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Introduction:  Howard [1] has argued that the ar-

cuate ridges of debris at or near the base of pole-facing 
crater walls at intermediate southern latitudes on Mars 
are analogous to terrestrial protalus ramparts, and that 
they formed at the margins of volatile-rich deposits 
mantling the crater walls.  The presence of multiple 
generations of relatively undeformed ramparts on cra-
ter floors (Figure 1) suggests the advection of a rigid 
surface layer over deep deposits that fill the crater and 
are undergoing ductile deformation.  Comparison of 
the cross-sections of these craters with those of fresh 
craters indicates the presence of several hundred me-
ters of deposits, and MOLA profiles show that the 
crater floors slope in the apparent flow direction.   

The observation that there is some regularity to the 
spacing of the ramparts (Figure 1) suggests that they 
formed in response to quasi-periodic climate changes.  
We use measured crater floor slopes and spatial rela-
tionships of ramparts, inferred fill deposit thicknesses, 
and ice flow laws to estimate the elapsed time between 
rampart formation events. 

Flow model:  We assume that ramparts are ad-
vected across crater floors by internal deformation of 
water ice-rich deposits filling the craters.  By measur-
ing the spacing between ramparts and estimating the 
surface velocity of the crater fill deposits, we can cal-
culate the time elapsed between the creation of ram-
parts.  The vertical velocity gradient -du/dz  in a body 
of ice deforming under its own weight is given by the 
shear strain rate 

( ) n
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where A and n are constants, Q is the activation energy 
for ice creep, RG is the ideal gas constant (8.3143 J 
mol-1 K-1), T is temperature and τ is shear stress.  
Equation (1) describes the temperature-dependent, 
non-Newtonian rheology of ice, and is supported by 
many field and laboratory observations [2].  The driv-
ing shear stress is supplied by the horizontal compo-
nent of the pressure gradient in the ice, 

αρτ singz=    (2) 

in which g is gravitational acceleration (3.72 m s-2), ρ 
is the bulk density of the ice-rich deposits, and α is the 
surface slope (in this case, the slope of the crater 
floor). 

Substituting (2) into (1), integrating from h, the 
thickness of the crater fill deposit, to z, and evaluating 
the resulting expression at z = 0 gives the surface ve-
locity of the ice.  We must also account for the flow 
effects of the rock fraction of the crater fill deposits.  
Since only the ice within the fill deposits deforms, the 
bulk strain rate, and hence the surface velocity, must 
be reduced by a factor of (1-φ), where φ is the volume 
fraction of particulates.  Experiments by Durham et al. 
[3] at ~50 Mpa show that volume fractions of silicate 
particulates above 10% increase the steady-state 
strength of ice by an amount that is greater than this 
expected geometric effect; however, it is not clear that 
the same behavior would occur at the low stresses 
found in thin bodies of ice. 

 
Figure 1. Detail of MOC image E0200485. Section of a cra-
ter floor showing multiple sets of relict ramparts that have 
been advected toward the southern wall of the crater. The 
apparent right-lateral fault (F) suggests brittle deformation of 
a rigid surface layer underlain by deforming deposits. 
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The values of A, n and Q depend on the mechanism 
of ice deformation, which varies with the magnitude of 
the driving stress.  Laboratory experiments by Goldsby 
and Kohlstedt [4] show that, at τ ~ 100 kPa, sliding 
along grain boundaries (n = 1.8) dominates over dislo-
cation creep.  Following Nye [5], extrapolating the 
flow law of Goldsby and Kohlstedt to a grain size of 1 
mm gives A = 4.6 × 10-9 Pa-n s-1 and Q = 49 kJ mol-1.  
Other values adopted are φ = 0.3, ρice = 920 kg m-3 and 
ρrock = 2800 kg m-3.  We assume a constant, uniform 
temperature throughout the ice; the effect of the ther-
mal gradient is negligible for a deposit thickness of 
only a few hundred meters. 

Periodic rampart formation: We measured the 
spacing between rampart crests in MOC images of 
seven craters with multiple, well-defined sets of ram-
parts.  We then used MOLA profiles to measure the N-
S slope of the crater floor and compared the crater pro-
files with the characteristic shape of fresh craters to 
estimate the central thickness of crater fill deposits [6].  
Because fill thickness decreases toward the wall of the 
crater, we use half the central thickness as a represen-
tative value of h for each crater.  Figure 2 shows the 
dependence of surface flow velocity on h for the 
measured range of crater floor slopes. 

Dividing the mean rampart spacing by the surface 
velocity, we obtained an estimate of the time elapsed 
between rampart creation events for each crater.  Table 
1 lists our measured values and the estimated time 
scales for temperatures ranging from 190K to 220K.  
For a given temperature, the different craters yield 
times that are generally of the same order of magni-
tude.  The sensitivity of ice viscosity to temperature 
makes it difficult to settle on a single time scale, but 
for the 30-degree range in Table 1, our estimates sug-
gest that rampart formation events are relatively fre-
quent, separated by at least 100 kyr and possibly as 
much as 30 Myr.  The time scales for major variations 
in orbital parameters such as obliquity and precession 

fall at the lower end of this range [7].  If ramparts have 
been advected across crater floors by the flow of ice-
rich crater fill deposits, they may record the timing of 
particularly large, orbitally-driven climatic events.     
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Time between rampart formation (kyr) W Longitude/ 
S Latitude 

Crater floor 
slope (º) 

Deposit 
thickness (m) 

Number of 
ramparts 

Rampart spacing (m) 
(mean ± s.e.) T=190K T=205K T=220K 

157.57 / 39.65 2.17 479 3 342 ± 10 4057 419 59 
166.25 / 39.06 2.72 270 2 259 ±   6 10257 1060 149 
155.59 / 40.54 2.98 192 9 376 ± 13 32533 3362 474 
171.92 / 42.79 0.51 488 8 161 ±   4 24712 2554 360 
194.95 / 35.55 2.61 332 2 286 ± 22 6826 705 99 
158.93 / 39.16 0.65 337 5 291 ± 10 80579 8328 1173 
162.05 / 43.29 2.67 205 4 361 ± 23 31786 3285 463 
 
Table 1. Estimated time scale between rampart formation events for temperatures ranging from 190K to 220K 
 
 
 
 

 
Figure 2. Predicted surface flow velocity of crater floor de-
posits as a function of crater fill deposit thickness with T = 
200K. Curves for crater floor slopes from 0.5º to 3º are 
shown. 
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