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Abstract

In a previous study, we demonstrated with a comparative morphometrical analysis the first
morphometric evidence of a glacial landscape composed of glacial cirques and glacial valleys
in the south of Terra Sabaea at an elevation > 1000 m in two impact craters and one mountain.
The purpose of this study is to use the same method to seek other geomorphologic evidence of
glacial landscapes elsewhere in Terra Sabaea. Based on a comparison between current and old
glacial landscapes on Earth and Mars, we identified 81 glacial valleys and possible evidence
for a former plateau ice cap dated at 3.6 Ga at the highest elevation in Terra Sabaea. The
identified glacial valleys have the same morphometric properties as terrestrial and martian
glacial valleys with U-shaped cross-sectional profiles, a V-index > 0.2, a length to with ratio >
1 and a cross-sectional area to drainage area ratio four times higher than the fluvial ones.
Moreover, these properties are different from terrestrial and martian fluvial valleys. We did not
find well preserved glacial cirques in this area, this absence questions the origin of glacial
valleys. However, the presence of an extensive flat plateau, from which the long valleys radiate,
could have hosted an ancient plateau ice cap which was the source of these glacial valleys. A
comparison with the Cantal and the Shaluli Shan in the southeastern Tibetan plateau on Earth
reveals morphometrical similarities with our study area. In fact, long glacial valleys, originating
radially from a plateau at higher elevation are characteristics of an ancient plateau ice cap. This
analysis allowed us to propose a polythermal regime for martian glacial landscape, namely a
cold-based ice cap except at the margin where the regime is warmed-based due to the steeper
topography. This topography created shear stress which increased the heat at the base of the ice
and created the outlet glacial valleys. Near the plateau, the radial valleys are U-shaped with a
V-index > 0.2 but downstream, to the low elevation area, these valleys become more V-shaped
with a V-index around 0.1. This hypothesis is supported by the presence of an open-basin
paleolake making the transition between inlet glacial valleys upstream and an outlet \VV-shaped
valley downstream. So the morphometry of the radiating valleys suggests that liquid water
played a role in the formation of this landscape.
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1 Introduction

The Early Mars climate is today one of the most debated subjects in the Mars research
(Marsatwar,2018; Wordsworth et al., 2018) .On the one hand, the vision of an early wet and
warm climate is suggested by the presence of valley networks and hydrated minerals which are
the best lines of evidence for prolonged liquid water on Mars (Carr, 1995; Craddock and
Howard, 2002; Bibring et al., 2006; Ramirez and Craddock, 2018). These valleys have V-
shaped or U-shaped cross-profile shapes and are commonly inlet and outlet valleys of
Noachian-aged basins (Fassett and Head, 2008b). The origin of the valley networks is still
debated and four hypotheses are proposed: (1) precipitation-fed surface runoff (Craddock and
Howard, 2002); (2) runoff fed by surface ice melting controlled by the climate (Segura, 2002);
(3) runoff fed by surface or near surface melting by magmatic intrusions (Gulick, 2001); (4)
sapping from subsurface aquifers (Carr, 1995). Whatever their formation process(es), the
presence of valley networks similar to those on Earth show that during the Noachian (4.5-3.7
Ga), a hydrosphere was active on Mars with relatively warm and wet conditions. On the other
hand, a new vision of an early cold climate, called “icy-highlands” is increasingly considered
(Wordsworth et al., 2013, Forget et al., 2013, Bouley et al., 2016). This globally sub-zero
scenario is suggested by climate modeling which indicates that with Noachian/early Hesperian
conditions, namely an atmospheric pressure less than 1 bar, a reduced Tharsis bulge topography
and a planetary spin axis obliquity of 45°, there is a preferential deposition of ice in the southern
highlands at high altitudes > 1000 m (Forget et al., 2013, Wordsworth et al., 2013). These
climate models are supported by geodynamic modeling which indicates that without the Tharsis
dome, the valleys would be in a south tropical band from 40°S to 0°, the same distribution as
observed today (Bouley et al., 2016). This tropical band is located in the same area where the
ice could settle and accumulate following the climate modeling (Wordsworth et al., 2013, Head
and Marchant, 2014, Bouley et al., 2016). So following these models, the valley networks could
have been formed under a cold climate.

The “icy-highlands scenario” is often questioned, due to the presence of fluvial morphologies
and deposits in the southern highlands (Bibring et al., 2006, Davis et al., 2016) and the
difficulties to modelize an icy Mars with realistic conditions (Ramirez, 2017, Ramirez and
Craddock, 2018). One of the main arguments against that scenario is the lack of
geomorphologic evidence of glacial landscapes in Noachian terrains (Ramirez and Craddock,
2018). But, in a previous study, we demonstrated for the first time, with a detailed
morphometrical analysis, the presence of glacial landscapes in the south of Terra Sabaea
(42°17'E, 2°55'S) at elevations > 1000 m in two impact craters and one mountain (Bouquety et
al., 2019). These glacial landscape comprise glacial cirques linked with glacial valleys (Fig.1).
The glacial landscapes in Terra Sabaea have the same morphometric characteristics and trends
as terrestrial and martian glacial valleys and cirques (Bouquety et al., 2019). They are also very
different from those observed in fluvial valleys on Earth and Mars.

The purpose of this paper is to extend our study to other morphologies in three craters in Terra
Sabaea (Fig.2), using the same morphometric method described in (Bouquety et al., 2019) and,
to extend our understanding of the distribution at types of glacial landscape elsewhere in Terra
Sabaea. We performed a comparison between morphologies found in this area and
paleoglaciations found on Earth. By studying the morphometry of the valleys, we hope to define
what was the paleoenvironnement in the south of Terra Sabaea 3.6 Ga.



Figure 1: Comparison between glacial landscapes of (a) the Svinafell glacier in Iceland on Earth and
(b) Dawes crater on Mars. Images credit Google Earth.

2 Paleoglacial landscape on Mars and Earth

2.1 Characteristics of identified glacial valleys and glacial

cirques in Terra Sabaea: A 3.6 Ga glacial landscape

The highlands in Terra Sabaea exhibit several glacial landforms including 100 glacial cirques
and 83 glacial valleys in two impact craters (Dawes crater, 42°17'E, 2°55'S, and crater 1,
42°34'E, 9°10'S) and one mountain in Terra Sabaea ((Bouquety et al., 2019); Fig. 2).This
morphometric analysis allowed us to identify several characteristics of the valleys: (1) the
glacial valleys have a U-shape with a wide flat floor and a VV-index around 0.20 characteristic
of glacial erosion while the fluvial morphologies have a V-shape with a V-index around 0.07
(Bougquety et al., 2019). (2) They have a length to width ratio >1 which is more similar to known
terrestrial and martian hypothesised glacial valleys than fluvial valleys which have a length to
width ratio >>1 (Hobbs et al., 2016, Bouquety et al., 2019). (3) The glacial valleys in Terra
Sabaea have cross-sectional areas that are four times larger than martian fluvial valleys. This
value of four is the characteristic difference between the glacial and fluvial valleys on Earth
(Montgomery, 2002). (4) They respect the cross-section law, the cross-section area of the
valleys increases down to the equilibrium line and then decreases downstream to the end of the
valley, which is characteristic of terrestrial glacial valley (Penck, 1905). (5) They are located at
higher elevation than the valley networks (> 1500 m). (6) They are dated between 3.34 and 3.66
Ga (Late Noachian/ Early Hesperian). (7) The valley heads in Terra Sabaea are often connected
to the glacial valleys and they have morphological and geometrical similarities with the highest
terrestrial glacial cirques measured by Barr and Spagnolo (2015) and Evans and Cox (2017).
To sum up, the measured characteristics are very similar to terrestrial glacial valleys and are
very different from those ones from terrestrial and martian fluvial valleys. Today, we do not
observe glaciers in the region of Terra Sabaea but relics of glacial landforms. The presence of
these deglaciated landscape indicates that during the Late Noachian/ Early Hesperian, the
climate was cold enough to have deposition of snow and preservation of ice leading to
formation of glaciers and for the crater walls to be shaped by ice processes and form a glacial
landscape (Bouquety et al., 2019).
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Figure 2: Location of the glacial landscape found in Terra Sabaea in Bouquety et al., (2019)
represented by the doted black squares with associated zooms in (b), (c), and (d) The study area of this
study is represented by the black square. Context camera (CTX) mosaic of the area with Mars Orbiter
Laser Altimeter (MOLA) digital elevation map. Image credit NASA/JPL/University of Arizona.

2.2 Paleoglaciation on Earth: example from the Cantal in
French Massif Central

Evidence of past glaciation has been extensively reported on Earth. In fact, variations of
Milankovic parameters lead to glacial/interglacial cycles (Milankovitch, 1941). The last glacial
phase was 80-100 ka ago (Larsen et al., 2006). The majority of ice was located at the poles, but
evidence of glaciation has been found at mid-latitude, between 35°N and 50°N, in the Northern
Europe. The region of the Cantal in the Massif Central in France was glaciated during this
period ((Boule, (1896), Veyret, (1973), Valadas and Veyret, (1981)); Fig.3).

The Cantal is a stratovolcano which had been built by accumulation of lava from eruptions
between 13 My to 2 My (Valadas and Veyret, 1981). The Cantal's morphology is shaped by
vast basaltic plateaus formed by basaltic eruptions, these plateaus are called “planéze” (Boule,
1896). These planéze have a mean elevation of 1300 m and are cut by valleys which often start
with an amphitheatre (Fig.3b). These valleys extend radially from the higher summit, around
1800 m, and follow the slope to the lowest elevation, around 200 m. In the lower elevation, the
valleys join dense hydrographic network (Fig.3b). These valleys and amphitheatres have been
identified by Boule (1896) as glacial landscape composed of glacial valleys and glacial cirques.
Moreover, Boule (1896) and Veyret (1973) found several patterns of glacial erosion such as:
(1) moraines, they are ridge-shaped deposits formed along the lateral margins of glaciers
(Andersson, 1998, Ewertowski and Tomczyk, 2015). (2) Eskers which are a type of straight-to-
sinuous ridge composed of sand and gravel resulting from the flow of glacial meltwater in
predominantly subglacial and englacial conduits (Bennett and Glasser, 2011), and (3) drumlins
which are a type of straight hills composed of sand and gravel deposited by the glacial recession
(Bennett and Glasser, 2011).
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Figure 3: The Massif Central area. (a) Satellite photography of the area. The black rectangle
represents the Massif du Cantal show in (b). (b) Colorized elevation data from 25m/pixel Digital
Elevation Model (DEM). Images credit: Google earth and Institut national de I'information
géographique (IGN)

The study of these erosion and deposit patterns indicate that the Cantal was glaciated during the
last maximum glacial period (Fig.4; (Etlicher and Hervé, 1988)) The glacial landscape was, 12
My ago, composed of glacial cirques, glacial valleys and local plateaus ice cap on the planéze
where their flat topography were favourable to a deposition and accumulation of ice (Boule,
1896, Veyret, 1973, Valadas and Veyret, 1981, Etlicher and Herve, 1988). Today, the area is
totally deglaciated, but the Cantal is still shaped by geomorphologic legacy of an old cold
climate 12 My ago.

Figure 4: Reconstitution of the maximum glacial extend during the last glaciation in Cantal. (a)
Morphological map modified from (Etlicher and Hervé, 1988). The blue lines are the limits of the
maximal extend marked by the moraines. (b) Reconstruction of the assumed extent of ice draped on an
aerial photography of the area. Image credits: Google Earth.



3 Study area

We focus our study on an area at the southwest of Terra Sabaea, between 8°S to 11°S and 31°E
to 33°E (Fig.5a). This area is one of the highest parts of Terra Sabaea with a mean elevation at
3000 m above the reference MOLA datum and a summit at 4239 m. It belongs to the early
Noachian highland unit (eNh, (Tanaka et al., 2014)). We can divide the area into three parts
based on their relief: (1) the plateau is 22 km in average in width, has very gentle slopes and a
mean elevation at 3150 m (Fig.6), it is the highest zone of the area (Fig.5a). The plateau does
not show well marked morphologies such as valleys, but the slopes surrounding this plateau are
shaped by many valleys mapped by Hynek et al., 2010 as valley networks (Fig.5e). (2) Three
large size impact craters on the plateau. These craters are unnamed and will be called “crater
2” (41 km in diameter, Fig.5b), “crater 3” (92 km in diameter, Fig.5¢) and “crater 4” (72 km in
diameter, Fig.5d). (3) The radial valleys originate from the plateau, except for the south facing
slope which does not presents valleys (Fig.5a). These valleys are referred to as “radiating
valleys” for the rest of the study (Fig.5a, e).

4 Data and methods
4.1 Imagery

In order to understand the distribution and type of glacial landscapes at regional scale, we
performed a comparative morphometrical analysis of the studied valleys with known cases on
Earth and Mars. For Mars, we used Context Camera images (CTX) with a resolution of 6
m/pixel (Malin and Edgett, 2001) to characterize the valleys on Mars. Then, to constrain their
geometry, we used the Digital Terrain Map Reduced Data Record (DTMRDR) data with 1 m
numeric height resolution from High-Resolution Stereo Camera (HRSC) with a resolution of
10 to 50 m/pixel depending on the ground resolution of the respective image (Gwinner et al.,
2016) and MOLA Mission Experiment Gridded Data Record, MEGDR with 463 m/pixel
(Smith et al., 2001). We used both of these dataset because the global coverage of the HRSC
DEM does not include all the study area and only cover Bakhuysen and Dawes crater. A map
of the data availability is in the supplementary (Fig.24).We made our measurements using
ArcGIS software. To measure the valleys on Earth, especially in the Cantal region in France,
we used the 25 m/pixel DEM from the Institut national de I'information géographique (IGN).
The projection systems used was “SimpleCylindrical Mars” for CTX, with this projection,
distortion increases as the distance from the standard parallels increases. We used
“SINUSOIDAL MARS” for DTMRDR, the scale along all parallels and the central meridian
of the projection is accurate. And “Mars2000_ ECylindrical clon0” for MOLA. Our study areas
are near the equator (between 2° and 9°S), which is a standard parallels so the distortions can
be neglected.
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Figure 5: Area of interest in Terra Sabaea. (a) Study area, Context Camera (CTX) mosaic of the study
area with MOLA digital elevation map. The red lines are the valley networks identified by Hynek et
al., (2010). (b) Crater 2 CTX images with MOLA background. (c) Crater 3 CTX images with MOLA

background. (d) Crater 4 CTX images with MOLA background. () Zoom in the north part of the
plateau with the valleys flowing downstream, CTX images with MOLA background. The white circles
are the valleys represented in the Fig.11. Images credit NASA/JPL/University of Arizona.
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Figure 6: Plateau area. (a) CTX images with MOLA background. The dashed white lines are the
topographic contours (500 m). The dashed black lines are the cross-section show in (b), (c), (d) and
(e) from MOLA dataset. Images credit NASA/JPL/University of Arizona.



4.2 Morphometrical analysis of valleys on Mars

In order to define the erosive agent at the origin of the valleys, we used a morphometrical
comparative analysis. We summarized all the parameters used to study the valleys on Earth and
made a list of the morphometrical differences between terrestrial glacial and fluvial valleys. We
measured as many parameters as possible to interpret the origin of the valleys (Table 1). For a
much more detailed explanation of this method, the reader should refer to the section 4.3 of our
previous paper (Bouquety et al., 2019).

Valley parameters

Abbreviation

Definition

References

Longitudinal line extending from

Johnson (1904), Roberts and Rood

(dimensionless)

Length (m) L the upstream part to the (1984), Livers and Wohl (2015),
downstream part. Hobbs et al., (2016)
Johnson (1904), De Martonne
. . . (1910), Roberts and Rood (1984),
Width (m) w Perpendicular to the length line. Livers and Wohl (2015), Hobbs et
al,, (2016)
Slope (%) S| Average values of all pixels in the | Montgomery (2002), Amerson et
P valley shape. al. (2008)
Johnson (1904), Penck (1905), de
Martonne (1911), Graf (1970),
. Average values of all pixels in the Roberts_ and Rood (1984),
Elevation (m) El vallev shape Augustinus (1992), Montgomery,
y shape. 2002, Amerson et al., (2008),
Zemp et al. (2011), Livers and
Wohl (2015), Zimmer et al.(2018)
Graf (1970), Roberts and Rood
Difference between the highest and | (1984), Augustinus (1992),
Depth (m) Dp lowest point from a cross-sectional | Montgomery, 2002, Amerson et
profile. al., (2008), Livers and Wohl
(2015)
Penck, 1905, Graf (1970), Roberts
. and Rood (1984), Augustinus
Drainage area Da ﬁ}tér?;tleedellmlted by the crests of (1992), Montgomery, 2002,
Y Amerson et al., (2008), Zemp et al.
(2011)
V-_mdex_ V-index Deviation from an ideal VV-shaped Zimmer et al., 2018
(dimensionless) valley.
Penck, 1905, De Martonne (1911),
Graf (1970), Roberts and Rood
Cross-section s Calculated from the cross-sectional | (1984), Augustinus (1992),
(m?) profiles. Montgomery, 2002, Amerson et
al., (2008), Livers and Wohl
(2015)
Length/width
ratio L/W Length/ width. Hobbs et al., 2016

Table 1: Parameters measured for the valleys used in this study. Selected from several terrestrial
studies. V-index= (Ax/Av)-1 with (Ax) the valley cross-sectional area and (Av) ideal V-shaped cross-
section with the same height and width as the subject cross section. (Zimmer et al., 2018)




4.3 Comparative morphometrical analysis with known
valleys on Earth and Mars

4.3.1 Comparison with Mars

We compared our results with two craters that have already been studied. These craters have
been chosen as references for our comparison. The first, Bakhuysen crater (15.39°E, 23.9°S)
has 35 valley networks mapped by Hynek et al., (2010) and are interpreted as fluvial valleys by
Moore (2005) (Fig.7).The second is Dawes crater (42°17'E, 2°55'S), its inner walls has 42
valleys and 75 valley heads that have been interpreted as glacial valleys and glacial cirques by
(Bougquety et al., 2019) (Fig.8).

Elevation (m) |8 ¢
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- Low : -500

Figure 7: Bakhuysen crater (a) Background using CTX i |mages and MOLA elevatlon data. The red
lines represent the valley networks (Hynek et al., 2010). (b) CTX detailed view of the fluvial valleys
shown in (a). Modified from (Bouquety et al., 2019). The white circle is the valley represented in the
Fig.11 Image credit NASA/JPL/University of Arizona.

Figure 8: Dawes crater (@) Background usmg CTX images. The dark and Ilght blue represents
respectively the glacial valleys and the glacial cirques. (b) CTX detailed view of the glacial valleys
surrounding by three glacial cirques shown in (a). Modified from (Bouquety et al., 2019). The white
circle is the valley represented in the Fig.11. Images credit
NASA/JPL/University of Arizona.



4.3.2 Comparison with the Earth

We decided to apply our morphometrical analysis to the region of Cantal in France (Fig. 9).
The Cantal is volcanic region where evidence of past glaciation has been identified (Boule,
1896, Durand, 1939, Veyret, 1973, Valadas and Veyret, 1981). The fact that this area is totally
ice-free and the basaltic composition make this region a good analogue for Mars.

2°20'0"E 2°30'0"E 2°40'0"E 2°50'0"E 3°0'0"E

% Cross profile at 25%
5% = Cross profile at 50%
~—— Cross profile at 75%  Elevation (m)
5% ——— Cross profile at 100% | High: 1849
= Cique length T Low: 189

§

45°10'0"N

45°0'0"N

25m/pixel DEM. The white circle is the valley represented in the Fig.11 Images credit IGN.

4.4 Summary of measured parameters

The morphometric measurement allowed us to characterized 183 valleys. 36 fluvial valleys
from Bakhuysen crater, 42 glacial valleys from Dawes crater (Bouquety et al., 2019), 24 glacial
valleys from Cantal and a suite of valleys with unknown origin namely 12 from crater 2, 13
from crater 3, 9 from crater 4 and 47 radiating valleys. The built database, with more than 5850
usable measurements, allowed us to explore whether the valleys from crater 2, crater 3, crater
4 and the radiating valleys are more similar to fluvial or glacial valleys. The frequency
distribution and the average values for each parameter and each location is plotted in Fig. 10
and in table 2. A representative cross-sectional profile for each valley population is shown in
Fig.11.
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long black lines in the boxes.

Bakhuysen | Dawes | Crater | Crater | Crater | Radiating

Cantal
crater crater |2 3 4 valley

Number of

valleys 36 42 12 13 9 47 24

identified

Average length |, a4 |3 |4 |39 |21 9.9

(km)

Average width |, 5 2 13 |17 |15 |2 12

(km)

Average aspect

ratio 215 2.4 2.39 |2.66 |2.66 |[10.5 8.6

length:width

Average 170 1600 |1891 |2461 |2831 |2594 924

elevation (m)

Average depth | | 56 |18 |32 |27 |66 167

(m)

Average cross-

sectional area | 6537 24568 (11111)|28209(22274|147734 129937

(m?)

Average V- 14 7 020 (020 [0.21 |0.23 |0.11 0.19

index

Table 2: Average values for each measured parameter for valleys in each studied zone.
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Figure 11: Examples of studied valleys and their associated V-index. The dashed line shows the cross-
section at 50% of the downstream valley length extracted from HRSC and MOLA elevation data.
Valley examples from (a) Bakhuysen crater (HRSC), (b) Radiating valley (MOLA), (c) Dawes crater
(HRSC), (d) Crater 2 (MOLA), (e) Crater 3 (MOLA), (f) Crater 4 (MOLA) and (g) Cantal (IGN).
Images credit NASA/JPL/University of Arizona.

4.5 Age estimation

To estimate the age of the valleys, we performed a crater counting analysis by measuring the
crater size-frequency distribution using CTX images (Hartmann and Neukum, 2001, Ivanov,
2001). We used the method described in (Bouquety et al., 2019), which is to determine the age
of the crater inner walls, where the valleys are, and the age of the crater floor fill which partially
overlaps the base of the crater wall. So, estimating the age of the crater floor and the craters'
inner walls allowed us to bracket the maximum and minimum age of the valleys. We measured
all impact craters > 1 km, except secondary and ghost crater using CraterTools in ArcGIS
(Kneissl et al., 2011) and the crater size-frequency distribution was plotted with Craterstats 2.1
software using a cumulative plot and using the function chronology from Hartmann and

V-index:0.46




Neukum (2001) and Michael (2013). Moreover, in order to constrain the period of valley
formation, we used the N(1) method, based on established crater density boundaries (Bouley
and Craddock, 2014). N(1) is the density of craters with a diameter >1 km normalized to an
area of 10 6 km2. The number of craters >1 km for each study area, associated surface areas and
the N(1) are presented in Table 3 and the crater distribution map is in the supplementary (Fig.
25). In order to limit the uncertainties in age estimation arising from the small number of
counted crater (Warner et al., 2015), especially in crater 2, we combined several types of
datation such as the N(1) and the crater counting with function chronology from Hartmann and
Neukum (2001) and Michael (2013).

Crater > 1 km|Area (km?)|N(1)
Crater 2|6 1764 3401
Crater 3|31 5751 5390
Crater 4|20 4511 4434
Plateau |33 6056 5449

Table 3: Crater size-frequency distribution with associated area and N(1) by study area.

5 Results

5.1 Morphometric comparison: length to width ratio

Our morphometrical analysis of valley length and width allowed us to distinguish 3 groups (Fig.
12).The first one is composed of the fluvial valleys from Bakhuysen crater, they are
significantly longer than they are wide with a mean aspect ratio of 22.7. The second group is
composed of glacial valleys from Dawes crater and valleys from crater 2, 3 and 4. They are
slightly longer than they are wide with a mean aspect ratio of 2.64 for Dawes crater, 2.39 for
crater 2, and 2.66 for crater 3 and 4. Finally, the third group comprises the glacial valleys from
the Cantal and the radiating valleys. The valleys from Cantal have a mean aspect ratio of 8.68
with a mean length of 9 km and a mean width of 1 km. The radiating valleys have a mean aspect
ratio of 10.47. They are wide and long, about 1.9 km and 19 km in average respectively.

In order to verify if the data are statistically different, we realized a statistical test. The seven
populations of valleys from the different craters are not normally distributed so we chose to use
the Mann-Whitney U test. This method is used to test whether two samples are likely to derive
from the same population. This nonparametric test is applicable when the samples are small (N
< 50), not normally distributed and independent which is the case for this study. To achieve
this, the first step was to rank the length/width values to obtain the critical U value and compare
it with the values in Mann-Whitney table for a given N (Table 7 in the supplementary). To give
an example, let compare the two populations of valleys from Bakhuysen crater (N=35) and
Crater 3 (N = 13). After ranking, we obtained a critical U value of 1. For these populations, the
U value in the table is 117. The critical U value from our data is strictly inferior than the U
given in the Mann- Whitney table. So we can confirm that the valleys from Bakhuysen crater
and Crater 3 are statistically separated, that mean that the length/width values for these two
populations of valley do not follow the same trend. In other words, the erosion processes
between these two populations of valleys are not the same. We realized this test between all the
populations and give the result in table 4.
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Figure 12: (a) Box and whisker plot of length to width ratio for valleys in each study areas. (b) Length
versus width for all the valleys from the different study areas. 183 valleys have been plotted, 36 fluvial
valleys from Bakhuysen crater, 42 glacial valleys from Dawes crater, 24 glacial valleys from Cantal
and a suite of valleys with unknown origin namely 12 from crater 2, 13 from crater 3, 9 from crater 4
and 47 radiating valleys.




Valleys from: | Bakhuysen | Dawes | Crater 2 | Crater 3 | Crater 4 | Radiating | Cantal
Bakhuysen X 0 0 0 0 0 0
Dawes 0 X 1 1 1 0 0
Crater 2 0 1 X 1 1 0 0
Crater 3 0 1 1 X 1 0 0
Crater 4 0 1 1 1 X 0 0
Radiating 0 0 0 0 0 X 1
Cantal 0 0 0 0 0 1 X

Table 4: Result of the Mann-Whitney U test. We made the statistical analysis between all the valleys
population from the different area. If the result of this test is the populations are statistically separated
we put “0” and when the populations are not statistically separated we put “1”. The result “1”
indicates that the two studied populations follow the same trend so the erosion process between these
two populations of valleys is the same. If the result is “0” it is not.

5.2 Morphometric comparison: cross-sectional area to

drainage area ratio

Based on the ratio cross-sectional area to drainage area ratio, we can distinguish three groups
(Fig. 13).The first one is composed of Bakhuysen crater valleys with median value of 0.0007.
The second group is composed of the valleys from Dawes crater, crater 2, 3, 4 and the radiating
valleys. The average median value of the ratio cross-sectional area/ drainage area is 0.0027, that
is 3.8 times higher than Bakhuysen ratio. On Earth, a value of four is characteristic between
glacial and fluvial valleys (Montgomery, 2002). In a previous study, we found the same ratio,
around 4, between martian glacial valleys and fluvial Bakhuysen valleys on Mars (Bouguety et
al., 2019). The last group is composed of valleys from the Cantal which have a ratio cross-
sectional area/drainage area significantly higher than the two other groups.
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Figure 13: Box and whisker plot of cross-sectional area/ drainage area for the studied valleys.



5.3 Morphometric comparison: V-index

We studied the evolution of the cross-sectional profiles downstream from one valley in each
group defined before, each chosen valley is the most representative example of their group (i.e.
with a median value of parameters; Fig.14).Generally: (1) the fluvial valleys from Bakhuysen
crater have a V-shape with a narrow floor and a V-index < 0.1. Their V-index is relatively
constant from upstream to downstream (Fig.14a). (2) The glacial valleys from Dawes crater
present a U-shape with a wide flat floor and a VV-index > 0.2. Their V-index is relatively constant
from upstream to downstream (Fig.14b). (3) The valleys from crater 2, 3 and 4 are U-shaped
with a wide flat floor around 1.5 km and a V-index > 0.2. Their V-index is relatively constant
from upstream to downstream (Fig.14c-e). (4) The radiating valleys present both V-shaped and
U-shaped profiles. In fact the majority of the valleys are U-shaped upstream, and become V-
shaped downstream. Upstream (i.e. > 50% of the valley length) the mean V-index is > 0.2,
downstream (i.e. < 50% of the valley length) the mean V-index is < 0.1 (Fig.14f). (5) Finally,
the glacial valleys from the Cantal have U-shaped profiles upstream with a mean V-index > 0.2
and more V-shaped profiles downstream with a mean V-index < 0.1 (Fig.14g).

5.4 Elevation

The analysis of the elevation of the valleys allowed us to differentiate two groups. The first
group, comprises valleys from Bakhuysen, they are found at an elevation <1000 m, 168 m on
average (Fig. 15; Table. 2). The second group is made up of valleys from Dawes crater, crater
2, 3, 4 and the radiating valleys, they are located at an elevation higher than 1000 m with an
average of 2275 m (Fig. 15; Table 2). These valleys are at an elevation 14 times higher than the
valleys in Bakhuysen crater and consistent with the 1000 m of ice deposition following climate
models (Wordsworth et al., 2013, Bouley et al., 2016).
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Figure 14: Cross-sectional evolution from 75% (upstream) to 25% of the valley length (downstream) and
associated V-index from one representative valley for each study area. (a) Bakhuysen crater, (b) Dawes crater,
(c) Crater 2, (d) Crater 3, (e) Crater 4, (f) Radiating valley and (g) Cantal. The profiles have been extracted
from MOLA (c, d, e, and f), HRSC (a, b) elevation data and 25 m/pixel DEM from IGN (g).
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6 An interpreted glacial landscape

6.1 Glacial crater valleys from crater 2, crater 3 and crater
4

The morphometric analysis revealed that the valleys from crater 2, crater 3 and crater 4 have
similar properties and trends to terrestrial and martian glacial valleys (Bouquety et al., 2019,
Hobbs et al., 2016). In fact, they have a length to width ratio > 1, which is more similar to
Dawes crater glacial valleys than to Bakhuysen fluvial valleys which have a length to width
ratio >> 1 (Fig. 12). Long and narrow valleys are formed by fluvial processes and have an
aspect ratio >>1 while short valleys are generally formed by glacial erosion with an aspect ratio
>1 (Hobbs et al., 2016). Short valleys have a ratio cross-sectional areas four times larger than
Bakhuysen fluvial valleys and similar to the cross-sectional area ratio of Dawes glacial valleys
(Fig. 13).They are U-shaped (Fig.14c-e) with a V-index around 0.21 which is similar to the V-
index found for Dawes (0.20), as well as the Cantal glacial valleys (0.19) and glacial valleys
from Chamonix in the French Alps (0.21; (Bouquety et al., 2019)). This V-index value is higher
than the value found for Bakhuysen fluvial valleys (0.07). Finally, the valleys from crater 2,
crater 3 and crater 4 are at an elevation around 2275 m which is similar to the elevation of
Dawes crater, Crater 1 and Mountain 1 (Bouquety et al., 2019). This elevation is 14 times higher
than Bakhuysen fluvial valleys (Fig. 15). Moreover, the statistical distribution of the valleys
from Dawes crater, crater 2, 3, and 4 are not statistically separated which indicate that the
erosion process between these populations of valleys is the same (Table 4). Therefore, we
interpret the valleys present on the inner walls in crater 2, 3 and 4 as glacial valleys.

6.2 Radiating valleys from the plateau

The radiating valleys present the morphological characteristics of glacial valleys described
before (section 6.1). In fact, they are mainly U-shaped with a wide flat floor of 2 km, their cross-
sectional area to drainage area ratio is similar to the ratio from the other martian glacial valleys
(Fig. 13). Moreover, their elevation is the same as the elevation of the other interpreted glacial
valleys (Fig. 15).So, we can also interpret them as glacial valleys. Nevertheless, one point
differs from the characteristics of glacial valleys. The radiating valleys are much longer than
the glacial crater valleys (Fig. 10b; Fig. 12). This difference could be explained by the fact that
the radiating valleys are not limited by the short steep slope of the crater inner walls as the other
studied valleys, but they extend over tens of kilometres on the gentle slope of the plateau. The
distribution described by the length to width ratio of the radiating valleys is between the fluvial



trend described by Bakhuysen valleys and the glacial trend described by glacial valleys in the
different craters (Fig.12 b; (Hobbs et al., 2016, Bouquety et al., 2019)) and is similar with the
valleys from the Cantal. The Mann-Whitney U test for the Cantal and the radiating valleys are
not statistically separated which indicate that the erosion process between these two populations
of valleys is the same. Furthermore, the valleys from the Cantal and the radiating valleys are
statistically separated from the valleys from Dawes, crater 2, 3, and 4 which indicates that they
have a different origin or other processes have intervened in their formation (Table 4).
Moreover, the radiating valleys become more V-shaped downstream around the cross-section
25% of the valley length, just as the glacial valleys from the Cantal which have been shaped by
several phases of glaciation and melting (Fig. 14f-g; (Boule, 1896, Durand, 1939, Veyret, 1973,
Valadas and Veyret, 1981)). All these properties seem to indicate that the radiating valleys are
mainly glacial valleys. Nevertheless, the length, the slope and the V-shape downstream of the
radiating valleys seems to suggest that other processes played a role in their formation
(discussed in the section 7.3).

6.3 Evidence for a plateau ice cap: comparison with the
Earth

On Earth, many mountain regions contain high plateaus which may act as accumulation areas
for icefields. These plateaus often have outlet glaciers which spill from higher level
accumulation areas down into adjacent valleys (Rea et al., 1998), for example in the Cantal or
the Shaluli Shan in the Tibetan plateau. These areas present evidence of paleoglaciation where
an ice reservoir was at the origin of the valleys (Boule, 1896, Durand, 1939, Veyret, 1973,
Valadas and Veyret, 1981, Derbyshire et al., 1991, Kuhle, 1998, Heyman et al., 2008, Fu et al.,
2013a, Fu et al., 2018). The presence of depositional features such as moraines, kames, eskers,
or kettles hole and features such as glacial lineation, scoured terrain, hummocky terrain and
moraines indicate that these areas was covered by an ice cap at the highest elevation (Boule,
1896, Durand, 1939, Veyret, 1973, Valadas and Veyret, 1981, Derbyshire et al., 1991, Kuhle,
1998, Heyman et al., 2008, Fu et al., 20133, Fu et al., 2018). Ice caps with cold-based regimes
are weak agents of erosion compared to those with wet-based regimes. Their interiors
commonly have lower erosion rates than their margins and outlet glaciers as a result of low ice
surface slopes and lower rates of meltwater delivery to the bed (Hallet et al., 1996, Cowton et
al., 2012, Fu et al., 2013a, Fu et al., 2018). But it had been demonstrated that for the Greenland
ice sheet margin, the erosion rates are much higher than the average rate across the ice sheet as
a whole and closely resemble to the erosion rate of alpine glacier with surface meltwater
reaching the glacier bed at a distance of tens of kilometres from the terminus (Bartholomew et
al., 2011, Bartholomew et al., 2011b, Cowton et al., 2012). Land-terminating outlet glaciers
originate from the ice sheet margins, due to the glacier extension, the increased ice surface slope
and the increased supply to meltwater to the glacier bed creating higher erosion rates. These
land-terminating outlet glaciers, similar to alpine glacial valleys, are warmed-based and have
basal erosion rates of about 0.1 to 10 mm/yr compared to 0.01 mm/yr for the ice sheet (Hallet
et al., 1996, Koppes and Montgomery, 2009).

The study area presents 71 glacial valleys in the three craters and on the slope of the plateau
(Fig.16a). We observed that the glacial crater valleys are located everywhere on the inner slopes
in crater 3 and 4 without preferential distribution, contrary to glacial crater valleys in crater 2
which are located preferentially on the northeast facing wall, in contact with the plateau area
(Fig.16b). The radiating glacial valleys start from the plateau at an elevation around 3000 m
(Fig.16b, c). Whether in the craters inner walls or on the slopes, all the observed valleys seem
to emerge from the high elevation plateau (around 3000 m) and do not present any clear valley
heads and/or glacial cirques such as the glacial valleys identified in Bouquety et al., 2019
(Fig.16c).



So, we propose that the plateau was covered by an ice cap, and at the margin of this plateau, we
observed the presence of glacial valleys (Fig.5e; Fig.17).This hypothesised plateau ice cap was
characterized by an area of 6137 km? at an elevation of 3150 m. By analogy to several sites on
Earth: Scotland (Sugden, 1968), Scandinavia (Kleman and Stroven, 1997, Stroeven et al., 2002,
Fabel et al., 2002), Cantal (Boule, 1896, Durand, 1939, Veyret, 1973, Valadas and Veyret,
1981, Etlicher and Herve, 1988), Arctic Canada (Sugden and Watts, 1977, Sugden, 1978, Briner
et al., 2003)), New Zealand (Suggate, 1990) and the Tibetan Plateau (Derbyshire et al., 1991,
Kuhle, 1998, Heyman et al., 2008, Fu et al., 20133, Fu et al., 2018), we propose that the glacial
landscape was characterized by an erosional polythermal regime where the highest elevations
were protected by a cold-based plateau ice cap while, at the margins of this plateau and at lower-
altitude warm based alpine glacial valleys flowed radially from the plateau (Fig. 17). The
presence of an ancient plateau ice cap could explain: (1) the absence of glacial cirques, which
means that the glacial valleys would come directly from this plateau ice cap forming outlet
glacier, and (2) the preferential distribution of the glacial valleys in crater 2 which are localized
only on the inner wall in contact with the plateau.
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Figure 16: Interpreted glacial valleys. (a) Study area with the interpreted glacial valleys (blue
polygons) with associated zoom in (b) and (c). CTX images with MOLA background. (b) Zoom on the
preferential distribution of the valleys in crater 2, they are located preferentially on the northeast
facing inner wall, in contact with the plateau area. (c) Zoom on the northern slope, showing that the
valleys do not have any clear valley heads and/or glacial cirques. The valleys come directly from the
plateau. Images credit NASA/JPL/University of Arizona.
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Figure 17: Geomorphological map of the proposed glacial landscape. Distribution of the glacial
valleys on the inner walls of craters 2, 3 and 4, and the supposed plateau ice cap. To construct this ice
cap, we extracted all the point “100%" corresponding to the valley upstream, then we connected these
points together. Then to extrapolate we used the topographic data such as the slopes and the isolignes
in order to localize the flat area at high elevation associated with a visual interpretation of the
landscape morphology. The supposed ice cap thus drawn represents the minimum extend of the ice.
CTX images with MOLA background. Images credit NASA/JPL/University of Arizona.



6.4 Timing of the formation of the glacial landscape

6.4.1 Glacial valleys

In order to bracket the age of the potential glacial valleys, we analysed the crater-size frequency
distributions of the inner rim walls and the floor of crater 2, 3 and 4. The fits indicate that, in
the three craters, the crater floors are younger than the crater inner walls where the valleys are,
so the valleys are younger than the crater walls but older than the filling material of the crater
floor that covers them (section 4.5). The crater size frequency distribution for each location is
represented in the Fig.18. The results are summarized in Table 5. So, the age of the measured
glacial landscape is probably between 3.31 and 3.65 Ga (Late Noachian/ Early Hesperian).

Crater floor (Ga) Crater wall (Ga)
Hartmann and Neukum, |Michael, Hartmann and Neukum, [ Michael,
2001 2013 2001 2013)
Crater [3.38+0.30 3.31+£043 |3.59+0.07 3.54 £0.06
2
Crater [3.490.11 3.38+£0.18 (3.65x0.7 3.60 £ 0.08
3
Crater [3.44+0.15 3.37+£0.22 |3.62+0.06 3.56 £ 0.08
4
Table 5: Ages estimation of crater walls and floors for each areas and using two different chronology
function.

The crater densities N(1) for crater 2, 3, and 4 are respectively 3401, 5390 and 4434. These
crater densities correspond to the Early Hesperian for crater 2 and Late Noachian/Early
Hesperian for craters 3 and 4 according to the established crater density boundaries (Tanaka,
1986, Hartmann, 2005). These ages are also consistent with the age found by Bouley and
Craddock, 2014 with the basin age-dating method for the basins and subbasins within Terra
Sabaea of 3.61 + 0.02 Ga.
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Figure 18: Age estimations of the glacial landscape. The red triangles represent the counts performed
on the inner wall and the black squares the counts performed on the crater floor. Crater 2: crater-size
frequency distribution for crater >1km with (a) Hartmann and Neukum (2001) chronology function
and (b) Michael (2013) chronology function. Crater 3: crater-size frequency distribution for crater
>1km with (c) Hartmann and Neukum (2001) and (d) Michael (2013). Crater 4: crater-size frequency
distribution for crater >1km with (e) Hartmann and Neukum (2001) and (f) Michael (2013). A detailed

map of the count area is in the supplementary (Fig.25).




6.4.2 Plateau ice cap

In order to date the supposed plateau ice cap (previously defined in Fig. 17), we analysed the
crater-size frequency distribution (>1km) in that area (Fig.25g in the supplementary, table 3).
The crater size-frequency distribution, for craters diameters <3km gives a best-fit age of 3.59 +
0.035 Ga with Hartmann and Neukum (2001) chronology function and 3.49 + 0.037 Ga with
Hartmann (2005) chronology function (Late Noachian/Early Hesperian; Fig. 19). These ages
are confirmed by a N(1) crater density of 5449 which corresponds to the Late Noachian/Early
Hesperian according to the established crater density boundaries (Tanaka, 1986, Hartmann,
2005). The crater size-frequency distributions show two trends for each chronology function
(Fig. 19 a,b). The first one is 3.74 + 0.14 Ga with Hartmann and Neukum (2001) chronology
function and the second is 3.59 + 0.22 Ga with Hartmann (2005). These ages are found with
the best-fit given by the three biggest craters on the plateau (>2.5km). So, we suppose that
resurfacing processes occurred between 3.74 and 3.59 Ga or between 3.59 and 3.49 Ga which
can explain the absence of smaller craters following the isochron of 3.74 Ga for Hartmann and
Neukum (2001) and the isochron of 3.59 Ga for Hartmann (2005).

These glacial valleys and the plateau ice cap are dated at the same age than the glacial
landscapes in Bouquety et al. (2019), between 3.34 and 3.66 Ga. Therefore, we hypothesize
that from the Late Noachian to the Early Hesperian, the climatic conditions in Terra Sabaea
were cold and humid enough for precipitation of snow and to have deposition and preservation
of ice leading the formation of an ice cap and outlet glaciers.
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Figure 19: Timing of formation of the supposed plateau ice cap. (a) With Hartmann and Neukum
(2001) and (b) with Hartmann (2005). These figures show the crater size frequency distributions >
1km, on the plateau area (a detailed map is in the supplementary). We observe in (a) that the crater
size frequency distribution follow two different isochrons. The 3.59 Ga isochron is composed of the
smallest crater in the plateau (<2km in diameter) and the 3.74 Ga isochron have the crater with a
diameter > 2.5 km. The fact that the same crater population follow two differents isochron seems to

indicate that resurfacing processes occurred between 3.74 and 3.59 Ga probably caused by the

plateau ice cap.




7 Discussion

7.1 Quantification of uncertainties

The morphometrical comparative analysis we did in this study used two different types of DEM,
the HRSC DEM and the MOLA DEM. The HRSC DEM was used for the valleys measurement
of Bakhuysen crater and Dawes crater and the MOLA for the valleys from craters 2, 3, and 4
and the radiating valleys. Thus, it is important to quantify the uncertainties resulting from
differences in resolution between the MOLA (463 m/pixel based on the MOLA laser shots) and
the HRSC DEM (10-50 m/pixel). In order to do this, we compared the cross-sectional profiles
extracted from the MOLA and the HRSC DEM for the same location (Fig.20a). The difference
in the number of data point on the line (217 for HRSC and only 16 for MOLA) make the MOLA
profiles smoother than the HRSC ones which is more precise with more variations (Fig.20b).
Moreover, the shape of the two profiles are different. The HRSC profiles looks more V-shaped
than the MOLA ones and they are shifted. There is a difference in the cross-sectional area and
in the depth of the valley. These differences are about 8% for the cross-sectional area and 13%
for the depth (Fig.20c). But, in this study, the cross-sectional area and the depth are never used
as singles ones parameters. Indeed, the cross-sectional area is used to calculate the cross-
sectional/drainage area ratio, and the depth to calculate the V-index. (1) The cross-
sectional/drainage area ratio is calculated by dividing the cross-sectional area with an order of
magnitude of 10 5 m2 by the drainage area with an order of magnitude of 10 8 m2 (extracted
from the mean values). So, this difference of order of magnitude make the uncertainty of the
cross-sectional area negligible. (2) The depth is used to calculate the V-index. Between the two
DEM, for a same profile, the mean V-index difference is around 0.05. This difference can
induce bias in the interpretation of small V-index (<0.1) than bigger ones (>0.2). In fact, the
mean V-index for the valleys from Bakhuysen crater is 0.07, thus + 0.05 can false the
interpretation. A section with a VV-index= 0.02 will be interpreted as fluvial but the same section
with a V-index= 0.13 will be interpreted as glacial. The mean V-index for Dawes valleys is
0.20, = 0.05 on this values still make the interpretation as glacial valleys. But, this analysis does
not depend on the value of a single parameter, it depend of the comparison of several
parameters. So, even if the interpretation about the V-index could be changed by the
uncertainties, the analysis of the other parameters allows to circumvent this problem. The other
parameters used like the length, the width and the drainage area, are only dependent on the
projection used. We extracted these values using the “SimpleCylindrical Mars” projection.
With this projection, distortion increases as the distance from the standard parallels increases.
Our study areas are near the equator (between 2° and 9°S), which is a standard parallel so the
distortions can be neglected. The valleys from craters 2, 3, and 4 and the radiating valleys have
been studied using MOLA DEM only because there is no HRSC data available in these areas
(Fig.24 in the supplementary). So the uncertainties can only come from the resolution of this
dataset. We can not use the MOLA laser shot because the orbit of the MOLA instrument is not
consistent with the measurements by section required for this study. The uncertainties in this
analysis are important to considerer because it can false the interpretation about the origin of
the valleys. But the number of measured parameters allows to compare the data and reduce the
uncertainties.
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Figure 20: Quantificatin of ncertanties. (a) CTX image of a valley in Dawes crater. The dotted line
is the profile shown in (b). (b) Cross-sectional profiles from MOLA in blue and HRSC DEM in red. (c)
Table of values from the selected parameters. Images credit NASA/JPL/University of Arizona.

7.2 Estimation of the elevation line altitude: ELA

The glacial landscape in the study area is today totally ice free making the identification and
the characterization of glacial properties complicated. However, Anderson et al. (2006)
developed a geometrical protocol in order to estimate the elevation line altitude (ELA) in glacial
valleys on Earth. This method is a study of the geometrical properties of a glacial valley, such
as the distance down-valley (valley length), the elevation and the linear profiles of the valley
bed and valley rim (Anderson et al., 2006). Several assumptions are needed: (1) the initial
profile is linear, (2) the width of the valley is uniform, (3) the annual mass balance varies
linearly with elevation, (4) the glacier at any time is quasi-steady, (5) the erosion rate is
proportional to ice discharge per unit valley width, and (6) glacial erosion rates far exceed
fluvial erosion rate (Anderson et al., 2006). The distribution of ELA predicts erosion peaks at
30-40% of the down-valley distance to the glacial limit, and the pattern merges smoothly with
the steeper fluvial profile downstream of the glacial limit (Anderson et al., 2006).

Even if we do not have information about the martian annual mass balance and the glacial
erosion rates, we decided to apply this method to a valley in our study area (Fig.21). In order to
estimate the ELA in this valley, several steps are necessary: (1) extract the profile of the valley
bed and the valley rim and extract the linear equation of the valley bed. (2) Plot the valleys rim
and bed profiles using the equation for the valley bed making it linear to follow the assumption
(1) described by Anderson et al. (2006), (Fig. 21a). (3) Then we calculated the Xela which is
the position of the ELA following the length of the valley, we estimated the Xela at 1/3 of the
valley length (Anderson et al., 2006). (4) We calculated the Zela following: Zela=( -Xela*S )
+Zmax with Zela the elevation of the ELA, S the slope and Zmax the maximum elevation of
the valley (Fig. 21a). (5) Finally we calculated the terminus position of the supposed glacier,
Xterm: Xterm=2* Zmax-Zela S. This method allowed us to estimate the ELA at 2556 m, the
other values obtained with this method are sum up in the table 6.

In order to verify this geometric approach, we reported the values obtained on the studied valley
(Fig. 21b). In a geomorphological approach, we observed that before the Xela point (green



square, Fig. 21b) the valley presents a circular-like form with non-parallel rims. Below this
point, the rims become sub-parallel until the Xterm point (yellow square, Fig.21b). The
morphology of the valley is consistent with the points obtained by the geometrical analysis. In
fact when X < Xela, it is the accumulation zone, which often results in a hollow form in glacial
landscape. Then, when X > Xela it is the ablation zone, where the erosive power of the ice is
more effective. The glacier erosion made U-shaped valleys with parallel steep rims and a flat
floor (Fig.21c). When X > Xterm, where the supposed glacier terminated, we do not observe
well-marked rims with high elevation but it is still possible to follow the valley downstream
(Fig. 21d). Moreover, we can discuss about the evolution of the rim longitudinal profile. Above
the ELA, the rim is well marked with a mean elevation of 100 m above the valley bed. Below
the ELA, the rim is much smaller with a mean elevation of 15 m above the valley bed. Finally,
the X term point is consistent with the results of the morphometrical analysis. In fact we
observed that the radiating valleys become more V-shaped at 25% of the valley length
(described in section 6.2). Upstream, the valley are U-shaped with a V-index > 0.1 shaped by
the glacial erosion (Fig.21e). After the 25%, downstream at the maximum extend of the glacier
(X term), the glacier could have melted allowing the liquid water to shape the V-shaped valley
downstream with a smaller V-index (Fig.21f).

We can discuss about the uncertainty of this method. This geometric method is highly based on
the valley length. On Mars, especially on Terra Sabaea, the valleys are often degraded and it is
complicated to follow the rims making the interpretation of the valley length complicated. We
chose to study this valley with this method because it is relatively well preserved and we can
follow the rim from the plateau area upstream to the lowest elevation downstream. Moreover,
the assumptions made, and the absence of information about the martian annual mass balance
and the glacial erosion rates can changed the interpretation. Nevertheless, the fact that the
morphology is consistent with the geometry is a good indicator that shows that Terra Sabaea
have been icy at elevations higher than 2556 m 3.6 Ga ago.
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Figure 21: Estimation of the elevation line altitude (ELA) by a geometric approach following the
method described in Anderson et al. (2006). (a) Longitudinal profile of the valley (on western slope of



the plateau area). The blue and orange lines represent the linear profile, respectively, of the valley

bed and the valley rim. Xela is the position of the ELA following the valley length and Xterm is the

glacier terminus position. (b) Studied valley for the ELA estimation. The yellow and green squares
represent respectively the Xterm and the Xela. The blue line is the valley length used to construct the
linear valley bed profile show in (a). The dotted rectangle is the area zoomed in (c) and (d). (c) Slope

map of the zoomed area calculated from MOLA. (d) MOLA elevation map of the zoomed area. The
dotted lines are the topographic profiles showed in (e) and (f). (e) Cross-sectional profile from MOLA
with associated V-index. (f) Cross-sectional profile from MOLA with associated V-index. CTX images
with MOLA background. Images credit NASA/JPL/University of Arizona.

Distance |Zmax |Zmin Slope |Xterm [Xela Zela |Function of the valley
(m) (m) (m) (m) (m) (m) bed
36573 2773 2108 0.0178|24382 12191 (2556 |y=-0.0178x + 2762.3

Table 6: Calculated parameters using the method from by (Anderson et al., 2006)

7.3 Comparison with the Tibetan plateau

The area of Shaluli Shan, in the southeastern Tibetan Plateau (30°44'N, 99°44'E), presents
evidence for past polythermal ice cap glaciation (Fu et al., 2012, Fu et al., 2013a). This area is
strongly shaped by present and ancient glacial processes from the last glaciation (Fig. 22 a-c).
Shaluli Shan is composed of ice-free wide (20 km) plateau at high elevation (4200 m), many
alpine glacial valleys extend downslope from this plateau (Fig. 22c, (Fu et al., 2013a)). These
alpine glacial valleys have lengths up to 45 km, have an average width of 3 km and are deeply
incised (between 100 to 400 m) into the slopes surrounding the plateau. These glacial valleys
can merge to produce exceptionally long, more than 20 km, glacial valleys (Fu et al., 2012, Fu
et al., 2013a). Although the plateau is ice-free, it is possible to observed abundant glacial
landforms radiating from the plateau which is the highest area in this region. At smaller scales,
it is possible to find in this area several patterns of glacial erosion and deposition: (1) lateral
moraines. (2) Hummocky terrain comprises irregular shaped sedimentary deposits of hills and
mounds often located along the glacial valley sides (Bennett and Glasser, 2011). (3) Glacial
lineations are elongated features formed by subglacial streamlining, including both erosional
and depositional processes (Hargitai and Kereszturi, 2015). (4) Scoured terrain, formed by
glacial plucking and abrasion, consists of low-relief bedrock-dominated surfaces with
numerous rock basins and intervening rock knobs, typically resulting in a widespread
occurrence of lakes (Fig. 22b; (Fu et al., 2012)).

The abundant glacial landforms in the Shaluli Shan, mark the former extent of past glaciations
including plateau ice caps and extensive alpine glacial valleys. This paleoglacial landscape
composed of a large plateau ice cap linked with radiating glacial valleys indicate that the ice
cap was the source of the alpine glacial valley downstream (Fu et al., 2013a). Moreover, Shaluli
Shan was shaped by polythermal glaciation (Fu et al., 2013a). The plateau ice cap was
characterised by a cold-based thermal regime, producing small scale erosional features such as
hummocky terrain or glacial lineations, while the alpine glaciers downslope were characterised
by warm-based thermal regimes. (Cowton et al., 2012, Fu et al., 2013a). These two glacial
systems were linked together by surface meltwaters that penetrated to the glacier bed at the ice
cap margin. Meltwater is an important catalyst for enhanced glacial erosion by alpine glacier;
its presence promotes high water pressures which enhance basal sliding of the glacier with
associated erosion (Cowton et al., 2012). This landform assemblage is characteristic of an
extensive paleoglacial landscape and is very similar to the one we studied in Terra Sabaea.



Figure 22: Satellite images of Shaluli Shan area. () Zoom on the Haizishan plateau. The white dots
polygons show the plateau around 4200 m in elevation. (b) Zoom on scoured terrain with lakes and (c)
zoom on glacial valleys originating from the plateau. The glacial valleys are shown by the white
arrows. Images credit Google Earth.

7.4 Glacial landscape in Terra Sabaea: A complex system

The studied glacial morphologies in Bouquety et al. (2019) and in this study indicate that during
the Late Noachian/Early Hesperian the climate was cold and wet enough to allow deposition of
snow/ice and preservation of ice leading to formation of glaciers and an ice cap shaping the
landscape in Terra Sabaea. We did not find any depositional features such as moraines, eskers
or glacial lineations, even by analysing the two HIiRISE images available in the area. Two
scenarios are possible: (1) This absence could be because this depositional features are mainly
composed of easily erodible unconsolidated sediment, and have been removed by subsequent
erosion by wind, meteoritic impacts, run-off or covered by depositional material. (2) These
depositional features could have never formed. On Earth, the Meserve Glacier in Antarctica,
which is a cold-based glacier had eroded U-shaped valleys. Cuffey et al. (2000) proposed that
this cold-based glacier occupied older river channels and eroded U-shaped valleys. Thus, they
did not found depositional features characteristics of warmed-based glaciers (Cuffey et al.,
2000). So if the outlet valleys in our study area were cold-based, the depositional features never
formed.

Nevertheless, the morphometry of the radiating valleys and the supposed polythermal regime
also suggest that liquid water played a role in valleys development (section, 6.2; Fig.14f). In
fact, the glacial valleys on the slope of the plateau become V-shaped, with a smaller V-index
(<0.1) at 25% of their length. These V-shaped and V-index values are characteristics of valleys
shaped by a liquid erosive agent such as liquid water. In Bouquety et al. (2019), we discussed
glaciated highlands at high elevation and temperate lowlands where the liquid water could have
been stable. This liquid water could have come from the melting of the ice upstream (from the
plateau ice cap or the supposed glacier front), and could have been a source and/or a reservoir
for the valley networks at lowest elevation and fed the open-basin lake in this area (Fassett and
Head, 2008a). This hypothesis seems to be consistent with the morphometrical results in this
study.

Our study area includes an impact crater with inlet and outlet valleys. The inlet valleys are
connected with the plateau area upstream, and downstream by an outlet valley to the lower
elevations (Fig.23a, b). This structure could be categorized as an open-basin paleolake



following the established characteristics by Fassett and Head (2008a), namely a lake with outlet
valleys, but it was not mapped. The two valleys from the plateau (Fig.23c and d), have the
glacial properties described before but, as the majority of the radiating valleys, their V-index
decreases downstream to the supposed open-basin paleolake (Fig.23b-d). In other words, the
inlet valleys are U-shaped upstream and become V-shaped downstream approaching the open-
basin paleolake. The cross-sectional profile at the transition between the open-basin paleolake
and the outlet valley is V-shaped with a V-index of -0.07 and this valley is V-shaped all along
with a mean V-index of 0.03 (Fig.23b, €), which is more similar to a fluvial valley than a glacial
valley. In order to explain these morphologies, we propose that the two upstream valleys
coming from the plateau are glacial. The supposed glaciers in these valleys could have melted
during some subsequent warming phase and fed the depression downstream thus forming a lake
in the crater. Then, the water in the lake flowed downstream following the slope to form the V-
shaped valley. So the lake was fed by ice and/or meltwater from the glacier coming from the
supposed plateau ice cap which indicates that ice (glacier) and liquid water (meltwater and/or
subglacial water) could have coexisted. This hypothesis could be supported by the climatic
model proposed by (Palumbo et al., 2018) which suggests the possibility of transient melting
linked to fluvial and/or lacustrine activity through peak annual and seasonal temperatures
during the cold and icy early Mars. Moreover, this observation is one more argument for the
warm based regime of the radiating valleys coming from the plateau ice cap.

The glacial geomorphological evidence we bring here and in Bouquety et al. (2019) show that
Terra Sabaea was, during the Late Noachian/Early Hesperian, a place with a complex
glaciological history. The glacial landscape composed of glacial crater valleys, glacial cirques
and a hypothesised former plateau ice cap show that the icy highland scenario predicted by the
models is plausible (Wordsworth et al., 2013, Bouley et al., 2016). Nevertheless, the liquid
water and the ice seems to be linked together, in fact the glacial morphologies in the highlands
in Terra Sabaea seems to be connected with the fluvial morphologies downstream. Indeed, the
presence of open-basin lakes (Fassett and Head, 2008a) and the catchment of Naktong vallis,
located near Dawes crater (Fig.2), are dated at 3.6 Ga (Fassett2008, Bouley2009, Bouley and
Craddock, 2014). The fact that these structures which are formed with liquid water (open basin
lake and Naktong vallis) and glacial landscape are dated at the same age (3.6 Ga) seem to
indicate that the water could have been liquid and solid during the same period of time. The
elevation is an important factor to consider to study the link between the glacial and fluvial
morphologies. The highlands in Terra Sabaea should be icy at high elevation (> 2500 m) and
downstream, to the north, this ice could be a source of the fluvial morphologies at lower
elevation (< 2500 m). Elsewhere on Mars evidence of Late Noachian/Early Hesperian
glaciation have been demonstrated in Valles Marineris (Méege and Bourgeois, 2011, Gourronc
et al., 2014) and in Tharsis volcanic province which acted like an ice trap through martian
history (Cassanelli and Head, 2019). Combined, this evidence seems to show that the early
martian climate was not uniquely warm, wet, or icy, but a combination of both with regional
climate depending of the latitude, and elevation.
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8 Conclusion

The morphometrical analyses allowed us to identify glacial valleys and a hypothesised former
plateau ice cap located on a high plateau in Terra Sabaea at an elevation > 2500 m, this glacial
landscape composed of glacial valleys and plateau ice cap, have morphological and geometrical
similarities with glacial landforms on Earth. The crater-size frequency distributions give an age
around 3.6 Ga. This age is consistent with the other demonstrated glacial landscape in this area
(Bouquety et al., 2019) and in agreement with the icy highlands scenario predicted by the
climate simulations (Wordsworth et al., 2013, Bouley et al., 2016). This study strongly supports
the presence of a glaciated landscape in Terra Sabaea during the Late Noachian/Early
Hesperian. Terra Sabaea proves to be an area with a complex glaciological history with the
presence of a glacial landscape composed of glacial cirques, glacial valleys and a supposed
plateau ice cap. The wide range of elevations and morphologies in Terra Sabaea seems to
indicate that this area is a key place to understand the complex history of the early martian
climate.
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Figure 24: Data availability map. The black rectangles show the HRSC data available in our
study area in the pointed rectangle
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Figure 25: Map of the count-areas of craters > 1km. (a) Crater 2 floor. (b) Crater 2 inner walls. (c)
Crater 3 floor (d) Crater 3 inner walls (e) Crater 4 floor (f) Crater 4 inner walls (g) Plateau area
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Table 7: Mann-Whitney table for a bilateral test.




Highlights

* Morphometric evidence of an ancient polythermal plateau ice cap in Terra Sabaea.
* Glacial landscape has an age of late Noachian/ early Hesperian at 3.6 Ga.
* Morphometric evidence of coexisting ice and liquid water.

Graphical abstract

Glacial landscape and paleoglaciation in Terra Sabaea: Evidence of 3.6 Ga
polythermal plateau ice cap.
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Figure 26: graphical abstract



