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Introduction:  The Tharsis rise is the dominant
feature in the Martian geoid (or “areoid”) and is second
only to the crustal dichotomy among topographic fea-
tures.  Two competing models of Tharsis have been
proposed, both deriving from the observation that
Tharsis has been volcanically active throughout its 4Ga
history.  The first model holds that the Tharsis rise
formed primarily by volcanic construction and shallow
magmatic intrusion and associated flexural isostatic
response [1,2,3].  The second model interprets the ob-
served features as the dynamic response to an upwell-
ing mantle plume beneath Tharsis [4,5,6].

Most loading investigations have modeled Tharsis
in a forward sense, either as a surface load atop a thin
elastic shell [2,7] or as a mantle plume in a viscous
sphere with a high viscosity lid.  A recent investigation
modeled both surface and internal loading of a viscoe-
lastic sphere [8] to find that elastic flexural effects on
the geoid, neglected in viscous flow models [4,5,6], are
significant.  Here we introduce a method for inverting
load structure from geoid and topography of a viscoe-
lastic planetary body.  The method is applied to 1800+
coefficients of the Mars fields up to degree and order
60.  By retaining all of the information content (i.e.,
amplitudes of each individual coefficient), we examine
the loading effects localized to the Tharsis province as
well as the influence of assumed parameters of Martian
density structure and lithospheric thickness.

Method:  We model the areoid, N, and topography,
h, as having three contributions: surface topographic
loads hS, internal mass anomalies ξ  which load the
lithosphere at some internal radius RI, and deflection of
the lithosphere w in response to those loads.  The three
fields hS, w and ξ are inverted from linearized relations
describing flexural isostatic response and the areoid in
the spherical harmonic domain.  The flexural isostatic
relation assumes a thin spherical elastic shell with
outer (planetary) radius Rp and thickness Te.  We modi-
fied a thin elastic shell formulation of flexural isostasy
[2,7] to include the effects of internal loading, and we
assume the lithosphere surrounds a viscous (rather than
inviscid) fluid.  Coupling between deep internal loads
and the elastic lithosphere is described via the response
kernel for surface deformation relative to the geoid,
α(RI), for a spherically-symmetric, viscous sphere with
an incompressible flow approximation [9] filtered by
an elastic lithosphere [8].  The areoid calculation util-
izes a Taylor series formulation to account for finite
amplitude effects of the topography and crust-mantle
boundary [10].

Relations describing the flexural isostatic response
and the areoid, coupled with the definition of surface
load hS=h–w, yield three equations in the three un-
knowns hS, w and ξ.  The areoid calculation depends
nonlinearly on the unknown flexure w, so we place
higher order terms contributed to the areoid by w on
the right-hand-side of these equations.  The system of
equations is solved iteratively for each spherical har-
monic coefficient.  At the first iteration higher-order
terms in w are set to zero, and these terms are updated
in subsequent iterations until a convergence criterion is
achieved.

The controversy regarding loading processes of the
Tharsis rise centers on the question of whether the
large-scale topographic expression is dominated by
deep plume buoyancy or by volcanic construction.  To
assess the relative magnitude of surface and internal
loads, we integrate the lithospheric vertical stress ap-
plied by load fields within the Tharsis province.  Inte-
gration yields a resolved force FI due to internal load-
ing in the Tharsis region and a resolved force FS due to
surface loading.  The integration of stress to resolved
force was modified from an optimal method for esti-
mating regionally averaged surface mass from time-
variable geoid anomalies [11] designed to minimize
both the satellite geoid measurement error and leakage
from outside the region of interest.  Resolved forces
are expressed as a percentage ratio –100FI/(|FS|+|FI|).
The minus sign in the numerator yields a positive ratio
if the load is buoyant.  A ratio with negative sign indi-
cates that the internal load is instead anomalously
dense.

Results:  We tested the accuracy of our formula-
tion against a propagator matrix model of viscoelastic
response to loading [8,12].  We applied our inverse
method to topography and geoid coefficients predicted
by the viscoelastic model, and compared the solutions
to the original input loads.  Recovered load coefficients
differed from the input coefficients by between 2% and
6% for l=2–8 and load depth <400 km.  The differ-
ences arise from deformation of the core-mantle
boundary, which is included in the viscoelastic flow
model but ignored in the load deconvolution model,
and thick plate effects neglected in the thin plate ap-
proximation of lithospheric flexure [2,7].

We applied the method to MGM1004D areoid data
[13] and the IEGDR-L3-V1.0 planetary radius data.
We use all spherical harmonics to degree and order 60
except the (l=2,m=1) and l≤1 terms, which we ignore
so as not to spuriously interpret differences in refer-
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ence frame of the two fields.  Estimation of the load
fields requires that we assume some parameterization
of the density structure and rheological properties of
Mars.  We used parameters given in Table 1 as a refer-
ence model, but many of these parameters are only
approximately known.  Hence, we estimated the per-
centage of internal loading using a range of parameters
to better map out the possible solution space.

Figure 1 shows the percentage of Tharsis internal
loading for the reference model in Table 1, but with
lithospheric thickness Te ranging from 60 to 200 km
and internal load depths Rp–RI from 20 to 420 km.  The
relative contribution of internal loading generally de-
creases with decreasing Te.  A lithospheric thickness of
80 km would have essentially no net contribution from
internal loading, and if Te is less than 80 km, a dense
internal load is required to fit the observed topography
and areoid.  Whether dense or buoyant, the magnitude
of internal loading increases as the assumed depth of
loading increases.  Hence, the contribution of internal
loading may be smaller if crustal magmatic processes
dominate the internal mass variations than if loading
represents thermal and/or compositional effects of a
degree-one plume structure.

Figure 2 shows calculations for the reference model
and an assumed internal load depth Rp–RI=200 km,
with the assumed crustal density and crustal thickness
permitted to vary.  Note that “crustal thickness” as de-
fined here neglects the surface load hS, so is different
from the actual thickness of crustal material.  The es-
timate of internal loading decreases with decreasing
crustal density, and a dense internal load is required for
crustal density ρ0<2800 kg m-3.  The internal load also
decreases, albeit less significantly, with decreasing
crustal thickness.

In all cases we examined, internal loading is less
than 30%, indicating the volcanically-constructed sur-
face load has at least twice the magnitude of any po-
tential plume load beneath Tharsis.  If Te of Tharsis is
less than 150 km as has been recently suggested [14],
the volcanically constructed loading must be at least
four times the magnitude of plume loading.
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Parameter Symbol Value
Planetary radius Rp 3397 km
Crustal density ρ0 2900 kg m-3

Mantle radius R1 3347 km
Mantle density ρ1 3400 kg m-3

Gravitational acceleration g 3.71 m s-1

Elastic shell thickness Te 100 km
Young's modulus E 1.44x1011 Pa
Poisson's ratio ν 0.268
Table 1. Parameters of a reference model of Martian
loading.
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Figure 1.  Percentage of Tharsis loading that is buoy-
ant and internal, estimated for elastic (lithospheric)
thickness Te=60 to 200 km and depth of internal load-
ing Rp–RI=20 to 420 km.
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Figure 2. Percentage of Tharsis loading that is buoyant
and internal, estimated for crustal density ρ0=2400 to
3000 kg m-3 and crustal thickness (prior to surface
loading) 10 to 80 km.
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