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Supplementary Text
S1. Plume head size.

Several parameters influence the diameter of a plume head in the mantle (D), including
the rise height through the mantle (Z), the kinematic viscosity (v), and the gravitational attraction
(g), which all are expected to differ between the Earth and Mars, where (Campbell & Griffiths,
1990; Griffiths & Campbell 1991) D~Z3/5(v /g )*/5.

On Earth, plume heads are predicted to have diameters ranging from 1000—1200 km in the
mantle (with a viscosity of 10?° Pa s), and flatten at the base of the lithosphere to reach diameters
of 2000-2400 km (Griffiths & Campbell, 1991; White & McKenzie, 1995). On Mars, constraints
on the Hesperian mantle viscosity are scarce and we assume a large range of viscosities from
10'°-2! Pa s (Plesa et al., 2018). For a plume coming from the core-mantle boundary, plume
heads would have diameters of 530 to 1600 km in the mantle, and 1060 to 3200 km after
flattening. Our model results with a flattened plume head diameter of 1400 km are thus
consistent with expected plume head sizes on Mars.

S2. An updated thin-shell model for displacement and strain calculations.

The thin-shell formalism used in this study is based on the initial formulation of Banerdt
(1986) and can be found at Broquet (2022). Various improvements have been made to the initial
formulation to include finite-amplitude correction and filtering (Wieczorek & Phillips, 1998), but
also lateral density variations at any arbitrary depth (Wieczorek et al., 2013). Some corrections
have been made to the model and are noted below.

The model solves a system of 5 equations that links 8 parameters expressed in spherical harmonics
(degree /, order m): the topography (Hin), geoid at the surface of the planet (Gi»), geoid at the base
of the crust (Gcin), net acting load on the lithosphere (¢:), tangential load potential (€2;,), flexure
of the lithosphere (win), crustal root variations (Jdcin), and internal lateral density variations (dpim).
Given 3 constraints or assumptions, the system is evenly determined. To simplify the following
equations, the mass-sheet approximation is used (see Wieczorek et al., 2013 and Broquet 2022 for
more details).

The net load acting on the lithosphere can be shown to be equal to (e.g., Broquet & Wieczorek,
2019)

Qim = gopc(Hlm - Glm) + gmAp(Wlm - 5Clm - Gclm) + gM6plmM
(AD)

where Ap = p»—p. 1s the density contrast across the crust-mantle interface; go, gm, and gu are the
vertical gravitational acceleration at the surface, crust-mantle boundary and at the base of the
internal load; and M is the thickness of the internal density anomaly. If the gravitational
acceleration is assumed to be constant, our equation (A1) reduces to eq. (4) in Banerdt (1986).
Assuming that internal density variations are located between M;and M, and using the mass-sheet
assumption, the geoid at the surface can be derived as (see also Wieczorek & Phillips, 1998),
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In this equation, ¢ = (R — T¢)/R. Similarly, the geoid at the base of the crust is given by
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Equation (A2) is similar to eq. (6) in Banerdt (1986), and minor corrections have been made to
equation (A3), with respect to eq. (5) in Banerdt (1986), to properly reference the different
interfaces at the base of the crust.

The tangential load potential has been derived by Banerdt (1986) as
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Equation (A4) has been modified to include lateral density variations at any arbitrary depth. We
note that any internal density variations below the elastic lithosphere do not give rise to tangential
loads, as these are assumed to be in the fluid mantle.

The flexure equation is obtained from Beuthe (2008)

1
—RY(V+1—v)q,, + R* (1—+€ V+2)—1- v) vQ,,

Wim =

2
nDV(V + 2)? + 2& (v 4 2)
ET,

(A5)

where, V = —[(l+1) is the Laplacian, D = ET.*/(12(1—?)) is the bending rigidity of the shell, & =
12RA/T2, and n = &/(1 + £). The flexure equation is slightly different from that derived in Banerdt
(1986), with a correction that mostly affects the degree-1 terms (see Beuthe 2008).

Strains are computed using the flexure and the poloidal component of the tangential displacement,
which is defined following Beuthe (2008) as
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From equations (A5) and (A6), one can derive the 6 components of the strain tensor (e.g., eq. 12
in Beuthe, 2008).

S3. Fitting the strain magnitude at Hesperia Planum.

We make use of the best-fit plume location and determine what parameters best reproduce
the observed strain magnitude. To facilitate viewing the three-dimensional parameter space, we
have fixed one parameter for each panel of Figure S2. We estimate a residual strain as the
difference between the observed and predicted areal strain, both averaged over our restricted
investigated region. Where the model best matches observations, the residual strain should be
approximately 1.47—1.76x1073, which is the strain attributed to global contraction (section 3.3 in
the main text).

In our models, there is roughly a one-to-one tradeoff between the density contrast and
aspect ratio of the plume head (Figure S2A), which both control the mass and load of the plume.
Decreasing the elastic thickness increases the residual strain (S2B), which is the result of our
loading model approaching isostatic equilibrium (7% = 0), where stresses and strains are minimum.

In order to best reproduce the observed strain magnitude and when flood lava loading is
negligible, the plume-head density contrast should be at least -25 kg m 3 (thermal anomaly of about
215 K), the aspect ratio must be greater than 0.11, and any elastic thickness can satisfy the data.
When accounting for the presence of the flood basalt, with an initial thickness of 500 m, less strain
should originate from the plume-head. The density contrast and aspect ratio are both reduced, with
minimum allowed values down to -10 kg m and 0.09, respectively (Figure S2).
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Figure S1: Gravity field at Hesperia Planum. Free-air gravity at Hesperia Planum based on the
model of Genova et al. (2016). For geologic context, the images are annotated with a white contour
of Hesperia Planum, black lines for compressive tectonic features and black dots for Tyrrhena
(106°E -21°N) and Hadriaca (93°E -30°N) Montes.
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Figure S2: Strain magnitude and displacement at Hesperia Planum. (A) Residual strain (the
difference between the observed strain of 3.20x1073 and modeled areal strain) as a function of the
density contrast (or temperature anomaly) and aspect ratio for an elastic thickness of 120 km. (B)
Residual strain for different elastic and plume-head thicknesses for a density contrast of -35 kg
m 3. (C) Residual strain as a function of the density contrast and elastic thickness for an aspect
ratio of 0.20. Black contours indicate where the residual strain is 1.76x1073, which is our estimate
for the background Hesperian strain, for several initial thicknesses of the flood basalt. (D)
Maximum predicted surface uplift for different elastic thickness and plume-head density contrast
for an aspect ratio of 0.20. This plot is also annotated by the final flood basalt thickness depending
on the elastic thickness and for an initial thickness of 500 m.
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Figure S3: Mantle plume position and elastic thickness. Influence of the thickness of the elastic
lithosphere on the RMS misfit between the observed and modeled strain concentration (2 leftmost
columns) and azimuth (2 rightmost columns) as a function of the position the plume-head (colored
markers). The plume-head radius, density, and aspect ratio were set to 700 km, -35 kg m 3, and
0.20 respectively. Where the RMS misfit is lower than when using global gravity and topography
(0.29) the location markers are dots, and are squares elsewhere. The black cross indicates the
position of Tyrrhena and Hadriaca Montes.
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Figure S4: Mantle plume position and density contrast of the plume-head. Influence of the
density contrast of the plume-head on the RMS misfit between the observed and modeled strain
concentration (2 leftmost columns) and azimuth (2 rightmost columns) as a function of the position
the plume-head (colored markers). The elastic thickness, plume-head radius and aspect ratio were
set to 120 km, 700 km, and 0.20 respectively.
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Figure S5: Mantle plume position and the aspect ratio of the plume-head. Influence of the
aspect ratio of the plume-head on the RMS misfit between the observed and modeled strain
concentration (2 leftmost columns) and azimuth (2 rightmost columns) as a function of the position
the plume-head (colored markers). The elastic thickness, plume-head radius and density contrast
were set to 120 km, 700 km, and -35 kg m™, respectively.
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