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[1] A numerical dynamo with time variable core heat flow
and inner core growth rate links the thermal state of the
Earth’s core to the long term trends in the Geomagnetic
Polarity Time Scale (GPTS). Increasing core heat flow over
100 Myr drives the numerical dynamo from a superchron
state to reversing behavior, whereas a similar decrease in core
heat flow produces a decrease in reversal frequency, driving
the dynamo back into a superchron. The polarity sequence,
including more than 400 reversals and two superchrons,
compares favorably with the GPTS, as does the dynamo
frequency spectrum. We find that core heat flow is positively
correlated with polarity reversal frequency, dipole variability,
and the relative strength of the non!dipole field. Our results
imply that changes in geomagnetic reversal frequency can be
attributed to long period fluctuations in core heat flow, and
suggest heat flow minima during superchrons and a maximum
near the present!day. Citation: Driscoll, P., and P. Olson (2011),
Superchron cycles driven by variable core heat flow, Geophys. Res.
Lett., 38, L09304, doi:10.1029/2011GL046808.

1. Introduction

[2] The Geomagnetic Polarity Time Scale shows a pro-
gressive increase in the average frequency ofmagnetic polarity
reversals since the end of the most recent superchron in the late
Cretaceous [Cande and Kent, 1995; Gallet and Courtillot,
1995; Constable, 2000], when no polarity reversal occurred
over a period of !40 Myr. Other long term modulations in
reversal frequency, including one or possibly two earlier
superchrons, have been identified at approximately 200 Myr
intervals [Gallet et al., 1992; Pavlov and Gallet, 2005].
Numerical dynamo models have successfully reproduced
many features of geomagnetic polarity reversals, including the
irregular timing of individual polarity events and the collapse
of the dipole component of the field [Amit et al., 2010].
However, these models have yet to address the main secular
trend of the GPTS: a decrease in reversal frequency going back
to the end of the CretaceousNormal Superchron (CNS) 83Ma,
no reversals during the CNS 83–120 Ma, and increasing
reversal frequency prior to 120 Ma. Statistical models [Ryan
and Sarson, 2007] explain variations in reversal frequency
including superchrons in terms of log!normal or other asym-
metric probability distributions arising from a stationary pro-
cess. However, statistical models do not account for the
observed trends in reversal frequency between superchrons,
and their main assumption of a stationary geodynamo is

questionable in light of the fact that mantle structure evolves
significantly over a superchron cycle.
[3] The observed cycling of paleomagnetic polarity

reversal frequency from superchron to reversing state with a
time scale of approximately 200 Myr [Pavlov and Gallet,
2005] is comparable to the time scale of convective turn-
over in the mantle tconv = pD/U " 200 Myr, where D is the
mantle thickness and the mean sea floor spreading rate U =
45 mm yr#1 represents the convective mantle velocity. This
suggests that these two processes may be coupled, which
is consistent with numerical models of mantle convection
that predict core heat flow variations on similar time scales
[Nakagawa and Tackley, 2005; Zhong et al., 2007]. Here we
demonstrate using a numerical geodynamomodel howmodest
temporal variations in total core heat loss of about 25% can
drive the geodynamo into and out of superchrons, accounting
for the long term trends in the GPTS reversal frequency.

2. Methods

[4] We model dynamo action in a rotating, convecting,
electrically conducting fluid shell with the present!day
geometry of Earth’s core using the numerical dynamo code
MAGIC (developed by J. Wicht). To control the convective
forcing, we use the co!density formulation for temperature
and composition [Aubert et al., 2009] and specify the
strengths of buoyancy production in the fluid and the buoy-
ancy flux on the outer boundary. A time!dependent, spatially
uniform heat flux relative to the heat conducted down the core
adiabat is specified on the outer boundary, whereas the inner
boundary has fixed co!density. Although it has been found
that the CMB heat flow pattern can influence magnetic field
morphology, numerical dynamos show that polarity reversal
rates are more sensitive to changes in the mean CMB heat
flow than changes in its planform [Olson et al., 2010]. In the
fluid, buoyancy production is represented by a uniform vol-
umetric sink term that represents the combined effects of light
element enrichment of the outer core due to solidification of
the inner core, curvature of the adiabat, radioactive heating,
and secular cooling of the outer core [Driscoll and Olson,
2009a].
[5] Two superchron regimes occupy the first and last

20 Myr of the simulation when the core heat flux is adiabatic
and convection is driven solely by compositional buoyancy
released at the inner core boundary (ICB). The superchrons
are separated by a 20–100Myr phase with a steady increase in
superadiabatic core heat flux and polarity reversal frequency,
and a 100–180 Myr phase with a steady decrease in super-
adiabatic core heat flux and polarity reversal frequency
(Figure 1c). The first 100 Myr represents the evolution of
the geodynamo from the middle of the Cretaceous Normal
Superchron (CNS) to its present!day state; the second
100 Myr reverses the trend, similar to the paleomagnetic
record between 200 and 100 Ma. The choice of adiabatic
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heat flow during superchrons is not unique because the
parameters are far from realistic and there are a large number
of dimensionless parameters that influence dynamo behavior,
but the net increase in buoyancy flux (!25%) is necessary to
evolve the dynamo from superchron to frequently reversing
behavior.
[6] Computational requirements of the 3D numerical

dynamo dictate low resolution (l, m = 42 harmonics) and
large Ekman number to simulate 200 Myr of continuous
core evolution. Dimensionless control parameters include
the Ekman number E = n/WD2 = 5.5 ! 10#3, Prandtl number
Pr = n/! = 1, magnetic Prandtl number Pm = n/l = 20, and
Rayleigh number Ra = gDCD3/!n = 2.5 ! 104, where n, !,
and l are the viscous, thermochemical, and magnetic dif-
fusivities, W is rotation rate, D is shell thickness, and g is
gravity. The co!density C = aT + bc is the fractional
change in density associated with perturbations in temper-
ature T and light element concentration c, where a and b
are the thermal and compositional expansivities. Mechanical
boundary conditions are no slip at both boundaries, and the
inner core has the same electrical conductivity as the outer
core, while the mantle is insulating. Time in these calcula-
tions is calibrated in units of the magnetic dipole free decay
time, which is approximately 20 kyr for a core conductivity
of 5 ! 105 S m#1 (see auxiliary material).1

3. Results

[7] The 200 Myr dynamo time series (Figure 1) includes
variations of the dipole moment (Figure 1a) and the stable
polarity chron stripes (Figure 1b) associated with 421 model

polarity reversals. To compare the dynamo to the geomag-
netic field we use a scaling law [Christensen and Aubert,
2006] to convert the model dipole moment to physical units
[Driscoll and Olson, 2009a], yielding a time average and
standard deviation of the dipole moment of 60 ± 19 ZAm2

(Z $ 1021), slightly less than the inferred Virtual Axial Dipole
Moment (VADM) paleointensity of 67 ± 34 ZAm2 for the last
160 Ma [Tauxe and Yamazaki, 2007]. The smoothed dipole
moment (white, Figure 1a) has a minimum of !50 ZAm2when
the core heat flux is largest at 100 Myr, only 17% below its
long term average, whereas the total magnetic field intensity
at the CMB (not shown) displays an even smaller trend over
time. This is consistent with some paleomagnetic measure-
ments which indicate little trend in paleointensity over the last
160 Myr [Tarduno et al., 2001; Tauxe and Yamazaki, 2007].
Interestingly, ourmodel predicts increased variability and non!
dipole field intensity during periods of frequent reversals
(see below), adding to the difficulty of extracting small dipole
moment trends from paleointensity measurements.
[8] The superadiabatic thermo!chemical buoyancy flux

(Figure 1c) is prescribed at the CMB (FCMB) as a heat flux
condition, whereas FICB is a combination of thermal and
chemical buoyancy and fluctuates dynamically. Note that
large amplitude steps in FCMB are used for the transition
from the adiabatic state to the super!adiabatic state, which
dictates that the superchrons are 40 Myr in total length.
Hulot and Gallet [2003] have proposed that the onset of a
superchron occurs suddenly, possibly driven by rapid
changes in the CMB heat flow due to small scale convection
in D" [Olson et al., 1987], but previous calculations indicate
it is possible to evolve from a superchron to reversing state
with a smoothly varying buoyancy flux [Driscoll and Olson,
2009a]. We note that the accelerated rate of core evolution
used in previousmodels to explore the dependence of reversal
frequency on buoyancy flux [Driscoll and Olson, 2009a] is
not employed here. In the model, dynamo evolution crosses
the regime boundary separating dipolar reversing and non!
reversing dynamos, but because the model is not in the same
region of parameter space as Earth’s core we assume that a
similar boundary also exists in the Earth!like region of
parameter space.
[9] The polarity reversals in Figure 1 occur when the dipole

field collapses and the dipolarity (relative strength of the
dipole to total field intensity) is anomalously low; a robust
feature of reversing numerical dynamos [Amit et al., 2010].
Physically, increased buoyancy flux invigorates convection
in the outer core, causing distortion of the large scale mag-
netic field. This additional distortion results in weakening of
the dipole field and a proliferation of regions that have
reversed magnetic flux, precipitating more frequent polarity
reversals.
[10] The expanded segment of the dynamo record between

95 and 100 Myr (Figure 2) contains 23 polarity reversals
(!4.5 Myr#1) corresponding to the 0–5Ma reversal rate in the
GPTS. The segment also contains 25 excursions (when the
dipole axis crosses the equator briefly before returning to
the old polarity) often occurring near polarity chron bound-
aries, but several isolated events can be seen around 99 Myr.
Similar to paleointensity records of the last 5Myr [Valet et al.,
2005], each polarity reversal and excursion event is associ-
ated with a local minimum in dipole moment of !10 ZAm2.
This segment also contains two longer chrons, one with
reverse polarity from 96.7 to 97.7 Myr, another with normal

Figure 1. Reversing numerical dynamo over 200 Myr.
(a) Variations of dipole moment (black) and with 1 Myr
smoothing (white) scaled to the Earth (Z $ 1021). (b) Polar-
ity chrons; normal (black) and reversed (white). (c) Varia-
tions of dimensionless buoyancy flux F at the ICB (top)
and CMB (bottom).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL046808.
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polarity from 98.3 to 99.2 Myr, analogous to the present!day
Brunhes chron, which is three times longer than the average
chron length over the last 5 Myr. The presence of chrons 2–
3 times longer than average chron length indicate that quiet
periods like the Bruhnes chron may not be so anomalous.
[11] The entire polarity chron record from the dynamo

model (cut and shifted to align the superchrons with the CNS)
displays randomness in the timing of individual reversals, as
well as overall shortening of chron length away from the
superchron, similar to the GPTS (Figure 3). In addition, the
average polarity reversal rate of the dynamo smoothed with
Gaussian kernels [Constable, 2000] compares well with the
paleomagnetic average (Figure 4a). McFadden and Merrill
[1997] suggest that there may be an asymmetry in the
reversal rate before and after the CNS, which is pronounced in
Figure 4a after the superchron where the paleomagnetic
reversal rate is lower than the model. However, the model
reversal rate is symmetric around the superchron, indicating
that an asymmetric reversal rate is likely attributable to dif-
ferences in core heat flux before and after the CNS.
[12] In general, long chrons have large mean dipole

intensity and low variability, indicating they are relatively
stable to dipole collapses, while shorter chrons have weak
mean dipole intensity and large variability, indicative of
their relative instability (Figure 4b), but this trend is scat-
tered for short chrons. The positive correlation between
paleomagnetic dipole variability and intensity in the Oli-
gocene, spanning chron lengths of 0.05–2 Myr [Constable
et al., 1998], appear similar to the scattered short chron
behavior of the model where a positive correlation may be
drawn (see auxiliary material). At longer chrons the model
seems to have the opposite trend of the paleomagnetic data,
although a comparison is difficult here because there are
only two paleomagnetic data points with dipole intensities
>25 mT. On the contrary, paleomagnetic segments from
49.5–46.5 Ma and 325–310 Ma are examples of periods
when reversals were infrequent, dipole intensity was high,
and variability was low [Biggin and Thomas, 2003]. A
larger compilation of paleomagnetic data of various chron
lengths could resolve the trend in Figure 4b, and provide
an additional means of comparing the model with the geo-

dynamo. Significantly, both the dynamo model and paleo-
magnetic data contain no chrons with low variability (!5 mT)
and moderate dipole intensity (!25 mT).
[13] Observations of paleosecular variation from the

Jurassic and Cretaceous indicate increased dispersion of the
geomagnetic pole during times of frequent polarity reversals
[Biggin et al., 2008]. If increased dipole dispersion is
indicative of a broader instability in the dipole field then
these observations may be attributed to an increase in the
variability of the dipole accompanying frequent reversals, as
demonstrated here.
[14] The dispersion of chron length versus chron number

(Figure 4c) reflects the fact that reversal frequency is anti!
correlated with chron length, and that the range of chron
lengths (excluding the superchrons) span at least an order of
magnitude from !20 kyr to !1 Myr. The two superchron
states appear as outliers; some statistical models also infer the
CNS to be an outlier [Hulot and Gallet, 2003; Ryan and
Sarson, 2007; Jonkers, 2007], but these models do not
account for systematic trends in reversal frequency between
superchrons. The dipole component of the magnetic field
is highly variable and weak during short polarity chrons
(!0.03 Myr), contributing less than 40% of the total field,
whereas during longer chrons (!1 Myr) the dipole and non!
dipole field components are roughly equal (Figure 4d). This
suggests that geomagnetic dipole moment (GDM) determi-
nations from periods with frequent reversals are more likely
to be contaminated by non!dipole field components, whereas
GDM measurements during the CNS may be less affected.
Correcting the GDM record with an estimate of the amount
of non!dipole contamination as a function of chron length
may alter the standard interpretation [Tauxe and Yamazaki,
2007] that there is little trend over the last !160 Myr.
[15] The dipole moment frequency spectrum from the

dynamo is compared with various geomagnetic spectrum
estimates [Constable and Johnson, 2005; Valet et al., 2005;
Courtillot and Le Mouel, 1988] in Figure 5. The spectra
have similar shape with a large slope at high frequencies, a
plateau at moderate frequencies associated with polarity
reversal fluctuations, and largest power at low frequencies.
The decrease in power at high frequency is associated with
secular variation and is not well resolved in the dynamo for
f % 100 Myr#1, but the slope is broadly consistent with f #2.
The jump in dynamo spectral power near f = 0.05 Myr#1 is
associated with the two superchrons, and the peak power at
100 Myr corresponds to the periodicity of the CMB heat
flux forcing. We note that using advective time scaling

Figure 2. Reversing portion of the dynamo model from
95–100 Myr. (a) Dipole moment (black), with mean (grey)
and standard deviation about the mean (grey dashed).
(b) Polarity chrons; normal (black) and reversed (white).
(c) Dipole tilt colatitude.

Figure 3. (top) Geomagnetic Polarity Time Scale sea floor
record 0–160 Ma [Lowrie and Kent, 2004] (bottom) com-
pared to dynamo polarity record 0–200 Myr. Black (white)
is normal (reverse) polarity. For comparison purposes the
dynamo record has been cut and shifted so that its super-
chrons align with the CNS.
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(instead of dipole decay time) to generate the dynamo fre-
quency spectra will shift the spectra to higher frequency, and
would necessitate an even longer simulation to model the
lowest frequencies.

4. Conclusions

[16] Our results support earlier suggestions that paleo-
magnetic reversal frequency variations may correlate with
long!term fluctuations in heat loss from the core [Courtillot
and Le Mouel, 1988]. Our dynamo model demonstrates that
increased heat loss energizes convection in the outer core,
destabilizing the axial dipole field by increasing its vari-
ability, leading to more frequent polarity excursions and
reversals. Previous studies [Roberts and Glatzmaier, 2001;
Driscoll and Olson, 2009a, 2009b; Aubert et al., 2009]
estimate that the slowing of Earth’s rotation rate due to tidal
friction tends to compensate for the decrease in buoyancy
production associated with the secular cooling of the core,
producing little change in long!term magnetic field strength
or average reversal rate. However, our results suggest that
geodynamo evolution into and out of superchrons is indic-
ative of dynamical fluctuations in core heat flow, as pre-
dicted by whole mantle convection models [e.g., Nakagawa
and Tackley, 2005; Zhong et al., 2007]. In the future, pro-
gresses in modeling the long!term reversal behavior of the
geodynamo in combination with more detailed paleomag-
netic reversal records prior to 160 Ma may allow for the
energetic state of the geodynamo to be used as an additional
constraint on the history of the deep Earth.

Figure 4. Comparison of paleomagnetic and numerical dynamo reversal properties. (a) Average polarity reversal fre-
quency R(Myr#1) with Gaussian smoothing (standard deviations s = 1, 5, and 10 Myr). Over!plotted is the smoothed geo-
magnetic polarity reversal rate for 0–160 Ma [Constable, 2000]. For comparison purposes the dynamo model has been
shifted the same as in Figure 3. (b) Scaled mean surface dipole intensity versus its standard deviation s for each stable
polarity chron, with symbol sized by chron length, compared to paleomagnetic data [Constable et al., 1998] (stars).
(c) Dispersion of polarity chron length versus chron number. (d) Correlation between mean CMB non!dipolarity within
chrons and chron length. Non!dipolarity n = (B # Bd)/B measures the normalized contribution of all non!dipole field
components, where B and Bd are the total and dipole field rms magnetic field at the CMB, respectively.

Figure 5. Comparison of dipole moment frequency spec-
trum from the dynamo model with a geomagnetic composite
[Constable and Johnson, 2005], SINT [Valet et al., 2005],
and an f #2!law prediction [Courtillot and Le Mouel, 1988].
Vertical reference lines are shown at periods of 20 kyr and
20 Myr.
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