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Introduction: The Late Noachian Icy Highlands 

(LNIH) scenario describes the results of an early Mars 
General Circulation Model [1] including a full water 
cycle [2]: when atmospheric pressure exceeds a few tens 
to a hundred millibars, the atmosphere thermally couples 
to the surface, inducing adiabatic cooling and the prefer-
ential deposition of snow and ice at high altitudes, spe-
cifically in the southern uplands. In this environment, 
global mean annual temperatures (MAT) are ~225 K, 
almost 50 K below the melting temperature of water. An 
equilibrium line altitude (ELA) is an altitude at which net 
accumulation occurs above and net ablation occurs be-
low. Models suggest that a plausible equilibrium line 
altitude (ELA) for this environmental setting is ~+1 km 
[3,4]. Fig. 1 illustrates a LNIH scenario with all areas 
>+1 km altitude in white to illustrate snow and ice accu-
mulation. In order to test the validity of the LNIH model 
and compare it to predictions of the alternative “warm 
and wet” climate scenario [5], we analyze the predicted 
characteristics of the ELA environment and assess the 
geologic processes operating there in 1) an ambient 
LNIH environment and 2) one in which punctuated glob-
al warming takes place.  

 
Fig. 1. Topographic map of Mars (MOLA) showing the +1 km ELA 
(white above) and the distribution of valley networks (blue), open basin 
lakes (red dots) and closed basin lakes (green dots). From [3]. 

The Nature of the ELA Environment: Areas 
above the ELA will be ice-covered and, with sufficient 
accumulation, glacial (Fig. 2a); adjacent areas below will 
be periglacial. Next, we describe the characteristics of 
the ice in more detail, assess the processes that are likely 
to take place in the aforementioned environments, and 
make predictions regarding the resulting geological de-
posits and record. Glacial Environment:  The concept of 

the ELA is fundamental to the understanding of glaciers. 
Above the ELA the mass balance is positive, deposition 
overwhelms any removal, and in the absence of defor-
mation, the glacier will thicken. Below the ELA the op-
posite is true, ablation is the driving force and more is 
removed than is deposited. Snowfall and melting can 
occur both above and below the ELA, but the annual 
balance is positive above and negative below. The flux 
of ice (the product of the column-averaged velocity and 
the ice thickness) through the flowline starts at zero at 
the dome and increases with increasing proximity to the 
margin, reaching a maximum at the ELA. Beyond the 
ELA, the flux decreases until it again reaches zero at the 
margin. Increasing the rate of accumulation or the area of 
accumulation results in non-zero flux at the margin, and 
the glacier advances. Reduction in accumulation or in-
crease in ablation drives the flux to zero before it reaches 
the margin, and the ice beyond that point will stagnate, 
cease significant movement, and eventually ablate away, 
causing the margin to retreat.  
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Fig. 2. Conceptual block diagram of glaciation in the LNIHin the vicin-
ity of the ELA. a) Steady state LNIH environment. b) Effects during 
episodic warming above 273 K by punctuated processes (volcanism, 
large impacts or other extreme seasonal factors). The top of the cry-
osphere is the dry active layer, in diffusive equilibrium with the atmos-
phere. The highest crater in a) is above the ELA so it has snow and ice 
deposited on the rim, which melts in b) to contribute to the valley net-
work system [4]. 

A glacial flow modeling analysis using a Mars-
adapted ice sheet model with LNIH climate conditions 
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[4] shows that, even with a range of total water invento-
ries and estimated Late Noachian geothermal fluxes, the 
highlands would be characterized by extensive ice sheets 
of the order of hundreds of meters thick. Due to the ex-
tremely cold conditions (MAT ~225 K), the entire ice 
sheet is predicted to be cold-based, ice-flow velocities 
are very low (less than a few mm/yr), and the regional 
ice-flow pattern is disorganized and follows topography, 
with no radial flow pattern typical of an equilibrium ice 
sheet. Most water will migrate to the highlands, where it 
will remain in a relatively stable configuration. Over 
time, accumulated ice will migrate downslope and un-
dergo ablation upon reaching an altitude below the ELA. 
Depending on the slope and rate of movement, glacial 
ice may extend several hundred km beyond the ELA in 
the adjacent lowlands. 

This scenario will remain stable until perturbed by a 
major top-down melting event. Because of the cold-
based nature of the ice, wet-based features typically as-
sociated with temperate glaciers (e.g., drumlins, eskers, 
etc.) are not predicted to occur. However, the slowly 
advancing and ablating ice sheet will deposit sediment at 
the glacial front, equivalent to a cold-based drop mo-
raine. The drop moraine sediment, supply-limited by the 
amount of debris on top of the glacier, and englacial de-
bris buried by accumulating snow, will be predominantly 
wind-deposited fine-grained material and volcanic tephra 
with occasional debris layers from impacts that penetrate 
through the ice layer [7]. Even with low flow velocities, 
modest entrainment of debris will result in significant 
deposition of fine-grained proglacial debris (several tens 
km3 per lateral km of glacier front) over 105-106 years. 
Eolian Environment: Katabatic winds are predicted to 
characterize the boundary area of the ELA, with flow 
directions generally off the glacier onto the surrounding 
periglacial area; fine-grained proglacial drop-moraine 
sediment accumulations are highly likely to be mobilized 
and redistributed downwind. Periglacial Environment: 
This environment (Fig. 2a) is cratered, will contain 
patchy regions of perennial snow and ice, and will in-
clude some regions above the ELA (crater rims). Glacial 
ice may extend several tens to hundreds of km below the 
ELA, perhaps in lobes depending on slope and topogra-
phy. The large volume of fine-grained debris delivered to 
the glacial front and the presence of downslope katabatic 
winds cause the periglacial region to be dominated by the 
eolian modification of the fine-grained deposit and the 
generation of significant loess deposits. Terrestrial loess 
[8] is an eolian sediment that blankets underlying terrain, 
can be tens to hundreds of meters thick, tends to be silt 
(20-50 microns in particle size), homogeneous, weathers 
rapidly to steep vertical faces (due to the angular nature 
of silt particles), and collects in effective dust traps. Peri-
glacial settings are common environments for terrestrial 
loess formation [8].  

Thus, we predict that many of the areas below the 
+1 km ELA should be characterized by significant loess 
plains deposits and corresponding crater fill, due to the 
eolian redistribution of the large volumes of fine-grained 
glacial drop moraine sediment. These predictions appear 
to be consistent with the distribution of regional Noachi-
an-aged dust deposits [9] and crater fill [10].  

In summary, the standard LNIH environment is pre-
dicted to be characterized by a relatively stationary ELA 
with slowly moving cold-based ice depositing fine-
grained debris at the ablation front, with katabatic eolian 
redistribution creating significant loess plains and crater 
fill in the periglacial zone.   

Top Down Melting of the Late Noachian Ice 
Sheet: How would this nominal LNIH climate environ-
ment be affected by a punctuated warming event? Tran-
sient climate warming causes the ELA to rise. As a re-
sult, a portion of the ice sheet is forced into the, now 
larger, ablation zone. This could steepen the profile, 
which would increase the driving stress and locally ac-
celerate ice flow across the new ELA position. At the 
same time, warming would soften the ice, making flow 
velocities increase temporarily as the profile adjusts to its 
new equilibrium state. 

In the case of a punctuated climate warming pro-
duced by volcanism [11] or large impact events [12-13], 
the rising ELA will cause top-down melting of the mar-
gins of the ice sheet (Fig. 2b), with meltwater collecting 
in firn [6] and in topographic lows on the glacier. Then, 
as the meltwater runs off the ice surface, it will thermally 
erode the substrate, picking up sediment from the glacier 
and causing local catastrophic drainage of the ice sheet 
ponds. Meltwater from the glacial front will run off into 
the periglacial zone and initially encounter the deposits 
of fine-grained proglacial sediments prior to running off 
onto the loess dominated periglacial deposits. At this 
time, the periglacial environment would become a peri-
glacial loess outwash plain. Until the climate returns to 
ambient conditions, (1) meltwater would tend to flow 
into local lows, creating closed- and open- basin lakes 
and (2) significant eolian activity will continue, moving 
fine-grained loess laterally and alternately covering and 
exposing fluvial channels, as seen in proglacial outwash 
plain areas such as Arabia Terra [14,15]. Top-down 
thermal wave penetration through a glacier of this thick-
ness requires 103-104 years, so it is unlikely that the glac-
ier will become wet-based unless conditions >273 K are 
sustained for a correspondingly long period.  
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