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Abstract

Mantle control on planetary dynamos is often studied by imposing heterogeneous core-mantle boundary (CMB) heat
flux patterns on the outer boundary of numerical dynamo simulations. These patterns typically enter two main
categories: Either they are proportional to seismic tomography models of Earth•s lowermost mantle to simulate
realistic conditions, or they are represented by single spherical harmonics for fundamental physical understanding.
However, in reality the dynamics in the lower mantle is much more complicated and these CMB heat flux models are
most likely oversimplified. Here we termalternativeany CMB heat flux pattern imposed on numerical dynamos that
does not fall into these two categories, and instead attempts to account for additional complexity in the lower mantle.
We review papers that attempted to explain various dynamo-related observations by imposing alternative CMB heat
flux patterns on their dynamo models. For present-day Earth, the alternative patterns reflect non-thermal
contributions to seismic anomalies or sharp features not resolved by global tomography models. Time-dependent
mantle convection is invoked for capturing past conditions on Earth•s CMB. For Mars, alternative patterns account for
localized heating by a giant impact or a mantle plume. Recovered geodynamo-related observations include persistent
morphological features of present-day core convection and the geomagnetic field as well as the variability in the
geomagnetic reversal frequency over the past several hundred Myr. On Mars the models aim at explaining the demise
of the paleodynamo or the hemispheric crustal magnetic dichotomy. We report the main results of these studies,
discuss their geophysical implications, and speculate on some future prospects.

Keywords: Magnetic field; Dynamo; Core-mantle boundary; Heat flux

Introduction
General
Various geophysical observations have been recovered
by imposing heterogeneous heat flux patterns on the
outer boundary of numerical dynamo simulations. For
the Earth, the most popular prescribed heat flux pat-
terns are either proportional to seismic velocity anomalies
obtained from tomography models of the lowermost man-
tle to mimic realistic conditions, or spherical harmonic
degree and order 2 which is the dominant term in these
tomography models (Aubert et al. 2007, 2008; Bloxham
2002; Christensen and Olson 2003; Davies et al. 2008;
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Glatzmaier et al. 1999; Gubbins et al. 2007, 2011; Heimpel
and Evans 2013; Kutzner and Christensen 2004; Olson
and Amit 2014; Olson and Christensen 2002; Olson et al.
2010; Sreenivasan 2009; Sreenivasan and Gubbins 2011;
Takahashi et al. 2008). For other planets, various single
harmonics are often used, for example degree-1 for Mars
(Amit et al. 2011a; Dietrich and Wicht 2013; Stanley
et al. 2008) and degree-2 for Mercury and Saturn (Cao
et al. 2014; Stanley 2010, respectively), reflecting the
low-resolution information on planetary deep interiors.
Various single harmonics were imposed for the geody-
namo as well in order to obtain fundamental physical
understanding of the complex dynamo simulations (e.g.,
Glatzmaier et al. 1999).
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Inferring core-mantle boundary (CMB) heat flux from
tomography models relies on the assumption that seismic
and thermal anomalies in the lowermost mantle are
highly correlated. However, this idealized linear relation
may not hold in reality. Observational and numerical
studies of the lower mantle suggest that the struc-
tures and dynamics there are far more complex. First,
non-thermal contributions (e.g., compositional, phase
changes) perturb the idealized linear seismic-thermal
mapping (Bull et al. 2009; Deschamps et al. 2012; Lay
et al. 2008; Nakagawa and Tackley 2008; Tackley 2011;
Trampert et al. 2004). Second, while the spatial resolu-
tion inherent to tomographic models in the lowermost
mantle (e.g., Lekic et al. 2012) exceeds the resolution
of the observed core field, strong lateral gradients of
shear wave velocities are not captured. As revealed by
detailed waveform analyses at several locations, bound-
aries of large low shear-wave velocity provinces (LLSVPs)
might however be very sharp (e.g., Ni et al. 2005; To
et al. 2005). Similarly, synthetic single harmonic pat-
terns for planetary mantle heterogeneity, for example
for the CMB conditions that prevailed during the paleo
dynamo of Mars, are oversimplified. Even if the Mar-
tian anomaly was indeed large-scale (Elkins-Tanton et al.
2005; Harder and Christensen 1996; Ke and Solomatov
2006; Roberts and Zhong 2006; Roberts et al. 2009), it was
likely more complex than a single harmonic pattern. Note
finally that simulating the geodynamo at earlier times
requires information about the time-dependent mantle
convection pattern, which is not witnessed by present-
day tomography (Yoshida and Santosh 2011; Zhang and
Zhong 2011; Zhang et al. 2010; Zhong et al. 2007).

Here we term any CMB heat flux pattern that is nei-
ther tomographic nor single harmonic asalternative. For
the Earth, the alternative patterns include those that
account for non-thermal effects or non-resolved small
scales in various ways (Amit and Choblet 2009, 2012;
Amit et al. in press) and those that model the mantle het-
erogeneity in the past hundreds of Myr in various ways
(Amit and Olson 2015; Olson et al. 2013). For Mars, the
alternative patterns are obtained by modeling localized
mantle heating induced by a mantle plume (Sreenivasan
and Jellinek 2012) or a giant impact (Kuang et al. 2014;
Monteux et al. 2015).

Figure 1a illustrates some proposed dynamical scenarios
of Earth•s lower mantle that result in alternative CMB heat
flux patterns (see also, e.g., Lay et al. 2008). Subducting
slabs bring cold material to the CMB and locally increase
the heat flux. Time-dependent plate motions therefore
change the location of these large CMB heat flux regions.
Further complications arise from the presence of post-
perovskite phase transition (or even its double crossing)
in the slab reservoirs of the lowermost mantle. LLSVPs
may represent thermochemical piles of a not only hot

but also compositionally different material (e.g., Trampert
et al. 2004). Growth and collapse of these thermochemical
piles, as observed in analog experiments (Davaille 1999),
may yield temporal changes in the total heat loss through
the CMB and the amplitude of the lateral heterogeneity.
Ultra low velocity zones (ULVZs) at the edges of LLSVPs
(McNamara et al. 2010) form hot regions that are too
narrow to be captured by global large-scale tomography
models.

Figure 1b illustrates the effects of localized mantle heat-
ing on Mars• CMB heat flux. Giant impacts heat the
mantle and reduce the CMB heat flux right below the
impact site. Likewise, mantle plumes that originate at the
lowermost mantle and may have produced extensive vol-
canism such as Tharsis are also potential zones of reduced
CMB heat flux. It may also be naively expected that core
heating by impacts would yield a CMB heat flux increase.
However, core impact heating leads to the formation of
a hot layer at the top of the core (within 10 kyr) which
prevents the core from cooling (Arkani-Hamed 2012;
Arkani-Hamed and Olson 2010; Roberts and Arkani-
Hamed 2014). Thus, core impact heating could inhibit the
dynamo generation during a timescale that is governed
by the efficiency of the surrounding mantle to extract the
impact induced core thermal anomaly (from several kyr
up to 100 Myr).

Numerical simulations of mantle convection may shed
light on the relation between the observed seismic anoma-
lies and the CMB heat flux heterogeneity. Nakagawa and
Tackley (2008) assumed a linear equation of state to relate
their models• thermal, mineral, and chemical anomalies
with seismic anomalies. Their purely thermal case gives
nearly perfect linear relation between seismic and thermal
anomalies, whereas adding post-perovskite effects breaks
the linearity but maintains a unique relation (Fig. 2a).
The situation is more complicated when chemical anoma-
lies are accounted for; when the density contrast is large
enough, a parallel branch appears and the thermal-seismic
relation becomes non-unique (Fig. 2b). Implementation
of the results of Nakagawa and Tackley (2008) might be
problematic because due to limited vertical resolution
global tomographic models do not sample precisely the
CMB but rather a vertically averaged region above it.

The outline of this review paper is as follows. In
the •Alternative models of core-mantle boundary heat
fluxŽ subsection, we introduce motivations for alterna-
tive CMB heat flux models. Related dynamo proper-
ties inferred from observations are listed in subsection
•Relevant observed planetary dynamo propertiesŽ . In the
section •MethodsŽ , we recall the governing equations and
control parameters of numerical dynamo simulations. We
describe the incorporation of mantle control effects by
imposing an outer thermal boundary condition. In the
section •ReviewŽ , we describe the results of papers that
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Fig. 1 Cartoons showing various possible dynamical complexities in the Earth•sa and Mars•b lowermost mantles that may motivate modeling of
alternative CMB heat flux models

imposed alternative outer boundary conditions on numer-
ical dynamos. For each of these papers, we specify the
procedure used to construct the alternative CMB heat
flux model and we report how the perturbation from
the conventional reference pattern affected the result-
ing planetary dynamo features. We discuss the results in
the subsection •DiscussionŽ, and we propose some future
prospects in subsection •Future prospectsŽ.

Alternative models of core-mantle boundary heat flux
The existence of the post-perovskite phase transition
(Murakami et al. 2004; Oganov and Ono 2004) was
invoked to explain the seismic heterogeneity of the

lowermost mantle (Lay et al. 2006). Post-perovskite is
needed to explain core-reflected (Hernlund et al. 2005)
and diffracted (Cobden et al. 2012) waves. It may also
be a good candidate for the DŽ discontinuity, at least
in regions where P- and S-waves have opposite signs
(Cobden and Thomas 2013). In contrast, in probabilis-
tic tomography models the thermal distribution is similar
with and without post-perovskite (Mosca et al. 2012).
Mantle convection simulations that incorporate post-
perovskite effects indicate that its presence affects mantle
dynamics (Cizkova et al. 2010; Nakagawa and Tackley
2011) and distorts the thermal-seismic relation from its
linearity (Nakagawa and Tackley 2008).
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