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Possible links between long-term geomagnetic
variations and whole-mantle convection processes

A.J. Biggin™, B. Steinberger?3, J. Aubert*, N. Suttie', R. Holme', T.H. Torsvik3®>¢, D.G. van der Meer’?®

and D.J.J. vanHinsbergen?

The Earth's internal magnetic field varies on timescales of months to billions of years. The field is generated by convection
in the liquid outer core, which in turn is influenced by the heat flowing from the core into the base of the overlying mantle.
Much of the magnetic field's variation is thought to be stochastic, but over very long timescales, this variability may be
related to changes in heat flow associated with mantle convection processes. Over the past 500 Myr, correlations between
palaeomagnetic behaviour and surface processes were particularly striking during the middle to late Mesozoic era, beginning
about 180 Myr ago. Simulations of the geodynamo suggest that transitions from periods of rapid polarity reversals to periods of
prolonged stability — such as occurred between the Middle Jurassic and Middle Cretaceous periods — may have been triggered
by a decrease in core-mantle boundary heat flow either globally or in equatorial regions. This decrease in heat flow could have
been linked to reduced mantle-plume-head production at the core-mantle boundary, an episode of true polar wander, or a

combination of the two.

The Earth’s magnetic field exhibits internally driven variations on an
extremely wide range of timescales'. As a highly nonlinear system,
the geodynamo could produce all of these through a stochastic pro-
cess without the need to invoke any external forcing mechanism!'-.
For variations observed on the timescale of tens to hundreds of mil-
lions of years (Myr)**, however, the similarity to mantle convection
timescales suggests an alternative hypothesis, whereby changes in
core-mantle boundary (CMB) heat flow play an important role in
determining average geomagnetic behaviour. This forcing could
combine with a further stochastic component of geodynamo
behaviour, and is worthy of intense investigation because it could
potentially allow geomagnetic behaviour to be used to constrain
lowermost mantle processes occurring over Earth’s history. An
overarching theory of interaction could then be developed between
the two great engines of the Earth’s interior: the geodynamo and
mantle convection incorporating plate tectonics.

Based on the a priori acceptance of the mantle forcing hypothe-
sis, numerous researchers have causally related events in the palae-
omagnetic and geological records®™, linking, for example, changes
in magnetic polarity reversal frequency, through mantle plumes,
to the emplacement of large igneous provinces. Such claims are
somewhat speculative, but their general concept is plausible.
Interpretations of seismic wave tomography using global plate
reconstructions suggest that sinking lithospheric slabs and rising
mantle plumes are indeed whole-mantle processes?®*' conceivably
influencing both the geodynamo and the surface. Furthermore,
numerical geodynamo models strongly support claims made by
palaeomagnetists?*-**, that persistent non-axial dipole features of
the geomagnetic field observed over the last 10 kyr, and during
individual excursions and reversals, reflect the influence of the

present-day pattern of core-mantle heat flow*?*. Mechanisms
other than thermal interactions across the CMB could also force
the geodynamo on these and other timescales?, but we shall not
focus on these for the purpose of this review.

Here we present a synthesis of the latest results from a variety
of disciplines, to examine possible causal relationships between
geomagnetic behaviour and mantle processes on the 10-100 Myr
timescale. We also highlight the future research required to test
and develop these links.

Geomagnetic variations on the 10-100 Myr timescale

Two measures of geomagnetic behaviour are considered here:
reversal frequency refers to the average rate with which geomag-
netic field flips from apparently stable normal to reverse polar-
ity and vice versa; dipole moment is the inferred strength of the
dominant dipole component of the geomagnetic field.

The geomagnetic polarity timescale?®** (Fig. 1) indicates that
reversal occurrence is a stochastic process, but also provides une-
quivocal evidence that the average reversal frequency has varied
considerably over the last few hundreds of Myr®. Numerous statis-
tical analyses of this record have failed to produce a consensus on
the underlying statistical distribution or resolve whether a station-
ary dynamo process could produce such a time-dependent pattern
of reversal occurrence. We restrict ourselves to investigating the
coarsest (>30 Myr) timescale variations, as these are most readily
explained in terms of mantle convection processes.

The earliest parts of the marine magnetic anomaly record
(Fig. 1a) cannot be straightforwardly interpreted in terms of a
reversal sequence, but continental magnetostratigraphic studies
suggest that anomalies back to at least 160 Myr ago are indeed
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associated with reversals®*‘. Two periods in the last 200 Myr seem
to represent examples of the most extreme geomagnetic behav-
iour observed so far (Fig. 1): the Middle-Late Jurassic (around
150-170 Myr ago) when reversal frequency peaked®, possibly
in excess of 12 Myr™; and the Cretaceous Normal Superchron
(CNS; 84-121 Myr ago) when the field was almost exclusively of
single polarity for a period spanning nearly 40 Myr*>*. In the late
Cainozoic, some of the polarity chrons are of shorter duration
than have been documented at any earlier time. The density of
short (<0.2 Myr) chrons was clearly higher in the Middle Jurassic,
however, leading to higher average reversal frequency, even before
considering that short duration chrons are more likely to have
been overlooked in earlier time periods.

Variations in the mean dipole moment through the Cretaceous
and Cainozoic are still the subject of vigorous debate**' and good
quality data from earlier times are sparse. Nonetheless, measure-
ments of dipole moment made from both whole-rock and single
silicate crystals, together with interpretations of the marine mag-
netic anomaly record, all suggest that the average dipole moment
was lower than average for at least part of the Jurassic period (140-
200 Myr ago; Fig. 1b)&2%3842-4¢,

Reversal frequency and dipole moment records suggest that
there was a major transition in geomagnetic behaviour between
the Middle Jurassic (~170 Myr ago) and the Middle Cretaceous
(~120 Myr ago; Fig. 1). Records of palaeosecular variation analysis,
although based on limited data in the case of the earlier time period,
also support significantly different geomagnetic behaviour during
the Jurassic and Middle Cretaceous®. It is still debated whether this
transition from hyper-reversal activity to superchron occurred over
a short (~3 Myr) or much longer (~40 Myr) time period>*.

Two earlier Phanerozoic superchrons have been claimed from
continental magnetostratigraphic records (see Fig. 1b): the Permo-
Carboniferous Reversed Superchron (PCRS; ~265-310 Myr ago®)
and the Ordovician Reversed Superchron (ORS; ~460-490 Myr
ago®). There is direct magnetostratigraphic evidence that rever-
sal frequency was very high (>7-10 Myr™) just 10-20 Myr before
the ORS in the Middle Cambrian®*%. Magnetostratigraphic data
are lacking before the PCRS but preliminary measurements of
the virtual dipole moment in the Devonian and Silurian periods
are lower than average®, similarly to those in the Jurassic when
reversal frequency was high. Therefore, the CNS, PCRS and ORS
may all have been preceded by a period of reversal hyperactiv-
ity. Interestingly, a further sharp transition from high reversal
frequency to superchron behaviour has also been reported from
before the Phanerozoic in late Mesoproterozoic (~1000-1060 Myr
ago) rocks from southeastern Siberia®.

In summary, palaecomagnetism supports geomagnetic vari-
ations occurring on the 10-100 Myr timescale throughout the
Phanerozoic and possibly also in the Precambrian. Furthermore,
Fig. 1b suggests some periodicity in the reversal record, each
superchron separated by a period of 180-190 Myr.

Sensitivity of the geodynamo to changes in CMB heat flow
To understand how geomagnetic variations could be related
to changes in CMB heat flow, we turn to insights provided by
dynamo theory. Numerical geodynamo models provide powerful
tools with which to study geomagnetic variations on all timescales,
but, because the parameters at which numerical dynamos can be
operated differ enormously from those of the Earth’s core, system-
atic exploration of parameter space is necessary. In particular, the
very large disparity between the typical diffusion times of the core
momentum, magnetic field and buoyancy anomaly, and the ratios
of all these times with respect to an Earth day, must be greatly
reduced in the models to maintain a tractable problem size®.

As fluid flow in the outer core (measured in mm s') is so much
faster than mantle flow (measured in mm yr™”), the geodynamo
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Figure 1| Records of geomagnetic polarity reversal frequency and
dipole moment since the Cambrian period. a, The marine magnetic
anomaly record (MMA)?%-3" and plots of inverse chron length (black bars)
and reversal frequency (10 Myr running mean; blue line). b, Reversal
frequency from the MMA and magnetostratigraphic studies® (shaded
area indicates insufficient data) alongside virtual (axial) dipole moment
(spatially normalized field intensity) measurements® from single silicate
crystals (red triangles) and whole rocks (filled circles for Thellier®® or
microwave methods®® with pTRM checks and the LTD-DHT Shaw'®
method; open circles for other methods; N = 3; 6/u=<0.25 in all cases).
ORS, Ordovician Reversed Superchron; PCRS, Permo-Carboniferous
Reversed Superchron.

is sensitive to the ‘instantaneous’ heat flow conditions imposed
by the mantle rather than its rate of change on mantle timescales.
The geodynamo is largely driven by compositional convection
produced by the release of light elements at its base rather than
thermal convection caused by cooling from the top. Nonetheless,
this process is still dependent on, and modulated by, the heat
flowing out of the core at a rate dictated by conditions in the
lowermost mantle.

To first order, reversal frequency seems to be positively correlated
to CMB heat flow: enhancing convection in dynamo simulations by
increasing this flow tends to destabilize the dipole generation pro-
cess, making reversals more likely**’, although maintaining a sto-
chastic pattern®. Reversing dynamos require high forcing and long
simulation times for a significant statistical assessment, however,
making extensive parametric studies difficult*®.

The evolution of reversal frequency has been linked to a local
version of the Rossby (Ro) number (the ratio of inertial to rota-
tional forces), which is specific to a typical length scale of the fluid
flow***>*% An empirically derived relationship®** suggests that
the local Ro scales as the square root of the power available to drive
the dynamo (which increases with CMB heat flow). Results from a
simple numerical dynamo model®® suggests that a twofold increase
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Figure 2 | Representative cases of a mantle flow model showing the effects
of subducted slabs on core-mantle boundary (CMB) heat flow. a, CMB
heat flow increases ~50 Myr after subduction begins (cases 2 and 3) but is
still decreasing ~300 Myr after subduction ends (case 1). b, The slab (blue)
marked with the asterisk interacts with a plume (red and white) and remains
as a positive density anomaly after 250 Myr. ¢, Present-day CMB heat flow
(reversal frequency ~4 Myr™) is greater at equatorial latitudes and more
asymmetric about the equator than during the superchron 100 Myr ago.

of the local Ro number (associated with a fourfold increase in
dynamo power according to the scaling relationship) is sufficient
to drive the dynamo from a state in which reversals first occur to a
state in which they occur frequently at an average rate of about 10
every million years. Accounting for the affine relationship between
dynamo power and CMB heat flow?, this increase in the reversal
frequency can, for example, be achieved if the CMB heat flow var-
ies from 4 TW to 12 TW in a system where the core adiabatic heat
flow is 6 TW, or from 9 to 20 TW in a system where the adiabatic
heat flow is 15 TW (ref. 60).

When increasing the CMB heat flow beyond the point at which
reversals start, the magnetic field strength may decrease. Results
from a simple numerical dynamo model*® suggest that a twofold
increase in the CMB heat flow could reduce the dipole moment
by half. Assuming that the geodynamo lies close to such a tran-
sition®>®!, a period of dynamo hyperactivity (high reversal fre-
quency) — caused by high CMB heat flow — may be associated
with a low dipole moment, and a period of low dynamo activity
(superchron) — caused by low CMB heat flow — may be char-
acterized by a high dipole moment®. This is consistent with the
combination of low dipole moment and high reversal frequency
measured in the Jurassic. The opposite combination (high dipole
moment, no reversals) is suggested by some data® during the
Cretaceous Superchron (Fig. 1b) and would also fit this prediction.

Changes in the spatial pattern of CMB heat flow alone may also
exert a strong effect on reversal frequency?*®*. It has been argued®

528

that increasing the heterogeneity of the CMB heat flow, while
holding the net heat flow at a constant value, also tends to decrease
the stability of the dynamo, thereby producing more reversals.
Due to the nature of its columnar convection, the geodynamo is
expected to be mostly influenced by low-latitude heat-flow vari-
ations®, and this sensitivity has been highlighted in a numerical
model study® in which many more reversals occurred when the
low-latitude heat flow was increased. Using a mechanism devel-
oped from a low-order dynamo model®, it has also been argued
that the equatorial asymmetry in CMB heat flow has strongly
influenced reversal frequency: reversals become more common
when the north-south symmetry is broken'.

Intriguingly, the outputs of some heterogeneously forced mod-
els®® do not seem to produce a simple inverse relationship between
measured average reversal frequency and mean axial dipole
moment. If confirmed as a robust prediction of geodynamo the-
ory, a decoupling of these parameters under certain heterogeneous
boundary conditions could provide an explanation, alternative to
low measurement fidelity*’, for the apparent small change in mean
dipole moment since the Middle Cretaceous (Fig. 1b).

Overall, dynamo theory supports the hypothesis that the geo-
magnetic variability outlined in the previous section could be
caused by changes in the magnitude and/or spatial pattern of heat
flow across the CMB, with higher heat flow (particularly in equa-
torial zones) and greater pattern heterogeneity both producing
more reversals. Although significant variations in chron length
have been observed to occur spontaneously in a long-running
dynamo simulation®, those of the magnitude observed in the
palaecomagnetic record have not been reproduced without forc-
ing*®. To our knowledge, no geodynamo modelling studies have
yet explicitly tested how the effects of changing the global net heat
flow differ in the cases of homogeneous versus heterogeneous
boundary conditions. As the following section makes clear, this is
urgently required to understand how long-timescale geomagnetic
variations might arise.

CMB heat flow and its temporal variability

Heat flow from the core into the mantle is proportional to the
temperature contrast across the thermal boundary layer (TBL) at
the base of the mantle and the thermal conductivity of the low-
ermost mantle, and inversely proportional to the TBLs thick-
ness. All of these quantities, however, are rather uncertain, and
therefore estimates of present-day heat flow are widely discrepant
(although mostly in the range 5-15 TW (ref. 66); 33-100 m Wm2).
Seismological studies suggest a high degree of heterogeneity in the
lowermost mantle®, which probably corresponds to large varia-
tions in local heat flow. In particular, two approximately antipodal
large low shear-wave velocity provinces span thousands of kilo-
metres under Africa and the central Pacific, and are thought to
represent intrinsically dense thermochemical piles that may be
associated with very low CMB heat flow*®.

CMB heat flow is likely to be variable on mantle convection
timescales'. The TBL may be influenced by subducted slabs in
the lower mantle, by mantle plumes departing from the CMB, and
by the distribution of the thermochemical piles in the lowermost
mantle. Furthermore, episodes of true polar wander (TPW) effec-
tively rotate the entire pattern of CMB heat flow with respect to
the dominant time-averaged flow structures in the outer core.

Mantle flow models constrained by plate reconstructions at
their upper boundary can be used to infer the history of CMB heat
flow and its relationship with subduction history*. This approach
is applied here using an independent set of mantle flow models
with a somewhat different radial viscosity profile, subduction
history and model parameters than previous efforts (see supple-
mentary information for details). These models mostly support a
large spatial variation in the amplitude of CMB heat flux. Beneath
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thermochemical piles (mostly red-white colours in Fig. 2¢), it is
much lower (<40 m Wm™) than where subducted slab remnants
overlie the CMB (150-250 mWm2)". Reconstructed positions
of large igneous provinces and kimberlites suggest that the ther-
mochemical piles have covered similar areas of the CMB for over
500 Myr?. Large variations in CMB heat flow must therefore have
occurred elsewhere.

Our mantle flow models mostly produce high total CMB heat
flow (>10 TW) as may be required to maintain the geodynamo®.
Case 2A (using the output of case 2 at 0 Myr as the initial condition)
in Fig. 2 is the closest to equilibrium and produces temporal vari-
ations in total CMB heat flow on the order of a few tens of percent
over the last few hundreds of Myr (see Supplementary Movie S1).
According to the empirical scaling relationship®*** mentioned ear-
lier, relative changes of this magnitude would probably be insuf-
ficient to drive significant changes in the reversal behaviour of a
homogeneously forced dynamo®. The boundary conditions for
the geodynamo are probably far from the homogeneous state used
to construct this relationship, however, and dynamo models also
supports changes in magnetic behaviour forced purely by changes
in the pattern of heat flow, even when no net variation occurs?>,
Therefore, we conclude that, although the concepts under review
here presently lack quantitative support, the possibility that
changes in CMB heat flow do affect the geodynamo cannot yet
be rejected. The highly nonlinear nature of the geodynamo could
plausibly amplify even relatively minor shifts in forcing to produce
major transitions in geomagnetic behaviour.

Potential links with subduction activity

Numerous studies have attempted to relate the distribution of
subduction zones and inferred subduction rates to variations in
geomagnetic behaviour. Some of their hypotheses®*® now seem
unlikely because they assume that increasing net CMB heat flow
decreases reversal frequency (and increases mean dipole moment),
the opposite relationship to that implied by the dynamo models.
Others do invoke more plausible relationships between CMB heat
flow and dynamo behaviour but allow no time lag in transferring
information between the crust and core'®™.

Sinking lithospheric slabs can stagnate temporarily on top of
the 660 km discontinuity”, but they eventually sink into the lower
mantle” 7. Sinking slabs displace material ahead of them, thin-
ning the TBL and increasing CMB heat flow long before they actu-
ally reach the lowermost mantle”. By running some of our models
with zero subduction flow before and after the 0-300 Myr period
for which the plate history is constrained, the time delay associated
with the response of CMB heat flow to slab input was explored.
The models showed an initial response to subduction initiation
after a delay of approximately 50 Myr (Fig. 2a). By contrast, the
time between subduction cessation and heat flow decrease at the
location where the slab perturbed CMB heat flow can be 250 Myr
or longer, as the slab sinks and is subsequently warmed (Fig. 2).
Similarly, a study that coupled tomography to plate reconstruc-
tions found a survival time for slabs of ~250-300 Myr?*..

Some mantle models” have produced weak minima in the
equatorial heat flow at times (around 100 Myr and 270 Myr ago)
that fall within the CNS and PCRS. This, combined with an appar-
ent sensitivity of dynamo models® to variations in this parameter,
has been offered as a potential explanation for the occurrence
of these superchrons'®. However, our models do not all support
a minimum in equatorial CMB heat flow at the time of the last
superchron (see Supplementary Information).

A more robust observation based on our analysis is that equa-
torial asymmetry increased from a minimum in the Cretaceous
as subduction flux in the northern hemisphere increased relative
to that in the south (Fig. 2c and Supplementary Fig. S1). This sug-
gests that increasing north-south asymmetry in heat flow might
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Figure 3 | Average reversal frequency and eruption ages?° of large igneous
provinces (LIPs; offset by +50 Myr) that have not yet been subducted.
Mantle plume heads leaving the CMB may reflect enhanced heat flow out
of the core, potentially increasing reversal frequency tens of Myr before the
resulting eruption of the LIPs. Allowing for an average rise-time of 50 Myr
results in a broad correlation that would associate geomagnetic reversal
hyperactivity in the Middle Jurassic with widespread LIP emplacement in
the Middle Cretaceous. In the period 0-50 Myr, mantle plume heads that
had left the CMB would not yet have reached the surface. ORS, Ordovician
Reversed Superchron; PCRS, Permo-Carboniferous Reversed Superchron;
CNS, Cretaceous Normal Superchron.

have played a role in increasing reversal frequency through the
late Cretaceous and Cainozoic, although the required sensitivity
of the dynamo remains to be established.

It has been argued' that the onset of the PCRS was essentially
caused by the cessation of subduction associated with the colli-
sion of Laurussia and Gondwana approximately 20 Myr earlier,
at 330 Myr ago. It is, however, not clear how this could fit with
our findings of a long drawn-out response of CMB heat flow to
subduction cessation (Fig. 2). Variability in slab sinking speeds
and CMB heat flow response time (Fig. 2) imply that establishing
robust correlations between geomagnetic behaviour and subduc-
tion events may prove difficult.

Potential links mantle plume activity

Deep mantle plumes, rising from the lowermost mantle, remove hot
material from the TBL, increasing the local CMB heat flow. This
increase may be only a minor effect relative to the heat flow varia-
tions caused by the arrival of cold slabs above the CMB, however”-7.
Our numerical model contains both slabs and plumes and supports
that the departure of plume heads from the TBL is itself modulated
to some degree by slab arrival. The margins of the thermochemi-
cal piles have been referred to as ‘plume-generation zones where
plumes seem to form preferentially?***#!. Here, slabs can act as a
‘push broom), sweeping up material into upwellings over the mar-
gins of the piles™7?%2% (Supplementary Fig. S3). Therefore, plume
head departure from the CMB may be associated with an increase in
heat flow there even if it does not directly cause it; the effects of slabs
and plumes on CMB heat flow cannot easily be separated.

Early attempts to link mantle plume activity (expressed in the
geological record as large igneous province and kimberlite forma-
tion) to magnetic reversal frequency claimed that plumes caused
superchrons' . The Middle-Late Cretaceous was indeed a time
of both major intra-plate volcanism (probably sourced by man-
tle plumes)**®* and unusually low geomagnetic reversal frequency,
but it now seems unlikely that these two specific phenomena are
directly related in the manner claimed. Dynamo models imply
that plumes, and the increase in CMB heat flow they represent, are
more likely to be associated with periods of elevated (rather than
suppressed) reversal frequency®***®. Also, enhanced Cretaceous
large igneous province (LIP) activity in both the African and
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Figure 4 | True polar wander (TPW) as produced by a mantle flow

model (case 2) subject to two major perturbations in subduction flux
which affected the fractional CMB heat flow in the equatorial region.

a, The geographic pole through time (Myr before present) shown on
stereographic projections featuring present-day landmasses for reference.
b, Time series of the fraction of global CMB heat flow between 10° N and
10° S. Differences between the heat flow in the two reference frames is due
to TPW, which first maximizes and then minimizes its equatorial fraction,
and could similarly affect reversal frequency.

Pacific hemispheres was apparently underway before the super-
chron even began®, which would not allow time for the plumes to
rise through the mantle.

It has also been claimed that the three Phanerozoic super-
chrons were each terminated by the departure of a plume head
from the CMB, which then manifested itself in an LIP at the
Earth’s surface some 10-20 Myr later®. Such a short time lag works
well for explaining superchron termination but leaves super-
chron onset unexplained and, assuming the same rise time, the
Middle Cretaceous pulse of LIP activity uncorrelated with rever-
sal frequency. Estimates for plume rise-time from the CMB to the
surface vary between 5 and 100 Myr®¥, with recent modelling®
favouring 20-50 Myr. Taking the upper limit of 50 Myr suggests
a broadly positive correlation between LIP activity and reversal
frequency on the time range 50-200 Myr (Fig. 3), and one that is
also consistent with our first-order understanding of how the geo-
dynamo is likely to respond to changes in CMB heat flow.

The correlation in Fig. 3 may prove to be fortuitous, or to be
valid only for certain time periods. Taken at face value, however,
the elevated reversal frequency observed for the last 30-40 Myr
could imply that several plume heads left the CMB since that time
and are now rising through the mid-mantle. Consequently, if this
correlation could be made robust through a greater understanding
of the mantle plume head generation and rise process, as well as
the geodynamo’s response to the resulting changes in CMB heat
flow, the palacomagnetic record could, in the future, perhaps help
predict plume activity at the surface.
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Potential links with true polar wander

The Earth’s spin axis tends to align with the maximum non-
hydrostatic inertia axis imposed by mantle density anomalies
(including slabs, plumes and thermochemical piles) through
TPW, a re-orientation of the entire Earth’s mantle and crust
relative to the spin axis®. The large-scale orientation of the outer
core fluid motion is dictated by the spin axis, and therefore the
main effect of TPW on the geodynamo is to change the pattern
of heat flow across the CMB with respect to it. It is these changes
in heat flow boundary conditions, rather than the rotations
themselves, that possibly influence geomagnetic behaviour.

TPW occurs at a rate determined by mantle viscosity of probably
<~1-2 degrees Myr (refs 90,91), and observations indicate that,
during the past 300 Myr, TPW has moved the pole up to ~23°
from its present location, roughly in a plane such that the two
thermochemical piles beneath Africa and the Pacific remain close
to the equator®.

Except for one early study?, little attention has been paid to how
reported episodes of TPW could have influenced geomagnetic
field behaviour. Presuming that the stability of the geodynamo is
indeed sensitive to the spatial pattern of heat flow (and equatorial
heat flow in particular), it could, however, be very important.

The effect (described by a kernel function) that density anom-
alies at different depths within the mantle have on the Earth’s
moment of inertia is likely to be such that TPW will tend to place
dense slabs in the upper and upper-mid mantle at low latitudes and
those in the lowermost mantle at higher latitudes®. The reverse is
true of rising plume heads of low density. Because of these mutual
compensations, it is difficult to obtain a good agreement between
modelled and observation-based TPW, and therefore the results
presented in Fig. 2 and Supplementary Fig. S1 do not consider
the TPW that would follow from these models. Qualitatively, the
combined effect of any major perturbation to subduction and/
or plume flux (produced by, for example, supercontinent forma-
tion or breakup) that affects the degree 2 component of the geoid
would be to cause patches of thinned TBL (elevated heat flux)
produced by either slabs and/or plumes to move first towards the
equator, and then towards the poles. We provide an exaggerated
demonstration of this process in Fig. 4, which shows the response
of the CMB heat flow in an equatorial zone (given as a fraction of
the total heat flow) to episodes of TPW resulting from subduction
being switched ‘on’ and ‘off” in the model. After a delay of approxi-
mately 100 Myr, both of these perturbations cause episodes of
TPW that produce dramatic rises and falls in the equatorial heat
flow. Coupled to a sensitivity of the geodynamo to equatorial
heat flow, this general process might implicate episodes of TPW
as a contributor to observed episodes of reversal hyperactivity
followed by superchrons in the palaeomagnetic record. Various
dramatic episodes of TPW claimed for the early Phanerozoic and
Proterozoic® have been linked to the supercontinent cycle, and
could correspond to the earlier, relatively rapid, transitions in
geomagnetic behaviour (Fig. 1b)**** mentioned previously. More
palaecomagnetic data from around these intervals would be useful
to test this link.

Figure 5 shows the results of a simple analysis that applies four
recently outlined episodes of TPW (refs 92,94) for the period 100-
250 Myr ago to the SMEAN seismic tomography model at a depth
slice of 2850 km (ref. 95). Assuming that the shear wave veloc-
ity anomaly at this depth can be used to infer variations in CMB
heat flow®, we find that, even in the absence of any temporal CMB
variations in the mantle reference frame, the TPW rotations would
have produced changes in equatorial heat flow that relate reason-
ably well in sign, relative amplitude and timing to those required
to cause the observed geomagnetic changes in the same period.
The same rotations, applied to an output of a mantle flow model,
cause substantial changes (up to 40% for the £10° latitude zone)
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Figure 5 | Analysis of possible effects of observed TPW on equatorial
CMB heat flow (and hence reversal frequency). a, Rotated examples of
the SMEAN tomographic model®®. Higher shear wave velocities (red areas)
are likely to be associated with lower temperatures and higher CMB heat
flux. b, Model of TPW for the last 300 Myr®4. ¢, Resulting time series (red
line) of variations in average shear wave velocity (inferring relative changes
in heat flow) in the equatorial region (between 10° N and 10° S) shown
alongside reversal frequency (black line).

in the equatorial heat flow (see Supplementary Information). We
therefore conclude that, subject to the necessary sensitivity of the
geodynamo being confirmed, TPW could well have contributed
to changes in geomagnetic behaviour over this time period —
particularly the reduction of reversal frequency and increase in
mean dipole moment observed between the Middle Jurassic and
Middle Cretaceous.

Links between the mantle and the geodynamo

Transitions in geomagnetic behaviour manifested primarily as
decreases in average reversal frequency preceding superchrons
may be caused by reductions in CMB heat flow globally, or in
the equatorial region. The most recent such transition occurring
between the Middle Jurassic and Middle Cretaceous coincided
with a major TPW event that probably moved patches of high
heat flow away from the equator. It may also have been associated
with a decline in average mantle plume head production rate at
the CMB that could have signified a decrease in the net heat flow
across that boundary. The most recent long-term increase in aver-
age reversal frequency since the Late Cretaceous may have been
caused by increasing equatorial asymmetry in CMB heat flow or
another subduction-related process that triggered the departure
of plume heads that have not yet reached the surface. These and
other correlations are not mutually exclusive; slabs, plumes, dense
basal piles and TPW are all interrelated elements of mantle con-
vection’**%. This interrelation may provide any future successful
overarching hypothesis with the opportunity to unify numerous
different components of the core-mantle-crust system, as well as
taking into account the time lags implicit between them.

The correlations outlined above fit our qualitative understand-
ing of how the geodynamo is likely to respond to CMB heat flow
changes, but are otherwise not yet robust. More comprehensive
and realistic modelling studies aimed at better constraining the
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history of CMB heat flow, and the geodynamo’s sensitivity to pos-
sible changes in it, are now required. Furthermore, the generic
links outlined here should be tested using palacomagnetic data
describing geomagnetic behaviour and palacogeography (includ-
ing the position of the rotation axis) during earlier time periods.
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CORRIGENDUM

Possible links between long-term geomagnetic variations and whole-mantle
convection processes

A. J. Biggin, B. Steinberger, J. Aubert, N. Suttie, R. Holme, T. H. Torsvik, D. G. van der Meer and D. J. J. van Hinsbergen
Published online: 29 July 2012 | http://dx.doi.org/10.1038/nge01521
In the print version of this Review article, some labelling in Figs 3, 4a and 5c is incorrect: in Fig. 3 the label ‘Laurrassia and Gondwana

collide’ is incorrectly placed; in Fig. 4a some axes labels were incorrect; in Fig. 5¢ the Greek § symbol has printed incorrectly. All figures
are correct online.
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