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Abstract

We investigate the geodynamic and melting history of Mars using 3D spherical shell models of mantle convection, constrained

by the recent InSight mission results. The Martian mantle must have produced sufficient melt to emplace the Tharsis rise by

the end of the Noachian–requiring on the order of 1–3×109 km3 of melt after accounting for limited (˜10\%) melt extraction.

Thereafter, melting declined, but abundant evidence for limited geologically recent volcanism necessitates some melt even in

the cool present-day mantle inferred from InSight data. We test models with two mantle activation energies, and a range of

crustal Heat Producing Element (HPE) enrichment factors and initial core-mantle boundary temperatures. We also test the

effect of including a hemispheric (spherical harmonic degree-1) step in lithospheric thickness to model the Martian dichotomy.

We find that a higher activation energy (350 kJ mol-1) rheology produces present-day geotherms consistent with InSight results,

and of those the cases with HPE enrichment factors of 5–10x produce localized melting near or up to present-day. 10x crustal

enrichment is consistent with both InSight and geochemical results, and those models also produce present-day geoid power

spectra consistent with Mars. However, it is very difficult to produce sufficient melt to form Tharsis in a mantle that also

matches the present-day geotherm, without assuming extremely efficient extraction of melt to the surface. The addition of

a degree-1 hemispheric dichotomy, as an equatorial step in lithospheric thickness, does not significantly improve upon melt

production or the geoid.
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Key Points:6

• Our results favor a higher activation energy mantle rheology and 10x crustal heat7

producing element enrichment factor8

• It is not difficult to produce melt up to the present-day, even with a cool mantle9

consistent with InSight results10

• It is very difficult to produce sufficient melt for Tharsis without assuming extremely11

efficient extraction of mantle melt to the surface12
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Abstract13

We investigate the geodynamic and melting history of Mars using 3D spherical shell mod-14

els of mantle convection, constrained by the recent InSight mission results. The Mar-15

tian mantle must have produced sufficient melt to emplace the Tharsis rise by the end16

of the Noachian–requiring on the order of 1–3×109 km3 of melt after accounting for lim-17

ited (∼10%) melt extraction. Thereafter, melting declined, but abundant evidence for18

limited geologically recent volcanism necessitates some melt even in the cool present-day19

mantle inferred from InSight data. We test models with two mantle activation energies,20

and a range of crustal Heat Producing Element (HPE) enrichment factors and initial core-21

mantle boundary temperatures. We also test the effect of including a hemispheric (spher-22

ical harmonic degree-1) step in lithospheric thickness to model the Martian dichotomy.23

We find that a higher activation energy (350 kJmol−1) rheology produces present-day24

geotherms consistent with InSight results, and of those the cases with HPE enrichment25

factors of 5–10x produce localized melting near or up to present-day. 10x crustal enrich-26

ment is consistent with both InSight and geochemical results, and those models also pro-27

duce present-day geoid power spectra consistent with Mars. However, it is very difficult28

to produce sufficient melt to form Tharsis in a mantle that also matches the present-day29

geotherm, without assuming extremely efficient extraction of melt to the surface. The30

addition of a degree-1 hemispheric dichotomy, as an equatorial step in lithospheric thick-31

ness, does not significantly improve upon melt production or the geoid.32

Plain Language Summary33

Mars’ mantle needed to produce an extremely high volume of melt by ∼3.7 billion34

years ago in order to build the immense volcanic plateau of Tharsis. There is also sig-35

nificant evidence for small volumes of geologically recent volcanism, yet InSight mission36

results indicate relatively cool mantle at present. We use 3D numerical models of the Mar-37

tian mantle to determine what properties can produce a melting history and present in-38

terior temperatures consistent with InSight results and Mars’ volcanic history. We test39

sets of models with two different mantle activation energies (how sensitive the mantle40

viscosity is to changes in temperature), and a range of crustal Heat Producing Element41

enrichment factors. We also test the effect of including a simplified version of the Mar-42

tian hemispheric dichotomy. Our models with the higher activation energy and 10x crustal43

enrichment (consistent with Mars’ crustal composition) produce melt near the present-44

day as well as temperature profiles consistent with InSight. However, it is very difficult45

to produce sufficient melt to form Tharsis in such a cool mantle, without assuming most46

of the melt produced in the mantle reaches the surface. Addition the simplified dichotomy47

does not significantly improve our results.48

1 Introduction49

Results from the InSight mission provide new constraints on the temperature, struc-50

ture, and geodynamic evolution of the Martian interior. The InSight mission was the first51

to record quakes (unambiguously) and impacts on Mars (Banerdt et al., 2020; Giardini52

et al., 2020). Using reflections of seismic waves from the core-mantle boundary of Mars53

together with geodetic data, Stähler et al. (2021) constrained the radius of the liquid metal54

core to be 1830±40 km with a mean core density of 5700–6300 kg/m3–implying that there55

is 10–15 wt. % S in addition to other light elements dissolved in the nickle-iron core. The56

core radius is at the large end of the pre-mission estimate (Smrekar et al., 2019) and, im-57

plies that there is no bridgmanite layer above the core-mantle boundary. The absence58

of a bridgmanite layer is an important constraint for mantle dynamics because a thin59

bridgmanite layer is one mechanism to generate degree-1 convection (Harer & Christensen,60

1996; Harder, 1998, 2000).61
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The topography and crustal thickness of Mars are characterized by the dichotomy62

between the northern and southern hemispheres. The northern hemisphere is dominated63

by lowlands which tend to have thinner crust, while the southern hemisphere is domi-64

nated by heavily cratered highlands which tend to have a thicker crust. Using InSight65

seismic data, Knapmeyer-Endrun et al. (2021) found two possible Moho depths, the first66

at 20±5 km and the second at 39±8 km. The thicker crust is more consistent with the67

surface composition, while the thinner crust would require an increasing HPE concen-68

tration with depth. The thicker crust would also allow a slightly higher bulk crustal den-69

sity (3100 kgm−3) when compared with the thinner crust (<2900 kgm−3). Considering70

either model and the aforementioned gravity and topography data sets, Wieczorek et al.71

(2022) constrain the global average Martian crustal thickness to be between 24 and 72 km,72

with thinner crust in the lowlands (including the InSight landing site), and thicker crust73

beneath the highlands and Tharsis.74

Huang et al. (2022) constrained the depth of a mid-mantle discontinuity to be 1,006±4075

km by modeling triplicated P and S waveforms. Interpreting this seismic discontinuity76

as the transformation of olivine to a higher-pressure polymorph (likely ringwoodite) yields77

a mantle potential temperature of 1,605±100 K. Using a parameterized convection ap-78

proach, Huang et al. (2022) suggest that the mantle potential temperature was 1,720 to79

1,860 K soon after formation. When combining the 1,000-depth phase transition tran-80

sition with an estimated crustal thickness from Knapmeyer-Endrun et al. (2021), a present-81

day lithospheric thickness of 400-600 km (Khan et al., 2021), and moment of inertia and82

love number constraints, Huang et al. (2022) prefer a model with 10 to 15x crustal HPE83

enrichment and present-day average surface heat flow of 21 to 24 mW/m2, implying a84

relatively sluggish mantle with a reference viscosity of 1020–1022 Pa s. The InSight-constrained85

geodynamic modeling of Samuel et al. (2021) favor 10x crustal enrichment, and orbital86

gamma ray spectrometry also supports an enrichment of ∼10-15x (Boynton et al., 2007;87

McLennan, 2001; Taylor et al., 2006).88

In addition to the new results from InSight, geodynamic models must also be con-89

sistent with the observed volcanic history of Mars. Mars’ volcanic history, as well as the90

present-day topography and gravity field, are dominated by the Tharsis rise, a broad dome 800091

km in diameter and 10 km high–far larger than any terrestrial igneous province–containing92

several large volcanoes, centered in the equatorial western hemisphere (Janle & Erkul,93

1990). The origin of the Tharsis rise is generally ascribed to one or more long-lived man-94

tle plumes (Carr, 1973; Harer & Christensen, 1996; Kiefer, 2003; Li & Kiefer, 2007). While95

most of the rise itself was emplaced by lava lows by the end of the Noachian, and the96

large volcanic shields in the Hesperian, the region has remained volcanically active for97

most of the planet’s history (Phillips et al., 2001; Neukum et al., 2004; Richardson et98

al., 2017). According to Neukum et al. (2004), there is evidence of volcanism in Thar-99

sis as recently as 2.4 million years ago. The relatively recent volcanic and tectonic ac-100

tivity, and modeled long-term stability of convection in the Martian mantle indicates that101

mantle melting is still occurring in the present day (Kiefer, 2003; Li & Kiefer, 2007; Kiefer102

& Li, 2016).103

The Tharsis rise straddles the boundary between the thicker crust of the southern104

highlands and the thinner crust of the northern lowlands (Neumann et al., 2004). The105

contrast between these two hemispheres (zonal degree-1 topography) is referred to as the106

Martian crustal dichotomy. This feature is apparent in the hypsometry (elevation fre-107

quency distribution) of Mars, which has a bimodal distribution with peaks separated by108

5.5 km (Aharonson et al., 2001; Watters & Schubert, 2007). The origin of the dichotomy109

is still highly uncertain. It may be of internal origin, for example the result of degree-110

1 mantle convection (Roberts & Zhong, 2006; Zhong, 2009), or from a giant impact (Andrews-111

Hanna et al., 2008; Kiefer, 2008; Marinova et al., 2008). A hybrid origin from degree-112

1 mantle convection caused by the giant impact has also been proposed (Citron et al.,113

2018). Several studies have considered a causal link between the dichotomy and Thar-114
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sis (S. King & Redmond, 2005; S̆rámek & Zhong, 2012; van Thienen et al., 2006; Wen-115

zel et al., 2004; Zhong, 2009). S. King and Redmond (2005) propose that Tharsis is the116

result of small-scale convection at the dichotomy boundary caused by the difference in117

crustal or lithospheric thickness.118

However, there are other significant volcanic regions besides Tharsis, including the119

Elysium rise which is a smaller version of Tharsis but, still comparable in size to the largest120

igneous provinces on Earth. Unlike Tharsis, the Elysium rise itself and its volcanic shields121

appear to have had less recent volcanic activity than Olympus Mons and the Tharsis Montes122

associated with Tharsis swell, with a steep decline after a peak ∼1 Ga (Platz et al., 2010;123

Susko et al., 2017). However, the greater Elysium region shows evidence of more recent124

activity to the southeast of the rise, including volcanism within the past 0.2-20 Myr in125

Elysium Planitia, and in particular Cerberus Fossae (Susko et al., 2017; Horvath et al.,126

2021; Berman & Hartmann, 2002; Vaucher et al., 2009; Jaeger et al., 2010). Geophys-127

ical evidence also supports recent and presently active tectonism, possibly driven by magma,128

in Cerberus Fossae, as well a possibly active mantle plume beneath Elysium Planitia (Stähler129

et al., 2022; Broquet & Andrews-Hanna, 2022). Between Tharsis and Elysium lies the130

vast lava plain of Amazonis Planitia, produced by lava flows of the late, eponymous, Ama-131

zonian Period. Other, much older, volcanic regions of significance include the Syrtis Ma-132

jor province, as well parts of the Southern Highlands such as Tyrrhenus Mons and Hadri-133

acus Mons (Hiesinger & Head III, 2004; Mouginis-Mark et al., 2022).134

Geoid anomalies provide another constraint on the dynamics of planetary interi-135

ors (Hager et al., 1985; Roberts & Zhong, 2004; S. D. King, 2008). However, as Mars’136

gravity field and geoid are dominated by the topography of the Tharsis rise, largely built137

up by lava flows, removing or greatly reducing the effect of Tharsis from Mars’ measured138

gravity field allows a much more useful comparison with our model geoids. Zuber and139

Smith (1997) calculated the low-degree (ℓ=2-6) coefficients for Mars without Tharsis (MWT),140

which we use for comparison–though this MWT geoid retains shorter wavelength fea-141

tures associated with Elysium, as well the large shields of Tharsis, as well as large im-142

pact basins such as Utopia and Hellas. (Spherical shell modeling does not include or pro-143

duce the topography built up by lava or excavated by impacts.)144

Using the 3D spherical shell geodynamic code CitcomS (Zhong et al., 2000; Tan145

et al., 2006; Zhong et al., 2008), we investigate the thermal and volcanic history of Mars.146

We consider runs successful if they are capable of producing: present-day temperature147

profiles (geotherms or potential temperatures) that fall within the range inferred from148

InSight results (Khan et al., 2021; Huang et al., 2022); geoid and topography power spec-149

tra consistent the the observations after removing the effect of Tharsis (Zuber & Smith,150

1997), and sufficient melt in the first billion years to explain the widespread volcanism151

with isolated pockets of melt at present day. If the models are too hot, they will produce152

a persistent global melt layer lasting billions of years, while if they cool too quickly, melt153

production will be too low and end too early to be consistent with Mars. The observa-154

tion of volcanic activity within the past 100 million, and even past few million years (Berman155

& Hartmann, 2002; Horvath et al., 2021; Jaeger et al., 2010; Neukum et al., 2004; Vaucher156

et al., 2009), means that acceptable models should produce small amounts of melt up157

to, or at least near, present-day.158

Elysium is comparable in size to the largest terrestrial igneous provinces. Like Thar-159

sis it also comprises a broad rise (2400 km × 1700 km) topped by large volcanoes and160

shows evidence for billions of years of volcanic activity–albeit not as recently as Thar-161

sis, with a steep decline in volcanism after a peak ∼1 Ga (Malin, 1977; Platz et al., 2010;162

Susko et al., 2017). However, the greater Elysium region shows evidence of more recent163

activity to the south and southeast of the rise, including volcanism within the past 0.2-164

20 Myr in Elysium Planitia (the region where InSight landed), and in particular Cer-165

berus Fossae (Susko et al., 2017; Horvath et al., 2021; Berman & Hartmann, 2002; Vaucher166

et al., 2009; Jaeger et al., 2010). Geodynamicists have typically focused on Tharsis, be-167
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cause Elysium and its three major volcanoes, while large by Earth standards, are markedly168

smaller than Tharsis and its largest volcanoes. Therefore, Martian volcanism has been169

modeled as a single long-lived plume (Harer & Christensen, 1996). The mantle convec-170

tive structure in this one-plume model is represented by a sectoral degree-1 spherical har-171

monic, where the hemisphere containing Tharsis is dominated by upwelling from the plume172

and the other hemisphere is dominated by downwelling (Roberts & Zhong, 2006). Oth-173

ers, including Kiefer (2003); Li and Kiefer (2007); Kiefer and Li (2016), favor a multi-174

plume model for Tharsis. Instead of one very large plume, there would be a group of smaller175

plumes under Tharsis, each feeding one of the main volcanoes. Such plumes have been176

modeled as stable over billions of years and ongoing melt production at their centers would177

explain the continued volcanic activity over this time period, even to the present-day Li178

and Kiefer (2007).179

2 Methods180

2.1 CitcomS181

We model the Martian mantle using a modified version of the finite element geo-182

dynamics code CitcomS (Zhong et al., 2000; Tan et al., 2006; Zhong et al., 2008). The183

solid mantle behaves as an extremely viscous fluid over long timescales, which is mod-184

eled as a creeping flow. CitcomS solves the following nondimensionalized equations for185

the conservation of mass, momentum, and energy, respectively:186

∇ · u = 0 (1)187

−∇P +∇ ·
[
η
(
∇u+∇Tu

)]
+RaTer = 0 (2)188

∂T

∂t
+ u · ∇T = ∇2T +Q (3)189

where u is the velocity, P is the pressure, η is the viscosity (temperature-dependent New-190

tonian), T is the temperature, er is the unit vector in the radial direction, and Q is an191

internal heat source (and/or sink). Ra is the Rayleigh number given by192

Ra =
ρmgα∆TRp

3

κη0
, (4)193

where ρm is the average mantle density, g is the gravitational acceleration, α is the co-194

efficient of thermal expansion, ∆T is the initial super-adiabatic temperature difference195

across the mantle, Rp is the planet’s radius, κ is the thermal diffusivity, and η0 is the196

mantle reference viscosity. Table 1 shows the values we use for these and other param-197

eters. An important note here for comparing CitcomS results with other work is that198

the Rayleigh number is usually defined by a layer thickness, D, however CitcomS uses,199

Rp, the radius of the planet, for the length scale instead. For efficiency, CitcomS com-200

putations are parallelized (Tan et al., 2006). We model incompressible flow using the Boussi-201

nesq approximation.202

We have made several changes and additions to the CitcomS code. The original203

code keeps mantle internal heating constant through time. However, because heat pro-204

duction results from the decay of radioisotopes, it is more realistic to have it decrease205

accordingly using the calculations described by Turcotte and Schubert (2014). Crustal206

enrichment of radioisotopes has also been added. We have incorporated the cooling of207

the planet’s core, which is treated based on the coupled core and mantle thermal evo-208

lution model developed by Stevenson et al. (1983) As the core cools, the heat from the209
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core heats the mantle from below, while the core-mantle boundary (CMB) temperature210

decreases.211

2.2 Melt production212

The largest modification to CitcomS is the incorporation of melting calculations.213

Much of the work on melting in Mars’ mantle (Li & Kiefer, 2007; Kiefer, 2003; Kiefer214

& Li, 2016; Ruedas et al., 2013) was performed in 2D spherical axisymmetric geometry215

(or 2D Cartesian in the case of Tosi et al. (2013)) rather than 3D. With the exception216

of Ruedas et al. (2013), these also do not consider the decrease in radioisotope abundances217

through time or the thermodynamics of core cooling and solidification. Spherical 3D mod-218

eling incorporating decaying heating as well as crustal enrichment of radioisotopes has219

become more common over the past few years (Sekhar & King, 2014; Plesa et al., 2016,220

2018). Because the melting formulation is new to CitcomS, we describe it in some de-221

tail below.222

The first step in melt calculations is to calculate the equilibrium melt fraction, which223

for a given composition is a function of temperature and pressure. We calculate melt frac-224

tion (by mass) using the empirically derived parameterization of Katz et al. (2003) for225

dry peridotite melting at upper mantle pressures. We convert this mass fraction to a vol-226

ume fraction given the solid mantle density (herein 3500 kgm−3) and the presumed melt227

density (3000 kgm−3). The melt fraction algorithm of Katz et al. (2003) was developed228

by fitting experimental data on equilibrium melting of peridotite and is valid up to ap-229

proximately 8 GPa. Katz et al. (2003) has since found broad application in geodynamic230

mantle convection codes such as CitcomS (e.g., Citron et al. (2018); Šrámek and Zhong231

(2012)), as well as ASPECT and adaptations thereof (e.g., Dannberg and Heister (2016)).232

While Katz et al. (2003) was originally published with terrestrial melting in mind, it has233

been applied to calculate melt productivity in convection models of the Martian man-234

tle by Citron et al. (2018), Kiefer and Li (2016), and Šrámek and Zhong (2012). Accord-235

ing to Šrámek and Zhong (2012) and Kiefer and Li (2016), the Katz et al. (2003) solidus236

is close to experimentally derived Mars solidi, such as those of Bertka and Holloway (1994);237

Agee and Draper (2004); Matsukage et al. (2013), using inferred Martian mantle com-238

positions. The utility of Katz et al. (2003) is that it includes a solidus, liquidus, and a239

relatively straightforward nonlinear way to calculate melt fraction. Earlier geodynamic240

modeling employed simpler methods, such as Kiefer (2003) linearly increasing melt frac-241

tion between the solidus and assuming the liquidus is a fixed temperature above the solidus.242

We use the liquidus and lherzolite liquidus of Katz et al. (2003) for dry peridotite. How-243

ever, we replace their solidus with that of Duncan et al. (2018). The Katz et al. (2003)244

solidus in degrees Celsius as a function of pressure P in GPa, 1085.7 + 132.9 P - 5.1 P2,245

is higher than the Mars solidus of Duncan et al. (2018), 1088 + 120.2 P – 4.877 P2 by246

up to 45◦C (at 4 GPa) in the range of depths in which our models produce melt (see Fig-247

ure 2).248

The melt fraction by mass obtained from this modified katz2003new method is then249

converted to a fraction by volume according to the equation250

Xvol =
ρs

ρm

(
1

Xmass
− 1
)
+ ρs

(5)251

where Xvol is the melt fraction by volume, Xmass is the melt fraction by mass, ρs is the252

solid mantle density (3500 kgm−3, and rhom is the melt density (3000 kgm−3). From253

this point on, the melt fraction X refers to the volume fraction.254

Melt production computations must consider not only the portion of a region that255

is molten (melt fraction), but also the movement of the mantle material through the melt-256

ing region. Based on equation B1 of Watson and McKenzie (1991), Ṁ , the instantaneous257
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amount (herein, volume) of melt per unit (volume) of mantle material produced per unit258

time, is the material derivative of the equilibrium melt fraction X (by volume),259

Ṁ =
DX

Dt
=

∂X

∂t
+ u · ∇X. (6)260

Using the chain rule, Ṁ can be written in terms of the partial derivatives of melt frac-261

tion with respect to temperature and pressure.262

Ṁ =
DX

Dt
=

∂X

∂T

DT

Dt
+

∂X

∂P

DP

DT
=

∂X

∂T

(
∂T

∂t
+ u · ∇T

)
+

∂X

∂P

(
∂P

∂t
+ u · ∇P

)
(7)263

Assuming ∂P/∂t is zero and pressure is hydrostatic, then264

Ṁ =
∂X

∂T

(
∂T

∂t
+ u · ∇T

)
− ∂X

∂P
ρ̄gur (8)265

where ur is the radial component of velocity, and ρ̄ is the radial profile of density. The266

volume of melt produced is calculated by integrating Ṁ over the element volumes us-267

ing Gaussian quadrature.268

2.3 Model cases269

2.3.1 Rheology270

We start by modeling a structural reference case, with a uniform lithosphere thick-271

ness rather than a hemispheric dichotomy. We run 18 models with this ”uniform” struc-272

ture, testing three values each for the initial CMB temperature (1720 K, 1870 K, 2020273

K) and crustal HPE enrichment factor (5x, 10x, 15x), and two values for the activation274

energy E* (117 kJmol−1, 350 kJmol−1). The initial HPE concentrations are derived from275

the present-day bulk concentrations from Wänke and Dreibus (1994) (Table 1), projected276

back in time. Based on Christensen (1983), activation energy is divided by the stress ex-277

ponent n to approximate a power law rheology for olivine. Typically n is taken to be 3,278

but we vary the effective activation energy, corresponding to testing values of n=3 (dis-279

location creep) and n=1 (diffusion creep). Thus to approximate n=3, the nominal ac-280

tivation energy of 350 kJmol−1 becomes 117 kJmol−1 (low activation energy cases), while281

for n=1, we keep the activation as 350 kJmol−1 (high activation energy cases).282

The temperature and pressure (depth) dependent viscosity η is given, in dimen-283

sional form, by284

η = A · η0 · exp
(
Ea + PVa

RT
− Ea + PVa

R(∆T + Ts)

)
(9)285

where η0 is is the reference viscosity (1.0 × 1021 Pa s), Ea is the activation energy (ei-286

ther 117 or 350 kJmol−1), P is the pressure, Va is the activation volume (6.6 cm3 mol−1),287

R is the ideal gas constant, and T is the absolute potential temperature. The pre-exponential288

factor A is to control the viscosity by layer. To enforce a strong (initially 100 km thick)289

lithosphere, from the surface to 100 km depth, A = 10. From 100 km to 1000 km depth,290

A = 0.1, establishing a weak asthenosphere. From 1000 km depth to the CMB, A = 10,291

accounting for a strong transition zone rheology.292

2.3.2 Temperature initial condition293

The initial mantle temperature profile is set to a uniform temperature Tm (here,294

∆T = 1500K) everywhere with cold and hot thermal boundary layers are added at the295
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top and bottom, respectively. Small magnitude (0.01 ∆T) spherical harmonic degree 8,296

order 6 perturbations are added at all layers to initiate convection. The boundary layer297

temperatures are calculated by adjusting Tm based on 1D conductive cooling (at the top)298

or heating (bottom) of a half-space after a ”half-space age”. The top boundary layer is299

thus achieved by adjusting the constant temperate profile according to:300

T (r) = Tm − (Tm − Tsurf ) · erf

(
R− r

2
√

(a)

)
(10)301

and similarly the bottom boundary layer is created by302

T (r) = Tm + (Tcmb − Tm) · erf

(
r − rcmb

2
√

(a)

)
(11)303

where T (r) is the initial temperature at radius r, Tsurf is the surface temperature (220304

K), Tcmb is the initial CMB temperature, R is the radius of the planet (3389.5 km), rcmb305

is the radius of the CMB, and a is the conductive cooling/heating age of the half-space.306

For all 18 uniform structure cases, The initial error function temperature profile, with307

top and bottom boundary layers, is based on a half-space age of 100 Myr.308

2.3.3 Geoid Comparison309

We compare the power spectrum of each of the geoids output by our models to the310

power spectrum of the observed Martian geoid with the effect of Tharsis’ low degree (ℓ ≤311

6) topography removed, i.e. Mars without Tharsis (MWT), as determined by the spher-312

ical harmonic gravity coefficients of Zuber and Smith (1997). We calculate the normal-313

ized root mean square error (NRMSE) of the model geoid power spectrum from spher-314

ical hamronic degrees ℓ = 2–6, given by315

NRMSE =

√∑6
ℓ=2 (PMWT, ℓ − Pmodel, ℓ)

2∑6
ℓ=2 PMWT, ℓ

2
(12)316

where ℓ is the spherical harmonic degree, PMWT, l is the power in degree ℓ of the MWT317

geoid, Pmodel, l is the power in degree ℓ of the model geoid. (The mean squared error is318

normalized by the mean of the squared values for MWT, and the numbers of points n319

= 5, cancel.) In this formulation, a geoid identical to MWT would have an NRMSE of320

0, and a geoid with zero power for ℓ = 2–6 would have an NRMSE of 1.321

2.3.4 Dichotomy322

We repeat the range of nine high activation energy cases (3 crustal enrichments,323

3 initial CMB temperatures) for models with a degree-1 hemispheric dichotomy struc-324

ture (boundary along the equator). As opposed to the uniform cases described above,325

these are the nine ”dichotomy” cases. The initial error function temperature profile in326

the southern hemisphere for these dichotomy cases is based on a thermal half-space age327

of 500 Myr. The initial temperature profile in the northern hemisphere is based on a ther-328

mal age of 100 Myr, as would result from the dichotomy-forming impact resetting the329

temperature profile ∼400 Myr after Mars formed. The initial southern hemisphere litho-330

sphere is correspondingly set 100 km thicker than the northern hemisphere lithosphere331

by setting the viscosity in the lid to the maximum allowed value (as applied when trun-332

cating very high viscosities), which for our models is 105η0 = 1× 1026 Pa s.333
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3 Results334

3.1 Overview335

Of the three parameters we varied (activation energy, crustal HPE enrichment, and336

initial CMB temperature), the results are most sensitive to the activation energy, and337

generally least sensitive to the CMB temperature. Therefore, the plots in the figures are338

grouped first by activation energy, specifically by the value of the stress exponent n that339

the nominal activation energy (350 kJmol−1) is divided by in order to vary the effec-340

tive activation energy. Above the bottom thermal boundary layer, the mean mantle tem-341

peratures and mean radial temperature profiles (geotherms) are not strongly influenced342

by the initial CMB temperature. Higher activation energy and, to a lesser degree, lower343

crustal enrichment and the the thicker southern lithosphere of the dichotomy cases, lead344

to a overall hotter mantle. However, these higher activation energies, and thus higher345

temperatures in the lower to mid-mantle, are reached with a thicker upper thermal bound-346

ary layer. As a consequence of the higher average temperatures they produce, lower en-347

richment and higher activation energy lead to more melt being produced for longer, in348

many cases nearly to the present day. Melting occurs primarily in the middle of the heads349

of plumes or the linear upwellings like those in Figure 5 (d) and (e). No inner core forms350

in any of our models, consistent with the InSight results constraining at most a very small,351

or, more likely, no inner core (Stähler et al., 2021; Irving et al., 2023).352

3.2 Mantle Temperature and Geotherms353

Figure 3 (a–c) shows the mean potential temperature profiles, or geotherms, at the354

time corresponding to present day for all the models, in three separate plots grouped ac-355

cording to the rheology: uniform structure, low activation energy; uniform structure, high356

activation energy; and dichotomy, high activation energy. On each of these three plots,357

the 1605± 100 K mid-mantle temperature from Huang et al. (2022) is marked by the358

vertical magenta lines, with the minimum and maximum dashed. The range of geotherms359

from the models of Smrekar et al. (2019) is shaded, with the lighter shading being be-360

low the mean, and the darker shading above it. All of the low activation energy geotherms361

fall several hundred kelvins below both Huang et al. (2022) and Smrekar et al. (2019).362

The mid-mantle temperatures for all high activation energy cases, including those with363

the dichotomy, plot within the range of Huang et al. (2022). The 5x and 10x enrichment364

cases also fall within the range of Smrekar et al. (2019), as do the 15x cases at depths365

less than ∼750 km. Our geotherms, not unlike Huang et al. (2022), are generally on the366

cooler side of the range of Smrekar et al. (2019), although they have a somewhat differ-367

ent shape such that the for depths between ∼100 and ∼500 km, the high activation en-368

ergy cases with 5x and 10x enrichment rise above the mean of Smrekar et al. (2019).369

The time evolution of the mean mantle potential temperature is likewise plotted370

in Figure 3 (d–f). The cases with lower crustal enrichment, that is those which retain371

more of the HPE in the mantle, heat up over the first few hundred million years as a re-372

sult of this radiogenic heat. With the low activation energy rheology, this effect is only373

notable with the 5x enrichment, and even then very subtle. For high activation energy,374

this occurs with similar subtlety in the 10x cases, albeit stretched out over a longer time375

so that the peak temperature is later. Whereas the temperature increase with 5x enrich-376

ment is more pronounced and the peak ∼200-300 Myr later, which would be near the377

beginning of the Hesperian. With adding the dichotomy, the timing of the peak temper-378

ature is later still at about 3200 Ma, well into what would be the Hesperian.379

Across all of our 27 cases, the mean present-day surface heat flux only ranges from380

12.3 mWm−2 (high activation energy, enrichment = 5x, initial TCMB = 1720 K) to 14.1381

mWm−2 (low activation energy, enrichment = 5x, initial TCMB = 2020 K). Of note, these382

values are only about half of the heat fluxes modeled by Plesa et al. (2015) and Plesa383

et al. (2016). Our mean surface heat fluxes correlate positively with initial CMB tem-384
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perature, and negatively with activation energy. For high activation energy, the fluxes385

also increase with crustal enrichment, but curiously for low activation energy, the min-386

imum surface heat flux occurs with 10x enrichment across all three initial CMB temper-387

atures.388

3.3 Geoids389

The power spectra (from spherical harmonic degree ℓ=2–20) of the present-day geoids390

output by our models are plotted in Figure 4, with MWT in blue on each subplot. The391

NRMSE values for all 27 model power spectra are tabulated in Table 2. In terms of match-392

ing the MWT geoid power spectrum from ℓ = 2–6 (i.e., having a lower NRMSE), the uni-393

form structure, low activation energy, 15x enrichment cases have a remarkably good fit.394

(Though, to reiterate, the geotherms of these models fall well outside our constraint.)395

Several of the uniform, high activation cases, which do meet our geotherm constraint,396

also have a geoid that deviates relatively little from MWT, including all of the 10x en-397

richment cases and the 5x enrichment case with the hottest (initially 2020 K) CMB. For398

the uniform structure, the low activation energy cases with 5x enrichment, and the coolest399

(1720 K initial CMB) 10x enrichment case, have the poorest fits (high NRMSE) with400

MWT. Whereas for the uniform, high activation energy cases, it is the three 15x enrich-401

ment cases, and the coolest (1720 K initial CMB) 5x enrichment case, that have the poor-402

est fits with MWT. Thus, broadly speaking, for low activation energies, the geoids of the403

15x enrichment cases are favored, while for higher activation energies (without the di-404

chotomy), the 10x enrichment cases are generally favored.405

Turning to the dichotomy models (high activation energy only), there is less of a406

pattern in how well the geoids fit MWT, other than that the 5x enrichment cases are al-407

most as poor at matching MWT as the 5x enrichment low activation energy cases with-408

out the dichotomy. In contrast to those well-fitting uniform, low activation energy, 15x409

enrichment cases, the hottest (2020 K initial CMB) 15x enrichment dichotomy case has410

the second poorest fit with MWT of all 27 models. Among the dichotomy cases, the hottest411

(2020 K initial CMB) 10x enrichment case best matches MWT, although the interme-412

diate temperature (1870 K initial CMB) 15x enrichment case is still a relatively good413

fit.414

3.4 3D Mantle Structure Evolution415

All of the models develop long-lived plumes or plume-like linear upwellings. The416

cases without the dichotomy, both for low and high activation energies, tend to first de-417

velop a convection pattern dominated by degree-2, with two large antipodal plumes, but418

connected by a less prominent linear upwelling (Figure 5 (a, b)). This pattern gradu-419

ally evolves into a persistent pattern dominated by a single linear upwelling that curves420

around much of planet–in some cases encircling it as a sinuous ring (Figure 5 (d, e, g,421

h)). When the upwelling remains discontinuous, one or both ends of the linear upwelling422

are warmer, with a broader head, where there is greater melting (Figure 5 (d, g)). The423

dichotomy models behave very differently. Within a few hundred million years they de-424

velop a degree-1 structure comprising a single large plume centered on the pole of the425

northern hemisphere–the one with thinner lithosphere and the warmer (younger) half-426

space initial temperature profile. Unlike the initially imposed step in lithospheric thickness–427

which gradually smooths out–this degree-1 convection pattern persists through present-428

day; although the plume becomes less vigorous as it, like the mantle as a whole, cools.429

While Mars is sometimes thought of as a ‘one plume planet’, the single upwelling plume430

is often assumed to form beneath the southern highlands and migrate toward the equa-431

torial region (Zhong, 2009; Sekhar & King, 2014).other cites here. There is no geologic432

evidence supporting a plume forming beneath the Northern highlands and migrating to433

the south.434
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3.5 Melting435

The total amount of melt over time, represented as the fraction of the mantle’s vol-436

ume that is molten (e.g., 0.1 = 10% of the mantle is melt) plotted in Figure 6 (a-e). This437

bulk melt fraction generally follows the trend of the mean mantle temperature, peak-438

ing after a few hundred million years, and then declining over the rest of the model run.439

The low activation energy cases, and the high activation energy cases with 10-15x en-440

richment and a cooler CMB, do tend to have an additional, earlier peak within the first441

100 Myr, in some cases at the initial time step. In the cases with 15x enrichment and442

the initial CMB temperature of 1720 K, there is only this one early peak, correspond-443

ing with the rising of plumes.444

The melt fraction in all models peaks with the mantle being at least several per-445

cent melt, with the 5x enrichment cases reaching bulk melt fractions well over 10%. All446

melting in our models occurs within a relatively narrow range of pressures/depths (2.6-447

4 GPa / ∼200–300 km) in the upper mantle, and the local melt percentages here can reach448

in excess of 40-50% by volume. The bulk melt fraction steadily drops after the early peak449

so that by ∼2000 Ma in the low activation energy cases and by ∼500-1000 Ma in the high450

activation energy cases, there is no discernible melt on the linear scales of Figure 6 (a–451

c). But this is in part misleading; a small mount of melt remains, in many cases persist-452

ing up to or near the present day, and this is more visible when the bulk melt fraction453

is plotted on a logarithmic scale as in Figure 6 (d–f). The overall amount of melt pro-454

duced is not significantly affected by adding the dichotomy to the high activation energy455

cases, though it is marginally reduced.456

The cases with low activation energy show much less spread in their melt produc-457

tion over time than the high activation energy cases when varying the enrichment and458

initial CMB temperature. Put another way, models with high activation energy are more459

sensitive to changes in the other parameters we varied. The coldest (15x enrichment) high460

activation energy models produce less melt through time than even the coldest low ac-461

tivation energy models, while the hottest (5x enrichment) high activation energy cases462

produce more melt than all of the low activation energy models. Each 5x and 10x en-463

richment case produces a melt volume within or above the nominal volume of the Thar-464

sis rise (lighter gray shading in Figure 6, as does the low activation energy 15x enrich-465

ment case with the hottest (initially 2020 K) CMB. Yet, only the single warmest case466

of all 27 cases–the high activation energy, uniform structure model with 5x enrichment467

and the hottest (initially 2020 K) CMB–produces enough melt for Tharsis when account-468

ing for limited extraction of mantle melt to the surface (darker shading in Figure 6).469

Even on the logarithmic scale, the time of last melting is not clear from Figure 6,470

because the latest bulk melt fraction is more than 10 orders of magnitude lower than the471

peak. The precise model time and corresponding age of last melt production for each472

model case is listed in Table 3. Many cases are still producing melt at the end of the run,473

at present-day, and in others melting has only cut off within the past few hundred mil-474

lion years. These tend to be the lower enrichment cases. In all of the uniform 15x en-475

richment cases, melting shuts off well over 1 Ga. Melt continues for longer in the dichotomy476

15x enrichment cases, even up to present day in the case of the hottest (initially 2020477

K) CMB. Still not clear from either Figure 6 or Table 3 is that several models, mostly478

10x enrichment cases, see melt production stop and restart one or more times before fi-479

nally ending, or reaching present-day with melt present. These last trickles of melting480

are very small and localized.481
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4 Discussion482

4.1 Model Summary483

Of the three parameters varied (activation energy, crustal HPE enrichment, and484

initial CMB temperature), the results are most sensitive to the activation energy. The485

results are least sensitive to the initial CMB temperature. Higher activation energies,486

and thus higher temperatures in the lower to mid-mantle, result in a cooler and thicker487

lid, but also an overall hotter mantle. Corresponding with the higher average temper-488

atures, lower enrichment and higher activation energy lead to more melt being produced489

for longer. The cases with a hotter CMB, and a cooler mantle due to lower concentra-490

tions of HPEs (higher crustal enrichment) are more influenced by bottom heating. In491

these cases, more vigorous plumes that rise at the beginning of the model run contribute492

more directly to the melting.493

The results summarized and color coded in Figure 7 show whether each of our 27494

model cases fits our constraints for (1) geotherms consistent with InSight results, (2) re-495

cent production of melt, (3) sufficient melt to produce Tharsis, and (4) matching the MWT496

geoid. Blue indicates the constraint is met, and red that it is not. Purple indicates an497

intermediate result (geoids) or that the constraint is met with qualification. For the geotherms,498

blue models have a mid-mantle temperature that falls within the 1605±100 K range of499

Huang et al. (2022), and red models fall well outside this range. For melt at present-day,500

models where melt is present at 4500 Myr into the run (0 Ma) are blue, and those with501

no melt in the past 200 Ma are red. The last melt in purple models occurs between 200502

Ma and present-day, which given the limited resolution and high uncertainty in these mod-503

els, could still be consistent with geologically recent melt. For melt volume production,504

blue models produce at least 1×109 of melt–sufficient to produce the Tharsis rise with505

10% extraction. Red models produce < 1×108 of melt, which is the minimum needed506

for Tharsis with 100% extraction. Purple models produce a total melt volume between507

these values, sufficient for Tharsis if melt extraction is > 10%. For the geoids, an NRMSE508

(Table 2) < 0.6 is blue; 0.6 ≤ NRMSE < 0.8 is purple, and NRMSE ≥ 0.8 is red.509

Figure 7 shows that overall, the model cases most consistent with our constraints510

for Mars are the high activation energy cases with 5-10x crustal HPE enrichment, and511

more so the uniform structure cases than the dichotomy cases. The very cold geotherms512

of all nine low activation energy cases lead us to reject that rheology in favor the high513

activation energy rheology. The few examples in which a low activation energy case fully514

satisfies our constraint in any one category (blue) diverge, in that only a couple of 5x515

enrichment cases have melt at present-day, while it is the three low activation energy,516

15x enrichment cases that produce geoids consistent with MWT. Indeed two of those three517

geoids are the best fits of all 27 models.518

4.2 Geoids519

Our models can only address the mantle contribution to the geoid, while the ac-520

tual Martian geoid is also determined in part by crustal thickness and possible density521

anomalies within the crust. It is generally considered that lower spherical harmonic de-522

grees of the geoid are dominated by the mantle, while higher degrees are dominated by523

the crust. Yet, in the case of Mars, the thickened crust of Tharsis dominates the low-524

est degrees of the geoid. Using the geoid obtained from the MWT gravity coefficients525

of Zuber and Smith (1997) to remove Tharsis, up to and including ℓ=6, mitigates the526

crustal contribution issue, such that we consider the crustal contribution negligible through527

ℓ=6. Furthermore, for l¿∼12, the geoid should be almost entirely determined by the crust.528

At the intermediate degrees, the crustal and mantle components should both be signif-529

icant, and ideally we could separate these two and compare out model geoids with just530

the mantle component. However, resolving the question of these crustal contributions531
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to the geoid is beyond the scope of this work, and we focus on the fit of our models with532

MWT through ℓ=6.533

A subset of our models–particularly those with a uniform structure, high activa-534

tion energy, and 5–10x enrichment–which meet our geotherm and melting constraints535

also meet our MWT geoid constraint. All three low activtion energy, 15x enrichment cases536

meet the geoid constraint as well. Indeed, these three include the geoid power spectra537

with the two lowest NRMSE values of all out models. Still, these three models perform538

unacceptably in that they cool far too quickly to meet our geotherm or present melt con-539

straints.540

4.3 Melting and Thermal Evolution541

Many of our models produce a small amount of melt up to or near present-day, with542

some cases having small amounts of melting stopping and restarting. This is consistent543

with small, localized pulses of volcanism on Mars within the past few million to ∼100544

million years. It should be noted that our models have limited resolution, for example545

∼25 km vertical resolution, and still lower in the lateral direction over most of the man-546

tle, including the 200-300 km melting depths. Therefore, it is possible that were these547

same parameters and initial conditions run at a significantly higher resolution–which would548

take an infeasible amount of computing time and power–melting could continue for a lit-549

tle longer, and would not stop and restart.550

Producing sufficient melt for Tharsis while also producing a geoid power spectrum551

that is consistent with present-day Mars without the volcanically constructed topogra-552

phy of Tharsis (i.e., MWT) is very difficult. It is even difficult just to produce enough553

melt to account for the enormous volume of Tharsis, while also considering that only a554

fraction of melt produced in the mantle erupts on the surface. As depicted in Figure 7,555

only our single hottest case (high activation energy, 5x enrichment, 2020 K initial CMB556

temperature) fully fulfills our constraint assuming 10% melt extraction–and then only557

barely. (This case, alone among all nine 5x enrichment cases, satisfies our geoid constraint.)558

Yet this singular case still does not produce this quantity of melt quickly enough to al-559

low for emplacement of the Tharsis rise by the late Noachian. The majority of our cases–560

and every case with 5-10x enrichment–produce at least a Tharsis-equivalent melt vol-561

ume within the mantle, but this could only account for Tharsis if the majority (60%)562

of that melt were extracted to the surface.563

We find the present-day geotherms from our models with the high activation en-564

ergy rheology to be very consistent with present day Mars, while the geotherms of the565

low activation energy are hundreds of degrees colder than inferred from the results of In-566

Sight and previous modeling. It is, however, remarkable that despite the cold mean geotherms,567

the 5x enrichment cases with this low activation energy rheology are able to locally pro-568

duce small volumes of melt up to or near present-day. The large discrepancy in geotherms569

does lead us to broadly reject the low activation energy rheology, so much so that this570

was not considered when modeling the dichotomy.571

With regard to crustal HPE enrichment, and rather unsurprisingly, Figure 7 also572

reflects how the melting results favor lower crustal enrichment, which is somewhat at odds573

with the body of work favoring 10-15x enrichment–as well as the the geoid power spec-574

tra of our models. Nevertheless, most of the 10x cases with high activation energy pro-575

duce melt up to or near present-day, and up to about ℓ=6 the geoid is a good fit with576

MWT. The 10x enrichment cases do produce significantly less melt overall, and early on,577

compared to the 5x cases. But even the 5x enrichment cases cannot produce enough melt,578

at least not quickly enough, to account for Tharsis without extremely efficient melt ex-579

traction.580
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The present day geotherms from the low activation energy cases are hundreds of581

degrees too cold to be consistent with what has been inferred for Mars, therefore we gen-582

erally prefer the models with the higher activation energy. Nevertheless, the models with583

low activation energy and 15x enrichment provide the best-fitting geoid to observations.584

The power spectra for the 10x and 15x enrichment, high activation energy cases do still585

match well with the MWT geoid up to ℓ=6–8. Only at higher degrees is there signifi-586

cantly less power in the geoid for these cases compared to MWT, and the low activation587

energy 15x enrichment cases.588

We do not consider in our modeling initial conditions arising from a magma ocean589

overturn (Elkins-Tanton et al., 2003; Elkins-Tanton, 2005). One might speculate that590

this would stabilize the mantle with regard to convection for some period of time, allow-591

ing the mantle to heat up. The interaction of the two effects of (1) cooling the mantle592

due to the overturn, and (2) the subsequent heating of the mantle due to stabilizing the593

mantle against convection, make it difficult to predict the impact of this condition with-594

out further analysis. That is beyond the scope of this work.595

4.4 Effects of Adding the Dichotomy596

Because of the large mismatch in geotherms with the low activation energy cases,597

and the associated difficulty in generating sufficient melt, we only ran the dichotomy cases598

with high activation energy. To first order, the geotherms of the dichotomy cases are very599

close to those of the corresponding cases without the dichotomy. In the long term, the600

mantle temperature is much more sensitive to crustal enrichment than it is to the ini-601

tially thicker southern lithosphere and warmer northern hemisphere mantle. Recall that602

the initial temperature profile is also different with the dichotomy cases. The start time603

is taken to be 4100 Ma instead of 4500 Ma as in the uniform cases. To account for this,604

we initialize the southern hemisphere with an error function temperature profile corre-605

sponding to an age of 400 Ma (versus 100 Ma for the uniform case). The northern hemi-606

sphere initial condition is kept as a profile corresponding to an age of 100 Ma, consis-607

tent with a younger lithosphere and a large injection of heat from the putative large im-608

pactor responsible for the dichotomy (Marinova et al. (2008); Kiefer (2008); Andrews-609

Hanna et al. (2008)). The geoid power spectra produced by the dichotomy cases are of-610

ten a poorer match to MWT than the corresponding uniform, high activation energy cases.611

The exceptions to this trend, in which the dichotomy improves the geoid fit, are either612

relatively minor (10x enrichment, 2020 K initial CMB) or among the 15x enrichment cases613

that we reject for not meeting other constraints. Including the hemispheric dichotomy614

also marginally decreases the cumulative melt production. However, the initially thicker615

southern lithosphere does make it easier to maintain a small amount of melt close to present-616

day, and this is not wholly attributable to the later start time with the same initial tem-617

perature profile in the northern hemisphere. That said, at best, adding the hemispheric618

dichotomy does not significantly improve the overall fitting of our constraints. We there-619

fore still prefer the uniform cases.620

5 Conclusions621

Overall, we find that our results from the model cases with a high activation en-622

ergy rheology, uniform structure (i.e., without the dichotomy), and 5–10x crustal HPE623

enrichment are the most consistent with the data we have for Mars from InSight and ear-624

lier missions. To a lesser degree, our results also favor the cases among these six with625

initial CMB temperature of 1870-2020 K (i.e., greater than the initial mid-mantle tem-626

perature), in that those are the cases without any red in Figure 7. That said, model re-627

sults are least sensitive to the initial CMB temperature, as compared to the activation628

energy and crustal enrichment. This is good, in that the early CMB temperature is one629

of the most difficult parameters to constrain. Several of the dichotomy cases are almost630
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as consistent with our constraints (i.e., blue or purple across Figure 7) and even main-631

tain melt a little longer than the corresponding uniform cases. But both the geoid fit to632

MWT and the cumulative melt production for the 5–10x enrichment are made worse by633

adding the dichotomy. Therefore, we don’t consider the dichotomy, at least as we model634

it, to be necessary or overall useful in fitting our constraints for Mars.635

The present-day geotherms from our model cases with the high activation energy636

are all consistent with Huang et al. (2022) in supporting a present-day mantle cooler than637

most pre-mission estimates by Smrekar et al. (2019), and the 10x enrichment geotherms638

align with the middle of the 1605±100 K range. Among our preferred cases, cumulative639

and present-day melt production slightly favor the 5x enrichment cases over the 10x cases.640

But even with 10x enrichment, the Martian mantle is still capable of producing small641

amounts of melt near or at present-day, and neither the 5x nor 10x enrichment cases pro-642

duce sufficient melt for Tharsis quickly enough without assuming a majority of mantle643

melt is extracted. A 10x crustal enrichment factor would be consistent with the mod-644

eling and seismic analysis of Drilleau et al. (2022), the geodynamic modeling of Samuel645

et al. (2021), and the lower end of the range inferred by Huang et al. (2022). A 10x en-646

richment factor also agrees well with the orbital gamma ray spectrometry data that in-647

dicate ∼50% of Mars’ HPE are contained within its crust (Boynton et al., 2007; McLen-648

nan, 2001; Taylor et al., 2006). Furthermore, the geoid power spectra for ℓ = 2–6, for649

all three uniform, high activation energy, 10x enrichment cases are in good agreement650

with the MWT geoid derived from Zuber and Smith (1997). Modifying the radial vis-651

cosity structure of these 5–10x enrichment models may further improve the poorer fit652

at higher degrees up to ℓ ≈ 12, above which crustal structure, rather than the man-653

tle we model, should overwhelmingly dominate the geoid.654

It is challenging to reconcile such a cool mantle at present with the amount of melt-655

ing required throughout–and particularly early on in Martian history. It is nevertheless656

reassuring that our models, and thus a mantle as cool as Huang et al. (2022) find for present-657

day Mars, are still capable of producing small, localized amounts of melt, as the evidence658

of recent volcanism (Neukum et al., 2004; Susko et al., 2017; Horvath et al., 2021; Berman659

& Hartmann, 2002; Vaucher et al., 2009; Jaeger et al., 2010) necessitates, and the on-660

going tectonic activity in Elysium observed by InSight (Stähler et al., 2022; Perrin et al.,661

2022; Broquet & Andrews-Hanna, 2022; Kiefer et al., 2023) suggests. Melt production662

is very sensitive to the mantle temperature, or more precisely the portion of the man-663

tle that is above the solidus. Therefore more melt in the late pre-Noachian to early Hes-664

perian, as is necessary to produce the Tharsis and Elysium rises, requires a hotter man-665

tle and/or a lower solidus. A hotter mantle would have to cool more quickly in order to666

still reach the cool observed geotherms. The faster cooling of a hotter mantle may be667

facilitated by the consequently more vigorous convection, and considering the effect of668

compressible convection and, in particular, the latent heat of melting. Alternatively, or669

in addition to this, including the effect of water or CO2 could depress the solidus enough670

to significantly increase melt production at a given temperature.671
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porarily available via the following private Figshare link: https://figshare.com/s/f667c63d0392cc47367b.675

Note that this is a nearly 1 GB .zip file.] We use our own custom modifications to the676

geodynamic code CitcomS version 3.3.1 (Zhong et al., 2000; Tan et al., 2006; Zhong et677

al., 2008), the official code of which is available from Computational Infrastructure for678

Geodynamics (CIG) at http://geoweb.cse.ucdavis.edu/cig/software/citcoms/,679

as well as https://doi.org/10.5281/zenodo.7271920, or on GitHub at https://github680

.com/geodynamics/citcoms. Our modified CitcomS code, input (.cfg) files, and out-681

put files at 500 million year intervals will be made available at https://data.lib.vt682

–15–
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.edu/. Line plots were made with Matplotlib version 3.5.1 (Hunter, 2007), available un-683

der the Matplotlib license at https://matplotlib.org/ or at https://doi.org/10.5281/684

zenodo.5773480 . 3D plots were made with Paraview version 5.9.0 (Ahrens et al., 2005),685

available from https://www.paraview.org/. For working with the geoid output and686

data, we use pyshtools (Wieczorek & Meschede, 2018), with documentation and instal-687

lation instructions available at https://shtools.github.io/SHTOOLS/.688
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ers (2021). Upper mantle structure of Mars from InSight seismic data. Science,788

–17–



manuscript submitted to JGR: Planets

373 (6553), 434–438. doi: https://doi.org/10.1126/science.abf2966789

Kiefer, W. S. (2003). Melting in the martian mantle: Shergottite formation and790

implications for present-day mantle convection on Mars. Meteorit. Planet. Sci.,791

39 (12), 1815-1832.792

Kiefer, W. S. (2008). Forming the martian great divide. Nature, 453 , 1191-1192.793

doi: https://doi.org/10.1038/4531191a794

Kiefer, W. S., & Li, Q. (2016). Water undersaturated mantle plume volcanism on795

present-day Mars. Meteorit. Planet. Sci., 51 (11). doi: https://doi.org/10.1111/796

maps.12720797

Kiefer, W. S., Weller, M. B., Duncan, M. S., & Filiberto, J. (2023, March). Mantle798

plume magmatism in Elysium Planitia as constrained by InSight seismic ob-799

servations. In Lunar and planetary science conference. The Woodlands, TX,800

USA.801

King, S., & Redmond, H. (2005, March). The crustal dichotomy and edge-driven802

convection: A mechanism for Tharsis Rise volcanism. In Lunar and planetary803

science conference. The Woodlands, TX, USA. Retrieved from https://www804

.lpi.usra.edu/meetings/lpsc2005/pdf/1960.pdf805

King, S. D. (2008). Pattern of lobate scarps on Mercury’s surface reproduced by a806

model of mantle convection. Nature Geoscience, 1 (4), 229–232. doi: https://807

doi.org/10.1038/ngeo152808

Knapmeyer-Endrun, B., Panning, M. P., Bissig, F., Joshi, R., Khan, A., Kim, D.,809

. . . others (2021). Thickness and structure of the martian crust from insight810

seismic data. Science, 373 (6553), 438–443. doi: https://doi.org/10.1126/811

science.abf8966812

Li, Q., & Kiefer, W. S. (2007). Mantle convection and magma production on813

present-day Mars: Effects of temperature-dependent rheology. Geophys. Res.814

Lett., 34 (L16203). doi: https://doi.org/10.1029/2007GL030544815

Malin, M. C. (1977). Comparison of volcanic features of Elysium (Mars) and Tibesti816

(Earth). GSA Bulletin, 88 (7), 908–919. doi: https://doi.org/10.1130/0016817

-7606(1977)88⟨908:COVFOE⟩2.0.CO;2818

Marinova, M. M., Aharonson, O., & Asphaug, E. (2008). Mega-impact formation819

of the Mars hemispheric dichotomy. Nature, 119 , 1216-1219. doi: https://doi820

.org/10.1038/nature07070821

Matsukage, K. N., Nagayo, Y., Whittaker, M. L., Takahashi, E., & Kawasaki, T.822

(2013). Melting of the Martian mantle from 1.0 to 4.5 GPa. Journal of Miner-823

alogical and Petrological Sciences, 108 , 201–214. doi: https://doi.org/10.2465/824

jmps.120820825

McLennan, S. M. (2001). Crustal heat production and the thermal evolution of826

mars. Geophysical Research Letters, 28 (21), 4019–4022. doi: https://doi.org/827

10.1029/2001gl013743828

Mouginis-Mark, P., Zimbelman, J., Crown, D., Wilson, L., & Gregg, T. (2022). Mar-829

tian volcanism: Current state of knowledge and known unknowns. Geochem-830

istry , 82 . doi: https://doi.org/10.1016/j.chemer.2022.125886831

Neukum, G., Jaumann, R., Hoffmann, H., Hauber, E., Head, J., A.T., B., . . . the832

HRSC Investigator Team (2004). Recent and episodic volcanic and glacial833

activity on Mars revealed by the High Resolution Stereo Camera. Nature, 432 ,834

971-979. doi: https://doi.org/10.1038/nature03231835

Neumann, G., Zuber, M., Wieczorek, M., McGovern, P., Lemoine, F., & Smith, D.836

(2004). Crustal structure of Mars from gravity and topography. J. Geophys.837

Res., 109 (E08002). doi: https://doi.org/10.1029/2004JE002262838

Perrin, C., Jacob, A., Lucas, A., Myhill, R., Hauber, E., Batov, A., . . . Fuji, N.839

(2022). Geometry and Segmentation of Cerberus Fossae, Mars: Implications840

for Marsquake Properties. Journal of Geophysical Research: Planets, 127 (1).841

doi: https://doi.org/10.1029/2021je007118842

Phillips, R., Zuber, M., Solomon, S., Golombek, M., Jakosky, B., Banerdt, W., . . .843

–18–



manuscript submitted to JGR: Planets

Hauck II, S. (2001). Ancient geodynamics and global-scale hydrology on Mars.844

Science, 291 , 2587-2591. doi: https://doi.org/10.1126/science.1058701845

Platz, T., Michael, G. G., & Neukum, G. (2010). Confident thickness esti-846

mates for planetary surface deposits from concealed crater populations.847

Earth and Planet. Sci. Lett., 293 , 388–395. doi: https://doi.org/10.1016/848

j.epsl.2010.03.012849

Plesa, A.-C., Grott, M., Tosi, N., Breuer, D., Spohn, T., & Wieczorek, M. (2016).850

How large are present-day heat flux variations across the surface of Mars?851

J. Gephys. Res. Planets, 121 , 2386-2403. doi: https://doi:10.1002/852

2016JE005126853

Plesa, A.-C., Knapmeyer, M., Golombek, M., Breuer, D., Grott, M., Kawamura, T.,854

. . . Weber, R. (2018). Present-day Mars’ seismicity predicted From 3-D ther-855

mal evolution models of interior dynamics. Geophys. Res. Lett., 45 , 2580-2589.856

doi: https://doi.org/10.1002/2017GL076124857

Plesa, A.-C., Tosi, N., Grott, M., & Breuer, D. (2015). Thermal evolution and Urey858

ratio of Mars. J. Gephys. Res. Planets, 120 , 995-1010. doi: https://doi.org/10859

.1002/2014JE004748860

Richardson, J., Wilson, J., Connor, C., Bleacher, J., & Kiyosugi, K. (2017). Recur-861

rence rate and magma effusion rate for the latest volcanism on Arsia Mons,862

Mars. Earth Planet. Sci. Lett., 458 , 170-178. doi: https://doi.org/10.1016/863

j.epsl.2016.10.040864

Roberts, J. H., & Zhong, S. (2004). Plume-induced topography and geoid anomalies865

and their implications for the Tharsis rise on Mars. J. Geophys. Res. Planets,866

109 (E03009). doi: https://doi.org/10.1029/2003JE002226867

Roberts, J. H., & Zhong, S. (2006). Degree-1 convection in the Martian man-868

tle and the origin of the hemispheric dichotomy. J. Geophys. Res. Planets,869

111 (E06013). doi: https://doi.org/10.1029/2005JE002668870

Ruedas, T., Tackley, P. J., & Solomon, S. C. (2013). Thermal and composi-871

tional evolution of the martian mantle: Effects of water. Physics of the872

Earth and Planetary Interiors, 220 , 50-72. doi: https://doi.org/10.1016/873

j.pepi.2013.04.006874

Samuel, H., Ballmer, M. D., Padovan, S., Tosi, N., Rivoldini, A., & Plesa, A.-C.875

(2021). The thermo-chemical evolution of Mars with a strongly strati-876

fied mantle. J. Geophys. Res. Planets, 126 . doi: https://doi.org/10.1029/877

2020JE006613878

Sekhar, P., & King, S. D. (2014). 3D spherical models of Martian mantle convec-879

tion constrained by melting history. Earth Planet. Sci. Lett., 388 , 27–37. doi:880

https://doi.org/10.1016/j.epsl.2013.11.047881

Smrekar, S. E., Lognonné, P., Spohn, T., Banerdt, W. B., Breuer, D., et al. (2019).882

Pre-mission InSights on the Interior of Mars. Space Science Reviews, 215 (1),883

1–72. doi: https://doi.org/10.1007/s11214-018-0563-9884
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Tables963

Table 1: Summary of parameters and initial conditions used in our models.

Parameter Value

Mean radius 3.3895× 106 m
Core radius 1.830× 106 m
Mean mantle density 3500 kgm−3

Gravitational acceleration (g) 3.72m s−2

Reference viscosity (η0) 1.0× 1021 Pa s

Activation energy (E∗) 117 kJmol−1 (low)

350 kJmol−1 (high)

Activation volume (V∗) 6.6 cm3 mol−1

Rayleigh number (Ra), mantle thicknessa 1.4296× 107

Thermal expansivity (α) 2× 10−5 K−1

Thermal diffusivity (κ) 1× 10−6 m2 s−1

Specific heat capacity (cP ) 1.25× 103 J kg−1 K−1

Mantle adiabat 0.15Kkm−1

Surface Temperature (Ts) 220K
Temperature difference (∆T) 1500K
Initial mantle temperatureb 1720K
Initial CMB temperatureb 1720K (1.0 ∆T)

1870K (1.1 ∆T)
2020K (1.2 ∆T)

Crustal HPE enrichment factor 5x
10x
15x

Present-day bulk 238U 15.88 ppm c

Present-day bulk 235U 0.11 ppm c

Present-day bulk 232Th 56.0 ppm c

Present-day bulk K 305 ppm c

Present-day bulk 40K 36.3 ppm c

a Rescaled from model because CitcomS uses radius instead of mantle thickness for its Ra
b Potential temperature: excludes adiabat
c Present-day bulk silicate Mars HPE concentrations from Wänke and Dreibus (1994)
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Table 2: Quantitative comparison of our model geoids (model) to that of Mars without
Tharsis (MWT) (Zuber & Smith, 1997) for degrees ℓ=2–6.

Rheology Enrichment TCMB NRMSEa

Uniform, low E* 5x 1720 K 0.9877
Uniform, low E* 5x 1870 K 0.9693
Uniform, low E* 5x 2020 K 0.9601
Uniform, low E* 10x 1720 K 0.8245
Uniform, low E* 10x 1870 K 0.7820
Uniform, low E* 10x 2020 K 0.7619
Uniform, low E* 15x 1720 K 0.3918
Uniform, low E* 15x 1870 K 0.2046
Uniform, low E* 15x 2020 K 0.5368

Uniform, high E* 5x 1720 K 0.8826
Uniform, high E* 5x 1870 K 0.7702
Uniform, high E* 5x 2020 K 0.4637
Uniform, high E* 10x 1720 K 0.4260
Uniform, high E* 10x 1870 K 0.5013
Uniform, high E* 10x 2020 K 0.4892
Uniform, high E* 15x 1720 K 2.185
Uniform, high E* 15x 1870 K 1.635
Uniform, high E* 15x 2020 K 1.128

Dichotomy, high E* 5x 1720 K 0.9459
Dichotomy, high E* 5x 1870 K 0.8921
Dichotomy, high E* 5x 2020 K 0.7433
Dichotomy, high E* 10x 1720 K 0.8787
Dichotomy, high E* 10x 1870 K 0.8516
Dichotomy, high E* 10x 2020 K 0.3955
Dichotomy, high E* 15x 1720 K 0.7161
Dichotomy, high E* 15x 1870 K 0.5515
Dichotomy, high E* 15x 2020 K 1.978

a See text.
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Table 3: Model time and age of last melt production

Rheologya Enrichment TCMB Model time Age BPb,c

Uniform, low E* 5x 1720 K 4500 Myr 0 Ma
Uniform, low E* 5x 1870 K 4483 Myr 17 Ma
Uniform, low E* 5x 2020 K 4500 Myr 0 Ma
Uniform, low E* 10x 1720 K 3154 Myr 1346 Ma
Uniform, low E* 10x 1870 K 3615 Myr 884 Ma
Uniform, low E* 10x 2020 K 4142 Myr 358 Ma
Uniform, low E* 15x 1720 K 2105 Myr 2395 Ma
Uniform, low E* 15x 1870 K 3129 Myr 1371 Ma
Uniform, low E* 15x 2020 K 2560 Myr 1940 Ma

Uniform, high E* 5x 1720 K 4500 Myr 0 Ma
Uniform, high E* 5x 1870 K 4500 Myr 0 Ma
Uniform, high E* 5x 2020 K 4500 Myr 0 Ma
Uniform, high E* 10x 1720 K 3756 Myr 744 Ma
Uniform, high E* 10x 1870 K 4500 Myr 0 Ma
Uniform, high E* 10x 2020 K 4354 Myr 146 Ma
Uniform, high E* 15x 1720 K 2080 Myr 2420 Ma
Uniform, high E* 15x 1870 K 3785 Myr 715 Ma
Uniform, high E* 15x 2020 K 4229 Myr 271 Ma

Dichotomy, high E* 5x 1720 K 4100 Myr 0 Ma
Dichotomy, high E* 5x 1870 K 4100 Myr 0 Ma
Dichotomy, high E* 5x 2020 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 1720 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 1870 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 2020 K 4100 Myr 0 Ma
Dichotomy, high E* 15x 1720 K 3028 Myr 1072 Ma
Dichotomy, high E* 15x 1870 K 3210 Myr 890 Ma
Dichotomy, high E* 15x 2020 K 4100 Myr 0 Ma

a E* is activation energy.
b Uniform cases are taken to start at 4.5 Ga.
c Dichotomy cases are taken start 400 Myr later, at 4.1 Ga.
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Figures967

Figure 1: Crustal thickness map adapted from Zuber et al. (2000). The locations and ap-
proximate extent of Tharsis and Elysium are marked. The red line marks the dichotomy
boundary. The line is dashed where the boundary is uncertain, in particular beneath
Tharsis.
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Figure 2: Comparison of the Katz et al. (2003) solidus for dry peridotite with the Mars
solidus of Duncan et al. (2018) over the applicable depth range of Katz et al. (2003). The
liquidus of Katz et al. (2003) is also plotted. Melting in our models is confined to a nar-
row range of pressures between 2.6 and 4 GPa, or approximately 200–300 km depth.

(a) Uniform, low E* (b) Uniform, high E* (c) Dichotomy, high E*

(d) Uniform, low E* (e) Uniform, high E* (f) Dichotomy, high E*

Figure 3: (a–c): Present-day geotherms, including the InSight derived mid-mantle tem-
perature estimate of 1605±100 K by Huang et al. (2022) (vertical magenta lines), as well
as the range of possible geotherms from Smrekar et al. (2019) (shaded). (d–e): Mean
mantle temperature vs. time. E* is activation energy.
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Figure 4: Power spectra (degrees ℓ=2–20) of our modeled present-day geoids (black)
compared to the Mars without Tharsis (blue dashed) geoid derived from the gravity coef-
ficients of Zuber and Smith (1997).
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(a) Uniform, low E*, 3.5 Ga (b) Uniform, high E*, 3.5 Ga (c) Dichotomy, high E*, 3.5 Ga

(d) Uniform, low E*, 1.5 Ga (e) Uniform, high E*, 1.5 Ga (f) Dichotomy, high E*, 1.5 Ga

(g) Uniform, low E*, 0 Ga (h) Uniform, high E*, 0 Ga (i) Dichotomy, high E*, 0 Ga

Figure 5: 3D plots of selected model cases with potential temperature isotherms (yellow)
and melt (red) for all three (uniform, low activation energy; uniform, high activation en-
ergy; dichotomy, high activation energy) cases with 10x enrichment and initial TCMB of
1870 K. The temperature and melt abundance vary widely both between the model cases
and through time. Therefore, the plotted isotherms and melt thresholds for each model
and time step are selected to be representative of the thermal structure and the highest
melt concentration in the specified model at the specified time. The values chosen are as
follows: (a) T = 1650 K, melt fraction ≥ 10%; (b) T = 1770 K, melt fraction ≥ 25%; (c)
T = 1755 K, melt fraction ≥ 25%; (d) T = 1500 K, melt fraction ≥ 0.01%; (e) T = 1710
K, melt fraction ≥ 0.1%; (f) T = 1710 K, melt fraction ≥ 1%; (g) T = 1380 K, no melt
present; (h) T = 1680 K, melt fraction ≥ 0.01%; and (i) T = 1680 K, melt fraction ≥ 1%.
The southern hemisphere, with the initially thicker lithosphere, is darker in all dichotomy
plots (c, f, i). For the remaining plots, north is approximately up, but some rotation has
been done to better show the structure and melt.
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(a) Uniform, low E* (b) Uniform, high E* (c) Dichotomy, high E*

(d) Uniform, low E* (e) Uniform, high E* (f) Dichotomy, high E*

(g) Uniform, low E* (h) Uniform, high E* (i) Dichotomy, high E*

Figure 6: Melt and melt production over time. The bulk melt fraction is the fraction of
the total mantle (out of 1.0) that is molten at a given time. This is shown here both on a
linear and logarithmic scale. Cumulative melt is the integral of the mantle melt produc-
tion rate over time. On the cumulative melt plots (g–i), the approximate amount of melt
(1–3 ×108 km3) required to produce Tharsis is shaded in lighter gray. However, only a
fraction of the melt (here assumed to be 10%) produced in the mantle is extracted to and
erupted on the surface. The darker gray shading on these same plots is the required melt
volume multiplied by ten (1–3 ×109 km3) to account for this.
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Figure 7: Blue indicates the constraint is met, and red that it is not. Purple indicates an
intermediate result (geoids) or that the constraint is met with qualification. See discussion
text for the quantitative meaning of these colors for each column.
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Key Points:6

• Our results favor a higher activation energy mantle rheology and 10x crustal heat7

producing element enrichment factor8

• It is not difficult to produce melt up to the present-day, even with a cool mantle9

consistent with InSight results10

• It is very difficult to produce sufficient melt for Tharsis without assuming extremely11

efficient extraction of mantle melt to the surface12
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Abstract13

We investigate the geodynamic and melting history of Mars using 3D spherical shell mod-14

els of mantle convection, constrained by the recent InSight mission results. The Mar-15

tian mantle must have produced sufficient melt to emplace the Tharsis rise by the end16

of the Noachian–requiring on the order of 1–3×109 km3 of melt after accounting for lim-17

ited (∼10%) melt extraction. Thereafter, melting declined, but abundant evidence for18

limited geologically recent volcanism necessitates some melt even in the cool present-day19

mantle inferred from InSight data. We test models with two mantle activation energies,20

and a range of crustal Heat Producing Element (HPE) enrichment factors and initial core-21

mantle boundary temperatures. We also test the effect of including a hemispheric (spher-22

ical harmonic degree-1) step in lithospheric thickness to model the Martian dichotomy.23

We find that a higher activation energy (350 kJmol−1) rheology produces present-day24

geotherms consistent with InSight results, and of those the cases with HPE enrichment25

factors of 5–10x produce localized melting near or up to present-day. 10x crustal enrich-26

ment is consistent with both InSight and geochemical results, and those models also pro-27

duce present-day geoid power spectra consistent with Mars. However, it is very difficult28

to produce sufficient melt to form Tharsis in a mantle that also matches the present-day29

geotherm, without assuming extremely efficient extraction of melt to the surface. The30

addition of a degree-1 hemispheric dichotomy, as an equatorial step in lithospheric thick-31

ness, does not significantly improve upon melt production or the geoid.32

Plain Language Summary33

Mars’ mantle needed to produce an extremely high volume of melt by ∼3.7 billion34

years ago in order to build the immense volcanic plateau of Tharsis. There is also sig-35

nificant evidence for small volumes of geologically recent volcanism, yet InSight mission36

results indicate relatively cool mantle at present. We use 3D numerical models of the Mar-37

tian mantle to determine what properties can produce a melting history and present in-38

terior temperatures consistent with InSight results and Mars’ volcanic history. We test39

sets of models with two different mantle activation energies (how sensitive the mantle40

viscosity is to changes in temperature), and a range of crustal Heat Producing Element41

enrichment factors. We also test the effect of including a simplified version of the Mar-42

tian hemispheric dichotomy. Our models with the higher activation energy and 10x crustal43

enrichment (consistent with Mars’ crustal composition) produce melt near the present-44

day as well as temperature profiles consistent with InSight. However, it is very difficult45

to produce sufficient melt to form Tharsis in such a cool mantle, without assuming most46

of the melt produced in the mantle reaches the surface. Addition the simplified dichotomy47

does not significantly improve our results.48

1 Introduction49

Results from the InSight mission provide new constraints on the temperature, struc-50

ture, and geodynamic evolution of the Martian interior. The InSight mission was the first51

to record quakes (unambiguously) and impacts on Mars (Banerdt et al., 2020; Giardini52

et al., 2020). Using reflections of seismic waves from the core-mantle boundary of Mars53

together with geodetic data, Stähler et al. (2021) constrained the radius of the liquid metal54

core to be 1830±40 km with a mean core density of 5700–6300 kg/m3–implying that there55

is 10–15 wt. % S in addition to other light elements dissolved in the nickle-iron core. The56

core radius is at the large end of the pre-mission estimate (Smrekar et al., 2019) and, im-57

plies that there is no bridgmanite layer above the core-mantle boundary. The absence58

of a bridgmanite layer is an important constraint for mantle dynamics because a thin59

bridgmanite layer is one mechanism to generate degree-1 convection (Harer & Christensen,60

1996; Harder, 1998, 2000).61
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The topography and crustal thickness of Mars are characterized by the dichotomy62

between the northern and southern hemispheres. The northern hemisphere is dominated63

by lowlands which tend to have thinner crust, while the southern hemisphere is domi-64

nated by heavily cratered highlands which tend to have a thicker crust. Using InSight65

seismic data, Knapmeyer-Endrun et al. (2021) found two possible Moho depths, the first66

at 20±5 km and the second at 39±8 km. The thicker crust is more consistent with the67

surface composition, while the thinner crust would require an increasing HPE concen-68

tration with depth. The thicker crust would also allow a slightly higher bulk crustal den-69

sity (3100 kgm−3) when compared with the thinner crust (<2900 kgm−3). Considering70

either model and the aforementioned gravity and topography data sets, Wieczorek et al.71

(2022) constrain the global average Martian crustal thickness to be between 24 and 72 km,72

with thinner crust in the lowlands (including the InSight landing site), and thicker crust73

beneath the highlands and Tharsis.74

Huang et al. (2022) constrained the depth of a mid-mantle discontinuity to be 1,006±4075

km by modeling triplicated P and S waveforms. Interpreting this seismic discontinuity76

as the transformation of olivine to a higher-pressure polymorph (likely ringwoodite) yields77

a mantle potential temperature of 1,605±100 K. Using a parameterized convection ap-78

proach, Huang et al. (2022) suggest that the mantle potential temperature was 1,720 to79

1,860 K soon after formation. When combining the 1,000-depth phase transition tran-80

sition with an estimated crustal thickness from Knapmeyer-Endrun et al. (2021), a present-81

day lithospheric thickness of 400-600 km (Khan et al., 2021), and moment of inertia and82

love number constraints, Huang et al. (2022) prefer a model with 10 to 15x crustal HPE83

enrichment and present-day average surface heat flow of 21 to 24 mW/m2, implying a84

relatively sluggish mantle with a reference viscosity of 1020–1022 Pa s. The InSight-constrained85

geodynamic modeling of Samuel et al. (2021) favor 10x crustal enrichment, and orbital86

gamma ray spectrometry also supports an enrichment of ∼10-15x (Boynton et al., 2007;87

McLennan, 2001; Taylor et al., 2006).88

In addition to the new results from InSight, geodynamic models must also be con-89

sistent with the observed volcanic history of Mars. Mars’ volcanic history, as well as the90

present-day topography and gravity field, are dominated by the Tharsis rise, a broad dome 800091

km in diameter and 10 km high–far larger than any terrestrial igneous province–containing92

several large volcanoes, centered in the equatorial western hemisphere (Janle & Erkul,93

1990). The origin of the Tharsis rise is generally ascribed to one or more long-lived man-94

tle plumes (Carr, 1973; Harer & Christensen, 1996; Kiefer, 2003; Li & Kiefer, 2007). While95

most of the rise itself was emplaced by lava lows by the end of the Noachian, and the96

large volcanic shields in the Hesperian, the region has remained volcanically active for97

most of the planet’s history (Phillips et al., 2001; Neukum et al., 2004; Richardson et98

al., 2017). According to Neukum et al. (2004), there is evidence of volcanism in Thar-99

sis as recently as 2.4 million years ago. The relatively recent volcanic and tectonic ac-100

tivity, and modeled long-term stability of convection in the Martian mantle indicates that101

mantle melting is still occurring in the present day (Kiefer, 2003; Li & Kiefer, 2007; Kiefer102

& Li, 2016).103

The Tharsis rise straddles the boundary between the thicker crust of the southern104

highlands and the thinner crust of the northern lowlands (Neumann et al., 2004). The105

contrast between these two hemispheres (zonal degree-1 topography) is referred to as the106

Martian crustal dichotomy. This feature is apparent in the hypsometry (elevation fre-107

quency distribution) of Mars, which has a bimodal distribution with peaks separated by108

5.5 km (Aharonson et al., 2001; Watters & Schubert, 2007). The origin of the dichotomy109

is still highly uncertain. It may be of internal origin, for example the result of degree-110

1 mantle convection (Roberts & Zhong, 2006; Zhong, 2009), or from a giant impact (Andrews-111

Hanna et al., 2008; Kiefer, 2008; Marinova et al., 2008). A hybrid origin from degree-112

1 mantle convection caused by the giant impact has also been proposed (Citron et al.,113

2018). Several studies have considered a causal link between the dichotomy and Thar-114
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sis (S. King & Redmond, 2005; S̆rámek & Zhong, 2012; van Thienen et al., 2006; Wen-115

zel et al., 2004; Zhong, 2009). S. King and Redmond (2005) propose that Tharsis is the116

result of small-scale convection at the dichotomy boundary caused by the difference in117

crustal or lithospheric thickness.118

However, there are other significant volcanic regions besides Tharsis, including the119

Elysium rise which is a smaller version of Tharsis but, still comparable in size to the largest120

igneous provinces on Earth. Unlike Tharsis, the Elysium rise itself and its volcanic shields121

appear to have had less recent volcanic activity than Olympus Mons and the Tharsis Montes122

associated with Tharsis swell, with a steep decline after a peak ∼1 Ga (Platz et al., 2010;123

Susko et al., 2017). However, the greater Elysium region shows evidence of more recent124

activity to the southeast of the rise, including volcanism within the past 0.2-20 Myr in125

Elysium Planitia, and in particular Cerberus Fossae (Susko et al., 2017; Horvath et al.,126

2021; Berman & Hartmann, 2002; Vaucher et al., 2009; Jaeger et al., 2010). Geophys-127

ical evidence also supports recent and presently active tectonism, possibly driven by magma,128

in Cerberus Fossae, as well a possibly active mantle plume beneath Elysium Planitia (Stähler129

et al., 2022; Broquet & Andrews-Hanna, 2022). Between Tharsis and Elysium lies the130

vast lava plain of Amazonis Planitia, produced by lava flows of the late, eponymous, Ama-131

zonian Period. Other, much older, volcanic regions of significance include the Syrtis Ma-132

jor province, as well parts of the Southern Highlands such as Tyrrhenus Mons and Hadri-133

acus Mons (Hiesinger & Head III, 2004; Mouginis-Mark et al., 2022).134

Geoid anomalies provide another constraint on the dynamics of planetary interi-135

ors (Hager et al., 1985; Roberts & Zhong, 2004; S. D. King, 2008). However, as Mars’136

gravity field and geoid are dominated by the topography of the Tharsis rise, largely built137

up by lava flows, removing or greatly reducing the effect of Tharsis from Mars’ measured138

gravity field allows a much more useful comparison with our model geoids. Zuber and139

Smith (1997) calculated the low-degree (ℓ=2-6) coefficients for Mars without Tharsis (MWT),140

which we use for comparison–though this MWT geoid retains shorter wavelength fea-141

tures associated with Elysium, as well the large shields of Tharsis, as well as large im-142

pact basins such as Utopia and Hellas. (Spherical shell modeling does not include or pro-143

duce the topography built up by lava or excavated by impacts.)144

Using the 3D spherical shell geodynamic code CitcomS (Zhong et al., 2000; Tan145

et al., 2006; Zhong et al., 2008), we investigate the thermal and volcanic history of Mars.146

We consider runs successful if they are capable of producing: present-day temperature147

profiles (geotherms or potential temperatures) that fall within the range inferred from148

InSight results (Khan et al., 2021; Huang et al., 2022); geoid and topography power spec-149

tra consistent the the observations after removing the effect of Tharsis (Zuber & Smith,150

1997), and sufficient melt in the first billion years to explain the widespread volcanism151

with isolated pockets of melt at present day. If the models are too hot, they will produce152

a persistent global melt layer lasting billions of years, while if they cool too quickly, melt153

production will be too low and end too early to be consistent with Mars. The observa-154

tion of volcanic activity within the past 100 million, and even past few million years (Berman155

& Hartmann, 2002; Horvath et al., 2021; Jaeger et al., 2010; Neukum et al., 2004; Vaucher156

et al., 2009), means that acceptable models should produce small amounts of melt up157

to, or at least near, present-day.158

Elysium is comparable in size to the largest terrestrial igneous provinces. Like Thar-159

sis it also comprises a broad rise (2400 km × 1700 km) topped by large volcanoes and160

shows evidence for billions of years of volcanic activity–albeit not as recently as Thar-161

sis, with a steep decline in volcanism after a peak ∼1 Ga (Malin, 1977; Platz et al., 2010;162

Susko et al., 2017). However, the greater Elysium region shows evidence of more recent163

activity to the south and southeast of the rise, including volcanism within the past 0.2-164

20 Myr in Elysium Planitia (the region where InSight landed), and in particular Cer-165

berus Fossae (Susko et al., 2017; Horvath et al., 2021; Berman & Hartmann, 2002; Vaucher166

et al., 2009; Jaeger et al., 2010). Geodynamicists have typically focused on Tharsis, be-167
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cause Elysium and its three major volcanoes, while large by Earth standards, are markedly168

smaller than Tharsis and its largest volcanoes. Therefore, Martian volcanism has been169

modeled as a single long-lived plume (Harer & Christensen, 1996). The mantle convec-170

tive structure in this one-plume model is represented by a sectoral degree-1 spherical har-171

monic, where the hemisphere containing Tharsis is dominated by upwelling from the plume172

and the other hemisphere is dominated by downwelling (Roberts & Zhong, 2006). Oth-173

ers, including Kiefer (2003); Li and Kiefer (2007); Kiefer and Li (2016), favor a multi-174

plume model for Tharsis. Instead of one very large plume, there would be a group of smaller175

plumes under Tharsis, each feeding one of the main volcanoes. Such plumes have been176

modeled as stable over billions of years and ongoing melt production at their centers would177

explain the continued volcanic activity over this time period, even to the present-day Li178

and Kiefer (2007).179

2 Methods180

2.1 CitcomS181

We model the Martian mantle using a modified version of the finite element geo-182

dynamics code CitcomS (Zhong et al., 2000; Tan et al., 2006; Zhong et al., 2008). The183

solid mantle behaves as an extremely viscous fluid over long timescales, which is mod-184

eled as a creeping flow. CitcomS solves the following nondimensionalized equations for185

the conservation of mass, momentum, and energy, respectively:186

∇ · u = 0 (1)187

−∇P +∇ ·
[
η
(
∇u+∇Tu

)]
+RaTer = 0 (2)188

∂T

∂t
+ u · ∇T = ∇2T +Q (3)189

where u is the velocity, P is the pressure, η is the viscosity (temperature-dependent New-190

tonian), T is the temperature, er is the unit vector in the radial direction, and Q is an191

internal heat source (and/or sink). Ra is the Rayleigh number given by192

Ra =
ρmgα∆TRp

3

κη0
, (4)193

where ρm is the average mantle density, g is the gravitational acceleration, α is the co-194

efficient of thermal expansion, ∆T is the initial super-adiabatic temperature difference195

across the mantle, Rp is the planet’s radius, κ is the thermal diffusivity, and η0 is the196

mantle reference viscosity. Table 1 shows the values we use for these and other param-197

eters. An important note here for comparing CitcomS results with other work is that198

the Rayleigh number is usually defined by a layer thickness, D, however CitcomS uses,199

Rp, the radius of the planet, for the length scale instead. For efficiency, CitcomS com-200

putations are parallelized (Tan et al., 2006). We model incompressible flow using the Boussi-201

nesq approximation.202

We have made several changes and additions to the CitcomS code. The original203

code keeps mantle internal heating constant through time. However, because heat pro-204

duction results from the decay of radioisotopes, it is more realistic to have it decrease205

accordingly using the calculations described by Turcotte and Schubert (2014). Crustal206

enrichment of radioisotopes has also been added. We have incorporated the cooling of207

the planet’s core, which is treated based on the coupled core and mantle thermal evo-208

lution model developed by Stevenson et al. (1983) As the core cools, the heat from the209

–5–



manuscript submitted to JGR: Planets

core heats the mantle from below, while the core-mantle boundary (CMB) temperature210

decreases.211

2.2 Melt production212

The largest modification to CitcomS is the incorporation of melting calculations.213

Much of the work on melting in Mars’ mantle (Li & Kiefer, 2007; Kiefer, 2003; Kiefer214

& Li, 2016; Ruedas et al., 2013) was performed in 2D spherical axisymmetric geometry215

(or 2D Cartesian in the case of Tosi et al. (2013)) rather than 3D. With the exception216

of Ruedas et al. (2013), these also do not consider the decrease in radioisotope abundances217

through time or the thermodynamics of core cooling and solidification. Spherical 3D mod-218

eling incorporating decaying heating as well as crustal enrichment of radioisotopes has219

become more common over the past few years (Sekhar & King, 2014; Plesa et al., 2016,220

2018). Because the melting formulation is new to CitcomS, we describe it in some de-221

tail below.222

The first step in melt calculations is to calculate the equilibrium melt fraction, which223

for a given composition is a function of temperature and pressure. We calculate melt frac-224

tion (by mass) using the empirically derived parameterization of Katz et al. (2003) for225

dry peridotite melting at upper mantle pressures. We convert this mass fraction to a vol-226

ume fraction given the solid mantle density (herein 3500 kgm−3) and the presumed melt227

density (3000 kgm−3). The melt fraction algorithm of Katz et al. (2003) was developed228

by fitting experimental data on equilibrium melting of peridotite and is valid up to ap-229

proximately 8 GPa. Katz et al. (2003) has since found broad application in geodynamic230

mantle convection codes such as CitcomS (e.g., Citron et al. (2018); Šrámek and Zhong231

(2012)), as well as ASPECT and adaptations thereof (e.g., Dannberg and Heister (2016)).232

While Katz et al. (2003) was originally published with terrestrial melting in mind, it has233

been applied to calculate melt productivity in convection models of the Martian man-234

tle by Citron et al. (2018), Kiefer and Li (2016), and Šrámek and Zhong (2012). Accord-235

ing to Šrámek and Zhong (2012) and Kiefer and Li (2016), the Katz et al. (2003) solidus236

is close to experimentally derived Mars solidi, such as those of Bertka and Holloway (1994);237

Agee and Draper (2004); Matsukage et al. (2013), using inferred Martian mantle com-238

positions. The utility of Katz et al. (2003) is that it includes a solidus, liquidus, and a239

relatively straightforward nonlinear way to calculate melt fraction. Earlier geodynamic240

modeling employed simpler methods, such as Kiefer (2003) linearly increasing melt frac-241

tion between the solidus and assuming the liquidus is a fixed temperature above the solidus.242

We use the liquidus and lherzolite liquidus of Katz et al. (2003) for dry peridotite. How-243

ever, we replace their solidus with that of Duncan et al. (2018). The Katz et al. (2003)244

solidus in degrees Celsius as a function of pressure P in GPa, 1085.7 + 132.9 P - 5.1 P2,245

is higher than the Mars solidus of Duncan et al. (2018), 1088 + 120.2 P – 4.877 P2 by246

up to 45◦C (at 4 GPa) in the range of depths in which our models produce melt (see Fig-247

ure 2).248

The melt fraction by mass obtained from this modified katz2003new method is then249

converted to a fraction by volume according to the equation250

Xvol =
ρs

ρm

(
1

Xmass
− 1
)
+ ρs

(5)251

where Xvol is the melt fraction by volume, Xmass is the melt fraction by mass, ρs is the252

solid mantle density (3500 kgm−3, and rhom is the melt density (3000 kgm−3). From253

this point on, the melt fraction X refers to the volume fraction.254

Melt production computations must consider not only the portion of a region that255

is molten (melt fraction), but also the movement of the mantle material through the melt-256

ing region. Based on equation B1 of Watson and McKenzie (1991), Ṁ , the instantaneous257
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amount (herein, volume) of melt per unit (volume) of mantle material produced per unit258

time, is the material derivative of the equilibrium melt fraction X (by volume),259

Ṁ =
DX

Dt
=

∂X

∂t
+ u · ∇X. (6)260

Using the chain rule, Ṁ can be written in terms of the partial derivatives of melt frac-261

tion with respect to temperature and pressure.262

Ṁ =
DX

Dt
=

∂X

∂T

DT

Dt
+

∂X

∂P

DP

DT
=

∂X

∂T

(
∂T

∂t
+ u · ∇T

)
+

∂X

∂P

(
∂P

∂t
+ u · ∇P

)
(7)263

Assuming ∂P/∂t is zero and pressure is hydrostatic, then264

Ṁ =
∂X

∂T

(
∂T

∂t
+ u · ∇T

)
− ∂X

∂P
ρ̄gur (8)265

where ur is the radial component of velocity, and ρ̄ is the radial profile of density. The266

volume of melt produced is calculated by integrating Ṁ over the element volumes us-267

ing Gaussian quadrature.268

2.3 Model cases269

2.3.1 Rheology270

We start by modeling a structural reference case, with a uniform lithosphere thick-271

ness rather than a hemispheric dichotomy. We run 18 models with this ”uniform” struc-272

ture, testing three values each for the initial CMB temperature (1720 K, 1870 K, 2020273

K) and crustal HPE enrichment factor (5x, 10x, 15x), and two values for the activation274

energy E* (117 kJmol−1, 350 kJmol−1). The initial HPE concentrations are derived from275

the present-day bulk concentrations from Wänke and Dreibus (1994) (Table 1), projected276

back in time. Based on Christensen (1983), activation energy is divided by the stress ex-277

ponent n to approximate a power law rheology for olivine. Typically n is taken to be 3,278

but we vary the effective activation energy, corresponding to testing values of n=3 (dis-279

location creep) and n=1 (diffusion creep). Thus to approximate n=3, the nominal ac-280

tivation energy of 350 kJmol−1 becomes 117 kJmol−1 (low activation energy cases), while281

for n=1, we keep the activation as 350 kJmol−1 (high activation energy cases).282

The temperature and pressure (depth) dependent viscosity η is given, in dimen-283

sional form, by284

η = A · η0 · exp
(
Ea + PVa

RT
− Ea + PVa

R(∆T + Ts)

)
(9)285

where η0 is is the reference viscosity (1.0 × 1021 Pa s), Ea is the activation energy (ei-286

ther 117 or 350 kJmol−1), P is the pressure, Va is the activation volume (6.6 cm3 mol−1),287

R is the ideal gas constant, and T is the absolute potential temperature. The pre-exponential288

factor A is to control the viscosity by layer. To enforce a strong (initially 100 km thick)289

lithosphere, from the surface to 100 km depth, A = 10. From 100 km to 1000 km depth,290

A = 0.1, establishing a weak asthenosphere. From 1000 km depth to the CMB, A = 10,291

accounting for a strong transition zone rheology.292

2.3.2 Temperature initial condition293

The initial mantle temperature profile is set to a uniform temperature Tm (here,294

∆T = 1500K) everywhere with cold and hot thermal boundary layers are added at the295
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top and bottom, respectively. Small magnitude (0.01 ∆T) spherical harmonic degree 8,296

order 6 perturbations are added at all layers to initiate convection. The boundary layer297

temperatures are calculated by adjusting Tm based on 1D conductive cooling (at the top)298

or heating (bottom) of a half-space after a ”half-space age”. The top boundary layer is299

thus achieved by adjusting the constant temperate profile according to:300

T (r) = Tm − (Tm − Tsurf ) · erf

(
R− r

2
√

(a)

)
(10)301

and similarly the bottom boundary layer is created by302

T (r) = Tm + (Tcmb − Tm) · erf

(
r − rcmb

2
√

(a)

)
(11)303

where T (r) is the initial temperature at radius r, Tsurf is the surface temperature (220304

K), Tcmb is the initial CMB temperature, R is the radius of the planet (3389.5 km), rcmb305

is the radius of the CMB, and a is the conductive cooling/heating age of the half-space.306

For all 18 uniform structure cases, The initial error function temperature profile, with307

top and bottom boundary layers, is based on a half-space age of 100 Myr.308

2.3.3 Geoid Comparison309

We compare the power spectrum of each of the geoids output by our models to the310

power spectrum of the observed Martian geoid with the effect of Tharsis’ low degree (ℓ ≤311

6) topography removed, i.e. Mars without Tharsis (MWT), as determined by the spher-312

ical harmonic gravity coefficients of Zuber and Smith (1997). We calculate the normal-313

ized root mean square error (NRMSE) of the model geoid power spectrum from spher-314

ical hamronic degrees ℓ = 2–6, given by315

NRMSE =

√∑6
ℓ=2 (PMWT, ℓ − Pmodel, ℓ)

2∑6
ℓ=2 PMWT, ℓ

2
(12)316

where ℓ is the spherical harmonic degree, PMWT, l is the power in degree ℓ of the MWT317

geoid, Pmodel, l is the power in degree ℓ of the model geoid. (The mean squared error is318

normalized by the mean of the squared values for MWT, and the numbers of points n319

= 5, cancel.) In this formulation, a geoid identical to MWT would have an NRMSE of320

0, and a geoid with zero power for ℓ = 2–6 would have an NRMSE of 1.321

2.3.4 Dichotomy322

We repeat the range of nine high activation energy cases (3 crustal enrichments,323

3 initial CMB temperatures) for models with a degree-1 hemispheric dichotomy struc-324

ture (boundary along the equator). As opposed to the uniform cases described above,325

these are the nine ”dichotomy” cases. The initial error function temperature profile in326

the southern hemisphere for these dichotomy cases is based on a thermal half-space age327

of 500 Myr. The initial temperature profile in the northern hemisphere is based on a ther-328

mal age of 100 Myr, as would result from the dichotomy-forming impact resetting the329

temperature profile ∼400 Myr after Mars formed. The initial southern hemisphere litho-330

sphere is correspondingly set 100 km thicker than the northern hemisphere lithosphere331

by setting the viscosity in the lid to the maximum allowed value (as applied when trun-332

cating very high viscosities), which for our models is 105η0 = 1× 1026 Pa s.333
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3 Results334

3.1 Overview335

Of the three parameters we varied (activation energy, crustal HPE enrichment, and336

initial CMB temperature), the results are most sensitive to the activation energy, and337

generally least sensitive to the CMB temperature. Therefore, the plots in the figures are338

grouped first by activation energy, specifically by the value of the stress exponent n that339

the nominal activation energy (350 kJmol−1) is divided by in order to vary the effec-340

tive activation energy. Above the bottom thermal boundary layer, the mean mantle tem-341

peratures and mean radial temperature profiles (geotherms) are not strongly influenced342

by the initial CMB temperature. Higher activation energy and, to a lesser degree, lower343

crustal enrichment and the the thicker southern lithosphere of the dichotomy cases, lead344

to a overall hotter mantle. However, these higher activation energies, and thus higher345

temperatures in the lower to mid-mantle, are reached with a thicker upper thermal bound-346

ary layer. As a consequence of the higher average temperatures they produce, lower en-347

richment and higher activation energy lead to more melt being produced for longer, in348

many cases nearly to the present day. Melting occurs primarily in the middle of the heads349

of plumes or the linear upwellings like those in Figure 5 (d) and (e). No inner core forms350

in any of our models, consistent with the InSight results constraining at most a very small,351

or, more likely, no inner core (Stähler et al., 2021; Irving et al., 2023).352

3.2 Mantle Temperature and Geotherms353

Figure 3 (a–c) shows the mean potential temperature profiles, or geotherms, at the354

time corresponding to present day for all the models, in three separate plots grouped ac-355

cording to the rheology: uniform structure, low activation energy; uniform structure, high356

activation energy; and dichotomy, high activation energy. On each of these three plots,357

the 1605± 100 K mid-mantle temperature from Huang et al. (2022) is marked by the358

vertical magenta lines, with the minimum and maximum dashed. The range of geotherms359

from the models of Smrekar et al. (2019) is shaded, with the lighter shading being be-360

low the mean, and the darker shading above it. All of the low activation energy geotherms361

fall several hundred kelvins below both Huang et al. (2022) and Smrekar et al. (2019).362

The mid-mantle temperatures for all high activation energy cases, including those with363

the dichotomy, plot within the range of Huang et al. (2022). The 5x and 10x enrichment364

cases also fall within the range of Smrekar et al. (2019), as do the 15x cases at depths365

less than ∼750 km. Our geotherms, not unlike Huang et al. (2022), are generally on the366

cooler side of the range of Smrekar et al. (2019), although they have a somewhat differ-367

ent shape such that the for depths between ∼100 and ∼500 km, the high activation en-368

ergy cases with 5x and 10x enrichment rise above the mean of Smrekar et al. (2019).369

The time evolution of the mean mantle potential temperature is likewise plotted370

in Figure 3 (d–f). The cases with lower crustal enrichment, that is those which retain371

more of the HPE in the mantle, heat up over the first few hundred million years as a re-372

sult of this radiogenic heat. With the low activation energy rheology, this effect is only373

notable with the 5x enrichment, and even then very subtle. For high activation energy,374

this occurs with similar subtlety in the 10x cases, albeit stretched out over a longer time375

so that the peak temperature is later. Whereas the temperature increase with 5x enrich-376

ment is more pronounced and the peak ∼200-300 Myr later, which would be near the377

beginning of the Hesperian. With adding the dichotomy, the timing of the peak temper-378

ature is later still at about 3200 Ma, well into what would be the Hesperian.379

Across all of our 27 cases, the mean present-day surface heat flux only ranges from380

12.3 mWm−2 (high activation energy, enrichment = 5x, initial TCMB = 1720 K) to 14.1381

mWm−2 (low activation energy, enrichment = 5x, initial TCMB = 2020 K). Of note, these382

values are only about half of the heat fluxes modeled by Plesa et al. (2015) and Plesa383

et al. (2016). Our mean surface heat fluxes correlate positively with initial CMB tem-384
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perature, and negatively with activation energy. For high activation energy, the fluxes385

also increase with crustal enrichment, but curiously for low activation energy, the min-386

imum surface heat flux occurs with 10x enrichment across all three initial CMB temper-387

atures.388

3.3 Geoids389

The power spectra (from spherical harmonic degree ℓ=2–20) of the present-day geoids390

output by our models are plotted in Figure 4, with MWT in blue on each subplot. The391

NRMSE values for all 27 model power spectra are tabulated in Table 2. In terms of match-392

ing the MWT geoid power spectrum from ℓ = 2–6 (i.e., having a lower NRMSE), the uni-393

form structure, low activation energy, 15x enrichment cases have a remarkably good fit.394

(Though, to reiterate, the geotherms of these models fall well outside our constraint.)395

Several of the uniform, high activation cases, which do meet our geotherm constraint,396

also have a geoid that deviates relatively little from MWT, including all of the 10x en-397

richment cases and the 5x enrichment case with the hottest (initially 2020 K) CMB. For398

the uniform structure, the low activation energy cases with 5x enrichment, and the coolest399

(1720 K initial CMB) 10x enrichment case, have the poorest fits (high NRMSE) with400

MWT. Whereas for the uniform, high activation energy cases, it is the three 15x enrich-401

ment cases, and the coolest (1720 K initial CMB) 5x enrichment case, that have the poor-402

est fits with MWT. Thus, broadly speaking, for low activation energies, the geoids of the403

15x enrichment cases are favored, while for higher activation energies (without the di-404

chotomy), the 10x enrichment cases are generally favored.405

Turning to the dichotomy models (high activation energy only), there is less of a406

pattern in how well the geoids fit MWT, other than that the 5x enrichment cases are al-407

most as poor at matching MWT as the 5x enrichment low activation energy cases with-408

out the dichotomy. In contrast to those well-fitting uniform, low activation energy, 15x409

enrichment cases, the hottest (2020 K initial CMB) 15x enrichment dichotomy case has410

the second poorest fit with MWT of all 27 models. Among the dichotomy cases, the hottest411

(2020 K initial CMB) 10x enrichment case best matches MWT, although the interme-412

diate temperature (1870 K initial CMB) 15x enrichment case is still a relatively good413

fit.414

3.4 3D Mantle Structure Evolution415

All of the models develop long-lived plumes or plume-like linear upwellings. The416

cases without the dichotomy, both for low and high activation energies, tend to first de-417

velop a convection pattern dominated by degree-2, with two large antipodal plumes, but418

connected by a less prominent linear upwelling (Figure 5 (a, b)). This pattern gradu-419

ally evolves into a persistent pattern dominated by a single linear upwelling that curves420

around much of planet–in some cases encircling it as a sinuous ring (Figure 5 (d, e, g,421

h)). When the upwelling remains discontinuous, one or both ends of the linear upwelling422

are warmer, with a broader head, where there is greater melting (Figure 5 (d, g)). The423

dichotomy models behave very differently. Within a few hundred million years they de-424

velop a degree-1 structure comprising a single large plume centered on the pole of the425

northern hemisphere–the one with thinner lithosphere and the warmer (younger) half-426

space initial temperature profile. Unlike the initially imposed step in lithospheric thickness–427

which gradually smooths out–this degree-1 convection pattern persists through present-428

day; although the plume becomes less vigorous as it, like the mantle as a whole, cools.429

While Mars is sometimes thought of as a ‘one plume planet’, the single upwelling plume430

is often assumed to form beneath the southern highlands and migrate toward the equa-431

torial region (Zhong, 2009; Sekhar & King, 2014).other cites here. There is no geologic432

evidence supporting a plume forming beneath the Northern highlands and migrating to433

the south.434
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3.5 Melting435

The total amount of melt over time, represented as the fraction of the mantle’s vol-436

ume that is molten (e.g., 0.1 = 10% of the mantle is melt) plotted in Figure 6 (a-e). This437

bulk melt fraction generally follows the trend of the mean mantle temperature, peak-438

ing after a few hundred million years, and then declining over the rest of the model run.439

The low activation energy cases, and the high activation energy cases with 10-15x en-440

richment and a cooler CMB, do tend to have an additional, earlier peak within the first441

100 Myr, in some cases at the initial time step. In the cases with 15x enrichment and442

the initial CMB temperature of 1720 K, there is only this one early peak, correspond-443

ing with the rising of plumes.444

The melt fraction in all models peaks with the mantle being at least several per-445

cent melt, with the 5x enrichment cases reaching bulk melt fractions well over 10%. All446

melting in our models occurs within a relatively narrow range of pressures/depths (2.6-447

4 GPa / ∼200–300 km) in the upper mantle, and the local melt percentages here can reach448

in excess of 40-50% by volume. The bulk melt fraction steadily drops after the early peak449

so that by ∼2000 Ma in the low activation energy cases and by ∼500-1000 Ma in the high450

activation energy cases, there is no discernible melt on the linear scales of Figure 6 (a–451

c). But this is in part misleading; a small mount of melt remains, in many cases persist-452

ing up to or near the present day, and this is more visible when the bulk melt fraction453

is plotted on a logarithmic scale as in Figure 6 (d–f). The overall amount of melt pro-454

duced is not significantly affected by adding the dichotomy to the high activation energy455

cases, though it is marginally reduced.456

The cases with low activation energy show much less spread in their melt produc-457

tion over time than the high activation energy cases when varying the enrichment and458

initial CMB temperature. Put another way, models with high activation energy are more459

sensitive to changes in the other parameters we varied. The coldest (15x enrichment) high460

activation energy models produce less melt through time than even the coldest low ac-461

tivation energy models, while the hottest (5x enrichment) high activation energy cases462

produce more melt than all of the low activation energy models. Each 5x and 10x en-463

richment case produces a melt volume within or above the nominal volume of the Thar-464

sis rise (lighter gray shading in Figure 6, as does the low activation energy 15x enrich-465

ment case with the hottest (initially 2020 K) CMB. Yet, only the single warmest case466

of all 27 cases–the high activation energy, uniform structure model with 5x enrichment467

and the hottest (initially 2020 K) CMB–produces enough melt for Tharsis when account-468

ing for limited extraction of mantle melt to the surface (darker shading in Figure 6).469

Even on the logarithmic scale, the time of last melting is not clear from Figure 6,470

because the latest bulk melt fraction is more than 10 orders of magnitude lower than the471

peak. The precise model time and corresponding age of last melt production for each472

model case is listed in Table 3. Many cases are still producing melt at the end of the run,473

at present-day, and in others melting has only cut off within the past few hundred mil-474

lion years. These tend to be the lower enrichment cases. In all of the uniform 15x en-475

richment cases, melting shuts off well over 1 Ga. Melt continues for longer in the dichotomy476

15x enrichment cases, even up to present day in the case of the hottest (initially 2020477

K) CMB. Still not clear from either Figure 6 or Table 3 is that several models, mostly478

10x enrichment cases, see melt production stop and restart one or more times before fi-479

nally ending, or reaching present-day with melt present. These last trickles of melting480

are very small and localized.481
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4 Discussion482

4.1 Model Summary483

Of the three parameters varied (activation energy, crustal HPE enrichment, and484

initial CMB temperature), the results are most sensitive to the activation energy. The485

results are least sensitive to the initial CMB temperature. Higher activation energies,486

and thus higher temperatures in the lower to mid-mantle, result in a cooler and thicker487

lid, but also an overall hotter mantle. Corresponding with the higher average temper-488

atures, lower enrichment and higher activation energy lead to more melt being produced489

for longer. The cases with a hotter CMB, and a cooler mantle due to lower concentra-490

tions of HPEs (higher crustal enrichment) are more influenced by bottom heating. In491

these cases, more vigorous plumes that rise at the beginning of the model run contribute492

more directly to the melting.493

The results summarized and color coded in Figure 7 show whether each of our 27494

model cases fits our constraints for (1) geotherms consistent with InSight results, (2) re-495

cent production of melt, (3) sufficient melt to produce Tharsis, and (4) matching the MWT496

geoid. Blue indicates the constraint is met, and red that it is not. Purple indicates an497

intermediate result (geoids) or that the constraint is met with qualification. For the geotherms,498

blue models have a mid-mantle temperature that falls within the 1605±100 K range of499

Huang et al. (2022), and red models fall well outside this range. For melt at present-day,500

models where melt is present at 4500 Myr into the run (0 Ma) are blue, and those with501

no melt in the past 200 Ma are red. The last melt in purple models occurs between 200502

Ma and present-day, which given the limited resolution and high uncertainty in these mod-503

els, could still be consistent with geologically recent melt. For melt volume production,504

blue models produce at least 1×109 of melt–sufficient to produce the Tharsis rise with505

10% extraction. Red models produce < 1×108 of melt, which is the minimum needed506

for Tharsis with 100% extraction. Purple models produce a total melt volume between507

these values, sufficient for Tharsis if melt extraction is > 10%. For the geoids, an NRMSE508

(Table 2) < 0.6 is blue; 0.6 ≤ NRMSE < 0.8 is purple, and NRMSE ≥ 0.8 is red.509

Figure 7 shows that overall, the model cases most consistent with our constraints510

for Mars are the high activation energy cases with 5-10x crustal HPE enrichment, and511

more so the uniform structure cases than the dichotomy cases. The very cold geotherms512

of all nine low activation energy cases lead us to reject that rheology in favor the high513

activation energy rheology. The few examples in which a low activation energy case fully514

satisfies our constraint in any one category (blue) diverge, in that only a couple of 5x515

enrichment cases have melt at present-day, while it is the three low activation energy,516

15x enrichment cases that produce geoids consistent with MWT. Indeed two of those three517

geoids are the best fits of all 27 models.518

4.2 Geoids519

Our models can only address the mantle contribution to the geoid, while the ac-520

tual Martian geoid is also determined in part by crustal thickness and possible density521

anomalies within the crust. It is generally considered that lower spherical harmonic de-522

grees of the geoid are dominated by the mantle, while higher degrees are dominated by523

the crust. Yet, in the case of Mars, the thickened crust of Tharsis dominates the low-524

est degrees of the geoid. Using the geoid obtained from the MWT gravity coefficients525

of Zuber and Smith (1997) to remove Tharsis, up to and including ℓ=6, mitigates the526

crustal contribution issue, such that we consider the crustal contribution negligible through527

ℓ=6. Furthermore, for l¿∼12, the geoid should be almost entirely determined by the crust.528

At the intermediate degrees, the crustal and mantle components should both be signif-529

icant, and ideally we could separate these two and compare out model geoids with just530

the mantle component. However, resolving the question of these crustal contributions531
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to the geoid is beyond the scope of this work, and we focus on the fit of our models with532

MWT through ℓ=6.533

A subset of our models–particularly those with a uniform structure, high activa-534

tion energy, and 5–10x enrichment–which meet our geotherm and melting constraints535

also meet our MWT geoid constraint. All three low activtion energy, 15x enrichment cases536

meet the geoid constraint as well. Indeed, these three include the geoid power spectra537

with the two lowest NRMSE values of all out models. Still, these three models perform538

unacceptably in that they cool far too quickly to meet our geotherm or present melt con-539

straints.540

4.3 Melting and Thermal Evolution541

Many of our models produce a small amount of melt up to or near present-day, with542

some cases having small amounts of melting stopping and restarting. This is consistent543

with small, localized pulses of volcanism on Mars within the past few million to ∼100544

million years. It should be noted that our models have limited resolution, for example545

∼25 km vertical resolution, and still lower in the lateral direction over most of the man-546

tle, including the 200-300 km melting depths. Therefore, it is possible that were these547

same parameters and initial conditions run at a significantly higher resolution–which would548

take an infeasible amount of computing time and power–melting could continue for a lit-549

tle longer, and would not stop and restart.550

Producing sufficient melt for Tharsis while also producing a geoid power spectrum551

that is consistent with present-day Mars without the volcanically constructed topogra-552

phy of Tharsis (i.e., MWT) is very difficult. It is even difficult just to produce enough553

melt to account for the enormous volume of Tharsis, while also considering that only a554

fraction of melt produced in the mantle erupts on the surface. As depicted in Figure 7,555

only our single hottest case (high activation energy, 5x enrichment, 2020 K initial CMB556

temperature) fully fulfills our constraint assuming 10% melt extraction–and then only557

barely. (This case, alone among all nine 5x enrichment cases, satisfies our geoid constraint.)558

Yet this singular case still does not produce this quantity of melt quickly enough to al-559

low for emplacement of the Tharsis rise by the late Noachian. The majority of our cases–560

and every case with 5-10x enrichment–produce at least a Tharsis-equivalent melt vol-561

ume within the mantle, but this could only account for Tharsis if the majority (60%)562

of that melt were extracted to the surface.563

We find the present-day geotherms from our models with the high activation en-564

ergy rheology to be very consistent with present day Mars, while the geotherms of the565

low activation energy are hundreds of degrees colder than inferred from the results of In-566

Sight and previous modeling. It is, however, remarkable that despite the cold mean geotherms,567

the 5x enrichment cases with this low activation energy rheology are able to locally pro-568

duce small volumes of melt up to or near present-day. The large discrepancy in geotherms569

does lead us to broadly reject the low activation energy rheology, so much so that this570

was not considered when modeling the dichotomy.571

With regard to crustal HPE enrichment, and rather unsurprisingly, Figure 7 also572

reflects how the melting results favor lower crustal enrichment, which is somewhat at odds573

with the body of work favoring 10-15x enrichment–as well as the the geoid power spec-574

tra of our models. Nevertheless, most of the 10x cases with high activation energy pro-575

duce melt up to or near present-day, and up to about ℓ=6 the geoid is a good fit with576

MWT. The 10x enrichment cases do produce significantly less melt overall, and early on,577

compared to the 5x cases. But even the 5x enrichment cases cannot produce enough melt,578

at least not quickly enough, to account for Tharsis without extremely efficient melt ex-579

traction.580
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The present day geotherms from the low activation energy cases are hundreds of581

degrees too cold to be consistent with what has been inferred for Mars, therefore we gen-582

erally prefer the models with the higher activation energy. Nevertheless, the models with583

low activation energy and 15x enrichment provide the best-fitting geoid to observations.584

The power spectra for the 10x and 15x enrichment, high activation energy cases do still585

match well with the MWT geoid up to ℓ=6–8. Only at higher degrees is there signifi-586

cantly less power in the geoid for these cases compared to MWT, and the low activation587

energy 15x enrichment cases.588

We do not consider in our modeling initial conditions arising from a magma ocean589

overturn (Elkins-Tanton et al., 2003; Elkins-Tanton, 2005). One might speculate that590

this would stabilize the mantle with regard to convection for some period of time, allow-591

ing the mantle to heat up. The interaction of the two effects of (1) cooling the mantle592

due to the overturn, and (2) the subsequent heating of the mantle due to stabilizing the593

mantle against convection, make it difficult to predict the impact of this condition with-594

out further analysis. That is beyond the scope of this work.595

4.4 Effects of Adding the Dichotomy596

Because of the large mismatch in geotherms with the low activation energy cases,597

and the associated difficulty in generating sufficient melt, we only ran the dichotomy cases598

with high activation energy. To first order, the geotherms of the dichotomy cases are very599

close to those of the corresponding cases without the dichotomy. In the long term, the600

mantle temperature is much more sensitive to crustal enrichment than it is to the ini-601

tially thicker southern lithosphere and warmer northern hemisphere mantle. Recall that602

the initial temperature profile is also different with the dichotomy cases. The start time603

is taken to be 4100 Ma instead of 4500 Ma as in the uniform cases. To account for this,604

we initialize the southern hemisphere with an error function temperature profile corre-605

sponding to an age of 400 Ma (versus 100 Ma for the uniform case). The northern hemi-606

sphere initial condition is kept as a profile corresponding to an age of 100 Ma, consis-607

tent with a younger lithosphere and a large injection of heat from the putative large im-608

pactor responsible for the dichotomy (Marinova et al. (2008); Kiefer (2008); Andrews-609

Hanna et al. (2008)). The geoid power spectra produced by the dichotomy cases are of-610

ten a poorer match to MWT than the corresponding uniform, high activation energy cases.611

The exceptions to this trend, in which the dichotomy improves the geoid fit, are either612

relatively minor (10x enrichment, 2020 K initial CMB) or among the 15x enrichment cases613

that we reject for not meeting other constraints. Including the hemispheric dichotomy614

also marginally decreases the cumulative melt production. However, the initially thicker615

southern lithosphere does make it easier to maintain a small amount of melt close to present-616

day, and this is not wholly attributable to the later start time with the same initial tem-617

perature profile in the northern hemisphere. That said, at best, adding the hemispheric618

dichotomy does not significantly improve the overall fitting of our constraints. We there-619

fore still prefer the uniform cases.620

5 Conclusions621

Overall, we find that our results from the model cases with a high activation en-622

ergy rheology, uniform structure (i.e., without the dichotomy), and 5–10x crustal HPE623

enrichment are the most consistent with the data we have for Mars from InSight and ear-624

lier missions. To a lesser degree, our results also favor the cases among these six with625

initial CMB temperature of 1870-2020 K (i.e., greater than the initial mid-mantle tem-626

perature), in that those are the cases without any red in Figure 7. That said, model re-627

sults are least sensitive to the initial CMB temperature, as compared to the activation628

energy and crustal enrichment. This is good, in that the early CMB temperature is one629

of the most difficult parameters to constrain. Several of the dichotomy cases are almost630
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as consistent with our constraints (i.e., blue or purple across Figure 7) and even main-631

tain melt a little longer than the corresponding uniform cases. But both the geoid fit to632

MWT and the cumulative melt production for the 5–10x enrichment are made worse by633

adding the dichotomy. Therefore, we don’t consider the dichotomy, at least as we model634

it, to be necessary or overall useful in fitting our constraints for Mars.635

The present-day geotherms from our model cases with the high activation energy636

are all consistent with Huang et al. (2022) in supporting a present-day mantle cooler than637

most pre-mission estimates by Smrekar et al. (2019), and the 10x enrichment geotherms638

align with the middle of the 1605±100 K range. Among our preferred cases, cumulative639

and present-day melt production slightly favor the 5x enrichment cases over the 10x cases.640

But even with 10x enrichment, the Martian mantle is still capable of producing small641

amounts of melt near or at present-day, and neither the 5x nor 10x enrichment cases pro-642

duce sufficient melt for Tharsis quickly enough without assuming a majority of mantle643

melt is extracted. A 10x crustal enrichment factor would be consistent with the mod-644

eling and seismic analysis of Drilleau et al. (2022), the geodynamic modeling of Samuel645

et al. (2021), and the lower end of the range inferred by Huang et al. (2022). A 10x en-646

richment factor also agrees well with the orbital gamma ray spectrometry data that in-647

dicate ∼50% of Mars’ HPE are contained within its crust (Boynton et al., 2007; McLen-648

nan, 2001; Taylor et al., 2006). Furthermore, the geoid power spectra for ℓ = 2–6, for649

all three uniform, high activation energy, 10x enrichment cases are in good agreement650

with the MWT geoid derived from Zuber and Smith (1997). Modifying the radial vis-651

cosity structure of these 5–10x enrichment models may further improve the poorer fit652

at higher degrees up to ℓ ≈ 12, above which crustal structure, rather than the man-653

tle we model, should overwhelmingly dominate the geoid.654

It is challenging to reconcile such a cool mantle at present with the amount of melt-655

ing required throughout–and particularly early on in Martian history. It is nevertheless656

reassuring that our models, and thus a mantle as cool as Huang et al. (2022) find for present-657

day Mars, are still capable of producing small, localized amounts of melt, as the evidence658

of recent volcanism (Neukum et al., 2004; Susko et al., 2017; Horvath et al., 2021; Berman659

& Hartmann, 2002; Vaucher et al., 2009; Jaeger et al., 2010) necessitates, and the on-660

going tectonic activity in Elysium observed by InSight (Stähler et al., 2022; Perrin et al.,661

2022; Broquet & Andrews-Hanna, 2022; Kiefer et al., 2023) suggests. Melt production662

is very sensitive to the mantle temperature, or more precisely the portion of the man-663

tle that is above the solidus. Therefore more melt in the late pre-Noachian to early Hes-664

perian, as is necessary to produce the Tharsis and Elysium rises, requires a hotter man-665

tle and/or a lower solidus. A hotter mantle would have to cool more quickly in order to666

still reach the cool observed geotherms. The faster cooling of a hotter mantle may be667

facilitated by the consequently more vigorous convection, and considering the effect of668

compressible convection and, in particular, the latent heat of melting. Alternatively, or669

in addition to this, including the effect of water or CO2 could depress the solidus enough670

to significantly increase melt production at a given temperature.671

Data/Software Availability Statement672

[For the purposes of peer review, our modified CitcomS code, the model output used673

to create the figures in this manuscript, and a README describing the contents are tem-674

porarily available via the following private Figshare link: https://figshare.com/s/f667c63d0392cc47367b.675

Note that this is a nearly 1 GB .zip file.] We use our own custom modifications to the676

geodynamic code CitcomS version 3.3.1 (Zhong et al., 2000; Tan et al., 2006; Zhong et677

al., 2008), the official code of which is available from Computational Infrastructure for678

Geodynamics (CIG) at http://geoweb.cse.ucdavis.edu/cig/software/citcoms/,679

as well as https://doi.org/10.5281/zenodo.7271920, or on GitHub at https://github680

.com/geodynamics/citcoms. Our modified CitcomS code, input (.cfg) files, and out-681

put files at 500 million year intervals will be made available at https://data.lib.vt682
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.edu/. Line plots were made with Matplotlib version 3.5.1 (Hunter, 2007), available un-683

der the Matplotlib license at https://matplotlib.org/ or at https://doi.org/10.5281/684

zenodo.5773480 . 3D plots were made with Paraview version 5.9.0 (Ahrens et al., 2005),685

available from https://www.paraview.org/. For working with the geoid output and686

data, we use pyshtools (Wieczorek & Meschede, 2018), with documentation and instal-687

lation instructions available at https://shtools.github.io/SHTOOLS/.688
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Tables963

Table 1: Summary of parameters and initial conditions used in our models.

Parameter Value

Mean radius 3.3895× 106 m
Core radius 1.830× 106 m
Mean mantle density 3500 kgm−3

Gravitational acceleration (g) 3.72m s−2

Reference viscosity (η0) 1.0× 1021 Pa s

Activation energy (E∗) 117 kJmol−1 (low)

350 kJmol−1 (high)

Activation volume (V∗) 6.6 cm3 mol−1

Rayleigh number (Ra), mantle thicknessa 1.4296× 107

Thermal expansivity (α) 2× 10−5 K−1

Thermal diffusivity (κ) 1× 10−6 m2 s−1

Specific heat capacity (cP ) 1.25× 103 J kg−1 K−1

Mantle adiabat 0.15Kkm−1

Surface Temperature (Ts) 220K
Temperature difference (∆T) 1500K
Initial mantle temperatureb 1720K
Initial CMB temperatureb 1720K (1.0 ∆T)

1870K (1.1 ∆T)
2020K (1.2 ∆T)

Crustal HPE enrichment factor 5x
10x
15x

Present-day bulk 238U 15.88 ppm c

Present-day bulk 235U 0.11 ppm c

Present-day bulk 232Th 56.0 ppm c

Present-day bulk K 305 ppm c

Present-day bulk 40K 36.3 ppm c

a Rescaled from model because CitcomS uses radius instead of mantle thickness for its Ra
b Potential temperature: excludes adiabat
c Present-day bulk silicate Mars HPE concentrations from Wänke and Dreibus (1994)

964

965

966
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Table 2: Quantitative comparison of our model geoids (model) to that of Mars without
Tharsis (MWT) (Zuber & Smith, 1997) for degrees ℓ=2–6.

Rheology Enrichment TCMB NRMSEa

Uniform, low E* 5x 1720 K 0.9877
Uniform, low E* 5x 1870 K 0.9693
Uniform, low E* 5x 2020 K 0.9601
Uniform, low E* 10x 1720 K 0.8245
Uniform, low E* 10x 1870 K 0.7820
Uniform, low E* 10x 2020 K 0.7619
Uniform, low E* 15x 1720 K 0.3918
Uniform, low E* 15x 1870 K 0.2046
Uniform, low E* 15x 2020 K 0.5368

Uniform, high E* 5x 1720 K 0.8826
Uniform, high E* 5x 1870 K 0.7702
Uniform, high E* 5x 2020 K 0.4637
Uniform, high E* 10x 1720 K 0.4260
Uniform, high E* 10x 1870 K 0.5013
Uniform, high E* 10x 2020 K 0.4892
Uniform, high E* 15x 1720 K 2.185
Uniform, high E* 15x 1870 K 1.635
Uniform, high E* 15x 2020 K 1.128

Dichotomy, high E* 5x 1720 K 0.9459
Dichotomy, high E* 5x 1870 K 0.8921
Dichotomy, high E* 5x 2020 K 0.7433
Dichotomy, high E* 10x 1720 K 0.8787
Dichotomy, high E* 10x 1870 K 0.8516
Dichotomy, high E* 10x 2020 K 0.3955
Dichotomy, high E* 15x 1720 K 0.7161
Dichotomy, high E* 15x 1870 K 0.5515
Dichotomy, high E* 15x 2020 K 1.978

a See text.
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Table 3: Model time and age of last melt production

Rheologya Enrichment TCMB Model time Age BPb,c

Uniform, low E* 5x 1720 K 4500 Myr 0 Ma
Uniform, low E* 5x 1870 K 4483 Myr 17 Ma
Uniform, low E* 5x 2020 K 4500 Myr 0 Ma
Uniform, low E* 10x 1720 K 3154 Myr 1346 Ma
Uniform, low E* 10x 1870 K 3615 Myr 884 Ma
Uniform, low E* 10x 2020 K 4142 Myr 358 Ma
Uniform, low E* 15x 1720 K 2105 Myr 2395 Ma
Uniform, low E* 15x 1870 K 3129 Myr 1371 Ma
Uniform, low E* 15x 2020 K 2560 Myr 1940 Ma

Uniform, high E* 5x 1720 K 4500 Myr 0 Ma
Uniform, high E* 5x 1870 K 4500 Myr 0 Ma
Uniform, high E* 5x 2020 K 4500 Myr 0 Ma
Uniform, high E* 10x 1720 K 3756 Myr 744 Ma
Uniform, high E* 10x 1870 K 4500 Myr 0 Ma
Uniform, high E* 10x 2020 K 4354 Myr 146 Ma
Uniform, high E* 15x 1720 K 2080 Myr 2420 Ma
Uniform, high E* 15x 1870 K 3785 Myr 715 Ma
Uniform, high E* 15x 2020 K 4229 Myr 271 Ma

Dichotomy, high E* 5x 1720 K 4100 Myr 0 Ma
Dichotomy, high E* 5x 1870 K 4100 Myr 0 Ma
Dichotomy, high E* 5x 2020 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 1720 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 1870 K 4100 Myr 0 Ma
Dichotomy, high E* 10x 2020 K 4100 Myr 0 Ma
Dichotomy, high E* 15x 1720 K 3028 Myr 1072 Ma
Dichotomy, high E* 15x 1870 K 3210 Myr 890 Ma
Dichotomy, high E* 15x 2020 K 4100 Myr 0 Ma

a E* is activation energy.
b Uniform cases are taken to start at 4.5 Ga.
c Dichotomy cases are taken start 400 Myr later, at 4.1 Ga.
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Figures967

Figure 1: Crustal thickness map adapted from Zuber et al. (2000). The locations and ap-
proximate extent of Tharsis and Elysium are marked. The red line marks the dichotomy
boundary. The line is dashed where the boundary is uncertain, in particular beneath
Tharsis.
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Figure 2: Comparison of the Katz et al. (2003) solidus for dry peridotite with the Mars
solidus of Duncan et al. (2018) over the applicable depth range of Katz et al. (2003). The
liquidus of Katz et al. (2003) is also plotted. Melting in our models is confined to a nar-
row range of pressures between 2.6 and 4 GPa, or approximately 200–300 km depth.

(a) Uniform, low E* (b) Uniform, high E* (c) Dichotomy, high E*

(d) Uniform, low E* (e) Uniform, high E* (f) Dichotomy, high E*

Figure 3: (a–c): Present-day geotherms, including the InSight derived mid-mantle tem-
perature estimate of 1605±100 K by Huang et al. (2022) (vertical magenta lines), as well
as the range of possible geotherms from Smrekar et al. (2019) (shaded). (d–e): Mean
mantle temperature vs. time. E* is activation energy.
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Figure 4: Power spectra (degrees ℓ=2–20) of our modeled present-day geoids (black)
compared to the Mars without Tharsis (blue dashed) geoid derived from the gravity coef-
ficients of Zuber and Smith (1997).
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(a) Uniform, low E*, 3.5 Ga (b) Uniform, high E*, 3.5 Ga (c) Dichotomy, high E*, 3.5 Ga

(d) Uniform, low E*, 1.5 Ga (e) Uniform, high E*, 1.5 Ga (f) Dichotomy, high E*, 1.5 Ga

(g) Uniform, low E*, 0 Ga (h) Uniform, high E*, 0 Ga (i) Dichotomy, high E*, 0 Ga

Figure 5: 3D plots of selected model cases with potential temperature isotherms (yellow)
and melt (red) for all three (uniform, low activation energy; uniform, high activation en-
ergy; dichotomy, high activation energy) cases with 10x enrichment and initial TCMB of
1870 K. The temperature and melt abundance vary widely both between the model cases
and through time. Therefore, the plotted isotherms and melt thresholds for each model
and time step are selected to be representative of the thermal structure and the highest
melt concentration in the specified model at the specified time. The values chosen are as
follows: (a) T = 1650 K, melt fraction ≥ 10%; (b) T = 1770 K, melt fraction ≥ 25%; (c)
T = 1755 K, melt fraction ≥ 25%; (d) T = 1500 K, melt fraction ≥ 0.01%; (e) T = 1710
K, melt fraction ≥ 0.1%; (f) T = 1710 K, melt fraction ≥ 1%; (g) T = 1380 K, no melt
present; (h) T = 1680 K, melt fraction ≥ 0.01%; and (i) T = 1680 K, melt fraction ≥ 1%.
The southern hemisphere, with the initially thicker lithosphere, is darker in all dichotomy
plots (c, f, i). For the remaining plots, north is approximately up, but some rotation has
been done to better show the structure and melt.

–28–



manuscript submitted to JGR: Planets

(a) Uniform, low E* (b) Uniform, high E* (c) Dichotomy, high E*

(d) Uniform, low E* (e) Uniform, high E* (f) Dichotomy, high E*

(g) Uniform, low E* (h) Uniform, high E* (i) Dichotomy, high E*

Figure 6: Melt and melt production over time. The bulk melt fraction is the fraction of
the total mantle (out of 1.0) that is molten at a given time. This is shown here both on a
linear and logarithmic scale. Cumulative melt is the integral of the mantle melt produc-
tion rate over time. On the cumulative melt plots (g–i), the approximate amount of melt
(1–3 ×108 km3) required to produce Tharsis is shaded in lighter gray. However, only a
fraction of the melt (here assumed to be 10%) produced in the mantle is extracted to and
erupted on the surface. The darker gray shading on these same plots is the required melt
volume multiplied by ten (1–3 ×109 km3) to account for this.
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Figure 7: Blue indicates the constraint is met, and red that it is not. Purple indicates an
intermediate result (geoids) or that the constraint is met with qualification. See discussion
text for the quantitative meaning of these colors for each column.
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