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Abstract A giant impact is an increasingly popular explanation for the formation of the northern lowland on
Mars. It is plausible that at the impact time both Mars and the impactor were differentiated with solid silicate
mantles and liquid iron cores. Such a large impact likely resulted in merging of the cores of both bodies, a
process which will have implications on the thermal state of the planet. We model the evolution of the Martian
mantle following a giant impact and characterize the thermochemical consequences of the sinking of an
impactor’s core as a single diapir. The impact heating and the viscous heating induced during the core merging
may affect the early thermal state of Mars during several tens ofmillion years. Our results show that large viscosity
contrasts between the impactor’s core and the surrounding mantle silicates can reduce the duration of the
merging down to 1 kyr but do not modify the merging temperature. When the viscosity contrast between the
diapir and the surrounding silicates is larger than a factor of 1000, the descent of the diapir can lead to some
entrainment of the relatively shallow silicates to deepest regions close to the core-mantle boundary. Finally, the
direct impact heating of Martian core leads to thermal stratification of the core and kills the core dynamo. It takes
on the order of 150–200 Myr to reinitiate a strong dynamo anew. The merging of the impactor’s core with the
Martian core only delays the reinitiation of the dynamo for a very short time.

1. Introduction

Giant impacts were common in the later stage of accretion of terrestrial planets. The Earth is likely formed by
accretion of a few dozen moons to Mars-size planetary embryos (see the review by Chambers [2004]). A
Mars-size impact on Earth may have resulted in the formation of the Moon [Hartmann and Davis, 1975;
Cameron and Benz, 1991; Canup, 2004]. An oblique collision of a large body with amass about one sixth of the
Mercury’s has likely stripped away a significant part of Mercury’s mantle [Smith, 1979; Benz et al., 1988]. As an
alternative to endogenic formation models [e.g., Zhong and Zuber, 2001; Reese and Solomatov, 2006], an
800–1300 km size impact has been proposed to explain the formation of northern lowland of Mars [Wilhelms
and Squyres, 1984; Nimmo et al., 2008; Andrews-Hanna et al., 2008;Marinova et al., 2008], and the lunar farside
highlands were likely formed by accretion of a companion moon [Jutzi and Asphaug, 2011].

Part of an impactor may be retained by the planet, depending on the impact angle, impact velocity and the
impactor to planet mass ratio. The accretion efficiency is close to 1 for impacts occurring at low velocities (i.e.,
the impact velocity vimp< twice the escape velocity of the planet vesc) with impact angles of ~45° or less
relative to the local vertical direction, whereas for impacts occurring at higher velocities (i.e., vimp> 2vesc) and
at higher impact angles the efficiency is negligible [Asphaug, 2010]. The impact-induced shock wave
propagation heats the planet and results in a large thermal anomaly buried deep in the mantle of the planet
with a volume comparable to the volume of the impactor [e.g., Tonks and Melosh, 1993; Pierazzo et al., 1997;
Arkani-Hamed, 2005; Monteux et al., 2007; Arkani-Hamed and Ghods, 2011]. This thermal energy added to the
preimpact temperature of a planet may result in melting and iron-silicate segregation in the mantle.

Recent studies have explored the effects of large impacts on the Martian mantle dynamics [e.g.,Watters et al.,
2009; Ghods and Arkani-Hamed, 2011; Roberts and Arkani-Hamed, 2012] and on the cessation of dynamo
action [e.g., Roberts et al., 2009; Arkani-Hamed and Olson, 2010a, 2010b; Arkani-Hamed, 2012]. At the time of a
giant impact, both Mars and the impactor were probably differentiated [Yoshino et al., 2003; Neumann et al.,
2012]. It is likely that the entire impactor’s iron core merged with the preexisting core of Mars. The processes
involved in the merging dynamics are strongly dependent on the rheology of the impacted mantle where
the iron core of the impactor sinks and on the characteristic size of the sinking core. These processes can
involve sedimentation of metallic rain at the base of a magma ocean [Rubie et al., 2003; Höink et al., 2005]
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followed by a large diapir, which sinks through the underlying solid mantle [Tonks and Melosh, 1992]. The
impact heating can have severe consequences on the thermal state of the planet and on the cessation of the
core dynamo [e.g., Arkani-Hamed and Olson, 2010a, 2010b]. Also, the hot and molten iron brought by the
merging of an impactor’s core can envelop the preexistent core and generate dynamo if the layer is thicker
than about 30 km [Reese and Solomatov, 2010].

Monteux et al. [2013] investigated the dynamics and the thermal effects of the core merging by monitoring
the evolution of a spherical diapir sinking through a solid mantle. The authors used some idealized models of
Mars and the impact heating as first-order estimates. For example (1) the iron diapir is assumed to start as a
spherical body. During the impact process, the molten iron of the impactor is mixed with the partially molten
parts of the impactor’s and planet’s silicates. However, due to its higher density compared to the silicates, the
molten iron segregates and pounds at the bottom of the partially molten zone in the mantle while conforming
to the shape of the zone. Hence, the initial shape of the iron diapir is a thin spherical cap with a flat top and an
almost spherical bottom, certainly far from being spherical. Because the dynamics of a sinking body is strongly
affected by its shape the spherical shape assumption has significant effects on the sinking time of the diapir.
(2) The impact creates a spherical isobaric zone with an almost constant temperature, and temperature decays
exponentially outside this zone. By choosing the decay scaling factor of~ (ro/r)

4.4, where ro and r denote the
radius of the isobaric sphere and the distance from the center of the sphere, the authors severely underestimated
the impact-induced temperature increase outside the isobaric core. This resulted in much colder thus higher
viscosity lower mantle beneath the impact site in their temperature-dependent viscosity models, hence
hampering the sinking of the iron diapir. (3) The mantle viscosity was assumed either constant (isoviscous) or
temperature dependent. The mantle viscosity is actually temperature and pressure dependent, decreases with
increasing temperature and increases with increasing pressure. Also the viscosity reduces substantially upon
partial melting. Moreover, in reality, the rheology also depends on the strain rate and plasticity can occur
[Golabek et al., 2009]. The latter is not taken into account here.

The aim of the present study is to monitor the thermal evolution of theMartian mantle following a giant impact
and, in particular, the dynamics of the sinking iron diapir of the impactor. We relax the assumptions made by
Monteux et al. [2013] by using more realistic models. This provides a means to assess the adverse effects of the
assumptions. For example, (1) we start with the molten iron of the impactor as an almost spherical cap,
numerically determined by the shape of the partially molten impact-heated region in the upper mantle of the
Mars models, (2) we use a more realistic scaling law for the decay of temperature outside the isobaric zone
derived on the basis of hydrocode numerical simulations of an impact [Pierazzo et al., 1997;Watters et al., 2009],
and (3) we use not only constant and temperature-dependent viscosity models but also incorporate the
pressure- andmelt-dependent viscositymodels. Furthermore, we investigate the effects of other factors such as
(1) the higher viscosity contrast between the iron diapir and the surrounding mantle, (2) the higher impact
velocity of 10 km/s which is within the range of impact velocities of Mars [Neukum and Wise, 1976] (on Mars,
vesc = 5 km/s), (3) different physical properties of Martian mantle which control the Equation Of State (EOS) for
propagation of shock waves, hence the ability of the mantle to convert the energy from the impact-induced
shock wave to internal heating, and (4) the influence of melting on the heat budget and mantle dynamics. In
comparison with the models from Monteux et al. [2013], the preimpact thermal state, the postimpact thermal
state, the postimpact chemical repartition of the impactor’s core, and the mantle viscosity are considered more
realistically. We also investigate in detail the effect of an impact on the core dynamo of Mars. This includes two
aspects: (1) the direct heating of the core by the impact-induced shock wave, and (2) the impactor coremerging
on the Martian core. The first aspect, which is the most important factor, was not considered by Monteux et al.
[2013], but the second aspect was also investigated by the authors.

The second section deals with the preimpact Martian model, while the third section presents the postimpact
temperature and chemical repartitions. The core merging dynamics is described in the fourth section, and
the results are presented in the fifth, sixth, and seventh sections. The effects of impacts on the core dynamo
of Mars are investigated in the following section. The concluding remarks are relegated to the last section.

2. Preimpact Martian Model

This section describes the preimpact models of Mars considered in this study. The models are spherically
symmetric with radially dependent physical parameters.
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2.1. Pressure and Gravity Profiles

TheMartian topographic dichotomy is one of the oldest features on Mars, formed sometime between 4.5 and
3.7 Ga [McGill and Dimitriou, 1990; Frey et al., 2002; Solomon et al., 2005]. Hence, at the time of the giant impact
that might be responsible for theMartian dichotomy, both the impactor andMars were probably differentiated.
Hf/W chronology suggests that core formation happened during the first 10–30 Myr of Mars’ history [Lee and
Halliday, 1997; Kleine et al., 2002; Nimmo and Kleine, 2007; Dauphas and Pourmand, 2011]. Such a rapid process
involves extensive melting, which is potentially enhanced by radiogenic heating as a result of the decay of
short-lived radionuclides 26Al and 60Fe [Yoshino et al., 2003; Neumann et al., 2012], impact heating [Tonks and
Melosh, 1992; Senshu et al., 2002; Monteux et al., 2009], and gravitational energy conversion during the core
formation resulting in metal/silicate separation [Stevenson, 1989; Ricard et al., 2009]. The metal/silicate
separation can occur via a wide range of phenomena such as percolation [Shannon and Agee, 1996; Walte
et al., 2007; Bagdassarov et al., 2009; Walte et al., 2011], the sedimentation of metallic rain through a magma
ocean [Rubie et al., 2003; Höink et al., 2005] or a large diapir sinking through a solid mantle [Tonks and
Melosh, 1992; Monteux et al., 2009]. Whatever the mechanism, Mars’ internal structure, characterized by
a≈ 1700 km radius liquid iron core [Yoder et al., 2003], was mostly established within≈ 10 Myr of the planet’s
formation [Kleine et al., 2002].

Considering a simple two-layered density model, ρFe for the core (with radius Rcore) and ρSi for the mantle,
the integration of

dP ¼ �ρgdr (1)

leads to the following gravity and pressure profiles in the core,

g rð Þ ¼ 4
3
πGρFer (2)

P rð Þ ¼ 2
3
πGρ2Fe R2core � r2

� �þ 2
3
πGρ2Si R

2 � R2core
� �

þ 4
3
πGρSiR

3
core ρFe � ρSið Þ 1

Rcore
� 1
R

� � (3)

and in the mantle,

g rð Þ ¼ 4
3
πG rρSi þ

R3core
r2

ρFe � ρSið Þ
� �

(4)

P rð Þ ¼ 2
3
πGρ2Si R

2 � r2
� �þ 4

3
πGρSiR

3
core ρFe � ρSið Þ 1

r
� 1
R

� �
(5)

where ρFe and ρSi are assumed constant, g is the gravitational acceleration, r is the distance to the center of
the planet, and G is the gravitational constant. Figure 1 presents the density, gravity, and pressure profiles
used in our models.

2.2. Temperature Field

The preimpact thermal state of Mars strongly depends on the short-lived radiogenic heating, the accretion
processes and the dissipation of potential energy during the core formation [e.g., Senshu et al., 2002; Golabek
et al., 2009; Šrámek et al., 2010]. The uncertainties on the relative importance of these processes as well as the
diversity of the processes involved in the core formation lead to a wide range of plausible early thermal states
after the full differentiation of Mars.

The preimpact Martian temperature field is assumed only radially dependent. From the surface, the
temperature increases rapidly through the top thermal boundary layer and then increases adiabatically and
gradually down to the bottom thermal boundary layer, where it again increases rapidly toward the core-
mantle boundary (CMB). We use the temperature profile from Roberts and Arkani-Hamed [2012] with the CMB
temperature of TCMB = 2000 K as the preimpact temperature profile (see Figure 1). The temperature increases
adiabatically in the core as

dT
dr

¼ � αFeg rð ÞT
cp;Fe

(6)
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With the linear increase of gravity in the core (equation 2) and assuming constant thermal expansion
coefficient αFe and heat capacity cp,Fe, the integration of equation 6 leads to [e.g., Coradini et al., 1983]

Tcore rð Þ ¼ TCMB exp
2παFeGρFe
3cp;Fe

� �
R2core � r2
� �� �

(7)

Included in Figure 1 is the preimpact temperature profile used in our models.

3. Postimpact Temperature and Chemical Repartition

After a giant impact, the shock wave propagation results in a large thermal anomaly in the upper mantle of
theplanet[e.g.,TonksandMelosh,1993;Senshuetal.,2002;Monteuxetal.,2007;Wattersetal., 2009;Arkani-Hamed
andOlson,2010a,2010b;RobertsandArkani-Hamed,2012].Dependingontheimpactvelocityandtheefficiencyof
conversion fromthekineticenergy toheat, the subsequent temperature increasemayexceed themelting
temperatureof themantlematerial [Pierazzoetal., 1997;GhodsandArkani-Hamed, 2011;Monteuxetal., 2011]. In
the followingsectionwedescribeourmodelof large impactheatingof theMartianmantleandcore.

3.1. The Impact-Induced Temperature Increase

Following a giant impact, a nearly uniform shock pressure Ps is generated inside the so-called isobaric sphere
of radius rc, [Croft, 1982; Melosh, 1989]

Ps ¼ ρSi C0 þ S uoð Þ uo (8)

where ρSi and C0 are the preshock density and acoustic velocity of the silicate mantle, uo is the particle
velocity in the isobaric sphere, which is taken to be one half the impact velocity vimp assuming similar target
and impacting materials, and S is a constant. Dimp is the impactor diameter and vimp is in km/s [Arkani-Hamed
and Olson, 2010a, 2010b] of rc = 0.0525 Dimp vimp. The shock pressure decays with distance from the impact
site outside the isobaric region. Several different models have been proposed for the shock pressure
distribution outside the isobaric region [Ahrens and O’Keefe, 1987; Melosh, 1989; Pierazzo et al., 1997; Mitani,
2003]. In this study, we adopt the averagemodel of Pierazzo et al. [1997]. Accordingly, the shock pressure Ps at
a distance d from the isobaric center is calculated by

Ps dð Þ ¼ Ps rcð Þ� rc=dð Þn d > rc; n ¼ �1:84þ 2:61 logvimp (9)

The axisymmetric shock pressure in the Martian interior is calculated at 1 × 1 km grid intervals in a spherical
coordinate system with the symmetry axis passing through the impact site and the planet’s center. The

Figure 1. The preimpact density, gravity, pressure, and temperature profiles of the Mars model.
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pressure reduction near the surface due to
interference of the direct and reflected waves is
taken into consideration aftermodifyingMelosh’s
[1989] rectangular coordinate algorithm to a
spherical coordinate algorithm [Shahnas and
Arkani-Hamed, 2007; Louzada and Stewart, 2009].
At the core-mantle boundary the incident
pressure wave is partly reflected to the mantle
and partly transmitted to the core [Arkani-Hamed
and Ghods, 2011]. The interference of the direct

and reflected waves in themantle near the core-mantle boundary has only minor effects on the shock pressure
and is neglected.

As the impact-induced shock wave propagates in the planet it creates a high pressure behind the shock front
and sets the material in motion. The pressure behind the shock front is determined using the conservation of
momentum across the front,

Ps–Po ¼ ρou U: (10)

where u and U are the particle and shock wave velocities, respectively. P is the total pressure (shock pressure
plus the preshock lithostatic pressure) behind the shock front. Po and ρo are the preshock lithostatic pressure
and density ahead of the shock front, which are radially dependent (Figure 1). We also use an empirical, linear
Equation of State (EOS) to relate the shock wave velocity to the particle velocity,

U ¼ C0 þ S u: (11)

The acoustic velocity C0 (= (K/ρo)
1/2, K is the bulk modulus) and the parameter S are pressure and temperature

dependent in general. We assume they are constant in our models, with different values in the core and the
mantle. Table 1 is a list of measurements for dunite, which is probably a reasonable candidate for the mantle
material. The S values of 1.8 by Ahrens and Johnson [1995] and 0.2 by Melosh [1989] are well off compared to
the others. In our models C0 ranges between 5140 and 6965 m/s and S between 0.8 and 1.12. The C0 = 6965
(m/s) is the average value in the upper mantle of the Earth, from the base of the crust down to 670 km
transition zone which is comparable to Martian interior as far as temperature and pressure is concerned,
determined using the PREM model of the Earth [Dziewonski and Anderson, 1981].

The shock-induced temperature increase ΔT is determined following the “foundering”model ofWatters et al.
[2009] (see Figure 2, bottom left),

ΔT ¼ Pδ 1–1=fð Þ= 2 ρoSð Þ– C0=Sð Þ2 f– ptln f � 1ð Þ
n o

=Cp; (12)

where

f ¼ �Pδ= β 1– 2 Pδ=βð Þ þ 11=2
ih on �

;
�

(13)

Pδ¼Ps � Po; (14)

β ¼ C0
2ρo

� �
= 2 Sð Þ; (15)

Po is the preshock lithostatic pressure, ρo stands for the preshock density, and Cp is the specific heat of themantle.

3.2. Postimpact Melting and Thermal Mixing

The temperature field below the impact site and before the core merging is obtained by adding the preimpact
temperature profile T0(r) and the impact-induced temperature increase ΔT(r,θ). Considering that the preimpact
mantle is solid, the postimpact temperature can exceed the solidus temperature of silicates within the
Martian mantle, consume latent heat, and generate a large partially to completely molten zone. The latent
heat of melting is accounted for in the heat budget. For simplicity, we consider that the solidus (Tsol) and the
liquidus (Tliq) temperatures of silicates are constant with depth and Tsol = 1800 K and Tliq = 2300 K [Ghods and
Arkani-Hamed, 2007]. Truly, Tsol and Tliq are also pressure dependent [Katz et al., 2003; Roberts and Barnouin,
2012]. The iron core of the impactor is assumed to be molten prior to the impact and no latent heat is
consumed to melt it.

Table 1. C0 and S Values for the Dunite

C0 (m/s) S Reference

6600 0.86 McQueen et al. [1967], P< 44 GPa
5600 1.2 McQueen et al. [1967], P> 45 GPa
5500 1.80 Ahrens and Johnson [1995]
5140 1.12 Trunin [2001], 29.8< P< 102.1 GPa
5120 1.27 Trunin [2001], 30.6< P< 223.7 GPa
7800 0.2 Melosh [1989], 44< P< 73 GPa
4400 1.5 Melosh [1989], P> 73 GPa
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For a givenmantle volume, the potential
temperature T(r, θ) = T0(r) +ΔT(r, θ)
must be modified to take into account
the latent heat of melting. The fraction
of melt fmelt is calculated as follows. For
a potential temperature larger than
(Tliq + LSi /CpSi) melting is complete
(fmelt = 1) and the latent heat
consumption leads to a temperature
reduction from T to T’ following

T ′ r; θð Þ ¼ T r; θð Þ � LSi=CpSi: (16)

For a potential temperature lower
than the Tsol, fmelt = 0 and no latent
heat is consumed

T ′ r; θð Þ ¼ T r; θð Þ: (17)

Where the potential temperature T ranges
between Tsol and Tliq + LSi/CpSi, the latent
heat consumption linearly increases
within the partially molten region and

T ′ r; θð Þ
¼ CpT r; θð Þ T liq � T sol

� �þ T solLSi
� 	
= CpSi T liq � T sol

� �þ LSi
� 	

(18)

After the impact heating and melting,
mechanical mixing due to segregation
of iron occurs within the partially molten
region leading to a homogenization of
the temperature where partial melting
occurs [Senshu et al., 2002; Deguen et al.,
2011]. The efficiency of mixing increases
with the size of the planet and

gravitational energy released per impactormass [Pierazzo et al., 1997; Deguen et al., 2011]. Hence, in the partially
to completely molten volume, called hereafter the segregation volume, both silicates and iron are in thermal
equilibrium. As a rough estimate we determine the temperature inside the segregation volume by volume
averaging the temperatures of the partially and completely molten material.

The final postimpact temperature field strongly depends onDimp, C0 and S (see Table 2). Figure 2 (second column)
shows the preimpact and postimpact temperature fields for Dimp=750 km, C0 =6000 m/s, and S=0.86 model,

Table 2. Free Parameters Range Studied in Our Models

Parameter Description Value

C0 Acoustic velocity of the mantle 5140, 6000, and 6965 m/s
Acoustic velocity of the core 3800 m/s

S EOS Constant of the mantle 0.8, 0.86, and 1.12
EOS Constant of the core 1.6

vimp Impact velocity 10 km/s
Dimp (=2 Rimp) Impactor diameter 500, 750, and 1000 km
η0 Reference viscosity 1020–1022 Pa s
ρ0 Mean density 4060 kg m�3

ρSi Mantle density 3500 kg m�3

ρFe Core density 7500 kg m�3

cT Temperature-induced viscosity contrast 10–1000
cZ Pressure-induced viscosity contrast 10
c1 Temperature-induced viscosity contrast (if fmelt = 0) 10–1000
c2 Melt-induced viscosity contrast (if fmelt> 0) 30–3000

Figure 2. Preimpact temperature (in K)/compositional fields, shock-
induced temperature increase (in K), and postimpact temperature (in K)/
compositional fields after a 750 km diameter impact with C0= 6000 m/s
and S=0.86 (Reference case). In the right bottom figure, the blue colored
material represents partially molten silicates.
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which is designated as our reference model for the rest of the study. The impact angle should also influence the
shape of the postimpact thermal anomaly and, hence, the shape of the segregation volume where melting
occurs [Pierazzo and Melosh, 2000]. Indeed, increasing the impact angle from 0° (head-on impact) to larger
values (oblique impacts) reduces the volume of the impact melt. Here we consider the upper limit case of a
vertical impact where the efficiency of melt production is optimal.

3.3. Postimpact Chemical Repartition

Assuming that the bulk chemistry of the impactor is the same asMartian (12.5% volume of themetallic phase), a
metallic volume with an equivalent radius RFe = Rimp/2 is retained when the planet is hit by an impactor with a
radius Rimp. The retained impactor’s core is denser than the silicates and rapidly sinks and fills the bottom of the
segregation volume [Monteux et al., 2009; Deguen et al., 2011]. This leads to the formation of a complex shape
diapir that starts to sink toward the Martian core while deforming the relatively colder and more viscous
surrounding mantle (see Figure 2, third column).

4. Dynamic Model of Core Merging

Once buried below the surface, the dense metallic core of the impactor sinks toward the center of the target
planet. Dissipation of the work done by buoyancy forces driving motion of this diapir occurs and causes
heating in the mantle and/or the diapir.

4.1. Physical Model

To investigate the dynamics of the metallic diapir, we follow the procedure adopted by Monteux et al. [2009]
and assume that the mantle deforms in a diffusion creep limit. Briefly, the conservation of energy leads to

DT
Dt

¼ ∇2T
Raχ

þ Di
η
η0

BΩ� vr T þ T0 rð Þ
ΔT0

� �
r

� �
with

D
Dt

¼ ∂
∂t

þ v�∇ð Þ (19)

T, t, r, and vr are dimensionless temperature, time, radius, and radial velocity, respectively. Raχ ¼ Δρ0 g0 R3

κη0
is the

compositional Rayleigh number and Di ¼ αρ0g0R
ρ0Cp̄

is the dissipation number (with κ the heat diffusivity and ρ0Cp

the average volume specific heat of the impacted body). B ¼ Δρ0
ρ0αΔT0

is the chemical/thermal buoyancy ratio,

where ρ0 and α are the average density and thermal expansion of the planet. The density difference, which
drives the flow, is a function of temperature and chemical composition. Because B>> 1, the influence of the
chemical difference between iron and silicates is preponderant in the density difference. The temperature-,
pressure-, and melt-dependent viscosity is η, and ηo is a constant reference viscosity. The dimensionless
dissipation function Ω expresses the conversion of potential energy into heat through viscous dissipation,

Ω ¼ 2
¯
ε :

¯
ε (20)

where
¯
ε is the dimensionless shear strain rate tensor. The preimpact temperature T0 (r) is radially dependent.

Assuming an incompressible medium with an infinite Prandtl number, the conservation of mass and
momentum are expressed as

∇�v ¼ 0 (21)

and

�∇P þ ∇� η
η0

∇v þ ½∇v½ �
� �

þ T
B
� f

� �
rer ¼ 0 (22)

where v and P are the nondimensional velocity and pressure and er is the radial unit vector. The buoyancy
force that drives the diapir toward the center of the planet increases with the volume fraction of metal f that
varies between 1 (pure metal) and 0 (pure silicates). The f is simply advected by the flow

Df
Dt

¼ 0: (23)

4.2. Viscosity Model

After ponding at the bottom of the segregation zone, the dense metallic phase sinks toward the core of the
impacted planet. How this occurs is debated. Proposed mechanisms include percolation through a solid
mantle [Shannon and Agee, 1996; Stevenson, 1990], settling of centimeter-sized droplets in a magma ocean
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[Rubie et al., 2003] and large mantle diapirs [Ricard et al., 2009; Senshu et al., 2002; Tonks and Melosh, 1992]. In
addition, it has been proposed that metallic diapirs can sink toward the centers of the planets via fracturing
and diking [Tonks and Melosh, 1992; Solomatov, 2000; Stevenson, 2003] or via viscous deformation [Honda
et al., 1993; Monteux et al., 2009] depending on the thermal state of the planets’ mantle. In the frame of the
impactor’s core sinking as a single large metallic diapir, the rheology of the Martian mantle plays a key role
since it governs its ability to deform during themerging. Under the conditions of a massive iron diapir sinking
through solid mantle the large deviatoric stress generated by the diapir could lead to a nonlinear rheology
[Samuel and Tackley, 2008; Golabek et al., 2009], elastoplastic deformations [Gerya and Yuen, 2007] or even to
fracturing if they exceed the ultimate strength of rocks which is ~1–2 GPa [Davies, 1982].

However, several lines of evidence suggest the viscous deformation considered in the present study to be a
more likely mechanism: (1) Detailed study of the distance from Mars to Phobos, the motion of the shadow of
Phobos on the surface of Mars measured by Mars Orbiter Laser Altimeter, and the Viking I Lander observation
of the motion of the shadow of Phobos passing over it led Bills et al. [2005] to suggest that the mantle of Mars
at present is more deformable than that of the Earth, (2) in its early history, because of the combination of the
heating from accretion and short-lived radioisotopes, and from conversion of potential energy during core
formation, the Martian mantle was probably much hotter and softer than today [Senshu et al., 2002; Breuer
et al., 2010], and more importantly (3) the iron diapir sinks through the already impact-heated region of the
mantle below the segregation zone. Included in Figure 2 (second row, middle) is the temperature field
immediately after a 750 km diameter impact (other temperature fields obtained from the different impact
parameters investigated in this study will be represented later in Figures 5, 7, and 8). The temperature directly
beneath the segregation zone is much closer to the solidus of the mantle, implying that the metallic core
likely sinks via diffusional flow deformation (Newtonian flow) [Honda et al., 1993;Monteux et al., 2013]. Hence,
excluding power law rheologies and plasticity seems to be reasonable as a first-order approximation. However,
as the mantle viscosity in early Mars may be sufficiently large to support large stresses, more sophisticated
models considering these two effects might be envisioned. Due to the numerical limitations of our model, this is
currently beyond the scope of the present study.

To account for the viscosity contrast between the hot molten material and the cold solid material, we adopt a
temperature-, melt-, and pressure-dependent viscosity model:

η T ; Pð Þ=η0 T0; P0ð Þ ¼ exp �cTT þ cZPð Þ: (24)

where η0 = η(T0,P0) is the viscosity of the cold and shallow undifferentiatedmaterial at the start of the experiment,
cZ is a constant, and cT depends on the melt fraction of the material. For completely solid, cT equals c1, and c2
for completely molten regions (see Table 2). In the partially molten region cT is linearly interpolated between
c2 and c1,

cT ¼ c2 � c1ð Þ= T liq � T sol
� �

T r; θð Þ þ c1 � c2 � c1ð Þ= T liq–T sol
� �

T sol: (25)

This type of viscosity model decreases sharply with temperature and its expression is simpler to implement than
the usual Arrhenius law [Ratcliff et al., 1997; Ziethe and Spohn, 2007]. We neglect the compositional dependency
of the viscosity for two reasons. First, the compositional contrasts are sharp andmay lead to steep viscosity fronts,
difficult to handle numerically. Second, among the parameters that might affect the viscosity (composition,
temperature, melting degree, and pressure) experimental results suggest that the viscosity contrast is more
sensitive to the melting degree and temperature. Ultimately, the viscosity contrast between hot molten iron (or
fully molten silicates) and solid cold silicates can reach 20 orders of magnitude [Vocadlo et al., 2000].

To model the influence of the viscosity contrast between hot molten iron and cold solid silicates on the core
merging dynamics, we use much smaller contrast. This approach is encouraged by the fact that the viscosity
of the surrounding silicate material mainly governs the merging velocity [Hadamard, 1911; Batchelor, 1967].
Diapirs more than 10 times less viscous than the wall rock will behave like inviscid diapirs [Weinberg and
Podladchikov, 1994]. However, shear-heating partitioning is strongly dependent on the viscosity contrast
between the two media [Ke and Solomatov, 2009; Monteux et al., 2009]. In our study we consider two end-
member viscosity models: models where the viscosity remains uniform and constant and models where the
hot diapir is initially 103 times less viscous than the coldest mantle. Further viscous heating during the core
merging can eventually increase the viscosity contrasts up to 104. Incorporating larger viscosity contrasts
leads to numerical instabilities.
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4.3. Numerical Model

The above dynamic equations are solved in an axisymmetric spherical geometry using 200 × 400 to 400 × 800
grid points in the r and θ directions. An implicit inversion method [Schubert et al., 2001] is adopted for the
momentum equation and an Alternating Direction Implicit scheme [Peaceman and Rachford, 1955; Douglas,
1955] for the energy and mass conservation. The numerical diffusion in solving the transport equations,
especially for the compositional field, is constrained using total variation diminishing Superbee scheme [Roe,
1986; Laney, 1998] in an implicit procedure [Šrámek et al., 2010], which enables a high resolution of pure
advective fields. Free-slip velocity is imposed at the surface and along the axis of symmetry. The core-mantle
boundary is a mobile interface that can deform in response to the merging of the impactor’s core. Thermal
boundary conditions are isothermal at the surface and insulating along the symmetry axis. The spherically
symmetric boundary conditions are applied at the center of the planet.

4.4. Simplifications

A number of approximations are made in the numerical models to simplify the analysis of the core
merging process:

1. We assume that the heat capacities per unit volume of iron and silicates are equal and representative of a
mixture: ρCp ¼ ρFeCp;Fe ¼ ρSiCp;Si. Actually, ρFeCp,Fe = 4500 k J K�1 m�3 and ρSiCp,Si = 4200 k J K�1 m�3. We
use ρCp ¼ 4312 kJ K�1 m�3.

2. The characteristic diffusion time (∝R2Fe=κ) during the core merging is much larger than the characteristic

sinking time ∝ η0
Δ ρ0gRFe

� �
even with the metallic thermal conductivity kFe (= 40 W m�1 K�1) [Stacey and

Anderson, 2001] larger than the silicate thermal conductivity kSi (= 3–4 W m�1 K�1) [Hofmeister, 1999].
Hence, the heat diffusion during the sinking is negligible and the thermal conductivities for metallic
and silicate material are assumed to be equal.

3. The heat partitioning during the metal/silicate separation is strongly dependent on the mechanisms of
iron segregation. If liquid iron is transported to the center of the planet through channels, the potential
energy related to core formation would largely go into the core [Ke and Solomatov, 2009]. However, when
the liquid metal is transported via a large diapir and depending on the viscosity contrast between the dia-
pir and the surrounding silicates, the potential energy of the diapir that is released via viscous heating
heats the surrounding silicates causing further melting [Ke and Solomatov, 2009; Monteux et al., 2009;
Samuel et al., 2010]. Also, crystallization of the molten silicate occurs especially near the cold Martian sur-
face. These two processes can influence the heat budget and affect the temperature evolution. Moreover,
the viscous heating can have consequences on the rheology of the material surrounding the diapir and
modify the sinking dynamics. In our dynamic model of core merging, we do not consider any consumption
or release of latent heat during the sinking of the diapir. However, in themelt-dependent viscosity models,
the viscosity increases abruptly by a factor of c2 when temperature within a grid cell decreases below the
solidus. On the opposite, when the temperature within a grid cell exceeds Tliq its viscosity is reduced
abruptly by a factor c2 (see Table 2 for values).

4. During the sinking of the large volume of the impactor’s iron core, the gravity field locally and temporally
changes slightly. We neglect the changes of the gravity during the sinking.

5. The impactor’s iron core, the silicate mantle, and the iron core of the planet are considered in the infi-
nite Prandtl number regime. In reality, the molten metallic cores have viscosities that are about 20
orders of magnitude smaller than the mantle viscosity. Such large but realistic viscosity contrasts
may have consequences on both the sinking and the merging dynamics and may affect the heat dis-
sipation during the sinking [Ke and Solomatov, 2009; Monteux et al., 2009, 2011; Samuel et al., 2010].
However, in the case of Newtonian rheology as considered here, increasing the viscosity contrast
between the hot liquid diapir and the surrounding silicates may not significantly change the sinking
velocity of the diapir which is mainly controlled by the mantle viscosity [Hadamard, 1911; Rybczynski,
1911; Yiantsios and Davis, 1990]. Diapirs more than 10 times less viscous than the wall rock will behave
like inviscid bubbles and further decrease in viscosity will not alter the behavior [Hadamard, 1911;
Rybczynski, 1911; Weinberg and Podladchikov, 1994]. When considering a power law rheology, a large
viscosity contrast between the diapir and the mantle might affect the terminal velocity of the diapir
and induce differences with the theoretical velocities predicted with a Newtonian rheology [Weinberg
and Podladchikov, 1994].
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5. Reference Model (Influence of the Initial Shape)

Figure 3 shows the thermochemical evolution for the reference model where Dimp = 750 km, C0 = 6000m s�1,
S=0.86, and η =1021 Pa s (isoviscous). The dense iron diapir rapidly sinks toward the planet’s core. During the
sinking, the potential energy of the diapir is converted into heat via viscous dissipation and heats both the
mantle and the diapir. The diapir becomes slightly hotter than the Martian core and spreads on the core in a
short time. However, because of the small density difference between the molten and solid silicates, it takes
much longer time for the hot and molten silicates to ascend and spread beneath the rigid lithosphere of the
planet, potentially forming a magma ocean. The spreading is followed by the initiation of convection in the
Martian mantle where a cold slab sinks toward the CMB from the edge of the hot magma ocean.

During sinking, the metallic diapir deforms the surrounding mantle over a radial distance that depends on
the diameter of the diapir, the effective viscosities of the mantle and the diapir, the distance between the
diapir and the planet’s core (i.e., the gap thickness), and the density difference across the CMB. The core of the
planet has a minor effect on the dynamics of the diapir at a large gap thickness and the diapir sinks with a
Stokes-like velocity [Batchelor, 1967; Monteux et al., 2013]. When the gap thickness is small, the mantle flow
that enables the diapir sinking is confined between two mechanical boundary layers, one at the bottom of
the diapir and the other at the top of the core. The horizontal shear stress in these boundary layers hampers
the sinking of the diapir, and the sinking velocity decreases.

In Figure 4 (top, black lines), we monitor the gap thickness for our reference case. The gap thickness is
calculated using the composition profile along the symmetry axis and particularly the difference in positions
where the second derivative is zero. Because of some numerical diffusion of the compositional field, the final
gap thickness of our models is slightly larger than the vertical spatial resolution of our models. As illustrated
also in Figure 4 (top, black lines), the final gap thickness decreases for higher numerical resolutions. We
consider that the time when the final gap thickness is reached corresponds to the “merging time” t= tm (i.e.,
the two cores are about to enter physically in contact). The characteristic coalescence time tc in case of a
spherical diapir is [Monteux et al., 2013]

tc ¼ 2λ0η0
a1Δρ0g0RFe

h0
RFe

� �1=2

(26)

where λ0 is the mantle viscosity/diapir viscosity ratio, h0 is the initial gap thickness, and a1 is a geometrical
constant that is typically on the order of 0.1 for the isoviscous case and 0.2 for the T-dependent viscosity
[Monteux et al., 2013]. Calculating the characteristic coalescence time from equation 26, we obtain a characteristic
sinking time tc=0.36 Myr. From Figure 4 (top, black lines), we observe that our numerical results (where the
merging time≈ 0.36–0.47 Myr) are in agreement with the theoretical coalescence time of the spherical diapir
and that the initial shape of the diapir does not significantly affect the sinking time [Weinberg and Podladchikov,
1994]. An elongated diapir could increase the surface contact between the iron and the silicated material,
potentially increasing the chemical degree of equilibration. However, the sinking time is too short for such a
chemical equilibration.

6. Influence of C0, S, and Dimp

This section characterizes the influence of C0, S, Dimp for different viscosity models. The characteristics of these
models and themain results are listed in Table 3. In particular wemonitor themerging temperature Tmwhich is

Figure 3. (left to right) Thermochemical readjustment for the model with Dimp = 750 km, C0 = 6000 m s�1, S=0.86, and η0
= 1021 Pa s (isoviscous) at certain times after the impact. In each panel the left part shows the temperature distribution, and
the right part shows the iron fraction. The blue colored material in the right part represents partially molten silicates.
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the average temperature within the
sinking diapir when t= tm. The initial gap
thickness is a function of the postimpact
segregation volume. Hence, it depends
on the (C0, S) set of parameters and on
the impactor size. We monitor the
thermochemical evolution after a large
impact on Mars using different sets of
parameters C0, S, and Dimp.

Figure 5 (first column) illustrates the
influence of C0 and S on the postimpact
segregation volume and hence on the
thermochemical state before themerging
process. For the three sets of (C0, S)
examined, the initial temperature within
the segregation volume slightly varies and
is≈2100 ±10 K. When C0 increases and S
decreases a smaller segregation volume is
generated after the impact. On the other
hand, when C0 decreases and S increases,
the size of the segregation volume
increases. Hence, the impactor’s core is
initially closer to the CMB (Figure 5, top).
Consequence, the core merging occurs in
a short time (Figure 4, top). Within the
range ofC0, S studied here the sinking time
(i.e., the time needed for the two cores to
enter in contact) can decrease by≈35%
(from0.38Myr for (C0=6965ms�1, S=0.8)
to 0.25 Myr for (C0=5140 m s�1, S=1.12))
(Figure 6, right). As C0 and S control the
shape of the segregation volume and
especially the initial gap thickness
between the two cores, these parameters
play also a significant role on the
temperature of the diapir immediately
before merging. Within the range of C0, S
studied here the merging temperature
can increase by≈10% (from 2130 K for
(C0 =5140 m s�1, S=1.12) to 2350 K for
(C0 =6965 m s�1, S=0.8)) which can
have important consequences on the
preexisting core cooling after merging
(Figure 6, left).

The Martian topographic dichotomy is
related to an impact ranging from 800 to 1300 km in diameter [Marinova et al., 2008; Andrews-Hanna et al., 2008;
Nimmo et al., 2008]. In ourmodels, we consider that the impactor’s core is collected at the bottomof the segregation
volume. When the impactor is too large (Dimp> 1000 km), the segregation volume is in contact with the Martian
core, and themerging dynamics is governed by the viscosities of themolten silicates and the liquid iron. Hence, the
merging dynamics involves turbulent flows and our models are no more valid. Therefore, we limit our study to
impactor diameters ranging from 500 km to 1000 km. Moreover, as detailed above, decreasing C0 and increasing
S would increase the size of the segregation volume, and for Dimp=1000 km, C0< 6965 m s�1 and S> 0.8, the

Figure 4. Gap thickness evolution for models with different (C0, S) sets
of (top) parameters, (middle) impactor diameters Dimp, and (bottom)
reference viscosities η0.
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segregation volume also overlaps the CMB. Hence, to measure the influence of the impactor size, we only
consider C0 = 6965m s�1 and S=0.8. Figure 7 shows themerging dynamics for three impactor diameters. When
Dimp increases, the segregation volume and the metallic volume of the impactor increase. However, the mean
temperature of the segregation volume is not significantly affected (differences of≈10 K between Dimp=500 km
and Dimp=1000 km) (Figure 6, left). The major difference resides in the volume of the postimpact segregation
zone of the planet which is much more significant for Dimp = 1000 km (see Figure 7, third row). When the
impactor diameter increases, the volume of the segregation zone and the size of the merging diapir increase,
resulting in the reduction of h0 and in the increase of RFe, which reduce the sinking time from≈1 Myr for
Dimp=500 km to≈0.1 Myr for Dimp = 1000 km (Figure 6, right). As Dimp controls the initial distance between the
two cores, it also influences the temperature of the diapir before merging [Monteux et al., 2009]. Hence, when
Dimp increases from 500 to 1000 km, the impactor’s core becomes initially closer to the CMB and h0 decreases
from 935 km to 120 km (Figure 4, middle). Hence, its available potential energy decreases, and the merging
temperature decreases by≈ 12 % (from 2400 to 2130 K) (see Figure 6, left).

Table 3. Model Specifics

Model
Impactor Diameter

(Shell Thickness) (km) C0 (m/s) S
Reference
Viscosity (Pa s)

Viscosity
Contrast

Merging
Time (Myr)

Merging
Temperature (K)

M0 (ref.) 750 (0.8) 6000 0.86 1021 1 0.36 2286.7
M1 750 (0.8) 6965 0.8 1021 1 0.37 2352.5
M2 750 (0.8) 5140 1.12 1021 1 0.24 2137.6
M3 1000 (1.8) 6965 0.8 1021 1 8.9 10�2 2127.7
M4 500 (0.2) 6965 0.8 1021 1 1.3 2392.9
M5 750 (0.8) 6000 0.86 1020 1 3.6 10�2 2287.3
M6 750 (0.8) 6000 0.86 1022 1 3.6 2280.5
M7 750 (0.8) 6000 0.86 1021 10 (T-P) 0.1 2281.6
M8 750 (0.8) 6000 0.86 1021 10 (T-P melt) 6.3 10�2 2290.1
M9 750 (0.8) 6000 0.86 1021 100 (T-P) 1.3 10�2 2277.4
M10 750 (0.8) 6000 0.86 1021 100 (T-P melt) 7.5 10�3 2323.2
M11 750 (0.8) 6000 0.86 1021 1000 (T-P) 1.5 10�3 2292.5
M12 750 (0.8) 6000 0.86 1021 1000 (T-P melt) 1.0 10�3 2301.3

Figure 5. Thermochemical readjustment as a function of time for models with three (C0, S) sets of parameters. We consider
here that the viscosity η0 is uniform and constant.
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Finally, by controlling the segregation volume Dimp, C0 and S indirectly control the final radial extension of the
magma ocean spreading, and the position of the cold slab that sinks from the surface toward the CMB (see
Figures 5 and 7).

7. Influence of the Viscosity Model
7.1. Influence of the Average Viscosity

The mantle viscosity is a key parameter in the core merging process that governs the ability of the mantle to
deform and accommodate themetallic diapir sinking, while deforming at farther distances to compensate for
the accommodation. The viscosity also governs the spreading of the hot silicate material in the upper mantle.
When consider dynamical models with uniform viscosities (i.e., η0 is constant and cT= cZ= 0), modifying the
mean viscosity does change the heat repartitioning at the end of the merging and affects the characteristic

Figure 6. (left) Merging temperatures and (right) merging times as a function of the viscosity contrast. Green filled solid
triangles represent results for uniform viscosities, with C0 = 6965 m/s and S=0.8 and for different impactor diameters
(indicated close to the corresponding symbol). The open symbols represent the values obtained with C0 = 6000 m/s and
S=0.86 for T-P dependent viscosities (black squares) and for T-P melt-dependent viscosities (red circles).

Figure 7. Thermochemical readjustment as a function of time for models with three impactor sizes. We consider here that
the viscosity η0 is uniform and constant. C0 = 6965 m s�1 and S=0.8.
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merging and spreading times. In the laminar flow regime, the terminal sinking velocity U of a metallic diapir
sinking in an infinite media obeys the Hadamard velocity law [Hadamard, 1911; Batchelor, 1967; Monteux
et al., 2009]. As a consequence

U ¼ 2
9

ηd þ ηs
ηd þ 2

3 ηs

 !
Δρ0gRFe

2

ηs
(27)

where ηd is the viscosity inside the diapir and ηs is the viscosity of the surrounding material. In the isoviscous
case (Figure 4, bottom) when the average viscosity of the mantle decreases the diapir sinks faster (see
equation 27), and the sinking time is significantly reduced. For example, in an isoviscous model, ηd= ηs,
increasing the viscosity from 1020 Pa s (Figure 4, bottom, red line) to 1022 Pa s (Figure 4, bottom, green line)
leads to an increase of the sinking times from≈ 0.1 Myr to≈ 10 Myr (Table 3). Similarly, an increase of the
average viscosity by 2 orders of magnitude increases the spreading time of the hot mantle thermal anomaly
from≈ 1 Myr to≈ 100 Myr, even if the thermal anomaly cools by diffusion. However, the changes in the
average uniform viscosity have less effects on the merging temperatures that range between 2280 and 2290
K at t= tm (Table 3). For large viscosities, as the characteristic merging and spreading times are longer, heat
diffusion plays a significant role and smoothes the temperature contrasts between the hot merging channel
and the surrounding silicates, at the CMB, and between the sinking slab and the colder surrounding mantle.

7.2. Influence of Varying Viscosity

The viscosity contrast between the sinking diapir and its surroundings is a key parameter in the core merging
dynamics and the repartitioning of the viscous heating [Ke and Solomatov, 2009; Samuel et al., 2010;Monteux
et al., 2011, 2013]. Qualitatively, as the metallic diapir sinks, shear heating occurs at the interface of the diapir
and the surroundings [Samuel et al., 2010; Monteux et al., 2011], leading to the temperature increase of both
the diapir and the surrounding mantle. Depending on the effective viscosity contrast between the metallic
diapir and the mantle, the mean temperature of the diapir sinking in a Mars-size planet can increase by a few
hundred Kelvins [Monteux et al., 2009]. This temperature increase is maximal when the diapir and the surrounding
mantle are isoviscous [Monteux et al., 2009]. The viscosity contrast between molten iron and mantle under
Martian conditions may exceed 10–20 orders of magnitude, depending on the mantle temperature. Such
viscosity variations are impossible to resolve with our numerical method. However, experiments show that the
dynamic influence of these large viscosity variations on diapir sinking is similar to viscosity variations of order
102 [Jellinek et al., 2003; Thayalan et al., 2006], the effects of which we can explore parametrically.

To characterize the influence of a variable viscosity, we monitor the thermochemical readjustment following
a 750 km diameter impact and the subsequent core merging for three viscosity models: isoviscous, T-P
dependent and T-P melt dependent. During the impactor’s core sinking the viscous heating enhances the
temperature and decreases the viscosity of the material immediately surrounding the diapir. The viscosity
decrease is mainly localized in the sinking channel where the highest temperatures are reached. In this
region, the temperature of the already impact-heated mantle beneath the segregation zone can exceed the
solidus temperature and lead to partial melting and a significant viscosity decrease. For the T-Pmelt-dependent
viscosity model (Figure 8, third row) and using a reference viscosity η0 = 10

21 Pa s, the core merging is much
faster than for the isoviscous model and occurs in less than 1 kyr when the viscosity contrast is 1000 between
the hottest and the coldestmaterial (see Table 3 for values). The spreading of the hot silicatemantle beneath the
lithosphere is also facilitated by the increasing viscosity contrast. However, it is achieved within a much longer
timescale that is governed by the surrounding mantle viscosity.

The radial deformation of the mantle in the isoviscous case scales with the size of the diapir [e.g.,Morris, 1982;
Jellinek et al., 2003; Thayalan et al., 2006], whereas in the temperature-dependent case the deformation is
confined to the hottest, lowest viscosity material surrounding the diapir with a length scale typically≈ 0.1 RFe.
Moreover, the horizontal shear stress in the boundary layer between the diapir and the CMB that retards the
sinking of the diapir is very small for the T-P and T-Pmelt-dependent viscosity. Both these effects increase the
sinking velocity when increasing the viscosity contrast between the diapir and the surrounding mantle.
Figure 9 shows the evolution of the gap thickness for three viscosity models, isoviscous (with η0 = 1021 Pa s),
T-P dependent (with cZ= 10 and cT=10–1000), and T-P melt dependent (with cZ= 10, c1=10–1000, and
c2= 30–3000). The highest viscosity contrasts between the hot diapir and the surroundingmantle are obtained in
the T-Pmelt-dependent viscosity model (Figure 8); hence, the coalescence time is shortest (see Figure 6, right).
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Figure 6 summarizes the influence of the viscosity contrast on the merging times (right) and the temperature
of the merging diapir (left) (see values in Table 3). This figure emphasizes the weak influence of the viscosity
contrast on the temperature of the impactor’s core before merging with the Martian core. The temperature
ranges between 2280 and 2330 K while the viscosity contrast increases by 3 orders of magnitude. As detailed
above and illustrated in Figure 6 (left) the merging temperature is much more sensitive to the impactor size,
while the viscosity contrast is a key parameter when considering themerging time. Figure 6 (right) shows that
an increase of the viscosity contrast by 3 orders of magnitude decreases the merging time from 0.36 Myr

to≈ 1 kyr. Here the influence of the
impactor size is weaker according to the
results of our models.

8. Thermochemical
Consequences of the
Core Merging

This section addresses the
consequences of the core merging in
terms of thermochemical equilibration.

8.1. The Core-Mantle Equilibrium

After the impact and the formation of
the segregation volume, mechanical
mixing due to segregation of iron occurs
within the partially molten region and can
enhance thermochemical equilibrium
between the iron from the impactor and
molten silicates. The degree of
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Figure 9. Gap thickness evolution for three different viscosities: uniform
(black solid line), T-P dependent (colored solid lines), and T-Pmelt depen-
dent (colored dashed lines). For T-P and T-Pmelt-dependent viscosities, three
viscosity contrasts are represented: 10 (red), 100 (green), and 1000 (blue).

Figure 8. Thermochemical readjustment as a function of time for an isoviscous, a T-P dependent (with a viscosity contrast
of 100) and a T-Pmelt-dependent (with a viscosity contrast of 100 to 300) viscosity models. (rows 2 and 3) The right part of
each panel shows the evolution of the viscosity during the core merging process.
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equilibration decreases with increasing characteristic size of the metallic diapirs [Ulvrová et al., 2011; Deguen
et al., 2011; Samuel, 2012]. For centimeter-sized droplets sinking through a turbulent magma ocean, the
thermochemical equilibration is efficient and rapidly achieved [Samuel, 2012]. However, during the core
merging, the metallic phase may sink as blobs and lead to metal/silicate disequilibrium [Dahl and Stevenson,
2010; Kleine and Rudge, 2011]. In our models, the impactor’s metallic phase is sinking as a large single diapir and
chemical equilibrium should depend on the complexity of the flow structure within and outside the diapir
[Ulvrová et al., 2011]. However, from the sinking times obtained in our models (< 1 kyr for the most realistic
viscosity contrast) (see Table 3), it seems difficult to envision any chemical reequilibration during the diapir
sinking. As detailed above, increasing the viscosity contrast between the hot sinking diapir and the surrounding
material drastically reduce the merging time but also leads to an elongation of merging core’s tail because of
the large-scale mantle flow and of the increase in the ability of the diapir to deform (Figure 10). If any chemical
equilibration might occur, this thin tail is a good candidate.

The flow induced in the mantle during the sinking can also lead to some entrainment of the silicates from the
upper to the lower mantle. This entrainment increases with the diapir size (i.e., with the impactor size) and
with the viscosity contrast between the metallic diapir and the mantle (Figure 10). Once the two cores have
fully merged, the flow induced by the thermal readjustment within the mantle tends to bring the deep
silicate material upward. The accuracy of this phenomenon increases as the viscosity contrast between the
diapir and the silicates increases (Figure 10). However, according to the streamlines shown in Figure 10 (right
column) the molten silicate material entrained downward during the diapir sinking does not seem to be

Figure 10. (left to right) Close-up view of the time evolution of the compositional field within the coremerging area using the
T-Pmelt viscosity model with a viscosity contrast of (top) 10, (middle) 100, and (bottom) 1000. Solid lines represent the
streamlines in the reference frame of Mars.
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reentrained upward after the merging. Hence, core merging subsequent to a giant impact results in the
mixing of silicate material in the mantle.

8.2. Consequences for the Martian Cooling
8.2.1. Mantle Cooling
The impact heating and the viscous dissipation associated with the impactor’s core sinking modify the
thermal state of the Martian mantle. During and after the merging, a thermal readjustment occurs in the
mantle modifying the surface heat flux. The readjustment of the postimpact thermal anomaly within the
mantle and its spreading beneath the Martian lithosphere leads to an increase of the surface heat flux. During
the early advective stage, corresponding to the flattening of the hot mantle anomaly, the radial extent of the
high heat flux patch increases with time. This early advective stage is followed by a later stage of motionless
diffusive cooling where the surface heat flux progressively decreases and the mantle thermal anomaly
diminishes [Monteux et al., 2007]. The radial extent of the thermal anomaly, its thickness and the duration of
the advective stage are strongly dependent on the size of the thermal anomaly and on the physical properties
of the planet. Figure 11 shows the time evolution of the surface heat flux (fS), as a function of the colatitude for
different C0, S, Dimp, and η0 models. Low viscosities and large thermal anomalies favor the spreading of the
anomaly over large distances. Hence, the largest sizes for theses patches (θ ≈ 60°) are reached for small

Figure 11. Surface heat flux as a function of time and latitude for different impact properties and average viscosities.
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viscosities (η0 =10
20 Pa s) and large impactor sizes (Dimp= 1000 km). The time of the transition between the

advective and the diffusive stages strongly depends on the mantle viscosity. For η0 = 10
21 Pa s this time is

typically on the order of 10 Myr which is comparable with the models from Monteux et al. [2007].

T-P and T-P melt-dependent viscosities also influence the evolution of the surface heat flux. Large viscosity
contrasts between the hot anomaly and the relatively colder mantle enable easier spreading of the anomaly
below the surface [Koch and Koch, 1995;Monteux et al., 2007]. As the resistance to internal shearing decreases
with increasing viscosity contrast, the horizontal velocity becomes more significant for low viscosities. As a
result, for the T-P and T-P melt-dependent viscosity models, the radial extent increases by≈ 10%, while the
advection time decreases by a factor of≈ 2 compared to the isoviscous models [Monteux et al., 2007]. Long-
term monitoring of the surface heat flux can be very time consuming especially when considering large
viscosity contrasts. Hence, we did not monitor the long-term surface heat flux in the nonuniform viscosity
cases. However, the temperature dependence of the viscosity should affect our results by a minor amount
because the readjustment is mostly controlled by the viscosity far from the segregation volume.
8.2.2. Core Cooling
During the sinking, viscous heating leads to a temperature increase in both the diapir and the surrounding
mantle. For a uniform viscosity and for diapir larger than≈ 70 km in diameter, viscous coupling between the
metallic diapir and the surrounding material occurs and a fraction of the gravitational energy of the diapir is
converted to heat up the diapir [Monteux et al., 2009]. However, when the diapir is less viscous than the
mantle, viscous heating is restricted to the surrounding mantle and is concentrated at the diapir’s poles
where strain rates are greatest [Samuel et al., 2010; Monteux et al., 2011]. In this case, the temperature of the
impactor’s core does not increase significantly during the sinking and remains close to its initial presinking
temperature at the base of the segregation zone [Monteux et al., 2009].

The temperature of the diapir when merging with the Martian core is also dependent on the distance
traveled during the sinking and increases with the initial distance between the diapir (i.e., the initial depth of
the segregation zone) and the CMB [Monteux et al., 2009]. Hence, the merging temperature of the diapir may
be larger or smaller than the core temperature, depending on the size of the diapir, the distance traveled by
the diapir, and the viscosity contrast with the surrounding mantle. For instance, when the segregation
volume is large (Figure 5, first row and Figure 7, third row), the initial distance between the diapir and the CMB
is not large enough for the diapir to heat up significantly, and the merging diapir is colder than the Martian
core. For other sets of parameters the merging core is hotter than the Martian core (Table 3).

Following the merging, the impactor’s core is trapped between the hot impacted core material and the hot
mantle material from the channel where the diapir has sunk. The positive buoyancy of these two materials
between which the impactor’s core is trapped tends to spread the impactor’s core beneath the CMB
(Figure 12). However, the mixing dynamics that occurs within the Martian core after the merging has to be
considered here with caution. The injection of a large volume of molten iron of the impactor in a rotating core
of the planet is a process that involves Coriolis and inertial forces that are neglected here, because of our
infinite Prandtl number approximation. We address this issue in section 10.

9. Effects on the Core Dynamo

A giant impact not only excavates the near surface and heats the upper mantle of a planet as discussed above
but also heats the core of the planet in two distinct stages. In the first stage, the shock wave created by the
impact propagates in the core, heating it differentially within about 1 h. In the second stage, the merging of
the impactor iron diapir modifies the thermal state of the planet’s core. Here we investigate the effects of
these two stages on the core dynamo of Mars.

The first stage has been studied by many investigators [e.g., Arkani-Hamed and Olson, 2010a, 2010b; Ghods
and Arkani-Hamed, 2011]. Here we follow the procedure adopted by Arkani-Hamed and Olson [2010b]. Briefly,
the shock wave leads to a temperature increase within the core of the planet, much stronger in the region
directly beneath the impact site (Figure 2, bottom left). The low-viscosity rotating liquid core cannot sustain
lateral variations of temperature and the core overturns, resulting in a stably stratified temperature which
increases with radius. The thermal stratification diminishes the possible preexisting core convection, hence
the core dynamo, within a few kyr [Arkani-Hamed and Olson, 2010a]. Here we assume it occurs immediately
after the impact. Shortly after, the juxtaposition of the superheated stratified core to the relatively colder
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mantle results in convection in the outer part of the core which generates a dynamo as it thickens over
time. Here we first present the results for our reference model (Dimp = 750 km, C0 = 6000 m s�1, S= 0.86
and η = 1021 Pa s) in some detail and then provide the major results for the other models.

Included in Figure 2 (bottom left) is the impact-induced temperature increase inside our reference model,
showing the differentially heated mantle and core. We note that the temperature in the uppermost part of
the core directly beneath the impact site is higher than that in the adjacent mantle. This is partly due to shock
pressure jump as the shock wave inters the core and partly because of low-specific heat of the iron core, 600
J/kg/K, compared to that of the silicate mantle, 1200 J/kg/K. Also, the impact heating of the core is appreciable
only within~ 40° colatitude relative to the symmetric axis passing the impact site and the center of the planet,
the area which covers only 12% of the core’s surface. About 88% of the core is juxtaposed to the base of the
mantle with preimpact temperature. Once the core stratifies and the hottest part of the core is placed directly
beneath the core-mantle boundary, the core essentially cools almost globally. The thermal evolution of the core
is calculated by numerically solving the 1-D enthalpy equation and following the procedure adopted by Arkani-
Hamed and Olson [2010b]. The radial grid interval is taken to be 100 m to allow accurate determination of the
thickness of the thermal boundary layer in the convecting outer core. The domain of calculation includes the
entire core plus a 100 km thick thermal boundary layer at the base of themantle. The preimpact temperature is
assumed adiabatic inside the core with 2000 K at the core-mantle boundary. It linearly decreases in the
overlying mantle layer to 1500 K at the top of the layer. The spherically symmetric temperature distribution
inside the core immediately after the impact is obtained by first adding the preimpact temperature to the
impact-induced temperature increase and then allowing the thermal stratification. The liquid core has a kinetic
viscosity of 104 m2/s and it rotates with a 24 h period (see Table 2 for physical properties of the core). The core
viscosity must be much smaller. However, reducing the viscosity by 8 orders of magnitude has only minor
effects on the core cooling [Arkani-Hamed and Olson, 2010b], because the core cooling is mainly controlled by
the overlying solid mantle.

To illustrate the effects of the impactor core merging on the Martian core dynamo two scenarios are calculated
for each models listed in Table 3: one without considering the merging and the other with merging. Figure 13
shows the thermal evolution of the core and the overlyingmantle for 300Myr after the impactwhere nomerging
is considered. The positive temperature gradient deep in the core retains stable condition, prohibiting
convection, while the upper most part of the core convects and maintains adiabatic temperature as it thickens
and penetrates to deeper parts of the core. Although the very high temperature at the top of the stratified core
diminishes rapidly, the impact heating remains appreciable for much longer time. Figure 14 shows the time
variations of the thickness of the convecting outer core, the heat flux at the core-mantle boundary, the magnetic

Figure 12. Close-up view of the temperature field within the core merging area for two impactor sizes, two sets of C0 and S, and
viscosity of 1021 Pa s.
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Reynolds number and the mean
magnetic intensity inside the convecting
outer core for 300 Myr after the impact.
Similar to the results obtained by other
investigator [e.g., Arkani-Hamed and
Olson, 2010b; Arkani-Hamed and Ghods,
2011], the impact certainly cripples the
possible preimpact core dynamo and it
takes around 150–200 Myr for the
convecting outer core to generate a
strong core dynamo, taking the threshold
value of 20 for the magnetic Reynolds
number. We note that the outer core is
not thick enough to generate an
appreciable dynamo within the first ~20
Myr after the impact, despite very high
heat flux at the core-mantle boundary.

Due to the positive buoyancy relative to
the core of Mars, the impactor diapir
spreads on the core (Figure 12) and creates
a super-heated iron layer of ~0.8 km

thickness. Figure 15 compares the thermal evolution of the core for the first 10 Myr with and without the diapir
merging. At the time of merging the iron diapir is about 100 K hotter than the uppermost part of Mars’ core.
However, the iron layer cools very rapidly such that the difference between the two models almost disappears
within less than 2Myr. This is better illustrated in Figure 16 where the thickness of the convecting outer core, the
heat flux at the core-mantle boundary, and the magnetic Reynolds number and the mean magnetic field
intensity of the convecting outer core are displayed within the first 1 Myr after the impact for both models. The
merging iron layer reinitiates convection at about 0.37 Myr, and its effects diminish rapidly within the first 1 Myr.

The effects of physical parameters of themantle and the size of the impactor are also estimated for both scenarios,
with and without merging. Figures 17 and 18 show the effects of the diapir merging on the core dynamo for
different viscosity models of the mantle, different C0 and S values as well as different size of the impactor. The

Figure 14. The evolution of the thickness of the convecting outer core, the heat flux at the core-mantle boundary, themag-
netic Reynolds number, and themeanmagnetic intensity in the convecting zone corresponding to the thermal evolution of
the core shown in Figure 13.

Figure 13. Thermal evolution of Martian core after an impact, where no core
merging is considered. The temperature is shown at 30 Myr intervals. The
numbers on the curves denote time after the impact in Myr. The curve “Initial
Adiabat” is the preimpact temperature, and “0+ Stratified” denotes the tem-
perature after the first stage of stratification.Dimp is the impactor diameter in
kilometer, C0 is the acoustic velocity of the mantle in m/s, S is the constant in
the EOS, and η0 is the mantle viscosity assumed isoviscous mantle.
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isoviscous mantle with a viscosity of
1022 Pa s, and to a lesser extent 1021

Pa s, delays the merging time and has
appreciable effects on the dynamo. It
takes longer time for the iron diapir of
the smaller impactor (Dimp=500 km),
which initiates at the base of a smaller
segregation zone, to sink through the
mantle before merging to the core,
hence has appreciable effect on the
core dynamo because theMartian core
cools prior to the merging. The
C0=6965 (m/s) and S=0.8 model
results in an appreciable merging
effects. However, the effects diminish
within a few Myr in all models. It is
plausible to conclude that the main
effect of an impact on the core dynamo
is due to direct heating of the core (see
Figure 14), which was not considered
by Monteux et al. [2013], and diapir
merging has almost negligible effects.
This is largely because the iron layers
produced on the Martian core by the
diapirs are very thin, and no dynamo

can be generated inside the layers. It requires a thickness of about 30 km for an iron layer to generate dynamo [e.g.,
Reese and Solomatov, 2010]. The iron layers can only delay the initiation of the dynamo for a very short time.

10. Limitations of Our Models

The stratification of the differentially heated Martian core occurs while the impactor’s core diapir is still
descending in the mantle. The core merging incorporates some new material within the Martian core with a

Figure 16. The evolution of the thickness of the convecting outer core, the heat flux at the core-mantle boundary, themag-
netic Reynolds number, and the mean magnetic intensity in the convecting zone within the first 1 Myr. The red curves are
for the no merging scenario, and the black ones are for the merging scenario.

Figure 15. Thermal evolution of Martian core within 10 Myr after an
impact. (top) With no core merging and (bottom) with core merging
that occurs at 0.36 Myr after the impact. The blue and magenta curves in
Figure 15 (bottom) show the temperature distribution immediately before
and immediately after the core merging. See Figure 13 for details.
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temperature that depends on the size of the impactor, the segregation volume and the viscosity contrast
between the diapir and the mantle. In any case, the core merging leads to lateral temperature variations and
may initiate restratification of the core.

Our present numerical model of spreading the iron diapir on the Martian core does not include the rotation
effect (i.e., no Coriolis forces) and assumes an infinite Prandtl number (i.e., no inertial forces) in the momentum
equation. Hence, wedonot obtain the stratification that likely occurs immediately after the impact as discussed in the
previous section, and the second restratification that would occur after the complete core merging. Consequently,
materials from our lowest viscosity and largest diapir spread beneath the CMB as a thin, axisymmetric gravity current
(see Figure 12). The spreading of the hot core anomaly stops when diffusive cooling overcomes advective transport
leading to a partial stratification of the core [Monteux et al., 2013]. This thermal stratification persists until the thermal
anomaly introduced by the gravity current diffuses into the overlyingmantle and the underlying part of the core. The
dynamics of thermal mixing under realistic core viscosities will be the subject of a separated study.

11. Conclusions

Giant impacts may have significantly influenced the mantle dynamics of Mars. We investigated the
postimpact thermochemical readjustment after one single giant impact occurring during the early stages of

Figure 17. Effects of the mantle viscosity on the Reynolds number and the mean magnetic intensity in the convecting
outer core for a model with 750 km impactor diameter, C0 = 6000 m/s, and S=0.86. Eta at the top denotes the mantle
viscosity: either isoviscous with 1020, 1021, or 1022 Pa s, or temperature- and pressure-dependent (f(P,T)), or temperature,
pressure, and melt dependent (f(P,T,M)) with a viscosity contrast of 1000. The red curves are for the no merging scenario,
and the black ones are for the merging scenario.

Figure 18. Effects of the acoustic velocity, C0, and EOS constant, S, of themantle on themagnetic Reynolds number andmean
magnetic intensity of the convecting outer core. The mantle has a constant viscosity of 1021 Pa s. D denotes the impactor
diameter in kilometer. The red curves are for the no merging scenario, and the black ones are for the merging scenario.
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the Martian history. In particular, we studied the thermal consequences of the sinking of an impactor’s core in
the Martian mantle as a function of the impactor size and for different mantle viscosity models. Our results
show that the core merging is a fast process that occurs in a time mainly governed by the mantle viscosity.
Although this study is the continuation of the study by Monteux et al. [2013], several improvements have
been achieved in the characterization of the impact heating, the initial postimpact geometry of the impactor’s
core and the viscosity models. Indeed, from our results we can now separate the influences of the impactor size
(Dimp), the ability of the impacted mantle to be shock heated (C0 and S) and the mantle viscosity (type and
viscosity contrast) on the time required for sinking and on the temperature of the impactor’s core whenmerging
with the Martian one. We can now conclude that the viscosity does not play a key role in the thermal evolution
during themerging (onlymodifying themerging temperature by≈1% for the range of viscosities adopted here).
However, it plays an important role on the sinking time which is very sensitive to the viscosity contrast between
the sinking diapir and the surrounding material that can decrease from 0.3 Myr to 1 kyr. From the range of
parameters considered here (with viscosity contrast up to 3 orders of magnitude), the merging time is probably
too short to envision any chemical equilibration during the sinking. Concerning the thermal evolution, the
impactor diameter Dimp and the (C0, S) values seem to be the key parameters that govern both themerging time
(by controlling the diapir size and initial depth) and the merging temperature that can vary by 10% in the range
of parameters studied here (from 2130 to 2350 K). In our models, we assume that the impact occurs with a
moderate impact velocity (about twice the Martian escape velocity); larger impact velocities can substantially
increase the postimpact temperature in themerging core prior to its sinking which strengthen the importance of
the impact parameters on the merging temperature.

Our study also highlights that, even if the core merging processes could reduce the efficiency of chemical
equilibration during the core formation in terrestrial planets [Kleine and Rudge, 2011], the flow dynamics
generated within the mantle during the merging process for large viscosity contrasts could enhance some
mixing between upper and deep silicate material even in the absence of mantle convection. Because the
characteristic timescales of thermal readjustment within the mantle are long, the hot postimpact mantle
anomaly creates a surface heat flux anomaly as it spreads below the Martian surface. The spreading stage
lasts≈ 10 Myr and is followed by a diffusive cooling that occurs within a longer timescale. More importantly,
we can nowmake a better estimate of the influence of the coremerging process on the Martian dynamo. The
main effect of a large impact on the core dynamo is due to direct heating of the core, and diapir merging has
almost negligible effects. The spreading of the merging diapir as a hot and thin layer surrounding the
preexisting Martian core can only delay the initiation of the dynamo for a very short time.

In our models, the impact angle is vertical whichmaximizes the postimpactmelt volume, hence the segregation
volume in which the metal/silicates separation occurs [Pierazzo and Melosh, 2000]. Oblique impacts could
influence the core merging dynamics by reducing the initial position of the metallic diapir and modifying the
shape of the postimpactmantle thermal anomaly. The asymmetry introduced in the thermal state of themantle
by an oblique impact cannot be included in our current axisymmetric model and has to be modeled in a 3-D
model in the future. However, an oblique impact has less effect on the cessation and reactivation of the core
dynamo, except for the amount of impact heating of the core. This is because the core stratifies almost
immediately after the impact and retains a spherically symmetric temperature distribution.
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