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a b s t r a c t

At least 20 impact basins with diameters ranging from 1000 to 3380 km have been identified on Mars,
with five exceeding 2500 km. The coincidental timing of the end of the sequence of impacts and the dis-
appearance of the global magnetic field has led to investigations of impact heating crippling an early core
dynamo. The rate of core cooling (and thus dynamo activity) is limited by that of the overlying mantle.
Thus, the pre-existing thermal state of the mantle controls the extent to which a sequence of impacts may
affect dynamo activity. Here, we examine the effects of the initial thermal structure of the core and man-
tle, and the location of an impact with respect to the pre-existing convective structure on the mantle
dynamics and surface heat flux.

We find that the impacts that formed the five largest basins dominate the impact-driven effects on
mantle dynamics. A single impact of this size can alter the entire flow field of the mantle. Such an impact
promotes the formation of an upwelling beneath the impact site, resulting in long-lived single-plume
convection. The interval between the largest impacts is shorter than the initial recovery time for a single
impact. Hence, the change in convective pattern due to each impact sets up a long term change in the
global heat flow. These long-term changes are cumulative, and multiple impacts have a synergistic effect.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Observations

At least 20 exposed and buried ‘‘giant’’ impact basins with ob-
served diameters, Db exceeding 1000 km have been identified on
Mars (Frey, 2008). Of these, five basins have Db > 2500 km. The cra-
ter retention ages for these basins have been obtained by counting
smaller craters, quasi-circular depressions (QCDs) in topography,
and circular thin areas (CTAs) in crustal thickness models, with
diameters greater than 300 km on the rims and interiors of the
giant basins (Frey, 2008). The absolute model ages of these basins
(Hartmann and Neukum, 2001) are largely clustered between 4.2
and 4.1 Ga. This spike in basin ages may be related to the Late Hea-
vy Bombardment (Cohen et al., 2000; Gomes et al., 2005).

Observations of crustal magnetism (Acuña et al., 2001) provides
strong evidence that such a global magnetic field existed early on,
but vanished in the mid- to late Noachian. The ages of the basins
correlate strongly with their magnetization strengths (Lillis et al.,
2008), resulting in speculation that there may have been a causal
relationship between the impacts which created the basins and
the disappearance of the magnetic field (Arkani-Hamed et al.,
2008; Roberts et al., 2009).

1.2. Previous work

The coincidental timing of the sequence of impacts and the dis-
appearance of the magnetic field, suggests that former may have
caused the latter (Arkani-Hamed et al., 2008; Roberts et al.,
2009; Arkani-Hamed and Olson, 2010a,b). It is well known that
large impacts can introduce substantial amounts of heating to
planetary interiors (Reese et al., 2002; Monteux et al., 2007;
Watters et al., 2009). Roberts et al. (2009) modeled the effects of
impact heating on the mantle dynamics, in particular on the evolu-
tion of CMB heat flow. They found that the largest impacts heated
the lower mantle resulting in a reduction in CMB heat flow that
was unfavorable for a dynamo. Arkani-Hamed and Olson
(2010a,b) on the other hand, suggested that direct impact heating
of the core, with a lower specific heat than that of the mantle, may
result in a substantial increase in core temperature and in the CMB
heat flow. Moreover, the heating of the outer core results in stable
stratification, which also serves to shut down dynamo activity. In
both cases, a warm region, or ‘‘thermal blanket’’ prevents cooling
of much of the core. In the first case, the thermal blanket is the
lower mantle; in the second, it is the outermost core.

These previous studies have focused on the effects of basin-
forming impacts in the deep interior and at the CMB. Here, we
examine the effects of the initial thermal structure of the core
and mantle, and the location of an impact with respect to the
pre-existing convective structure on the mantle dynamics and sur-
face heat flux.
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1.3. Motivating questions

The thermal evolution of the interior of Mars depends on the
ability of the mantle to remove heat. Core cooling is limited by
the vigor of convection in the much more viscous mantle above.
Here, we suggest that this efficiency may depend on the initial
pre-impact conditions of Mars. In particular, we examine the ef-
fects of the pre-existing thermal state of the mantle and frequency
of large impacts on the impact-induced mantle dynamics.

In the following section we describe our modeling efforts,
including shock heating of the mantle due to impacts and the sub-
sequent thermal evolution of the mantle by thermal convection.
Next we present the results of the convection models with partic-
ular attention to the evolution of the thermal structure. Finally, we
discuss the implications of these results on the long-term thermal
evolution of Mars, and attempt to quantify the effects of uncertain-
ties in observations of basin size and age, scaling laws, and models
of shock pressure and heating.

2. Modeling

2.1. Mantle convection

We model mantle dynamics using CitcomS (Zhong et al., 2000;
Tan et al., 2006), a 3D finite-element model of convection in a
spherical shell. Our model contains 1.8 million elements, each with
an average thickness of 26 km, and spanning 4.2� in each horizon-
tal direction. The mantle is assumed to be viscous and incompress-
ible, with an infinite Prandtl number, and subject to the extended
Boussinesq approximation (Christensen and Yuen, 1985). Thermal
convection is governed by the equations of conservation of mass,
momentum and energy:
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where u
*

is velocity, P is pressure, g is dynamic viscosity, g is the
gravitational acceleration, e

*

r is a unit vector in the radial direction,

T is temperature, t is time, j is the thermal diffusivity, and H is the
internal heating, which includes adiabatic heating, frictional dissi-
pation, and radioactive heat generation (Christensen and Yuen,
1985). The density varies due to temperature as dq ¼ q0aðT � T0Þ,
where q0 is the reference density, a is the thermal expansivity,
and T0 is the reference temperature.

We nondimensionalize Eqs. (1)–(3) using the following
conversions:
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where xi represents a spatial coordinate, R0 is the planetary radius,
DT is the initial temperature difference across the mantle and CP is
the specific heat. All primed quantities are nondimensional. All ‘0’
subscripts refer to the reference values of their respective quanti-
ties, typically chosen at the surface (though g0 is the viscosity at
the CMB). See Table 1 for the reference parameter values used in
this study. Using these nondimensionalizations and dropping the
primes for clarity, the momentum equation becomes:
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where Ra, the Rayleigh number is defined as:

Ra ¼ q0ga0DTR3
0

j0g0
ð4Þ

The nondimensional mass and energy equations are formally iden-
tical to the dimensional versions. a varies linearly with depth,
decreasing by a factor of two from the surface to the CMB. The con-
ductivity, j ¼ qCpj, varies with temperature according to an
empirical relationship (Schatz and Simmons, 1972).
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30:6 Kþ0:21 T þ 0:0023ðT � 500 KÞ T > 500 K

 
ð5Þ

The mantle is cooled from above (by radiation into space), and
heated from below (by secular cooling of the core) and from within
by radioactive decay. The surface temperature is held constant. The
CMB temperature is laterally homogeneous but varies with time as
the core is cooled by the mantle. The time-dependent heating rate
(Turcotte and Schubert, 2002) is given by:
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where CX
0 is the present-day concentration of element X, HX1 is the

heating rate of isotope X1, and sX1
1=2 is the half-life of that isotope.

The bulk concentrations (Wanke and Dreibus, 1994), half-lives,
and heating rates (Turcotte and Schubert, 2002) for the long-lived

Table 1
Parameters for Noachian Mars.

Parameter Symbol Value Reference

Planetary radius R0 3390 km Bills and Ferrari (1978)
Core radius Rc 1700 km Yoder et al. (2003)
Mantle density q0 3500 kg m�3 Sohl and Spohn (1997)
Gravitational acceleration g 3.7 m s�2 Esposito et al. (1992)
Coefficient of thermal expansion (at surface) a0 3 � 10�5 K�1 Roberts and Zhong (2004)
Coefficient of thermal diffusion (at surface) j0 1.29 � 10�6 m2 s�1 Schatz and Simmons (1972)
Specific heat Cp 1200 J kg�1 K�1 Roberts and Zhong (2004)
Surface temperature T0 220 K Roberts and Zhong (2004)
Initial CMB temperature TCMB 2000 K Nimmo and Stevenson (2000) and Hauck and Phillips (2001)

Table 2
Radioactive heating parameters for bulk silicate Mars.

Isotope Present-day
concentration

Half-life
(Gyr)

Heating rate (W kg�1)

U 1.7 � 10�8

U-235 0.704 5.69 � 10�4

U-238 4.47 9.46 � 10�5

K 3.4 � 10�5

K-40 1.25 2.92 � 10�5

Th 6.8 � 10�8 14.0 2.64 � 10�5
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