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Abstract

The Souneset al. (2012) catalogue of 1309 Martian glacier-like forms (GLF)
is examined and Mars Express High Resolution Stereo Cateeza soverage
identi ed covering these objects. Of the 1309 objects, lilE% tof HRSC digital
terrain model data are located covering 1030 objects. ThR8 EHHRTMs are used
to derive topographic layers including slope, aspect, andature layers. These
are formed into a layerstacked feature vector, and segmémfeythonRSGISLib

Descriptive statistics of the Souness GLFs, in comparesthose of the HRSC
DTM tiles as a whole, are used to create a fuzzy classi e;edas the feature
vector of the segments. The descriptive statistics shows#me trends observed
with the lower resolution Mars Orbiter Laser Altimeter dat&ounesst al. (2012)
for elevation, that the GLFs are disproportionately foundnédle elevations
between -3000m and zero relative to Mars datum, and showsatdia poleward
orientation.

In this work, it is shown that the Souness catalogued obotsir on sloping
terrain, with average slope of the extent areas df0 15° and of the immediate
area of 100 m radius around the catalogued head points @0 25°. Both
the longitudinal and cross-sectional curvature layera/ shbias towards negative
values, indicating the GLFs have concave slopes on avenagidhese objects
often are formed in topographic hollows.

The Souness GLF extents show a value for the classi er @umittat is distinct
at a signi cant level byZ values of at least 2.88 for the HRSC tiles examined,
and usually much higher, to the general population of setgn&he classi er can
act as a search tool to identify potential source areas ebuis ow, but is not
speci ¢ enough to select glaciers of the type in the Sounasdogue and only
those objects.
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Chapter 1
Introduction

Recent spacecraft probes exploring Mars have providedea daream of images
and other data concerning the planet. There is a lot of sceeimterest in discov-

ering any past or recent existence of liquid water on theaserdf Mars, due to
its key importance to the question of whether there coulcehexisted any form
of life on Mars in the past, or even perhaps in the present day.

One area of interest touching upon this topic is the studyladigl features on
Mars. It has been known for a long time that Mars has polar aps,c(Herschel,
1784), however recent studies have shown the presencestéstigd amounts of
water ice in the shallow subsurface of large parts of theeplan

Moreover, it has been shown via gravitational simulatitves, Mars experi-
ences shifts in its orbital parameters, akin to the Milaitkbvcycles on Earth but
much more extreme in magnitude. In particular the axiabaltyi which currently
is 25° is thought to have oscillated up to 60° or more, leading to very di erent
patterns of insolation. Subsurface £i0e buried at the poles is expected to have
been recycled into the atmosphere at times of high obliglei&ging to a denser
atmosphere, warmer climate and a more active water cyclelyiig glacial fea-
tures on Mars can allow us to examine the climatic history afsM As well as
its possible relevance for astrobiology, the study of tmeatic history of Mars
provides a reference comparison to the climatology of oarpdanet, helping us
to understand better the ice ages and climate change on ouptamet.

The high resolution topographic data that is becoming alstel from stereo
processing of high resolution imagery opens up a new framiendform analysis
on Mars. However, the volume of this data is a challenge ditioaal manual
analysis by domain experts. An automated method of searfdrisgeci c features
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could narrow down areas of search for features of interadtpeovide a method
of uniformly searching large areas, that would be impraicticso do manually in
an objective way. Subjectivity of classi cation of landisrfrom remote sensing
imagery and a digital elevation model, even by expertsngptiia de ned set of

criteria, is di cult to avoid and was recognised in ReutereMiroth & Kersebaum
(2006) and references therein.

The aim of this project is to examine whether an automatechoianalysing
medium resolution topographic and image data is successfladssifying terrains
associated with glacial features on Mars, of the type exainin the work of
Sounesst al. (2012) from visual assessment of CTX images from Mars Recon-
naissance Orbiter. The work of Sounessal. (2012) used a visual assessment
of 6 metre resolution CTX camera images, together with Marst@rlhiaser
Altimeter topography (at a resolution of 350 m in the mid-latitudes of Mars),
to search for objects tting a set of criteria which had beenneéd to look for
objects which appeared to be analogous to terrestrialyvgléeiers.

The rst aim of this work, is to use the higher resolution @igterrain model
available from the Mars ExpreBsgh Resolution Stereo CamgtdRSC) dataset
(50-250m depending on location), to extend the descritiagstical work charac-
terising these objects done in Sounetsal. (2012), by examining features including
slope and topographic curvature layers, beyond that whah possible using a
global low resolution topographic model.

Secondly, the aim is to use the Souness catalogued objeetdraming set,
to develop an automated classi er to determine locatioreg #tre similar to the
Souness objects in topography. This will provide a basisdimparison to the
manually assembled dataset, and potentially be used tet asssearching for
further similar objects on the Martian surface. This is dopsegmenting a layer-
stack containing feature vector of the imagery, elevatm derived topographic
layers, using the PythoRSGISLibsoftware. Similar automated methods using
feature vectors have been demonstrated for Mars terrainkohyasz Stepinski
et al. (Stepinski & Collier, 2004; Stepinski & Vilalta, 20@uye & Stepinski,
2006; Stepinski, Mendenhall & Bue, 2009; Ghosh, Stepinskil&lta, 2010).
However, searching the literature did not reveal any pushjigublished research
where glacial landforms on Mars have been the subject oflg s&ing automated
methods.



Chapter 2

Background and literature review

2.1 General background

2.1.1 Basic parameters of Mars as a planet

Mars has a radius about half that of the Earth, and a mass appsately 0.1
Earth masses. The surface gravity of Mars is 38 % that of thithEa

The semi-major axis of Mars' orbit is 1.524 astronomicaistinvhich results
in a lower mean solar irradiance and a longer orbital pefi@ 0 (Earth) days.
The Martian orbit is notably more eccentric than the Eartbrbit.

In some respects, Mars is similar to the Earth, having altesigday of 24 hours
and 40 minute$,and an axial obliquity to its orbit of 25.2These parameters are
more similar to the Earth than any other planet in the Solast&y.

See table 2.1 comparing these parameters of Mars to thodeedtarth, and
the NASA Mars Factsheet (NSSDC, 2014) for more information.

11AU is de ned as the semi-major axis of Earth's orbit

2This has led to some challenges in operating Mars rover surfaceionis, whereby the
operations team have needed to keep time with the Martian dag Bkshkinet al. (2006) for a
review of this.



Value in units of similar

Parameter Value parameter for Earth
Mass 6:4 107 kg 0.11
Mean radius 3390 km 0.53
Density 3933 kgn? 0.71
Surface gravity 3.71 mé 0.38
Escape velocity 5.0 kms 0.45
Semi-major axis of orbit 227.91° km 1.52
Mean solar irradiance 589 Wi 0.43
Mean surface temperature 21K ( 63°C) 28& (15°C)
Mean atmospheric 6.36 mBar 0.0063
pressure at surface

Orbital eccentricity 0.094 5.6
Day length 24.66 h 1.027
Orbital period (sidereal) 687 days 1.88
Spin axis obliquity 2572 1.075

Table 2.1: Basic parameters of Mars as a planet

2Measured at sea level for Earth, at the mean radius for Mars.



2.1.2 Geological history of Mars

The geological (areological?) history of Mars is genedaliged into several time
eras, namely the Noachian, Hesperian, and Amazdnian.

The Noachian is generally held to have begun with the foomati the Hellas
basin by impact 4.1 to 3.8 Gyr ago, and ended around 3.7 Gyrragy (2003)
estimated Hellas formation at 4.1 Gyr ago. The Noachian @sckaracterized
by high rates of cratering and erosion, and valley formafldr Tharsis bulge, an
area depending on how it is de ned, {30 million kn? of high ground on Mars,
about twice as high above Mars datum as the Tibetan plateadasth is above
sea level, formed during the Noachian era by uplift causelbgnic activity.

There are some terrains surviving on Mars from the Noach&nirecluding
the heavily cratered Noachis region for which the era is darttas likely that
all of the visible craters larger than 100km post-date theédion of the Hellas
basin. For further detail on Mars' geological history see &aiead (2010).

After the Noachian, erosion rates dropped to a fraction oir theevious level
(Craddock & Howard, 2002), however volcanism continuesirfacing around
30% of the planet. (Head, Kreslavsky & Pratt, 2002).

The time since 3 Gyr ago is referred to as the Amazonian. Erosion activity
slowed further, and volcanic activity also declined to alowenth of its level in
the Hesperian, being con ned to the Tharsis and Elysiumsar&alcanic activity
is thought to have been highly episodic, suggested by tlseeding of crater ages
in these areas. (Werner, 2009; Michael & Neukum, 2010).

History of the atmosphere of Mars

The volcanism on early Mars outgassed a signi cant quaotityater vapour, C®
and other gases to the surface. Although the quantity is netipely known, it is
thought to have contributed enough to allow for liquid watehave existed on the
surface at early times in areological history. (Craddockosvatd, 2002; Ramirez
et al, 2014). Itis thought that there could have been several reththBar partial
pressure of COin the Noachian era, and a large proportion of it being segress
in the subsurface crust of Mars, for example in carbonatesyoather than having
escaped to space. (Jakosky & Phillips, 2001; Larehat, 2013) There has been
some discussion about exactly what form the Martian atmegpinay have taken

3These are named after locations on Mars such as Noachis TerraghMorm type terrains
for the Martian stratigraphy.



at this time, and how dense it could have been. See for exaKifdeet al. (2011,
2013); Kite, Lucas & Fassett (2013); Kitat al. (2014) for details.

Water on Mars in the past

During the Noachian and Hesperian eras, surface condivens conducive, at
least episodically, to liquid water and uvial erosion. @as known to have been
present on early Mars in the Noachian era, given that an¢ernains showing
uvial erosion have been observed. Hydrous weatheringupi®duch as phyl-
losilicates have also been observed on Mars. Although thpeaws to have been
much less uvial activity than in the Noachian, there weresegtic large oods
throughout the Hesperian, which continued to 3 Gyr ago. qi@li& Parker, 2001,
Faien et al,, 2003). Extensive ice deposits are likely to have formealirying
areas of Mars, in both the Hellas basin, and the northerngkiter the Hesperian
ood events. Ice is thought to have owed from higher areath®south into the
Hellas basin oor. (Kargel & Strom, 1992) The northern ptaame also supposed
to have been subject to a continental scale glaciation irpdst by Kargekt al.
(1995).

The Dorsa Argentea formation in the southern hemisphere maresent a
sink for Martian water. (Head & Pratt, 2001). This is a Hesperaged terrain
of polar plains, that surrounds the present south polar capthe layered terrain
that underlies and surrounds it poleward of70° 80°S. Plate 1 of Head &
Pratt (2001) shows the geographical distribution of Dorsgefitea. It is thought
to have been a sink for water ice and other volatiles, and ith&arlier periods
of Martian history, an ice sheet covered it that includedgtatial water channels,
leaving traces in the form of esker landforms. See also thews of Tanaka &
Kolb (2001) and Kolb & Tanaka (2001).

2.1.3 Global trends in the topography of Mars

There is a global dichotomy in the elevation of the Martianfieme, with a bimodal

distribution, with a di erence of 5.5km between the two hepiieres. (See gure
2.1). The low-lying northern plains are also covered byg@udeposits, as shown
by the lower density of craters. (Aharonson, Zuber & Rothrn2@@1).

6
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2.2 Water ice on Mars

Water ice is known to exist in the polar caps of Mars, beingadet! by Viking or-
biter instruments and by telescopic near-infrared spsctyaic observations. (Clark
& McCord, 1982).

Contemporary Mars is hyperarid and cold by comparison vatthE The
mean annual temperature is 215K at the equator, and a mean surface pressure
of 6.1mBar. (Carr & Head, 2010). The maximum atmospherisgaree on the
surface of Mars is at its lowest topographic point in the @brHellas basin, at
approximately 11.55 mBar. (Zalewska, 2013, 2014) Thiseziscthe triple point of
water, which is 6.12 mBar. The,B partial pressure in the Martian atmosphere is
only 1 Baror 160 ppm, which makes it approximately 1000 times tiréar the
Earth's atmosphere. Thus even if there are regions suchsaant others (Lobitz
et al,, 2001), where water can be stable against freezing anddaitie hyperarid
atmosphere means it is not stable against evaporation. t(fdar& Renno, 2013)
In order for pure liquid water to be stable against evapamathe partial pressure
of H,O in the atmosphere would have to be greater than the saturatiater
vapour pressure which at the triple point temperature i§ B3ImBar.

This means that pure liquid water can only exist temporanign where tem-
peratures exceed freezing point and pressure triple pamt.liquid water would
in any case freeze at night, since night-time temperaturesuniversally below
freezing on Mars, given the poor ability of the thin atmosphe retain heat.
Water ice is not stable against sublimation at the surfaiceesthe hyperaridity of
the atmosphere favours sublimation. It will persist at thdage where tempera-
tures remain extremely low, such as in the polar caps whgtengatemperatures
remain low and sublimation is slowed.

However, strong brines of certain salts can potentiallgt exader Martian
temperature and pressure conditions (Elletyal, 2002), and brine ows have
been hypothesised to be the cause of the ‘recurring slaaeliobserved in some
areas of Mars. (McEweet al., 2013).

Even if ice cannot avoid sublimation on the surface, ativelgt modest depth
water ice can be stable since daily temperature variationslamped, causing
permafrost conditions where the ground temperature isyaslWwalow €C. Neutron
and gamma-ray spectroscopy indicates ice at depths of fecentimetres below
the surface at latitudes over 6QBoyntonet al,, 2002; Feldmaset al., 2004). The
Phoenix lander, which landed at a latitude ofM8n the northern polar region,

8



also con rmed water ice presence, uncovering ice with bistio arm at depths
of 5-15 cm. There were also some droplets seen, which aeediklio be liquid
salt water brines. (Melloet al., 2009; Renroet al., 2009).

At lower latitudes, the ice fraction detected by orbital dp@meters is lower
than at high latitudes, however geological indicators effifesence of ground ice,
such as patterned ground (Leey al., 2009), and sublimation pitting (Mustard,
Cooper & Rifkin, 2001; Milliken, Mustard & Goldsby, 2008 faund at latitudes
as low as 30 Signi cant amounts of subsurface ice may be found eithelegths
too great to allow it to be detected by the orbiting spectréeng, or in local areas
smaller than their spatial resolution.

Dundas & Byrne (2010) considered the sublimation of shaldvsurface ice
that had been exposed by recent impacts on the Martian syrfaloserved by
Byrneet al. (2009). They concluded that there was a high volumetrictivacof
ice in the subsurface material exposed by the impact, irsgxdfeahat which could
be found within pore-spaces.

Glaciation on Mars is thought to have occurred locally agobnally in several
places, including the tropical mountain areas on the Thdmslge, and the mid-
latitude regions. Previous work observing Martian gldaradforms is reviewed in
section 2.5.

2.3 The Martian orbital obliquity cycle

Both Mars and the Earth experience gravitational pertudvest from other planets,
principally Jupiter, Earth and Venus. Jupiter is more mvagsian any other planet,
but Venus approaches Earth much more closely, thereforeadtige inverse-
square law of gravity it is a signi cant perturbation on tharth. On Earth, these
perturbations cause the Milankovitch cycles in the Eadtgal eccentricity, axial
obliquity and longitude of perihelion. These have an e ecglaciation on Earth,
particularly in the way in which total summer insolation ahhlatitudes varies,
and hence summer melting. (Hays, Imbrie & Shackleton, 1976)

The axial obliquity of Mars is current®F°. The oscillations on Mars are more
extreme, including a variation of the obliquity expectenfisimulations of up to

60°. (Laskar, Joutel & Boudin, 1993; Laskar al, 2004). Unlike the Earth,
Mars has no large satellites, its two moons Phobos and Déeiog very much
smaller than the planet. The larger of the two, Phobos has asnod  10'kg,

9
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Figure 2.2: The simulated history of Martian orbital ecceity and obliquity
according to Madeleinet al. (2009).

compared to a Martian mass of 6 10°%kg. Thus they are insigni cant when
considering gravitational in uences on Mars., whereasBiath's moon exerts a
stabilising in uence on the Earth's obliquity. Large chesigf obliquity over time
are calculated for a simulated moonless Earth by Lissa@neB & Chambers
(2012). This would have major e ects on the climate of suchyadthetical
planet, an issue to be considered in speculation about thieabéity of extrasolar
planets. (Williams & Pollard, 2003).

At high levels of obliquity on Mars, ice tends to be drivemftioe polar regions
(which experience more summer insolation, and for extrdniigudy levels, more
insolation in total than the tropics at these times) and dafeal at lower latitudes.
Forget et al. (2006) and Montmessin (2007) reviewed the impact on oliqui
changes on the Martian climate, noting that 5 Myr ago, wheigaliy is calculated
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to have been oscillating around a value d85°, total polar insolation would have
been about 50% greater than today. Carbon dioxide ice diyisequestered in the
polar layered deposits can be returned to the atmospheianga warmer, thicker
atmosphere. The quantity of GQhat can be made available to the atmosphere
is unknown, but may have been signi cant. (Yokohata, Odakéu&amoto, 2002;
Forget, 2009; Traineet al., 2010). Whether or not the atmosphere is signi cantly
thicker during high obliquity epochs, changes to climagecapected, with warmer
summer maxima, and greater gradients between hemisplmatesadauld have led
to large dust storms at the summer solstices with greater Idtiag than today.
(Haberle, Murphy & Schae er, 2003; Newman, Lewis & Readb5p0The total
water vapour available in the atmosphere may increase diarfkem its present
low value; the total water column may increase from60 m to 3000 m.
(Fouchetet al,, 2007; Madeleinet al., 2009).

In the last few Myr, the obliquity is expected to have ogeilldbetween ap-
proximatelyl5® and 35° about a mean o24° (see gure 2.2), however the longer
term mean is calculated at aroudd’, with higher obliquities of 60° or more
being possible. The periodic oscillation of obliquity $akel25 kyr, and has an
amplitude modulation with a period of 1.3 Myr. The maximum oscillation am-
plitude of the periodic changes is20°. The longer-term changes of the mean
obliquity at timescales of 5 Myr and greater are chaotic.

Changes to the eccentricity of the Martian orbit, and thecpssion cycle,
determining which hemisphere is experiencing summersastlapproach to the
Sun, also play roles in the Martian climate.

At current obliquity conditions, ground ice should be presiewn to  40°
however indicators of ice down to latitudes as low3@5are observed. Thus
observations are important to determine the extent of aurseibsurface ice.

2.4 Observations of ground ice on Mars

Mustard, Cooper & Rifkin (2001) used Mars Orbiter Cameraasdrom the Mars
Global Surveyor mission, and found features associatedymitind ice in Martian
mid-latitudes, including a dissected mantle and viscoespcfeatures.

According to Heackt al. (2003), the Martian surface in the0 55° latitude
belts is covered with a 10m thick layer of material composed of a mixture of
ice and dust, that was deposited in the most recent highkeqaty era between
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2-0.4 Myr ago. (Searlst al,, 2008; Schon, Head & Milliken, 2009).

There are several types of viscous ow feature that have btghed in the
literature. Lobate Debris Aprons were studied on Mars asdgogas the Viking
Orbiter era, when the work of Squyres (1978) found ow feaun the “fretted
terrain’, and Squyres (1979) mapped their distribution be Martian surface.
These are explained as the relaxation of a broad region ohgrdominated by
ice, across a lower topography, which is not strongly caingtd. They may be
hundreds of metres thick, and run parallel to the adjacecarpsnent. (Pathare,
Paige & Turtle, 2005; Levy, Head & Marchant, 2007; Kadishl., 2008; Berman,
Crown & Bleamaster Ill, 2009; Morgan, Head & Marchant, 20@&tmann &
Werner, 2010).

Lineated Valley Fills are areas where a large valley corestrby topography is
lled with a viscous ow feature. These are sometimes formedhe convergence
of several lobate debris aprons, (Kress & Head, 2008; BHleag & Marchant,
2010; Van Gasselt, Hauber & Neukum, 2010) although the terogy is some-
times used to refer to a smaller feature analogous to a \gleyer on Earth. This
convergence can produce a diverse range of complex patetrsurfaces. They
can exhibit a ‘thermokarst' surface where the terrain isedi®d by processes of
sublimation and disaggregation, thermal weathering oflegosits. Various types
of viscous ow feature, may form part of an integrated systéfeadet al., 2010),
or aviscous ow may be superposed on another older one, sdichsome features
in Nilosyrtis Mensae detailed in the work of Levy, Head & Nemnt (2007).

2.5 Mid-latitude glaciers on Mars

The formation of glaciers in Martian mid-latitudes at hig#liquity was studied in
Headet al. (2005) and Forgeet al. (2006). Souness & Hubbard (2012) review
much of the recent work on glacier-like forms on Mars. Othakwocusing on
individual features and areas includes Morgan, Head & Matgt2009); Soare
& Osinski (2009); Hubbareét al. (2011); Souness & Hubbard (2013); Hartmann
et al. (2014) and Hubbard, Souness & Brough (2014).

There are a range of features on Mars which are believed tdao&lgin
origin, or be ice-related, including some which bear rels@rdto terrestrial valley
glaciers. (Marchant & Head, 2003; Heatdal., 2005; Forgett al, 2006). Pierce
& Crown (2003) studied debris aprons east of the Hellas basid suggested
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debris-covered ice ow as a possible model. Further featstedied on Mars
are pedestal craters in Kadigh al. (2008), polygonated and patterned ground
(Burr et al,, 2005; Mangold, 2005; Soare, Osinski & Roehm, 2008; Lewad Ke
Marchant, 2009; Levgt al,, 2009; Levy, Marchant & Head, 2010), and periglacial
features such as pingos. (Soare, Burr & Wan Bun Tseung, 2%, Tanaka &
Yoshikawa, 2009; Dundas & McEwen, 2010; Sedral, 2014). For a terrestrial
comparison, see Marchaet al. (2002) for observations of polygonated terrain in
Beacon Valley in the Antarctic Dry Valleys.

"Glacier-like forms' has been the name used in Soehesg2012) for objects
appearing analogous to some valley glaciers on Earth. Sbthe glaciers in
the Antarctic Dry Valleys (Rignot, Hallet & Fountain, 2002atdhant & Head,
2007) are a particularly useful analogue. Ablation of Antafoty Valley glaciers
is primarily by sublimation, as would be the case on Marsntaouet al. (1998)
found 70-90% of total ablation was by sublimation. Debrigecdecomes more
concentrated as sublimation removes ice. See gure 2.3nfamage of a debris-
covered glacier in Beacon Valley, Antarctica.

The ow rate of some Antarctic Dry Valley glaciers can be asds< 40
mm yr ! for the Mullins and Friedmann glaciers in Beacon Valley.eUodrrent
Martian conditions, where the average temperature is at\@rage of around
-50°C or less, glacier ice is expected to remain very cold yeadmue to debris
cover, and a lower surface gravity to provide stress, signlaven slower ows
can be expected. For water ice, the exponenin the strain-stress equation
(Glen's Law) = A "is 3. The value ofA, is dependent on temperature (see
Chapter 4 of Benn & Evans (2010), and Chapter 11 of Melosh1()204nd at low
temperatures 0°C this reduces to an exponential dependence on temperature
of the formA / e &F whereQ is the creep activation energy, aRdis the ideal
gas constant.

During the last glacial maximum, conditions in the Antar@ry Valleys were
even colder and drier than today, and mean annual temperatay have been
as low as 68C, comparable to present-day mid-latitudes of Mars. (Manth
& Head, 2007). Insolation may be of similar order of mageitwinhce the high-
latitude areas of Antarctica at 80°S experience a low sun angle alway83’,
whereas & latitude glacier on Mars at high obliquity would have exqreed
direct overhead insolation during summer.

It is thought that some areas of the Antarctic Dry Valleys, ehaveserved

13



Figure 2.3: Debris-covered glacier in Beacon Valley, Ardarc
Image credit: Boston University Antarctic Research Group

glacier ice dating back 8 Myr (Sugderet al., 1995), beneath 60 cm of debris

cover, which may indicate it is possible to preserve ice ifboms of years in the

Martian subsurface at mid-latitudes. Kowalewskial. (2006) modelled rates of
sublimation of a detached remnant of the debris coverediT&lacier in Beacon
Valley, suggesting that ice survival since the Miocene&ld@mye been possible with
an average climate slightly colder than present. See aijsoBet al. (2008).

The Martian glacier-like forms often appear on the slopdsigif relief land-
scapes and show morphologies indicative of viscous ow.v&helow hypoth-
esised ow rates support the view that these features aiesrélom a higher
obliquity era when warmer climates existed at mid-latisudere conducive to
accumulation and viscous ow of ice. The lateral margins lamer extents of
these features have been observed to have ‘'moraine-¢jke'nichich have multiple
ridges aligned in parallel to each other. This apparentimgs$tas been observed
both on at surfaces and valley walls. There may have bearessive ow events
causing multiple moraines to be observed. Most GLFs haveaa lipper basin
that merges gradually with surrounding topography, andlangate tongue that
is typically con ned by raised bounding ridges.
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Crater density studies, e.g. Hartmann (2005) indicate daggcally recent
origin and an ag& 10 Myr for these glacier-like forms. According to Hartmann
& Werner (2010), craters 90m survive only about ten percent as long on
viscous ow features than on plains.

GLFs are sometimes observed to ow out of cirque-like adcard merge into
the upper reaches of LDAs. This is particularly common on ti¢oRilus and
Deuteronilus Mensae areas of the topographic dichotomgpdawy. In some cases
it appears that LDAs include mass solely derived from sesefa, in others that
the GLF ow is superposed on an older LDA, and ows out on top. of i

There has been some argument concerning to what extenugisow features
on Mars are lled by ice, or an ice-debris mixture, analogo&sarth ‘rock glaciers'.
At least some of the GLFs are predominantly ice rather thak emcording to
SHARAD radar observations. (Hdt al., 2008; Plautet al., 2009). This favours
an atmospheric precipitation model of accumulation rathen the model of pore-
lling condensation.

“Glacier-like ows' has also been used as an alternatives riamglacier-like
forms, however it may be more appropriate to use the latteesturrent ow has
not been observed for these features. There has been a lgeoesansus that
Martian viscous low features are "cold-based', i.e. fraz#reir underlying surface,
based on the absence of substantive evidence for wet-blasgtign, such as pro-
glacial or lateral meltwater streams, and the prevailimy \@v temperatures on
Mars.

2.5.1 A case study: Glacier-like forms in crater Greg

Hubbardet al. (2011) described the surface terrain associated with awssow
feature, on the southern (poleward) facing rim of a 66 km éi@mcrater, named
"Greg', in eastern Hellas Planitia, east of the Hellas basBB8.15S, 113.16E.
This area has also been studied in Hartmann, ThorsteinssBig@rdsson (2003);
Marchant & Head (2003); Milliken, Mustard & Goldsby (2003)daHartmann
et al. (2014). See gure 2.4.

Detailed imagery, and detailed 1m resolution topograpffarmation via a
digital terrain model derived is available from HiRISEesté@nagery. Crater Greg
is thought to be of age 1 3 Gyr. There are a series of di erent terrains, with
characteristic patterning textures, and di ering slopdstle topography. (see
gure 2.5).
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Figure 2.4. A gure from Hubbardt al. (2011) showing the location of a GLF
complex on the north wall of the southern hemisphere crateg,Gand a 3D
perspective rendering of one of the GLFs.
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GLF outline

Moraine ridges
Incised-headwall terrain |
Scaly terrain

Polygonized terrain
Linear terrain
Mound-and-tail terrain
Rectilinear-ridge terrain |

Figure 2.5: A gure from Hubbardt al. (2011) showing a geomorphological map
of the terrains in one of the GLFs on the north wall of cratexgGr
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The upper margin of the feature is bounded by steeB(°) headwalls, typ-
ically some tens of metres high. These are incised by a sérgdgpe-parallel
lineations. Below the incised headwalls, the feature otva general angle of

10° from a broad upper basin to a lower tongue that is bounded lgriassof
nested elongate raised ridges.

It was suggested in Hubbaet al. (2011) that the glacier may have been
partially wet-based at the time of its maximum extent, and lexperienced a
period of recession, punctuated by stand-still or advaimoe shat time.

Polythermal ice masses generally have a warm-based (vetpirwhere thick
overlying ice provides insulation to allow Bf€ isotherm to rise above the bed
surface, and cold-based margins. There are outlet gldoiérast Antarctica that
exhibit this form, including as postulated in Hubbatdal. (2004), those where
the basal temperature is expected to be well below freeaimypasal melting is
only possible by the subglacial water being hypersaline.

By crater counts, i.e. the density distribution of small-@Bm) diameter
craters, the feature is concluded to be no older thabO Myr old, consistent with
timescales from ow deformation studies. (Turgéé al, 2001; Milliken, Mustard
& Goldsby, 2003). Within the innermost bounding morainerehis a generally
smooth surface, there is little evidence of wind de atiordegradation, and no
large impact craters, indicating a young surface age witterlast 0.4 Myr.

The lowering of the feature within its bounding lateral aadrtinal moraines,
indicates that the feature has been lowered by mass loss hth last10? 1P
years, and the nesting of at least four latero-terminal imesshows evidence for
cyclical or punctuated variations in processes contgofiiass loss.

The feature is number 947 in the Sounesal. (2012) catalogue. It has an
area quoted as 3.09 Km

The terrain may be contrasted with areas outside the feattire feature
contains areas of “scaly terrain', "polygonized terrdingar terrain', and "'mound-
and-tail terrain’, with areas of "rectilinear-ridge téntautside the GLF proper but
within the outermost bounding terminal moraine ridge. Amatside of the GLF
in the same general area exhibit terrains such as “dustiedamicky uplands' and
“subdued hilly lowlands'. These terrain types are examimeetail in Hubbard
et al. (2011) from HiRISE imagery. See gure 2.5.

The upper portions of the feature, featuring “scaly tetramd "polygonized
terrain' exhibit slopes o& 10°. They may be formed by thermal cracking in
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periglacial processes, and the “scaly terrain’ may reyrasayer of unconsolidated
material due to the boulder tracks observed in this feature.

Noting the absence of a large supply hollow above the basithatidet al.
(2011) favour air fall precipitation for supply of the géacior supply from sur-
rounding ground.

The ‘linear terrain' and "mound-and-tail' terrain in thedno lower part of
the feature are interpreted as subglacial features in thebaged portion of a
polythermal glacier. Since they extend to the base of thesGateral moraines,
they are hypothesised to have formed at the GLF's maximuentexxtent. If
these are indeed exposed bedforms, it would indicate tbieghas now completely
receded from its lower extent.

Fassettet al. (2010) note a series of valleys in the oor of crater Greggchvhi
the observed young viscous ow features do not reach to, \rewe/pothesise an
earlier epoch of glaciation that may have done so, and thegdlvalleys may have
formed part of the drainage system.

Hartmannet al. (2014) also study this area, giving a detailed overview @f th
geomorphology of the south and north walls of crater Greg Sduthern wall is
steep at around.2° and has its base at lower elevation. It shows valley networks
arranged in a branching pattern, indicating uvial acfvdt a time when free
surface liquid water owed for at least several kilometres.

They also study the slopes on a range of glacial tongues indtieern part
of crater Greg, nding a range of slopes@®5b° to 16:4°, with a mean value of
102 2:3°. They also examine what they interpret as a separate clasisjedt,
more similar to protalus lobes, or rock glaciers (their 9,Mhich have a less
tongue-like, more arcuate morpholdgyhey also note the depression of central
parts of the tongues relative to the bounding ridges, duaubdimation losses.

They argue that the uvial valleys at the foot of the north iMale are related
to older episodes of glaciation and runo, rather than sabigll melting of the
currently observed glacial tongues, based on an older seg@age of the northern
crater oor of 300-800 Myr.

They also conclude based on the pro le slope that the cdkxilaasal shear
stress = gh% for the glacial tongues, more closely corresponds to pareic
dusty-ice glaciers, than terrestrial rock glaciers, aggewith radar observations

4This may depend on the context in which “rock glacier' is usedjcrcan vary in the
literature between protalus permafrost features, to glaciee with a high proportion of mixed
rock.
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of the region from Holet al. (2008). A ‘rock glacier' would require a greater shear
stress for the same level of ow, thus would be expected te laasteeper slope.

Souness & Hubbard (2013) studied another region in the aorthemisphere
of Mars. This is a cirque-like alcove in eastern Protonilendde, at lat/long
54:55°E; 40.80°N. They conclude that this represents a glacier ow out of the
alcove, rather than a relic from a past epoch where a glaoiged into the alcove
after which downwasting of the main glacier by sublimaticcuaed, and reversal
of the ow gradient, as was hypothesised by Dickson, Head &Mant (2008).

Souness & Hubbard (2013) constructed a geomorphologigabiithe feature,
showing surface texture assemblages. This feature, whet8 Himage coverage
is available, shows a similar kind of ‘mound-and-taiteras was found in the GLF
in the northern wall of crater Greg in Hubbatdal. (2011). These are interpreted,
unlike terrestrial drumlins which are subglacial bedf@sssciated with wet-based
or polythermal glaciers, as supra-glacial features, dalgdongitudinal foliation
by ice ow and deformation.

2.6 Current and recent Mars spacecraft probes

Mars Global Surveyor spacecraft entered Mars orbit in Beyge 1997, and op-
erated until November 2006. (Albee, Palluconi & Arvidson,8)99t carried

instruments including the Mars Orbiter Camera (MOC), Marbiter Laser Al-
timeter (MOLA), the Thermal Emission Spectrometer (TES), agmetometer and
a radio experiment to measure the gravity eld.

The LIiDAR instrument, the Mars Orbital Laser Altimeter (MOLA) Mars
Global Surveyor, was originally own on the failed Mars @eseorobe in 1992.
(Zuberet al, 1992). An almost identical instrument was instead own oar$/
Global Surveyor.

An explanation of the MOLA dataset can be found in Som, Gregnke
Montgomery (2008). The MOLA gridded datasets are releasedsalutions up
to 128 pixels/degree, which at the Martian equator is450m. The vertical
accuracy of MOLA is of the order of about 10m near the equa@amples of
the use of MOLA for global elevation statistics on Mars avergin Smithet al.
(1999); Kreslavsky & Head (2000); Aharonson, Zuber & Roth(@@01). Direct
use of early MOLA tracks to provide elevation pro les of a lpenof features, and
show the initial result of the atness of the northern plaars detailed in Smith
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et al. (1998).

The Mars Express spacecraft, launched by the European 8gaoey, reached
Martian orbit in December 2003 and the orbiter part of thesiois is currently still
operating, though unfortunately the lander part of the noissBeagle 2failed. ®

The High-Resolution Stereo Camera (HRSC) on Mars Expressk(ih &
Jaumann, 2004; Scholteet al., 2005; Jaumanret al, 2007), provides images
at resolution of 12.5m/pixé] and DTMs gridded at between 50-250m. Stereo
coverage, is achieved through an along-track stereo metbiond nadir directed,
forward and aft looking (189°), and 2 inner ( 128°) push-broom line sensors.
This reduces the problems that can exist with stereo imadpeseadi ering illu-
mination conditions cause problems in photogrammetrityaiza (Gwinneet al.,,
2009). As of 2014, approximately 40 % of the Martian surfaceHRSC DTM
coverage. (Jaumanret al, 2014). The imaging spectroscopy OMEGA visual/near-
infrared instrument is also carried on Mars Express and éas bsed to search
for hydrated minerals. (Bibringt al., 2005, 2006).

The Mars Odyssey probe, launched by NASA in 2001, carrigdnmets in-
cluding the infrared THEMIS (Thermal Emission Imaging &yt a multispectral
visible and infrared camera (9 bands between 6.78 and 1m@8or determining
the distribution of minerals; the GRS (Gamma Ray Spectrerydbr determining
the presence of 20 chemical elements on the surface of Mahsding hydrogen
in the shallow subsurface. It also acts as a communicatlay te surface mis-
sions such as the Mars Exploration Rovers, and Mars Sciahoeatory Curiosity'
rover.

The Mars Reconnaissance Orbiter, launched by NASA, arrivddratin 2006
and carried several instruments including the imagingumsnts of the HIRISE
and CTX cameras. A description of the HIRISE instrument carfdoind in
McEwenet al. (2007) and Delameret al. (2010). The HIRISE data product
speci cations can be found in Eliasenal. (2007) and Eliasoet al. (2009) and
for the context camera Maliat al. (2007) and Malin, Lavoie & Grayzeck (2007).
HIRISE images, where there is stereo coverage, can be ugedduace digital
terrain models. (Kim & Muller, 2009). DTMs can be producedlat gridding,
however only relatively small arédmve been covered in stereo. The “context'

5See Bonnefot al. (2004) for a study of possible reasons for the failure.

SHRSC also has a high resolution channel, covering a smaller draaesolution of up to 2
metres.

"Approximately 0.1 % of the surface of Mars has coverage with ster@d$E images, and not
all of this has a DTM derived, given that it is computationally arisive and not fully automatic

21



CTX camera, has a resolution of 6m, and near-global coverage by the present
time.

MRO also carries MARCI, a wide-angle multispectral (2 UV ansille bands)
camera aimed at providing daily global images of Mars fotheeanonitoring
purposes, CRISM (Compact Reconnaissance Imaging Spetdrdior Mars) an
imaging spectrometer covering a wavelength range 0.362% &, MCS (Mars
Climate Sounder) uses spectroscopy from visible to theninated (0.3 - 50 m)
to examine the Martian atmosphere for temperature, humiditd dust content,
and SHARAD (Shallow Radar) which probes the subsurface usilay waves
within a 15 to 25MHz range to search for liquid or frozen whyeits strong radar
return.

The SHARAD data analysed in Helt al. (2008) shows at least some GLFs, in
the region east of Hellas observed in that work, are predontijnice with only a
thin debris cover. Further work in the northern hemisphgrelaut et al. (2009)
showed a number of lobate debris aprons in Deuteronilusadeso are primarily
water-ice with only a minor debris component.

The recent surface missions by the Mars Exploration Ro$gist and Op-
portunity, and the Mars Science Laboratofyuriosity'rover, all landed within the
equatorial regions. The 19%ath nder mission landed at I8l 33.5W in Ares
Vallis. (Golombelet al,, 1999). The Viking 2 lander however, landed4atN,
48°E in Utopia Planatia, anédPhoenixin the north polar region aé8N, 126°W.
(Lemmonet al, 2008). The Viking 2 lander found pitted rocks at its landing
site, which could be evidence of past freeze-thaw weathdunng high obliquity
times. There have been similar rocks observed in Antar@®eritbed in Marchant
& Head (2007). The Soviet Mars 3 lander made the rst softiag on Mars in
1971 at 48S, 158W, but only transmitted data to Earth for 14.5 seconds before
contact was lost with the lander. (Perminov, 1999).

2.7 The Sounesst al. (2012) inventory of glacier-like
forms on Mars

The study of Sounesst al. (2012) used visual analysis of Mars Reconnaissance
Orbiter “context' images from the CTX camera, according teet of criteria,
listing a set of 1309 “glacier-like forms' on the Martianfater within the mid-

as noted in section 2.8.
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latitude regions, a search area betweehdti 65 in both northern and southern
hemispheres. The criteria used were that:

i) they are surrounded by topography, showing evidencewofaround or over
obstacles.

i) they be distinct in texture or colour from surroundingas.

iif) they display surface foliation indicative of dowrpsloow such as compres-
sional or extensional ridges, surface lineations, arauaface morphologies
or surface crevassing.

iv) they have a length to width rati® 1, thus being distinct from the apron-like
lobate debris apron features.

v) they have either a discernible "head' or “terminus'.

vi) they appear to contain a volume of ice or other viscoustanbe, having a
relatively at valley |l surface.

Souneset al. (2012) used a 5km circular radius bu er around the heads ¢&fsGGL
extracting topographic information from Mars Orbital La8#éimeter data, to de-
termine statistics of the elevation above Mars datum. Stia8 were also collected
for the orientations of the forms. In both the northern andteern hemispheres,
there was a bias towards a pole facing aspect, with the biag ls&ronger in the
southern hemisphere.

In this inventory, the GLFs are most common in middle el@vsitithey seem
to be depleted at elevation 3000 m relative to Mars datum, and also at the
highest elevations. GLFs occur predominantly in the rar#00 m to 500 m,
by measure of the ratio of the normalised GLF count to the absed surface
area against elevation. There is a clustering of GLFs iricptat areas, such
as the NW rim of the Argyre basin, regions east and west of thiedHeasin,
in the southern hemisphere, and in the northern hemisplherglbbal elevation
dichotomy boundary, the most densely packed regions lreihg ifretted terrains'
(Sharp, 1973) of Deuteronilus Mensae, Protonilus Mengsae@ Nili Fossae. The
northern lowland plains contain virtually none, excepated examples within the
rims of large craters.

The populations cluster around latitudes o#(° north and south. The south-
ern hemisphere objects have a higher mean elevation of @84ompared to
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13683 m in the north. The southern hemisphere distribution Wedlanore closely
the general hypsometry of the terrain than the north.

2.8 Topographic data available for Mars

The topography of Mars has come from two main sources. OneliDAR
instrument, MOLA carried by Mars Global Surveyor, whiclviges near global
(to 88 latitude) coverage gridded at a resolution of 128 pixelg/de, which at the
equator is 460m. See also section 2.6. The second source has beentiggnera
stereo DTMs from images through photogrammetric techriquilars Express
and Mars Reconnaissance Orbiter images have both beenandids fpurpose.
See section 2.6 for further information. The data sourcel fisethe quantitative
analysis of this study is thidigh Resolution Stereo Camevhthe Mars Express
spacecratft.

For the data in this study, of the 1309 objects in the Sounassague, 1030
have an HRSC DTM, 60 objects have 50 metre topography resokutd a further
481 have 75 metre resolution data. See gure 2.6 and tableMBdre the HRSC
tiles used in this work are shown.

An evaluation of several di erent methods of processing tR&El stereo im-
ages to generate DTMs can be found in Heipkal. (2007).

The HIRISE camera on Mars Reconnaissance Orbiter, care cneagery at a
resolution of 0.25m, which is in fact a ner resolution thary @urrently commer-
cially available satellite imagery of the Earth, and alkaléreely. Approximately
4% of the surface of Mars has been covered by HIRISE to dat&l# Bowever
only a relatively small proportion has stereo coverage.

To generate a DTM from a stereo image pair, it is rst necess$ar nd cor-
responding points in two or more images, then to transforeniniiage coordinates
into ground coordinates, by a geometric model of the satelimera system.

The process of generating a terrain model is computationmatiénsive and
the image matching step is not fully automatic, so not albarthat have stereo
coverage actually have a DTM. Kim & Muller (2008, 2009) erptae process of
extracting a terrain model from HiRISE data.

The HIRISE Operations Center (HIRISE Operations CentnearLand Plan-
etary Laboratory, University of Arizona, 2014) has a pybaehilable archive of
DTMs, and some further areas have stereo DTMs generatedriopsaesearchers
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which have not been publicly released.

2.9 Selected review of Earth-based automated DTM anal-
yses

A common way of analysing topography, is by creating detopbraphic layers
from the DTM. This often uses di erential geometry, and cadlude deriving the
slope, most commonly the maximum slope, usually expressad angle relative
to the horizontal. The aspect can also be derived, namelyitieetion in which
a slope is facing. This can simply be an angle of azimuthweltat north, or can
be a categorised layer often binned it 4égments.

These calculations are implemented in a variety of GIS a@fwncluding the
open-sourc&DAIGDAL Development Team, 2014) software tools which includes
the gdaldem package, which can derive slope from a DTM, as well as aspect,
roughness, Terrain Ruggedness Index' and the “TopogrRpRition Index'. In
gdaldem roughness is de ned as the largest inter-cell di erenca oéntral pixel
and its surrounding cell, the TRI is the mean di erence betwe central pixel and
its immediate surrounding cells, and the TPI is the di eezhetween central pixel
and the mean of its surrounding cells (i.e. similar to the b&lalso expressing
the sign of the di erence).

Iwahashi & Pike (2007) use an unsupervised nested-meanghaty to seg-
ment the 1km resolution SRTM30 data for the entire Earth landace, to 16
classes. Mirar & Evans (2008) reviewed the theoreticaisbafsterrain segmen-
tation, discussing what form segmentation of a continueusl Isurface should
take, with a goal to distinguish segments that are gendyid@dmogeneous, and
the distinction between elementary and composite formghwre composed of
more than one elementary form. Approaches in land surfaceesggtion, may
divided into ‘graph-based' approaches, whereby the gaadpitcitly delineating
boundaries between segments, and a classi cation appredubh begins with
the internal properties of landform elements. Analysesgitatiterrain models of
the Earth are useful for a variety of applications, inclgdiail moisture modelling
and geological studies. Some theory and applications aewved in, for example,
Florinsky (2012).
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2.9.1 Automated methods studying glaciers on Earth

Brown, Lusch & Duda (1998) used a supervised classi catian [@EM and de-
rived topographic variables, to examine glacial landfoorphologies in Michigan
related to Pleistocene glaciation de ning six types ofigldandform and using a
training set to train a classi er both with a maximum entromyarti cial neural
network method. This kind of work has often been used to msaiéimoisture
properties, for example for ecological modelling or atwi@l purposes such as
by MacMillanet al. (2000). In this case, a method was used with a fuzzy ruleset,
to convert terrain attributes, such as slope, curvature ettd measures of local
relief, to landform classes. A similar method is used forraa m Austria by
Van Asselen & Seijmonsbergen (2006).

Brenning & Trombotto (2006) studied glaciers and rock glein the Andes,
using a logistic regression method of terrain attributetuging elevation, slope,
and curvature layers, and derived quantities of contmigugreas, making a predic-
tion the general pattern of areas containing intact roclcigles, exposed bedrock
and debris surfaces. Brenning (2009) compares a numbeerdrdiclassi cation
methods for debris-covered glaciers, and rock glaciers fest site in the San
Juan Mountains in Colorado, using both remote sensing snggadsat ETM+)
and terrain attributes, nding better results using botratheither alone.

Romstad & Etzelmaller (2009) segment a DEM of an area of Audlzan
on Svalbard, containing both uvial and glacial valleyshgisa watershed seg-
mentation of the mean curvature, and the inverse mean aunwatalculated by
multiplying the curvature by -1. These two di erent segnatitns are used to
identify convex and concave segments, which are intedoneteontext of land-
forms.

2.9.2 The machine-vision based ‘'geomorphons' method.

The “geomorphons' method, developed by Jasiewicz & SkefR&13), uses a
machine-vision based approach to analysing topographtgkioyg a point, and
examining whether the line of sight, is above or below th&dwal, or within

a tolerance to be considered at in the eight directions at. 4%his draws on

the de nition of topographic openness described in Yokayehirasawa & Pike
(2002), and which was applied in a supervised landformi cltgsn in Japan

by Primaet al. (2006). The geomorphons method generates one of a number of
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discrete geomorphons for each cell, which can be gendradisesmaller number
expressing peaks, ridges, hollows, valleys, pits, pastges,The geomorphons
method is available as an extension to the open-source GRISSSdEsion 7), or
for small datasets, a web-based utility. (Jasiewicz & &t 2014).

2.10 Previous automated analyses of Mars data

There has been some work applying automated image andntemnaiysis and
classi cation methods to the Martian surface.

Impact craters have often been a focus, since they have actéastic circular
depression pro le, and they are important as indicatorshef dage of a planetary
surface, heavily cratered surfaces indicating an older Ageumber of studies
focusing on Martian data are Baratt al. (2004); Bandeira, Saraiva & Pina
(2007); Bue & Stepinski (2007); Stepinski, Mendenhall & B@09) and Plesko
(2010).

Bue & Stepinski (2007) used thresholded maps of pro le ¢ureaand a cir-
cular Hough transform, to detect impact crater candidat€be procedure takes
the pro le curvature of the DTM and create a binary image faheeshold value,
then applying a morphological closing and thinning opamatollowed by a Hough
transform to identify circular features. Stepinski, Meamtil & Bue (2009) use
a two-step (topographic depression nding, followed by maelearning crater-
selecting) algorithm for identifying impact craters froincglar depressions in
MOLA 128 pixels/degree topography, using a training setis ork also mea-
sured crater depths. This work found a sudden decrease idepi-diameter
ratio of craters at latitudeg 38’ S regardless of crater size, remarking that this
could be due to the presence of subsurface ice.

Other features on Mars have been studied with automated edsthalthough
not speci cally glacier-related features:

Stepinski & Collier (2004) apply an automated analysis pbgpaphy to study
valley networks on Mars, studying a set of old Noachianitexyrasing an algorithm
that rst identi es pits in the DTM, and then lIs them (a " odling' step), in
order to restore ow continuity disrupted by craters, thextefmining the drainage
direction, i.e. the pixel in the direction of the steepegpsl then calculating the
area drained for each pixel, in order to determine the ou&¢pinski & Vilalta
(2005) used a pixel-based classi cation of a feature vetdaved from a DTM of
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the Tisia Valles region of Mars, calculating ~ ooding',p&p" ooded' slope, and
total hypothetical drainage contributing areas for the @vd ~ ooded' DTM, to
construct a thematic map of the area.

Bue & Stepinski (2006) used a ‘Digital Topography Mddelhich organ-
ises a site's topographic data into a three-dimensionalaronsisting of several
two-dimensional layers with each layer holding a di erepbgraphic attribute or-
ganized in a spatial grid common to all layers, to classdyTdrra Cimmeria area
of the Martian surface, using a pixel-based automatic mimmeariance grouping
method.

Stepinski, Ghosh & Vilalta (2006) use an object-based amabjsa feature
vector, to classify a test site in Tisia Valles on Mars, segimg by a homogeneity
measure, combined with a watershed transform, and clagsdpjects into 6 land-
form classes with physical meaning using Support VectohiMes. Stepinski &
Bagaria (2009) use what they describe as a "stacked classnt which consists
of a pixel-based classi cation, using the lwahashi & Pik®T2 method, followed
by capturing secondary features of the neighbouring aragofel, and combined
into a feature vector, then a segmentation, based on thersaau hierarchical
segmentation algorithm, applied to the Tharsis region ofsM&hosh, Stepinski
& Vilalta (2010) presents a method using machine-learnicbrigues, to clas-
sify Martian surfaces, detailing choice of several di esagmentation methods
including K-means, and watershed-based methods, andakeugervised learn-
ing based classi cation methods. In a similar way to Stépifidhosh & Vilalta
(2006), this work uses a feature vector incorporating slopesature, and a binary
" ood' variable, extending the study to several di erertesiand testing di erent
classi ers. A manually labelled training set was used tssitlathe terrain into 6
landform classes.

The work of Bandeir&t al. (2013) makes an automated search for a speci c
feature on the Martian surface, in this case aeolian sandgjirased on the image
gradient vector, both in searching high-resolution im&gedunes, and classifying
di erent types of them by morphology.

8This is abbreviated by the authors as DTM, however this cammdis used for *Digital Terrain
Model' which at least for Mars may be used interchangeably witthD(Digital Elevation Model)
given the lack of vegetation or buildings.
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Chapter 3

Methodology

3.1 Methods of topographic analysis

In this work, the theLandSerf (Wood, 2009) softwareis used to calculate the
derived topographic layers, which include slope, aspdatamature rasters, which
are related to the second derivatives of the DTM in both alsloge and cross-
slope directions. The aspect layer is processed gdaigalc , to convert it to the
absolute angle from north-facing, to deal with the issu¢ #maspect in degrees
from 0° to 360" has a discontinuity. A Landscript le can be used to automate
the LandSerf software in calculating the derived layers for each tile.

The LandSerf software ts bivariate quadratic functions, to each gridl,ce
order to evaluate a derived layer, such as slope, or a coeMager. (Wood, 1998)

This work usetandSerf to create the “cross-sectional curvature', “longitudinal
curvature', “pro le curvature’, "plan curvature', and anecurvature' as derived
layers. In addition, it has the facility to create a featunap, which will delin-
eate peaks, ridges, passes, pits, channels and planantatra given windowing
size® In this work, a windowing size of 3 cells is used throughoatgate derived
topographic layer$. The “cross-sectional' and “longitudinal' curvature e
used for further segmentation work RSGISLibsince to include more curvature
layers would essentially duplicate information alreadggmt, and increase com-

LAnother researcher, Igor V. Florinsky, had previously createsbftware called “Landlord' for
topographic analysis. (Florinsky, 2014)

2This has the limitation of removing any east-west information.

3Note that this feature map may change according to the windogvstale, see Fisher, Wood
& Cheng (2004).

4See sections 5.10.2 and 5.11.2 for discussion of the issue of scale in sggugranalysis,
and approaches that may be taken in responding to these issues.
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Figure 3.1: Crater Greg, showing the elevation and slopeSetness GLF extents
overplotted. The elevation is overplotted via transpayest the nadir image.
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putational time. The longitudinal and cross-sectionalvatures are de ned as
the curvature parallel and orthogonal to the 3-dimensictetpest slope vector
respectively. (Wood, 1996). An example of the slope layaatercGreg on Mars
can be seen in gure 3.1. Examples of the curvature layeosyisy the longitudi-

nal and cross-sectional curvature layers in the north Wwallater Greg are shown
in gure 3.2.

3.2 Software tools used

One way of visualising locations on Mars is to use Googlé.E#ris possible
to use a Mars globe, and overlay options of Mars Express liynageptical or

infrared, colourised MOLA elevation, or Mars Reconnaigs@nbiter CTX camera
mosaics. See gures 3.3 and 3.9.

Using the table of “glacier-like forms' identi ed by Sosnetsal. (2012) and
available as a table in the supplementary information tcpteer, it is possible to
create a "Google Fusion Table' with the locations in Maitutiéd and longitude,
and export this to a KML le suitable to visualise in Googlettica

A further technique applied to the Souness data, is to us@ytieon Shape le
Library (pyshp) to create shape les of the glacier extents, using the spécen-
tre, head, terminus and left and right mid-channel locaj@ssuming a constant
channel width. In addition, "context' shape les are alsated by expanding the
object by a factor of three from its centre in each dimendiuns creating an area
9 times the extent. The head and termini locations were kadeby 100m, to
create small areas around these for further analysis, antehds also bu ered by
5km to allow a direct comparison to the analysis of Souaesas (2012). These
shape les can also be exported to KML format to view in Goggtéh. See gure
3.3.

RSGISLibis used to extract zonal statistics of the derived topogafayers
for these shape les. The minimum, maximum, mean and standaviation are
calculated for the each of the of the layers for each object.

The “Filtergraph' website was used to visualise the logsitmf GLFs, and
quality of DTM coverage, plus the metadata provided by Sssireeg. length,
width, elevation etc. Filtergraph provides a convenieaplgical front-end to the
Pythonmatplotlib  plotting library. (Burgeret al,, 2012).
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Figure 3.2: The curvature layers, calculated_andSerf, the longitudinal cur-
vature expressing the convexity or concavity of a slope,tlaadross-sectional
curvature de ned perpendicular to the slope.
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Figure 3.3: A Google Earth screen shot, showing the Souhéss @ontext' and
“context9' shape le extents in the Protonilus Mensae mregibMars.

3.3 Collecting topographic data

Beginning with the Sounest al. (2012) inventory of glacier-like forms (GLFs),
which lists 1309 candidate glaciers identi ed by visuglengon of CTX images,
the rst step was to identify coverage by HRSC stereo DTMsHIRISE images,
anaglyph, and DTM data.

This was done using the Mars Orbital Data Explorer (Playelmata System
Geosciences Node, 2014), checking whether the coordiobtbe GLF centre
have HRSC DTM coverage, and identifying the best resoltifi@rwhere more
than one DTM tile underlies it, also agging HIRISE imageg anaglyphs either
of the object or in close proximity.

See Appendix A for maps covering the mid-latitudes of Marsoth bemi-
spheres, indicating the locations of the HRSC tiles and twitext in overall
topography.

3.4 Data pre-processing and processing

A set of owcharts expressing the steps involved in pregasing, processing,
constructing the classi er, and evaluation of results &@as in gures 3.4, 3.5,
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3.6, 3.7 and 3.8.

3.4.1 Pre-processing

The pre-processing steps are detailed in the owchart inregB.4. The HRSC
DTM tiles covering each Souness GLF are identi ed as descehrlier, and the
nadir image, and the areoid DTM downloaded for each. Usings Eguicylin-
drical projection, set at a standard parallel of, 4@ match the modal latitude
of the GLFs, the HRSC DTMs are reprojected into a common guaiedsystem,
which allows comparison across the full dataset available.

Landscriptscripts are generated to usandSerf to create derived topographic
layers from each of the 179 HRSC DTM tiles.

A layerstack is created usi@DAlof the nadir image from HRSC, resampled
to the DTM resolution, the elevation and the derived toppbia layers. This
creates both the 10 band layerstack, which additionallypdes pro le, plan, and
mean curvature, and a feature' layer, as well as the 6 baedstack including
the image resampled to DTM resolution, elevation, slopeplake aspect angle
from north, cross-sectional, and longitudinal curvature.

3.4.2 Processing

The 6 band layerstacks, are segmented using PYR®@GISLih (Bunting & Clew-
ley, 2014), using theunShepherdSegmentationfunction in thersgislib.segmentation
module. This function uses the segmentation algorithm @p8ard, Bunting &
Dymond (2014). The minimum object size is set to 0.2 squadoenkitres, which
is calculated for each HRSC tile in terms of the number ofgtkat falls closest
to this value, due to the variable pixel scale.

The attribute table is populated with local statistics fdretsegments, and
converted to vector polygons usi@pPALand the raster attribute table output to
atext CSV le. Itisthen possible to use GIS software to jbmvector shape le to
the raster attribute table, and explore the data by selgcsegments by attribute.
See gure 3.5 for a owchart describing this.

Using pyshp, shape les corresponding to the extent, context, contefe®
panding the dimensions by a factor of 3 and 9 respectivelpiriggghe same
centre) areas, as well as 100m radius bu ers around thelliséad, centre and
terminus locations are created. These are used to calcutetal statistics of the
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Figure 3.4: A owchart showing the pre-processing stepsréating the layer-
stacked feature vectors.
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Figure 3.5: A owchart showing the processing steps indalveunningRSGISLib
on the tiles and creating vector shape les of the output.
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Figure 3.6: A owchart showing the processing steps indoimecreating zonal
statistics.
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Figure 3.7: A owchart showing the processing steps indolaecreating the
classi er function.
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Figure 3.8: A owchart showing the processing steps indoimeevaluating the
results from the classi cation function.
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Figure 3.9: An area of Protonilus Mensae, showing areas velegraents are
selected for having a northerly aspect and a relativelyp stlspe of more than 10
degrees. In this gure the head and termini locations arekethwith blue and
yellow markers respectively, and the centre with a snow ake

layerstacked feature vector. These statistics are rsatred per DTM tile, and
are combined using a Python script to a combined list indéwyethe Souness
catalogue number. See gure 3.6.

A simple rule based selection could be made, for exampleygee 3.9 where
segments are selected based on their zonal statistics,haxgng a north-facing
slope (in northern hemisphere areas). However, hard wingogy elevation,
slope, aspect etc. in a rule based classi cation would bejct many genuine
objects, and classify other areas spuriously as glaciecg the distributions of
the variables are not separable. Therefore, the approd@nthelow is a “fuzzy'
classier.

3.5 Constructing a fuzzy classi er

A “fuzzy' classi er is constructed based on comparing tegiams of the topo-
graphic variables for the Souness GLFs, considering #ithextents, contexts, or
the 100m or 5km head area bu ers and comparing the histogrdrtise variables
for the zones to those for the HRSC tiles as a whole. The hestogand abun-
dance ratio plots are reproduced here for the extent and 18ad shape les in
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gures 4.1 and 4.2.

The histograms of counts of Souness GLFs as functions ofveaicble of
nadir image brightness, elevation, slope, absolute daviat aspect from north,
cross-sectional curvature, and longitudinal curvatueecatculated, as well as the
histograms of all pixels in the layerstacks of the HRSC DTég that are used in
the analysis (see table B.1 for a list), summing by area. §aees 4.1, and 4.2.

It is then possible to t a curve to these histograms so that tounts (or areas
per unit variable) are calculated as functions of the végbrhis is accomplished
using Pythonscipy , using a multi-component Gaussian plus a hard-coded xed
constant. The xed constant avoids zero-crossings. It ceggary to ne-tune the
range in which the t is calculated, to prevent large spwioalues at the edges
of the range of the variable. Following this, ratios of GLEnt® divided by the
total area in the HRSC tiles are calculated as functions @itriables. See gure
4.3.

A classi er function K= Qi fi can be constructed by taking the product of
each of the ratio functions. A larger value of K indicates segment better
approximates the characteristics of the Souness GLFs ia s@y or other. The
further analysis uses Igé¢) due to its construction as a product. See gure 3.7
for a owchart detailing the classi er construction.

The values of the ratio functions, and of K and @9 are calculated and
added to the CSV attribute tables for each tile, so they cafobeed using GIS
software to the vector polygons and values of the classkaméned spatially. See
gure 3.8 for a owchart describing this process.
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Chapter 4

Results

4.1 Summary of descriptive statistics

See gures 4.1 to 4.4 showing the histograms of the imagéntoggs and topo-
graphic variables comparing for the averages over the GeRtgxand the overall
distributions across all of the HRSC tiles used.

4.1.1 Nadir image brightness

The nadir image brightness, in shown in gure 4.1a tends tdordighter for the
Souness glacier extents than the overall distributionsacadi of the HRSC tiles.
The ratio of the nadir brightness areas of interest to HRS@m@me is stronger
for the 100m head bu ers, than the extent bu ers.

4.1.2 Elevation

The overall elevation histogram (gure 4.1f) for the HRSCNDTiles shows a
bimodal distribution with peaks at 2500m and +1000m, of which the peak
at +1000m is the larger.

The Souness extents again show a bimodal distributionpeitat the peaks
are at 1500m and +500m, and the -1500m peak is the larger. See gure
4.1d. The minimum between the two peaks occurs just belowirtstead of
-1000m as it does for the HRSC DTM tiles. A distribution maatettie context
areas shows a similar form to that for the extents.

Relatively speaking, there are fewer Souness glaciers géti lowest and the
very highest elevations. Sounesal.(2012) remarked upon an observed depletion
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of glacier-like forms below an elevation of -3000m, whialddee attributed either
to lack of formation or poor preservation.

The head areas show wider peaks; an e ect of the much smaéldr aver
which the elevation is measured such that local variatiapspiore of a role in
determining the statistics; and a general shift of the peaalksigher elevations.

The 5km head bu ers, created to allow a direct comparisoh Siunesst al.
(2012) results that used MOLA elevation, show a similaragil@v distribution to
that was found in that work.

The 'context' bu ers, which have an area 9 times that of theFGéxtents,
have a similar elevation histogram to that of the 5km headebs;, except that
the 5km head bu ers are shifted to higher elevations, as weldhexpect given
these are down slope ow features.

4.1.3 Slope

The overall slope histogram ( gure 4.1i) of the HRSC DTMstighows a peak at

1 2°and decay at larger slope values. The Souness GLFs, averagexktents,
show a peak at 10-25( gure 4.1g). There are very few with average slopes of
5° or less. This should be expected given that these objectieaned as objects
where Sounesst al. (2012) saw evidence for down slope ow.

These objects tend to occur in areas with a high abundancteep slopes,
since the context histograms also show a peak aroufd Tle context9 areas,
show a peak shifted to lower slopes, as expected if the expaaréas include
atter areas, but nevertheless, there are still few with aerage slope of 5°
showing that the objects have a tendency to occur in areasevthere is more
high relief in surrounding areas, rather than in isolatedase

The heads slope histogram (gure 4.1h) shows a much broadatbdtion,
centred around 15with a larger variance than the extents. As a ratio, the peak
is around 17%.

4.1.4 Aspect

The DTM tiles., on average show a relatively at curve foreedpas may be
expected.

1The head areas have a bu er of 100m around the Sounessal. (2012) location, whereas
the median extent area of the GLFs is 1.1 km
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In the northern hemisphere, there is a tendency towards Geirg found on
north-facing slopes and in the southern hemisphere tovadth-facing slopes.
However, in neither case are the GLFs exclusively foundeward-facing slopes.
The southern hemisphere appears to show a stronger suppre$ésglaciers on
equatorward facing slopes. See gures 4.2a, 4.2b, 4.2cA&dl These trends
broadly match those for orientation in Sounegsal. (2012). The correlation
between Souness' orientation, processed to the absolgfie away from north,
and the aspect averaged over extents can be seen in gure 4.5.

Aspect average over extent vs. 180 - abs{Orientation (Souness et al. 2012) - 180)
180 | |

160

Aspect average over extent
-

4] 20 40 a0 B0 100 120 140 160 180
180 - abs(Orlentation (Souness etal. 2012) - 180)

Figure 4.5: The Sounest al. (2012) orientation, converted to absolute angle
from north, plotted against the average aspect angle fronthnover the GLF
extents.

4.1.5 Cross-sectional curvature

The general trend for the HRSC tiles as a whole, is for thalslision to be centred
around zero. In contrast, the extents show a bias towardativeghumbers, which
is consistent with these features being found in topogcapbilows, or features
like cirques. See gures 4.2e, 4.2f and 4.29.

4.1.6 Longitudinal curvature

The general trend for the HRSC tiles as a whole, is for thalalision to be centred
around zero. In contrast, the extents show a bias towardativegnumbers, i.e.
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concave slopes, which ts the model of these objects as ¢nat@ep slopes which
become shallower as the ow progresses as was describetdbardet al. (2011).
See gures 4.2h, 4.2i, and 4.2j.

4.2 RSGISLib segmentation and statistics of individu@l HRS
tiles

Due to the large number of HRSC tiles, it is not possible withis work to discuss
the results from all tiles. This work will focus on particulkes, choosing rst
areas in both hemispheres with 50m resolution topograpthy aviarge number
of Souness GLFs. Following this, some tiles with 75m topbgrare discussed
that also are well-populated with GLFs and have had somépsestudy in the
literature for comparison. The locations of tiles are diggdl on the global maps
in Appendix A and listed in table B.1. Note that not all tiles &belled on the
maps since QGIS automatically avoids label overcrowding.

4.2.1 East of Hellas: Tiles with 50m resolution DTM data

This work selects tiles h2279 and h0248 located to the eadetés Planitia, in
the southern hemisphere. See gure 4.6 for an overview stthikes, and gure
A.11 for location map in broader context.

Tile h0248

This tile is located at 35-49, and 10ZE. There are 8 Souness catalogued GLFs
within the tile. A portion of the tile segmented using RS@ St shown in gure
4.7. The values of I¢K) for the segments, calculated both based on features
of extents, and of the 100m radius bu er around the head, &@vs in the
histograms in gures 4.8 and 4.9.

Since for any of the tiles used, the number of segments in lodeviile vastly
exceeds the number of segments intersecting Souness @fsekb estimate the
statistical signi cance of the larger value of 10§ ) in the intersected segments, a
one-sided test is used, which calculat&s= W wherex is the mean of
the log,(K) for the intersecting segmentsy and ( are the mean and standard
deviation of log(K') of the whole set of segments in the tile amds the number
of intersecting segments. The value of thestatistic is 5.58 in this case, which
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Figure 4.6: HRSC DTM tiles at 50 and 75m resolution in the agesd of Hellas
Planitia, of which tiles h0248, h2279, h2224 and h2356 agajied. The back-
ground is lled by MOLA elevation. The grid numbers are itisuoii metres, in an
equicylindrical projected coordinate system with stashgarallel at 40 latitude.
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Figure 4.7: The RSGISLib segmentation of HRSC tile h0248i8p the southern
portion of the tile. The total number of segments across thele tile is 43909.
Grid units are in metres as for gure 4.6

GLFClassLogProd Extents - h0248 Intersection of GLF extents with segments

Count
Count

Log (K) Log (K)
@) (b)

Figure 4.8: Histogram of 1QeK ) for tile h0248 calculated based on GLF extents.
The mean and standard deviation of Jg¢¢)are 1.65 and 0.61 respectively. The
number of segments intersecting is 263 and the mean andasthaeéviation of
these are 1.86 and 1.08. Tlzestatistic has a value of 5.58.
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indicates a highly signi cant rejection of the null hypdisethat the classi er
function has the same distribution for the GLF areas as theasi a whole.

This can also be calculated for the classi er function basedhe average
feature variables of the 100m radius head bu ers, as in guB In this case,
Z =16.6, substantially higher than when calculating the tksssing the extent
averages. For this reason, the "head' version of the adadsinction is used in
the rest of this work.

" GLFClassLogProf Heads - h0248

102 Intersection of GLF extents with segments

Count

T B B D A0 AL Ak AD B P LB B D A0 AL Ak A8 B P
Log (K) Log (K)

(@) (b)

Figure 4.9: Histogram of 1QeK,) for h0248 calculated based on the 100m bu er
around the heads. The mean and standard deviation are 8c52.88 respectively.
The number of segments intersecting is 263 and the mean andad deviation
of these are 13.24 and 1.46. THestatistic has a value of 16.6.

Tile h2279

This tile is located at 38-45, and 10&. There are 12 Souness catalogued GLFs
within the tile. See gures 4.12 and 4.13 for the results iis tile.

4.2.2 Mareotis Fossae: Tiles h5304 and h5286

In the northern hemisphere, the tiles h5304 and h5286 negrdils Fossae region
at 80°W have 50m HRSC topographic data, and are discussed belogse Th
tiles are located at 40-38 and 83-88W. There are 8 Souness GLFs within h5304,
and 11 within h5286. A location map to show the general location of these tiles
Is shown in gure A.2. See gures 4.14 and 4.15 for results eéettiles.

20One object, Souness catalogue number 50, is covered in both tiles.
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Figure 4.10: Part of HRSC tile h0248, showing segments wberé& ) > 13
and log(Kn) > 14 in progressively darker shades of blue to classify poatentia
glacier source areas.
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Figure 4.11: Part of HRSC tile h0248, showing segments Wdge(& ) > 13 and
log.(K) > 14 in progressively darker shades of blue, searching foergkamirce
areas. In this case, there have been areas picked up by siseasldunction that
do not have Souness GLFs.
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GLFClassLogProd Heads - h2279

Log (K)

@)

Figure 4.12: Histogram of lgg<y) for tile h2279 calculated based on the 100m
bu er around the heads. The mean and standard deviation ®@fHa,)are 9.37
and 3.78 respectively. The number of segments interseistibgl and the mean

Count

Intersection of GLF extents with segments

2 Bk 6 B A AL Ak 4B B
Log (K)

(b)

and standard deviation of Igd ,)for these are 12.08 and 2.94.

The null hypothesis of the intersected segments being the siistribution as the

overall tile is rejected a = 16:5.
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Figure 4.13: Part of HRSC tile h2279, showing segments wbes& ) > 13
and log(Kn) > 14 in progressively darker shades of blue to classify poatentia
glacier source areas.
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Figure 4.14: Histograms of Igdl,) for tiles h5286 and h5304 calculated based
on the 100m bu er around the heads.

For h5286, the mean and standard deviation of(ldg) are 10.35 and 4.12 respec-
tively. The number of segments intersecting is 616 and thennaed standard
deviation of log(Ky) for these are 12.00 and 3.43. The null hypothesis of the
intersected segments being the same distribution as thelbtée is rejected at

Z =994

For h5304, the mean and standard deviation of(ldg) are 10.08 and 3.88 respec-
tively. The number of segments intersecting is 608 and thennaed standard
deviation of log(K;)) for these are 12.05 and 3.79. The null hypothesis of the
intersected segments being the same distribution as thelbtiée is rejected at

Z =12:5.
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Figure 4.15: Part of HRSC tile h5304, showing segments wbe€,) >
13, 14; and 15 in progressively darker shades of blue to classify poteicier
source areas.
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4.2.3 Olympus Mons: Tile h0037

The HRSC tile h0037 is one of the largest in the data used swork, with
pixel dimensions of 4391 36200. This tile at 14-44, 132W includes 7
Souness GLFs in the Acheron Fossae region, and also the sam@ligmpus
Mons, and also includes part of the lobate debris apron nafrtthe Olympus
Mons escarpment. See gure A.l1 for a general location map, gureés 4.16,
4.17 and 4.18 for results of this tile.

GLFClassLogProd Heads - h0037 10 Intersection of GLF extents with segments

A0
Log (K) Log (K)

@) (b)

] ) A0 0

Figure 4.16: Histogram of lg@Ky) for tile hO037 calculated based on the 100m
bu er around the heads. The mean and standard deviationg{h@) are 10.65
and 5.44 respectively. The number of segments interseisti®@8 and the mean
and standard deviation of lgd<,) for these are 11.53 and 3.55.

The null hypothesis of the intersected segments being tine skistribution as the
overall tile is rejected & = 2:88. Note that part of the lobate debris apron north
of Olympus Mons is in this tile, much of which has a high(Kyg.
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Figure 4.17: HRSC tile h0037, showing segments whergKlgg >

13 14; 15 16 and 17 in progressively darker shades of blue to classify poten-
tial glacier source areas. The Olympus Mons lobate debmig agan be noted,
and is visible highlighted in blue here.
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Figure 4.18: Part of HRSC tile h0037, showing the Acheroreleaa®a. Segments
where log(Ky) > 13 14; 15 16and17are shaded in progressively darker shades
of blue to classify potential glacier source areas.
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4.2.4 East of Hellas: Tiles with 75m resolution DTM data

The tile h2224 which covers the area around the well-stuctieggr Greg with its
GLFs, of which there are 14 catalogued objeasd h2356 are presented below.
Tile h2356 has 19 Souness GLFs within its footprint, andrakegthers partially
within it. Tile h2224 is at 11, 38-45S and h2356 is at 108, 39-42S. See
gures 4.6 and A.11 for location, and gures 4.19, 4.20, arli4for results.

GLFClassLogProd Heads - h2224

Intersection of GLF Extents with segments

10°

Count

S 5 Iy o » o = © 2 »
Log (K) Log (K)

(@) (b)

GLFClassLogProd Heads - h2356 N Intersection of GLF extents and segments

Count
Count

8 ° o
Log (K) Log (K)
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Figure 4.19: Histograms of IgdKn) for tiles h2224 and h2356 calculated based
on the 100m bu er around the heads.

For h2224, the mean and standard deviation of(lkg) are 9.21 and 3.61 respec-
tively. The number of segments intersecting is 239 and thennaed standard
deviation of log(K;) for these are 13.89 and 1.39. The null hypothesis of the
intersected segments being the same distribution as thelbvtiée is rejected at

Z =20:0.

For h2356, the mean and standard deviation of(ldg) are 9.50 and 4.29 respec-
tively. The number of segments intersecting is 716 and thennaed standard
deviation of log(K;) for these are 12.84 and 2.68. The null hypothesis of the
intersected segments being the same distribution as thelbviée is rejected at

Z =20:8.

3Two of these, 950/1271, and 951/1272 appear to be duplicates of each other, an:thes
a further two GLFs partially within the tile.
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Figure 4.20: Part of HRSC tile h2224, showing crater Greggm®ats where
log(Kp) > 13 14; 15and16 are shaded in progressively darker shades of blue
to classify potential glacier source areas.
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Figure 4.21: Part of HRSC tile h2356. Segments wherge(KQpy >
13 14, 15 and 16 are shaded in progressively darker shades of blue to ylassif
potential glacier source areas.
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4.2.5 Protonilus Mensae: Tiles h1545 and h1523

The tiles h1545 and h1523 in the region of the northern hdrmargpdichotomy at
45 50°E around Protonilus Mensae have 75m topographic data artdinam
large number of catalogued GLFs. Tile h1545 has 38 SounéssaBd tile h1523
has 54. These tiles cover an area around 3R3Md 45-5IE. See gure A.4 for
overall location and gures 4.22, 4.23, 4.24 and 4.25 fanlte®f these tiles.

GLFClassLogProd Heads - h1523 . Intersection of GLF extents with segments

0 ) ) ) N o ) A0 B\ 0
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Figure 4.22: Histogram of lg@<;) for tiles h1523 and h1545 calculated based
on the 100m bu er around the heads.

For 1523, the mean and standard deviation of(kg) are 11.06 and 4.14 respec-
tively, and the number of segments intersecting is 1184 lamdiean and standard
deviation of log(K;) for these are 15.52 and 2.36. The null hypothesis of the in-
tersected segments being the same distribution as the lbtiégas rejected at

Z =37:1.

For 1545, the mean and standard deviation of(Kg) are 11.33 and 4.68 respec-
tively, and the number of segments intersecting is 954 amadnban and standard
deviation of log(Ky) for these are 15.48 and 2.33. The null hypothesis of the
intersected segments being the same distribution as thelbtiée is rejected at

Z =27:4.

68



2240000 2260000 22B0000 2300000

L0000

2500000
PRO0DM0

2480000
FLETIV]

2240000 2260000 2280000 2300000

Figure 4.23: Part of HRSC tile h1523. Segments wherg(Hay >
15 16, 17, 18 and19 are shaded in progressively darker shades of blue toyclassif
potential glacier source areas.

2200000 2280000 2300000 2320000

2460000
?4ﬁnnna

2440000
2A40000

=
=
=
=
o
=
~

ol

2280000 2300000 2320000

Figure 4.24: Part of HRSC tile h1523. Segments wherg(Hay >
15, 16, 17, 18 and19 are shaded in progressively darker shades of blue toyclassif
potential glacier source areas.
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Figure 4.25: Part of HRSC tile h1523. Segments wherg(Hahy >
15, 16, 17, 18 and19 are shaded in progressively darker shades of blue toyclassif
potential glacier source areas.
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Chapter 5

Discussion

5.1 Implications of the descriptive statistics

5.1.1 Nadir image brightness

The nadir image brightness being brighter for the GLF egtdmn the average
for the HRSC tiles may be due to the objects having a debrier doom the
typical wind-blown dust on Mars, rather than the darkercaoic rocks found
in some locations. Alternatively, it may be that areas withkela dust cover
are less likely to form persistent glaciers, due to a thirewog of low albedo
dust accelerating sublimation, therefore regions wheeedihst covering is light
in colour are more likely to preserve glaciers. The ratichefrtadir brightness
areas of interest to HRSC coverage is stronger for the 10@m be ers, than
the extent bu ers, indicating that as one concentrates om #ource areas, the
e ect becomes stronger, or that since the head areas arediy dle nition as the
head of a gravitationally driven ow feature, locally etedain topography, they
are less likely to be in shadow.

5.1.2 Elevation

The depletion of the numbers of GLFs at 23000m may be due to one of two
reasons: either they were not formed below this elevatiothey were perhaps
formed, but have not been preserved to the present day. &éntal sublimation,
due to variation in debris cover may have occured, perhapsodwind stripping
o dust-sized particles of debris cover, allowing subliomato take place. At
very low elevations, it is possible that the thicker atmesphis more likely to
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promote sublimation, perhaps due to higher temperatureseNheless there are
a number of GLFs in the Souness catalogue at very low elevatibz< 5000
(see gures 4.1d and 4.3b). Most of these are concentrateadeitas Planitia, in
tiles such as h0365 in the Harmakhis Vallis area. It is degbiat these objects
are a population that formed at a later time than the main boflyhe Souness
catalogued GLFs. In this model, at the earlier time, thetixaly high obliquity
made the elevation range -3000m to Om most optimal for glagiewth and
preservation, with conditions below -3000m favouringtiloleby sublimation or
melting. Later, the obliquity declined, preserving thipydation where su cient
debris cover existed to prevent sublimation. However ateslater epoch, a
climate existed within the Hellas Planitia area where thémad accumulation
zones were the low elevations below -5000m. This wouldrecitpait the climate
has not been warm enough for melting to take place in the lewagbn zone
since the second epoch, therefore these objects shouldubgerothan the main
population, a prediction testable via small crater counkene HIRISE images
exist. A portion of HIRISE image PS®62241385 is shown in gure 5.1 covering
two Souness catalogued objects at 4%,090.18E. It appears that these objects
have experienced either some downwasting by ablation,vorstipe ow after
accumulation ceased, since they appear to have retreatedtfre heads of their
potential accumulation areas.

It would be an interesting study to estimate an age for théases of low-
elevation glaciers, to test whether they are younger than thO:4Myr postu-
lated youngest age for the glaciers in Greg Crater. Anothssilpibity is that the
widespread light-coloured dust in Hellas allowed glamei@m at low elevations
since their ablation was reduced by the high albedo of tlediriglcover. Souness
et al. (2012) did not catalogue any GLFs within Lyot crater, theeswpoint
of elevation in the northern hemisphere at5(°N; 30°E and an elevation of the
crater oor of z 7000n. Mars experiences a shifting of the perihelion summer
between the southern and northern hemispheres due to theyeha longitude of
perihelion, so it is possible that the timing of the last dpo€ suitable climate
for glacier accumulation was di erent in the southern h@mése to the north.
There are a small number of GLFs catalogued in craters in ditbamn plains
at elevations z  5000m, so it would appear the northern hemisphere formed
low-elevation glaciers as well. The absence of cataloguEd i@ Lyot may have
been an e ect of the higher latitude of the low elevation avéayot crater com-
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Figure 5.1: A portion of the HIRISE image P8862241385 showing the Souness
catalogued objects 1112 and 1113 at 4%,00.15E. These are at average eleva-
tions of -5051m and -5108m. North is up.
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pared to Hellas, which may have meant the climate was nadlgaifor su cient
accumulation of glacier ice by precipitation.

5.1.3 Slope

Sounesst al. (2012) noted that areas with the most precipitous reliefasuged in
that work by the standard deviation of MOLA elevation witihi@ 5km bu er of the
head, have fewer GLFs than areas of moderate relief, imdjcedme “optimum'’
level. Areas of low slope can be understood not to supporugsow due to
insu cient shear stress, and it is suggested that for higkele of relief, sublimation
may be enhanced due to exposure of ice by debris landslides.

In this work, the ratio function for extents in gure 4.3c sf®a peak between
10 15°. The slope for the 100m bu ers around the heads shows a brzad d
tribution with greatest enhancement of GLF counts relatiiveverall topography
betweenl5 20° and a drop-o above2(’ indicating there is some factor that is
suppressing them. A possible explanation is that more edg®sad areas are more
liable to experience wind promoted sublimation, or alterely that the glaciers
have owed downslope from areas of steeper slope in the timoe accumulation
ceased.

5.1.4 Aspect

On Earth, the permanence of glaciers is largely controfethéd summer tem-
perature, which determines whether melting takes placee d3pect of slopes
exerts a control on the level of insolation on any partictdenain, and with the
thin atmosphere on Mars compared to Earth, radiation on thiéases of glaciers
may be a more signi cant control on ablation relative to awtive heat transfer.
Under the high obliquity conditions in the past on Mars, ¢hesliative conditions
were di erent from the present day, and any Earth analogues.

On Mars at6( obliquity, and at4( latitude, on the summer solstice the
altitude of the Sun would have be@@ above the horizon at noon in the poleward
direction, andL(®® at midnight. At5Q° latitude 80° at noon, and20° at midnight.
At 60° it would have been directly overhead at noon, aéfd Thus it is poleward
slopes that experience the greatest insolation under Hghuity.

It is possible that the GLFs stop occurring in the higher latitlades due to
sublimation/melting under the continuous polar daylightree highest obliquities.
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Figure 5.2: The distribution of the Souness GLF centreuldis, including all
1309 objects. The southern hemisphere distribution coasirto lower latitudes,
however the at, low topography in the northern hemisphess fbe responsible
for this rather than being a primary e ect of latitude.

The alternative explanation is that the temperatures hasebeen high enough
in the recent glacial periods on Mars, to allow signi cargggpitation and ac-
cumulation at these latitudes. In both hemispheres, thebmmof GLFs tends
to drop o poleward of 45° latitude (gure 5.2). It can be presumed that the
de ciency in the northern hemisphere is due to the at, lowdgraphy in the 50s
N on Mars. It is an open question whether this the drop-o inFGlounts at
higher mid-latitudes is because there was too much ingolédr preservation at
the highest recent obliquities, when the higher latitudeslav have experienced
the most summer insolation, or whether it was not warm endagaccumulation
in recent epochs at the higher latitudes.

The trends in GLF counts with respect to aspect in gures #h4.2b, show
a greater tendency for the distribution to be concentratetthe poleward direction
in the southern hemisphere. The e ect of aspect is complemaalel, since at
moderate obliquities, poleward slopes could be a cold-ai&gwing preservation
of glaciers, but this is not the case at very high obliquitgmetthese receive more
insolation as noted above, Lissauer, Barnes & Chamber&)(2@dntioning that
at more than obliquity = 54°, the polar regions receive more annual-averaged
insolation that the equator.
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Kreslavsky, Head & Marchant (2008) consider active-laggmpfrost pro-
cesses, suggesting that these occur when summer day-@verageratures ex-
ceed0°C and suggest that this will occur at high obliquity for pakgions, and
on mid-latitude poleward facing slopes. An asymmetry okesldyas been noted,
with poleward slopes having a tendency to be less steep. agafaviviangold
(2013) consider this the product of deposition on polewacihfy slopes. At high
obliquity, there would be a higher day-average tempersitdtging summer on
pole-facing slopes, but lower annual average. Arfstrom &ntdéem (2005) sug-
gest that as obliquity decreases, pole-facing slopes vpoeterve ice for longer
against ablation.

5.1.5 Curvature layers

The position of glacier slopes with respect to wind may haes Isigni cant on

Mars. It is only possible to simulate what conditions edistering the higher

obliquity periods in which the Martian glaciers are betigeehave accumulated,
however in the Antarctic Dry Valleys, wind-blown redepdstew is a key factor
determining the locations of glacier accumulation as wasdon Chinn (1980).

Redeposited snow accumulating in valley heads and agteegt Sopes was the
source of the majority of the Dry Valleys alpine glaciersathdnl by sublimation

is also dependent on wind, where it was found that converslexposed to the
wind experience larger losses. (Kowalewskil., 2006).

The bias towards negative values of these curvature layaysbm partly ex-
plained by the criteria used in Sounessl. (2012), which explicitly searched for
ow features constrained by topography, however if the stantors of exposure
to wind that a ect deposition and sublimation in AntarcticyDvalley glaciers have
been relevant on Mars, this would be a physical reason faltbervation.

5.2 Comments on the classi er function maps

It may be observed in the maps of the high values of the otadainction log(K)

for head areas of glaciers, that many of the Souness GLF hheasl are given a
high value of the function and are thus shaded blue in theeguHowever, it is
not only these areas in the images that are shaded, but otkasaot classi ed
as GLFs by Souness al. (2012). In gures 4.10 and 4.21, it can be seen that
there are some other areas that appear to be ow features sischrater- |l
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features and lineated valley- Il features (gure 4.23). ®Wher a feature of the
type classi ed in Souness al. (2012) forms depends not only on suitability of
terrain for accumulation, but also on contextual topogsaph

In gure 4.20 of crater Greg, as well as picking out the heahsrof the
observed GLFs, areas below the currently observed GLFslked put as source
areas, as well as areas on the south wall, and around thetemund. There is a
hypothesis of an earlier epoch of glaciation in crater Grag that which produced
the presently observed GLFs in the north wall, in researélagsettet al. (2010).
This raises the possibility that a classi er such as thidccpotentially assist in
searching areas of possible past glaciation where thergdave now disappeared
through ablation.

5.3 Comparison to terrestrial glaciers

Mayo (1984) studied mass balance as a function of altitudteeying the literature
for glaciers in the USA, and found that both temperate andrpgiiciers had a
more negative mass balance as altitude decreased. Thdiercegs the Columbia
glacier in Alaska, where at high altitudes, the positive rbatance turns over and
begins to decrease due to the reduction in precipitatiorhathighest altitudes
(between 2500m and 3500m) as the precipitable water vapquecipitated out of
the atmosphere before the humid air masses reach this ielevahis could have
important implications for Mars, where higher areas coaltbl dry for signi cant
accumulation, potentially reversing the common terralsprattern, leading to bare
ground on higher areas, and glaciated lowlands. Fastbak(2008) detailed that
ablation would be expected to decline with altitude slowantaccumulation on
Mars, leading to negative mass balance at the highest @egathough this was
discussing the high elevations on Tharsis rather than tvitbén the range of the
Souness mid-latitude GLFs.

Fountainet al. (2010) studied snow accumulation in the McMurdo Dry Valleys
of Antarctica, where precipitated water equivalent can b&-50mm per year,
nding that wind-borne redeposition of snow enhanced tlwianulation in certain
areas. Di erential sublimation can also be enhanced bysxpdo wind, as Bliss,
Cu ey & Kavanaugh (2011) found to be the case in Windy GulthiwiTaylor

1The technical distinction is that for temperate glaciers, aeeulation occurs in a higher-
altitude zone than ablation, whereas for an polar glacier, acalation occurs throughout the
glacier's area
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Valley.

Wagnonet al. (1999) studied a glacier in the high Andes in Bolivia, where
energy ux was dominated by radiation, and sublimation viesprimary means
of ablation, in the dry season, whereas melting took platieeinvet season. The
high sun angle of a tropical glacier means that radiatioritehnamportant in ab-
lation. "Penitentes’ form under these conditions, wheeehgllow is progressively
deepened by radiation being focused into it, but exposedspaonly receive direct
rays, as described in Corripio & Purves (2005). The mitli#dgs of Mars at high
obliquity would also experience a high sun angle. A di erdretween Mars and
Andean glaciers would be that at the high obliquities, thereldvbe less of a daily
temperature cycle, since unbroken daylight would exishgwummer. The air on
Mars, even in a hypothesised thicker atmosphere would heere rauch thinner,
and drier than the Earth. The conditions of Mars under a higlqaity would
not have shared all of the characteristics of a single telakanalogue. The arid
regions of the Andes may be another fruitful analogy as wélhtsctica, due to
the aridity-dominated conditions there.

The Antarctic Dry valley glaciers have ow rates of of ordem@ignitude
0.1 to 1m per year. The mean annual temperature in that regi@bout 250K,
perhaps in mid-latitudes of Mars mean annual temperatureictly is about 210K.
Based on an exponential scaling dependent on temperateeeBenn & Evans
(2010)), and the fact the Martian surface gravity at 40% oé tBarth's leads to a
proportionately lower stress for a given loading, ow rateMartian mid-latitude
glacial features would be 1 mm yr?! or less. In the last 0.4 Myr since the
last supposed epoch of glacier formation, ow would be legs 400m, less than
the average length scale of these objects. Thus what is\@zbare likely to be
primarily relict features, with most of the observed ow ingvtaken place in past
higher-obliquity epochs, rather than ow taking place unci@rent conditions.

Lucchitta (1984) observed that the linear debris ows intBndus and Deuteronilus
Mensae extend a maximum of no more than 20km from the scarpsode| of
accumulation on these scarps and ow from them, could plysadzount for the
length of the ow features if the new, superposed features,fams created by
the ow of relic ice from the last Martian glacial period0.4 Myr ago.
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5.4 Wet-based glaciers on Mars?

Arfstrom & Hartmann (2005) argued that the moraine-like @ddgpounding sev-
eral mid-latitude Martian viscous ow features could haeerbformed by water-
lubricated sediment squeezing from beneath the ice in abassd glaciation.
Bankset al. (2008, 2009) argue for a past wet-based glaciation in the rargy
Planatia region, at some point in Martian history. AccordingFassettet al.
(2010) these features date back to the Hesperian era, andositemporary with
glacio uvial activity associated with the south circunrgrdDorsa Argentea forma-
tion, and interpreted to represent Hesperian drainage tiivater discharge from
a south circumpolar ice sheet, appearing to predate the Anm@zace deposits
discussed in Hubbaret al. (2011). Dickson, Fassett & Head (2009) examine
Lyot crater, a crater believed to have formed in the early Aman at 60°N,
30°E) and hypothesise conditions that allowed temporarydiguater, in an area
of Martian atmospheric pressure and temperature beingeatiwtriple point of
water, in what is the lowest point in the Northern hemisplafr&lars at a oor
elevation of z ~ 7000m.

Antarctic permafrost in the Dry Valleys, has been observee &irongly saline
in some cases, (Dickinson & Rosen, 2003), (Hublearal., 2004). If this is the
case on Mars, then wet-based glaciers may be possible atlowerttemperatures
than would otherwise be the case.

5.5 Review of theory and observation of subsurface ice on
Mars

Brysonet al. (2008) conducted some experiments simulating Mars condiin a
vacuum chamber to examine the stability of subsurface viedeon Mars, based
on simulating the Martian regolith with basaltic materialhich was observed
beneath the red lighter dust layer by Mars Exploration R8pétt. Based on these
experiments, they concluded a 1m thick layer of ice below f2itnecbasalt soil
could have survived since the obliquity change at the enldeofaist hypothesised
Martian ice age 0.4 Myr ago. The survival time is sensitiihéadepth of burial,
at 1m underground the 1m ice layer is calculated to survide00 years.
Schon, Head & Milliken (2009) detailed two di erent hypathe concerning
the emplacement and distribution of ice in the near subsertd Mars at mid-
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high latitudes. These were either the di usion of atmosmhesater vapour into
a porous regolith, forming ice-cemented soils (Mellon &3k, 1995), or atmo-
spheric deposition of ice, snow and dust by precipitatiodyeing dusty ice-rich
layers in periods of high obliquity. An enhanced mobilisaticatmospheric dust,
would have provided condensation nuclei to promote ptatii. They favour the
second hypothesis given the meters-thick layered depapitsed at mid-latitudes.

In the rst model, i.e. vapour di usion, ice accumulationwia be limited to
available pore spaces of the regolith. A uniformly strdti eulti-layered deposit
would not be expected, since deposition would be constrynécal topography
and geology. A deposit draping the surface uniformly, éxigba distribution
independent of local topography and geology, would be nialy ito be the
result of deposition by precipitation. A layered deposiy feam during a lower-
obliquity epoch resulting in sublimation, and concentratf the dust/debris layer,
producing interbedded ice and sediment-rich sublimatigs.| Gamma-ray and
neutron spectroscopy show high latitude near-surface aogeists signi cantly
above reasonable pore space estimates. (Boyetal., 2002; Feldmaret al.,,
2004)

The question to ask is this, whether the deposits were laitbramy, and
non-uniformly eroded, or only deposited in some places?

Kreslavsky & Head (2002a) detailed a meters-thick sediangmayer at mid-
dle to high latitudes, covering about 23% of the Martian acef There is a
systematic variation of roughness by latitude at middle igh Hatitudes 30-50
north and south. At higher latitudes, terrains were showhdsmoother at short
baselines, with a characteristic vertical scale of a fewaset This suggested
the presence of a metres-thick mantling layer, originatimgugh a sedimenta-
tion blanket. (Kreslavsky & Head, 2000; Mustard, Cooper &iRi2001). The
mid-latitude mantle unit shows evidence of disaggregatiahdissection events,
followed by reaccumulation, resulting in a pitted or "dits® appearance visible
in high-resolution HIRISE images. Mustard, Cooper & R(fR001) interpret it
as successive layers of ice-cemented dust, deposited dlaaial phases, and ab-
lated and disaggregated in interglacial phases. An aliembypothesis would be
chemical cementation of dust, however there was not anyiy@msividence seen
for a chemical di erence between "mantle’ terrain and faerdobminated by loose
dust using thermal inertial or spectroscopic observations

A slope asymmetry at mid-latitudes was observed by Kréglavtead &
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Marchant (2008). They found, based on analysis of global M@ipography,
that there was a latitudinal zonality of the occurrence ekegtslopes. They found
the frequency of steep>(20°) slopes dropped more than three orders of mag-
nitude from equatorial to high-latitude regions and thae thoundary between
extant steep slopes, and those that are reduced occurs et latitudes for pole-
facing slopes and at higher latitudes for equator-facinges. There is thus a
strong asymmetry between poleward and equatorward slopee imid-latitude
zone around5’ latitude. They attribute this to an active permafrost lajemming
in those areas which experience the highest day averagadestemperatures at
high obliquity. These are pole facing slopes at mid-lagisucand all slopes at
higher latitudes causing the relaxation of slopes pretalignin these areas. This
hypothesis postulates that the active layer was active niare 5 Myr ago, at
the highest recent values of obliquity.

According to Kreslavsky & Head (2011), it has been possibleé@p glaciers
to exist at high latitudes, during periods of low-obliquityey observed features,
which they refer to as "high-latitude glaciers', includatg 74°N, 96°E, where
they observed looped ridges that appeared analogous tondoogines of cold-
based glaciers, which however appeared to exhibit too gst&din, and too plastic
a ow for water ice under Martian conditions, arguing that Ofas deposited out
of the atmosphere and formed glaciers in high-latitudeoregi

5.6 The "debris-covered glacier' vs. ‘rock glacier' models

Colaprete & Jakosky (1998) consider the potential ow raiésock glaciers and
debris-covered glaciers of relatively pure ice Mars, gthizit temperatures above
220K would be needed to produce ow even of pure water iceegdagiven low
accumulation rates of lcm frost per year, and that ‘rock glaciers' with a larger
rock fraction would ow increasingly slowly. The debrigered ice glacier model
may be preferred, given that the debris cover mitigates swrige problem with
the expected low accumulation rates by suppressing suigimaroviding there is
enough debris for insulation to dominate over the albedate @halley & Azizi
(2003) make analogies with terrestrial examples of roakiegkbut acknowledge
the di culties in comparison where the interpretation of nyaEarth-based rock
glaciers, variance in terminology in the literature, arelldtk of ground reference
data for Mars, make it di cult to ensure comparability of trenalogy. Further
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comparisons are made in Maharetyal. (2007).

Falaschiet al. (2014) detail rock glaciers in the arid parts of the high Andes
nding rock glaciers generally found above 4600m (at addét 24°S). Perucca
& Angillieri (2011) note that rock glaciers are able to occuloaver altitudes
than pure-ice glaciers in the high Andes. The high level af s@olation in arid
tropical mountain regions of the Earth exceeds that whichldvbe the case on
Mars by a factor of over 2, however at high Martian obliqwgmmer insolation
would have been continuous at mid-latitudes. They are aidespread through
the Andes in Central Chile and Argentina3¥S to 35°S as studied in Corte
(1980) and Brenning (2005). Rock glaciers are also foundhier diigh-altitude
mountain areas including many parts of the Himalayan rar{gesvitt, 2014) as
well as debris-covered glaciers such as the Khumbu glaaerMount Everest.
(Nakawo, Yabuki & Sakai, 1999).

Hauberet al. (2011) remark on Svalbard as a terrestrial Mars analoguehwh
though not as arid and cold as the Antarctic Dry Valleys, ébehdp variety of
landforms including rock glaciers and protalus rampartsctwhave morpholog-
ical analogues on Mars. This study is analogous to this wotke respect it
uses the airborne version of HRSC (HRSC-A). (Haebed., 2000; Scholten &
Wewel, 2000; Ottoet al., 2007) This has a similar resolution for airborne use
( 20cm/pixelf as HIRISE has on Mars, allowing the authors to make direct
comparisons to Martian landforms.

Marchant & Head (2003) detailed a model outlining the cleatson of Earth
rock glaciers in to “periglacial’, and “glacial' groups, #jacial' group being tran-
sitional to debris-covered glaciers. They suggest bothstygould be found on
Mars, and forms of both types can be found in the Antarctic Daifeys, as well
as in other areas such as Svalbard and Disko Island o Wesnhfarel. (Humlum,
1988; de@rd et al, 2003)

Headet al. (2005) argue for a high ice/debris ratio in lobate debrisoapr
since their tendency to ow around topographic obstacles dncal scale shows
a su ciently low viscosity to preclude high debris concatitms, which would
reduce ow rate to extremely low levels.

2Depending on ight altitude, panchromatic resolution is quoted @s12-0.20m per pixel by
Hauberet al. (2000) in their study of a glacier in Austria.
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5.7 Context of longer-term Martian history

Head et al. (2010) suggest a three-phase model, with the ice congregati
tropical mountain glaciers around the Tharsis volcanod€dysium at the highest
obliquities (Shean, Head & Marchant, 2005; Milkovich, H&adlarchant, 2006;
Sheanet al, 2007; Fastoolket al., 2008), and mid-latitude glaciers forming at
moderate levels of obliquity arouB8°. Neukumet al. (2004) suggest that relic
forms of high altitude tropical mountain glaciers may stiiist if ice is protected
from sublimation by a su cient debris cover.

Kargel & Strom (1992) detailed a possible large scale giaciaf many areas
in the southern hemisphere, with an extended southern palaheet, and ice in
the Hellas basin and other areas. It is an interesting quebkbw far back in time
large ice sheets may have existed on Mars. The age of thaldkwiforms in
Hellas noted by Kargel & Strom (1992) is poorly constrainedlikely between
0.25 and 2.3 Gyr. It is likely that extensive glaciation vesdricted to certain
time periods, likely constrained by the obliquity cyclesedaon a comparison
with the extent of glacial erosion in Canada during the 2 Mythe Pleistocene,
even allowing for the likelihood of a slower pace of actontyiars due to colder
temperatures and lower surface gravity, a billion yeargeeinot needed for the
amount of erosion observed. Bardtsal. (2008) detail evidence for glacial erosion
of areas in the Argyre region using HIRISE data. Hgadl (1999) and Kreslavsky
& Head (2002b) studied the possibility of a past ocean on thréharn plains of
Mars, based on supposed past shorelines observed, buivtateafter more high
resolution data became available, led to the evidence begamore ambiguous.
(Headet al,, 2001; Carr & Head, 2003; Ghatan & Zimbelman, 2006).

Hauberet al. (2008) detail what appeared to be former lobate debris apron
taking the form of topographic depressions around mesagwatatitudes east
of Elysium, and in Kasei Vallis, similar to the currentlyeobsd mid-latitude
forms. They state a hypothesised age ofl Gyr for these forms. Moore &
Wilhelms (2001) suggested that Hellas Planatia containedca-covered lake
earlier in Martian history.

Dickson, Fassett & Head (2009) studied Lyot Crater, the vp®int in the
topography of the northern hemisphere abO°N, noting Amazonian aged uvial
systems, which indicate liquid water at the surface, andtigsise that Lyot
represented a microclimate at various times in the Amazpeispecially at the
most extreme values of obliquity, whereby the temperatarddcbe suitable for
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liquid water for periods during summer, and the atmosplipeessure higher than
most of Mars due to its low elevation. Morgan, Head & Marci{@009) suppose
a model where large scale glaciation producing the largatdéid valley Il and

lobate debris aprons in the Deuteronilus Mensae northemspéere dichotomy
region took place 100-500 Myr ago, with the recent glaciatkp of the last few
Myr being much more limited.

5.8 Glaciovolcanic activity on Mars

Glaciovolcanic features have been studied for Mars, inglugork by Neukum
et al. (2004). Zealey (2009) studied a region of Mars to the eashefTharsis
plateau, Echus Plateau, nding sinuous ridges interprateevidence for subglacial
volcanic eruptions. Keszthestial. (2010) used HIRISE imagery to detail examples
of several glaciovolcanic features in a variety of locstiorainly in the tropical
regions of Mars, but some into the low mid-latitudes. Mez-Alonset al. (2011)
investigate Chryse and Acidalia Planitiae using HiRISEdrmgadetailing possible
volcanic origin of mesas along the dichotomy boundary, aid rmnalogues with
terrestrial "tuyas' produced by subglacial volcanismmmipies of these found in the
Tuva Republic of Russia are detailed in Komagsal. (2007). Pedersen (2013)
details possible Martian “lahars', volcanically derivad aw features, in the area
north of Elysium.

Confusion with glaciovolcanic forms is not very likely tonmgortant for this
work, since large scale volcanic activity ceased outsigel tfarsis and Elysium
regions before the Amazonian, and is not expected to havedwotign in the last
few million years in the mid-latitudes.

5.9 Recent activity of gullies on Mars

The southern wall of Greg Crater shows gully formations,da@s$ not have any
GLFs catalogued in Sounexsal. (2012). Hypotheses for Martian gully formation
include snowmelt, groundwater eruption (perhaps as stboings), and CQcry-
oclastic ows. It is an open question why certain slopes shagence for gullies,
and others glaciers. It is possible that the two types otfeabe linked, if initially,
ice-cemented rock and debris, like a rock glacier, formssope, then at a later
time, the ice sublimates, and this leaves poorly conselidaiaterial that is easily
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eroded by gullies. In Arfstrom & Hartmann (2005), it is o ettbat gullies could
have been formed by melt from ablating glacial features.

Balmeet al. (2006) compared orientations of southern hemispheresguli
mid-latitudes to higher latitudes, noting that some stgdmad found that equator
facing gullies are more common at high latitudes, and poiedat lower latitudes.
The study of Dickson, Head & Kreslavsky (2007) found the ntgjof gullies
to be on pole-facing slopes betweertfS3@nd 48S. Bridges & Lackner (2006)
made a study of the northern hemisphere and favoured a sribmoeel of gully
formation. Head, Marchant & Kreslavsky (2008) describeekgected insolation
of a south facing slope at 4®bliquity and 465 latitude, and note that in early
spring, the slope receives less insolation than a at seffabereas at the summer
solstice, the peak level is higher, due to continuous deyligder a circumpolar
Sun. This means accumulation may proceed through the sghiag melting in
a short period of intense insolation around the summerice|deading to gully
formation.

Dundaset al. (2010) presents HIiRISE imagery of fresh gully activitylagxed
by a CQ frost model, which does not require liquid water, or watersitowmelt.
This is not claimed to be exclusive to the hypothesis # idriven activity at
higher obliquity, and further detail activity in Dundes al. (2012). Johnsson
et al. (2014) detail gully activity in a young crater at45°S since the formation
of the crater 0.2 Myr ago. Comparing the ows to those observed on Svalbard
these authors believe these gullies have been formed bybeaieng debris ow.
Levyet al. (2009) compared the snowmelt hypothesis of Martian gutipdtion
to gullies observed in the Antarctic Dry Valleys.

Hobley, Howard & Moore (2014) study fresh shallow vallgyghe mid-
latitudes of Mars, which appear associated with viscousfeatures. In view of
the problem in formation of these under current-like hypeidartian atmosphere
within the Amazonian era, the authors conclude these weneefbrsubglacially,
beneath ice sheets 10-100m thick. In some cases, thesgsvafipear to ow
uphill, which can occur under ice sheets when the ow is unggmaulic pressure.
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5.10 Discussion of topographic analysis methodology and
limitations of this work

5.10.1 Is it possible to be predictive of glacier locations?

The classi er picks out sources of viscous ow fairly wedlyéver is not specic
to the Souness GLFs, also picking up the older lobate degdvos around north of
Olympus Mons, and other features including crater |l feasu See for example
gures 4.10 and 4.17. It may be a way to nd search areas, whely nd
new glacial features, or make new discoveries by ndingthomenew in areas
which might be expected to have glacial features but do ndurther re nement
making use of contextual information about topography, el & the attributes
of individual segments could be a route towards a more spelassi er.

5.10.2 Scale dependence of topographic analysis

This method has not taken account of the scale dependendeeafopographic
variables. This is a particular issue for this work, due ®wériable resolution of
the HRSC DTM data, between 50m and 250m/pixel.

The issue of scale in the analysis of a DTM is an important boe,can
be complex to deal with, particularly if the features of rest¢ to the study are
either distributed across a wide range of scales, or poaonistr@ined in expected
scale. The use of multiple windowing sizes, such as in Wd#b)Ican be a
way to cope with this within the di erential geometry baseahiework of derived
topographic layers. In an object-based methodology, &Vadance method, as in
Drgut Eisank & Strasser (2011); Dagut& Eisank (20)Tan be used to quantify
the change in derived parameters for objects of interesthhaswindowing size
increases. However, using a multiple windowing methoddses the complexity
of the analysis, and this can for large terrains, or for héglelution DTMs, increase
the computational time required considerably.

5.10.3 Conceptual challenges

There is a conceptual challenge in translating semanticriggsns into quanti-
tative classi cations at the level of landform elementsineéd by a segmentation
method. Eisank, Dagut & Blaschke (2011) considers this §lacial "cirque'
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forms, and Evans (2012) further reviews the issue. The ggbons' method
of Jasiewicz & Stepinski (2013) may well have a more direkttb semantic
categories of landform than di erential geometry quassti

Ground reference data is only available from a limited nuoflyebotic landers
for Mars. Even in relatively accessible regions of the Etréine are signi cant
controversies over climate history in deep time, for exampassic to Pliocene
ages have been proposed for the onset of hyperaridity intdoa®a. (Rectet al.,
2010).

The deep time dimension of Mars' terrain is a signi cant emtgal challenge.
Di erentiation of current and recent activity from ancieattivity can be more of
an issue on Mars, because very little of the Earth's surfespdagts billion year old
terrains but large parts of Mars do. Glaciologists studyiregEarth must avoid
confusion between features produced by the last glaciateybe 20 kyr ago, and
the previous one a few hundred thousand years ago, wherdéersnit is possible
to observe features a billion years old.

The possibility of preservation of glacier ice for milliohgears in the sub-
surface and the possible complex history of features arasdisd in Arfstrom &
Hartmann (2005) and possible long-term preservation dbéreath the northern
plains of Mars was suggested by Cli ord & Parker (2001). Iher ¢rater Asimov
at 47°S, 5E, ages o 8Myr have been proposed for glacial activity by Morgan,
Head & Marchant (2011). It is not obvious why in this casejvigtappears to
date back further in time than other areas active in the lasély¥. This may
be due to di erences in composition, e.g. debris fractitiat is generally poorly
constrained for individual objects on Mars. Parsons, Nir&mdiyamoto (2011)
proposes lobate debris apron emplacement som0 Myr - 1 Gyr ago, and
very slow ow of order 10m My#, under current Martian conditions, without the
requirement for a signi cantly warmer climate.

There are processes operating on Mars now and in the pastithadt have a
direct Earth analogue, for example the White Mars model of @@bclastic ows
on Mars (Ho man, 2000). Though this model is unlikely to beught plausible
in full given current knowledge, G@ryoclastic ows are a favoured explanation
by many for current gully activity.
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5.11 Possible future work

Potential further avenues of study include:

5.11.1 Expanding data coverage

Using all available HRSC DTMs in the mid-latitude ranged,s&® to what extent
the classi er function predicts glacial activity in aredseve there were no GLFs
catalogued by Souness al. (2012).

Using other training sets. Rather than simply presencefadss of glacier-like
forms, use training sets for other landscape classes thatresace the presently
vast commission error, and examine whether GLFs of the Souatalogued type
can be isolated.

Trace the centrelines of Souness catalogued objects fro@ OIRX images, to
create a set of linear pro les, to compare slope pro les \Ei#nth-based examples,
and theoretical expectations, such as steeper slopes ihaldvibe expected for
very slow ows as Colaprete & Jakosky (1998) detailed.

Extend the study to the tropical high-altitude regions, vehideadet al. (2005)
mentioned that some recent high-obliquity epochs may hecved glacier ow
at the base of the Mount Olympus scarp. This is further disetisn Milkovich,
Head & Marchant (2006). Haubet al. (2005) studied glacial features which they
estimated at 5-25 Myr age at Hecates Tholus. Schon & Head2)2How evidence
for glacial ow on Tharsis within the last 12.5 Myr, based on observation of
pedestal craters superposed on a young impact craters.

5.11.2 Addressing scale issues in the topographic analysis

Use a multi-windowing scheme for the topographic variatilesgh this may well
increase computational time beyond that practicable foarge scale study, or
alternatively, use the Stepinski geomorphons method rirthial segmentation
to objects and calculate topographic information for thelsgects. It is much more
time-consuming to segment the image-topographic feataotov, and would be
even more so with an expanded vector including derived layenultiple scales,
than it would be to simply calculate these quantities at iplédtscale layers for
objects segmented using by geomorphons.
This work has focused on applying to the global scale, howeweay be

fruitful to use a particular spatial area of interest, to mak study testing the

88



impact of choice of windowing scale, as well as use of didegrain attributes,
such as local relief measures, and di erent classi cati@thads, for example
support vector machines, fuzzy rule-based, etc.

Another avenue of further study would be to develop the oljased method
beyond considering the features of individual objectsptsidering the properties
of neighbouring objects, and local context. The classiaatirom terrain at-
tributes to “fuzzy' landform elements of Schmidt & Hewit®(2) used a two step
process, rst considering the local topographic variakdesl then reclassifying,
considering the local context of the elements. The ‘gedmomiy method may
also be fruitful since it can be used to classify the landspaysition to features
such as footslope, ridge, pit, shoulder, valley etc. thatdee the context of an
area of terrain. (Jasiewicz & Stepinski, 2013).

Applying automated methods to analyse topography from a3ERITM. This
would however be di cult to be directly comparable due to therence in scale.
A multi-level approach may be useful here, locally usingreeased methods
to identify terrain types in the HIRISE data, before aggtiegaio landform level
objects later in the classi cation.

5.11.3 Modelling of climate and glaciers

Do climate modelling of di erent obliquity conditions. Bet et al. (2006) found
at 45° obliquity ice deposition expected on the anks of Tharsicammes, and
east of Hellas, but not in the Deuteronilus-Protonilus Mensegion, where a lot
of the Souness GLFs are found. There are some unknown egsuniitolved, for
example the amount of subsurface £iCe that could be made available to the
atmosphere under higher obliquity, in the absence of thasvlkedge an accurate
model is di cult.

Make a detailed study of the lowest elevation GLFs in the &suoatalogue,
in comparison to the general population, looking for antesyatic di erences in
morphology. If HIRISE images covering the objects areabi@ilmeasure a crater
age using small craters, and compare to examples such a£fteg believed to
be 0.4 Myr of age, to see whether the low elevation objects anager, and
if so, whether it is possible to constrain the last probaplech where they could
have formed, based on the back-simulated evolution of dwadbliquity, and a
climate model.
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5.11.4 Future prospects in Mars exploration

The NASA Mars Atmosphere and Volatile Evolution Missionespatt has recently
entered Martian orbit, performing Mars orbital insertion 215t September 2014,
and will study the upper atmosphere of Mars. This missios @irstudy the escape
of volatile elements from the atmosphere over time which lonag insights into
the earlier climate history of Mars. The Indian Space Rekdarganisation also
has a spacecraft which arrived at Mars off Beptember 2014. The "Mars Orbiter
Mission' also known as Mangalydascarrying an optical camera, infrared imaging
spectrometer, and further instruments to study the conaitn of methane in
the atmosphere and the deuterium/hydrogen rétibhe 2016 ExoMars orbiter, as
well as acting as a communication relay in support of thengldr?018 ExoMars
rover, will also study trace gases in the Martian atmosphere

Brown et al. (2014) put forward the case for a new LIDAR instrument for
Mars, given that the MOLA study, while very successful, wasistrument from
the early 1990s, given that it was a re ight of the instrumdérdm the failed
Mars Observer mission, and that modern LiDAR technologies thee potential
to improve upon it. Speci cally, a multi-wavelength ne#rared LiDAR could
investigate the behaviour of,8 and CQ ices on Mars, through the seasonal
changes in the environment on Mars.

The HIRISE instrument on MRO has provided a stream of vegly+eisolution
images, however there are some ideas to improve further. UB% National
Reconnaissance O ce has donated two optical assembliesAiSANcomparable
in size to the Hubble Space Telescope (2.4m objective mirkagproposed use of
one of these is the Mars Orbiting Space Telescope, wherekbscope would be
able to conduct both remote sensing of the Martian surfacegsolutions as ne
as 8cm per pixel, and astronomical observations. Anotharisda balloon-based
aerobot mission on Mars, which has been studied by Batreds(2005).

A lander on Mars that lands on terrain where recent glactaligcis supposed
to have taken place, and drills into the subsurface would mexaellent way
to further investigate the hypotheses concerning glacteubsurface exploration
using a ‘mole' in a similar way as planned for Beagle 2 hasshedied for Mars
in the Vanguard mission concept (Elletyal, 2005). A possible drilling mission is

3*Mars Craft' in the Sanskrit language.

4This is an important quantity for studying the history of void loss, since the heavier
deuterium nuclei are less likely to escape to space thdmuclei, the ratio may allow constrains
to be put on the amount of hydrogen that has escaped to space sincesMamation.
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examined in the “Icebreaker' (Glatsal., 2008) mission concept. A lander for the
mid-latitude glaciers is however not immediately likehhappen, since current
and planned lander missions are focused on more ancieainggrthat may be
more likely to contain evidence for past life on an earlymearwetter Mars.
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Chapter 6
Conclusions

This study has expanded the range of descriptive stateti@sable for the objects
catalogued and studied in Sounessl. (2012), by adding HRSC topography, for
1047 of the 1309 catalogued glacier-like forms in that w&tatistics on image
brightness, elevation, slope, aspect, and topographiatune layers have been
calculated for the extents of the catalogued GLFs.

The basic result of Sounestsal. (2012) on the topographic conditions that are
associated with the glacier ows, that they are most abundaareas of moderate
relief, can be made more specic, that the preferred slope islO 15 ° on
average across the extent of the objects, and that the hesmsanost commonly
have slopes 15 20° These objects are also most commonly found in areas
of negative longitudinal and cross-sectional topographiwature, i.e concave
slopes and valley or cirque-like topography. These rawalgsbe evidence for the
importance of wind-borne redeposition of snow, and/or veioigtrolled sublimation
in the formation or preservation of glaciers on Matrs.

A classi er function for a segmented feature vector of thages and topog-
raphy, trained based on these descriptive statistics, aapp® be successful in
predicting potential source areas of glacial ow on Marg,ibwnot successful in
isolating the speci c feature type that Sounegsl. (2012) catalogued from other
glacially related features. It is suggested that it woulshéeessary to use a classi-
er that is context-aware as well as examining the attrilsuté individual objects
to separate the di erent types of glacial related featurbsesvable on Mars.

The classi er function also picks certain regions that,ewample in the lower
slopes of crater Greg, that do not appear to have currentiajlan, but have
been hypothesised to have been glaciated in the past in ttheovEassettet al.
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(2010). It may be that a classi er such as this can assist arckefor terrains
where past glaciers that have now fully ablated were found.
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Appendix A

Global maps

The maps in the following pages show the mid-latitudes oEMeging a colourised
MOLA topography overlaid on a Mars Orbiter Camera wideeamgkaic via trans-
parency. Locations of the HRSC tiles used, labelled by steve characters of
the product ID number and the topographic resolution areveho

The Sounesst al. (2012) glacier extents are also labelled, numbered by their
catalogue numbers.

Not all HRSC tiles and Souness GLFs are labelled, sinceSheo@dare used,
QGIS automatically avoids label overcrowding and in this casss ahot plot all
labels.

The colour ramp for elevation used is blue for low elevatied, for high
elevation, in the sequence blue, green, yellow, orangeieanilom low to high.
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Figure A.3: Northern Hemisphere, panel 3
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Figure A.5: Northern Hemisphere, panel 5
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Figure A.7: Southern Hemisphere, panel 1
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Figure A.9: Southern Hemisphere, panel 3
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Figure A.11: Southern Hemisphere, panel 5
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Appendix B
List of HRSC tiles

Table B.1: A full list of the 179 HRSC tiles used in this wosktading the product
ID, latitude and longitude of centre and the DTM resolutiearted by the DTM
resolution.

Product ID | Centre Latitude| Centre Longitude DTM resolution (m/pixel)
HO00370000 29 -132 50
H02480000 -38 102 50
H02660000 -44 -95 50
H03760000 -49 -30 50
H04240000 -45 -122 50
H22790001 -42 108 50
H24000001 -41 102 50
H32530000 40 -10 50
H52860000 44 -85 50
H53040000 41 -86 50
H54050000 46 -113 50
H02800001 -40 153 75
H03650000 -46 90 75
H03680000 -42 118 75
H03830000 -44 -38 75
H03940000 -43 -53 75
H03970000 -38 12 75
H04270000 -45 -57 75
H04530000 -42 -93 75
H04690000 -41 134 75
H05080000 -35 -99 75
H09880000 22 77 75
H12010000 43 24 75
H12100000 39 -139 75
H12320000 37 -141 75
Continued on next page
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Table B.1 { continued from previous page

Product ID | Centre Latitudel Centre Longitude DTM resolution (m/pixel)
H12410000 44 54 75
H12580001 32 -178 75
H13120000 35 -85 75
H13510001 47 40 75
H14230001 39 163 75
H14280000 42 30 75
H14290000 39 -68 75
H14500000 41 28 75
H14610000 43 26 75
H14680001 47 58 75
H15230000 43 49 75
H15260000 40 115 75
H15280000 40 -81 75
H15450000 44 46 75
H15500000 41 -85 75
H21590001 -46 19 75
H22200000 -49 144 75
H22240000 -42 112 75
H22470000 -54 12 75
H22870001 -56 41 75
H23120000 -44 107 75
H23450000 -46 104 75
H23560002 -41 103 75
H23590000 -46 169 75
H23860000 -51 36 75
H23870000 -49 -61 75
H24030001 -51 167 75
H24300001 -53 35 75
H24410000 -51 33 75
H24750000 -47 -66 75
H24930000 -50 -34 75
H24940000 -50 -133 75
H25010000 -48 -100 75
H25150000 -63 -39 75
H25270000 -43 -134 75
H32490000 44 21 75
H32720000 46 -78 75
H32830000 45 -79 75
H33160001 46 -84 75
H42340000 -41 -126 75
H42930000 -43 -164 75

Continued on next pag
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Table B.1 { continued from previous page

Product ID | Centre Latitude, Centre Longitude DTM resolution (m/pixel)
H43300000 -37 160 75
H43650001 -36 -40 75
H50810000 36 -93 75
H51730000 27 63 75
H51950000 32 22 75
H52130000 34 20 75
H52490000 35 18 75
H52670000 36 16 75
H52810000 38 56 75
H52850000 36 15 75
H52880000 26 76 75
H52990000 38 55 75
H53030000 36 14 75
H53060000 24 74 75
H53220000 37 -87 75
H53240000 30 73 75
H53390000 40 12 75
H53400000 38 -88 75
H53420000 24 72 75
H53600000 28 71 75
H53760000 38 -90 75
H53800000 44 -131 75
H53830000 49 -71 75
H64080000 -36 121 75
H64190000 -39 99 75
H64650000 -34 169 75
H64860000 -44 -143 75
H00220000 -30 100 100
H04160000 -47 -56 100
H04510000 -39 102 100
H04790000 -43 -129 100
H04970000 -38 -97 100
H05280000 -30 93 100
H13160000 31 -121 100
H13170000 31 144 100
H13910000 37 68 100
H13950000 43 34 100
H14120001 41 165 100
H14460000 38 60 100
H14830000 42 23 100

Continued on next pag
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Table B.1 { continued from previous page

Product ID | Centre Latitudel Centre Longitude DTM resolution (m/pixel)
H14980000 34 -12 100
H15780000 44 42 100
H16280000 40 165 100
H19370000 -31 -126 100
H21810001 -49 17 100
H21950000 -46 82 100
H21970001 -52 -114 100
H22100000 -49 47 100
H24380000 -46 -31 100
H24600001 -48 -33 100
H24660000 -42 99 100
H25080000 -55 -69 100
H25290000 -49 29 100
H25410000 -56 -72 100
H25500000 -44 126 100
H26120000 -51 153 100
H32890000 45 51 100
H40870000 -32 -81 100
H41800000 -39 141 100
H43760000 -36 -42 100
H53140000 37 -6 100
H53170000 44 52 100
H53210000 38 13 100
H53280000 43 32 100
H53350000 46 51 100
H53780000 28 70 100
H54010000 48 -73 100
H63950000 -31 -17 100
H64090000 -30 20 100
H64370000 -38 97 100
H65440000 -41 128 100
H04780000 -24 -31 125
HO05060000 -34 98 125
H05500000 -33 92 125
H05580000 -33 25 125
H16000001 39 38 125
H25100001 -41 96 125
H25260001 -39 -36 125
H25300001 -34 -69 125
H25960001 -35 -75 125

Continued on next pag
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Table B.1 { continued from previous page

Product ID | Centre Latitude, Centre Longitude DTM resolution (m/pixel)
H26070000 -50 -76 125
H26090000 -40 88 125
H26650001 -43 -16 125
H52630001 -29 57 125
H65520000 -46 41 125
H04660000 -21 69 150
H05330000 -23 -39 150
H05440000 -41 -38 150
H16290000 38 63 150
H25380000 -35 -135 150
H25400000 -33 28 150
H25950001 -43 24 150
H26250000 -40 -45 150
H26380000 -38 118 150
H26390000 -40 19 150
H26400000 -43 -79 150
H26440000 -45 -112 150
H26890001 -40 145 150
H29080000 41 53 150
H29960000 28 44 150
H16070009 38 71 175
H16440000 40 33 175
H26310001 -37 86 175
H26600001 -38 115 175
H26810000 -45 -149 175
H28640000 35 57 175
H29130000 35 -79 175
H26130000 -33 55 200
H26690000 -39 -49 200
\ H19320000\ -41 6 \ 225
H18870000 -42 108 250
H26940001 -39 13 250
H28780000 37 121 250
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