
Supplementary Information

S1 Thermochemical parameterized evolution model

We modeled the thermo-chemical evolution of Mars’ main envelopes: a fully

molten, convecting metallic core of radius Rc, overlaid by a solid silicate enve-

lope extending to the surface of the planet at the radius r = Rp, and surface

temperature Ts. The viscosity within the silicate envelope, ⌘, depends on tem-

perature T and pressure P according to an Arrhenius relationship:

⌘(T, P ) = ⌘0 exp
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◆
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where E⇤ and V
⇤ are the e↵ective activation energy and activation volume (i.e.,

the sensitivity of viscosity to temperature and pressure, respectively), R is the

gas constant, Tref and Pref are the reference temperature and pressure at which

viscosity equals the reference viscosity, ⌘0. The e↵ective activation volume and

energy can account for viscous deformation in the di↵usion creep regime, or

in the dislocation creep regime1–3. In the first case E
⇤ and V

⇤ correspond to

the intrinsic values. In the latter case (di↵usion creep), E⇤ and V
⇤ correspond

to the intrinsic di↵usion creep values divided by the power law index, whose

value is close to 3.54. The strong sensitivity of viscosity to temperature and the

relatively small size of Mars imply that its mantle convects in the stagnant lid

regime. Consequently, we considered the presence of a time-evolving rigid litho-

spheric lid of thickness, Dl, overlying a convecting mantle. The lithospheric lid

includes a crust of thickness Dcr, density ⇢cr, specific heat at constant pressure

Ccr, and thermal conductivity kcr, enriched in heat-producing elements. Our

modeling approach follows closely the one described in previous works5–7, which
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we describe below for the sake of completeness.

The approach consists in solving a set of coupled ordinary di↵erential equa-

tions that describe heat exchange between di↵erent domains. These are the

energy balance for the convecting mantle and the core written below:

⇢mCmVm✏m(St+1)
dTm

dt
= �

⇢
qm + ⇢cr

dDcr

dt
[Lm + Ccr(Tm � Tl)]

�
Am+qcAc+HmVm,

(2)

⇢cCcVc✏c
dTc

dt
= �qcAc, (3)

where t is the time, Tm is the mantle temperature at the top of the convecting

mantle, and Tc is the temperature at the core-mantle boundary. ⇢m and ⇢c are

the mantle and the core densities. Cm and Cc are mantle and core specific heat

at constant pressure, Am and Ac are the surface of the convecting mantle and

core. Vm is the volume of the convective mantle, Vc is the volume of the core,

and Hm is the volumetric internal heating rate due to the presence of heat-

producing elements. Lm is the latent heat of silicates melting. ✏m expresses

the ratio between the convecting mantle temperature and Tm and is constantly

updated, while ✏c is the ratio between the average core temperature and Tc

and set to 1.05. Tl is the temperature at the base of the stagnant lid. The

latter is defined as the temperature at which viscosity has grown by one order

of magnitude with respect to the convecting mantle, yielding8:

Tl = Tm � arh
R T

2
m

E⇤ , (4)

in which arh = 2.54 chosen based on the comparison between parameterized and

3D spherical modeling9.

The heat flow out of the surface of the convecting mantle, qm, is:
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qm = km
Tm � Tl

�u
, (5)

where km is the mantle thermal conductivity, �u is the thickness of the upper

thermal boundary layer of the convecting mantle.

Similarly to Eq. (5) , the heat flow out of the core and into the mantle is:

qc = km
Tc � Tb

�c
, (6)

where Tb is the temperature at the base of the convecting mantle. The latter is

expressed by adding the contribution of the adiabatic gradient to Tm, namely:

Tb = Tm +
↵mgTm

Cm
�R, (7)

where ↵m is the silicates thermal expansion coe�cient, g is the surface gravita-

tional acceleration, and �R = Rp � Dl � Rc � �u � �c is the thickness of the

convecting mantle devoid of its thermal boundary layers.

The thickness of the upper thermal boundary layer is derived from boundary

layer theory:

�u = (Rl �Rc)

✓
Rac

Ra

◆�u

, (8)

where �u = 0.335 (together with the value of arh = 2.54 in equation (4)) al-

lows for the closest match between parameterized and 3D spherical modeling of

stagnant lid convection with variable viscosity9. The thermal Rayleigh number

associated with the convecting mantle is defined as:

Ra =
⇢m↵mg�T (Rp �Dl �Rc)3

⌘mm
, (9)

which expresses the mantle convective vigor. In the definition above, m =
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km/(⇢mCm) is the mantle thermal di↵usivity, ⌘m = ⌘(Tm, Pm) is the viscosity

of the mantle below the stagnant lid, and �T = Tm � Tl + Tc � Tb is the

temperature di↵erence across the upper and lower thermal boundary layers of

the convecting mantle. Rac = 450 is the critical Rayleigh number. Note that

when Ra < Rac, qm and �u are set to 0.

Similarly, the thickness of the lower thermal boundary layer is:

�b =

✓
m⌘cRaic

⇢m↵mg|Tc � Tb|

◆1/3

, (10)

where ⌘c = ⌘((Tb+Tc)/2), Pc) is the mantle viscosity taken at temperature and

pressure half-way across the lower thermal boundary layer. Rai,cr is the local

critical Rayleigh number given by10:

Raic = 0.28 Ra
0.21
i , (11)

where Rai is the thermal Rayleigh number for the entire mantle:

Rai =
⇢m↵mg�Ti(Rp �Rc)3

⌘mm
, (12)

and �Ti = (Tm�Ts)+ (Tc�Tb) is the sum of the temperature contrasts across

the entire rigid lid (including the mobile upper thermal boundary layer), and

the basal thermal boundary layer.

The model accounts for crustal formation, in which latent heat is consumed

or released upon melting and crystallization at shallow depths, through the use

of a time-dependent Stefan number:

St =
LmVa

CmVm

dma

dTm
, (13)

where Va is the volume of the melt zone, and ma is the volume-averaged melt
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fraction �:

ma =
1

Va

Z

Va

T (r)� Tsol

Tliq � Tsol
dV =

1

Va

Z

Va

�(r)dV, (14)

in which the solidus liquidus parametrization Tsol peridotite = 1409 + 134.2P �

6.581P 2 + 0.1054P 3 and Tliq = 2035 + 57.46P � 3.487P 2 + 0.0769P 3 (with P

expressed in GPa) for dry peridotite were considered11. Melting above pressures

of 7.4 GPa is not considered for crust formation because melt becomes denser

beyond this limit12. In Eq. (14) , the solidus is shifted by adding a term that

accounts for the increase in refractoriness of the residual mantle6:

Tsol = Tsol peridotite +�Tsol
Dcr

Dref
, (15)

where Dref represents a reference crustal thickness that yields a solidus increase

of �Tsol upon a 20% melt extraction of the total silicate volume:

Dref =
0.2

3

R
3
p �R

3
c

R2
p

, (16)

�Tsol specifies the total maximum solidus change occurring upon melt extrac-

tion. The crustal growth rate is then computed as6:

dDcr

dt
= u ma

Va

4⇡R3
p

, (17)

where u is the magnitude of mantle convective velocity:

u = u0

✓
Ra

Rac

◆2/3

, (18)

and u0 is the convective velocity scale.

Deep mantle melting that does not contribute to crustal production is also

taken into account, as it directly a↵ects heat balance through the latent cooling
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and heating, as well as indirectly through possibly sharp and large changes in

mantle viscosity13. Therefore, below the depth corresponding to P > 7.4 GPa

we compute the melt fraction within the mantle �(r) = (Tsol � T )/(Tliq � Tsol).

Then, mantle viscosity is altered by the presence of melt as follows:

⌘(T, P, �̄ > 0) =
⌘(T, P )

2


1 + tanh

✓
�c

wm
� �̄

◆�
+ ⌘liq, (19)

where �̄ is the volume-averaged melt fraction in the deep mantle, ⌘liq is the

viscosity of liquid peridotite set to 1 Pa s14. The quantities, �c and wm ex-

press the sensitivity of mantle viscosity to melt fraction, and the width over

which the viscosity jump occurs due to the presence of melt, respectively. We

set �c = 0.1 (i.e., viscosity is sensitive small melt fractions ) and wm = 0.1

(i.e., viscosity drop due to the presence of melt is relatively sharp). Other pa-

rameterizations were tested (e.g.,15,16) but did not yield significant di↵erences

because they all lead to relatively sharp decrease in viscosity for small amounts

of melt. Therefore, we used the above simple expression, which retains these

characteristics, and whose continuity yields good numerical stability. Upon

deep melting production, the Stefan number defined in Eq. (13) is modified as

St = LmVmelt
CmVm

dmmelt
dTm

, where Vmelt and mmelt refers to the total volume and mass

of mantle melting.

The time-dependent lid thickness, Dl, is obtained by solving the energy

balance at its base:

⇢mCm(Tm �Tl)
dDl

dt
= �

⇢
qm � ⇢cr [Lm + Cm(Tm � Ts)]

dDcr

dt

�
+ km

@T

@r
|r=Rl .

(20)

The temperature gradient at the base of the lid (last term on the right-

hand side of the equation above) is determined by solving the time-dependent
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di↵usion equation within the conductive lid:

⇢(r)C(r)
@T

@t
=

1

r2

@

@r

✓
r
2
k(r)

@T

@r

◆
+H(r), (21)

where the density ⇢, specific heat C, thermal conductivity k, and the volumetric

internal heating rate, H, vary along the radius, r, and correspond to crustal

values for r > Rp � Dcr, or mantle values elsewhere. The above equation is

discretized with an implicit finite-di↵erence scheme, in which the lithosphere

is discretized using a regular grid. Since the lithosphere thickness evolves, the

grid is re-meshed at each time step. The lithospheric temperature profile from

the previous time step is constantly and linearly interpolated onto the new

grid. This approach di↵ers from one frequently used in such context, which

involves the same grid with adaptative distortion through dynamical scaling of

the radial coordinate3,17. Nevertheless, tests performed have shown that our

numerical scheme yields essentially identical results (Fig. S2).

The partitioning of heat-producing elements between the mantle and the core

is accounted for using a constant crustal enrichment factor, ⇤, that expresses

the ratio of crustal heat production rate to the heat production rate in the

primitive mantle. Hence, the time-decaying mantle volumetric heating rate is:

Hm =
X

i

H0,i exp(��it)
✓
1 +

Vcr

Vm
(1� ⇤)

◆
(22)

where H0,i is the individual contribution of four heat-producing elements (238U,

235U, 232Th, 40K) at initial time t = 0, based on estimates from the concen-

tration of incompatible elements in SNC meteorites18, �i are the corresponding

radioactive decay constants, and Vcr is the volume of the crust.

By mass balance, the time-decaying crustal volumetric heating rate is:
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Hcr =
X

i

H0,i exp(��it)
✓
1 +

Vcr

Vm
⇤

◆
. (23)

Table 1 and Table 2 summarize the meaning and the values of the main

physical quantities involved in the thermo-chemical modeling described above.

The parameterized evolution model described above allows a large parameter

space to be explored at a reasonable computational cost. For the purpose of our

study, the parameter space exploration requires several hundreds of thousands of

evolutions to be computed (section S5 and Table 2). Under such circumstances,

the use of spherical convection models1 would be computationally prohibitive.

Previous studies have reported a good match between parameterized plane-

tary evolution models and fully dynamic models, including cases where a convec-

tive asymmetry develops between the upper and lower thermal boundaries1,9,19.

This is notably the case for Mars in spherical geometry where viscosity is tem-

perature and pressure-dependent1,9,20.

We compared our parameterized model described above with the results from

a fully dynamic mantle evolution model in spherical geometry from Thiriet et

al.9. This corresponds the to case name “Mars1” in the Table 3 of their paper,

whose evolution is displayed in their Figure 2. In particular, it has the following

characteristics: E⇤=300 kJ/mol, V ⇤=0 cm3/mol, Tm0 = 1750 K, Tc0 = 2250 K,

no crust, and Boussinesq approximation.

We used our parameterized model to reproduce this case. The results are

displayed in Fig. S1a-c and compared with 3D results and the parameterized

model of Thiriet et al.9. The results show that our parameterized model repro-

duces well the thermal evolution from spherical models, despite the asymmetry

between the upper and lower thermal boundaries mainly due to the di↵erent

temperatures in these regions. The latter leads to viscosity contrasts greater
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than one order of magnitude between the upper and the CMB thermal boundary

layers. The obtained surface and CMB heat flux evolutions (Fig. S1a-b) are very

similar. The somewhat larger di↵erences in lithospheric thicknesses (Fig. S1c)

result primarily from the di�culty in defining the lithospheric thickness in spher-

ical models. Indeed, if an alternative definition is used, the di↵erences between

parameterized and spherical models are further reduced9. In addition, the dif-

ferences observed between the parameterized models of Thiriet et al.9 and our

implementation essentially result from the di↵erences in initial lithospheric tem-

perature profiles. While we assumed a linear profile for the initial lithospheric

temperature, Thiriet et al.9 used a profile based on the horizontally averaged

temperature from the 3D model (M. Thiriet, personal communication). This

di↵erence in initial conditions slightly a↵ects the evolutions.

To remove this bias we checked that when the initial conditions are identi-

cal, both our implementation and that of Thiriet et al. yield identical evolu-

tions. This case is similar to the one described above, with the exception that

V
⇤=6 cm3/mol (i.e., a temperature- and pressure-dependent mantle viscosity)

and the initial lithospheric temperature profile is initialized using the same lin-

ear profile. The excellent agreement displayed in Fig. S2 validates our numerical

implementation of the parameterized model equations.

Overall, these benchmarks validate our numerical implementation of the

parameterized model equations, and show that our model reproduces well the

evolutions computed in 3D spherical geometry.

S2 Orbital evolution model

We used the formalism of FerrazMello, et al. 2008 21 and Heller, et al. [2011] 22

to describe the orbital evolution of Phobos. The corresponding equations are

those listed in section 2.2 of Heller, et al. [2011] 22, with several modifications.
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Among them, we made the reasonable assumption of tidal locking in 1:1 spin

orbit resonance, and neglect the influence of obliquities on the evolution of

Phobos. In addition, since we consider a temperature and frequency-dependent

tidal quality factor for Mars, we do not assume a constant phase lag, contrary to

Heller, et al. [2011] 22. Under these conditions, the orbital evolution of Phobos

is governed by two coupled ordinary di↵erential equations for the semi-major

axis, a, and the orbital eccentricity, e:

da

dt
=

a
2
Z

0
p

4GMpMs


4"00 + e

2

✓
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2
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2
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4

(24)
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dt
=

�a e Z
0
p

8GMpMs
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5
se

QsMsa
5

, (25)

where G is the gravitational constant, Mp is the mass of Mars, Ms is the mass

of Phobos, Rp is Mars radius, Rs is Phobos radius, k2s = 10�7 is Phobos Love

number (assuming a monolith structure23), Qs = 10024 is Phobos tidal quality

factor assumed to be constant, n =
p

G(Mp +Ms)/a3 is the mean orbital

motion, and "00, "
0
1, "

0
2, "

0
5 express the contributions of di↵erent tidal waves at

the following frequencies: !0 = 2!p � 2n, !1 = 2!p � 3n, !2 = 2!p �n, !5 = n,

respectively, where !p is Mars’ rotational frequency assumed to be constant.

These contributions are given by:

"
0
i=0,1,3,5 = sign(!i)

✓
|!i|
!

◆�↵q

, (26)

where ↵q is the power law slope that expresses the frequency dependence of tidal

dissipation (described in the next section, see Eq. (33) ), the function sign(X)

returns the sign of X, or 0 if X = 0, and ! is the dominant tidal frequency,

taken as the maximum between the annual (n) and semi-diurnal ( 2|!p � n| )
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frequencies. The above expressions therefore allows the frequency dependence

of Mars’ tidal dissipation for di↵erent tidal waves to be taken into account. Z 0
p

is given by:

Z
0
p =

k2 (1 + f)

Q

3G2
M

2
s (Mp +Ms)R5

p

! a9
, (27)

where Q is the time-dependent Mars’ tidal quality factor taken at the dominant

tidal frequency, whose calculation will be detailed in the next section.

On the right-hand side of Eq. (24) and Eq. (25) , the first terms refer to the

contributions of Mars, while the second terms correspond to the contributions

of Phobos.

The quantity f = 2(k3/k2)(Rp/a)2+(10/3)(k4/k2)(Rp/a)4 absent in Heller,

et al. [2011] 22 accounts for higher-order Love numbers, whose influence may be

important for small semi-major axis values25. Since k3 and k4 are not known

with good accuracy, we follow the approach of Nimmo and Faul [2013] 26, where

the ratios k3/k2 and k4/k2 are assumed to be the same as those of the other Love

numbers h3/h2 and h4/h2. Such ratios are better constrained within the ranges

h3/h2 =0.39-0.69, and h4/h2=0.26-0.4627 . While higher-end values of these

ratios (resulting in larger f) values could be used26, we opted for a more open

orbital constraint by selecting lower-end values k3/k2 = 0.39 and k4/k2 = 0.26.

Note that thermal histories compatible with orbital constraints would still exist

for more restrictive (i.e., larger) values of k3p/k2 and k3/k2 within the plausible

range listed above.

In addition to the presence of the correction factor f and the simplifica-

tions mentioned above, the dissipation contributions of Phobos that appear in

the equations 3 and 4 of Heller, et al. [2011] 22 have been replaced by expres-

sions that are more appropriate in the case of tidal locking28 we considered

in our study. Therefore, the second terms on the right hand side of Eq. (24)
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and Eq. (25) correspond to the expressions in equations A2 of Lainey, et al.

[2012] 29. Although these dissipation terms were found to be small, we kept

them for completeness.

Table 3 summarizes the meaning and the values of the main parameters

involved in the orbital evolution modeling.

S3 Computation of Mars’ tidal quality factor, and Love

number

The mass of Phobos being small, its influence on Mars is negligible. This results

in a one-way coupling between the thermal evolution of Mars and the orbital

evolution of Phobos. Such coupling mainly occurs through Mars’ tidal quality

factor Q, and to a smaller extent through its Love number k2. The latter is less

sensitive to temperature because it depends on Mars’ mantle shear modulus,

µ, that exhibits a relatively weak sensitivity to temperature30,31, as long as

large-scale melting does not take place within the last 4 Gyr of evolution. As

mentioned earlier, such outcome would immediately lead to extremely small Q

values32, and the corresponding thermal evolution would be incompatible with

orbital constraints. Since we have purposely excluded these solutions (section

S5), one can rule out this possibility.

Both Q and k2 appear in the orbital evolution equations (Eq. (24) and

Eq. (25) ) through the term Z
0
p (Eq. (27) ).

To compute Q and k2 we followed the approach described elsewhere33. The

displacement vector, u, within a layered, elastic, self-gravitating, and spherically

symmetric Mars is first computed by solving the following equation of motion34

expressed below in terms of seismic velocities for P and S waves vp, vs (rather

than Lamé coe�cients):
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@
2u

@t2
= (v2p � v

2
s)r(r · u) + v

2
sr2u+r + g, (28)

where g is the gravity vector, and  is the gravitational potential, which is is

governed by the following Poisson equation:

r2
 = 4⇡Gr(⇢u) . (29)

Eq. (28) and Eq. (29) thus require the knowledge of density, ⇢, and body-

wave speeds. In addition, bulk and shear quality factors are needed to account

for frequency e↵ects on seismic velocities35–37, and to compute the non-elastic

contributions of k2, as explained later. Given the spherical symmetry, these

quantities are functions of the radial coordinate r. To determine them, the

spherical domain is discretized into nr radial grid points (we typically used

150-200) along which the entire temperature profile T (r) is reconstructed with

the knowledge of Tm, Tc, Tl, Dl, Dcr, �u, �c, the temperature within the lid

obtained from the integration of Eq. (21) , and accounting for the adiabatic

gradients within the mantle and the core. Along the same points we considered

a given reference temperature profile T̄ (r), which is associated with the following

information: density (⇢̄), body-wave velocities (v̄p, v̄s), bulk and shear quality

factors (Q̄, Q̄µ), and the temperature derivatives for body-wave velocities (

dv̄p/dT , dv̄s/dT ), and density (d⇢̄/dT ). Such a reference profile can be built30,38

or borrowed from the literature31. Since the crustal thickness in our models

evolves with time, computing at each time step the reference profile was more

appropriate.

The reference pressure profile is calculated by integrating the hydrostatic

equation dP = �⇢gdr together with a Poisson equation dg/dr = 4⇡r2G⇢�2g/r

in the mantle and in the core26,38,39. The reference temperature profile is chosen
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as a hyperbolic tangent function in the silicate envelope26, and a constant po-

tential temperature in the core, to which the contributions of adiabatic gradients

were added:

T̄ =

8
>><

>>:

Ts + (Tm � Ts) tanh
⇣

Rp�r
Dl

⌘⇣
1 + ↵m g

Rp�r
Cm

⌘
, if r > Rc

Tc

⇣
1 + ↵c g

Rp�r
Cc

⌘
, if r  Rc.

(30)

The mantle reference density and seismic velocity profiles were taken from

Nimmo and Faul [2013] 26, which account for olivine-to-wadsleite and wadsleite-

to-ringwoodite phase changes. For the liquid core (assumed to be composed of

iron plus sulfur), we used ⇢̄(r  Rc) = ⇢c0(1 + P/K), v̄p(r  Rc) =
p
K/⇢̄)

(where ⇢0c = ⇢(P = PCMB) = 5400 kg/m3 and the bulk modulus K is assumed

to vary with pressure as: K = 110 + 2 P GPa40), vs(r  Rc) = 0.

In the crust, we set ⇢̄ = 2900 kg/m3, v̄p = 6690 km/s, and v̄s = 3860 km/s31.

The temperature derivatives of density and body-wave velocities in the sili-

cate envelope where expressed as a second-order polynomial31:

dX

dT
= X (B0 +B1P +B2P

2) 10�4
, (31)

whereX represents ⇢̄, v̄p, or v̄s, and the coe�cients {B0, B1, B2} are {�0.3647, 0.0121,�0.0002}

for density, {�0.9112, 0.0411,�0.0007} for vp, and {�0.9145, 0.0137, 0.0004} for

vs. In the core, d⇢̄/dT was set to ↵c, while we neglected the temperature sen-

sitivity of P-waves velocity.

With the knowledge of the temperature di↵erence between a given model

and the reference profile, �T (r) = T (r) � T̄ (r), one can infer the density and

seismic velocity profiles:
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⇢(r) = ⇢̄(r) +�T (r)
d⇢̄

dT
(r), (32a)

vp(r) = v̄p(r) +�T (r)
dv̄p

dT
(r), (32b)

vs(r) = v̄s(r) +�T (r)
dv̄s

dT
(r) . (32c)

The above linearization was proven to be su�ciently accurate, provided that

|�T (r)| remains modest (i.e., less than ⇠500 K)31. Note that in the above

relationships the frequency-dependent parameters are taken at tidal frequen-

cies35–37.

Making the reasonable assumption that bulk attenuation is negligible, Q(r) =

Q̄(r) = 5.78 105 by analogy with the Earth41. On the other hand, shear at-

tenuation in the mantle is thought to vary according to42:

Q = Q0


! exp

✓
E

⇤ + PV
⇤

RT

◆�↵q

(33)

where E
⇤, V ⇤, P , T , R have the same meaning than those described earlier,

the power-law slope ↵q is a constant taken equal to 0.1 (i.e., a weak frequency

dependence of Q43), ! is the frequency, and Q0 is a constant adjusted to match

Mars’ value of Q/k2 = 559 at present-day44, whose computing procedure is

detailed in the next section. In the liquid core, Q̄µ = 0. In the frame of an

absorption band model45 we therefore assume that Mars’ attenuation remains

in the same frequency band. Deep mantle melt production reduces the value of

the quality factor according to32:

Q(r, �̄(r) > 0) =
Q(r, �̄(r) = 0)

aQ ln[100�̄(r)] + bQ
, (34)

where the constants aq = 2.406 10�2 and bq = 5.9284 10�2 for shear attenu-

ation, and aq = 1.10173 10�2 and bq = 2.6518 10�2 for Q. These empirical
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expressions correspond to the experimental range �̄ ⇠=0.12-4%. Therefore, below

this range Q is una↵ected by melting. In addition, Q in the mantle is bounded

to a minimum value of 10.

In addition, deep mantle melting a↵ects seismic velocities:

vp(r, �̄(r) > 0) = max[vp(r)(1� 20�̄(r)), vliqp ], (35a)

vs(r, �̄(r) > 0) = max[vs(r)(1� 10�̄(r)), vliqs ], (35b)

which reproduce well the experimental trends observed in32. For large melt frac-

tions, seismic velocities in the above expressions are bounded by the values of

body waves speeds in CaO-MgO-Al2O3-SiO2 liquids, set to vliqp =
p

(24 109 + 6P )/⇢(r)46.

For vliqs , we used 500 km/s instead of ⇠ 0 km/s for numerical convenience. This

relatively high threshold value should however not significantly a↵ect our re-

sults, because the main e↵ect of mantle melting remains a strong and abrupt

decrease in the quality factor. We made the reasonable assumption that the in-

fluence of deep mantle melting on densities is small compared to that on seismic

velocities. Consequently, we neglected changes in density due to melting in the

deep mantle.

With the knowledge of body-wave velocities, attenuation and density pro-

files, one can solve the equation of motion in a self-gravitating sphere (Eq. (28)

Eq. (29) ), which can be reduced to a set of ordinary di↵erential equations34,47.

This yields the real part of the Love number.

To account for viscous e↵ects (corresponding to the complex part of k2)

Fréchet derivative of the real part is performed33. Then, with the knowledge of

both real and imaginary parts of k2, Q may be computed from:

Q =
|k2|

Im(k2)
. (36)
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An example of the radial profiles is displayed in Fig. S4, which agrees rea-

sonably well with published radial models of Mars30,31,38.

The calculation of Q0 is performed once per thermo-chemical history, how-

ever, the procedure detailed above to compute Q is performed at each time step

during the integration of the orbital evolution equations.

S4 Thermal-orbital coupling procedure

The thermo-chemical evolution equations (Eq. (2) and Eq. (3) ) are integrated

forward in time, starting from t = 0 until t = 4.5 Gyr. However, since Q0 in

Eq. (36) can only be determined with the knowledge of the present-day thermo-

chemical state, and since the values of the orbital parameters at initial time are

unknown, the orbital evolution equations (Eq. (24) and Eq. (25) ) must be

integrated backwards in time. We therefore proceed as follows:

1. Eq. (2) and Eq. (3) are integrated forward in time from t = 0 until

present.

2. Using the obtained present-day thermo-chemical state, Q0 is adjusted to

yield Q/k2 = 55944. To match this requirement, we used a bisection

method, which typically converges within 2-5 iterations. The correspond-

ing values of k2 were found to be in good agreement with the latest esti-

mates48.

3. With the knowledge of Q0 and the previously computed thermal history,

Eq. (24) and Eq. (25) are integrated backward in time with a = apresent =

2.76 Rp and e = epresent = 0.0151 as starting conditions. Mars’ tidal qual-

ity factor is constantly updated during the time-integration, according to

the recorded thermal history. The integration proceeds until Phobos’ semi-

major axis reaches 99.99% of of synchronous radius async = (GMp/!
2
p)

1/3,

or until reaching the initial time t = 0.
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The thermo-chemical and orbital evolution equations were integrated using

a second-order Runge-Kutta (RK) method, with a step size �T chosen to be

less than 1% of the shortest dynamical time i.e., �t < 10�2 min(X/(dX/dt)),

where X refers here to the time-dependent variables: Tm, Tc, Dl, Dcr, a, e.

Our tests have shown that with such a requirement, the integration scheme

was su�ciently accurate, and no significant di↵erences were found with results

obtained using fourth-order RK integration.

Eq. (24) and Eq. (25) lead to an increase in Phobos’ semi-major axis and

eccentricity when going backward in time. In the time interval t=[0-500] Myr

where e is maximum, we found that the eccentricity ranges between 0.1 and

0.13. While the expressions we used to model Phobos’ orbital evolution are

accurate to second-order in e, the largest eccentricity values obtained are below

the threshold e ⇠= 0.3 above which inaccuracies become unacceptably large22,49.

While accounting for orbital evolution with higher accuracy in e is possible,

such approach would introduce additional assumptions, which are not well un-

derstood yet50. For these reasons, we believe our formalism is well adapted to

our modeling problem.

Table 2 lists the values of several key parameters involved in the computation

of the quality factor.

S5 Systematic exploration procedure and confrontation of

the results with constraints

We conducted a systematic exploration of the following parameter space: E⇤ =

[60 � 350] kJ/mol, V
⇤ = [0 � 6] cm3/mol, Tm0 = [1700 � 2000] K, Tc0 =

Tm0 + [100 � 500] K. The parameter space mentioned above represents a total

of ⇠ 105 evolutions that were confronted to thermal and orbital constraints

(see below). This exploration was performed in parallel, using the MPI library.
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The relatively low values of activation energy (< 200 kJ/mol) considered would

correspond to mantle deformation with a dislocation creep mechanism1–4.

The vast parameter space explored can be reduced by requiring that thermo-

chemical and orbital evolutions satisfy the following three constraints detailed

below. The first constraint concerns Mars’ mantle secular cooling during the

Amazonian-Hesperian time period (i.e., from ⇠3.6 Gyr ago, until present).

Petrological considerations51 suggest a relatively modest cooling rate of 30-

40 K/Gyr for the Martian mantle during this time period, corresponding to a

total cooling of ⇠100-140 K. This constraint is illustrated in Fig. 1e and Fig. 2a.

The second constraint relates to the generation of a magnetic field during

the first Gyr of Mars’ evolution, as suggested by Mars’ crustal magnetization52.

Assuming that such a magnetic field was produced by an early thermal dy-

namo within Mars’ fully molten core, we formulate this constraint using three

requirements53 listed below:

1. The heat flow out of the core, qc, must exceed the adiabatic value: qa =

kc↵cgcTc/Cc, for convection within the core to occur.

2. The rate at which gravitational potential energy is released by convection

must exceed a critical value given by the ratio of ohmic dissipation (nor-

malized in what follows by the core surface area), � = ⌫magB
2
/(3µmagRc)

(where B=2.5 mT is the magnetic field strength, ⌫mag=2 m2s�1 is the

magnetic di↵usivity, and µmag=4⇡ 10�7 H m�1 is the magnetic perme-

ability), over ✏T = 0.8⇡↵cG⇢cR
2
c(1 � qa/qc)/(3Cc), the Carnot e�ciency

style for thermal convection: qc > �/✏T .

3. The complexity of the convective motions measured by the magnetic Reynolds

number, Rem = ucRc/⌫mag ( where the characteristic velocity scale uc =

[qc↵cgcRc/(⇢cCc)]1/3 for Mars’ core is given by the force balance between

inertia and buoyancy), must be su�cient to favor self-sustaining dynamo
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action: Rem > 100.

Using the three requirements above we can determine tdync , the time at which

the dynamo ceases to operate (Fig. 1f), and the solutions that are compatible

with the presence of an early magnetic field: 0 < tdync < 1 Gyr (Fig. 2b).

The last constraint concerns the orbital evolution of Phobos, whose semi-

major axis is required to be less than the synchronous radius async = 6.03 for the

last four billion years of Mars’ evolution. This requirement comes from the fact

that Phobos is currently located well within the synchronous radius, and that it

must have been emplaced also within this limit during the first 500 Myr of Mars’

evolution. Otherwise, like Deimos, Phobos would be currently moving away

fromMars, or would remain at or very close to the synchronous limit. Along each

orbital evolution calculation (see section S2), we monitor backward in time tsync,

the time at which Phobos semi-major axis reaches 99.99% of the synchronous

radius (Fig. 1g). The evolution is considered to be compatible with our orbital

constraint only if tsync < 0.5 Gyr (Fig. 2c). Note that the compatibility of

Phobos’ orbital evolution is in fact governed by Mars’ thermo-chemical evolution

(mainly through the value of Mars’ tidal quality factor Q, as discussed earlier),

which depends on its initial thermal state and its rheology. Fig. S3 illustrate

such influences: it depicts the thermal-orbital evolution of two cases which di↵er

only from the value of the reference viscosity. We considered a ‘low’ viscosity

case ⌘0 = 1.7 1020 Pa s, and a ‘high’ viscosity case, ⌘0 = 1.7 1022 Pa s. The

di↵erent rheologies between the two cases result in distinct thermal evolutions

(Fig. S3a), where the lower viscosity case results in a more vigorous mantle

convection, thus a more e�cient cooling. The resulting cooling histories imply

distinct evolution of Mars’ tidal quality factor (Fig. S3b), where the colder case

evolves, backward in time, toward lower values of the tidal quality factor. This,

in turn, leads to a more rapid increase of Phobos’ semi-major axis (also going
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backward in time), hence a value of tsync = 0.71, which is incompatible with the

assumption according to which Phobos was emplaced within the synchronous

radius during the first 500 Myr of Mars’ evolution. On the contrary, the more

viscous, slowly cooling case exhibits a smaller value of tsync = 0.46, which is

compatible with orbital evolution constraints.

Finally, the simultaneous satisfaction of the three constraints mentioned

above drastically reduces the solution space (e.g., Fig. 2d). Often (but not

systematically) secular cooling and magnetic constraints define similar areas

(Fig. 2d), which would not allow one to put tighter constraints on Mars’ mantle

rheology, due to its trade-o↵ with temperature, or due to the trade-o↵s be-

tween di↵erent rheological parameters (e.g., ⌘0, E⇤). The additional use of the

orbital evolution constraints largely eliminate these trade-o↵s. In some cases

(e.g., Fig. S5), secular cooling and magnetic constraints do not superimpose,

leading to a set of mantle rheological parameters that is not compatible with all

constraints.

S6 E↵ect of additional early processes on model results

In this section we consider the influence of two potential complexities on the

thermal and orbital evolution results.

S6.1 Influence of early plate tectonics

With the exception of the Earth, stagnant lid convection is a common state at

which terrestrial planets evolve. While Mars falls into such category, it has been

argued that plate tectonics could have operated during the first few hundreds

of millions of years of its evolution (54 and references therein). Although this

scenario remains debated, we have investigated the potential e↵ect of early plate

tectonics occurring during the first 500 Myr of Mars’ evolution, following the
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approach described in54. The presence of early plate tectonics has a significant

impact on Mars’ thermal evolution, thus also on Phobos’ orbital evolution.

Early plate tectonics allows a more e�cient convective heat transfer, which

yields colder mantle and core evolutions ( Fig. S6a ). This implies a weaker

tidal dissipation in the mantle when early plate tectonics operates ( Fig. S6b ).

Although this has a tendency to yield smaller values of semi-major axis and tsync

values, the overall e↵ect is moderate (Fig. S6c-d). This can also be appreciated

by comparing Fig. 2c and Fig. S7c, which display the area satisfying the orbital

constraints (tsync < 0.5 Gyr) for two cases di↵ering only from the presence

or the absence of early plate tectonics. However, early plate tectonics has a

much stronger influence on secular cooling and magnetic constraints. Indeed,

by allowing for a more rapid core and mantle cooling, early plate tectonics

strongly shifts the area of the matching secular cooling constraints toward lower

activation energies, particularly at low reference viscosities (compare Fig. 2a

and Fig. S7a). Therefore, these changes a↵ect primarily a solution space that

does not match all the constraints we considered (Fig. S7d). In addition, the

more e�cient heat extraction during the first 0.5 Gyr favors the presence of an

early dynamo, and therefore significantly broadens the area of solutions that

satisfy the magnetic constraints (compare Fig. 2a and Fig. S7b). Overall, the

main influence of early plate tectonics is the shift of secular cooling constraints

toward lower values of activation energy (Fig. S7d). This is also illustrated in

Fig. S8 that shows statistics of present-day and time-averaged quantities of the

matching solutions for the entire parameter space considered when accounting

for early plate tectonics.

While the presence of early plate tectonics weakly a↵ects the fraction of the

matching solution, it does lead to a reduction in the activation volumes: V ⇤
disl <

10.5 cm3/mol instead of V ⇤
disl < 14 cm3/mol (compare Fig. S8a and Fig. 3a ). In
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addition, early plate tectonics shifts matching solutions toward lower values of

activation energy: 250± 40 kJ/mol (Fig. S8c) instead of 280± 80 kJ/mol when

early plate tectonic is absent (Fig. 3c ). The predicted range of present-day

crustal thickness is also lowered to Dcr
⇠= 30 ± 20 km (compare Fig. S8e and

Fig. S3e). All other quantities (reference mantle viscosity and surface heat flux),

are weakly a↵ected by the presence of early plate tectonics (compare Fig. S8b,d

and Fig. 3b,d).

In summary, even though early plate tectonics significantly a↵ects Mars’

thermal evolution, it primarily influences solutions that do not satisfy simulta-

neously orbital, secular cooling, and magnetic constraints. Overall, it results in

only moderate di↵erences with respect to the case where early plate tectonics

is absent.

S6.2 Influence of an early surface ocean of liquid water

The early surface of Mars was likely covered by an ocean of liquid water55,56.

On Earth, the presence of liquid water at the surface currently accounts for the

majority (⇠ 80%) of tidal dissipation, due to friction along shorelines and at the

bottom of the ocean, in regions where the bathymetry is rough57–59. It is there-

fore legitimate to investigate the influence of such an early Martian ocean on the

orbital evolution of Phobos. While the presence of a surface ocean would likely

decrease the value of Mars’ tidal quality factor, a precise estimation of such de-

crease is not a trivial task, due to a number of poorly constrained parameters,

notably the extent and the longevity of the Martian surface ocean. To estimate

the influence of the surface ocean on Mars’ tidal quality factor we considered an

ocean covering about a third of the surface during the first 800 Myr of Mars’

evolution. Taking the Earth-Moon system as reference where ⇠ 80% of the

tidal energy is currently dissipated into the oceans57,59, the tidal quality factor

reduction due to presence of oceans is fQocean = 80%. Assuming that dissipa-
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tion is proportional to the surface fraction covered by the ocean, this decreases

fQocean to 40%, because the area extent of the Martian ancient ocean was likely

twice smaller than that of present-day Earth. In addition, we assumed that the

ocean was persistent 50% of time window during which surface liquid water was

possible via cyclic episodes56,60, thereby further reducing fQocean to 20%. Conse-

quently, we accounted for the presence of an early surface ocean reducing Mars’

tidal quality factor by 20% during the first 800 Myr of its evolution. The corre-

sponding results are summarized in Fig. S9. As expected, the increase in tidal

dissipation due to the early ocean reduces the matching solution space (compare

Fig. S9a and Fig. 3a). The corresponding ranges of solutions is also narrower

with reference viscosities ⌘0 ⇠= 1022.7±0.1 Pa s ( compare Fig. S9b and Fig. 3b

), and dislocation creep activation energies E
⇤
disl

⇠= 220 ± 25 kJ/mol (Fig. S9c

). The range of present-day heat flux values: 20 ± 0.5 mW/m2 (Fig. S9d),

is narrower but comparable to that obtained without the presence of an ocean

(Fig. 3d), and the range of predicted values for the present-day crustal thickness

is even narrower: Dcr = 33± 2 km (compare Fig. S9e and Fig. 3e ).

One should note, however, that the chosen value of fQocean=20% is likely

an upper bound, because the Martian paleo-bathymetry is smooth compared

to that of the Earth. Therefore, dissipation at the bottom of the ocean floor,

estimated on Earth to account for about 30% of the total tidal energy58, may

have been negligible on Mars, implying that the e↵ect of an early Martian ocean

may have been even smaller.
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Figure S 1: Comparison between parameterized models and fully
3D spherical models of Mars’ thermal evolution | Time evolution of
Surface heat flux (a), CMB heat flux (b), and lithospheric thickness (c). The
results of our parameterized convection model (black curves) is compared with
the parameterized models of Thiriet et al., 2018 9 (red curves) and the 3D
calculations also shown in Thiriet et al.9 (blue curves).
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Figure S 2: Benchmark for the numerical implementation of the
parameterized convection models.| Comparison of our implementation
(dashed curves) of the governing equations for Mars’ thermal evolution model
(section S1 ) with that used in Thiriet et al.3,9 (plain curves). (a) CMB and
Mantle temperature beneath the lithospheric lid. (b) Stagnant lid thickness.
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Figure S 3: E↵ect of rheology on the orbital evolution of Phobos|
(a) Thermal evolution of the mantle (black curves) and the core (red curves)
for two cases which di↵er only from the value of the reference viscosity. We
considered a ‘lower’ viscosity case ⌘0 = 1.7 1020 Pa s (dotted lines), and a ‘high’
viscosity case: ⌘0 = 1.7 1022 Pa s (plain lines). Other rheological parameters
are: E

⇤ = 90 kJ/mol, V ⇤ = 0 cm3/mol. Time evolution of Mars’ tidal quality
factor (b), and Phobos’ semi-major axis normalized by Mars’ radius (c). (d)
Zoom on a restricted portion of (c). The grey area shows the region where
the time t = tsync at which Phobos reaches 99.99% of the synchronous radius
is larger than t = 0.5 Gyr, the higher limit of Phobos emplacement. In this
example, tsync = 0.71 Gyr for the ‘low’ viscosity case, which is incompatible
with the orbital constraint, and tsync = 0.46 Gyr for the ‘high’ viscosity case,
which is compatible with the orbital constraint.
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Figure S4: Example of Mars’ radial profiles computed at present-day|
(a) Thermal profile reconstructed from the knowledge of physical quantities from
the parameterized convection model (e.g., Tm, Tc, Tl, Dl, Dcr, �u, �c ...). (b)
Corresponding density profile. (c) Body-wave seismic velocities: P-waves (red),
and S-waves (blue). (d) Shear quality factor. See text for further details.
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Tm0 = 1800 K, Tc0 = 2000 K, V ⇤ = 0 cm3/mol
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Figure S 5: Results from the exploration of Mars-Phobos’ thermo-
orbital evolution for an initial thermal state Tm0 = 1800 K, Tc0 =
2000 K and an e↵ective activation volume V⇤ = 0 cm3/mol. | Ap-
plication of thermal and orbital constraints for a case that di↵ers from Fig. 1
and Fig. 2 only from the value of the initial core temperature. (a-c) Individual
constraints. (d) combined constraints. The warmer colors indicate a higher
matching index, while grey areas indicate thermal evolution that are not com-
patible any constraints considered. Contrary to the case displayed in Fig. 2
red areas representing mantle rheologies that satisfy all constraints are absent.
This indicates that this set of mantle rheological parameters cannot satisfy all
constraints.
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Figure S 6: E↵ect of early plate tectonics on the thermal-orbital
evolution of Mars and Phobos| Evolution of two cases which di↵er only
from the presence or the absence of plate tectonics operating during the first
500 Myr of Mars’ evolution. The case with plate tectonics is displayed with
plain curves, while the case without plate tectonics is shown by dashed curves.
The thermal and rheological parameters are: ⌘0 = 1021 Pa s, E⇤ = 100 kJ/mol,
V

⇤ = 0 cm3/mol, Tm0=1800 K, Tc0=2200 K. (a) Thermal evolution of the
mantle (black curves) and the core (red curves). Time evolution of Mars’ tidal
quality factor (b), and Phobos’ semi-major axis normalized by Mars’ radius (c).
(d) Zoom on a restricted portion of (c). The grey area shows the region where
the time t = tsync at which Phobos reaches 99.99% of the synchronous radius is
larger than t = 0.5 Gyr, the higher limit of Phobos emplacement.
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Tm0 = 1800 K, Tc0 = 2200 K, V ⇤ = 0 cm3/mol
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(a) Secular cooling constraint

300

400

500

600

700

E
* d

is
l [

k
J

 m
o

l−
1
 K

−
1
]

21 22 23
Log10(η0 [Pa s])
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Figure S 7: E↵ect of early plate tectonics on Mars-Phobos’ thermal-
orbital evolution for an initial thermal state Tm0 = 1800 K, Tc0 =
2200 K and an e↵ective activation volume V⇤ = 0 cm3/mol. | Ap-
plication of thermal and orbital constraints for a case that di↵ers from Fig. 1
and Fig. 2 only from the value of the initial core temperature. (a-c) Individual
constraints. (d) combined constraints. The warmer colors indicate a higher
matching index, while grey areas indicate thermal evolution that are not com-
patible any constraints considered.
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Figure S 8: E↵ect of early plate tectonics. Results from the ex-
ploration of Mars-Phobos’ thermal-orbital evolution. | Statistics of
present-day and time-averaged quantities of the matching solutions for the en-
tire parameter space considered. The cases are identical to those displayed in
Fig. 1(a-e) with the exception that they consider the presence of plate tectonics
operating during the first 500 Myr of Mars’ evolution.
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Figure S 9: E↵ect of an early surface water ocean. Results from
the exploration of Mars-Phobos’ thermal-orbital evolution. | Statistics
of present-day and time-averaged quantities of the matching solutions for the
entire parameter space considered. The cases are identical to those displayed in
Fig. 1(a-e) with the exception that they consider the the presence of an ocean
at the surface of Mars during the first 800 Myr of evolution.
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Table 1: Summary of the symbols and the meaning of the main phys-
ical constants and variables used for the modeling of Mars’ thermo-
chemical evolution. Brackets indicate an explored range.

Symbol Meaning Value Unit
Tm Mantle temperature variable K
Tc Core temperature variable K
Tm0 Initial Mantle temperature [1700-2000] K
Tc0 Initial Core temperature [1800-2500] K
Ts Surface temperature 220 K
Tl Temperature at base of the lithosphere variable K
Tb Temperature at base of the mantle variable K
⇢m Mantle density 3500 kg m�3

⇢c Core density 7200 kg m�3

⇢cr Crust density 2900 kg m�3

g Surface gravity 3.7 m s�2

gc Core surface gravity 3.1 m s�2

Cm Mantle specific heat at constant pressure 1142.0 J kg�1 K�1

Cc Core specific heat at constant pressure 840 J kg�1 K�1

Ccr Crust specific heat at constant pressure 1000 J kg�1 K�1

km Mantle thermal conductivity 4.0 W m�1 K�1

kcr Crust thermal conductivity 2.5 W m�1 K�1

kc Core thermal conductivity 40 W m�1 K�1

↵m Silicates thermal expansion coe�cient 2.0 10�5 K�1

↵c Core thermal expansion coe�cient 1.5 10�5 K�1

Rp Mars radius 3.3895 106 m
Rm Radius of Mars’ convecting mantle variable m
Rc Mars core radius 1.855 106 m
Dl Stagnant lid thickness variable m
Dcr Crust thickness variable m
�u Thickness of the core lower thermal boundary variable m
�c Thickness of the mantle lower thermal boundary variable m
Am Convecting mantle surface area 4⇡R2

m m2

Ac Core surface area 4⇡R2
c m2

Vm Volume of the convecting mante 4⇡R2
m/3 m3

Vc Volume of the core 4⇡R2
c/3 m3

St Stefan number variable -
qm Heat flow atop of the convecting mantle variable W/m2

qc Heat flow at the core-mantle boundary variable W/m2

✏m Ratio of the convecting mantle temperature and Tm variable -
✏c Ratio of the mean and upper core temperature 1.05 -
u0 Mantle convective velocity scale 2 10�12 m/s
⇤ Crustal enrichment factor 5 -
Hm Mantle radioacive heat production rate variable W/m3

Hcr Crust radioacive heat production rate variable W/m3

H0,i Initial heat production rate for 238U,235U, 232Th, 40K (1.06, 1.95, 0.55, 2.36) 10�8 W m3

⌘m Mantle viscosity variable Pa s
⌘c Mantle viscosity at the core-mantle boundary variable Pa s
Rac Critical value of the Rayleigh number 450 -
Raic Local critical Rayleigh number variable -
Ra Thermal Rayleigh number for the convecting mantle variable -
Rai Whole mantle Rayleigh number variable -
m Mantle thermal di↵usivity km/(⇢mCm) m2/s
Lm Mantle latent heat of fusion/crystallization 6 105 J/kg
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Table 2: Symbols and meaning of the quantities related to Mars’
mantle rheology and deformation. Brackets indicate an explored range.

Symbol Meaning Value Unit
R Gas constant 8.31 J K�1 mol�1

E
⇤ E↵ective activation energy [60-350] kJ/mol

V
⇤ E↵ective activation volume [0-6] cm3/mol

E
⇤
disl Activation energy in the dislocation creep regime E

⇤
/3.5 kJ/mol

V
⇤
disl Activation volume in the dislocation creep regime V

⇤
/3.5 cm3/mol

Pref Reference pressure 3 109 Pa
Tref Reference temperature 1600 K
⌘0 Reference viscosity [1020-1023] Pa s
Q0 Quality factor constant variable -
↵q Power slope of the quality factor 0.1 -

Table 3: Symbols and meaning of the main physical constants and
variables used orbital evolution.

Symbol Meaning Value Unit
k2 Mars degree 2 Love number variable -
k2s Phobos degree 2 Love number 10�7 -
Q Mars tidal quality factor variable -
Qs Phobos tidal quality factor 100 -
Mp Mars mass 6.41693 1023 kg
Ms Phobos mass 1.06590 1016 kg
Rs Phobos radius 11270 m
G Gravitational constant 6.67408 10�11 m3kg�1s�2

a Phobos semi-major axis variable m
epresent Phobos present-day orbital eccentricity 0.0151 -
apresent Phobos present-day semi-major axis 2.76 Rp m
async Mars synchronous radius 6.03 Rp m
n Mean orbital motion variable rad/s
!p Mars rotational frequency 2⇡/(24.66⇥ 3600) rad/s
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