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4 Abstract

5 Reconstructions of the Phanerozoic history of mantle global circulation that include
6 past plate motions are used to constrain the thermochemical evolution of the core. Ac-
7 cording to our mantle global circulation models, the present-day global average heat
8 flux at the core-mantle boundary lies in the range 80-90 mW.m™2, with peak-to-peak,
9 long wavelength lateral variations up to 100 mW.m~2 associated with compositional
10 and thermal heterogeneity in the D”-layer. For core thermal conductivity in the range
11 k=100-130 W.m 1. K~! we infer that the present-day outer core is thermally unstable
12 beneath the high seismic velocity regions in the lower mantle but thermally stable be-
13 neath the large low seismic velocity provinces. A numerical dynamo shows how this
14 boundary heat flux heterogeneity generates departures from axial symmetry in the
15 time average geomagnetic field and the pattern of flow in the outer core. Standard
16 thermochemical evolution models of the core driven by mantle global circulation heat
17 flow predict inner core nucleation between 400 and 1100 Ma. With thermal conductiv-
18 ity k ~100 W.m~'. K~ the core heat flow derived from our mantle global circulation
19 models is adequate for maintaining the geodynamo since inner core nucleation, super-
20 critical for dynamo action by thermal convection just prior to inner core nucleation,
21 and marginal for inner core convection.

2 *Corresponding author: Peter Olson; e-mail address: olson@jhu.edu

23 Keywords: Mantle Global Circulation, Inner Core Age, Core Evolution, Geodynamo
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1 Introduction

The geodynamo owes its existence to convection in the mantle. The rate of energy release
required to maintain the geodynamo at its present-day intensity over geologic time is so large
—on the order of 10-16 TW (terawatts) — that it would likely have ceased to operate long ago
were it not for the heat extracted from the core by the circulation of the mantle. Estimates
of the energy required by the geodynamo as well as estimates of the actual heat loss from
the core have recently been revised upward, partly in response to recent studies indicating
the thermal conductivity of core alloys is higher than previously assumed (de Koker et al.,
2012; Pozzo et al., 2012; Gomi et al., 2013; Zhang et al., 2015), and partly because the
radial structure and the amount of lateral heterogeneity in the D region near the base of
the mantle imply that the heat flow from the core is large (Buffett, 2007; Hernlund, 2010;
Zhang and Zhong, 2011; Wu et al., 2011).

The combination of higher thermal conductivity and high core heat flow implies that the
rate at which the core evolves is also fast in comparison with what would be the case were
these properties smaller. An often-used metric for-core evolution is the rate of growth of the
solid inner core. Assuming the inner core boundary is at the melting point and the outer core
is well mixed, growth of the inner core by solidification must track the cooling of the core
as a whole (Labrosse, 2003; Buffett, 2003). In addition, the inner core growth contributes
directly to maintaining the geodynamo through release of buoyant lighter elements, driving

thermochemical convection in the liquid outer core (Jones, 2007).

Major problems for quantifying the energy budget of the core and its rate of evolution
stem from uncertainties in the core-mantle boundary (CMB) heat flow, the melting curve
in the core (Andrault et al., 2011; Anzellini et al., 2013), the partitioning of light elements
at the inner core boundary (Gubbins et al., 2004; Nimmo and Alfe, 2006), and the amount
of radioactive heat production in the core (Gessmann and Wood, 2002; Murthy et al., 2003;
Bouhifid et al., 2007; Hirose et al., 2013). Among these parameters, the CMB heat flow is
probably the most important and is certainly the most complex, because the local heat flux

is inhomogeneous on the CMB and the total heat flow from the core varies with time.

All estimates of the present-day core heat flow are all based on indirect methods; these
include calculation of mantle plume fluxes, consideration of dynamo thermodynamics, in-

terpretations of lower mantle seismic structure, and output from mantle global circulation
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models (hereafter referred to as mantle GCMs). Mantle plume flux calculations based on
hotspot activity initially yielded small values, in the range of Q.mpy= 2-5 TW (Loper, 1978;
Davies, 1988; Sleep, 1990; Stacey and Loper, 2007) for the total core-mantle boundary heat
flow, although later improvements to these estimates (Labrosse, 2002) yielded Qenp ~ 13
TW (Leng and Zhong, 2008). Estimates derived from the thermodynamics of the geodynamo
yield somewhat higher values, generally in the range Qunp= 4-10 TW (Buffett et als; 1996;
Buffett, 2002; Labrosse, 2003; Gubbins et al., 2004). Interpretations of the seismic structure
in the D” region at the base of the mantle in terms of post-perovskite phase changes yield
significantly higher values, with average heat flux in the range Ge,,=65-100 mW.m=? (Lay
et al., 2006; van der Hilst et al., 2007; Monnereau and Yuen, 2010; Wu et al., 2011) equiv-
alent to a total core heat flow of Q. =10-16 TW, although Tateno et al. (2009) obtained
Qemp=06 TW with this approach. Interpretations of the lateral heterogeneity in the seismic
structure also provide estimates of the lateral heterogeneity in CMB heat flux in the range
of ¢, ,= 20-50 mW.m™? (van der Hilst et al., 2007; Lay et al., 2008). Not surprisingly, such
a wide range of the core heat flows yield a comparably wide range for the age of inner core
nucleation, hereafter abbreviated ICN. The lower core heat flow estimates predict ICN ages
in excess of 2.5 Ga, whereas the higher estimates predict ICN ages around 0.5 Ga (Labrosse
et al., 2001; Roberts et al., 2003; Nimmo, 2007). Adding to this uncertainty, the CMB heat
flow is time dependent, yet thereis little by way of direct observational constraints on how

much it has varied since the ICN.

Dynamically based predictions for the time variation of the average core heat flow and
its lateral heterogeneity can be extracted from mantle GCMs. The CMB heat flow in these
models depends.on many parameters, including the lower mantle viscosity, thermal conduc-
tivity, and the thermal gradient in the D” region, the latter depending on the strength of the
circulation in the lower mantle, the compositional stratification, phase changes in D” such
as post-perovskite (Nakagawa and Tackley, 2011), and the presence or absence of smaller
scale instabilities in that region (Nakagawa and Tackley, 2010; Zhang et al., 2010; Zhang
and Zhong, 2011). Uncertainties in these mantle properties, as well as the non-uniqueness
in the surface plate reconstructions that are often used as upper boundary conditions lead

to substantial uncertainty in mantle GCM predictions.

However, mantle GCMs can be tuned to match the present-day surface heat flow and

can also be tuned to match the present-day internal structure of the mantle, reducing their
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uncertainty somewhat. In this connection, the structure of dense chemical piles in the lower
mantle offers an important geodynamical constraint on core heat loss. It is found that
very high CMB heat flow is required to maintain compositionally dense piles the size of
the two large low shear velocity provinces (LLSVPs) seen in the present-day lower mantle
seismic structure (McNamara and Zhong, 2004). Depending on the values of other mantle
parameters, maintaining two dense piles comparable in size to the LLSVPs requires.a mean
CMB heat flux of @umy=75-100 mW.m~? and peak-to-peak, long wavelength lateral variations
up to 100 mW.m~? (Nakagawa and Tackley, 2008; Zhang and Zhong, 20115 Olson et al.,
2013).

In this paper we use statistics of the global mean CMB heat flow and lateral variations of
CMB heat flux obtained from plate-driven mantle GCMs that generate lower mantle chemical
piles similar to those observed in the lower mantle to calculate the thermal evolution of the
core backward in time, starting from the present-day and continuing to the time of ICN.
We also use the present-day pattern and magnitude of CMB heat flux from one of these
mantle GCMs to drive a numerical dynamo model, linking the structure of the dynamo-
produced magnetic field and lateral heterogeneity within the outer core to the global mantle

circulation.

2 Mantle global circulation and core heat flux

Mantle global circulation models provide self-consistent relationships between dynamical
properties of the mantle such as plate spreading rates, viscosity, and radioactive heat pro-
duction and coreheat flux, and observables such as mantle heterogeneity and heat flux at the
surface (McNamara and Zhong, 2005). In some mantle GCMs the circulation is entirely free
convection driven by thermal and compositional buoyancy (Nakagawa and Tackley, 2013,
2014). In others, the circulation is a combination of forced convection driven by prescribed
surface plate motions plus free convection (McNamara and Zhong 2005; Zhang et al., 2010;
Zhang and Zhong, 2011; Bower et al., 2013; Bull et al., 2014; Rudolph and Zhong, 2014).
A commonly-used procedure in these models is to adjust the Rayleigh number governing
the free convection part of the circulation to match some global constraint, such as zero net
torque on the surface plates or equal r.m.s. velocity of the free and forced components of

the flow.
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Table 1 gives the input parameters of the mantle GCM used in this study. In addition
to transport and thermodynamic parameters, the mantle GCM depends on the prescribed
surface plate motions. Here we have used four paleoplate reconstructions. Case 1 uses
the reconstruction by Muller et al. (2008) covering the period 0-140 Ma; Case 2 uses the
reconstruction by Lithgow-Bertelloni and Richards (1998) covering the period 0-119 Ma;
Case 3 uses the reconstruction by Seton et al. (2012) covering 0-200 Ma. Each case has
identical initial conditions, including an initially 250 km thick dense layer at the base of
the mantle, with properties listed in Table 1. Each case started at 608 Ma; with the first
150 Myr as a spin-up phase. The spin-up phase was initiated using a horizontally uniform
temperature field taken from a pre-calculation run to statistically steady state with rms
surface velocity chosen to match the rms velocity of the first (450 Ma) stage of the Zhang et
al. (2010) 450-119 Ma proxy plate reconstruction. Our Case 2 is-identical to the reference
case FS1 in Zhang et al. (2010) and to Case HF1 from Zhang and Zhong (2011). It is also
the same as Case 2 in Rudolph and Zhong (2014). Our Cases 1 and 3 are identical to our
Case 2 except for the plate motions over the last 200 Ma in our Case 3 and over the last
140 Ma in our Case 1, for which Seton et al. (2012) and Muller et al. (2008) are used,

respectively.

We use temperature-dependent viscosity n with a depth-dependent viscosity prefactor of
the form
1 = 1o exp (E*(0.5 - T*)> (1)
where 7, is a depth-dependent viscosity prefactor, E* controls temperature-dependence and
T* is non-dimensional temperature, which varies from 0 at the surface to 1 at the CMB. We
use B* =9.21, leading to variations in viscosity of four orders of magnitude from temperature
variations. We include a 30-fold decrease in viscosity prefactor at 150 km depth, a uniform
viscosity prefactor in the upper mantle and transition zone, a factor of 60 increase in viscosity
prefactor at 670 km depth, and a linear increase in viscosity prefactor across the lower mantle
leading to an overall factor of 3.4 increase. This viscosity structure is identical to that used
in Rudolph and Zhong (2014) Case 2, Zhang et al. (2010) Case FS1, and Zhang and Zhong
(2011) Case HF1. We use a numerical resolution of 64% elements on each of the 12 caps of

the CitcomS mesh with refinement in the radial direction in boundary layers.

Figure 1 shows the variation in the global average CMB heat flux ., versus age from

three mantle GCMs calculated using three plate tectonic reconstructions as surface boundary

5



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

conditions. Figure 1 also shows heat flux patterns on the CMB at four distinct times in the
Phanerozoic from mantle GCM Case 2. The continent locations are shown in shadow, and
convergent and divergent plate boundaries are shown by solid and dashed lines, respectively
(Zhang et al., 2010). These images represent the longest-wavelength components of the CMB

heat flux heterogeneity, represented by spherical harmonic degrees 1-4.

Several points are worth noting here. First, the present-day CMB heat flux pattern in
Figure 1a is dominated by the spherical harmonic degree 2 structure that is prominent in
lower mantle seismic tomography (Romanowicz and Gung, 2002; Dziewonski et al., 2010;
Lekic et al. 2012). High heat flux is distributed along an approximately great circle band
passing beneath the eastern parts of the Americas and Asia. Low heat flux occurs in two
regions, one beneath Africa the other beneath the central Pacific, closely coincident with the
seismically observed LLSVPs. In terms of the dynamics of the lower mantle, the high CMB
heat flux belt corresponds to lower mantle downwellings where lithospheric slabs descend
toward the CMB; the low CMB heat flux regions.correspond to lower mantle upwellings
above the dense chemical piles, which have been implicated as sites of deep mantle plume
formation (Burke and Torsvik, 2004; Burke et al.,; 2008; Torsvik et al., 2006). In contrast,
at 275 Ma in Figure 1 the CMB heat flux is dominated by a spherical harmonic degree 1
pattern, with mostly high heat flux beneath the margins of supercontinent Pangaea produced
by major downwellings originating at convergent plate margins arrayed around the edge of
the supercontinent. This spherical harmonic degree 1 pattern is partially disrupted around
180 Ma by the breakup of Pangaea and is further disrupted by opening of the Atlantic, so
that by 110 Ma the CMB heat flux pattern is dominated by a spherical harmonic degree 2

very similar to the present-day.

The present-day global mean CMB heat flux in Figure 1b is gu,, = 86 mW.m™2, less
than the'q,q ~ 100 mW.m~? conducted down the core adiabatic gradient if we assume a high
value of k= 130 W.m 1. K for the thermal conductivity in the outer core below the CMB
(corresponding to about 15 TW total core heat flow). The difference between the global mean
CMB heat flux and adiabatic conduction suggests the presence of stable thermal stratification
in the outer core beneath the CMB, with the possibility that thermal convection might be
suppressed there. However, it is necessary to take into account the lateral heterogeneity in
CMB heat flux produced by the lower mantle convection. The hatched contours in Figure

1 enclose regions where the local CMB heat flux g.,n, exceeds 100 mW.m™2; these regions
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cover nearly 40% of the CMB at the present-day, nearly 45% at 110 Ma, and about 30% at
275 Ma, respectively. Within these regions the local CMB heat flux is expected to exceed
the heat conducted down the outer core adiabat even if the thermal conductivity of the
outer core is as high as 130 W.m~'.K~!. The reverse situation applies in regions outside
the hatched contours; there we expect stable thermal stratification beneath the CMB if
the thermal conductivity is high. Whether or not such a patchwork of superadiabatic and
subadiabatic heat flux supports a global layer with stable stratification beneath the CMB
remains an open question. Buffett (2014) has interpreted the geomagnetic secular variation
in favor of global thermal stratification beneath the CMB, whereas Amit (2014) came to the
opposite conclusion using the same data. Another possibility is compositional stratification
due to light element gradients in this region (Helffrich and Kaneshima, 2010), which could

be far more stabilizing than purely thermal stratification.

3 Heterogeneous core-mantle boundary heat flux and
the present-day geodynamo

We model the influence of the general circulation of the mantle on the present-day state of
the geodynamo by applying the CMB heat flux pattern shown in Figure la to a numerical
dynamo driven by the coupled effects of CMB heat flux and chemical differentiation at the
inner core boundary associated with inner core growth. The standard approach to modeling

Boussinesq thermochemical convection in the outer core involves the co-density variable

C' = poc (aT + BX) (2)

where p,. is average outer core density, 7' is the outer core temperature relative to the adiabat,
X is the outer core light element concentration, and o and § are volumetric expansivities for
T and/x, respectively. At the CMB we specify the heat flux as the sum of a global mean

part g.» and a laterally varying part ¢,

Qemb = Gemp + qgmb <¢7 9) (3)

where ¢ and 6 are longitude and co-latitude, respectively. .. is to be compared with
the heat conducted down the core adiabat ¢4, such that Gen, — gag > 0 corresponds to
superadiabatic heat flux in the Boussinesq approximation. The function ¢/, in (3) specifies

the amplitude and the planform of the CMB heat flux heterogeneity.

7
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Writing the codensity as the sum of global mean and laterally varying parts C = C + (",
we express the CMB heat flux (3) as

@ _ _poca(QCmb - qg,d) . 870/ _ _pocaq:}mb (4)
or cmb k 7 or cmb k

where k is the outer core thermal conductivity. At the inner core boundary (ICB) we assume

constant codensity C' = Cjp.

We take Gemp and ¢, from Figure la and convert these to codensity boundary conditions
using (4). We nondimensionalize these boundary conditions for input into the numerical
dynamo using the difference between CMB and ICB radii D = 7. — i and D?*/v to
scale length and time, respectively, and p,.3D?x /v to scale co-density, where v is outer core
kinematic viscosity and x is the time rate of change of the light element concentration in
the outer core due to inner core growth, which is the main source of buoyancy for outer core
convection. This choice of scaling produces the following dynamo control parameters (Olson
et al., 2013): the compositional Rayleigh number and Ekman number

BgD*x gV

fa = k2] QD2 (5)

where ¢ is gravity at the CMB and 2 is the angular velocity of rotation, plus the Prandtl

and magnetic Prandtl numbers

Pr=—; Pm = — (6)

v
K U]
where & is diffusivity for the codensity. The heat flux boundary conditions at the CMB (4)

are given in terms of the dimensionless codensity (denoted with asterisks) as

OCx B _%_ 0C"*
Or Ra’ Or

Ray .
= = —Ef (7)

cmb cmb

where the Rayleigh numbers based on CMB heat flux are defined as

_ agD4(QCmb - Qad) .

agD*§qemp
R ) = ——
vkk ’ %

Ra, (8)

vk

with 0gemp = max(q.,,,,)- min(qL,,) and f*=q...,/0qemp.

Figures 2, 3, and 4 show snapshots and time averages of the structure of a thermochemical
numerical dynamo defined according to (2-8) with Rayleigh number Ra = 4 x 10°, Ekman
number F = 10~*, Prandtl number Pr =1, magnetic Prandtl number Pm =6, ¢ = -1.47 for

8
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Figure 4. (a) Time average of the dimensionless codensity in the equatorial plane of the
dynamo shown in Figures 2 and 3 with time average velocity arrows superimposed. Thin line
marks 0° longitude. (b) Global and equatorial averages of the radial variation of codensity
from the same numerical dynamo, including the thin shaded region with a slightly stable
stratification beneath the CMB in the equatorial average.
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Figure 5. Evolution model of the core. Solid curves show present-day profiles of adiabatic
temperature 7,4 and light element concentration y; dotted curves show these profiles at the
time of inner core nucleation, ICN. Dashed curve T, is a representative melting curve in
the core. Qgmp-and @Q,qq are total CMB heat flow and internal radioactive heat production,
respectively.
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Figure 6. Evolution of the core for different values of the total CMB heat flow, assumed
constant in time. T,,,;, and 7;4 denote CMB temperature and inner core radius, respectively.

37



(@ Q,,=0; k=100 W/m/K (b) Q,,=0TW; k=130 W/m/K

(K/km)

]

(K/km)

]

Qp (TW) Q,, (Tw)
|:| Subcritical I:l Supercritical today - Supercritical after ICN - Supercritical before ICN

Fig 7

Figure 7. Predicted ages of inner core nucleation (ICN) in millions of years as a function of
total CMB heat flow Q.,, and O, the difference between the slope of the melting curve and
the adiabat at the inner core boundary, calculated using different combinations of present-
day potassium-40 radioactive heat production ),,4 and outer core thermal conductivity k.
Panels a, ¢, and d use k=100 W.m~1.K~!; Panel b uses k=130 W.m~1.K~!; Top row (a &
b)use Qrq.q=0; Bottom row: (c,d) use Qrqa=(1,2) TW, respectively. Shadings correspond to
dynamo states: white=subcritical; yellow=supercritical today; light brown=supercritical 50
Myr after ICN; red=supercritical just prior to ICN. Dashed boxes indicate allowed region
based on mantle GCMs and core melting relations. Dotted lines indicate the time average
Qemp from our mantle GCMs.
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