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The outer solar system contains dynamic worlds with active sedimentary cy-

cles that govern their overall appearances. Two of these in particular, Titan and

Comet 67P/Churyumov-Gerasimenko (67P), though vastly different in terms

of size, thermal history, and composition, offer a diverse array of landscapes

for study, and are among the most active bodies in our solar system. Titan,

the largest, icy moon of Saturn, has a surface that is covered with organic sedi-

ments. These sediments, of unknown origin, are transported by both the wind,

and through an Earth-like hydrological cycle across the entire surface. As re-

vealed by Cassini’s RADAR instrument, Titan’s polar regions maintain a stable

inventory of volatile liquids (methane and ethane) that collect into a complex

network of lakes and seas. With the completion of the Cassini mission, we show

in Chapter 2 the overall geomorphology of these terrains to elucidate the origin

and evolution of not only the lakes and seas, but the surrounding landscapes

as well. What became immediately clear from this study, was that the major-

ity of Titan’s liquids (97%) reside in the north polar region, even though the

overall landscapes appear quite similar. We show in Chapter 3 that the pres-

ence of large, now-drained sedimentary basins provide additional evidence for

a long-term climate cycling of liquids between the poles, akin to the Earth’s

Croll-Milankovitch cycles. Currently, Titan’s orbital configuration favors north

polar liquids, where ∼1014 kg3 of liquid methane is transported northward each

Titan year. Evidence of this surface-atmosphere interaction are also recorded



in Titan’s alluvial fans, sedimentary structures that are predominantly found in

Titan’s mid-latitudes. This latitude range correlates with the regions of Titan

where precipitation discharges are predicted to be highest, the implications of

which we discuss in Chapter 4.

67P, though <4-km in size, is another geologically-active world where sub-

limation erosion drives a complex sedimentary cycle. After entering the inner

solar system, where sublimation of water ice is possible, large gradients in ther-

mal insolation promote mass-wasting of the previously consolidated portions

of the primitive nucleus. Owing to its low gravity (∼0.16 mm/s2), the products

of this failure are ballistically transported to colder, gravitational lows. How-

ever, perhaps surprisingly, this is not a uniform process. Instead, the obliquity

and eccentricity of 67P’s orbit result in a seasonal dependence; northern lati-

tudes, in polar winter at perihelion, are blanketed by sedimentary materials lib-

erated from the warmer southern latitudes. In Chapter 5, we study 67P’s global

landscapes to understand how this process proceeds, and what it implies for

cometary surface geology more generally.
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CHAPTER 1

INTRODUCTION

The surfaces of the outer solar system offer the opportunity to study erosional

processes and landscape evolution under drastically different physical, chemi-

cal, atmospheric, and even gravitational environments than on the Earth. The

mountains, valleys, and hillslopes, along with all other landforms arrayed

across these surfaces have a wide spread of forms and characteristics. As

we continue to explore the solar system, the variety of these landforms and,

perhaps more specifically, the forms and environments we find them in, ap-

pear to be ever-increasing. These complex topographic configurations ulti-

mately reflect the interrelationships between three dominant factors: the struc-

ture/composition of the materials, the processes acting upon them, and the time

over which those processes have acted.

Since William Davis’ ‘Geographical Cycles’ in the late 19th Century, it is the

study of the interrelationships between time, form, and process that remains

the fundamental concept of the field of geomorphology. This basic approach ul-

timately means that a landscape’s topographic and morphologic forms record

information as to the physical processes that produced it. As in all natural envi-

ronments, there are often variations in the local lithology, topography, climate,

and even gravity across a multitude of spatial and temporal scales that can com-

plicate this seemingly simple ‘form-to-process’ ideal. This can be overcome,

however, by carefully describing a given landscape, constantly keeping in mind

the interrelationships and basic physical processes. By breaking a landscape

down into its constituent parts, a seemingly simple organization of landforms

(e.g., Perron et al. [2009]) is revealed. That nature often reveals these simple
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patterns reflect the fact that often just a few dominant physical processes are im-

parting enough of a physical stress upon the surface to modify it. When unrav-

eled, these processes can then be quantified with known geomorphic transport

laws [Dietrich et al., 2003].

This is the common theme of the collection of papers contained within

this thesis, where we have attempted to unravel the landforms on both Sat-

urn’s largest moon Titan and the Jupiter Family Comet 67P/Churyumov-

Gerasimenko (hereafter 67P) through a systematic analysis and mapping of

their individual surface morphologies. The surfaces of Titan and 67P are being

actively eroded to form new morphologies today, and at rates quick enough to

make their surfaces among the youngest we observe in the solar system. These

processes, while often familiar, are also sufficiently different that they reveal a

variety of new mechanisms that are capable of modifying a planetary surface.

Titan is a geologically active world with a methane-based hydrologic cycle

that mimics the water-based hydrologic cycle here on Earth [Lunine et al., 2008,

Lunine, 2012]. The various exchange processes within this hydrologic cycle re-

sult in large hydrocarbon polar seas [Stofan et al., 2007, Hayes et al., 2008], vast

equatorial solid-hydrocarbon sand seas that nearly envelop the whole moon

[Radebaugh et al., 2010], and a thick N2-dominated atmosphere that results

in both methane rain storms [Schneider et al., 2012, Lora et al., 2014], and

a continuous supply to the surface of more complex solid organic sediments

[Krasnopolsky, 2010]. These materials are then transported across the surface

in channels ( Lorenz et al. [2008], Burr et al. [2013a]; Figure 1.1) and by winds

during large storms [Charnay et al., 2015].

Perhaps the most fascinating features on Titan are located around the po-
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Figure 1.1: Cassini Synthetic Aperture Radar (SAR) images of Titan; a: Southern
shoreline of Ligeia Mare at Titan’s north pole, with a dendritic canyon network
(Vid Flumina) draining into the sea; b: Meandering channel networks in the
Xanadu region that extend for 100’s of kilometers; c: A network of braided chan-
nels that deposit into a large bajada by Minerva Crater, near Titan’s equator; d:
Longitudinal dunes migrating around topographic highs in the Belet dune field
at Titan’s equator.

lar regions. Flybys of Titan by the Cassini spacecraft have revealed numerous

small lakes and vast seas at the north. Meanwhile, the south polar region shows

a markedly different environment with only a few filled lakes, and large empty

seas (see Chapter 3). These small lakes are embedded within large sedimentary

deposits, and look in part to be formed by a type of collapse mechanism. The

larger seas, meanwhile, look as if they have flooded pre-existing high-standing

topography, and have forced the channels draining into them to respond ac-
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cordingly. A closer look at these lakes, however, reveals that they are not like

anything we have observed on the Earth [Hayes et al., 2017]. The margins of the

seas are also peculiar, particularly where they intersect with channels, as sedi-

mentary deposits are never seen. Why this is remains a mystery, but our work

on alluvial fans (Chapter 4) and our geomorphologic mapping of the polar re-

gions (see Chapter 2) has provided a dataset that has the potential to provide

insight as to the mechanisms that generate, transport and deposit sediment on

Titan.

Titan’s surface-atmosphere system results in it being the only body we know

of, other than the Earth, that has an active hydrological cycle [Lunine et al.,

2008, Lunine, 2012], making it a testing ground where we can push the funda-

mentals of fluvial geomorphology under extreme conditions. Though the chem-

ical composition of the surface and fluids, as well as the environmental condi-

tions, are vastly different from the Earth’s, the familiarity of Titan’s landforms

allow us to apply the principles of terrestrial geomorphology and hydrology

to gain a first order understanding of how the surface has evolved. However,

a direct application of terrestrial principles, while useful, is not entirely accu-

rate. Gravity is one seventh of that on Earth, and there are two different fluids

(methane and ethane) of differing densities that are simultaneously able to flow

and mobilize sediment on surfaces that are both soluble (e.g., acetylene) and

insoluble (e.g., water ice) under Titan conditions. Additionally, Titan’s atmo-

sphere has a large thermal inertia compared to the Earth, is a slow rotator (16

Earth days), and the energy input to drive atmospheric dynamics at 10 A.U. is

far less than received at the top of our atmosphere. This results in precipitation

discharges and frequencies that are larger than Earth’s, but which occur over

an order-of-magnitude less frequently [Mitchell, 2008, Schneider et al., 2012,
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Lora et al., 2014, Faulk et al., 2017]. How these fundamental differences are ex-

pressed on Titan’s surface is the focus of the works contained within this thesis.

To further model Titan’s landscapes we have to understand and quantify key

questions, such as:

1. How is sediment generated, transported and deposited?

2. What are the pathways for fluids across (and below) the surface?

3. Over what timescale(s) does the surface evolve?

4. What is the origin of the sharp-edged lake depressions?

5. Why are there so few sedimentary deposits around the seas?

Cassini’s SAR instrument imaged ∼47% of Titan’s surface at ∼1-kilometer

resolution, revealing the surface features discussed in the paragraphs above.

This dataset completely changed our understanding of Titan and, along with

the works discussed within this thesis, allowed for these questions to be posed.

Unfortunately, that coverage and spatial resolution is insufficient to fully an-

swer these questions. However, the opportunity exists in the coming decades,

at least in part, with a dedicated Titan orbiter. Essentially, we are in a similar

state that Mars surface science was after the Mariner missions, where surface

features <1 km in size were not resolved. Just as the Mars Global Surveyor

changed our understanding of Mars, the factor of ∼20 increase in resolution

offered by an orbiter would similarly change our understanding of the entire

Titan system. A mission to the surface of Titan, though unable to survey the

entire moon, would also provide invaluable data as to the properties of Titan’s

surface, including the erosional resistance, and composition(s). At the time of
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this writing, the Dragonfly mission, a mobile (aerial) lander, is under develop-

ment and would measure these exact surface properties at Titan’s equatorial

latitudes, thus allowing us to understand this small piece of the Titan system in

much greater detail.

In summary, despite these fundamental gaps in our knowledge, the surface

of Titan, despite the differences in physical conditions, still presents a familiar

array of landforms that have been sculpted by rivers, dotted with polar lakes

and seas, and covered with vast, dry equatorial sand seas (Figure 1.1). Future

exploration of Titan by spacecraft should continue to advance our understand-

ing of the evolution of Titan’s surface, and these missions offer the opportunity

to apply the knowledge gained of Titan’s hydrologic cycle to those of other plan-

ets and moons more generally.

Compared to Titan, comet 67P displays much more exotic landforms that

are unique to a small body. With almost no gravity or atmosphere, and a mate-

rial yield stress similar to a powdery snow [Groussin et al., 2015], it is hard to

imagine any physical stresses that can effectively erode a comet’s surface into

recognizable landforms other than just a large, flat plain. And yet, we have ob-

served explosive jet erosion that is driven by solar insolation [Keller et al., 2015,

Vincent et al., 2016b], and watched this process produce dynamic changes of

the surface throughout its perihelion passage [El-Maarry et al., 2017]. This ero-

sion causes cliff collapse, mass wasting and a hemispheric sediment transport

cycle [Keller et al., 2017], that has collectively shaped this small surface into a

surprisingly complex collection of landforms.

While the Rosetta mission initially targeted comet 46P/Wirtanen, a delay

of the launch in 2003 meant that the Rosetta mission had to pick a new tar-

6



get. Comets are small bodies on eccentric orbits that make navigation and

rendezvous difficult, and so the Rosetta mission selected 67P instead. Fortu-

itously, this target change provided us with unprecedented observations of per-

haps the ideal comet to study the early formation of the solar system. With its

rendezvous of 67P in the summer of 2014, Rosetta’s dataset has provided access

to the spatial scales where the processes relevant to small body evolution can

be directly observed. These observations have allowed for detailed analysis of

morphologies down to the meter scale across the entire nucleus and have pro-

vided a long (2+ years) temporal data set with which to search for changes on

the surface, important observations that have given us the opportunity to watch

how a comet surface erodes. Rosetta’s dataset has thus allowed us to apply the

same principles of detailed geomorphic analyses that we have for Titan, to a

small body.

The nucleus of 67P was revealed to have an organic-rich, very dark and

highly dehydrated surface, with an upper limit on surface water ice abundance

of just ∼1% in the top few centimeters. However, the total ice abundance that

comprised the nucleus ranges from 20 wt%, up to even 50 wt% in select loca-

tions [Fulle et al., 2017], indicating a dynamic process that changes this ratio.

This is further validated as this upper layer has an extremely low thermal in-

ertia (∼10-50 WK−1m−2s0.5), indicating that there are large differences between

subsurface and surface temperatures and that significant volumes of volatiles

(both H2O and CO and CO2) are just below the surface. Further, variegations in

the color of the surface throughout perihelion, where ‘blue’ regions of the sur-

face indicate volatile-rich exposures [Fornasier et al., 2015, Oklay et al., 2016]

are exposed as the nucleus erodes, indicating abundant near-surface volatiles.

This is corroborated by Rosetta’s microwave radiometer, which measured CO
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production rates ranging from 2.7-20% relative to water, comparable to the long-

period comet 1P/Halley (∼13%) but much higher than another Jupiter Family

Comet, 103P/Hartley 2 (<1%). This increased production is also seen for other

volatiles like CO2, C2H6, CH3OH and HCN [Gasc et al., 2017, Altwegg et al.,

2017]. Together, these observations are all consistent with the view that 67P has

retained most of the volatiles since its formation in the protoplanetary disk 4.5

billion years ago, and that it is more analogous to other long-period comets that

have only just begun to have the surfaces altered by the Sun. Perhaps then,

we were lucky in 2003 that Rosetta missed it’s launch date, and we fortuitously

rendezvoused with this primitive small body instead.

These chemical clues are all important because it means that 67P’s surface,

only recently having experienced the heat of the inner solar system where water

ice can sublimate, may reflect what the surfaces of other icy small bodies of the

Kuiper Belt and Oort cloud look like. Other than the upcoming New Horizons

observation of 2014 MU69, within my lifetime, we will likely never observe the

surfaces of another one of these primitive bodies again, especially with the same

level of detail provided by Rosetta. 67P can therefore be used not only as a

benchmark for understanding cometary geology and the processes that act to

modify their surfaces, but as the key to the processes that modify the surface

of the primitive bodies of the outer solar system that are much more difficult to

observe.

While the processes that act to modify the surface of a comet are primar-

ily sublimation erosion, the result is not simply a gradual lowering of surface

topography. Instead, outgassing occurs in the form of collimated jets that are

constrained to volatile-rich exposures of bedrock ( Vincent et al. [2015]; Figure
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Figure 1.2: Visible images from Rosetta’s OSIRIS camera of characteristic terrain
features on Comet 67P; a: Beveled topography of the southern hemisphere, with
few vertical cliffs or smooth terrain deposits; b: Aeolian-like ripple structures in
the smooth terrains of the Hapi (neck) region. The ripples have a characteristic
spacing of ∼12 meters; c: An outburst from the surface driven by sublimation
of near-surface volatiles; d: Rugged topography of the northern hemisphere,
with boulders accumulating as mass wasting deposits at the base of vertical
cliffs; e: Smooth terrains that drape the underlying rugged topography in the
northern hemisphere; f: A 100-meter deep pit in the Seth region, likely the result
of a collapse-type mechanism. The origin of the texture on the pit wall remains
unknown.

1.2). These jets act to weaken the underlying bedrock and cause failure of the

exposed cliff face [Vincent et al., 2016b], thereby generating a transportable

regolith. A significant fraction of the regolith ejected from 67P during these jet

events does not escape the nucleus, but instead falls back to the surface to create

smooth terrain [El-Maarry et al., 2017]. Due to 67P’s orbit and obliquity, it also

has extreme seasons that transports this fallback material from one hemisphere

to the other [Keller et al., 2015]. As is it southern summer at perihelion, cliffs

at these latitudes are bevelled and any regolith is instead transported toward
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the colder northern hemisphere [Keller et al., 2015]. This process is inferred

to deposit ∼2 meters of loose debris in gravitational lows every perihelion pas-

sage, locally modifying, or creating, deposits of smooth terrain in the northern

hemisphere (Figure 1.2). Even though the nucleus is just 4 kilometers in size,

this global sedimentary cycle creates a stark dichotomy of surface morpholo-

gies between the two hemispheres (Figure 1.2) that are just now beginning to be

understood (Chapter 5).

While Rosetta has provided a rich dataset to enable us to understand comet

surface evolution, samples returned from a comet will again revolutionize our

understanding of both comet surface evolution, and the solar system more gen-

erally. Because of this, a comet sample return mission is highlighted as a high

priority in the recent Planetary Science Decadal Survey, and one will fly in

the coming decades. Due to significant engineering challenges and the lim-

ited budget allocated to these missions, however, comet sample return missions

will be restricted to sampling the top few centimeters of the current-day sur-

face. This material is sourced from across the comet’s surface and has been

alteredthroughout the age of the solar system. Understanding theorigin and the

physical/chemical processes responsible for the evolution of the this surface is

therefore critical to being able to decipher what the acquired sample can teach

us about the formation and evolution of the solar system, and is the motivation

behind the work in Chapter 5. At the time of this writing, the CAESAR mission

has made it through to Phase A of the New Frontiers 4 call, and would satisfy all

the Decadal Survey goals and more. CAESAR would advance our understand-

ing of the evolution of cometary nuclei tremendously, and its return of a sample

on November 20th, 2038 (at 11:14 am EST) would provide a ground truth for

over 40 years research efforts dedicated to understanding the formation of our
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solar system.

In summary, Titan and 67P are exciting worlds with a diverse set of land-

forms that have been revealed just recently by the Cassini and Rosetta space-

craft. Further study of these icy worlds should continue to yield insights as to

the processes that can modify a planetary surface under a wide range of phys-

ical and chemical conditions. As these two worlds also feature prominently in

NASA’s Decadal Survey, their continued exploration by future spacecraft will

continue to teach us more about our own solar neighborhood.
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CHAPTER 2

GEOMORPHOLOGY OF TITAN’S POLAR TERRAINS

Originally published in:

S.P.D. Birch, A.G. Hayes, W.E. Dietrich, A.D. Howard, C.S. Bristow, M.J.

Malaska, J.M. Moore, M. Mastrogiuseppe, J.D. Hofgartner, D.A. Williams, O.L.

White, J.M. Soderblom, J.W. Barnes, E.P. Turtle, J.I. Lunine, C.A. Wood, C.D.

Neish, R.L. Kirk, and R.M.C. Lopes. Geomorphologic mapping of titan’s polar

terrains: Constraining surface processes and landscape evolution. Icarus 282,

pp. 214-236, 2017. doi: 10.1016/j.icarus.2016.08.003

In this chapter I’ll discuss the geomorphologic map we made of Titan’s polar

terrains. The map was generated from a combination of Cassini Synthetic Aper-

ture Radar (SAR) and Imaging Science Subsystem (ISS) imaging products, as

well as altimetry, SARtopo and radargrammetry topographic datasets. In com-

bining image data with topographic data, our geomorphologic map revealed

a stratigraphic sequence from which we inferred process-interactions between

units. In mapping both polar regions with the same geomorphologic units, we

concluded that the processes that formed the terrains of the north polar region

also acted to form the landscape we observe at the south.

Uniform, SAR-dark plains were interpreted as sedimentary deposits, and

are bounded by moderately dissected uplands. These plains contain the highest

density of filled and empty lake depressions, and canyons. These units uncon-

formably overlay a basement rock that outcrops as water-ice rich mountains and

SAR-bright dissected terrains at various elevations across both poles. All these

units are then superposed by surficial units that slope towards the seas, sugges-
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tive of subsequent overland transport of sediment. From estimates of the depths

of the embedded empty depressions and canyons that drain into the seas, the

SAR-dark plains must be >600 m thick in some locations, though the thickness

may vary across the poles. At the lowest elevations of each polar region, there

are large seas, which are currently liquid methane/ethane filled at the north and

empty at the south.

The large plains deposits and the surrounding hillslopes may represent rem-

nant landforms that are a result of previously vast polar oceans, where larger

liquid bodies may have allowed for a sustained accumulation of soluble and in-

soluble sediments, potentially forming layered sedimentary deposits. Coupled

with vertical crustal movements, the resulting layers would be of varying solu-

bilities and erosional resistances, allowing formation of the complex landscape

that we observe today.

2.1 Introduction

Titan’s lakes, seas and surrounding hillslopes contain vast amounts of informa-

tion regarding the history and evolution of Saturn’s largest moon. With an at-

mospheric pressure at the surface of 1.5 bars and a surface temperature of 91-95

K, methane and ethane are both able to condense out of the atmosphere and rain

to the surface [Atreya et al., 2006], where the fluid runoff concentrates, incises

channels and transports sediment [Collins, 2005, Burr et al., 2006]. Landforms

common to Earth are found across Titan, and include lakes and seas [Stofan

et al., 2007, Hayes et al., 2008], river valleys [Lorenz et al., 2008, Burr et al.,

2013a], fans and deltas [Witek and Czechowski, 2015, Radebaugh et al., 2016,
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Birch et al., 2016], and mountains [Barnes et al., 2007, Radebaugh et al., 2007,

Cook-Hallett et al., 2015, Liu et al., 2016]. Yet under Titan conditions, these

familiar landforms have all formed and evolved under vastly different environ-

mental and physical conditions from Earth.

Of particular interest to this study are the fluvial and lacustrine features clus-

tered in Titan’s polar regions. Flybys of Titan by the Cassini spacecraft have

revealed numerous small lakes and vast seas at the north [Stofan et al., 2007,

Hayes et al., 2008], while the south shows a markedly different environment

with only a few lakes [Aharonson et al., 2014]. The mechanisms and temporal

variations in the development of Titan’s landscapes can be revealed through a

process-based study of the relationships among their morphologies. For exam-

ple, the shapes of hillslope profiles (e.g., convex vs. concave) suggest processes

that both produce and drive mass transport of sediment across the landscape

(e.g., Dietrich et al. [2003]). The occurrence of channelized flow requires mech-

anisms that induce concentrated erosion and transport of sediment, resulting in

both erosional valley networks [Burr et al., 2013a] and depositional deltas and

fan-like features [Wall et al., 2010, Witek and Czechowski, 2015, Radebaugh

et al., 2016, Birch et al., 2016].

The identification of the dominant geomorphologic processes in various lo-

cations across Titan’s polar regions provides insight into the history of the land-

scape across both time and space (e.g., Dietrich et al. [2003], Grotzinger et al.

[2013]). We identify these processes through the construction of a geomorpho-

logic map, which allows us to reduce the surface into a collection of units dis-

tinguished by the processes responsible for their formation and evolution.

The first part of this chapter presents the first, complete geomorphologic
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map of Titan’s polar regions through the analysis of Synthetic Aperture Radar

(SAR), Imaging Science Subsystem (ISS) and altimetry data. Our work ex-

pands upon previous studies by coupling the two-dimensional images with to-

pographic data, using the topographic information as an inherent characteristic

of our mapping units. These geomorphologic maps differ from geologic maps,

as geologic mapping identifies the spatial boundaries of different rock types and

surficial deposits, as well as structural features such as faults, bedding orienta-

tions and folds. Geomorphologic mapping focuses on surface morphology and

topography, and what they reveal about landscape evolution.

In the second part of this chapter, we use the relationships between the dis-

tribution and appearance of our mapped geomorphologic units to investigate

the sequence of events that led to their formation. Our process-based approach

allows us to develop an interpretive model for the evolution of Titan’s polar ter-

rains. We suggest a model in which large volumes of sediment were deposited

within larger polar liquid bodies in a previous geologic epoch. The present-day

landscape may thus be an erosional remnant that is being lowered in elevation

through time.

2.2 Mapping Methodology

Our geomorphologic map is centered about Titan’s polar regions, and includes

latitudes greater than 60◦ ( Fig. 2.1 ). We use a combination of Cassini SAR im-

ages [Elachi et al., 2004] along with topographic data in the form of SARtopo

[Stiles et al., 2009], altimetry [Zebker et al., 2009] and sparsely distributed Dig-

ital Terrain Models (DTMs: Kirk et al. [2012]). All our mapping is carried out
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using the ArcGIS cartography software where we were able to combine indi-

vidual, rasterized SAR swaths (up to and including data from T120) with the

topographic data, using a polar stereographic projection. Mapping uses the in-

cidence angle corrected SAR swaths so as to minimize any geometric variations

[Farr, 1993], giving us as consistent a dataset as possible. After defining our geo-

morphologic units, mapping is conducted systematically at a scale of 1:300,000.

Fig. 2.1 details the data we use to generate our maps, while Figs. 2.2 and 2.3

show the resulting distribution of geomorphologic units. The SARtopo, altime-

try and DTM data in Fig. 2.1 are essential to our mapping efforts, as their inclu-

sion allows us to map the three-dimensional form of the landscape. Absolute

uncertainties in elevation estimates for the topographic data range from 8 m for

the altimeter over liquid bodies and 35 m over solid surfaces (e.g., Poggiali et al.

[2016]) to hundreds of meters for the DTMs [Kirk et al., 2012], making estimates

of absolute elevations across length scales spanning the entire pole inaccurate.

The topography along a single SARtopo swath gives a reliable topographic pro-

file, with ∼75 m vertical resolution [Stiles et al., 2009] that matches both DTM

and altimetry profiles, but ephemeris errors between different swaths make the

determination of absolute elevations between swaths less reliable (e.g., Corlies

et al. [2017]). Instead, focus is placed on the relative elevations between mor-

phologically distinct units within local regions of the pole. In locations where

topographic data are not available or are insufficient in resolution, SOCETSET

photogrammetric software is used. Because the generation of large DTMs (e.g.,

Kirk et al. [2012]) is beyond the scope of this work, we instead use the software

to infer relative topographic relationships from viewing the area in stereo.
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Figure 2.1: All available data that was used to create our geomorphologic maps
for both the (a) north and (b) south poles. Topographic data used includes
DTMs, SARtopo (processed up to T120) and altimetry passes up to and includ-
ing T108. Portions of altimetry passes used in Fig. 2.6 (T91 in the north and T49
in the south) are highlighted in pink. Great Lakes are shown for scale
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Figure 2.2: (a) SAR mosaic overlain on ISS images of Titan’s north pole. The
geographic locations of Ligeia Mare, Kraken Mare, Punga Mare, Jingpo Lacus
and Bolsena Lacus are shown for reference; (b) Geomorphologic map of the re-
gion produced using the SAR and ISS images. Areas where high resolution SAR
was unavailable are shown with white or gray dots. Mapping in these regions
used HiSAR and/or ISS datasets instead. Topography over these regions relied
on altimetry where available. Black regions were unmapped. Great Lakes are
shown for scale. A legend for the unit names and color associations is shown
underneath the mapping frames.
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Figure 2.3: (a) SAR mosaic overlain on ISS images of Titan’s south pole. The ge-
ographic location of Ontario Lacus is shown for reference; (b) Geomorphologic
map of the region produced using the SAR and ISS images. Areas where high
resolution SAR was unavailable are shown with white or gray dots as in Fig.
2.2b. Black regions were unmapped. Great Lakes are shown for scale. A leg-
end for the unit names and color associations is shown underneath the mapping
frames.
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There are large regions of both poles where topographic data are not avail-

able ( Fig. 2.1 ). We define our units by focusing the initial mapping to the

regions with the most topographic coverage. Once a consistent set of observ-

able patterns for individual units can be mapped within the selected regions,

mapping is completed for the remainder of each pole. This technique is a stan-

dard practice in producing geomorphologic maps (e.g., Williams et al. [2002]).

In regions where there is no SAR coverage, lower resolution HiSAR along with

ISS images are used at a lower mapping resolution (dotted units in Figs. 2.3b

and 2.3b) by correlating these datasets to specific units where high resolution

data are available.

In areas with a high coverage of topographic data, we subdivide the ter-

rain into fifteen geomorphologic units (see Table 1) according to their mor-

phology, topography, and degree of dissection. Fig. 2.4 details the distinc-

tion among units, where we qualitatively plot the units according to both topo-

graphic slopes and radar backscatter variability. Regions such as the mountains

have high topographic slopes that give rise to their brightness in SAR images.

They have a relatively uniform backscatter however, in that features appear sim-

ilar, independent of viewing geometry. The dissected uplands, on the contrary,

are both topographically high and variable in their backscatter.

We use a three-letter classification scheme for most of our geomorphologic

units, where the first letter defines topography, the second defines radar tex-

ture and the final letter designates brightness in SAR images. For example, the

SAR-dark, high plains (Section 2.3) would appear as Hud, where they are topo-

graphically high (H), uniform in backscatter (u) and SAR-dark (d). Units such

as mountains, lake depressions, seas, and alluvial fans use a different scheme.
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Figure 2.4: Qualitative description of mapping units according to their radar
texture. Properties of each unit are listed in Table 1. A variable SAR backscatter
could result from small-scale roughness, dielectric constant variabilities and/or
volume scattering. Units with varying appearances in multiple SAR images
will appear at the top of the plot. If a unit is topographically flat but includes
numerous scatterers on the surface, like the fans, then it appears in the top left.
Units with high slopes are likely to be SAR-bright due to large-scale facets of
the surface orientated towards the spacecraft and will be located at the bottom
right of the figure.

The color scheme is defined in Figs. 2.3b and 2.3b used throughout the work.

ISS mosaics were overlain on the SAR data to look for further correlations

between subunits in regions of particular interest. These relations are also de-

tailed in Table 1 for each unit. ISS can yield important properties of the surface

that are transparent at radio wavelengths (e.g., Porco et al. [2004]). Because of

the different spatial resolutions between ISS and SAR, the use of the near-IR in-
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formation for all units is not possible. In some cases, we can link morphology

to near-IR brightness, while in units like alluvial fans and fluvial valleys, their

small spatial scales limit such analyses. Altimetry data in combination with the

SAR observations, also provide information regarding possible surface compo-

sition (e.g., Wye [2011], Michaelides et al. [2016]). The behavior of the radar

backscatter, in which we quote the normalized radar backscatter cross-section

(σ0), at nadir and off-nadir incidence angles reveals whether backscatter vari-

ations are due to changes in the surface roughness or if there is a difference in

the dielectric constant and thus composition and porosity [Farr, 1993]. These

spectral characteristics are included in Table 1 and aid in further classification

and understanding of subunits.

2.3 Geomorphologic Units: Descriptions

Variably SAR-Bright Units

Of the four datasets that we utilize in our work (SAR images, topography, al-

timetry and ISS images), the mountains and SAR-bright, dissected terrains dif-

fer only in their topographic relief. We therefore subdivide the units in our

mapping to express this difference in topography, where the separation in our

mapping allows for a better visual illustration of the topographic expression

of the landscape. However, we acknowledge that their morphologic formation

and emplacement are likely similar, as has been the case for previous mapping

studies (e.g., Lopes et al. [2010], Malaska et al. [2016a], Lopes et al. [2016]).

Mountains (Mtn) - Fig. 2.5a/b/c
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Figure 2.5: Variable backscatter terrains, with the SAR image on the left,
mapped image in the middle with topography overlain, and the mapped unit
on the right. The scale for topography is as shown in Fig. 2.1; (a/b/c) Moun-
tains (Mtn) at the south; (d/e/f) SAR-bright, dissected terrains (Vdb), similar
appearance to mountains yet topographically depressed; (g/h/i) SAR-bright,
dissected uplands (Hdb) showing a varied brightness. This unit is distinguish-
able from the mottled plains in both their scarp-like perimeters and high relief;
(j/k/l) SAR-dark, dissected uplands (Hdd), part of the Sikun Labyrinthus re-
gion. Organized channel structure is evident, while the relief is high; (m/n/o)
Mottled Plains (Vmb) around the border of a putative empty sea.
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Mountains are defined as SAR-bright, elevated terrains with an observable

bright/dark pairing resulting from either a layover effect or shadowing (e.g.,

Farr [1993]). We define a mountain to have the greatest relief within a chosen

drainage basin, where relief is the difference in elevation between the highest

and lowest points in a drainage basin.

We also define the mountains to have a more uniform radar backscat-

ter, where the radar backscatter includes effects from volume scattering,

wavelength-sized scatterers and dielectric/material properties [Farr, 1993].

Where there are overlapping SAR swaths of the same mountain, the feature

has a consistent appearance, with only the bright-dark pairings changing ori-

entations as a result of the high slopes and varying incidence and azimuth an-

gles. The brightness of the unit, we assume, is controlled by large-scale facets

or slopes oriented towards the spacecraft, and a largely diffuse scattering be-

havior at smaller scales. This is illustrated in Fig. 2.4 where the relationships

between slope and SAR-backscatter variance are drawn. The relationships for

the remainder of the units are also shown in Fig. 2.4.

While mountains are rare at the north, they are often observed at the south,

particularly around the region of Ontario Lacus [Wall et al., 2010]. These moun-

tains are shown in Fig. 2.6a, and appear to enclose Ontario Lacus within a basin

of its own. The majority of these mountains align nearly parallel to Ontario

Lacus. The remainder of the mountains in the region appear to align along pre-

ferred directions, nearly parallel to the long channels draining into the Ontario

Lacus basin. Indeed, throughout the south, mountains appear elongated along

given directions ( Cook-Hallett et al. [2015]; Fig. 2.2b).

In ISS images, the mountains also have a low near-IR brightness at the poles.
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Figure 2.6: (a/c/e/g) SAR image of the Ontario Lacus region, a filled depres-
sion, situated at the bottom of an empty sea. The basin itself is surrounded by
mountains. Mapped unit transparencies are overlain; (c) The mountains ap-
pear with the highest relief in the image; (e) the returned altimetry signal from
T49 is low compared to the specular reflection from the very flat liquid sur-
face and SAR-dark basin floor; (g) The normalized radar backscatter (σ0) in dB
for the off-nadir SAR averaged within each footprint of the T49 altimetry sig-
nal; (b/d/f/h) Region south of Ligeia Mare showing large valleys draining into
the sea. Mapped units with transparencies are overlain. (d) Topography in-
creases moving away from the sea into the surrounding dissected uplands; The
backscatter over the SAR-dark, dissected uplands is low in both the SAR image
(h) and the T91 altimetry profile (f). Topography in both cases was measured
using the 1st moment of the altimetry signal, while the backscatter is reported
in dB.
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The final defining characteristic of a mountain is its radar backscattering behav-

ior at nadir. Using the altimetry data, we find that the backscatter is low, where

the nadir returns are anti-correlated with the off-nadir returns (e.g., Farr [1993];

Fig. 2.6).

SAR-Bright Dissected Terrains (Vdb) - Fig. 2.5d/e/f

The SAR-bright, dissected terrains are abundant in both the north and south.

Spatially, the unit occurs sporadically across both poles (Figs. 2.2b and 2.3b),

though most often they occur at lower elevations along the borders of the largest

basins. The texture appears to result from a high degree of erosional dissection,

with high local slopes that give rise to the brightness in SAR. As for the moun-

tains, we therefore assume the radar backscatter to be uniform, dominated by

diffuse scattering. Initial analysis of the region suggested this was the mountain

unit, yet with topographic information, the unit appears with variable eleva-

tions. As this unit does not have the highest relief, we therefore subdivide the

two units to capture this effect.

In ISS, the unit appears as relatively dark patches, like the mountains,

though not as dark as the lakes and seas [Turtle et al., 2009].

Both the SAR-bright, dissected terrains and the mountains were called ‘dis-

sected plateaus’ and ‘crenulated terrain’ by Moore et al. [2014] and as ‘rough

highland material’ by Williams et al. [2011]. Lopes et al. [2010] and Malaska

et al. [2016a] refer to these units as hummocky/mountainous terrains and

mountains respectively, which are found to be far more prevalent at equato-

rial latitudes [Lopes et al., 2010] and around the Xanadu region [Radebaugh

et al., 2011].
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SAR-Dark Dissected Uplands (Hdd) - Fig. 2.5j/k/l

The SAR-dark, dissected uplands are more pervasive in the south. Within any

local region that does not contain mountains, the SAR-dark uplands are always

the highest topographically and form drainage divides. A high density of rela-

tively short, poorly integrated valley networks with valley widths on the order

of the spatial resolution of the radar characterizes the unit. Channels in the

SAR-dark, dissected uplands have variable orientations, show no dendritic or

rectangular patterns, [Burr et al., 2013a], and they may terminate abruptly.

The relief is high for this unit, comparable to the mountains (Mtn). Empty

depressions (Section 2.3) are rarely found in proximity. At the north, this unit is

most abundant in the area between the three largest seas, Kraken Mare, Ligeia

Mare and Punga Mare (Fig. 2.2b).

In the south, this unit has greater valley widths, and follows a more orga-

nized valley network system in some locations. Similar to the north, the SAR-

dark, dissected uplands are globally one of the highest topographic units, often

acting as a divide between drainage basins. This unit encompasses the labyrinth

terrain unit of Malaska et al. [2016b] and Lopes et al. [2016].

The analysis of altimetry data shows the SAR-dark, dissected uplands to

have a correlation in backscatter. At both nadir and off-nadir incidence an-

gles, the normalized radar backscatter cross-section is characteristically low

(Fig. 2.6b/f). This correlation in backscatter suggests that there is a mate-

rial difference between the mountains and SAR-dark dissected uplands (e.g.,

Michaelides et al. [2016]).

In ISS images, the unit appears to have a high albedo both at the north and
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south poles, similar to the way it appears at equatorial latitudes (e.g., Malaska

et al. [2016a]).

SAR-Bright Dissected Uplands (Hdb) - Fig. 2.5g/h/i

The dissected uplands may also appear bright in SAR images. This unit is the

most extensive unit at the north and, like the SAR-dark, dissected uplands, is

nearly always, locally, the highest topographic unit. Some of the boundaries

of the SAR-bright, dissected uplands also appear to be steep-sided scarps. An

important distinction between this unit and mountains and SAR-bright terrains

is that the SAR-bright, dissected uplands do not have the greatest local relief in

their region, which we define as a requirement for the mountains. Furthermore,

the appearance of this unit may vary between swaths of different incidence an-

gles implying the unit’s radar backscattering is less diffusely dominated than a

unit like the mountains.

Numerous valleys, with narrow valley widths are found within the unit.

Commonly embedded within the unit, or adjacent to it, are depressions. These

depressions are often empty, and at times appear to coalesce into larger, elon-

gated depressions. The SAR-bright, dissected uplands also segregate the north

into individual basins. Previously, Lopes et al. [2010] classified this unit as

‘hummocky/mountainous terrain’ in their global map and as ‘scalloped plains’

in Malaska et al. [2016a].

The unit associates well with a high near-IR albedo terrain that appears in

ISS data as a deposit that encompasses the north (Fig. 2.7). It is not clear whether

this unit exhibits a similar near-IR albedo in the south, as there are a large num-

ber of clouds present in the ISS observations of the south.
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Figure 2.7: (a) Mapping units created using the highest resolution SAR images
are overlain on ISS images. Units that appear to correlate with ISS bright ter-
rain are the dissected uplands (Hdd and Hdb), and the SAR-dark, low plains
(Lud), which would be consistent with similar compositions for the three unit
types; (b) ISS image showing what appears to be a polar deposit encompasses
the north polar region and terrains extending down to ∼62◦N. Yellow arrows de-
note approximate boundaries of the unit. The high albedo ISS terrain is absent
for longitudes between -20◦W and 70◦E, at latitudes above 60◦N.

Mottled Plains (Vmb) - Fig. 2.5m/n/o

Mottled plains have a radar signature that can be highly variable (Fig. 2.4). To-

pographically, this unit varies in elevation as well, though the mottled plains are

always situated lower than the mountains and both the SAR-bright and SAR-

dark, dissected uplands. Most often, these plains are in contact with the dis-

sected uplands where they exhibit increased variability in their backscatter and

gradational boundaries. Previously, this unit was mapped as ‘dissected mot-

tled terrain’ by Moore et al. [2014], ‘mottled plains’ by Lopes et al. [2010], and

‘variable-feature plains’ by Malaska et al. [2016a], all of whom interpreted the

unit to be eroded bedrock material.

The unit also appears in isolated patches, elevated higher than the lower
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lying plains units, but lower than the dissected uplands units. Associations are

hard to discern in ISS observations, primarily because the scale of the unit is

often quite small, and it is sporadically distributed across the polar regions.

Uniformly SAR-Dark Units

SAR-Dark High Plains (Hud) - Fig. 2.8a/b/c

The SAR-dark, high plains are uniformly SAR-dark and are always bounded

by dissected uplands. They are situated lower than the dissected uplands and

always higher than the lower plains and nearly always higher than the mottled

plains. They also appear to have a large-scale slope in the direction of the seas,

though they are relatively planar over smaller length scales.

The highest density of filled and empty depressions and few visible channels

also characterize this unit. The SAR-dark plains are one of the largest polar units

by area (Table 1). Along with the dissected uplands, the SAR-dark, high plains

exhibit a relatively high albedo in ISS observations.

SAR-Dark Low Plains (Lud) - Fig. 2.8d/e/f

The SAR-dark, low plains cover a large fraction of both poles (Table 1). They

lie topographically lower than all other geomorphologic units except the filled

depressions and seas. Stratigraphically, they are one of the youngest units, em-

placed after the dissected uplands, mountains, and SAR-bright dissected ter-

rains. Collectively they contain the greatest number of observable valleys of

any polar unit. The relief is also substantially less than the dissected uplands

units. At the south, these valleys drain larger drainage basins than those in the

north. At the north, all of the largest channels [Burr et al., 2013a] observed on

30



a	 b	 c	

d	 e	 f	

g	 h	 i	

Figure 2.8: Uniformly SAR-dark units, with the SAR image on the left, mapped
image in the middle with topography overlain, and the mapped unit on the
right. The scale for topography is as shown in Fig. 2.1 ; (a/b/c) SAR-dark, high
plains (Hud). Numerous depressions are seen in the region. (d/e/f) SAR-dark,
low plains (Lud) in the region between Kraken Mare and Jingpo Lacus. (g/h/i)
Low flat plains (L fd) south of Bolsena Lacus. The unit is uniformly dark, with
only liquids and dune materials having lower backscatters. These regions are
also topographically flat over the entire spatial dimension of the unit. All colors
are as in Figs. 2.2/2.3, with transparencies to highlight the units’ morphologies.
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Titan are incised within this unit. One such channel, Vid Flumina (Fig. 2.10c)

appears to have a liquid channel width of at least 150 m and a liquid elevation

∼300 m below the surrounding terrain [Poggiali et al., 2016].

This unit also has a large-scale slope in the direction of the filled or empty

seas. Next to the seas at the north, alluvial fans mantle this unit in some loca-

tions, though not everywhere.

In ISS images, the appearance associates most with the brightest terrains.

Along with the dissected uplands (Hdd and Hbd), the three units may collec-

tively form a polar layer at the north (Fig. 2.7), suggesting that they may be

similar compositionally.

Low Flat Plains (L fd) - Fig. 2.8g/h/i

The low flat plains are similar in morphology to the SAR-dark, low plains, ex-

cept that their appearance in SAR images is the darkest on Titan after the equato-

rial dunes [Radebaugh et al., 2010], filled depressions, and filled seas. The unit

also has minimal relief and is accordingly called ‘flat’ compared to the more

undulating nature of the high and low SAR-dark plains (Hud and Lud). The

backscatter is also more uniform, and darker compared to the SAR-dark, low

plains, and so we classify them as a separate unit.

This unit appears in the bottom of some empty depressions, which previ-

ously were classified as ‘granular’ lakes by Hayes et al. [2008]. In other in-

stances, the unit covers large expanses of Titan’s polar terrains, always topo-

graphically low, and flat over large spatial scales.

In ISS observations, an association is found with the surface features inter-

preted to be surficial liquids deep enough to absorb incoming photons [Brown
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et al., 2008]. The unit is therefore different from the other SAR-dark plains units

(Hud and Lud), in that they are ISS dark, rather than bright [Malaska et al.,

2016a].

Uniformly SAR-Bright Units

Uniform SAR-Bright Plains (Vub) - Fig. 2.9

This terrain unit is distinctively SAR-bright, with a uniform radar signature at

our mapping resolution. The uniform SAR-bright plains contain fewer filled

lake depressions than the SAR-dark, high plains (Hud), while they also lack any

discernible valley networks. When in contact with the dissected uplands, the

uniform SAR-bright plains appear more variable in both elevation and bright-

ness. In these scenarios, they were mapped as the mottled plains (Vmb) instead.

The unit also differs from the dissected uplands in both their reduced relief and

lack of observable dissection.

a	 b	 c	

Figure 2.9: Uniform SAR-bright plains south of Bolsena Lacus, with the SAR
image on the left, mapped image in the middle with topography overlain, and
the mapped unit on the right. The scale for topography is as shown in Fig. 2.1.
The unit has a uniform backscatter at our mapping resolution and is topograph-
ically flat across the unit. The increased, but also uniformity, in the backscatter
received from the uniform bright plains distinguishes this unit from the mottled
plains.
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The uniform SAR-bright plains are more abundant in the south than the

north, and in most cases, they are located far away from the large filled/empty

sea structures that dominate both poles. Some of the largest alluvial fans also

deposit over this unit in the south. We are unable to determine any spectral

characteristics of the unit in ISS data because of their small spatial extents.

Superposed Units

Filled/Empty Depressions (Fl/El) - Fig. 2.10a

Depressions appear as both liquid filled and empty. We refrain from using the

nomenclature of ‘granular’ or ‘partially-filled’ lakes of Hayes et al. [2008], as

recent altimetry results suggest that these depressions may be filled by many

meters of liquid if similar in composition to Ligeia Mare [Mastrogiuseppe et al.,

2014, Mitchell et al., 2015], and still be undetectable in SAR images. The depres-

sions are clustered into distinct regions at both poles (Figs. 2.2b and 2.3b). Often

appearing together, they are embedded up to ∼600 meters deep [Hayes et al.,

2017] into the SAR-dark, high plains unit (Figs. 2.2b and 2.3b). Some of the de-

pressions also appear to have raised rims that can extend hundreds of meters

higher than the surrounding terrain [Michaelides et al., 2016, Hayes et al., 2017].

Empty depressions become more prevalent where these depressions are in

drainage basins that drain into the large seas. In these locations, the elevations

of the floors of the empty depressions are always higher than the elevation of

the sea level of Titan’s three seas, suggesting a hydraulic connectivity over these

relatively short length scales [Hayes et al., 2017]. When these depressions are

proximal to the seas, their boundaries become more irregular in planform.
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Figure 2.10: Embedded units. (a) Empty (yellow arrow) and filled (green arrow)
depressions (El/Fl) south of Ligeia Mare. The morphologies of their perimeters
are similar, and both are embedded in a SAR-dark material. The floors of the
empty depressions appear bright to their surroundings in this image, though
such an appearance is not a requirement; (b) Circular depressions (marked by
yellow arrows) appear with a much more regular perimeter surrounded by a
SAR-bright mound; (c) Fluvial valley, Vid Flumina, exhibiting a dendritic pat-
tern. Recent altimetry analysis suggests this network to be incised ∼300 m into
the surrounding SAR-dark plain (Lud). (d) Alluvial fans (A f ) along the south-
ern perimeter of Kraken Mare. These fans overlap to form a bajada, and exhibit
classic alluvial fan morphologies.
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Liquid-filled depressions further from the seas appear darker in SAR im-

ages than those nearer to the seas. Recent observations have demonstrated that

the methane-rich liquid in Ligeia Mare is very transparent at centimeters wave-

lengths [Mastrogiuseppe et al., 2014, Mitchell et al., 2015]. This implies that the

liquids in these depressions must be hundreds of meters deep if they are similar

in composition to Ligeia Mare. A more plausible alternative that can be tested

using Cassini’s altimeter, is that these depressions contain liquids that are con-

siderably less methane rich than Ligeia Mare [Hayes, 2016]. Empty depressions

nearer to the seas are typically lower in elevation and display darker floors than

those located further from the seas [Hayes et al., 2017].

In the south, these depressions also form in clusters; and the shape of bound-

aries suggest that separate depressions formed and then coalesced into larger

structures than those at the north (Fig. 2.11a/b). The total area of filled depres-

sions is less in the south than in the north, though the area of empty depressions

is greater at the south (Table 1).

A minority of the depressions may also have very circular boundaries.

Though still depressions, they appear different from the other depressions, in

that they are more circular, and at times have a bright, mounded rim around

their boundaries (Fig. 2.10b). They are often observed to form in clusters at the

boundaries of, and also visible under the liquid surface level of, some of the

larger depressions and seas that are more transparent to the radar (Fig. 2.12c-

iii). Additionally, these depressions appear to have a characteristic diameter

of ∼5-10 km, smaller than the vast majority of other depressions on Titan. Their

shape, distribution, and size may provide insight to their formation mechanism.
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Figure 2.11: Adapted from Hayes (2016) ; Top (a/b): Breached empty depres-
sions (El) at the south show evidence for the progressive growth of multiple
depressions into a single large depression. A valley network on the left is en-
croaching upon the depression(s), presumably leading to a breach (red arrows)
and faster growth. Bottom (c/d): Filled (Fl) and empty (El) depressions at the
north. These depressions are embedded within the SAR-dark, high plains (Hud),
and are bounded by the SAR-bright, dissected uplands (Hdb). The empty de-
pressions are situated in a local topographic high.
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Figure 2.12: (a) A region of particular interest that includes Jingpo Lacus and
the connection between Kraken and Punga Mare; (b) Corresponding geomor-
phologic map of the region with units color coded as in Figs. 2.2b/2.3b. Red
boxes highlight features in bottom panels; (c) Zoomed in panels of highlighted
circular depressions are common around the shorelines of the seas (panels i and
iv) and seem to elongate and coalesce into a single chain in many locations
(panel ii). Circular depressions also occur at the bottom of Jingpo Lacus (iii),
suggesting that the substrate on the seafloors of large liquid bodies is similar to
the substrate in which smaller depressions form. Features of interest in (c) are
marked with yellow arrows, with each panel 100 km across. We vary the stretch
on panel iii to highlight the features of interest.
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Previous interpretations for the origin for some these features included cry-

ovolcanic calderas [Wood et al., 2007], karst sinkholes [Mitchell et al., 2007] and

impact craters [Wood et al., 2010].

Filled/Empty Seas (Fm/Em) - Fig. 2.13

The seas that cover a large fraction of the mapped north polar region (e.g.,

Hayes et al. [2008]; Table 1) are included here as an embedded unit. As noted

previously, the SAR-bright, dissected uplands unit compartmentalizes the north

into individual basins. More highly dissected SAR-dark, dissected uplands seg-

regate the south into similar basins. Basins that are filled with liquid are Punga

Mare, Ligeia Mare and Kraken Mare at the north. Ligeia Mare (Fig. 2.13b) was

measured directly by the altimeter to be ∼160 m deep [Mastrogiuseppe et al.,

2014, 2016].

a	 b	

Figure 2.13: (a) Empty sea (Em) around Titan’s south pole with the boundary
marked in yellow. These basins occupy the lowest elevations at the south. Ev-
idence of valley incision is seen along their perimeters; (b) Filled sea (Ligeia
Mare) at the north shows a similar shoreline morphology to the southern empty
sea. The largest valley networks drain into the seas at the north, while the south-
ern empty seas also show evidence for large drainage systems.
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The south is dominated by four large empty seas, and a similar cluster of

empty depressions as the north. The total sea areas at both poles are simi-

lar, with the south (7.6×105 km2) slightly larger than the north (7.0×105 km2).

Presently, the empty seas at the south, however, do not appear as interconnected

at the surface as the flooded northern seas [Hayes et al., 2011]. The interpreted

shorelines of these empty seas show a similar morphology to the filled seas in

the north, with the largest channel inlets and paleo-island structures appearing

around their perimeters. A SAR-dark plains material floors these empty seas

(e.g., Fig. 2.13a). Ontario Lacus, the largest liquid-filled depression in the south

[Brown et al., 2008, Wall et al., 2010] is located at the lowest point of one of the

empty seas.

In ISS images, the empty seas are dark, similar in appearance to the SAR-

dark, low plains. This pattern is different from the undifferentiated plains

[Malaska et al., 2016a, Lopes et al., 2016] around the mid-latitudes and equa-

torial regions of Titan, which are similar in SAR appearances though distinctly

bright in ISS observations [Malaska et al., 2016a, Lopes et al., 2016].

Fluvial Valleys - Type Example - Fig. 2.10c

Numerous valley networks dissect Titan’s polar terrains [Jaumann et al., 2008,

Malaska et al., 2011, Langhans et al., 2012, Burr et al., 2013a,b, Black et al., 2012].

The valleys in the dissected uplands units are narrow and have high relief. As

discharge increases towards a given sea, valleys widen and relief decrease, qual-

itatively similar to terrestrial river networks on Earth. Valleys near the seas,

where there is altimetry data available (Vid Flumina: Fig. 2.10c), are incised

∼300 m into the surrounding terrain [Poggiali et al., 2016] suggestive of a pro-

longed period of incision and sediment transport across the region.
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In the south, there are a greater number of valleys and a higher fraction of

those valleys are SAR-bright, like many of the equatorial valleys around Xanadu

[Le Gall et al., 2010].

Valleys distant from the seas that are not inundated with fluids are difficult

to analyze with ISS images because of the small spatial scale of these features.

The valleys closer to the seas have a similar ISS signature as the seas themselves.

Alluvial Fans (A f ) - Fig. 2.10d

Alluvial fans are distinguished by their fan-shaped, relatively SAR-bright,

undissected surfaces. They are located at the termini of valleys crossing the

boundaries of the mountains and SAR-bright dissected terrains units. Alluvial

fans are rarely found around the dissected uplands. These features are also con-

tained within the mottled plains (Vmb), suggesting that the mottled plains may

be a fluvially emplaced transitional unit.

In some areas, fans overlap to form a bajada. This unit acts as a morpho-

logic indicator as to the sources, sinks, and transport paths of sediment on Titan

[Radebaugh et al., 2016, Birch et al., 2016]. The fans in our mapping regions are

too small to resolve in ISS observations.

2.4 Geomorphologic Units: Interpretations

By incorporating topographic data as an inherent characteristic in the definition

of our geomorphologic units, we are able to generate a schematic illustrating the

relative topographic relations of our units (Fig. 2.14). In Fig. 2.14, units that are

topographically the highest are at the top of the column. For example if the SAR-
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dark, high plains (Hud) are found next to SAR-Bright Dissected Terrains (Vdb),

the dissected terrains will always be topographically higher. Stratigraphically,

however, the plains would overly the dissected terrains. This column allows us

to compare elevations and contact relations, which aid in the development of

our model in Section 2.5.

SAR-bright, dissected uplands

Uniform, SAR-dark, high plains

Uniform SAR-bright plains

Mottled Plains

 Uniform, low �at plains

Uniform, SAR-dark, low plains

Mountains

Filled/Empty Seas

SAR-bright dissected terrains

Alluvial Fans

Empty Depressions

Filled Depressions

SAR-dark, dissected uplands

Figure 2.14: Topographic relations column for mapped morphologic units. Col-
ors are as in Figs. 2.2/2.3, and individual units are described in Section 2.3.
The units in the column are stacked by elevation of relative occurrence. Moun-
tains (Mtn) define the highest unit, and successively lower units are defined as
uplands and plains. Note that this is not a stratigraphic column.

The same geomorphologic units can be mapped at both of Titan’s poles, sug-

gesting that the governing processes shaping these landforms have been the

same. While the south is currently lacking large inventories of exposed surface

liquids, there are still large empty seas, with SAR-dark floors and numerous

empty depressions.
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Mountains & SAR-Bright, Dissected Terrains (Vdb & Mtn)

We classify the SAR-Bright Dissected Terrains (Vdb) and Mountains (Mtn) as

distinct units in our mapping because of their differences in topographic re-

lief. Yet the similarity in morphology, appearance in ISS images, and altimetry

backscattering suggest a similar formation and water ice-rich composition for

these two units. Across the poles, we see SAR-dark plains units at higher eleva-

tions than the SAR-Bright Dissected Terrains, which suggests a mantling of the

plains units on top of the dissected terrains. In many locations, it appears that

the SAR-Bright Dissected Terrains are outcropping from the plains units, ap-

pearing as exposed regions of the underlying bedrock. Most clearly, these units

(hereafter both Mtn and Vdb are termed mountainous terrains) occur around the

western perimeter of the northern seas and around the empty southern seas. In

such cases, these regions may represent areas that have had a sedimentary cover

removed, similar to the degraded craters observed at Titan’s equatorial region

[Soderblom et al., 2010, Neish et al., 2015].

Similar to Lopes et al. [2010], we interpret the two units together to com-

prise the primordial crust of Titan, acting as the oldest terrain unit in the north.

Where the terrains occur at the highest elevations, they are mapped as moun-

tains. Elsewhere, where there may be adjacent units that are topographically

higher, they are mapped as SAR-Bright Dissected Terrains.

The quasi-linear orientations of the mountainous terrains at the south may

imply that their formation and evolution may be tied to tectonic processes, such

as polar subsidence [Choukroun and Sotin, 2012, Moore et al., 2014], true po-

lar wander (e.g., Schenk et al. [2008]), primordial remnants as Titan de-spun

[Cook-Hallett et al., 2015], or some combination of endogenic process (e.g., Liu
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et al. [2016]). It is difficult to determine any preferred orientation of mountain-

ous terrains in the north.

Dissected Uplands (Hdd & Hdb)

We separate the dissected uplands from the mountainous terrains because our

observations suggest that they differ in composition, even though they also ex-

hibit high relief. Compared to the dissected uplands, the mountainous terrains

are more uniformly bright with a very clear layover texture (e.g., Lopes et al.

[2010], Malaska et al. [2016a]). These scarp-bounded units are highly dissected,

with a higher channel density than the lower lying plains. The SAR-bright dis-

sected terrains are topographically emplaced lower than the mountains, though

stratigraphically they are situated above the mountains.

The defining characteristic of the dissected uplands, however, is their

backscattering behavior at nadir. Using the altimetry datasets, we find that the

scattering is not dominated as diffusely scattering, where the returns are cor-

related between nadir and off-nadir incidence angles (Fig. 2.6). For the moun-

tainous terrains, this is not always true (Fig. 2.6). This indicates that the high

backscatter that we observe in SAR images for the dissected uplands is not as

diffusely dominated, but instead may be the result of a different composition

or subsurface structure that causes absorption at all incidence angles. The dis-

sected uplands have similar ISS signatures to the SAR-dark, high plains (Fig.

2.7), and so we hypothesize that the dissected uplands terrains may be com-

posed of more organic products than the more water-ice rich mountainous ter-

rains. Malaska et al. [2010] interpreted the SAR-dark, dissected uplands as

karst terrains resulting from dissolution processes while Malaska et al. [2016b]
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and Janssen et al. [2016] identified the radar characteristics as consistent with

organic materials.

The dissected uplands in the north, where mountains are absent, also act as

drainage divides between basins. Furthermore, the drainage basins that these

units enclose often do not empty into the seas. Instead, they are distant from the

seas, forming what appear to be closed basins, and within these closed basins,

the SAR-dark, high plains are the dominant structure, themselves cut into by

filled and empty depressions. A similar type of pattern seems to occur at the

south, also clustered, elevated, and distant from the large empty seas.

These drainage basins are also topographically situated higher than the

filled/empty sea basins. The density of filled and empty depressions is high-

est in these drainage basins, with the density the highest in the north polar

basins. Very few channels are observed in these basins. That does not imply,

however, that there are no channels (or other hydrological features) in the re-

gion, as numerous channels may exist at finer scales (less than ∼150 m). Future

high-resolution altimetry profiles may be able to detect such features.

We forward two possible ways in which this change in composition might

have occurred. In the first scenario, the dissected uplands would form as a

primary deposit due to the evolution of the hydrocarbons in the desiccating

seas that left a layer of less-soluble hydrocarbons as the seas retreated. In the

second scenario, the dissected uplands would be a residual deposit of insoluble

hydrocarbons that covers upland areas and resists erosion. This would imply

that they are younger, resistive sediments that form a ‘cap-rock,’ which would

explain why they are found at higher elevations and along the drainage divides.
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SAR-Dark, High Plains (Hud)

The SAR-dark, high plains are commonly found within the elevated drainage

basins that are characterized by the filled and empty depressions. We interpret

this unit accordingly as the dominant depression-forming unit (Fig. 2.11c/d).

The SAR-dark appearance of this plains unit may result from a saturated top

surface that absorbs incoming radiation. The SAR-dark appearance may also be

the response from a flat, fine-grained substrate like the equatorial dunes [Rade-

baugh et al., 2010], suggesting these plains may be a part of a larger sedimentary

deposit of clastic material. The unit is probably moderately permeable, allow-

ing subsurface fluids to flow great distances [Hayes et al., 2017]. We observe

this relation in the region south of Ligeia Mare, where many empty depressions

occupy the higher standing terrain, while downslope the depressions appeared

to be liquid filled (Fig. 2.11c/d). This observation suggests that at higher liquid

levels, the empty depressions may fill as well.

The formation of depressions within this unit suggests that its composition

and material properties are conducive to the formation of such features. Fur-

ther, the depth of the depressions (up to ∼600 m; Hayes et al. [2017]) suggests

that the layer must also extend to such depths in those locations. The moun-

tains and SAR-bright dissected terrains also appear to outcrop from this unit,

suggesting that the SAR-dark, high plains are a mantling layer. As such, we

interpret these plains as sedimentary deposits that have been emplaced on top

of the underlying bedrock.
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Uniform SAR-Bright Plains (Vub)

The uniform SAR-bright plains have a similar backscattering appearance to

the floors of the empty depressions, though the plains lack any boundary that

would distinguish them as enclosed basins. Instead they appear as broad

plains. We interpret their origin to be similar to the lower, SAR-dark plains

units (L fd and Lud). The difference in backscatter may then be attributed to

larger, centimeter-sized grain sizes on the surface of the brighter, higher plains.

In such cases these plains could be analogous to gravel piles with cm-sized scat-

terers distributed across their surfaces. The increased brightness of the uniform,

SAR-bright plains may also be due to an increase in volume scattering, where

the uniform SAR-bright plains have greater scattering in the subsurface. This

could be the result of a more porous subsurface and/or a subsurface that lacks

fluid within the top few centimeters [Janssen et al., 2016].

Mottled Plains (Vmb)

The mottled plains have a highly variable appearance in SAR images. They

also appear at variable elevations across the poles, though always lower than

mountainous terrains, dissected uplands, and uniform SAR-dark high plains.

This suggests that they are a transitional unit between the higher units and the

lower-lying SAR-dark plains (L fd and Lud). We attribute the variable backscat-

tering and elevation of this unit to be the result of varying degrees of fluvial

incision and deposition at the boundaries of the topographically high regions.

Further, the association with alluvial fans suggests a common origin that would

be the result of fluvial incision and varying transport capacities between units

of varying elevations.

47



The mottled plains also appear in isolated patches, elevated higher than the

lower lying plains units. This may represent an outcropping of an underlying

substrate, and in such a case, may be similar to the hummocky sections of the

hummocky/mountainous terrains identified by Lopes et al. [2010].

Low Flat Plains (L fd)

The north is also composed of relatively low relief areas that contain the largest

filled depressions (Bolsena Lacus; Fig. 2.2b). These regions are especially com-

plex, as the low flat plains cover a large fraction of these areas. The flatness and

uniform darkness in SAR of these regions, over large spatial scales, can be inter-

preted as evidence that the phreatic surface may be near to the surface, possibly

ponding in the lowest areas and/or at the bottom of some empty depressions.

Alternatively, the low, flat plains may also be regions of radio wave-absorbing,

sedimentary material that are uniform and flat; similar, though distinctly differ-

ent in origin, to the equatorial dunes (e.g., Radebaugh et al. [2010]). We favor

the former, because of the association of this unit with ISS regions interpreted to

be liquids.

SAR-Dark, Low Plains (Lud)

In regions closer to the mare, the SAR-dark, low plains are emplaced lower than

the dissected uplands and mountains terrains. The inclined surfaces of this unit

and high density of observable fluvial valleys suggest that it must postdate the

formation of the seas and be formed by surface processes, most likely being

rivers and alluvial fans, that drain towards the seas. We therefore interpret this
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unit as sedimentary alluvium transported from the high relief regions onto the

adjacent lowlands. Larger water-ice sediment transported as bedload (e.g., Burr

et al. [2013b]) and materials carried in suspension would tend to deposit where

the valleys crossed the boundaries to the low gradient adjacent units where re-

duced slope would decrease the flow boundary shear stress.

Within this unit, the 5-µm bright unit identified by MacKenzie et al. [2014]

is frequently found, perhaps suggesting a causal relationship. If so, their inter-

preted evaporitic nature [Barnes et al., 2011] would just be one limiting case,

where runoff from the dissected terrains is temporarily ponded and allowed to

evaporate.

Evidence for a substantial, compositionally heterogeneous, sedimentary

layer at the poles is also seen, where ∼300 m deep canyons are incised within the

SAR-dark, low plains unit. Changes in erosional resistance help to explain these

features, where a soft layer may be overlain by a harder cap rock. Once the river

has eroded through the resistive cap rock it would be able to incise deeply into

underlying softer layers. An analogous stratigraphy may also explain the mor-

phology of the depressions, particularly those with raised rims [Hayes et al.,

2017].

While the SAR-dark, high plains, and the SAR-dark, low plains are mor-

phologically similar, we classify them separately on the basis of topographic

emplacement. If the units share a similar origin, as in the case of the mountains

and SAR-bright dissected terrains units, then we are observing sedimentary lay-

ers that form a stepped topography with variable elevations across the poles. If

the units were emplaced as one contiguous layer, then the large-scale slope of

both units and stepped topography would suggest that vertical crustal motions
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displaced these units to their current positions. Detailed spectroscopic analysis

should be able to test this hypothesis and yield further insight as to whether

they share a common origin.

Filled/Empty Depressions (Fl/El)

Our mapping of the filled and empty depressions at the poles completes that

of Hayes et al. [2008]. We notice, however, that not all filled depressions have

similar appearances in SAR. Filled depressions are relatively darker in their ap-

pearance when they are in drainage basins distant from the seas. Their borders

are also particularly interesting, where most depressions have sharp edges and

raised rims [Hayes et al., 2017].

2.5 Evolutionary Model

Despite the difference in the distribution of filled depressions and seas, Titan’s

north and south polar regions have similar morphologies. Accordingly, we pro-

pose that the processes that formed their surfaces were similar (e.g., Dietrich

et al. [2003]). The major differences between the poles are the greater density

of mountains and SAR-bright dissected terrains in the south and the greater

areal coverage of liquids in the north. In the model we discuss below, we adopt

the concept of Aharonson et al. [2009], where fluids are dominantly trans-

ported from pole-to-pole over the ∼100,000-year apsidal precession of Titan’s

orbit [Lora and Mitchell, 2015].

The landscape of Titan, however, is complex and is probably the result of
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surface processes acting over many millions of years. Any model for the geo-

morphologic evolution of Titan has to explain large variations in radar backscat-

ter and topography, as well as a variety of landforms including: rivers [Burr

et al., 2006, 2013b], canyons [Poggiali et al., 2016], lakes and seas, and moun-

tains [Radebaugh et al., 2007]. Accounting for the formation of the filled/empty

depressions is also fundamental to any model, where their closed, steep sided

nature must imply either dissolution or sublimation processes acting on a sat-

urated, porous substrate [Hayes et al., 2017]. Further, the raised rims of the

largest empty depressions, which are characteristic of the largest of these fea-

tures [Hayes et al., 2017], suggest an added complexity that has no applicable

terrestrial analog.

The presence of sloping geomorphologic units (Hud and Lud) is evidence for

the development of relief within the drainage basins, either through uplift of

the surrounding mountains or subsidence and erosion. Further, simply dissect-

ing the ocean perimeters would not leave the large basins that the seas occupy.

Producing the current landscape without some form of surface deformation to

create relief would be more difficult to conceive, and so we assume that endo-

genic, relief-generating processes have occurred.

Detailed modeling (e.g., Tewelde et al. [2013], Neish et al. [2016], Howard

et al. [2016]), though not within the scope of this work, may yield results that

match the form of the landscape we have found in our mapping. We explore one

possible evolutionary scenario that is able to describe the bulk of the distribu-

tion of the mapped units, while acknowledging that other models may equally

describe the landscape our mapping reveals.
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2.5.1 Stage 1 - Build-up of Large Sedimentary Deposits

The model illustrated in Figs. 2.15 and 2.16 , assumes that in Titan’s distant

past the polar regions were submerged beneath a methane-ethane ocean (e.g.,

Lunine et al. [1983]) of sufficient depth and for sufficient duration that thick

sedimentary layers accumulated on their sea floors. An ocean would be the

product of episodic outgassing of methane driven either by endogenic processes

like cryovolcanism [Lopes et al., 2013], through the liberation of methane from

clathrates in Titan’s crust [Tobie et al., 2006], or from the late volatilization of

nitrogen and methane surface ices as the sun warmed [Moore et al., 2014]. The

later options would allow for multiple ocean epochs and is more favorable given

the scarcity of confirmed cryovolcanic features on Titan’s surface [Lopes et al.,

2013].

We propose that the topography of the ancient water-ice landscape (marked

by the top of the red unit in Fig. 2.15 ) defines local highs and lows that may

have developed in response to erosion of large impacts structures or uplifted

terrain due tectonic processes. The low areas then become sites of ocean basins.

The sediments that accumulated on the seafloor of these basins are then pre-

sumed to contain components of both organic atmospheric products and water-

ice sediment that was eroded from the surrounding landscape. A terrain com-

posed of both water-ice sediments and organic components was also postulated

by Neish et al. [2015] to explain the spectral character of impact craters. In this

model, the mountainous terrains (Mtn and Vdb) represent regions where this pri-

mordial bedrock remains exposed, either never having been submerged below

an ocean or recently exhumed.

Some organic products are soluble in liquid methane or ethane, such as ben-
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Figure 2.15: Cartoon model described in Section 2.5. Color scheme as in Fig. 2.14
. Relief and sediment thicknesses are exaggerated in all panels; Top: (1) Primor-
dial, water-ice rich bedrock (Mtn and Vdb) is overlain by a large methane-ethane
ocean. Sediments eroded from the water-ice regolith along with precipitated at-
mospheric organics (Hud) begin to accumulate at the bottom. Associated cross-
sectional view (a) is shown with only a few areas not submerged at the onset
of Stage 1. Middle: (2/b) During Stage 2, the ocean retreats to multiple large
seas, with exposed sea-floor material now susceptible to erosion. The dissected
uplands (Hdd and Hdb) are left as remnant highs. Depressions (Fl/El) begin to
form, where initially a larger fraction of them are filled compared to the current
day. Bottom: (3) Stage 3 with a polar view of the current north polar region.
Smaller seas (Fm/Em) are isolated from the small depressions. More empty
depressions are also forming, where in previous epochs (eg. Panel 2/b) they
were filled with fluids. A current day cross-sectional representation of both the
north and south is shown in panel (c). Normal faulting (dashed vertical lines) is
shown to illustrate vertical crustal motions and the observed stepped topogra-
phy.
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Figure 2.16: Stratigraphic column associated with Fig. 2.15 (Colors are as in
Fig. 2.14 ) following the stages of evolution discussed in Section 2.5 shown at
the left with dotted lines. Prior to any ocean arrival we assume Titan’s sur-
face to be dominated by a water-ice rich regolith. Large inventories of methane
arise, forming a polar ocean where sediments accumulate at the bottom. As the
ocean retreats, sediments are eroded and reprocessed into different units, and
more empty depressions begin to appear in the landscape. Currently, as fluids
are exchanged between poles, one pole becomes entirely empty while the other
contains all the remaining surficial liquid volumes.

zene, naphthalene, and biphenyl [Malaska and Hodyss, 2014]. These materials

will remain in solution, forming evaporitic deposits around lakes and seas that

have lost liquid due to evaporation. Many of the other organic compounds are

not soluble (e.g., tholins, poly-HCN; Raulin [1987], Cornet et al. [2015]) and

will instead form a layer, or layers, of sediment on the ocean floor and/or a lag

deposit on uplifted, exposed surfaces.

Accordingly, we would expect these sediments to form layered deposits with
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varying compositions and strength properties between soluble organic mate-

rials, insoluble organic materials, and insoluble water-ice sediments [Cordier

et al., 2013, 2016]. Further, these layered deposits, having variable composi-

tions, solubilities, and erodibilities, are likely to weather and erode differently.

This would allow the landscape to develop complex topography and relief. As

the methane and ethane ocean evolved over time, potentially forced by orbital

cycles, the composition of the sedimentary layers deposited within the ocean

may have changed as well, adding a further complexity to the landscape’s evo-

lution.

The presence of a polar ocean is important for two reasons. First, an ocean

concentrates the sedimentary deposits (Hud) from the atmosphere and sur-

rounding terrains into discrete regions at the poles. Photolytically generated

products are globally deposited, but more volatile species are primarily trans-

ported through the atmosphere to the cold-trap at the poles [Brown et al., 2006].

If the polar regions are preexisting global topographic lows, significantly lower

than the present day [Lorenz et al., 2013], then over geologic time scales the

organic products will also be transported to the poles as clastic sediments, and

deposited at the bottom of the proposed polar ocean. Water-ice sediments, also

transported as clasts, would be deposited within these ocean basins as well.

The ocean would also act as a protective cover, allowing for the buildup

of vertically thick sedimentary deposits before the onset of various erosive pro-

cesses that act on the sediments themselves following aerial exposure. The com-

plete lack of confirmed impact craters at the poles further suggests that these re-

gions may have been covered by liquid bodies for significant periods of Titan’s

history [Neish and Lorenz, 2014].
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2.5.2 Stage 2 - Exposure of Sedimentary Deposits

Over geologic time-scales, we assume that the ocean retreats to higher latitudes

as methane is photochemically dissociated in the upper atmosphere and irre-

versibly converted into more complex compounds (e.g., Larsson and McKay

[2013], Moore et al. [2014]). As the ocean retreats, a large inventory of precip-

itable methane (in the atmosphere) could still be present, where rainout may

still cause intense erosion of exposed sediments, except in the lowest portions

of the poles that remain liquid filled. In Titan’s past, events as described may

have also happened multiple times as methane is episodically outgassed and

photochemically destroyed [Tobie et al., 2006]. In such case, the cycle would

restart at the earliest stages.

Throughout this second evolutionary stage, the seafloor below the shallow-

est parts of the paleo-ocean gradually become more exposed, where they are

subsequently eroded, revealing the water-ice-rich mountain basement beneath.

Erosion is assumed to progress at differential rates, depending on the compo-

sition and erosional resistance of the exposed layers, resulting in the stepped

topography (illustrated by a graben in Fig. 2.15). The relative importance of

mechanical versus chemical (dissolution) erosion likely varied, depending on

what sedimentary materials are exposed, at what elevations they appear in the

landscape, and for how long they are exposed. Such complex layering may ex-

plain some of the observed geomorphology, for example, the deep canyons and

filled/empty depressions, which suggest a resistive cap rock overlaying a soft

layer.

Because both the SAR-bright, dissected uplands (Hdb) and the SAR-dark,

high plains (Hud) contain the majority of the filled/empty depressions, their
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compositions are likely similar, though not identical, and we suggest that they

may share a common origin. The SAR-dark, dissected uplands (Hdd), on the

contrary, appear less conducive to the formation of filled/empty depressions,

suggesting they differ in composition from these other units.

We assume that atmospheric deposition of organic sediments has continued

throughout all stages of our model, at rates proportional to both the available

amount of methane and high-energy photon flux from the Sun. The concentra-

tion of the volatile materials is also presumed to be at the poles [Brown et al.,

2006]. As the ocean retreated, much of the methane inventory would be peri-

odically transported from pole-to-pole as in the model described by Lora and

Mitchell [2015]. When the ocean was deep enough, this cyclic exchange of flu-

ids would be most felt along the shorelines, where significant loss of fluid (while

maintaining a sufficient precipitable volume) will cause sea-level to drop, and

a pulse of channel incision to propagate away from the shorelines. Evidence of

this is seen in the shorelines of the southern empty seas with perimeters com-

posed primarily of the mottled plains (Vmb). At the opposite pole, there is a

change in the fluid balance that is causing liquid levels to rise (currently the

north). The lack of any observable deltas along the shorelines of the northern

seas implies that total amount of landscape erosion and/or sediment transport

has not been sufficient to support the formation of large deltas to develop into

the seas. This apparent paradox may be explained by either relatively recent

rise in sea level or by the delivery of fluid to the seas in a manner that didn’t

cause significant erosion of surrounding landscapes.

Throughout the retreat, as more sedimentary materials become exposed, the

depressions would then begin to form. Evidence for the formation of small cir-
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cular depressions in substrates initially deposited at the bottom of liquid bodies

is seen across the north. Beneath the liquid surfaces of both Jingpo Lacus (Fig.

2.12 c-iii) and Ligeia Mare, and around the shorelines of all large bodies of liq-

uid (Kraken, Punga and Ligeia Mare, Jingpo and Bolsena Lacus) small circular

depressions are found, suggesting that such substrates promote the formation

of depressions.

As such, we hypothesize that the seas are the ultimate sinks for polar sed-

imentary materials, and that their substrates are similar in composition to the

SAR-dark, high plains (Hud). Initially there would be more filled depressions,

but as surface liquids are lost, and the phreatic surface lowers, empty depres-

sions become more prevalent. Further, the continuous variation of base level

over geologic time, both in varying liquid elevations due to orbital variations

and, over longer timescales, tectonic uplift/down-dropping (vertical dashed

lines feature in Fig. 2.15), would act as a major control on the formation of the

landscape across the polar regions. The impact of these variations likely ties into

the formation of the depressions as well. Because depressions are not found at

the bottom of the empty seas, we suggest that their exposure for extended pe-

riods must be relatively recent. If their formation is dependent on subsurface

flow, then an accompanying high alkanifer level during an unexposed time pe-

riod can slow and/or delay their formation to subsequent periods when liquid

levels are lower. Alternately, the lack of depressions around and within the

southern empty seas may be explained if there remains an insoluble lag that is

preventing the initial growth and formation of these features.

The variation in both surface and subsurface liquid elevations will force the

landscape to continuously readjust itself, where each exchange of fluids slowly
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acts to form the filled/empty depressions and sea shorelines that we see today.

2.5.3 Stage 3 - Current Day: Critical Ocean Retreat

Methane is assumed to be progressively lost over time (e.g., Larsson and McKay

[2013], Moore et al. [2014]), and eventually the seas in the evacuated poles

would become nearly entirely dry when fluids move to the opposite pole. Such

a scenario would expose the former seafloor, and fluids would remain in only

the most pole-ward locations. Over time, the size and number of remaining liq-

uid bodies will decrease, eventually reaching the current state of only having a

very small number of filled liquid depressions in the evacuated pole.

Empty depressions would then become increasingly common, where de-

pressions at higher elevations would be abandoned as they would no longer

be connected to an alkanifer. With higher resolution topographic information,

we would expect to find the boundaries of these depressions to be more highly

degraded relative to the presumably younger depressions at lower elevations,

closer to the seas. In locations where empty depressions are found adjacent to

filled depressions (Fig. 2.11c/d), the empty depressions are located at slightly

higher elevations [Hayes et al., 2017], and in such cases they too may be aban-

doned, presumably having been liquid-filled during a previous epoch with

larger surface liquid inventories.

Without any subsequent methane outbursts to restart the cycle, over time the

filled and empty depressions will erode and eventually coalesce into larger de-

pressions. Such a scenario seems to have progressed at the south already (e.g.,

Fig. 2.11a/b). The growth of these features may reach the point where enough
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depressions have merged and a single, enclosing depression perimeter will no

longer be noticeable. The remaining boundaries would be highly degraded,

with large slumps and lower slopes than a fresher depression. The empty de-

pression in Fig. 2.11a appears to have resulted from the progression and growth

of multiple depressions, where the left-ward boundary in Fig. 2.11a (red arrow)

is no longer visible. Further, the degradation of depressions at the evacuated

pole is likely accelerated if the depressions are in communication with the seas,

as they are in the north [Hayes et al., 2017]. The most likely locations for a more

rapid degradation of depressions would be around the perimeter of the current

sea shorelines, where the local phreatic surface may be closer to the surface.

The depression in Fig. 2.11a is also near the border of an empty sea, providing

evidence that such a situation could be occurring.

In locations where there are local topographic lows, sediment can collect

and lead to the creation of the SAR-dark low plains (Lud). These dark plains

materials also seem to border highland regions around the seas, suggesting that

they are sedimentary materials transported and deposited at the base of the

uplands. Where enclosed regions of this unit intersect the local phreatic surface,

liquids may be able to pond at or near the surface, creating the SAR-dark, low

flat plains (L fd).

We also see many more filled/empty depressions in drainage basins dom-

inated by the SAR-dark, high plains (Hud). If the growth of these depressions

is relatively rapid over geological timescales, then without a mechanism to re-

build the sedimentary deposits into which they are embedded, we should not

see any of these depressions. Because we do see such depressions, the growth

of depressions must be geologically slow.
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Alternatively, the depressions may have formed in the geologically recent

past and we are observing Titan during a special time, or there may be some

unknown process that slows the rate of growth as the depression gets bigger.

Without any knowledge of the composition and elevation of liquid(s) contained

in the filled depressions, and the composition and elevation of the surrounding

terrains, there remains no mechanistic model that can describe the formation

and evolution of these features [Hayes et al., 2017]. As such, all scenarios men-

tioned remain possible.

In the south, the sedimentary deposits associated with the proposed ocean

are less extensive, with more of the primordial underlying crust exposed as

mountains (Mtn) or bright, dissected plains (Vdb). This situation may have re-

sulted for one of three reasons: (1) the ocean was less extensive at the south, de-

positing a shallower cap layer; (2) erosion rates were more effective, removing

sedimentary materials at a different rate; or (3) increased tectonic uplift or sub-

sidence of basins generated greater relief at the south, enhancing river gradients

and erosion. We note that all three may contribute to the observed differences

between the poles.

2.6 Model Implications & Analogs

The adoption of a retreating polar ocean model was chosen primarily because

of its simplicity and ability to explain the observed geomorphology of the polar

terrains. Our inference of dissolution on the spatial scales that we observe on

Titan requires a substantial buildup and then removal of material. The presence

of an ocean allows these processes to happen independently and sequentially.
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An ocean is also consistent with both the entrapment of volatiles in the polar

regions, and a source for the global hydrological cycle.

A terrestrial analog for the model we propose can be found with the Mediter-

ranean Sea, which has thick evaporite layer at its base. This layer formed in the

late Miocene, when the Mediterranean Sea dried up during the collision of the

African and European plates [Hsu et al., 1973, Ryan, 2008, 2009]. Left behind

was a halite and gypsum layer kilometers thick, containing ∼ 106 km3 of evap-

oritic material. Within the evaporites, there are repeated cycles of layers that

formed as a result of the precipitation of minerals with different solubilities.

As the sea level dropped, not only were these evaporitic materials deposited in

large quantities, but inflowing rivers also incised and propagated away from

the basin perimeter. One such example is the Nile River canyon, which incised

∼570 m below current sea level into the surrounding terrain [Hsu et al., 1973,

Woodward et al., 2007].

In the case of Titan, we propose that the large SAR-dark, high plains to be

underlain by sedimentary deposits, analogous to the large salt layers of the

Mediterranean Sea, where it is likely that there will be cycles of layering of

organic molecules of different solubilities. However, the thickness of pure or-

ganic evaporite will be extremely thin on Titan unless it is constantly recharged

by precipitation from the atmosphere. Evidence of past channel incision and

canyon formation is also found in the channels surrounding Ligeia Mare, only

that in the current epoch these valleys are drowned by rising liquid levels at the

north [Hayes et al., 2011].

Larsson and McKay [2013] began modeling the extent of an ocean on Titan,

given the current rate of methane loss, and found that an ocean would extend to
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equatorial latitudes 600 Ma. Further, observations of the oldest terrains on Titan

are consistently found at the highest elevations, including craters [Neish and

Lorenz, 2014] and mountain chains [Liu et al., 2016]. The presence of large liq-

uid bodies at the poles within the last few hundred million years could also help

to explain why we do not see any confirmed craters at the poles, since impacts

into marine environments have muted, if any, topographic expression [Neish

and Lorenz, 2014]. Though we are unable to constrain the total areal extent of

any past polar ocean, our model requires only the presence of larger liquid bod-

ies at the poles. Higher resolution and a greater coverage of topographic data,

which is currently not available, should be able to constrain the locations and

depths of any past ocean. The acquisition of such data would require a future

mission to Titan that is able to resolve features such as shorelines that follow

an equipotential (e.g., Perron et al. [2007]). An external constraint for both the

depth and latitudinal reach of any putative ocean though, is Titan’s non-zero

eccentricity and limited degree of tidal damping [Sagan and Dermott, 1982].

The initial deep depression of the poles is critical to the model. This makes

the poles substantially different from the terrains in the mid-latitudes or equa-

torial regions [Lopes et al., 2010, Malaska et al., 2016b, Lopes et al., 2016]. The

poles would have to have been depressed a sufficient amount to prevent any

paleo-ocean from spreading to lower latitudes. Depending on the rate and loca-

tion of vertical crustal movement, however, the initial thickness of any ocean(s)

will vary. Greater vertical motions require a smaller ocean, while reduced tec-

tonics and uplift requires larger, deeper liquid bodies. The current ∼1 km differ-

ence between the poles and equator [Zebker et al., 2009, Lorenz et al., 2013] may

also only be a lower limit, as significant sedimentation and infilling of the initial

depression could mask a deeper initial depression. Further, gravity measure-
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ments of Titan suggest that a significant removal of material and/or deposition

of sediments are required globally to explain the current geoid-topography re-

lationships [Hemingway et al., 2013], if the outer ice crust is assumed to not be

isostatically compensated [Mitri et al., 2014, Lefevre et al., 2014]. With a large

deposit of sedimentary material at the poles, our model aligns with the gravity

model of Hemingway et al. [2013].

Titan’s channel networks also suggest that the polar landscapes are not in

equilibrium with their environment. We observe disorganized and drowned

channel networks, and only rarely do we observe deltas. The latter suggests

that sediment delivery is slow relative to the rate of backwater drowning of

valley networks. This adds credence to our model, in that the model relies

on Titan’s atmospheric and tectonic environments to be continually varying

over both long (retreat and loss of methane), intermediate (uplift and down-

warping of Titan’s crust), and shorter (∼100,000-year Croll-Milankovitch cycles)

timescales.

The greater abundance of mountains in the south, suggests that the sedi-

mentary layer of the high dark plains is not as prevalent or effective at mantling

the underlying substrate there, or that the south polar mountainous terrains are

topographically higher than the buried north polar mountainous terrains. The

lack of a cover at the south, however, does not require different processes acting

between the two poles. The same erosional processes are likely doing work on

the surface through geological time, with only the occurrence rates of erosional

events differing.

The lowest topographic units at either pole are the filled/empty seas. If

the southern empty seas are former liquid-filled basins, then they may be ex-
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pected to contain evaporitic, 5 µm-bright material at their bases, something that

is not observed [MacKenzie et al., 2014]. MacKenzie et al. [2014] offer two

explanations to explain their absence: evaporite formed in the south but were

subsequently removed or covered, or that conditions were never suitable for

evaporite formation. Our model is more consistent with the evaporitic deposits

having been formed and then buried, removed or altered, as there are likely

many processes able to do so over 100,000 year orbital cycles [Lora and Mitchell,

2015]. Our model is less consistent with a scenario in which the composition of

the ocean, or the availability of soluble material varied significantly between

the poles, or that the liquid did not evaporate from the south, but instead was

drained away, carrying the dissolved organic material with it.

2.7 Discussion & Summary

Our mapping reveals a complex terrain of both underlying mountainous topog-

raphy and smooth undulating plains materials into which all of the lacustrine

depressions are embedded. The landscapes of the south and north poles of

Titan are similar, with the south pole appearing only as a drier, more eroded

version of the north pole, and lacking more of the sedimentary units. Most of

Titan’s filled and empty lake depressions are located in regions underlain by a

single geomorphological unit (uniform SAR-dark plains), suggesting that this

unit is conducive to the formation of these features. Dissected uplands units,

compositionally distinct from underlying mountainous bedrock, border these

lake-forming regions, forming enclosed (endorheic) basins.

The polar ocean model we propose is our best interpretation of the mapping.
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Testing of the conceptual model could be accomplished by modeling ocean-

atmosphere interactions to explore if sizes and duration of an ocean are compat-

ible with topographic data and geomorphic mapping. Tidal modeling of a Titan

ocean may similarly constrain the maximum size and depth of an ocean, and de-

fine under what conditions these water bodies would decline to the current day

conditions, given Titan’s non-zero eccentricity. With an improved knowledge of

Titan’s surface topography from Cassini, such an endeavor is both possible and

worthwhile for the testing of our model. Tidal modeling with the polar ocean

assumption may also explore the production of volatile materials and subse-

quent transportation to and deposition of thick polar deposits.

Theoretical modeling of the volatile budgets necessary for the development

of the empty and filled depressions may place limits on the amount of dis-

solvable material needed in a matrix of both soluble and insoluble compo-

nents. This would include an investigation of volatile inventories, volatile losses

and transformations, and the present inventory of volatiles (including, e.g.,

tholins). Quantitative modeling of landform evolution by simulation models

(e.g., Howard [1994]) can also evaluate the process rates and varying environ-

mental scenarios. As new topographic data become available, it would be par-

ticularly valuable to further characterize the landform relationships at the poles,

and place further constrains on surface composition. Lastly, future missions to

Titan could test the conceptual model by identifying layered sedimentary units.

Investigating the variation (or uniformity) of the composition in any potential

sedimentary layers could confirm or rule out our model.
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CHAPTER 3

SOUTHERN HEMISPHERE PALEOSEAS ON TITAN

Originally published in:

S.P.D. Birch, A.G. Hayes, P. Corlies, E.R. Stofan, J.D. Hofgartner, R.M.C.

Lopes, R.D. Lorenz, J.I. Lunine, S.M. MacKenzie, M.J. Malaska, C.A.

Wood, and the Cassini RADAR Team. Morphological Evidence that Titan’s

Southern Hemisphere Basins are Paleoseas. Icarus, in press, 2017. doi:

10.1016/j.icarus.2017.12.016

Cassini has shown that modern liquid bodies are largely restricted to North

polar latitudes (>55◦) with a comparatively small volume of liquid in the south-

ern hemisphere. This dichotomy has previously been attributed to Saturn’s

current orbital configuration, but if correct, the configuration is transient and

southern depositional basins equivalent in volume to the northern seas are re-

quired. In the South polar region, we have identified four dry broad depres-

sions, equivalent in area to the northern seas. Morphologic and topographic

data suggest that they represent paleoseas that were filled during an earlier

epoch more favorable to the accumulation of southern liquids. All four basins

are characterized by topographically low, SAR-dark plains, along with dissected

margins that mark putative paleo-shorelines. These characteristics imply that

these depressions represent depositional basins. Topographically, the basins

have a combined volume that is ∼3 times greater than the northern seas, suf-

ficiently large to contain all of the northern liquids. A lack of evidence for 5-µm

bright material, interpreted as evaporite, challenges our interpretations in the

absence of efficient removal or burial mechanisms. The long time scale over

which fluids migrate, however, suggests that any deposits have ample time to
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be altered/removed.

3.1 Introduction

Titan is the only body in the solar system, besides the Earth, known to currently

have standing bodies of liquids on its surface [Stofan et al., 2007]. Presently, liq-

uids are restricted to the polar regions (> 50◦), with liquid bodies in the North

encompassing 35 times more area as compared to the South [Hayes et al., 2011,

Birch et al., 2017]. Apsidal precession of Titan’s obliquity over ∼100,000 year

cycles, analogous to the Earth’s Croll-Milankovitch cycles, forces liquids from

pole-to-pole, and has been invoked as a physically plausible mechanism to ac-

count for the dichotomy [Aharonson et al., 2009]. General circulation models

support such a mechanism, as Titan’s current orbital configuration produces

more intense, high-latitude, baroclinic eddies over the southern hemisphere,

preferentially depositing more liquid at the northern pole [Lora and Mitchell,

2015].

These models, therefore, imply that the presence of northern liquids are tran-

sient over geologic timescales. Large basins (e.g., Stofan et al. [2012], Wood et al.

[2013]) able to accommodate ∼70,000 km3 of liquid methane and ethane [Hayes,

2016] are required when orbital and climatic conditions become favorable for

the accumulation of southern seas. Our study identifies four large basins, all of

which show morphological evidence for having been formerly filled by liquids.

This morphological evidence is presented in Section 3.2. In Section 3.3, using

an updated topographic model of Titan [Corlies et al., 2017], we show that the

shorelines of these basins are at a consistent elevation, and that the basins them-
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selves are able to accommodate the volume of North polar liquids. Though

some challenges remain in being able to definitively confirm the existence of

ancient seas, described in Section 3.4, our findings are consistent with a loss of

southern liquids in the geologically recent past.

3.2 Paleo-Basin Geomorphology

The South polar region of Titan is characterized by four large, SAR-dark deposi-

tional basins (Fig. 3.1). The area covered by the southern basins is similar to the

area of the northern, liquid-filled seas (South: 6.80 × 105 km2, North: 7.33 × 105

km2; Birch et al. [2017]). Below we discuss the morphologies of each basin.

3.2.1 Ontario Lacus Basin

The Ontario Lacus basin (hereafter the Ontario Basin) is the most prominent of

the four basins we identify, having the well-studied Ontario Lacus (e.g., Turtle

et al. [2009], Barnes et al. [2009], Wall et al. [2010], Lorenz et al. [2010], Hayes

et al. [2011], Turtle et al. [2011b], Cornet et al. [2012]) situated at its lowest

topographic point. On the southern border of the basin, crenulated terrains

(Fig. 3.2, feature ‘1’) show evidence for having been highly fluvially dissected.

This perimeter forms an outer ring around the majority of the basin that we in-

terpret to be the location of a former shoreline when liquid levels were higher.

High relief (∼600 m, Birch et al. [2017]) mountainous terrains (Fig. 3.2, ‘2’) that

enclose the remainder of the basin are found on the northern half of the border.

Bounded within the crenulated and mountainous perimeter is a SAR-dark,
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Figure 3.1: Polar stereographic projection of SAR image data (corrected for in-
cidence angle) of the South polar region extending out to 60◦S latitude. SAR
image data includes all flybys up to and including T98. A mosaic of ISS data
underlays the SAR mosaic. The perimeters of the four basins discussed in the
text are highlighted in yellow.

low sloping plain (Fig. 3.2, ‘3’). This plain surrounds the largest South polar

lake, Ontario Lacus (Fig. 3.2, ‘4’). Similar to the basin perimeter, the morphol-

ogy of the lake perimeter is also not uniform. The eastern half is smooth (Fig. 3.2,

‘5’), which could be the result of either erosional or depositional processes. If

erosional, wave action and along-shore currents would be the dominant mech-

anisms operating to shape the shoreline [Wall et al., 2010]. If depositional, we

would expect there to be numerous sub-resolution channels that terminate in
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a series of small-scale deposits along the shoreline [Wall et al., 2010]. Along

the southeastern portion of this shoreline, there is a disruption in the smooth

perimeter (Fig. 3.2, ‘6’). This feature appears quasi-circular, much like the cir-

cular features submerged under the North polar lake Jingpo Lacus, and other

small lakes around the shorelines of the northern seas [Birch et al., 2017]. We

hypothesize that this feature represents a breached small lake that formed in

situ along the perimeter of Ontario Lacus. As shorelines are typically active ar-

eas of erosion and/or deposition, the presence of this feature suggests that it

may have formed recently. This one example, of which there are others in the

South [Birch et al., 2017], implies that the lake-forming processes of the North,

and the materials in which the lakes form, are similar and ongoing in the South.

The western half of Ontario Lacus is much rougher in SAR. This roughness

can be attributed to what appears to be a largely depositional environment.

Evidence for deposition occurs in the form of two lobate features interpreted

as abandoned deltas (Fig. 3.2, ‘7’; Wall et al. [2010]) and numerous through-

flowing channels.

A long sinuous channel (Fig. 3.2, ‘8’) that emanates beyond the crenulated

outer perimeter of the basin likely delivers sediment to the deltas along the

western shoreline. This channel, Saraswati Flumen, is among the longest yet

observed on Titan (∼360 km in length), draining a very large catchment area to

the west of the lake. Analyses of fan area-drainage area relationships find that

these deltas are relatively small in their planform area with respect to the area

that they drain [Birch et al., 2016]. This suggests that the deltas are likely out

of equilibrium with respect to their current sediment transport environment,

which may occur for a variety of reasons (see Birch et al. [2016]), one of which
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is a recent drop in liquid levels within the Ontario basin.

3.2.2 Romo Planitia Basin

The Romo Planitia basin (hereafter the Romo Basin) is the smallest of the four

basins we identify. Located around the geographic South Pole, the most recog-

nizable feature is Romo Planitia, whose deepest portion is comparable to the

deepest location in Ontario basin (−826± 160 m and −815± 160 m respectively).

This SAR-dark plain is completely enclosed within a topographically low basin,

and bounded by crenulated terrains on nearly all sides (Fig. 3.3, ‘1’). The only

region of the basin perimeter that is not marked by crenulated terrain is the re-

gion between longitudes 80◦W and 80◦E, where high relief labyrinthic terrains

(∼700 m above the surrounding plains) instead mark the perimeter (Fig. 3.3, ‘2’).

Along the eastern border (Fig. 3.3, ‘4’), SAR-bright channel features dissect the

surrounding elevated terrain. These small-scale channels terminate at the puta-

tive shoreline of the basin, and propagate up into the higher standing terrain,

which itself is tilted away from the basin in topographic data.

Tracing through the labyrinthic terrains are channel features that drain to-

wards the lowest point of the basin, where two small lakes are found (Tsomgo

Lacus & Kayangan Lacus; Fig. 3.3, ‘3’). These two lakes are morphologically

different from Titan’s sharp-edged depressions, which have well-defined, com-

pletely enclosed borders [Hayes et al., 2017]. The lakes in this basin are in-

stead more like Ontario Lacus, where channels are seen entering the lakes, and

the sharp-edged border [Hayes et al., 2017] is missing. This suggests a differ-

ent mechanism, where instead of formation through a dissolution-like process
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Figure 3.3: Top Left Panel: The Romo Planitia basin with features described in
the texts as follows: ‘1’ - crenulated outer perimeter; ‘2’ - high relief labyrinth
terrain perimeter; ‘3’ - Two small lakes located at the lowest topographic point
of the basin; ‘4’ - Exposed basin wall exhibiting high degrees of dissection; ‘5’
- Low relief, crenulated region between the Romo basin and the Ontario basin;
Top Right Panel: The Romo Planitia basin with its perimeter marked in yel-
low. Regions with poor image resolution have a dashed line; Bottom Left Panel:
The Romo Planitia basin with its perimeter marked in yellow overlaying the
topography from Corlies et al. [2017]. Elevations range from -1200 m to +400
m; Bottom Right Panel: Zoom of the region within the red box of the top right
panel.
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[Malaska et al., 2010, Mitchell et al., 2014, Cornet et al., 2015, Hayes et al., 2017,

Birch et al., 2017], they are more likely formed by the simple ponding of liquids

within topographic lows. The comparable elevation of these two lakes with

that of Ontario Lacus strengthens this argument, and perhaps suggests that the

liquid elevation of these three lakes marks the level of a larger groundwater

alkanifer at the South, similar to that of the northern seas [Hayes et al., 2017].

The region located between the Romo and Ontario basins has low relief

crenulated terrains (Fig. 3.3, ‘5’). Saraswati Flumen (Fig. 3.2, ‘8’) has its head-

waters near the perimeter of the Romo basin. This would suggest that with

increased liquid levels, these two basins may connect hydraulically. This would

lead to an increased transfer of liquids from the Ontario basin to the Romo basin

in a manner similar to the three northern seas [Lorenz, 2014].

3.2.3 Rossak Planitia Basin

The Rossak Planitia basin (hereafter the Rossak Basin) is distinctive in that it is

floored by both a uniform, SAR-dark plain (Rossak Planitia) in SAR data, and

a similarly low-albedo plain in ISS data. Along segments of its borders in SAR

data are crenulated and mountainous terrains, much like the Ontario basin. Like

the other basins, the Rossak basin occupies a topographic low. The basin also

has large drainage networks that terminate onto a broad plain, that originate

just beyond the crenulated borders.

The eastern and western halves of the Rossak basin are well imaged in SAR

(Fig. 3.4, red boxes), with the underlying ISS data showing that the two halves

are clearly connected. However, SAR data are not complete enough to ascertain
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whether the basin is entirely closed as the Ontario and Romo basins are. On

the western half of the basin (Fig. 3.5) there is a large network of meandering

channels (Fig. 3.5, ‘1’; Malaska et al. [2011]) that terminate in a SAR-dark plain

(Fig. 3.5, ‘2’). The presence of a meandering channel suggests that the material

comprising the material comprising the surrounding plain must have sufficient

cohesion to add stability to the outer bank of the meander [Howard, 2009].

Numerous other channels in the region (Fig. 3.5, ‘3’) are also seen to terminate

at the perimeter of the SAR-dark plain, suggesting that the plain is indeed a

terminal basin. There are also large, isolated SAR-bright blocks that appear as

remnant highs (Fig. 3.5, ‘4’), that would appear as island structures with higher

liquid levels. A similar morphology is seen around the southern shoreline of

Ligeia Mare, which is characterized by numerous isolated islands protruding

from the sea (Fig. 3.5, ‘5’).

On the eastern half of the Rossak basin (Fig. 3.6), the shoreline morphol-

ogy appears pockmarked, resembling previously drowned topography. This

shoreline is different from the more fluvially-dissected shorelines of the On-

tario and Romo basins, but similar to the southern shoreline of Punga Mare

(Fig. 3.6). Both shorelines show embayed topography with numerous quasi-

circular features clustered around their perimeters (Fig. 3.6, ‘2’ /‘1’). For the

Rossak basin, they are not currently liquid-filled, instead filled by a SAR-dark

material (Fig. 3.6, ‘2’). This material may either be regions where fluid has sat-

urated the near surface [Lunine et al., 2008] and/or regions of finer-grained

sediment, both of which will act to reduce the observed SAR backscatter. The

ISS data shows both basins as two parts of a larger, low-albedo plain (Fig. 3.4,

‘1’).
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3.2.4 Buzzell Planitia Basin

The final basin identified in our study is centered at -65◦S and 100◦E, and is

named after its defining feature Buzzell Planitia. This basin is the largest of all

the basins by area, and though at similar latitudes as the Ontario and Rossak

Basins, it likely extends further to the North than any other basin. Like the rest

of the basins, Buzzell Planitia Basin (hereafter the Buzzell Basin) resides in a

topographic low, though like the Rossak basin, we are unable to determine if

the basin is completely closed. Only the southernmost parts of the basin have

been imaged in SAR, and the signature in ISS data are less clear than it is for the

Rossak basin. We are therefore unable to constrain the full areal coverage of the

basin and how far northward it may extend.

The Buzzell basin, however, does have large channel networks that termi-

nate at its boundaries (Fig. 3.7, ‘1’), much like the other three basins. The bound-

aries are marked by both crenulated terrains and preferentially aligned moun-

tainous terrains as well. The floor of the basin is also SAR-dark like the other

basins (Fig. 3.7, ‘2’), suggesting that it too is a depositional basin.

3.3 Paleosea Topography

3.3.1 Shoreline Elevations

Similar to shorelines on Earth, the shorelines of the basins that we described in

Section 3.2 should each be at a constant elevation relative to Titan’s geoid, as-

suming no post-lake deformation (e.g. rebound). While topographic informa-
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tion for Titan is sparse, we used the available data to make preliminary measure-

ments of shoreline elevations. Specifically, we used the updated topographic

model of Titan [Corlies et al., 2017], that has minimized the differences be-

tween SARtopo, altimetry and DTM data to remove ephemeris errors as much

as possible. This allows us to measure the elevations at different points across

the South polar region and more reliably compare them to each other.

Table 3.1: Measured shoreline elevations for each paleobasin

Basin Elevation Variance # of Measurements
Ontario -617 m 55 m 14
Romo -631 m 49 m 10
Rossak -720 m 86 m 11
Buzzell -750 m 109 m 16

Where data (individual SARtopo, altimetry or DTMs points) crossed a shore-

line, we extracted the elevation, ensuring that the data point we measured was

representative of the shoreline, and not any surrounding topographic features

like mountains. The average of these elevations across each basin are then

shown in Table 3.1. For an individual basin, elevations varied by 50-100 meters,

which is less than the typical error of a SARtopo measurement (∼160 meters;

Corlies et al. [2017]). As a check, we measured the variation in elevation across

80 kilometer stretches of the SAR-dark plain surrounding Ontario Lacus using

both the T49 closest-approach altimetry, and SARtopo data. After de-trending

for the slope of the plain, the standard deviation in elevation is 1.7 meters for

the altimetry data, and 52.6 meters for SARtopo data. Over a region where the

elevation is well known and slowly varying, this variance of 52.6 meters repre-

sents the typical variations in the SARtopo data, and is similar to the variance

we measure for the shorelines (Table 3.1). Further, some of the variance in ele-
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vation for the shorelines can be attributed to small number statistics, where the

elevations are collected for only a few locations, whereas the 80-km SARtopo

and altimetry tracks used hundreds of data points. Though this is preliminary,

and the coarseness of the Cassini topographic data makes this measurement

difficult, our analysis may suggest that the putative shorelines are consistent

with each basin having a constant elevation. The offset between the basins is

likely the result of residual ephemeris errors during the minimization process

described in Corlies et al. [2017].

3.3.2 Basin Volume Capacities

For the four depositional basins we identify to be paleoseas, if all the liquids mi-

grate over ∼100,000-year timescales [Aharonson et al., 2009, Lora and Mitchell,

2015], then there must be sufficient accommodation space for the ∼70,000 km3

volume of northern liquids [Hayes, 2016]. As we do not know the volumes of

any subsurface liquid reservoirs [Hayes et al., 2008], we use only the measured

volumes of the northern seas [Hayes, 2016].

To calculate the volume capacity of the southern basins, we first defined their

boundaries in ArcGIS with SAR and ISS data. We also utilized an updated,

geoid corrected [Iess et al., 2010], topographic dataset that interpolates SAR-

topo, altimetry, and Digital Terrain Model (DTM) data on a 0.25◦ × 0.25◦ grid

(Figure 3.8; Corlies et al. [2017]).

Basins are discretized at 1.4 km/pixel (32 pixels-per-degree), with fractional

pixels ignored, even though they may straddle a shoreline. For our calculations,

we consider only the data points that are entirely enclosed within the basin. By
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also ignoring any regions outside the basins themselves in our calculation (Fig.

3.8), even though such regions may also store liquids, the fractional fill state we

calculate will thus be an upper limit.

Volumes for the basins are then estimated iteratively (e.g., Larsson and

McKay [2013]). We start at the lowest point within any of the four basins and

subsequently fill all basin points uniformly in steps of 10 m. This value is cho-

sen as it is the smallest difference in the measured topography within the basins,

and in doing so we can be confident that we are not overfilling a pixel locally

by stepping at increments greater than the local gradient. There is no preference

given to any basin, we simply continue to fill the basins in 10 m increments. We

stop once we find the level corresponding to a total liquid volume added equiv-

alent to 70,000 km3. This results in a fractional coverage of 64% (Fig. 3.8). The

total volume of the basins are measured to be . 200, 000 km3. Thus, the South

polar basins have the necessary volume to accommodate the liquids currently

found at the North. Our calculations, though coarse, may also suggest an even

greater liquid supply existed in Titan’s past.

Error estimates in our analysis makes use of the error maps generated and

explained in Corlies et al. [2017]. As described above, our discretized scale

of 1.4 km/pixel (32 pixels-per-degree), leads to pixels along the shoreline be-

ing partially excluded from the basin. Given that the volume of 70,000 km3 is

contained well within the mapped shoreline, this source of error is ∼1-2%. The

largest source of error is in the estimate of the volume of the northern seas,

and estimate that may ignore significant liquid volumes that may be applicable,

such as subsurface reservoirs, and within local depressions outside the basins.

The error is reported in Hayes [2016], where the ∼70,000 km3 volume estimate
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relies on assumptions of the depth of Kraken Mare, likely too deep to measure

[Hayes, 2016]. Accordingly, the error on the volume of the liquid in the North is

estimated to be ±50%. If we were to repeat the process described above for the

higher and lower ends of this estimate for the volume of northern liquids, the

fractional fill state becomes 78% and 39% respectively, still well within a 100%

fill state. Thus even with this largest source of error, the basins are still suffi-

ciently large to contain the liquid volume measured in the North polar region.

A final source of error derives from the mapping of the shorelines themselves.

We assume this error to be small, and so it too is ignored.

3.4 Discussion

In the Romo and Ontario basins, there is clear evidence for a relatively recent

change in base level. For the Ontario basin, previous works [Turtle et al., 2009,

Barnes et al., 2009, Wall et al., 2010, Hayes et al., 2011], all reported evidence for

lowering of liquid levels around the perimeter of Ontario Lacus. This was first

seen in the infrared data, where an inner ring of material, bright at 5 µm and

interpreted to be evaporite, was seen around the lake’s perimeter [Barnes et al.,

2009, Cornet et al., 2012]. There is also evidence from SAR data for the lowering

of liquid levels around Ontario Lacus [Hayes et al., 2011], further supported by

the presence of raised beaches [Wall et al., 2010] and deltas [Birch et al., 2016]

at the shoreline of the lake (Section 3.2.1).

Moreover, SAR-bright features along the Romo basin’s eastern border

(Fig. 3.3, ‘4’) provide evidence for a recent drop in liquid levels (Section 3.2.2).

We interpret these features to represent channels that have incised up an ex-
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posed cliff face [Hayes, 2016]. By dropping the base level within the basin in

the recent past, the cliff face of the tilted highland block becomes exposed. This

would allow the fresher material to easily erode, leaving the series of channels

we observed propagating away from the now empty basin. As the channels do

not continue to the center of the basin, and so the timescale to erode and form

them was short, the loss of liquids may have been relatively rapid (i.e. <100,000

years). A lowering of liquid levels in the Romo basin is thus consistent with a

net loss of liquids at the South in the geologically recent past [Aharonson et al.,

2009]. However, the fact that we still see liquid at all in the Ontario and Romo

basins, while other basins remain dry, shows that liquid bodies on Titan’s sur-

face can persist for at least >100,000 years (one Croll-Milankovitch cycle; Lora

and Mitchell [2015]).

Despite currently having the largest volume of liquids in the southern hemi-

sphere, the Ontario basin is not the topographically lowest of the four basins

in the new interpolated Titan topography [Corlies et al., 2017]. Instead, the

lowest point (corrected for the geoid; Iess et al. [2010]) resides in the Buzzell

Basin (−1156 ± 160 m), with the Ontario and Romo basins appearing at similar

elevations (−826 ± 160 m and −815 ± 160 m respectively). This can be explained

by the fact that the Ontario and Romo basins are clearly closed basins in the

SAR and ISS image data, while we are unable to determine the full extent of

the Buzzell basin (Section 3.2.4). If the Buzzell basin extends further northward

and some liquids are allowed to drain in that direction, then the combination of

northward flowing runoff and higher evaporation rates equator-ward will fa-

vor a relatively drier basin compared to the more southern, and closed Ontario

and Romo basins. The same is true for the Rossak basin as it is for the Buzzell

basin (Section 3.2.3). The Romo and Ontario basins meanwhile, are at similar
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elevations and have completely enclosed perimeters, allowing for observable

lakes to be maintained within their perimeters [Dhingra et al., 2017]. For both

basins, their largest lakes are at their lowest points, which correspond to similar

elevations.

If the factor of three difference in volume between the North and South polar

basins is real, then a larger source of liquid methane/ethane may be needed. It is

important to note, however, that our estimate of the liquid volume in the north-

ern hemisphere are approximations that include an assumed maximum depth

for Kraken Mare [Hayes, 2016]. Regardless, subsurface reservoirs that are con-

nected to the seas are not precluded and are not included in the estimate of

northern sea volumes. Any such reservoir could be in thermodynamic contact

with the atmosphere in the same way that the seas are. Previous work has sug-

gested that the small lakes are interconnected by a larger groundwater aquifer

[Hayes et al., 2008, 2017], while the Huygens probe detected liquid methane

and ethane in the porous regolith at its landing site [Lorenz et al., 2006]. If there

were a substantial subsurface liquid reservoir in the north, the potential differ-

ence in observed cumulative basin volume between the north and south could

be due to the lack of a similar subsurface reservoir in the south. If more of the

liquid was relegated to the observed basins, there would be a higher fraction

of the liquid residing within the southern basins, as compared to the northern

basins, during the respective periods in which liquids are stable within at each

pole [Aharonson et al., 2009, Lora and Mitchell, 2015].

While morphologic and topographic data support the four basins we iden-

tify having been formerly filled seas, compositional data challenges our inter-

pretations. Specifically, there are few 5 µm-bright deposits, interpreted as evap-
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orite, identified within the basins [Barnes et al., 2009, MacKenzie et al., 2014].

If the southern paleoseas were once filled, the prevalence of evaporite deposits

at the North raises questions as to why the two poles would have such differ-

ent sedimentary processes. If our hypothesis that the South polar basins are

paleoseas is correct, then some mechanism, perhaps erosion or burial, must be

at work to mask any evaporite signature from the top few microns of the sur-

face. Alternatively, the southern paleoseas may have had a different composi-

tion than the northern seas that wasn’t conducive to the formation of large evap-

orite deposits. As the likely time scale that determines the presence or absence

of liquids in a given hemisphere is ∼100,000 years [Lora and Mitchell, 2015,

Aharonson et al., 2009], it can be expected that significant erosion/deposition of

materials has occurred and any large 5 µm-bright deposits are hidden from our

view today. Interestingly, this then requires that the floors of putative equato-

rial paleo seas Tui and Hotei Regio to have been wetted more recently than the

southern basins.

Alternatively, if any evaporite deposits are sub-kilometer in spatial extent,

and/or the rate of erosion/deposition of materials on top of the deposits is com-

parable to the timescale that these deposits are wetted substantially, then these

deposits would not be resolved by Cassini’s VIMS instrument.

The results and outstanding questions raised of our study, can together be

tested easily by a future mission to Titan that is able to identify diagnostic mor-

phologic, compositional, and topographic features at resolutions greater than

those of Cassini’s RADAR and the Visual Infrared Mapping Spectrometer. Mor-

phological indicators include features such as beach terraces, spits, cuspate fore-

lands, hanging deltas, and wave-induced coastline morphologies that signify
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relict shorelines [Drake and Bristow, 2006]. Typical scales for these structures on

Earth and Mars are <100 m, too small to identify in ∼300 m/pixel Cassini SAR

data. Compositionally, bathtub rings of evaporite material, bright in 5 µm im-

ages, may form as the liquid level changes over time (e.g., Barnes et al. [2009]),

at scales not resolvable to Cassini. Perhaps the strongest test of our study would

come with improved topographic coverage and vertical resolution of the basins.

Currently there is limited topographic information of these basins; our study

relied on an interpolation of the sparsely distributed Cassini topographic data

[Corlies et al., 2017]. Preliminary analysis suggests that the shorelines are lo-

cated at a constant elevation (Table 3.1). With complete coverage of the basins,

and greater vertical resolution, the boundaries of the four paleoseas we identify

should more precisely represent equipotential surfaces. Similarly, the apex of

proximal fans and deltas should be at a consistent elevation if they drained into

the same sea [Drake and Bristow, 2006]. For Mars and the ancient Earth, identi-

fying past shorelines is complicated by erosional degradation, and crustal reori-

entation by either True Polar Wander [Kite et al., 2009] or isostatic adjustments.

On Titan, transport timescales driven by apsidal precision may be significantly

shorter than these processes, and so these measurements should be relatively

straightforward.

3.5 Summary

Our study has identified four large, SAR-dark depositional basins that we in-

terpret to represent past hydrocarbon seas. The currently emptied state may

result from Titan’s current orbital configuration, which favors the accumulation

of liquids in the north at the expense of the southern high latitudes. The areal ex-
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tent and measured volumes of the basins are consistent with the northern seas,

where the basins we identify are able to accommodate the measured volume of

the northern liquids. While the lack of 5 µm-bright deposits within the basins

challenges our interpretations in the absence of an efficient removal/burial

method, the long timescale over which the fluids migrate from pole-to-pole

(∼100,000 years) may provide a comfortable margin for the removal of evap-

orite materials. Our study is thus a necessary first step toward understanding

the distribution of liquid in Titan’s past. Future spacecraft missions to Titan

may test our interpretations, as a definitive understanding of the evolution and

distribution of volatiles on Titan is essential to unravelling the volatile budget

and liquid/sediment transport timescales in Titan’s hydrological cycle.
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CHAPTER 4

TITAN’S ALLUVIAL FANS

Originally published in:

S.P.D. Birch, A.G. Hayes, A.D. Howard, J.M. Moore, and J. Radebaugh. Alluvial

Fan Morphology, Distribution and Formation on Titan. Icarus 270, pp. 238-247,

2016. doi: 10.1016/j.icarus.2016.02.013

Titan is a hydrologically active world, with dozens of alluvial fans that are

evidence of sediment transport from high to low elevations. However, the dis-

tribution and requirements for the formation of fans on Titan are not well un-

derstood. In this work, we performed the first global survey of alluvial fans on

Titan using Cassini Synthetic Aperture Radar (SAR) data, which cover 61% of

Titan’s surface. We identified 82 fans with areas ranging from 28 km2 to 27,000

km2. A significant fraction (∼ 60%) of the fans were restricted to latitudes of

±50◦ − 80◦, suggesting that fluvial sediment transport may have been concen-

trated in the near-polar terrains in the geologically recent past. The density of

fans was also found to be correlated with the latitudes predicted to have the

highest precipitation rates by Titan Global Circulation Models. In equatorial

regions, observable fans are not generally found in proximity to dune fields.

All these observations suggested that sediment transport in these areas is dom-

inated by aeolian transport mechanisms, though with some degree of recent

equatorial fluvial activity. The fan area-drainage area relationship on Titan was

found to be more similar to that on Earth than on Mars, suggesting that the

fans on Titan are smaller than what may be expected, and that the transport

of bedload sediment is limited. We then hypothesized that this has led to the

development of a coarse gravel-lag deposit over much of Titan’s surface. This
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model explains both the morphology of the fans and their latitudinal concentra-

tion, and yielded insight into the sediment transport regimes that operate across

Titan today.

4.1 Introduction

Alluvial fans are depositional features found across the surfaces of Earth [Bull,

1964], Mars [Moore and Howard, 2005] and recently Titan [Burr et al., 2013a,

Radebaugh et al., 2016]. Despite the similarity in morphology of the fans on

Titan to those on Earth and Mars, the physical conditions and chemistry on

Titan’s surface are vastly different. Fans on Earth and Mars are made primarily

of silicate rocks that are transported in/by water, whereas the materials able to

be moved on Titan’s surface are made of water ice and organics [Soderblom

et al., 2007a, Barnes et al., 2007], with the working fluid being liquid methane

and ethane [Lunine et al., 2008].

Alluvial fans are evidence of either past or ongoing sediment transport, and

their morphologies provide insight as to the type of flow regime that created

them [Weissmann et al., 2015]. They form at the transition between highlands

and lowlands where they may extend for great distances onto the lower-lying

plain as slope gradually decreases. On Mars during the early period of flu-

vial activity, abrupt breaks in slope were most common along the interior walls

of impact craters [Moore and Howard, 2005, Williams et al., 2006], whereas

on Earth, active tectonics commonly provide the necessary slope break [Stock,

2013]. For all these planetary bodies, the presence of alluvial fans marks a lo-

cation and period in time where adequate discharges are available and slopes
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are sufficiently high that sediment can be mobilized and ultimately deposited.

Our study of Titan identifies fans at nearly all latitudes in Section 4.3, although

most are found between 50◦ and 80◦ latitudes in both the northern and southern

hemispheres.

Fans join the equatorial dunes [Lorenz and Radebaugh, 2009], putative

deltas [Wall et al., 2010, Hayes et al., 2011], and mid-latitude ’wind streaks’

[Malaska et al., 2016a] in a limited group of identifiable depositional features

on Titan. With another Earth-like depositional feature, we are better able to

understand how sediment is distributed and transported across the surface of

Titan and what that distribution implies for surface processes and landscape

evolution. In Section 4.4, we discuss how the alluvial fans we identify can yield

important information regarding the climatic setting of their local region during

their emplacement. Finally, in Section 4.5, we compare their morphologies and

size with known terrestrial and martian fans to further understand how sedi-

ment is generated and what transport fluxes are necessary for fan development.

4.2 Fan Development

Alluvial fans typically form at abrupt concave breaks in slope that suddenly

reduce the capacity of flows to transport sediment [Bull, 1964, Stock, 2013].

When laterally confined channels emerge from steep upland regions onto flat-

ter low-lying plains, much of the transported sediment is deposited in a cone-

shaped fan. Over the course of successive flow events, the fan will slowly build

[Bull, 1964, Stock, 2013]. The reduction in slope along with the reduction in

channel depth (due to the sudden lack of confinement) are the primary reasons
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the stream loses its capacity to further transport sediment, as bedload transport

rates scale non-linearly with both depth and slope [Yalin, 1972, Dietrich et al.,

1989, Whipple, 2004, Stock, 2013].

Alluvial fans that form predominantly through fluvial processes and de-

bris flows commonly differ in their slope, clast characteristics, and sedimentary

structures, although their surface morphologies may appear similar. For similar

discharges, debris flows can carry larger boulders than fluvial flows because of

the greater viscosity and partial support from a fine-grained matrix [Iverson,

1997]. However, debris flow fans tend to be smaller and steeper than fluvial

fans, because flow ceases more readily, and usually abruptly, as the gradient

declines and/or the flow spreads. Debris flows often occur suddenly [Iverson,

1997, Moore and Howard, 2005], but in many cases, the antecedent precipitation

takes time to saturate the ground and cause failure [Dietrich et al., 1989]. The

drainage basins of debris flow fans are often relatively small, where relief and

slope are high, and flows are episodic.

By contrast, fluvial fans tend to be much larger in terms of fan radius, re-

ceiving sediment input from a larger drainage area. A larger drainage network

yields larger discharges [Hooke, 1967], allowing these fans to transport sedi-

ment, albeit of a smaller size, more efficiently over greater distances. In the case

of fluvial fans, the sediment that comprises the bulk of a deposit is transported

along the tributary’s channel bed as part of the bedload [Stock, 2013]. Sediment

transported in the wash and dissolved loads will be unable to construct allu-

vial fans, and instead be transported out of the system. In desert environments

with enclosed basins the wash load (as well as much of the suspended load) is

deposited in playas. In more humid environments, or at Titan’s poles, this sedi-
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ment largely should be delivered to lacustrine or marine basins. For the largest

fans on Earth, fluvial deposition from numerous tributaries create an extended

fan feature that can extend hundreds of kilometers from high standing terrains,

all the way into adjacent foreland basins. These largest mountain ranges on

Earth are not surprisingly flanked by the most massive megafans [Weissmann

et al., 2015].

A fan’s morphology is thus impacted by the process(es) that form it (e.g.,

Dietrich et al. [2003]). In turn, these processes are impacted by various material

properties of the fan, that include grain size and size distribution, fan area, fan

slope, and environmental properties of the fan’s local environment. Environ-

mental properties include the size and relief of the drainage basin (which gov-

erns the total fluid discharge to the fan), the lithology of the bedrock comprising

the region (e.g., Bull [1977]), the presence or absence of active tectonics and the

frequency of discharge events. The similarity of Titan’s alluvial fans to those on

Earth suggests remarkably similar physical processes, despite the different fluid

and sediment compositions [Ori et al., 1998, Collins, 2005, Soderblom et al.,

2007a, Burr et al., 2013a]. The most important morphological properties are the

similar interrelationships between drainage basin area, fan area and fan slope

[Bull, 1964]. Steeper-sloping fans originate from smaller drainage basins, which

on Earth, are driven by more episodic events (e.g. as a debris flow). Gently

sloping fans have large drainage areas and are driven by more frequent flow

events [Moscariello, 2005, Moore and Howard, 2005].

Unfortunately, many of these material and environmental properties are un-

known for Titan. We can measure fan area and can approximately measure

drainage area, two parameters that have been measured for Mars’ fans [Moore
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and Howard, 2005]. Slopes are available across some fans [Radebaugh et al.,

2016], though the coarse resolution of Titan topographic data sets (∼ 100 m ver-

tically; Stiles et al. [2009], Kirk et al. [2012]) makes such analysis over small

features unreliable.

4.3 Fan Observations and Identification

Titan’s thick atmosphere prevents imaging of the surface with optical instru-

ments except for a select few windows in the near infrared. We use the SAR

mode of the Cassini RADAR instrument onboard the Cassini spacecraft, a

λ = 2.2 cm, Ku-band radar that can peer through the atmosphere [Elachi et al.,

2004]. The Cassini SAR provides images of Titan’s surface at a resolution down

to ∼300 m [Elachi et al., 2004].

The differences in brightness in the Cassini SAR images are not a reflection

of the surface color or albedo; rather, they reveal how much of the transmitted

signal is returned to the instrument. This is termed backscatter, as often the sig-

nal bounces and scatters off layers or fractures in the near subsurface, as well as

off large-scale facets oriented towards the Cassini SAR. If a surface has a rough-

ness, fracture spacing, or particle distribution close to the SAR wavelength, then

it will appear bright; whereas surfaces that are smooth, flat, or of a characteris-

tic dielectric constant (which is related to composition) will appear dark [Farr,

1993]. All of these factors must be taken into consideration when interpreting

fans on the surface of Titan.

The SAR instrument has imaged ∼61% [Hayes et al., 2011] of Titan’s surface,

and we use these images to look for and analyze the fans in our study. The
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Figure 4.1: Global mosaic of available SAR data (up to Titan flyby T92). Total
area imaged by SAR is ∼61%. We have identified 82 putative alluvial fans and
marked them on the global map. Colors indicate the level of certainty we have
in classifying them as fans (as described in the text), where blue are most certain,
green are highly certain and red may require additional data.

coarse resolution of the Cassini SAR, however, limits us to observing only the

largest fans on Titan. Fig. 4.1 shows a global SAR mosaic up to Titan flyby T92,

with the location of the 82 fans we were able to identify. We define all fans,

larger than 10x10 pixels (∼9 km2), as having the following characteristics:

1. A fan shaped morphology - fan width increases downslope

2. SAR-bright, perhaps with some down-fan darkening

3. Emanates from high-standing topographic regions

4. Sourced from an observable channel structure.

We show these criteria in Fig. 4.2, where the fans (Fans 6 and 7) exhibit all

four characteristics. The requirement that they be SAR-bright originates from

the fact that many fans on Earth exhibit the same high backscatter relative to
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their surroundings (Fig. 4.3d). The high backscatter can be attributed to either

grains the size of the Cassini SAR wavelength, 2.17 cm [Le Gall et al., 2010,

Schaber et al., 1976], or to a high porosity that may cause additional scattering

in the top few meters of a coarse-grained deposit [Le Gall et al., 2010, Stock,

2013, Schaber et al., 1976]. Alluvial fans in Badwater Basin, Death Valley ex-

hibit a similarly high backscatter in SRTM X-band images (λ = 3.1 cm) at similar

wavelengths to Cassini (Fig. 4.3d). Further, SAR-dark fans mantling a SAR-

dark low-lying plain would potentially not be observable to Cassini SAR, as the

identification of features in SAR images relies on relative differences in backscat-

ter [Farr, 1993, Schaber et al., 1976]. In Fig. 4.3d, there are numerous fans along

the perimeter of Badwater Basin (marked) that are more difficult to discern in

the image due to this very effect.

To determine if fans emanated from high topography we used both SARtopo

[Stiles et al., 2009] and DTMs [Kirk et al., 2012] where available. Due to a relative

lack of topographic coverage, however, we primarily made this determination

using the morphology of the source area. From this, we assumed ’hummocky’

and ’mountainous’ terrains, using the global mapping scheme from Lopes et al.

[2016], to be local topographic highs.

We assign a confidence to each fan in Fig. 4.1 using a semi-qualitative scal-

ing. Fans with blue markers are most probably alluvial fans. They exhibit

all four of our characteristic fan definitions, including the correct morphology,

high backscatter, having come from elevated terrain, and having an observable

source. Fans with green markers may miss one of the four characteristics, which

may result from limitations of the Cassini SAR resolution. Fan-like features

marked in red are less certain, lacking more than one of the defining character-
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Figure 4.2: Two example fans (yellow and red dashed lines, Fans 6 and 7) that
display all four of the criterion we use to define a fan. Each of the criterion are la-
beled in the figure as they are in the text. Both fans lie at the base of mountainous
topography (#3), and mantle a SAR-dark plain by the largest sea, Kraken Mare.
Multiple source channels (#4) appear for Fan 6 (outlined in yellow), implying
that the fan may be better termed as a bajada. Fan 6 also displays a darkening
away from the fan apex (#2) towards the sea. Fan 7 (outlined in red) has a more
typical fan shape (#1), with source channels at its apex.

istics.

Three of the most definitive alluvial fans are shown in Fig. 4.3b and Fig. 4.3c,

all having SAR-bright channels terminated by a fan-shaped structure. The two

fans in Fig. 4.3b exhibit different morphologies. The largest (Fan 12) shows a

darkening away from the fan apex. This is a distinctive property of alluvial fans

on Earth as well (Fig. 4.3d; Schaber et al. [1976]), where the decrease in bright-
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Figure 4.3: A: Two fans (68 and 69) emanating from small hummocks.; B: Two
fans are visible in the image (Fans 12 and 13) displaying different morphologies,
indicative of varying formation mechanisms.; C: Fan 11, the largest fan in this
study, part of the Elivagar Flumina network of braided streams. D: Alluvial fans
in Death Valley, CA (36◦ N, 116.5◦ W). Image is centered on Badwater Basin, CA
with data acquired by the SRTM X-band radar (λ = 3.1 cm). Fans in panel D
marked with yellow arrows are visible in other datasets, yet in SAR images are
difficult to observe due to having a similar backscatter to their immediate sur-
roundings. Note also the large difference in scale between Titan and terrestrial
fans.
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ness away from the fan apex may be attributed to a reduction in stream power

and resulting down stream fining, or from a greater sand fraction at the fan’s

toe, which acts to reduce porosity and volume scattering [Stock, 2013]. The

other fan, closer to the bottom of the figure (Fan 13), has a very large spreading

angle and is more uniform in its SAR backscatter. The fan in Fig. 4.3c (Fan 11),

part of Elivagar Flumina, forms at the terminus of a network of braided chan-

nels. Two less certain fans (Fans 68 and 69) are shown in Fig. 4.3a, appearing

to emanate from two small pieces of hummocky terrain. These two fans, along

with Elivagar Flumina are used in the drainage area calculations discussed in

Section 4.5.

4.4 Fan Distribution

Along with creating the first global database of alluvial fans across Titan, we

also measure various fan properties that are observable with the Cassini SAR

data. Some of these properties include latitude, longitude, fan area, fan length,

and fan width, and are listed in Tables 1-3. Where available, we also measure

the upstream drainage area. We then compare drainage area with fan area, sim-

ilar to [Moore and Howard, 2005]. The use of topographic slope data (e.g.

Moore and Howard [2005], Williams et al. [2006]), would aid greatly in further

fan analysis. Currently, these data are available via DTMs in just a few select

locations and along SAR swath boundaries, which cross several fans (Fans 39

and 58; Radebaugh et al. [2016]), though its use in our study would require a

more complete and finer scale topographic data set to what is available.

Figure 4.4a shows a plot of the number of fans located within 10◦ latitude
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bins from 90◦S to 90◦N. The total number of fans in each latitude bin is then

normalized in Fig. 4.4b by the area imaged with the SAR instrument, effec-

tively describing a fan density. Normalization also removes any observational

biases as the physical surface area at polar latitudes is much smaller compared

to equatorial latitudes. Even though the fractional SAR coverage is greater at

polar latitudes, the comparatively small surface areas at those latitudes means

the total area imaged by SAR is less. Using a fan density captures the observed

preference for higher latitudes most accurately.
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Figure 4.4: Left (a): Latitudinal distribution of fans binned in 10◦ increments.
We show the same color classification of the fans as that shown in Fig. 4.1. The
majority of fans are located between ∼50◦ − 80◦ with no fans located near the
equatorial dune fields. Most equatorial fans appear in the mountainous Xanadu
region. Right (b): Total number of fans, normalized by the total surface area
covered by SAR in the given bin, resulting in a fan density. The same general
relationship is found, even without observational biases.

From this fan density, we find that the majority of fans are located at latitudes

between 50-80◦ north and south, with few observed fans located within or even

proximal to any of the equatorial dune fields. The majority of equatorial fans are

located around the mountainous Xanadu region [Radebaugh et al., 2011]. Since
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there are abundant fluvial networks across all of Titan [Burr et al., 2013a], our

observations indicate that either fans never formed at these latitudes on Titan, or

that they did form at a time when the equatorial climate was more humid and

those anticipated fans are now mantled with aeolian deposits. Alternatively,

older fans could become reworked as the landscape evolves.

Fans are also not found near the high-standing labyrinthic terrain, regions

of Titan that are suggested to be dominated by karst-like dissolution processes

[Malaska et al., 2010, Mitchell et al., 2014, Malaska et al., 2016a, Cornet et al.,

2015]. In these regions, sediment is either not transported out, or fans previ-

ously formed at the margins of this terrain and are now buried/degraded. Al-

ternatively, if these regions are primarily organic in composition and are possi-

bly undergoing karstic dissolution [Malaska et al., 2010, 2016a], then sediments

may be removed in solution, and thus fans will not form.

Because individual fans are hard to distinguish, we are likely underestimat-

ing the total numbers of fans. Because of the Cassini SAR image resolution

limitations, all fans smaller than ∼ 9 km2 will not be recognized. Many ter-

restrial fans are smaller than this size (Fig. 4.3d), and so we are likely greatly

underestimating the true number on Titan’s surface.

4.4.1 Fan Distributions and Climate

We find an interesting correlation between the distribution of alluvial fans and

the precipitation frequencies predicted by General Circulation Models (GCMs).

In many Titan GCMs, precipitation rates are higher around the polar regions, as

compared to the equator [Schneider et al., 2012, Lora et al., 2014]. One specific

104



example is shown in Fig. 4.5, where Lora et al. [2014] have developed a GCM

that is also able to match the locations of clouds seen by Cassini and ground-

based telescopes. The precipitation rates predicted by GCMs for Titan are still

low; however, they are similar to the most arid regions on Earth [Mitchell, 2008,

Schneider et al., 2012, Lora et al., 2014]. As such, the majority of fans in regions

with the most precipitation must form during infrequent, large rainfall events.

Fan Density (#/106 km2)
0 1 2 3 4

Figure 4.5: Modeled global precipitation rate adapted from Lora et al. [2014].
Black and grey markers are cloud observations made by both ground-based
telescopes and by the Cassini spacecraft. The latitudes with the greatest precip-
itation rates lie between 50− 80◦, matching the observed latitudinal distribution
of alluvial fans. The correlation is shown using the fan density relation from
Fig. 4.4b.

There appears to be a strong correlation between the latitudes of the high-

est precipitation rates and the alluvial fans that we identify, though there may

also be regional differences in tectonics that result in the observed distribution.

However, with no observations of any latitudinal differences in tectonics, and

no models which could explain any latitudinal distribution, we focus on the cor-

relation with precipitation. This result has important implications for sediment

transport and fan building events on Titan today, as it suggests that sediment
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moves and fans build primarily around latitudes where precipitation is great-

est. Elsewhere on Titan, discharges may not be sufficient to mobilize sediment,

so fans at those latitudes either never formed, or they have been subsequently

eroded or buried.

4.5 Fan Area Relationships

The final section of our study focuses on the fan area-drainage area relation-

ships that have been shown to be diagnostic of the processes responsible for fan

formation (e.g. Moore and Howard [2005]). Under specific conditions, for fans

that form in similar climatic and tectonic regions, and are of a similar age, the

relation between drainage area and fan area can be stated as

A f = γAβ
d (4.1)

where A f and Ad are the fan and drainage areas respectively, and γ and β are

empirically derived constants. On Earth, β can vary between 0.7 and 1.1 [Har-

vey, 1989] and on Mars, the exponent was found to be 0.79 [Moore and Howard,

2005]. Even greater variability is found for γ, with values ranging from 0.1 to 2.1

on Earth and 4.26 on Mars, where the high value for Mars was interpreted by

[Moore and Howard, 2005] to be attributed to either a restriction on drainage

area to crater rims or the lack of tectonics. With considerable scatter around the

regressions for both Earth’s and Mars’ alluvial fans, the validity of the fan area-

drainage area relation remains contested (e.g. Blair and McPherson [2009]).

However, a basic relationship between fan area and drainage area should exist

as the transport and removal of sediment from the drainage basin to the fan will

act to increase the size of both in these systems [Blair and McPherson, 2009].
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Local variations of precipitation and tectonics, geologic heterogeneity, and

fan age are all important factors that can affect the values of γ and β, making

comparisons from one field location to another on Earth very difficult. Com-

parisons between other planetary bodies and those regions on Earth may seem

difficult to establish, especially if the surfaces of those bodies are as dynamic

and heterogeneous as the Earth’s. Yet for Titan, these variations are likely to

be less important compared to Earth or Mars for a variety of reasons. First, the

crust is assumed to be largely water-ice with mechanical properties similar to

sandstone on Earth (e.g., Litwin et al. [2012]). By assuming a homogeneous

crust, the large variations in lithology, and the scatter in the fan area-drainage

area plots derived from those variations, are rendered negligible. Further, our

observations of fans emanating from the same morphologic units (mountains

and hummocky terrains) which all appear similar in Cassini datasets and are

interpreted to be of a water-ice rich composition [Lopes et al., 2016] support

our assumption of a homogenous drainage basin lithology. Second, while tec-

tonics likely played a significant role in Titan’s past, the large elastic thickness of

the current crust makes tectonics difficult currently [Hemingway et al., 2013].

By assuming a limited role for active tectonics on Titan and its influence on fan

dynamics, we can greatly simplify our problem.

The only significant factor, which is difficult to measure on Earth and im-

possible on Mars and Titan, is the time needed for the fans to attain a dynamic

equilibrium with their drainage area. In such scenarios, the fan attains a ver-

tical thickness such that any sediment removed from the drainage area acts to

increase the planform area of the fan and the drainage basin itself. In active

tectonic regions, this balance will never be met, as vertical motions of the crust

force the fan to continuously adjust. Yet fans of the same age in these regions
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appear to have similar areas (e.g. Fans along the western margin of Badwa-

ter Basin, Death Valley; Fig. 4.3d), suggesting that the relationship, while true,

needs to be applied carefully. Impact craters on Mars may provide the best

comparison between fan area and drainage area on a regional scale, as the relief

forms instantaneously. Some of the spatially variable factors are then simplified,

and the volume that is eroded from the drainage basin and deposited onto the

fan should be roughly equivalent. This should result in a correlation between

drainage area and fan area. If we find a relation between fan area and drainage

area with fans on Titan, we can be reasonably confident that variations in lithol-

ogy and tectonics, which give rise to much of the scatter in terrestrial data, are

also relatively unimportant on Titan, as they are on Mars.

In constructing our fan area-drainage area plot, we consider three factors

that may limit fan size; (1) Time: as fans grow outward, their rate of growth de-

creases proportional to L3 [de Chant et al., 1999], where L is the fan length. All

the fans considered must have had significantly long periods to reach a steady-

state size with respect to their drainage area. (2) The importance of bedload

versus suspended/wash/dissolved loads, and their relevance to fan detectabil-

ity. If there are large amounts of fine sediment, such as clays and other dis-

solved components, the fans would be smaller as these sediments are typically

deposited at the distal ends of fans, in playas or lakes instead. (3) Depositional

setting: In many humid, temperate settings fans actually drain into through-

flowing drainages, such as in the Shenandoah Valley, VA. In such cases, fan size

is limited. Fans may also be restricted in size by their containing basin (e.g.

in crater interiors [Moore and Howard, 2005]). Importantly, we neglect both

variations in lithology and the influence of tectonics on the sizes of fans.
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While there are limitations due to SAR and topographic coverage, in a few

select areas it is possible to define entire drainage basin areas reliably. Using

river drainage networks and topography [Stiles et al., 2009, Kirk et al., 2012]

allows us to mark drainage divides. Connecting drainage divides then makes

it possible to close drainage basins and define a drainage area. Drainage basins

with a high degree of coverage and sufficient SAR data, such as Ontario Lacus

at the south pole, are relatively straightforward to define. In other regions, es-

pecially around the mid-latitude plains [Lopes et al., 2016] we see alluvial fans

emanating from small hummocks (Fig. 4.3a; [Lopes et al., 2010, Malaska et al.,

2016a, Lopes et al., 2016]). For these fans, we define the drainage basin as the

entire hummock, which may overestimate the area. Additionally, for most of

the fans in our study, we are unable to confidently define a drainage basin.

Figure 4.6 illustrates our initial efforts to define this relationship for Titan

using the drainage areas from eight select fans. From Tables 1-3, the fans with

definable drainage areas are numbers 8, 9, 11, 18, 19, 40, 68, and 69. With γ = 0.61

and β = 0.91, fans on Titan behave like those on Earth, having similar fan areas

for a given drainage area. Though limited in the number of fans with definable

drainage areas, greater topographic coverage should be able to complete our

dataset and add more confidence to our statistics.

Compared to the other fans in Fig. 4.6, the two potentially sub-aqueous fans

along the shoreline of Ontario Lacus are comparatively small and we do not

consider them in our regression. These two fans are located at the terminus

of a river that drains a very large, relatively flat area to the north of the lake

[Wall et al., 2010]. We can hypothesize the cause of the limited size of the fans

in multitude of ways; (1) a limited sediment supply in the drainage basin; (2)
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Figure 4.6: Subaqueous fans along the shoreline of Ontario Lacus (circled) show
either very large drainage areas for their physical areas, or they are much too
small for their drainage areas. Either option suggests that these two fans have
not had the time, or ability, to adjust to their drainage area. The remaining fans
are equatorial. Terrestrial megafans [Chakraborty et al., 2010, Fontana et al.,
2008, DeCelles and Cavazza, 1999, Weissmann et al., 2015], shown as black dia-
monds, are slightly larger than similarly-sized fans on Titan, which are marked
with blue asterisks. The power-law relation shown is for Titan fans, which sug-
gests fans are similar, for a given drainage area, to those on Earth. Remaining
Earth and Mars data are recreated from Moore and Howard [2005].
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base level lowering of the liquid surface (e.g., Hayes et al. [2008]); (3) sediment

transport limitations or; (4) a drainage basin area comprised of a dissolvable

substrate (e.g., Mitchell et al. [2014], Cornet et al. [2015], Malaska et al. [2010])

that limits the transport of clastic sediments. In all four scenarios these two fans

have not had the time, or ability, to equilibrate with their drainage basin, as the

volume excavated from the drainage basin is too large compared to the fans.

4.6 Discussion

The lack of fans around the equatorial regions can be attributed to fans either

never having formed at such latitudes, or that the fans have since been buried

by aeolian sediments. Alternatively, the landscape may have evolved to the

point where sharp, concave slope breaks are not widely available at the scale

of observable fans. The presence of vast dune fields at equatorial regions (and

near the Huygens landing site) suggests the conditions are right for the latter

to be the case. Images from the surface of the landing site reveal decimeter-

sized cobbles interspersed among large amounts of fine, dark sediment, that are

possibly dune sands [Tomasko et al., 2005, Soderblom et al., 2007b]. Dunes are

likely among the most active landforms on Titan [Barnes et al., 2008, Radebaugh

et al., 2010], so they would be efficient at covering up fans and other landforms

if the fans at these latitudes are geologically old. This may be complimentary to

the model proposed by Moore et al. [2014], in which the precipitation needed

to mobilize sediment is continually restricted to Titan’s polar latitudes.

Contradictory to our observed lack of equatorial fans is the observation of

a large outburst and inferred rain storm around the equatorial regions [Tur-
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tle et al., 2011a]. The imprint made by these storms on the surface morphology

should be observable in the form of fans, as quite often large sediment grains on

Earth are immobile except during the largest, infrequent flow events [Parker,

1990]. Because we have observed at least one large equatorial storm event, sed-

iment should be mobilized to build fans and yet there are none. This implies

that sediment may not be mobilized or produced around Titan’s lower latitudes

as discharges are not sufficient [Faulk et al., 2017], or that aeolian deposition

may outpace fluvial deposition. Rainfall around the equator may also not be

reaching the headwater channels, as it may infiltrate through a highly porous

surface layer in the surrounding hillslopes [Hayes et al., 2008].

The observation of decimeter-sized cobbles at the Huygens landing site sug-

gests that sediment production must occur on Titan. We therefore favor a

transport-limited model, in which a coarse gravel lag has developed over large

portions of Titan’s surface. The influence of a coarse lag deposit on gravel bed-

ded rivers and its impact on subsequent landscape evolution and lowering, to

first order, means that the current channel flows are either inefficient at trans-

porting sediment [Yalin, 1972, Parker and Klingeman, 1982, Wilcock and De-

Temple, 2005] or that a reduction in sediment supply has narrowed the region

of active transport along the channel bed [Dietrich et al., 1989], both of which

lead to a progressive coarsening. This model is especially interesting for our

purposes because it would help explain the paradox we observe in the equa-

torial regions where we observe rain events, yet few fans. Recent results at

modeling landscape evolution on Titan by Howard et al. [2016] also suggest

that Titan’s equatorial latitudes may have developed a coarse gravel lag de-

posit. In the Howard et al. [2016] model, there are two complimentary factors

that give rise to this phenomenon. First, methane precipitation is assumed to
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be slowly retreating to the polar regions as methane is continually lost to pho-

todissociation [Moore et al., 2014]. Second, over time the landscape will lower

a sufficient amount that the slopes required to transport sediment are no longer

steep enough. This is a common occurrence in the oldest mountain ranges on

Earth, such as the Appalachian Mountains in the eastern U.S. or Ural Mountains

in western Russia [Howard et al., 2016].

Figure 4.6 shows the relation in fan area relationships between terrestrial

megafans [DeCelles and Cavazza, 1999, Fontana et al., 2008, Chakraborty et al.,

2010, Weissmann et al., 2015] and Titan’s largest fans. Because sediment is pre-

dicted to be much more mobile on Titan due to the lower gravity and submerged

grain density [Burr et al., 2006], we may expect larger fans on Titan for equal

drainage areas relative to Earth. On Mars this is the case, most likely result-

ing from drainage area restrictions, no tectonics and/or less gravity [Moore

and Howard, 2005]. With even lower gravity and few obvious tectonic features

[Lopes et al., 2010, Cook-Hallett et al., 2015], we would expect Titan’s fans to be

similar, or even larger than those on Mars and Earth. The fact that they are not

may be further evidence for a transport-limited environment that results due to

the presence of a gravel lag deposit. However, the larger the component of sol-

uble organic material transported as part of the dissolved load, a fraction that

may be quite significant [Lorenz et al., 2008], the smaller we would expect our

observed alluvial fans to be.

In general, the volume of sediment in a fan should be proportional to, but

less than the eroded volume in the headwaters [Stock, 2013], depending upon

the fine-to-coarse sediment size ratio. Thus, if there is a deeply eroded source

area, in general, we would expect a large fan. If we adopt a gravel lag model,

113



for a given fan, and a reasonable contributing area, we expect the headwaters

should only be of low relief for large fans. With higher resolution topographic

data, and/or more detailed simulations of sediment transport processes than

those of Howard et al. [2016], this model can therefore be tested.

If a gravel armor layer has developed on Titan, the impact on the shape and

topography of Titan would be significant. Topographic datasets suggest that the

broad-scale, geoid-corrected topography of Titan is only ∼1.5 km [Lorenz et al.,

2013, Liu et al., 2016], which is expected for water ice bedrock [Schenk, 2010].

However, local relief, which is supported by the strength of ice over short dis-

tances, exceeds 3 km in a number of locations [Liu et al., 2016]. This relief could

be a result of impact cratering in some locations and tectonism in others [Liu

et al., 2016]. Impacts in particular are effective at resetting the topographic clock

[Howard, 2007], where the excavation of a new crater instantaneously generates

the relief necessary to continually transport sediment across sufficiently steep

slopes. Titan, however, has relatively few impact craters relative to Mars, as the

atmosphere today is able to shield the surface from impacts of bodies smaller

than ∼2 km in diameter [Lunine et al., 2005].

We hypothesize that if sediment transport and bedrock lowering on Titan

has not been limited by the duration and intensity of precipitation over time,

then many locations on Titan may be approaching a steady-state situation.

Where topography is sufficiently eroded, slopes will reach the point where sed-

iment is no longer able to mobilize and a gravel pavement will develop. The

landscape will stop lowering once this pavement develops because in order

for hillslopes to continue to lower, the larger, immobile boulders must first be

moved [Sklar and Dietrich, 2004] or eroded into smaller pieces. Therefore, some
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locations on Titan’s surface may be approaching the limiting case of a fluvially-

sculpted landscape.

4.7 Summary

Fans are unique depositional features that can be used to constrain sediment

transport processes and the climatic history of Titan. Our comprehensive global

categorization and classification of alluvial fans reveals the heterogeneity of sed-

imentary processes across Titan. As one of the few depositional structures iden-

tified on Titan, understanding the morphology and formation of fans is criti-

cal to understanding the evolution of Titan’s surface geology. The preference

for fans to be located around latitudes with the highest predicted precipitation

rates suggests a causal relationship. These fans may be produced in ways sim-

ilar to arid regions on Earth, where periodic rainfall events progressively build

large fans. Titan’s most arid, equatorial regions show a lack of alluvial fans. Fan

area-drainage area relationships support a transport-limited sediment transport

environment. In such a model, sediments at equatorial latitudes are currently

unable to mobilize even during the largest flow events. For much of Titan’s his-

tory, fluvial sediment transport may have been possible around equatorial lati-

tudes, and only in the geologically recent past has a gravel lag deposit formed

over much of Titan’s surface.
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CHAPTER 5

GEOMORPHOLOGY OF COMET 67P

Originally published in:

Samuel P.D. Birch, Y. Tang, A.G. Hayes, R.L. Kirk, D. Bodewits, H. Campins,

Y. Fernandez, R. de Freitas Bart, N.W. Kutsop, H. Sierks, J.M. Soderblom,

S.W. Squyres, and J-B. Vincent. Geomorphology of Comet 67P/Churyumov-

Gerasimenko. MNRAS 469, pp. S50-S67, 2017. doi: 10.1093/mnras/stx1096

We present a global geomorphological map of comet 67P/Churyumov-

Gerasimenko (67P) using data acquired by the Rosetta Orbiter’s OSIRIS Narrow

Angle Camera. The images used in this study were acquired between August

2014 and May 2015, before 67P passed through perihelion. Data of the southern

hemisphere was included in this study, which allowed us to compare the con-

trasting hemispheres of 67P in a single study. Our work also put into greater

context the morphologies studied in previous works, and also the morpholo-

gies observed on previously visited cometary nuclei. Relative to other nuclei,

67P appears most similar to 81P/Wild 2, with a very rugged surface dominated

by smooth-floored pits. Our mapping described the landscapes of 67P when

they were first observed by Rosetta, and our map can be used in future work to

detect changes in surface morphologies after its perihelion passage. Our map-

ping revealed strong latitudinal dependences for emplaced units and a highly

heterogeneous surface. Layered bedrock units that represent the exposed nu-

cleus of 67P were dominant at southern latitudes, while smooth, dust covered

regions dominated the northern hemisphere. Equatorial latitudes were domi-

nated by smooth terrain units that show evidence for flow structures. We ob-

served no obvious differences between the comet’s two lobes, with the only lon-
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gitudinal variations being the Imhotep and Hatmehit basins. These correlations

suggested a strong seasonal forcing on the surface evolution of 67P, where ma-

terials are transported from the southern hemisphere to northern hemisphere

basins over multiple orbital timescales.

5.1 Introduction

Analyzing cometary materials in situ can constrain the origin of the solid pro-

toplanetary materials and the processes by which all larger bodies grew. This

is, in fact, the focus of NASA’s upcoming mission formulations to comets, mis-

sions that have the potential to revolutionize within our life times our under-

standing of the formation of the solar system. Modern observations, however,

only give us access to the current-day surfaces of comets, which have been al-

tered to unknown and varying degrees throughout the age of the solar system.

Therefore, understanding cometary surface evolution and the associated phys-

ical/chemical processes affecting cometary materials is essential to their utility

as a window into the formation of the solar system.

New observations from ESA’s Rosetta orbiter of Comet 67P/Churyumov-

Gerasimenko (hereafter 67P) have revolutionized our understanding of these

primitive bodies and the processes that affect them. Centimeter to meter scale

images of the surface of 67P have revealed a diverse sedimentary world, where

the nucleus is continuously evolving and losing mass throughout each orbit.

While previous missions to cometary nuclei have revealed a diversity of mor-

phological features [Soderblom et al., 2002, Brownlee et al., 2004, Thomas et al.,

2007, A’Hearn et al., 2011], these flybys have not created a detailed dataset that
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would allow for a complete study of a comet’s surface evolution. With Rosetta’s

higher resolution images and complete coverage of the nucleus, morphologic

signatures indicative of the processes that dominate the comet’s surface evolu-

tion can be interrogated.

To gain a more complete understanding of these processes, we have created

a detailed geomorphologic map of the entire nucleus as it appeared before per-

ihelion passage. Using images from the OSIRIS Narrow Angle Camera (NAC)

camera [Keller et al., 2007] on board Rosetta, our study reveals the spatial re-

lationships among known features. This allows us to construct a process-based

model for the evolution of the landscapes of 67P in the context of other known

cometary nuclei.

67P is a bi-lobate nucleus, where the larger lobe (the ‘body’) is connected to

the smaller lobe (the ‘head’) by short ‘neck’ [Sierks et al., 2015]. The principal

axis of rotation is such that the spin axis is currently perpendicular to the long

axis that bisects both lobes. Further, it is important to note that, due to the

low gravity of the nucleus (∼10−6 that of Earth), we use the term ‘gravitational’

instead of ‘topographical’ to refer to regions where loose granular material will

collect. On large bodies, this is not necessary as they are the same, but on a

small body with a complex shape like 67P, topographic lows may not always be

locations of deposition, but gravitational lows will be.

Superposed on this shape, the surface of 67P is generally broken into rough

and smooth terrains (e.g., Auger et al. [2015], La Forgia et al. [2015], Pajola et al.

[2016b], Giacomini et al. [2016]). The rough terrain is predominantly exposed

bedrock, while the smooth terrain represents disaggregated, transported rem-

nants of formerly consolidated bedrock [Sierks et al., 2015]. The main control
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responsible for the break down of the solid bedrock are large gradients in solar

insolation both as the nucleus orbits the Sun, and as the nucleus rotates over

∼12.5 hour cycles [Keller et al., 2015]. These variations in insolation result in

large thermal stresses that have fractured the nucleus at all observable scales

[El-Maarry et al., 2015b] and led to failure [El-Maarry et al., 2017]. Fracturing

also allows the diurnal heat wave to penetrate further, which acts to further

weaken the solid nucleus [Vincent et al., 2016b]. Simultaneously, volatile mate-

rials exposed to any temperature increases in the near subsurface will sublimate

away from the nucleus [Mousis et al., 2016], oftentimes explosively in jets [Vin-

cent et al., 2015].

Explosive jet erosion from exposed cliff faces also acts to break off parts of

the weakened bedrock material, which then accumulate as talus deposits at the

cliff bases [Groussin et al., 2015, Pajola et al., 2016b]. The large boulders within

these deposits may also contribute to the jets, as volatiles in exposed faces of

the boulders, previously hidden from the Sun, can sublimate away (e.g., Figure

4 in Vincent et al. [2016b]). During a jet event, the non-volatile material that

does not escape the comet falls back and drapes the rocky surface as smooth

terrains [Keller et al., 2015]. This is particularly evident on the body of the

nucleus and within gravitational lows [Groussin et al., 2015], where the under-

lying consolidated material appears to outcrop from underneath a vast cover of

smooth terrains material [El-Maarry et al., 2015a]. It is likely that this positive

feedback loop of thermally induced fractures promoting the failure and expo-

sure of fresh volatile materials from the subsurface is the dominant method by

which the landscapes of 67P evolve. To understand how all these processes tie

together on a global scale, we created a geomorphologic map.
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In order to produce our geomorphologic map, we co-registered images taken

by the OSIRIS NAC camera and generated photoclinometry data products to

understand the topographic form of the landscape. In Section 5.2 we describe

these data products along with our boulder counting methodology. In Section

5.3 we describe the morphologic units of 67P and offer hypotheses for the pro-

cesses that formed each unit. Section 5.4 describes the surface evolution model

that describes our mapping, while in Section 5.5 we describe our results in the

context of previously imaged cometary nuclei.

5.2 Methodology

5.2.1 Creating a Basemap

High Resolution Local Mapping:

For our mapping to remain consistent across the nucleus, we first tested our

mapping in an unprojected frame on images of the surface, acquired from a

10 kilometer orbit by Rosetta of select regions on 67P (Table 5.1). An example

region is shown in Fig. 5.1, with the remainder of the mapped regions similarly

shown in Section A. These images were the highest resolution images taken of

the nucleus from the Rosetta orbiter before the comet passed through perihelion,

and they offer us the ability to see details on the surface not available in the

global meter-scale mapping dataset.

This mapping covered representative areas of the nucleus, encompassing six

of our seven map units. We were able to iterate with our map unit definitions

until we were able to discretize the surface into the minimum number that could
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Table 5.1: List of images used in high resolution mapping, boulder counting and
photoclinometry.

Figure Number Phase Angle1 Image Scale1

Fig. 5.1 36◦ 29 cm/pixel
Fig. 5.1 & Fig. 5.3 38◦ 29 cm/pixel

Fig. A.2 (top) 92◦ 14 cm/pixel
Fig. A.2 (middle) 89◦ 15 cm/pixel
Fig. A.2 (bottom) 89◦ 15 cm/pixel

Fig. A.3 (top) 92◦ 14 cm/pixel
Fig. A.3 (middle) 90◦ 15 cm/pixel
Fig. A.3 (bottom) 89◦ 15 cm/pixel

Fig. A.4 (top) 92◦ 13 cm/pixel
Fig. A.4 (middle) 89◦ 15 cm/pixel
Fig. A.4 (bottom) 89◦ 15 cm/pixel

Fig. A.5 (top) 92◦ 14 cm/pixel
Fig. A.5 (bottom) 89◦ 15 cm/pixel

1Measured at the image center

reasonably describe what we observe. This initial mapping product was also

used in conjunction with the boulder counting (see Section 5.2.4), where segre-

gation into different morphologic units show statistically significant separations

based on the particle size distribution.

5.2.2 Low Resolution Global Mapping:

To make a global map, we used the highest resolution images that were able to

cover the entire nucleus at a consistent resolution. These images were acquired

with the OSIRIS NAC camera with the orange filter (centered at λ = 649 nm) be-

tween August 2014 and May 2015, before 67P reached perihelion. The bilobate

shape of the comet nucleus however, meant standard mosaicking of images was

not possible (e.g., using the USGS ISIS3 software). We instead manually stitched

images together using the georeferencing toolbox in ArcGIS, and the standard
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Mottled Pit Terrains
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NN

Unmapped Regions

Figure 5.1: Left: Selected unprojected mosaic of high-resolution NAC images
(see Table 5.1) of a portion of the Agilkia region. The star marks Philae’s initial
touchdown position in both images; Right: Our geomorphologic map of a por-
tion of the Agilkia region. Philae initially touched down on the pitted plains.
Regions in black were not mapped shadows in the images. A legend for the
units is shown below the mapping. Cauliflower and Mottled Pit Terrains were
not mapping in this image (see Section A).

equicylindrical coordinate system adopted by the Rosetta team (e.g., Fig. 2.6

in Vincent et al. [2016a]). Fig. 5.2 highlights where these images were used in

mapping the nucleus.

As georeferencing images into a two dimensional frame of reference will nat-

urally create distortions, we frequently had to use multiple images of specific re-

gions to ensure that our mapping was performed properly. This was especially

relevant where the curvature of the nucleus was exceptionally large, as only

segments of multiple images were able to completely cover such regions. In

relatively flat areas (e.g., Imhotep), multiple images were used simultaneously,

allowing us to confidently map in regions that may be covered by shadows.
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To ensure consistency in our mosaicking, we simultaneously consulted the

shape model to ensure that our latitude and longitude points per image seg-

ment remained the same. We then began mapping on the projected images,

ensuring that images aligned with the shape model continuously. The majority

of the mapping was performed on projected images, but where there were large

changes in slope (e.g., region 1 in Fig. 5.2), we mapped in an unprojected space

and converted the mapping products into the projected coordinate system. This

allowed us to map regions of 67P that were exceptionally stretched in the pro-

jected coordinate system. This was done around the neck, where we were forced

to map in an unprojected space, later projecting the mapping into the equicylin-

drical frame. To avoid regions in images where there were shadows, we also

flipped between images of the same regions to ensure that we mapped as much

of the nucleus as possible.

This process of carefully mapping while consulting the shape model was

iterated until the nucleus was fully mapped. Following completion of the

mapping in the projected, planar coordinate system, we wrapped our product

around a three-dimensional model of the nucleus, and manually checked for in-

consistencies. This entire process was iterated until our mapping was consistent

in the three-dimensional projected space, which was our final product.

5.2.3 Photoclinometric Digital Terrain Models

In order to quantify the fine (meter and below) scale roughness of geomor-

phologic units, we utilized two-dimensional photoclinometry [Kirk, 1987, Kirk

et al., 2003] to produce digital topographic models (DTMs) of representative ar-
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Figure 5.2: (a-c) Mapping regions on 67P projected on the ESA NAVCAM shape
model in three dimensions. Principal axes vectors are shown for each orienta-
tion; (d) Mapping regions shown in an unprojected view of the north polar re-
gion overlain on image N20140828T194254556ID30F22. The green triangle and
red square denote the same feature in the bottom panel; (e) Mapping regions on
67P in an equicylindrical projection. In some regions only a single image could
be used (e.g., region 1). In other regions multiple images were used (e.g., region
9). The region labeled UM was unmapped due to shadows in available image
data, though mapped by Lee et al. [2016].
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eas. Also known as shape-from-shading, this technique iteratively adjusts DTM

heights to optimize the agreement between the surface appearance calculated

from a photometric model and the observed image. It is complementary to

stereophotogrammetry (e.g., Preusker et al. [2015]) in that highly precise rela-

tive elevations and slope measurements can be obtained down to the limit of

image resolution, but elevation errors tend to accumulate over longer distances.

To get accurate photoclinometry data products, we needed to know the ex-

act location and orientation of individual pixels in the OSIRIS NAC images. To

do this, we utilized the routines in NAIF’s SPICE (The Navigation and Ancil-

lary Information Facility SPICE [Acton, 1996]) information system. As 67P is

a non-ellipsoidal body we used SPICE’s alpha-test DSK (Digital Shape Kernel)

Toolkit and a 4 million plate shape model for 67P [Jorda et al., 2016] to deter-

mine the intersection of pixel vectors and the surface of 67P. By knowing the

point of intersection of the pixel vectors and surface plates, the direction of the

plate’s surface normal, and the locations of the illumination source, the Sun, and

the observer, Rosetta and the OSIRIS NAC, we determined each pixel’s unique

viewing geometry. The pixel vectors, the spacecraft orientation, and the time

of observation were determined from values in the image headers and SPICE

routines. This allowed us to determine the viewing geometry and geographic

location of pixels in OSIRIS images, which we then input into our photoclinom-

etry model.

Care must be exercised in several regards to achieve quantitatively accurate

results. First, a realistic photometric model must be used, because the contrast of

topographic shading for given slopes depends on the photometric behavior. We

compared Hapke [1984] model fits for the nuclei of 19P/Borrelly [Buratti et al.,
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2004, Kirk et al., 2004, Li et al., 2007b], 9P/Tempel 1 [Li et al., 2007a], 81P/Wild

2 [Li et al., 2009], 103P/Hartley 2 [Li et al., 2013] and 67P [Ciarniello et al., 2015,

Fornasier et al., 2015] by fitting the empirical lunar-Lambert function at a fixed

phase angle [McEwen, 1991]. The fitted values of the limb darkening (contrast)

parameter L were indistinguishable at a phase angle of 90◦ and varied by less

than 0.17 at 34◦ phase, lending confidence that local relief could be estimated

with a scale error substantially less than 10%.

Second, photometric contrast (particularly when expressed as a fraction of

the average brightness) depends strongly on the incidence angle as well as

phase angle. On an irregular body like the nucleus of 67P the surface orien-

tation can vary widely and is seldom obvious from the appearance of a single

image. We therefore used a global shape model [Jorda et al., 2016] to calculate

the local average surface orientation and calibrate the overall brightness and

contrast of the surface for each image. The global shape model was also used as

a starting solution for the iterative photoclinometry adjustment. Because local

features converge more rapidly than larger ones in this process [Kirk, 1987],

this allowed us to quickly add pixel-scale details without losing the accuracy of

larger features derived from the global stereo model.

Finally, single-image photoclinometry is based on the assumption that pho-

tometric properties (in particular, albedo) are constant. While this is not always

the case for 67P, fortunately albedo variations reveal themselves by generating

DTM artifacts in the form of ridges and troughs aligned with the sun direction

[Kirk et al., 2003, 2004]. Our models of the nucleus of 67P showed much less se-

vere artifacts of this type than is typical even for uniformly dusty areas of Mars,

indicating that the assumption of uniform albedo over distances of hundreds of
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meters is valid.

The surface model is formulated with its ‘height’ axis parallel to the line of

sight, so that features do not move in the image plane as the heights are ad-

justed. As noted, the line of sight is often significantly inclined to the local

vertical (and the local average surface normal, which may not be the same) on

67P, so care must be taken in interpreting surface roughness from the DTM coor-

dinates. A rigorous calculation of slopes with respect to gravity would involve

transforming surface coordinates from the line-of-site based coordinate system

to one based on the local vertical, but this would necessitate resampling the

data and consequently smoothing of the smallest features. Instead, we chose

relatively homogeneous (based on the images) and planar (based on the global

shape model) study areas ranging from 50 to 300 m across and referenced our

results to the local average surface by de-trending the data (subtracting the line-

of-sight height at the best fit plane) rather than by rotation. We then rescaled

the de-trended elevations by the cosine of the emission angle for the reference

plane, to account for their being measured obliquely to the ‘vertical’ defined by

that plane (Fig. 5.3c).

Surface roughness was then characterized in two ways: first, as an RMS ab-

solute slope over a one-pixel baseline (∼14 cm), relative to the local reference

plane, and second, by the dispersion of the corrected elevations within a small

box 5 meters on a side. Both of these quantities are measures of local mor-

phologic roughness and should not be confused with slopes and elevation (po-

tential height) differences over longer distances defined in relation to gravity

[Groussin et al., 2015]. Cumulative slopes and RMS roughness for each unit are

shown in Fig. 5.4, with their average values listed in Table 5.2. Smooth terrains
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Figure 5.3: (a) OSIRIS NAC Image of the Agilkia region (see Table 5.1). (b)
Absolute topography (minus of range), in meters; (c) De-trended topography as
described in Section 5.2.3, in meters; (d) Slope map, with slopes computed over
1 pixel (∼14 cm) baselines.

and rough terrains are clearly separable.

5.2.4 Boulder Counting

We supplement our geomorphologic mapping by quantifying the boulder dis-

tribution in discrete locations across the surface of 67P, where we are loosely

applying the term ‘boulder’ to all resolvable regolith materials for simplicity.
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Figure 5.4: (Top: Cumulative distribution of slopes for each morphological unit;
Bottom: Cumulative distributions of RMS roughness values for each unit. For
both RMS roughnesses and slopes, the rough terrains are clearly separable from
smooth terrains. Mean slopes and RMS roughnesses are derived for each unit
from these distributions and are given in Table 5.2.

We use OSIRIS NAC images taken from 10 kilometer orbits (Table 5.1). Our

work is analogous to what was done globally for 67P [Pajola et al., 2015, 2016a],

however we count all boulders down to the limit of the resolution of the NAC

images in only a few select, representative regions (see the figures in Section

A). In choosing boulders, we only select boulders larger than 3 pixels [Nyquist,

1928], even though smaller boulders could be seen using their shadows. The
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size that we choose was the long axis of each boulder which enables us to see

boulders as small as ∼42 cm in diameter.

We combine the boulder counts from the NAC images with images taken

by Philae’s ROLIS imager minutes before the lander’s initial touchdown in the

pitted plains of Agilkia (see Section 5.3 for map unit definitions). The ROLIS

images are of higher resolution, able to resolve boulders down to ∼3 cm (Fig.

5.5). Importantly, the ROLIS images (acquired when the lander was 9 meters

above the comet’s surface) are the highest resolution images of the surface of

67P and provide the ground truth for our boulder counting. Therefore, we can

validate any scaling relation we derive by ensuring that it describes both the

NAC and ROLIS boulder distributions. In this manner, we cover the largest

range of grain sizes on the nucleus.

After counting and measuring all the boulders and sorting the NAC data

into the various morphologic regions (see Section 5.3), we fit the size-frequency

distribution assuming a power-law distribution that extends from the smallest

boulders in the ROLIS images up to the largest boulders from the pitted plains

of Agilkia in NAC images. We use a simple power-law relating cumulative

number of boulders (N(d ≥ di)) to their diameter (di) as:

N(d ≥ di)
A

= C(d1−q
max − d1−q

i ) ∝ d−S
i (5.1)

where q is the fractal dimension [Turcotte, 1986], A the area over which the

boulders were counted, C a constant related to the total number of boulders,

and S a constant we fit. This function is commonly used in boulder counts

[Pajola et al., 2015, 2016a] and has been used to describe erosional process on

67P [Vincent et al., 2016b]. Normalizing by the area of the region over which
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Figure 5.5: ROLIS image from 9 meters above the surface, overlain on a ROLIS
image taken from 64 meters above the surface. Measured boulders are shown
in yellow, with their distribution shown in Fig. 5.6. The smallest resolvable
boulder in this image is ∼3 cm in diameter.

we count the boulders allows us to compare ROLIS data directly to NAC.

Fitting our data using Eq. 5.1 provides a consistent relationship between the

two different data sets (Fig. 5.6), as the fit extends through all the data, to within

error. This implies that the grain size statistics can be safely extrapolated to

grains as small as ∼3 cm in the pitted plains of the Agilkia region. We show the

fitted values for each morphological unit in Table 5.2.

With our boulder counting methodology, there are two sources of error: (1)

random error associated with our mapping and size measurements; and (2)

small number statistical errors. For the first source of error, we assume a one-

pixel error on the measurement of boulder size. Since we mapped uniformly,
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Figure 5.6: Cumulative size-frequency distributions of boulders measured from
millimeter to decameter scales. Distributions were derived from the ROLIS cam-
era onboard the Philae lander from 9 m above the surface (left, solid circles), and
the OSIRIS NAC (see Table 5.1) of all the pitted plains (right, asterisks) imaged
in high-resolution NAC images. Areas were measured in km2. For individual
counts of boulders in the pitted plains see Section A. Fitted exponent S is the
same (S = −2.39 ± 0.06 for ROLIS and S = −2.46 ± 0.04 for OSIRIS), to within
error, for boulders in both datasets.

Table 5.2: For each unit, the average exponent S for the boulder distributions,
average slope, and the RMS roughness, derived from the highest resolution
NAC images. Slope and RMS roughness mean values are derived from pho-
toclinometry products, with their full distributions shown in Fig. 5.4.

Unit Name Exponent S Slope RMS Roughness
Cliffs −1.91 ± 0.11 23.5◦ ± 14.3◦ 0.69 ± 0.43 m

Talus Deposits −1.61 ± 0.02 25.7◦ ± 15.0◦ 0.70 ± 0.39 m
Bouldered Plains −1.87 ± 0.09 22.9◦ ± 13.3◦ 0.51 ± 0.33 m

Mottled Pit Terrains −1.84 ± 0.061 24.5◦ ± 13.6◦ 0.71 ± 0.39 m
Smooth Plains −2.42 ± 0.01 8.2◦ ± 4.5◦ 0.18 ± 0.08 m
Pitted Plains −2.46 ± 0.04 13.0◦ ± 8.5◦ 0.24 ± 0.14 m

Cauliflower Plains −1.30 ± 0.05 3.8◦ ± 2.2◦ 0.05 ± 0.02 m

1 Distribution derived from lower resolution NAC data
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we assume this error to be a net vertical shift in the fits that has no bearing on

the exponent S. The second source of error includes the fact that the area we

count boulders over may not be representative of a larger area, and that larger

boulders are less likely to get covered up by regolith materials. We use a Pois-

son distribution to quantify this error, where the vertical error bars are
√

N/A.

This is standardly used in other boulder counting statistics for 67P [El-Maarry

et al., 2015a, Pajola et al., 2015, Vincent et al., 2016b, Pajola et al., 2016a]. In using

a Poisson distribution for the error, we quantitatively show that the deviation

from the fitted lines for larger grain sizes in both the NAC and ROLIS data to be

the result of counting statistics.

5.3 Geomorphologic Mapping Units

Geomorphologic mapping of a planetary body is a powerful tool that can be

used to discern the processes that acted to form the currently observed topog-

raphy (e.g., Tanaka et al. [2014] for Mars, and Birch et al. [2017] for Titan). By

discretizing the body into regions that form by the same process, our map can

be used to understand the evolutionary history of its surface. We do this for 67P

here to understand which process(es) are acting on the surface of the comet and

how they may evolve throughout an orbit. Our work is different than previous

studies [Auger et al., 2015, El-Maarry et al., 2015a, La Forgia et al., 2015, Pajola

et al., 2016b, El-Maarry et al., 2016], and similar to Giacomini et al. [2016] and

Lee et al. [2016], though global in its extent. In doing so, we can look for simi-

larities and differences across the entire nucleus at the scale of individual units

(∼10 m).
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Figure 5.1a shows a mosaic of high resolution (Table 5.1) images of the Ag-

ilkia region taken by the OSIRIS NAC. This is the region where Philae touched

down [La Forgia et al., 2015], providing a ground truth for our mapping and

associated boulder counts. Figure 5.1b shows the mapping for this region. We

then re-mapped the entire comet’s surface using lower resolution images (∼1-2

m/px), in the projected space described in Section 5.2.2, while still using the

same map unit definitions used in the high resolution mapping. Figure 5.7

shows our final geomorphologic map of 67P, both in the equicylindrical coor-

dinate system and projected on to the ESA NAVCAM shape model of 67P.

We broadly segregate our units into ‘rough’ terrains and ‘smooth’ terrains.

These units are characterized by their morphologies, topography (including

slopes and small scale roughness), and the exponent S from their boulder distri-

butions. The rough terrains include cliffs, talus deposits, bouldered plains and

mottled pit terrains. The smooth terrains include smooth plains, pitted plains,

and cauliflower plains. We also map pit rims in Imhotep, and lobate margins

within smooth terrains across the comet nucleus.

Cliffs

In many places on 67P there are exposed cliff faces and overhangs with talus

deposits at their bases. Distributed across 67P, though primarily at southern lat-

itudes, the cliff units appear highly fractured [El-Maarry et al., 2015b], with nu-

merous orthogonal fractures intersecting at a variety of spatial scales (Fig. 5.8).

The cliffs can also have a bladed appearance, which are still highly fractured,

but are regions of cliffs with a superposed texture similar to Pluto’s bladed ter-

rains [Moore et al., 2016b]. The cliffs appear layered on a larger scale than the
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Figure 5.7: (a-c) Geomorphological map of 67P projected on the ESA NAVCAM
shape model in three dimensions. Principal axes vectors are shown for each
orientation as in Fig. 5.1; (d) Unprojected view of the north polar region; (e)
Equicylindrical projection of our full geomorphological mapping. A legend
for the units is shown below, where unit colors are as in Fig. 5.1. Pit rims
in Imhotep, and lobate margins within smooth terrains are mapped with grey
lines. The region labeled UM was unmapped due to shadows in available image
data, though mapped by Lee et al. [2016].
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individual fractures, across the entire surface of 67P.

Figure 5.8: Examples of rough terrains with the unit example on the top row,
the corresponding slope map derived from our photoclinometry method in the
middle row, and the RMS roughness on the bottom row. The scales for the slope
maps are in degrees, and the scales for the RMS roughness are in meters, both
shown to the right. The distributions of slopes and roughness for each unit
are shown in Table 5.2; Left: Cliffs from the Anubis region; Middle/Left: Talus
Deposits from the Imhotep region; Middle/Right: Bouldered Plains from the
Agilkia region; Right: Mottled Pit Terrains from the Imhotep region.

Often, the cliffs have a ‘blue’ spectral slope [Auger et al., 2015], which has

been interpreted to imply the presence of more volatile material [Oklay et al.,

2016]. The cliffs, relative to local gravity, usually have high slopes (>25◦) and

are generally free of small boulders (Table 5.2), though neither observable is re-

quired for the unit to be a cliff. Cliffs can also appear with slightly lower slopes,

where they represent exposed, non-sediment covered regions of the underlying

nucleus. This is especially prominent at southern latitudes. The cliffs have also
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been observed to be the source of the jets that make up the coma of 67P, and

are among the most active regions on both 67P [Vincent et al., 2016b], and on

9P/Tempel 1 [Farnham et al., 2013].

Interpretation:

The cliffs represent the exposed, underlying bedrock of the comet nucleus. Re-

gions with high slopes mark locations subjected to sublimation induced erosion

and scarp retreat. Talus deposits at their base suggest collapse and back-wasting

of the cliff face. The cliffs (primarily the low sloping cliffs) are also most promi-

nent at southern latitudes, which are the latitudes most illuminated during per-

ihelion. This suggests that granular materials are removed from southern lat-

itudes at perihelion with the underlying structures now exposed. Simultane-

ously, the topography is beveled at these latitudes, giving rise to the somewhat

lower-sloping cliffs. The bedrock of the nucleus is thus more exposed at south-

ern latitudes, while the northern hemisphere retains its granular covering.

Talus Deposits

The talus deposits are collections of, primarily, large boulders that appear at the

base of cliffs (Fig. 5.8). The slopes and RMS roughness of the talus deposits (typ-

ically >25◦) are similar to the nearby cliffs. At even lower slopes, smooth plains

materials are often found, suggesting a general downslope fining. The talus de-

posits also seem to have a blue spectral signature [Auger et al., 2015] in some

locations, and are hypothesized to contribute to the jets emanating from the sur-

face of 67P [Vincent et al., 2016b]. Boulders themselves are also fractured like

the cliffs, suggesting that they emanate from nearby sources. The talus deposits

also have a large, more positive, exponent S (Table 5.2), implying that they have
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a relatively small component of fine materials. The exponent S decreases down

slope, into the smooth terrains.

Interpretation:

The correlation of the cliffs and talus deposits has been used to suggest an evo-

lutionary model where sublimation and jet erosion promote failure of the cliffs.

Large boulders are then transported downslope by mass wasting process, form-

ing the talus deposits [Vincent et al., 2016b, Groussin et al., 2015]. Our mapping

supports this interpretation, as the talus deposits are always below the cliffs.

The presence of some smooth plains materials at lower slopes suggest that the

talus deposits themselves weather and grade into finer material downslope. The

talus slopes have a similar exponent S to the cliffs, and a more positive exponent

S than other units down slope, suggesting that there is an increased fraction of

fine material as slopes decrease.

Bouldered Plains

Bouldered plains appear similar to talus deposits except that they have no to-

pographic signature. Instead, they are collected within fields of large boulders

(Fig. 5.8), often surrounded, at lower elevations, by smooth/cauliflower plains

materials. They are also not as spectrally blue, suggesting that they are more

volatile-depleted than the talus deposits. The borders of this unit and the talus

deposits grade into finer materials as the slope decreases. However, for the talus

deposits, slope decreases away from the cliffs, while for the bouldered plains,

slope generally decreases away from the center of the unit. The bouldered plains

also have a similar exponent S to the talus deposits, dominated by meter-sized

clasts, but they have a lower RMS roughness than talus deposits (Fig. 5.4).
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Interpretation:

The process(es) by which the bouldered plains form are less clear than the mor-

phologically similar talus deposits as they have no topographic signature or

nearby source (i.e. cliffs). They may form via in situ thermal weathering of a pre-

viously consolidated bedrock. Large thermal gradients and sublimation events

over diurnal cycles can further weaken an already pre-fractured bedrock. Col-

lapse of bedrock materials that outcrop from beneath plains terrains would lead

to large deposits of boulders appearing to overlay smooth/cauliflower plains

materials. Alternatively, they may be remnant talus deposits, now marking lo-

cations where cliffs used to be located, which subsequently back-wasted to now

distant locations.

Mottled Pit Terrains

The mottled pit terrains are located within the Imhotep region, to the east of the

large smooth plains deposit. These materials appear mottled, and are associ-

ated with the nearby decameter-scale circular pit features. They appear in the

gravitationally lowest portion of the Imhotep region [Groussin et al., 2015], yet

they remain relatively sediment free. The exponent S of the unit is similar to the

talus deposits, dominated by a few large boulders (Table 5.2). The topography

and morphology of this unit, described in detail in previous works [Sierks et al.,

2015, Thomas et al., 2015b, Auger et al., 2015], suggests a process unique to this

region on 67P, though perhaps analogous to processes on 9P/Tempel 1.

Interpretation:

We hypothesize that this unit is part of the underlying bedrock material that has

been cleared of sediment. Layered cliff materials border each side of the region,
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suggesting that the layered material has been removed, and the inner parts of

the nucleus are now exposed. This claim could be bolstered if indeed the layers

on either side of the region are similar in thickness and stratigraphic order. The

association to the roundish features nearby [Auger et al., 2015] suggests a mech-

anism that is able to erode upper layers and remove overburden sediment. The

similarity to the roundish features on 9P/Tempel 1 (e.g., Fig. 2.6 in Belton et al.

[2013]) also suggests that 9P/Tempel 1 may be a more heavily eroded version

of 67P (see Section 5.5), having had more of the layered overburden materials

removed.

Smooth Plains

Smooth plains appear as isolated, spatially small patches of granular materi-

als (Fig. 5.9). They have few large boulders, with a significantly more nega-

tive exponent S for the boulder distribution than the rough terrains. The unit

is spectrally red, suggesting an organic-rich dust covering [Capaccioni et al.,

2015]. They appear embedded within other regions, in local gravitational lows

[Groussin et al., 2015]. In our photoclinometry datasets, the unit has relatively

low slopes over much of the unit (Fig. 5.4), with variations of a few degrees.

In centimeter scale images, the unit also has a uniform appearance, with indi-

vidual boulders observable within the unit. Based on proximity to the pitted

plains, we may expect the smooth plains to have a thickness on the same or-

der as the pitted plains (∼20 cm), though there remains no direct measurement.

The southern hemisphere is almost entirely devoid of smooth plains materials

except in small, isolated regions.

Interpretation:
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Figure 5.9: Examples of smooth terrains with the unit example on the top row,
the corresponding slope map derived from our photoclinometry method in the
middle row, and the RMS roughness on the bottom row. The scales for the slope
maps are in degrees, and the scales for the RMS roughness are in meters, both
shown to the right. The distributions of slopes and roughness for each unit are
shown in Table 5.2; Left: Smooth Plains from the Agilkia region; Middle: Pitted
Plains from the Agilkia region. Slopes are relatively flat on the top of individual
flow features and larger at their perimeters; Right: Cauliflower Plains from the
Ash region. Slopes are lowest for this unit.
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The smooth plains (and also the pitted and cauliflower plains) are sedimentary

materials that form terminal basins for the non-volatile material that do not es-

cape the comet during sublimation events. We hypothesize three methods by

which smooth plains materials may form: (1) Airfall of fine materials liberated

from jet events; (2) Downslope fining and thermal fatigue; (3) Fluidization of

material by liberated gases.

If the smooth plains uniformly drape over the surface, they were likely

formed as airfall deposits (Fig. 5.10a). In some locations this appears to be

the case (e.g., portions of Imhotep, Ash and Ma’at), where the smooth plains

appear within local topographic lows at all elevations (e.g., on top of the boul-

der named Cheops). In these regions the smooth plains show burying of large-

scale features, where cliffs and boulders outcrop from a stratigraphically lower

level. We hypothesize that some of the smooth plains materials and most of the

cauliflower plains also form in this manner.

If the smooth terrains result from downslope fining and thermal fatigue,

then we would expect to see a progressive fining of material away from cliff

faces (Fig. 5.10b). In such cases, the cliffs fail and form the talus deposits. The

boulders in these deposits contain more volatile-rich materials that sublimate

away and fine in situ. As the cliff scarp retreats, the location of the talus deposits

progressively retreats simultaneously. In such regions, fine material should not

be found at elevations above the talus deposits. This process seems to be occur-

ring at all places on 67P, and may be one of the dominant mechanisms for the

formation of smooth plains materials. Evidence of this is observed both in the

emplacement of smooth plains downslope from talus deposits and the lower

exponent S of the smooth plains relative to talus deposits.
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Figure 5.10: Cartoon illustrations depict the landscape if the smooth plains re-
sult from either: (a) airfall as hypothesized for the cauliflower plains, (b) ther-
mal fatigue and jet induced scarp retreat for the smooth plains, as adapted from
Vincent et al. [2016b], and/or (c) fluidization by liberated subsurface gases for
the pitted plains, as adapted from Belton and Melosh [2009]. Note that these
processes may be happening concurrently on 67P.
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Finally, a type of fluidization or aeolian process could form some of the

smooth plains, where volatile gases are liberated from the subsurface [Belton

and Melosh, 2009] or on the surface [Cheng et al., 2013], mobilizing granular

materials on the surface. Collections of materials transported by flow events

could then fill pre-existing basins. In such a model, we would expect to see

large flow features associated with the smooth plains (Fig. 5.10c). We would

also expect to see smooth material behind obstacles that lay within the downs-

lope direction of the flow (e.g, ‘wind-tails’ at Agilkia [Thomas et al., 2015a]),

and for the flow to become coarser radially away from the flow’s center.

Pitted Plains

The pitted plains are the terrain type the Philae lander first touched down on

(Fig. 5.5). The layer is distinctive in that it appears as a granular regolith with

meter-scale pits observed throughout (Fig. 5.9). The pitted terrains also appear

to have ‘dune-like’ features [La Forgia et al., 2015, Thomas et al., 2015a, Jia et al.,

2017] and boulders with ‘wind-tails’ [Thomas et al., 2015a] that give rise to a

higher RMS roughness compared to the other plains units (Fig. 5.4). Both the pit

and ‘dune’ features are superposed on larger lobate structures. The boundaries

of these flow features can have relatively high local slopes (up to ∼20◦). The pit-

ted plains also lack any large boulders, and the grain sizes, in general, are finer

compared to the smooth plains, with the most negative exponent S (Table 5.2).

The pitted plains are also found primarily at equatorial latitudes, though a few

small regions are also seen at southern latitudes. We have a direct measurement

on the thickness of the pitted plains from the Philae lander to be 20 − 30 cm

[Biele et al., 2015, Roll and Witte, 2016], where they overlie a more consolidated
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material with a higher compressive yield stress [Mottola et al., 2015]. Spectrally,

the pitted plains appear red like the smooth plains.

Interpretation:

In some locations, the pitted plains are similar to the smooth plains except that

they appear to have been re-mobilized following their initial emplacement. In

this way, we believe that portions of the pitted plains share a common origin to

the smooth plains. The pitted plains are also associated with a series of flow-like

features we identify in the Anubis region, suggesting that they may also form

and be distributed via a type of fluidization or aeolian method (e.g., Belton and

Melosh [2009] or Cheng et al. [2013]) that remobilize existing smooth plains

materials.

The preference for the pitted plains to form primarily around equatorial lat-

itudes also suggests a relation to solar insolation, where they may be thinner

deposits of granular smooth plains that overly volatile rich regions. Alterna-

tively, some of the pitted plains may initially form as smooth plains, and later

are remobilized into the pitted plains as impacting particles ‘splash’ into their

surfaces [Mottola et al., 2015], similar to how sand grains splash and mobilize

particles in terrestrial dune fields [Anderson and Haff, 1988]. If the source par-

ticles for splashing are transported from the southern to northern hemisphere

via ballistic trajectories, then the pitted plains mark the northern-most extent to

which the larger particles (which can remobilize other particles on impact) can

travel from the source of a given jet event. Regardless of their initial formation

mechanism, the pitted plains currently appear as mobilized granular materials,

implying the movement of a large amount of mass.
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Cauliflower Plains

The cauliflower plains (Fig. 5.9) appear to drape the underlying topography,

with cliff units outcropping from underneath. The higher albedo and variable

texture at centimeter scales of the cauliflower plains distinguish them from the

smooth plains, though the differentiation can be more difficult in meter-scale

images. The unit has a uniform texture over large spatial scales, though around

cliffs there are larger boulders. This skews the exponent S of the boulder distri-

bution to a much higher number (Table 5.2) than it otherwise would be, as this

unit is remarkably free of boulders when far from outcropping cliffs (Fig. 5.9).

The cauliflower plains are most common in the Ash region [El-Maarry et al.,

2015a] on the body of 67P, and the Ma’at region [El-Maarry et al., 2015a] on the

head of 67P - the location where the Rosetta orbiter touched down. There are

few cauliflower plains in the southern hemisphere. Like all the other smooth

terrain units, the cauliflower plains appear spectrally red. The cauliflower ter-

rains undulate over decameter scales, with average slopes at meter-scales of <5◦.

This low slope value, over short length scales (1 pixel in OSIRIS NAC images),

makes the cauliflower plains the flattest of our mapped units.

Interpretation:

Large portions of the cauliflower plains have previously been interpreted to be

the result of dust, initially lifted from the surface by jets on distant regions of 67P,

that has fallen back onto the surface as airfall deposits [El-Maarry et al., 2015a].

Our mapping agrees with this interpretation, as the cauliflower plains outcrop

at numerous stratigraphic levels (i.e. on cliff tops, on top of boulders and in

gravitational lows), suggesting that they are deposited from above. Impacts

into a granular deposit from materials that fall back onto the comet also agrees
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with their variable appearance and topography at centimeter-scales. Their re-

striction to the most northern latitudes of 67P is also evidence of northward

dust transport during perihelion, where material lifted from surface around the

neck and in southern latitudes preferentially deposits on the northern latitudes

of the nucleus [Thomas et al., 2015a]. Last, the large boulders around regions

where the underlying cliffs outcrop in the cauliflower plains may result from

the exposure of the cliff material that has degraded and collapsed in situ.

5.4 Surface Evolution

Previous works that studied the morphologies on the surface of 67P [El-Maarry

et al., 2015a, 2016] separated the comet into 26 different regions to ease with the

description and location of key features. Separation was based on the domi-

nant morphology and topography within a given area. Their geographic, not

geomorphologic, unit definitions did not attempt to describe the morphologies

on the smaller scales over which the landscape-forming processes occur. Their

segregation of regions, while valuable, also did not try to describe how regions

may co-evolve and affect each other, something that our mapping tries to ac-

complish. El-Maarry et al. [2015a] and El-Maarry et al. [2016] also suggested

a difference between the two lobes of the nucleus, where the body of 67P had

more ‘weakly consolidated materials’.

Other mapping works of the Agilkia region on the head of 67P [La Forgia

et al., 2015], the Aswan area in the neck [Pajola et al., 2016b], the Imhotep region

on the body of 67P [Auger et al., 2015], and the northern hemisphere [Giaco-

mini et al., 2016] were done separately, and in some instances used different
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mapping units. These were the only other mapping works that described the

morphology of 67P at the time of this writing. Auger et al. [2015] segregated

Imhotep into ‘smooth’ and ‘rough’ terrains. Similarly, La Forgia et al. [2015],

Pajola et al. [2016b], Giacomini et al. [2016], and Lee et al. [2016] segregated

Agilkia, Aswan, and the northern and southern hemispheres into only five de-

scriptive units and, in the case of La Forgia et al. [2015] and Pajola et al. [2016b],

mapped only small regions of the nucleus.

By mapping at a consistent scale across the entire nucleus in a single study,

we can compare seemingly disparate regions of 67P. Further, our mapping

methodology is fundamentally different from past works on 67P, as we incor-

porated topographic data into our unit definitions [Birch et al., 2017]. As such,

instead of just being descriptive of the varying surface morphologies observed

[Giacomini et al., 2016], our geomorphologic units are based on the fundamental

processes shaping those regions.

In our mapping, we find no clear difference between the two lobes of 67P,

as the units have no longitudinal dependencies. The difference observed by El-

Maarry et al. [2015a] and El-Maarry et al. [2016] can be attributed to a thicker

mantling of smooth terrains on the northern hemisphere of the head of 67P that

changes how sublimation erosion progresses. Imhotep (on the body; see El-

Maarry et al. [2015a] for region definitions) and Agilkia (Philae’s touchdown

spot on the head; La Forgia et al. [2015]) also appear to be similar in many

ways. They are both dominated by smooth terrains, and both show evidence

for layering in the surrounding cliff materials. Whether the layering is primor-

dial (e.g., Massironi et al. [2015]), or the result is of erosional or depositional

processes remains unclear.
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We also find a clear latitudinal variation of units, which suggests that the

evolution of 67P’s surface morphologies are seasonally forced. Sedimentary ma-

terials cover large portions of the comet, with the northern hemisphere nearly

entirely blanketed (Fig. 5.11). A more complete topographic dataset would

allow us to constrain the thickness of these deposits and generate a sediment

budget for 67P, something that would aid in future numerical modeling of sed-

iment transport processes across the nucleus. The southern hemisphere shows

a much rougher terrain than the northern hemisphere, with the southern lati-

tudes almost entirely devoid of smooth terrain materials (Fig. 5.7). The latitu-

dinal distribution of the sedimentary materials (Fig. 5.11) matches theoretical

predictions made by Thomas et al. [2015a] and Keller et al. [2015], who both

predicted the redistribution of particles from more active regions to less active

northern latitudes. The uniform color of 67P [Capaccioni et al., 2015] is also

consistent with a blanketing of the surface, as just a thin global layer of dust can

obscure spectroscopic measurements.

We suggest that the hemispheric distribution of units is a function of solar in-

solation. At perihelion, the southern hemisphere is illuminated while the north-

ern hemisphere receives less direct insolation [Keller et al., 2015]. This leads

to a non-linear increase in sublimation and jet erosion [Vincent et al., 2016a,b],

where ∼3/4 of all eroded material is predicted to be lost from southern latitudes

[Keller et al., 2015]. While northern latitudes were active when Rosetta first ar-

rived at 67P [Vincent et al., 2015], the north-facing slopes are expected to be

relatively inactive at perihelion [Keller et al., 2015]. This would imply that the

particles that remain gravitationally bound to the nucleus during jet and out-

burst events at southern latitudes will be deposited on the colder, less active

northern hemisphere. In Fig. 5.11 we show this relationship, where southern
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Figure 5.11: (a-c) Mapped units according to whether they are a source (red) or a
sink (blue) for sediment, projected on the ESA NAVCAM shape model in three
dimensions. Principal axes vectors are shown for each orientation as in Fig. 5.1;
(d) Unprojected view of the north polar region; (e) Equicylindrical projection of
mapped units according to whether they are a source or sink sediment. Most
of the northern hemisphere of 67P is covered by sedimentary materials, while
the southern hemisphere is almost entirely sediment free. The region labeled
UM was unmapped due to shadows in available image data, though mapped
by Lee et al. [2016].
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latitudes have far fewer sedimentary deposits, with any surficial deposits re-

moved by cometary activity.

The most striking pattern we observe is the spatial heterogeneity in surface

morphologies (e.g., Sierks et al. [2015] and El-Maarry et al. [2015a]). There

are substantial topographic features (i.e. cliffs and pits) in close proximity to

large, flat, deposits of sedimentary material. Northern latitudes have many

large pits, while southern latitudes show a much flatter terrain, with pits >100

m entirely missing. A simplistic explanation for the heterogeneity is that there

were primordial heterogeneities in the planetesimals that accreted to form 67P

(e.g., Weissman [1986]). What we observe today would then be the effect of

differential erosion of materials with varying volatilities and erosional resis-

tances, where northern and southern latitudes had different initial inventories

of volatiles.

An alternative, more likely, explanation is that there is a complex feedback

between dust transport, shadowing/exposure to sunlight from topographic fea-

tures, and the variability in the size and density of thermally induced fractures

(Fig. 5.12). The northern Neck (Hapi) is a particularly good example of this

feedback. It is both a gravitational low, it is the coldest spot on the comet dur-

ing southern summer, and its geometry results in both self-heating and a limited

time of insolation.

Slight heterogeneities in the original subsurface of 67P would act as instabil-

ity points, where regions with more volatiles (primarily H2O, CO, and CO2) or

more fractures would allow the diurnal heat wave to penetrate further into the

nucleus [Gulkis et al., 2015] and result in higher sublimation rates. Assuming

that the subsurface is a combination of dust and ices (e.g., Whipple [1950]), the
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regions rich in near subsurface volatiles (blue regions in Fig. 5.12) will become

more dust free as the sublimation of volatiles will act to clear such regions. The

subsurface in these regions will also become more porous as large volumes of

ice and dust will either be ejected from the nucleus, or redeposited elsewhere.

Simultaneously, an upper layer free of volatiles and composed of crystalline ice

will develop as a dehydrated crust [Capaccioni et al., 2015], whose thickness

depends on the time that 67P has been in its current orbit [Mousis et al., 2016].

This upper crust will then be relatively inactive, initially, as compared to deeper

reservoirs. Regions with a smaller inventory of initial volatiles in their subsur-

face will be covered in dust from other regions (Fig. 5.12). The dust will act to

insulate their subsurfaces from temperature increases, as the thermal inertia of

such materials is very low [Gulkis et al., 2015].

Thermal fractures also allow heat to propagate further into the subsurface

than it normally would. This will expose buried volatiles to temperature in-

creases, leading to increased sublimation. If the region that is sublimating is

highly permeable, then jet erosion would be less effective as pressure cannot

build up. In such a case, the surface would simply deflate (Fig. 5.12). If per-

meability is low, then gas pressure from sublimating volatiles could build up in

void spaces. If the pressure is larger than any overburden pressure, then a void

can be created instantaneously through an outburst (Fig. 5.12). An intermediate

porosity will result in an intermediate solution, where the surface slowly lowers

but eventually the overlying crust above these regions gives way as the material

below is vacated, leading to collapse and pit formation.

All the mechanisms will generate negative relief, and depressions will cause

the surrounding topography to adjust. This continues a positive feedback cycle,
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Figure 5.12: Cartoon illustrations demonstrating a possible evolution of the sur-
faces of 67P, as described in Section 5.4. Time increases from Panels a-d. Blue
materials represent volatile-rich regions, while grey/black portions represent
non-volatile lag materials. Depressions forming on the right half of the diagram
represent those forming in a highly permeable region, where negative relief is
generated by deflation when volatiles are lost. Pits on the left represent those
forming in a lower permeability substrate where negative relief is generated
more violently, either through collapse or explosive outgassing. Regions of neg-
ative relief, and free of non-volatile lag materials act as instability points for
scarp-induced erosion that acts to increase pit width and/or reduce wall slopes.
Insets show OSIRIS WAC images of pits at different evolutionary stages.
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where regions become exposed to increased/decreased solar insolation com-

pared to an otherwise flat surface (e.g., sublimation pits on Mars [Dundas et al.,

2015], crater pinnacles on Callisto [Howard and Moore, 2008], or pits on Pluto

[Moore et al., 2016a]). These regions will consequently erode faster/slower via

scarp retreat as more/less subsurface volatiles are exposed. The observations of

pit chains [Giacomini et al., 2016] supports the idea of growth of larger depres-

sions by sublimation-induced scarp retreat. The regions blanketed with dust

will erode slower than they would normally, unless the wall of a nearby pit en-

croaches and undermines their subsurface. These local temperature variations

will contribute to lateral (and vertical) variability in the retained distribution of

volatiles.

If the sublimation rates are too high, then the surface will be able to erode

much faster and leave no observable pits. In such regions, the amount of ma-

terial eroded away would exceed the depth of the seasonal heat wave. With

increased sublimation, the resulting scarp retreat would be too fast for topo-

graphic features to be retained, where instead the upper layers are bevelled by

the merger of many pit structures. In such a scenario, we would find exposed

cliff terrains of low relief with few sedimentary materials, and a greater number

of remnant highs (e.g., cuestas). This is the case for southern latitudes, where

there are no pits >100 m, and the topography appears to be much less dynamic.

Further, the redeposition of less volatile materials on northern latitudes from

southern latitudes will prevent northern latitudes from eroding too rapidly, and

allow for the sustainability of dynamic topography (i.e. pits).

Over successive orbits, if the obliquity of 67P remains relatively stable, sur-

face topography will be lowered, and these erosional processes will slow. As
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the nucleus loses more of its primordial volatiles, it will have less of an ability

to remove the overburden dust layers. As the dust layers grow in thickness,

then both the magnitude of activity and the area of active sources will decrease

unless the orbit of 67P is significantly altered, as would occur during a close

encounter with a planet or other large solar system body. If the comet’s orbit is

perturbed, then the cycle will restart as new regions, previously not exposed to

sunlight and temperature increases will be exposed.

5.5 Evolution of 67P in the context of other comet nuclei

With the highest resolution images of a comet nucleus to date, surface mor-

phologies from previously visited nuclei can be put into greater context. Lower

resolution images from flybys of other Jupiter Family comets 19P/Borrelly

(19P), 81P/Wild 2 (81P), 9P/Tempel 1 (9P), and 103P/Hartley 2 (103P) hinted

at morphologies now fully resolved by Rosetta (Fig. 5.13).

Most prominent among these features are the circular pits on 67P, active sink-

holes responsible (at least in part) for a fraction of the jets that make up the coma

[Vincent et al., 2016b]. On comets 9P [Thomas et al., 2007], and 81P [Brown-

lee et al., 2004], the circular pits were hypothesized to be impact craters later

altered by sublimation [Thomas et al., 2007]. The topographic expression of

pits is less on 9P, which was attributed to having been in its current orbit for

a comparatively long time compared to 81P. Round depressions, which may

have been pits similar to other comet nuclei, were also observed on 19P, though

Soderblom et al. [2002] hesitated in referring to them as impact craters. For

67P, the morphologies, measured size-frequency distribution, and clustering of
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Figure 5.13: Images of the nuclei of Jupiter Family Comets visited by space-
craft to date include (a) 81P/Wild 2, (b) 19P/Borrelly, (c) 103P/Hartley 2, (d)
9P/Tempel 1, and (e) 67P. Images downloaded from the NASA PDS. Individual
comet nuclei are not shown at the same scale. Select features common among
the nuclei are labeled as: remnant highs (RH), flat-floored pits (P), possible flow
features (PF), and airfall materials (AM). Evident also, though not labeled, is
the variable topography seen on comets 67P and 81P, compared to the bevelled
topography seen on 9P, 103P and 19P.

pits are inconsistent with an impact origin [Vincent et al., 2015]. While im-

pacts may still influence the later formation of pits by exposing deeper crustal

volatiles, the current shape, topography, and clustering in the northern hemi-

sphere argues strongly against impacts being an important process in cometary

landscape evolution [Belton et al., 2013, Vincent et al., 2015].

The surfaces of 19P, 103P, and 9P appear as older, more heavily eroded ver-

sions of 81P and 67P, which have been in their current orbits for a relatively

short time [Maquet, 2015, Basilevsky and Keller, 2006]. 103P may be an outlier,
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however, as it is in a rotationally excited state [A’Hearn et al., 2011], resulting

in very few spots on its surface not experiencing heating each rotation. Erosion

rates and processes on 103P may thus be accelerated.

Alternatively, 19P, 103P, and 9P may be relatively more active, either cur-

rently or in the geologically recent past, compared to 81P and 67P resulting

in their more planated surfaces. In such a case, their higher activity would

be the result of having more primordial volatiles that drove relatively more

intense surface activity and erosion. In all comets, however, we suggest that

the net loss of surface relief due to continued scarp retreat and sublimation

bevels the topography over successive orbits until the topographic signature

of scarps/pits becomes hard to recognize. As activity decreases, an increas-

ingly thick sedimentary layer develops, which further suppresses activity. In

this model, 9P would be at an intermediate erosional state, while the fully

eroded end-members would be 19P and 103P. The most eroded comets show

no clear evidence for substantial topography [A’Hearn et al., 2011], but instead

have much more extensive smooth terrains, interspersed with knobby terrains

[A’Hearn et al., 2011], and flat-topped mesas [Soderblom et al., 2002, Britt et al.,

2004], all of which may represent remnants from the erosion of previous topo-

graphic structures.

All four nuclei of previously visited comets also have regions of smooth ter-

rains (Fig. 5.13). On comets 19P, 103P and 9P, large smooth regions are seen

in gravitational lows at equatorial latitudes [Soderblom et al., 2002, Britt et al.,

2004, Thomas et al., 2007, A’Hearn et al., 2011], while on 81P, smooth terrains are

smaller, seen at the bottom of the many circular pits [Brownlee et al., 2004]. The

connection of the smooth terrains on 19P and 9P was made by Thomas et al.
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[2007] and Belton [2010], where they both suggested endogenic flow events as

the source of smooth materials. Britt et al. [2004] instead suggested the smooth

material on 19P to result from debris falling from nearby mesas. It is thus still

unclear exactly which mechanism for smooth material generation is responsi-

ble for each comet, and whether a single mechanism or multiple are required.

For 19P, and especially 9P, flows of granular materials seem to be a dominant

mechanism [Belton, 2010], while on 103P, 81P, and 67P the transport of granu-

lar materials by jets that then settle in less active, gravitational lows may be the

dominant process. For all comets, the smooth terrain act as an insulating lag

that slows erosion of the nucleus.

On the nuclei of 19P and 9P, if they have been in their current orbits longer,

these flow events must remain intact over successive orbits, while the more

volatile-rich cliff materials are lost. In this manner, the largest smooth terrains

on 67P (e.g., Imhotep) may be terminal lag basins that survive multiple orbits,

collecting non-volatile materials from distant, more active regions. Alterna-

tively, if the smooth terrains on 19P and 9P are formed from intrusive processes,

then their expression on those nuclei, and not on others, could result from hav-

ing fewer volatile (and therefore less of the erosionally weak) materials at the

near surface that mask the topographic signature of a flow.

Last, possible layering is observed on comet 9P [Thomas et al., 2007] and

67P [Massironi et al., 2015], while it is not clear if such layering exists on either

19P, 103P or 81P. A further study of the layering on 67P is deserving of its own

study, as the high resolution images by Rosetta should allow for a determination

of the thickness of layers, which would help differentiate between formation

mechanisms.

158



A landscape evolution model capable of capturing sediment production

through jet erosion and cliff failures, coupled with sublimation of volatiles in

three dimensions is worthwhile and should yield further insight into how the

surface evolves, and how many orbits are needed to remove the relief observed

on 67P. If indeed there is a single pathway of erosion for comets, where we have

only seen them at different erosional states, then such a model should be able to

reproduce the landscapes seen on all the comets observed to date.

In the context of other nuclei, 67P appears to have a relatively primordial

surface. A test of our hypothesis could come in the form of observing Kuiper

Belt Objects (e.g., 2014 MU69 by the New Horizons mission) or Centaurs that

formed in the outer portions of the protoplanetary disk and have yet to enter

the inner solar system. Their surfaces should be more similar to those of 81P

and 67P.

5.6 Summary

Our geomorphologic mapping reveals a complex terrain of consolidated

bedrock material overlain by sedimentary deposits. The northern half of the nu-

cleus is covered in sedimentary materials, while the landscapes of the southern

hemisphere are relatively free of sediment, revealing the underlying bedrock of

the nucleus. Putative flow deposits are located around the equatorial regions,

suggesting that sediment transport processes and landscape evolution occurs

on 67P by insolation driven processes.

The landscapes of the two lobes of 67P show no obvious morphological dif-

ferences, as units are uniformly distributed with respect to longitude. This ob-
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servation, however, does not imply that the comet’s bi-lobed shape is not the

result of a gentle merger, as sediment transport and erosion mask any primor-

dial differences.

Last, the model we propose to explain our mapping incorporates previously

imaged nuclei, where the nuclei visited by spacecraft to date are similar, differ-

ing only in where they lay along a prescribed evolutionary track. In such a sce-

nario, the surfaces of 67P and 81P/Wild 2 are relatively primordial, where only

recently have their surfaces been exposed within the inner solar system. Domi-

nated by variations in local solar insolation, thermal fracturing and sublimation

are the dominant mechanisms that act to erode a comet’s surface. Rosetta’s su-

perior imaging capabilities and our mapping have shown that Jupiter Family

comets are largely covered by sedimentary deposits that are relatively inactive.

Cliffs and talus deposits around pits are able to produce sediment and lower

relief in discrete locations, primarily at latitudes corresponding to maximum

solar insolation. Over successive orbits, cometary nuclei may be expected to

erode non-uniformly across their surfaces, leading to larger deposits of smooth

terrains, and the destruction of pits into more rugged, remnant highs.
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APPENDIX A

APPENDIX FOR CHAPTER 3.1

Figures A.2-A.5 contain the remainder of the highest resolution OSIRIS NAC

images used in our study, with their corresponding geomorphologic maps in

the middle panels and the boulder counts we performed in the right column.

These figures are described in Section 5.2.1, and they are analogous to Fig. 5.1.

The reader is referred to Section 5.3 for unit descriptions and Fig. A.1 for the cor-

relation between unit name and color in the each of the geomorphologic maps.

Figure A.6 details the geographic locations on the nucleus of 67P where im-

ages used in this study were acquired. Images used in Chapter 5 are outlined

in yellow, while those in this section are outlined in orange. Region bounds in

the figure are representative of the where the image lays on the projected sur-

face but bounds in the figure may not exactly match those in Chapter 5 and the

reader should refer to scales in the images and/or image captions. Numbers

in Fig. A.6 refer to the image numbers in Chapter 5 or this Appendix (e.g., ‘8’

refers to Fig. 2.8 in Chapter 5, while ‘S2’ refers to Fig. A.3 in this Appendix).

Figure A.7 shows the boulder size frequency distributions for all of our map

units and the corresponding fits for each unit. The density of boulders per km2

for a given grain size is the value of a given data point on the vertical axis. Note

the low density of boulders for the smooth plains units, and especially so for

the cauliflower plains.
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Figure A.1: Legend for the map units as described in Section 5.3.
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Figure A.2: Left: Unprojected NAC image basemaps; Middle: Geomorphologi-
cal mapping of the region. Colors are as in Fig. A.1; Right: boulder counts for
the image, where we counted and measured boulder lengths along the long axis
of each resolvable boulder. All images are ∼300 meters across.
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Figure A.3: Left: Unprojected NAC image basemaps; Middle: Geomorphologi-
cal mapping of the region. Colors are as in Fig. A.1; Right: boulder counts for
the image, where we counted and measured boulder lengths along the long axis
of each resolvable boulder. All images are ∼300 meters across.
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Figure A.4: Left: Unprojected NAC image basemaps; Middle: Geomorphologi-
cal mapping of the region. Colors are as in Fig. A.1; Right: boulder counts for
the image, where we counted and measured boulder lengths along the long axis
of each resolvable boulder. All images are ∼300 meters across.
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Figure A.5: Left: Unprojected NAC image basemaps; Middle: Geomorphologi-
cal mapping of the region. Colors are as in Fig. A.1; Right: boulder counts for
the image, where we counted and measured boulder lengths along the long axis
of each resolvable boulder. All images are ∼300 meters across.
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Figure A.6: Image locations for figures used in Chapter 5 are in yellow, and the
Appendix in orange. Overlain on a global slope map as generated by the freely
available shapeviewer software (www.comet-toolbox.com: J-B. Vincent, 2014),
displayed using an equicylindrical projection.
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Figure A.7: Size-frequency distributions for each map unit with the correspond-
ing fits. The figure is analogous to Fig. 5.6, where the methodology for deter-
mining the slope of the best fit lines (denoted as dashed lines) was detailed in
Section 5.2.4
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C. Feller, P. Hasselmann, J.-B. Vincent, H. Sierks, C. Barbieri, P. Lamy, R. Ro-

drigo, D. Koschny, H. U. Keller, H. Rickman, M. F. A’Hearn, M. A. Barucci, J.-

L. Bertaux, I. Bertini, S. Besse, D. Bodewits, G. Cremonese, V. Da Deppo, S. De-

bei, M. De Cecco, J. Deller, J. D. P. Deshapriya, M. Fulle, P. J. Gutierrez, M. Hof-

mann, W.-H. Ip, L. Jorda, G. Kovacs, J.-R. Kramm, E. Kührt, M. Küppers, L. M.
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M. Lazzarin, L. M. Lara, J. J. Lopez Moreno, S. Marchi, F. Marzari, M. Mas-

sironi, H. Michalik, G. Naletto, N. Oklay, A. Pommerol, M. Pajola, N. Thomas,

I. Toth, C. Tubiana, and J.-B. Vincent. Gravitational slopes, geomorphol-

ogy, and material strengths of the nucleus of comet 67P/Churyumov-

Gerasimenko from OSIRIS observations. A&A, 583:A32, November 2015. doi:

10.1051/0004-6361/201526379.

S. Gulkis, M. Allen, P. von Allmen, G. Beaudin, N. Biver, D. Bockelée-Morvan,

M. Choukroun, J. Crovisier, B. J. R. Davidsson, P. Encrenaz, T. Encrenaz, M. Fr-

erking, P. Hartogh, M. Hofstadter, W.-H. Ip, M. Janssen, C. Jarchow, S. Keihm,

S. Lee, E. Lellouch, C. Leyrat, L. Rezac, F. P. Schloerb, and T. Spilker. Subsur-

face properties and early activity of comet 67P/Churyumov-Gerasimenko.

Science, 347(1):aaa0709, January 2015. doi: 10.1126/science.aaa0709.

B. Hapke. Bidirectional reflectance spectroscopy. III - Correction for macroscopic

roughness. Icarus, 59:41–59, July 1984. doi: 10.1016/0019-1035(84)90054-X.

A. M. Harvey. The role of alluvial fans in arid zone fluvial systems. Thomas DSG

(ed.) Arid zone geomorphology, pages 136–158, 1989.

A. Hayes, O. Aharonson, P. Callahan, C. Elachi, Y. Gim, R. Kirk, K. Lewis,

R. Lopes, R. Lorenz, J. Lunine, K. Mitchell, G. Mitri, E. Stofan, and

S. Wall. Hydrocarbon lakes on Titan: Distribution and interaction with a

182



porous regolith. Geophysical Research Letters, 35:L09204, May 2008. doi:

10.1029/2008GL033409.

A. G. Hayes. The Lakes and Seas of Titan. Annual Review of Earth and Planetary

Sciences, 44:57–83, June 2016. doi: 10.1146/annurev-earth-060115-012247.

A. G. Hayes, O. Aharonson, J. I. Lunine, R. L. Kirk, H. A. Zebker, L. C. Wye,

R. D. Lorenz, E. P. Turtle, P. Paillou, G. Mitri, S. D. Wall, E. R. Stofan, K. L.

Mitchell, C. Elachi, and Cassini Radar Team. Transient surface liquid in Ti-

tan’s polar regions from Cassini. Icarus, 211:655–671, January 2011. doi:

10.1016/j.icarus.2010.08.017.

A. G. Hayes, Jr., S. P. Birch, W. E. Dietrich, A. D. Howard, R. L. Kirk, M. Mas-

trogiuseppe, R. J. Michaelides, J. M. Moore, K. L. Mitchell, and V. Poggiali.

Topographic Constraints on the Evolution and Connectivity of Titan’s Lacus-

trine Basins. GRL, 2017.

D. Hemingway, F. Nimmo, H. Zebker, and L. Iess. A rigid and weathered ice

shell on Titan. Nature, 500:550–552, August 2013. doi: 10.1038/nature12400.

R. L. Hooke. Processes on arid-region alluvial fans. J. Geol., 75:438–460, 1967.

A. D. Howard. A detachment-limited model of drainage basin evolution. Water

Resources Research, 30:2261–2285, July 1994. doi: 10.1029/94WR00757.

A. D. Howard. Simulating the development of Martian highland land-

scapes through the interaction of impact cratering, fluvial erosion, and vari-

able hydrologic forcing. Geomorphology, 91:332–363, November 2007. doi:

10.1016/j.geomorph.2007.04.017.

A. D. Howard. How to make a meandering river. Proceedings of

183



the National Academy of Science, 106:17245–17246, October 2009. doi:

10.1073/pnas.0910005106.

A. D. Howard and J. M. Moore. Sublimation-driven erosion on Callisto:

A landform simulation model test. GRL, 35:L03203, February 2008. doi:

10.1029/2007GL032618.

A. D. Howard, S. Breton, and J. M. Moore. Formation of gravel pave-

ments during fluvial erosion as an explanation for persistence of ancient

cratered terrain on Titan and Mars. Icarus, 270:100–113, May 2016. doi:

10.1016/j.icarus.2015.05.034.

K. J. Hsu, W. B. Ryan, and M. B. Cita. Late miocene desiccation of the mediter-

ranean. Nature, 242:240–244, 1973.

L. Iess, N. J. Rappaport, R. A. Jacobson, P. Racioppa, D. J. Stevenson, P. Tortora,

J. W. Armstrong, and S. W. Asmar. Gravity Field, Shape, and Moment of

Inertia of Titan. Science, 327:1367, March 2010. doi: 10.1126/science.1182583.

R. M. Iverson. The physics of debris flows. Reviews of Geophysics, 35:245–296,

August 1997. doi: 10.1029/97RG00426.

M. A. Janssen, A. Le Gall, R. M. Lopes, R. D. Lorenz, M. J. Malaska, A. G.

Hayes, C. D. Neish, A. Solomonidou, K. L. Mitchell, J. Radebaugh, S. J. Keihm,

M. Choukroun, C. Leyrat, P. J. Encrenaz, and M. Mastrogiuseppe. Titan’s sur-

face at 2.18-cm wavelength imaged by the Cassini RADAR radiometer: Re-

sults and interpretations through the first ten years of observation. Icarus,

270:443–459, May 2016. doi: 10.1016/j.icarus.2015.09.027.

R. Jaumann, R. H. Brown, K. Stephan, J. W. Barnes, L. A. Soderblom, C. Sotin,
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