CMB
heat flux predicted by the mantle GCM with thermal evolution of
the core (Labrosse 2003), computing the evolution of the dynamo
control parameters relative to their present-day values. We then tie
this evolution to a present-day geodynamo model with parameters
Pr = 1, Pm = 20 and Ek = 5.75 × 10−3, tuning Ra until the dynamo
polarity reversal frequency matches the geomagnetic average over
the past 5 million years. There are advantages in using reversing
dynamos for simulating geomagnetic dipole wander. If a numerical
dynamo fails to reverse polarity, it often means that its dipole field
is too stable in the axial position, and consequently, its response
to boundary heat flux heterogeneity is likely to be unrealistically
weak. Another advantage of our dynamos is that they lie within
the region of Earth-like behaviour as defined by Christensen et al.
(2010) based on criteria such as dipolarity, secular variation and
magnetic flux concentrations. For example, the dipolarity of these
dynamos, the ratio of the rms dipole intensity to the rms total field
intensity on the outer boundary, tends to decrease from present-day
Earth-like values near 0.55 at times when the dipole axis tilt is small
to near 0.4 when the dipole axis tilt is large.

At 0 and 75 Ma in Fig. 3, the time average dynamo magnetic fields
are nearly symmetric and the dipole axes of their time average fields
nearly coincide with the rotation axis. At 125 and 200 Ma, how-
ever, the time average fields are markedly less symmetric, with two
asymmetrically located patches of high-intensity field, one northern
and one southern, that tilt the dipole axis away from the rotation
axis by about 15◦. The key element in the boundary heterogeneity
that produces this dipole tilt is the extensive region of elevated heat
flux centred along 90◦E Longitude in the northern hemisphere, pro-
duced by the downwelling in the mantle GCM located beneath a
major subduction zone that formed on the northeastern margin of
Pangea. This structure tends to weaken over time following Pangea
breakup, and as it weakens the CMB heat flux becomes more uni-
form overall, the dynamo becomes more symmetric, and its time
average magnetic field becomes more axial. For example, the peak
CMB heat flux in this region diminishes from 169 mW m−2 at 200
Ma when dipole tilt is large to 89 mW m−2 at 0 Ma, while the rms
CMB heat flux heterogeneity diminishes from 37 to 23 mW m−2

over the same time interval.
We have calculated dipole axis locations for the time average

dynamo magnetic field from 225 to 0 Ma (present day) at epochs
spaced 25 Ma apart, using the CMB heat flux patterns from the man-
tle GCM. The results are shown in Fig. 4(a) for normal magnetic
polarity and in Fig. 4(b) for reverse magnetic polarity at the same
epochs, except during the Cretaceous Normal Superchron (epochs
115 and 100 Ma). Closely consistent results are found in both po-
larities, the small differences between normal polarity and reverse
polarity dipole locations being attributable to the finite averaging
time used, approximately four dipole free decay times at each epoch.
In addition, the dipole locations of the time average fields shown in
Fig. 4 closely match the time averages of the instantaneous dipole
locations (see the Supplementary Information).

At 200 Ma in Fig. 4(a) the geomagnetic pole (dipole axis location)
lies approximately 14◦ from the spin axis. First it rotates 7◦ back
towards the spin axis by 175 Ma, followed by a 10◦ rotation away
from the spin axis by 125 Ma. Then, starting around 125 Ma, the
geomagnetic pole migrates towards the spin axis along a generally
east-to-west path (Fig. 4a). This motion amounts to approximately
17◦ of anticlockwise rotation of the dipole about an axis located
near the equator and 0◦ Longitude. According to the normal polarity
results in Fig. 4(a), the implied rates of true dipole wander lie in the
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Figure 1. (a) True dipole wander. The geomagnetic dipole (red field lines with black central vector) rotates relative to the lithosphere (including continents)
and the mantle (black perimeter), Earth’s spin axis (�) and the climate equator (green). (b) True polar wander. The lithosphere (including continents) and the
mantle rotate relative to the geomagnetic dipole, Earth’s rotation axis and the climate equator.

range of 0.1◦–0.8◦ of rotation per million years. A comparable set of
dipole rotations are seen in Fig. 4(b) for reverse polarity times, the
major differences being the 125 Ma dipole axis is tilted 20◦ from
the spin axis, and there is no intermediate dipole axis location at
115 Ma. As a result, according to Fig. 4(b), the major anticlockwise
dipole rotation is nearly 20◦ about an axis located very near the
equator and 0◦ Longitude, with an implied (minimum) rotation rate
of 0.4◦ per million years.

Interpreting Figs 4(a) and (b) more broadly, there are two clusters
of geomagnetic pole locations, an off-axis cluster with older ages
(red diamonds) and a near-axis cluster with younger ages (blue
diamonds), the two clusters separated by 10◦–20◦ of anticlockwise
dipole rotation. According to this broader interpretation, the speed
of the dipole rotation is uncertain, but the intermediate normal pole
location at 115 Ma (green diamond) roughly gives the epoch when
the dipole rotation was fastest.

The underlying causes of the dipolar motions implied by Figs 3
and 4(a) and (b) are temporal changes in the magnitude and pattern
of the CMB heat flux that is asymmetric with respect to Earth’s
spin axis. To demonstrate this, Fig. 4(c) shows the time variation
of the amplitude of the Y21 component of the CMB heat flux from
the mantle GCM between 0 and 250 Ma compared to the dipole tilt
calculated from our dynamos at each epoch, for both normal and
reverse polarities. Here we are assuming that the Y21 component is
a good proxy for the asymmetry of the CMB heat flux with respect
to Earth’s spin axis. Prior to 125 Ma, the Y21 CMB heat flux is
generally large and its time variation roughly correlates with the

variations in amplitude of the dipole tilt. After 125 Ma, in contrast,
both the Y21 CMB heat flux and the dipole tilt are uniformly small.

4 D I P O L E WA N D E R V E R S U S P O L A R
WA N D E R

True polar wander has been inferred at multiple times in the
Phanerozoic on the basis of palaeomagnetic directions and other
observations (Jurdy & Van der Voo 1975; Besse & Courtillot
2002; Evans 2003). Using palaeomagnetic directions, Steinberger
& Torsvik (2008) identified a major Mesozoic polar wander event
between 195 and 145 Ma on the basis of an apparent 18◦ clock-
wise rotation of the continents about a near-equatorial axis located
between 10◦W and 20◦W Longitude. Torsvik et al. (2012) later
identified multiple episodes of continent rotation between 250 and
100 Ma, including two successive Mesozoic rotations between 200
and 140 Ma amounting to nearly 30◦ of clockwise continent ro-
tation about a near-equatorial axis located at approximately 11◦E
Longitude, implying rotation rates of 0.45◦–0.8◦ per million years.
Kent et al. (2015) constrained the timing of the major clockwise
Mesozoic rotation to lie between 160 and 145 Ma with nearly 30◦

rotation, implying rotation rates near 1.5◦ per million years. Subse-
quently, Fu & Kent (2018) inferred an approximately 15◦ clockwise
rotation of the Pacific Plate during 157–147 Ma using palaeolatitude
determinations from core samples from old Pacific crust, generally
consistent with their previously identified major Mesozoic clock-
wise rotation of the continents and demonstrating the global nature
of this event.
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Figure 2. Sensitivity of dipole tilt to asymmetric boundary heat flux. (a) Spherical harmonic Y21 outer boundary heat flow pattern with dimensionless
amplitude q∗

21=0.37. (b) Time average radial velocity at radius r = 0.95. Contour interval is 1.1 Reynolds number units. (c) Time average radial magnetic
field on the outer dynamo boundary driven by the heat flux in (a); red cross marks the dipole axis location of the time average field. Contour interval is 0.25
Elsasser number units. (d) Dipole axis tilt angle θd versus dimensionless amplitude of the Y21 outer boundary heat flux. Dashed line shows best-fitting linear
proportionality θd = 30q∗

21. (e) Dipole axis longitude φd measured relative to the boundary heat flux maximum versus boundary heat flux amplitude.

The clockwise Mesozoic rotation just described is somewhat
larger in magnitude but opposite in direction to the implied dipole
rotations in Figs 4(a) and (b), and its timing is earlier by 30–40 mil-
lion years. However, the uncertainty in the timing of the dipole rota-
tion in Fig. 4 is several tens of million years, given the large number
of assumptions built into the mantle GCM. We suggest, therefore,
that global rotations in the Mesozoic, previously interpreted as polar
wander, may have included rotations of the geomagnetic dipole in
the opposite direction.

On theoretical grounds, it is likely that polar wander and dipole
wander are dynamically coupled because both phenomena are sen-
sitive to Y21 mantle heterogeneity. True polar wander is sensitive
to the Y21 component of mantle density heterogeneity through
its geoid anomaly (Ricard et al. 1993; Tsai & Stevenson 2007),
whereas Figs 2 and 4(c) demonstrate that true dipole wander is sen-
sitive to CMB heat flux in that same component. Because of this
coupling, the true dipole wander in our dynamos is likely affected
by the axial dipole assumption used in reconstructing the plate mo-
tions in the mantle GCM. The plate reconstruction by Seton et al.

(2012) that produced the 0–200 Ma surface velocity boundary con-
ditions used for Figs 3 and 4 adopts a mantle reference frame that
includes Mesozoic rotations of the continents. The CMB heat flux
pattern in a mantle GCM without these rotations might be dif-
ferent, which in turn would affect our dynamo-calculated dipole
tilt.

To quantify the errors involved in this coupling, we rotated the
CMB heat flux patterns prior to 150 Ma by 18◦ in the clockwise
direction around an equatorial axis located at 15◦W Longitude. This
clockwise rotation with age is equivalent to a counterclockwise
rotation of the mantle in time. It is intended to remove the major
Mesozoic rotation of the continents included in Seton et al. (2012)
and in our mantle GCM. By doing so, we obtain a model for the
CMB heat flux if no true polar wander occurred. We find that the
amplitude of the Y21 CMB heat flux is increased by approximately
30 per cent by this rotation. Assuming that dipole tilt is linearly
related to the amplitude of the Y21 boundary heat flux component
as in Fig. 2(d), we expect an increase of 2◦–5◦ in dipole tilt from
this correction. This yields a dipole tilt in the range 9◦–25◦ during
the period 150–225 Ma. Therefore, using a mantle GCM with no
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Figure 3. (a) Core–mantle boundary (CMB) heat flux from the mantle global circulation model (GCM) described in the text, at four epochs. CMB heat flux
patterns are truncated at spherical harmonic degree and order � = m = 4. (b) Time average normal polarity radial magnetic field on CMB from numerical
dynamos driven by the corresponding CMB heat flux patterns. Red crosses indicate the locations of the geomagnetic pole (dipole axis) of the time average
normal polarity field. Radial magnetic field intensity contour interval is 0.3 Elsasser number units.

continent rotation would increase the amount of true dipole wander
in our dynamos.

On even longer timescales, Torsvik et al. (2012) find that coun-
terclockwise and clockwise rotations of the continents nearly bal-
ance, such that their cumulative rotation since early Carboniferous
is essentially zero. One explanation for this behaviour is that true
polar wander events are limited by the stabilizing effects of lower
mantle density heterogeneity, which, it is assumed, has remained un-
changed for hundreds of millions of years (Dziewonski et al. 2010).
Our results suggest a simpler explanation. Because dipole tilt is
dynamically constrained by the effects of Coriolis accelerations on
core flows (Jones 2015), the dipole axis tends to align with Earth’s
spin axis. As the large-scale heterogeneity of the convecting mantle
evolves (Zhong et al. 2007), the time average dipole axis rotates
away from Earth’s spin axis when the CMB heat flux is asymmet-
ric, but then rotates back towards the spin axis when the CMB heat
flux becomes more symmetric. This naturally limits the amplitude
of true dipole wander. In particular, CMB heat flux heterogeneity
would have to be significantly larger than mantle GCM predictions
in order to support dipole tilts of 45◦ or more, so that extremely
large apparent polar motions (∼90◦ in latitude, e.g.) are unlikely to
be due to dipole rotation alone.

Dipole wander can be tested against polar wander using recon-
structions of palaeogeography and palaeoclimate that assume a geo-
centric axial dipole field a priori, as well as stratigraphically. Fig. 1

illustrates the basic principle. With true polar wander and an axial
dipole, palaeomagnetic directions correctly locate the climate equa-
tor, and climate zones appear to move north or south relative to the
continents over time. With true dipole wander but no polar wander,
the same palaeomagnetic directions incorrectly locate the climate
equator, and the climate zones appear to move with the continents
over time. Put another way, dipole wander produces systematic
errors in the reconstructed climate. These errors appear as an in-
clination of the inferred climate equator relative to the geographic
equator, a spherical harmonic Y21 pattern of climate heterogeneity,
and climate zones fixed to continents moving relative to the equator,
all artefacts of the axial dipole assumption.

Reconstructions based on palaeomagnetic directions usually lo-
cate the mean climate equator close to the geographic equator (Kent
& Olsen 2000), but because of local and regional irregularities and
limited geographical coverage, it would be a challenge to measure
the inclination of the palaeoclimate equator, and still more of a
challenge to resolve its palaeoclimate spherical harmonic content.
That said, global palaeoclimate reconstructions often show m = 1
azimuthal heterogeneity prior to and after Pangea breakup, which
largely disappear at later times (Ziegler et al. 2003). This m = 1 cli-
mate heterogeneity is usually attributed to a global monsoon during
Pangea that weakens because of continent breakup and opening of
the Atlantic Ocean, although we note that the m = 1 heterogeneity
disappears from these climate reconstructions much later, typically
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Figure 4. (a) Dipole axis locations of the time average normal polarity magnetic field at various epochs, from dynamos driven by the mantle GCM described
in the text. Colour coding indicates groups of similar dipole axis locations, red = prior to, blue = after, green = during the major anticlockwise dipole
rotation, respectively. North polar projection. (b) Same as (a) but for reverse polarity dipole axis locations. (c) Y21 CMB heat flux heterogeneity (peak-to-peak
amplitude) from the mantle GCM described in the text (solid line) compared with dynamo-calculated time average reverse and normal polarity dipole axis tilt
angle (symbols) at various epochs. Error bars are standard deviations of dipole tilt at each epoch. Symbol colours are the same as in (a).

around 120 Ma, about the time our dynamo models predict the
geomagnetic dipole rotated back to its axial position.

A more specific test is the correlation between stratigraphic and
palaeoinclination variations at individual sites. For example, Mut-
toni & Kent (2016) argue that true polar wander explains stratigra-
phy related to Persian Gulf oil formation on the basis of apparent
climate zone shifts recorded in sediments but caused by the south-
ward motion of Arabia away from the equator between 160 and
145 Ma. In contrast, stratigraphic sequences at sites that have large
palaeoinclination variations but lack corresponding evidence of ap-
parent climate zone shifts would be more consistent with a fixed
palaeolatitude overprinted by true dipole wander.
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Supplementary data are available at GJI online.
Figure S1. Geomagnetic pole locations at epochs 225 Ma (a) and 0
Ma (b) from dynamos driven by the mantle GCM described in the
text. Yellow squares are the geomagnetic poles of the time average
normal polarity magnetic fields. Green squares are the time average
geomagnetic poles, the average locations of the instantaneous poles
marked by green dots. North polar projections, normal polarity data
only.
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