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Introduction:  NASA’s InSight (Interior 

exploration using Seismic Investigations, Geodesy and 
Heat Transport) Discovery-class mission will perform a 
geophysical investigation of Mars using a seismometer 
and a heat flow probe, as well as precision tracking 
measurements [1]. The seismic and heat flow data, 
which will be recorded at the InSight landing site in the 
Elysium Planitia region on Mars [2], will help constrain 
the present-day interior structure and heat budget of the 
planet, and thus its thermal and chemical evolution.  

The increase of computational power and 
improvements of numerical techniques have made 
possible to model both global scale planetary evolution 
and propagation of seismic waves in a 3D geometry 
with lateral variations. By combining such numerical 
simulations, we provide a framework that can be used 
to select interior models compatible with the InSight 
measurements and will help to interpret the mission data 
in a global context.  

 
Mantle thermal evolution models:  We use the 

mantle convection code Gaia [3] to compute the full 
thermal evolution of Mars. All our thermal evolution 
models use crustal thickness models derived from 
gravity and topography data [4, 5] and vary the 
following parameters: crustal enrichment in heat 
producing elements (HPE), crustal thermal 
conductivity, mantle reference viscosity, pressure-
dependence of the viscosity, thermal expansivity, and 
core size.  

We select a representative thermal evolution model 
that will be presented in detail below. The Mars85 
model (Fig. 1) has been selected out of 130 thermal 
evolution models of Mars in a 3D geometry [6]. It uses 
a crustal density of 3100 kg/m3 and an average crustal 
thickness of 62 km. The core size is 1850 km and is 
compatible with the latest values of k2 of Mars. In 
addition, the model can reproduce a thin elastic 
thickness in the Noachian [e.g., 7] and the inferred 
present-day north and south pole elastic thickness 
estimates [8, 9]. Partial melt production in the mantle 
lasts up to the present-day and becomes confined below 
the Tharsis volcanic region [6]. In addition, the model is 
also compatible with high mantle potential temperatures 
as suggested by the petrological analysis of Martian 
meteorites [10]. 

The seismic velocities are computed from the 3D 
temperature field calculated for the present-day. We use 
the BurnMan code [11] with the Stixrude & Lithgow-

Bertelloni 2011 [12] mineral database to compute the 
3D seismic velocity structure, density, as well as shear 
and bulk modulus. With these parameters we use the 
Andrade pseudoperiod model [13] to calculate the 
attenuation in the mantle corresponding to the 
temperature and elastic properties of the 3D mantle 
model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Thermal evolution model Mars85: a) Crustal 
thickness distribution employed in the simulation, b) 
Temperature distribution at 300 km depth obtained at present 
day, c) Seismic velocity Vp variations from the average value, 
which have been computed using the temperature distribution 
from panel b) and the mineral database of [12]. 
 

Seismic wave propagation models: The seismic 
velocities and the attenuation values are further used as 
input for the 3D global seismic wave propagation solver 
SPECFEM3D_GLOBE [14] to model seismic-wave 
propagation by using a spatially variable seismic 
velocity distribution. To input the data into 
SPECFEM3D_GLOBE we use a spherical harmonic 
expansion. The SPECFEM3D_GLOBE package has 
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been previously used to compute seismic wave 
propagation on Mars with a 1D mantle model combined 
with 3D crustal thickness and topography variations 
(Fig. 2 & 3) [15]. Attenuation, ellipticity, gravity and 
rotation are also included in simulations.  

 

Figure 3: A snapshot of the movie of global 3D wave 
simulations on Mars. The simulation is performed for the 
model with 3D crustal thickness and topography variations as 
described in [15]. 

 
Results and discussion: For a crust containing ≥68% 
of the total abundance of HPE and with an average 
thickness of 62 km or thicker, our models suggest a 
difference between maximum and minimum P-wave 
velocity of up to 5% in the uppermost 300 – 400 km that 
correlates with the crustal thickness dichotomy. These 
variations, located in the lithosphere, are the combined 
effect of the insulating effect of the crust, its enrichment 
in HPE and the convection pattern in the mantle.   

For a thinner crust or a crust less enriched in HPE 
the seismic velocity variations in the lithosphere are less 
pronounced. Hence, in addition to constraining the 
crustal thickness by using the seismic velocity 
difference between the mantle and crust, the detection 
of a seismic velocity dichotomy in the Martian 
lithosphere could be used to constrain the crustal 
enrichment in HPE.  

Synthetic seismograms which will be computed for 
such thermal evolution models can be directly compared 
to the InSight data. This comparison will help to select 
thermal evolution models compatible with InSight 
measurements and in turn to better understand the 
thermochemical history of Mars.  
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Figure 2: Comparison of vertical (Z) and transverse (T) components of 1D (red) & 3D (black) seismograms. For computational 
efficiency, the 2011 Virginia earthquake is located at the location of the single instrument to be deployed on the Mars surface, 
and stations are at possible locations of seismic sources. The map in the middle shows crustal thickness variations, station & 
source locations, and ray paths [15]. 
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