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Highlights: 10 

• We use climate and ice sheet models to assess predicted Late Noachian glaciation at 11 
Hellas. 12 

• The models predict that ice accumulates on eastern Hellas rim, flows downslope on basin 13 
wall; slope promotes shear heating, melting. 14 

• Predicted glacial system extends across basin floor, stabilizes, ablates; sequestered by 15 
debris cover. 16 

 17 
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Abstract 19 
Global climate models (GCM) predict snow accumulation/glaciation on the Hellas basin eastern 20 
rim, where Amazonian glacial landforms are observed. We explore GCM results for Late 21 
Noachian-Early Hesperian higher atmospheric pressure/higher obliquity/faint young sun 22 
conditions, assess accumulation rates, and use these as input to an ice sheet model. We assess ice 23 
sheet growth, thickness, basal temperatures, basal melting water volumes, flow/sliding-ice 24 
velocities and the fate of basin floor glacial ice/meltwater.  We conclude that significant volumes 25 
of glacial ice (with shear-induced basal melting) could have flowed down the basin wall and onto 26 
the basin floor, covering the majority with glacial ice.  Late Noachian water budgets of up to 27 
1000 m global equivalent layer (GEL) and Hellas floor ice sequestration are 28 
implied.  Subsequent emplacement of Hesperian volcanic plains superposed on the ice may have 29 
caused melting (contact/deferred) and deformation (loading-induced flow/diapirism), potentially 30 
accounting for several observed basin floor geologic units. 31 

1 Introduction 32 
The Hellas impact basin, the most prominent feature in the southern hemisphere of 33 

Mars (Figure 1a) plays an extremely important role in the geologic evolution of Mars. Its 34 
formation marks the beginning of the Noachian Era (Tanaka et al. 2014; Fassett and Head, 35 
2011), and its large diameter, extreme depth and significant asymmetry have made it a focus of 36 
attention for key problems in understanding atmospheric circulation and climate, and their 37 
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evolution (e.g., Haberle et al., 2001; Forget et al, 2006; Kahre et al., 2020; Holt et al., 2008; 38 
Scanlon et al., 2018; Bernhardt et al., 2016a, 2019; Weiss and Head, 2017).  39 
 40 

 41 
Figure 1: : a) Topographic map of Hellas basin (Smith et al. 2001), b) Grid of  topography input to the model, c) Surface 42 
temperatures from the GCM input to the model, d) Profiles of surface and bed (vertical exaggeration 500X) and velocities from 43 
West to East along the red line shown in b) for four supply limits modelled, e) Initial mass balance from the GCM, f) Mass 44 
balance as the supply limit is reached and the accumulation component is reduced. 45 

 46 
The floor of Hellas (Figure 1b) is the site of the highest atmospheric pressure and warmest 47 

temperatures on Mars (Wordsworth et al. 2013, Scanlon et al. 2018, Forget et al. 2013; Palumbo 48 
and Head, 2019) and its presence significantly influences global atmospheric circulation, eolian 49 
processes and dust accumulation.  It hosts unusual deposits interpreted to represent the former 50 
presence of glaciation (Kargel & Strom 1992) and both Noachian and Hesperian lakes/oceans 51 
(Moore & Wilhelms 2001). The Hellas rim and inner slopes are significantly asymmetric 52 
(Wichman & Schultz 1989) (Fig. 1) and were modified by Early Hesperian volcanic centers 53 
(Hesperian Planum and Malea Planum) (Crown et al., 1992; Ivanov et al., 2005; Williams et al. 54 
2009) leading to Hesperian ridged volcanic plains on the walls and floor (Tanaka & Leonard 55 
1995; Leonard and Tanaka, 2001). Valley network systems, and several major Late Hesperian 56 
outflow channels debouch onto the basin floor (Tanaka & Leonard 1995).  Ruell Vallis, a large 57 
and extensive fluvial channel on the eastern wall of Hellas Basin (Mest and Crown, 2001) has 58 
been interpreted to have formed subglacially (Cassanelli and Head, 2018), implying the presence 59 
of a melted bed (Ji et al. 2023). This range of geological activity and sequence of events has 60 
resulted in an extremely complex stratigraphy of the basin rim (Brough et al., 2016), wall 61 
(Voelker et al., 2018), floor and its surroundings (Crown et al., 2005; Bernhardt et al. 2016a, 62 
2016b, 2019). 63 

 64 
One of the key factors linking events in this complex history is the hydrological 65 

system/cycle, its nature and state (vertically integrated or horizontally stratified; Head, 2012), the 66 
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implications for the dominant (ambient) climate conditions and the role of related aqueous 67 
processes.  Two end-member models for Noachian Mars atmospheric and climatic conditions are 68 
‘warm and wet’ and ‘cold and icy’.  69 

 70 
The ‘warm and wet’ climate is predicted to have a mean annual temperature (MAT) greater 71 

than 273 K, atmospheric pressure greater than 1 bar, and global surface-near-surface water 72 
budget 1-5 km global equivalent layer (GEL) (Craddock and Howard, 2002; Ramirez et al., 73 
2014; Luo et al., 2017; Ramirez and Craddock, 2018; Ramirez et al., 2020; Steakley et al., 2023).  74 

 75 
The ‘cold and icy’ climate is predicted to have a mean annual temperature ~226 K, 76 

atmospheric pressure in excess of several hundred millibars (Wordsworth et al. 2013, Forget et 77 
al. 2013; Palumbo et al. 2018), and global surface-near-surface water budget unknown, but 78 
thought to be in excess of several hundred meters GEL (e.g., Scanlon et al., 2018, ~136 m; 79 
Rosenberg et al., 2019, >640 m).  80 

 81 
Intermediate between these two end members is the possibility of the ‘cool and wet’ climate 82 

(Kamada et al., 2022). Such a climate is characterized by seasonal excursions of the temperature 83 
above and below the melting point. Using an ice sheet model analogous to ours, Kamada et al. 84 
(2022) performed similar simulations with coupled climate and ice sheet models (PMGCM and 85 
ALICE) for a thicker 2 bar CO2 atmosphere with up to 3% added H2 and a 500 m GEL supply 86 
limit. The high pressure and additional H2 was necessary as the goal was to generate a climate 87 
with regions with mean annual temperature above the freezing point, as they were interested in 88 
quantifying runoff from surface and basal melting that carved the Valley Networks. The bulk of 89 
their simulations were generated on terrain with Tharsis removed, although they did provide one 90 
simulation done on current topography that compares well with our simulation that focuses 91 
primarily on the Hellas Basin. 92 

 93 
To further assess the fit of the model to the predictions (Cleland, 2001, 2002) of the ‘cold and 94 

icy’ atmosphere model, we explore the results of atmospheric GCMs that predict snow and ice 95 
accumulation and glacial flow in the south polar and southern high altitude/latitude regions 96 
(Wordsworth et al. 2013, Scanlon et al. 2018, Forget et al. 2013). The GCM results used 97 
(Scanlon et al. 2018) are for a 1 bar CO2, 42 degree obliquity climate under a faint youg sun. The 98 
higher pressure results in warmer temperatures, 224 K for the global mean average, compared 99 
with the present 215 K global mean (Millour et al. 2018). For comparison Figure 2 shows both 100 
the present distribution of mean annual temperature from the Mars Climate Database (Millour et 101 
al. 2018) and from the GCM model (Scanlon et al. 2018). Notable is the fact that the present 102 
climate is latitude-dependent, whereas the higher-pressure model is much more elevation-103 
dependent with a pronounced adiabatic lapse rate.  104 

 105 
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 106 
Figure 2: Mean annual temperatures  for the current climate (top) from the Mars Climate Database (ref) compared with the 107 
results of the GCM (bottom) contrasting the latitude-dependence of the current climate with the elevation-dependence in the 1 108 
bar CO2 atmosphere of the GCM. 109 

 110 
We call on the University of Maine Ice Sheet Model (UMISM, Fastook and Prentice, 1994), 111 

a Glacial Flow Model (GFM) to assess the role of ice accumulation, the nature of glacial ice 112 
flow, the possible presence and significance of basal melting and erosion, and the fate of 113 
meltwater in the ablation zone on the Hellas basin floor.  We use these predictions, together with 114 
snow and ice accumulation rates, to model and assess the accumulated ice thickness, glacier 115 
thermal structure, flow rates, basal thermal regime (cold-based or wet-based), and the possible 116 
presence of slope-related shear heating/melting during the Late Noachian/Early Hesperian 117 
according to the ‘cold and icy’ model. 118 

 119 
We focus on the eastern Hellas basin rim due to the wide range in topographic elevations 120 

(Figure 1b), the extended geological record of Mars history (base of Noachian to Amazonian), 121 
the wide diversity of geomorphic features observed there (e.g., Tanaka and Leonard, 1995; Carr 122 
and Head, 2010), and the fact that snow and ice accumulation and glaciation have been 123 
independently predicted (Wordsworth et al. 2013, Scanlon et al. 2018, Forget et al. 2013) and 124 
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documented (e.g., Holt et al., 2008; Head et al., 2005). In this study, we use the results of these 125 
independent analyses and apply glacial flow modeling to assess the implications for the 126 
evolution of the Hellas basin eastern rim, wall and basin floor.  127 

 128 
Figure 3, which contrasts various of the inputs and outputs of the GFM, shows a transect 129 

through the modelled domain along the centerline shown by the red line in Figure 1b for the 16X 130 
case also documented in Figures 1d,f. Along the bottom is a repeat of Figure 1b for the 16X case, 131 
this time with thickness indicated by the red line. Above this is the mass balance (as in Figure 132 
1f). This shows the two accumulation areas on either rim of Hellas, with the major ablation zone 133 
in the basin. Notable is that the eastern flow is approximately half in the accumulation zone and 134 
half in the ablation zone, with a clear equilibrium line (zero mass balance) at -250 km. Above 135 
this is the contribution of internal heat as the fraction of the provided geothermal flux (55 136 
mW/m2) developed from shear deformation and basal sliding that will be discussed in detail 137 
later. This amounts to a few percent in the ablation zone where the bed is melted and sliding is 138 
occurring, to up to 9 percent in the accumulation zone where the bed is frozen. Above this is the 139 
input surface temperature from the GCM (black line) as well as the basal temperature calculated 140 
by the GFM (blue line). A major area of melted bed appears on the eastern slope, mostly in the 141 
ablation zone, with a few patches where the bed is melted further up the slope and on the western 142 
rim. Finally the top panel shows basal melt rates in those areas where the bed reaches the melting 143 
point with as much as 4 cm/yr of basal melting. 144 
 145 
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 146 
Figure 3: Transects along the red line of Figure 1b with from bottom to top, bed, surface, and thickness; mass balance showing 147 
accumulation and ablation zones; internal heat contribution as percentage of the supplied geothermal flux (55 mW/m2); the 148 
input surface temperature from the GCM and the calculated basal temperature from the GFM; and the basal melting rate in 149 
areas where the bed reaches the melting point. 150 
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2 Modelling 152 

2.1 UMISM and the Supply Limit:  153 
The University of Maine Ice Sheet Model (UMISM) adapted for Mars is a shallow-ice 154 

approximation, thermomechanical model described in detail in Fastook and Prentice (1994). 155 
UMISM is run in a “supply-limited” mode where only a finite amount of water is available to 156 
build ice sheets. A limit on the amount of available water with which to build ice sheets is 157 
necessary, because unlike Earth that has basically unlimited water available in the form of the 158 
oceans, the amount of water on Mars in the past is both much smaller, as well as being poorly 159 
constrained. Estimates range from twice the current estimated inventory of 34 m GEL (Carr and 160 
Head 2015) to 640 m GEL (Rosenberg et al., 2019). Even higher estimates from 400 to 1250  m 161 
GEL are associated with the presence of a northern ocean (Cardenas and Lamb, 2022). We 162 
examine the footprint of various modelled ice sheets for supply limits ranging from 1X (34 m 163 
GEL) to 40X (1360 m GEL). 164 

 165 
This requires processing of the GCM models as follows: a run is performed that starts with 166 

uniform ice coverage and tracks the ice thickness through one or more years. This approach is 167 
utilized so that we can determine where, and at what rate, ice accumulates, and in addition to 168 
learn how rapidly it would be removed in areas with negative net mass balance. The ice 169 
thickness history at each point is tracked for periods where ice is thickening, which contributes to 170 
the accumulation rate, as well as where it is thinning, which contributes to the ablation (removal) 171 
rate. The net annual mass balance (accumulation minus ablation) is then the input required by 172 
UMISM. Using this approach and these results, we obtain information about how rapidly ice that 173 
flowed into a region where the net mass balance is negative, would be removed. This also allows 174 
us to independently reduce only the accumulation rate as the ice sheet approaches the supply 175 
limit. 176 

 177 
Two examples are shown in Figure 4a. The blue and red curve (at 41.25 S, 39.375 E) shows a 178 

loss of thickness of 49 mm over the 669 sols of model run time, equivalent to a negative net mass 179 
balance of -27 mm/yr. By keeping track of when the ice layer is thickening (red, accumulation) 180 
and when it is thinning (blue, ablation) we separate this into a thickening of 26 mm (14 mm/yr. 181 
accumulation rate) and a thinning of 75 mm (41 mm/yr. ablation rate). Note that these combine 182 
to yield the same net mass balance, -27 mm/yr, that one obtains by simply examining the 183 
beginning and endpoints.  184 

 185 
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 186 

Figure 4: a) Two sample ice surface curves (blue and red at 41.25 S, 39.375 E, and yellow and red, at 41.25 S, 45.0 E). Red 187 
indicates thickening and is summed into the accumulation component, whereas yellow and blue indicate thinning that is 188 
summed into the ablation component. b) Ablation component, c) accumulation component, and d) net mass balance (the 189 
difference of the two). Bed elevation for e) the whole southern hemisphere grid (~100 km spacing) used to define the supply-190 
limiting parameter above, and f) the higher-resolution (~50 km spacing) focused Hellas basin region domain with basin floor 191 
outlined in red. Both e) and f) each have 10,000 nodes and 9801 elements, outlines of which are shown in the Figure by gray 192 
triangles, pairs of which comprise a single quadrilateral element. The red outline in f) is the area we define as the basin floor in 193 
Table 1. 194 

 195 
A climate model that only tracked ice deposition through a martian year starting with zero ice 196 

thickness would see the 26 mm deposited and then completely removed before the end of the 197 
year. Examining only the beginning and endpoints (zero and zero) one would conclude that the 198 
net mass balance was zero, and one would have no information ablout the potential for ablation. 199 
Knowing the potential for ablation (in this case the potential to removal 75 mm)  is critical since 200 
expanding ice sheets grow out of the accumulation zone into the ablation area, which they 201 
necessarily will do as they grow towards a steady state where whole ice sheet net accumulation is 202 
exactly balanced by net ablation. 203 

 204 
The yellow and red curve in Figure 4a shows an example (at 41.25 S, 45.0 E) that displays an 205 

overall increase in thickness of 131 mm, yielding a positive net mass balance of 72 mm/yr. A 206 
similar separation into thickening (red) and thinning (yellow) yields an accumulation component 207 
of 283 mm (154 mm/yr) and an ablation component of 152 mm (83 mm/yr). Again, a simpler 208 
climate model without the initial ice layer would yield the same positive net mass balance (72 209 
mm/yr), but with no information about the potential for ablation.  210 

 211 
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Figures 4b,c,d show polar stereographic projections of the entire southern hemisphere for 212 
both these ablation and accumulation components, as well as the resulting net mass balance. Two 213 
of the largest areas of most extreme ablation and accumulation occur in the deepest part of the 214 
Hellas Basin and on its western rim respectively. There is another smaller region of 215 
accumulation on the eastern rim of Hellas, and the Argyre Basin shows a similar but more muted 216 
pattern.  217 

 218 
In UMISM, with net mass balance separated into accumulation and ablation components, we 219 

can now modify the mass balance to reflect the fact that the ice sheet is approaching its supply 220 
limit. This is done by linearly reducing the accumulation components proportional to how close 221 
the volume of the ice sheet is to the supply limit (i.e. when the ice sheet volume equals the 222 
supply limit the accumulation component is uniformly zero). In practice this rarely falls below 223 
40% since the unchanging ablation component reduces the areal extent of the ice sheet as its 224 
accumulation area is reduced. As it reaches its steady state thickness (that configuration where 225 
the net accumulation of the entire ice sheet is exactly balanced by net ablation), volume stops 226 
changing as does the reduction of the accumulation component.  227 

 228 
Generic Mapping Tool’s mapproject function is used to project the latitude/longitude 229 

coordinate system of the LMD GCM results and the MOLA topography (Smith et al. 2001) onto 230 
the cartesian X/Y coordinate grid used by UMISM. The projection is General Stereographic with 231 
the origin at the south pole and the y-axis along 90E longitude using the provided Mars Ellipsoid 232 
(a=3396190, 1/f = 169.8944). Interpolation of values from the lower resolution GCM to the 233 
higher-resolution grid used by UMISM is bi-linear quadrilateral interpolation among the nearest 234 
neighbor in each of the four quadrants using Finite Element shape functions. 235 
 236 

UMISM has the capability to run ‘embedded’ models, whereby the enclosed focused region 237 
with higher resolution obtains boundary conditions from the lower-resolution encompassing 238 
region. This feature is used to generate the reduction parameter from a lower-resolution grid 239 
(~100 km, Figure 4e) that covers the entire southern hemisphere so that the reduction in 240 
accumulation is driven not by the volume generated in our higher-resolution (~50 km, Figure 4f) 241 
Hellas basin domain, but by the broader regional growth in the whole southern hemisphere. Each 242 
of these grids have 10,000 nodes for computation using UMISM’s finite-element method 243 
(Becker et al. 1981). In Figure 4f, a red line shows the outline of the Hellas basin floor that is 244 
below -6200 m, used in the analysis found in Table 1. Also shown in Figures 4e,f are the outlines 245 
of the distorted checkerboard of elements used in the UMISM finite-element method. 246 
 247 

An example of the GFM results is shown in Figure 5a for the Hellas grid for a 16X supply 248 
limit. Area increases very rapidly as the small initial volume produces little reduction of the 249 
accumulation component, which therefor is at its maximum value. The resulting ice sheet 250 
footprint obtains its largest extent in under 10,000 years. The area remains relatively constant 251 
until 100,000 years because the ice has not developed sufficient flow during that time to be 252 
growing out into the surrounding ablation area. The volume grows more slowly, but by 100,000 253 
years growth slows as the reduction factor approaches 65%. From 100,000 to 1,000,000 years, 254 
area decreases while volume remains relatively constant as the reduction factor continues to 255 
decrease, driven by the reduction factor curve generated by the full southern hemisphere grid. 256 

 257 
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All supply limit cases (1X, 2X, 4X, 16X, and 40X, where 1X = 34 m GEL or 5 Mkm3; Carr 258 
and Head, 2015) are run for 1 million years, at which point the parameter representing the ratio 259 
between the current volume and the supply limit has stabilized (Figure 5b). This parameter is 260 
used to reduce the accumulation component of the net mass balance, while leaving the ablation 261 
component unchanged.  262 

 263 

 264 
Figure 5: a) Area, volume, and reduction curve for Hellas grid with 16X supply limit. b) Supply limiting parameter. 265 

 266 
Tabulated results for the various supply limits are shown in  Table 1. These include the grid 267 

area, how much of that area is covered with ice, the ice volume, average thickness, area with a 268 
melted bed, as well as the basal meltwater production rate. These results, along with surface 269 
meltwater production, are also provided for the basin floor, the region below -6200 m elevation 270 
shown in Figure 4f by the red outline. 271 
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 273 

Table 1: Summarizing the results from the various Supply Limits imposed on the ice sheet model for both the entire Figure 4f. 274 
domain as well as for the basin floor below -6200 m elevation (the red outline). 275 

 276 
The area of the ice sheet for various supply limits is shown in Figure 6a. Each begins at about 277 

14 Mkm2, the areal footprint of which is shown by the area with positive mass balance in Figure 278 
1d. As the volume increases, reducing the supply-limit parameter that reduces the accumulation 279 
component, the regions with positive net mass balance shrink and the ice sheet contracts into the 280 
area where the accumulation component is largest. Supply limit cases 1X to 8X decrease 281 
monotonically, whereas 16X and 40X initially decrease before later growing larger as ice flows 282 
from regions of positive net balance into ablation areas. 283 

 284 

Table 1: Supply Limit Results at 1,000,000 years

Supply Limit Units 1X 2X 4X 8X 16X 40X

Supply Limit GEL 34 68 136 272 544 1360

Supply Limit  Mkm3 5 10 20 40 80 200

Full Model 10,000 Nodes, 9801 Elements, Grid Resolution 50 km

Grid Area  Mkm2 25.13 25.13 25.13 25.13 25.13 25.13

Ice Area  Mkm2 4.26 5.97 7.90 10.31 12.76 15.01

Percent ice Cover % 16.95 23.73 31.43 41.03 50.75 59.73

Average Thickness m 1078 1331 1292 1306 1337 1417

Ice Volume  Mkm3 4.60 7.94 10.21 13.47 17.05 21.27

Ice Volume GEL 31.73 54.82 70.50 93.02 117.8 146.9

Ice Area with Melting  Mkm2 0.681 0.973 1.891 2.471 3.061 3.874

Percentage of Area Melted % 15.98 16.31 23.94 23.96 23.99 25.81

Basal Water Melt Rate  km3/yr 17.31 42.43 322.8 785.8 1475 2815

Basal Water Melt Rate GEL/Kyr 0.120 0.293 2.229 5.427 10.18 19.44

Basin Floor Only All Nodes with Elevations Less Than -6200 m

Basin Floor Area  Mkm2 2.324 2.324 2.324 2.324 2.324 2.324

With Ice Area  Mkm2 0.093 0.312 0.712 1.110 1.535 2.044

Percent ice Cover % 4.01 13.42 30.61 47.77 66.05 87.93

Average Thickness m 863 1244 1350 1480 1611 1761

Maximum Thickness m 1909 2479 2591 2848 3095 3333

Ice Volume  Mkm3 0.080 0.388 0.951 1.643 2.473 3.598

Ice Volume GEL 0.556 2.678 6.634 11.35 17.08 24.85

Ice Area with Melting  Mkm2 0.045 0.181 0.562 0.841 1.237 1.738

Percentage of Area Melted % 1.932 7.764 24.17 36.17 53.24 74.76

Basal Water Melt Rate  km3/yr 1.339 7.333 113.7 307.4 701.9 1473

Basal Water Melt Rate GEL/Kyr 0.009 0.051 0.784 2.123 4.847 10.17

Area with Ablation  Mkm2 0.093 0.181 0.712 1.110 1.535 2.044

Percentage of Area Ablated % 100.0 100.0 100.0 100.0 100.0 100.0

Surface Ablation Rate  km3/yr 20.51 65.52 138.0 202.6 261.3 324.9

Surface Ablation Rate GEL/Kyr 0.142 0.453 0.953 1.399 1.805 2.244
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 285 
Figure 6: a) Area of the ice sheets, b) Average thickness (solid lines) and average ice velocity (dashed lines) c) Ice sheet volumes, 286 
d) Average basal temperatures, and e) Percent of the ice sheet area that reaches the melting point and begins to produce basal 287 
meltwater for various limits over the 1 million years of model simulation. f) Margin outlines for various supply limits ranging 288 
from 1X (Black) to 40X (Yellow). 289 

 290 
The average thicknesses and average velocities for the various supply limits are shown in   291 

Figure 6b. With the exception of the 1X case, supply limit has little effect on thickness. Velocity 292 

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800 900 1000

Ar
ea

(M
km

2 )

Time (Kyr)

1X
2X
4X
8X
16X
40X

Areas

0

200

400

600

800

1000

1200

1400

0 200 400 600 800 1000
0

1

2

3

4

5

Av
g.
Th
ic
kn
es
s
(m
)

Av
g.
Ve
lo
ci
ty
(m
/y
r)

Time (Kyr)

1X
2X
4X
8X
16X
40X

Average Thickness and Velocity

0

5

10

15

20

25

0 100 200 300 400 500 600 700 800 900 1000

Vo
lu
m
e
(M
km

3 )

Time (Kyr)

1X
2X
4X
8X
16X
40X

Volume

210

215

220

225

230

235

240

245

250

0 100 200 300 400 500 600 700 800 900 1000

Te
m
pe
ra
tu
re
(K
)

Time (Kyr)

1X
2X
4X
8X
16X
40X

Average Basal Temperature

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800 900 1000

Pe
rc
en
t

Time (Kyr)

1X
2X
4X
8X
16X
40X

Percent Water

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

1000

2000

3000

4000

5000

 

−3000 −2000 −1000 0 1000

 

Margins: 1X 2X 4X 8X 16X 40X

a) b)

c) d)

e) f)



manuscript submitted to ICARUS 

 13 

clearly trends with available supply, with larger limits permitting faster flow. It is worth noting 293 
that significant flow does not begin to occur until average thickness has reached ~800 m, after 294 
which it remains constant.  295 

 296 
 297 
Ice sheet volumes for various supply limits are shown in Figure 6c. Cases 1X to 16X have 298 

clearly reached an equilibrium state where growth has depleted the supply (Figure 5b). With 299 
further growth the accumulation component would be further reduced, resulting in overall 300 
shrinkage of the ice sheet back to its equilibrium configuration. Only the 40X case is still 301 
growing after 1 million years.   302 

 303 
The average basal temperatures for the various supply limits are shown in Figure 6d. All start 304 

at 215 K, the average surface temperature defined by the GCM (Figure 1c). As ice thickens,  305 
insulating the bed, average basal temperatures increase, with little difference among the different 306 
supply limit cases.  307 

 308 
The percentage of the ice sheet area that reaches the melting point is shown in Figure 6e. 309 

Note that no melted bed appears in any case until ~50,000 years, at which time the average 310 
thickness in all cases is ~400 m. All increase rapidly after this point, reaching a plateau at 311 
between 180,000 (1X) and 300,000 (40X) years. Much of the increase in melting area for the 312 
larger supply limits is due to the ice sheet growing further into the warmer ablation zone on the 313 
floor of the Hellas basin (Figure 1e).   314 

 315 
The contours of zero ice thickness representing the margin outlines of the ice sheet for 316 

various supply-limit cases are shown in Figure 6f. The 1X case (black) is largely confined to the 317 
basin rim with only minor flow down the eastern wall. For the largest supply-limit case, 40X 318 
(yellow), flow reaches far into the basin and even merges with ice from the western wall. 319 
 320 

2.2 UMISM Thermodynamics:  321 
The thermodynamics of the ice is dictated by the boundary conditions, in particular the 322 

specified surface mean annual temperature and the basal geothermal heat flux, with additional 323 
internal heat sources generated from shear heating. The interaction between the thermodynamic 324 
properties (internal and basal temperatures, melted bed) and the mechanical properties of the ice 325 
(ice hardness, presence of lubricating water at the bed that leads to sliding) is complex. Thicker 326 
ice tends to be warmer throughout the column and at the bed due to the insulating properties of 327 
the overlying ice defined by the geothermal flux. This source of heat entering the base of the ice 328 
column can also be expressed as a temperature gradient in the form of the conductivity. The 329 
geothermal flux considered here, 55 mW/m2 (Grott and Brauer, 2010), corresponds to a 330 
temperature gradient in the ice between 24 K/km (for ice at the melting point) to 18 K/km (for 331 
ice at 226 K). For example, an ice column with a surface temperature of 226 K would need to be 332 
approximately 2.25 km thick for the bed to reach the melting point (an average temperature 333 
within the column of 250 K corresponding to a temperature gradient of 21 K/km). 334 
 335 

The additional source of heat, shear heating, that adds to that of the geothermal flux, occurs 336 
in two ways: 1) as heat generated in the ice column, expressed a twice the product of strain rate 337 
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(the gradient of the horizonal velocity, the column-average of which is shown in Figure 7d), and 338 
stress (a linear variation of the driving stress from zero at the surface to its maximum value at the 339 
bed that is shown in Figure 7a), and 2) friction at the bed that accompanies sliding, in this case 340 
expressed as the product of the sliding velocity and the basal shear stress. 341 

  342 

 343 

Figure 7: a) Driving stress, b) shear heating contribution as percentage of geothermal flux (55 mW/m2), c) bed warming, the 344 
difference between GCM-specified surface mean annual temperature and basal temperature, with region at the melting point 345 
outlined in black d) resulting ice velocity. 346 

 347 
Sliding occurs where the bed is lubricated by meltwater produced when the bed reaches the 348 

melting point, shown by a heavy black outline in Figure 7c. Figure 7c shows the amount of 349 
warming of the bed relative to the specified surface temperature that depends primarily on the ice 350 
thickness and geothermal flux (augmented by any additional shear heating). A warmer bed also 351 
implies warmer conditions throughout the ice column; this affects the mechanical properties of 352 
the ice, making it softer and less resistant to deformation.     353 
 354 
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The result is lower slope, and consequently lower driving stress (proportional to the product 355 
of ice thickness and surface slope), as the ice is both warmer and there is less resistance. This is 356 
apparent in the dark blue region on the floor of the basin in Figure 7a. However, the faster flow 357 
(the red in Figure 7d) results in significant shear heating, shown as the percentage of the 55 358 
mW/m2 geothermal flux in Figure 7b.  359 
 360 

On the eastern Hellas basin wall the situation is more complex, with narrow “streams” of 361 
melt-produced sliding (see Figure 12) separated by frozen bed regions where internal 362 
deformation flow is occurring. In the sliding streams the driving stress may be less, but the 363 
velocity is higher. In the flow regions, velocity may be lower, but the driving stress is larger, 364 
producing shear heating that contributes up to an additional 50% of the value of the geothermal 365 
flux. This warms the ice column more than would be produced by the geothermal heat flux 366 
alone. 367 

2.3 Debris Cover from Sublimating dusty ice (MSIM):  368 
MSIM, a suite of programs that can calculate the buildup of lag as an ice layer with a 369 

specified dust content sublimates (Schorghofer 2010) was adapted to assess orbital predictions 370 
from a solution for Mars over the last 21 million years (Laskar et al. 2004), shown in Figure 8a. 371 
MSIM, as we have used it, only considers the removal if ice by sublimation and vapor transport 372 
through the overlying debris layer, which as it thickens slows the rate of sublimation. The initial 373 
rate is quite high, dropping by an order of magnitude as the lag layer forms from the dust content 374 
of the ice. A layer of fresh snow deposited on top of the lag would sublimate rapidly, 375 
contributing its dust load to the lag layer, but the ice beneath the lag would still be protected by 376 
the debris cover (e.g., Wilson and Head, 2009 ). 377 
 378 
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 379 

Figure 8: a) Laskar et al. 2004 solution for the obliquity of the last 21 million years. The 15 million year period where the 380 
obliquity is consistently high is used to drive the MSIM model of ice removal and lag generation. b) Surface Temperatures driven 381 
by the Laskar obliquity (black line) and well as mean annual temperatures (bottom colored lines) and peak temperatures (top 382 
colored lines). c) Lag thickness over the 15 million year modeled time. d) Ice thinning rate due to sublimation. 383 

 384 
Laskar et al. (2004) established that the orbital solution was chaotic, such that only the most 385 

recent 20 million years was deterministic (Figure 8a). Within that period there is a pronounced 386 
shift in obliquity around 5 million years from the current relatively low average (15-35, mean 26) 387 
to a higher obliquity pattern (24-48, mean 36). Beyond that time many different solutions were 388 
presented, each with its own unique temporal pattern. Laskar et al. (2004) also established that 389 
the most probable obliquity was 42 degrees, the value used in the GCM climate simulation. 390 
MSIM, used to describe the sublimation and lag formation, accepts orbital parameters in its 391 
calculations, so we chose to use the early part of the robust Laskar et al. (2004) solution as 392 
typical of what a higher obliquity orbital solution would look like (Figure 8d).  393 

 394 
The model is run for a latitude of 40S at an elevation of -6600 m typical of a point within the 395 

Hellas Basin. The ice is assumed to have 3% dust content, and the resulting lag to have formed 396 
as the ice sublimates, and is assumed to have a porosity of 40% (Schorghofer, 2007). Simulations 397 
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were performed for 6, 18, 30, 60, 180, and 300 mbars. Surface temperatures (both mean annual 398 
and peak) for the first 1.5 million years are shown in Figure 8b for a faint young sun case (80% 399 
of current luminosity). Peak temperatures (the top set of lines, all of which are well above the 400 
melting point) are warmest during high obliquity, whereas mean annual temperatures are 401 
warmest during low obliquity. Increasing atmospheric pressure from 6 to 300 mbars raises the 402 
mean annual temperature by close to 30 K. The buildup of a lag layer for the various pressures 403 
for the full 15 million years is shown in Figure 8c, with the 6 mbar case achieving a lag thickness 404 
of 39 cm while sublimating just under 8 m ice, whereas the 300 mbar case lag thickness exceeds 405 
3 m while removing over 60 m of ice. 406 

 407 
Sublimation is initially rapid, the order of cm/year, but decreases by 2 orders of magnitude 408 

within a thousand years as the growing lag layer serves to insulate the ice as well as provide a 409 
barrier for the diffusion of vapor to the atmosphere. After 1 million years sublimation rates have 410 
dropped to a few microns per year, but they never decrease completely to zero, except for the 411 
lowest pressure. The rate of ice thinning by sublimation for the first 1.5 million years is shown in 412 
Figure 8d. Lag thickening is basically identical, since whatever is removed from the ice adds a 413 
specific amount to the lag layer (5.15 cm of lag for every meter of ice removed defined by the 414 
3% dust content of the ice and the 40% porosity of the resulting lag). 415 
 416 

Assuming that the rate of thinning shown in Figure 8d has stabilized from the transient 417 
values typical of its initial rapid thinning, we can estimate how long it would take to remove 418 
1000 m of ice, resulting in a 50 m thick lag layer. Averaging the rates over the last million years 419 
of the 15 million years modeled, we find that for the lowest pressure (6 mbar), it would take over 420 
90 billion years to completely remove 1000 m of ice. The higher pressure cases have higher final 421 
rates and hence remove the ice more rapidly. The 180 mbar case persists for just over 1 billion, 422 
while for the highest pressure model, 300 mbar, the 1000 m of ice lasts just 860 million years. 423 
Since the ambient atmospheric pressure history of Mars is largely unconstrained, we predict, on 424 
the basis of these results, that ice in the Hellas basin could easily persist into the present if it were 425 
ever deposited in the past. Analogous results are shown in Figure 9 for the lowering ice surface 426 
with the resulting lag layer, driven by the Laskar et al. (2004) orbital solution thought to have 427 
been typical in the past. 428 

 429 
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 430 

Figure 9: Ice surface and lag layer generated from 3% ice dust content and 40% lag porosity for the various pressures modeled. 431 

 432 

3 Analysis 433 
On the basis of the large scale and integrated nature of the ice accumulation zones, regions of 434 

flow, and zones of ablation in the Hellas region (Figure 1), we use standard terrestrial glacial 435 
terminology and refer to this region as the Hellas Glacial System (HGS). The HGS consists of 436 
inputs (precipitation), stores (mass of ice added to by accumulation and lost by ablation), 437 
transfers (glacial movements due to topographic gradient and increasing source accumulation) 438 
and outputs (ablation, consisting of melting and sublimation) (Benn and Evans, 2014). 439 

 440 
We begin with the GCM scenario for a glaciated early Mars (Wordsworth et al. 2013, Forget 441 

et al. 2013) shown in Figures 1c,e. Scanlon (2016) and Scanlon et al. (2018) explored more than 442 
30 climate scenarios with obliquities ranging from 15-42 degrees, pressures from 125-1000 mb, 443 
and atmospheres of pure CO2, as well as those warmed by added grey gases. We used each 444 
scenario to provide input to a GFM (the University of Maine Ice Sheet Model, UMISM, adapted 445 
for Mars (e.g., Fastook & Head 2014, 2015; Fastook et al. 2008, 2011, 2012, 2014).       446 

 447 
We examined in more detail the most probable obliquity scenario, ~ 42 degrees according to 448 

Laskar et al. (2004), with a 1000 mb pure CO2 atmosphere and a faint young sun (Wordsworth et 449 
al. 2013, Forget et al. 2013). These results predicted the development of an ice sheet on the 450 
eastern Hellas rim, that flowed down the eastern wall of Hellas, almost completely covering the 451 
Hellas basin floor (Figures 1a,b).  This broad region of the floor closely corresponds to the area 452 
of the Alpheus Colles Plateau (ACP). The ACP is a large (~750,000 km2) broadly lobate, 453 
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convex-to-the-west region located on the central and western Hellas basin floor, described as a 454 
thick multilayered deposit dominated by knobby and hummocky terrain (Moore and Wilhelms, 455 
2001). It has subsequently been shown to be subdivided into a NW belt of chaotic terrain 456 
(multiple, relatively large elongated layered knobs/hills) and a relatively smoother central part 457 
containing multiple smooth lobate shapes overlying the ACP floor; these have been interpreted 458 
to have formed through a remobilization of an ice-rich deposit of possible glacial origin that was 459 
originally deposited during periods of high obliquity (e.g., Bernhardt et al., 2016a; Diot et al., 460 
2016). The Alphaeus Colles Plateau is separated from the western Hellas floor by an arc-like 461 
scarp (Figure 1a,b; marked ACP in Figure 1d), west of which lies a region of highly deformed 462 
lower-lying deposits known as the banded terrain (Diot et al, 2016; Weiss and Head, 2017; 463 
Bernhardt et al., 2019).   464 

 465 
The surface temperatures in this scenario showed no mean annual temperature above 466 

freezing, even on the Hellas basin floor (Figure 1c). However, the UMISM model results showed 467 
large areas of melted bed that appeared to derive from the added shear heating on the relatively 468 
steeper basin wall (Figures 7b,c).  To investigate this further, an embedded region centered on 469 
Hellas with higher resolution (Figure 4f) was run using the same GCM scenario to investigate in 470 
more detail the behavior of ice flowing down the relatively steep slopes (average slope of 0.3 471 
degrees on the eastern wall) from the large accumulation zone on the eastern Hellas rim, where 472 
accumulation rates from the GCM are predicted to be several cm/yr (Figures 1e and 4d).  473 

 474 
How much water is available during the Late Noachian? The quantity of interest is the 475 

amount of water that is available in the surface and near-surface environment (Carr and Head, 476 
2014, 2015). Analysis of Amazonian-aged pedestal craters (Kadish et al., 2010) and mid-latitude 477 
Amazonian glacial deposits (Fastook and Head, 2013) suggest that ice accumulation was 478 
“supply-limited”: this means that the amount of ice available for mobilization and deposition was 479 
limited by the supply of water available as ice in a) the polar layered terrains or other high 480 
latitude glacial ice accumulations, b) near-surface shallow ice deposits and c) the upper regolith. 481 
Carr and Head (2015) estimated the current near-surface water budget as an ~34 m GEL (we 482 
describe this as 1X) and predicted that the Late Noachian near-surface value was about twice this 483 
value (2X). Due to uncertainties in this number (e.g., Scanlon et al., 2018, ~136 m GEL, 4X; 484 
Rosenberg et al., 2019, >640 m GEL, >18.8X) we employ a range of Late Noachian 485 
surface/near-surface water budgets as “supply-limits” in multiples of the estimated current value. 486 
Utilization of the current Mars 1X inventory produces only a limited ice sheet forming on the 487 
eastern rim and wall (Figure 10a), and does not produce any flow down onto the Hellas basin 488 
floor, consistent with observed Amazonian-aged glacial features (Head et al., 2005; Holt et al, 489 
2008).  Since we are assessing the plausibility of ice flow into Hellas, we start with a supply limit 490 
of 4X (136 m GEL), corresponding to the limit found by Scanlon et al. (2018) that agreed well 491 
with the south circumpolar Dorsa Argentea Formation (DAF) footprint. Other supply limits 492 
modelled include 8X (272 m GEL), 16X (544 m GEL), and 40X (1360 m GEL), all significantly 493 
below the 5000 m GEL proposed by Luo et al. (2017). 494 

 495 
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 496 

Figure 10: Ice thickness for the various supply limits. 497 

 498 
When UMISM is run in a supply-limited mode, only a finite amount of water is available to 499 

build ice sheets (appearing as the supply-limit reduction parameter shown in Figure 5b). This 500 
process results in a reduction of the area with positive net mass balance as the accumulation 501 
component is reduced by the supply-limit reduction parameter  (Figure 1f shows the resulting 502 
reduction for a 16X supply limit). Runs of 1 Ma are generally sufficient for the resulting ice 503 
sheet to reach an equilibrium configuration. Figure 1d shows profiles crossing Hellas from West 504 
to East along the red line in Figure 1b. The 4 lines show profiles for 4X (red, thinnest profile), 505 
8X (blue), 16X (purple), and 40X (gold, thickest profile; ~1360 m GEL). The labelled scarp at -506 
1750 km corresponds to the profile crossing the western edge of the Alpheus Colles Plateau 507 
(ACP). Glacial ice thicknesses on the Hellas floor are up to the ~2 km range. Also shown in 508 
Figure 1d are representative velocities along the profiles.  509 

 510 
Of interest in determining the distribution and magnitude of basal melting is the bed 511 

condition. Mean annual surface temperatures from the 1 bar, 42 degree obliquity GCM results 512 
for the bottom of Hellas are ~240 K, relatively warmer than the rim at ~210 K (Figure 1c). 513 
Estimates of the current Hellas basin geothermal heat flux range from ~20 (Plesa et al. 2016) 514 
to >35 mW/m2 (McGovern et al. 2004), with the likelihood that the flux has decreased by as 515 
much as a factor of two since the end of the Noachian (Montési & Zuber 2003, Solomon et al., 516 
2005). Ruiz et al. (2011) estimate a minimum Noachian flux for the Hellas basin of ~55 mW/m2 517 
and we adopt that value for the modelled region.  518 
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 520 

Figure 11: Basal melting rates where the bed reaches the pressure melting point for the various supply limits. 521 

 522 
With shear heating contributing on the steeper basin wall slope, much of the bed reaches the 523 

melting point, liquid water is produced, and enhanced flow velocities due to sliding can occur 524 
(Figures 6b,e).  Figure 10 shows the equilibrated ice thickness, Figure 11 the computed basal 525 
melting rate, and Figure 12 the resulting ice flow velocities for the sampled supply limits (1X to 526 
40X). Of note are the numerous patches and corridors of relatively high-velocity ice flow 527 
features that follow inlet valleys on the basin wall. Since UMISM is using unmodified current 528 
topography we do acknowledge that these valleys were not in their present form at this time. 529 
However, glacial flow in this are may have been “pre-processed” by glacial flow-induced 530 
topography so that they became preferred pathways for later fluvial flow. With the relatively 531 
warmer basin floor surface temperatures (~240 K), much of the ice sheet bed is at the melting 532 
point. The thick ice at the base of the basin wall is also melted at the bed. The contribution due to 533 
shear heating is significant due to the relatively steeper surface slopes producing a high driving 534 
stress (Figure 7a). Of the four sampled supply limits, 16X and 40X are closest to the scarp edge 535 
of the ACP (16X slightly smaller; 40X slightly larger).  536 
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 538 

Figure 12: Ice velocity for the various supply limits. 539 

 540 

4 Discussion 541 
On the basis of our combined GCM results (1 bar atmospheric pressure, 42 degree obliquity, 542 

faint young sun) with the UMISM GFM analysis of the Hellas Glacial System, we synthesize the 543 
results and address the following series of questions in order to clarify the nature and distribution 544 
of the predicted glacial deposits and how we might assess these results in the future with further 545 
geological observations: 546 

 547 
1. What was the predicted areal distribution and thickness of ice accumulation on the eastern 548 

Hellas rim?: The initial accumulation area footprint (Figure 1e) is 14 Mkm2, 56% of the 549 
modelled region, and as the simulation starts, this area is immediately covered with accumulated 550 
ice so that for each supply limit the area of the initial ice sheet is close to this value. For each 551 
supply limited case, this ice cover initially decreases as the positive component of the net mass 552 
balance is decreased, as the volume increases toward the supply limit, resulting in movement 553 
toward the mass balance pattern shown in Figure 1f (the 16X supply limit at 1 Myr). In the 4X 554 
and 8X cases, this decrease is monotonic, with the areas of the 4X and 8X cases at 1 million 555 
years dropping to 7 and 9 MKm2 respectively (Figure 3c). 556 

 557 
Average thicknesses are similar for all supply cases, increasing monotonically, with most 558 

rapid thickening before 200,000 years, reaching 1400 m (4X) to 1529 m (5X) at 1 million years 559 
(Figure 6b). Total volumes also increase monotonically, again rapidly until 200,000 years, 560 
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followed by slower growth until 1 million years, at which point volumes are 10 (4X) to 21 (40X) 561 
Mkm3 (Figure 6c).  562 

 563 
2. How much of the ice sheet bed is predicted to melt?: Initial average basal temperatures 564 

(Figure 1c), show little difference among the supply limit cases, all beginning at 214 K, and 565 
increasing to 247 K (4X) to 245 K (40X) (Figure 6d). The percent of the ice sheet bed area that 566 
reaches the melting point is 7.5% (4X) to 15% (40X) (Figure 6e). Melt rates (Figure 11) show 567 
average rates of 1.2 (4X) to 2.1 (40X) mm/year. Combining these with the simulation areas and 568 
percentages of bed melted, this yields a total basal meltwater production rate of 0.7 (4X) to 4.3 569 
(40X) km3/year that would potentially be released from beneath the ice sheet (Table 1; Figure 6).  570 

 571 
3. Under what conditions is significant ice flow predicted to begin and at what rates?: Ice 572 

flow does not begin until the ice is sufficiently thick and has a surface slope to provide a driving 573 
stress (Figure 7a). Given that the GCM mass balance (Figure 1e) is maximum on the eastern 574 
Hellas wall, ice will thicken there first, with a slope determined by the mass balance spatial 575 
distribution and the underlying bed slope. Wall ice will flow preferentially downslope into the 576 
ablation area at the basin floor (Figures 1d,e,f). We find that the average velocity over the entire 577 
ice sheet increases linearly with the growing average thickness until average thickness reaches 578 
~1000 m at ~400,000 years, after which it remains approximately constant for all four supply 579 
limit cases. Average velocity differs, reaching 1.8 m/year for the 4X case, to 3 m/year for the 580 
40X case (Figure 6b). In areas where the bed is melted (Figure 11) velocities reach 10-20 m/yr 581 
with localized regions exceeding 40 m/yr (Figure 12). This compares to peak velocities in 582 
McMurdo Dry Valleys cold-based glaciers that approach ~40 mm/year (Rignot et al., 2002) 583 
showing the potential significance of wet-bed sliding in the Hellas basin region. 584 

 585 
4.  How much is ice predicted to accelerate when it flows down the interior wall?: The fastest 586 

flow occurs at maximum driving stress and produces shear-heating within the ice column, further 587 
softening the ice and further accelerating flow. With this additional warming, the bed reaches the 588 
melting point (while perchlorates can lower the melting point; Hecht et al., 2009; Sori and 589 
Bramson, 2019; the melting point is assumed to be 273 K), and lubricating meltwater is 590 
produced, leading to sliding (i.e. plug flow). This phenomenon is observed on the Hellas wall 591 
(Figure 11) in the form of patches, as well as linear “streaming” features (Figure 12), the largest 592 
of which corresponds to Dao Vallis. Internal temperatures increase with depth due to the basal 593 
geothermal flux and internal shear heating, so that where the ice is thick enough, the base of the 594 
bed can also reach the melting point. This condition is observed at the base of the basin wall, 595 
where ice reaches its maximum thickness (Figure 10), and this too produces lubricating melt 596 
water (Figure 11) leading to faster sliding (Figure 1d and Figure 12). Due to the basin floor being 597 
in the ablation zone, a companion effect is that warmer deep ice is brought to the surface by 598 
advection, warming and softening the overall ice column. 599 

 600 
5. What is the predicted location of non-ice debris and its provenance in the modeled Hellas 601 

Glacial System (HGS)?:  The locally mountainous topography of the Hellas basin rim (Hesperia 602 
Planum) displays numerous currently exposed peaks and massifs ranging up to 2-3.75 km above 603 
the plains surface (Ivanov et al., 2005; Head et al., 2005). Noachian ice thickness estimates are in 604 
the 1.4-1.5 km range, and so there should be numerous nunataks shedding debris down onto the 605 
ice surface to provide debris cover on adjacent HGS flowing ice. Additional debris cover 606 
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contributions come from impact crater ejecta (e.g., Schultz and Mustard, 2004),  atmospheric 607 
dust (e.g., Kahre et al., 2017), and volcanic ash (e.g., Wilson and Head, 2009).  Sublimating 608 
dusty ice has been shown to produce an armoring lag layer that can reach several meters 609 
thickness in under 1 million years (Figure 8 and 10; Schorghofer 2010). While such debris 610 
thicknesses are unknown for Mars, on the Mullins debris-covered glacier in the Antarctic Dry 611 
Valleys thicknesses reach ~50 cm (Marchant and Head, 2007). In addition, when the glacier 612 
accelerates and wet-based glaciation begins on the basin wall, underlying sediment and 613 
contributions from bedrock erosion are added to the base of the glacier.  Thus, when the glacier 614 
reaches the basin floor it should be characterized by a surface debris cover and basal debris 615 
contributions from its wet-based phases. 616 

 617 
6.  Is the Hellas floor component of the glacial landsystem predicted to cover the entire floor 618 

and what is its fate subsequent to the end of the active glacial phase?:  A large portion (~85%) of 619 
the Hellas basin floor is covered by the Alpheus Colles Plateau, which is bounded by a major 620 
scarp in the WNW portion of the current basin (Figure 1a). Berhardt et al. (2016a) identified two 621 
units within the ACP. The hummocky member Hih is thought to have resulted from a 622 
combination of fluvial, glacial, and aeolian processes sourced from Hesperia Planum, with the 623 
additional possibility of lava-ice interactions. The emplacement of the abundant lava flows that 624 
formed the subsequent Hesperian ridged plains may have resulted in large volumes of lava 625 
flowing out on top of the rim/wall/floor ice deposits, resulting in both contact melting, formed by 626 
the initial conductive transfer of heat from the lava flow to the ice substrate, and deferred 627 
melting, induced at a later time due to raising of the melting isotherm into the base of the ice 628 
deposit (e.g., Cassanelli & Head, 2016), as well as possible loading effects causing subsurface 629 
ice flow and surface deposit deformation (e.g., Fastook and Head, 2019). The knobby member 630 
Hik was possibly formed by loss of ground ice during retreat of an ice sheet. We hypothesize that 631 
the ACP scarp may represent the margin of a reworked and evolved remnant of the original 632 
debris-covered glacial floor deposit. Thickness maps (Figure 10) show that for the four sampled 633 
supply limits, basin floor cover is 31% (4X) to 88% (40X). While the GCM results define the 634 
floor of Hellas as an ablation area (Figure 1e,f), it is also relatively cold (Figure 1c) and ablation 635 
that occurs there may be dominated by sublimation rather than melting.  In addition, as in the 636 
case of Amazonian glaciers (e.g., Head et al., 2005; Holt et al., 2008), the sublimation lag may 637 
significantly retard ablation and help preserve ice below the debris cover (Schorghofer 2010, 638 
Bramson et al, 2017). 639 

 640 
7. What is the predicted approximate thickness and volume of glacial ice thought to be on the 641 

Hellas floor at the end of active glacial growth?:  The modelled region (Figures 1, 10-12) has an 642 
area of 25.13 Mkm2. Within that grid the ice cover ranges from 31% (4X) to 60% (40X). 643 
Average ice thickness is 1292 to 1417 m and total ice sheet volume is 10 to 21 Mkm3 (71 to 147 644 
m GEL) for the four cases. 645 

 646 
Limiting our attention to only the Hellas basin floor (those points lower than -6200 m 647 

elevation), the basin floor area is 2.3 Mkm2, and ice cover is 31  to 88% for the four cases. 648 
Average thickness on the basin floor is 1350 to 1761 m, with maximum thicknesses of 2591 to 649 
3333 m for the four cases. Basin floor ice volumes range from 1 to 3.6 Mkm3 (6.6 to 25 m GEL).  650 
This raises the possibility that significant amounts of ice may remain sequestered below glacial 651 
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till on the basin floor, and unaccounted for in Noachian global water inventory estimates (e.g., 652 
Carr and Head, 2015).   653 

 654 
8.  What are the factors producing basin floor meltwater and where, and how much 655 

meltwater is predicted to be produced?: Much of the basin floor ice-covered area reaches the 656 
melting point at its base. Of the total basin floor area (2.3 Mkm2), ~24% to 75% is melted, 657 
producing ~114 to 1473 km3/yr of basal meltwater (~0.8 to 10 m GEL/Kyr). The basin floor is 658 
completely in the ablation area, and that can also potentially produce meltwater. Meltwater from 659 
top-down melting can follow several routes. 1) Melt water originating near the margin of the ice 660 
sheet can run off the surface onto the adjacent ice-free landscape, potentially ponding in 661 
topographic depressions. Given the low mean-annual temperatures these lakes would have frozen 662 
surfaces, and in some cases might be completely frozen. 2) If there is a significant firn layer in 663 
the upper reaches of the ice sheet, the meltwater can percolate into the firn. Given the low mean-664 
annual temperatures this water can refreeze at depth, filling the firn pore space while at the same 665 
time delivering latent heat that warms the layer at which refreezing occurs. This added heat 666 
softens the ice allowing greater deformation and flow. As the pore space in the firn fills, making 667 
the ice less permeable, the meltwater will be more likely to flow off the surface of the ice onto 668 
the adjacent ice-free landscape. 3) Meltwater flowing across the surface of the ice sheet can form 669 
ponds, effectively insulating the ice sheet surface from diurnal temperature variation. Again, the 670 
low MAT means these ponds can refreeze, delivering latent heat to the upper layers of the ice 671 
sheet. 4) Ponds and surface streams can drain into moulins. As with percolation into firn, this 672 
meltwater can refreeze at depth, delivering latent heat, or it can reach the bed where it can 673 
refreeze or contribute to the basal meltwater hydrology, which can lead to enhanced flow and 674 
potential sliding on a lubricated bed.  This additional meltwater volume ranges from  ~138 to 675 
325 km3/yr (1 to 2.2 m GEL/Kyr). 676 
 677 

9.  What is the predicted fate of top-down and bottom-up meltwater and could there have 678 
been a lake or sea associated with the emplacement of the Hellas Glacial Landsystem?:  Our 679 
GFM results predict that as much as 114 to 1473 km3 per year of meltwater might be produced 680 
by basal melting for each of the four supply limits. This is in addition to the top-down melting 681 
from surface ablation dictated by the GCM results of Figure 1e,f  (138-305 km3 per year for the 682 
four cases).  Basal meltwater could emerge laterally in front of the glacier on the NW Hellas 683 
floor, ascend to the surface locally due to overburden pressure, or freeze to the glacial base when 684 
the glacier transitioned to cold-based conditions.  Surface meltwater can flow directly off the 685 
surface or contribute to basal lubrication, ultimately reaching the margin along with the basal 686 
meltwater. Despite being relatively warmer than the basin rim and wall, the basin floor MAT 687 
was well below 273K, suggesting that any meltwater at the surface was likely to be transient and 688 
would freeze relatively rapidly, then ablating and returning to snow out in the glacial 689 
accumulation areas.   690 

 691 
10. Does the interpreted current configuration of ice on the Hellas basin floor provide any 692 

information about the total active HGS duration and the Late Noachian global water budget?:  693 
Simulations for all four supply limit cases were run for 1,000,000 years, at which point the HGS 694 
had reached a steady state. This is a balance where, as the ice sheet volume approaches the 695 
supply limit, the positive accumulation component of the mass balance is reduced. It is 696 
understood that debris cover can also reduce the negative ablation component (Bramson et al. 697 
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2017), however, our main concern is to account for the net mass balance as ice flows out of the 698 
accumulation area and into an ablation region.  Our processing of the GCM results into separate 699 
accumulation and ablation components allows us to reduce accumulations as the supply limit is 700 
approached, but we leave the ablation unchanged as ablation is likely due to local conditions 701 
(latitude, elevation, season) and hence expresses the potential for mass removal at that specific 702 
location regardless of accumulation amount. It is true that the evolution of an ice sheet does have 703 
the potential to alter its own local climate, but this is beyond the scope of our simulation, as we 704 
are assuming a static climate from the GCM results for the simulation duration. A future 705 
improvement in our understanding would be to couple a circulation model with a glacial model 706 
so that as the ice sheet evolved, it would modify its own climate. Additionally, for simulations 707 
greater than 100,000 years, one would need to vary orbital parameters, in particular, obliquity, 708 
since that has a significant influence on the distribution of climate across Mars. As previously 709 
described, this results in a reduction of the positive mass balance area (Figures 1e,f). Steady state 710 
is achieved when any further area reduction results in a shrinking ice sheet, which then increases 711 
the accumulation component. Orbital parameters, in particular obliquity, vary on the order of 712 
100,000 years, with an amplitude envelope of ~1.5 million years. The GCM we utilized 713 
employed an obliquity of 42 degrees, a value thought to be “most probable” for the Late 714 
Noachian-Early Hesperian (Laskar et al., 2004). On the basis of our analysis, the Hellas Glacial 715 
System would need at least a few 105 years to form and about 106 years to reach equilibrium. As 716 
is apparent from Figure 6c, each of the supply-limit cases (with the exception of 40X) achieve 717 
between 60 and 80% of their equilibrium volumes within the first 105 years and 85 to 90% 718 
within 2 x 105 years. The HGS is related to the atmospheric pressure-induced adiabatic cooling 719 
effect typical of early Mars (Wordsworth et al., 2013), modulated by obliquity variations (Laskar 720 
et al, 2004), and thus the duration of the HGS could have been in the 106-108 year range, a 721 
duration not uncommon in Earth’s glacial history (Crowell, 1999). 722 

 723 
Noachian glacial ice may remain sequestered on the Hellas basin floor below a protective 724 

sublimation till cover, and unaccounted for in current water budget estimates (e.g., Carr and 725 
Head, 2015).  In the 4X case, which corresponds to 136 m GEL, over half is contained in the 726 
equilibrium Hellas Glacial Landsystem. Of that, 6.6 m GEL (close to 5%) are on the basin floor 727 
where  some fraction is potentially covered by debris and effectively removed from the active 728 
atmosphere.  Hellas floor volume predictions for other supply limits are 8X (11 m GEL), 16X 729 
(17 m GEL), and 40X (25 m GEL).  Thus, any ice deposits currently sequestered below the 730 
surface of the Hellas basin floor should be added to the Late Noachian-Early Hesperian global 731 
water budget estimates of Carr and Head (2015). 732 

 733 
Also uncertain is the cause and timing of the demise of the Hellas Glacial System, and the 734 

role played by the immediately following Early Hesperian phase of global volcanism (e.g., Carr 735 
and Head, 2010).  More detailed stratigraphic analysis of the relationship between Hesperian 736 
ridged volcanic plains and related deposits, and the substrate on which they were emplaced, 737 
using criteria outlined in Cassinelli and Head (2016), could help determine if there was a Late 738 
Noachian-Early Hesperian Hellas Glacial System, and if so, whether these volcanic events might 739 
have led to its demise. For example, the lava flows that formed the Hesperian ridged plains may 740 
have resulted in large volumes of lava flowing out on top of the ice deposits, producing 741 
significant contact and deferred melting (e.g., Cassanelli & Head, 2016), and possible loading 742 
effects causing subsurface ice flow and surface deposit deformation (e.g., Fastook and Head, 743 



manuscript submitted to ICARUS 

 27 

2019).   Furthermore, Hesperian lava flows superposed on the eastern Hellas rim glaciers could 744 
have produced significant volumes of meltwater (e.g., Cassanelli and Head, 2016; 2018), 745 
forming associated outflow channels and contributing to the demise of the HGS. These 746 
prediction serve as further assessments of the prediction of the model outlined here. 747 

 748 

5 Conclusions 749 
On the basis of our analysis of the accumulation and flow of ice on the rim of the Hellas 750 

basin utilizing predictions from Late Noachian GCM, we conclude that significant ice 751 
accumulation could have occurred on the eastern basin rim and that the relatively steep basin 752 
wall slopes would produce significant glacial flow down onto the basin floor.  Basin wall slopes 753 
are sufficiently steep that shear heating would cause areas of the glacier bed to reach the melting 754 
point and wet-based glacial conditions to ensue, further enhancing flow velocities.  Such wet-755 
based conditions along the walls could have caused significant substrate erosion. If the cold and 756 
icy climate predicted by the GCMs was the ambient climate for any significant part of the ~400 757 
Ma-long Noachian, such substrate erosion may be partly responsible for the missing mass 758 
(Tanaka et al., 2002; Ivanov et al., 2005) and unusual shape of the Hellas basin rim and wall in 759 
this direction (Figure 1a), and deposition of significant volumes of material removed from the 760 
basin wall onto the basin floor. 761 

 762 
In addition, thicker ice and rising geotherms on the eastern basin floor would produce wet-763 

based glaciers that would have proceeded to flow out onto the basin floor and cover a significant 764 
part of the floor (Figures 10, 11), the extent depending on supply limitations.  Basal and surface 765 
meltwater are predicted to have readily drained onto the basin floor beyond the ice margin and 766 
may have formed a large lake/sea, with the total volume of meltwater being supply and 767 
temperature-limited.  Despite the relatively higher atmospheric surface temperatures on the deep 768 
floor of Hellas (Palumbo and Head, 2019), a Hellas floor lake/sea surface would have been ice 769 
covered for most of the year.  Under these conditions, the hydrological system is predicted to be 770 
horizontally stratified (shear heating itself on the walls does not melt the cryosphere), except 771 
possibly on the eastern basin floor (the locations of thickest ice/basal melting; Figures 1d, 10-12) 772 
where ice might be thick enough to remove the interstitial ice in the bedrock below the HGS if it 773 
remained for a sufficient duration (Palumbo & Head 2019).   774 

 775 
Our analysis highlights a number of outstanding questions that can help assess both the ‘cold 776 

and icy’ early Mars climate model, and the Hellas Glacial System model presented here, and 777 
further investigate their possible implications.  Could the HGS have been responsible for the 778 
glacial erosion of sufficient debris to account for the missing mass on Hesperia Planum (e.g., 779 
Ivanov et al., 2005; Tanaka et al., 2002)?  Could the routes of the later fluvial channels on the 780 
eastern Hellas wall have been “pre-processed” by focused glacial basal erosion?  Is the 781 
hypothesized amount of meltwater produced similar to the volumes and timing for interpreted 782 
ancient seas (e.g., Moore and Wilhelms, 2001) or are additional sources needed? Is there any 783 
evidence for the presence of residual buried glacial ice revealed in the topography, 784 
geomorphology and stratigraphy of the currently observed geological units on the floor of Hellas 785 
(e.g. Bernhardt et al., 2016a,b).  What is the origin of the low topography on the NW Hellas 786 
basin floor, and could the “honeycomb  and banded terrain” seen there (e.g., Weiss and Head, 787 
2017; Bernhardt et al., 2019) represent deformation of ancient residual glacial ice? 788 
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 789 
The sequence of events outlined in our HGS model and associated geomorphic processes 790 

provide a series of predictions that can be specifically assessed with detailed analyses of 791 
observational data for geomorphic features and stratigraphy of the Hellas basin. For example, 792 
buried glacial and frozen lake ice may be the layer seen deforming to produce diapiric-like 793 
structures on the basin floor (Bernhardt et al. 2016a, 2016b, 2019; Diot et al., 2016; Weiss & 794 
Head 2017); this “honeycomb terrain” in the deepest area of the western basin floor (the dark 795 
purple -7.5 to -7 km elevation; Figure 1a) is believed to have formed prior to the emplacement of 796 
the Hesperian-ridged plains, between ~3.7 Ga and 4 Ga (Bernhardt et al. 2016a, 2016b), and may 797 
offer a constraint on the timing of circum-Hellas glaciation. Unfortunately, the vast majority of 798 
Hellas floor SHARAD detections are due to roughness-induced clutter (e.g., Cook at al., 2020); 799 
any remaining HGS ice is likely buried beneath several meters of sublimation till, superposed 800 
volcanic plains and other units, making radar detection difficult. Furthermore, the western, 801 
northern and southern Hellas walls and rim have been the subject of many geological analyses  802 
(e.g., Tanaka and Leonard, 1995; Tanaka et al., 2014) and if the Hellas Glacial System was 803 
indeed present, as modeled in this analysis, the possible presence of the HGS in these areas, and 804 
assessment with the consistency of these geologic and stratigraphic studies, should be undertaken 805 
(e.g., see summary in Boatwright and Head, 2023).  806 
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