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1. Introduction
The Martian surface is characterized by a dichotomy in elevation, crustal thickness and morphology between 
the northern lowlands and southern highlands (Platz et al., 2013; Watters et al., 2007). The highlands are highly 
cratered and incised by many old river valleys (Tanaka et al., 2014). The oldest terrains outcrop in the Southern 
hemisphere (Platz et  al.,  2013) which also concentrates observations of volcanic constructs and felsic rocks 
(Carter & Poulet, 2013; Wray et al., 2013). In contrast, the upper portion of the lowlands crust is made of vast 
and smooth basaltic plains and sedimentary deposits derived from the erosion of the highlands (Platz et al., 2013; 
Tanaka et al., 2014). The dichotomy is perhaps the most evident feature of the crust (Figure 1). Superposed on the 
dichotomy boundary is the Tharsis bulge, whose origin may (Andrews-Hanna et al., 2008), or may not (Neumann 
et al., 2004), be related to it. Prior to the InSight mission, inversions of gravity and topography data were used to 
constrain the crustal thickness of Mars and its lateral variations, though these models depended on assumptions 
such as crustal density and minimum crustal thickness (Neumann et al., 2004; Wieczorek & Zuber, 2004).

Abstract A North/South difference in crustal thickness is likely at the origin of the Martian dichotomy 
in topography. Recent crustal thickness maps were obtained by inversion of topography and gravity data 
seismically anchored at the InSight station. On average, the Martian crust is 51–71 km thick with a southern 
crust thicker by 18–28 km than the northern one. The origin of this crustal dichotomy is still debated although 
the hypothesis of a large impact is at present very popular. Here, we propose a new mechanism for the 
formation of this dichotomy that involves a positive feedback between crustal growth and mantle melting. As 
the crust is enriched in heat-producing elements, the lid of a one-plate planet is hotter and thinner where the 
crust is thicker, inducing a larger amount of partial melt below the lid and hence a larger rate of melt extraction 
and crustal growth. We first demonstrate analytically that larger wavelength perturbations, that is, hemispherical 
perturbations, grow faster because smaller wavelengths are more attenuated by thermal diffusion. We then use 
a parameterized thermal evolution model with a well-mixed mantle topped by two different lids characterized 
by their thermal structures and thicknesses to study the growth of the crust in the two hemispheres. Our results 
demonstrate that this positive feedback can generate a significant crustal dichotomy.

Plain Language Summary The dichotomy is the most noticeable feature of the Martian surface. 
The highest elevations in the South are likely due to a larger crustal thickness than in the North, as is the case 
on Earth below mountain belts. This difference in thickness was recently constrained by the Insight mission. 
We show here that a positive feedback between crustal thickening and mantle melting could have generated 
this dichotomy. Indeed, as the crust is enriched in heat-producing elements, the temperature profile is warmer 
where the crust is thicker. This results in hotter rocks at lower pressures leading to more melting, and therefore 
more melt extraction and crustal thickening beneath thicker crustal regions. Since lateral heat diffusion tends to 
attenuate short wavelength perturbations, the longest wavelengths, that is, hemispherical perturbation, will grow 
the fastest. In this study, we develop a thermal evolution model that takes into account the extraction of the crust 
in two different hemispheres. Our results show that small initial perturbations can generate large differences in 
crustal thickness. This mechanism alone could explain the dichotomy in crustal thickness; it would also act to 
significantly amplify an initial dichotomy generated by another mechanism such as a large impact or a degree-
one mantle convection.
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Key Points:
•  On one-plate planets, regions of 

thicker crusts are hotter leading to a 
positive feedback mechanism between 
crust growth and melt extraction

•  This mechanism is favored at 
larger wavelengths because smaller 
wavelengths are more attenuated by 
lateral thermal diffusion

•  This mechanism can explain the 
hemispheric difference in thickness of 
the Martian crust
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The NASA InSight (Banerdt et al., 2020) mission has allowed recording for the first time the seismic activity 
of Mars with the deployment, early 2019, of the seismometer Seismic Experiment for Interior Structure (SEIS) 
in Elysium Planitia (Lognonné et  al.,  2020). From P and PP receiver function analyses of teleseismic events 
recorded by the seismometer, subsurface interfaces, including the crust-mantle interface or the Mohorovičić 
discontinuity, commonly referred to as the Moho, have been detected below the station (Durán et al., 2022; Kim 
et al., 2021; Knapmeyer-Endrun et al., 2021). This local seismological constraint on the Martian crustal thick-
ness provided a critical anchor point that is necessary for crustal studies that rely on topography and gravity data 
(Knapmeyer-Endrun et al., 2021). Following this detection, the Martian crust thickness and its lateral variations 
have been revealed (Knapmeyer-Endrun et al., 2021; Wieczorek et al., 2022) (see Section 3.5). A similar proce-
dure was used on the Moon with receiver function and travel-time data analyses in order to estimate the local 
crustal thickness beneath the Apollo seismic stations (Lognonné et al., 2003; Vinnik et al., 2001) and to anchor 
global crustal thickness models based on gravity and topography data (Wieczorek et al., 2013).

The mechanism at the origin of the crustal dichotomy is one of the major debates concerning Mars' evolution 
(Watters et al., 2007). With an age between 4.5 and 3.7 Gyr, the dichotomy appears to be one of the oldest features 
of Mars (McGill & Dimitriou, 1990; Solomon et al., 2005). The formation of the dichotomy appears older than 
the northern lowlands but contemporary to the southern highlands. The younger surface of the northern hemi-
sphere is then probably a late consequence of the dichotomy rather than related to its formation mechanism.

As planetary crusts grow by extraction of buoyant mantle melts, the dichotomy could have originated during crust 
growth due to laterally variable mantle melt fractions. A degree-one mantle convection pattern with a hot ascend-
ing mantle plume in the South and a cold downwelling in the North can generate such a spatially variable mantle 
melt fraction. A degree-one mantle convection may be favored by a radial stratification in viscosity in the mantle 
(Šrámek & Zhong, 2010; Yoshida & Kageyama, 2006; Zhong & Zuber, 2001). Zhong (2009) linked this degree-
one to the presence of Tharsis. He proposed that melt extraction from the ascending plume and associated stiff-
ening of the lithospheric keel could have generated a lateral viscosity variation that could in turn have triggered a 
toroidal velocity field inducing plume migration and explaining the location of Tharsis, straddling the dichotomy. 
In this study, the lithospheric keel was prescribed, extending over one hemisphere. Šrámek and Zhong (2012) 
lately parameterized partial melting and melt extraction in a 3D convection model to demonstrate that the asso-
ciated lithosphere stiffening and crustal thickening were large enough to produce the observed dichotomy. The 
formation of the highlands by migration of the Tharsis plume would require several hundred million years and 
would imply an age-distance to Tharsis relationship for the highlands which is not obvious. Recently, Morison 
et al. (2019) showed that a degree-one mode of mantle convection could also be generated during magma ocean 
solidification by melting and freezing at the boundary between the solid cumulates and the liquid; but they did 
not investigate its consequences on crust formation.

The dichotomy may also result from the reprocessing of the crust after its main extraction phase through one 
or more impacts, which were frequent in the early times of the Solar System. A large impact in the Northern 
hemisphere is currently the most popular explanation for the topographic depression in the North (Marinova 
et  al.,  2008). This impact could potentially explain the formation of the Martian moons Phobos and Deimos 
(Marinova et al., 2008) and possibly the cessation of the Martian geodynamo (Roberts & Arkani-Hamed, 2014). 
But, while a large impact event may help explain many features of the Martian surface, its real consequences on 
the structure and evolution of the crust are difficult to quantify and remain partly speculative given the ancient age 
of this event. The amount of kinetic energy released by a large impact could have significantly raised the mantle 
temperature (Roberts & Arkani-Hamed, 2014) inducing such a large amount of melt that the very evidence for an 
impact basin—that is, the dichotomy—could have been eradicated (Tonks & Melosh, 1993). On another hand, 
Marinova et al. (2011) used a smoothed particle hydrodynamics (SPH) model to argue that, depending on the 
impact characteristics, a significant fraction of the melt could have sequestered at depth without contributing to 
resetting the planetary surface. The size and speed of the impactor would then point to an age of 4.5 Gyr for this 
impact. An early large impact in the South has also been proposed to explain the larger crustal thickness in this 
hemisphere (Golabek et al., 2011; Reese et al., 2010).

In one-plate planets, the convective mantle interior is well characterized by a nearly uniform temperature, where 
a stagnant lid develops at the top as the cold boundary layer that is too viscous to be advected away (Nataf & 
Richter, 1982; Solomatov, 1995). The lid base is set by the mantle rheology which mainly depends on its temper-
ature (Davaille & Jaupart, 1993). As a result, in a stagnant lid regime, the thermal structure of the crust largely 
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influences the thickness of the thermal lithosphere and hence the amount of partial melt that is generated in 
the mantle below (Knapmeyer-Endrun et al., 2021; Thiriet et al., 2018) because mantle upwellings decompress 
down to pressures corresponding to the base of the lid. Here, we propose that the Martian dichotomy could have 
resulted from an instability in crustal growth. Indeed, since the crust is enriched in incompatible heat-producing 
elements (HPEs), the lid of a one-plate planet is thinner where the crust is thicker (Thiriet et al., 2018) and the 
pressure at its base is lower. Because the solidus temperature decreases more rapidly than the adiabat as pres-
sure decreases, more melt is generated in the mantle below regions of thicker crust. As the melt extraction rate 
increases with melt fraction (Katz et al., 2022; McKenzie, 1985), there exists a positive feedback between crustal 
growth and crustal thickness on stagnant lid planets.

Here, we first demonstrate, using a simple analytical model, that larger wavelength perturbations, that is, hemi-
spherical perturbations, grow faster because smaller wavelengths are more attenuated by lateral thermal diffu-
sion. We then develop a bi-hemispherical parameterized thermal evolution model to show that this positive 
feedback mechanism can indeed generate a significant dichotomy in crustal thickness from initially small thermal 
perturbations, and this despite the cooling of the planet. We finally investigate the different types of thermal and 
crustal extraction histories that are able to reproduce the range of Martian crustal thicknesses as deduced from 
the InSight mission.

2. Study of the Instability for a Simplified Setup
Before developing a more complex thermal evolution model to study the differential growth of the crust in the 
Northern and Southern hemispheres of Mars, we first use a simplified toy model along with a linear stability 
analysis to study the growth of a thermal perturbation as a function of its wavelength. We demonstrate that lateral 
thermal perturbations of larger wavelengths grow faster because lateral thermal diffusion attenuates more quickly 
the smaller wavelengths.

Here, we study the thermal evolution of a lid that becomes progressively enriched in HPEs as melts, which 
concentrate incompatible and HPEs, are extracted from the mantle below and redistributed within this lid. In 

Figure 1. Thickness of the crust of Mars using a crustal density of 2,900 kg m −3. For this model, the mantle density profile 
is that of Khan et al. (2021) and the crustal thickness at the Insight landing site (yellow star) is 39 km (Knapmeyer-Endrun 
et al., 2021). The dashed line represents the dichotomy boundary from Andrews-Hanna et al. (2008). This map is presented in 
a Mollweide projection with a central meridian of 136°E longitude.
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particular, we follow the temperature at the base of the lid Tb(t), assumed to be above the solidus temperature 
Tsol, as well as the instantaneous melt fraction ϕ(t), which is taken to be a linear function of temperature over the 
melting interval Tliq − Tsol:

𝜙𝜙(𝑡𝑡) =
𝑇𝑇𝑏𝑏(𝑡𝑡) − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

𝑇𝑇𝑠𝑠𝑙𝑙𝑙𝑙 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

. (1)

In this simplified model, we assume that, although enriched melts are deposited in the lid, the lid thickness 
Dl = Rp − Rl remains constant, where Rp is the mean planetary radius and Rl the radius at the lid base. The volu-
metric heat production in the lid H(θ, φ, t) evolves with time and is assumed to be radially homogeneous (i.e., 
the extracted melt is distributed evenly across the lid thickness, and we do not consider a geochemically distinct 
crust). We finally assume a linear relationship between the melt extraction rate, and hence the enrichment rate of 
the lid in HPEs 𝐴𝐴 �̇�𝐻 , and the melt fraction ϕ at the base of the lid:

�̇�𝐻(𝑡𝑡) = 𝛼𝛼𝛼𝛼(𝑡𝑡) = 𝛾𝛾𝛾𝛾𝑏𝑏(𝑡𝑡) − 𝑏𝑏𝑏 (2)

where α is the rate of increase in heat production with time of the lid in W m −3 s −1; which could be estimated 
from α ≈ vHliq/Dl, with v a characteristic melt extraction velocity and Hliq the melt heat production. The constants 

𝐴𝐴 𝐴𝐴 =
𝛼𝛼

(𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙−𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙)
 and 𝐴𝐴 𝐴𝐴 =

𝛼𝛼𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠

(𝛼𝛼𝑠𝑠𝑙𝑙𝑙𝑙−𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠)
 are also positive.

We solve for 3D diffusion of heat in the lid assuming, for this specific toy model, a steady-state, a constant heat 
flux 𝐴𝐴 𝐴𝐴0𝑐𝑐𝑐𝑐 from the underlying convective mantle and a constant temperature T(Rp) at the surface:

∇⃗2𝑇𝑇 (𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = −
𝐻𝐻(𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟)

𝑘𝑘
𝑟 (3)

with k the thermal conductivity. Our background state is such that the zero-order heat production H 0(t) is laterally 
constant, and the zero-order background temperature field T 0(r) is straightforward to obtain from Equation 3 and 
boundary conditions. We now add small lateral perturbations in heat production and temperature to this back-
ground state:

𝐻𝐻(𝜃𝜃𝜃 𝜃𝜃𝜃 𝜃𝜃) = 𝐻𝐻0(𝜃𝜃) + 𝜖𝜖𝐻𝐻1𝑌𝑌𝑙𝑙𝑙𝑙(𝜃𝜃𝜃 𝜃𝜃)𝑒𝑒
𝜆𝜆𝜃𝜃𝜃 (4)

𝑇𝑇 (𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟𝑟 𝑟𝑟) = 𝑇𝑇 0(𝑟𝑟𝑟 𝑟𝑟) + 𝜖𝜖𝑇𝑇 1(𝑟𝑟)𝑌𝑌𝑙𝑙𝑙𝑙(𝑟𝑟𝑟 𝑟𝑟)𝑒𝑒
𝜆𝜆𝑟𝑟𝑟 (5)

where ϵ ≪ 1, Ylm(θ, φ) are the spherical harmonic functions of degree l and order m, θ the colatitude, φ the longi-
tude, λ(l) the perturbation growth rate and t time.

Injecting Equations 4 and 5 into Equations 3 and 2, we derive the following relations for first-order perturbations 
in ϵ:

1

𝑟𝑟2
𝜕𝜕

𝜕𝜕𝑟𝑟

(

𝑟𝑟2
𝜕𝜕𝜕𝜕 1(𝑟𝑟)

𝜕𝜕𝑟𝑟

)

−
𝜕𝜕 1(𝑟𝑟)

𝑟𝑟2
𝑙𝑙(𝑙𝑙 + 1) = −

𝐻𝐻1

𝑘𝑘
, (6)

𝜆𝜆(𝑙𝑙)𝐻𝐻1 = 𝛾𝛾𝛾𝛾 1 (𝑅𝑅𝑙𝑙) , (7)

with the boundary conditions T 1(Rp) = 0 and 𝐴𝐴 𝐴𝐴
𝑑𝑑𝑑𝑑 1

𝑑𝑑𝑑𝑑

|
|
|𝑑𝑑=𝑅𝑅𝑙𝑙

= 0 . This finally gives a general solution for l ≠ 2 and a 
particular solution for l = 2 (as the denominator of Bl and Cl is equal to zero in this case, i.e., 6 − l(l + 1) = 0 in 
Equation 8):

∀ � ≠ 2
�(�)
�

= ����
� + ���−(�+1)

� −
�2

�

�
(6 − � (� + 1))−1

�� =
1

�(6 − �(� + 1))
×

��2−�
� ��−1

� − 2��

��−(2�+1)
� ��−1

� + (� + 1)�−(�+2)
�

�� =
�2−�

�

�(6 − �(� + 1))
− ���−(2�+1)

�

 (8)

 21699100, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007472 by B
ibliothèque D

iderot D
e L

yon, W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

BONNET GIBET ET AL.

10.1029/2022JE007472

5 of 28

�(2)
�

= −
�2

�

5�
ln �� +

�2

�3
�

+ �2�2
�

�2 =
��

5�
×
2 ln �� − 2 ln �� − 1

2���−5
� + 3�−4

�

�2 =
ln ��

5�
− �2

�5
�

 (9)

Our solution shows that the growth rate is positive for all wavelengths. This 
means that perturbations of all wavelengths grow, and no wavelengths are 
damped (Figure 2). However, since lateral heat diffusion tends to attenuate 
smaller wavelengths more, the larger the wavelength (the smaller l), the larger 
the growth rate λ of the perturbation is (Figure 2). Therefore, longer wave-
length perturbations grow faster and are favored by this feedback mechanism. 
The largest growth rate occurs for spherical harmonic degree 1, though the 
growth rates are not too different for the first few degrees. In order to study 
if the growth over time of a thermal perturbation is sufficient to induce a 
significant crustal dichotomy despite planetary cooling, we restrict our study 
to the case of a hemispherical perturbation (l = 1), which grows the fastest, 
and construct below a more complex thermal evolution model.

3. Model
Although 3-D convection models can provide a full description of the temperature field over time as well as of 
the convection pattern (Plesa et al., 2015; Šrámek & Zhong, 2012), they are numerically very time-consuming 
and do not yet  allow to account for realistic 3-D segregation of melt from the mantle. Since our goal is to 
study crust formation by melt extraction, we use a parameterized model for a stagnant lid which considers a 
well-mixed convective mantle topped by a conductive lid (here referred to as the lithosphere), where heat is 
transported by  conduction. We assume a well-mixed mantle characterized by a temperature at its top and an isen-
tropic temperature profile. We neglect the lateral temperature variations that naturally arise in convection flows 
(Roberts & Zhong, 2006). Following our analytical result (Section 2), we impose a hemispherical perturbation 
by considering, as in Thiriet et al. (2018), a lid with different characteristics between the two hemispheres, that 
is, different temperature profiles T(r,t) N/S, lid thicknesses 𝐴𝐴 𝐴𝐴N/S

𝑙𝑙
 , crust thicknesses 𝐴𝐴 𝐴𝐴N/S

𝑐𝑐𝑐𝑐  and crust enrichments 
compared to bulk silicate Mars 𝐴𝐴 ΛN/S

𝑐𝑐𝑐𝑐  , where the subscripts N/S refer to values for the Northern (N) or Southern 
hemisphere (S) respectively, (Figure 3).

3.1. Thermal Modeling

3.1.1. Parameterized Convective Heat Flow

The viscosity of planetary mantle rocks is strongly temperature-dependent and also varies with pressure. Because 
of the large temperature dependence of the viscosity, a rigid and stagnant lid develops at the top of the convective 
mantle, where heat is transported by conduction and which encompasses a large range of viscosity variations. We 
use an Arrhenius law to describe the temperature and pressure dependency of the viscosity:

𝜂𝜂(𝑇𝑇 𝑇 𝑇𝑇 ) = 𝜂𝜂0 exp

(

𝐴𝐴 + 𝑇𝑇𝑃𝑃

𝑅𝑅𝑇𝑇
−

𝐴𝐴 + 𝑇𝑇0𝑃𝑃

𝑅𝑅𝑇𝑇0

)

𝑇 (10)

where T is temperature, P pressure, η0 is a reference viscosity at the reference temperature T0 = 1,600 K and pres-
sure P0 = 3 GPa, R is the gas constant, A the activation energy and V the activation volume. The mantle viscosity 
may also depend on its water content and melt fraction. However, for simplicity, and as these effects would tend 
to reinforce the process we explore (see Section 5), we neglect them. The viscosity also depends on the defor-
mation mechanism, which depends on the grain size that is poorly constrained and may vary depending on local 
conditions. Here, we use a classical activation energy value of 300 kJ mol −1, representative of diffusion creep in 

Figure 2. Growth rate λ given by Equations 8 and 9 and normalized by the 
growth rate for l = 1 as a function of spherical harmonic degree. We use 
k = 3 W m −1 K −1, Rp = 3,390 km, Rl = 3,290 km.

 21699100, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007472 by B
ibliothèque D

iderot D
e L

yon, W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

BONNET GIBET ET AL.

10.1029/2022JE007472

6 of 28

a dry peridotite (Karato & Wu, 1993), and V = 3 cm 3 to minimize the pressure dependence of the viscosity. We 
then evaluate how these values affect our results (Section 4.2.2).

We follow the approach of Davaille and Jaupart (1993) and parameterize the heat flow out of the well-mixed 
convective mantle as a function of a rheological temperature scale Tν:

𝑇𝑇𝜈𝜈 = −𝜂𝜂 (𝑇𝑇𝑚𝑚)

(
d𝜂𝜂

d𝑇𝑇

|
|
|
|𝑇𝑇𝑚𝑚

)−1

=
𝑅𝑅𝑇𝑇 2

𝑚𝑚

𝐴𝐴
, (11)

where Tm is the temperature at the top of the convective mantle and corresponds to the well-mixed interior temper-
ature. Below the rigid lid, the unstable boundary layer is characterized by a temperature contrast of (Davaille and 
Jaupart, 1993):

𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑙𝑙 = 𝑎𝑎𝑟𝑟𝑟𝑇𝑇𝜈𝜈, (12)

where Tl is the temperature at the base of the lid (Figure 3), and arh a dimensionless coefficient taken equal to 2.54 
(Thiriet et al., 2019, Table 1). Following Grott and Breuer (2008) and Thiriet et al. (2018), the mantle is divided 
into a stagnant lid and a convective mantle characterized by a top and bottom thermal boundary layers which 
concentrate temperature variations (Figure 3). Because of internal heating and of the temperature and pressure 
dependence of the viscosity, these two thermal boundary layers are not symmetric and the upper one is consid-
erably thicker. Their average thicknesses are well described by the boundary layer stability analysis as given by 
Turcotte and Schubert (2002):

𝛿𝛿𝑢𝑢∕𝑐𝑐 = 𝑑𝑑

(

𝑅𝑅𝑅𝑅
𝑢𝑢∕𝑐𝑐

c𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑅𝑅𝑢𝑢∕𝑐𝑐

)𝛽𝛽

, (13)

Figure 3. (Left): Parameterized model for one hemisphere with four different layers: the core, the convective mantle, the lithospheric mantle and the crust. A 
characteristic temperature profile is indicated in black line with the associated temperature at each interface. Blue dots represent melting and dotted lines the thermal 
boundary layer thicknesses (δu, δc). (Right): bi-hemispherical parameterized model with five different reservoirs characterized by different heat-producing element 
enrichments and enrichment factors Λ: the northern and southern crusts 𝐴𝐴

(

ΛN/S

𝑐𝑐𝑐𝑐

)

 , the northern and southern lithospheric mantles 𝐴𝐴
(

ΛN/S

𝑙𝑙𝑙𝑙

)

 and the convective mantle (Λcm).
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where the superscripts u, c stand for the upper and bottom boundary layer respectively, Racrit is the critical 
Rayleigh number, the convective height is given by d = Rl − Rc, with Rl the radius at the lid base and Rc the 
core radius (Figure 3). We use β c = 1/3 for the lower boundary layer and β u = 0.335 for the upper one (Thiriet 
et al., 2019). The Rayleigh number characteristic of the upper/lower boundary layer Ra u/c is given by:

Parameter Description Value Unit

Rp Planet radius 3,390 km

Rc Core radius 1,825 km

f lowlands area fraction 0.4

ρc Core density 6,200 kg m −3

ρp Primordial mantle density 3,472 kg m −3

ρcr Crustal density 2,900 kg m −3

kcr Crustal thermal conductivity 3 W m −1 K −1

km Mantle thermal conductivity 4 W m −1 K −1

Cc Core Heat capacity 840 J K −1 kg −1

Ccr Crust Heat capacity 1,000 J K −1 kg −1

Cm Mantle Heat capacity 1,142 J K −1 kg −1

αm Thermal expansion coefficient 2.5 × 10 −5 K −1

L Latent Heat of crystallization 5 × 10 5 J kg −1

Di Partition coefficient 0.001–0.01

Pmax Maximum pressure for Δρ > 0 7.4 GPa

gu Surface gravity 3.7 m s −2

gc Core-Mantle boundary gravity 3.4 m s −2

ϵc Ratio of the mean to upper core temperature 1.1

P0 Reference pressure 3 GPa

T0 Reference temperature 1,600 K

A Activation energy 300 kJ mol −1

arh Rheological coefficient 2.54

R Gas constant 8.314462 J mol −1 K −1

η0 Reference viscosity 10 20 to 10 22 Pa s

V Activation volume 3 × 10 −6 m 3

βu Upper boundary layer exponent 0.335

βc Lower boundary layer exponent 1/3

𝐴𝐴 𝐴𝐴𝐴𝐴𝑢𝑢
crit

 Upper critical Rayleigh number 450

k0 Mantle reference permeability 10 −12 to 10 −7 m 2

ηl Melt viscosity 1 Pa s

ϕc Critical melt fraction 0.02

𝐴𝐴 𝐴𝐴0

𝑙𝑙
 initial lid thickness 50 km

𝐴𝐴 𝐴𝐴0
𝑐𝑐𝑐𝑐 initial crust thickness 4 km

Ts Surface Temperature 200 K

𝐴𝐴 𝐴𝐴 0
𝑚𝑚 Initial upper mantle temperature 1,700 K

𝐴𝐴 Δ𝑇𝑇 0
𝑐𝑐  Initial superheating of the core 100 K

𝐴𝐴 Λ0
𝑐𝑐𝑐𝑐 Initial enrichment of the crust 10

𝐴𝐴 Δ𝐷𝐷0

𝑙𝑙
 Initial S–N difference in lid thickness −2 km

Table 1 
Parameter Values and Description for Our Reference Case
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𝑅𝑅𝑅𝑅𝑢𝑢∕𝑐𝑐 =
𝛼𝛼𝛼𝛼𝑚𝑚𝑔𝑔

𝑢𝑢∕𝑐𝑐Δ𝑇𝑇 𝑢𝑢∕𝑐𝑐𝑑𝑑3

𝜅𝜅𝑚𝑚𝜂𝜂𝑢𝑢∕𝑐𝑐
, (14)

where α is the thermal expansion coefficient, ρm mantle density, κm mantle diffusivity, g gravity, ΔT the temper-
ature jump across the boundary layer, η the viscosity. For the lower boundary, we use ΔT c = |Tb − Tc| with Tc the 
core-mantle boundary (CMB) temperature and Tb the temperature at the top of the lower boundary layer which 
can be larger than Tc early in the planet history; the viscosity η c is estimated at the temperature (Tb + Tc)/2 and 
pressure P c characteristic of the CMB. For the upper boundary layer, we use ΔT u = Tm − Tl and the viscosity 
η u is estimated at the temperature Tm and pressure at the lid base. Since the lid thickness, and hence the radius 
and pressure at the lid base, may be different in between both hemispheres, the thickness of the upper boundary 
layer and the Rayleigh number Ra u may also differ between North and South. As in Thiriet et al. (2019), we use 
a constant critical Rayleigh number 𝐴𝐴 𝐴𝐴𝐴𝐴𝑢𝑢

c𝑟𝑟𝑟𝑟𝑟𝑟
= 450 for the upper boundary layer and the formulation of Deschamps 

and Sotin (2001) for the critical Rayleigh number of the lower boundary layer:

𝑅𝑅𝑅𝑅𝑐𝑐
crit

= 0.28𝑅𝑅𝑅𝑅0.21
𝜃𝜃

, (15)

where the internal Rayleigh number Raθ is given by 𝐴𝐴 𝐴𝐴𝐴𝐴𝜃𝜃 =
𝛼𝛼𝛼𝛼𝑚𝑚𝑔𝑔𝑢𝑢Δ𝑇𝑇𝜃𝜃𝑑𝑑

3
𝜃𝜃

𝜅𝜅𝜅𝜅𝜃𝜃
 with dθ = Rp − Rc, ηθ estimated at the 

temperature Tm and pressure 𝐴𝐴 𝑃𝑃𝑚𝑚 at the average radius of the lid base 𝐴𝐴 �̄�𝑅𝑙𝑙 and we use ΔTθ = (Tm − Tsurf) + (Tc − Tb). 
If Tc < Tb, then we use ΔTθ = (Tm − Tsurf).

The parameterized heat flux from the convective mantle into the lid and from the core into the mantle are then 
respectively given by:

𝑞𝑞N/S

𝑐𝑐𝑐𝑐 = 𝑘𝑘𝑐𝑐

𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑙𝑙

𝛿𝛿𝑢𝑢𝑢N∕S
𝑢 (16)

𝑞𝑞𝑐𝑐 = 𝑘𝑘𝑚𝑚

𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑏𝑏

𝛿𝛿𝑐𝑐
. (17)

where km is the mantle conductivity, and δl, Tc, Tb, Tm, and Tl are the same for both hemispheres as the mantle and 
core are assumed to be well-mixed, δ u,N/S is hemisphere-dependent through its dependence on the viscosity at the 
top of the mantle (V ≠ 0) and on the convective height d N/S. Within the well-mixed convective part of the mantle, 
the temperature profile is adiabatic; we use an isentropic formulation (Jaupart et al., 2015) to describe the radial 
dependence of the temperature and to relate the temperature at the top of the lower boundary Tb to the temperature 
at the top of the well-mixed convective mantle Tm (Grott & Breuer, 2008; Thiriet et al., 2019):

𝑇𝑇𝑏𝑏 = 𝑇𝑇𝑚𝑚 +
𝛼𝛼𝛼𝛼𝑇𝑇𝑚𝑚

𝐶𝐶𝑚𝑚

(

𝑑𝑑 − 𝛿𝛿𝑢𝑢 − 𝛿𝛿𝑐𝑐
)

. (18)

3.1.2. Thermal Evolution

We follow Grott and Breuer (2008); Morschhauser et al. (2011) and Thiriet et al. (2018), and use the conservation 
of heat in the mantle and core to calculate the evolution of the temperatures at the top of the convective mantle Tm 
and core Tc accounting for heat fluxes at the interfaces, as well as, in the mantle case, radioactive heating, latent 
heat of melting and heat removal by melt extraction. We use a Stefan-type equation to follow the growth of the lid 
thickness 𝐴𝐴 𝐴𝐴N/S

𝑙𝑙
(𝑡𝑡) in each hemisphere from the difference between the convective heat flux and conductive one at 

the lid base. The temperature profile in each lid T(r,t) N/S is calculated from the time-dependent heat equation in 
spherical geometry accounting for different heat sources (radioactive heating as well as sensible and latent heat 
due to melt intrusion). The details of these equations are given in Appendix A.

3.2. Mantle Melting and Crust Extraction

3.2.1. Mantle Melting

The mantle mineralogy is dominated by solid solutions of olivine and pyroxene with an additional aluminous 
phase and hence, melting of mantle rocks is temperature, pressure, and composition-dependent. Here, we use 
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the solidus of Ruedas and Breuer (2017) for a fertile K-free peridotite that is 
based on the composition of Wänke and Dreibus (1994). As in Morschhauser 
et  al.  (2011) and Thiriet et  al.  (2018), we also consider the progressive 
increase in mantle solidus temperature caused by mantle depletion due to 
crust extraction through an additional term assumed to be linearly propor-
tional to the crustal thickness Dcr:

𝑇𝑇sol (𝑃𝑃 𝑃𝑃𝑃𝑐𝑐𝑐𝑐) = 1340 + 130.4𝑃𝑃 − 6.38𝑃𝑃 2 + 0.119𝑃𝑃 3 +
𝑃𝑃𝑐𝑐𝑐𝑐

𝑃𝑃ref

Δ𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑃 (19)

where P is the pressure in GPa (see Table 1 for parameter values). The Martian 
crust amounts to ∼5%–7% of the volume of the bulk silicate part of the planet 
(See Section 3.5), which corresponds to a solidus temperature increase of 
40–50 K after crust extraction. No experiments have been conducted to deter-
mine the Martian liquidus, therefore we follow Breuer and Spohn (2006) and 
use the liquidus of Takahashi (1990) for a dry terrestrial peridotite: Tliq(P) = 
2,035 + 57.46P − 3.487P 2 + 0.0769P 3.

For simplicity, the melt fraction is usually considered to be a linear function 
of temperature over the melting interval, implying constant melt produc-
tivity at a given pressure (Morschhauser et al., 2011; Samuel et al., 2019). 

However, the melt productivity at constant pressure in peridotite 𝐴𝐴

(
d𝜙𝜙

d𝑇𝑇

)

𝑃𝑃

 has 

been shown to be highly variable between 0% and 20% melt fraction because 
it is affected by a phase exhaustion (Hirschmann et  al.,  1999; Robinson 
et al., 1998). Near-solidus productivity is very small and it increases continu-

ously with increasing melt fraction up to clinopyroxene exhaustion (Baker & Stolper, 1994), which occurs around 
15%–20% melt in a fertile peridotite. After Cpx exhaustion, melt productivity drops to an almost constant value 
for melt fractions between ∼20%–30% (Hirschmann et al., 1999). Since we are interested in the mechanism of 
crust formation by melting and melt extraction from initially fertile material, with melt fraction spanning the 
range 0%–30%, it is important to account for non-constant melt productivity.

We consider that clinopyroxene exhaustion occurs at the melt fraction ϕt = 0.17. For ϕ ≥ ϕt, the melt fraction is 
a linear function of temperature over the melting interval ϕl(T, r) = (T(r) − Tsol(r))/(Tliq(r) − Tsol(r)). Below ϕt, 
the melt fraction is taken to vary non-linearly with temperature and is computed from a degree-six polynomial 
written as a function of ϕl(T, r)/ϕt. With such a parameterization, melt productivity is indeed low near the solidus 
but largely increases before clinopyroxene exhaustion to then drop to a constant value (Figure 4). Note that Katz 
et al. (2003) propose a parametrization of the mantle melt fraction that gives a similar evolution (Figure 4). In the 
end, the melt fraction is computed from:

Φ(𝑇𝑇 𝑇 𝑇𝑇) = min

[

𝜙𝜙𝑙𝑙 =
𝑇𝑇 (𝑇𝑇) − 𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙(𝑇𝑇)

𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙(𝑇𝑇) − 𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙(𝑇𝑇)
;𝜙𝜙𝑛𝑛𝑙𝑙 =

6
∑

𝑙𝑙=1

𝑎𝑎𝑙𝑙

(
𝜙𝜙𝑙𝑙

𝜙𝜙𝑡𝑡

)𝑙𝑙
]

for 𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙(𝑇𝑇) < 𝑇𝑇 (𝑇𝑇) < 𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙(𝑇𝑇)𝑇 (20)

where the different coefficients ai of the degree-6 polynomial are obtained by matching the dry case of Hirschmann 
et al. (1999), Figure 8, and are given in the caption of Figure 4.

The average melt fraction ϕa over the partially melted volume of the mantle Vϕ is:

𝜙𝜙N/S

𝑎𝑎 =
1

𝑉𝑉 N/S

𝜙𝜙
∫
𝑉𝑉𝜙𝜙

Φ(𝑇𝑇 𝑇 𝑇𝑇)
N/S

d𝑉𝑉 𝑉 (21)

However, extraction of the melt is only possible if the melt is interconnected, which occurs if the melt fraction is 
larger than a critical value ϕc that is equal to a few percent (Miller et al., 2014) (Table 1). To account for this we 
define an “effective average melt fraction” (ϕeff) which is the fraction of interconnected fluid over the partially 
melted volume of the mantle:

𝜙𝜙N/S

eff
=

1

𝑉𝑉
𝑁𝑁∕𝑆𝑆

𝜙𝜙
∫
𝑉𝑉𝜙𝜙

Φ𝑖𝑖(𝑟𝑟)
𝑁𝑁∕𝑆𝑆

d𝑉𝑉 𝑉 (22)

Figure 4. Melt fraction as a function of the temperature difference from the 
solidus 𝐴𝐴 𝐴𝐴𝑙𝑙 =

𝑇𝑇−𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙

𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙−𝑇𝑇𝑠𝑠𝑠𝑠𝑙𝑙
 for three different parametrizations: linear (dash-dotted 

red line), and non-linear, from Katz et al. (2003) in blue solid line, or 
adapted from Hirschmann et al. (1999) (Equation 20) in black solid line. The 
non-constant melt production parametrization shows three different phases of 
melt production: (1) a low productivity near the solidus, (2) an increasingly 
high productivity below Cpx exhaustion at 17% melt fraction, and (3) a 
constant melt production after Cpx exhaustion. The coefficient ai of the 
polynomial are as follows: a0 = 0, a1 = 0.035, a2 = −0.048, a3 = −0.3305, 
a4 = 1.9763, a5 = −3.3423, a6 = 1.8814.
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where Φ i(r) N/S = Φ(T,r) N/S if Φ(T,r) N/S ≥ ϕc, else Φ i(T,r) N/S = 0.

3.2.2. Crust Extraction

Mantle melts are positively buoyant relative to the surrounding mantle rocks and rise through the convective and 
lithospheric mantle to reach the crust and increase its thickness:

d𝐷𝐷N/S

𝑐𝑐𝑐𝑐

d𝑡𝑡
= 𝑤𝑤N/S

(

𝑅𝑅N/S

𝑙𝑙

𝑅𝑅N/S

𝑐𝑐𝑐𝑐

)2

, (23)

where ��∕� is the melt output velocity at the lid radius 𝐴𝐴 𝐴𝐴
𝑁𝑁∕𝑆𝑆

𝑙𝑙
 and 𝐴𝐴 𝐴𝐴

𝑁𝑁∕𝑆𝑆

𝑐𝑐𝑐𝑐  is the radius where the liquid is injected 
into the crust. In contrast to Breuer and Spohn (2006), Morschhauser et al. (2011) and Samuel et al. (2019), we 
do not consider that melt is extracted from the mantle at a rate set by the vigor of convection but at a percolation 
velocity (Bercovici et al., 2001; McKenzie, 1985; Richter & McKenzie, 1984):

𝑤𝑤N/S =
𝑘𝑘N/S

𝜙𝜙
Δ𝜌𝜌𝜌𝜌𝑢𝑢

𝜂𝜂liq

(1 − 𝜙𝜙eff) , (24)

where kϕ is the permeability of the host rock that is a function of the melt fraction ϕ, ηliq the melt viscosity, 
Δρ = ρm − ρliq the density difference between the host rock and the melt. We account for melt compressibility and 
parameterize the melt density to evolve linearly with pressure in between the crust density at zero pressure and 
the mantle one at Pmax = 7.4 GPa (Suzuki & Ohtani, 2003):

𝜌𝜌N/S

liq
= 𝜌𝜌cr + 𝑃𝑃 N/S

𝑚𝑚

𝜌𝜌𝑚𝑚 − 𝜌𝜌cr

𝑃𝑃max

. (25)

which is equivalent to a coefficient of isothermal compressibility of ∼0.02 GPa −1, if Δρ becomes zero or nega-
tive, the extraction rate falls to zero.

The host rock permeability kϕ evolves as (McKenzie, 1985; Richter & McKenzie, 1984):

𝑘𝑘N/S

𝜙𝜙
= 𝑘𝑘0

(

𝜙𝜙N/S

eff

)3
, (26)

where k0 is a reference permeability which may vary over several orders of magnitude, typically between 10 −12 
and 10 −7 m 2 depending on the grain size (Miller et al., 2014).

However, the melt extraction rate is limited by the rate of melt supply, which depends on the convection veloc-
ity. We thus consider that the melt extraction rate 𝐴𝐴 𝐴𝐴 cannot be larger than the characteristic convection velocity, 
given by the thermal boundary layer theory, times the effective melt fraction (Morschhauser et al., 2011; Samuel 
et al., 2019):

𝑤𝑤N/S

max =
𝜅𝜅𝑚𝑚

�̄�𝑅𝑙𝑙 − 𝑅𝑅𝑐𝑐

(
𝑅𝑅𝑅𝑅N/S

𝑢𝑢

𝑅𝑅𝑅𝑅𝛿𝛿𝑢𝑢

)2𝛽𝛽𝑢𝑢

𝜙𝜙N/S

eff
. (27)

This limit is however only reached for the highest values of the reference permeability and at large melt fractions. 
For instance, using Ra = 10 8, the convection velocity is ∼7 × 10 −9 m s −1. To get a similar extraction rate with a 
melt fraction of 10%, k0 must be equal to 5 × 10 −9 m 2, which is large. Thus, in most cases, melt extraction occurs 
at the Darcy velocity Equation 24. This generally leads to smaller extraction rates compared to previous consid-
erations; it implies that the remaining liquid is entrained by convection with the solid matrix and crystallizes at 
depth.

As in Morschhauser et al. (2011), we account for the heat flux due to melt extraction at temperature Tm from the 
convective mantle:

𝑞𝑞N/S

𝑐𝑐𝑐𝑐 = 𝑤𝑤N/S𝜌𝜌𝑐𝑐𝑐𝑐 (𝐿𝐿 + 𝐶𝐶𝑐𝑐𝑐𝑐 (𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑙𝑙)) , (28)
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with Ccr the crust heat capacity. We neglect heat loss during melt ascent in the lid and redistribute the heat as a 
uniform heat source by volume over the whole crust volume equal to:

𝐻𝐻N/S

lat
=

d𝐷𝐷N/S
𝑐𝑐𝑐𝑐

d𝑡𝑡
𝜌𝜌𝑐𝑐𝑐𝑐

(

𝐿𝐿 + 𝐶𝐶𝑐𝑐𝑐𝑐

(

𝑇𝑇𝑙𝑙 − 𝑇𝑇 N/S
𝑐𝑐𝑐𝑐

))
(

𝐴𝐴𝑐𝑐𝑐𝑐

𝑉𝑉𝑐𝑐𝑐𝑐

)N/S

, (29)

where the crust-mantle boundary is at temperature Tcr. Accounting for this heat source has a positive effect on our 
feedback mechanism since a higher amount of heat deposited in the crust implies a warmer temperature profile 
and hence a larger amount of melt at depth.

3.3. Heat Production, HPE Distribution and Mass Conservation

Because HPEs are lithophile and incompatible elements, their concentration differs among the different layers of 
the planet: while the crust, mainly formed by mantle melt extraction, is enriched in HPEs, their concentrations 
in the core is negligible. Here, we assume that the four major HPEs ( 40K,  232Th, 235U,  238U) are characterized by 
the same solid-liquid partition coefficient Di and hence each reservoir j is characterized by a single enrichment 
factor Λj:

Λ𝑗𝑗 =
[HPE]𝑗𝑗

[HPE]MBS

, (30)

where [HPE]j is the element concentration in the reservoir j and [HPE]MBS the element concentration in the bulk 
silicate part of Mars, or primitive mantle (Figure 3). We use the geochemical model of Wänke and Dreibus (1994) 
for the present-day HPEs concentration in the bulk silicate Mars.

During melting, HPEs partition in between the melt and residual rock according to their partition coefficient Di:

𝐷𝐷𝑖𝑖 =
[HPE]melt

[HPE]residual

. (31)

The convective mantle melt fraction varies only slowly with time, we assume chemical equilibrium; the melt 
enrichment factor is thus given by:

ΛN/S

𝑙𝑙𝑙𝑙𝑙𝑙
=

Λ𝑐𝑐𝑐𝑐

𝜙𝜙N/S

𝑎𝑎 +
(

1 − 𝜙𝜙N/S

𝑎𝑎

)

𝐷𝐷𝑙𝑙

. (32)

Melt and HPE extraction deplete the mantle that is assumed to be well-mixed and homogeneous. However, this 
is not the case for the lithospheric mantle which is stagnant and grows during crust extraction as the mantle 
becomes progressively more depleted. We follow the bulk HPE enrichment of the five different reservoirs using 
mass balance. The mass variation dm in heat producing element in a reservoir j, given by dm = d (ρjVjΛj[HPE]
MBS), is  due to a mass flux from a reservoir k to a reservoir j 𝐴𝐴

(

�̇�𝑚𝑘𝑘
𝑗𝑗

)

 , expressed as 𝐴𝐴 𝐴𝐴𝐴𝑘𝑘
𝑗𝑗
= ± 𝜌𝜌jΛ

𝑗𝑗

𝑘𝑘
[𝐻𝐻𝐻𝐻𝐻𝐻]MBSd𝑉𝑉

𝑘𝑘
𝑗𝑗

 . 

Accounting for all possible fluxes 𝐴𝐴

(

d𝑚𝑚𝑗𝑗 =
∑𝑘𝑘

�̇�𝑚𝑘𝑘
𝑗𝑗

)

 , we obtain:

d (Λ𝑐𝑐𝑐𝑐𝑉𝑉𝑐𝑐𝑐𝑐) = Λ𝑙𝑙𝑙𝑙𝑙𝑙d𝑉𝑉𝑐𝑐𝑐𝑐, (33a)

d (Λ𝑙𝑙𝑙𝑙𝑉𝑉𝑙𝑙𝑙𝑙) = Λ𝑐𝑐𝑙𝑙d𝑉𝑉𝑙𝑙𝑙𝑙, (33b)

𝜌𝜌𝑚𝑚d (Λ𝑐𝑐𝑚𝑚𝑉𝑉𝑐𝑐𝑚𝑚) = −𝜌𝜌𝑐𝑐𝑐𝑐Λ𝑙𝑙𝑙𝑙𝑙𝑙d𝑉𝑉𝑐𝑐𝑐𝑐. (33c)

where Λcr is the northern or southern crustal enrichment, Λlm is the northern or southern lithospheric mantle 
enrichment and Λcm the convective mantle enrichment.

The volumetric heat production Hj(t) in the reservoir j is given by the sum of the four contributions:

𝐻𝐻𝑗𝑗(𝑡𝑡) = Λ𝑗𝑗𝜌𝜌𝑗𝑗

𝑁𝑁𝑒𝑒∑

𝑖𝑖=1

𝐽𝐽 𝑖𝑖
[

HPE
𝑖𝑖
]

MBS
exp (−𝜆𝜆𝑖𝑖𝑡𝑡) , (34)

where J i, in W kg −1, is the power produced by the decay of 1 kg of an element i, λi the decay constant of that 
element (Ruedas, 2017), ρj the reservoir density and t is time (with t = 0 at present-day and negative in the past).
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Early in the thermal evolution, the crust extraction rate may be limited by the lid growth rate such that the lid is 
entirely made of crustal material. If the lid thickness (and hence potentially the crust thickness) decreases, HPEs 
from the lid and/or crust are recycled back into the mantle. A recent study by Batra and Foley (2021) shows 
however that a buoyant crust could resist entrainment by the convective mantle, which would then reduce the 
mantle heat flow and thicken the lid.

Finally, in order to ensure mass conservation of the bulk silicate part of Mars, the mantle density ρm is taken to 
increase as the crustal volume Vcr increases:

𝜌𝜌𝑚𝑚 =
(𝑉𝑉𝑝𝑝𝜌𝜌𝑝𝑝 − 𝑉𝑉𝑐𝑐𝑐𝑐𝜌𝜌𝑐𝑐𝑐𝑐)

𝑉𝑉𝑚𝑚

, (35)

where Mp = Vpρp is the mass of primordial mantle.

3.4. Initial Parameters, Dimensionless Number and Numerical Calculation

3.4.1. Initial State

The initial state is described by a temperature at the top of the mantle 𝐴𝐴 𝐴𝐴 0
𝑚𝑚 , a CMB temperature 𝐴𝐴 𝐴𝐴 0

𝑐𝑐  , a lid thickness 
𝐴𝐴 𝐴𝐴0

𝑙𝑙
 , a crustal thickness 𝐴𝐴 𝐴𝐴0

𝑐𝑐𝑐𝑐 and associated crustal enrichment 𝐴𝐴 Λ0
𝑐𝑐𝑐𝑐 . Since our goal is to examine whether this model 

may be able to produce the dichotomy in crustal thickness, we start with the smallest possible value for the initial 
crustal thickness in light of our numerical constraints, which is set to 𝐴𝐴 𝐴𝐴0

𝑐𝑐𝑐𝑐 = 4 km in both the North and South. 
This represents ∼10% of the minimum final northern crust thickness (Section 3.5). A thicker crust, formed after 
an initial phase during magma ocean solidification, might have been present initially (Wieczorek et al., 2022). 
However, the start of our model represents the late, mushy, stage of a magma ocean phase, when the rheological 
transition to solid-like convection has been reached. The model thus accounts for the formation of a primary crust 
by extraction of melts from an enriched mushy mantle (Michaut & Neufeld, 2022). It does not account for the 
formation of a large initial plagioclase flotation crust as proposed for the Moon; but, given the higher gravity of 
Mars, this would be less likely. Because the initial crust is so thin, the initial crustal enrichment has a low impact 
on the subsequent thermal evolution and we use a classical value of 𝐴𝐴 Λ0

𝑐𝑐𝑐𝑐 = 10 , equivalent to 560 ppb of  232Th at 
present-day (Knapmeyer-Endrun et al., 2021; Thiriet et al., 2018).

We use values of 𝐴𝐴 𝐴𝐴 0
𝑚𝑚 and 𝐴𝐴 𝐴𝐴0

𝑙𝑙
 such that the mantle has just reached the rheological transition to solid-like convec-

tion in the mantle, that is, such that the maximum mantle melt fraction Equation 20 is between 0.3 and 0.4 initially 
(Salvador et al., 2017). 𝐴𝐴 ΦN/S

𝑎𝑎  (Equation 21) is then less than ∼20%. Following Knapmeyer-Endrun et al. (2021) 
and Drilleau et al. (2021), we explore the range 1,650–1,750 K for 𝐴𝐴 𝐴𝐴 0

𝑚𝑚 , and therefore the range 50 ± 10 km for 𝐴𝐴 𝐴𝐴0

𝑙𝑙
 . 

The core is considered to be superheated by 𝐴𝐴 Δ𝑇𝑇 0
𝑐𝑐  due to core formation and associated dissipation in gravitational 

potential energy. The initial CMB temperature is thus given by 𝐴𝐴 𝐴𝐴 0
𝑐𝑐 = 𝐴𝐴 0

𝑚𝑚 +
𝛼𝛼𝛼𝛼𝐴𝐴 0

𝑚𝑚

𝐶𝐶𝑚𝑚

(

𝑅𝑅0

𝑙𝑙
−𝑅𝑅𝑐𝑐

)

+ Δ𝐴𝐴 0
𝑐𝑐  .

We impose an initial small perturbation to the symmetrical base state to trigger the instability. In our reference 

case, this perturbation is an initial N/S difference in lid thickness 𝐴𝐴

(

Δ𝐷𝐷𝑙𝑙
0 = 𝐷𝐷𝑆𝑆

𝑙𝑙

0
−𝐷𝐷𝑁𝑁

𝑙𝑙

0
)

 of −2 km, (i.e., 4% of 
the mean lid thickness). We also explore smaller perturbations (down to 2% of the lid thickness) as well as the 

case of a perturbation in crustal thickness 𝐴𝐴

(

Δ𝐷𝐷𝑐𝑐𝑐𝑐
0 = 𝐷𝐷𝑆𝑆

𝑐𝑐𝑐𝑐

0
−𝐷𝐷𝑁𝑁

𝑐𝑐𝑐𝑐

0
)

 , which is equivalent to a perturbation in total 
HPE content in the lid (Section 4.2.1). The initial time is equal to −4.5 Gyr. All parameters of the reference case 
are given in Table 1.

3.4.2. Dimensionless Numbers and Critical Parameters of the Model

In the end, our system is controlled by two main dimensionless numbers. The Rayleigh number Ra determines the 
vigor of the convection and the cooling rate of the convecting mantle. Since it controls the thickness of the upper 
thermal boundary layer, Ra also strongly influences the melt fraction; it mostly depends on mantle rock viscosity, 
and hence on the reference viscosity value η0. The second dimensionless number, noted Da corresponds to the 
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ratio between a characteristic time for conduction 𝐴𝐴
(

𝜏𝜏𝜅𝜅 = 𝑅𝑅2
𝑝𝑝∕𝜅𝜅𝑚𝑚

)

 and a characteristic time for crust extraction 
(τ w = Rpηl/k0Δρg):

𝐷𝐷𝐷𝐷 =
𝜏𝜏𝜅𝜅

𝜏𝜏𝑤𝑤
=

𝑅𝑅𝑝𝑝𝑘𝑘0Δ𝜌𝜌𝜌𝜌

𝜅𝜅𝑚𝑚𝜂𝜂𝑙𝑙
. (36)

The value of Da is mostly determined by that of the reference permeability k0.

3.4.3. Numerical Resolution

Our physical model is solved numerically. The time-dependent Equations A1, A3, A5, and 23 form a system of 
four first-order differential equations solved using a Runge-Kutta method of order 4. The diffusion equation in the 
lid (Equation A4) is solved using a finite volume method in spherical geometry and an implicit Euler scheme in 
time. Equations 33a–33c are solved explicitly at the end of each time step. We verify that secular cooling corre-
sponds to the balance between surface cooling and heat production to ensure energy conservation and that bulk 
heat production is conserved as well.

3.5. Present-Day Crustal Thickness of Mars From Topography and Gravity Data

The Bouguer gravity anomaly can be inverted to provide the relief along the crust-mantle interface, and hence 
the crust thickness. These inversions depend upon the crustal density, upper mantle density profile and the local 
value of the crustal thickness at the InSight landing site (Wieczorek et al., 2022). Using receiver function methods 
on direct P-waves of teleseismic events recorded by the InSight seismometer, Knapmeyer-Endrun et al. (2021) 
determined two possible crustal structures below the landing site: either the crust is thin and made of 2 layers, or it 
is thicker and made of 3 layers. The 3-layer, thicker, crustal model seems more consistent with thermal evolution 
models (Knapmeyer-Endrun et al., 2021) as well as PP receiver function analyses (Kim et al., 2021). We thus 
compare our final crustal thicknesses in the North and South, as well as their differences with that obtained from 
the inversion of gravity and topography data that considers a thick crustal structure below the InSight landing 
site as well as the same density for the North and South. We use the dichotomy boundary of Andrews-Hanna 
et al. (2008) to calculate the surface average crustal thickness in the North and South. The boundary effectively 
cuts the Tharsis province in half, with half of Tharsis being located in the northern lowlands, and the other half 
in the southern highlands. For the sake of consistency, we compare the results of our model with topogravimetric 
inversions that consider a similar crustal density (ρcr = 2,900 kg m −3, Table 1). With these considerations, the 
average northern crustal thickness 𝐴𝐴 𝐴𝐴𝑁𝑁

𝑐𝑐𝑐𝑐 is between 39.8 and 54.5 km, the average southern crustal thickness 𝐴𝐴 𝐴𝐴𝑆𝑆
𝑐𝑐𝑐𝑐 is 

between 57.9 and 82.4 km, and the average amplitude of the N/S dichotomy 𝐴𝐴 Δ𝐷𝐷𝑐𝑐𝑐𝑐 = 𝐷𝐷𝑆𝑆
𝑐𝑐𝑐𝑐 −𝐷𝐷𝑁𝑁

𝑐𝑐𝑐𝑐 ranges between 
18.1 and 28.0 km. The average thickness of the crust is between 50.7 and 71.2 and corresponds to 5%–7% of the 
silicate volume.

4. Results
We first describe results corresponding to a reference set of calculations for parameter values (Table 1), varying 
only the reference permeability (k0) and the reference viscosity (η0). We then determine the effects of the other 
model parameters by comparing to our reference case.

4.1. Reference Simulations

4.1.1. Two Extreme Cases of Evolution

The final range of differences in crustal thickness between the Northern and Southern hemispheres obtained for 
our set of reference calculations is large, from no crustal dichotomy (dashed lines, Figure 5) to a difference of 
∼80 km (solid lines, Figure 5). Generally, melt formation occurs in two phases which could potentially result in 
two phases of crust extraction depending on the amplitude of melting (Figure 5d). The initial phase of melting 
occurs within the first ∼100 Myr and mostly depends on the initial conditions and mantle viscosity, with smaller 
viscosities leading to thinner boundary layers and larger melt fractions. The peak of the second phase of melting 
occurs between ∼500 Myr and 1 Gyr after the start of the simulation and is due to the temperature increase in 
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the convective mantle (Figure 5a) associated with the combined effect of the blanketing of the lid (Figure 5b), 
which grows in thickness, and radiogenic decay in the mantle. The amplitude of melting during this second phase 
mostly depends on model parameters and is not sensitive to initial conditions: it is enhanced if melts and HPEs 
are preserved in the convective mantle. If, during this second melting phase, the melt fraction exceeds the critical 
melt fraction, then a late, second phase of crustal extraction can occur, more frequently in regions of thick crusts, 
such as in the Southern hemisphere—see the increase in crustal growth rate, in the South only, at ∼300 Myr in 
the LargeDich case on Figure 5c that is associated with the increase in melt fraction in the South at the same time 
(Figure 5d).

The case with no significant difference in crustal thickness (NoDich case) is obtained at rather low viscosity 
η0 = 1.6 × 10 20 Pa s and high permeability of k0 = 9.1 × 10 −10 m 2. Initially, in both hemispheres, crust growth is 
limited by lid growth, resulting in the northern crust being thicker than the southern one because of the imposed 
initial difference in lid thickness 𝐴𝐴 Δ𝐷𝐷0

𝑙𝑙
 . No second phase of crustal extraction occurs because the melt fraction 

Figure 5. Thermal evolution over 4.5 Gyr for two different calculations. (a) Evolution of the mantle temperature Tm, (b) evolution the lid thickness 𝐴𝐴 𝐴𝐴
𝑁𝑁∕𝑆𝑆

𝑙𝑙
 , (c) evolution 

of the crustal thickness 𝐴𝐴 𝐴𝐴
𝑁𝑁∕𝑆𝑆

𝑐𝑐𝑐𝑐  , (d) evolution of the average melt fraction below each lid 𝐴𝐴 𝐴𝐴
𝑁𝑁∕𝑆𝑆

a  , (e) evolution of the crustal enrichment factor 𝐴𝐴 Λ
𝑁𝑁∕𝑆𝑆

𝑐𝑐𝑐𝑐  . Blue lines, evolution 
for the Northern hemisphere, orange lines, evolution for the Southern hemisphere. Dashed lines, NoDich case with η0 = 1.6 × 10 20 Pa s and k0 = 9.1 × 10 −10 m 2, solid 
lines, LargeDich case: η0 = 2.6 × 10 20 Pa s and k0 = 3.7 × 10 −11 m 2.
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remains below the critical melt fraction during the second melting phase which peaks at t ∼ 1 Gyr in this case 
(Figures 5c and 5d) and the difference in crustal thickness remains similar to the imposed initial difference in lid 
thickness (which is −2 km).

A large dichotomy occurs for a slightly higher viscosity (η0  =  2.55  ×  10 20  Pa  s) and lower permeability 
(k0 = 3.7 × 10 −11 m 2) and is referred to as the LargeDich case (solid lines on Figure 5). For a higher refer-
ence viscosity, the upper thermal boundary is thicker and the initial melt fraction smaller, the lid also grows 
more quickly on average. This, together with the lower reference permeability, results in a smaller initial crustal 
extraction phase than in the NoDich case. The lid does not limit crustal growth during the first extraction phase, 
allowing the initial perturbation to grow. The higher initial melt fraction in the Southern hemisphere, caused by 
the initial perturbation, results in a larger initial crustal extraction there. The larger crustal growth in the South is 
then enhanced during the second melting phase associated with the rise in mantle temperature after ∼200 Myr; 
it implies a larger addition of heat from HPEs and melts which decreases the conductive heat flux at the lid base, 
compensating for the decrease in the convective heat flux and stopping lid growth in the South (Figure 5d at 
t ∼ 300 Myr). With continued melt extraction in the South, the crustal temperatures rise further, increasing the 
melt fraction at the lid base and finally inducing a thinning of the lid at t ∼ 500 Myr. Cooling of the planet by 
convection manifests in the North, with a large increase in lid thickness, and by an effective cooling of the mantle 
(Figures 5a and 5b). These two extreme cases do not match InSight constraints on crustal thickness (Section 3.5).

4.1.2. Systematic Exploration of the Effects of η0, k0

We now describe a systematic exploration of the effects of the main controlling parameters of our model η0 and 
k0 (Figure 6). Generally, a lower viscosity induces a thinner boundary layer, resulting in a higher melt fraction 
and crustal extraction rate and hence in a larger crustal thickness (Figures 6a and 6b). A lower reference viscos-
ity η0 also leads to a higher convective heat flux (Equation 16) which tends to induce colder present-day mantle 
temperatures (Figure 6d).

The crustal extraction rate increases with the reference permeability (Equation 26). But the largest crustal thick-
nesses are obtained for low reference permeability values (Figure 6, bottom left of a, b) because melt extraction 
is an efficient way to cool the convective mantle through the removal of HPEs and sensible heat (𝐴𝐴 𝐴𝐴

𝑁𝑁∕𝑆𝑆

𝑐𝑐𝑐𝑐  , Equa-
tion 28). Thus, lower values of k0 tend to preserve heat and HPEs in the convective mantle, to induce higher 
mantle temperatures and prolong crustal extraction, resulting in thicker crusts.

For reference viscosity values <10 20.6 Pa s (Figure 6c), the thin lid induced by the low reference viscosity initially 
limits crust growth in both hemispheres. Since we start with a thicker northern lid (𝐴𝐴 Δ𝐷𝐷0

𝑙𝑙
= −2  km), this even 

rapidly leads to a slightly thicker crust in the North as in the NoDich case (Figure 5 dashed-lines). If the perme-
ability value is sufficiently large (i.e., larger than about ≳10 −10.5−10 −9.5 m 2 depending on η0), the initially large 
extraction rates of melts, and associated HPEs and sensible heat, from the convective mantle, strongly limits the 
duration of crust formation to the very early times, preventing the growth of a dichotomy in crustal thickness as 
in the NoDich case. However, if the reference permeability is low (k0 < 10 −9.5–10 −10 m 2), mantle melts and HPEs 
are retained in the mantle, prolonging mantle cooling. In that case, the retroactive feedback mechanism applies 
but inversely, the northern crust is thicker, which leads to a reverse dichotomy (the northern crust is thicker than 
the southern one, Figure 6c).

A larger reference viscosity value leads to a thicker lid and to a lower mantle melt fraction due to the pressure 
dependence of the solidus. This tends to generate more enriched melts and hence a larger crustal enrichment 
factor (Figure 6e, for 10 20.5 < η0 < 10 21.3 Pa s), in particular for large reference permeability values that strongly 
limit the duration of crust construction. However, large reference viscosity values also lead to smaller convective 
heat fluxes, prolonged mantle cooling, higher mantle temperatures and larger melt fractions. This explains the 
opposite behavior for reference viscosities larger than η0 > 10 21.5 Pa s where the crustal enrichment factor then 
tends to decrease with increasing value of η0.

4.1.3. Range of η0, k0 Matching InSight Constraints on Crustal Thickness

Two different ranges of values for (k0, η0) allow to match all three constraints on crustal thickness: average North 
and South crustal thicknesses as well as dichotomy amplitude (Section 3.5), each shown as black contours on the 
left panels of Figure 6. These two ranges (intersection of all black contours) are shown as purple contours on the 
right panels of Figure 6.
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Figure 6. Systematic exploration of (k0, η0) for our reference set of parameters (Table 1), with η0 between 10 20 and 10 22 Pa s and k0 between 10 −11 and 10 −7 m 2. (a) 
Final northern crust thickness, 𝐴𝐴 𝐴𝐴𝑁𝑁

𝑐𝑐𝑐𝑐 . (b) Final southern crust thickness 𝐴𝐴 𝐴𝐴𝑆𝑆
𝑐𝑐𝑐𝑐 . (c) Final amplitude of the crustal dichotomy 𝐴𝐴 𝐴𝐴𝑁𝑁

𝑐𝑐𝑐𝑐 −𝐴𝐴𝑆𝑆
𝑐𝑐𝑐𝑐 . (d) Present-day potential mantle 

temperature 𝐴𝐴 𝐴𝐴𝑝𝑝 = 𝐴𝐴𝑚𝑚 −
𝛼𝛼𝛼𝛼𝐴𝐴𝑚𝑚

𝐶𝐶𝑚𝑚

(

�̄�𝐷𝑙𝑙 + 𝛿𝛿𝑢𝑢
)

 . (e) Present-day bulk southern crust enrichment factor 𝐴𝐴 Λ𝑆𝑆
𝑐𝑐𝑐𝑐 . (f) Present-day difference in crustal enrichment 𝐴𝐴 Λ𝑁𝑁

𝑐𝑐𝑐𝑐 − Λ𝑆𝑆
𝑐𝑐𝑐𝑐 . The black 

curves on the left panels delimit the parameter space where each InSight constraint on crust thickness is met (See Section 3.5) and the intersection of these three spaces, 
that is, the region where all three constraints are met, are represented by the purple curves on the right panels.

 21699100, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007472 by B
ibliothèque D

iderot D
e L

yon, W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

BONNET GIBET ET AL.

10.1029/2022JE007472

17 of 28

The first region is at rather low viscosity (η0 ∼ 10 20.5 Pa s) and large permeability k0 > 10 −9.5 m 2. The simulation 
EarlyDich (solid lines in Figure 7) well illustrates the type of thermal evolution obtained for these ranges of 
values. The relatively high permeability induces an early and rapid (<100 Myr) extraction of the crust (Figure 7c) 
during the initial phase of rapid lid growth (Figure 7b). The early extraction of melt and HPEs causes rapid cool-
ing of the convective mantle (Figure 7a) which induces a rapid decrease in mantle melt fraction, stopping crustal 
extraction in the North where the crust is thinner and the lid thicker. In the South, the melt fraction becomes 
significantly larger than in the North very early (because of the positive feedback mechanism and the early 
crustal extraction); this induces a larger and longer crustal extraction, generating a significant crustal dichotomy 
very early in Mars' evolution (in less than 100 Myr). The second phase of melting is large enough in the South 
for the second phase of crustal extraction to occur, which amplifies the crustal dichotomy. This second phase of 
extraction only occurs for permeability values that are low enough to retain sufficient HPEs in the mantle, that 
is, k0 ≲ 10 −8.5 m 2. In some rare cases, this second phase of extraction occurs in both hemispheres, but it is always 

Figure 7. Two types of thermal evolution for Mars matching InSight constraints on crust thickness: Evolution of (a) mantle temperature (b) lid thickness, (c) crustal 
thickness, (d) average melt fraction and (e) crustal enrichment factor in the North (blue lines) and in the South (orange lines) as a function of time. The evolution in 
solid lines is for a rather high permeability k0 = 9.1 × 10 −10 m 2 and low viscosity η0 = 4.5 × 10 20 Pa s and is associated with an early extraction of the crust (EarlyDich 
case). The evolution in dashed-lines is for a lower permeability k0 = 3.7 × 10 −11 m 2 and a higher viscosity η0 = 1.7 × 10 21 Pa s and is associated with a late extraction of 
the crust (LateDich case).
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more important in the South where the crust is thicker. The rather low viscosity leads to a relatively cold potential 
temperature at the present-day (Tp ∼ 1675 K, Figure 6d).

The second region of parameters (k0, η0) that allows to match crustal thickness constraints is for a lower perme-
ability of ∼10 −10.6 m 2 and higher viscosity of 10 21.2 Pa s (see case LateDich, dashed lines on Figure 7); it results 
in a higher present-day potential temperature (Tp ∼ 1750 K Figure 6d). Because of the large viscosity value, the 
initial melt fraction is low, and the low permeability does not allow for a significant early crustal extraction during 
the initial phase of rapid lid growth (Figures 7b and 7c); HPEs are thus preserved in the mantle and, together with 
the smaller convective heat flux caused by the higher viscosity, leading to a significant increase in melt fraction 
during the heating phase despite the thicker lid (Figure 7d). The melt fraction reaches values larger than ϕc in both 
hemispheres, allowing crustal extraction, although at a relatively low rate. This results in a late and prolonged 

Figure 8. (a) Probability density distribution of the average crustal thickness (red histogram) and of the dichotomy amplitude (blue histogram) obtained for our 
reference case (Figures 6a–6c). We only consider cases for which the final southern crust is thicker than in the North (i.e., positive dichotomy ΔDcr > 0). The percentage 
of runs with a present-day positive dichotomy amplitude is written at the top right of the plot (ΔDcr > 0 = 83.5% for the reference case). The other subplots are the same 
as (a) but for a change in the value of only one parameter while the curves are the histogram envelopes of the reference case. (b) ϕc = 0: no critical melt fraction for melt 
extraction. (c) ϕ = ϕl linear: constant melt production between solidus and liquidus. (d) V = 0: no pressure dependency for the viscosity. (e) kcr = km = 4 W m −1 K −1: 
same thermal conductivity for the crust and the mantle. (f) ρcr = ρp, kcr = 4 W m −1 K −1: same density and same thermal conductivity for the crust and the mantle. 
(g) Hlat = 0 in Equation A4: no heat released by magmatism in the crust (h) 𝐴𝐴 𝐴𝐴0

𝑙𝑙
  = 40 km: thinner initial lid (i) 𝐴𝐴 Δ𝐷𝐷0

𝑐𝑐𝑐𝑐 = 2 km and ΔDl = 0 initial perturbation in crust 
thickness instead of lid thickness. (j) 𝐴𝐴 𝐴𝐴 0

𝑚𝑚 = 1750 K: warmer initial mantle temperature. (k) 𝐴𝐴 𝐴𝐴 0
𝑚𝑚 = 1650 K: colder initial mantle temperature. (l) 𝐴𝐴 Δ𝐷𝐷0

𝑙𝑙
= −5 km, larger 

amplitude of the perturbation in lid thickness.
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extraction of the crust that occurs over ∼700 Myr, from ∼300 Myr to 1 Gyr (Figure 7c). Here again, the mantle 
melt fraction remains larger in the South because of the smaller lid growth rate, which results in a significantly 
larger crust in the Southern hemisphere.

In both cases, the crust is extracted within the first billion years of Mars' evolution, but a significant melt fraction 
is preserved in the mantle over ∼2 Gyr, that is, up to 1 billion years after crust formation (Figure 7c). The final 
crustal enrichment is also similar in both cases: between 12 and 15, and corresponds to Thorium concentration in 
the crust of 672–840 ppb. North/South differences in crustal enrichment factors exist but remain small for both 
types of solutions (±2, Figure 7e) and have different origins. In the case of an early extraction of the crust (Early-
Dich), both crusts become progressively more enriched in HPEs as the melt fraction decreases during extraction 
(Figures 7c and 7d). The South is then more enriched by Λ S − Λ N = 1.6 which corresponds to a difference in 
Thorium concentration of 90 ppb, because of its prolonged extraction. In the LateDich case, the South is char-
acterized by higher melt fractions, less concentrated in HPEs (Figures 7d and 7e), which results in the northern 
crust being slightly more enriched in HPEs (by 60 ppb of Thorium).

4.2. Exploration of the Effects of Other Model Parameters

To well understand the effects of the different parameters on crust and dichotomy formation as well as on the 
location of the regions matching our crustal constraints in the parameter space (k0, η0), we perform a series of 
calculations centered on our reference case with (k0, η0) varying in the same range but changing the value of 
another single parameter at a time within a given range.

4.2.1. Effects of Different Model Parameters on Crustal Formation

We first characterize the probability density distribution of the average crustal thickness 𝐴𝐴 �̄�𝐷𝑐𝑐𝑐𝑐 and of the dichot-
omy amplitude ΔDcr in our reference case (Figure 8a), for the same range of values (k0, η0) as for Figure 6. For 
this reference case (Figure 8a), the dichotomy amplitude is mostly distributed around low values with a peak at 
∼12 km. Thinner average crustal thicknesses are more frequent, although two small peaks exist in the distribution 
around ∼64 and ∼90 km. These two peaks correspond respectively to the NoDich and LargeDich case, the latter 
giving a very thick southern crust, 𝐴𝐴 𝐴𝐴𝑆𝑆

𝑐𝑐𝑐𝑐 > 100 km.

The absence of a critical melt fraction for melt extraction (i.e., ϕc = 0, Figure 8b) has a non-intuitive effect: 
although the melt volume available for extraction is higher, simulations tend to result in a thinner crust than in the 
reference case because the absence of critical melt fraction allows the extraction of melts highly enriched in HPEs 
at low melt fraction. The convective mantle becomes more depleted in these elements, which reduces melting and 
leads to thinner crusts and smaller dichotomy amplitudes. The classical way to calculate the melt fraction with 
constant melt productivity, that is, a linear evolution between the solidus and the liquidus (Equation 19), gener-
ates higher melt fractions than in our reference case; inducing larger crustal growth rates, crustal thicknesses and 
dichotomy amplitudes (Figure 8c).

To ensure that the feedback mechanism we propose for the growth of the dichotomy is indeed linked to the enrich-
ment of the crust in HPEs, we perform a series of calculations where we remove different effects that strengthen 
this feedback. This is the case for the pressure-dependency of the viscosity which amplifies our positive feedback 
mechanism by two cumulative effects: (a) a thicker lid grows faster because the convective heat flow at its base 
(qcm, Equation 16) is reduced (Equation A5) and (b) a thicker boundary layer induces a lower melt fraction. 
Without this pressure effect (V = 0, Figure 8d), we obtain slightly smaller dichotomy amplitudes, as expected.

A lower thermal conductivity for the crust relative to the mantle also strengthens our feedback mechanism by 
inducing, in the same way as the crustal enrichment in HPEs, a higher temperature profile for a thicker crust. By 
imposing the same thermal conductivity for the crust and the mantle (i.e., kcr = km = 4 W m −1 K −1) the dichotomy 
amplitude is slightly reduced. The average crustal thickness is also reduced because we chose a larger value for 
the crust conductivity, favoring planet cooling and reducing melting (Dcr ≲ 75 km, Figure 8e).

Another favorable effect is the thickening of the crust itself which reduces the pressure below the crust because 
of the lower density of the crust compared to the mantle. This also induces a higher melt fraction below a thicker 
crust. Keeping the same value of the thermal conductivity (as in Figure 8e) and of the density (ρcr = ρm = ρp) for 
the crust and mantle, we obtain a significantly lower average crust thickness (Dcr ≲ 65 km). This is not only due 
to the higher pressure and larger surface heat flow (larger kcr) but also to the higher extraction of energy and HPEs 
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in the melt that both depend on crustal density (Equations 29–33c). However, although smaller in amplitude, a 
significant dichotomy is still present (2 ≲ ΔDcr ≲ 15 km, Figure 8f).

The last effect that favors our feedback mechanism is the heating of the crust by magmatism which is more impor-
tant where the crust thickens more rapidly. Canceling the heating (Hlat = 0 in Equation A4, Figure 8g) leads to 
slightly smaller dichotomy amplitudes and limits the number of cases with very thick crusts.

We also explore the sensitivity of our results to the initial conditions. A warmer initial mantle temperature 𝐴𝐴 𝐴𝐴 0
𝑚𝑚 

favors extreme cases of evolution similar to the NoDich and LargeDich cases because of the higher melt fractions 
(Figure  8j). Inversely, a colder mantle temperature gives less melting, thinner crusts, and smaller dichotomy 
amplitudes (Figure 8k). The variation of the initial core temperature plays in the same way as the initial mantle 
temperature, although its effect is less important. A lower initial lid thickness 𝐴𝐴 𝐴𝐴0

𝑙𝑙
 induces a larger initial amount 

of melt and hence thicker crusts (Figure 8h).

Finally, we investigate the amplitude and the nature of the initial imposed hemispherical perturbation. Imposing 
an initial difference in crustal thickness (𝐴𝐴 Δ𝐷𝐷𝑖𝑖

𝑐𝑐𝑐𝑐 = 2  km, Figure 8i) instead of a difference in lid thickness induces 
a larger average dichotomy amplitude. As expected, a larger initial perturbation in lid thickness (𝐴𝐴 Δ𝐷𝐷𝑖𝑖

𝑙𝑙
= 5 km, 

instead of 2 km, Figure 8l) also generates larger dichotomy amplitudes than for the reference case; however, it is 
still smaller than in the case of an initial crustal thickness perturbation. It is interesting to note that changing the 
amplitude of the initial perturbation in lid or crustal thickness has a negligible effect on the distribution of the 
average crust thickness (Figure 8l).

4.2.2. Effects of Different Model Parameters on the Range of k0, η0 Matching Our Constraints

The range of (η0, k0) that matches InSight constraints on crustal thickness (purple contours on the right panels of 
Figure 6) depends on the value of all other model parameters. Here we investigate how these ranges shift in the 
space (k0, η0) following the modification of the value of a single parameter (Figure 9). In most cases, both regions 
(at either high permeability, low viscosity or at low permeability, high viscosity) are present and their associated 
thermal histories remain similar to the EarlyDich and LateDich cases (Figure 7).

The critical melt fraction ϕc and the partition coefficient Di do not have a significant effect on the location of the 
region at low viscosity because the extraction occurs at high melt fractions and far from values of ϕc (0–0.03) 
(Figure 9a). However, the permeability must be significantly reduced if ϕc = 0 for HPEs to be preserved in the 
mantle to obtain thick enough crusts (Figure 8b). The range at higher viscosity is shifted toward lower viscosity 
and permeability values as ϕc and Di are reduced and inversely. For this range, melt extraction occurs at low 
average melt fractions and the melts are more enriched in HPEs. Hence, as ϕc and Di are reduced, the range of 
viscosity and permeability decreases to generate a larger melt fraction and slower extraction rate to preserve 
HPEs in the mantle and obtain thick enough crusts.

Using a constant melt productivity (i.e., a linear melt fraction ϕl) results in higher melt fractions and extraction 
rates. To mitigate this effect and match InSight constraints, the viscosity range is thus shifted to higher values to 
generate less melting (Figure 9a).

Crustal extraction occurs at pressures lower than the reference pressure (P0  =  3  GPa). For pressure ranges 
characteristic of the top of the convective mantle, where crust extraction occurs, the viscosity is larger if V is 
larger (Equation 10). Hence, to alleviate this effect, the reference viscosity must be decreased as V increases 
and inversely (Figure 9b). The effect of the activation energy A is not straightforward as it plays not only on the 
absolute viscosity value but also on the thickness of the lid through its effect on the basal lid temperature (Equa-
tion 12). Larger activation energy results in larger viscosity and hence lower melt fractions, but it also leads to 
larger Tl values and hence thicker and hotter lids, promoting melting at depth. However, the effect of A, when 
varied within ±100 kJ mol −1 is quite limited (Figure 9b).

A colder initial mantle temperature generates less melt and hence thinner crusts. Within the same range of values 
for 𝐴𝐴 (𝑘𝑘0, 𝜂𝜂0) , a single range of parameters matches InSight constraints and is shifted to lower viscosity and perme-
ability values (Figure 9c), toward the region where parameter values favor thicker crusts (see LargeDich case). 
Inversely, a warmer mantle induces more melt and requires larger viscosity values to form thinner crusts. A 
change in the initial lid thickness (𝐴𝐴 𝐴𝐴0

𝑙𝑙
 , Figure 9c) affects only the range at rather low viscosity where the crust and 

dichotomy form early (case EarlyDich) because it only modifies the initial melt fraction and therefore only plays 
in the initial phase of crustal extraction.

 21699100, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007472 by B
ibliothèque D

iderot D
e L

yon, W
iley O

nline L
ibrary on [11/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

BONNET GIBET ET AL.

10.1029/2022JE007472

21 of 28

Varying the initial perturbation in lid thickness does not have much effect on the region at low viscosity 
(Figure 9d). For the high-viscosity region, if the perturbation is larger, the viscosity must be increased not to 
generate a too-large dichotomy (Figure 6c). The effect of an initial difference of 1 km in crustal thickness is 

Figure 9. Average position of the region of parameters matching InSight constraints on crustal thickness in the parameter space (k0, η0) for different values of the model 
parameters around our reference case noted “REF” (red square). The value of the parameter that is being changed is indicated in the legend. The ranges are represented 
by a point, noting the average position, associated with horizontal and vertical bars indicating the minimum and maximum values of the reference viscosity η0 and 
permeability k0 allowing us to match our constraints. (a) Effect of the critical melt fraction ϕc = 0 (green diamond) and 0.03 (black diamond); effect of the partition 
coefficient Di = 0.01 (blue circle) and 0.001 (light green circle); effect of considering a constant melt productivity: ϕ linear (yellow triangle). (b) Effect of the activation 
volume V = 0 cm 3 (green diamond) and 7 cm 3 (black diamond); Effect of the activation energy A = 200 kJ mol −1 (blue circle) and 400 kJ mol −1 (yellow circle) (c) 
Effect of the initial lid thickness 𝐴𝐴 𝐴𝐴0

𝑙𝑙
  = 40 km (yellow diamond) and 60 km (green diamond); effect of the initial mantle temperature 𝐴𝐴 𝐴𝐴 0

𝑚𝑚  = 1650 K (black circle) and 
1750 K (blue circle). (d) Effect of the initial perturbation in lid thickness 𝐴𝐴 Δ𝐷𝐷0

𝑙𝑙
  = −1 km (green diamond) and −5 km (yellow diamond); effect of an initial perturbation 

in crust thickness 𝐴𝐴 Δ𝐷𝐷0
𝑐𝑐𝑐𝑐  = 1 km (blue circle).
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similar to that of a −5 km difference in lid thickness (Figures 8l and 9d) because the perturbation in crustal thick-
ness has a greater impact on dichotomy growth.

5. Discussion
5.1. Positive Feedback Mechanism

The positive feedback between crustal thickness and crustal growth allows forming a significant difference in crus-
tal thickness between the Northern and Southern hemispheres of Mars for a large set of parameters (Figure 6c). 
This mechanism mainly results from the crustal enrichment in heat sources, which generates higher temperatures 
and hence more melting where the crust is thicker. The lower thermal conductivity of the crust relative to the 
mantle and the heat associated with magma intrusions also lead to higher temperatures in regions with thicker 
crust and help this mechanism (Figure 8). Finally, the pressure dependence of the mantle viscosity creates a posi-
tive feedback between the stagnant lid thickness and lid growth through its effect on the convective mantle heat 
flow, strengthening the mechanism we propose (Figure 8d). Accounting for a dependence of the viscosity on the 
melt fraction would also play in the same way as the pressure dependence, enhancing this mechanism. Thus, this 
mechanism should apply not only on Mars but also possibly on other one-plate planets and should significantly 
promote crust growth wherever the crust is thicker early in the history of the planet. Through this mechanism, the 
dichotomy grows within ∼100 Myr to 1.1 Gyr depending on the scenario and initial thermal state of Mars (case 
EarlyDich vs. LateDich).

5.2. Origin of the Degree-One Structure

Our linear stability analysis on a simplified setup shows that any thermal perturbation should grow with time and 
that the longest wavelengths (in particular the degree-one hemispheric perturbation) will be favored (Section 2). 
With our numerical calculations, we have shown that the growth of an initially negligible perturbation can be 
significant even though planetary cooling ultimately stabilizes our feedback mechanism and limits its growth. 
Lateral variations in temperature and chemical heterogeneities caused by accretion or mantle convection certainly 
exist early in the history of the planet and can provide initial perturbations of random wavelengths. The fact that 
the degree-one perturbation has the largest growth rate (Figure 2) suggests that it could grow the fastest and give 
rise to the observed dichotomy in crustal thickness through the positive feedback we describe. Therefore, this 
mechanism alone may explain the difference in crustal thickness between the northern lowlands and southern 
highlands of Mars.

Convection in a stagnant lid regime typically generates convection patterns and thermal perturbations of shorter 
wavelengths. Given that the dispersion curve of Figure 2 is rather flat at long wavelengths, it is not totally clear 
whether mantle convection could impose its pattern and the growth of shorter wavelengths than the degree-one. 
Convection simulations in 2-3D considering two-phase melt extraction would be necessary to understand its 
effect on wavelength selection. Lateral melt transport in the lithosphere depends on its stress state (Michaut 
et al., 2020) and would then constitute another complicating factor.

On another hand, this mechanism might also significantly amplify any other mechanism that could independently 
generate large wavelength variations in lid or crustal thickness early in Mars history. Several studies have suggested 
that the dichotomy might originate from a degree-one mantle convection mode. Zhong and Zuber (2001); Roberts 
and Zhong  (2006) have for instance shown that a degree-one convection could develop because of viscosity 
stratification in the Martian mantle. An upper low-viscosity layer could result from a partially molten layer of 
several hundreds of km thick with an average melt fraction of ∼0.15 (Mei et al., 2002), which seems possible 
for early Mars in the frame of our thermal evolution model. The interaction and chemical exchange between a 
liquid magma ocean and the dense cumulates during magma ocean solidification could also trigger a degree-one 
convection mode in the cumulates (Morison et al., 2019). If such a degree-one indeed occurred during the late 
phase of magma ocean solidification, it could generate a degree-one perturbation in temperature and hence in 
lid thickness that could trigger the feedback mechanism we describe for the formation of the crustal dichotomy.

The most popular explanation for the Martian dichotomy is currently that of a large impact at ∼4.5 Gyr in the 
northern hemisphere (Marinova et al., 2008). Such a large impact would create a large difference in crustal thick-
ness which would also trigger the mechanism we propose. Since this impact would have occurred at a time when 
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significant melting occurs at depth, it is likely that the feedback mechanism would be strong and lead to very large 
differences in crustal thickness, potentially too large to match InSight constraints. Indeed, simulations show that 
initial differences in crustal thickness must be less than a few kilometers in order to fit observations (Figure 9).

5.3. Crust Enrichment in HPE

Our model predicts a crust enrichment factor (Λcr) between 10 and 15 depending on the parameters and a possible 
North/South enrichment difference of ±2. This enrichment corresponds to a crustal Thorium concentration of 
≃560–840 ppb and a hemispheric difference of ≃112 ppb. In the case of a rapid crust extraction (EarlyDich), 
the bulk southern crust is more enriched than the North, and it is the opposite if crustal extraction is longer (case 
LateDich). The bulk Thorium concentration derived from GRS data is 620 ppb (Taylor et al., 2006) which is 
consistent with the crustal concentration predicted by our model (Figure 7e). Spatial variations of the Thorium 
concentration as deduced from GRS data tend to point to a Northern hemisphere slightly more enriched in HPEs 
than the South, which would be more consistent with our LateDich scenario. However, GRS data may not be 
representative of the bulk Martian crust and observed spatial variations in Thorium concentration at the surface 
might as well be linked to surface weathering.

5.4. Melt Extraction and Formation of a Crust of Limited Thickness

Although the Martian crust probably shows a significant difference in crustal thickness in between the North 
and South, InSight constraints (Wieczorek et al., 2022) suggest that its average bulk crustal thickness is not as 
large as suggested by some previous studies. Forming a limited amount of crust was rather challenging in previ-
ous thermal evolution studies (Drilleau et al., 2021; Knapmeyer-Endrun et al., 2021; Morschhauser et al., 2011; 
Samuel et al., 2019). In these studies, in order to limit melting, a significant amount of HPEs had to be extracted 
from the mantle, pointing toward highly enriched crusts (Λcr  >  15). However, previous studies considered a 
constant melt production (See Section 3.2.1) and a melt extraction rate parameterized from the convective veloc-
ity (Morschhauser et al., 2011; Samuel et al., 2019). Compared to our model, where the melt production is a 
non-constant function of temperature below ∼17% melt and where melt extraction mainly occurs at the Darcy 
velocity (Equation  24), the model of Morschhauser et  al.  (2011) leads to higher crustal extraction rates and 
hence thicker crusts for a given viscosity and initial thermal state. Samuel et al. (2019) use the same model as 
Morschhauser et al. (2011) but with a mantle viscosity decreasing with increasing melt fractions. At a given ther-
mal state and reference viscosity, a higher Rayleigh number is thus obtained, leading to a thinner boundary layer 
and lid thickness and hence to higher melt fractions and crustal extraction rates. As a result, in order to produce 
an average crustal thickness of ∼40–70 km, Samuel et al. (2019) point toward higher viscosity values (of order 
10 22–10 23 Pa s) and Morschhauser et al. (2011) to colder initial thermal state (𝐴𝐴 𝐴𝐴 0

𝑚𝑚 ∼ 1600  K) than in our study.

5.5. Crust Construction and Volcanism on Mars

Our two different scenarios allowing to match InSight constraints (LateDich and EarlyDich) point toward differ-
ent histories of crust construction (Figures 7c and 7d). The LateDich scenario predicts a late and single-long 
extraction of melt at a low melt fraction that would therefore be rather uniform chemically. On the contrary, the 
EarlyDich scenario predicts two different phases of extraction, the first one at a high melt fraction and extraction 
rate in the early Noachian (<100 Myr) followed by a second one generating a peak in volcanism and crust thick-
ening that would occur at a low melt fraction in the Hesperian (∼3.7 Gyr, Figure 7).

Orbital spectroscopy in the different volcanic provinces suggests a difference in composition, in terms of 
low-Calcium and high-Calcium pyroxene (LCP vs. HCP) content, in between the early Noachian terrains 
and Hesperian ones (Baratoux et al., 2013). In particular, Noachian terrains show high LCP over HCP ratios 
(Baratoux et al., 2013; Sautter & Payre, 2021) suggesting partial melt fractions close to pyroxene exhaustion 
(which occurs at ∼17%, Section 3.2.1). This early volcanism may have taken place during the final, mushy, stage 
of magma ocean solidification, after the rheological transition to solid-like convection, where the magma evolves 
chemically and its buoyancy increases; it would correspond to the extraction of a primary crust from a primitive 
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mantle. On the contrary, the LateDich case does not allow for high melt fractions and early extraction of the crust 
favorable to LCP-rich rocks.

A change in the sedimentary record from clay-dominated sedimentary rocks to sulfate-dominated rocks is 
observed at the Hesperian, requiring a large and rapid input of sulfur into the Martian atmosphere (Bibring 
et al., 2006) which could be explained by a peak in volcanism that is only predicted in the EarlyDich scenario. 
Hesperian terrains show lower LCP over HCP ratios (Poulet et al., 2009), pointing to lower melting degrees, as 
expected during the second melt extraction phase in the EarlyDich case. The increase in dichotomy amplitude 
expected at this peak may also explain the Hesperian tectonic structures present around the dichotomy boundary 
(McGill & Dimitriou, 1990).

Finally, we note that in all our simulations matching InSight crustal constraints, the most recent phase of melt 
extraction occurs in the Southern hemisphere where the crust is thicker (Figures 7c and 7d) while observations 
show that the Northern hemisphere has been resurfaced more recently than the South. None of the other proposed 
mechanisms for the dichotomy neither explains the relatively young age of the northern hemisphere. Resurfacing 
of the northern lowlands is in fact not only volcanic in origin as it also comes from the erosion of the highlands 
and subsequent deposition. The geological map of Tanaka et al. (2014) shows that the lowlands are divided into 
various units of three different origins: (a) a recent glacial or periglacial origin close to the North Polar Cap, (b) 
a fluvial, lacustrine or marine origin that could be explained by a circumpolar ocean at the end of the Hesperian, 
a controversial hypothesis supported by Schmidt et  al.  (2022), (c) a volcanic origin concentrated around the 
Elysium and Tharsis formations. These volcanic eruptions are characterized by low LCP over HCP ratios, that 
is, originate from rather low melting degrees (Farrand et al., 2011; Mangold et al., 2010), and were probably 
caused by decompression melting in large mantle plumes such as the one giving rise to Tharsis and Elysium. This 
volcanism cannot be predicted by our simple parameterized model.

5.6. Insight Results on Mantle Structure

Travel-time inversions for different seismic phases associated with teleseismic events recorded by SEIS on Mars 
suggest that the thickness of the upper thermal boundary layer (i.e., lid plus mobile thermal boundary layer) is 
between 400 and 600 km and also predict a rather cold present-day mantle potential temperature of 1,600–1,700 K 
(Khan et al., 2021; Stähler et al., 2021). This range of thicknesses is in good agreement with our results: the value 
of Dl + δu reaches for instance 552 km in the EarlyDich case, where δu = 133 km at the present-day, but they do 
not constrain our thermal evolution any more than the crustal constraints. The rather cold potential temperature 
is in line with the EarlyDich case (Figure 6d). Drilleau et al. (2022) also used an inversion of the arrival time 
data with geodynamic constraints and found similar lid thicknesses but with a somewhat warmer potential mantle 
temperature of 1,830 ± 60 K which is in better agreement with the LateDich scenario. However, the composi-
tional model of Drilleau et al. (2022) is less enriched in HPEs than the one we consider in this study which favors 
higher initial and hence final temperatures. The detection of the postolivine phase transition at depth provides 
additional constraints on the thermal state and chemistry of the Martian mantle which also points to a rather cold 
mantle at the present-day with Tp = 1,605 ± 100 K (Huang et al., 2022). But uncertainties on these values do not 
allow to further constrain our thermal evolution scenario.

5.7. Interpretation of Bouguer Anomalies in Terms of Crustal Thickness

As the thermal profile in the lithosphere is warmer in the Southern hemisphere, the mantle density should be 
slightly lower than in the colder Northern hemisphere which should lead to a negative Bouguer gravity anomaly 
in the South that is not accounted for in topogravimetric inversions. This negative mass anomaly due to the hotter 
temperature profile in the southern lid leads to an increase in the apparent crustal thickness deduced from these 
inversions. We estimate the equivalent additional crustal thickness Δhcr by equating the mass anomaly it gener-
ates to that due to the hotter temperature profile in the South:

∫
Rp

RN
1

𝛼𝛼𝑚𝑚𝜌𝜌𝑚𝑚
(

𝑇𝑇 (𝑟𝑟)
S
− 𝑇𝑇 (𝑟𝑟)

N
)

4𝜋𝜋𝑟𝑟2𝑑𝑑𝑟𝑟 = (𝜌𝜌𝑚𝑚 − 𝜌𝜌𝑐𝑐𝑟𝑟) Δℎ𝑐𝑐𝑟𝑟4𝜋𝜋𝜋𝜋
2
𝑝𝑝, (37)

where we use 𝐴𝐴 𝐴𝐴 𝑆𝑆
(

𝑅𝑅𝑁𝑁

𝑙𝑙
< 𝑟𝑟 < 𝑅𝑅𝑆𝑆

𝑙𝑙

)

= 𝐴𝐴𝑙𝑙 in order to estimate only the effect of the North/South temperature 
difference in the lid and to avoid any effects due to the convective mantle. Using α = 2 × 10 −5 K −1, we obtain 
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Δhcr ∼ 2.24 km in the EarlyDich case. This value is small, although not necessarily negligible, and corresponds 
to ∼10%–15% of the dichotomy amplitude.

6. Summary
The positive feedback mechanism between crustal growth and mantle melting that we propose, where a thicker 
crust grows faster, is able to produce the observed dichotomy in crustal thickness between the northern lowlands 
and southern highlands on Mars without a giant impact or persistent degree-one mantle convection mode. This 
mechanism is favored by the higher enrichment of the crust in heat sources compared to the mantle, the lower 
thermal conductivity of the crust, magma intrusions in the crust, as well as by the pressure-dependence of the 
mantle viscosity. Our parameterized, bi-hemispherical thermal evolution model of Mars includes new features 
such as a Darcy velocity for mantle melt extraction, non-constant melt production at low melt fractions and evolv-
ing enrichments in HPEs in the crust, lithospheric mantle and convective mantle. Our study points to two different 
types of thermal evolution that allow fitting InSight constraints on crustal thickness: an early and fast crustal 
extraction followed by a late phase of crustal extraction in the South or a late and progressive crustal extraction 
and dichotomy formation. The early scenario appears to fit several observations and constraints, including a 
widespread peak in volcanism together with a change in the crust composition at the Hesperian and a rather cold 
mantle potential temperature today.

Appendix A: Thermal Evolution
As in Grott and Breuer  (2008) and Morschhauser et  al.  (2011), heat conservation in the convective mantle 
provides an equation for the evolution of the temperature at the top of the convecting mantle Tm:

𝜌𝜌𝑚𝑚𝐶𝐶𝑚𝑚𝑉𝑉𝑐𝑐𝑚𝑚𝜖𝜖𝑚𝑚(𝑆𝑆𝑆𝑆 + 1)
d𝑇𝑇𝑚𝑚

d𝑆𝑆
= −

𝑁𝑁∕𝑆𝑆
∑(

𝑞𝑞N/S

𝑐𝑐𝑐𝑐 + 𝑞𝑞N/S

𝑐𝑐𝑚𝑚

)

𝐴𝐴N/S

𝑐𝑐𝑚𝑚 + 𝑞𝑞𝑐𝑐𝐴𝐴𝑐𝑐 +𝐻𝐻𝑐𝑐𝑚𝑚𝑉𝑉𝑐𝑐𝑚𝑚, (A1)

where ρm is the mantle density, Vcm is the convective mantle volume, ϵm the ratio between 𝐴𝐴 �̄�𝑇𝑐𝑐𝑐𝑐 , the mean temper-
ature of the convective mantle, computed at each iteration, and Tm, Cm the mantle heat capacity, 𝐴𝐴 𝐴𝐴N/S

𝑐𝑐𝑐𝑐  is the 
convective heat flux in each hemisphere (Section 3.1, Equation 16), 𝐴𝐴 𝐴𝐴N/S

𝑐𝑐𝑐𝑐  the heat flux out of the mantle due to 
crust extraction (Section 3.2.2, Equation 24), qc the CMB heat flux (Section 3.1, Equation 17), Hcm heat produc-
tion in the convective mantle (See Section 3.3, Equation 34). 𝐴𝐴 𝐴𝐴N/S

𝑐𝑐𝑐𝑐  is the area of the interface between the lid and 
the convective mantle in each hemisphere and Ac is the surface of the CMB as described by Equation A6d. As 
in Breuer and Spohn (2006), the time-dependent Stefan number St is defined as the ratio between latent heat 
released by melting and the sensible heat lost by the convective mantle:

𝑆𝑆𝑆𝑆 =
𝐿𝐿

𝐶𝐶𝑚𝑚

𝑉𝑉𝜙𝜙

𝑉𝑉𝑐𝑐𝑚𝑚

d𝜙𝜙𝑎𝑎

d𝑇𝑇𝑚𝑚

, (A2)

where 𝐴𝐴
d𝜙𝜙𝑎𝑎

d𝑇𝑇𝑚𝑚
 is the average melt production over the volume of the convective mantle and Vϕ is the volume of mantle 

rocks that is above the solidus temperature.

Similarly, heat conservation in the core gives:

𝜌𝜌𝑐𝑐𝐶𝐶𝑐𝑐𝑉𝑉𝑐𝑐𝜖𝜖𝑐𝑐
d𝑇𝑇𝑐𝑐

d𝑡𝑡
= −𝑞𝑞𝑐𝑐𝐴𝐴𝑐𝑐, (A3)

with ρc the core density, Cc the core heat capacity, Vc the core volume, ϵc the ratio between 𝐴𝐴 �̄�𝑇𝑐𝑐 , the mean temper-
ature, and Tc.

We solve for the diffusion equation in spherical geometry over the lid thickness to obtain the radial temperature 
profile in the lid in both hemispheres:

𝜌𝜌(𝑟𝑟)𝐶𝐶(𝑟𝑟)
𝜕𝜕𝜕𝜕 (𝑟𝑟)

𝜕𝜕𝜕𝜕
=

1

𝑟𝑟2
𝜕𝜕

𝜕𝜕𝑟𝑟

(

𝑟𝑟2𝑘𝑘(𝑟𝑟)
𝜕𝜕𝜕𝜕 (𝑟𝑟)

𝜕𝜕𝑟𝑟

)

+𝐻𝐻(𝑟𝑟𝑟 𝜕𝜕) +𝐻𝐻𝑙𝑙𝑙𝑙𝜕𝜕 (𝑟𝑟 𝑟 𝑟𝑟𝑐𝑐𝑟𝑟𝑟 𝜕𝜕) 𝑟 (A4)
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where Hlat(r > Rcr, t) is the heat released by cooling and crystallization of melt in the crust (see Section 3.2.2). 
Downward advection of the crust caused by crustal thickening is neglected (Foley & Smye, 2018).

As the planet cools, the lid thickness grows and its growth rate 𝐴𝐴
d𝐷𝐷𝑙𝑙

d𝑡𝑡
 is determined from a Stefan-like equation 

which considers the balance, at the lid base, between the heat flow from the convective mantle and the conductive 
heat flow (Grott & Breuer, 2008; Morschhauser et al., 2011):

𝜌𝜌𝑚𝑚

(

𝐶𝐶𝑚𝑚 (𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑙𝑙) + 𝐿𝐿𝐿𝐿
𝑁𝑁∕𝑆𝑆

𝑎𝑎

) d𝐷𝐷
𝑁𝑁∕𝑆𝑆

𝑙𝑙

d𝑡𝑡
= −𝑞𝑞

𝑁𝑁∕𝑆𝑆

𝑐𝑐𝑚𝑚 − 𝑘𝑘𝑚𝑚
d𝑇𝑇

d𝑟𝑟

|
|
|
|

𝑁𝑁∕𝑆𝑆

𝑟𝑟=𝑅𝑅𝑙𝑙

, (A5)

where 𝐴𝐴 𝐴𝐴
𝑁𝑁∕𝑆𝑆

𝑎𝑎  is the melt fraction (see Section 3.2.1), L is the latent heat of mantle melting.

The following equations give the volume and basal area of the crust (Vcr, Acr), lithospheric mantle (Vlm, Alm) and 
convective mantle (Vcm, Acm) as a function of f, the surface fraction of the northern lowlands, taken equal to 0.4 
(Andrews-Hanna et al., 2008):

𝑉𝑉𝑐𝑐𝑐𝑐 =
4

3
𝜋𝜋

(

𝑅𝑅3
𝑝𝑝 − 𝑓𝑓𝑅𝑅𝑁𝑁

𝑐𝑐𝑐𝑐

3
− (1 − 𝑓𝑓 )𝑅𝑅𝑆𝑆

𝑐𝑐𝑐𝑐

3
)

, (A6a)

𝑉𝑉𝑙𝑙𝑙𝑙 =
4

3
𝜋𝜋

(

𝑓𝑓

(

𝑅𝑅𝑁𝑁
𝑐𝑐𝑐𝑐

3
−𝑅𝑅𝑁𝑁

𝑙𝑙

3
)

+ (1 − 𝑓𝑓 )
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, (A6b)
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𝑓𝑓𝑓𝑓𝑁𝑁

𝑙𝑙

3
+ (1 − 𝑓𝑓 )

(
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𝑙𝑙

3
−𝑓𝑓3

𝑐𝑐

))

, (A6c)

𝐴𝐴𝑗𝑗 = 4𝜋𝜋

(

𝑓𝑓𝑓𝑓𝑁𝑁
𝑗𝑗

2
+ (1 − 𝑓𝑓 )𝑓𝑓𝑆𝑆

𝑗𝑗

2
)

= 𝐴𝐴𝑁𝑁
𝑗𝑗 + 𝐴𝐴𝑆𝑆

𝑗𝑗 . (A6d)

Data Availability Statement
The figures in the article are made and reproducible from the following available codes and data: 
Bonnet Gibet (2022).
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