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Abstract Energy of accretion in terrestrial planets is expected to create liquid silicate magma oceans.
Their solidification processes create silicate differentiation and set the initial mantle structure for the planet.
Solidification may result in a compositionally unstable density profile, leading to cumulate Rayleigh-Taylor
overturn if a sluggish rather than stagnant lithosphere existed in the early stages of planetary history. The
pattern and timescale of overturn, in which cold, dense surface material sinks to the core-mantle boundary,
have implications for core dynamo production, volatile escape, and fundamental differences between
differently sized bodies. Our fully spherical mantle models reaffirm previous work suggesting that harmonic
degree of overturn is dependent on viscosity contrast and layer thickness. We find that cumulate overturn
would likely have occurred with short wavelengths. In an isoviscous model, thermal convection ensues
rapidly after overturn; however, when viscosity is temperature dependent, compositional stability in the
mantle suppresses the onset of whole-mantle thermal convection. For a viscosity of 10'8 Pa s, the mantle
could fully overturn in as little as 3 Ma.

1. Introduction

Estimates of gravitational potential energy converted into heat during Martian planetary accretion are as
high as 4 - 103 J [Wetherill, 1990], more than sufficient to melt the entire silicate mantle and produce a
magma ocean. Given the short time period over which accretion may have occurred (10° years)

[Wetherill and Inaba, 2000] and further heating from radioactive decay and core differentiation, Mars's man-
tle may have become wholly or partially molten [e.g., Solomon, 1979]. The depth of this magma ocean is
still not well constrained, with estimates based on geochemical evidence varying from 700 km [Righter

et al., 1998] to greater than 1350 km [Debuaille et al., 2008]. Isolated magma ponds due to large impacts are
also a possibility [Tonks and Melosh, 1993]. In this study we consider the end-member case of a completely
melted mantle.

A magma ocean is likely to become homogenous and adiabatic through convection. As the mantle’s adia-
batic temperature profile cools, the mantle will begin to crystallize. This will occur where the temperature
profile intersects the solidus, initially at the base of the mantle and moving upward as the mantle contin-
ues to cool. These newly formed minerals are denser than the homogenous liquid and will thus precipitate
out of the magma ocean [Martin and Nokes, 1989; Marsh, 1995] and form layered cumulates. The change in
bulk composition in the liquid as cumulates solidify will result in a nonuniform density profile by the time
the entire mantle has resolidified [Elkins-Tanton et al., 2003]. Magnesium-bearing minerals will crystallize
preferentially, enriching the remaining melt in iron and, to a lesser extent, titanium and chromium. As the
remaining progressively enriched melt solidifies, the resulting minerals will be progressively denser; this will
result in a gravitationally unstable density profile.

At least until its later stages, the solidification of the magma ocean would likely occur before the solid mate-
rial begins to equilibrate gravitationally, as the timescale of large-scale solid mantle advection is greater
than that of fractional crystallization [Elkins-Tanton et al., 2005]. Since heat advection has not significantly
progressed, temperatures immediately after solidification can be assumed to be the same as when the
material solidified. The resulting temperature profile is the fractional solidification solidus. This temperature
profile will enhance the gravitational instability and would possibly lead to overturn even in the absence of
fractionation [Solomatov, 2000].
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Provided a sufficiently low viscosity, the gravitationally unstable profile will result in spontaneous overturn
of the mantle to reach a more gravitationally stable state. This process proceeds by Rayleigh-Taylor instabil-
ity. Insights into the process can be made by considering the basic scenario in which a homogenous fluid is
overlain with another homogenous fluid of higher density.

Computational and analytic studies in spherical geometry demonstrate that, for a given density structure,
high viscosity contrast between layers results in a longer overturn wavelength [Parmentier et al., 2002; Zhong
and Zuber, 2001; Ke and Solomatov, 2006]. In a planetary interior, the longest wavelength, degree-one over-
turn, would correspond to a single large downwelling of dense material. Low viscosity contrasts result in
higher degree overturn, with multiple smaller downwellings. However, a full three-dimensional model cal-
culation has not yet been performed to confirm that those cases could be relevant to planetary mantles.
Layer thickness also influences wavelength of overturn [Zhong and Zuber, 2001]. The thinner either layer
becomes, the more difficult it is to acquire long-wavelength, degree-one instabilities.

Overturn and resulting mantle behavior could help explain puzzling characteristics of Mars. Degree-one
overturn is of particular interest for Mars since the Martian crust demonstrates a degree-one dichotomy

in (@among other things) its remanent magnetization. While no dynamo is currently active in the Martian
core, the northern hemisphere’s crust is weakly magnetized, while the southern hemisphere’s crust con-
tains regions of both strong and weak magnetization [Zuber, 2001]. Degree-one overturn may potentially
explain these features. A degree-one cold downwelling which arrives at the core-mantle boundary (CMB)
could result in a high heat flux from the core in a single hemisphere. It has been shown that this heat flux
distribution on the CMB could force the liquid outer core into a mode of convection leading to the produc-
tion of a single-hemisphere dynamo [Stanley et al., 2008]. If it was active in the southern hemisphere, such a
dynamo could explain the observed remanent field. A giant impact has also been proposed as an alternative
mechanism responsible for the dichotomy [e.g., Andrews-Hanna et al., 2008].

Chemical observations may also be explained by the overturn process. Isotopic studies of the SNC mete-
orites, believed to be of Martian crustal origin [e.g., Treiman et al., 2000], indicate that separate source
reservoirs differentiated early on and remain separate [Jones, 1986; Borg et al., 1997]. The nakhlite and
chassigny meteorites point to a source region depleted in incompatible elements, while the source region
inferred from several shergottites would have been enriched in them. Fractional crystallization of a magma
ocean could explain the creation of these isotopic reservoirs. An overturn event could then separate and
maintain them [Elkins-Tanton et al., 2005]; however, details of their formation, structure, and behavior have
yet to be understood.

Cumulate overturn will result in a more gravitationally stable mantle, which will initially stifle thermal mantle
convection until the buoyancy force due to the thermal gradient is great enough to overcome composi-
tional stability [Zaranek and Parmentier, 2004]. The early stages of mantle history, from solidification to the
eventual initiation of convection, may have a profound influence on the future development of a planet.
Mantle behavior will govern the production of an early atmosphere through volatile escape and define the
properties of an early crust [Elkins-Tanton, 2008]. When and how thermal convection becomes dominant
over chemical convection will vary greatly from planet to planet, as different fundamental characteris-

tics (size, composition, etc.) determine how fractional crystallization will proceed and thus determine the
relative strengths of chemical and thermal buoyancy.

This study simulates mantle dynamics in Mars from the completion of magma ocean solidification to a
compositionally stable state and considers the lifetime of such a stably layered system. We will test previous
two-dimensional work done on two-layer Rayleigh-Taylor overturn scenarios using a fully spherical
geometry, and then explore possible overturn scenarios with more realistic planetary characteristics. In
particular, we seek to (1) determine the spherical harmonic degree with which colder surface material
advects downward during initial Rayleigh-Taylor overturn, (2) estimate the increase in core heat flux due to
the overturn, (3) determine the resulting distribution of chemically distinct zones within the mantle, and

(4) constrain the timescale of overturn and of subsequent convection-driven compositional homogenization
for different possible viscosity profiles.
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Table 1. Model Parameters 2. Methods
Parameter Description Value Unit 2.1. Governing Equations
R Radius 3396 .103 m We model the mantle as an anelastic, incom-
Rems Core radius 1396 -103 m pressible viscous shell without phase transi-
Po Reference density 3350  kgm tions. We also make the Boussinesq approx-
Apeh Chemical density variation 130 kg m—3 . . . . . .
g Reference gravity 371 e imation, which simplifies the equations by
cp Specific heat 1250 Jkg~' K! assuming that variation in density enters
K Thermal diffusivity 1:107% m?s7! into them only through the buoyancy term
a Thermal expansivity 31073 K .
Vv Effective activation volume 1.7-10~6 m3 mol~! [e.g., Christensen and Yuen, 1985; Roberts and
Tsurf Surface temperature 573 K Zhong, 2006]. The mantle dynamics are thus
Temp CMB temperature 2467 K governed by the following nondimension-
Radiogenic heating rate 41078 W m—3 lized . f . f
B Buoyancy ratio 0818 B alized equations for conservation of mass,
momentum, and energy.
V-u=0 (1)
—Vp+ V- [u(Vi+ Vi) 4 Ra(T — BO? =0 )
oT | -
E+U-VT=V2T+Him 3)

where U is the velocity, p is the pressure, u is the dynamic viscosity, and 7 is the radial unit vector. T is tem-
perature nondimensionalized to be zero at the top surface and one at the bottom surface. We define the
thermal Rayleigh number Ra as

_ P9 ATR?

KHo

Ra (4)
where p,, is a reference density, g is gravitational acceleration, assumed here to be constant, « is the thermal
expansivity, AT is the superadiabatic temperature difference across the entire model, R is the radius, « is the
thermal diffusivity, and y, is the reference viscosity at the core-mantle boundary of the model. Note that our
nondimensionalizations use R as the characteristic length scale rather than mantle thickness.

The buoyancy ratio B describes the relative size of density differences due to thermal expansion versus
variation in chemical density,

_ Apch
PO AT’

©)

where Ap, is the density range due to composition alone. C is a nondimensional material property
between 0 and 1, where C = 0 denotes the least dense material and C = 1 denotes the most dense material.
The transport equation for the chemical composition field is described by

oCc
— +u-VC=0. 6
5t (6)
H,.. is the internal heating term, given by
QR?
int = ’ (7)
ATk
Table 2. Model Results: Morphology Calculations where Q is the volumetric heating rate. For
simplicity, a constant internal heating is used.
Name Ra E Degree of Overturn . L.
However, fractional crystallization would
18 23107 0 6 have concentrated radiogenic elements
E2 23.108 2 8 : 9
E3 2.3-108 3 8 in the upper layer of the mantle, thereby
E4 23-108 4 10 reducing near-surface viscosity and facilitat-
T8 23-108 5 8

ing the overturn process. We consider both
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Table 3. Model Results: Timescale Calculations

Name Ra E’  Time at 80% Overturn Completion (Ma)  98% Completion (Ma)
18 2.3-108 0 5.38 222

17.5 23-107> 0 16.5 615

17 2.3-107 0 51.9 159

16.5 23-100° 0 156 369

16 2.3-10° 0 443 733

T8 23108 5 960 1,820

T7.75 23-10773 5 2,440 4,160

17.5 23.107> 5 4,520 9,450

17 2.3-107 5 22,400 42,700

the isoviscous case and a temperature- and pressure-dependent viscosity with an Arrhenius rheology,
given by

' 10 E+V' (=R )
M=/4(T,Z/)=,uoexp<E +V'zZ CMB>

T+ Ty 1+ Tk

where T = %, T..i¢ being surface temperature, and £/, V’, and Z’ are nondimensionalized acti-
vation energy, activation volume, and depth, respectively [Roberts and Zhong, 2006]. R’CMB is the
nondimensionalized radius of the core. u is capped at u = p, - 10. Tables 1-3 record the fixed and

varied input parameters, respectively.

2.2. Model

The governing equations are solved with the finite element method using CitcomS, which performs these
calculations in 3-D spherical geometry [Zhong et al., 2008]. The model, a spherical shell, is divided into 12
identically shaped caps. Each cap is divided into a 48 x 48 x 48 grid, at every node of which the equations
are solved. For the Mars geometry assumed here, this results in a vertical resolution of about 40 km and a
horizontal resolution of about 30 km at the CMB and 80 km at the surface. Calculations are distributed across
24 processors. Tracers, tracked particles spread throughout the model that are entrained in and move with
the fluid flow, contain compositional density information used to calculate chemical buoyancy. Tracers also
contain information on their initial position in the model, in order to differentiate between two materials
with equal density but diverse mineralogy.

Both the bottom and the top boundaries of the shell are isothermal and free slip. These model boundaries
correspond to the physical boundaries with atmosphere and liquid outer core, respectively, both of which

are considered low-viscosity isothermal reservoirs over the timescales of interest. Thus, the model is cooled
from above while being heated basally and internally. No crust is modeled.

2.3. Initial Conditions
Two sets of calculations are made. The first set models two-layer Rayleigh-Taylor overturn to test the results
by Zhong and Zuber [2001] that predict an increased overturn wavelength with larger viscosity contrast and

a) Initial chemical density profile b) Initial temperature profile c) Initial viscosity profiles
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©
o« 2000 50% olivine
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1500
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Figure 1. Initial conditions. (a) The thermal profile is the superadiabatic solidus temperature with a constant surface con-
dition of 573 K. (b) The chemical density profile is the result of magma ocean solidification as calculated by Elkins-Tanton
et al. [2005]. (c) Several viscosity rheologies were used to study the initial overturn. 18 (blue) and T8 (magenta), the iso-
viscous case and the case with the highest viscosity contrast, respectively, were continued and repeated with different
Rayleigh numbers.
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Figure 2. (a) The dependence of growth rate on degree of perturbation and viscosity contrast for an interface located at
R = 2650 km. (b) Zhong and Zuber [2001] results for comparison.

layer thickness. The second set models a more complex Rayleigh-Taylor instability scenario that could have
arisen after the fractional solidification of a whole-mantle Martian magma ocean.

2.3.1. Two-layer Rayleigh-Taylor Overturn

In the two-layer calculations, an isoviscous high-density layer is initially underlain with an isoviscous
low-density layer. All thermal aspects of the model are removed, such that all buoyancy is chemical. In this
manner we can study the simple case of a two-layer Rayleigh-Taylor instability in three-dimensional spheri-
cal geometry. Two parameters that can affect wavelength of overturn are y,/u;, the ratio of viscosities of the
top and bottom layers, and r;, the radius of the interface between the layers.

First, calculations are run in which the interface is given an initial perturbation of varying degree /
(order m = 0). The fastest growing of these perturbations is the most unstable wavelength for the given
viscosity and thickness parameters. Then, calculations are run which have no initial perturbation in the
interface apart from small variations in density due to the randomized nature of tracer placement. These
variations serve to initiate motion but do not appear to influence the resultant degree of overturn. The p, /4,
and r; are varied independently and the most unstable wavelength is recorded for each case.

2.3.2. Overturn Model With Thermal and Chemical Profiles

Next we use the full model which includes thermal buoyancy and a range of chemical densities. The ini-
tial chemical density is uniform laterally but varies continuously with depth. This initial density profile
(Figure 1a) is the result of calculations of simple fractional crystallization reported in Elkins-Tanton et al.
[2003] assuming that the entirety of the mantle was molten. The entire mantle is assumed to be at its
solidus temperature after magma ocean solidification (Figure 1b). These two initial conditions can be
made assuming the bulk of mantle ocean solidification occurs much quicker than convective and
conductive timescales.

First we determine the harmonic degree of initial overturn that occurs provided five different viscosity pro-
files (Figure 1c) created by adjusting activation volume V' and activation energy E’ in equation (8). The
degree is calculated by making a spherical harmonic analysis of radial velocity at each depth and averaging
their powers weighted by velocity magnitude.

a) _ b)

3000 -+

Ra[km]

2000 -

log 10 (Hu/p) log 10 (nu/mi)

Figure 3. (a) The observed degree of overturn as a function of viscosity contrast and interface radius. At each black
point, two calculations with randomized initial tracer location were made, and the average of their spherical harmonic
decompositions were recorded. The contour lines are interpolated around those 77 points. (b) Zhong and Zuber [2001]
results for comparison.
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Figure 4. Overturn cross sections in (a-c) chemical density and (d-f) temperature for temperature- and
pressure-dependent rheology case T8. The cross sections show the model at three times: initiation (Figures 4a and 4d),
early overturn (Figures 4b and 4e), and completion of overturn (Figures 4c and 4f).

There are many possible metrics with which to measure the timescale of overturn. Here we choose to con-

sider the density instability in the upper half of the mantle. We determine the time required for the density
contrast across the unstable region to be reduced by 80%, and to be reduced by 98%. Thus, overturn is 80%
complete when

dps, < 0.2Ap4,, 9)

where dp,, the chemical density instability, decreases with time as overturn progresses.

The choice of rheology will fundamentally impact results. Experimentally determined mineral activation

energies for diffusion creep range from 300 to 375 kJ/mol [Karato and Wu, 1993; Hirth and Kohlstedt, 2003].

However, Christensen [1984] showed that when assuming a Newtonian rheology, the effective activation

energy should be lowered by multiplying a prefactor of 0.3-0.6 to approximate non-Newtonian effects.

In the case of the early Martian mantle, several other factors could work to temporarily reduce viscosity

in the upper mantle. First, since the material is at its solidus, some degree of partial melt could likely be
present, reducing viscosity. Second,

' ' ' ' ' the presence of water can also lower
2501 1 viscosity by several orders of magni-
. tude [e.g., Hirth and Kohlstedt, 1996].
Ng 200 | 1 Third, the gravitationally unstable
% upper layer would be enriched in radio-
x 150} - genic heat-producing elements. To
‘% demonstrate the effect of concentrated
2 J00l | radiogenic heating, we construct a
g e ol one-dimensional half-space diffusion
© 50 model of the surface with concen-
trated radiogenic heating (Appendix A).
o N/M\ As shown, cooling of the dense lay-

0 50 100 150 200 250 300 ersis significantly delayed. Combining
Time [Ma] these effects, a small viscosity con-

trast is plausible. We employ effective
Figure 5. The initial impact on heat flux across the core-mantle bound- . .p . p Y
ary due to overturn for the temperature- and pressure-dependent activation energies ranging from
rheology case T8 and the isoviscous case I8. 0 kJ/mol (constant viscosity) to 78 kJ/mol
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Figure 6. Horizontally averaged (a and b) chemical density and (c and d) temperature for two runs. The dashed verti-
cal line marks the point at which the chemical density instability is 20% of its original size, while the solid line marks the
point at which the instability is reduced to 2% its original size. The entrainment rate is poorly resolved in the numer-
ical model and shown here for qualitative demonstration, although the timescale is fairly similar to that produced by

scaling estimates.

in order to study the results of the low viscosity contrasts shown in Figure 1c. A larger viscosity with
a stagnant lid will effectively prevent the gravitationally unstable layer from overturning altogether.

Average radial speed of run T8

25

Radius [km]

0.5

0 2 4 6
Time [Ga]

Figure 7. Average radial speed. The black line shows the interface
between the more chemically dense lower mantle material and the
lighter upper mantle material. The low radial speeds along the inter-
face indicate that two-layer convection occurs until the lower mantle
material is entrained. The brief periods of high speed indicate that
particularly strong advective activity is able to cross the otherwise
conductive interface.

We choose a constant surface tempera-
ture of 300°C since the recently solidified
magma ocean will be about 1200°C but
will cool quickly. Surface temperature
was varied and found to affect the overall
dynamics minimally (Figure 12).

It is important to note that current mod-
els are unable to resolve systems with
Rayleigh numbers corresponding to the
viscosities possibly present in a recently
solidified magma ocean. To address this
issue, we use a scaling approach. We run
models with several reference viscosities
that produce manageable Rayleigh num-
bers (10°-108) and extrapolate to lower
viscosities. Thus, while the models use a
large-dimensional timescale over which
assumptions of constant boundary tem-
perature and low-surface viscosity are
not valid, the results can be scaled to
apply to small timescales over which
they are valid.
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Figure 8. Most dominant harmonic degrees (in radial velocity) for (a) an isoviscous case (I8) and (b) a temperature- and
pressure-dependent viscosity case (T7). Viscosity contrast resulted in degree-one convection but only after entrainment
was complete.

3. Results

Figure 2a shows example runs of the two-layer case in which a specific initial wavelength is introduced.
These results are quantitatively and qualitatively consistent with the analytic solutions [Zhong and Zuber,
2001, Figure 2b]. Wavelengths were somewhat shorter than found by Ke and Solomatov [2006], who
mapped characteristic wavelengths assuming a thin unstable layer near the core-mantle boundary (CMB).
Figure 3a shows the dominant harmonic degree of overturn as a function of interface radius and viscosity
ratio. Degree-one overturn occurs only when significant viscosity contrast exists between adjacent layers.
The thinner a layer, the more contrast is necessary for degree-one. For the case of y,/u; = 1,/= 3 overturn
is the lowest achievable degree of overturn, but only if the layers are sufficiently thick (Figure 3a). This is
different from the analytical solution (Figure 3b), which predicts / = 4 is the minimum achievable degree
for those viscosity conditions; overall, however, our model matches the analytical solutions well qualita-
tively. Figure 3a was constructed from model calculations with a random initial perturbation, validating the
assumption that the most unstable wavelength will generally come to dominate an overturn event.

For the predicted Martian thermal and
chemical profiles, degree of overturn
was more difficult to define than in the
—— Initial profile two-layer case, since there existed no
BN — -80% complete well-defined interface on which to per-
\ _~ 98% complete form a spherical harmonic analysis, and

3000

£ 2500 since degree also tended to vary with

2] time. However, degree-one overturn

S was not observed for any of the viscos-

T ity parameters used in Figure 1. Rather,
2000 .

as recorded in Tables 2 and 3, surface
material arrived at the CMB in several
cold, dense downwellings with a pattern

1500 . . . . i of high degree (/ = 5 — 9). In all cases,
0 0.2 0.4 0.6 0.8 1 aperturbation initiated at the depth
Nondimensional chemical density at which the local ratio of buoyancy
Figure 9. Profiles of the horizontally averaged nondimensionalized forces to viscous resisting was high-
chemical density from an isoviscous model (I8) initially and after the est, then expanded to other depths. In
density instability in the upper layer of the mantle is reduced by 80% the isoviscous case, overturn initiated
and 98%. The lower mantle develops a chemical density instability at the surface. In the temperature- and

that is resolved slowly as cold but chemlce'llly light materlal thét has pressure-dependent viscosity cases, it
fallen to the lower mantle warms conductively and rises back into the initiated wh . . |

upper mantle. This late lower mantle process is not included in our Initiated where viscosity was lowest, at
assessment of overturn timescales. near 400 km depth (Figure 4b).
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Overturn timescales
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Figure 10. Timescales. Advection in early planetary history was likely too
rapid to be resolved by present models. We can extrapolate to higher
Rayleigh numbers (lower viscosity) using the trends determined from
high-viscosity calculations. For example, assuming a realistic viscosity pro-
file lies between isoviscous (/) and variable viscosity (T) as bounds and
assuming a reference viscosity of 10'8 Pa s, overturn would have taken
about 3-4 Ma.

Models using a higher activation
energy (300 kJ/mol) resulted in a stag-
nant lid in the enriched upper 250 km
that did not overturn. The upper man-
tle beneath the lid was able to invert
and homogenize, but this inversion
did not cause any notable effect on
CMB heat flow.

In the isoviscous calculations,

the dense surface material was

able to descend directly to the

CMB, causing a surge of heat

flux from the core (Figure 5). For
temperature-dependent rheologies,
however, the high viscosity near the
surface slowed the process. Mate-
rial gradually seeped down, resulting
in a smaller but more persistent
overturn-induced heat flux. After ini-
tial overturn, the models stabilized
into a dense lower mantle and a light
upper mantle. Over time, convection
in the upper region entrained dense
material from underneath, eventu-

ally mixing the entire mantle (Figure 6). During the entrainment period, convection occurs independently
in the lower mantle as well, but the boundary between them is effectively conductive (Figure 7), i.e., layered

convection [e.g., Davaille, 1999].

Short-wavelength convection patterns dominated during the entrainment phase in all models (Figure 8).
In the isoviscous cases, small convection cells persist as the model continues into thermal convection.
However, for the temperature- and pressure-dependent rheology, the transition to whole-mantle thermal
convection was associated with the emergence of a degree-one convection pattern that persisted with

stability as far as the model was run.

Temperature and chemical density as entrainment commences

3000 f 1
3

= 2500} 1
(2]
2
he)
o]
o

2000 f 1

1500 | 1

0 0.2 0.4 0.6 0.8 1

Nondimensional temperature (dashed) and chemical density

Figure 11. Horizontally averaged nondimensionalized chemical density
and thermal profiles from an isoviscous model (18) after overturn is com-
plete and when thermal convection has homogenized the upper mantle
enough to produce a well-defined two-layer system to which scaling argu-
ments can be applied. The density and thermal contrasts in this figure are
used to compute the buoyancy ratios used in our entrainment estimates.

Figure 9 demonstrates overturn
reaching the defined stages of com-
pletion in the isoviscous model.
Because of its low temperature, some
chemically light material was able
to descend into the lower mantle
despite having lower density. This
effect created a small chemical den-
sity instability in the lower mantle,
which reequilibrated gradually as
the material was heated conduc-
tively to the temperature of its new
surroundings. Figure 10 shows the
timescales observed for overturn

of the upper mantle. Three scalings
were noted. First, 80% of overturn
was complete in the isoviscous
cases with timescale proportional
to Ra~'. Second, 98% was com-
plete with timescale proportional to
Ra=2/3.Third, in the temperature- and
pressure-dependent viscosity cases,
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both overturn timescales scaled as Ra=*/3. While the bulk of the high-density material descended quickly,
the rate of this process slowed significantly as the density instability lessened.

3.1. Entrainment and Whole-Mantle Mixing

Although we show the entrainment process in Figure 6 for qualitative understanding, the actual entrain-
ment rate is difficult to model with a global 3-D finite element framework since prohibitively high spatial
resolution of upwellings is required for accurate results [van Keken et al., 1997; Zhong and Hager, 2003]. Even
using models with adaptive mesh refinement to several km grid resolution, it is difficult to resolve entrain-
ment rate for temperature-dependent viscosity [Leng and Zhong, 2011]. Both laboratory and numerical
experiments have been used to understand the mechanisms and timescale with which a convecting upper
layer entrains underlying denser material [Davaille, 1999; Gonnermann et al., 2002; Jellinek and Manga, 2002;
Zhong and Hager, 2003]. Using the compositional and thermal profiles of our isoviscous model immediately
after overturn, we use an experimentally derived scaling law to estimate the timescale over which the lower
dense layer would survive.

Davaille [1999] experimentally derived a scaling theory for entrainment rate, further corroborated by later
laboratory work [Gonnermann et al., 2002], finding that

1

P a—— (10)
1+7B;)

g= O.21<d‘1BBZRa:/3
where g is entrainment flux per unit area and viscosity contrast y is the viscosity ratio between the two lay-
ers. The buoyancy ratio defined by Davaille, By, includes the thermal buoyancy across the entire model,
so equals B C, (Figure 11). Ra, is the Rayleigh number, with the subscript added to clarify that in this
equation Rayleigh number is defined by mantle depth, not planetary radius. Applying this equation to
our postoverturn profile, we estimate a lifetime of 500 Ma for an isoviscous (y = 1) scenario, and 3.8 Ga
fory = 10. The entrainment timescales of our numerical models, albeit insufficiently resolved, were a
similar magnitude.

4. Discussion

The absence of degree-one overturn pattern suggests that cumulate overturn may not play the hypoth-
esized role of initiating a hemispherical core dynamo or contributing to the crustal dichotomy. We can
understand the difficulty in creating a degree-one pattern by closer consideration of the two-layer case.
Long-wavelength instabilities occur more easily when viscosity contrast is high and when both layers are
of a substantial thickness compared with total model thickness. Although these conditions can be easily
reached in a two-layer system, any scenario in which viscosity and chemical density vary continuously and
gradually with depth will not satisfy those requirements. Parmentier et al. [2002] found that for the Moon,
degree-one overturn is possible when a large viscosity contrast occurs over a small depth range when a
high-density layer is placed on a uniform density mantle. In our scenario however, the density instability was
gradual across a large range. Because overturn initiates wherever buoyancy forces face the least resistance
from viscosity, any large contrast in viscosity between two layers will, rather than increasing wavelength,
force the overturn to occur at some other depth at which both the upper and lower layers are of relatively
low viscosity. Additionally, the initially overturning layers will tend to be thin, since material surrounding the
minimum in viscosity is by definition of higher viscosity, and therefore slower to join in the overturn. Thus,
the initial overturn will always occur in a thin layer of a region with low viscosity contrast, and will always
invert in a short-wavelength pattern.

Although degree-one overturn may be unlikely, previous work [Zhong and Zuber, 2001; Roberts and Zhong,
2006] has demonstrated the tendency toward degree-one convection when a more realistic asthenosphere
and lithosphere rheology is included. In this study, we found that subsequent single-cell convection was

a consistent result after complete entrainment of the dense lower layer when viscosity varied with tem-
perature, but the hemispherical dichotomy on Mars would have predated the completion of entrainment
even using our shortest estimates of entrainment timescale. Ke and Solomatov [2009] suggest an inde-
pendent mechanism for degree-one convection, a superplume originating from a thermal Rayleigh-Taylor
instability at the core-mantle boundary, which could also potentially induce and sustain degree-

one convection.
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Figure 12. Normalized size of density instability as a function of time
for the isoviscous case I8 for varied surface temperature. Changes in
the surface boundary condition do not significantly alter the resultant
timescales and scaling properties.

Rheological assumptions play a large
role in determining the rate of over-
turn. While our temperature-dependent
model had a viscosity contrast of around
1000:1, a higher contrast would extend
the lifetime of a gravitationally unsta-
ble lithosphere, delaying mixing and
permitting a relatively isolated chemi-
cal reservoir enriched in incompatible
elements by fractional crystallization.

There are three end-member scenarios
for the fate of the heavy-element-
enriched layer resulting from late-stage
fractional crystallization: that it was not
able to overturn at all; that overturn
occurred and the stable density stratifi-
cation was not overcome by convection;
or that the whole mantle became well
mixed. However, gravity and moment of
inertia observations do not support the

possibility of an extant high-density stagnant lid [Pauer and Breuer, 2008; Sohl and Spohn, 1997].

Assuming overturn did occur, the lower layer could have been entrained significantly, creating isotopic het-
erogeneities throughout the mantle. Later melting events responsible for crustal formation would therefore
have access to the full range of isotopic signatures formed during fractional solidification, accounting for the
differences in isotopic signatures found between SNC meteorites. Mixing would bring small-scale reservoirs

near the surface where that would be more readily possible.

The extent to which mixing has occurred is poorly constrained. Employing empirically derived scaling laws,
we calculated the lifetime of a dense lower layer after overturn in an isoviscous mantle to be 500 Ma and 3.8
Ga if the upper mantle were ten times more viscous than the lower mantle. Since these results do not scale
strongly with Rayleigh number, uncertainty in Ra should not affect them significantly. However, a stagnant
lid and secular cooling across long timescales will slow later entrainment and extend the lifetime of the
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Figure 13. The ratio of viscosity in the uppermost element of the
model to reference viscosity for the temperature-dependent viscosity
model T8 with reference viscosity g = 10%° Pa s. As the lithosphere
cools conductively, viscosity in the surface elements increases. The
smaller the Rayleigh number, the more pronounced the effect of
this viscosity increase on overturn timescales, producing timescales
proportional to Ra=4/3.

dense lower layer significantly. Tosi et al.
[2013] showed that for a Mars overturn
scenario with an inverted linear density
gradient, complete mixing by present
day is unlikely.

The scaling properties evident in

Figure 10 are of particular interest.

In a Rayleigh-Taylor overturn process
with no thermal processes, timescale

is proportional to mantle viscosity,

or Ra~'. The Ra=%/3 and Ra~*/3 time
scalings observed in isoviscous and
temperature-dependent models, respec-
tively, suggests that thermal mechanisms
play a large role in opposing or reinforc-
ing the gravitational instability.

Our results suggest in an isoviscous man-
tle, the bulk of overturn occurs quickly
enough that thermal diffusion is not an
important process for it, resulting in a
Ra~" time scaling, while the remaining

SCHEINBERG ET AL.

©2014. American Geophysical Union. All Rights Reserved.

11


http://dx.doi.org/10.1002/2013JE004496

@AG U Journal of Geophysical Research: Planets 10.1002/2013JE004496

T T T 20% takes several times longer

3400} - (Figure 12). However, the descent of the
final 20% of the chemically dense upper
] layer will scale with Ra=2/3 since the sur-
face material has time to become more
_ negatively buoyant through conduc-
tive cooling. For high Rayleigh numbers,
thermal diffusion should become less
relevant, and the final 20% of overturn
3200} [— No heating N ] should occur with the same Rayleigh

—— Evenly distributed heating N number dependence as the initial 80%.

— Linearly distributed heating \ . o
3150 1 In contrast, when viscosity is tempera-

0 500 1000 1500 2000 ture dependent, thermal diffusion slows

Temperature [K] down the overturn process rather than
accelerating it. If the Rayleigh number
is lowered, the upper layer has more

33501

33001

Radius [km]

32501

Figure A1. Temperature profiles for a 1-D finite difference model of the
upper 250 km of the mantle. In the absence of concentrated radiogenic
heating, conductive cooling quickly creates a stagnant lid. With radio- ~ time to cool conductively before advec-
genic heating accounted for, high temperatures are prolonged enough  tjon of the unstable material occurs. This
that the high-density surface material will likely sink. . . . .
increased cooling raises the local viscos-
ity (Figure 13), slowing advection further.
A theoretical derivation of this Ra=*/3 scaling is needed but beyond the scope of this study. We expect that
for high Rayleigh numbers, diffusion will again no longer play a significant role, resulting in a Ra~" timescale.

However, for Rayleigh numbers that we were able to resolve, we did not reach this regime.

Surface temperature and core temperature were constant in our model. In reality, both these vari-
ables decrease with time, so that this assumption, although valid for timescales on the order of 100
Ma, may be less valid with larger timescales. Cooling will increase viscosity with time, while a decrease
in the temperature contrast across the mantle will reduce thermal buoyancy. Thus, if thermal con-
vection is unable to overcome a chemical density profile early on, complete entrainment might not
be possible.

5. Conclusion
We present four broad conclusions:

1. The harmonic degree of overturn varies between 6 and 10 for the cases examined here that assume a
sluggish rather than stagnant lid. We therefore conclude that degree-one overturn is unlikely to have
resulted from magma ocean fractional crystallization in Mars or other planets with the characteristics
explored here.

2. An initial overturn event could create an added core heat flux in excess of tens of mW during the period
of stability prior to the onset of thermal convection.

3. For an isoviscous mantle with u, = 10%° Pa s, a dense lower layer produced by fractional crystallization
and subsequent overturn would persist on the order of 500 Ma. A viscosity contrast of 10 between the
lower and upper mantle would increase this lifetime to 3.8 Ga. Secular cooling and a stagnant lid will
extend timescales further. Complete mixing of chemically homogenous has therefore likely not occurred,
but there would have been sufficient entrainment to permit smaller-scale domains of isotopically distinct
material to participate in melting and crustal formation.

4. Thermal processes strongly impact the Rayleigh-Taylor problem in most scenarios. Overturn timescales
in models assuming constant viscosity scale as Ra~" for the bulk of overturn but Ra—2/3 for the remainder.
Overturn times scale as Ra~%/3 when using a temperature- and pressure-dependent rheology.

Provided the range of rheologies examined here and given u, = 10'° Pa s, 98% of overturn
would have taken 7-90 Ma. For u, = 10'® Pa s, the process would have required about 2-4 Ma.
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100 Appendix A: One-Dimensional
90 1 Thermal Code
8 sof ]
2 Radial grid To demonstrate how radiogenic heating
£ 0 elements can maintain a high temperature in a lid
2 6of _gg 1 produced by magma ocean solidifica-
2 sof 64 | tion, we construct a 1-D conductive finite
% sol —72 ] difference model of the upper 250 km of
k] Mars governed by
5 1 aT
S ool ] == V2T + H,,. (A1)
o t
10} 1
o . . . . . . The surface temperature is fixed at 300 K.
0 5 10 15 20 25 30 35 40  Theinitial temperature everywhere else
Time [Ma] is 1600 K, and the base of the model at

Figure B1. Normalized size of density instability as a function of 250 km is fixed at this value. We assume

time for the isoviscous case 18. Increasing resolution of each of the initial chondritic values of radiogenic
twelve-model caps from a 48 x 48 x 48 grid to a 72 x 72 x 72 grid elements K, Th, and U, which become
alters results slightly, but the change is convergent. While resolution concentrated into the residual melt as

may cause the prefactor to differ, the observed scalings are robust. fractional crystallization proceeds. If dis-

tributed evenly into the upper 250 km of Mars, they would be about 4.9 times chondritic abundance. We
consider an even distribution and a distribution increasing monotonically with radius.

The results are shown in Figure A1. Without internal heating, the solution is an error function. If concen-
trated radiogenic heating is present, high temperatures, and thus low viscosities, will persist for hundreds
of Ma.

Appendix B: Resolution

Figure B1 demonstrates the dependence of overturn time on resolution. Timescales differed slightly
between high-resolution and low-resolution results. While resolution may cause the prefactor to differ, the
observed scalings are robust.
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