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Introduction: The interior of Mars is surprisingly 

dissipative, as is demonstrated by the rate of secular 
evolution of the orbit of Phobos. The effective tidal 
quality factor Q for Mars is ~80, whereas the Earth’s 
mantle has an effective tidal Q of 280. We examine 
three aspects of this problem. First, we look at the or-
bital evolution of Phobos, which provides the best ob-
servational constraints on dissipation within Mars. 
Second, we consider the requirements on a layered 
viscoelastic body for it to yield the observed dissipa-
tion rate. Third, we examine the response of such a 
body to seasonal mass loads from the atmosphere and 
polar caps.  

 
Phobos orbit: The orbit of Phobos has been care-

fully studied at each opposition since its discovery on 
16 August 1877 [1]. In the 130 years since then it has 
completed almost 149,000 orbital circuits about Mars, 
and in terms of orbits completed under careful obser-
vations, Phobos can arguably lay claim to being the 
best studied natural satellite in the solar system [2,3]. 
Study of that orbit has yielded considerable informa-
tion about Mars. The measured size a and mean mo-
tion n of the orbit immediately produced a good esti-
mate of the mass of Mars [1], via Kepler’s 3rd law a3n2 
= GM and the precession rate of the orbit plane had 
allowed an estimate of the gravitation quadrupole term 
J2 by 1895 [4], which was not superceded until space-
craft arrived at Mars 70 years later. The main feature 
of interest here, however, is the secular acceleration in 
along-track motion of Phobos. By 1945, the accelera-
tion was estimated to be ½ dn/dt = (188 + 17) 10-5 
deg/yr2 [5]. Using present compilations of Earth-based 
and spacecraft observations, the acceleration is now 
estimated to be (127.0 + 1.5) ) 10-5 deg/yr2 [3, 6]. The 
orbit is shrinking by 4.0 cm/yr, and the orbital energy 
is decreasing at a rate of 3.35 MW. 

If Mars were perfectly elastic, the tidal bulge raised 
by Phobos would be aligned with the tide raising body, 
and there would be no tidal torque. If the observed 
acceleration is interpreted as arising from dissipation 
within Mars, it implies a surprisingly dissipative struc-
ture. In contrast to most planetary satellites, where the 
tidal interaction is almost exclusively a harmonic de-
gree 2 phenomenon, Phobos is close enough to Mars 

that the orbit responds significantly to higher degree 
tides [6, 7]. Though reasonable estimates of the degree 
2 Love number are available [8, 9], the higher degree 
Love numbers are quite unconstrained. A common 
way to parameterize the tidal lag angle is in terms of 
an equivalent tidal quality factor Q, with 1/Q repre-
senting the fraction of the tidal bulge energy dissipated 
per forcing cycle. The tidal response of Earth is quite 
dissipative, but most of the dissipation occurs within 
the oceans. It has only recently become possible to 
separately estimate the mantle response Q = (280 +50) 
[8]. In contrast to that situation, the effective value for 
Mars is Q=80 [3,6]. We thus have the surprising result 
that Mars appears to be more dissipative than the solid 
parts of the Earth.  

Several attempts have been made to model the 
secular acceleration of Phobos by other means. At-
mospheric tidal dissipation is quite inadequate [9]. 
Outgassing at a rate of 2 kg/s, in a collimated jet for-
tuitously aligned with the velocity vector would do the 
job, but seems highly contrived. 

 
Mars internal structure: The simplest model we 

consider is that of a homogeneous Maxwell viscoelas-
tic body. It is characterized by 3 parameters, density ρ, 
rigidity μ, and viscosity η. The density is, of course, 
well known. The other two parameters are adjusted to 
fit the tidal response. For a Maxwell body, the re-
sponse is mainly elastic on short time scales and 
mainly viscous on long time scales. The Maxwell re-
laxation time τ = η/μ is the time required, after a step 
loading event, for the viscous strain to equal the initial 
elastic strain. For this model to reproduce the degree 2 
Love number estimates and the secular acceleration of 
Phobos, we require μ = (4.6 + 2.0) 1010 Pa and η = 
(8.7 + 0.6) 1014 Pa s, with a corresponding relaxation 
time of just over 5 hours [6].  

In order to accommodate the observation that Mars 
has significant topography, which has persisted for 
much longer than the above-cited Maxwell time, we 
must consider layered models, with an outer elastic 
shell which supports loads for long times. In order to 
produce the tidal effects, we also require a significant 
portion of the interior to be at much lower viscosity. 
Apparent depths of compensation of topographic fea-
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tures have been used to estimate internal structure [9, 
10, 11], but generally without regard to the constraints 
from tidal dissipation. One interpretation of the rela-
tively large size of the degree 2 Love number is that it 
implies existence of a substantial fluid core [12].  

We note that a very wide range of models can be 
constructed which are capable of delivering the ob-
served gravity/topography admittance, and the tidal 
elastic and dissipative response. We will present sev-
eral representatives of this class of models.  

 
Short period loads: An additional set of con-

straints on Mars internal structure can be derived from 
the response to annual surface loads, associated with 
the seasonal transport of mass into and out of the polar 
caps. It has long been understood that significant 
amounts of CO2 [13], and lesser but still appreciable 
amounts of H20 [14] and dust [15] cycle between the 
surface and atmosphere on fairly predictable seasonal 
cycles. The recognition that these seasonal mass trans-
ports would have detectable dynamical consequences 
is a more recent development [16, 17, 18, 19, 20].  

However, all of the previous analyses have consid-
ered that the surface upon which the dust and volatiles 
are deposited is perfectly rigid. We note that at least 
the very longest wavelength components of this proc-
ess are likely to reflect a finite yielding of the surface 
in response to seasonally varying loads. As a result, 
the gravitational [19, 20], topographic [21], and rota-
tional [16, 22, 23] responses will all provide joint con-
straints on the surficial mass transport, and the internal 
structure.  

The observed time varying gravitational signal, for 
example, represents contributions from the volatile 
masses on the surface and in the atmosphere, and the 
crustal deformation induced by these loads. The at-
mospheric pressure variations are quite well character-
ized [24, 25]. Exactly where the volatiles are deposited 
on the surface is more problematic, but progress is 
being made on that front [26]. We will present a range 
of internal structure models which are consistent with 
these constraints. 
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