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Introduction:  The thermal and chemical evolution of 

a planet depends on the internal heat production and the 

dynamics of the planet’s mantle through which heat is 

transported by thermal convection. Post accretion and 

differentiation, heat is primarily generated in planetary 

interiors by the decay of long-lived heat producing 

elements (HPE) with half-lives of billions of years (e.g. 
238U, 235U, 232Th, and 40K). Over time, a planet’s heat is 

lost through secular cooling, which can drive geological 

activity, including crustal tectonics and volcanism. The 

balance between heat production rate and cooling rate 

of a planet regulates the thermal evolution of a planet, 

affects geologic processes, and plays an important role 

in the distribution of volatiles.  

An indirect estimate of the present-day heat flow can 

be obtained by measuring the response of the 

lithosphere to the stress imposed by current surface 

loads. A thick lithosphere will resist bending when a 

topographic load is emplaced on the surface. 

Conversely, a thin lithosphere will be more susceptible 

to bending under stress imposed by a topographic load. 

The weight of the ice caps exert substantial stress on the 

underlying lithosphere in the polar regions of Mars, yet 

radar sounding indicates no resolvable deflection of the 

basal topography beneath the caps1–4. Since the 

magnitude of the lithospheric deflection is directly 

related to the subsurface thermal gradient, we model the 

flexure of the Martian lithosphere using finite-element 

method to constrain the present-day mantle heat flow.   

Methods:  To constrain the present-day Martian 

heat flow, we use the commercially available Marc-

Mentat finite element package (http://www. 

mscsoftware.com) to model the flexure of the 

lithosphere under various thermal and mechanical 

conditions. We first compute the stress induced by the 

weight of the polar caps by combining the radar-derived 

thickness maps of the polar units8 with their gravity 

derived bulk density9,10. We model the ensuing 

lithospheric deflection in 2-D using a two-layer 

axisymmetric planar finite element mesh – a single crust 

underlain by a mantle. Given the relatively small 

wavelength of our topographic load, we use a planar 

mesh instead of a spherical mesh. The mesh is deep (350 

km) and adequately wide (3000 km), so the far edge 

boundaries do not affect the potential lithospheric 

flexure. The Martian crustal model constrains the 

crustal thickness beneath the north pole to ~35 km and 

~60 km at the south pole13, and our models show that ±5 

% change in this value does not significantly affect the 

final results. Following Zuber 2001, the density values 

of the crust and mantle are assumed to be 2900 kg m-3 

and 3500 kg m-3 respectively. We have tested the 

sensitivity of these values and found that reasonable 

variations in density values do not significantly affect 

the results of our simulations. In our two-step modeling, 

firstly we run a thermal simulation in which we 

determine the temperature structure of the lithosphere. 

The output from this step is then piped into the 

mechanical simulation to determine the flexure.  

Results:  The largest section of the north polar cap 

is the topographic dome of Planum Boreum (PB). PB 

exerts more than 10 MPa of stress on the underlying 

lithosphere, yet, radar data indicates no significant 

deflection of the lithosphere (≤200 m)2. A second lobe 

of the cap called Gemina Lingula (GL) composed 

entirely of pure H2O-ice exerts more than 8MPa of 

stress on 

the 

underlying 

lithosphere 

and also 

causes no 

significant 

deflection 

(< 100 

m)1,3. 

Similar to 

the North 

Pole, the 

lithosphere 

underneath 

the Planum 

Australe in 

South Pole 

experiences more than 14MPa of stress from the polar 

caps, yet, it does not show any detectable (< 250 m) 

downward flexure of the lithosphere4.  

Using hydrous rheology for the Martian crust and 

mantle, our models show that the lithospheric deflection 

should exceed 200 m at Planum Boreum, 100 m at 

Gemina Lingula, and 700 m in Planum Austrate if the 

background heat flow is higher than 7 mW m-2 (e.g. Fig. 

1). We find that the magnitude of the lithospheric 

deflection is reduced in an anhydrous rheology in 

comparison to hydrous rheology, however, even if the 

Martian interior is completely anhydrous, under the 

assumption of a chondritic Mars, the lithospheric 

deflection by the weight of the polar caps should still 

exceed the radar constraint in both poles of Mars if the 

background heat flow is higher than 7 mW m-2. We 

varied the surface temperature by + 20 K and found it to 

have a marginal effect on the magnitude of the 

lithospheric deflection. We also ran models with various 

values of thermal conductivity, but it did not change the 

Figure 1. The lithospheric deflection 

expected from the weight of Gemina 

Lingula assuming wet rheology for 

various background heat flow values. 
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results notably. Our flexure models show that the 

majority of the deflection happens in less than 100,000 

years post-emplacement of the load. A large deflection 

should be present even if the ice caps were deposited as 

recently as ~10,000 years ago (Fig. 2).  

Discussion: 

We find that 

that the 

present-day 

mantle heat 

flow cannot 

exceed 7 

mW m-2 on 

either pole of 

Mars. Our 

mantle heat 

flow 

estimate is 

notably 

lower than 

the heat flow 

expected 

from a 

chondritic 

mantle16,17 

suggesting the 

Martian mantle to be depleted in HPE. Assuming a 

chondritic concentration of HPE in the Martian mantle 

and 40 % concentration of the HPE in the crust, [14] 

estimate the Martian mantle heat flow to be ~14.5 mW 

m-2. In this case, the lithospheric deflection should 

exceed 400 m at PB, 200 m at GL, and over 1.5 km at 

the south pole (Fig. 1), all of which would be resolvable 

in radar data. The magnitude of the lithospheric 

deflection may be small if not enough time has passed 

since the emplacement of the surface loads for the 

lithosphere to reach quasi-equilibrium. The exact 

depositional age of the north polar cap has been difficult 

to estimate, however, it is unlikely to be younger than 

ten thousand years14.  Crater counting studies suggest 

the emplacement age of the SPLD to be 10s to 100s 

Myr15. The estimated ages of the polar deposits thus 

allows us to rule out active flexure as the cause of the 

inferred low heat flow at the poles. Thus, our upper limit 

on mantle heat flow requires reduction of chondritic 

mantle heat flow by more than 50%. The low mantle 

heat flow suggests either that the Martian interior is 

subchondritic or that the HPE are strongly fractionated 

in the crust or both. Both scenarios have significant 

implications for the Martian thermal evolution. 

A subchondritic Mars implies that the majority of 

the volcanic event probably occurred early on in Mars’s 

history posing difficulties explaining the recent volcanic 

activity in Tharsis and Elysium region5. A strongly 

fractionated Mars implies that the depletion of the HPE 

in the Martian mantle would have precluded the mantle 

from undergoing early widespread melting, thus, 

significantly affecting the geological history of Mars6,7. 

The apparent depletion of Al in Martian meteorites 

suggests that Mars differentiated early with a melting 

event that involved depths of at least hundreds of 

kilometers. During the early differentiation process, it 

has been proposed that more than half of the HPE are 

partitioned into the crust6. Planetary scale impacts, such 

as those capable of creating the hemispheric 

dichotomy18, can further enrich planetary crusts in 

HPE19. A large partition of the HPE elements into the 

crust would deplete the Martian mantle of HPE, 

however, the high crustal heat flow will only have a 

minor effect on the lithospheric deflection (Fig. 3). This 

allows for a thick lithosphere to be consistent with a 

chondritic Mars.  

The heat flow measurement by HP3 on InSight may 

allow us to assess whether Mars has a subchondritic 

amount of HPE.  The measurement of heat flow at 

Elysium Planitia, away from a mantle plume source and 

in a location where crustal thickness will be constrained 

by seismology for the first time20, will be critical to 

estimating HPE concentrations in the crust. A more 

precise estimate of the crustal thickness of the InSight 

landing region by Seismic Experiment for Interior 

Structure (SEIS) onboard InSight will enable better 

constraint on the concentration of the HPE in Mars.  
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Figure 2. The deflection of the 

lithosphere as a function of time 

after the initial emplacement of 

Gemina Lingula assuming mantle 

heat flow of 20 mW m-2 and no 

crustal heat flow. Note that ~90% of 

the flexure occurs within the first 

100,000 years.  

 

Figure 3. The lithospheric deflection expected 

from the weight of Gemina Lingula for various 

mantle (qb) and crustal heat flow values (qc).  
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