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Université Paris Cité, Institut de physique du globe de Paris, CNRS, Paris, France

3
Royal Observatory of Belgium, Brussels, Belgium

4
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S. 1 Seismic travel time data set

The body waves arrival times database used in this study is shown in Table S1.1.

S. 2 Geodynamical parameters

This section provides a summary of the inversion output and information on the
geodynamic interpretation of the output models from the inversion sets. Further details
on the geodynamical parameterization can be found in Drilleau et al. (2021, 2022).

S. 2.1 Summary of the inverted geodynamical quantities

The list of inverted parameters and the corresponding prior bounds considered, is
summarized in Table S2.1. The mean output values of a selection of geodynamical quan-
tities, and their 1-� standard deviations, are summarized in Table S2.2. The input pa-
rameters of the Bayesian algorithm are indicated with the superscript ‘?’. The other pa-
rameters are derived from the input parameters and the geodynamical modeling.

S. 2.2 Approximate expression for the lithospheric temperature gradi-
ent

The lithospheric temperature gradient in the output models can be estimated as:

dTl

dz
=

Tl � Tcr

Dl
, (S2.1)

where z is the depth from the surface, Tcr is the temperature at the base of the crust,
Tl is the temperature at the base of the lithosphere, and Dl is the thickness of the litho-
sphere (excluding the crustal thickness Dcr and the uppermost mantle thermal bound-
ary layer). One can estimate Tcr with the knowledge of the surface heat flux Fs and the
crustal thickness at the present-day:

Fs
⇠= �kcr

Ts � Tcr

Dcr
, (S2.2)

where Ts=220 K is the surface temperature, and kcr = 2.5 W m�1K�1 is the crustal
thermal conductivity. For all models Fs lies within similar ranges: 20–23 mW m�2. This
results from the fact that the same bulk content in heat-producing elements is used for
all models, which eventually controls the present-day heat loss at the surface (Drilleau
et al., 2021). Similarly, Dcr for all models have comparable values: Dcr

⇠= 66 km (Ta-
ble S2.2). This leads to Tcr

⇠=780 K.

Following Samuel et al. (2019) the temperature at the base of the lithosphere is:

Tl = Tm � arh
R T

2
m

E⇤ , (S2.3)

where arh = 2.54 (Thiriet et al., 2018) and R = 8.3 J mol�1K�1, hence:

Tl
⇠= Tm (1� 20 Tm/E

⇤) . (S2.4)

Combining Equations (S2.1) and (S2.4) yields the following expression for the litho-
spheric temperature gradient:

dTl

dz
=

Tm (1� 20 Tm/E
⇤)� 780

Dl
. (S2.5)
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S. 2.3 Origin of Families A and B

As discussed in the main text, the 3D inversion set has revealed the existence of
two distinct families A and B within the population of output models, as seen in pan-
els (a2-f2) and (a3-f3) of Figure 2 and in Table S2.2. The clear distinction between these
two subsets of models results from the combination between the geodynamical quanti-
ties inverted for. In particular, the mantle rheology, the crustal enrichment relative to
the primitive mantle (⇤), and the initial thermal state. Several combinations of these
quantities lead to extensive shallow mantle melting early on, resulting in thick crusts.
This results in model rejection for two possible reasons:

1. Models where the present-day crustal thickness is larger than the maximum al-
lowed bound of 72 km (see main text).

2. Models whose crustal growth combined with relatively large crustal enrichment
values entirely depletes the underlying mantle in HPEs. Indeed, the HPE concen-
tration in the mantle in the parameterized thermal evolution model used in the
inversion scheme is described by the following mass balance equation (Breuer &
Spohn, 2003; Grott & Breuer, 2008; Thiriet et al., 2018; Samuel et al., 2019):

Hm =
X

i

H0,i exp(��it)

✓
1 +

Vcr

Vm
(1� ⇤)

◆
(S2.6)

where H0,i is the individual contribution of heat-producing elements (238U, 235U,
232Th, 40K) at initial time t = 0, �i are the corresponding radioactive decay con-
stants Vm is the volume of the mantle (including the lithosphere), and Vcr is the
volume of the crust. The above mass balance shows that beyond the point where
⇤ > 1 + Vm/Vcr any further growth of the crust (or Vcr) would then result in
non-physical negative HPE concentrations in the mantle to satisfy mass balance
considerations.

While the first condition leading to model rejection cannot be avoided, the second
condition above could be relaxed to some extent by considering a crustal enrichment based
on partition coe�cients HPEs as done in (Morschhauser et al., 2011; Hauck & Phillips,
2002; Tosi et al., 2017). In this case, models falling into this category would not be re-
jected but would be associated with smaller crustal enrichment values. Therefore, over-
all one would still expect the appearance of two distinct families. This will be investi-
gated in the future in greater detail.

Note that even though the present-day crustal thickness is an output parameter
of our inversion, we do not directly sample its value, contrary to other parameters we
invert for (i.e., the mantle viscosity or initial thermal state, see Table S2.1). This is be-
cause in the frame of our geodynamical parameterization, the crustal thickness for each
model evolves for 4.5 Gyr depending on the thermal evolution of the mantle. Following
Morschhauser et al. (2011) and Samuel et al. (2019), the crust grows via melt extrac-
tion at shallow depth. More specifically, the crustal growth rate dDcr/dt is proportional
to the amount of shallow mantle melting produced, ma(t), and to the magnitude of con-
vective velocities vconv(t) (see Equation (17) in Samuel et al. (2019) and references therein).
The former is directly proportional to the thermal state of the mantle ma / Tm(t), and
the latter is proportional to the time-dependent Rayleigh number (which expresses the
mantle convective vigor) raised to a power, vconv / Ra(t)2/3. The Rayleigh number it-
self is a function of mantle rheology, core size, and evolving thermal state. Therefore,
in addition to the HPE mass balance requirement mentioned above, this complex time-
dependent combination of influences implies that we do not have a direct control on this
parameter, unlike the mantle rheology, the core size or the initial thermal state, which
we can directly sample.
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For this reason, the prior for the present-day crustal thickness can significantly de-
viate from a Gaussian distribution. This is illustrated in Figure S2.1 which shows the
correlation between the present-day crustal thickness Dcr and the mantle potential tem-
perature Tp obtained by sampling the prior distribution without the crustal constraints
of Wieczorek et al. (2022). When no constraints on the crustal thickness are applied, one
can see a correlation between Dcr and Tp, with generally colder thermal states being as-
sociated with thinner crusts. In this phase space, one can distinguish two main patches
that are, however, not completely disconnected. Applying the constraints from Wiec-
zorek et al. (2022) on the crustal thickness restricts the phase space (below the red dashed
line in Figure S2.1) thereby resulting in di↵erent Dcr and Tp correlations, where bimodal-
ity is enhanced. This correlation results in a bimodal prior distribution displayed in Fig-
ure S2.2 for the inversion set without constraints (panel a) or with constraints on the
present-day crustal thickness (panel b). The bimodal character of Tp is weak but dis-
tinguishable when no crustal thickness constraints are applied, but strongly enhanced
when crustal constraints are considered.

The posterior distributions of the average present-day crustal thickness and of the
crustal thickness below each epicenter locations (in the case of 3D models), are provided
in Sections S. 6 and S. 9 for cases with and without the crustal constraints of Wieczorek
et al. (2022), respectively.

Figure S2.1. Prior distribution of the potential temperature as a function of the average

crustal thickness. The models are randomly sampled within the prior bounds, without the con-

straints of Wieczorek et al. (2022) on the crustal thickness. The red dashed line delimits the

upper bound at 72 km of Wieczorek et al. (2022).
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No crustal constraints With crustal constraints
(a) (b)

Figure S2.2. Marginal prior distributions of the potential temperature, without (a) or with

(b) constraints of Wieczorek et al. (2022) on the crustal thickness.

S. 3 Inverse problem and data fit

Due to the ill-posed nature of the problem, we use a Bayesian approach to solve
the inverse problem (e.g., Mosegaard & Tarantola, 1995; Tarantola, 2005). Let us de-
note by the vectors p and d, the parameters of our model and the observed data, respec-
tively. d are related to p through the equation d = A(p), where the non-analytic and
nonlinear operator A represents the forward problem discussed in Section 2 (main text).
In this study the data d are the di↵erential arrival times of body waves detailed in Ta-
ble S1.1, and the degree-two Love number (k2) estimate from Konopliv et al. (2020). The
parameters p are described in Table S2.1. In this framework, the solutions of the inverse
problem are described by the posterior probability distributions P (p | d) that the pa-
rameters are in a configuration p given the data are in a configuration d. The prior dis-
tribution P (p), which represents our current state of knowledge, is linked to the poste-
rior distribution P (p | d) through the Bayes’ theorem:

P (p | d) = P (d | p)P (p)P
p2M P (d | p)P (p)

, (S3.1)

where M denotes all the configurations in the parameter space. The posterior distribu-
tion P (p | d) is a function of the misfit S, which is a measure of the similarity between
observed data and the predictions.

Following the previous studies of e.g. Drilleau et al. (2022); Durán et al. (2022);
Irving et al. (2023); Samuel et al. (2023); Stähler et al. (2021), we assume that the data
noise is uncorrelated and described by a Laplacian distribution (L1 norm), which is less
prone to be a↵ected by outliers than the Gaussian distribution (L2 norm) (e.g., Taran-
tola, 2005). The misfit function is thus evaluated as follows:

S =
NX

i

| t
obs
i � t

cal
i |

�ti

+
| k

obs
2 � k

cal
2 |

�k2

, (S3.2)

where superscripts throughout refer to observations (obs) and computed data (calc). For
body waves, since the origin time of the seismic events remains unknown, we use di↵er-
ential times relative to the P- and S-waves phase arrivals (Table S1.1). tobsi and �ti thus
denotes the i-th di↵erential times and its uncertainty, with N expressing the total num-
ber of observed di↵erential travel times (N = 161) detailed in Table S1.1. For k2, we
use the observations of Konopliv et al. (2020): k2=0.174± 0.016.

To infer the posterior distribution of the parameters (Equation S3.1), we use the
Metropolis algorithm (Metropolis et al., 1953). This algorithm samples the model space
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in a random fashion, ensuring that low probability areas are sampled less extensively,
with a sampling density proportional to the unknown (target) posterior pdf. The Metropo-
lis algorithm relies on a randomized decision rule, which accepts or rejects the proposed
model according to its fit to the data, and if the model satisfies the prior conditions.

The data fit on the di↵erential arrival times is shown in Figure S3.1. The observed
data (Table S1.1) are represented with symbols, and the calculated data with a prob-
ability density function (pdf). We can argue that the majority of models, considering
a 1D or a 3D crust, fit the data within uncertainty bounds, which means that almost all
the sampled models are able to explain the seismic data. However, for Family B, the fit
of tSS�tPP for the S0976a event is not as good as the ones of 1D models and Family A
(Figure S3.1d-f). This is reflected in the larger uncertainty about the location of the S0976a
event (Tables S7.1 and S7.2), because this event is located along the crustal dichotomy
boundary. The 1D models and Family A fit the k2 data of Konopliv et al. (2020) within
2� uncertainty (Figure S3.2a,b). However, the k2 values of Family B are smaller (Fig-
ure S3.2c) and 33 % of the models shows a k2 value smaller than the �2� of Konopliv
et al. (2020) because of their smaller core radii and sti↵er mantles. Distributions of the
total cost function S (Equation S3.2) are shown in Figure S3.3.

S. 4 Output seismic models

Figure S4.1 represents the a posteriori probability density functions (pdfs) of VS

and VP , for the 1D and 3D models. The pdfs provide an overview of the most frequently
sampled models, but this representation has a tendency to smooth the results. Compared
to 1D models (Figure S4.1a,c), a bimodal distribution is clearly observed when a 3D crust
is considered (Figure S4.1b,d), with three quarters belonging to Family A and one quar-
ter to Family B. The models of these two families of the bimodal distribution (Figure S4.1b,d)
are represented separately in Figure 1b,c of the main text, as Families A and B. The a
posteriori pdfs of VS and VP for each family (1D, Family A, Family B) are shown in Fig-
ure S4.2.
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Figure S3.1. Fit of data for the di↵erential arrival times, considering 1D models (left) and 3D

Families A (middle) and B (right). The results are displayed in terms of probability density func-

tions (pdfs). Blue and red colors show small and large probabilities, respectively. (a, b, c) Body

waves di↵erential times with respect to P- wave as a function of tS - tP. (d, e, f) SKS di↵erential

times with respect to PP- wave as a function of tSS - tPP, for events S976a and S1000a. Markers

and error bars represent observed di↵erential arrival times and their uncertainty (Table S1.1),

respectively. Distributions of families A and B result from the same 3D inversion, but they are

shown here separately. Among all the output models accepted by the 3D inversion, three quarters

belong to Family A and one quarter to Family B.
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1D Family A (3D) Family B (3D)(a) (b) (c)

Figure S3.2. Fit of data for k2, considering 1D models (a) and 3D Families A (b) and B

(c). The red dashed lines show the 2� uncertainty around the value of Konopliv et al. (2020)

(k2=0.174 ± 0.016). Distributions of families A and B result from the same 3D inversion, but

they are shown here separately. Among all the output models accepted by the 3D inversion, three

quarters belong to Family A and one quarter to Family B.

1D Family A (3D) Family B (3D)
(a) (b) (c)

Seismic data + k2

Seismic data
Seismic data + k2

Seismic data

Seismic data + k2

Seismic data

Figure S3.3. Distributions of the total cost function value as described in Equation S3.2

(in gray). The cost function calculated with seismic data only are shown in light red. Distribu-

tions of families A and B result from the same 3D inversion, but they are shown here separately.

Among all the output models accepted by the 3D inversion, three quarters belong to Family A

and one quarter to Family B.
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S. 5 Additional inversion sets considering either seismic data, or k2

To investigate the influence of the di↵erent geophysical observables in the inver-
sion results, we performed additional inversion sets considering either the body wave dif-
ferential times, or k2 in the cost function (Equation S3.2). The proportion of models be-
longing to families A and B for each inversion run are listed in Table S5.1. We consid-
ered that the models with a potential temperature larger and smaller than 1600 K be-
long to Families A and B, respectively (see Figure 2c1,c2,c3).

For 1D models, when the body wave di↵erential times and k2 are inverted inde-
pendently, the proportions of families A and B are approximately three-quarters and one-
quarter. The joint inversion of the body wave di↵erential times and k2 considerably re-
duces the proportion of the Family B (only 1 %). When a 3D crust is considered, the
separate inversions of the body wave di↵erential times and k2 result in proportions of
Family B of 31 and 44 %, respectively. The joint inversion reduces the proportion of Fam-
ily B to one quarter.

These results show that compared to the 1D case, the addition of the 3D crust makes
it possible to retain a significant fraction of Family B models, due to the trade-o↵s be-
tween the velocity model, the location of the seismic events, and the travel time correc-
tions due to the lateral crustal thickness variations.

Table S5.1. Summary of inversion runs performed using di↵erent type of models and misfits.

Type of models Misfit Family A (%) Family B (%)

1D body waves + k2 99 1
1D body waves 73 27
1D k2 79 21
3D body waves + k2 77 26
3D body waves 69 31
3D k2 56 44
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1D  models 3D crust + 1D mantle and core

(a) (b)

(c) (d)

Figure S4.1. Panels (a,b) and (c,d) show the a posteriori probability density functions (pdfs)

of VS and VP profiles, considering the 1D models (left) and models including lateral variations of

the crustal thickness (right). Blue and red colors show small and large probabilities, respectively.

1D Family A (3D) Family B (3D)(a) (b) (c)

VP or VS (km/s) VP or VS (km/s) VP or VS (km/s)

Figure S4.2. Same as Figure 1 (main text), but the results are represented as probability

density functions (pdfs). Blue and red colors show small and large probabilities, respectively.

Distributions of families A and B result from the same 3D inversion, but they are shown here

separately. Among all the output models accepted by the 3D inversion, three quarters belong to

Family A and one quarter to Family B.
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S. 6 Crustal thickness distributions

The posterior distributions of the average crustal thickness of Mars, the crustal den-
sity, and the density contrast between the crust and mantle at Moho, considering 1D and
3D models, are displayed in Figure S6.1. To satisfy receiver function constraints on the
crustal thickness beneath InSight (Wieczorek et al., 2022), only the models lying in the
range of 30–72 km are accepted by the algorithm (Figure S6.1a-c).

The crustal thickness distribution below each epicenter location is shown in Fig-
ure S6.2. For seismic events located close to the crustal dichotomy between the North-
ern and the Southern hemispheres, or in the vicinity of a major geological structure, the
distributions are clearly multimodal.

1D Family A (3D) Family B (3D)
(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure S6.1. Marginal prior (in blue) and posterior (in grey) distributions of the average

crustal thickness of Mars (a-c), the crustal density (d-f), and the density contrast between the

crust and mantle at Moho (g-i), considering 1D models (left), 3D Family A (middle) and 3D

Family B (right). The red dashed lines in panels (a-c) show the upper bound at 72 km autho-

rized in our inversion, to satisfy receiver function constraints on the crustal thickness beneath

InSight (Wieczorek et al., 2022). Distributions of families A and B result from the same 3D in-

version, but they are shown here separately. Among all the output models accepted by the 3D

inversion, three quarters belong to Family A and one quarter to Family B.
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Figure S6.2. A posteriori probability density functions (pdfs) of the crustal thickness be-

low each epicenter location for the 31 seismic events considered in Table S1.1. All the models

accepted by the Bayesian algorithm are shown. The results for Families A and B are displayed

in (a) and (b), respectively. Blue and red colors show small and large probabilities, respectively.

Distributions of families A and B result from the same 3D inversion, but they are shown here

separately. Among all the output models accepted by the 3D inversion, three quarters belong to

Family A and one quarter to Family B.
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S. 7 Marsquake locations

The mean values and uncertainties of epicentral distance, back azimuth, and depth
of the 31 seismic events considered in this study, are summarized in Table S7.1 and dis-
played in Figure S7.1 for each set of models. The locations of the two meteorite impacts
S1000a and S1094b are fixed (Posiolova et al., 2022). The latitude and longitude of the
seismic events are also summarized in Table S7.1. The distances from the InSight lan-
der are provided in kilometers in Table S7.2.

S. 8 Travel time corrections due to the 3D crust

The travel time corrections applied for each considered di↵erential time and each
seismic event are shown in Figure S8.1 and Figure S8.2 for Families A and B, respectively.

S. 9 Additional inversion sets using a relaxed prior on the average crustal
thickness

To investigate the influence of the prior bounds of the average crustal thickness of
Mars in the inversion results (see Section S. 2.3), we performed additional inversion sets
considering that the average crustal thickness does not have to be comprised in the bounds
that satisfy receiver function constraints on the crustal thickness beneath InSight (i.e.
between 30 and 72 km, Wieczorek et al. (2022)).

The posterior distributions of the average crustal thickness of Mars for 1D and 3D
models, are displayed in Figure S9.1. As already highlighted in Drilleau et al. (2022),
in the absence of tight prior bounds on the average crustal thickness, a large range of
possible values is retrieved, with mean values of 100+17

�14 km and 93+19
�13 km for 1D and

3D models, respectively. For 3D models, the crustal thickness at the InSight landing site
is 78+18

�13 km. As explained in Section 5 of the main text, the crustal thickness is largely
influenced by the bulk HPE content (Drilleau et al., 2021; Knapmeyer-Endrun et al., 2021),
and thus the planet composition (here EH45). HPE favour crustal production, result-
ing in a significant number of models for which the average crustal thickness is larger
than 72 km. In the absence of prior provided in Wieczorek et al. (2022), the crustal den-
sity and thus the density contrast between the crust and mantle at Moho are unconstrained.
For the 3D models, the crustal thickness distribution below each epicenter location is shown
in Figure S9.2.
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Table S7.2. Summary of the distance in kilometers between the seismic sources and the In-

Sight lander. The superscripts ‘?’ indicate the impact events.

Event 1D Family A (3D) Family B (3D)

S0154a 1771.6±132.2 1796.7±147.1 1739.6±144.1
S0173a 1788.7±90.0 1808.1±76.7 1753.2±73.8
S0185a 3234.1±97.4 3292.0±77.5 3233.5±126.4
S0235b 1738.0±87.0 1771.8±76.6 1749.7±96.6
S0325a 2456.5±117.2 2509.6±137.1 2423.0±120.1
S0407a 1652.9±95.7 1674.1±102.8 1651.7±67.1
S0409d 1792.0±131.2 1793.0±120.1 1742.8±93.9
S0474a 1165.3±146.1 1199.1±123.6 1156.1±100.3
S0484b 1823.2±109.0 1829.1±90.9 1845.3±92.3
S0784a 1812.1±110.7 1741.6±111.6 1840.0±150.0
S0802a 1653.1±136.8 1689.8±99.1 1658.1±123.5
S0809a 1741.1±164.2 1776.1±145.0 1713.0±127.0
S0820a 1737.4±136.2 1753.7±114.2 1826.6±268.4
S0861a 3256.9±179.4 3135.8±204.5 3249.5±189.4
S0864a 1747.5±192.5 1734.5±175.9 1698.7±121.5
S0916d 1738.5±85.0 1750.9±71.0 1741.3±70.7
S0918a 992.7±128.9 1021.3±103.5 1002.7±166.8
S0976a 8493.0±151.2 8535.5±186.4 8562.0±330.9
S1000a? 7459.2 7459.2 7459.2
S1012d 2226.0±115.3 2176.7±210.1 2196.9±132.8
S1015f 1779.0±122.1 1799.0±175.4 1679.2±176.7
S1022a 1738.4±131.0 1815.7±115.5 1772.7±105.6
S1039b 1780.1±165.8 1765.3±112.4 1776.8±121.6
S1048d 1821.0±102.4 1797.4±158.2 1738.7±184.0
S1094b? 3460.7 3460.7 3460.7
S1102a 4477.6±170.8 4629.9±361.6 5171.6±416.9
S1133c 1747.6±121.7 1747.0±154.7 1675.6±121.7
S1153a 4861.2±158.5 4916.4±371.3 5014.4±220.7
S1157a 2185.4±124.8 2165.8±202.1 2147.8±255.2
S1197a 1904.4±120.8 1909.3±126.3 1917.7±85.0
S1222a 2223.3±143.3 2241.9±170.6 2194.5±154.2
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Figure S7.1. Mean values and uncertainties of the epicentral distances (a), back azimuths

(b), and depths (c) of the 31 seismic events. The results considering 1D models, and Families A

and B (3D), are shown in red, blue, and green, respectively.
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Figure S8.1. A posteriori probability density functions (pdfs) of the travel time corrections

(in s) applied for Family A. All the models accepted by the Bayesian algorithm are shown.
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Figure S8.2. A posteriori probability density functions (pdfs) of the travel time corrections

(in s) applied for Family B. All the models accepted by the Bayesian algorithm are shown.
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(a) (b)

Figure S9.1. Marginal prior (in blue) and posterior (in grey) distributions of the average

crustal thickness of Mars, considering 1D (a) and 3D (b) models. In these inversion sets, the av-

erage crustal thickness is not forced to be comprised in the bounds that satisfy receiver function

constraints on the crustal thickness beneath InSight (Wieczorek et al., 2022).
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Figure S9.2. A posteriori probability density functions (pdfs) of the crustal thickness below

each epicenter location for the 31 seismic events considered in Table S1.1. In this inversion set,

the average crustal thickness is not forced to be comprised in the bounds that satisfy receiver

function constraints on the crustal thickness beneath InSight (Wieczorek et al., 2022). All the

models accepted by the Bayesian algorithm are shown. Blue and red colors show small and large

probabilities, respectively.
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Smrekar, S. E. (2021). Seismic detection of the martian core. Science, 373 (6553),
443–448. doi: 10.1126/science.abi7730

Tarantola, A. (2005). Inverse problem theory - and methods for model parameter es-
timation. SIAM.

Thiriet, M., Breuer, D., Michaut, C., & Plesa, A.-C. (2018). Scaling laws of convec-
tion for cooling planets in a stagnant lid regime. Physics of the Earth and Plane-

–23–



tary Interiors, 286 , 138–153. doi: 10.1016/j.pepi.2018.11.003
Tosi, N., Godolt, M., Stracke, B., Ruedas, T., Grenfell, J. L., Höning, D., . . . Spohn,
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