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Abstract The upcoming InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat
Transport) mission, to be launched in 2016, will carry out the first in situ Martian heat flux measurement,
thereby providing an important baseline to constrain the present-day heat budget of the planet and, in turn,
the thermal and chemical evolution of its interior. The surface heat flux can be used to constrain the amount
of heat-producing elements present in the interior if the Urey ratio (Ur)—the planet’s heat production
rate divided by heat loss—is known. We used numerical simulations of mantle convection to model the
thermal evolution of Mars and determine the present-day Urey ratio for a variety of models and parameters.
We found that Ur is mainly sensitive to the efficiency of mantle cooling, which is associated with the
temperature dependence of the viscosity (thermostat effect), and to the abundance of long-lived radiogenic
isotopes. If the thermostat effect is efficient, as expected for the Martian mantle, assuming typical solar
system values for the thorium-uranium ratio and a bulk thorium concentration, simulations show that the
present-day Urey ratio is approximately constant, independent of model parameters. Together with an
estimate of the average surface heat flux as determined by InSight, models of the amount of heat-producing
elements present in the primitive mantle can be constrained.

1. Introduction

The heat flowing out of a planetary surface reflects the contributions of heat-producing elements (HPEs) and
of the heat loss due to secular cooling. The Earth and the Moon are currently the only bodies on which in situ
surface heat flux measurements have been performed. On Earth, where plate tectonics operates, the surface
heat flux varies considerably with geological location. At present, it is on average 65 mW/m2 and 100 mW/m2

in continental and oceanic regions, respectively, but strong local variations with values up to 125 mW/m2 can
be found in volcanic regions or rift zones. Smaller variations of about 10 mW/m2 over continents are primarily
caused by the heterogeneous distribution of HPE in crustal rock [Jaupart and Mareschal, 2007].

The Apollo 15 and 17 missions performed measurements of the lunar surface heat flux, obtaining values of 21
and 14 mW/m2 [Langseth et al., 1976], respectively. In the absence of plate tectonics, spatial variations of the
heat flux are less pronounced. However, the so-called Procellarum KREEP Terrane (PKT), where KREEP stands
for potassium, rare elements, and phosphorous on the lunar nearside shows evidence for a strong enrichment
in HPE [Hubbard et al., 1971], and thus, the modeled present-day heat flux value in this region is as high as
34 mW/m2 but decreases to 11 mW/m2 for regions located far from the PKT [Wieczorek and Phillips, 2000].
The proximity of the Apollo 15 and 17 landing sites to the PKT thus complicates the interpretation of the
measured heat fluxes. Recently, Siegler and Smrekar [2014] used a crustal thickness model derived from GRAIL
(Gravity Recovery and Interior Laboratory) data [Wieczorek et al., 2013] to obtain a mantle heat flux that can
produce a surface heat flux value consistent with the measurements at both Apollo sites. Assuming a thin
KREEP-rich layer to be present beneath the Apollo 15 landing site, they predicted an average mantle heat flux
of 9–13 mW/m2. These values are higher than previous estimates by Langseth et al. [1976] and Wieczorek and
Phillips [2000] but similar to the results of Warren and Rasmussen [1987]. However, depending on the extent
of the subcrustal KREEP-rich layer, i.e., whether this layer extends or not below the Apollo 17 site, the mantle
heat flux can be as low as 7–8 mW/m2 [Siegler and Smrekar, 2014]. Variations of the mantle heat flux of about
a factor of 2 between the lunar nearside and farside may, however, be caused by an asymmetric convection
structure triggered by an enriched concentration of heat sources below the PKT [Laneuville et al., 2013].

The Martian surface heat flux is expected to vary less with geological location than the heat flux on the Moon.
Indeed, gamma ray spectrometer data (GRS) obtained by Mars Odyssey do not present evidence for significant
large-scale geochemical anomalies like the PKT [Hahn et al., 2011]. The surface distribution of thorium (Th),
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in contrast to the Moon where it varies by about 2 orders of magnitudes (0.1 to 12 ppm [Taylor et al., 2006;

Lawrence et al., 2000; Jolliff et al., 2000]), on Mars only shows slight variations confined between 0.2 and 1 ppm

[Taylor et al., 2006]. Therefore, variations in the Martian surface heat flux are expected to be mainly caused

by variations in the thickness and HPE content of the crust [Hahn et al., 2011] and by mantle plumes [Kiefer

and Li, 2009; Grott and Breuer, 2010]. If the spatial variations are caused by differences in thickness and HPE

content of the crust, the surface heat flux lies between 17 and 28 mW/m2, while, when assuming a mantle

plume underneath Tharsis, values between 15 and 60 mW/m2 are expected [Grott and Breuer, 2010].

In order to obtain a first-order estimate of the overall planetary heat loss, surface heat flux has been modeled

by Grott and Breuer [2010] using thermal evolution models based on the mantle bulk composition suggested

by Wänke and Dreibus [1994], observed surface abundances of HPE according to Taylor et al. [2006], and

crustal thicknesses derived from the inversion of gravity and topography data [Neumann et al., 2004]. The

compositional model of Wänke and Dreibus [1994] is based on element correlations observed in the SNC

meteorites. Other models of the Martian bulk composition either derive the composition of the shergottite

parent body mantle from the SNCs [Treiman et al., 1986] or fit SNC oxygen isotopic composition to mixtures

of chondrites [Lodders and Fegley, 1997]. All these models predict similar amounts of Th but substantially dif-

ferent potassium abundances. Another compositional model proposed by Morgan and Anders [1979] uses

the surface ratio of K/U of 2200 as determined from gamma spectrometric analysis performed by the Soviet

orbiter Mars 5, a chondritic Th/U ratio of 3.6, and constraints on the total heat output from thermal evo-

lution models [Toksöz and Hsui, 1978] to estimate the absolute abundances of radiogenic heat-producing

elements. This model predicts almost twice as much Th as the models of Treiman et al. [1986], Wänke and

Dreibus [1994], and Lodders and Fegley [1997] and a significantly smaller amount of K. Currently, the most

widely accepted compositional model is that of Wänke and Dreibus [1994], which is broadly consistent with

the surface K/Th ratio measured by the GRS instrument [Taylor et al., 2006]. However, heat flux estimates based

on large elastic lithosphere thickness (lithospheric deflection due to loading of the north polar cap indicates

present-day values larger than 300 km [Phillips et al., 2008]) are significantly lower (less than 15 mW/m2) than

the average values of about 21 mW/m2 predicted by numerical thermal evolution models that employ the

bulk composition of Wänke and Dreibus [1994] [Grott and Breuer, 2010; Morschhauser et al., 2011]. These ther-

mal evolution models further predict a contribution of secular cooling to the surface heat flux of about 50%

[Breuer et al., 1993; Hauck and Phillips, 2002; Grott and Breuer, 2010; Fraeman and Korenaga, 2010; Morschhauser

et al., 2011]. It has thus been proposed that the HPE content of Mars’ interior could be subchondritic

[Phillips et al., 2008] or secular cooling negligible [Ruiz et al., 2011]. Nevertheless, the presence of mantle

plumes beneath the Tharsis and/or Elysium provinces could cause large variations in the present-day elas-

tic thickness of the lithosphere [Grott and Breuer, 2010], which, in turn, would allow evolution models based

on a chondritic HPE concentration, such as that of Wänke and Dreibus [1994], to remain compatible with the

observations.

The InSight mission (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport), to be

launched in 2016, will land a seismometer and a heat flux probe (HP3) in the Elysium region of Mars and

address questions related to the size, physical state, and composition of the core and mantle, thickness of

the crust, and thermal state of the interior. The heat flux measurement will offer the opportunity to constrain

the average Martian surface heat flux, thereby providing an independent test for the various compositional

models. Assuming crustal thickness variations [e.g., Neumann et al., 2004] and the surface distribution of Th

and K [Taylor et al., 2006; Hahn et al., 2011] to be known, one can also obtain a valuable estimate of the Martian

mantle heat flux by correcting the surface heat flux for the crustal contribution.

In this study, we conducted simulations of thermal evolution and investigated how the ratio between the

internal heat production in the entire planet (mantle and crust) and the total surface heat loss, also termed

Urey ratio (Ur), varies among several models of the primitive Martian mantle. It is important to note that

in this study, we calculate the bulk Urey ratio, which takes into account the total heat production rate

instead of the convective Urey ratio that is usually used in the literature on the Earth’s thermal evolution

[e.g., Korenaga, 2008]. Note that the latter refers to the Urey ratio calculated from the mantle abundance of

radiogenic elements without the crustal contribution and from the mantle heat flux into the crust.
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Table 1. Abundance of Heat-Producing Elements for Various Compositional Models and
Corresponding Heat Production at the Beginning of the Evolution (H0) and After 4.5 Ga (H4.5)

Model U (ppb) Th (ppb) K (ppm) H0 (pW/kg) H4.5 (pW/kg)

Treiman et al. [1986] 16 64 160 17 3.7
Morgan and Anders [1979] 28 101 62 21 5.8
Wänke and Dreibus [1994] 16 56 305 23 4.1
Lodders and Fegley [1997] 16 55 920 49 6.1

Running numerical models characterized by different assumptions, setups and parameter combinations, we
computed the present-day value of Ur as

Ur =
H𝜌silVsil

FsAs
, (1)

where H (in W/kg) is the interior heat production rate, Fs is the average surface heat flux, As is the surface area
of the planet, Vsil is the volume of the silicate mantle shell, and 𝜌sil its average density. Using equation (1),
we can determine the interior heat production rate H knowing the average surface heat flux, which will be
obtained from the measurement performed by the InSight mission. Here we identify the parameters that have
a major impact on the present-day Urey ratio and discuss the implications of our results for the measurements
planned in the framework of the InSight mission.

2. Models and Methods

To model the thermal evolution of terrestrial bodies, one can use either one-dimensional parametrized mod-
els or two- and three-dimensional fully dynamical simulations of mantle convection. While in the first case
appropriate scaling laws are used to parametrize the convective heat transport, in the latter, the solution to
the full set of conservation equations is obtained numerically. The advantage of using parametrized models
is the ease with which a large parameter space can be spanned. However, albeit computationally inexpen-
sive, such models can only provide a global, integrated picture of the interior evolution. To capture the effects
associated with the spatiotemporal variability of mantle evolution, fully dynamical models are better suited.
In this study, we employed the mantle convection code Gaia in 2-D cylindrical and 3-D spherical geometry
[Hüttig and Stemmer, 2008; Plesa, 2011] and, to some extent, 1-D parametrized models [Breuer and Spohn,
2003]. We ran numerical simulations of increasing complexity and calculated the resulting present-day
Urey ratio for several combinations of models and parameters. As appropriate for planetary thermal evo-
lution, our models employ cooling boundary conditions at the core-mantle boundary (CMB) and account
for the radiogenic heat production of U, Th, and K. The evolution of the CMB temperature is obtained by
solving a 1-D energy equation assuming an adiabatic core with constant density and heat capacity [e.g.,
Stevenson et al., 1983; Steinbach and Yuen, 1994]. We varied the initial amount of HPE according to dif-
ferent compositional models proposed for the interior of Mars [Wänke and Dreibus, 1994; Treiman et al.,
1986; Morgan and Anders, 1979; Lodders and Fegley, 1997] as shown in Table 1. In addition, we used var-
ious rheological formulations with which we accounted for the temperature and depth dependence of
the viscosity, as well as its possible discontinuities associated with phase transitions. We varied the size of
the core between 1500 and 1700 km and considered phase transitions accordingly, i.e., 𝛼 to 𝛽 olivine, 𝛽
to 𝛾 olivine, and 𝛾 olivine to perovskite (see Table 2). In another set of models, we considered different
partitioning of HPE between the mantle and a crust of constant thickness. We also tested different initial
conditions (initial mantle temperature between 1650 and 1950 K and initial thermal boundary layer thick-
ness between 50 and 300 km) and reference viscosities ranging from 1020 to 1023 Pa s, as well as various
values of the activation energy between 150 and 300 kJ/mol. In all simulations we assumed a Newtonian
rheology and an infinite Prandtl number, as appropriate for highly viscous media with negligible inertia. Con-
sidering the extended Boussinesq approximation (EBA) and using the mantle thickness D as length scale,
the thermal diffusivity 𝜅 as time scale, and the temperature drop ΔT across the mantle as temperature
scale, the nondimensional conservation equations of mass, linear momentum, and thermal energy includ-
ing phase transitions, variable thermal expansivity, and conductivity read [e.g., Christensen and Yuen, 1985]
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Table 2. Phase Transitions Parameters

Symbol Description Value

Reference Depth
R𝛼𝛽 𝛼 to 𝛽 spinel 1020 × 103 m

R𝛽𝛾 𝛽 to 𝛾 spinel 1360 × 103 m

R𝛾pv 𝛾 spinel to perovskite 1870 × 103 m

Density DifferenceΔ𝜌
Δ𝜌𝛼𝛽 𝛼 to 𝛽 spinel 250 kg m−3

Δ𝜌𝛽𝛾 𝛽 to 𝛾 spinel 150 kg m−3

Δ𝜌𝛾pv 𝛾 spinel to perovskite 400 kg m−3

Clapeyron Slope 𝛾
𝛾𝛼𝛽 𝛼 to 𝛽 spinel 3 × 106 Pa

𝛾𝛽𝛾 𝛽 to 𝛾 spinel 5.1 × 106 Pa

𝛾𝛾pv 𝛾 spinel to perovskite −3 × 106 Pa

Reference Temperature
T𝛼𝛽 𝛼 to 𝛽 spinel 1820 K

T𝛽𝛾 𝛽 to 𝛾 spinel 1900 K

T𝛾pv 𝛾 spinel to perovskite 2000 K

w phase transition width 20 × 103 m

∇ ⋅ u⃗ = 0, (2)

∇⋅
[
𝜂(∇u⃗ + (∇u⃗)T )

]
−∇p+(Ra𝛼T−

3∑
l=1

RblΓl)e⃗r = 0, (3)

DT
Dt

− ∇ ⋅ (k∇T) − Di𝛼(T + T0)ur

− Di
Ra

Φ −
3∑

l=1

Di
Rbl

Ra

DΓl

Dt
𝛾l(T + T0) − H = 0, (4)

where u⃗ is the velocity vector and ur its radial com-
ponent, p the dynamic pressure, T the temperature,
t the time, 𝜂 the viscosity, 𝛼 the thermal expansivity,
k the thermal conductivity, e⃗r the radial unit vector,
and Φ ≡ 𝜏 ∶ �̇�∕2 the viscous dissipation, with 𝜏 and �̇�

denoting the deviatoric stress and strain rate tensors,
respectively. Ra is the thermal Rayleigh number, H the
internal heating rate, which is given by the ratio of RaQ

and Ra, where RaQ is the Rayleigh number for inter-
nal heat sources, Rbl is the Rayleigh number associated
with the deflection of the boundary of the lth phase
transition, and Di is the dissipation number, given
respectively by

Ra =
𝜌g𝛼ΔTD3

𝜂𝜅
, RaQ =

𝜌2g𝛼HD5

𝜂k𝜅
, Rbl =

Δ𝜌lgD3

𝜂𝜅
, Di =

𝛼gD
cp

, (5)

where Δ𝜌l is the density jump across the lth phase transition, g the gravity acceleration, and cp the mantle
heat capacity. Phase transitions are treated as in Christensen and Yuen [1985] through a phase function Γl :

Γl =
1
2

(
1 + tanh

(
z − zl(T)

w

))
, (6)

where w is the phase transition width, z the depth, and zl(T) the temperature-dependent depth of phase
boundaries, which is given by

zl(T) = z0
l + 𝛾l(T − T 0

l ), (7)

where 𝛾l , z0
l , and T 0

l are the Clapeyron slope, reference transition depth, and reference transition temperature,
respectively.

The viscosity is calculated according to the Arrhenius law for diffusion creep [Karato et al., 1986], whose
nondimensional form considering both temperature and depth dependence reads [e.g., Roberts and
Zhong, 2006]

𝜂(T , z) = exp
(

E + zV
T + T0

−
E + zrefV

Tref + T0

)
, (8)

where E and V are the activation energy and volume, respectively, T0 the surface temperature, and Tref and zref

the reference temperature and depth at which a reference viscosity is attained (see Table 3). In some simula-
tions we took into account a viscosity jump of a factor of 25 in the mid-mantle as in Roberts and Zhong [2006],
Keller and Tackley [2009], and, more recently, Sekhar and King [2014].

In some models we also considered a temperature- and pressure-dependent thermal expansivity for which
we used the parametrization suggested by Tosi et al. [2013a]:

𝛼(T , z) =
(

a0 + a1T + a2T−2
)

exp(−a3z); (9)

where a0, a1, a2, and a3 are numerical coefficients appropriate for forsterite obtained by fitting results of
first-principles simulations to the above equation [Tosi et al., 2013a]. All variables and parameters used in
equations (2)–(8) are listed in Tables 1–4.
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Table 3. Parameters Held Constant in All Simulations

Symbol Description Value

Rp Planetary radius 3400 × 103 m

ΔT Temperature drop across the mantle 2000 K
T0 Surface temperature 250 K
Tref Reference temperature 1600 K
E Activation energy 3 × 105 J mol−1

V Activation volume 6 × 10−6 m3 mol−1

cp Mantle heat capacity 1200 J kg−1 K−1

𝜌 Mantle density 3500 kg m−3

𝜌cr Crust density 2900 kg m−3

cc Core heat capacity 850 J kg−1 K−1

𝜌c Core density 7000 kg m−3

g Gravity acceleration 3.7 m s−2

k Mantle thermal conductivity 4 W m−1 K−1

𝜅 Mantle thermal diffusivity 1 × 10−6 m2 s−1

3. Results
3.1. Reference Viscosity and Thermostat Effect
In this first set of models, we investigated the effects of the mantle cooling efficiency on the Urey ratio assum-
ing the Boussinesq approximation and temperature-dependent viscosity. The influence of depth-dependent
viscosity, extended Boussinesq approximation, phase transitions, and various partitioning of heat-producing
elements between mantle and a low-conductivity crust on the results are discussed in section 3.3. In Figure 1
we show the evolution of the Urey ratio and mean surface heat flux obtained from 2-D models in which we
assumed a heat production rate according to the compositional model of Wänke and Dreibus [1994] and var-
ied the mantle reference viscosity between 1020 and 1023 Pa s, the initial mantle temperature between 1650
and 1950 K, the initial thickness of both the upper and lower thermal boundary layers (TBL) between 50 and
300 km, and the activation energy between 150 and 300 kJ/mol. The temperature dependence of the vis-
cosity is responsible for a thermostat effect that regulates the state of the interior in such a way that initial
conditions only exert a relatively weak influence on the present-day thermal state of the planet. In particu-
lar, for high initial temperatures, viscosity is reduced, convective vigor is high, and the mantle tends to cool
at a relatively fast rate. On the contrary, low initial temperatures result in large viscosities, slow convection,
and slow cooling. Figures 1a and 1b clearly show that this mechanism works efficiently as long as the refer-
ence viscosity is lower than 1022 Pa s. In such a case, the present-day Urey ratio and mean surface heat flux lie
around 0.54 and 26 mW/m2, respectively. The Urey ratio varies within 1.6% assuming 𝜂ref = 1021 Pa s and dif-
ferent initial temperatures (Figures 1c and 1d) or 𝜂ref = 1021 Pa s and different values of the activation energy
(Figures 1e and 1f).

We also carried out the same simulations using 1-D parametrized models (see supporting information
Figure S1). These models show a very similar behavior: the surface heat flow and hence the Urey ratio converge
both toward a present-day value of 22 mW/m2 and 0.63, respectively, independent of the input parameters.
It should be also noted that despite the use of the same parameters, the parametrized models predict

Table 4. Parameters Varied Among Different Simulations

Symbol Description Value

Rc Core radius 1500 × 103, 1700 × 103 m
D Mantle thickness 1900 × 103, 1700 × 103 m
𝛼 Reference thermal expansivity 2.5 × 10−5, 4.26 × 10−5 K−1

𝜂 Reference viscosity 1020–1023 Pa s
Qm Initial amount of radiogenic heating 17 ×10−12–49 × 10−12 W kg−1

Ra Thermal Rayleigh number 3.18 × 106–4.44 × 106

RaQ Internal heat sources Rayleigh number 9.25 × 107–1.61 × 108

Di Dissipation number 0.223–0.146
kcr Crust thermal conductivity 2, 3 W m−1 K−1
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Figure 1. Thermostat effect: (a, c, and e) Urey ratio and (b, d, and f ) surface heat flux for reference viscosities from 1020

to 1023 Pa s (Figures 1a and 1b and cases 1–3 and 5 in Table 5), initial mantle temperatures from 1650 to 1950 K (Figures
1c and 1d and cases 3, 14, and 15), and activation energy from 150 to 300 kJ/mol (Figures 1e and 1f and cases 3, 20, and
21). The inset in Figures 1a, 1c, and 1e shows the Urey ratio during the last 500 Ma of evolution.

present-day Urey ratios that are systematically higher than those computed with 2-D or 3-D dynamic
simulations (approximately by 0.1). The reason is likely a simplification made in our 1-D models. In fact,
the time dependence present in the diffusion equation that is solved to determine the temperature in the
stagnant lid is neglected under the assumption of steady state conduction [see, e.g., Morschhauser et al., 2011,
equation (5)]. The absence of this term causes the stagnant lid to grow more rapidly than it should with the
consequence that the surface heat flux tends to be relatively small, eventually leading to a slight overesti-
mation of the Urey ratio. Nevertheless, the fact that the Urey ratio remains largely unaffected by the choice
of different input parameters is a robust result, clearly unrelated to the use of parametrized models, which
generally deliver global solutions that match very well with dynamic ones [Tosi et al., 2013b].
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Figure 2. Effect of different HPE models: (a) heat production as a function of time for the four compositional models
considered, (b) corresponding Urey ratio obtained using a reference viscosity of 1021 Pa s (cases 3 and 11–13 in Table 5),
(c) time evolution of the mean mantle temperature, and (d) map of the Urey ratio (solid lines) and surface heat flux in
mW/m2 (dashed lines) as function of Th and K content obtained from 1-D parametrized models (white circles correspond
to the HPE concentrations of the four models of Figure 2a).

3.2. Mean Half-Life of Radiogenic Isotopes
To calculate the effects of various HPE models on the Urey ratio, we ran simulations in which we assumed
bulk compositions derived from Wänke and Dreibus [1994], Treiman et al. [1986], Morgan and Anders [1979],
and Lodders and Fegley [1997] (Figure 2a and Table 1) and a reference viscosity of 1021 Pa s. With the excep-
tion of Morgan and Anders [1979], all other models are characterized by similar concentrations of Th and U
(i.e., 55–64 ppb and 16 ppb, respectively), with Th/U ratios limited between 3.5 and 4, but remarkably differ-
ent concentrations of K, the highest of which (920 ppm) is predicted by Lodders and Fegley [1997] (Table 4).
When using the latter model, during the first half of the evolution, the mantle temperature can become up to
500 K higher than that obtained using the other compositional models (Figure 2c). Although this difference
decreases during the thermal evolution, the present-day mean mantle temperature is more than 300 K higher
compared to other compositional models. Because of the relatively short half-life of K (1.25 Ga), the Urey ratio
tends to be anomalously large at the beginning of the evolution. However, after about 1 Ga, it rapidly con-
verges to values similar to those obtained when assuming different HPE concentrations and remains close to
them until present (Figure 2b). The high Th and U content that characterizes the model of Morgan and Anders
[1979] has a strong influence on the evolution of the Urey ratio and its present-day value. After the initial heat-
ing phase, the mantle cools very slowly, leading to a Urey ratio systematically higher (by at least 16.8%) than
that obtained in the other cases.

In order to investigate in more detail the effects of different HPE concentrations, we carried out a large
number of simulations based on 1-D parametrized models. Figure 2d shows a contour plot of the present-day
Urey ratio as a function of the concentration of Th and K for a constant Th/U ratio of 3.5. The white circles refer
to the four HPE models that we considered. While the present-day Ur only weekly depends on the abundance
of K, which mainly influences the early evolution of the planet, it varies considerably in dependence of the
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Table 5. Results of All Presented 2-D and 3-D Simulationsa

Fs [Min, Max] Fcmb Tmean Tcmb

Case Geometry Features Ur (mW/m2) (mW/m2) (K) (K)

Reference Viscosity (HPE = Wae, 𝜂(T), Dl = 300 km, Tinit = 1650 K)

1 2-D 𝜂ref = 1023 Pa s 0.631 22.03 [21.76, 22.46] 0.14 1940.58 2300.84
2 2-D 𝜂ref = 1022 Pa s 0.572 24.71 [23.88, 25.64] 2.90 1865.80 2163.67
3 2-D 𝜂ref = 1021 Pa s 0.543 26.03 [25.31, 26.79] 3.80 1754.51 1996.87
4 3-D 𝜂ref = 1021 Pa s 0.570 24.84 [24.34, 25.37] 2.36 1720.09 1981.11
5 2-D 𝜂ref = 1020 Pa s 0.545 25.97 [25.09, 26.93] 4.15 1632.07 1833.26

HPE Models (𝜂ref = 1022 Pa s, 𝜂(T), Dl = 300 km, Tinit = 1650 K)
6 2-D HPE = Mor 0.740 26.72 [26.07, 27.92] 1.00 1909.35 2180.04
7 2-D HPE = Tre 0.627 20.71 [20.26, 21.30] 2.19 1776.51 2101.86
8 2-D HPE = Lod 0.533 40.44 [38.83, 42.59] 7.07 2113.15 2348.60

HPE Models (𝜂ref = 1020 Pa s, 𝜂(T), Dl = 300 km, Tinit = 1650 K)
9 2-D HPE = Mor 0.683 28.91 [27.79, 29.84] 3.19 1674.35 1855.62
10 2-D HPE = Tre 0.566 22.93 [22.30, 23.66] 2.89 1586.06 1800.79

HPE Models and Initial Temperature (𝜂ref = 1021 Pa s, 𝜂(T), Dl = 300 km, Tinit = 1650 Ka, Tinit = 1800 Kb, Tinit = 1950 Kc)
11 2-D HPE = Mora 0.692 28.55 [27.57, 29.78] 3.35 1797.84 2018.61
12 2-D HPE = Trea 0.579 22.44 [21.87, 23.20] 3.43 1691.66 1953.12
13 2-D HPE = Loda 0.516 41.78 [40.42, 43.37] 2.97 1950.47 2119.36
14 2-D HPE = Waeb 0.538 26.28 [25.53, 27.17] 1.60 1755.77 1979.57
15 2-D HPE = Waec 0.529 26.76 [25.98, 27.65] 1.57 1762.84 1984.80
16 2-D HPE = Trec 0.549 23.68 [23.14, 24.35] 1.52 1709.57 1948.08
17 2-D HPE = Morc 0.660 29.95 [29.15, 30.97] 3.30 1818.96 2036.53

Initial TBL (Dl) (HPE = Wae, 𝜂ref = 1021 Pa s, 𝜂(T), Tinit = 1650 K)
18 2-D Dl = 50 km 0.552 25.64 [24.87, 26.37] 1.22 1746.04 1972.92
19 2-D Dl = 175 km 0.550 25.71 [24.89, 27.09] 1.56 1746.07 1972.53
20 2-D E = 150 kJ/mol 0.536 26.38 [25.55, 27.47] 2.27 1766.72 2002.68
21 2-D E = 225 kJ/mol 0.546 25.91 [25.25, 27.22] 1.86 1762.82 1996.41

Depth Dependence of the Viscosity (HPE = Wae, 𝜂ref = 1021 Pa s, 𝜂(T , p), Tinit = 1650 K)
22 2-D 0.546 25.92 [23.43, 31.24] 4.19 1739.50 2054.02
23 2-D Dc = 1500 km 0.543 27.17 [23.49, 32.31] 1.39 1771.36 2028.35
24 3-D 0.575 24.60 [22.80, 28.85] 3.73 1699.11 2042.27
25 2-D Δ𝜂jump = 25 0.560 25.25 [21.58, 37.35] 1.64 1733.83 2114.94

26 3-D Δ𝜂jump = 25 0.581 24.35 [20.21, 37.43] 3.28 1695.77 2137.40

Adiabatic Heating and Cooling (𝜂ref = 1021 Pa s, 𝜂(T , p), Tinit = 1650 K, EBA, HPE = Wae (W), HPE = Tre (T))
27 2-D (W) 0.564 25.09 [22.68, 26.97] 4.10 1806.26 2236.99
28 2-D 𝛼(T , p), (W) 0.578 24.49 [23.68, 25.64] 2.02 1804.84 2302.08
29 2-D (T) 0.614 21.17 [20.05, 22.70] 1.36 1739.40 2169.85

Phase Transitions (HPE = Wae, 𝜂ref = 1021 Pa s, 𝜂(T , p), Tinit = 1650 K, EBA, PT)
30 2-D 0.563 25.14 [24.10, 26.47] 1.61 1808.52 2209.18
31 3-D 0.594 23.82 [22.64, 24.79] 3.31 1767.81 2207.27
32 2-D Dc = 1500 km 0.554 26.62 [24.92, 28.47] 1.41 1855.73 2264.25
33 3-D Dc = 1500 km 0.602 24.50 [23.52, 26.59] 3.08 1799.04 2261.07
34 2-D 𝛼(T , p) 0.572 24.71 [24.03, 25.54] 1.67 1810.35 2301.95
35 3-D 𝛼(T , p) 0.618 22.90 [22.37, 23.41] 2.82 1760.37 2283.93

concentration of Th. The Urey ratios obtained when using the HPE models of Wänke and Dreibus [1994],
Lodders and Fegley [1997], and Treiman et al. [1986], which are all characterized by similar amounts of Th, lie
within a narrow range of ∼0.05. The use of the model by Morgan and Anders [1979], which predicts about
twice as large a concentration of Th, leads instead to a significantly higher Urey ratio (more than 16.8% higher
compared to the other compositional models).
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Table 5. (continued)

Fs [Min, Max] Fcmb Tmean Tcmb

Case Geometry Features Ur (mW/m2) (mW/m2) (K) (K)

Thermal Conductivity of the Crust (HPE = Wae, 𝜂ref = 1021 Pa s, 𝜂(T , p), Tinit = 1650 K, EBA, PT, Qcr = 49 pW/kg)
36 2-D kcr = 2 W/m K 0.571 24.78 [21.24, 29.07] 1.12 1725.68 2101.49
37 3-D kcr = 2 W/m K 0.591 23.93 [21.12, 27.04] 2.79 1700.43 2120.41
38 2-D kcr = 3 W/m K 0.569 24.84 [20.88, 29.25] 1.02 1727.26 2107.15

Present-Day HPE Enrichment in the Crust (HPE = Wae, 𝜂ref = 1021 Pa s, 𝜂(T , p), Tinit = 1650 K, EBA, PT, kcr = 2 W/m K)
39 2-D Q uniform 0.557 25.42 [23.23, 28.87] 2.04 1860.42 2200.96
40 2-D Qcr = 25 pW/kg 0.537 26.33 [21.67, 32.01] 1.51 1720.19 2051.72
41 2-D Qcr = 32 pW/kg 0.561 25.23 [21.20, 32.31] 1.32 1700.65 2046.03
42 2-D Qcr = 62 pW/kg 0.572 24.72 [19.46, 36.48] 0.39 1623.11 2008.75
43 2-D Qcr = 75 pW/kg 0.577 24.53 [19.49, 35.83] 0.49 1574.55 1970.23
44 2-D Qcr = 100 pW/kg 0.555 25.46 [19.76, 31.41] 0.76 1476.13 1912.73
45 2-D Qcr = 110 pW/kg 0.528 26.82 [19.88, 33.74] 1.02 1385.26 1830.04

aAll values refer to present day. Ur: Urey ratio, Fs [min,max]: surface heat flux with its minimum and maximum values,
Fcmb: CMB heat flux, Tmean: mean mantle temperature, and Tcmb: CMB temperature. The parameter Qcr indicates the
present-day HPE in the crust, with Qcr = 49 pW/kg being the present-day average based on the GRS data [Hahn et al.,
2011].

In addition, we varied the Th/U ratio between 2 and 5 to test the sensitivity of our results to these parame-
ters, even though it is important to point out that typical solar system and terrestrial Th/U ratios have been
estimated to be confined within a narrow range of about 3.9± 0.2 [e.g., Rocholl and Jochum, 1993]. With Th/U
ratios between 3.5 and 4, as predicted by the four compositional models that we considered (Table 1), the vari-
ations in the present-day Urey ratio are within ∼0.79%. However, considering a broader range of Th/U ratios
between 2 and 5 leads to variations in the present-day Ur as large as 5.68%.

3.3. Additional Effects
In order to assess the robustness of our result regarding the prediction of a constant present-day Urey ratio,
we conducted a series of simulations in which we took into account a number of additional complexities.
Specifically, we considered different core sizes, phase transitions, different rheological formulations (namely,
temperature-dependent viscosity, temperature- and depth-dependent viscosity, and including an additional
viscosity jump in the mid-mantle), and partitioning of HPE between mantle and crust. All these cases have
been examined assuming the compositional model of Wänke and Dreibus [1994]. The corresponding results
are listed in Table 5, and some of the models are shown in Figures 3– 5. The Urey ratio resulting from our
simulations is 0.565±0.049 for 2-D models and 0.594±0.024 for 3-D models, corresponding to an uncertainty
smaller than 10%.
3.3.1. Depth Dependence of the Viscosity
We first investigated the effects on the surface heat flux and present-day Urey ratio assuming various viscosity
formulations as proposed in the literature for the Martian mantle. The use of a purely temperature-dependent
viscosity results in a small-scale convection pattern (Figure 3a). Accounting for a strong pressure dependence
of the viscosity tends to cause the formation of a low-degree pattern that may result in a degree-one con-
vection structure (Figure 3b). An additional viscosity jump in the mid-mantle favors a one-ridge convection
structure as previously observed by Keller and Tackley [2009] (Figure 3c). The convection planforms shown
in Figure 3 all refer to present-day snapshots obtained using the various viscosity formulations mentioned
above. Although in a single model the difference between minimum and maximum surface heat flux can
be as large as 15 mW/m2, all models are characterized by a very similar average surface heat flux of about
24.5 mW/m2.

In Figure 4 we show the evolution of average quantities for the above cases from simulations conducted
both in 2-D and 3-D geometry. Although the difference in the present-day mean mantle and CMB tempera-
tures among the various models amounts to 20 and 60 K, respectively, and the convection pattern changes
considerably (Figure 3), the present-day mean surface heat flux varies by less than 1 mW/m2, which causes
only a minor variation in the present-day Urey ratio (less than 10%). Also note that 2-D models lead to slightly
smaller Urey ratios than 3-D models (Figure 4a).
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Figure 3. Additional effects: temperature distribution after 4.5 Ga of evolution for a simulation with (a) temperature-
dependent viscosity and a core size of 1700 km (case 4); (b) temperature- and depth-dependent viscosity and a core
size of 1700 km (case 24); (c) temperature- and depth-dependent viscosity, a 25-fold viscosity jump in the mid-mantle,
and a core size of 1700 km (case 26); (d) temperature- and depth-dependent viscosity, phase transitions, and a core size
of 1700 km (case 31); (e) temperature- and depth-dependent viscosity, phase transitions, and a core size of 1500 km
(case 33); and (f ) corresponding temperature profiles.

3.3.2. Adiabatic Heating and Cooling
We run additional simulations where we took into account adiabatic heating and cooling by using the EBA
and a temperature- and pressure-dependent thermal expansion coefficient 𝛼(T , p). The present-day average
surface heat flux and hence the Urey ratio have values similar to those obtained from the models discussed
above, although the mean mantle temperature and CMB temperature differ by 60 K and 250 K, respectively
(compare models 20, 24, and 25 in Table 5). Moreover, cases that account for adiabatic heating and cooling
are characterized by smaller surface heat flux variations (less than 5 mW/m2) when compared to Boussinesq
cases when using the same CMB temperature of 2250 K. The use of the EBA results in a smaller temperature
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Figure 4. Additional effects: time evolution of (a) Urey ratio, (b) surface heat flux, (c) mean mantle temperature, and (d)
CMB temperature for various 2-D (full lines) and 3-D (dashed lines) models using only temperature-dependent viscosity
(black lines, cases 3 and 4, respectively); temperature- and depth-dependent viscosity (red lines, cases 22 and 24, respec-
tively); an additional viscosity jump in the mid-mantle (yellow lines, cases 25 and 26, respectively); and EBA and phase
transitions (blue lines, cases 30 and 31, respectively).

drop across the bottom thermal boundary layer. This causes the emergence of plumes with lower excess tem-
peratures that ultimately lead to reduced spatial variations of the surface heat flux compared to cases based
on the Boussinesq approximation (compare orange and green lines in Figure 3f ). It should be noted that in
the framework of the extended Boussinesq approximation, we also tested the influence of using a larger initial
temperature jump across the CMB in order to correct for adiabatic effects. Also in this case, we found that

Figure 5. Effects of the crust: time evolution of (a) Urey ratio and (b) surface heat flux (black lines) and crustal contribu-
tion (red lines) for different HPE enrichment factors between mantle and crust chosen in such a way that the present-day
amount of HPE in the crust is either 25 (dotted line, case 40), 49 (dashed line, case 36), or 100 pW/kg (dash-dotted line,
case 44). An additional case is shown where no partitioning of HPE was used (full line, case 3).
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Figure 6. Bulk and convective Urey ratios (see section 1 for
their definition) as a function of the crustal heat production
for models including EBA, phase transitions, and a crust
thermal conductivity of 2 W/mK (cases 36 and 40–45). While
the bulk Urey ratio remains nearly constant upon varying the
concentration of HPE in the crust, the convective Urey ratio
changes considerably. A Urey ratio of 0 corresponds to a
situation in which the mantle is fully depleted in HPE, which
are concentrated solely in the crust.

spatial variations of the heat flux remain small when
compared to those obtained from simulations
based on the Boussinesq approximation.
3.3.3. Phase Transitions
The snapshots shown in Figures 3d and 3e also take
into account non-Boussinesq effects through the
EBA. In addition, depending on the size of the core,
either two exothermic (for a core radius of 1700 km,
Figure 3b) or two exothermic and one endothermic
(for a core radius of 1500 km, Figure 3d) phase tran-
sitions are considered (see Table 2). As expected,
the simulation with a smaller core size results in
a convection structure characterized by a pattern
with longer wavelength than that obtained in the
simulation with a 200 km larger core radius. Never-
theless, this has again little influence on the struc-
ture of the upper thermal boundary layer and hence
on the average heat flux (Figure 3f ).
3.3.4. HPE Enrichment in the Crust
In this final set of simulations, we assumed an initial
radiogenic heat budget of∼ 11.6 TW for the interior
according to Wänke and Dreibus [1994]. We varied

the amount of heat-producing elements in the crust in order to obtain a present-day crustal heat production
of 25, 49, 75, or 100 pW/kg. We kept the thickness of the crust fixed over the entire thermal evolution, but
we also included lateral variations in order to mimic the effects of the southern highlands and northern low-
lands, for which we assumed crustal thicknesses of 60 and 30 km, respectively. In addition, we used a thermal
conductivity of either 2 W/m K or 3 W/m K in the crust and of 4 W/m K in the mantle (Tables 3 and 4).

The amplitude of the temperature gradient at the surface increases when considering a crust with constant
thickness, enriched in HPE, and having a lower thermal conductivity with respect to the mantle. However, the
average surface heat flux remains similar to that obtained from the simulations in which crustal effects are
not taken into account as a consequence of the reduced thermal conductivity and also because the mantle
contribution to the surface heat flux is controlled both by the thermal conductivity and by the amount of
radiogenics contained in the crust (Figure 5b). In conclusion, also these models are characterized by a similar
present-day bulk Urey ratio, although the convective Urey ratio varies significantly (Figure 6).

4. Discussion

Our models demonstrate that for a one-plate planet like Mars, variations of the present-day bulk Urey ratio lie
within about 10%. On the base of the values reported in Table 5 and considering only simulations with a ref-
erence viscosity of 1021 Pa s or smaller as suggested by previous studies of the evolution of Mars’ mantle [e.g.,
Grott and Breuer, 2008; Morschhauser et al., 2011], we find, for the 2-D cylindrical models, Ur = 0.565 ± 0.049
(i.e., Ur lies between 0.516 and 0.614). The 3-D spherical simulations lead to slightly higher values, with
Ur = 0.594 ± 0.024 (i.e., between 0.57 and 0.618). In contrast, estimates of the present-day convective Urey
ratio for the Earth vary more significantly (by a factor of 2 or even more), likely because of additional complex-
ities due to plate tectonics, melt generation, and the presence of continents [e.g., Korenaga, 2006; Jaupart and
Mareschal, 2007; Butler, 2009; Lenardic et al., 2011; Nakagawa and Tackley, 2012]. In fact, a recent study shows
that for the Earth the Urey ratio can vary considerably depending on the amount of internal heat production,
while similar values for the present-day surface heat flux are obtained [Nakagawa and Tackley, 2012]. In this
study it has also been shown that magmatic heat transport is an important contributor to the planetary heat
loss. The effects of this process are particularly important during the early evolution, when a large amount
of melt is produced. However, for the Earth, magmatism associated with mantle upwellings can still affect
considerably the present-day surface heat flux [Nakagawa and Tackley, 2012].

For Mars instead, the effects of magmatic heat transport on the present-day surface heat flux are negligible,
since no large amounts of melt are expected to be produced in the interior. The absence of a mobile surface
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and of continents also simplifies the system. Our simulations indeed show that the Urey ratio is mainly sen-
sitive to the efficiency of mantle cooling, which chiefly depends on the mantle viscosity and on the absolute
abundance of long-lived radiogenic isotopes, particularly of Th and U. Using solar system values for the Th/U
ratio, variations of the Urey ratio lie within 2%. Our models show that the thermostat effect is efficient for ref-
erence viscosities smaller than 1022 Pa s, a situation that may be well representative of Mars’ mantle. In fact,
previous studies suggest that a low-reference mantle viscosity is better suited to match observational con-
straints related to the thickness of the elastic part of the lithosphere and of the crust [e.g., Grott and Breuer,
2008; Morschhauser et al., 2011]. The presence of a significant amount of water in some shergottite magmas
[McCubbin et al., 2012] also indicates that a wet mantle rheology with reference viscosities as low as 1019 Pa s
is to be expected. Under these circumstances, variations of the Urey ratio caused by different initial conditions
vanish within ∼3 Ga of evolution at the latest, due to the high efficiency of the thermostat effect.

When modeling the dynamics and thermal evolution of the interior, the least constrained parameter is
the rheology, which we widely varied by testing various reference viscosities, initial mantle temperatures,
viscosity variations with depth, and activation energies. Although our simulations were performed assum-
ing a Newtonian rheology, in some of the tests we used a lower activation energy (cases 20 and 21
in Table 5), which has been argued to mimic the effects of the nonlinear rheology associated with dis-
location creep [Christensen, 1984]. These tests show Urey ratios that are very similar to those obtained
when using an activation energy of 300 kJ/mol, representative of the Newtonian rheology associated with
diffusion creep.

It is important to note that the bulk Urey ratio is independent of the distribution of radioactive elements
between mantle and crust. In contrast, the convective Urey ratio decreases with increasing enrichment of
radiogenics into the crust. We also calculated the Urey ratio using parametrized models with a reference
viscosity of 1018 Pa s, a self-consistent treatment of the crust production, and dehydration stiffening as in
Morschhauser et al. [2011] and found variations of only few percent with respect to the values predicted by
the parametrized models used in this study (Figure 2). Moreover, the Urey ratio from fully 2-D dynamic models
that develop a layered convection structure resulting from the self-consistent treatment of crust production
and mantle depletion [Plesa and Breuer, 2014] varies between 0.575 and 0.607 and is thus similar to the values
presented in this work.

The HPE models of Wänke and Dreibus [1994], Treiman et al. [1986], and Lodders and Fegley [1997], derived
from the analysis of the SNC meteorites, all predict similar amounts of Th (55–64 ppb) and U (16 ppb) but
differ considerably in the K abundance (160–920 ppm). When using these models, we always obtain a similar
present-day Urey ratio. On the other hand, the model of Morgan and Anders [1979] predicts almost twice
as much Th (101 ppb) and U (28 ppb), which considerably changes the present-day value of Ur. However,
the surface abundance of radiogenic Th and K measured by the gamma ray spectrometer on board of Mars
Odyssey [Hahn et al., 2011] can help discriminate between the proposed HPE models. The average K/Th ratio
was found to be 5300, a value that is best consistent with the compositional model from Wänke and Dreibus
[1994], for which this ratio is 5446. Other HPE models predict either a K/Th ratio 3 times higher, i.e., 16,727
[Lodders and Fegley, 1997], or very low, i.e., 2500 [Treiman et al., 1986] or 614 [Morgan and Anders, 1979], when
compared to the observed surface value.

The uncertainty 𝛿H with which H can be estimated from equation (1) can be easily calculated accounting for
the expected accuracy of the measurements and the range over which the Urey ratio varies according to the
predictions of our numerical models:

𝛿H =

√(ΔUr
Ur

)2

+
(
ΔFs

Fs

)2

+
(ΔM

M

)2

, (10)

where M = 𝜌silVsil is the mass of the silicate fraction and ΔUr, ΔFs, and ΔM are the uncertainties in the Urey
ratio, surface heat flux, and silicate mass, respectively. Assuming that the global heat loss can be obtained
from the heat flux measurement with an uncertainty of 20% [Grott et al., 2007] and that the distance to a
possible mantle plume is large enough that its contribution will not affect the measurement and that the
InSight seismic experiment will permit to determine the silicate mass fraction of the planet to within 20%,
error propagation (equation (10)) yields an uncertainty of 30% in the heat production rate. Since the bulk
Urey ratio is independent on the distribution of radioactive elements between mantle and crust, the uncer-
tainty in the heat source distribution does not contribute to the error propagation. The present-day heat
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production predicted by the HPE models of Wänke and Dreibus [1994], Treiman et al. [1986], and Lodders and
Fegley [1997] varies between 3.7 pW/kg and 6.1 pW/kg. The difference between Wänke and Dreibus [1994] and
Treiman et al. [1986] models is only ∼10% and thus lies within the measurement error bars. To be able to dis-
tinguish between these two models, the uncertainty of both numerical models and measurement should
lie below 6%. The model of Lodders and Fegley [1997], however, predicts a present-day heat production rate
that is 48% higher than that obtained from the models of Wänke and Dreibus [1994] and Treiman et al. [1986].
Therefore, the InSight measurement should allow us to distinguish at least between the compositional models
of Lodders and Fegley [1997] and Wänke and Dreibus [1994], or Treiman et al. [1986], which, albeit significantly
different in their thermal evolution, lead to very similar present-day Urey ratios.

In addition, besides the possibility to distinguish between the existing HPE models, the InSight heat flux mea-
surement may also allow us to answer the fundamental question as to whether Mars heat sources content
is actually chondritic [Phillips et al., 2008]. Heat flux estimates inferred from the large present-day thickness
of the elastic lithosphere predicted for the north polar cap (>300 km according to Phillips et al. [2008]) are
significantly lower (less than 15 mW/m2) than the average values of about 21 mW/m2 predicted both by pre-
vious parametrized thermal evolution models based on the HPE content of Wänke and Dreibus [1994] [Grott
and Breuer, 2010; Morschhauser et al., 2011], as well as by the models presented here. From our 3-D convec-
tion simulations, we also determined the magnitude of lateral heat flux variations caused by mantle plumes
(which will be the subject of a follow-up study). Even though all models lead to the same average surface heat
flux, we observed peak-to-peak variations in the thickness of the elastic lithosphere up to 130 km between
upwelling and downwelling associated with models characterized by low-degree convection structures. Our
highest values for the elastic lithosphere thickness are around 240–250 km, thus about 50 km thinner than
the 300 km inferred for the north pole. One possible interpretation is that the HPE content of Mars’ interior
could be subchondritic [Phillips et al., 2008]. In order to test this hypothesis with the InSight heat flux mea-
surement, we need to require that both the ratios of Th/U and K/Th are well determined. In particular, it is
necessary to assume that the K/Th ratio predicted by the gamma ray measurement reflects the ratio in the
mantle source region [Taylor et al., 2006]. In Figure 2d, we also show isolines of the present-day surface heat
flux (dashed lines) in addition to the Urey ratio (colors and solid lines). The K/Th ratio is constant along each
line passing through the origin. Assuming the K/Th ratio to be equal to the value obtained by the gamma ray
measurements, any heat flux isoline intersecting the line that passes through the origin and the data point
of Wänke and Dreibus [1994] in Figure 2d represents a possible average heat flux. Assuming that InSight will
measure a low heat flux similar to the one determined below the north pole and that such a value is actually
representative for Mars, our results would suggest a subchondritic content with Th = 30 ppb, K = 163.3 ppm,
and U = 7.5 ppb, together with a Urey ratio which is smaller by 0.1 than the value associated with the HPE
model of Wänke and Dreibus [1994].

These findings also emphasize the importance of deriving the average Martian heat flux from the single mea-
surement that will be performed in the Elysium region. The planned landing site is at a distance of about
1395 km from Elysium Mons, ∼1162 km from Albor Tholus, and ∼1835 km from Hecates Tholus, volcanic cen-
ters that show their most recent activity around 3.1 Ga, 500 Ma, and 100 Ma ago, respectively [Werner, 2009],
and can be possibly underlain by a mantle plume. Numerical models of Martian mantle convection, however,
show that regions characterized by an anomalously high surface heat flux caused by upwellings have a lim-
ited spatial extent [Plesa et al., 2015]. Therefore, the InSight measurement will most likely not be affected by
the presence of a mantle plume. The detailed analysis of this issue will be the subject of a forthcoming study.

5. Conclusions

Under the assumption of efficient mantle cooling, our models show that the present-day Urey ratio is rather
insensitive to different K abundances, but it is strongly affected by the concentration of Th and U. Using solar
system values for the Th/U ratio and assuming the bulk Th abundance to be known and similar to that pre-
dicted by Wänke and Dreibus [1994], Treiman et al. [1986], or Lodders and Fegley [1997], the Urey ratio of Mars
can be computed with an uncertainty of likely less than 10% (from 3-D simulations in spherical geometry,
Ur = 0.594 ± 0.024). This finding is robust and does not depend on the distribution of heat sources between
mantle and crust and on the model complexity (i.e., use of Boussinesq or extended Boussinesq approximation,
phase transitions, different core radii, or self-consistent treatment of crust formation and its accompanying
effects). Combining this information with an estimate of the global heat loss derived from the upcoming heat
flux measurement by InSight, the heat production rate H and thus the bulk abundance of heat-producing
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elements in the Martian interior can be estimated. In particular, we will be able to discriminate between the
HPE models of Wänke and Dreibus [1994] and Treiman et al. [1986] in comparison to that of Lodders and Fegley
[1997]. All these models predict similar amounts of Th (55–64 ppb) and U (16 ppb) but differ considerably in
the K abundance (160–920 ppm). Assuming that the ratios of Th/U and K/Th are both well known, we will also
be able to answer the question as to whether Mars’ HPE content is chondritic or not.
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