
AMAZONIAN NON-POLAR GLACIATION: SUPPLY-LIMITED GLACIAL HISTORY AND 
THE ROLE OF ICE SEQUESTRATION. James L.  Fastook1 and James W. Head2, 1University of Maine, 
Orono, ME 04469, fastook@maine.edu, 2Brown University, Providence, RI 02912. 

 
Introduction: A wide range of evidence shows that 

the current distribution of ice on the surface is anoma-
lous, and that the Amazonian period was characterized 
by a variety of non-polar ice-related deposits ranging 
from high-latitude mantles, to mid-latitude lobate de-
bris aprons, lineated valley fill, concentric crater fill, 
and pedestal craters, to low-latitude tropical mountain 
glaciers [1-3]. General circulation models (GCM) and 
glacial flow models illustrate the orbital parameter and 
atmospheric/surface conditions under which periods of 
glaciation are favored [e.g., 4-5], and the resulting pat-
terns of accumulation of snow and the flow of ice [6-
8]. Geological observations and impact crater size-
frequency distribution data strongly suggest that during 
the Late Amazonian, a significant part of the mid-to-
high latitudes in both hemispheres was covered by re-
gional snow and ice deposits (preserved today beneath 
pedestal craters [9-11]) and that local depressions 
(primarily impact craters) were the sites of significant 
ice accumulation, and preservation beneath a residual 
debris cover (concentric crater fill (CCF) [12-13]). 
Pedestal crater (Pd) heights show that a significant 
amount of snow and ice accumulated in the mid-to-
high latitudes during these periods (regionally the 
mean height is ~50 m, but values up to 160 m are seen 
in Utopia [14]). 

Based on previous work [15] we have concluded that 
at typical mid-latitude Martian temperatures (215 K) 
with typical flat inter-crater terrain (~1o) considerable 
ice thickness (800-1000 m) is required to initiate flow. 
Based on this, we ruled out the likelihood that the Pd 
layer was the last phase of a thick persistent ice sheet 
that reached a configuration capable of supporting sig-
nificant flow. Instead, we feel the Pds measure a tran-
sient, relatively thin, ice-rich layer that deformed as it 
covered and flowed into the crater depressions. Evi-
dence exists for the latter case in that Pd, perched cra-
ters, and excess-ejecta craters, described in detail in [9-
11], relate to the impacts into an ice-rich layer that is at 
most a few hundred meters thick. Each type reflects 
differing degrees of penetration, followed by complete 
sublimation of any un-armored regions of the ice com-
plex.  

Repeated deposition and removal of this thin layer is 
suggested in that an ~80 m height difference is ob-
served between two Pds 20 km apart. In addition, 30 
have superimposed Pds. For this to occur, the first Pd 
would have to form, the entire ice-rich layer outside 
the armored zone would have to be removed, a second 
ice-rich layer would have to re-form, and the superim-
posed Pd could then be emplaced. Clearly this requires 
that there be multiple episodes of ice-rich layer cover. 

 GCM results [4-5] predict ice accumulations as high 
as 10 mm/a during periods of high obliquity exactly in 
the mid-high latitudes where these craters occur. With 
such high accumulation rates, coupled with the steady 
100 Ka beat of the Laskar et al. orbital solutions [13], 
one must ask why the transient layer never gets any 
thicker than the 50-160 m suggested by the Pds, since 
GCM results suggest this layer could form in as little 
as 20 Ka, a time much shorter than the duration of the 
obliquity excursions. Estimates of the volume of the 
Pd-defined layer [9-12] are close to the known vol-
umes of the polar caps [16-17] that are the source of 
moisture for the high-obliquity mid-high latitude pre-
cipitation. We have suggested [15] that the transient 
layer is “supply-limited” in that when the cap is ex-
hausted, the source is removed, and deposition ceases 
even if the obliquity is still high. We examine here the 
likelihood that this can be the case. How thick a tran-
sient layer is possible, given the constraints on the total 
amount of water available? 

Kadish et al. [10-12] mapped pedestal craters in both 
the northern and southern hemispheres, defining areas 
in which they were confident that a transient layer 
must have existed. For the northern hemisphere, Pds 
are observed in a region spanning 45-60N and 70-
180E, an area of approximately 3.5 Mkm2. With an ob-
served mean pedestal height of 48 m, this corresponds 
to a volume of 0.169 Mkm3. For the southern hemi-
sphere, Kadish et al. map Pds in a region spanning 40-
60N and 10-190E, an area of approximately 8.09 
Mkm2, with a mean height of 20.4 m, and correspond-
ing volume of 0.165 Mkm3. Neither of these ap-
proaches the total volume of the polar caps, 3-5 Mkm3 
[16-17]. Allowing that Kadish et al.’s areas are conser-
vative estimates, we examine three other possible 
cases: 1) the areas of the transient layer are extended to 
the poles, 2) the areas are uniformly circumpolar, with 
no dependence on longitude, and 3) the areas both ex-
tend to the poles and are circumpolar. Each of these 
cases yields a progressively larger area over which the 
transient layer might have existed, and hence, larger 
volumes of ice are required to be removed from the po-
lar caps. We favor scenario 2), where the transient 
layer extends to the poles, since Pds have even been 
observed on the polar caps (see [11] Figure 4). We also 
include in our analysis the Medusae Fossae region, a 
smaller controversial area spanning 0-15N and 190-
235E (2.34 Mkm2), but with taller Pds (a mean of 
114.4 m), implying a volume of 0.269 Mkm3. Further 
examples of non-polar ice accumulation are the Tharsis 
deposits described in [18-19], for which a modeling 
study [20] constrained to match the geologic footprint 
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obtained a volume of 0.53 Mkm3. Smaller accumula-
tions of ice include lobate debris aprons, lineated val-
ley fill, and concentric crater fill, but these are ex-
pected to be smaller compared with the more wide-
spread Pd transient layer (eg. CCF: 0.012 – 0.037 
Mkm3 [21]).  

The results of these volume estimates are presented 
in Table 1. Our four area cases, including Medusae 

Fossae and Tharsis, yield volume estimates ranging 
from 1.132 to 1.815 Mkm3, still considerably below 
the current estimate of polar-cap volume of 3-5 Mkm3 
[16-17]. However, we should emphasize that we have 
used the mean heights of the measured Pds. Given the 
large standard deviation (18.8 m in the north, 19.2 in 
the south) we could expect, since the Pds measure 
what is there at the time of impact and not the true 
maximum, that some of the thicker Pds are a more ac-
curate measure of the transient layer. Using the mean 
plus one standard deviation yields volumes from 1.478 
to 3.365 Mkm3, values now well within reach of the 
polar-cap estimates. 

Approaching this from a different point of view, we 
might ask, how thick would the transient Pd-defined 
layer be if all the polar-cap deposits were involved? 
Results for our four Pd-area scenarios are summarized 
in Table 2 using minimum and maximum volume es-
timates for the current polar caps, as well as for 

whether one includes the less-well-understood Medu-
sae Fossae region. Also included is whether the Tharsis 

ice caps were active at the same time as the transient 
layer, since the presence of the Tharsis caps reduces 
the amount of ice needed to be deposited in the Pd-
defined transient-layer areas. At one extreme, where 
we have assumed the largest possible area for the Pd 
layer, including Medusae Fossae, with the minimum 
estimate of polar-cap volume, and the simultaneous ex-
istence of the Tharsis ice caps, we obtain a thickness 
for the Pd transient layer of 50 m (the Kadish et al. 
means were 48 and 20.4 m for the northern and south-
ern hemispheres respectively, with an overall mean of 
50 m). At the other extreme, the most conservative es-
timate of areas, excluding the Medusae Fossae, with 
maximum polar-cap volumes and no ice sequestered in 
the Tharsis caps, yields a thickness of 431 m. While 
considerably higher than any Pd yet observed, this 
thickness is still below the threshold for which one 
would expect any significant flow to occur. Several 
cases with thickness of the order of 100 m are ob-
served, even for the case of maximum polar-cap vol-
umes. 

  Conclusions: Pds [10-12] provide us with a means 
of estimating the thickness of the ice layer that periodi-
cally mantled the mid-high latitudes during the Ama-
zonian. We provide estimates of the ice volume that 
would be stored in these deposits if Pd heights are 
taken at face value and find them to be of the order of 
the current polar-cap volumes, if one assumes the tran-
sient layer extended to the poles and was circumpolar 
in nature. We also provide estimates of the thicknesses 
that could be achieved in the mid-latitude transient 
layer if the polar caps were completely mobilized dur-
ing periods of high obliquity. At one extreme, expected 
thicknesses are close to what is observed. At the other 
extreme the layer is considerably thicker than ob-
served, but is still too thin to support regional flow. 
The estimated amount of the ice stored in existing mid-
latutude deposits (LDA, LVF, CCF) is small but sig-
nificant [21]. The amount of glacial ice that remains 
today sequestered in the mid-latitude deposits [1] is 
testimony to the probability that temperatures in these 
regions never exceeded the melting point for any ex-
tensive period of time in the late Amazonian.  
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