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Abstract
Geological Conditions Required for the Fluvial Erosion of
Titan’s Impact Craters
by Rebeca M. Kinser
Major Advisor: Darin Ragozzine, Ph.D.

In comparison to other icy satellites, Titan has a small number of impact craters
on its surface. Its dense atmosphere screens smaller impactors from the surface, but
this alone does not account for the lack of impact craters, especially at large diameters.
This suggests that Titan has a relatively young surface and/or erosional processes have
e↵ectively removed craters from its surface. For example, fluvial erosion could degrade
craters such that they would be unrecognizable from an orbiting spacecraft such as
Cassini. The amount of erosion, however, will depend on a number of factors including
the geological and meteorological conditions of the region. A landscape evolution model
coupled with di↵erent sets of geological parameters was used to simulate the fluvial
erosion of relatively fresh impact craters on Titan. The focus was on varying the values
of parameters such as bedrock and regolith erodibility, sediment grain size, the weathering rate of the regolith, and whether or not the regolith was saturated with liquid
hydrocarbons. In some cases, it was found that only after changing the saturation state
of the regolith mid-way through the model run was it possible to completely erode the
crater. If the majority of fresh craters on Titan erode in a similar manner, the observed
lack of impact craters on Titan could have implications for its climatic history. For
example, one way to have a varying saturation state of the regolith is to have the atmospheric quantity of methane vary over time. This may occur due to episodic outgassing
from methane clathrate within Titan’s crust. This process could allow for di↵erences in
the methane content of Titan’s atmosphere over geological time scales and in turn, the
amount of surface liquids and erosion.
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Chapter 1
INTRODUCTION
Impact craters are circular depressions with raised rims on the surface of a planetary
body. They are formed by the high-velocity impact of a projectile with the surface.
Based on the crater population one can estimate the age of the surface and predict how
the surface has been modified. On the surface of Saturn’s largest satellite, Titan, impact
craters found are few in number, in comparison to other icy satellites, and localized
around the equatorial region (see Section 1.3.4). Titan is also known to have a dense
atmosphere that allows for clouds to form and methane rainfall to occur, creating the
possibility of surface runo↵ (see Section 1.2). Processes associated with surface runo↵,
known as fluvial processes (see Section 2.1), are believed to be partially responsible
for the resurfacing of Titan, possibly producing the observed paucity of craters. Fluvial
processes and their e↵ects, however, are constrained by the geological conditions present
on Titan’s surface. This thesis presents possible geological conditions required for the
degradation of fresh impact craters on Titan in order to determine the extent of fluvial
modification on the surface of Titan.

1

1.1

Cassini-Huygens Mission

Titan was first visited by the Voyager 1 mission in 1980, and is currently being observed by the Cassini-Huygens mission. The Voyager 1 flyby gave insight into Titan’s
atmosphere but failed to see through to the surface. The next step was to design a mission for the Saturnian system that could further investigate Titan and its illusive surface
along with the other moons and Saturn itself. The origin of the Cassini-Huygens mission
dates back to the early 1980’s when the European Science Foundation and the American
National Academy of Sciences formed a working group to investigate a future cooperative mission. From 1984-1985 the The National Aeronautics and Space Administration
(NASA) and the European Space Agency (ESA) performed a joint study of the potential
mission. Two elements were to make up the proposed space craft: the Cassini orbiter
that would survey Titan and the rest of the Saturnian system through a series of fly-by’s
and the Huygens probe that would be launched into Titan’s atmosphere and descend
to the surface (Figure 1.1). In 1989 both residing governments approved the mission
and experimental payloads were then designed and created over the following years.
The Cassini orbiter was designed with 12 instruments including the Imaging Science
Subsystem (ISS), Visible and Infrared Mapping Spectrometer (VIMS), and the Cassini
RADAR Mapper, all of which were capable of viewing the surface in some capacity. The
Huygens probe was designed with 6 instruments including the Gas Chromatograph and
Mass Spectrometer (GCMS), the Descent Imager/Spectral Radiometer (DISR), and the
Surface Science Package (SSP). The mission was then launched on October 15, 1997.
The spacecraft was too massive for a direct shot to Saturn, so instead a technique called
gravity assist was used. The mission arrived at Saturn in July 2004 where the Cassini
orbiter began its observations of Titan and its other targets. To date it has done 117
fly-by observations of Titan and is scheduled for more before its planned descent into
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Saturn in September 2017. The Huygens probe was released from the spacecraft on December 25, 2004 in the craft’s third orbit around Saturn. On January 14, 2005 Huygens
began its observations as it entered Titan’s atmosphere and descended via parachute to
the surface (Lorenz and Mitton, 2010).

Figure 1.1: Cartoon image of the Cassini-Huygens Spacecraft that depicts the
location of the Huygens probe along with Cassini’s VIMS, ISS, and RADAR
instruments. Image Credit: JPL-Caltech

1.2

Titan’s Atmosphere

Titan is the largest out of the Saturnian satellites, with a radius of 2575 km and a mass
of 1.345 ⇥ 1023 kg. Titan was found to have dense atmosphere with a surface pressure of
about one-and-a-half times that of Earth’s. The upper atmosphere is composed mainly

3

of nitrogen ( 98.4%) with some methane ( 1.4%) along with traces of carbon monoxide and other hydrocarbons such as ethane and propane (Niemann et al., 2005). The
methane within its atmosphere breaks down from the absorption of the Sun’s ultraviolet radiation, a processes known as photolysis. This leads to the production of short
lived, fast-reacting radicals, which then interact with the nitrogen molecules in the atmosphere, which are also photolyzed, to form complex hydrocarbon (Cx Hy ) and nitrile
(H-C-N) species. These chemical end products form organic aerosol haze layers, gives
Titan its characteristic orange color. This haze and the methane within the atmosphere
hides the surface at ultraviolet, visible, and some infrared wavelengths (see Figure 1.2;
Rodriguez et al., 2006). This haze also produces an anti-greenhouse e↵ect that reduces
the surface temperature by 9 K. This however is counter balanced by the greenhouse
e↵ect provided by the methane in the atmosphere, which increases the surface temperature by 21 K. The net e↵ect is that while the e↵ective temperature for Titan is 82 K,
the average surface temperature is 94 K (can be around 90 K within the polar regions)
(McKay et al., 1991).
Without the net greenhouse warming, the nitrogen within Titan’s atmosphere
would condense and gradually reduce the atmospheric pressure to as low as hundreds
of millibar pressure (as discussed in Charnay et al., 2014), possibly creating a world
similar to that of Triton (Lorenz et al., 1997b). Methane is destroyed and converted to
heavier hydrocarbons irreversibly by photolysis on timescales of approximately 10-100
million years, far shorter than the lifetime of Titan itself. Thus, the current detection of
methane in its atmosphere indicates that some mechanism within the interior or on the
surface of Titan has to be replenishing the methane back into the atmosphere (Niemann
et al., 2005; Atreya et al., 2006; Cuk et al., 2016).
Due to its dense atmosphere, methane on Titan can exist in both the gaseous and
liquid states, giving Titan a methane cycle similar to that of Earth’s water cycle. Unlike

4

Figure 1.2: Image taken by the Cassini Spacecraft’s ISS wide-angle camera
(wavelength ranging from 380 - 1100 nm) on January 2012 at a distance of around
1.91 ⇥ 102 km from Titan. The northern pole face is up. Image scale is 11 km per
pixel. Image credit NASA/JPL-Caltech/Space Science Institute.

water on Earth however, methane does not exist in a solid form due to the nitrogen in
the atmosphere that depresses the freezing point on the surface (Atreya et al., 2006).
The methane cycle allows clouds to form (Schaller et al., 2006; Turtle et al., 2011)
and for the possibility of methane rainfall to occur (Graves et al., 2008; Turtle et al.,
2011) creating bodies of liquids on the surface (see Section 1.3.1) and thus for fluvial
modification of the surface (see Section 2.1). The atmosphere also allows for extensive
geological features to be present on the surface of Titan much like that found here on
Earth.

5

1.3

Geological Features on Titan

Once the Cassini spacecraft reached Titan and was able to see the surface through its
atmosphere, it was revealed to be geologically diverse. This was done mainly through
the use of the Cassini RADAR at a wavelength of 2.17 cm in Synthetic Aperture Radar
(SAR) mode, VIMS in the wavelength range of 3-5.1 µm and the ISS at a wavelength of
3-1.1 µm. VIMS and ISS can view the surface specifically within the methane absorption windows of around 0.83, 0.94, 1.08, 1.28, 1.6, 2.0, 2.8, and 5.0 µm (Elachi et al.,
2005; Turtle et al., 2011; Lopes et al., 2016). Its polar regions (latitudes > 60 ) were
characterized as being covered with liquid filled lakes and ancient lake basins along with
channel networks extending from their shorelines (Figure 1.5; Stofan et al., 2007). The
mid-latitude regions (generally latitudes between 30 and 60 ) were found to be geologically nondescript by comparison and are characterized by undi↵erentiated plains (Lopes
et al., 2016). Titan’s equatorial region (latitudes between 0 and 30 ) was characterized
as being covered with linear sand dunes (Figure 1.7; Elachi et al., 2006), having mountainous ranges such as those found in the diverse region of Xanadu (spanning 90 W to
150 W; Figure 1.7b), and is known to host a few river channel networks. Also generally
found in the equatorial region of Titan are impact craters, however these features are
found to be few in number in comparison to other icy satellites (Figure 1.9; Neish and
Lorenz, 2012).

1.3.1

Lakes and Rivers

Due to the presence of methane in the atmosphere, Titan had been expected to have
oceans and/or lakes present on its surface long before the Cassini-Huygens mission
reached Titan. Initial imaging of the surface, however, did not yield any evidence of
such features. It was found that flowing liquids had been present at some point in the
6

past, however, due to the visual observations made by the Huygens Probe in its descent
to Titan’s surface in January 2005 (Lorenz et al., 2008). These observations included
complex drainage systems and river channel networks as well as a dry ancient riverbed
(Figure 1.3; Elachi et al., 2006; Tomasko et al., 2005). It wasn’t until the Cassini fly-by
of July 2006 that SAR imaging revealed more than 75 radar dark patches pole-wards
of 70 north that were interpreted as lakes and correlating channels (Figure 1.4). This
interpretation was based on the detection of flat smooth surfaces, indicated by a low
radar reflectivity, as well as the morphological similarities to that of terrestrial lakes
(Mitri et al., 2007; Stofan et al., 2007). With closer observation it was found that
not all of the lakes were completely in-filled by liquid and there was evidence of dry
depressions believed to be ancient lake basins (Stofan et al., 2007; Hayes et al., 2008).
This makes Titan the only body other than Earth capable of having long-lived liquids
present on its surface (Neish et al., 2016).

Figure 1.3: DISR Images taken with the Huygens Probe as it made its descent on
January 2005 revealing a river channel network taken at an altitude of 6.5 km (left)
and an ancient riverbed taken at the surface (right) of Titan. These images were
taken within a spectral range of 660-1000 nm. Image Credit:
ESA/NASA/JPL/University of Arizona.

Through further Cassini RADAR observations it was found that the southern pole
also carried evidence of lakes. However, unlike the northern pole, most of the depressions
7

Figure 1.4: Cassini RADAR SAR images (a) (centered 80 N, 92 W) and (b)
(centered 78 N, 18 W) during the July 2006 fly-by showing lake depressions of
liquid hydrocarbons. Image Credit: Nasa/JPL-Caltech/ASI.

were dry or only partially in-filled with liquid hydrocarbons (see Figure 1.5). This has
been hypothesized to be due to the asymmetry in seasons on Titan due to Saturn’s
orbit. Southern summers are shorter and more intense than in the north, which then
allows dryer conditions to occur in this region (Lorenz et al., 1997a; Aharonson et al.,
2009). However, these seasonal variations might have been reversed in the past. If this
was the case liquids would be capable of cycling back and forth from pole to pole over
tens of thousands of year timescales (Aharonson et al., 2009).

8

9

Figure 1.5: False color mosaics of Titan’s northern (left) and southern (right) poles. Blue-black regions indicate bodies of
liquid hydrocarbons while brown regions indicate surfaces that are dry or possibly only covered by an undetectable thick layer
of liquid. Images within these maps were obtained by Cassini’s RADAR instrument in multiple operating modes with
resolutions of 0.3-1.5 km, 2-10 km, and 40-200 km. Image Credit: NASA/JPL-Caltech/ASI/USGS.

1.3.2

Undi↵erentiated Plains

Unlike its geologically diverse equatorial and polar regions, Titan’s mid-latitudes were
found to be rather nondescript by the Cassini orbiter. They are characterized as being
vast expanses of relatively homogenous, radar-dark terrains that appear to be of low
relief at scales of hundreds to thousands of km (see Figure 1.6; Lopes et al. 2016; Stofan
et al. 2006). The Plains are believed to be formed by cyrovolcanic means consisting of
overlapping thin flows or from sedimentary/depositional means resulting from fluvial,
lacustrine, or aeolian deposition, or atmospheric deposition. If they are cyrovolcanic
in origin then it would imply that cryovolcanism was widespread for at least part of
Titan’s surface history. However, there is little current evidence for such an event
(Lopes et al., 2007; Aharonson et al., 2014). The Plains composition are consistent with
radiometry results for organic material, similar to that of the dunes found within the
equatorial region (see Section 1.3.3), which supports the idea of the Plains originating
from sedimentary/depositional means (Lopes et al., 2016).

Figure 1.6: Cassini Radar SAR image (centered 217 W, 16 N) showing the
characteristic homogenous low relief terrain of the Undi↵erentiated Plains on Titan.
Image Credit: Lopes et al. 2016

10

1.3.3

Dunes

Linear radar-dark features found near the equator of Titan were first discovered by
Cassini RADAR’s 2.17 cm wavelength Synthetic Aperture Radar (SAR) instrument
within the February 2005 fly-by image (Figure 1.7b). They were categorized as longitudinal sand dunes based on their morphologic similarities to the longitudinal dunes found
within the Namib and Saharan deserts on Earth (Figure 1.8; Elachi et al., 2006; Lorenz
et al., 2006; Radebaugh et al., 2008). Sand dunes are large accumulations of sediment

Figure 1.7: (a) Cassini RADAR SAR Image (centered 44 W, 8 N) from the
September 2006 fly-by showing longitudinal sand dunes running roughly west to east
and around higher topographic obstacles. (b) Cassini RADAR SAR Image from the
February 2005 fly-by showing an area near the northeast corner of Xanadu (100 W,
10 N) and the bordering longitudinal sand dunes running west to east. North is up.
Image credit: NASA-JPL-Caltech/ASI.

11

created by the transport of sand particles through the act of saltation. Saltation is the
act of particles hopping across a surface due to a turbulent flow of either liquid or in
this case wind. The type of dune that forms is determined by the wind regime. Longitudinal dunes are formed when wind blows from more than one direction, where the
predominate wind direction determines the trend of the dunes and the corresponding
crosswind di↵ers by more than 90 . The net transport direction for these dunes then
lies along the crest of the dune (Barnes et al., 2015).

Figure 1.8: Image of the Namib desert from a digital hand held camera with a 400
mm lens obtained from the Space Shuttle mission STS-107 at 283 km altitude.
Image credit: Earth Sciences and Image Analysis Laboratory, NASA Johnson Space
Center.

Through further Cassini RADAR observations it was determined that the dunes
on Titan are mostly found in the lower latitudes within ±30 of the equator and extend
eastward from 80 W all the way around to 130 W. The only region that they aren’t
found is Xanadu. This in itself is an interesting point due to the fact that Xanadu is
known to be a topographical low. This means that something has to be cutting the
dunes o↵ before they flow into the region, such as a river or mountains. The dunes
can be up to 200 m high, about 1-2 km wide, and up to 4 km apart while being
anywhere between ten and a hundred kilometers long (Radebaugh et al., 2008; Barnes
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et al., 2015; Elachi et al., 2006). They are also orientated eastward and are observed to
terminate or diverge around other geological obstacles, such as mountainous terrains or
river channels. Analysis of the divergence of dunes around these obstacles indicates a
net sand transport direction that is west-to-east, even though initial global circulation
models showed that average winds on Titan flows from east-to-west (Tokano, 2008;
Mitchell et al., 2009; Friedson et al., 2009). Recent models by Tokano (2010), however,
were able to reproduce peak winds in this direction. The overall pattern of the dunes’
observed morphology indicates that the dunes on Titan are in long-term equilibrium
that likely respond to long-timescale forcing (Ewing et al., 2015). The composition of
the dunes was originally thought to be water ice since it composes Titan’s crust, however
spectral analysis indicates organic material which could be a bi-product of the haze in
the atmosphere (Soderblom et al., 2007; Janssen et al., 2009)

1.3.4

Impact Craters

Icy satellites within our solar system are known to be heavily cratered bodies. Based
on this, it was expected that the surface of Titan would be covered with impact craters.
The Cassini orbiter, however, revealed that craters on Titan are few in number and tend
to be localized around the equatorial region of Titan (Figure 1.9; Neish and Lorenz,
2012). Titan’s dense atmosphere (Section 1.2) can destroy smaller incoming projectiles
that would form small craters. Impactors about 2 km in size composed of ice-rich
cometary materials are less likely to survive the passage through the atmosphere leaving
few craters with diameters smaller than 20 km (Korycansky and Zahnle, 2005; Wood
et al., 2010). Titan’s atmosphere alone then does not account for the overall lack
and asymmetric distribution of craters that are observed on Titan, especially at larger
diameters. This indicates that Titan has a relatively young surface and/or erosional
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processes that have removed craters from its surface (Lorenz et al., 2007; Neish et al.,
2016).

Figure 1.9: Combination of Cassini SAR and VIMS mosaics indicating the position
of Titan’s current known impact craters (yellow). Each marker is scaled relative to
the crater’s diameter. White boxes indicate latitudes grater than ±42 while the
black box indicates latitudes between ±19.5 . Image Credit: Neish et al. 2016;
Barnes et al. 2011

With active erosional processes on Titan, crater floors can become shallower, central peaks can be eroded and/or buried by sediments, and the inner walls can be
smoothed and flattened by downslope movement, making the craters unrecognizable
or erasing them completely from the surface. Through Cassini observations of lakes
and dunes it can be reasonably assumed that exogenic processes have modified Titan’s
craters, but it is unclear as to how endogenic processes (such as volcanism and viscous
relaxation) have modified the craters so they will not be discussed further in this context (Wood et al., 2010). Exogenic erosional processes can include fluvial degradation,
aeolian infilling. In fluvial degradation, liquid hydrocarbons entrain solid organic and
icy sediment and transports it to be deposited at a lower elevation which then erodes the
surface forming river channels (for further discussion see 2.1). Aeolian infilling involves
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the process where wind entrains the sediment particles through the act of saltation (similar to that of dunes) and then deposits them into the crater where they become trapped
(Melosh, 2011). Another way to make craters inrecognizable to the Cassini orbiter is if
they impacted into a shallower marine environment or that of a thick saturated layer
of sediments. This would allow the saturated sediments to slump into the crater not
too long after impact so that prominent topographic features used to identify impact
craters are never formed (Neish and Lorenz, 2014).

1.4

Motivation

It is clear that Titan is an active world with geological processes that modify its surface.
However, the amount of resurfacing and modification that occurs from these processes
needs to be known in order to understand how Titan has evolved over its lifetime to its
current state. A way to accomplish this is to look at specific topographic features on
Titan and determine how they evolved from their initial state due to such modification
processes. Fresh impact craters are good initial conditions to study for this type of
analysis because they have well-known shapes and morphologies. As mentioned, craters
on Titan are few in number and are primarily located in the equatorial region. Given
the observations of lakes, channels, and sand dunes on the surface of Titan, it is a
reasonable assumption that fluvial erosion and aeolian infilling are important modification processes that have the capability to erase craters from the surface. However, the
amount of modification that occurs with any process will also depend on the geological
conditions, such as grain size and the rock weathering rate, of the surrounding region.
On Titan such values are not well known but can be reasonably constrained based on
Cassini observations and Titan’s similarities to Earth. So, by understanding how di↵erent geological conditions e↵ect to the erosion of craters on the surface we can understand
the extent of the surface modification and interpret Titan’s geological evolution.
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Chapter 2
METHODS
Within this work, only those processes associated with that of fluvial erosion are examined and modeled, leaving the investigation of other modification processes (such as
aeolian infill) for future work. Bedrock weathering, mass wasting and channel erosion
within a landscape evolution model simulates the fluvial modification of impact craters
and their surrounding region based on a set of geological parameters. Calculating the
depth of the crater and comparing it to the model outputs throughout the run allowed
for an estimate of the amount of erosion that occurs with each set of parameters.

2.1

Fluvial Erosion

In order to have fluvial erosion, liquids need to be flowing either on or below the surface.
For the purpose of this work, only surface flow was considered, which can be best
initiated by rainfall. Rain that falls on the surface can infiltrate into the subsurface,
evaporate immediately back into the air, or begin to flow over the surface as runo↵.
Once the capacity of the surface to absorb the liquid is saturated the remaining rainfall
is trapped in the small depressions and irregularities on the surface. As more rain
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accumulates, the ability for these depressions to store the rainfall is usually exceeded
after some period of time. At this point the rainfall forms a solid sheet of liquid and
begins to flow down slope to the lowest point due to gravity (see Figure 2.1). The ability

Figure 2.1: Image showing how rainfall interacts with the surface by infiltration
and runo↵ schematically (top) and through a volumetric division rainfall (bottom).
The division of rainfall into infiltrated liquid and runo↵ reaches a steady state after
an infiltration ralxation time ti . Top and Bottom Image Credit: Melosh, 2011

of this runo↵ to entrain surface material and erode the underlying slope is proportional
to the shear stress, ⌧ , exerted on the surface by the liquid:

⌧ = g⇢f zsin(↵)
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where g is the gravity of the body, ⇢f is the density of the fluid, z is the mean depth
of the liquid, and ↵ is the slope Melosh (2011). If the small angle formula is applied to
the slope angle ↵ it can be approximated as the slope, S, and z can be equated to the
hydraulic radius (the ratio of the cross sectional area to the perimeter of the flow), R,
giving:
⌧ = g⇢f RS

(2.1)

Flowing liquid will begin to erode the surface material when the shear stress equals or
exceeds a threshold shear stress, ⌧c :
⌧c = ⌧ ⇤ (⇢s

⇢f )gd

Here ⌧ ⇤ is a dimensionless threshold shear stress, ⇢s is the density of the sediment, and d
is the grain diameter (adapted from Melosh (2011)). This equation can also be written
in terms of the specific gravity of the sediment, Ss :
⌧c = ⌧ ⇤ g(Ss

1)⇢f d

(2.2)

Erosion is then enhanced by any factor that increases the shear stress such as a deeper
flow and/or a steeper slope. The majority of fluvial erosion occurs due to flooding events
held within the region. Thus, if the velocity of the flow is not high enough fluvial erosion
cannot occur.
The material that is then transported along the surface can be divided into three
components based on their location within the flow. First, the “bed-load” consists of
course material that slides, rolls, or saltates along the boundary of the surface, or bed.
The second is composed of finer sediments concentrated near the boundary but may
be found slightly higher in the water column known as the “suspended-load.” The
final component is the “wash-load,” which is composed of even finer sediments that is
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Figure 2.2: Image showing the modes of sediment transport in a liquid along with
the di↵erent regions of the flow. (a) The sliding and rolling that occurs within the
bed-load of the flow. (b) The bed-load, suspended-load, and wash-load regions of the
flow.

usually uniformly mixed with the liquid and is in near-permanent suspension (Figure
2.2). The sediment is deposited at some location downslope when it settles down to the
bottom of the flow and can no longer be supported in the flowing liquid. The material
flowing on the surface that creates the means of fluvial modification can then be modeled
analytically if the geological parameters of the region are known.

2.2

Landscape Evolution Model

The landscape evolution model that was used in this work to simulate the fluvial erosion of Titan’s impact craters is based on the original model developed and discussed in
Howard (1994, 1997, 2007). The model simulates the process of fluvial erosion by applying set geological parameters to a grid of square matrix cells. Each cell is assumed to
host a single channel that carries the total discharge through that cell. Within each cell,
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slope processes occur simulating the fluvial erosion over given time iterations (Howard,
1994).
There are many parameters in the model that can be tuned to the environment of
interest based on the observations of remote sensing and in-situ data, possible terrestrial
analogues, and climate modeling. One of the main geological parameters set within the
model is the sediment grain size. For this work two grain sizes were used that are
consistent with the Huygens probe observations, that of sand sized (0.0002 m) and
gravel-sized (0.02 m) particles. The Huygens probe DISR instrument was capable of
observing pebbles (⇠ 33 mm) and cobbles (ranging from ⇠2 to 10 cm) mixed in with
finer-grained material (see Ch1 Figure 1.3; Tomasko et al., 2005; Keller et al., 2008;
Atkinson et al., 2010). Based on the results from the penetrometer on the Huygens
SSP, the finer-grained material is believed to be composed of a cohesive material similar
to wet sand with a mean grain size of ⇠2 mm (Zarnecki et al., 2005; Atkinson et
al., 2010). The colluvium (unconsolidated sediment) grain size on Titan can then be
assumed to range from several millimeters to several centimeters.
Climate models for Titan predict that methane on the surface would diverge from
the equator leaving an arid landscape there (Mitchell, 2008; Schneider et al., 2012; Lora
et al., 2014). This means no standing body of liquid would be present for appreciable
periods of time within equatorial craters. However, when the Huygens probe made
contact with the surface of Titan, the heated GCMS probe inlet recorded a release of
liquid methane after surface contact indicating the possibility of a wet surface similar
to that of wet sand (Niemann et al., 2005). This could indicate that sometime within
Titan’s history it may have had a very moist landscape. Thus, the model was given the
capability of having either a moist or arid climate.
This model simulates the act of fluvial erosion by (1) the physical and chemical
weathering of rocks to form transportable colluvium, (2) mass wasting by nonlinear
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creep, (3) fluvial detachment through erosion of bedrock channels, and (4) fluvial transport and deposition through the erosion of alluvial channels. The erodibility of the
crater region may vary with di↵erent values for the crater rim, ejecta blanket, floor,
and central uplift. However, the model does not allow for such spatial variations of
the parameters. Thus, within this work the same erodibility parameter is used for the
entire layout of the studied crater region and focuses mainly on the relative rate of
modification over time.

2.2.1

Bedrock Weathering

As mentioned, the first component of the model is the incorporation of the physical
and chemical weathering of rocks. Within the model it is assumed that the bedrock
material is sufficiently hard, but that it can be weathered at a finite rate by physical or
chemical processes to form colluvium. Conversion of bedrock to colluvium is assumed
to be isovolumetric, meaning that it does not change the land surface elevation. The
b
rate of lowering the bedrock-colluvium boundary, ( @z
), is assumed to decrease with the
@t

thickness, H, of overlying colluvium:
@zb
= Kb e
@t

Hc

(2.3)

where Kb is the intrinsic maximum weathering rate and c governs the decay of the
weathering rate with colluvium thickness. For terrestrial environments c is set to 0.03
m

1

while Kb is a variable parameter in the range of 0.02 to 0.0002 m/yr (Heimsath

et al., 1997, 1999, 2000). Kb however is a joint function of bedrock properties and
climate and neither of which are well defined for Titan.
Because Titan’s regolith and bedrock properties are not well defined, the relative
rate of change is emphasized rather than the absolute rate of change within this work
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(Neish et al., 2016). Titan’s bedrock is assumed to be composed of icy materials, which
are expected to be less erodible than terrestrial bedrock. This is because, while although
the tensile strength of ice at Titan temperatures is comparable to that of terrestrial rock,
the abrasion resistance is about ten times less on Titan. The Young’s modulus, or the
“sti↵ness” of the material, is also about six times less on Titan than that found on Earth
(Collins, 2005; Collins et al., 2011; Litwin et al., 2012).
For the simulations used within this work the bedrock is assumed to be waterammonia ice and the colluvium is assumed to be eroded ice and/or hydrocarbon deposits.
So it was decided to use values of Kb on order of magnitude lower than the range
for moderately Earth-like soils (i.e., 0.001 m/yr and 0.00001 m/yr). The extent of
chemical weathering on Titan will depend on whether the bedrock is pure water ice
or if hydrocarbons are mixed within it. For example, if it is composed of pure water
ice then the weathering is expected to be negligible based on the solubility of water
ice in liquid hydrocarbons being extremely small (Lorenz and Lunine, 1996). However,
if hydrocarbons are mixed in the ice, chemical weathering may be a more important
process (e.g., Neish et al. (2015)).

2.2.2

Mass Wasting

The mass wasting component of the model is simulated by di↵usive movement and
near-failure conditions. Di↵usive movement characterizes how much loose sediment is
gradually moved downhill, known as creep. Near-failure conditions characterize how
much sediment is suddenly detached from a slope by avalanching. This component is
dependent on the slopes S between adjacent cells. The rate of erosion by mass wasting,
@zm
),
@t

is proportional to the spatial divergence of colluvial mass flux qm (volume per unit

time per unit width):
@zm
= r · ~qm
@t
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(2.4)

The colluvium mass flux is then given by a nonlinear relationship:
"

~qm = Ks |S| + Kt

1

1
[|S|/St ]a

1

!#

~s

(2.5)

where |S| is the absolute value of local slope, ~s, is the unit vector in the downslope
direction, St is a threshold gradient at which the rate of mass wasting becomes infinite
(i.e., landsliding), Kt and a are the coefficient and exponent (respectively) that provide
a smooth approach to the threshold slope, and Ks is creep di↵usivity. The constants
here depend on whether or not the process is acting on colluvium (low threshold slope)
or bedrock (high threshold slope). When erosion is occurring on pure slopes of bedrock
(when the erosion rate is greater than the maximum weathering rate and creating new
colluvium) St is set to 2.7 while Ks is set to be zero. Otherwise, St is set to 0.6 and Ks is
set to 0.0005 m2 /yr, which is characteristic of terrestrial environments (e.g., Carson and
Kirby (1972); Martin (2000)). In order to provide a smooth approach to the threshold
slope for rapid erosion rates the exponent a is assumed to be 3.0 and Kt is 0.05 (Howard,
1997; Forsberg-Taylor et al., 2004; Neish et al., 2016).

2.2.3

Channel Erosion

The last two components of the model deal with the erosion of channels within each cell
through detachment-limited processes and through transport-limited processes found
with bedrock channels and alluvial channels (respectively). Bedrock channel erosion
occurs when all of the sediment is moved out of a cell at each model time step. Bedrock
erosion is characterized in the model by plucking and cavitation mechanisms. Plucking occurs when pieces of bedrock become frozen to the flow material and are then
detached, or “plucked”, from the surface and mobilized within the flow. Cavitation on
the other hand is the formation and collapse of bubbles of vapor in a fluid flow, which
produce shock waves that can excavate into the underlying bedrock. Alluvial channel
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erosion occurs when sediment in the cell exceeds a critical amount and both erosion and
deposition can occur. This erosion is then characterized by entrainment, transport in
the flow and deposition downstream (Howard, 1994, 1997; Forsberg-Taylor et al., 2004;
Neish et al., 2016).

Bedrock Channels
Erosion by fluvial detachment on steep slopes where the flow is carrying less than a
capacity load is assumed to be proportional to the shear stress, ⌧ , exerted by flowing
liquid:
@zf
=
@t

@zf
=
@t

⌧ Kf

Bedrock

(2.6)

⌧ Kf Kr

Colluvium

(2.7)

where Kf is the rock fluvial erodibility parameter and Kr is a factor that describes
the relative erodibility of colluvium and bedrock, with a value of one indicating equal
erodibility between the materials.
Due to the low erosion rates expected in water ice bedrock based on Titan’s low
surface temperatures (e.g., Collins et al., 2011; Litwin et al., 2012), Kr is set so that
the colluvium is ten times more erodible than bedrock on Titan. Only small amounts of
colluvium are likely to be available for incision due to the steep slopes of crater rims and
walls. Incision into bedrock will then dominate and make the model relatively insensitive
to the value of Kr (Forsberg-Taylor et al., 2004; Neish et al., 2016). Kf is then varied
from 0.02 to 0.0002 m2 yrkg

1

based on terrestrial erosion rates of moderately strong

sedimentary or metamorphic rocks that are comparable to the icy bedrock on Titan
(Forsberg-Taylor et al., 2004). The value of Kf can be estimated based on the related
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value of the impact wear resistance of the rock, "v , by:

"v = kv

where

T

2
T

2E

(2.8)

is the tensile strength of the bedrock, kv is the abrasion resistance, and E is the

Young’s modulus (Sklar and Dietrich, 2004; Litwin et al., 2012). The tensile strength
and abrasion resistance of Titan’s bedrock is still not well constrained, so in this work
the relative rate of change will be emphasized and not its absolute value.
The shear stress, ⌧ (see Equation 2.1), can be related to channel gradient and
drainage area using equations of hydraulic geometry and steady uniform flow as discussed in Howard (1994):
Kn g 1/2 R2/3 S 1/2
N

V =

(2.9)

Q = RW V = P Ae

(2.10)

W = Kw Q b

(2.11)

where ⇢f is the density of the fluid (450 kg/m3 for liquid methane), g is the gravitational
acceleration (1.35 m/s2 for Titan) R is the hydraulic radius, S is the channel gradient,
V is the mean velocity of the flow, N is the Manning roughness (representing the friction
applied to the flow by the channel), Q is the flow discharge, W is the channel width, P
is a specific runo↵ yield, A is the drainage area, Kn and Kw are dimensional factors, and
e an b are exponents. For the intentions of this work N is set to 0.03 m1/6 (similar to
gravel channels on Earth; Arcement and Schneider 1989), P is set to 3.0 ⇥10 5 m1.6 s 1 ,
Kn is set to 0.3, Kw is set to 5.0 s1/2 m

1/2

, e is 0.7 and b is 0.5. Combining equation 2.6

with equations 2.9 - 2.11 gives the following expression for the erosion rate of bedrock:
@zf
=
@t

Kf ⇢f g 0.7

!
NP 1 b
A0.21 S 0.7
Kn Kw

25

(2.12)

This equation indicates that when a cell experiences a large shear stress (i.e., has a large
slope, S), a large erodibility parameter, and/or an increase in drainage area then more
material can be eroded (Neish et al., 2016).

Alluvial Channels
When the flux of sediment transported as bed and suspended load reaches or exceeds the
a
transporting capacity of the flow, the erosion or deposition rate, ( @z
), is proportional
@t

to the spatial divergence of the transport flux qs (volume per unit time per unit width):
@za
=
@t

r · ~qs

(2.13)

Sediment transport flux is estimated using a bed-load transport formula expressed as
the relationship between a dimensionless transport rate,

, and a dimensionless shear

stress, ⌧ ⇤ (derived from Equation 2.2):
= Ke (⌧ ⇤

⌧c ) p

(2.14)

qs (1
1/2
g d2/3 (S

µ)
1)1/2

(2.15)

where
=

⌧⇤ =

s

⌧c
g⇢f (Ss 1)d

(2.16)

In these equations ⌧c is the value of ⌧ ⇤ at the threshold of motion (set to 0.05), p is
the discharge exponent (1.5 for gravel and 3.0 for sand), Ke is a transport factor (8.0
for gravel and 40.0 for sand), µ is the alluvial porosity (set to 0.5), d is the sediment
grain size (0.02 m for gravel and 0.0002 m for sand), and Ss is the specific gravity of the
sediment (2.2 for water ice in methane liquid, using values from Burr et al. (2006)). The
shear stress is estimated from Equations 2.1 and 2.9 - 2.11, with the dominant discharge
for sediment transport assumed to be 0.6 of the mean annual flood, which flows for 5%
26

of the year. The bed sediment load is assumed to constitute 20% of sediment eroded
from slopes (Forsberg-Taylor et al., 2004; Neish et al., 2016).
Making di↵erent assumptions about the parameter values in the simulations will
a↵ect absolute erosion rates and details of crater morphology. The model parameters
that most a↵ect these properties, and that were varied in this work, is the relative rates
of rock weathering (Kb ), rock fluvial erodibility (Kf ), grain size (d), and the saturation
state of the regolith (see Tables 3.2 and 3.3).

2.3

Measuring Crater Erosion

The landscape evolution model was run for simulations of fluvial degradation on input
digital terrain models (DTM) of fresh, ⇠40 km diameter impact craters on Titan and
Ganymede. The DTMs used in this work were produced from both stereo and photoclinometric methods. Stereo-derived DTMs employed Galileo Solid State Imager (SSI)
images of Ganymede and the Cassini RADAR images of Titan (Schenk et al., 1997;
Schenk and Bulmer, 1998; Kirk, 2012). The photoclinometry-derived DTMs employed
the line profiling tool described in Schenk (1989) and incorporate the combined lunarlambart photometric function as defined by McEwen (1991) (Bray et al., 2012). In order
to determine the cumulative amount of erosion a crater had undergone throughout the
simulation, depth and relative depth measurements were calculated and compared with
corresponding model simulated DTM outputs through each time step.

2.3.1

Craters on Ganymede vs. Titan

Fresh craters on Ganymede are good analogues for fresh craters on Titan. This is because
both bodies have similar characteristics that are important to the dimensions and sizes
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of craters. Such characteristics include the gravity (g) of the body, average impact
velocity (v) of incoming projectiles, probable projectile size, and target and projectile
density (⇢t and ⇢p respectively) (Holsapple and Housen, 2007). For Titan and Ganymede
g is estimated to be 1.4 m/s2 , ⇢t is estimated to be 1g/cm3 , and ⇢p is estimated to be 1
g/cm3 (Zahnle et al., 2003; Schenk., 2002). The average v on Ganymede is twice that at
Titan (20 km/s vs. 10.5 km/s; (Zahnle et al., 2003)). Depths of craters on Ganymede
however are very similar to those found on Callisto, which only has an impact velocity
of 15 km/s. Thus the discrepancy in v between Ganymede and Titan can be seen as a
negligible e↵ect (Schenk., 2002).

2.3.2

Calculating Crater Depth

The depth of the crater was measured through the use of eight cross-sectional profiles
taken across the crater at each time step (Figure 2.3). The depth of the crater for a

Figure 2.3: Interpolated DTM of a 40 km analogous Ganymede Crater overlaid on
a shaded relief map that indicates the cross sectional location of eight topographic
depth profiles

given profile is then determined by taking the di↵erence between the highest point on
the crater rim and the lowest point on the crater floor, on both sides of the central uplift
and averaging them (Figure 2.4). Once all of the depths are determined for all eight
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profiles the final depth measurement for a given time step is calculated as the mean
of those values. The error in depth measurement for a time step is then calculated by
taking the standard deviation of the eight profile depths.

Figure 2.4: Depth profile plot depicting the 3rd topographical cross section shown
in Figure 2.3 along with the highest and lowest points on both sides of the central
uplift that are used to calculate the depth

2.3.3

Calculating Crater Relative Depth

The relative depth at a given time step of the crater was calculated based o↵ of these
depth measurements. The relative depth, Rt , is a unitless estimate of how much of the
original crater depth has been eroded at each time step denoted by:

Rt =

Do

Dt
Do

(2.17)

Where Do indicates the starting depth of the crater and Dt indicates the measured depth
for each simulation time step, t. A relative depth of zero indicates that no erosion has
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occurred (original structure remains) and a value of one indicates the complete erosion
of the crater (completely flat terrain). The error in relative depth for a model run is
calculated by taking the standard deviation of all of the relative depth values for each
time step.
Throughout the model run, however, channels and other geological features can
form within the basin of the crater that can skew both depth and thus relative depth
values. Due to this complication, visual comparison of the amount of erosion within the
final DTM output and the relative depth values were used to determine how e↵ectively
the crater was eroded (for examples, see Figure 3.3 and Figures 3.4 - 3.22).
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Chapter 3
RESULTS
The methods described in the previous chapter were used to analyze the crater Ksa
on Titan and an analogous 40 km diameter crater on Ganymede. This work focuses
on the analysis of the analogous Ganymede crater while Ksa was previously analyzed
in Neish et al. (2016). The analyses focuses on case parameter sets of sand (0.0002
m) and gravel (0.02 m) sized particles. As in Neish et al. (2016), the parameters that
were varied within the model were the sediment grain size, bedrock erodibility, and
rock weathering rate. For the purposes of this work the regolith saturation state was
also explored, meaning the regolith would either be fully saturated or fully unsaturated
with liquid hydrocarbons during a model run. While all other parameters were held
constant during each run, in select cases the saturation state was allowed to change at
a given time step during a model run (see Case 3 for sand and Cases 6 and 8 for gravel
sized particles). For each simulation the model was run for a total of twenty thousand
time-step iterations. Since the weathering rate for Titan is not well known, the work
presented here focuses on the relative rate of modification over general geological time
scales of around a hundred million of years.
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3.1

Previous Work

In previous work, Neish et al. (2016) applied the landscape evolution model (see Section
2.2) to fresh impact craters on Titan, to observe how craters on Titan evolve in response
to fluvial degradation. This was done for craters in the diameter range of 40 km and
80 km, but this body of work will only emphasize the results found from the 40 km
diameter category.

Figure 3.1: Cassini RADAR images of the craters examined within Neish et al.
(2016) all with diameters around 40 km.

Neish et al. (2016) examined Ksa, Momoy, the unnamed crater on Shikoku Facula
(referred to as “Shikoku”), and the unnamed crater on Santorini Facula (referred to as
“Santorini”) (see Figure 3.1 for reference). Although Ksa, Momoy, Shikoku, and Santorini have nearly identical diameters, they all have distinct morphologies (as discussed
in Neish et al., 2016). A DTM of Ksa (Figure 3.2) was used within the model to simulate
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the eight cases listen in Table 3.1 where the values of grain size, bedrock erodibility, and
the rock weathering rate were varied.

Figure 3.2: Image taken from Neish et al. (2016) showing (a) the original DTM of
Ksa overlaid on a Cassini RADAR image and (b) an interpolated DTM of Ksa used
in the simulation overlaid on a shaded relief map. Image Credit: Neish et al. 2016

Table 3.1: Values of simulation parameters used in Neish et al. (2016)
Run
Case
Case
Case
Case
Case
Case
Case
Case

1
2
3
4
5
6
7
8

Grain Size
d (m)
0.02
0.02
0.0002
0.0002
0.02
0.02
0.0002
0.0002

Bedrock Erodibility
Kf (m2 yr/kg)
0.02
0.0002
0.02
0.0002
0.02
0.0002
0.02
0.0002

Rock Weathering
Rate Kb (m/yr)
0.001
0.001
0.001
0.001
0.00001
0.00001
0.00001
0.00001

It was noted that Ksa, while likely having experienced some degradation by fluvial or aeolian processes, was a relatively fresh crater and a suitable starting point for
simulations. The aim was to determine whether fluvial degradation of an impact crater
like Ksa alone could result in a crater of similar depth to Momoy, Shikoku, or Santorini
that also did not have a recognizable central peak.
For all eight cases, the central peak did not erode away until the crater was much
shallower than the observed depth of Momoy. It was found that the smaller the central
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peak, the less time it would take for it to erode away. It was then concluded that if
Momoy were to have started with a central peak similar in height to that of Ksa, there
would still be evidence within the Cassini RADAR data. Shikoku and Santorini, on the
other hand, may have started with a central peak as large as that of Ksa that has since
eroded away.
Based on the di↵erent time spans that it took for the simulation in Cases 1, 3,
5, and 7 to produce a crater with the same relative depth as Momoy and Shikoku it
was determined that a range of crater ages may exist on the surface of Titan. When
the crater was exposed to long time periods within the simulation, fluvial modification
would end up eroding the crater past the point of recognition in plan view (as can be
seen in Figure 3.3). Fluvial erosion is dependent on the slope, which will decrease with
time as the crater rim erodes away. Thus, in these situations the infilling rate diminishes
over time because the inner crater wall is also diminishing in height, which is the source
of the movable sediment (Forsberg-Taylor et al., 2004).
It was also found that the relative infilling rate was most sensitive to the Kb parameter and then secondly by the Kf parameter, while the grain size had little e↵ect
on the relative infilling rate. However, the grain size did have an a↵ect on the morphology produced by the erosion of the crater. It was then concluded that comparisons
between the modeled results and images of craters on Titan could help in constraining
the primary grain size of Titan’s colluvium.
Neish et al. (2016) also examined simulations using an analogous fresh 40 km
diameter Ganymede crater described in Bray et al. (2012) as the input DTM for the
eight cases listed in Table 3.1. However, not all parameter sets were capable of fully
eroding the crater by fluvial processes. The aim of the present work is to explore a larger
parameter space in order to determine under which conditions this analogous Ganymede
crater would become fully eroded.
34

Figure 3.3: Image taken from Neish et al. (2016) showing the simulation of the
degradation of Ksa by fluvial erosion using 0.02 m for grain size, 0.02 m2 yr/kg for
bedrock erodibility, and 0.001 m/yr for the rock weathering rate. Depth profiles
through the center of the crater at each time step are shown in the bottom right
panel. Image Credit: Neish et al. 2016

3.2

Sand Sized Particles

Following from Neish et al. (2016), the aim of this work is to explore a larger parameter
space in order to determine under which conditions the analogous 40 km diameter
Ganymede crater would fully erode. As in Neish et al. (2016), the parameters that
were varied within the model for this analysis were the sediment grain size, bedrock
erodibility and rock weathering rate while a fourth parameter was added known as the
regolith saturation state. In Neish et al. (2016) the saturation state for all of the
cases examined was unsaturated. In certain cases, while all other parameters remained
constant, the saturation state was allowed to switch between fully saturated and fully
unsaturated. The analyses focuses on case parameter sets of sand (0.0002 m) and gravel
(0.02 m) sized particles.
35

The parameter involving sand sized particles (0.0002 m) that were analyzed in this
work are listed in Table 3.2 and shown in Figures 3.4 - 3.12. The parameters used in
Cases 1 and 7 were able to fully erode the crater past the point of recognition with final
relative depths of 0.84 ± 0.24 and 0.90 ± 0.21, respectively (Figures 3.4 and 3.10). The
steady trend of relative depths midway through the simulation for Case 1, and similarly
towards the end of Case 7, indicates that the erosion all but ceases about half way
through the simulation after the crater rim was eroded away. This is not unusual since
erosion of the crater is proportional to the slope of the crater walls. Thus, the erosion
rate will decrease once the crater walls have been fully eroded. Note that Case 1 does
have a relative depth value below 0.9. This is due to inaccurate depth measurements
caused by small channels forming within the region of the crater floor and leaving uneven
and reshaped terrain within the final time-step.

Table 3.2: Simulation Parameters for the Analogous 40 km Ganymede Crater with
Sand Sized Particles (0.0002 m)
Run
Case
Case
Case
Case
Case
Case
Case
Case
Case

1
2
3
4
5
6
7
8
9

Bedrock Erodibility
Kf (m2 yr/kg)
0.02
0.02
0.02
0.02
0.02
0.0002
0.0002
0.0002
0.0002

Rock Weathering
Rate Kb (m/yr)
0.001
0.001
0.001
0.00001
0.00001
0.001
0.001
0.00001
0.00001

Saturation State
Unsaturated
Saturated
Saturated-Unsaturated t=10
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Saturated

Final Relative
Depth
0.84 ± 0.24
0.89 ± 0.25
0.84 ± 0.24
0.75 ± 0.21
0.89 ± 0.26
0.46 ± 0.12
0.90 ± 0.21
0.40 ± 0.13
0.48 ± 0.17

By the end of Case 2 there was still a distinct remnant of a crater rim but the
relative depth measurement leveled o↵ early within the simulation to end at a value
of 0.89 ± 0.25 (Figure 3.5). This indicated that no further erosion could occur on the
existing rim of the crater. This is possibly due to drainage being diverted away from
the crater rim into the surrounding areas through the channel networks that can be
seen around the crater. After applying a varying saturation state during the run at
t=10x103 for the same set of parameters, Case 3, the craterform was fully erased from
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the surface. Note that the final relative depth value, 0.84 ± 0.24, is actually slightly
lower than before. This is due to the inaccurate depth measurements being taken from
a flat washed out landscape near the end of the simulation, as can be seen in Figure 3.6.
Cases 4, 5, and 6 did not fully erode the rim of the crater by the end of the
simulation with final relative depth values of only 0.75 ± 0.21, 0.89 ± 0.26, and 0.46 ±
0.12 respectively. However, in Cases 4 and 5 it was observed that the rate of erosion
was relatively consistent throughout the run and the trend in relative depths did not
level o↵ at any given value (see Figures 3.7 and 3.8). In Case 4 it can be seen that even
after channels emerge and begin to wash out the surrounding landscape, they do not
erode the outer crater wall. These channels however do manage to dissect the floor of
the crater, where they start to erode the inner walls of the crater rim. When a variable
saturation state was applied to the same parameters in Cases 4 and 5, the simulation
gave similar results. This indicates that a longer time is needed in order to fully erode
the crater under these parameters due to the low rock weathering rate compared to Cases
1-3. It was observed in Case 6, however, that the erosion rate did vary throughout the
simulation based on the relative depth trend shown in Figure 3.9. Some of the variation
in the relative depth may be due to inaccurate depth measurements coming from the
altered terrain of the crater floor through channel networks. However, this does not
explain why the crater rim was not fully eroded. From the model outputs it can also
be seen that by the end of the simulation multiple parts of the remaining rim are still
highly elevated. This is could be due to how drainage is being diverted away from the
rim through the channel networks.
A similar situation to Cases 4 and 5 was observed in Cases 8 and 9. In these cases,
however, the relative depth values never reached above 0.5 and the crater rim was still
very obviously present within the final model output (Figures 3.11 and 3.12). By the
end of both simulations it can be seen that channel networks have just barely broken
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through the crater wall and are starting to erode the surface of the crater floor. This
all indicated that very little erosion had occurred. Even after allowing the saturation
state to vary the crater was still very recognizable in the final model output. Similarly
in Cases 4 and 5, this indicates that the time iteration may need to be longer in order
to fully fluvially erode the crater. This was tested in an additional model run with
sixty thousand iterations (comparable to the twenty thousand iterations done for the
simulations presented in Tables 3.2 and 3.3). With the extended time frame the crater
was capable of being fully erased and the erosion rate throughout the run remained
relatively consistent till full erosion was achieved.
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Figure 3.4: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 1 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.5: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 2 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.6: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 3 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.7: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 4 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.8: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 5 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.9: (top) Select model outputs of colorized topography over a shaded relief
map of the crater and (bottom) the relative depth plot for the simulation of fluvial
erosion of Case 6 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.10: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 7 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.11: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 8 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.12: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 9 from Table 3.2. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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3.3

Gravel Sized Particles

The parameters involving gravel sized particles (0.02 m) that were analyzed for fluvial
erosion within this work are listed in Table 3.3. Parameters used in Cases 1 and 2 were
capable of fully eroding the crater past the point of recognition within the digital models
with final relative depth values of 0.96 ± 0.27 and 0.97 ± 0.29, respectively. In both
cases it can be seen through the trend of relative depths that the crater rim was eroded
by t=10⇥103 , after the crater rim was fully eroded (similar to Case 1 for sand sized
particles in Table 3.2).

Table 3.3: Simulation Parameters for the Analogous 40 km Ganymede Crater with
Gravel Sized Particles (0.02 m)
Run
Case
Case
Case
Case
Case
Case
Case
Case
Case
Case

1
2
3
4
5
6
7
8
9
10

Bedrock Erodibility
Kf (m2 yr/kg)
0.02
0.02
0.02
0.02
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002

Rock Weathering
Rate Kb (m/yr)
0.001
0.001
0.00001
0.00001
0.001
0.001
0.001
0.001
0.00001
0.00001

Saturation State
Unsaturated
Saturated
Unsaturated
Saturated
Unsaturated
Unsaturated-Saturated t=4
Saturated
Saturated-Unsaturated t=10
Unsaturated
Saturated

Final Relative
Depth
0.96 ± 0.27
0.97 ± 0.29
0.95 ± 0.29
0.95 ± 0.30
0.56 ± 0.11
0.96 ± 0.25
0.75 ± 0.17
0.85 ± 0.21
0.71 ± 0.21
0.56 ± 0.19

Cases 3, 4, 5, and 7 did not fully erode the crater. In Case 3 it can be seen that
channels formed within the crater were concentrated near the inner crater rim and did
not manage to breach the inner crater floor surface. In Case 4 it was observed that
flooding occurred in and around the crater which managed to erode the both the crater
inner and outer rim. The trend in relative depth measurements for Case 3 and Case 4
show that the rate of erosion was relatively consistent throughout the run, ending with
high final relative depth values of 0.95 ± 0.29 and 0.95 ± 0.30, respectively (Figures 3.15
and 3.16). Note that even though the relative depth value is above 0.9, the crater was
not fully eroded in either case, as can be seen in in the model outputs in Figures 3.15 and
3.16. When the saturation state was allowed to vary for these two cases, the simulation
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gave similar results. This indicates that a longer time iteration may be needed in order
to fully fluvially erode the crater under these parameters.
In Cases 5 and 7 the crater stopped eroding half way through the simulation shown
by the relative depth values leveling at values of 0.56 ± 0.11 and 0.75 ± 0.17, respectively
(Figures 3.17 and 3.19). In Case 5, this behavior might be due to the channels that
formed along the floor and around the inner and outer rim wall of the crater. These
channels could be diverting the drainage in a way that limits its a↵ects on the crater
itself. In Case 7 a similar process might be occurring that is concentrated mainly within
the floor and inner rim wall of the crater. After applying a varying saturation state for
Case 5 at t=4⇥103 , Case 6, and for Case 7 at t=4⇥103 , Case 8, the crater was no longer
recognizable within the final model outputs (Figures 3.18 and 3.20). The final relative
depth value for Case 8 is shown to be below 0.90 but this is believed to be due to the
inaccurate depth measurements influenced by the extending channels and washed out
terrain that formed by the end of the simulation (Figure 3.20).
Cases 9 and 10 did not completely erode the crater by the end of the model run.
The trend of relative depth measurements indicate that the rate of erosion was relatively consistent giving final values of only 0.71 ± 0.21 and 0.56 ± 0.19, respectively.
The crater rim was also still obviously present within the final digital models showing
that little erosion had occurred (Figures 3.21 and 3.22). Within the surrounding region
of the crater in channel networks have barely, if at all, begun to from. In Case 9 it can
be seen that a channel formed around the inner rim of the crater but was not capable
of creating a substantial amount of erosion by the end of the simulation. The results
from the model were similar when the saturation state was allowed to vary within the
run. This indicates that the time iteration needs to be longer in order to fully fluvially
erode the crater (similar to Cases 8 and 9 for sand sized particles in Table 3.2). This
was tested in an additional model run with sixty thousand iterations (comparable to the
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twenty thousand iterations done for the simulations presented in Tables 3.2 and 3.3).
Similarly with the cases involving sand, the crater was capable of being fully erased.

Figure 3.13: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 1 from Table 3.3. In these images the iteration time step, t, is
represented in terms of x103 .
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Figure 3.14: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 2 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.15: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 3 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.16: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 4 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.17: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 5 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.18: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 6 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.19: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 7 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.20: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 8 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.21: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 9 from Table 3.3. In these images the iteration time step, t, is
represented in terms of ⇥103 .
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Figure 3.22: (top) Select model outputs of colorized topography over a shaded
relief map of the crater and (bottom) the relative depth plot for the simulation of
fluvial erosion of Case 10 from Table 3.3. In these images the iteration time step, t,
is represented in terms of ⇥103 .
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Chapter 4
CONCLUSION AND
IMPLICATIONS
The results of the simulations presented in this work show that not all geological conditions are capable of removing morphological and topographic evidence of impact craters
through fluvial erosion. Some model runs were found to have low and consistent erosion
rates that were incapable of erasing the crater unless longer time spans were explored
within the simulation. Other runs required either a fully saturated state, or a varied
saturation state during a simulation in order to erase the crater. Overall this suggests
certain implications for Titan’s crater distribution, climatic history, and geological evolution.

4.1

Crater Morphology

The erosion rate observed within the model runs is most sensitive to the rock weathering
rate and the bedrock erodibility while the grain size had less of an e↵ect. The grain
size however was e↵ective in altering the resulting crater morphology between similar
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model runs. For example, Case 5 for sand sized particles and Case 4 for gravel sized
particles have the same bedrock erodibility, weathering rate, and saturation state, but
as shown in Figures 3.8 and 3.16, they have very di↵erent end morphologies. In the
case involving sand, one can observe that the elevation of the terrain is more evenly
distributed with many fluvial channels woven through the region. On the other hand,
in the case involving gravel, one observes more elevated terrain in the region where the
crater form once was and there is a lack of fluvial channels. This could indicate that a
grain size of 0.0002 m is easier to incorporate within terrain than a grain size of 0.02
m. Comparisons to these model results and Cassini observations of degraded impact
craters on Titan may help to further constrain the dominant grain size found on Titan.

4.2

Asymmetric Erosion Rates

For both sand and gravel sized particles, when the rock weathering rate was lowered
from 0.001 m/yr to 0.00001 m/yr (Cases 4, 5, 8 and 9 for sand sized particles and Cases
3, 4, 9, and 10 for gravel sized particles), the rate of erosion also decreased. This was
extremely evident in cases that also had a decrease in the bedrock erodibility from 0.02
m2 yr/kg to 0.0002 m2 yr/kg (Cases 8 and 9 for sand and Cases 9 and 10 for gravel).
This makes sense, for if you have a low weathering rate and it becomes more difficult
to erode the bedrock, it is going to take longer to erode the surface over time. This
could have implications for the asymmetry of craters across Titan’s surface (see Section
1.3.4). The lack of observed craters at the polar regions could be an indication that
the erosion rate is higher there than near the equatorial region. Within this region it
can be suggested that a decrease in both the rock weathering rate and bedrock erosion
could be the cause. As discussed in Neish et al. (2016), if Titan were to have had its
atmosphere for ⇠500 M yr the erosion rate must have been less than 2 ⇥ 10

6

m/yr

in order to sustain degraded craters that would be recognizable within the equatorial
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region. An erosion rate greater than 2 ⇥ 10

6

m/yr, however, would be capable of

completely erasing craters in the polar regions within the same time frame. This would
allow for an asymmetry between erosion rates across Titans higher and lower latitudes.
This is consistent with the results of general circulation models for Titan. These models
suggest that consistent rainfall is common at the summer poles while the equatorial
rain fall is rare, highly localized, and intense (Schneider et al., 2012; Lora et al., 2014).
Fluvial modification can still occur at the equator, but the infrequency of rainstorms
may limit the absolute erosion rate of the region. The polar regions on the other hand,
may entertain more frequent storms and thus be capable of maintaining a moderate
erosion rate.

4.3

Saturation States

It was seen in some cases involving both sand and gravel sized particles that applying a
fully saturated state to the colluvium achieved a high enough erosion rate to erase the
crater. This implies that within Titan’s history there needed to be enough liquid on or
underneath the surface to erase the majority of impact craters from current observations.
For example Titan’s surface could undergo saturation due to a near-global aquifer or
shallow global oceans of liquid hydrocarbons. The presence of a global aquifer on Titan
is a reasonable assumption based on its believed surface composition of fractured water
ice and organic materials, which is extremely permeable to liquid methane and ethane
(Sotin et al., 2009). The regolith on Titan is also capable of being porous enough to
hide a layer of liquid in the top few kilometers of its crust (Kossacki and Lorenz, 1996).
In order to accomplish global oceans however, Titan would need to have more methane
in its atmosphere then it currently holds, having possible implications for its climatic
history. This was demonstrated in Larsson and McKay (2013) where they showed how
the atmosphere needed to have a relative humidity (ratio of available liquid vapor to
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the maximum amount that the air can sustain) of methane of at least 65%. This would
then allow storms to form rainfall that could lead to liquids being deposited on the
surface. Thus, by increasing the amount of methane in the atmosphere throughout
Titan’s past they were capable of demonstrating the amount of liquid coverage on Titan
over hundreds of millions of years ago. They showed that the southern polar ocean
would be capable of flooding parts of the equator 300 million years ago with 25% global
coverage of liquids. As they moved further back in time and more methane became
available they were able to show that the polar oceans became connected to form a
global ocean 600 million years ago (Figure 4.1).
It was also observed in Case 3 for sand sized particles and Cases 6 and 8 for gravel
sized particles that a variable saturation state was needed in order to fully erode the
crater. One-way for this to occur is to have the methane within Titan’s atmosphere
capable of varying over time, giving insights to its climatic history. As discussed in
Section 1.2, the quantity of methane in Titan’s atmosphere over time may need to be
replenished by some mechanism within the interior or on the surface. One way to have
this occur is through episodic outgassing form methane clathrate within the crust of
Titan. In Tobie et al. (2006) they predicted three major outgassing events that would
have lead to varying amounts of methane over the course of Titan’s history (Figure
4.2). The first two events are characterized by the duration of the core overturn and the
efficiency of convection in the silicate core. Upwelling icy plumes, whose temperatures
are close to the dissociation temperature of methane clathrate hydrate characterize the
final major event. These processes could allow for di↵erences in the methane content
of Titan’s atmosphere over geological time scales and in turn, the amount of surface
liquids. This would create di↵erent saturation states of the crust, and as a result, the
erosion rate of the surface could also vary over geological time scales. However, it should
be noted that more recently it has been discovered that Titan is not as di↵erentiated as
Tobie et al. (2006) originally assumed (Iess et al., 2010). This would modify their
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Figure 4.1: Image from Larsson and McKay (2013) showing the distribution of
liquid coverage of Titan. Case (a) shows an areal coverage of 25% within 300 million
years ago. Case (b) shows an areal coverage of 35% 600 million years ago. Image
credit: Larsson and McKay, 2013

Figure 4.2: Image from Tobie et al. (2006) showing the evolution of the interior and
the outgassing rate of methane over Titan’s history. Here (a) shows a representative
methane outgassing rate from 3.9 to 4.55 Gyr, (b) shows the evolution of the outer
layer, while (c) shows the evolution of the interior. Image credit: Tobie et al., 2006
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overall results, including the number and time frame of the outgassing events they
have described.

4.4

Future Work

Although these results do begin to give insight into the geological and climatic past
of Titan, further investigation is needed to have a better understanding of the erosion
of impact craters and the dominant geological properties of Titan. Future work may
include exploring the e↵ects of the saturation state for the crater Ksa discussed in Neish
et al. (2016). Within Neish et al. (2016) only the grain size, bedrock erodibility, and
weathering rate were varied, while the region was held at a constant unsaturated state
for each run. By applying a fully saturated state we could better compare the results
of Ksa to those found in Sections 3.2 and 3.3. This would allow for a greater understanding on the importance of the saturation state of the colluvium on Titan, and thus
its climatic history. The methods used for 40 km diameter impact craters listed in this
work may also be applied to larger diameter craters and compared to the analysis done
previously in Neish et al. (2016) for 80 km diameter craters. Future work also lies in
possibly adapting the model so that it may allow for a variable amount of saturation
of the colluvium, rather than only being capable of switching between fully saturated
and unsaturated states. This would provide insight into how the saturation state a↵ects
the erosion rate and also how Titan’s atmospheric methane quantity may evolve over
time. Future investigations could include an analysis that compares the morphology and
topography of the results given by the model runs and that of the currently observed
craters on Titan. From this analysis it would be possible to test the implications given
within this work.
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Through the use of a landscape evolution model, this work simulated the fluvial
erosion of fresh impact craters on Titan. The results from this study indicate that in
order to erode a crater past the point of recognition on the surface, the colluvium may
need to be fully saturated or even vary in saturation over geological time frames. This
leads to implications that Titan’s climate may have needed to be extensive enough to
allow for more frequent rainfall throughout Titan’s surface and that it also may have
needed to vary within the last hundred of millions of years. This then sheds light on
how the methane quantity in the atmosphere has possibly evolved over time.

Craters holding on
Only climate can tell time
Mysteries unravel
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