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The hemispheric dichotomy in the crustal magnetic field of Mars may indicate that the planet’s past
dynamo was influenced by a degree-1 heterogeneity on the outer boundary of its liquid metallic convect-
ing core. Here we use numerical dynamos driven by purely volumetric internal heating with imposed
degree-1 heat flux heterogeneities to study mantle control on the past dynamo of Mars. We quantify both
south-north and east-west magnetic field dichotomies from time-average properties that are calculated
according to two different end member crust formation scenarios. Our results indicate that a moderate
heat flux anomaly may have been sufficient for obtaining the observed dichotomy. Because of the exci-
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l\gggﬁz field tation of a strong equatorial upwelling in the dynamo, the efficiency of a mantle heterogeneity centered
Dynamo at the geographical pole in producing a south-north dichotomy is much higher than that of an heteroge-

Mars neity centered at the equator in producing an east-west dichotomy. These results argue against a signif-
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icant True Polar Wander event with major planet re-orientation after the cessation of the dynamo.
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1. Introduction

The existence of an intrinsic magnetic field on Mars was
debated until 1997, when the NASA mission Mars Global Surveyor
(MGS) was inserted into orbit. At an altitude of 400 km, the
Martian magnetic field components measured by MGS (Acuifia
et al,, 2001) vary between +250nT, and at a lower altitude of
200 km they vary between +650 nT. This drastic increase indicates
a crustal nature to the Martian magnetic field, in contrast to Earth’s
anomalous crustal field which comes in excess or in deficit of the
main core field. The only plausible cause for the crustal field is
remanent magnetization acquired in the global field of a now ex-
tinct Martian dynamo. The largest anomalies are located south of
the crustal topographic dichotomy. To first order, the northern
plains, the largest volcanoes, and the largest impact craters are
devoid of significant magnetic signatures.

Models that try to explain the dichotomy in the Martian crustal
magnetic field fall into two categories, which we call here ‘external’
and ‘internal’. In the external models, it is assumed that originally
the entire Martian crust had been magnetized by a homogeneous
internal dynamo. Later, when the dynamo had ceased to operate,
parts of the magnetized crust were altered or removed by external
processes such as large impacts or volcanic activity. For example,
Milbury and Schubert (2010) assume that the original Martian
crust had been magnetized by an internal dipole field, and that
later the whole Northern hemisphere, the Tharsis volcanic prov-
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ince and several large impact basins are demagnetized. Their mod-
el is correlated with the Martian crustal field, but only at low
spherical harmonic degrees, which contain little power. The corre-
lation at degrees two and three requires a paleopole position at
low- or mid-latitudes. While demagnetization of the crust in large
impact basins seems plausible, a catastrophic event that demagne-
tized the entire Northern hemisphere seems less likely (Roberts
and Zhong, 2006) although not impossible (Andrews-Hanna
et al., 2008; Marinova et al., 2008; Nimmo et al., 2008). Large
basin-forming impacts have also been invoked as cause for the
sudden cessation of the paleo dynamo by reducing the core-
mantle boundary (CMB) heat flux (Roberts et al., 2009) or by
shock-heating the outer core leading to a stable thermal stratifica-
tion (Arkani-Hamed and Olson, 2010).

The internal scenario for explaining the magnetic dichotomy as-
sumes that the Martian crust was magnetized in a globally uneven
way by a dynamo that was more active in the Southern hemi-
sphere than in the Northern hemisphere. Even for homogeneous
boundary conditions, hemispheric dynamos were found in numer-
ical models (Grote and Busse, 2000; Simitev and Busse, 2005) for
certain combinations of control parameters. In this case the selec-
tion of the magnetically active hemisphere is arbitrary and may flip
in time. A degree-one thermal heterogeneity of the lower mantle
could favor hemispheric dynamos in a broader range of control
parameters and fix the magnetic activity to a preferred hemisphere
(Stanley et al., 2008).

There are several possible causes for a hemispheric difference in
the lower mantle. The intense volcanism in the region of Tharsis,
together with strong gravity and topography signals there, suggest
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one-plume mantle convection upwelling below Tharsis (Zuber,
2001). Furthermore, experiments show that the Spinel to Perov-
skite transition may occur in the lowermost mantle of Mars (Fei
et al., 1995). Harder and Christensen (1996) modeled mantle con-
vection with such endothermic phase transition in the lowermost
mantle and showed that one-plume convection emerges. Roberts
and Zhong (2006) proposed that layered viscosity in the Martian
mantle may lead to a degree-1 convection. Alternatively, a giant
impact pre-dating the magnetization of the crust by a dynamo
might have created the topographic dichotomy at the surface and
set up a persistent degree one convection pattern in the mantle
(Schubert et al., 2000).

Following the hypothesis of a degree-one mantle dichotomy,
Stanley et al. (2008) imposed an inhomogeneous heat flux pattern
with a component of spherical harmonic degree one and order zero
(Y%) on the outer boundary of their numerical dynamo simulation.
The amplitude of the heat flux variation exceeded the mean, which
means that in most of the Northern hemisphere the superadiabatic
part of the CMB heat flux was assumed to be negative (inward).
They found a strong south-north magnetic field dichotomy in
snapshots of the magnetic field in their model. Remaining ques-
tions include:

e Can the observed dichotomy magnitude be obtained with a
more moderate CMB heat flux anomaly?

e Can the dichotomy be recovered systematically in time-average
field properties, corresponding to different crust formation
scenarios?

e Since the mantle convection pattern was not necessarily axi-
symmetric with respect to the geographical pole, can a south-
north dichotomy be produced if the axis of the mantle dichot-
omy is located at an arbitrary (e.g. mid-) latitude?

In this paper we address these issues by studying numerical
dynamos driven by purely thermal convection with an imposed de-
gree-1 heat flux heterogeneity on the outer boundary. We use heat
flux anomalies of moderate amplitude corresponding to positive
(outward) superadiabatic heat flux on the whole boundary. We
examine Y9 and Y] heat flux patterns and a combination of both.
We calculate time-average field properties and their associated
hemispheric dichotomies in north-south and east-west directions.

2. Current and past Martian magnetic field dichotomy
2.1. Current magnetic dichotomy

In order to quantify the degree of dichotomy of the Martian
magnetic field we use the model by Langlais et al. (2004). At any
given location above Mars’ surface, the magnetic field is the sum
of all Equivalent Source Dipole (ESD) contributions located within
a certain distance. Using low- and high-altitude MGS measure-
ments, a global map of the Martian magnetic field at altitude
400 km was produced. The horizontal resolution of the model is
170 km, or 2.9° at the equator.

Fig. 1 shows the model of the current Martian crustal magnetic
field intensity B at a height of 400 km above the planet’s surface
(Langlais et al., 2004). According to this model, the rms of the cur-
rent field intensity B in the Southern hemisphere is 29.5 nT, while
the rms field in the Northern hemisphere is 8.4 nT, giving an hemi-
spheric dichotomy ratio of 3.5. However, accounting for +v/3 nT
uncertainty in each hemisphere may give the range

Bgy/Buy = 2.7 — 4.7 (1)

for the current magnetic field hemispheric dichotomy. When
searching for an hypothetical geographical pole location that yields

maximal dichotomy, we obtain a dichotomy factor of 3.55 at (150°E,
85°S). This ratio is only slightly larger than the actual value and the
deviation from the geographical pole is only 5°, proving that the ori-
entation of the current dichotomy is nearly perfectly south-north.

2.2. Crustal thickness dichotomy

The Martian crust is thicker in the Southern hemisphere than in
the Northern hemisphere, which may possibly explain part of the
magnetic dichotomy. The thickness of the magnetized crust is con-
trolled by the depth of the Curie temperature, i.e. the depth at
which magnetic minerals lose their magnetic remanence, with
the total crustal thickness as an upper bound. The Curie depth de-
pends on the mineralogy (phase and composition), the surface
temperature and the temperature gradient at Noachian time when
the Martian dynamo operated.

The Curie temperature is mineral-dependent. Typical values are
about 325 °C for pyrrhotite, 580 °C for pure magnetite and 670 °C
for pure hematite. The Martian magnetic mineralogy is very poorly
constrained (Dunlop and Arkani-Hamed, 2005). Magnetite, how-
ever, is an appealing candidate, because it possesses both a high
Curie temperature and a large magnetization saturation. It occurs
on Earth in both continental and oceanic crust as a primary or sec-
ondary mineral (Langlais et al., 2010). On Mars, magnetite has been
detected by Spirit, on the plains and in the Columbia Hills of Gusev
crater, a ~150 km-diameter crater south of Apollinaris Patera
(Morris et al., 2006).

Current surface temperatures at Mars’ surface are well con-
strained, ranging about —100 to 0°C with an average value of
—63 °C. Past temperatures can be partially constrained through
the minerals that formed during the Noachian. The presence of
kaolinite as observed at the surface of Mars implies that surface
temperatures were likely in the 0-30 °C interval (Ehlmann et al.,
2009). This is also consistent with the formation of valley networks
at Noachian times, which requires the sustainability of liquid water
for relatively long time intervals (Boulay et al., 2010).

The temperature profile in the Martian crust during the Noa-
chian can be estimated indirectly from the thickness of the elastic
crust, assuming a given temperature at its base. To a first order, the
depth of the elastic layer is determined by the 650 °C-isotherm, be-
neath which the crust cannot support stresses over long intervals.
Williams et al. (2008) studied the admittance, a transfer function
between topography and gravity, to infer the effective elastic thick-
ness for various parts of the Tharsis complex. The oldest parts are
associated with the lowest values of the elastic thickness. Namely,
the topography of the Thaumasia Highlands reflects an elastic
thickness of about 20 km at the time of loading. Other studies
found very similar values for all the Noachian age structures (Zuber
et al., 2000; McGovern et al., 2004). Grott et al. (2007) investigated
the deformation associated with two fault systems in the southern
Thaumasia region. They concluded that the thermal gradient was
between 17 and 32 K/km during the late Noachian to early Hespe-
rian period. Ruiz (2009) further assumed different crustal heat pro-
duction rates and found temperature gradients varying between
14.5 and 18.0 K/km depending on the estimated past surface tem-
perature during the Noachian. Another approach consists in esti-
mating the temperature gradient from evolution models. Choblet
and Sotin (2001) assumed a stagnant lid regime for Mars’ thermal
evolution and concluded that the temperature gradient rapidly de-
creased from 30 K/km after accretion down to 8 K/km after 500 My
of evolution.

Here we make the following assumptions. Noachian tempera-
tures were on average 0 °C. Single domain magnetite is the most
likely magnetic carrier and implies a Curie temperature of 580 °C.
The temperature gradient ranges between 15 and 30 K/km, which
implies a depth to the Curie temperature between 20 and 40 km.
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Fig. 1. (a) Current Martian crustal magnetic field intensity B at an altitude of 400 km in nT (colors) plotted over surface topography; (b) The zonal profile of the longitudinally

averaged field intensity. Dashed vertical lines in (b) denote +5° low-latitudes.

This range is compared to the 35 km thickness of the northern
plains as estimated by Zuber et al. (2000). The lowest bound of
the thermal gradient therefore implies that the magnetic crust
would be 40 km in the Southern hemisphere vs. 35 km in the
Northern hemisphere, yielding a very mild crustal thickness hemi-
spheric dichotomy of Hs,/H,, ~ 1.15, while the highest bound im-
plies a thinner magnetic crust everywhere without any difference
between the northern and southern plains, i.e. Hgp/H, = 1. In con-
clusion, the contribution of crustal thickness variations to the mag-
netic dichotomy should be relatively minor.

2.3. Past magnetic dichotomy

The current magnetic field B can be approximated as the prod-
uct of the current vertically integrated magnetization M and the
magnetic crustal thickness H:

BxM-H (2)

We are interested in comparing the magnitude of the past field be-
tween the two hemispheres. In the absence of later modifications,
the current magnetization is directly proportional to the past one,
M o Mp. It has been postulated that the Northern and Southern

hemispheres were similar in age (Frey, 2006), and that the dichot-
omy formed during the Noachian (Milbury et al., 2007). Therefore,
one can relate the current magnetic field and magnetization of Mars
to the past magnetic field B, in both hemispheres, assuming that
any events that later destroyed magnetization affected both hemi-
spheres in statistically the same way. We therefore write

B, M x B/H 3)

Combining the range 2.7-4.7 for the current field hemispheric ratio
Eq. (1) and the range 1-1.15 for the magnetic crustal thickness
hemispheric ratio, we estimate the range of plausible hemispheric
dichotomy of the past Martian paleomagnetic field as

By, /Bpy ~ 2.4—4.7 (4)

2.4. Simulated magnetic dichotomy

We analyze the magnetic field output from numerical dynamo
simulations, upward continued from the CMB to the Martian sur-
face (for details see next section). We calculate the models’ time-
average south-north and east-west surface magnetic field inten-
sity dichotomies. The latter is defined with respect to the phase
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of the imposed Y} heat flux pattern. We assume a core radius of
r, =1700km and a surface radius of a = 3389.5 km.

We consider two end member crust formation scenarios (Lang-
lais and Thébault, 2011). In the case of continuous homogeneous
crust formation, each part of the Martian crust is formed by a large
number of incremental additions (e.g. lava flows, sills, dykes) over
an extended period of time. Each new layer would record the mag-
netic field at its time of formation and the present crustal field at a
specific location is obtained from the vector superposition of the
magnetizations of the various layers. The present local field would
thus represent the intensity of a long-term time-average Martian
paleomagnetic field |(B)| (where B is the magnetic field vector
and () denotes time-average). In the other end-member model
(random crust formation), entire crustal units were formed in rel-
atively rapid events (with a duration short compared to the time
between possible polarity reversals). Individual crustal blocks are
here created randomly in space and time and each block would ac-
quire a homogeneous magnetization recording the dynamo field at
the time of formation. The characteristic crustal field strength of a
large region (e.g. a hemisphere) that consists of many such blocks
would reflect the time-average of the dynamo field intensity (|B|).
The two considered quantities are conceptually different. For
example, for a reversing dynamo the long-term time-average field
is expected to vanish, i.e. |(B)| is zero, whereas the intensity at any
snapshot is positive by definition, so (|B|) is also positive. The ac-
tual way in which the magnetized part of the Martian crust formed
may be intermediate between the two scenarios.

In the context of the continuous homogeneous crust formation
scenario, we calculate the intensity of the time-average field at the
planet surface |(B)]. We then calculate a surface integral hemi-
spheric ratio, for example,

SN = [1(B) ]/ 1 (B) ] (5)

where SN denotes the ratio between the southern and Northern
hemispheres, the subscript ‘cnt’ denotes continuous crust formation
and the superscript ‘rms’ denotes rms surface average in the respec-
tive hemisphere. An alternative statistical approach considers the
ratio of maximum of the zonal profile at the intense hemisphere
to the maximum of the zonal profile at the other hemisphere,

SNent = max([|(B)[J5,)/max([|(B)[]74) (6)

cnt

where the superscript ‘zon’ denotes zonal average. For the observed
Martian crustal field (Fig. 1b), the zonal average intensity have
hemispheric maxima of 25.7 nT in latitude 52.8 °S and 15.5 nT in
latitude 0.3 °N, giving a ratio of SN*°" = 1.7. This value is probably
not very meaningful, because the Northern hemisphere peak is right
on the equator and is therefore in practice the slope of the Southern
hemisphere strong field bulk. Excluding a band around the equator
between 5 °N and 5 °S, we obtain a maxima ratio of SN*°" =2.4.

In the context of the random crust formation scenario, we cal-
culate the magnetic dichotomies based on the time-average of
the magnetic field intensity (|B|)

SNy = [(1B1)]gp/ [{IBD) ] (7)
SNz = max([{|B]))Z,) /max([(|B))]:x) (8)

where the subscript ‘rnd’ denotes random. Egs. (5)-(8) can be ap-
plied for the east-west dichotomies EWL;, EW.Y, EWy and

cnt * cnt
EWY by replacing the summations with the appropriate hemi-
spheres and replacing the zonal profiles with meridional profiles
(the latter denoted by superscript ‘mer’).
In addition, we wish to compare with observations not only
hemispheric dichotomy ratios, but also the absolute field intensity.
Analysis of the Martian meteorite ALH84001 allows a glimpse at

the intensity of the Martian paleomagnetic field at the planet’s sur-

face (Weiss et al., 2002). Although largely uncertain, these esti-
mates (assuming thermoremanent origin) range between 0.1 and
1 times Earth’s present surface field intensity. The intensity of
the surface geomagnetic field is about 50,000 nT, so for Mars the
range is 5000-50,000 nT.

3. Numerical dynamo models

It is probable that Mars had no solid inner core up to the present
day and that the early Martian dynamo was purely thermally dri-
ven, by secular cooling and perhaps by radioactive heating. For
numerical reasons we retain an inner core in our dynamo models
with a radius of 0.35 and 0.2 of the core radius, respectively. We
make the inner core passive by imposing a zero heat flux at its
boundary. Model results by Aubert et al. (2009) and Hori et al.
(2010) suggest that such passive inner core with 0.35 or less of
the core radius has little effect on the dynamo.

We solve the following set of self-consistent non-dimensional
Boussinesq magnetohydrodynamics equations for dynamo action
due to thermal convection of an electrically conducting fluid in a
rotating spherical shell (e.g. Olson et al., 1999):

E<@+a.w_v2a>+2zxﬁ+vszarlT

ot
+%(vx§)xé 9)
9B I R

§7Vx(ux3)+%VB (10)
T o 1,

§+u vT WV T+e (11)
V.i=0 (12)
V.-B=0 (13)

where i is the velocity, B is the magnetic field, T is temperature, t is
time, Z is a unit vector in the direction of the rotation axis, P is pres-
sure, 7 is the position vector, r, is the core radius and € is heat
source. Four non-dimensional parameters in Eq. (9)-(13) control
the dynamo action. The heat flux Rayleigh number (Olson and
Christensen, 2002) represents the strength of buoyancy force driv-
ing the convection relative to retarding forces

ogyqoD*
Ra = T (14)
where o is thermal expansivity, gy is gravitational acceleration on
the outer boundary at radius r,, qo is the mean heat flux across
the outer boundary, D is shell thickness, k is thermal conductivity,
K is thermal diffusivity and v is kinematic viscosity. The Ekman
number represents the ratio of viscous and Coriolis forces

\J
E=— 15
oD’ (15)
The Prandtl number is the ratio of kinematic viscosity to thermal
diffusivity

Pr=— 16
- (16)
and the magnetic Prandtl number is the ratio of kinematic viscosity
to magnetic diffusivity 4

Pm =~ 17)
We use the code MAGIC by Wicht (2002). We analyze numerical
dynamos with rigid insulating boundary conditions. The models dif-
fer in the imposed outer boundary heat flux pattern and the ampli-
tude of its variation. To study the geometrical impact of the inner-
core, we compare cases with an Earth-like inner-outer core radii ra-
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tio of r;/r,=0.35 and a smaller ratio of r;/r,=0.2. A summary of
model parameters, outer boundary heat flux patterns and geome-
tries is given in Table 1.

In all cases a volumetric homogeneous heat source € compen-
sates for the loss of heat through the outer boundary according to

oT 4
—47r2Pr [5 (ra)} = §7r(r§ —1de (18)

where [ ... ] denotes averaging over the outer boundary surface S. In
terms of the non-dimensional variables [Z(r,)] =1, so for r/
o = 0.35 the non-dimensional source term is € ~2.04, and for r;/
r, = 0.2 the source term is € ~ 2.42.

Most dynamo models fall into two categories according to the
principal properties of the magnetic field that they generate. In
the first, the radial field on the CMB is dominated by an axial dipole
component, but the field shows no tendency to ever reverse. In the
second, the field is multipolar and frequent dipole reversals occur
(Kutzner and Christensen, 2002). The sharp transition between the
two types is probably related to a threshold value for the relative
contribution of inertial effects (Christensen and Aubert, 2006; Ol-
son and Christensen, 2006; Sreenivasan and Jones, 2006). Earth-
like models that are both dipole-dominated and reversing are only
found in a fairly narrow transition region between the two regimes
(Olson, 2007; Wicht et al., 2009). In our study we consider cases
from both regimes. As in many other dynamo model studies, we
are unable to explore the control parameter space in a comprehen-
sive way. However, because in our set of models both dynamo re-
gimes are represented, other combinations of control parameters
not explored in this study would probably not result in magnetic
field solutions fundamentally different from those presented here.

Our dynamo models with E=3 x 10~ are non-dipolar and
reversing. At this Ekman number we did not find dipole-dominated
dynamos for the employed mode of driving convection by internal
heating. The gradual decrease of Ra resulted in models with seem-
ingly stable dipolar magnetic fields, but after more than one mag-
netic diffusion time the magnetic field in the dynamos dropped to
very small values. In some cases the dynamo “woke up” again (sus-
tained rise of magnetic energy), so it is not conclusive whether the
dynamo exists or not. However, during the period of very low mag-
netic energy the field reverses, so no stable polarity dynamos were
found for E=3 x 10~ However, at a lower Ekman number of
E=1 x 1074, we found non-reversing dipole-dominated dynamos
(Table 1).

Table 1

Due to numerical singularity problems at the very center of the
Earth, we cannot run our simulations with no inner core at all. We
mimic the convective effect of no inner core by imposing zero
buoyancy flux across the inner core. The inner core tangent cylin-
der is likely to determine the latitude at which intense flux patches
will be concentrated on the CMB. However, at the planetary surface
these structures are spread, and the impact of the inner core radius
on the intensity of the field at Mars’ surface is secondary. More-
over, Aubert et al. (2009) found that when keeping the convective
power fixed, varying the inner core radius does not affect the main
power law relations found in numerical dynamos with Earth-like
inner core radius. The inner core size is important for dynamos
heated from below (Heimpel et al., 2005), but for dynamos driven
by internal heating it has a minor influence on the field geometry
(Hori et al., 2010). We therefore conclude that the presence of an
inner core in our models does not affect the main results of this
study.

4. Results
4.1. Core field vs. surface field

We illustrate the results of some of our models by comparing
snapshots of the radial magnetic field at the core-mantle boundary
and at the surface of Mars. The sensitivity kernels of the radial and
horizontal field components at a planetary radius a to the radial
field at the CMB radius r, (Gubbins and Roberts, 1983; Bloxham
et al., 1989) are plotted in Fig. 2 for the assumed Martian geometry
(for formulae and a more detailed discussion see (Gubbins (2004)).
The two kernels depend only on the angle o between points on the
planetary surface and on the CMB. The radial kernel peaks at o =0
(for all rp/a ratios), i.e. the radial field at a point at the planetary
surface is most strongly affected by the radial field at the CMB di-
rectly below it. Effectively, the radial kernel averages over a cap re-
gion on the CMB, with the kernel having about half its peak value
at an angular distance of 30°. The horizontal kernel is zero for « = 0
and reaches a maximum at o ~ 25° Overall, the field at a given
point on the surface of Mars will depend mostly on the magnetic
flux at the CMB in a cap of about 45° radius centered below that
point.

In Fig. 3 we show two arbitrary snapshots from a model in the
non-dipolar regime with a strong imposed equatorial (Y}) heat flux
anomaly (case 10 in Table 1). The instantaneous relations between

Summary of numerical dynamo models. Control parameters are defined in the text. In all cases Pr=1 and Pm = 3. The magnitude of the heat flux anomaly imposed on the outer
boundary q* is defined as the ratio of the peak-to-peak amplitude to twice the mean heat flux (Olson and Christensen, 2002). The imposed CMB heat flux patterns are either
homogeneous (‘hom’), degree-1 single harmonics (Y or Y}) or degree-1 inclined by 45° with respect to the rotation axis given by Y? + Y] /v2. Rm is the magnetic Reynolds
number based on the rms velocity. The rms value of the intensity of the time-average field on the surface of Mars is \(ﬁ)\, and the rms value of the time-average of the magnetic
field intensity on the surface of Mars is (\E\). The ratio of the time-average poloidal to toroidal magnetic energy densities in the volume E?, /E;, is also given. All magnetic field
values are given in units of \/pft,2Q where p is the fluid density and yo is permeability of free space. The last column ‘Rev’ denotes whether the model reversed or not.

Case Pattern q* TolTi E Ra Rm |<§>‘ <\§\) Elrjn/Ein Rev?
1 hom 0 0.35 3x10™* 1.5 x 107 379 0.001 0.017 0.81 yes
2 hom 0 0.2 3x107* 3 %107 370 0.001 0.011 0.83 yes
3 hom 0 0.2 1x107* 1 x 107 104 0.122 0.124 1.08 no
4 Y9 0.5 0.35 3x10™* 1.5 x 107 494 0.0003 0.006 0.53 yes
5 Y(l] 0.8 0.35 3x10* 1.5 x 107 526 0.0003 0.008 0.38 yes
6 Y9 0.8 0.2 3x10™ 3 x 107 488 0.0004 0.008 0.44 yes
7 y‘]l 0.3 0.2 1x10™* 1 x 107 114 0.108 0.110 0.56 no
8 Y9 0.5 0.2 1x107* 1% 107 157 0.021 0.022 0.27 no
9 y} 0.8 0.35 3x107 1.5 x 107 408 0.001 0.023 0.66 yes
10 vl 0.8 0.2 3x10°4 3 x 107 405 0.002 0.015 0.71 yes
11 vl 0.3 0.2 1x10™* 1x 107 123 0.089 0.090 0.97 no
12 y} 0.5 0.2 1x10* 1x 107 133 0.068 0.069 0.91 no
13 Y9 +vl/v2 0.5 0.2 1x107* 1 x 107 139 0.044 0.045 0.43 no
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the radial field at the CMB, the radial field at the surface of Mars
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The kernels help to understand the difference between the CMB
field and the surface field. Because in this small-scale multipolar
dynamo model patches of both polarities are found within the
effective averaging cap at the CMB for virtually every surface point,
the surface intensity is weak. The field intensity is dominated by
the unsigned radial field. In this case with a Y] boundary condition,
the radial field on the CMB (Fig. 3a and d) is often characterized by
intense flux patches of both polarities in the hemisphere of the po-
sitive heat flux anomaly (center of the maps in Fig. 3). The surface
intensity (Fig. 3c and f) does not show a pronounced correlation
with the heat flux maximum on the equator; relatively high inten-
sity is found more typically at higher latitudes. Nevertheless, the
strongest surface intensity in the equatorial belt appears at the lon-
gitude of the heat flux maximum in both snapshots, especially in
Fig. 3f where the intensity of the equatorial structure is compara-
ble to that of the high-latitude features.

Fig. 3 illustrates the importance of using time-average proper-
ties to accurately quantify the magnetic field dichotomies. The
strongly time-dependent dynamo may produce small-scale radial
field on the CMB with little correlation between one snapshot to
another (Olson and Christensen, 2002; Aubert et al, 2007).
Although the spatial scales are significantly larger at the Martian
surface, differences between one snapshot to another may still

(d) Radial field on the core-mantle boundary - snapshot 2
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" TS
. L I
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(e) Radial field on the surface of Mars - snapshot 2

(f) Magnetic field intensity on the surface of Mars - snapshot 2

Fig. 3. Magnetic field images of two arbitrary snapshots (left column is one snapshot, right column another snapshot) from case 10: Radial field on the CMB (a and d); Radial
field on the surface of Mars (b and e); Magnetic field intensity on the surface of Mars (c and f). Note that in a, b, d and e blue is negative, while in ¢ and f the minimum value
(deepest blue) is zero. The magnetic field is given in units of \/pf,/€Q. (For interpretation of the references in colour in this figure legend, the reader is referred to the web

version of this article.)
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appear, including different hemispheric dichotomies. For example,
Fig. 3f shows some east-west dichotomy (as expected from a Y]
case), whereas Fig. 3c has very little longitudinal preference.

4.2. Homogeneous CMB heat flux

We begin the magnetic field dichotomy investigation by analyz-
ing the time-average properties of the control cases with homoge-
neous CMB heat flux. For reversing dynamos with homogeneous
boundary conditions the field should tend to zero when averaged
over a very long time and the time-average unsigned flux should
become perfectly zonal and symmetric about the equator; any
deviations from zero time-average field or from zonal time-aver-
age unsigned flux represent residuals due to the finite averaging
period in the simulation (averaging periods t are about 1-3 mag-
netic diffusion times, see Table 2). In case 2 some non-zonal struc-
ture and south-north dichotomy appear in the intensity of the
surface time-average magnetic field (Fig. 4a), whereas the time-
average of the surface intensity is almost perfectly zonal but still
contains some south-north dichotomy (Fig. 4b). The zonal profiles
(Fig. 4c and d) reflect this south-north dichotomy, while the
meridional profiles (Fig. 4e and f) reflect the absence of significant
dichotomy in the east-west direction. Note that both south-north
and east-west dichotomies are less pronounced when considering
the time-average field intensity (Fig. 4d and f) rather than the
intensity of the time-average field (Fig. 4c and e).

The intensity of the time-average field is more than a factor of
ten weaker than the time-average field intensity. For an infinite
averaging time, the former is expected to vanish. The residual
and its north-south dichotomy reflect the limited averaging time
of ~3 magnetic diffusion times (~280 kyrs in geological time).
The north-south dichotomies for the time-average field intensity
of 0.98 (based on rms) and of 0.82 (based on zonal maxima) are
also a result of the finite averaging time (which is probably much
shorter than the time over which the Martian crust formed in
whatever scenario) and conveys an idea on the typical uncertainty
of the hemispheric dichotomy resulting from the limited run time
of our models.

In the dipole-dominated non-reversing case 3, the time-average
radial magnetic field (Fig. 5a) and the time-average unsigned flux
(Fig. 5b) on the CMB are large scale and dominated by the axial di-
pole. The time-averaging period is still insufficient to produce a
purely axisymmetric pattern on the CMB. Nevertheless, the inten-
sity of the surface time-average magnetic field (Fig. 5¢) and the

Table 2

Summary of dichotomies in the dynamo models. SN and EW denote south-north and
east-west, ‘cnt’ and ‘rnd’ subscripts denote continuous and random crust formation,
‘rms’ superscript denotes rms surface average, ‘zon’ superscript denotes maxima ratio
of zonal profiles in each hemisphere, ‘mer’ superscript denotes maxima ratio of
meridional profiles in the hemisphere centered at longitude 0° (center of large heat
flux anomaly for cases 9-13) to the hemisphere centered at longitude 180°. 7 is the
averaging period in units of magnetic diffusion times.

Case SNgw SNpmg SNgi  SNug EWgy EWng EWg! EWpg T

1 - 155 - 175 - - - - 2.82
2 - 101 - 086 - - - - 2.88
3 100 100 100 100 - - - - 125
4 - 247 - 512 - - - - 1.80
5 0 - 288 - 732 - - - - 2.09
6 - 254 - 778 - - - - 1.63
7 116 116 172 174 - - - - 0.86
8 149 150 333 335 - - - - 1.03
9 - 099 - 099 - 101 - 103 276
10 - 101 - 101 - 114 - 114 126
11 100 100 100 100 093 093 098 098 323
12 100 100 100 100 101 101 100 100 347
13 132 132 238 241 097 097 097 097 081

time-average of the surface intensity (Fig. 5d) are converged to al-
most perfectly zonal and equatorially symmetric patterns, as ex-
pected. The zonal and meridional profiles (Fig. 5e-h) reflect very
well the south-north symmetry and the east-west homogeneity.
Because the magnetic field at the surface is dominated by the
non-reversing axial dipole, the intensity of the time-average field
and the time-average of the field intensity are hardly distinguish-
able in pattern and amplitude.

The differences between Figs. 4 and 5 emphasize the impor-
tance of dipolarity and reversals for the time-average properties.
Non-dipolar reversing dynamos converge very slowly to their
asymptotic steady state, on a time scale that is long compared to
the time between reversals. This is especially true for the intensity
of the time-average surface field that is expected to vanish over
long-term averaging. The observed north-south asymmetry or lon-
gitudinal preference in the time-average properties must be con-
sidered as an artifact in the case of homogeneous boundary
condition. In contrast, dipole-dominated non-reversing dynamos
under homogeneous boundary conditions seem to reach a steady
state practically free of longitudinal preference or south-north
asymmetry on the CMB after several magnetic diffusion times
(see e.g. Olson and Christensen, 2002). The planetary surface prop-
erties converge even faster, within a time period of ~1-3 magnetic
diffusion times which we typically used in our simulations (see Ta-
ble 2). The impact of boundary conditions on the dynamo in terms
of the statistics of the time-average properties is therefore easier to
explore with non-reversing dipole-dominated dynamos. This is
especially crucial for the surface quantities that are relevant to this
study, because the dipole becomes increasingly significant when
the CMB field is continued upwards.

4.3. Y9 CMB heat flux

Next we examine cases with a Y? imposed CMB heat flux pat-
tern (Fig. 6a). As in Stanley et al. (2008), the high heat flux is set
to the Southern hemisphere where the Martian crustal field is
strong. Fig. 7a and b show the intensity of the time-average field
and the time-average intensity on the surface of Mars in the
non-dipolar reversing case 5. In both maps a clear south-north
dichotomy is observed, but the latter is roughly fifty times stronger
and has a much more zonal structure, better reflecting the
boundary pattern. As discussed above, the residual signal in the
time-average field must be considered as an artifact of an insuffi-
cient averaging time. Fig. 7d and f show a much stronger signal
in the Southern hemisphere with respect to the Northern, and
the east-west difference is negligible, as expected for a Y° bound-
ary pattern.

Fig. 8 shows the time-average magnetic field images for case 8
with a smaller inner core, and more importantly with a smaller Ek-
man number, which renders the dynamo to generate a non-revers-
ing dominantly dipolar field. A north-south dichotomy is now
found in both the intensity of the time-average surface field
(Fig. 8c and e) and in the time-average of the surface field intensity
(Fig. 8d and f). The field on the CMB is very strongly concentrated
in the south pole region in this case (Fig. 8a and b). At the planetary
surface this region of strong field is extended towards mid-lati-
tudes by geometrical spreading, but is limited to the region south
of —60 °S. No longitudinal preference is observed in the quantities
corresponding to both crust formation scenarios (see Fig. 8g and h).

4.4. Inclined degree-1 CMB heat flux

In the multipolar reversing case 9 with an imposed Y} CMB heat
flux pattern (Fig. 6b), intense magnetic flux patches are concen-
trated on the high heat flux hemisphere of the CMB, as expected
(Fig. 9a and b). However, given the distribution at the CMB, the sur-
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Fig. 4. Time-average magnetic field properties in case 2: (a) the intensity of the time-average magnetic field vector on Mars’ surface; (b) the time-average field intensity on
Mars’ surface; (c) zonal profile of the intensity of the time-average field; (d) zonal profile of the time-average field intensity; (e) meridional profile of the intensity of the time-
average field; (f) meridional profile of the time-average field intensity. The magnetic field is given in units of \/pu,1Q.

face intensity patterns (Fig. 9c and d) are non-intuitive. The two
quantities, [(B)| and (|B|), show distinctive morphologies, none of
which strongly conform to a Y} pattern.

The difference between the east-west dichotomy on the CMB
(Fig. 9b) to the polar-equatorial contrast on the surface (Fig. 9d)
is due to the spectral content of the magnetic field in this case.
The kernels in Fig. 2 show that the CMB field in a cap of roughly
45° around a point determines the surface field strength right
above it. The CMB field at low latitudes, where an east-west
dichotomy is apparent, is dominated by small-scales and hence
strongly damped when upward continued to the surface. The radial
flux emerging within a cap of ~45° at low-latitudes averages
nearly to zero. The field emerging at high latitudes, however, con-
tains on top of the small-scale components some significant large-
scale components that reach the surface. Indeed, the field maps
generated from snapshots truncated to spherical harmonic degree
and order 3 exhibit polar-equatorial contrasts in both CMB and
surface patterns (compare Fig. 10b and d). This reasoning obviously
applies only to the reversing non-dipolar dynamos; the non-
reversing dipole-dominated dynamos do not have significant
small-scale contributions and thus their CMB and surface magnetic
field patterns are much more correlated.

Fig. 11 shows the surface magnetic field intensities for another
case with Y] imposed heat flux pattern, but this time the outer core
shell is thicker with r;/r, = 0.2. Note that the Y] signature in the sur-
face intensity is sharper with respect to the thinner shell case -
compare Fig. 9d with Fig. 11b, and their meridional profiles - com-
pare Fig. 9h with Fig. 11f. Overall, the boundary effect seems to be
stronger in the thicker shell case. The origin of this difference will
be explored in the next section.

So far we considered cases with two extreme degree-1 heat flux
patterns where the heterogeneity peak is either at the geographical
pole (Y?) or inclined by 90° and centered at the equator (Y}). In
general, however, the peak mantle heterogeneity could be at any
arbitrary latitude. We finally examine the dipolar case 13 with a
degree-1 heat flux heterogeneity centered at latitude 45 °S
(Fig. 6¢). This case produces an appreciable south-north dichotomy
without any detectable east-west dichotomy. The reason for this
result will also be explained in the next section.

4.5. Magnetic field strength

We next examine whether our models’ magnetic field intensi-
ties are plausible in comparison with estimates of the Martian
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Fig. 5. Time-average magnetic field properties in case 3: (a) time-average radial field on the CMB; (b) time-average unsigned radial field on the CMB; (c) the intensity of the
time-average magnetic field vector on Mars’ surface; (d) the time-average field intensity on Mars’ surface; (e) zonal profile of the intensity of the time-average field; (f) zonal
profile of the time-average field intensity; (g) meridional profile of the intensity of the time-average field; (h) meridional profile of the time-average field intensity. The

magnetic field is given in units of \/p,AQ.

paleomagnetic field strength. We rescale the magnetic field
strength obtained in the models for the Martian surface in a
straightforward way to physical units. A potential problem with
this approach is that the field intensities in the model may not
be directly comparable with that of the Martian field because con-
trol parameters (E, Pm, Ra) are very different from planetary values.
The intensity values in Table 1 are given in units of \/p,2Q where

p is the fluid density and po is permeability of free space. Using
appropriate values of p=8000kgm? /i=1.4m?s! and
Q=7 x107°s7!, the non-dimensional values in Table 1 can also
be read as physical values in units of mT. We compare these model
values to the range of 0.05-0.005 mT for Mars (Weiss et al., 2002).

In the scenario of continuous homogeneous crust formation, the
intensity of the time-average surface field is relevant. In our revers-
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(a) YIO heat flux anomaly

(b)Yll heat flux anomaly
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Fig. 6. Degree-1 heterogeneous heat flux patterns Y9 (a), Y (b) and Y9 + Y} /v2 (c).
Red is positive anomalies, blue is negative. (For interpretation of the references in
colour in this figure legend, the reader is referred to the web version of this article.)

ing non-dipolar cases, it is below the estimated minimum value of
the magnetizing Martian surface field. The averaging time of our
dynamo runs is probably much shorter than the time interval of
crust formation. The average for a longer time interval is expected
to be even smaller than the residual values tabulated in Table 1. If
the way in which the magnetized Martian crust was formed has
been similar to our continuous homogeneous scenario, a
frequently reversing dynamo must be ruled out. In the random
crust formation scenario, the time-average of the field intensity is
relevant. It is in the plausible range for the ancient Martian
field also in the case of non-dipolar reversing dynamos, although
cases with a Y heterogeneity are close to the lower bound
(Table 1).

The non-reversing cases have comparable |(B)| and (|B|) values,
which fall well in the expected range, or even above this range.
Overall, the surface field magnitudes in the reversing cases are
smaller than in the non-reversing cases due to the smaller scales
dominating the CMB field in the reversing dynamos. Also note that
increasing the degree of heterogeneity g* increases the vigor of
convection (see Rm values in Table 1) but decreases the surface
field strength.

Because both our reversing and non-reversing dynamo models
exhibit plausible intensities within the range inferred by Weiss
et al. (2002), we can neither prove nor rule out the existence of
reversals in the past Martian dynamo. From a dynamical point of
view, the field strength inside the outer core shell scales with the
convective buoyancy flux (Christensen and Aubert, 2006). The
smaller core of Mars compared to the Earth would imply a larger
buoyancy flux, but the purely thermal convection in Mars’ core
as opposed to the thermo-chemical convection in Earth’s core
would give an opposite effect. Comparison of fixed temperature
and fixed heat flux boundary conditions in numerical dynamos dri-
ven by internal heating shows that the latter is characterized by
larger convective structures and a more dipolar field (Hori et al.,
2010).

4.6. Comparing field dichotomies

In the reversing non-dipolar dynamos the time-average field
should approach zero in the long run, therefore we list the dichot-
omy in the homogeneous crust formation scenario only for the
non-reversing cases (Table 2). Also, we list the values for the
east-west dichotomy only for cases with a longitude-dependent
heat flux distribution. In the non-dipolar control cases with homo-
geneous heat flux (see cases 1 and 2 in Table 2) the north-south
dichotomies deviate more strongly from unity than expected,
although not as strongly as non-dipolar dynamos with a strong
Y? heterogeneity (cases 4-6). Obviously these dynamos can main-
tain a hemispheric imbalance for several magnetic diffusion times
even for homogeneous boundary conditions (Landeau and Aubert,
2011). In contrast, the dipole-dominated non-reversing dynamos
with homogeneous heat flux (case 3) or with a purely longitudinal
heat flux variation (cases 11 and 12) show no hemispheric
dichotomy.

The dipolar dynamo cases with Y? heat flux pattern (cases 7 and
8 in Table 2) show very similar values of the degree of south-north
dichotomy for the two crust formation scenarios, but the values
vary between the two statistical approaches. In terms of the differ-
ence in rms values between the two hemispheres it is rather small
for a heat flux heterogeneity g* = 0.3 and somewhat stronger when
q* is increased to 0.5. The hemispheric differences are more pro-
nounced when considering the ratio of the maxima in the zonal
averages in each hemisphere, where the dichotomy goes up to
3.33 in the case of ¢* = 0.5. Comparison of cases 7 and 8 shows that
the south-north dichotomies based on the zonal maxima are
roughly linear with g*. For the same amplitude of heat flux varia-
tion, g* = 0.5, the non-dipolar dynamo (case 4) shows a signifi-
cantly stronger hemispheric dichotomy than the dipolar dynamo
(case 8).

In contrast, dynamos with a purely longitudinal (Y}) distribu-
tion of heat flux (cases 9-12 in Table 2) produce only a very weak
east-west dichotomy both in the dipolar and in the non-dipolar
cases. Even for the highest heat flux ratio of g* = 0.8 the east-west
dichotomy is only 1.12. We note that for E=1 x 10~ the dynamo
changes from dipolar non-reversing at lower heat flux amplitude
values of up to g*=0.5 to non-dipolar reversing at q* = 0.8, with
all other parameters unchanged.

In the dipolar dynamo with a degree-1 heterogeneity that is in-
clined by 45° with respect to the rotation axis (case 13), we ob-
serve a clear south-north dichotomy, but no significant east-
west dichotomy. The magnitude of the south-north dichotomy is
in agreement with that of the corresponding Y9 case 8 - the ratio
of the SN*°" values (identical for both crust formation scenarios)
is 2.38/3.33 = 0.71 ~ v/2/2, in very good agreement with the ex-
pected value from the projection of the inclined heat flux distribu-
tion onto the rotation axis.
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Fig. 7. As in Fig. 4 for case 5.

5. Mechanisms of magnetic dichotomy

There are two possible end member mechanisms for producing
a strong north-south dichotomy in the Y9 cases. In the first, con-
vection is less vigorous in the low heat flux hemisphere, and hence
magnetic field generation is also less intense in this hemisphere
(Stanley et al., 2008). Alternatively, the meridional circulation
changes from poleward transport in both hemispheres near the
CMB in the homogeneous or equatorially symmetric heat flux cases
(Figs. 12 and 13) to transport from the Northern to the Southern
hemisphere for the Y9 cases (e.g. Fig. 14). Indeed, the time-average
meridional velocity at the top of the free stream of case 5 is 23.5
southward (in units of v/D). For comparison, the time-average azi-
muthal velocity of this case is —10.7 westward. The strong merid-
ional flow transports magnetic flux that emerges in the Northern
hemisphere or at low-latitudes towards the south polar cap region.

Our results suggest that the Y9 boundary pattern is much more
efficient in producing magnetic field dichotomy than the Y} pat-
tern. We argue that the reason for this difference is that the back-
ground homogeneous convection in numerical dynamos is
comprised of upwelling in low-latitudes (Aubert, 2005) that sup-
presses concentration of magnetic flux. For prescribed heat flux

boundary conditions the equatorial upwelling is even stronger
than for fixed temperature conditions (Sakuraba and Roberts,
2009; Hori et al., 2010). This background meridional circulation
is well reflected in the time-average zonal temperature and veloc-
ity profiles. The homogeneous and Y] cases (see e.g. Figs. 12 and
13) exhibit zonal patterns of warm plumes and fluid upwelling in
the equator, and cold downwelling at high-latitudes, resulting in
magnetic field concentrations at high-latitudes. The Y] boundary-
driven dynamics contains one longitudinal hemisphere with colder
low-latitudes, but the overall background warm low-latitudes due
to the homogeneous convection counteracts the cold regions and
no significant downwelling is obtained, resulting in weak field con-
centrations and weak (if any) Y] signature in the surface magnetic
field maps. In contrast, a Y pattern produces stronger/weaker
downwelling structures (see Fig. 14) and field concentrations at
high-latitudes of the high/low heat flux, respectively. In this case
the asymmetric boundary condition results in equatorial asymme-
try of the zonal temperature and flow, and in the breaking of the
Taylor-Proudman constraint (as was previously found by Stanley
et al., 2008). A schematic illustration of the difference in efficiency
between Y? and Y] due to the interaction with the background
homogeneous upwelling pattern is given in Fig. 15.



74 H. Amit et al./Physics of the Earth and Planetary Interiors 189 (2011) 63-79

(a) Time-average Br on the CMB (b) Sqrt of time-average Brzon the CMB

5.99' 6.80'

-5.99' N ol » |

(c) Intensity of time-average field at the surface of Mars

0.08 T T T T T 0.08 T T T T T
)
0.06 0.06 1
0.04 0.04+ J
0.02 0.021
0.00 1 1 1 1 1 0.00 1 1 1 1 1
-90 -60 -30 O 30 60 90 -90 -60 -30 O 30 60 90
Latitude [degrees] Lotitude [degrees]
0.030 T T T T T 0.030 T T T T T

0.025F (g) b 0.025 (h) b
0.020 1 0.020 1
0.015F 1 0.015 1
0.010F b 0.010 b
0.005 b 0.005 b
0.000 A A A A . 0.000 . . . A .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Longitude [degrees] Longitude [degrees]

Fig. 8. As in Fig. 5 for case 8.

The dynamical differences between cases 9 and 10 that lead to flow is strong enough to counteract the background homogeneous

the different east-west dichotomies are evident in the time-aver- dynamo equatorial upwelling and obtain some downwelling and
age zonal equatorial upwelling. In case 9, the time-average zonal field concentration in the colder hemisphere.

tangential divergence (V; - u,)*" on the equator at the top of the Detecting a Y} signal in the surface intensity maps therefore re-
free stream is 20.8 and 7.5 (in units of v/D?) in the low/high heat lies on the relative strength of the equatorial upwelling in the
flux hemispheres, respectively, whereas in case 10 the correspond- background homogeneous convection. For simplicity, consider that

ing values are 37.8 and —10.6. The overall positive equatorial the overall downwelling is a linear sum of the background homo-
upwelling in case 9 diminishes the possibility for a significant geneous zonal flow Uy, and the mantle-driven flow Upgn.. The
east-west dichotomy, whereas in case 10 the boundary-driven background flow is comprised of high-latitude downwelling
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Fig. 9. As in Fig. 5 for case 9.

> 0, while a Y] pattern will

produce in one hemisphere some equatorial downwelling flow
Uil .. <0. Detecting the boundary effect depends on the ratio
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tive power (Aubert et al., 2009), so the
homogeneous convection is different

depends on the ratio
results in different convec-
structure of the underlying
between cases 9 and 10.

When the relative importance of the homogeneous equatorial
upwelling is weaker (as in case 10, see Fig. 13), the Y} effect is
stronger in the surface intensity (Fig. 11d). In contrast, when the
relative importance of the equatorial upwelling is stronger (as in
case 9, see Fig. 12), the hemispheric equatorial downwelling is
counteracted by the homogeneous equatorial upwelling, and the
Y] effect in the surface intensity is weaker (Fig. 9d).

We finally note that the cases with equatorial asymmetry in the
imposed heat flux pattern are characterized by lower poloidal to
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Fig. 10. As in Fig. 9a-d for the same case 9 but expanded until spherical harmonic degree /4 = 3 only.

toroidal magnetic energies ratios than the homogeneous and Y}
cases (Table 1). Symmetry breaking in the dynamo therefore re-
sults in stronger (relative) toroidal fields generated by thermal
wind shear in the shell, a smaller portion of the CMB field lines
cross the surface, and weaker surface field intensity. The efficiency
in producing a magnetic field dichotomy is thus counteractive
to the efficiency in producing a strong surface field. Both efficien-
cies, however, are amplified in the presence of a more vigorous
convection.

6. Discussion and conclusions

Two end-member models have been proposed to explain the
north-south dichotomy of the Martian crustal magnetic field, one
in which large parts of an originally homogeneously magnetized
crust have been later demagnetized or removed (e.g. Milbury and
Schubert, 2010), and another in which the Martian paleo dynamo
lacked the hemispherical symmetry that is typical for the present
geomagnetic field (Stanley et al., 2008). At present, neither sce-
nario can be rejected and both may have contributed to some de-
gree. In this paper we explore the second scenario in greater detail
than was done before.

In order to demonstrate that heterogeneous CMB heat flux with
a Y? pattern can lead to a strongly hemispheric dynamo, Stanley
et al. (2008) assumed a very large amplitude of heat flux variations
g* =3 in their dynamo model, which implies negative super-adia-
batic heat flux in the Northern hemisphere. Our study shows that
a Y? pattern with modest heterogeneities on the order of ¢* = 0.5
with a superadiabatic heat flux everywhere is sufficient to produce
a south-north magnetic field dichotomy that is within the range of
observed values (Eq. 4). A systematic study of the dependence of
the magnetic field dichotomy on g* is problematic, because
increasing the amplitude of the heat flux heterogeneity to
q*=0.8 results in the transition from dipole-dominated non-
reversing dynamos to reversing non-dipolar dynamos. Within the
range of g* values below that transition, the dependence of the

dichotomy on ¢* seems roughly linear. Landeau and Aubert
(2011) even show that for internal heating and sufficiently vigor-
ous convection, a hemispheric dichotomy in the flow pattern
may arise spontaneously for uniform CMB heat flux. Heteroge-
neous heat flux would strengthen such symmetry breaking and se-
lect the preferred hemisphere for the dynamo.

We found that significantly different magnetic dichotomies
may be observed from one snapshot to another. Two time-average
field properties corresponding to two extreme crust formation sce-
narios were therefore considered. For each scenario we applied
two global statistical measures. We found that the dichotomies
are insensitive to the crust formation scenarios, but vary
depending on the statistical approach. When using rms ratios,
the low-latitudes regions where the field intensity is low reduce
the dichotomy, whereas when using maxima ratios of zonal pro-
files, the dichotomy reflects well the difference in high-latitude
field strength (where the most significant magnetic flux structures
typically appear) between the two hemispheres.

Finally, while there are arguments in favor of a degree-1 mantle
heterogeneity in Mars, it seems unlikely that this heterogeneity
was centered exactly at the geographical pole. By comparing sim-
ulations with Y? and Y] patterns, we found that the Y9 pattern is
much more efficient in producing a south-north dichotomy than
a Y] in producing an east-west dichotomy, due to the interaction
with the background dynamo meridional circulation. Thus a de-
gree-1 mantle heterogeneity centered at an arbitrary latitude not
too close to the equator is likely to produce a detectable south-
north dichotomy and a negligible east-west dichotomy, as is con-
firmed in the case with 45° inclination.

The last result has direct consequences for the history of man-
tle dynamics on Mars. It is possible to estimate the location of the
magnetic paleopole, assuming that the magnetic field was that of
a Mars-centered axial dipole. Some studies did not find any par-
ticular cluster for the paleopoles (e.g. Frawley and Taylor, 2004),
while others concluded that paleomagnetic poles are preferen-
tially located around the Tharsis bulge (Arkani-Hamed, 2001; Ark-
ani-Hamed and Boutin, 2004; Hood et al., 2005; Quesnel et al.,
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2007; Langlais and Quesnel, 2008), supporting the idea that a ma-
jor True Polar Wander (TPW) event occurred, which re-oriented
the dichotomy to its present state. Roberts and Zhong (2007) pro-

posed that a single-plume mantle convection at an arbitrary lati-
tude had a net positive geoid and therefore migrated to the
equator. Thickened crust formed above the plume causing the
geoid above it to become negative, resulting in TPW moving the
crustal dichotomy to a north-south orientation, with Tharsis pos-
sibly formed on the crustal dichotomy boundary by edge-driven
convection and migrated equatorward to its present location. In
contrast, Daradich et al. (2008) concluded using general physical
arguments supported by a fluid Love number analysis that the
re-orientation of the pole associated with the development of
Tharsis was likely less than 15°. Langlais and Purucker (2007)
studied a magnetic anomaly associated with a late Noachian-age
volcano, Apollinaris Patera. The magnetic paleopole that they
found is located at the current geographic pole, suggesting that
a TPW, if any, occurred prior to the shutdown of the dynamo. This
single result was recently confirmed by Hood et al. (2010). Our
study contributes a core dynamics argument for this debate.
The much higher efficiency of a Y? pattern over a Y} in our
models suggests that, if the magnetic dichotomy at the surface
of Mars is indeed related to a heat flux heterogeneity at the
CMB, then the original dichotomy generated by the Martian paleo
dynamo was oriented close to south-north, precluding a major
TPW event.

Uniform heat flux

Fig. 15. Schematic illustration of the upwelling patterns induced by homogeneous and heterogeneous CMB heat flux patterns, and their superpositions. Homogeneous heat
flux (top) yields high-latitude downwelling (blue minus signs) which concentrates magnetic flux, and equatorial upwelling (red plus signs) which disperses magnetic flux.
Heterogeneous heat flux (middle) yields downwelling/upwelling where the heat flux is anomalously positive/negative, respectively. The superposition of the background
conditions and the Y9 heterogeneity (bottom left) yields weaker/stronger downwelling in the northern/southern high-latitudes, hence a south-north dichotomy in the field
intensity. In contrast, the superposition of the background conditions and the Y} heterogeneity (bottom right) merely yields weaker/stronger upwelling in the eastern/
western equatorial region, in both cases magnetic flux is not concentrated, and no east-west dichotomy is obtained. If the Y} boundary-driven downwelling/upwelling
exceeds the homogeneous equatorial upwelling, some weak downwelling may occur in one hemisphere, resulting in some east-west dichotomy in the magnetic field. (For
interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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