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  Summary: Currently, and throughout much of the 
Amazonian, the mean annual surface temperatures of 
Mars are so cold that basal melting does not occur in 
ice caps and glaciers and they are cold-based. The pres-
ence in the south circumpolar Dorsa Argentea Forma-
tion of extensive and well-developed eskers, sediment-
filled subglacial meltwater channels, is evidence that 
basal melting and wet-based glaciation occurred in the 
south circumpolar region near the Noachian-Hesperian 
boundary. We employ glacial accumulation and flow 
models to distinguish between melting from bottom-up 
heat sources (elevated geothermal fluxes) and top-down 
heat sources (elevated atmospheric temperatures). We 
show that under current mean annual south polar at-
mospheric temperatures (-100ºC) and Noachian-
Hesperian heat fluxes (45-65 mW/m2), south polar ice 
accumulations remain cold based.  In order to produce 
significant basal melting at these typical heat fluxes, the 
mean annual south polar atmospheric temperatures 
must be raised from today's temperature (-100ºC) to the 
range of -50 to -75ºC. This mean annual polar atmos-
pheric temperature range implies equatorial and mid-
latitude mean annual temperatures in excess of the 
melting point of water, perhaps explaining the concur-
rent development of valley networks and open basin 
lakes in these areas. This treatment provides an inde-
pendent estimate of elevated surface temperatures near 
the Noachian-Hesperian boundary of Mars history. 

Introduction: Current polar layered deposits [1], ear-
lier Amazonian mid-latitude glacial deposits [2] and 
tropical mountain glaciers [3] all appear to be cold-
based, and not to involve basal melting except where 
concurrent sub-glacial volcanic eruptions melted the ice 
[4,5].  On the other hand, the Late Noachian-Early Hes-
perian south circumpolar Dorsa Argentea Formation 
(DAF) [6] (Fig. 1) contains features interpreted to be 
indicative of a regional ice-rich deposit that underwent 
some basal melting [7-12] at that time [13].   

What conditions could have led to the formation and 
evolution of an ice rich circumpolar deposit such as the 
Dorsa Argentea Formation in early Mars history? On 
Mars, as we know it today, water ice is expected to be 
less stable on average in the south polar region than in 
the north polar region because the global topographic 
asymmetry tends to favor the transport of water to the 
northern hemisphere [14]. Because the current atmos-
phere is very thin, the temperature is controlled by ra-
diative balance rather than by the altitude of the surface, 
so the influence of topography is indirect. Current cli-
mate models suggest that ice would only accumulate at 

the south pole when the season of the perihelion favors 
a southern summer significantly colder than in the 
North [15]. This may explain why the Amazonian south 
polar layered deposits are older than the north polar 
layered deposits. If the atmosphere was thicker during 
the Noachian and Hesperian eras than today, then con-
ditions at the south pole may have been very different. 
For example, above a few hundreds Pascals, surface 
temperature distribution would behave much more like 
on Earth, with high altitude regions significantly colder 
than lower plains because of adiabatic cooling of the 
atmosphere [16-17]. Within this context, it is likely that 
the high southern latitudes would have become a cold-
trap where ice would tend to accumulate and form a 
large ice cap, both because of their latitude and their 
altitude. It is also possible that the amount of water in-
volved in the atmospheric water cycle was larger than 
today, and that consequently more water was available 
to form an ice cap [16-17]. For example, valley network 
activity, suggestive of flowing streams and a "warmer 
and wetter" early Mars [18-19], characterized the high-
lands at the end of the Noachian and into the Hesperian. 
The active water cycle [19] implied by these interpreta-
tions may have been able to transport large amounts of 
water into the southern polar region in the Late Noa-
chian and Hesperian.  

Figure 1. Sketch map [7] showing location of main eskers  
(arrows inside DAF) and channels draining from DAF mar-
gin. 
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Also observed in the DAF are eskers [7-11], sedi-
ment-filled subglacial meltwater channels, and thus 
evidence that basal melting and possibly wet-based 
glaciation occurred. Are these features related to top-
down melting associated with elevated atmospheric 
temperatures, or are they related to bottom-up heat 
sources related to local and regional elevated geother-
mal fluxes?  We first test the hypothesis that they could 
be related to bottom up melting due to enhanced geo-
thermal fluxes linked to early thermal evolution, and 
that sufficient ice accumulated to raise the global melt-
ing isotherm to the base of the ice sheet. We then assess 
what atmospheric surface temperatures would be re-
quired to ensure basal melting. 

Noachian-Hesperian Geothermal Fluxes and Ice 
Accumulation: Using data from [20-21] we adopt a 
geothermal flux of 45-65 mW/m2 for a range appropri-
ate for this time period.  We then employ the basic as-
sumption that the CO2 atmosphere was thicker at this 
point in the history of Mars (see above), and that ice 
was preferentially accumulating in the south circumpo-
lar region.  We use typical ablation rates with added 
accumulation centered on the pole and a synthetic cli-
mate that will produce a large south circumpolar ice 
sheet, based on the experience that has been gained by 
modeling recent glacial ages with the LMD/GCM [22]. 
Ablation is reduced by factor of 50 and maximum ac-
cumulation is 6 mm/yr. 

Results: Using current mean annual south polar at-
mospheric temperatures (-95 to -110ºC) and the Noa-
chian-Hesperian heat fluxes (45-65 mW/m2) described 
above, south polar ice accumulations remain cold 
based. Fig. 2 shows calculated basal temperatures for 
the ice sheets grown in our synthetic climate for both 45 
(left) and 65 (right) mW/m2. Surface elevation contours 
are shown at 500 m intervals. Even with the higher geo-
thermal flux all but a few deep holes are 15ºC or more 
below the melting point. In order to produce significant 
basal melting even at this high heat flux, the mean an-
nual south polar atmospheric temperatures must be 
raised from today's temperature by 25ºC, to the range of 
-70 to -85ºC (Fig. 3, left). To obtain significant melting 
for 45 mW/m2 the temperature must be raised by 50ºC, 
to the range of -40 to -60ºC (Fig. 3, right). At this point, 
basal melting will start to take place beneath the Dorsa 
Argentea Formation, and this will produce sufficient 

melting to account for the extensive esker systems ob-
served [7,11]. Indeed, one of the patches of calculated 
melting occurs close to the esker region shown by ar-
rows in Fig. 1. Note that the surface temperatures in the 
circumpolar regions are still well below 0ºC, and thus 
top-down melting is not likely to occur, consistent with 
geologic observations [7]. GCM results for a suite of 
obliquities [23] show similar polar temperature warm-
ing (25-50ºC) as one moves from the current 23º obliq-
uity to the extreme of 55º predicted by Laskar [24]. 
Excursions to such extreme obliquities are relatively 
brief (~100Ka) and further would not in themselves 
build the observed full equilibrium icesheet of suffi-
cient thickness to produce widespread melting at the 
bed. 

In conclusion, the increase in surface temperatures 
required to explain the basal melting of a thick south 
circumpolar ancient ice sheet translates into higher 
equatorward temperatures. In fact, this annual polar 
atmospheric temperature range implies equatorial and 
mid-latitude mean annual temperatures near the melting 
point of water [16-17], perhaps explaining the concur-
rent development of valley networks [25] and open 
basin lakes [26] in these areas. This analysis of the 
Dorsa Argentea Formation provides an independent 
estimate of elevated surface temperatures in the mid-
latitudes and equatorial regions of Mars near the Noa-
chian-Hesperian boundary of Mars history.  
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Figure 2. Calculated basal temperatures for 45 and 65 mW/m2 
using present-day surface temperatures. 

Figure 3. Basal temeratures when surface temperatures are higher 
than today by 25K (left, geothermal flux of 65 mW/m2) and 50K 
(right, 45 mW/m2). 

7028.pdfThird Conference on Early Mars (2012)


