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Seismic images of the lower mantle reveal two large-scale, low shear wave velocity provinces beneath 
Africa and the Pacific that are variously interpreted as superplumes, plume clusters or piles of dense 
mantle material associated with the D′′ layer. Here we show that time variations in the height of 
these structures produce variations in heat flux across the core–mantle boundary that can control 
the rate at which geomagnetic polarity reversals occur. Superplume growth increases the mean core–
mantle boundary heat flux and its lateral heterogeneity, thereby stimulating polarity reversals, whereas 
superplume collapse decreases the mean core–mantle boundary heat flux and its lateral heterogeneity, 
inhibiting polarity reversals. Our results suggest that the long, stable polarity geomagnetic superchrons 
such as occurred in the Cretaceous, Permian, and earlier in the geologic record were initiated and 
terminated by the collapse and growth of lower mantle superplumes, respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Paleomagnetic data records extreme variability in the rate at 
which the geomagnetic field has reversed its polarity, from hyper-
reversing periods in which the geomagnetic field reversed as often 
as every 40 thousand years, to superchrons in which the polar-
ity remained stable for 40 million years (e.g. Merrill et al., 1998;
Gradstein et al., 2012). There is little doubt that some of this vari-
ability is intrinsically random, and arises from the stochastic nature 
of the dynamo process (Ryan and Sarson, 2007; Wicht et al., 2009). 
However, the reversal record over the whole of Phanerozoic time 
is far from random (Olson et al., 2014). Its non-random behav-
ior includes the approximately 200 million years repeat time for 
superchrons as well as their approximately 40 million years dura-
tions (Fig. 1). Both of these far exceed any known timescale of the 
fluid dynamics intrinsic to the outer core, but they are commensu-
rate with timescales inferred for the variability of mantle dynam-
ics, specifically, the overturn timescale of mantle convection and 
the development times of deep mantle plumes, respectively. Al-
though mantle dynamics has been widely implicated in controlling 
geomagnetic reversal frequency (Glatzmaier et al., 1999; Kutzner 
and Christensen, 2004; Driscoll and Olson, 2009b, 2011; Olson 
et al., 2010, 2013; Pétrélis et al., 2011; Zhang and Zhong, 2011; 
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Biggin et al., 2012; Olson and Amit, 2014), the precise connection 
remains enigmatic.

Answers to the puzzle of paleomagnetic reversal variations and 
their relation to mantle convection history can be found in the 
structure and dynamical behavior of the D′′ layer at the base of the 
lower mantle. The pattern of seismic heterogeneity in the D′′ layer 
that defines the large low shear velocity provinces (e.g. Garnero 
and McNamara, 2008), which is dominated in the present-day 
mantle by a spherical harmonic degree 2 (Dziewonski et al., 2010), 
has been variously interpreted as the long-lived root structure of 
two mantle superplumes (Romanowicz and Gung, 2002; Torsvik et 
al., 2010), plume clusters (Schubert et al., 2004; Bull et al., 2009) 
or dense chemical piles lying just above the core–mantle bound-
ary (CMB) (Tackley, 2002; McNamara and Zhong, 2005; Tan and 
Gurnis, 2007). In this paper we make no distinction between these 
alternatives, using the terms piles and superplumes interchangeably 
for the two large seismic structures located in the lowermost man-
tle beneath Africa and the central Pacific.

How might lower mantle piles influence the long-term behav-
ior of the geodynamo? The most obvious way is by controlling 
the heat loss from the core, which in turn controls the energy 
available to drive the geodynamo and its reversals. Models of 
the general circulation of the mantle (Zhang and Zhong, 2011;
Olson et al., 2013) and inferences based on the interpretation of 
D′′ structure (e.g. Masters et al., 2000) indicate that the CMB heat 
flux below the two piles is lower than the mean for the CMB as a 
whole, and likewise, the CMB heat flux is higher than the mean in 
regions where the piles are absent. In mantle general circulation 
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Fig. 1. Average paleomagnetic reversal frequency for 0–350 Ma based on the geo-
magnetic polarity time scale of Gradstein et al. (2012). The Cretaceous Normal Po-
larity Superchron (CNS) and Kiaman Reverse Polarity Superchron (KRS) are shaded. 
The bin size is 5 Myrs and the bin step is 2 Myrs.

models, this variation is a consequence of the flow pattern, which 
advects dense D′′ material into piles beneath upwellings, reducing 
core heat flux there, and advects dense D′′ material from beneath 
downwellings, increasing the core heat flux at those locations.

If the locations of the two main piles have remained relatively 
fixed (Burke et al., 2008; Dziewonski et al., 2010; Burke, 2011), the 
heat flux from the core could still have fluctuated if the heights 
of the piles changed with time. Figs. 2a and b illustrate how time 
variability in core heat flux might be produced this way. In the 
fully collapsed state the dense D′′ layer has uniform thickness, and 
assuming the heat flux across this layer is by conduction, the CMB 
heat flux is laterally homogeneous. As the piles grow, the increase 
in the thermal gradient where the D′′ layer is thinned exceeds the 
decrease in the thermal gradient where it is thickened, so that the 
mean heat flux from the core increases, along with its lateral vari-
ation. Assuming that the volume of the D′′ layer is conserved and 
that the temperature difference between the CMB and the top of 
the D′′ layer remains unchanged, growth and collapse of the piles 
yield large fluctuations in the mean CMB heat flux and its lateral 
variation, both of which affect the geodynamo and its reversals. 
Fig. 2c shows that this same argument applies to growth and col-
lapse of a single pile, as has been argued was the case during the 
assembly of Pangaea (Zhang et al., 2010).

Numerical dynamo simulations show that when the convec-
tion in the outer core is stronger the probability for a reversal is 
larger (Christensen and Aubert, 2006; Olson and Christensen, 2006;
Aubert et al., 2009; Driscoll and Olson, 2009b), so that increasing 
mean CMB heat flux increases reversal frequency (Driscoll and Ol-
son, 2009a, 2011). In numerical dynamos with heterogeneous CMB 
heat flux patterns, increasing amplitude of boundary heterogene-
ity usually increases reversal frequency (Kutzner and Christensen, 
2004; Olson et al., 2010; Heimpel and Evans, 2013), in particular 
for the present day tomographic heterogeneity (Olson and Amit, 
2014). Another factor that may affect reversal frequency evident 
in specific zonal patterns is the amount of equatorial vs. polar 
heat flux (Glatzmaier et al., 1999; Kutzner and Christensen, 2004;
Olson et al., 2010), but this effect depends on the dynamo inter-
nal control parameters in a non-trivial way. Close to the onset of 
reversals increased equatorial heat flux may increase reversal fre-
quency, whereas far from the onset increased equatorial heat flux 
decreases reversal frequency (see geographic vs. inertial controls 
in Olson and Amit, 2014). Finally, increased equatorial symmetry 
in the CMB heat flux pattern may stabilize the dipole (Pétrélis et 
al., 2009, 2011).

Relating the observed variations in the paleomagnetic reversal 
frequency to the history of the mantle turns out to be a challeng-
ing task. Zhang and Zhong (2011) imposed plate tectonics recon-
struction as a mechanical boundary condition on mantle convec-
tion simulations. Olson et al. (2013) used the time-dependent CMB 
heat flux model of Zhang and Zhong (2011) as a thermal outer 
boundary condition on a numerical dynamo simulation in an at-
tempt to reproduce the paleomagnetic reversal frequency. The im-
mediate problem is that during the Cretaceous Normal Superchron 
(CNS) plates speeds are relatively high (e.g. Lithgow-Bertelloni and 
Richards, 1998), the corresponding mantle convection vigor and 
mean CMB heat flux are stronger than average (Zhang and Zhong, 
2011), and the predicted core convection and reversal frequency 
are therefore also higher than usual (Olson et al., 2013), in striking 
contradiction to the paleomagnetic observation. In contrast, Olson 
et al. (2013) recovered well the KRS superchron, because in their 
mantle convection model the D′′ piles were (partially) collapsed at 
that time and the CMB heat flux was weaker than average, behav-
iors which support our model.

Olson and Amit (2014) demonstrated that reversal frequency 
varies linearly with a non-dimensional number which they termed 
the heterogeneity-corrected local Rossby number. This number 
combines the conventional local Rossby number and the ampli-
tude of the CMB heterogeneity. Although the validity of this linear 
relation was demonstrated in a rather narrow range of parameter 
space and it is plausible that it would fail at more realistic condi-
tions these results can be applied qualitatively within the context 
of a particular set of dynamo parameters. Since it has been shown 
that it is difficult to explain the variations in reversal frequency by 
the mean CMB heat flux alone, it could be that the time-dependent 
amplitude of heterogeneity may help explaining this observation. 
Finally, possible changes in the CMB heat flux pattern, in particu-
lar equatorial vs. polar contributions, should also be considered.

In this paper we develop a simple model of D′′ piles that relates 
the mean CMB heat flux and the amplitude of its lateral hetero-
geneity to the D′′ piles height. We impose the resulting CMB heat 
Fig. 2. Schematic illustration of D′′ structure. (a) Equatorial section illustrating the dual lower mantle pile configuration with variable height h; (b) Same section illustrating 
fully collapsed piles configuration, where h0 is the layer thickness in the collapsed configuration; (c) As in (a) for the single pile configuration. Arrows in (a) and (c) indicate 
mantle downwellings above regions of thin D′′ layer.
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Table 1
Non-dimensional mean CMB heat flux q∗

0 and heterogeneity amplitude δq∗ as functions of non-dimensional piles height amplitude H∗ (11). The maximum allowed value 
H∗

max (6) is also given. Expressions are given for the lowest two zonal spherical harmonics planforms. Note that the magnitude of the dual pile planform is different than its 
conventional value due to (5).

Pile configuration f (φ, θ) q∗
0 δq∗ H∗

max

Rotated Y 0
1 /single cos θ 1

2H∗ ln 1+H∗
1−H∗ H∗

1−H∗2 1

Rotated Y 0
2 /dual 2

3 (3 cos2 θ − 1)

√
3

2H∗(3−2H∗)
tan−1(

√
6H∗

3−2H∗ ) H∗
1+ 2

3 H∗− 8
9 H∗2

3
2

flux as an outer boundary condition on numerical dynamo simula-
tions to establish quantitatively the connection between the height 
of the D′′ piles and the dynamo reversal frequency. We show 
that lower mantle piles growth can switch the dynamo from non-
reversing (superchron) to reversing dynamo states, and conversely, 
piles collapse can lead to superchron conditions in the core.

2. D′′ pile model

Fig. 2 illustrates our D′′ pile model in the fully developed and 
fully collapsed states. The D′′ layer thickness h can be generally 
written as the sum of two parts, a mean thickness h0 and a spa-
tially varying deviation h′:

h = h0 + h′ (1)

The average of h′ over the CMB spherical surface is by definition 
zero. We conserve the total volume of the D′′ layer, i.e., we assume 
that h0 is constant with time. The deviation h′ is represented as

h′ = H f (φ, θ) (2)

where H is a time-dependent amplitude and f (φ, θ) is a plan-
form function representing the spatial heterogeneity, with φ and 
θ being longitude and co-latitude spherical coordinates measured 
with respect to the symmetry axis of the piles. The amplitude 
H varies on the long timescale of mantle dynamics (tens of Myr 
overturn), which is much longer than the overturn time in the 
core (centuries), so that the core is assumed to be in thermal and 
magnetohydrodynamical equilibrium with H at every epoch. This 
separation of timescales between core and mantle overturn times 
allows us to model the dynamo response at each epoch assuming 
that H is fixed over that epoch.

If the pile height is non-dimensionalized as H∗ = H/h0, the 
non-dimensional form of (1) becomes

h∗ = 1 + H∗ f (φ, θ) (3)

The non-dimensional pile height H∗ may be generally defined by 
half the difference between the extremes of h∗ (in analogy to the 
definition of non-dimensional heat flux, e.g. Olson and Christensen, 
2002):

H∗ = h∗
max − h∗

min

2
(4)

This constrains the magnitude of the planform function to satisfy

fmax − fmin

2
= 1 (5)

Finally, to ensure that h∗ remains positive over the entire CMB, the 
pile height is limited by

H∗ <
1

| fmin| ≡ H∗
max (6)

Because the D′′ layer is assumed to be in conductive equilib-
rium with the lower mantle and the outer core, the CMB heat flux 
obeys Fourier’s law:
q = km
�T

h
(7)

where km is lower mantle thermal conductivity and �T = Tc − Tm

is the temperature difference across the D′′ layer. As in (1), the 
CMB heat flux is written as the sum of two parts, a mean part q0
plus a spatially varying heterogeneity q′:

q = q0 + q′ (8)

Combining (1)–(8) gives

q0 + q′ = km�T

h0 + H f (φ, θ)
(9)

Note that both q0 and q′ in (9) are time-dependent. We now define 
a non-dimensional CMB heat flux q∗ = q/Q , where Q = km�T /h0
corresponds to the CMB heat flux in the fully collapsed pile state 
(see Fig. 2b). The non-dimensional form of (9) is then

q∗
0 + q′ ∗ = 1

1 + H∗ f (φ, θ)
(10)

with the mean non-dimensional heat flux defined as

q∗
0 = 1

4π

∫
S

1

1 + H∗ f (φ, θ)
sin θdφdθ (11)

where S denotes a spherical integration. This integral depends on 
the specific spatial form of f (φ, θ); analytical solutions to the low-
est two zonal spherical harmonics are given in Table 1 and shown 
in Fig. 3a. Spherical harmonic Y 0

1 corresponds to the single pile 
or plume configuration; Y 0

2 corresponds to the dual pile or plume 
configuration.

The amplitude of the CMB heat flux heterogeneity can be de-
fined in terms of its peak-to-peak difference as (Olson and Chris-
tensen, 2002)

δq = qmax − qmin

2
(12)

Normalized by the heat flux scale Q , (12) becomes

δq∗ = qmax − qmin

2Q
(13)

Considering the D′′ model (10), the non-dimensional amplitude of 
the CMB heat flux heterogeneity (13) also varies from one pile con-
figuration to another; analytical solutions to the single and dual 
pile configurations are given in Table 1 and shown in Fig. 3b. Note 
that as with q∗

0 (Fig. 3a), for both configurations the δq∗ curves ap-
proach infinity as H∗ approaches H∗

max . Also note the larger q∗
0 and 

δq∗ values for the single pile configuration, for a given H∗ , com-
pared to the dual pile configuration.

3. Dynamo reversals driven by lower mantle piles

To demonstrate how the growth of lower mantle piles can ex-
cite magnetic reversals, we impose the CMB heat flux boundary 
conditions from the previous section on the outer boundary of low 
resolution numerical dynamos that include compositional forcing 
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Fig. 3. (a) Non-dimensional mean CMB heat flux q∗
0 vs. non-dimensional piles height H∗; (b) Non-dimensional CMB heat flux heterogeneity amplitude δq∗ vs. non-dimensional 

piles height H∗ . The curves are based on the analytical solutions given in Table 1. Single pile configurations are in black, dual pile configurations are in red. Both configurations 
are restricted to the range H∗

max > H∗ > 0 (see (6) and Table 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
due to inner core growth. We make use of the co-density formu-
lation (Braginsky and Roberts, 1995) in which C = ρ(αT + βχ)

where ρ is mean density, T is temperature, χ is the light element 
concentration (mixing ratio) in the outer core, and α and β are 
their respective expansivities. For the non-dimensional governing 
equations see e.g. Christensen and Aubert (2006). Control parame-
ters for these dynamos include the Ekman number E , the Prandtl 
number Pr and the magnetic Prandtl number Pm defined respec-
tively by

E = ν

Ω D2
, Pr = ν

κ
, Pm = ν

η
(14)

where ν is kinematic viscosity, Ω is the angular velocity of rota-
tion, D is the outer core shell thickness, κ is the diffusivity of the 
co-density and η is magnetic diffusivity. Buoyancy is parameter-
ized in terms of the Rayleigh number Ra, which can be defined for 
thermochemical dynamos as (Olson, 2007)

Ra = βg D5χ̇

κν2
(15)

where g is gravity at the CMB and χ̇ is the time rate of change of 
the light element concentration (mixing ratio) in the outer core 
due to inner core growth. Here we have used D and D2/ν to 
scale length and time, respectively, and ρβD2χ̇/ν to scale co-
density. The final internal control parameter is ε , the sink (or 
source) term that appears in the co-density transport equation 
(Christensen and Wicht, 2007), which models the combined effects 
of the rate of mixing of light elements in the outer core, secular 
cooling of the outer core, curvature of the core adiabat, and ra-
dioactive heat sources; Here we use ε = −1, corresponding to a 
volumetric sink that absorbs all the buoyancy flux that enters the 
outer core through the inner core boundary, appropriate for con-
vection that is primarily compositionally-driven.

The thermal and compositional boundary conditions for the 
numerical dynamo models are expressed in terms of the non-
dimensional co-density, C∗ . At the ICB we set C∗ = 1, assuming 
uniform temperature and composition there. At the CMB we im-
pose a heat flux pattern consistent with our piles models. Fig. 4
shows maps of CMB heat flux corresponding to single and dual 
piles configurations. Fig. 4a shows a map of the CMB heat flux 
with a pattern of lateral heterogeneity based on the model of 
lower mantle seismic heterogeneity by Dziewonski et al. (2010). 
This map has a mean heat flux of q0 = 100 mW/m2, close to 
the adiabatic heat flux in the outer core for an assumed thermal 
Fig. 4. CMB heat flux patterns in the dual (a) and single (b) superplume configura-
tions. The same 100 mW/m2 mean heat flux applies to both cases. The peak-to-peak 
variation is 60 and 100 mW/m2 in (a) and (b), respectively.

conductivity of kc = 130 W/m/K, and a lateral heterogeneity am-
plitude of δq = 30 mW/m2. Its heterogeneity pattern, which is a 
close approximation to our dual pile model f , was generated using 
the following three spherical harmonics measured in longitude and 
co-latitude coordinates: Y 0

2 , Y 2
2 and Y 1

1 , with amplitudes in rela-
tive proportions of 10 : 10 : 1, respectively. For comparison, Fig. 4b 
shows a map of the CMB heat flux pattern for a single pile configu-
ration. This map has the same mean heat flux of q0 = 100 mW/m2

but the heterogeneity amplitude is δq = 50 mW/m2.
In order to use CMB heat flux patterns like those shown in 

Fig. 4 as outer boundary conditions in our numerical dynamo mod-
els, two steps are necessary. First, the adiabatic CMB heat flux qad
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Table 2
Dynamo models setup and main results for models with E = 6 · 10−3 and dual pile configuration (top), E = 1 · 10−3 and dual pile configuration (middle) and E = 6 · 10−3

and single pile configuration (bottom). For variables definitions see main text.

H∗ 2δq∗ q0/Q q0

[W/m2]
q0/qad q∗

0c σ(q∗
0c) Ra τd Dipole N ωsh

10−5 10−5 1 0.05 0.5 −0.03 10−7 0.6 · 105 16 1.15 ± 0.05 0 na
0.61 0.57 1.13 0.06 0.57 −0.02 0.008 0.7 · 105 16 1.2 ± 0.1 0 na
0.86 0.94 1.29 0.06 0.65 −0.02 0.01 0.8 · 105 16 0.9 ± 0.2 0 na
1.0 1.29 1.45 0.07 0.72 −0.01 0.01 0.9 · 105 80 0.7 ± 0.2 0 na
1.10 1.67 1.61 0.08 0.81 −0.01 0.02 105 70 0.65 ± 0.22 0 na
1.18 2.15 1.80 0.09 0.90 −0.003 0.02 1.1 · 105 225 0.60 ± 0.23 0 na
1.21 2.39 1.89 0.09 0.95 −0.002 0.02 1.15 · 105 150 0.50 ± 0.24 1 na
1.24 2.69 2.00 0.10 1.0 0 0.02 1.2 · 105 510 0.43 ± 0.23 21 0.44
1.26 2.94 2.09 0.10 1.04 0.001 0.02 1.25 · 105 240 0.45 ± 0.24 18 0.34
1.28 3.22 2.18 0.11 1.09 0.002 0.02 1.3 · 105 220 0.44 ± 0.25 23 0.27
1.30 3.56 2.29 0.11 1.14 0.004 0.02 1.4 · 105 218 0.47 ± 0.24 25 0.25
1.32 3.98 2.42 0.12 1.21 0.005 0.02 1.5 · 105 335 0.34 ± 0.26 59 0.24
1.34 4.43 2.60 0.13 1.30 0.007 0.03 1.6 · 105 310 0.32 ± 0.23 65 0.24

1.18 2.15 1.80 0.09 0.90 −0.003 0.011 14 · 105 65 1.0 ± 0.13 0 na
1.3 3.56 2.29 0.11 1.14 0.004 −0.013 18 · 105 65 0.44 ± 0.28 4 0.48

0.705 1.47 1.25 0.06 0.64 −0.02 0.02 0.75 · 105 80 1.04 ± 0.18 0 na
0.854 3.15 1.49 0.07 0.74 −0.01 0.03 0.9 · 105 167 0.72 ± 0.18 0 na
0.9175 5.80 1.71 0.09 0.86 −0.005 0.05 1.0 · 105 165 0.63 ± 0.18 0 na
0.9375 7.74 1.83 0.09 0.92 −0.003 0.06 1.1 · 105 250 0.30 ± 0.18 20 0.35
0.9575 11.51 2.00 0.10 1.00 −6 · 107 0.09 1.2 · 105 250 0.25 ± 0.12 34 0.30
0.97 16.41 2.16 0.11 1.08 0.002 0.11 1.3 · 105 242 0.16 ± 0.09 44 0.19
0.98 24.75 2.34 0.12 1.17 0.004 0.16 1.4 · 105 222 0.14 ± 0.08 53 0.17
0.985 33.08 2.48 0.12 1.24 0.006 0.20 1.5 · 105 140 0.17 ± 0.11 39 0.22
0.985 33.08 2.48 0.12 1.24 0.006 0.20 1.6 · 105 120 0.17 ± 0.11 44 0.24
must be subtracted from the mean heat flux, since the dynamo 
model makes the Boussinesq approximation in which the adiabatic 
gradient is already removed. Second, the laterally varying residual 
CMB heat flux q − qad must be converted to non-dimensional co-
density. Because we assume the dynamo is dominated by compo-
sitional convection, an appropriate non-dimensional scaling factor 
for the heat flux is Q c = αν q0/βkc Dχ̇ (the subscript ‘c’ denotes 
‘core’ as opposed to the scaling factor Q on the mantle side). The 
non-dimensional mean CMB co-density flux for the dynamo model 
then becomes

∂C∗
0

∂r∗ = −q∗
0c = −Q c

(
1 − qad

q0

)
(16)

and the non-dimensional amplitude of the CMB co-density hetero-
geneity for the dynamo models becomes

δ

(
∂C∗

∂r∗

)
= −δq∗

c = −Q c
δq

q0
. (17)

Table 2 summarizes the parameters used in the numerical dy-
namo simulations as well as some main results. In these models 
we have assumed that qad = 2Q at H∗ = 1.24, and furthermore, 
that a Rayleigh number Ra = 1.2 ·105 corresponds to adiabatic CMB 
conditions q0 = qad , so that q∗ = q∗

0c = 0 at this Ra-value. Changes 
in q∗

0c relative to this reference state are then obtained from the 
dual pile curve for q∗

0 in Fig. 3a scaled according to (16). Likewise, 
changes in δq∗

c relative to the reference state δq∗
ad = 2.69 are ob-

tained from the dual pile curve for δq∗ in Fig. 3b scaled according 
to (17). Lastly, the relative changes in Ra are calculated assuming 
that Q c remains constant in the outer core, so that Ra increases in 
proportion to q0. We set E = 6 · 10−3, Pr = 1 and Pm = 20 in these 
cases.

Several reasons compel us to use dynamo models with these 
parameters. First, they lie within the parameter space identified by 
Christensen et al. (2010) as being Earth-like in terms of their mag-
netic field morphology. Second, they exhibit polarity reversals that 
are separated by stable polarity chrons in which the field is dom-
inated by an axial dipole component. Third, the time-average re-
versal frequency in these dynamos changes systematically with the 
control parameters E and Ra, and with the boundary heterogeneity 
amplitude (Olson and Amit, 2014). Finally, the large E-value allows 
computing long time series, thereby registering enough reversals to 
construct meaningful statistics. There are of course drawbacks to 
our approach, perhaps the gravest being that these dynamos are 
very far from Earth-like status in terms of some individual control 
parameters, in particular, E and Pm. For this reason, we choose 
to focus attention on their qualitative behavior: Whether they re-
verse at all as well as the conditions under which they reverse 
frequently. In addition, we also include a couple of dynamo cases 
at E = 1 · 10−3 that show qualitative agreement.

Fig. 5 shows maps of the radial magnetic field on the outer 
boundary in the piles dynamos. Time-average maps were con-
structed by considering +Br during normal polarities and −Br

during reversed polarities. Low H∗ non-reversing dynamos yield 
radial field morphology with a clear signature of the CMB heat flux 
heterogeneity, in particular on time-average. This is evident by the 
two intense flux patches at each hemisphere in Fig. 5b that appear 
at about the same longitudes as the positive heat flux anomalies in 
the dual pile pattern (Fig. 4a). Although at a snapshot the correla-
tion with the CMB heat flux pattern may be substantially inferior, 
there is a statistical preference for these intense flux patches to 
be aligned with the mantle heterogeneity (Olson and Christensen, 
2002). Note that in the snapshot shown here (Fig. 5a) the equato-
rial symmetry and the order 2 dominance are preserved, although 
the patches are somewhat shifted in longitude with respect to 
the CMB heat flux pattern. Increasing Ra and H∗ gives reversing 
dynamos with smaller scale more time-dependent fields (Fig. 5c) 
in which the mantle signature is less evident, probably requiring 
longer simulation times for statistical convergence. Nevertheless, 
the order 2 signature can still be identified in the time-average 
map of the larger Ra and H∗ dual pile dynamo (Fig. 5d). Likewise, 
an order 1 signature characterizes the single pile dynamo (Fig. 5f), 
although it is surprisingly shifted by about 180◦ from the corre-
sponding positive anomaly in the CMB heat flux pattern (Fig. 4b) 
due to strong westward drift driven by this particular boundary 
condition.
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Fig. 5. Snapshot and time-average maps of the radial magnetic field on the CMB from the piles dynamos. Left column are snapshots, right column are time-averages. The 
radial magnetic field is given in non-dimensional (Elsasser number) units. Red crosses indicate geomagnetic dipole axis positions. Black lines denote the latitudes of the 
tangent cylinder. (a, b) Dual piles non-reversing dynamo with H∗ = 1 and Ra = 0.9 · 105; (c, d) Dual piles reversing dynamo with H∗ = 1.28 and Ra = 1.3 · 105; (e, f) Single 
pile reversing dynamo with H∗ = 0.96 and Ra = 1.2 · 105. Note that the dual pile dynamos are centered at 0◦ longitude, whereas the single pile dynamo is centered at 180◦
longitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6 illustrates the dependence of the reversal frequency on 
the pile height as well as the irregularity of the chron durations. 
Pile dynamos with low H∗ values exhibit very small dipole tilt os-
cillations (Fig. 6a), i.e. no apparent tendency to reverse. This state 
corresponds to superchron conditions in our models. Increasing H∗
gives chaotic aperiodic reversals with strongly variable and irreg-
ular chron durations (Fig. 6b). A further increase in H∗ leads to a 
stochastic hyper-reversing dynamo (Fig. 6c).

Fig. 7 shows the non-dimensional reversal frequency N∗ = N/τd

as functions of H∗ and q∗
0 for the first set of dual pile dynamos 

(Table 2, top). The error bars correspond to 
√

N/τd , consistent 
with Poisson distribution (Lhuillier et al., 2013). Reversal onset 
occurs near H∗ = 1.2 and q∗

0 = 1.9, and the reversal frequency 
increases approximately linearly beyond onset. The present-day 
(0–5 Ma) reversal rate of about 4 per million years corresponds to 
N∗ � 0.2, assuming τd = 50 kyr. By extrapolation, N∗ = 0.2 occurs 
near H∗ = 1.35 and q∗

0 = 2.55 in Figs. 7a and b, respectively. Ac-
cordingly, there is a fairly small window separating the pile height 
that would produce magnetic superchrons and the pile height that 
would produce frequent, and even hyper-frequent reversals. The 
associated increase in CMB heat flux is also relatively moderate, 
and amounts to a change of only ∼35% between these two dy-
namo states. The parameter ωsh in Table 2 is the Sherman statistic 
for each reversal sequence. Random reversal sequences produce 
ωsh � 1/e, whereas periodic and clustered reversal sequences have 
larger and smaller ωsh-values, respectively (Olson et al., 2014).

To test these results, we also ran dual pile dynamos at E =
1 · 10−3 and larger Ra with the CMB heterogeneity parameters 
listed in the second set in Table 2 (middle). These dynamos have 
substantially greater flow velocities (magnetic Reynolds numbers 
above 400, as opposed to ∼150 for the first set cases) as well as 
smaller length scales, requiring substantially more numerical res-
olution and hence far longer running times, so that their reversal 
statistics are too meager to quantify reliably. Nevertheless, the re-
sults are qualitatively consistent with those of the first set and 
Fig. 7 in that increasing pile height transitions the dynamo from 
non-reversing to reversing behavior.

We have made a parallel series of calculations for single pile 
dynamos at E = 6 · 10−3 (for control parameters and summary re-
sults see the third set in Table 2 bottom). Fig. 8 shows the variation 
in non-dimensional reversal frequency vs. non-dimensional pile 
height and non-dimensional mean CMB heat flux for these cases. 
Note that the Rayleigh number for reversal onset in the single pile 
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Fig. 6. Magnetic polarity timeseries in the dual pile dynamos with increasing H∗ . Time is given in units of dipole decay time. (a) Dipole tilt timeseries (red) and its average 
(dashed black) in a non-reversing dynamo; (b, c) Polarity records for reversing dynamos. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 7. Non-dimensional reversal frequency vs. non-dimensional piles height (a) and vs. non-dimensional mean CMB heat flux (b) in the set of dual pile (rotated Y 0
2 ) dynamo 

models.
dynamos in Table 2 bottom differs somewhat from the Rayleigh 
number for reversal onset in the dual pile dynamos in Table 2 top, 
and beyond onset their reversal frequencies differ somewhat. Even 
so, in qualitative terms the same behavior is found for these sin-
gle pile cases as for the dual piles cases in Fig. 7. Specifically, the 
non-reversing state transitions to a reversing state at some critical 
value of H∗ (or alternatively, q∗

0) and beyond this onset the rate of 
reversals increases rapidly, especially in terms of H∗ . For both sin-
gle and dual pile configurations the reversal frequency increases 
nearly linearly with H∗ , but in terms of mean heat flux reversal 
frequency increases like 

√
q∗

0. These trends are consistent with the 
non-linear relationship between q∗

0 and H∗ shown in Fig. 3a. In 
summary, the implications of pile growth and collapse are prac-
tically the same regardless of whether one pile or two piles are 
involved.
4. Discussion

Clearly our D′′ pile model is very simplified. It is probable 
that complex dynamical scenarios in the lowermost mantle yield 
much more complex CMB heat flux patterns (e.g. Lay et al., 2008). 
For example, post-perovskite phase transition may cause spread 
piles with sharp edges and regions of enhanced CMB heat flux 
(Nakagawa and Tackley, 2011), thus distorting the idealized lin-
ear mapping between seismic and thermal anomalies at the D′′
layer (Nakagawa and Tackley, 2008). Accounting for post-perovskite 
in the construction of CMB heat flux models may affect the mor-
phology of persistent dynamo features (Amit and Choblet, 2009). 
Obtaining a more realistic CMB heat flux pattern from a refined 
D′′ pile model is worth-while, but it is beyond the scope of this 
study.
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Fig. 8. As in Fig. 7 for the set of single pile (rotated Y 0
1 ) dynamo models.
Although our D′′ pile model is highly simplified and the revers-
ing numerical dynamo models are very large-scale, some useful 
insights may be drawn. Assuming that the D′′ layer volume and 
the temperature difference across the D′′ are both conserved in 
time, we have shown theoretically that the mean CMB heat flux 
rapidly increases as D′′ chemical piles grow (Fig. 3a). The ampli-
tude of the CMB heat flux heterogeneity δq∗ also increases with 
growing piles (Fig. 3b). Reversals in numerical dynamo models 
with heterogeneous CMB heat flux are more frequent when the 
mean is increased, and in the tomographic case also when the am-
plitude of the lateral heterogeneity is increased (Olson et al., 2010;
Heimpel and Evans, 2013; Olson and Amit, 2014). It was not clear a 
priori whether the CMB heat flux pattern of the dual pile structure 
would enhance or suppress reversals, especially since it contains a 
significant zonal component that may work either way (Olson and 
Amit, 2014). Our numerical dynamo models show that these two 
effects work in unison to increase reversal frequency with growing 
piles.

The longevity of the dual pile structure in the lower mantle 
remains controversial. Volcanic hotspot reconstructions (Torsvik et 
al., 2006) point to the existence of two superplumes far back into 
the Paleozoic, whereas mantle global circulation models predict 
a single superplume during Pangaea assembly prior to 330 Ma 
(Zhang et al., 2010) and superchron conditions in the core dur-
ing the transition (Olson et al., 2013). Our D′′ model predicts that 
geomagnetic reversals are stimulated by piles growth in either 
configuration.

Most tomographic heat flux patterns are dominated by the Y 2
2

spherical harmonic. The rotated Y 0
2 pattern used in our study also 

contains a significant Y 2
2 component, but in addition a +Y 0

2 con-
tribution appears (Fig. 4a). This polar cooling may have a sub-
stantial effect on reversal frequency. Previous studies found that 
polar cooling stabilizes the dynamo and may yield superchrons 
(Glatzmaier et al., 1999; Kutzner and Christensen, 2004). Olson 
and Amit (2014) argued that close to the onset of reversals po-
lar cooling indeed inhibits reversals, but farther from the onset 
the opposite effect occurs and polar cooling increases reversal fre-
quency. These special effects of zonal heterogeneity in the CMB 
heat flux pattern motivate further inspection of the rotated Y 0

2 pat-
tern and its impact on reversal frequency.

An exact quantitative comparison between our results to those 
obtained by tomographic dynamos (e.g. Olson and Amit, 2014) 
is difficult, because in previous studies the mean CMB heat flux 
and the heterogeneity amplitude are two independent parameters, 
whereas in our D′′ pile model both quantities are controlled by 
the piles height. Based on the linear fits obtained by Olson and 
Amit (2014) with tomographic patterns, an increase of ∼10% in 
the mean CMB heat flux (corresponding to an increase of ∼5% in 
the local Rossby number) with an arbitrary reference reversal fre-
quency of N∗ = 0.1 would give an increase of ∼25% in the reversal 
frequency. In contrast, with our D′′ pile model the same increase 
of ∼10% in the mean CMB heat flux with a reference N∗ = 0.1 re-
sults in an increase of ∼70% in the reversal frequency (Fig. 7b). It 
is likely that the reason for this much larger increase in reversal 
frequency with our D′′ pile model is that the heterogeneity ampli-
tude increases together with the mean CMB heat flux (Fig. 3).

Our results are qualitatively consistent with predictions from 
previous dynamo reversal studies (Kutzner and Christensen, 2004;
Olson et al., 2010; Driscoll and Olson, 2011; Olson and Amit, 
2014). Intense outer core convection, high CMB heat flux and 
fully developed lower mantle piles correspond to times with fre-
quent polarity reversals, whereas superchrons correspond to times 
with weaker core convection, lower CMB heat flux and reduced 
piles height. In particular, the onset and termination of the CNS 
and KRS superchrons (Fig. 1) may mark piles partial collapse and 
growth stages, respectively. The modulation of piles height and 
subsequent CMB heat flux needed to explain the observed vari-
ability in paleomagnetic reversal frequency is modest; The increase 
in piles height that is needed to go from non-reversing super-
chron conditions N∗ = 0 during the CNS to present-day rapidly 
reversing conditions of N∗ = 0.2 is ∼13%, and the correspond-
ing increase in mean CMB heat flux is ∼35%. Such changes are 
only slightly larger than those found in mantle general circula-
tion models (Zhang and Zhong, 2011; Nakagawa and Tackley, 2013;
Olson et al., 2013), although the fluctuations in CMB heat flux pre-
dicted by the latter models are in many cases not closely in phase 
with the reversal frequency variations during this time interval.

There is independent observational support for Cenozoic super-
plume growth, based on the uplift history of the African continent 
and the origin of the African Superswell on the nearby ocean floor 
(Nyblade and Robinson, 1994). The timing of the uplift of Africa 
(Bond, 1978) coincides with the trend of increasing geomagnetic 
reversal frequency in the Cenozoic C-sequence, as our model pre-
dicts. Geodynamic considerations (Lithgow-Bertelloni and Silver, 
1998) indicate that the African Superswell is supported by a man-
tle upwelling, and mantle reconstructions indicate that this up-
welling has strengthened over the past 80 Myr through growth of 
the lower mantle African superplume (Conrad and Gurnis, 2003). It 
has been proposed that Cenozoic tectonic uplift has aridified East 
Africa, driving climate change and forcing early hominid evolu-
tion in that region (Sepulchre et al., 2006). Likewise, it has been 
suggested that superplume growth terminated the KRS, leading to 
formation of the Siberian Traps and contributing to the Permian 
mass extinction (Courtillot and Olson, 2007). Through such inter-
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actions, superplumes in the deep mantle may impact the climate 
system as well as the geodynamo.
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