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Abstract

Although the nature of the early Martian climate is a matter of considerable debate, the presence of valley networks (VN)

provides unambiguous evidence for the presence of liquid water on Mars’ surface. A subaerial fluvial origin of VN is at odds

with the expected phase instability of near-surface water in the cold, dry Late Noachian climate. Furthermore, many observed

geomorphometric properties of VN are inconsistent with surface water flow. Conversely, subglacial channels exhibit many

of these characteristics and could have persisted beneath ice sheets even in a cold climate. Here we model basal melting

beneath a Late Noachian Icy Highlands ice sheet and map subglacial hydrological flow paths to investigate the distribution

and geomorphometry of subglacial channels. We show that subglacial processes produce enough melt water to carve Mars’

VN; that predicted channel distribution is consistent with observations; and corroborate geomorphometric measurements of

VN consistent with subglacial formation mechanisms. We suggest that subglacial hydrology may have played a key role in the

surface modification of Mars.

1
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Abstract 8 
Although the nature of the early Martian climate is a matter of considerable debate, the presence 9 
of valley networks (VN) provides unambiguous evidence for the presence of liquid water on Mars’ 10 
surface. A subaerial fluvial origin of VN is at odds with the expected phase instability of near-11 
surface water in the cold, dry Late Noachian climate. Furthermore, many observed 12 
geomorphometric properties of VN are inconsistent with surface water flow. Conversely, 13 
subglacial channels exhibit many of these characteristics and could have persisted beneath ice 14 
sheets even in a cold climate. Here we model basal melting beneath a Late Noachian Icy Highlands 15 
ice sheet and map subglacial hydrological flow paths to investigate the distribution and 16 
geomorphometry of subglacial channels. We show that subglacial processes produce enough melt 17 
water to carve Mars’ VN; that predicted channel distribution is consistent with observations; and 18 
corroborate geomorphometric measurements of VN consistent with subglacial formation 19 
mechanisms. We suggest that subglacial hydrology may have played a key role in the surface 20 
modification of Mars. 21 
 22 
Plain Language Summary 23 
Thousands of valley networks on Mars appear to have been carved by flowing water, and exhibit 24 
branching characteristics akin to river networks on Earth. Their origins, however, remain 25 
enigmatic for two primary reasons. First, ancient Mars was potentially cold, dry, and unable to 26 
support liquid water on its surface. Second, many physical characteristics of the valleys are 27 
inconsistent with features formed by precipitation and runoff. On Earth, water flowing beneath ice 28 
sheets produces channels with similar characteristics to Mars’ valley networks. Here we model the 29 
deposition and evolution of Martian ice sheets and show that melting at the ice sheet base is likely 30 
even under cold and dry surface conditions. The volume, regional distribution, and flow patterns 31 
of melt are consistent with the volume and dynamics needed to carve the observed valley networks. 32 
A subglacial origin for Mars’ valley networks accounts for their formation in a cold, dry climate 33 
and produces valley characteristics that match observations. In addition to improving our 34 
knowledge of the role that ice sheets play in shaping Mars’ surface, water rich regions at the base 35 
of ice sheets could be habitable environments. 36 
 37 
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1. Introduction 48 
 A puzzling class of geomorphic features on Mars is the widespread valley networks (VN) 49 
carved into the planet’s surface [Carr and Malin, 2000; Hynek et al., 2010; Luo and Stepinski, 50 
2009; Rossman III et al., 2008]. Concentrated in the southern mid-latitudes (Supplementary Figure 51 
S1), these features were initially assumed to be the result of surface water flow, exhibiting 52 
branching channel structures similar to those of terrestrial river systems (e.g. [Milton, 1973; 53 
Seybold et al., 2018]). Upon further observation, however, a number of VN properties are 54 
inconsistent with precipitation or groundwater driven formation mechanisms [Carr and Malin, 55 
2000; Gulick, 2001; Pieri, 1980]: U-shaped or rectangular valley cross sections; deep valley 56 
incision; uniform valley width over long distances; a dearth of small scale (<100 m wide) valleys 57 
– although this could be due to erosive processes [Hynek et al., 2010]; and the need for substantial 58 
surface runoff and precipitative/aquifer recharge capable of transporting the large volume of 59 
eroded sediment [Carr and Malin, 2000; Grau Galofre et al., 2020]. Additionally, numerous 60 
(though not all [Haberle et al., 2019]) climate models support the idea that the early history of 61 
Mars was dominated by cold, dry conditions not conducive to a hydrological cycle capable of 62 
forming the VN (e.g. [Haberle, 1998; Wordsworth et al., 2013; Wordsworth, 2016]). Any proposed 63 
formation scenario for Mars’ VN should be consistent with these observations and model 64 
predictions. 65 
 A particularly promising solution is the possibility that glacial processes could have played 66 
a key role in sculpting the VN we see today. While this is not a new proposition (e.g., [Kargel and 67 
Strom, 1992; Lucchitta et al., 1981]) our understanding of terrestrial subglacial dynamics is 68 
evolving, providing new insights when applied to the Martian environment [Head and Marchant, 69 
2014; Hewitt, 2011; Werder et al., 2013]. A promising feature of the glacially driven VN formation 70 
mechanism theory is that it addresses several of the characteristics of VN that are unresolved by 71 
precipitation/groundwater driven formation processes (Supplementary Figure S1). Glacial valleys 72 
typically exhibit U-shaped cross-sectional profiles, as opposed to the V-shaped profiles of fluvially 73 
carved valleys [Carr and Head III, 2003; Carr and Malin, 2000; Grau Galofre et al., 2020]. 74 
Similarly, deep valleys with constant widths are a hallmark of glacially carved valleys [Grau 75 
Galofre and Jellinek, 2017; Grau Galofre et al., 2018]. Distributed, rather than channelized, flow 76 
beneath an ice sheet could explain the lack of small-scale (< 100 m) channels on the Martian 77 
surface. For example, under thick terrestrial ice deposits, sheet-like flow in the porous sediment 78 
dominates until the water reaches larger low-pressure drainage channels [Hewitt, 2011; Meyer et 79 
al., 2016; Sommers et al., 2018; Werder et al., 2013]. Furthermore, the insulating properties of an 80 
ice sheet can facilitate geothermal heat driven basal melt even under cold, dry climate conditions 81 
[Fastook and Head, 2015; Ojha et al., 2020]. Subglacial drainage coupled with sublimation and 82 
snow deposition can provide a hydrologic/cryologic cycle that is able to recharge an ice sheet and 83 
thus provide a mechanism for continuous erosion. Lastly, the presence of VN on younger, high-84 
elevation terrain associated with volcanic features (e.g. Alba, Olympus, Elysium, and Tharsis 85 
Mons) suggests ice/snow melting caused by basal heating, in this case from magmatic sources, 86 
could have been a recurring erosive process throughout Mars’ history [Butcher et al., 2017; 87 
Gallagher and Balme, 2015; Scanlon et al., 2015]. 88 
 Previous studies have shown that basal melting is possible beneath ice deposits under 89 
historic Martian climate conditions [Carr and Head III, 2003; Fastook and Head, 2015; Ojha et 90 
al., 2020]. Additionally, numerous studies have identified morphological features across Mars’ 91 
surface that are consistent with widespread glaciation (e.g. [Carr and Head III, 2003; Carr and 92 
Malin, 2000; Grau Galofre et al., 2020; Kargel et al., 1995]). Recently, Grau Galofre et al. [2020] 93 
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conducted a detailed investigation of VN morphometry and concluded that subglacial erosion was 94 
likely a predominant formation mechanism. While there is strong evidence for historical mid-95 
latitude glaciation and subglacial erosive processes provide a robust explanation for many of the 96 
VN characteristics that appear incompatible with surface/groundwater erosion [Carr and Head III, 97 
2003; Carr and Malin, 2000; Grau Galofre et al., 2020], the quantity, distribution, and dynamics 98 
of potential basal meltwater on Mars is largely unconstrained. Fastook and Head [2015] simulated 99 
the deposition and thermal evolution of ice sheets across the southern Noachian highlands and 100 
showed that basal temperatures can reach the melting point if the global water inventory of ancient 101 
Mars was at least five times larger than it is today. Ultimately Fastook and Head [2015] favor 102 
surface melt production brought about by ‘heating events’ which raise the atmospheric temperature 103 
above 273 K as the source of fluvial erosion, and thus do not investigate the volume of subglacial 104 
melt produced, its geographical association with VN, nor its dynamics. 105 

The uncertainty in historical Martian climate, geothermal heat flux, and global water 106 
reservoir has led to conflicting conclusions about the feasibility of wet-based glaciation and hence 107 
subglacial hydrology (e.g., [Butcher, 2019; Fastook and Head, 2015; Fastook et al., 2012; 108 
Gallagher and Balme, 2015]). However, mounting geomorphic (e.g., [Butcher et al., 2017; Carr 109 
and Head III, 2003; Carr and Malin, 2000; Gallagher and Balme, 2015; Grau Galofre et al., 2020; 110 
Kargel and Strom, 1992]) and mineralogical [Ehlmann et al., 2011] evidence coupled with the 111 
difficulty in reconciling surface erosion and/or groundwater sapping in a cold, arid Noachian 112 
climate makes evaluating the consistency between putative basal melt patterns and VN distribution 113 
a potentially valuable investigation. Furthermore, improved estimates for Noachian geothermal 114 
heat fluxes [Ojha et al., 2020] have the potential to reveal novel insights into the likelihood and 115 
implications of subglacial processes on Mars. Namely, in addition to cyclic/transient fluvial 116 
processes, wet-based glaciation provides a rechargeable mechanism to explain the origin of VN in 117 
a cold, arid Martian climate. Additionally, the cyclic production of subglacial aqueous 118 
environments, analogous to Arctic or Antarctic subglacial systems, has numerous astrobiological 119 
implications [Cockell et al., 2011; Hays et al., 2017; Mikucki et al., 2010; Mikucki and Priscu, 120 
2004; Mikucki et al., 2015; Rutishauser et al., 2018]. 121 
 To understand if wet-based glaciation could have carved Mars’ VNs, we have expanded 122 
the capabilities of the one-dimensional, three-phase ice sheet evolution model of Ojha et al. [2020] 123 
to investigate the volume and distribution of basal melt produced during a variety of late Noachian 124 
icy highland scenarios. In Section 3.1 and 3.2 we constrain the geophysical and climatic conditions 125 
which permit basal melt volumes capable of carving the observed Martian VN and show that the 126 
global distribution of predicted basal melt is consistent with observations of VN distribution. In 127 
Sections 3.3 and 3.4 we implement a flow routing model to predict the morphometry of subglacial 128 
drainage channels and utilize fluvial metrics (Strahler stream order, stream elevation reversals) to 129 
determine their likely formation mechanisms. In Section 4 we discuss the geophysical, climatic, 130 
and astrobiological implication of our results, and highlight how targeted modeling investigations 131 
could provide additional insights into the evolution and habitability of relict, remnant, and modern 132 
ice-water environments on Mars. 133 
 134 
2. Methods 135 
2.1 Ice Sheet Model 136 
 To simulate the deposition, densification, and thermophysical evolution of Martian ice 137 
sheets we use the one-dimensional multiphase model of Ojha et al. [2020] (a summary of which 138 
can be found in Supplementary Section S1). The model simulates the evolving vertical temperature 139 
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and phase (ice, water, void space) profiles within an accreting ice sheet subject to thermal 140 
conduction, compaction, and basal melting processes. We have adapted the model to include 141 
latitudinally and altitudinally varying surface temperature, altitude dependent deposition of snow, 142 
and a supply limited total ice sheet volume (i.e., ice sheet volumes cannot exceed imposed global 143 
water inventories). Additionally, when basal melting occurs the melt is extracted from the model 144 
domain, returned to the global H2O reservoir, and is available for redeposition onto the ice sheet. 145 
While lateral ice flow is not considered, basal melting and redeposition provide an ice sheet mass 146 
balance mechanism that can transport petatons of ice (Supplementary Figure S2) on timescales 147 
relevant to lateral ice transport across the coarse grid resolutions considered here (5 x 5 degrees ~ 148 
300 km x 300 km, resulting in a timescale 𝑡~𝑙/𝑢~𝑙𝜇𝑟/𝜌𝑔ℎ!~30,000 years, where 𝑙 is our grid 149 
resolution [300 km], 𝑢 is the radial spreading velocity of a gravitationally driven viscous thin film 150 
[9 m/yr],	𝜇 is viscosity [1013 Pa s], 𝑟 is ice sheet radius [1000 km], 𝜌 is ice density [900 kg/m3], 𝑔 151 
is gravity [3.12 m/s2], and ℎ is ice sheet thickness [1 km]). As a number of environmental 152 
parameters affecting the model are not well constrained (e.g., historical global water reservoir, 153 
geothermal heat flux, regional glaciation patterns, water rock erosion ratios – i.e. the volume of 154 
water transported across a surface relative to the volume of rock eroded [Carr and Malin, 2000; 155 
Lamb et al., 2006]), we simulate an array of potential scenarios and investigate the ensuing 156 
spatiotemporal evolution of ice sheet thickness and basal melt production. 157 
 The latitudinally and altitudinally dependent surface temperature implemented here is akin 158 
to that proposed by Fastook and Head [2015], and takes the form: 159 
 160 

𝑇"#$%(𝑙𝑎𝑡, 𝑎𝑙𝑡) = 𝑇"#$%(𝑙𝑎𝑡) − 𝑐&𝑎𝑙𝑡																										(1) 161 
 162 
where 𝑇"#$%(𝑙𝑎𝑡) is the latitude dependent surface temperature [K] proposed by Wordsworth et al. 163 
[2015] for an obliquity of 25° (digitized from Figure 1 of Wordsworth et al. [2015]), 𝑎𝑙𝑡 is the 164 
surface altitude [m] derived from 463 m resolution Mars Orbiter Laser Altimeter (MOLA) data, 165 
and 𝑐& is a constant coefficient (here 0.0012 K/m, chosen such that surface temperature 166 
distributions are consistent with Wordsworth et al. [2015]). A global surface temperature map can 167 
be seen in Figure 1a. Such a temperature distribution is consistent with contemporary estimates 168 
(e.g., [Fastook and Head, 2015; Wordsworth et al., 2013]). 169 

Altitude dependent snow deposition follows that of Fastook and Head [2015]: 170 
 171 

𝑏 = 8
0

0.01 ∗ 𝑎𝑙𝑡 − 10
10

						𝑖𝑓							
𝑎𝑙𝑡 < 1000

1000 ≤ 𝑎𝑙𝑡 ≤ 2000
2000 < 𝑎𝑙𝑡

																				(2) 172 

 173 
Where 𝑏, deposition rate, is in mm/yr, and 𝑎𝑙𝑡 is in m. The upper snowfall limit of 10 mm/year is 174 
lower than arid terrestrial ice sheet systems (e.g., central Antarctica: ~50 mm/year water equivalent 175 
[Bromwich et al., 2004]). Figure 1b shows the snow deposition map produced by Equation 2. We 176 
investigate the effects of regional ice sheet deposition in the mid latitudes (north of 60°S and south 177 
of 60°N). The intention is to simulate the glaciological cycling of ice away from the poles driven 178 
by obliquity, eccentricity and/or climate cycling (e.g., [Madeleine et al., 2009; Wordsworth et al., 179 
2015]). 180 
 A conservative estimate of the present day global water reservoir of Mars is ~5 x 106 km3 181 
(~35 m thick global layer, accounting only for polar ice) [Christensen, 2006]. However, 182 
uncertainty in the rate of volatile outgassing in Mars’ past, as well as the presence of deep cut 183 
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fluvial features, suggests that ancient Mars may have possessed a more substantial 184 
hydrosphere/cryosphere that has since been lost due to impact erosion and/or hydrodynamic escape 185 
[Carr, 1987; Greenwood et al., 2008; Jakosky et al., 2018]. As the current global water inventory 186 
does not lend itself to the formation of ice sheets thick enough to induce basal melting (e.g., 187 
[Fastook and Head, 2015; Ojha et al., 2020]), we explore global water inventories which range 188 
from 10-20 times that of the current Martian reservoir (5·107-1·108 km3). This corresponds to a 189 
~350-700 m thick global equivalent layer (GEL) of liquid water, at the lower end of Noachian 190 
water budget estimates (640-5000 m [Luo et al., 2017; Rosenberg et al., 2019]), providing a 191 
conservative estimate of the resultant subglacial water flux. 192 
 193 

 194 
Figure 1 – Ice sheet model input parameters. A) Latitude and altitude dependent surface temperature distribution for 195 
a simulated Noachian Mars. B) Altitude dependent deposition of snow on a Noachian Mars, utilizing the deposition 196 
conditions of Fastook and Head [2015] (Equation 2) and restricting snow deposition to the mid-latitudes (north of 197 
60°S and south of 60°N) to simulate obliquity driven glaciations. C) Global geothermal heat flux accounting for both 198 
crustal contributions and a 40 mW/m2 mantle contribution. The crustal component of the heat flux is calculated using 199 
GRS data [Ojha et al., 2020]. 200 
 201 
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 An additional parameter that can substantially alter the amount of basal melt predicted by 202 
our model is the geothermal heat flux at the base of the ice sheet. Due to the lack of in situ estimates 203 
of Martian heat flow, any estimate of Noachian heat flow will have considerable uncertainties (see 204 
Ojha et al. [2020] for discussion). Thus, the goal here is to assess whether the currently constrained 205 
geophysical and geochemical properties of Mars, when extrapolated to the Noachian, could have 206 
allowed VN formation by subglacial melting. We adopt the geothermal heat flux maps predicted 207 
by Ojha et al. [2020] who utilize Mars Odyssey Gamma Ray Spectrometer measurements to 208 
estimate crustal heat flux and consider mantle heat flux contributions ranging from 20-40 mW/m2 209 
[Ojha et al., 2019]. An example of a global geothermal heat flux map assuming a mantle heat flux 210 
contribution of 40 mW/m2 is shown in Figure 1c. Polar geothermal heat flux estimates are not well 211 
constrained, resulting in a lack of accurate heat flux predictions in the region south of 60°S [Ojha 212 
et al., 2020] (the region excluded by our model). 213 
 Simulations are run on a 5 x 5 degree grid and are initiated without any ice present. 214 
Deposition of ice is governed by Equation 2 and we track the evolution of ice thickness and basal 215 
melt production during a hypothetical ten-million-year glaciological cycle (Section 3.1), providing 216 
ample time for the generation of fluvially carved valley features (e.g., [Buhler et al., 2014]). 217 
Additional details on the model runs are included in the Supplement (Text S1). 218 
 219 
2.2 Subglacial Hydrology 220 
 To investigate the dynamics of basal melt produced in our simulations we implement the 221 
digital elevation map (DEM) analysis software TopoToolbox [Schwanghart and Kuhn, 2010; 222 
Schwanghart and Scherler, 2014]. By combining the 463 m resolution MOLA data (downsampled 223 
to 1 km resolution) and the ice thicknesses calculated by our model, the hydraulic potential, 𝜙 224 
[Pascal], beneath the ice sheet can be calculated [Arnold et al., 2019; Shreve, 1972]: 225 
 226 

𝜙 = 𝜌'𝑔𝑧 + 𝑘𝜌(𝑔𝐻																																																												(3) 227 
 228 
where 𝜌' is the density of the subglacial fluid (for pure water 1000 kg/m3), 𝑔 is gravity (3.711 229 
m/s2), 𝑧 is bed elevation (from MOLA), 𝑘 is a dimensionless flotation factor describing the 230 
influence of ice overburden pressure on the subglacial pressure (here 𝑘 = 1, implying subglacial 231 
pressure is at the overburden pressure) [Arnold et al., 2019], 𝜌( is the density of ice (917 kg/m3), 232 
and 𝐻 is ice thickness. Gradients in this potential drive the flow of water beneath glaciers and ice 233 
sheets. 234 

We use TopoToolbox to create a global flow map using the hydraulic potential 235 
(TopoToolbox employs the flow routing algorithm of Tarboton [1997]). Using the basal melt 236 
estimates from our model we produce global water accumulation maps, which represent the total 237 
volume of water that has flown over a grid cell (total upstream area multiplied by basal melt 238 
thickness) during the simulated ten-million-year glaciological cycle. Cells with lower hydraulic 239 
potentials will accumulate more flow and form channel structures like those seen on the Martian 240 
surface. From these accumulation maps we can investigate the predicted global distribution of 241 
subglacial channels and compare them with the distribution of observed valleys networks (Section 242 
3.2). We use these simulated channel networks to calculate Strahler stream order and upstream 243 
gradient distributions, and we compare these geomorphic metrics to those of contemporary valley 244 
networks and terrestrial analogs (Sections 3.3-3.4). It is important to note that our use of 245 
contemporary Martian altimetry (even downsampled/smoothed data) will include signatures of 246 
present-day VN topography (i.e., 𝜌'𝑔𝑧 of Equation 3). As such, we emphasize the model’s 247 
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predictions of global and regional VN distribution over localized channelization patterns. 248 
However, agreement between predicted and observed VN distribution at the local scale ensures 249 
the applicability of the morphometric analysis, as calculations of stream order and along-channel 250 
gradient of simulated VN should be coincident with existing VN. 251 
 252 
3. Results 253 
3.1 Ice Thickness and Basal Melt 254 

To test the sensitivity of ice sheet thickness and basal melt production to variations in 255 
mantle heat flux and global water reservoir volume, we simulated the deposition and evolution of 256 
Martian ice sheets using 9 unique sets of input parameters (mantle heat fluxes of 20-40 mW m-2 257 
and global water reservoirs of 5·107-1·108 km3; Figure 2a). As an example, Figure 2b-c shows 258 
global maps of ice thickness and total basal melt at the end of a 10-million-year simulation with 259 
40 mW/m2 mantle heat flux and 20x the present-day global water reservoir. Ice sheets with 260 
thicknesses up to ~4 km are produced during the simulations. 261 

The likelihood that basal melting will occur under a given scenario is shown in the regime 262 
diagram of Figure 2a. In all but one scenario the ice sheets either do not produce any basal melt 263 
(Regime I) or approach a cold based equilibrium after a period of transient basal melting (Regime 264 
II). This result is likely accentuated by the lack of lateral ice flow and sublimation in our ice sheet 265 
model, preventing the motion of ice to lower altitudes where it would sublimate, be reintroduced 266 
into the global water reservoir, and again be deposited in regions that can sustain basal melting. 267 
Instead, the ice sheet continues to thicken over regions which do not sustain basal melting, draining 268 
the global water reservoir and stagnating basal melt production. For these reasons, our results 269 
provide a lower bound for basal melt production. The one simulation which does not result in a 270 
cold base equilibrium (40 mW/m2, 20x reservoir), reaches a different steady state in which basal 271 
melt production becomes constant (Regime III). In this case the ice sheet reaches a global steady 272 
state thickness that supports ongoing regional basal melting (Supplementary Figure S2). Total 273 
basal melt production estimates across these nine simulations range from 6.22·104 km3 to 2.11·108 274 
km3. 275 

The estimated volume of water necessary to carve all of the observed VN on Mars, using 276 
a 1000:1 water to rock erosion ratio (based on the slow erosion of basalt [Gulick and Baker, 1993]), 277 
is ~9 x 107 km3 (using the 146,000 km estimated total length of Noachian VN and valley volume 278 
estimation method of Carr and Malin [2000]). In many of the larger reservoir runs the total basal 279 
melt produced is on the same order as, or exceeds, this volume estimate (Figure 2a). This suggest 280 
that if ancient Mars possessed a water reservoir 15 to 20 times greater than the conservative 281 
modern-day estimate, the VN of Mars could have been incised by basal melt produced during 282 
cyclic glaciations, even under cold and dry climate conditions. 283 

 284 
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 285 
Figure 2 – Ice sheet and basal melt characteristics. a) Regime diagram for the nine simulated ice sheet scenarios. 286 
Regime I: Cold based glaciation where no basal melting occurs. Regime II: Transient basal melting occurs before a 287 
cold based steady state is reached. Regime III: Wet based glaciation where the ice sheet in its steady state continues 288 
to produce basal melt. Percentages represent the fraction of total water needed to erode the observed valley networks 289 
(based on the 9 x 107 km3 estimate of Carr and Malin [2000]). (Note: dashed lines indicate approximate divisions in 290 
melt regimes.) b-c) Global distribution of ice thickness (b) and total basal melt production (c) at the end of a simulated 291 
10 Ma glacial cycle with a 40 mW/m2 mantle heat flux and 20x global water reservoir. 292 
 293 
3.2 Channel Distribution 294 

To compare the distribution of simulated subglacial drainage channels to identified VN on 295 
Mars we coplot the known locations of VN [Hynek et al., 2010] with the hydraulic head driven 296 
subglacial flow map (Figure 3a). We use basal melt and ice thickness quantities from the 297 
simulation with a 40 mW/m2 mantle heat flux and a 20x global water reservoir (the sole wet based 298 
glaciation scenario – Figure 2a). Channels in the subglacial flow map are identified by setting an 299 
accumulation tolerance, such that an appreciable amount of basal melt must flow through a domain 300 
element before it is deemed a channel. Here, we set this tolerance to the amount of water required 301 
for a channel to incise through 1 km of rock, assuming a water rock erosion ratio of 1000:1. For 302 
comparison we also include high resolution maps of selected regions where an accumulation 303 
tolerance of 100 m is utilized (Figure 3b-c and Supplementary Figure S3). Implementing a lower 304 
accumulation tolerance results in finer scale upstream channel structures being included (more 305 
small-scale tributaries). There is good agreement between our simulated channel distribution and 306 
the observed distribution of VN, with a few notable exceptions. In general, the majority of channels 307 
are restricted to the Noachian highlands, with high valley densities north and northeast of Hellas 308 
Basin and south of Tharsis Rise, while there exists a dearth of valleys near Argyre Basin. Our 309 
model overpredicts channel distributions on Tharsis Rise as well as to the immediate west of Hellas 310 
Basin, while underpredicting the number of channels in Arabia Terra. Possible causes for such 311 
discrepancies as well as implications of the more prevalent agreement in regional distribution are 312 
discussed in Section 4. 313 

 314 
3.3 Stream Order 315 

Strahler stream order is a measure of the complexity of branching channel networks 316 
[Strahler, 1957]. In brief, headwater tributaries are categorized as first-order streams and upon 317 
confluence with another first-order stream become second-order streams. Second-order streams 318 
remain second-order until they meet another second-order stream, at which point the channel 319 
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downstream of the confluence is defined as third-order. These are examples of the principal rule 320 
in this ordering scheme: stream order increases by one wherever channels of the same order merge 321 
(Supplementary Figure S4). 322 

In terrestrial river networks, the number of streams of order w, Nw, tends to decrease 323 
geometrically with stream order (Nw / Nw-1 = RB, where RB is a constant termed the bifurcation 324 
ratio; [Horton, 1945]). This property is shared by nearly all channel networks, including those that 325 
are topologically random [Kirchner, 1993]. Recent studies have postulated that channels carved 326 
by distinct erosive processes (e.g., fluvial, glacial, subglacial, ground sapping) should exhibit 327 
different Strahler stream order distributions [Grau Galofre and Jellinek, 2017; Grau Galofre et 328 
al., 2020; Grau Galofre et al., 2018; Storrar et al., 2014]. If true, these should manifest as 329 
differences in RB and the cumulative distribution function of the number of streams by stream 330 
order. 331 

Here, we examine the Strahler stream orders of our simulated subglacial drainage network 332 
as well as those of mapped VN [Hynek et al., 2010] and compare these to the Strahler stream order 333 
distribution of terrestrial river and esker systems [Downing et al., 2012; Storrar et al., 2014] 334 
(Figure 3d). We computed these with several erosion tolerances – the requirement that enough 335 
water flow over a grid cell to erode it to a certain depth before it is considered a channel – ranging 336 
from 1 to 1000 m. In the cumulative distribution function plot in Figure 3d, erosion values 337 
correspond to the erosion tolerance utilized to determine what constitutes a channel (using the 338 
1000:1 water to rock erosion ratio discussed above). Bifurcation ratios averaged across all stream 339 
orders are REarth=0.21, REskers=0.24, RMars=0.30, R1m=0.51, R10m=0.53, R100m=0.54, and R1000m=0.55 340 
for terrestrial rivers and eskers, observed Martian VN, and simulated channels using erosions 341 
tolerances of 1-1000 m, respectively. 342 

Both modeled and observed Martian channel networks have fewer tributaries than 343 
terrestrial river systems [Downing et al., 2012; Leopold et al., 2020]. This could be attributed to 344 
the erasure of small channels (<100 m width) over time [Hynek et al., 2010] or may indicate a 345 
formation mechanism that produces a lower proportion of tributary structures, such as subglacial 346 
drainage channels (evidenced by the lower number of first-order channels observed for terrestrial 347 
eskers – Figure 3d). The coincidence of observed first-order channels (red dashed line of Figure 348 
3d) and first-order channels produced using a 100 m accumulation tolerance could indicate that ~ 349 
100 m of hillslope erosion has occurred since the incision of the VN (erasing shallower first-order 350 
channels predicted using 1 m and 10 m accumulation tolerances) and explain why small valley 351 
structures are missing from the geologic record. Comparison of the expected to observed crater 352 
populations of the same scale (~100 m) could provide a method for testing this hypothesis, as a 353 
similar dearth of small craters would be expected. The larger bifurcation ratios of both observed 354 
and simulated VN, compared to REarth, could indicate a formation mechanism that differs from the 355 
primarily subaerial processes carving rivers and streams on Earth. That said, Strahler stream order 356 
alone does not provide substantial evidence to identify a specific formation mechanism [Kirchner, 357 
1993]. 358 
 359 
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 360 
Figure 3 – Distribution and geomorphometric characteristics of simulated and observed VN. a) Comparison of the 361 
global distribution of simulated subglacial channels and observed VN [Hynek et al., 2010]. Locations of channels 362 
simulated by our model (black) and identified VN from Hynek et al. [2010] (red) are generally consistent, with high 363 
densities in the mid-latitude Noachian highlands. An erosion tolerance of 1000 m was implemented. The green contour 364 
line indicates an elevation of 1000 m, below which no ice sheet accumulation will occur (Equation 2). Fine-scale 365 
channel structure and further agreement between observations and model results can be seen in high resolution images 366 
of regions bounded by the magenta (3b-c), cyan, and yellow rectangles (Supplementary Figure S3). Colorbars indicate 367 
elevation (m) from MOLA data. b-c) Comparison of modeled channels (black) and observed VN (red) for the region 368 
south of Valles Marineris outlined by the magenta rectangle, computed using erosion tolerances of 1000 m (b) and 369 
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100 m (c). d) Cumulative distribution functions of Strahler stream orders in Martian and terrestrial hydrologic systems. 370 
Entries labeled ‘1-1000 m Erosion’ correspond to modeled channel networks with erosion tolerances of 1-1000 m. 371 
‘Earth’ represents global Strahler stream orders for terrestrial river systems [Downing et al., 2012]. ‘Eskers’ represents 372 
Strahler stream orders for eskers in northern Canada [Storrar et al., 2014]. ‘Mars – Obs’ represents Strahler stream 373 
orders for observed Martian VN [Hynek et al., 2010]. e) Upstream basal gradient of simulated subglacial channels and 374 
terrestrial river systems. Values less than zero correspond to regions along simulated channels where hydraulic 375 
potential drives uphill flow. (Inset – magnified view near zero gradient) f) Upstream gradient cumulative distribution 376 
functions for the data in Figure 3e. A lower probability at an upstream gradient of zero for 1 m and 10 m simulations 377 
suggests that tributary flow is more likely to follow bedrock topography than is main channel flow. 378 
 379 
3.4 Channel Gradient 380 

A more robust indicator of subglacial channel flow is the tendency for portions of the 381 
drainage network to flow uphill. Subglacial hydrology is driven by hydraulic potential, which is 382 
affected by both bed topography and overlying ice thickness (see Equation 3). Because of this, 383 
basal melt flows along potential gradients, even if these are against the topographic gradients of 384 
the bed. This is a dynamic unique to subglacial flow as subaerial flow always follows topography 385 
[Grau Galofre and Jellinek, 2017; Grau Galofre et al., 2020; Grau Galofre et al., 2018; Storrar 386 
et al., 2014]. 387 

Here we calculate the upstream gradients for our simulated channel systems using erosion 388 
tolerances of 1 m, 10 m, 100 m, and 1000 m. We show a histogram and cumulative distribution 389 
function plot of upstream gradients for all erosion scenarios as well as observed terrestrial values 390 
for all rivers wider than 90 m [Frasson et al., 2019] in Figure 3e-f. The occurrence of negative 391 
upstream gradients in our simulated channel systems range from ~12-30% of the total channel 392 
length depending on the erosion tolerance employed. The consistent overlap of our simulated 393 
channels and those identified from orbital images (e.g., Figure 3b-c) suggests that a proportional 394 
amount of observed valley networks likely exhibit uphill drainage patterns. Indeed, this is 395 
consistent with the measurements of multiple longitudinal profile reversals made by Grau Galofre 396 
et al. [2020] across 10,276 Martian valley segments. Conversely, as expected, terrestrial rivers do 397 
not exhibit negative upstream gradients. While the bias of larger rivers in the database of Frasson 398 
et al. [2019] skews the distribution towards shallower gradients (a similar trend can be observed 399 
for our simulated subglacial channels in Figure 3e as the erosion tolerance is increased), the dearth 400 
of negative upstream slopes in subaerial terrestrial systems is self-evident. The significant presence 401 
of negative upstream gradients, incompatible with a subaerial origin, is consistent with the 402 
argument that subglacial processes could have played a substantial role in incising Mars’ VN. 403 
 404 
4. Discussion 405 
 By simulating the deposition and thermophysical evolution of Late Noachian icy highlands 406 
(LNIH) ice sheets with updated geothermal heat flux estimations we have shown that with a 407 
substantial global water reservoir, basal melting of Mars' glaciers is possible and can explain the 408 
observed VN. The regional distribution and volume of the basal melt produced is consistent with 409 
the distribution of observed VN on the Martian surface and the estimated volume of water 410 
necessary to erode these valleys. This is true for both large global water reservoirs with high 411 
geothermal heat flux as well as smaller reservoirs with lower geothermal heat flux as cyclic 412 
glaciations forced by obliquity and eccentricity variations could produce repetitive erosive periods, 413 
deepening channels over time [Byrne, 2009; Madeleine et al., 2009; Wordsworth et al., 2013]. 414 
Additionally, our total basal melt estimates are lower bounds, and the actual volumes are likely to 415 
be higher for all scenarios. Typical modeled ice sheet thicknesses (with the exception of those in 416 
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the Tharsis Rise region – discussed below) are ~1-3 km, which is within the range predicted by 417 
contemporary estimates of LNIH scenarios [Cassanelli and Head, 2015; Fastook and Head, 2015].  418 

While our results require a larger global water reservoir than is currently available on Mars 419 
(345-690 m GEL), the historical water inventory of Mars is largely unconstrained and estimates 420 
for the available near-surface water reservoir during the Noachian range from a 24-5000 m global 421 
equivalent layer (GEL) [Carr and Head, 2015; Kurokawa et al., 2014; Luo et al., 2017]. Given 422 
this uncertainty in Mars’ historical climate and the number of VN morphological properties 423 
consistent with subglacial processes, we find it instructive to reinvestigate the feasibility and 424 
dynamics of basal melt production in greater detail. A subglacial origin for Mars’ VN is 425 
particularly advantageous given the possibility that ancient Mars was cold and arid, precluding the 426 
heightened surface temperatures needed to reconcile surface melting/precipitation driven erosion 427 
as the sole formation mechanism for VN incision (e.g., [Fastook and Head, 2015]). On the other 428 
hand, geothermal heat flow during the Noachian eon would have undoubtedly been much higher 429 
than at the present, delivering thermal energy to the base of any existing ice sheets. Moreover, 430 
morphometric characteristics of our simulated channel systems (upstream gradient and to a lesser 431 
extent Strahler stream order and bifurcation ratio) are consistent with features of terrestrial 432 
subglacial drainage systems and VN observations [Grau Galofre and Jellinek, 2017; Grau Galofre 433 
et al., 2020; Grau Galofre et al., 2018; Hynek et al., 2010; Storrar et al., 2014]. Groundwater 434 
sapping may also play a role in VN formation (e.g., [Gulick, 2001]), although definitive evidence 435 
for the ability of spring flow to excavate the volumes observed on Mars as well as the often invoked 436 
unique relation between amphitheater headwall morphometries and groundwater seepage has been 437 
shown to be lacking in bedrock canyons [Lamb et al., 2006; Lapotre and Lamb, 2018]. Lapotre et 438 
al. [2016] instead suggest that catastrophic outburst floods may be responsible for Mars’ steep 439 
headwalled canyons. Basal melting beneath ice sheets and subglacial floods (or Jökulhlaups) could 440 
potentially source such catastrophic fluvial events on Mars [Evatt et al., 2006], even in a Noachian 441 
climate with low precipitation rates. 442 
 There are limitations to our current one-dimensional ice sheet model, which likely 443 
contribute to a number of inconsistencies between observed VN distribution and our simulated 444 
channel networks. First, the lack of lateral ice transport between model grid cells (discussed in 445 
Section 3.1) reduces the total amount of basal melt produced by preventing downslope transport 446 
of ice via viscous flow and resultant sublimation, which could recharge ice sheets and amplify 447 
total basal melt estimates. Moreover, multidimensional basal hydrology models (e.g., [Sommers et 448 
al., 2018]) would provide insight into the multiscale temporal evolution of the subglacial channel 449 
environment. 450 

Second, we employ a simplified deposition scenario which does not allow for snow 451 
deposition below 1000 m in altitude. This limits the opportunities for valley incision in lower lying 452 
areas (e.g., Arabia Terra, Hellas Basin) to larger outflow channels flowing down from regions with 453 
ice cover, resulting in the underprediction of VN densities in these areas and a handful of unlikely 454 
channels in the northern lowlands (an artifact of the flow routing algorithm, which extends flow 455 
paths to the edge of the DEM). Similarly, our deposition model does not account for any 456 
atmosphere or climate dynamic impacts on longitudinally varying snow accumulation, nor does it 457 
consider the possibility of true polar wander induced reorientation [Bouley et al., 2016]. It has been 458 
demonstrated that climate forcing could lead to heterogenous deposition of snow/ice with 459 
amplifications in specific regions (e.g. [Madeleine et al., 2009; Wordsworth et al., 2015]). 460 
Alternatively, Bouley et al. [2016] show that a reorientation of Mars’ spin axis due to the formation 461 
of the Tharsis region leads to the clustering of Noachian era VN around a common historic latitude 462 
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of 24°S which excludes the present day region west of Hellas Basin. Thus, our overprediction of 463 
channel density west of Hellas Basin could be the result of regionally overestimated snow 464 
deposition, facilitating the unrealistic accumulation of an ice sheet thick enough to induce basal 465 
melting. 466 

Another region that is not well captured by the model is Tharsis Rise. Due to its high 467 
elevations, Tharsis Rise accretes substantial snow and produces enough basal melt to incise 468 
channels over much of its surface. In reality, Tharsis Rise is mostly void of channel structures, 469 
except for locally around Mons peaks. The region has been geologically reworked since the 470 
Noachian era, both by uplift and resurfacing processes [Bouley et al., 2016], which our model does 471 
not capture. As a result, we drastically overpredict the presence of channels in this region.  472 

Lastly, we do not account for historical topographical changes due to postglacial rebound 473 
of the Martian lithosphere after the melting of the LNIH ice sheet, global deformation caused by 474 
true polar wander [Creveling et al., 2012; Perron et al., 2007], dynamic topography [Roberts and 475 
Zhong, 2004], or topographic responses to changes in sediment loading. These processes could 476 
significantly impact the results of the predicted flow paths, most notably the observed negative 477 
upstream channel gradients, as Mars’ contemporary topography could have been substantially 478 
reworked since its exhumation from beneath a thick LNIH ice sheet. Thus, while our simulated 479 
channel gradient distributions (Figure 3e-f) are consistent with subglacial channel formation, the 480 
presence of negative upstream gradients may also be consistent with large-scale topographic 481 
deformation from a number of other processes (e.g., glacial isostatic adjustment, true polar wander, 482 
dynamic topography, etc.). Future work incorporating these processes could be compared with our 483 
current distribution of negative upstream channel gradients to identify if particular deformation 484 
mechanisms could account for the observed trends in channel profile reversals. 485 
 While the current model is idealized, it provides a novel and versatile tool to investigate 486 
the thermophysical evolution of depositional planetary ices. The three-phase nature of the model, 487 
which accurately accounts for the latent heat associated with basal melting, constitutes a robust, 488 
yet simple, method of simulating Martian ice deposits that extends the capabilities of current 489 
models. The model is adaptable and can easily be modified to investigate both high resolution 490 
regional and coarse resolution global ice sheet processes throughout Mars’ history. Additionally, 491 
the model is primed to accommodate improvements (e.g. climate model driven deposition 492 
[Madeleine et al., 2009], seasonal/obliquity/eccentricity driven surface temperature variations 493 
[Wordsworth et al., 2013; Wordsworth, 2016; Wordsworth et al., 2015], additional phases 494 
[sediment] to simulate ground ice evolution [Bramson et al., 2015], lateral ice flow, and simulation 495 
of saline/hypersaline subglacial fluids [Lauro et al., 2020; Sori and Bramson, 2019]). 496 
 The model highlights the potential for geothermally driven basal melt production beneath 497 
thick ice deposits and demonstrates that morphometric properties of the resultant subglacial 498 
drainage channels are consistent with observed VN characteristics indicative of glacially related 499 
erosion [Grau Galofre and Jellinek, 2017; Grau Galofre et al., 2020]. These consistencies, along 500 
with the uncertainty in Mars’ historic global water reservoir and potentially cold arid past, makes 501 
reassessing a subglacial origin for Mars’ VN of appreciable interest as this could resolve many 502 
issues associated with fluvial feature generation given the faint young sun paradox [Haberle, 1998; 503 
Ojha et al., 2020]. The identification of subglacially modified pre-LNIH impact features (e.g. [Yin 504 
et al., 2021]) would strengthen the evidence for a dynamic, potentially wet-based, LNIH scenario. 505 
Furthermore, identifying regions that can sustain aqueous environments, both historically and 506 
currently (e.g., beneath the south polar layered deposits [Lauro et al., 2020; Orosei et al., 2018]), 507 
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constraining their longevity, and understanding their dynamics has substantial astrobiological 508 
implications for both planetary exploration and planetary protection. 509 
 510 
5. Conclusion 511 
 By combining improved estimates of geothermal heat flux and a novel model of ice sheet 512 
thermophysical evolution, we demonstrate that the basal melting of a Noachian era ice sheet could 513 
facilitate subglacial processes capable of forming Mars’ valley networks. Morphological 514 
characteristics of our simulated channel systems (upstream gradient and Strahler stream order) 515 
corroborate observational evidence extracted from orbital observations of valley networks [Grau 516 
Galofre et al., 2020; Hynek et al., 2010] which suggests they may have a subglacial erosion driven 517 
origin. The consistency with observed glaciofluvial features, agreement with global valley network 518 
distribution, and ability to reconcile channel formation on a cold, arid early Mars suggests 519 
subglacial processes could play a larger role in the geophysical evolution and spatiotemporal 520 
habitability of Mars than previously thought. 521 
 522 
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