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Abstract

Despite more than 35 years of study since the discovery of the Martian valley
networks, questions still exist as to the fluvial process responsible for their origin. As part
of the investigation on the relative importance of surface runoff versus groundwater sapping
in the formation of the Martian valley networks, morphometric methods provide an
objective and quantitative approach. In this study, four shape indices (circularity,
elongation, lemniscate index and lemniscate ratio), traditionally used to quantify the
planimetric shape of terrestrial drainage basins, are adapted into shape functions to
determine the evolution of basin shape with elevation. The shape functions of 39 terrestrial
basins of known origins (surface runoff, groundwater sapping, or meltwater) are analyzed to
determine their ability to distinguish between different formation processes. Through
hierarchical clustering analysis, it is determined that regional slope exerts a stronger control
on a basin’s internal shape than formation process. Once basins are divided into separate
groups based on their regional slope (steep vs. flat), hierarchical clustering analysis is
successful at clustering basins with respect to their formation process based on their shape
functions. The shape functions are then used to characterize 23 Martian valley networks.
Using self-organizing maps and k-nearest neighbour, the shape functions of the Martian
basins are classified as most similar to the groundwater sapping basins of Chile’s Atacama
Desert. However, reasons for this similarity are not limited to groundwater sapping and
could also be attributed to, among other possibilities, a combination of intermittent and
scarce precipitation, the effects of impact cratering, or differences in the erosional

mechanics that formed the Martian valley networks.
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1. Introduction

Martian valley networks were first observed by the Mariner 9 mission in the early 1970s
(McCauley et al., 1972). Their drainage patterns range from quasi-dendritic with integrated
branching tributary systems to long, sinuous valleys with few, short tributaries. Their similarity
to terrestrial drainage networks provides compelling evidence for the past presence of water on
Mars. Although their fluvial origin is widely accepted (Mars Channel Working Group, 1983),
there is debate as to the relative importance of surface runoff versus groundwater sapping in their
formation. Determining the formation process of valley networks is important as it could have
vastly different implications on the reconstruction of ancient climate on Mars. An origin by
surface runoff from rainfall requires the Martian paleoclimate to have been warm and wet,
whereas a groundwater sapping origin could have taken place under much colder and drier
conditions. Arguments in favour of surface runoff from precipitation include their quasi-
dendritic drainage patterns, the correlation between the topography and the degree of dissection,
and the pluvial style of degradation of craters formed concurrently with the valley networks
(Craddock and Howard, 2002). Arguments in favour of groundwater sapping include the non-
typical morphology of some valleys, the low drainage densities of the networks and climate
models which predict that early Mars was cold and dry (Craddock and Howard, 2002).

Previous studies of Martian valley networks focused mainly on qualitative, valley-scale
morphology. However, in morphological studies, the interpretation of the observations is usually
constrained by the climatic assumptions made and is affected by any postformational
modification that may have altered the original valleys. Since global digital elevation data have
become available from the Mars Orbiter Laser Altimeter (MOLA) instrument aboard Mars
Global Surveyor in 2003, focus has shifted towards more quantitative approaches. Basin-scale
morphometric studies allow for a quantitative analysis of the whole basin and do not depend
upon the choice of climatic assumptions. Whereas individual valley-scale features may be
obscured by cratering, aeolian, and mass-wasting processes, the overall character of the basin is
more likely to have survived.

A number of morphometric methods used in the study of terrestrial basins have been
attempted on the Martian valley networks, including measures of drainage densities, hypsometric

analysis as well as studies on longitudinal profile and cross-sections. However, the complicated



relationship between the factors that control the character of drainage basins has thus far
prevented the determination of the formation process of the Martian valley networks.

In this study, 23 Martian basins are compared to 39 terrestrial basins formed by different
processes. Following the methods of Stepinski and Coradetti (2004), Stepinski and Stepinski
(2005) and Luo and Howard (2005), elevation data were used to determine the internal change in
shape of a basin with elevation. Since a basin’s planimetric shape is related to the erosional
processes that formed it, measurement of drainage basin shape should therefore be useful as a
criterion for distinguishing between regions of different erosional origins (McArthur and Ehrlich,
1977). As such, the primary purpose of this thesis is to characterize Martian valley networks
with respect to terrestrial basins using quantitative morphometric descriptors of basin shape.

This thesis is divided as follows: A literature review (Chapter 2) presenting relevant
information related to Martian geology and climate, valley networks, surface runoff and
groundwater sapping, the factors controlling the characteristics of drainage basins, and
morphometric methods that can be used to quantify a drainage basin. The objectives of the
thesis are also presented in Chapter 2. Chapter 3 presents the terrestrial analogue sites chosen for
the investigation. The data and statistical analysis performed to undertake this study are
presented in Chapter 4. The results are presented in Chapter 5, followed by their interpretation
and discussion in Chapter 6. Finally, the main conclusions reached from this thesis are given in

Chapter 7.



2. Literature Review

2.1 Martian Geology and Climate

The geological history of Mars is divided into three major epochs: the Noachian (~ 4.6 - 3.5
Ga), the Hesperian (~ 3.5 - 1.8 Ga) and the Amazonian (~ 1.8 Ga - present). Noachian terrains
are characterized by rugged, heavily cratered material formed during the period of heavy
bombardment, a period of high impact cratering rates due to collisions with material left over
from the formation of the solar system (Tanaka, 1986). Hesperian terrains are characterized by
less cratered, ridged plains material (Tanaka, 1986). Amazonian terrains are characterized by
relatively smooth, moderately cratered plains material and polar deposits (Tanaka, 1986). In
addition, Mars consists of two major geological provinces: the southern highlands and the
northern lowlands. On average, the northern lowlands are 3 km lower in elevation than the
southern highlands and are composed of younger (Hesperian to Amazonian in age), smoother
plains units covering a Noachian basement (Frey et al. 2002) whereas the southern highlands are
mostly composed of ancient, heavily cratered Noachian terrains.

Mars is currently a cold (temperatures average 220K) planet with an atmospheric pressure
that averages 6 mbars. As such, under current surface temperature and atmospheric pressure
conditions, liquid water is not stable on the Martian surface, except in transient form in valleys
near its equator. However, evidence of past fluvial activity, such as channels, putative deltas,
terraces and shorelines (Cabrol and Grin, 1999), suggests that the climatic conditions on Mars
may have been drastically different in the past. For example, Melosh and Vickery (1989)
computed that the primitive Martian atmosphere must have been at least ~ 1 bar, formed in part
by volatiles released from impacts during its accretion phase (Boslough et al., 1980) and
degassing from large-scale melting following accretion and planetary differentiation (Craddock
and Howard, 2002), a condition required for a warm paleoclimate conducive to the formation of

precipitation.

2.2 Valley Networks

As determined from morphology and crater counting studies (Baker and Partridge, 1986),

Martian valley networks are mostly of Noachian age with formation primarily ceasing near the



end of the period of heavy bombardment. However, a few valley networks continued to form in
the Hesperian period in the Tempe, Electris, Casius and Mangala regions (Grant and Schultz,
1989; Chapman and Tanaka, 1990; Scott and Chapman, 1991), along the flanks of some Martian
volcanoes (Gulick and Baker, 1990) and even into the Amazonian on Alba Patera (Gulick and
Baker, 1990). The valley networks are located almost exclusively (> 99%, (Carr and Clow,
1981)) in the cratered highlands of the southern hemisphere and range in length from <5 km to
nearly 1000 km (Mars Channel Working Group, 1983). The valleys themselves have mean
widths of a few kilometers and mean depths of ~ 100 m (Williams and Phillips, 2001). Valley
preservation ranges from pristine to degraded, with degraded valleys situated mainly in the upper
reaches and pristine valley situated in the lower reaches of the networks (Baker and Partridge,
1986). The maximum drainage density (stream length per unit area) is of the order of ~ 0.1
km/km? (Hynek and Phillips, 2003), which is at least one order of magnitude smaller than the
minimum terrestrial value of ~ 1 km/km? (Gregory, 1976). The similarity of their quasi-dendritic
planimetric form to that of terrestrial drainage networks appears to indicate a common origin (i.e.
precipitation resulting in surface runoff). However, many valleys also have morphological

characteristics that are more consistent with a groundwater sapping origin.

2.3 Surface Runoff

Surface runoff, the principal process of drainage formation on Earth, occurs when
precipitation exceeds the surface infiltration rate or when the soil is fully saturated. Surface
runoff can be generated either by rainfall or by the melting of snow or glaciers; however the
erosional mechanics of these two runoff sources are different (Weigert et al. 2003). Terrestrial
valleys formed by surface runoff have distinctive morphological characteristics such as V-shaped
cross sections, tapered tributary heads that blend into the surrounding terrain, drainage densities
greater than 1 km/km” and low junction angles (Gulick, 2001). The climatic implications
associated with Martian valleys formed by surface runoff from precipitation include a thick
atmosphere (~ 1 bar) and a recurringly mild climate (either annual, seasonal or intermittent).
Surface runoff from precipitation seemingly explains the spatial distribution of Martian valley
networks, as determined by Craddock and Howard (2002) who found that the extent and degree

of terrain dissection from valley networks correlated strongly with topography, as would be




expected from fluvial erosion resulting from precipitation. In addition, the Martian southern
highlands contain a large population of craters whose extensive modification occurred
concurrently with valley network formation. Simulation models by Craddock and Howard
(2002) indicate that these craters were most likely modified by surface runoff from precipitation.

However there are several arguments against the formation of Martian valley networks by
surface runoff from precipitation under a warm and wet paleoclimate scenario. Firstly, because
of Mars’ greater distance from the Sun, it only receives 43% as much solar radiation as Earth. In
addition, models of the Sun’s composition through time suggest that its original luminosity was
only 70% of its current value (Gough, 1981). As a result of the faint young Sun hypothesis,
climate models of Mars have difficulty generating above freezing surface temperatures (Haberle
et al. 1994). Secondly, valley networks tend to form as isolated systems or in clusters as opposed
to being uniformly distributed over the terrain like most terrestrial pluvial systems (Gulick,
1993). Gulick (2001) interpreted such a distribution to be suggestive of localized water sources
such as that generated from groundwater sapping rather than surface runoft from precipitation.
Finally, the apparent low drainage density of Martian valley networks seems to contradict an
origin by surface runoff. However, as discussed in section 2.5, interpretation of drainage density

values is not straightforward.

2.4 Groundwater Sapping

As defined by Laity and Malin (1985), “groundwater sapping is the process leading to the
undermining and collapse of valley head and sidewalls by weakening or removal of basal support
as a result of enhanced weathering and erosion by concentrated fluid flow at a site of seepage”.
Several mechanisms for driving the groundwater flow on Mars have been proposed, including
hydrothermal circulation induced by magmatic intrusions (Gulick and Baker, 1990), impact melt
(Brakenridge et al., 1985) or a higher primordial heat flux (Squyres and Kasting, 1994). In
addition to their low drainage densities, Martian valley networks have many morphological
characteristics that are consistent with terrestrial groundwater sapping systems, including: U-
shaped cross-sections, amphitheater heads, constant downvalley widths, high and steep
sidewalls, numerous hanging valleys, structural control, numerous short first order tributaries,

and high junction angles (Carr, 1996; Carr and Malin, 2000; Laity and Malin, 1985; Gulick,



2001). In the past, groundwater sapping has been the favored origin for the Martian valley
networks because it is possible for the process to operate under cold and dry climatic conditions
not drastically different from those observed on Mars today. However there are several
arguments against the formation of Martian valley networks by groundwater sapping driven by
hydrothermal circulation in a cold, dry paleoclimate scenario. Firstly, results from climate
models remain controversial since they are based in part on “largely untestable assumptions and
unconstrained variables” (Craddock and Howard, 2002). For example, the nature of the faint
young Sun is still an open question. In fact, computational models concerning the lithium
depletion in the solar atmosphere suggest that the young Sun was actually brighter and more
massive than present (e.g. Boothroyd et al., 1991; Graedel et al., 1991), contrary to the
expectation that the young Sun’s luminosity was only 70% of its current value. Modifying the
Sun’s luminosity in the climate models to reflect these conditions would enable the Martian
paleoclimate to achieve above freezing temperatures (Haberle et al., 1994). Secondly,
groundwater sapping driven by hydrothermal circulation fails to provide a satisfactory
mechanism for sustaining the large amount of recharge required for maintaining valley network
systems (see Craddock and Howard, 2001 for discussion) or to explain how the water became
initially emplaced in the Martian lithosphere. In addition, common features associated with
terrestrial hydrothermal systems have yet to be identified on Mars (e.g. seeps, fumaroles, hot
springs, geysers, phreatic explosion craters). Finally, it is often mistakenly assumed that all
Martian valleys have U-shaped cross sections and amphitheater heads. In fact, 60% of the valley
cross-sections studied by Williams and Phillips (2001) were V-shaped and 41% of the networks
contained both U-shaped and V-shaped valleys.

2.5 Factors Controlling Drainage Basin Characteristics

As discussed by Craddock and Howard (2002) and Baker and Partridge (1986), in addition

to formation process, several factors influence to varying degrees the characteristic signature of a
drainage basin, including vegetation, topography, climate, lithology, maturity and preservation.

o Vegetation: For terrestrial basins, the presence of vegetation greatly increases the amount

of infiltration of a soil and impedes the surface runoff. However, for Mars, vegetation is

not a factor.



Topography: The effect of slope on the character of a drainage basin stems from the fact
that there is a critical slope required to initiate channel incision (Horton, 1945). In
general, due to the increase in kinetic energy, steeper slopes have lower infiltration rates
and in turn produce greater amounts of surface runoff. Thus, steep slopes have a greater
potential for erosion. Other topographic factors which have an effect on the character of
a drainage basin include relief and contributing area.

Climate: Mean annual precipitation, precipitation intensity and the precipitation
effectiveness index are some of the most important factors affecting drainage density.
However the relationship is not straightforward. For example, terrestrial drainage density
has a bimodal relation with annual rainfall, the highest density being observed in semiarid
and superhumid regions (Abrahams, 1984), whereas the drainage density in arid and
humid regions is lower due to the lack of runoff and the impeding effect of vegetation,
respectively (Abrahams, 1984).

Lithology: Rock type, permeability and stratigraphy all influence the character of a
drainage basin. For example, substrates with high permeability and infiltration (e.g.
sandstone) will result in networks with low drainage densities. However, while data from
the Thermal Emission Spectrometer (THEMIS) and the Mars Orbiter Camera (MOC)
aboard the Mars Global Surveyor mission indicate that the Martian southern highlands
are layered and composed of fractured basalt or indurated volcanic ash/cinders (Malin
and Edgett, 1999; Bandfield et al., 2000), the permeability and stratigraphy of the
Martian highlands remain mostly unknown.

Maturity: The character of a drainage basin changes as the system evolves through time.
Abrahams (1984) found that terrestrial drainage basins typically tend to reach maturity in
less than 10° years, with basins forming over resistant substrates taking up to 10’ years.
In comparison to terrestrial systems, the Martian valley networks have often been
described as immature due to their low drainage densities (e.g. Stepinski and Collier,
2004; Irwin et al., 2005), despite crater counting data from Baker and Partridge (1986)
which suggests they formed over a span of 10° years. As such, Martian valley networks
may have formed over short or intermittent time periods during that span or,
alternatively, the formation of the Martian valley networks occurred at a much slower

rate than terrestrial systems.



e Preservation: While most terrestrial systems are currently active, the Martian valley
networks are billions of years old. The preservation of the Martian systems can be
attributed to the absence of tectonic processes and fluvial activity on Mars. However,
some of the Martian valley networks have since been subjected to mass wasting, aeolian
infilling and impact cratering, which renders the comparison between the basins of both

planets more difficult.

2.6 Basin Morphometry

2.6.1 Hortonian drainage basin composition

The foundations for quantitative methods to describe drainage networks were conceived by
Horton (1932; 1945), who developed a set of rules for assigning stream orders. Horton also
demonstrated that the composition of drainage networks formed by surface runoff, expressed in
terms of stream order, bifurcation ratio and stream length ratio, follows a number of laws. These
include the law of streams numbers and the law of stream lengths. Horton (1945) noted that the
bifurcation ratio, the ratio of the number of streams of a given order to the number of streams of
the next higher order, is approximately constant for all orders of streams in a given basin. This is
the basis for the law of stream numbers, which relates the number of streams of a given order to
the stream order. On a semi-logarithmic scale, the relation between these is linear, with the slope
associated to the bifurcation ratio. Similarly, the stream length ratio, the ratio of the average
length of streams of a given order to the average length of streams of the next lower order, is
approximately constant for all orders of streams in a given basin (Horton, 1945). The law of
stream lengths thus relates the average length of streams of a given order to the stream order. On
a semi-logarithmic scale, the relation between these is linear, with the slope associated to the
stream length ratio.

Since Horton (1945) proposed that the composition of a drainage network is related to its
geomorphic factors, this method has been frequently used to analyze terrestrial basins, with
deviations from these laws (i.e. non-linear relationships) or non-typical bifurcation or stream
length ratios used to infer the geomorphic properties of a basin. This method was adapted to the
study of pristine Martian valley networks by Cabrol (2001), who noted that the networks have

high bifurcation ratios and a lack of 2™ order streams compared to terrestrial systems and that the



relation between the number of streams of a given order and the stream order showed limited
variation from one valley network to another. Due to the limited variation in composition,
Cabrol (2001) hypothesized that the Martian valley network systems in their study were probably
all formed under similar conditions, attributing the high number of 1% order streams with respect
to 2" order streams to formation by groundwater sapping rather than by surface runoff.

Although these laws have been tested by a number of studies and found satisfactory (Milton,
1966), the semi-logarithmic form of the equations, the typical form of probability functions, led
some researchers to investigate the appropriateness of using these laws to infer geomorphic
factors. Leopold and Langbein (1962) and Milton (1966), found that both the law of stream
numbers and the law of stream lengths hold when applied to random walk networks. They
concluded that these are simply a statistical probability function that apply equally well to any
branching system. As an example, Milton (1966) demonstrated that the law of stream numbers
could be fitted to the branches of a plum tree with a standard error of estimate similar to the one
obtained by fitting the equation to the Miller Basin, Victoria, Australia. As such, the adhesion of
drainage networks to these laws can not be used to infer their geomorphic properties, leaving
open the question of their effect on the values of the bifurcation ratio and stream length ratio. In
random walk networks, there is no restraint on the direction of stream flow, but in the case of
real drainage networks, streams must follow the gradient of the topography. This results in a
more frequent union of stream channels and smaller values for both ratios. For example, Horton
(1945) found that typical bifurcation ratios for terrestrial basins formed by surface runoff had
values of ~ 2 to 4, whereas Milton (1966) found that the bifurcation ratio of five random walk
networks ranged from 3.9 to 5.9. As such, the effect of a basin’s geomorphic properties is
expected to be reflected in the magnitude of a basin’s bifurcation and stream length ratios.

For the purposes of this study, in order to use drainage network composition to investigate
the origins of the Martian valley networks, it must first be determined if this method can
successfully distinguish between terrestrial basins formed by different processes. For these
purposes, a two tailed t-Test of the bifurcation ratios and stream length ratios of 5 runoff basins
and 6 groundwater sapping basins was performed. The two-tailed t-statistic results (see
Appendix A) indicate that, at the 95% confidence level, there is insufficient evidence to reject
the null hypothesis. That is to say that the bifurcation and stream length ratios of the

groundwater sapping basins are not statistically different from those of the surface runoff basins.
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As such, it was determined that Horton’s drainage network composition is not a viable method
for evaluating the relative importance of surface runoff and groundwater sapping in the

formation of the Martian valley networks.

2.6.2 Drainage density

A second common morphometric method used to study Martian valley networks is drainage
density, which is defined as the total length of a basin’s streams divided by the area of the basin.
Because very low terrestrial drainage densities usually only occur in extremely arid regions due
to a lack of surface runoff, the low drainage density values of Martian valley networks is the
most frequently used argument to support formation by groundwater sapping under a cold and
dry Martian climate (Craddock and Howard, 2002). However, difficulties in calculating Martian
drainage densities arise because of low image resolution and the degraded nature of many of the
valley networks. There is also the possibility that the lower order streams may be obscured by
aeolian sediments or impact ejecta filling the valleys. In addition, considering the complicated
relation between drainage density and climate discussed section 2.5 and the fact that there is no
critical drainage density value that can be used to distinguish between networks formed by
surface runoff and groundwater sapping, using the value of a basin’s drainage density to infer its

past climate or formation process is questionable (Stepinski and Stepinski, 2005).

2.6.3 Hypsometric analysis

Another morphometric method, developed by Langbein (1947) for terrestrial basin analysis
that has recently been used to analyze Martian valley networks is hypsometric analysis. This
method plots the distribution of the basin’s area with respect to elevation and has been
demonstrated to be sensitive to processes responsible for the landform (Willgoose and Hancock,
1998; Hurtrez et al., 1999) and basin maturity (Strahler, 1952). Since typical terrestrial basins
formed by surface runoff display concave upward profiles, most of their surface area is located at
lower elevations, yielding a characteristic hypsometric curve that is expected to be able to
distinguish between different styles of fluvial erosion. As a result, Luo (2002) attempted to
apply this method to determine the formation process of the Martian valley networks. His results

suggested a complicated mixture of both groundwater sapping and surface runoff processes was
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responsible for the formation of the Martian valley networks. However, Fortezzo and Grant
(2004) pointed out that the profiles of Martian basins have a natural tendency to be concave
upwards because of impact cratering, placing in doubt the reliability of hypsometric analysis as a
morphometric method for determining the style of erosion on Mars (Stepinski and Stepinski,
2005).

2.6.4 Basin shape functions

Noting that there is a non-conformance between topography and drainage of some Martian
valley networks when compared to terrestrial basins formed by surface runoff (Figure 1),
Stepinski and Coradetti (2004) adapted the concept of drainage basin shape via the circularity
ratio to study the internal morphometry of terrestrial and Martian drainage basins. The
circularity ratio, introduced by Miller (1953), compares the area of a drainage basin to that of a
circle of the same perimeter. Since the planimetric shape is related to the erosional processes of
a drainage basin, measurement of the drainage basin shape should therefore be useful as a
criterion for distinguishing between regions of different erosional origins (McArthur and Ehrlich,
1977). Taking inspiration from hypsometric analysis, Stepinski and Coradetti (2004) introduced
a circularity shape function which computes the circularity ratio at a range of different elevations
within the basin. Thus, the circularity shape function is a quantitative measure of the change in
circularity of a basin with elevation. Similarly to the circularity ratio, the elongation ratio,
introduced by Schumm (1956), compares the length of a basin to the diameter of a circle of the
same perimeter. However, the ideal steady state basin shape of terrestrial systems is more
closely approximated by a lemniscate loop (tear-shape) than by a circle, which led Chorley et al.
(1957) to use the lemniscate loop as the figure of reference. The lemniscate index describes the
rotundity of a basin whereas the lemniscate ratio compares the perimeter of a basin to that of a
lemniscate loop of the same rotundity. The advantages to using shape functions derived from
shape indices as morphometric parameters to study drainage basins is that they are dimensionless
and, due to the fractal nature of drainage basins (Rodriguez-Iturbe and Rinaldo, 1997), scale-
independent. In this study, four shape indices were adapted into shape functions: the circularity

ratio, the elongation ratio, the lemniscate index, and the lemniscate ratio.
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Figure 1: Topography and drainage map of (A) Warrego Valles, Mars and (B) Green River,
Utah. The topography of the Green River basin follows the drainage network, whereas the
drainage network of Warrego Valles appears to be disconnected from the basin’s topography.
Lighter shades indicate areas of lower elevation and darker shades indicate areas of higher
elevation. (From Stepinski and Coradetti, 2004)

2.7. Thesis Objectives
The objectives of this thesis are to: i) investigate the role of formation process and other

control factors (e.g. slope) on the internal shape of drainage basins; 1i) assess the efficiency of
four shape functions (circularity, elongation, lemniscate index, and lemniscate ratio) as criteria
for distinguishing between terrestrial drainage basins formed by different processes (surface
runoff from precipitation, surface runoff from meltwater and groundwater sapping); iii)
characterize Martian basins using shape functions; and iv) determine which terrestrial site is the
best analogue for Mars based on shape functions. These objectives will be addressed by
computing and comparing the shape functions of basins formed by different processes situated
in the United States (Utah, Florida, Arizona, Oklahoma, Hawaii), Canada (Nunavut) and Chile to

the shape functions of 23 Martian basins using digital elevation models.
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3. Study Sites

To compare the shape functions of Martian basins and terrestrial basins formed by different
processes, 23 Martian basins were selected from 18 locations as well as 39 basins from 7
terrestrial sites (Figure 2): Utah, Florida, Arizona, Oklahoma, Hawaii, Nunavut and Chile.
Except for Oklahoma and Arizona, these sites are commonly used as terrestrial analogues for
Martian valley networks. Table 1 summarizes the formation process, the average regional slope
of the sites (calculated from the minimum and maximum elevation of the longitudinal profile of

a basin’s main stream), climate and location of the terrestrial sites.

Figure 2: Location of the 7 terrestrial sites used in this study.
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Table 1: Summary of the formation process, regional slope, climate and location of the
terrestrial analogue sites

Sites Formation Average Climate Latitude Longitude
Process Slope (°) Region

. . Temperate o o
Florida Sapping 0.2 Forest 30.6°N 86.4°W
Oklahoma Runoff 0.3 Grassland 20.1°N 155.7°W
Arizona Runoff 1.1 Grassland 31.7°N 110.0°W
Devon Island Meltwater 1.2 Polar Desert 89.1°N 75.3°W
Utah Sapping 1.7 Desert 37.4°N 111.0°W
Utah Runoff 3.2 Desert 37.4°N 111.0°W
Chile Sapping 3.5 Desert 20.4°S 69.2°W

. . Tropical o o
Hawaii Sapping 6.5 Rainforest 34.9°N 98.1°W
Hawaii Runoff 9.5 Lropical 34.9°N 08.1°W

Rainforest

3.1 Utah, USA

Eleven basins, 4 formed by groundwater sapping and 7 formed by surface runoff, were
selected from the Glen Canyon region, Colorado Plateau, of southeastern Utah (Figure 3). The
region receives ~ 150 mm of precipitation annually (Western Regional Climate Centre, 2008)
and has an arid to semiarid desert climate. Both groundwater sapping and surface runoff systems
are found within the same region as tributaries to the lower Escalante River and Colorado River.
Because the valleys have developed under the same lithologic, stratigraphic and climatic
conditions, the differences in form are attributed primarily to the dip direction of the geologic
units with respect to the valley heads as well as the permeability of the exposed geologic units
and the amount of relief (Laity and Malin, 1985). Surface runoff plays a greater role in the
formation of the tributaries southwest of the lower Escalante River because of the greater
topographic relief and less permeable exposed geologic units (San Rafael Group and cretaceous
rocks) in the upper reaches of the basins, whereas the northeast tributaries receive less surface
runoff because of the lower topographic relief and the less permeable units have been stripped

away leaving behind the highly permeable Navajo Sandstone (Laity and Malin, 1985). In
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addition, the Navajo Sandstone is underlain by the Kayenta Formation, formed of interbedded
silt and clay, which acts as an impermeable layer to concentrate groundwater flow at the
interface of the two layers (Laity and Malin, 1985). Since the geologic units dip in a general
southwest direction, the northeast tributaries receive greater amounts of groundwater than the
southwest tributaries as the groundwater flows towards the valley heads of the northeast
tributaries and away from the valley heads of the southwest tributaries (Figure 4) (Laity and
Malin, 1985). Due to the low amount of surface runoff and high amount of groundwater, the
northeast streams flow directly on the Kayenta bedrock as the groundwater exits the Navajo
Sandstone at the unit interface and causes the headward erosion of the valley heads and Navajo
Sandstone through groundwater sapping (Laity and Malin, 1985). In contrast, because the
southwest tributaries receive higher amounts of surface runoff and lower amounts of
groundwater sapping, the southwest streams are able to form directly on the Navajo Sandstone
(Laity and Malin, 1985).
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Surface runoff Groundwater sapping

Figure 3: Upper panel: 30 m Landsat image of the Glen Canyon region of the Colorado Plateau,
southeastern Utah, showing the location of the drainage basins examined. Lower two panels:
Relative topography and drainage network of each basin. Blue shades indicate areas of lower
elevation and red shades indicate areas of higher elevation.
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Figure 4: Typical geology and longitudinal profiles of tributaries to the Escalante River, Utah.
The southwestern tributaries have less permeable geologic units exposed in the headwater
regions, greater relief, and groundwater flowing away from the valley heads, resulting in the
dominance of surface runoff processes. The northeastern tributaries have highly permeable
geologic units exposed, lesser relief and groundwater flowing towards the valley heads resulting
in the dominance of groundwater sapping processes. (Adapted from Laity and Malin, 1985)
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3.2 Florida, USA

Two groundwater sapping basins were selected from the Eglin Air Force Base area in the
Florida Panhandle region of northern Florida (Figure 5). The area receives ~ 1750 mm of
precipitation annually (Southeast Regional Climate Centre, 2008) and has a humid temperate
forest climate. The main geologic unit of the area is the highly permeable Citronelle Formation
which consists of unconsolidated, non marine quartz sands that contain discontinuous layers of
clay and gravel (Schumm et al., 1995). Due to the high permeability of the Citronelle Formation,
groundwater sapping processes dominate the Eglin Air Force Base landscape, although surface
runoff does occur during periods of high intensity precipitation (Schumm et al., 1995). Unlike
the Navajo Sandstone in southeastern Utah, the Citronelle Formation is not underlain by an
impermeable layer. As a result, the groundwater sapping systems of the Florida Panhandle are

not formed by concentrated groundwater flow at the interface of two geologic units. Instead,

groundwater sapping in the Florida Panhandle is attributed to a high, stable water table (Schumm
et al., 1995).

Figure 5: Left panel: 30 m Landsat image of the Florida Panhandle region of northern Florida
showing the location of the drainage basins examined. Right panel: Relative topography and
drainage network of each basin. Blue shades indicate areas of lower elevation and red shades
indicate areas of higher elevation.
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3.3 Atacama Desert, Chile

Five groundwater sapping basins were selected from the Atacama Desert on the western
slope of the Central Andes in northern Chile (Figure 6). The region receives ~ 1 mm of
precipitation annually (Houston and Hartley, 2003), making the hyperarid Atacama Desert one of
the driest regions on Earth. The headwaters of the valleys have formed in the Huasco Ignimbrite
Formation with the lower reaches transitioning into the El Diablo Formation, formed of coarse
andesitic conglomerates (Farias et al., 2005). The groundwater is recharged from precipitation at
higher elevations in the Western Altiplano (Hoke et al., 2004). Due to the ubiquitous presence of
precipitation on Earth, most terrestrial groundwater sapping systems are actually composite
systems where groundwater sapping dominates over surface runoff processes. However, the

hyperaridity of the Atacama Desert marks the Chilean basins as almost pure groundwater

sapping endmembers.

Figure 6: Left panel: 30 m Landsat image of the Atacama Desert region of Chile showing the
location of the drainage basins examined. Right panel: Relative topography and drainage
network of each basin. Blue shades indicate areas of lower elevation and red shades indicate
areas of higher elevation.
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3.4 Hawaii, USA

Nine basins, 4 formed by groundwater sapping and 5 formed by surface runoff, were
selected from the northeastern slope of Kohala Volcano on the island of Hawaii (Figure 7). The
northeastern flank of Kohala receives on average ~ 2500 mm of precipitation annually while the
summit receives ~ 5000 mm (Stearns and MacDonald, 1946), reflective of the region’s humid
tropical rainforest climate. The geology of the area consists of highly permeable layered basalt
flows that dip seaward (Kochel and Baker, 1990) overlain by an ash mantle which reduces the
surface permeability enough to allow small, shallow surface runoff valleys to form (Gulick and
Baker, 1990). In addition, the presence of local impermeable dike swarms permits groundwater
to become perched at high elevations (Figure 8) (Stearns, 1966). As the surface runoff valleys

incise through the basalt, some breach into the perched aquifers, initiating the formation of large,

deep groundwater sapping valleys (Kochel and Baker, 1990).

Figure 7: Left panel: 30 m Landsat image of the Kohala Volcano region of the Island of
Hawaii showing the location of the drainage basins examined. Right panel: Relative topography
and drainage network of each basin. Blue shades indicate areas of lower elevation and red
shades indicate areas of higher elevation.
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Figure 8: Schematic of location of perched groundwater caused by impermeable dike swarms
resulting in groundwater sapping systems on Kohala Volcano, Hawaii. (From Kochel and Baker,
1990)
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3.5 Oklahoma, USA

Four surface runoff basins were selected from the Little Washita Experimental Watershed in
southwestern Oklahoma (Figure 9). This agricultural watershed is used to model the response of
surface runoff to precipitation. The region receives ~ 795 mm of precipitation annually (Van
Liew and Garbrecht, 2003) and has a semiarid to subhumid grassland climate. The geology of

the watershed consists mainly of sandy alluvial deposits that overlay the Rush Springs

Formation, formed of fine grained sandstone and siltstone (Van Liew and Garbrecht, 2003).

Figure 9: Left panel: 30 m Landsat image of the Little Washita Experimental watershed of
southwestern Oklahoma showing the location of the drainage basins examined. Right panel:
Relative topography and drainage network of each basin. Blue shades indicate areas of lower
elevation and red shades indicate areas of higher elevation.
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3.6 Arizona, USA

Four surface runoff basins were selected from the Walnut Gulch Experimental Watershed in
southeastern Arizona (Figure 10), which is also used to model the response of surface runoff to
precipitation. The watershed is a tributary to the San Pedro River and receives the majority of its
runoff from localized thunderstorms (Michaud and Sorooshian, 1994). The region receives ~
310 mm of precipitation annually (Goodrich et al., 2008) and has a semiarid grassland climate.
The geology of the watershed consists mainly of alluvial deposits ranging from clays and silts to

well-cemented boulder conglomerates that overlay bedrock formed of limestone and weathered

granite intrusions (Renard et al., 1993).

Figure 10: Left panel: 30 m Landsat image of the Walnut Gulch Experimental Watershed of
southeastern Arizona showing the location of the drainage basins examined. Right panel:
Relative topography and drainage network of each basin. Blue shades indicate areas of lower
elevation and red shades indicate areas of higher elevation.
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3.7 Devon Island, Canada

Four glacial meltwater basins a few kilometers east of Haughton Crater were selected from
Devon Island, Nunavut (Figure 11). The climate on Devon Island is part of the polar desert
regime, receiving ~ 150 mm of precipitation annually (Environment Canada, 2004). The valleys
have formed in the Lower Allen Bay Formation, which consists of dolimitic limestone (Osinski,
2005). Lee et al. (1999) interpreted the networks to have been formed by glacial meltwater as a

result of the decay and retreat of an ice cover with possible intervals of glacial reoccupation.
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Figure 11: Left panel: 30 m Landsat image of the Haughton Crater region of Devon Island,
Nunavut showing the location of the drainage basins examined. Right panel: Relative
topography and drainage network of each basin. Blue shades indicate areas of lower elevation
and red shades indicate areas of higher elevation.
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3.8 Mars

Twenty-three Martian valley networks, as described in section 2.2, were selected from 18
locations (Figure 12). All of the named networks, except for Locras, have been previously
studied by Stepinski and Coradetti (2004) and Stepinski and Stepinski (2005). Additionally, all
of the networks, except for Locras and Unnamed 2, are located in the southern hemisphere.
Table 2 summarizes the average regional slope and location of the Martian sites. The individual

basins are outlined in Figure 13.

120°E 150°E 180° 150°wW 120°W 80°W

Addama

Figure 12: Digital elevation data of Mars with the location of the valley networks used in this
study. Blue shades indicate areas of lower elevation and red shades indicate areas of higher
elevation. 1: Evros Vallis West; 2: Evros Vallis North; 3: Schiaparelli; 4: Naktong Vallis; 5:
Locras; 6: Unnamed 2; 7: Dawes East; 8: Unnamed 1; 9: Millochau West; 10: Millochau South;
11: Millochau East; 12: Unnamed 3; 13: Unnamed 4; 14: Warrego Vallis; 15: Unnamed 5; 16:
Douglass; 17: Arda Valles; 18: Unnamed 6



Table 2: Summary of the regional slope and location of the Martian valley networks

Site Average Latitude Longitude
Slope (°)

Arda Valles 0.7 20.6°S -31.8°E
Dawes East 0.2 5.5°S 45.0°E
Douglass 0.2 47.5°S -75.7°E
Evros Vallis North 0.6 7.9°S 14.8°E
Evros Vallis West 0.2 13.1°S 13.7°E
Locras 0.3 9.1°N 474°E
Millochau East 1.0 23.4°S 94.1°E
Millochau South 0.7 22.5°S 89.9°E
Millochau West 0.3 18.6°S 88.0°E
Naktong Vallis 0.2 0.8°S 34.8°E
Schiaparelli 04 0.4°S 23.6°E
Warrego Vallis 1.3 42.2°8 -92.1°E
Unnamed 1 04 9.1°S 53.9°E
Unnamed 2 0.3 13.1°N 51.0°E
Unnamed 3 0.4 14.0°S 153.8°E
Unnamed 4 0.3 33.7°S 155.6°E
Unnamed 5 04 53.4°S -91.3°E

Unnamed 6 0.3 25.8°S -3.3°E




27

Figure 13: Left column: 230 m THEMIS image of the location of the valley networks
examined. Right column: Relative topography and drainage network of each basin. Blue shades
indicate areas of lower elevation and red shades indicate areas of higher elevation.



Figure 13: (Continued).
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(Continued).
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Figure 13: (Continued).
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Figure 13: (Continued)
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4. Methodology

4.1 Data and Image Processing

4.1.1 Terrestrial

Visual assessment of the terrestrial study sites was undertaken using Landsat 7 imagery.
Landsat 15 m panchromatic scenes were obtained from the University of Maryland Institute for
Advanced Computer Studies (UMIACS). For the analysis of the drainage basin morphometry,
digital elevation models (DEMs) and hydrography data were used. Available hydrography data
were obtained from the National Topographic Data Base (NTDB) at a scale of 1:50,000 for the
Canadian site, from the National Hydrographic Database (NHD) at a scale of 1:24,000 for the
American sites and from the Environmental Systems Research Institute (ESRI) Digital Chart of
the World at a scale of 1:1,000,000 for the Chilean site. For the Canadian site, DEMs were
obtained at a scale of 1:50,000 (~ 30 m) from GeoBase. For the American sites, 1 arcsecond (~
30 m) National Elevation Data (NED) were obtained from the US Geological Survey (USGS).
For the Chilean site, 30 m Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) DEMs were obtained from NASA’s Earth Observing System Data Gateway. To
preserve scale along the central meridian of each site, all datasets were reprojected using a

modified transverse Mercator projection with a scale factor of 0.9996 at the central meridian of

each 6 degree zone.

4.1.2 Martian

For visual assessment of the Martian study sites, a 256 pixels/degree (~ 230 m) daytime
thermal infrared (12.57 pum) global mosaic, released November 16™ 2006, from the Thermal
Emission Imaging System (THEMIS) aboard Mars Odyssey was used. The analysis of the
valley network morphometry was performed using 128 pixels/degree (~ 460 m) global digital
elevation data released in 2003 from the Mars Orbiter Laser Altimeter (MOLA) aboard Mars
Global Surveyor. This is the highest resolution global digital elevation data currently available
for Mars. Both of these datasets were obtained from the USGS Planetary GIS Web Server
(PIGWAD) and were also reprojected to a modified transverse Mercator projection and
predefined Mars 2000 datum in ArcGIS.
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4.2 Drainage Basin and Network Extraction

The drainage basins and drainage network of each study site were extracted from the digital
elevation data through a standard series of processing steps using ArcHydro tools (ESRI, 2002),
an ArcGIS-based suite of tools designed for water resources applications. Starting from the
DEM, these tools generate raster grids of adjusted elevation, flow direction, flow accumulation,
stream definition, stream segmentation, and watershed delineation, from which the vector
representation of the drainage catchments and network are obtained (Figure 14). If prior vector
data of the drainage network are available (NHD data, for example), the first step is to
recondition the surface of the DEM using the AGREE surface reconditioning system. This
algorithm adjusts the surface elevation to be consistent with the vector data by dropping/raising
the elevation of the cells within a given buffer distance of the identified streams (Figure 15) to
ensure drainage continuity in flat areas (Hellweger and Maidment, 1997). This method is an
improvement from previous methods, such as “burning in the streams”, that only decreased the
elevation of the cells directly identified as a stream. Because the buffer enables the AGREE
algorithm to adjust the elevation of all the cells within a given distance of the stream,
discrepancies between the stream vector data and the exact location of the streams on the DEM
are tolerable (Hellweger and Maidment, 1997). In contrast, with the “burning in the streams”
method, discrepancies would result in the creation of two nearly parallel drainage troughs, the

original stream and the one burned in by the algorithm (Hellweger and Maidment, 1997).
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»

Figure 14: Arc Hydro processing steps. The bottom layer is the original DEM. The second
layer is the grid of adjusted elevations. The third layer is the flow direction grid. The fourth
layer is the flow accumulation grid. The fifth layer is the extracted vector representation of the
drainage catchments. The uppermost layer is the extracted vector representation of the drainage
network.
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Figure 15: The AGREE algorithm adjusts the surface elevation to be consistent with the stream
vector data by dropping/raising the elevation of the cells within a given buffer distance of the
identified streams. The smooth distance specifies the elevation drop over the specified range of
cells within the buffer distance of the stream vector whereas the sharp distance specifies the
elevation drop of the cell containing the stream vector. (Adapted from Hellweger and Maidment,
1997)

If prior hydrography data are unavailable, as is the case for Mars, then it is possible to start
with the second step: filling the sinks in the DEM. The Fill Sinks tool raises pit cell elevations
(artifacts in the DEM) and levels them with the surrounding terrain. Although this tool was
developed to handle artificial sinks, it is an important step in the preparation of the Martian
elevation data for hydrological analysis. Due to the emplacement of craters subsequent to the
formation of the valley networks, the Martian terrain contains numerous natural closed
depressions which interfere with the drainage network continuity. Filling sinks converts craters
into lakes by raising the elevation values within a crater to the lowest point of the crater’s rim,
thus rendering the surface drainable and ensuring drainage continuity. The downside to this is
that the algorithm is unable to detect centripetal drainage patterns, such as drainage networks that
form closed lake systems.

The third step is to compute the flow direction grid using the D8 algorithm (O’Callaghan
and Mark, 1984). The flow from a particular cell is directed to a single downslope neighbour
(one of eight surrounding cells). The flow direction is determined based on the direction of the

largest distance weighted drop, calculated by taking the difference in elevation values and
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dividing by\'fz for a diagonal cell and 1 for a non-diagonal cell. As a result, each cell is
assigned one of 8 possible flow directions values: East = 1; Southeast = 2; South = 4; Southwest
= 8; West = 16; Northwest = 32; North = 64; Northeast = 128.

The next step is to compute the flow accumulation grid. Flow accumulation is simply the
total number of cells that drain into a given cell, as determined from the flow direction grid.
Finally, a threshold value is chosen from the flow accumulation grid such that cells with flow
accumulation above the threshold are defined as belonging to a stream. The threshold is thus the
minimum flow required to initiate a stream. Once the drainage network is delineated, drainage
catchments are identified as the contributing area draining to each stream segment. Whereas the
default threshold value is set to 1% of the maximum flow accumulation, a choice of a smaller
threshold will result in the production of drainage networks with higher drainage densities and a
greater number of catchments. In the case of Mars, by reducing the threshold it is thus possible
to create catchments the size of individual craters. This property was utilized to delineate and
remove large, “contaminant” craters from the periphery of the drainage basins. Otherwise, a
threshold was carefully selected to create catchments that, when merged together, produce a

single drainage basin that properly encompasses the entire drainage network.

4.3 Calculation of Basin Shape Functions

Once a drainage basin has been outlined from the merged catchments, a horizontal plane at
relative elevation z = h/H slices the basin into two parts (Figure 16). The area (4), perimeter (P)
and basin length (L) of the planar projection of the part of the basin located below z (from now
on referred to as a basin “slice”) are determined using basic ArcGIS functionality and then used

to compute the four shape indices:

Circularity Ratio:

A 474
C = = ———-2—
Ac(P) P

(1)
The circularity of a basin is the ratio of the area of the basin slice to the area of a circle of
perimeter P. Thus, the value of C ranges between 0 to 1 such that, for a perfectly circular basin,

C equals 1, and for an elongated basin, C < 1.
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Elongation Ratio:

de(4) _2J4
L Lr ()

The elongation of a basin is the ratio of the diameter of a circle of area 4 to the basin length (the

E=

distance from the mouth to the most distant point on the perimeter). Thus, for a circular basin, £

equals 1.

Lemniscate Index:

2
p=T
44 3)
As shown in Figure 17, the lemniscate index is a coefficient whose value influences the width of

the lemniscate loop. Thus, for a circular basin, &k equals 1.

Lemniscate Ratio:

_ P(k) _ 2LE(K)
S )

Ly

The lemniscate ratio of a basin is the ratio of the perimeter of a lemniscate loop of lemniscate
index k to the perimeter of the basin, where E(K) is an elliptic integral solvable through the use
of integral tables (see Appendix B for derivation). For basins of perfect lemniscate shape, L,

equals 1.
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Figure 16: Schematic of the basin parameters used to compute the shape indices. The relative
elevation, z, is given by z = h/H, H is the total relief, 4 is the elevation of the horizontal plane
slicing the basin, 4, is the area of the shaded area, L is the length of the shaded area and P is the
perimeter of the shaded area. (Adapted from Luo and Howard, 2005)

Figure 17: The effect of the lemniscate index, &, on the width of the lemniscate loop. (From
Chorley, 1957)

Following the method of Luo and Howard (2005), 25 slices at equal intervals of elevation

were obtained from each basin and their area, perimeter and basin length determined. These
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were used to construct the four basic shape functions, such that the circularity function is given
by C(z) = [C(z)), C(z,), ... C(z,5)], where C(z,) is the circularity of basin slice 1. Furthermore, the
shape functions were normalized by dividing each shape function by the overall shape of the
basin (shape function value at z = 1). Due to external geological factors, two basins with the
same internal evolution of shape with elevation will have shape functions of different
magnitudes if the overall shape of the two basins is different. Thus, the purpose of normalizing
the basin shape functions is to “disengage the internal basin morphometry from the external
basin shape” (Stepinski and Coradetti, 2004). Finally, the first and second derivatives with
respect to z of the shape functions were also calculated, as it was recognized that these may
contain some measure of information on a basin’s structure capable of distinguishing between
formation processes. The first derivative represents the slope of a given shape function and the
second derivative represents the concavity, although these do not have any actual physical
significance with respect to the basin. Consequently, a total of 16 shape function variables were
used in subsequent statistical analyses: circularity, normalized circularity, 1% derivative of
circularity, 2™ derivative of circularity, elongation, normalized elongation, 1% derivative of
elongation, 2™ derivative of elongation, lemniscate index, normalized lemniscate index, 1%
derivative of lemniscate index, 2™ derivative of lemniscate index, lemniscate ratio, normalized

lemniscate ratio, 1% derivative of lemniscate ratio and 2™ derivative of lemniscate ratio.

4.4 Statistical Analysis of Shape Functions

4.4.1 Unsupervised classification: hierarchical clustering analysis

The statistical analysis was performed within the R-language (R Project for statistical
computing, 2008), a commonly used statistical programming language based on the S syntax.
To identify which shape function is best able to distinguish between the different formation
processes (surface runoff from precipitation, surface runoff from meltwater, groundwater
sapping), an unsupervised classification of the terrestrial basins’ shape functions was performed.
In unsupervised classification, the algorithm searches for natural statistical groupings in the data
and the analyst must then examine the resulting classes for meaningful attributes connecting the
objects in a given cluster in order to identify the classes. Although different methods of

unsupervised classification exist, such as clustering (e.g. hierarchical and non-hierarchical),
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neural networks and decision trees, hierarchical clustering was used in this study since the output
dendrograms (binary, hierarchical trees where observations form the leaves and the two most
similar observations are linked through a hypothetical common ancestor, which forms a node in
the tree) facilitate the interpretation of the resulting classes. Hierarchical clustering determines
successive clusters using previously established clusters. The desired outcome is for the
algorithm to naturally partition the basins’ shape functions based on their formation processes.

Both types of hierarchical algorithms, agglomerative and divisive (Figure 18), were used to
ensure consistency in the results. Agglomerative hierarchical algorithms begin by assigning each
terrestrial site to a separate cluster then successively merge the closest pair of clusters, based on a
similarity criterion, until all of the sites have been grouped together (Kaufman and Rousseeuw,
2005). Of the many possible choices of similarity criteria, such as “centroid-linkage”, the two
similarity criteria used in this analysis were “single-linkage”, where the distance between two
clusters is defined as the distance between the two closest elements in each cluster, and
“complete-linkage”, where the distance between two clusters is defined as the distance between
the two furthest elements in each cluster (Kaufman and Rousseeuw, 2005). In contrast, divisive
hierarchical algorithms begin with the sites grouped as a single cluster then successively split it
into smaller clusters, based on a minimum diameter criterion, until only clusters consisting of
individual sites remain (Kaufman and Rousseeuw, 2005).

In summary, the output dendrograms of three hierarchical clustering algorithms available
from R were compared: a complete-linkage agglomerative hierarchical clustering algorithm; a
single-linkage agglomerative hierarchical clustering algorithm; and a divisive hierarchical
clustering algorithm. Furthermore, the distance between clusters can be computed using several
different metrics. Three metrics were compared: Euclidean, Manhattan and Maximum. As a
result, 9 dendrograms (3 metrics x 3 clustering algorithms) were produced for each of the 16
shape functions. These were examined in order to determine which of the shape functions
generate the best clustering based on formation process.

Given that each observation (i.e. basin shape function) is a combination of 25 individual
shape index values, principal components analysis was performed to examine the effects of
reducing the dimensionality of the shape functions on the hierarchical clustering results.
Principal components analysis transforms (translates and/or rotates) the vector space such that

the first principal component accounts for the maximum proportion of the variance and
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subsequent components account for the maximum proportion of the remaining variance (Jensen,
2005). As a result, the first few principal components can be used to replace the original 25
shape index values, where each principal component is an orthogonal, uncorrelated and linear
combination of the original dataset (Jensen, 2005).

In a similar spirit as principal components analysis, combinations of different shape
functions were created, using the individual shape functions which produced formation process-
based clusters with high overall accuracies, to determine the effects of increasing the
dimensionality on the hierarchical clustering results. As long as the correlation between the
shape functions is not too great (up to r = 0.9 (Tabachnick and Fidell, 1996; Hair et al., 1998)),
combining them may provide additional information useful for distinguishing between basins
formed by different processes. A number of different combinations were created by directly
attaching shape functions together. For example, the combination of circularity and elongation is
given by CE(z) = [C(z}), C(z,), ... C(z55), E(z}), E(z), ... E(z,;)]. Combinations using two, three,
and four shape functions were attempted as well as a combination of all sixteen shape functions.
The hierarchical clustering results of the principal components and the combination of shape
functions were compared to the hierarchical clustering results of the original sixteen shape

functions.
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Figure 18: Schematic of the difference between agglomerative and divisive hierarchical
clustering algorithms. Agglomerative algorithms begin by assigning each observation to a
separate cluster then successively merge the closest pair of clusters until all observations have
been grouped together into a single cluster. Divisive algorithms begin with a single cluster then
successively split it into smaller clusters until each observation belongs to a separate cluster.
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4.4.2 Supervised classification: k-nearest neighbour and self-organizing maps

The second step in the statistical analysis was to perform a supervised classification of the
Martian basins using the shape function, principal components or combination of shape functions
that generated the best formation process-based clustering of the terrestrial sites during the
unsupervised classification portion of the analysis. The purpose of this step is to identify the
terrestrial sites and formation processes most analogous to Mars valley networks. In supervised
classification, the analyst “trains” the algorithm by specifying sample observations (i.e. shape
function of a given basin) of known classes (i.e. formation process). In this case, the terrestrial
basins, with their classes specified based on their known formation processes, were used as
training sites. The algorithm then determines which class other observations (i.e. shape functions
of the Martian basins) belong to according to a criterion determined from the classifier. For
example, the maximum likelihood classifier determines the probability of an observation
belonging to a given class by computing the probability density functions of the training
observations and then assigns it to the class of highest probability. In summary, supervised
classification determines which formation process was most likely to have created the Martian
valley networks based on the similarity of the shape functions of the Martian basins to the shape
functions of terrestrial basins formed by known processes.

Different methods of supervised classification include parametric (e.g. maximum
likelihood), non-parametric (e.g. minimum distance to mean) and non-metric (e.g. rule-based
decision trees). Parametric methods rely on the assumption that the underlying data are drawn
from a Gaussian probability distribution whereas non-parametric methods make no such
assumptions (Duda et al., 2001). Non-parametric methods are thus more universally applicable,
whereas parametric methods have the potential of performing better when assumptions are met.

Although the distribution of the training data was expected to be normal, this could not be
verified due to the statistically small sample sizes. Consequently, two non-parametric methods
were used: k-nearest neighbour (KNN) and supervised self-organizing maps (SOM). The k-
nearest neighbour classifier assigns the observation to the most common class of the k nearest
neighbours, based on Euclidean distance, where k is a positive integer, typically small (Duda et
al., 2001). The determination of the optimal value for k is essential for KNN because it should

be the maximum number of neighbours with the minimum possible error (Ruiz-Jimenez et al.,
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2004). Thus, k was selected based on the highest overall accuracy achieved in the validation
analysis.

A self-organizing map is an unsupervised neural network technique for mapping high-
dimensional data to 2D that can also be adapted and trained as a supervised classification method
(Kohonen, 2005). The 2D map itself consists of a grid of nodes to which observations are
mapped such that similar observations are assigned to neighbouring nodes. However, it is
important to note that self-organizing maps are non-linear, that is to say, “the distance between
adjacent nodes is not constant™ (Stepinski and Stepinski, 2005). Additionally, the grid size is one
of the most important factors in detecting the differences in the data (Scholz, 2006). If the grid
size is too small, it might not explain some important differences. Conversely, if the grid size is
too large, the differences will be too small (Wilppu, 1997). Thus, the SOM was trained using
different grid sizes, and the optimal grid size (based on the validation analysis) was selected to
perform the supervised classification of the Martian basins. |

For both KNN and supervised SOM, all of the terrestrial basins were used as training sites to
classify the Martian basins. Given the small sample size, a leave-one-out cross-validation was
performed to evaluate the performance of both classifiers. Leave-one-out cross-validation leaves
out a single observation from the original sample for validation purposes, and repeats the process
for every observation in the sample. The results of the supervised Self-organizing map were
compared to the results of k-nearest neighbour in order to identify the most likely formation
process for the Martian valley networks based on the formation process class most often assigned

to them by the supervised classification process.
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5. Results

5.1 Basin Shape Functions

Sixteen shape functions, representing the change of a basin’s shape with respect to elevation,
were produced for each terrestrial and Martian basin (Appendix C). Qualitatively, the change in
shape with elevation can be observed from the relative elevation data of each site presented in
section 4. As discussed in section 6.2, regional slope has an important effect on a basin’s shape
function. Consequently, Figure 19 compares the four basic shape functions of the Martian basins
(averaged from the 23 Martian sites) to five terrestrial classes: steep sapping, flat sapping, steep
runoff, flat runoff and flat meltwater.

The circularity function of flat sapping, flat runoff and flat meltwater basins is concave
upwards with an inflexion point near the higher reaches of the basin leading to a flattening in the
curve (Figure 19,). This type of curve describes a “mature fluvial landscape with topography
conforming to the drainage” (Stepinski and Stepinski, 2005), where the basin is very elongated in
the lower reaches, becomes more circular as the intensity of erosion diminishes with lower-order
streams, then maintains a near-constant shape beyond the reaches of the streams until the edge of
the drainage basin. In contrast, the circularity function of steep sapping and steep runoff basins
is nearly linear, increasing with relative height, z, indicating that steep basins gradually become
more circular with elevation.

The elongation function has a similar character to the circularity function (Figure 19). As
with the circularity function, the elongation function of flat basins is concave upwards in the
lower reaches of the basin then flattens out in the upper reaches, whereas the elongation of steep
basins is nearly constant throughout the range of elevations. This similarity is expected since
both circularity and elongation compare certain basin parameters to those of a circle (area in the
case of circularity and diameter in the case of elongation).

The lemniscate index function indicates that flat basins are initially much narrower than
steep basins (Figure 19). The high lemniscate index values are once again due to the topography
conforming to the drainage.

Figure 19 shows that the lemniscate ratio function for flat basins is concave upwards with a
defined minimum near z = 0.3 for runoff and sapping basins and near z = 0.7 for meltwater

basins. Flat basins are initially similar in shape to a lemniscate loop, becoming less so in the
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middle reaches, then returning to a lemniscular shape in the upper reaches. The lemniscate ratio
function for steep basins on the other hand is nearly linear, increasing with z, indicating that the
basins steadily become more lemniscular in shape at progressively higher elevations.

Overall, the distinction between flat terrestrial basins and steep terrestrial basins is noticeable for
all four shape functions, although the distinction between the various formation processes is not

clear. Qualitatively, it appears that the shape functions of the Martian basins are most similar to
steep terrestrial basins.
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Figure 19: Four basic shape functions (circularity, elongation, lemniscate index and lemniscate
ratio) of 6 classes: Flat surface runoff basins, flat groundwater sapping basins, flat meltwater
basins, steep surface runoff basins, steep groundwater sapping basins and Martian basins.
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5.2 Hierarchical Clustering Analysis

Hierarchical clustering of the terrestrial basins was performed using each of the 16 shape
functions. For a given shape function, the algorithm outputs a dendrogram, clustering together
similar basins. The resulting clusters were examined in order to identify meaningful attributes
connecting the basins within a cluster. In this case, the dendrogram for each of the shape
function variables were examined to determine their ability to cluster the basins according to
their formation processes. Three clustering algorithms and three distance metrics were compared
to ensure that the clustering results were consistent.

When all of the terrestrial basins were entered into the hierarchical clustering algorithms, the
primary observation from the majority of the shape functions was that the basins were being
clustered based on the regional slope of the sites (i.e. steep vs. flat), rather than by the formation
process of the basins (Figure 20: for simplicity, a single representative dendrogram for each of
the four basic shape functions is shown). None of the 16 shape functions were able to
successfully cluster the basins according to their formation process. Even the normalized shape
functions were unable to correct for the differences in shape due to slope. Of the 16 shape
functions, the circularity function proved to be the most effective at separating flat and steep
basins, based on the three clustering algorithms and the three metrics used (Table 3). The
circularity function generally produced two to three clusters separating flat basins from steep
basins with an average overall accuracy (percentage of properly classified observations) of 91.7
+ 1.2 % and an average Kappa coefficient of 0.83 + 0.02. The Kappa coefficient represents the
proportion of agreement obtained after accounting for the proportion of agreement that could be
expected to occur by chance (Foody, 1992).

In accordance with Table 1, the first order effects of regional slope in the clustering results
were removed by separating the terrestrial basins into flat (< 3°) and steep (> 3°) sites for

subsequent analysis.
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Figure 20: Unsupervised hierarchical clustering of the shape functions of all of the terrestrial
basins. The basins are clustered primarily based on the regional slope of the sites. 1: steep
groundwater sapping; 2: flat groundwater sapping; 3: steep surface runoff; 4: flat surface runoff;
5: flat meltwater
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Table 3: Average overall accuracy and Kappa coefficient of the 16 shape functions for
classifying basins into steep vs. flat classes

Average Overall Average Kappa
Shape Function  Accuracy (%) Coefficient

Circularity
Basic 91.7+1.2 0.83 +0.02
Normalized 88.9+1.8 0.77+£0.04
1* derivative 758+25 0.52+0.05
2™ derivative NA NA
Elongation
Basic 88.3+3.2 0.77 £0.07
Normalized 86927 0.73 £ 0.05
1** derivative 79.5+ 3.1 0.59 + 0.06
2™ derivative NA NA
Lemniscate Index
Basic NA NA
Normalized NA NA
1* derivative NA NA
2" derivative NA NA
Lemniscate Ratio
Basic 86.5+1.2 0.73+£0.03
Normalized 89.9+4.1 0.79 £ 0.08
1* derivative 88.1+ 6.1 0.76 £ 0.12
2™ derivative NA NA

Once the terrestrial basins were divided into two separate groups based on their regional
slope (flat vs. steep), some shape functions were able to successfully cluster the basins according
to their formation process (Figure 21). In the case of flat basins, the first derivative of the
lemniscate ratio function proved to be the most effective at distinguishing between basins formed
by different processes, based on the three clustering algorithms and the three metrics used (Table
4). The first derivative of the lemniscate ratio function generally produced three clusters
separating flat basins formed by surface runoff, groundwater sapping and meltwater with an
average overall accuracy of 85.7 £ 3.0% and an average Kappa coefficient of 0.78 £ 0.04. In the
case of steep basins, the circularity shape function proved to be the most effective at
distinguishing between basins formed by different processes, based on the three clustering
algorithms and the three metrics used (Table 5). The circularity shape function generally
produced three to five clusters separating steep basins formed by surface runoff and groundwater

sapping with an average overall accuracy of 85.2 + 1.6% and an average Kappa coefficient of
0.69 + 0.03.
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Figure 21: Unsupervised hierarchical clustering of the shape functions of flat and steep
terrestrial basins. The basins are successfully clustered based on formation process. 1: steep
groundwater sapping; 2: flat groundwater sapping; 3: steep surface runoff; 4: flat surface runoff;
5: flat meltwater
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Table 4: Average overall accuracy and Kappa coefficient of the 16 shape functions for
classifying flat basins based on formation process

Average Overall  Average Kappa

Shape Function  Accuracy (%) Coefficient
Circularity

Basic NA NA

Normalized NA NA

1* derivative NA NA

2™ derivative NA NA
Elongation

Basic NA NA

Normalized NA NA

1* derivative NA NA

2" derivative NA NA
Lemniscate Index

Basic NA NA

Normalized NA NA

1% derivative NA NA

2™ derivative NA NA
Lemniscate Ratio

Basic 75.0+3.0 0.61 +£0.05

Normalized 76.9+5.5 0.64 £ 0.09

1% derivative 85.7+3.0 0.78 £ 0.04

2™ derivative NA NA
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Table 5: Average overall accuracy and Kappa coefficient of the 16 shape functions for
classifying steep basins based on formation process

Average Overall  Average Kappa

Shape Function  Accuracy (%) Coefficient
Circularity

Basic 852+1.6 0.69 +0.03

Normalized 839+25 0.67 £0.05

1* derivative NA NA

2™ derivative NA NA
Elongation

Basic NA NA

Normalized NA NA

1* derivative 79.8+5.5 0.58 +£0.11

2" derivative NA NA
Lemniscate Index

Basic 794+24 0.58 + 0.04

Normalized NA NA

1* derivative NA NA

2" derivative NA NA
Lemniscate Ratio

Basic NA NA

Normalized NA NA

1* derivative NA NA

2" derivative NA NA

Using principal components analysis, the dimensionality of the shape functions was reduced
from 25 slices to 3 principal components representing more than 90% of the total variance.
However, based on the three clustering algorithms and the three metrics used, hierarchical
clustering of the principal components was essentially identical to the original classification
using the full dimensionality of the shape functions. The principal components of the circularity
function for all of the terrestrial basins generally produced two to four clusters separating flat
basins from steep basins with an average overall accuracy of 91.7 + 4.2 % (no change relative to
the original classification using the circularity function) and an average Kappa coefficient of 0.83
+ 0.08 (Figure 22). The principal components of the 1st derivative of the lemniscate ratio
function for the flat terrestrial basins subset generally produced three clusters separating basins
formed by surface runoff, groundwater sapping and meltwater with an average overall accuracy
of 84.6 + 5.4% (decrease of 1.1% relative to the original classification using the first derivative
of the lemniscate ratio function) and an average Kappa coefficient of 0.76 + 0.08 (Figure 22).

The principal components of the circularity function for the steep terrestrial basins subset
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generally produced three to five clusters separating basins formed by surface runoff,
groundwater sapping and meltwater with an average overall accuracy of 84.7 £+ 2.1% (decrease
of 0.5% relative to the original classification using the circularity function) and an average

Kappa coefficient of 0.67 + 0.04 (Figure 22).
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Figure 22: Unsupervised hierarchical clustering of the principal components of the shape
functions of terrestrial basins. The basins are clustered similarly to the original shape functions.
1: steep groundwater sapping; 2: flat groundwater sapping; 3: steep surface runoff; 4: flat surface
runoff; 5: flat meltwater
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Since more than one shape function originally showed promising clustering results, it was
expected that combining these shape functions could result in higher accuracy clusters.
However, increasing the dimensionality of the shape functions also produced essentially identical
results to the original classification. In the case of all the terrestrial basins (both steep and flat),
the combination of the circularity and elongation functions (r = 0.65, p-value < 2.2x10™®) proved
to be the most effective and produced three clusters separating steep basins and flat basins with
an average overall accuracy of 92.0 £ 2.4% (increase of 0.3% relative to the original
classification using the circularity function) and an average Kappa coefficient of 0.84 + 0.05
(Figure 23). In the case of flat basins, the combination of the first derivative of the lemniscate
ratio and the first derivative of elongation functions (r = 0.13, p-value = 0.01) proved to be the
most effective and produced three clusters separating flat basins formed by surface runoff,
groundwater sapping and meltwater with an average overall accuracy of 86.8 + 7.2% (increase of
1.1% relative to the original classification using the first derivative of the lemniscate ratio
function) and an average Kappa coefficient of 0.80 + 0.11 (Figure 23). In the case of steep
basins, the combination of the circularity and the first derivative of the lemniscate ratio functions
(r = 0.23, p-value = 4x107) proved to be the most effective and produced three to five clusters
separating steep basins formed by surface runoff and groundwater sapping with an average
overall accuracy of 85.7 £ 0.0% (increase of 0.5% relative to the original classification using the
circularity function) and an average Kappa coefficient of 0.7 + 0.0 (Figure 23).

The classification accuracy for both PCA and the shape function combinations did not
significantly change compared to the accuracy of the original classification. As a result, the most
effective shape functions from the original unsupervised classification (all terrestrial basins:
circularity; flat terrestrial basins: 1% derivative of lemniscate ratio; and steep terrestrial basins:

circularity) were used for the supervised classification portion of the analysis.
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Figure 23: Unsupervised hierarchical clustering of the combinations of the shape functions of
terrestrial basins. The basins are clustered similarly to the original shape functions. 1: steep
groundwater sapping; 2: flat groundwater sapping; 3: steep surface runoff; 4: flat surface runoff;
5: flat meltwater
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5.3 k-Nearest Neighbour and Supervised Self-Organizing Maps

The k-nearest neighbour (KNN) and supervised self-organizing map (SOM) classifiers were
used to classify the Martian basins using the terrestrial basins as training sites. A number of
classifications were performed and evaluated using leave-one-out cross-validation to determine
the optimal number of neighbours for KNN and the optimal grid size for supervised SOM. For
the k-nearest neighbour classifier, the optimal number of neighbours was k = 3. For supervised
SOM, since the number of grid nodes cannot exceed the number of observations, the grid size
was set to the maximum allowable square grid (dependant upon the number of training sites).

To determine whether Martian valley networks can be classified as either steep or flat, the
circularity shape functions of all of the terrestrial basins were used as training for the supervised
classification. For both classifiers, the majority of the Martian valley networks were classified as
steep (Table 6). The overall accuracy for both classifiers was 92.3% and the Kappa coefficient
was 0.85.

Since the Martian valley networks were classified as steep, the circularity function of the
steep terrestrial basins subset was used as training to determine whether Martian valley networks
are more similar to the terrestrial groundwater sapping basins or the surface runoff basins. In
both KNN and supervised SOM, the majority of the Martian basins were assigned to the
groundwater sapping class (Table 6). For KNN, the overall accuracy was 76.2% and the Kappa
coefficient was 0.51, whereas for supervised SOM, the overall accuracy was 81.0% and the

Kappa coefficient was 0.61.
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Table 6: KNN and supervised SOM of Martian valley networks using terrestrial basins as
training sites. GW: groundwater sapping; R: surface runoff

Shape function: Circularity Circularity
Training Sites: all terrestrial basins steep terrestrial basins
Method: KNN, k=3 SOM, 6x6 grid KNN, k=3 SOM, 6x6 grid

Leave-one-out Acc=92.3% Acc=92.3% Acc=760.2% Acc=81.0%
cross-validation: Kappa=0.85 Kappa=0.85 Kappa=0.51 Kappa=0.61

Mars basin

1 Steep Steep GW GwW
2 Steep Steep GW GwW
3 Steep Steep GW GwW
4 Steep Steep GW GW
5 Steep Steep GW GwW
6 Flat Flat R GW
7 Steep Steep GW GW
8 Steep Steep GW GW
9 Steep Steep R R

10 Flat Steep GwW GwW
11 Steep Steep R R

12 Flat Flat GW GW
13 Steep Steep GwW GwW
14 Steep Steep GwW GwW
15 Steep Steep GW GwW
16 Steep Steep GW GW
17 Steep Steep R R

18 Steep Steep GW GwW
19 Steep Steep GW GwW
20 Steep Steep R R

21 Steep Steep GwW GwW
22 Steep Steep R R

23 Steep Steep R R

Furthermore, using the unsupervised self-organizing map itself, the individual terrestrial
basins most similar to the Martian basins can be identified by comparing their ensemble of shape
functions. The unsupervised self-organizing map in Figure 24 was constructed using a
combination of all four of the basic shape functions (circularity, elongation, lemniscate index and
lemniscate ratio) so that the entire character of the basins could be compared. The results of both
the supervised and unsupervised classifications are reflected in this map. For example, the
division between flat terrestrial basins and steep terrestrial basins is evident. Also, due to their
proximity, the Martian basins appear to be most similar to the steep terrestrial basins, in

particular the steep groundwater sapping basins of Chile.
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Figure 24: Unsupervised SOM map similarity of study basins using a combination of the four
basic shape functions (circularity, elongation, lemniscate index, lemniscate ratio). AZr: Arizona
surface runoff, CHg: Chile groundwater sapping; DEm: Devon meltwater; FLg: Florida
groundwater sapping; Hlg: Hawaii groundwater sapping; Hlr: Hawaii surface runoff; M: mars;
OKr: Oklahoma surface runoff; UTg: Utah groundwater sapping; UTr: Utah surface runoff
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6. Discussion

6.1 Controls on Basin Morphometry

The results of the hierarchical clustering of the terrestrial basins corroborate with the
findings of Luo and Howard (2005) who showed that it is possible to distinguish between basins
formed by different processes on the basis of their normalized circularity shape functions.
However, this study indicates that the regional slope of a basin exerts a stronger control on a
basin’s internal shape than the formation process itself. This can be seen qualitatively from the
shape function curves (Figure 19), where the terrestrial basins can be more easily distinguished
based on the steepness of the site than by their formation process. It is only once the terrestrial
basins are separated into steep and flat groups that the formation process becomes
distinguishable via the use of their shape functions. The effect of regional slope on the shape of
a basin is understandably significant because basins that evolve along steep slopes do not have as
many lateral degrees of freedom and tend to be narrower than basins that evolve along flat
slopes. Consequently, the differences in basin shape due to various formation processes (e.g.
surface runoff vs. groundwater sapping) tend to be more evident in flat basins than in steep
basins.

The controlling effect of slope and formation process on the shape of a basin is
complementary to the findings of Stepinski and Stepinski (2005) who showed that terrestrial
basin morphometry (based on the normalized circularity function) correlates with climate (based
on annual precipitation rates (mm/year)). Using hierarchical clustering and a self-organizing
map, Stepinski and Stepinski (2005) classified 46 Andean basins as wet, moderate or dry. The
basins used in their study were mainly formed by surface runoff (with the exception of three
Atacama Desert basins that were formed by groundwater sapping) and all have similar steep
regional slopes and lithology. It is therefore suggested that the slope, formation process and
annual precipitation rates, respectively, each contribute a diminishing amount of control on a
basin’s morphometry. Future studies should investigate the effect of lithology on basin shape as
rock type, permeability, and stratigraphy all influence drainage basin development (Craddock
and Howard, 2002).
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6.2 Statistical Analysis of Basin Shape Functions

The most effective shape function for describing basin morphometry is dependent upon the
purpose. For example, the circularity and elongation shape functions were the most effective at
clustering basins according to the steepness of the site; whereas the lemniscate ratio shape
function and the circularity and lemniscate index shape functions were the most effective at
clustering flat and steep basins, respectively, according to their formation process.

In the case of all the terrestrial basins, the Hawaii surface runoff basins had the tendency to
form a third cluster, visible in the dendrograms and unsupervised SOM, and separate from the
main clusters that divide the steep and flat basins. This third cluster may be due to the much
higher regional slope of the Hawaiian basins (6.5° and 9.5°, Table 1), thus clustering them into
their own individual slope class. For the flat basins subset, the number of clusters (3) is
consistent with the number of classes (i.e. meltwater, surface runoff and groundwater sapping).
The number of clusters for the steep basins (3 to 5), on the other hand, is inconsistent with the
number of classes (i.e. surface runoff and groundwater sapping). The average overall accuracy
for the classification of the flat and steep basins may be similar; however, considering that steep
basins tend to form a series of small clusters, the formation process-based classification of the
steep basins is not as clear as it is for the flat basins.

Following the work of Stepinski and Coradetti (2004), Stepinski and Stepinski (2005) and
Luo and Howard (2005) who used normalized circularity functions in their studies, the shape
functions in this study were also normalized to remove the differences in shape function
magnitude due to a basin’s overall shape. In theory, normalization should allow for a direct
comparison of the internal evolution of the shape of a basin due to the formation process.
However, in many cases, the overall accuracy of the hierarchical clustering of the non-
normalized shape functions was higher than that of the normalized ones. As such, it appears that
normalizing the shape functions may not always be the best approach. For example, depending
on the shape function and the formation processes in question, the difference between the shape
functions of basins with different overall shapes may be smaller than the difference between the
shape functions of basins formed by different processes. In these situations, normalization

actually prevents the detection of the inherent differences due to the formation processes.
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In addition to the normalized shape functions, the 1% and 2™ derivatives were computed to
determine if these contained additional information that could be used to identify a basin’s
formation process. This proved to be the case, since the 1% derivative of the lemniscate ratio was
the most effective shape function for distinguishing between the formation processes of the flat
terrestrial basins. It is also feasible to expect that other such transformations may provide
favorable results. For example, the elongation shape function was effective at separating flat and
steep basins, but was not able to distinguish between the formation processes of steep basins. On
the other hand, the lemniscate index shape function was unable to adequately distinguish
between flat and steep basins, but was effective at distinguishing between the formation
processes of steep basins. Yet, it should be pointed out that these two functions are merely
squared reciprocals of each other.

Reducing the dimensionality of the shape functions using PCA did not produce any
significant changes in the classification accuracy and no additional information was gained.
However, considering the statistically small dataset used in the analysis, this is not surprising. In
PCA, an insufficient sample size results in unstable loadings (Cliff, 1970), random, non-
replicable factors (Aleamoni, 1976; Humphreys et al., 1969), and lack of generalizability to the
population (Osborne and Costello, 2004). Several studies have reviewed the effect of sample
size on PCA. Recommendations for the absolute minimum sample size may range from 50
(Barrett and Kline, 1981) to 400 (Aleamoni, 1976). Alternatively, some authors focus on the
ratio of the number of observations to the number of variables. Nunnally (1978) recommends a
minimum observation to variable ratio of at least 10:1 in exploratory factor analysis (EFA)
(Osborne and Costello (2004) note that EFA results should be generalizable to PCA). “Although
the ratio of observations to variables is an important predictor of the goodness of a PCA, it
appears that as the total number of observations increases, this ratio becomes less important (the
converse is also true: as the ratio of observations to variables increases, the total number of
observations becomes less important) (Osborne and Costello, 2004)”. In light of these studies,
PCA may have proven useful if a larger number of basins had been included in the analysis,
although undertaking this analysis with hundreds of basins would be very time-consuming.

Similarly, increasing the dimensionality of the shape functions by combining different shape
functions did not produce any significant changes in the classification accuracy of the

hierarchical clustering analysis. The slight increase in the accuracy came at the cost of an
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increase in the standard deviation of the overall accuracy because the clustering results were less
consistent. In some cases (e.g. for a given clustering algorithm), the combination of certain
shape functions produced a much higher accuracy than the original classification, but this was
not consistent across the three algorithms and the three metrics used. Several combinations of
variables were tested, including double, triple and quadruple combinations of the individual
shape functions that produced high overall accuracies, as well as a combination of all 16 of the
shape functions. However, combinations of two shape function variables proved to be the best
approach.

For the supervised classification portion of the analysis, the accuracy was determined using
leave-one-out cross-validation. This method is computationally expensive but supplies an almost
unbiased estimate of the true classification error (Sommer and Golz, 2005). However,
considering that the classifier was trained from a small sample using several basins from the
same terrestrial sites as the basin left out for validation, the classification accuracy is expected to
be somewhat inflated. For a true representation of the classification accuracy, it would be
necessary to use a larger and more diversified set of terrestrial basins. In this case, the
supervised SOM and KNN were both equally effective at classifying terrestrial basins into their
respective steep and flat classes (Table 1). Additionally, although the supervised SOM appears
to have out-performed the KNN classifier in classifying steep terrestrial basins according to their
formation process, the difference in accuracy is due to a single basin. Overall, the performance
of both classifiers was very similar and the conclusions from the classification of the Martian

valley networks were the same.

6.3 Origins of Martian Valley Networks

From the supervised classification of the shape functions (Table 6), it appears that the
Martian valley networks are most similar to steep terrestrial groundwater sapping basins. In
particular, as seen from the unsupervised SOM (Figure 24) Stepinski and Coradetti (2004) and
Stepinski and Stepinski (2005), Martian valley networks are most similar to the Chilean Atacama
Desert basins. However, a few problems arise from these results. Firstly, although the Martian
basins were classified as steep, the regional slope of all the Martian basins in this study is in

actuality very low (< 1.3°; Table 1). Secondly, as seen from the SOM and the studies of



63

Stepinski and Coradetti (2004) and Stepinski and Stepinski (2005), the Martian basins do not
intermingle with the terrestrial basins, suggesting that there is a fundamental difference between
the shape functions of terrestrial and Martian basins. These discrepancies can not be attributed to
the use of shape functions to identify the formation process of the Martian valley networks, as it
was demonstrated in this study that shape functions are able to distinguish between the formation
processes of terrestrial basins. Since the interpretation of the origins of the valley networks is
conditioned by the choice of training sites, it is possible that the Martian valley networks were
formed by a different process not considered in this study. However, the formation processes
included in this study make up the most widely held hypotheses on the origins of valley
networks. The most likely explanation is that additional factors may have exerted a stronger
control on the shape of the Martian valley networks than either formation process or slope.
These factors may play a role in the case of the Martian basins but not in the terrestrial basins or
simply might not have been present in the investigated terrestrial sites (e.g. cratering, differences
in lithology). Consequently, the direct use of terrestrial shape functions to identify the origins of
Martian valley networks might produce misleading results. However, the investigation into the
similarity of the shape functions of the Martian basins to those of the Chilean Atacama Desert
basins and the environment under which they were formed might shed some light into the origins
of the Martian valley networks.

The Chilean Atacama Desert groundwater sapping basins and Martian basins both have
shape functions that “do not display any systematic behaviour and stay approximately constant
for the entire range of z” (Stepinski and Coradetti, 2004). This is a result of the topography’s
non-conformance with the drainage. Since, the longitudinal profiles of the Chilean and Martian
basins are nearly linear (with the slope indicated in Table 1), as opposed to the more typical
concave upwards profiles of terrestrial drainage basins, this suggests that erosion was restricted
to the channels themselves and did not impact the rest of the basins’ topography. For the Chilean
basins, this may be attributed to a combination of the intermittent and scarce precipitation
(Stepinski and Coradetti, 2004), the groundwater sapping, and the steepness of the regional
slope. Stepinski and Coradetti (2004) and Stepinski and Stepinski (2005) postulated that the
similarity of the shape functions of the Martian basins to those of the Atacama Desert basins
might have been due to a similarity in climate (scarce, intermittent precipitation). However, the

reasons for the similarity between the shape functions of the basins of these two sites essentially
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come down to two options: 1) considering the age of the Martian valley networks, the
topography may have been modified since their formation (i.e. the topography was initially
conformant with the drainage) or 2) the Martian valley networks formed under conditions such
that there was little erosion of the topography of the surrounding basin. In the first scenario, the
topography of the Martian basins may have been eroded by mass wasting, cratering, and/or
cryogenic processes. Additionally, the deposition of impact ejecta, volcanic and/or aeolian
sediments may have smoothed the relief of the basins. However, studies by Williams and Philips
(2001) showed that infilling and mass wasting processes have not greatly altered the original
shape of Martian valleys, consistent with the < 20 m of infill in Martian valleys estimated by
Goldspiel et al. (1993) and ~ 10 m of infill in topographic lows in the Martian highlands
estimated by Craddock et al. (1997). As such, future work should investigate the effects of post-
formational impact cratering on basin shape. In the second scenario, the implications are that the
erosional mechanics that formed the Martian valley networks were different from those that
formed typical terrestrial basins. This could be the result of different geological or climate
conditions. It could also be the result of cratering processes occurring simultaneously with
valley network formation as “simulation modeling shows that impact events could have
frustrated valley network development as the drainage area was constantly evolving” (Craddock
and Howard, 2002). Therefore, future studies should investigate the effect of basin formation in
cratered terrain on basin shape, the effect of lithology on basin shape, and “whether intermittency
of precipitation alone is sufficient to account for the anomalous morphometry of the Martian
basins” (Stepinski and Coradetti, 2004) or “whether aridity is a dominant factor” (Stepinski and
Stepinski, 2005).

Finally, recent findings from the Microscopy, Electrochemistry and Conductivity Analyzer
(MECA) instrument onboard NASA’s Phoenix Mars Lander (NASA, 2008a) have revealed the
presence of substantial amounts of perchlorate in the soil of the northern polar region of Mars.
Perchlorate is a highly reactive hydrophilic salt that, when dissolved in water, increases its
density to as high as ~ 1.7 g/cm® (Besley and Bottomley, 1969) and reduces its freezing point to
as low as 205K (Pestova et al., 2005). Of notable interest, because perchlorate is so soluble in
water, on Earth it is‘ found most abundantly in the surface soils of Chile's hyperarid Atacama
Desert (NASA, 2008b). If the discovery of ~ 1% perchlorate by Phoenix is representative of all

of Mars, or at least a significant portion, then it could have important implications on the past
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Martian climate and valley network formation. The need for warm conditions to form Martian
valley networks by certain processes would no longer be necessary if water containing dissolved
perchlorate with a freezing point of as low as 205K was made available. In addition, given that
bedrock erosion is generally assumed to be proportional to stream power (£2), which is expressed
by:
Q=pg0Ss§ (5)

where p is the density of water, g is the acceleration due to gravity, Q is the discharge and S is
the channel slope (Carter and Anderson, 2006), the power of a stream to erode into bedrock is
directly proportional to the density of water. Consequently, the high density of water containing
dissolved perchlorate would be much more effective at carving out deep channels, even given a
water source with a lower availability. As such, future studies on the erosional mechanics of
Martian valley networks would need to take into account the possibility that the eroding fluid

might have been denser and possessed a lower freezing point than pure water.
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7. Conclusions

In this study, it was shown that shape functions are useful morphometric parameters for
distinguishing between some of the geomorphic properties of basins. In particular, the analysis
showed that it is possible to use basin shape functions to distinguish between basins formed by
groundwater sapping, surface runoff and meltwater. However, the first-order effect on the shape
functions of basins was attributed to regional slope, as it appears that slope exerts a stronger
control on a basin’s shape than other factors, such as climate and formation process.

Secondly, the shape functions of Martian basins were characterized using the shape
functions of terrestrial basins formed by known processes. The Martian basins were classified as
steep groundwater sapping basins. However, a few caveats must be considered with regard to
extending the use of shape functions to characterize Martian valley networks. Firstly, despite the
first order effect of slope on terrestrial basin shape and the low regional slope of the Martian
basins considered in this study, the Martian valley networks were classified as “steep”. In
addition, in the unsupervised self-organizing map of the Martian and terrestrial basins, the
Martian basins do not intermingle with the terrestrial basins. This lack of interaction suggests
that there are fundamental differences between the shape functions of terrestrial and Martian
basins that have not been considered. Consequently, the direct use of terrestrial shape functions
to identify the origins of Martian valley networks should be undertaken with care.

Despite these caveats, the similarity between the shape functions of the Martian valley
networks and those of the Atacama Desert basins of Chile may shed some light onto the origins
of the Martian systems. Both of these sites have linear longitudinal profiles and shape functions
that stay approximately constant throughout the basin, suggesting that erosion was restricted to
the channels themselves. As such, possible reasons for the character of the Martian valley
network shape functions include groundwater sapping, a combination of intermittent and scarce
precipitation, impact cratering, differences in geologic setting and differences in the erosional
mechanics that formed the Martian valley networks due to the possible effects of perchlorate on
the freezing point and density of water on Mars.

Consequently, future studies should investigate the effect of lithology, climate, cratering
processes (both concurrent with and post valley network formation), and the erosional mechanics

of a fluid denser and with a lower freezing point than pure water.
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Appendix A

This appendix presents the results of the t-Test on the bifurcation ratio and stream length
ratio of 5 surface runoff basins (3 from Utah, 1 from Arizona and 1 from Oklahoma) and 6
groundwater sapping basins (4 from Utah and 2 from Florida). The Welch Modified two-sample
t-Test used here assumes the distribution is normal, but does not assume equal variances. Table

A.1 presents the bifurcation ratios of the drainage basins and Table A.2 presents the stream

length ratios.

Table A.1: Bifurcation ratio of selected drainage basins

Surface Groundwater
Runoff Sapping
3.01 7.94
3.44 3.74
2.88 3.38
441 2.82
4.12 3.88
4.13

Table A.2: Stream length ratio of selected drainage basins

Surface  Groundwater
Runoff Sapping
2.09 6.07
2.24 4.61
2.49 2.54
2.50 2.19
2.57 3.16
2.99

The results of the Welch Modified two-sample t-Test for the bifurcation ratio were as follows:
t = 0.92, df = 6.54, p-value = 0.39. Similarly, the results of the Welch Modified two-sample t-
Test for the bifurcation ratio were as follows: t=1.97, df = 5.20, p-value = 0.10. As such, based

on t-Test tables, at the 95% confidence level, there is insufficient evidence to reject the null

hypothesis.
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Appendix B

As presented in Chorley et al. (1957), this appendix presents the derivation of the perimeter

of a lemniscate loop, P, and the elliptic integral, £(K), used to compute the perimeter’s value.

The expression for a lemniscate loop (Figure B.1) is given by:
p =1cos(k6) (B.1)
where:
@ lies between -n/2k and n/2k
/ is the longest diameter of the loop and is analogous to the basin length
k, the lemniscate index, is a constant, greater than or equal to unity, upon which the
relationship between the maximum width of the loop depends, through its control of the
angle a (Figure B.1).
The area of the loop, (4), is obtained through integration:

_ 1 pr/2k )
A = j_mz cos(k0)?do

B.2
Lz >
4k
Therefore the lemniscate index is given by:
I’z
=— B.3
44 B-3)

Similarly, the perimeter of the loop is obtained by:

_[T* [ 2 272 wi 2
P= j_”/szl cos’ (k) + I’k sin® (k0)do (B.4)
which may be simplified to:

P= 21[0”/2\/1 “K’sin’ Ya¥

P =2IE(K)

(B.5)

k* -1
where K = —-(——k—) and E(K) is an elliptic integral of the second kind which may be solved for

values of K< 1 by:
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Figure B.1: Parameters used to describe a lemniscate loop. (From Chorley, 1957)
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Appendix C

This appendix provides the raw circularity, elongation, lemniscate index and lemniscate
ratio data for the 39 terrestrial basins and 23 Martian valley networks used in this study. Tables
C.1 and C.2 enumerate the ID numbers associated with the basins in the subsequent tables.
Table C.3 presents the circularity data of the terrestrial basins. Table C.4 presents the circularity
data of the Martian valley networks. Table C.5 presents the elongation data of the terrestrial
basins. Table C.6 presents the clongation data of the Martian valley networks. Table C.7
presents the lemniscate index data of the terrestrial basins. Table C.8 presents the lemniscate
index data of the Martian valley networks. Table C.9 presents the lemniscate ratio data of the
terrestrial basins. Table C.10 presents the lemniscate ratio data of the Martian valley networks.



ID numbers associated with the terrestrial basins.

Table C.1:
groundwater sapping; M: meltwater
ID Terrestrial Formation
Basins Process
1 Colorado 1 SR
2 Colorado 2 SR
3 Colorado 3 SR
4 Colorado 4 SR
5 Colorado 5 SR
6 Colorado 6 SR
7 Colorado 7 SR
8 Colorado 8 GW
9 Colorado 9 GW
10 Colorado 10 GwW
11 Colorado 11 GW
12 Devon 1 M
13 Devon 2 M
14 Devon 3 M
15 Devon 4 M
16 Florida 1 GwW
17 Florida 2 GW
18 Chile 1 GwW
19 Chile 2 GW
20 Chile 3 GwW
21 Chile 4 GwW
22 Chile5 GW
23 Arizona 1 SR
24 Arizona 2 SR
25 Arizona 3 SR
26 Arizona4 SR
27 Oklahoma 1 SR
28 Oklahoma 2 SR
29 Oklahoma 3 SR
30 Oklahoma 4 SR
31 Hawaii 1 GW
32 Hawaii 2 GW
33 Hawaii 3 SR
34 Hawaii 4 SR
35 Hawaii 5 SR
36 Hawaii6 GwW
37 Hawaii 7 SR
38 Hawaii 8 SR
39 Hawaii 9 GW

79

SR: surface runoff, GW:




Table C.2: ID numbers associated with the Martian valley networks

ID Martian Valley Networks

Arda Valles
Dawes East
Douglass

Evros Vallis North_1
Evros Vallis North_2
Evros Vallis West
Locras_1
Locras_2
Millochau South
10 Millochau West
11 Miliochau East
12 Naktong Vallis

13 Schiaparelli

14 Unnamed 1_1

15 Unnamed 1_2

16 Unnamed 2

17 Unnamed 3

18 Unnamed 4

19 Unnamed 5_1

20 Unnamed 5 2

21 Unnamed 6

22 Warrego Valles_1
23 Warrego Valles 2

QOO NONBAWN-=
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