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Summary: A Martian mantle with a temperature similar to the 
Earth’s and a grain-size of ~1cm explains the observed dissipation 
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Phobos is drifiting inwards towards Mars at a measurable rate that 
depends primarily on the value of Mars’ k2/Q, where k2 is the tidal 
Love number and Q is the dissipation factor [1,2].  The Martian k2 
value at annual frequencies is 0.153+/-0.017 [3]; based on our 
models, the corresponding value at Phobos’ period is 0.129+/-0.016.  
Because Phobos is so close to Mars, degree-3 and higher terms in the 
tidal response play a role [1], and accelerate the inwards drift by a 
factor f=1.13+/-0.07. Putting all this together, at Phobos’ period we 
find the following value of Q for Mars: 

                                           Q=77 +/- 14 
This is a factor of ~4 smaller (more dissipative) than the Q of the solid 
Earth [5] and is hard to explain with a Maxwell viscoelastic model 
[1,6]. Other secondary observable constraints include the inferred 
moment of inertia of Mars (C/MR2=0.365) [3], the thickness of the 
elastic part of the present-day lithosphere, which probably lies in the 
range 80-300 km [7,8], and recent volcanism at the Martian surface, 
presumably generated by plumes. 

Figure 1. Nominal model with Tm=1590 K, L=200 km, 
and grain size d=1cm a) Temperature structure, 
compared with convection model results, mantle 
solidus and petrological model (see text). b) Density 
structure, compared with estimated Mars values (see 
text). c) Rigidity and velocity structure. Note the high-
velocity lid. d) Dissipation factor Q at seismic and tidal 
frequencies.  

We calculate viscoelastic dissipation in the Martian mantle 
using a rheological (extended Burgers) model based on 
laboratory studies of melt-free anhydrous polycrystalline 
olivine, and assuming a convective temperature structure. 
Successful models match the observed dissipation factor Q at 
Phobos’ period [1,2] and the annual tidal Love number k2 [3]. 
There is a tradeoff between grain size and mantle potential 
temperature; to satisfy the requirement to produce recent 
volcanism, we obtain a mantle potential temperature similar 
to the Earth’s (1600+/-30 K) and a grain size of 1 cm, 
consistent with sluggish convection. The lithosphere forms a 
high velocity lid, in contrast to some earlier models and with 
important implications for the InSight seismometer [4]. 

We assume a three-layer, steady-state Mars, consisting of a 
conductive lid of thickness L, an adiabatic mantle with a potential 
temperature Tm and a fluid core. The variation in gravity with radius 
g(r) is taken into account assuming uniform background mantle and 
core densities, and the adiabatic profile incorporates the variable g. 
Comparison with a fully self-consistent solution shows that the errors 
introduced by the uniform-density assumption do not exceed 6%.  
Our neglect of water and partial melt means that our estimates of Q 
for a particular temperature structure will be conservatively high. 

We calculate the viscoelastic response of the mantle by using the 
extended Burgers description [9].  Parameters adopted are for 
polycrystalline, anhydrous melt-free Fo90 olivine; values adopted and 
model details are given in [10]. The key result is that dissipation is 
much more sensitive to temperature than is shear modulus; thus, Q 
provides a good probe of the temperature structure of the Martian 
mantle. Given the complex shear modulus at every depth, we then 
calculate the bulk response of Mars (Q, k2) as a function of frequency 
by employing the method of [11]. 

Figure 2 plots how Q and k2 vary as a function of mantle temperature 
Tm and lid thickness L for a grain size of 1 cm. Hotter mantles and 
thinner lids lead to larger k2 and smaller (more dissipative) Q. The 
hatched region in Fig 2a shows where the constraints on Q and k2 are 
both satisfied, and the star indicates our nominal model. Black solid 
lines indicate the difference between the temperature at the base of 
the lid and the solidus temperature Tsol. A value of -150K is probably 
just sufficient to allow hot, upwelling plumes to generate some melt. 
For our d=1cm model, a lid thickness range L=200-300 km satisfies the 
elastic thickness and melt generation constraints and implies a mantle 
temperature range Tm=1600+/- 30 K. 

Figure 2. a) Contours of  log10(Q) as a function of mantle potential temperature 
Tm and lid thickness L for a 1cm grain size. Dashed lines are heat fluxes, bold solid 
lines are temperature at the base of the lid relative to the solidus temperature 
Tsol, hatched region denotes where Q and k2 observations are satisfied and the 
star is our nominal model (Fig 1).  b) As for a), but for k2.  

Figure 3 is the same plot but for a grain size of 1mm. The hatched 
region has shifted to lower mantle temperatures, making it extremely 
difficult to generate melt even if the lid is thin.  

Figure 3. As for Fig 2, but here assuming a grain size of 1mm. Note that the 
hatched region has shifted to lower mantle potential temperatures. 

Our estimate of Tm=1600+/-30K is unlikely to be affected by our 
neglect of phase changes or uncertainties in the bulk density 
structure. However, if melt or water are present in significant 
quantities, colder mantles will be able to match the observations. 
Because our nominal model has the same temperature as the Earth’s 
upper mantle, grain growth rates will be similar; the inferred large 
grain size on Mars is likely due to more sluggish convection compared 
with the Earth.  
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4. Results 
 

Fig 1a compares our nominal model mantle 
temperature (red line) with mean values 
from convection models (black lines)[12]. 
Given the simplifications in our model, the 
agreement is quite good. The green line 
shows the dry peridotite solidus of [13], 
demonstrating that melting is most likely to 
occur just below the base of the lid. We also 
plot the experimental ”areotherm” used by 
[14] (dotted line). This line is evidently too 
warm in the top few hundred km.  
Fig 1b plots the density structure as a 
function of pressure. In the upper mantle the 
agreement with the experiments of [15] is 
quite good. In the lower mantle our density is 
an underestimate because we neglect phase 
changes. 
Fig 1c plots our model unrelaxed shear 
modulus and shear wave velocity Vs, 
compared with two model Vs results from 
[16]. An important aspect of these studies is 
the high velocity lid. Some previous works did 
not find a high-velocity lid because they used 
the [14] geotherm (Fig 1a), which is too warm 
in the near-surface.  
Fig 1d plots Q as a function of depth at both 
seismic (1 Hz) and tidal frequencies. The 
most important result is that tidal dissipation 
is maximized immediately below the lid. Our 
neglect of the phase transitions at depth is 
thus unlikely to significantly affect our 
results. We obtain a bulk Q at Phobos 
frequencies of 84.9 and a model k2 at annual 
frequencies of 0.166, compatible with the 
observations. Table 1 summarizes the results.
  

Table 1. Summary of model results and observational constraints. ∆Tsol is the 
amount by which the base of the lid is cooler than the solidus temperature. 
The asterisks indicate models in which a different bulk density structure for 
Mars was adopted; note that Q barely changes.  

6. Discussion 
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