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Satellite gravity-rate observations to uncover Martian plume-
lithosphere dynamics

Riva Alkahal and Bart Root
Aerospace engineering, Delft University of Technology, Netherlands (r.alkahal@tudelft.nl)

In the past few decades, Mars-oriented orbiters and landers have allowed to unravel valuable
knowledge about Mars’ surface and interior. With the InSight mission, seismic waves have indicated
the presence of more frequent Marsquakes than assumed before the mission (Banerdt et al. 2020).
Moreover, active mantle plume is considered below the Elysium Region (Broquet and Andrews-
Hanna, 2023). This raises questions regarding the planet's formation and whether Mars is more
geologically active than was considered.

An important milestone in studying the interior of Mars is the recovery of static gravity field models.
These models have been accomplished using data from the three recent Mars orbiting missions,
namely, Mars Global Surveyor (MGS), Mars Odyssey (ODY), and the Mars Reconnaissance Orbiter
(MRO). In addition to the static gravity field, seasonal variations of Mars’ gravity field have been
observed, providing information regarding the periodic behavior of the polar ice caps (Konopliv et al.
2016, Genova et al. 2016). However, the secular variation of the gravity field and its link to the solid
deformation of the planet has been limited studied.

In general, the estimation of the time variations of the gravity field in the very long wavelength can
provide insights into activity of the mantle (Wörner et al. 2023). Le Maistre et al., (2023) have
studied the spin rate of Mars and its connection to interior mantle flow or atmospheric changes. By
analyzing measurements from the Viking and InSight landers, they estimated a long-term change of
the rotation rate of Mars and its moment of inertia. The obtained rotation rate change, along with
the J2 coefficient variation over one Martian year, suggests factors such as atmospheric changes,
glacial rebound of the polar ice caps (GIA, Glacial Isostatic Adjustment), or substantial deep mantle
flow. Therefore, decoupling atmospheric signal from solid Mars deformations in the gravity signal is
essential.  

In this study, we focus on a new way of estimating secular variations of the gravity field of Mars
from the available tracking data with an open-source orbit estimation tool: TUDAT (TU Delft
Astrodynamics Toolbox). First, we review the state-of-the-art literature on studying the plume-
lithosphere interaction and model the gravity-rate signal that would come from mantle flow. Then,
we perform a sensitivity analysis for decoupling the secular variations from other signals, such as,
the atmospheric density variations and ongoing GIA of the polar ice caps. We do this by simulating
one-way and two-way Doppler observations of a Mars-orbiting satellite. We include all possible
dynamic forces impacting the satellite. Some of these forces are the static and temporal gravity
field, the third body gravitation, the solar radiation pressure, the atmospheric drag, and other
forces. For the atmospheric drag, we use the Mars-DTM atmosphere density model that models the



static, daily, and yearly variations that affect the drag of the satellite (Bruinsma and Lemoine,
2002). We determined the sensitivity of the estimation process for different parameters including:
the initial state, the atmospheric drag and the solar radiation coefficients, and the global vs. arc-
wise time varying coefficients. Finally, we perform a correlation analysis of these parameters to
determine in which estimation scenario we are able to separate the atmospheric signal from the
solid Mars gravity changes. This sensitivity analysis will help in decoupling the gravity-rate signal in
order to answer the unresolved question about the activity of the Martian interior.
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