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Introduction: Concentric Crater Fill (CCF) [1-6] is 

one of many features on Mars that are thought to either 
contain ice, or to have been formed by a glaciological 
process that involved the deformation and movement of 
a significant thickness of ice, emplaced during a climatic 
period when the obliquity and other spin-orbital parame-
ters favored deposition in areas where ice is not currently 
stable [7-10]. Such features include Tropical Mountain 
Glaciers [11-15], Lobate Debris Aprons, and Lineated 
Valley Fill [12, 16-28]. Others, such as Pedestal, 
Perched, and Excess Ejecta Craters [29-32], record the 
presence of widespread mantling. Features that preserve 
ice presumably do so by covering the ice surface with a 
thin (< 15 m) layer of debris [33-37]. In all cases, under-
standing the mechanism that leads to the formation of 
these features provides insights into the state of the cur-
rent climate and how it must have changed in the past.  
 

Although there are many hypotheses of how CCF 
might have formed (see [1,3] for a comprehensive dis-
cussion), in this we assume that CCF is composed large-
ly of debris-covered ice that at some point flowed and 
then sublimated, producing the observed flow-like debris 
cover (Fig. 1, [3]), and that the age is Amazonian 
[2,3,5,6]. Pedestal Craters record a repeating, transient, 
widespread ice mantling, and even provide estimates of 
the thickness of this layer [30-32]. The question then is 
how does a thin mantling layer flow in such a way as to 
fill CCF craters with ice to a depth of more than a km? 
Could it have happened during a single, presumably 
most recent, episode of mantling,? Or, is it a cumulative 
gathering of material into the crater during frequent re-
peated episodes of mantling?  

Results: We use a 1D flowband model based on the 
University of Maine Ice Sheet Model [38-40], coupled 
with an advection-based model of surface debris trans-
port. We assume that whenever the ice surface drops be-

low the crater rim crest, debris is deposited locally on the 
ice surface in the crater interior, and then transported 
with the movement of the downward and inward-flowing 
ice. To characterize the two cases we perform experi-
ments to see how long it takes for a modeled crater to fill 
to a level that matches the Fig. 1 observed CCF crater 
[3]. Fig. 2 shows the two cases. 

Single Persistent Episode: For the single-episode 
case, we begin with a mantling layer 200 m thick. We 
hold the thickness to be fixed at the boundary of our 
model domain. As ice is removed from the top of the 
crater wall as it flows into the crater, the lowered surface 
provides a sloping surface from the fixed domain edge 
that can draw ice from outside the model domain. A 
comparison between the model results (black) and the 
observed CCF crater profile (red) is shown in Fig. 2a. At 
a temperature of 215 K this process takes ~1.1 Gyr for 
the model crater to fill to the level in the CCF crater. 
Given the time required for the crater to fill to an 
appropriate level, we interpret this candidate sce-
nario as being unrealistic for CCF formation.  

Multiple Transient Episodes: For the multiple-
episode case shown in Fig. 2b, the model is driven with 

Figure 1: P14_006570_2241 HRSC CCF Crater used as a target. 
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Figure 2: a) A single episode of mantling 200 m thick that flows into 
the crater. b) Multiple episodes of mantling 50 m thick driven by an 
obliquity scenario. 
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the obliquity scenario shown in Fig. 3 [10] with repeated 
cycles of ice-layer formation. In this scenario the mean 
obliquity is relatively high from 40 Myr until 5 Myr, at 
which point it drops to its current value. We chose an 
obliquity threshold of 35o (the green line in Fig. 3), 
above which we consider the ice layer to have a positive 
mass balance of 1 mm/yr, typical of GCM results for 
high obliquity [8. 9], and below which we ablate the ice, 
with the rate depending on the amount of debris armor-
ing the surface [41]. Prior to 5 Myr, the mean obliquity 
is above this threshold, although there are regular excur-
sions to lower obliquity during which the unarmored 
portion of the layer would partially or completely subli-
mate away. After 5 Myr, the mean obliquity drops below 
the 35o threshold, although there continue to be briefer 
and less frequent excursions above the threshold, during 
which an ice layer is deposited. Note that after 3 Myr 
there are no further obliquity excursions that exceed the 
threshold, and that the ice layer is in a continual state of 
sublimation. 

We limit the deposited layer (Fig. 4a) to a specified 
thickness of 50 m by turning off the accumulation when 
the layer volume has reached its “supply-limited” value. 
In the case of episodic layer formation, the source of the 
ice that flows into the crater will be that deposited on the 
steep crater walls as the layer is draped over the terrain 
during each of many episodes (Fig 4b). Even at a tem-
perature of 215 K, ice is able to flow down the steep 
slopes of the crater walls into the crater interior, result-
ing in thicker ice there and thinner ice on the slopes and 
inter-crater terrain. During low obliquity periods of 
negative mass balance (Fig. 4c), ice on the steeper unar-
mored slopes (and rim and inter-crater terrain) may be 
entirely removed, but the thicker ice in the crater inte-
rior, now below the height of the crater walls and cov-
ered by armoring debris, may not all be removed and the 
crater can fill with ice and transported debris (Fig. 4e,f). 
Indeed, as much at 3% of the crater volume can be de-
posited in each obliquity episode that exceeds the 
threshold, rapidly filling the crater to its rim. What is de-
posited in the crater must, however, survive the period of 

continuous sublimation 
that occurs after 3 Myr  
when there are no obliq-
uity episodes that exceed 
the threshold (Fig. 3). The 
start-and-stop nature of the 
forward motion of the ice 
dictates that the trans-
ported debris layer will not 
be uniform in thickness 
and this is apparent in the 
modeled green line surface 
of Fig. 2b. The final state 
of this 50 Myr simulation driven by an obliquity sig-
nal results in ~800 m of fill in less than one-twentieth 
the time it takes for an infinite persistent layer to 
flow into the crater to a comparable depth.  
 

Application to the Noachian: Wordsworth et al. [42] 
recently proposed that the Late Noachian climate re-
sulted in an “icy highlands” environment in which snow 
and ice blanketed much of the southern uplands of Mars 
[42]. This same mechanism that operated in the Am-
azonian would also operate on craters in the Late 
Noachian icy highlands [43]; these craters would, be 
subjected to similar repetitive mantling events that 
would carry debris into the craters, shallowing them 
and degrading the crater rim crests [44].  
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Figure 3: Obliquity scenario used to drive multiple episode case. 
Figure 4: Schematic of multiple-
episode CCF formation 
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