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ABSTRACT 
 

 Saturn’s moon Titan represents a unique locale for studying prebiotic chemistry.  

Reactions occurring in its thick nitrogen-methane atmosphere produce a wide variety of 

carbon, hydrogen, and nitrogen containing organic molecules.  If these molecules are 

exposed to liquid water, they may react further to produce oxygen-containing species, a 

key step in the formation of terrestrial biomolecules. 

 On average, Titan’s surface is too cold for liquid water.  However, models 

indicate that melting caused by impacts and/or cryovolcanism may lead to its episodic 

availability.  One possible cryovolcanic dome, Ganesa Macula, was identified in early 

observations by the Cassini spacecraft.  In this work, I estimate the height and 

morphology of this feature using a synthetic aperture radar (SAR) image.  I then use a 

thermal conduction code to calculate the freezing timescale for an initially liquid dome, 

yielding freezing timescales of ~102 – 105 years. 

 To determine how far aqueous organic chemistry can proceed in liquid water 

environments on Titan, I measure the rate coefficients of Titan analogue organic 

molecules (“tholins”) with low temperature aqueous solutions to produce oxygenated 

species.  These reactions display first-order kinetics with half-lives between 0.4 and 7 

days at 273 K (in water) and between 0.3 and 14 days at 253 K (in 13 wt. % ammonia-

water).  Tholin hydrolysis in aqueous solutions is thus very fast compared to the freezing 

timescales of impact melts and volcanic sites on Titan, which take hundreds to thousands 

of years to freeze.  The fast incorporation of oxygen, along with new chemistry made 

available by the introduction of ammonia, may lead to the formation of molecules of 



  11 

prebiotic interest in these transient liquid water environments.  This chemistry makes 

impact craters and cryovolcanoes important targets for future missions to Titan. 
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CHAPTER 1 
 

Introduction 
 

If you wish to make an apple pie from scratch,  
you must first invent the universe. 

 
“Cosmos” by Carl Sagan 

 
 
1.1  Prebiotic chemistry and the origin of life 

 

The origin of life on Earth can be thought of as a set of emergent properties 

(Hazen 2005).  The emergence of these properties – from the development of carbon-

containing biomolecules, to the subsequent selection, encapsulation, and organization of 

these molecules – each add chemical and structural complexity to the one preceding it.  

Though there may not have been any one point in this process in which one could 

unambiguously distinguish life from non-life, as the steps proceeded and the complexity 

increased, the world eventually arrived at “life as we know it”. 

The first step towards the origin of life was the creation of complex organic 

biomolecules from simple reactants.  Biomolecules can be formed in one of several 

places, including exogenous locales such as comets and meteorites, or through in situ 

processes in planetary atmospheres, surfaces, and sub-surfaces.  Oparin (1924) and 

Haldane (1929) were the first to suggest that biomolecules could be formed through 

abiotic processes on the early Earth, but not until Miller (1953) were these ideas tested in 

a laboratory setting.  Miller took the raw materials of the early Earth – water, energy, and 

simple gases – and remarkably, formed several different amino acids over the span of a 
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few days.  Newspapers of the day proclaimed “Test Backs Theory Life Began as 

Chemical Act” (The New York Herald Tribune, 15 May 1953) and “Life and a Glass 

Earth” (The New York Times, 15 May 1953).  Though current thinking suggests that the 

gases Miller used are not representative of the atmosphere of the early Earth, this first 

experiment demonstrated the remarkable ease with which biological molecules can be 

formed through abiotic processes. 

Nonetheless, gaps remain in our understanding of the exact mechanism by which 

biomolecules – not only amino acids, but also sugars and genetic material – were formed 

on the early Earth.  This knowledge will help us to understand the origin of life on this 

world, and also the ubiquity of life in the many and varied planetary systems in the 

universe.  Therefore, in this work, I investigate the potential for prebiotic chemistry on 

one of Earth’s close neighbours – the organic rich world of Saturn’s largest moon, Titan.  

I will use Titan as a cold laboratory to understand and quantify the types of chemistry that 

may have occurred early in Earth’s history, and on other, more distant worlds. 

 

1.2 The potential for prebiotic chemistry on Titan 

 

As Miller first demonstrated, a diverse library of organic molecules can be formed 

through energetic processes in methane-rich atmospheres.  Saturn’s moon Titan, with a 

dense atmosphere of 98.4% N2 and 1.4% CH4 (Niemann et al. 2005), supports a rich 

organic chemistry.  Ultraviolet photons and charged particles dissociate methane and 

nitrogen to produce a suite of carbon, hydrogen, and nitrogen containing products.  
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Observations by Voyager 1 and 2 in 1980 and 1981 found evidence for six gas-phase 

hydrocarbons (C2H2, C2H4, C2H6, C4H2, C3H8, and C3H4) and three nitriles (HCN, HC3N, 

and C2N2), along with an enveloping haze layer shrouding the surface of the moon (Hanel 

et al. 1981; Kunde et al. 1981; Maguire et al. 1981).  Benzene (C6H6) was later detected 

by the Infrared Space Observatory (Coustenis et al. 2003), and organic molecules up to a 

mass limit of 100 daltons were identified at altitudes of ~1200 km by the Ion and Neutral 

Mass Spectrometer (INMS) on Cassini (Waite et al. 2005).   

Laboratory experiments that simulate the reactions occurring in Titan’s 

atmosphere produce many of the same organic molecules observed by Voyager and 

Cassini (Sagan et al. 1992, Cabane and Chassefière 1995), along with complex organic 

precipitates known as tholins.  First coined by Carl Sagan, the term “tholin” comes from 

the Greek word “tholos” meaning “muddy”.  Tholins have the general formula CxHyNz, 

and can be considered a good analogue to the aerosols observed on Titan.  Made of the 

raw materials found in Titan’s atmosphere (CH4 and N2), tholins are also spectrally 

similar to Titan’s haze (Khare et al. 1984).  Analysis of Titan’s aerosols by the Gas 

Chromatograph and Mass Spectrometer (GCMS) on board the Huygens probe, coupled 

with the Aerosol Collector and Pyrolyzer (ACP), demonstrated the presence of both 

carbon and nitrogen in the aerosols, in line with the laboratory products (Israël et al. 

2005).  In addition, the two main pyrolysis products, NH3 and HCN, have been observed 

in pyrolysis-GCMS analyses of laboratory tholin (Ehrenfreund et al. 1995). 

Though Titan’s atmosphere is capable of the creation of complex organic 

molecules, the production of most biological molecules requires the incorporation of 
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oxygen.  Titan’s atmosphere is essentially bereft of oxygen:  CO is present in an 

abundance of order 10 ppm (Noll et al. 1996), with CO2 at the ppb level (Samuelson et al. 

1983) and H2O even less (Coustenis et al. 1998). Hence, the possibility for biomolecule 

generation in the atmosphere seems unlikely.  However, laboratory work has shown that 

tholins will undergo hydrolysis in hot, acidic water to produce oxidized prebiotic species 

such as amino acids (Khare et al. 1986).  In addition, a great variety of biomolecules 

(such as purines, pyrimidines, and amino acids) can be formed by the hydrolysis of HCN 

oligomers (HCN is present as a product of atmospheric chemistry on Titan, with an 

abundance of 0.35 ± 0.12 ppm at an altitude of 200 km (Hidayat et al. 1997)).  Such 

oligomers are produced in aqueous solutions of HCN with concentrations greater than 0.1 

M (Ferris et al. 1978); they are also likely components of Titan’s haze (Lebonnois et al. 

2002).  One way to get the concentration necessary for HCN oligomerization in aqueous 

solution is by cooling the solution toward its eutectic.  In a water solution, an HCN:H2O 

eutectic fluid forms at T = 250 K with an HCN concentration of ~22 M (Coates and 

Hartshorne 1931).  Laboratory results show that HCN polymerization proceeds at a 

reasonable rate (0.1 % yield of HCN-tetramer in 3 days) even at this low temperature 

(Sanchez et al. 1966a). 

Nitriles may also participate in chemistry induced by cosmic radiation at Titan’s 

surface.  Sagan and Thompson (1984) estimated that surface ices on Titan receive a 

radiation flux of about 5.6 ! 107 eV cm"2 s"1.  Hudson and Moore (2004) found that at 

this flux, the cyanate ion (OCN-) would form in areas on Titan containing both nitriles 

and H2O ice in about 103 years.  If subsequently melted, this irradiated ice could produce 
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an aqueous solution of OCN- and HCCCN (another product of Titan’s atmospheric 

photochemistry).  Solutions of this composition have been reported to produce the 

pyrimidine cytosine (Sanchez et al. 1966b). 

Reactions between Titan’s organic inventory and liquid water appear to provide a 

pathway for the creation of biologic molecules on its surface.  This makes Titan an 

interesting laboratory for studying the origins of life on Earth, and elsewhere in the 

universe.  

 

1.3 Geophysical settings for aqueous organic chemistry on Titan 

 

Given the preceding arguments, liquid water on Titan appears to be an important 

source for oxygen incorporation into the organics found on its surface, a necessary step 

towards the creation of biomolecules.  To understand to what extent oxygen 

incorporation has occurred on Titan, I must determine the geophysical setting for liquid 

water on its surface.  Specifically, I must determine in what environments I might find 

liquid water on Titan, what the composition of the water is likely to be, and how long will 

it remain on the surface before freezing. 

With a surface temperature of ~94 K (Fulchignoni et al. 2005), Titan’s surface is 

on average too cold for liquid water.  This average temperature does not rule out its 

presence on the surface for short periods, however, just as the average surface 

temperature of Earth (T = 287 K) does not preclude the presence of molten rock (with 

melting temperatures of at least 1400 K) in the form of lavas and impact melts.  One 
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would find transient liquid water environments on Titan in the same geophysical settings 

one expects to find molten rock on Earth – that is, impact melts and lavas. 

 

1.3.1 Cryovolcanism 

 

On Titan, lavas are generally referred to as cryolavas, since they involve the 

eruption of substances that are generally considered volatiles on the surface of Earth (ex. 

water, water-ammonia mixtures, etc.).  Features caused by cryovolcanism were first 

discovered on the icy satellites during the Voyager missions.  Examples of these features 

include the grooved terrain on Ganymede (Showman et al. 2004), the flow features on 

Ariel and Miranda (Jankowski and Squyres 1988), and the plumes of nitrogen on Triton 

(Soderblom et al. 1990).  Recently, the Cassini mission has found striking evidence for 

present-day activity in the Saturnian system, namely the observations of jetting water 

vapour and ice particles from Enceladus (Porco et al. 2006). 

Two conditions must be met for cryovolcanic flows to be present on the surface:  

liquids must be present in the interior, and those liquids must then migrate to the surface.  

Titan’s bulk density, 1.88 g/cm3, indicates that its interior is made of roughly equal 

masses of ice and silicates (Lupo 1982).  With a radius of 2575 km, Titan is sufficiently 

large that much of it must have melted during accretion.  Theoretical models of Titan’s 

formation and evolution predict that a substantial liquid water layer must still exist in the 

interior, provided sufficient amount of ammonia is present in the water (Lunine and 

Stevenson 1987; Stevenson 1992; Grasset and Sotin 1996; Grasset et al. 2000; Sohl et al. 
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2003; Grasset and Pargamin 2004; Tobie et al. 2005).  Using a coupled thermal-orbital 

model, Tobie et al. (2005) found that only models of Titan’s internal structure with a few 

percent ammonia (and not zero) in its primordial liquid water shell could account for its 

present eccentricity (e = 0.029).  These models predict that a liquid ammonia-rich water 

layer several hundred kilometers thick should still be present within Titan under an ice I 

layer several tens of kilometers thick.  For an initial ammonia mass fraction of 6%, the 

layer could be as thick as 70 km in the current era, to as thin as 20-25 km in the past 

when Titan’s eccentricity was higher.  This agrees with work done by Sohl et al. (2003), 

who found ice shell thicknesses between 90-105 km for models with 5 wt. % ammonia, 

and between 65-70 km for 15 wt. % ammonia. 

Observations by Lorenz et al. (2008) support the idea of a subsurface ocean in 

Titan.  They found that Titan’s rotational period is different from its orbital period, 

leading to a shift of ~0.36 degrees per year in apparent longitude.  This observation is 

consistent with a seasonal exchange of angular momentum between Titan’s surface and 

its superrotating atmosphere, but only if Titan’s crust is decoupled from its core by an 

internal ocean.  This observation can be confirmed using the Radio Science Subsystem 

(RSS) on the Cassini spacecraft.  One can measure the Love number k2 of Titan to 

determine whether or not it does in fact have an ocean (k is a measure of the additional 

potential produced by the tidal deformation of a body).  Assuming Titan’s ice shell is 

elastic, models of Titan that include an internal ocean predict a Love number between k2 

= 0.42-0.45, as opposed to the oceanless case, which predicts k2 = 0.03.  In order to 
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distinguish between these two cases to 95% confidence, the RSS must include two fly-

bys from Cassini’s extended mission, which began in July 2008. 

Assuming Titan does have a subsurface ocean, the second requirement for 

cryovolcanism is the transport of liquid from the interior to the surface.  One plausible 

way to transport lava is through fluid-filled cracks.  Mitri et al. (2008) proposed a model 

in which ammonia-water pockets are formed through cracking at the base of the ice I 

shell.  As these ammonia-water pockets undergo partial freezing, the ammonia 

concentration in the pockets would increase, decreasing the negative buoyancy of the 

ammonia–water mixture.  Unlike pure liquid water, a liquid ammonia-water mixture of 

peritectic composition (! = 946 kg m-3) is near neutral buoyancy in ice (! = 917 kg m-3) 

(Croft et al. 1988).  Though these pockets could not easily become buoyant on their own 

(given the difference in density of ~20-30 kg m-3), they are sufficiently close to the 

neutral buoyancy point that large-scale tectonic stress patterns (tides, non-synchronous 

rotation, satellite volume changes, solid state convection, or subsurface pressure gradients 

associated with topography) could enable the ammonia to erupt effusively onto the 

surface.  Any lava extruded in this way would likely have a peritectic composition near 

that of pure ammonia dihydrate (33 wt. % ammonia).  While the vapour pressure of 

ammonia dihydrate is non-negligible at Titan temperatures (~10-4 bar; Lewis 1995), we 

would not expect to see ammonia in Titan’s atmosphere due to the exposure of cryolavas 

at the surface.  The surface of any ammonia-water solution exposed on Titan’s surface 

would quickly form a water ice crust, and water ice has a vapour pressure that is far too 

small to be detectable at Titan’s surface temperature. 
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Without knowing for certain whether Titan has a subsurface ocean, one may 

attempt to determine if it is cryovolcanically active by looking for morphological 

constructs on the surface consistent with volcanism.  Until Cassini arrived at Titan, no 

clear view of its surface was available.  The Voyager imagers, operating only in the 

visible, were barely able to penetrate the haze (Richardson et al. 2004), while near-

infrared observations from Earth, while able to detect surface contrasts, had too low a 

spatial resolution (>50 km) to permit geological interpretation.  Then, in October 2004, 

synthetic aperture radar (SAR) imaging from Cassini’s TA encounter uncovered features 

suggestive of cryovolanic constructs, including flows, sinuous channels, and the 180 km 

dome-like structure Ganesa Macula (Elachi et al. 2005).  In later fly-bys, the RADAR 

instrument identified several other potential cryovolcanic features, including lobate flow 

features and circular features that may be calderas (Lopes et al. 2007).  In addition, the 

Visual and Infrared Mapping Spectrometer (VIMS) instrument on Cassini has identified 

an interesting structure, Tortola Facla (Sotin et al. 2005) and has suggested that this too is 

a cryovolcanic construct, although the interpretation is not universally accepted. 

In summary, cryovolcanism appears to be one possible source for liquid water on 

Titan’s surface.  It is interesting to note that life, had it originated during Titan’s early 

history when liquid water was exposed at the surface, could potentially survive in the 

extremes of a current subsurface ocean (Fortes 2000).  Thus, any cryomagma erupted 

from such a reservoir may not be a sterile ammonia solution, but may also contain simple 

chemolithotrophic organisms. 
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1.3.2 Impact cratering 

 

Impact cratering is a ubiquitous process in the solar system.  In particular, it has 

been an important process in the Saturnian system, whose satellites retain thousands of 

scars from past impacts.  Before Cassini arrived at Saturn, the cratering history on Titan 

was unknown from direct observations, and so estimates of the cratering rate were made 

by extrapolating the crater distributions observed on other Saturnian satellites, or by 

predicting impact rates by comet populations.  Titan’s thick atmosphere screens small 

impactors, so one would only expect to see craters larger than 20 km in diameter on its 

surface (Artemieva and Lunine 2003).  Estimates of the cratering rate for craters of this 

size range from 2 x 10-15 to 7 x 10-15 km-2 yr-1 (Zahnle et al. 2003, Plescia and Boyce 

1985).  If these cratering rates have been roughly constant over the age of the solar 

system, one would expect to see several hundred craters on the fraction of Titan’s surface 

observed by the Cassini RADAR instrument (~20% at the end of the nominal mission in 

July 2008).  In reality, the cratering rate may have been higher during the first billion 

years of solar system history, which would serve to increase this estimate. 

Now that Cassini RADAR has been able to observe Titan’s surface, an extreme 

paucity of craters is observed.  Only four well-preserved impact craters have been 

observed, estimated to be 29, 80, 112, and 440 km in diameter (Lorenz et al. 2007).  A 

handful of unconfirmed candidate impact structures are also observed, giving an upper 

limit of ~10 craters, not the hundreds that were expected.  The explanation for this lack of 

craters is unknown, but it seems likely that Titan's surface is younger than the other 
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Saturnian satellites.  Erosion and burial appear to be the dominant means of crater 

obliteration, with viscous relaxation playing a lesser role. 

When a comet or a meteorite impacts a planet, energy becomes available to heat 

its surface. Titan's atmosphere is very good at shielding the surface from impacts (Ivanov 

et al. 1997), so any projectile that does strike the surface must necessarily be large. Such 

impactors would be able to melt a large amount of Titan's crust.  Artemieva and Lunine 

(2003) conducted three-dimensional hydrodynamical simulations of impacts into Titan's 

crust, and found that a 2 km icy impactor entering the atmosphere at an oblique angle at v 

> 7 km/s would generate 2-5 % melt by volume in a crater 15-25 km in diameter. This 

melt would collect in the lowest parts of the crater, forming a sheet several hundred 

meters thick. They also found that a significant fraction (10%) of the organic surface 

layer would be only lightly shocked in an impact. These organics would then be 

deposited in the liquid water at the crater basin, only partially altered by the small 

compressions encountered in the impact. 

Once melted by the impact, any liquid water generated will begin to cool to the 

ambient temperature of 94 K.  Thompson and Sagan (1992) were the first to estimate the 

lifetime of melt pools generated in impacts on Titan. They approximated the melt as a 

buried sphere of water freezing inward, and found lifetimes of ~104 yr for a 10 km 

diameter crater, and ~106 yr for a 100 km diameter crater.  O'Brien et. al. (2005) repeated 

this calculation using a thermal conduction code, including more realistic geometries and 

the possibility of water-ammonia melt mixtures. With the melt fraction calculated by 

Artemieva and Lunine (2003), they found somewhat shorter lifetimes of ~102-103 yr for a 
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15 km diameter crater, and ~103-104 yr for a 150 km diameter crater.  Thus, impact melts 

provide short “oases” of time for aqueous chemistry to occur on Titan’s surface. 

 

1.4   Motivation for current study 

 

Given both the abundance of organic molecules, and the transient presence of 

liquid water on the surface of Titan, there appears to be tantalizing evidence that 

advanced prebiotic chemistry could occur there.  Still, more work remains to quantify the 

progression of this chemistry.  In particular, two key areas remain unstudied: (1) the 

freezing timescales for cryovolcanic flows on Titan, and (2) the pathways and timescales 

for reactions between Titan-analogue organic species and water.  These areas will be the 

focus of this work. 

 

1.4.1  Freezing timescales of cryovolcanoes on Titan 

 

Previous work related to the geophysical settings for aqueous organic chemistry 

on Titan’s surface has focused almost exclusively on cometary impacts (Thompson and 

Sagan 1992; Artemieva & Lunine 2003; O’Brien et al. 2005). In this work, stimulated by 

observations of cryovolcanic features on Titan’s surface, we expand the focus to include 

cryovolcanic flows.  Since larger structures tend to remain liquid for longer periods of 

time (a necessary requirement for compounds to interact and react to form biomolecules), 
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we focus in this work on the largest potential cryovolcanic feature yet identified, Ganesa 

Macula.   

Ganesa Macula is a radar-dark, circular feature with rough flanks, sinuous 

channels and a bright region in the center.  Several interpretations have been made 

regarding Ganesa’s shape and rheology.  Lopes et al. (2007) inferred it to be either a 

cryovolcanic dome or a volcanic shield.  Features observed around Ganesa Macula are 

consistent with a volcanic origin – flows and sinuous channels are seen surrounding the 

feature. In order to understand the cooling history of Ganesa Macula, it is necessary to 

obtain information about its shape and height (in the one dimensional conduction 

problem, freezing timescale depends very sensitively on the height,  " h2).  No direct 

alimetry is available over Ganesa Macula, and stereo coverage is limited, so its shape and 

height remain uncertain.  However, the radar backscatter cross-section is related to the 

slope of a feature, so information about shape may be obtained from the synthetic 

aperture radar (SAR) image obtained in October 2004 by the Cassini spacecraft. 

In this work, I compared Ganesa Macula to the potentially analogous volcanic 

pancake domes seen on Venus.  I estimated its height by fitting the observed SAR image 

to images of model dome structures of varying rheology (Chapter 2).  Once a height 

estimate was obtained, I estimated its freezing timescale using a finite-difference thermal 

conduction code (Chapter 3). 

 

 

 



  25 

 

1.4.2 Reaction timescales 

 

To determine the quantities of prebiotic molecules that might be produced in cold, 

aqueous solutions on Titan, it is necessary to determine the rates of the hydrolysis of 

Titan-analogue organic species at relevant temperatures.  Such measurements would also 

provide information about the yields of these reactions.  This is important for determining 

the steady-state concentrations of prebiotic molecules on Titan, allowing one to predict 

the concentrations of these compounds in surface ices that may eventually be measured 

on a future mission to Titan (Lorenz et al. 2005).  Additionally, by linking the products of 

the hydrolysis reactions to possible reactants, one may gain further insight into the 

chemical structures in the organics, helping us to understand the potential reactivity of 

surface deposited aerosols on Titan. 

In this work, I have made quantitative measurements of the hydrolysis rate 

coefficients of Titan tholins in water and ammonia-water (Chapter 4).  I dissolved the 

tholins in the appropriate solution at temperatures ranging from 273 – 313 K for pure 

water, and 253 – 297 K for 13 wt. % ammonia-water.  I monitored the intensity changes 

of oxygenated and non-oxygenated organic species at different times using electrospray 

ionization (ESI) coupled with high resolution Fourier Transform Ion-Cyclotron 

Resonance (FT-ICR) mass spectrometry.  From these data, I constructed growth curves 

for oxygen-containing products, and decay curves for non-oxygenated parent species, and 

determined the rate coefficients for their formation/decay.  Once rate coefficients were 
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established at the different temperatures, I determined the activation energies for the 

reactions of several species. 

 

Once rate coefficients and activation energies were calculated for a range of Titan-

analogue organic species, I compared the reaction timescales to the freezing timescales of 

impact melts and cryolavas.  In this way, I determined the extent to which prebiotic 

chemistry is possible in transient aqueous environments on Titan. 
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CHAPTER 2 
 

Topography of Cryovolcanic Features on Titan 
 

This chapter is largely drawn from Neish et al. (2008b), originally published in Icarus. 
 

In Xanadu did Kubla Khan 
A stately pleasure-dome decree: 

Where Alph, the sacred river, ran 
Through caverns measureless to man 

Down to a sunless sea. 
 

“Kubla Khan” by Samuel Taylor Coleridge 

 
2.1 Introduction 

 

To estimate the lifetime of aqueous environments on Titan, I must first identify 

potential sources of liquid water on its surface.  I can then estimate the topography of the 

water reservoir, and from that data, calculate its freezing timescale.  Impact craters have 

fairly predictable shapes, and their topography and freezing timescales have been the 

focus of previous work (O’Brien et al. 2005).  Volcano morphology, on the other hand, is 

a function of several interdependent factors, including the eruption process, conduit size, 

the physical and chemical properties of the lava, and the surrounding environment.  

Cryovolcanic features observed on the surface of Titan by the Cassini RADAR 

instrument appear to involve the flow of viscous materials (Elachi et al. 2005; Lopes et 

al. 2007), which generally form lobes or domes.  In this chapter I explore how radar 

imaging can be used to determine the detailed topography of the structures derived from 

viscous flows.  In particular, I focus on the topography of the largest potential 

cryovolcanic feature yet identified on Titan, Ganesa Macula. 
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Ganesa Macula is a radar-dark, circular feature with rough flanks, sinuous 

channels and a bright region in the center (Figure 2.1a).  Several interpretations have 

been made regarding Ganesa’s shape and rheology.  Lopes et al. (2007) inferred it to be 

either a cryovolcanic dome or a volcanic shield.  Features observed around Ganesa 

Macula are consistent with a volcanic origin – flows and sinuous channels are seen 

surrounding the feature. In order to understand the cooling history of Ganesa Macula, it is 

necessary to obtain information about its shape and height.  Radar altimetry presents an 

obvious method for obtaining such information.  However, while topography is available 

on a near-global scale for planets such as Venus (courtesy of altimetry from the Magellan 

mission), Cassini altimetry coverage is very sparse.  It is projected to comprise only 30-

40 swaths a few hundred kilometers long during the nominal mission. Laser altimetry, a 

method that has been used to determine topography on the Moon and Mars, is not 

available on Titan.   

Another obvious source of topographic information is stereo, which has been used 

to measure the relief of domes on Venus (Plaut et al. 1994). A second SAR image 

covering Ganesa Macula was obtained in Cassini’s T23 flyby of Titan, providing a stereo 

pair with 83-88 m vertical precision per pixel of parallax (Kirk et al. 2007a).  Kirk et al. 

(2007b) have recently completed the development of software for topographic mapping 

of Cassini RADAR stereopairs based on a rigorous model of the sensor geometry and 

both automated and interactive matching of the images, so additional information about 

the relief of Ganesa may become available in the future.  Still, this analysis will be 

limited by the relatively low resolution and signal to noise ratio of the images. For the 
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time being, the best constraint on the shape of Ganesa Macula comes from backscatter 

variations visible in the single, higher resolution SAR image taken during Cassini’s TA 

encounter, which can be interpreted in terms of slope and shape. 

The reconstruction of topographic information from image radiances is known 

generically as shape-from-shading, or, in the case of radar, radarclinometry.  A variety of 

approaches to such modeling are possible.  The simplest is one-dimensional 

radarclinometry (Wildey 1986, Kirk et al. 2005, Lorenz et al. 2006, Radebaugh et al. 

2007), in which dips are inferred from the brightness of a linear series of pixels and then 

integrated to produce a topographic profile.  This method is fast because it involves the 

sequential integration of a small amount of data, but it only works on a profile that runs in 

the range direction and has no component of slope to the side (e.g., along the axis of 

symmetry of a dome).  Two-dimensional radarclinometry (Kirk 1987) involves adjusting 

the heights of all points in a digital topographic model (DTM) to fit the image.  This 

eliminates the restriction to downslope profiles but is computationally slow and still 

sensitive to interpreting intrinsic backscatter variations as topographic artifacts.  A less 

familiar third possibility is to fit a region of an image by a relatively simple surface 

model such as a dome of specified shape but adjustable height.  The strong 

overdetermination of such a model will render it less sensitive to the influences of 

backscatter variations.  This approach also offers the prospect of making the recovered 

shape even less sensitive to such variations by several means.  Examples might include 

limiting the domain of the fit to the apparently homogeneous portions of the dome, 

performing a robust rather than least-squares fit to reduce the impact of points with 
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atypical backscatter behavior, and including a constrained variation of backscatter 

behavior (e.g., letting cross-section depend on the absolute slope) in the model.  This 

technique also allows the possibility of comparing the fit statistics of different model 

shapes to determine the best fit shape to the observed feature. 

In this work, I fit model SAR images of volcanic domes and shields to the Cassini 

TA data to learn more about the shape and height of Ganesa Macula.  To test my 

assumptions and techniques, I also considered domes seen on Venus, for which both 

topographic and SAR data is available.  Some 145 ‘pancake’ domes (steep-sided flat-

topped circular-plan-view domes of probable volcanic origin) were identified in a survey 

that covered 95% of Venus’ surface (Figure 2.1b; Pavri et al. 1992).  In addition, because 

the intrinsic spatial resolution of SAR is much higher than altimetry, finer-scale 

topography can be resolved than was used to characterize the venusian features using 

altimetric data. This is a particularly important benefit on the flanks of the domes.  Here, 

only one or two altimeter footprints typically define the shape, and interpretation of these 

footprints needs particular caution.  On steep slopes, the details of the technique used to 

determine the height (e.g. thresholding, echo-template-fitting etc.) can affect the result, 

since a range of surface heights are present within the altimeter footprint.  Thus, 

radarclinometry applied to the venusian domes promises new scientific insight as well as 

a validation of the techniques applied to Titan. 
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Figure 2.1:  (a) A portion of the SAR swath from Cassini’s TA encounter in October 
2004 showing Ganesa Macula.  Radar illumination is from the bottom ( = 2.2 cm, i0 = 
25.4º – 34.2º).  (b) A dome cluster located in Tinatin Planitia on Venus (PIA00084).  
Radar illumination is from the left ( = 12.6 cm, i0 = 45.8º). 
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2.2 Method 

 

2.2.1 Backscatter functions 

 

The radar backscatter observed by SAR varies as a function of the transmitting 

and receiving geometry, as well as the roughness and composition of the reflecting 

surface.  Scattering models describe the radar backscatter function, 0, as a function of 

the local incidence angle, i.  This functional relation between surface slopes and image 

signal is required in order to carry out any form of radarclinometry.  One example of such 

a relation is the Muhleman model (Muhleman 1964).  The Muhleman model is an 

empirical model based on the Bragg model, which applies to large incidence angles and 

rough surfaces (Equation 2.1).  This model was used to describe the average backscatter 

of the Venusian surface during the Magellan mission,  
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where ! = 0.111 and " = 0.0188 (Ford et al. 1993).   

No clearly defined backscatter function is yet available for Titan.  Wye et al. 

(2007) fit large scale (> 50 km) Titan scatterometry data to a Hagfors model for the low-i 

“quasispecular peak”, and a power of cos(i) for the “diffuse” part at larger incidence 

angles.  Elachi et al. (2005) fit the Cassini scatterometry data to a simple cosecant 

backscatter model.  This function represents the overall pattern in the images well for i = 
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3° to 45°, but it cannot be correct at all angles, as it goes to a constant at i = 90° (i.e., in 

shadows). I therefore favour a model proportional to the cotangent of incidence angle,  

 

0,titan = 0,i cot(i).         (2.2) 

 

This scattering model has similar behavior to the previous cosecant model at low 

incidence, but goes smoothly to zero as the incidence angle increases to 90°, as is 

physically reasonable.  Its overall shape is also qualitatively similar to the Hagfors-

diffuse model used by Wye et al., though the two models differ in detail. 

It is important to note that scattering laws are generally based on global 

scatterometry data, so it is necessary to adjust the scattering law for each scene to account 

for regional differences in brightness (due to varying composition or roughness, for 

instance).  Scattering laws are generally proportional to a function of the dielectric 

constant, so one can assume the angular dependence of the scattering law is constant even 

when the composition changes.  Note, however, that this assumption is not valid if a 

reduction in dielectric constant leads to appreciable volume scattering.  At large 

incidence angles (i > 15°), changes in backscatter from areas of different roughness (rms 

slopes between 1-10°) will also leave the shape of the backscatter curve relatively 

unchanged (the variation in d(log 0)/di between surfaces with different roughness is less 

than 50%).  At smaller incidence angles, variations in roughness will likely change the 

shape of the backscatter function in a way I cannot account for with a regional 

normalization factor.  Nonetheless, it does provide a good first order approach to account 
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for regional differences in backscatter.  For the purposes of this work, I will refer to this 

regional normalization factor as g, i.e., #0,obs = g $ #0, where #0 is the formal version of 

the scattering laws given in Equations 2.1 and 2.2, and #0,obs is the observed version of 

the scattering law for a particular region. 

 

2.2.2 Modeling 

 

Due to the dependence of radar backscatter on incidence angle, an individual SAR 

image can reveal topography by radarclinometry, or shape-from-shading (Wildey 1986).  

Radarclinometry is often implemented using inversion methods.  Given a backscatter 

value, a local incidence angle is determined by inverting the relevant backscatter model, 

and a topographic profile is reconstructed from the set of calculated angles.  Such 

techniques have been used to determine the topography of apparent hills and flows on 

Titan’s surface (Kirk et al. 2005, Lorenz et al. 2006, Radebaugh et al. 2007). 

In this work, I have taken a forward-modeling approach.  I assume a certain 

topographic profile (in this case, a dome), calculate the radar backscatter for each local 

incidence angle on the feature using the appropriate backscatter model, and look for the 

topographic profile that most closely resembles the observed SAR image.  Each point is 

also given a Gaussian-distributed random tilt to account for the general unevenness 

expected in natural surfaces.  This technique is limited in the sense that 0 does not 

exclusively depend on geometry, but also surface roughness and composition, which are 

neither known in an absolute sense, nor are they certain to remain constant across a given 
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feature.  Nonetheless, this can be considered a reasonable approach because model 

images with few adjustable parameters will be less sensitive to the influences of these 

backscatter variations. 

For an axisymmetric feature (such as a dome), the local incidence angle is given 

by 
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where i0 is the incidence angle of the spacecraft, w is an azimuth angle describing the 

offset from the x-axis, and dh/dr is the slope at the point of interest for a given height 

profile, h(r) (Figure 2.2).   

When calculating the backscatter of elevated regions, like domes, one must also 

consider the effect of “radar layover distortion”.  This distortion occurs because echoes 

from higher surface points arrive earlier than those expected from a plane surface.  Since 

time delay is mapped into a spatial location, elevated points appear shifted towards the 

sensor by an amount y, 

 

)cot()( 0irhy =& ,         (2.4) 

 

where h(r) is the height of the point being imaged and i0 is the incidence angle of the 

spacecraft (Campbell 2002).  The signal from an elevated area is therefore put into a 

smaller number of pixels closer to the sensor.  
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Figure 2.2:  Geometry used to calculate the local incidence angle for various points on the 
dome (a) viewed from the side and (b) viewed from the top. 
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To model the domes, I must first assume a height profile, h(r).  Volcano 

morphology is a function of several interdependent factors, including the eruption 

process, conduit size, the physical and chemical properties of the lava, and the 

surrounding environment.  Little is known about the nature of the Titanian magmas or 

their eruption style, so I looked to the work done on the venusian domes as a starting 

point.  McKenzie et al. (1992) compared the observed shapes of the venusian domes to 

three rheological models.  The first describes a radially spreading Newtonian fluid on a 

horizontal surface.  Huppert (1982) showed that the height h of the surface of a dome 

emplaced in this fashion is related to the radial distance r from its center by 
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where h0 is the height at r = 0 and r0 is the radius of the dome.  This expression is only 

valid when r0 >> h0 and does not apply near the edge of the dome.  If alternatively, the 

magma is better described by a Bingham fluid with a yield stress, then the shape of the 

dome is described by the expression obtained by Nye (1952).  Using the same notation as 

before,  
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This model has a discontinuity in dh/dr at r = 0.  Dome shapes controlled by stresses 

within a thin skin of highly viscous material have also been described by Iverson (1987) 

and Fink and Griffiths (1990). This model (which does not have a simple, analytic 

formula for the shape) was much flatter on top than the venusian domes and is not 

considered here.   

Of the models described above, McKenzie et al. favored the Huppert model for 

the venusian pancake domes.  The Huppert model has a flatter top than the Nye model 

which agrees better with the Magellan altimeter data (Figure 2.3a).  For the dome 

modeling, I favored an alternative height profile, empirically derived to include the flat 

top represented by the Huppert model with more gently sloping sides, 
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This function generally reproduces the shape defined by the Magellan altimetry profiles 

while potentially agreeing better with the SAR data, which is primarily sensitive to the 

slopes at the edge.  The Huppert model yields unphysical vertical slopes at the edge of 

the feature (the approximation made in deriving this model is not valid within one or two 

dome heights of the edge), whereas the empirical function gives slopes of 20 degrees, less 

than the angle of repose (Figure 2.3b). 

Given the uncertainty in the shape and rheology of Ganesa Macula, I decided to 

fit a fourth shape model to this feature in addition to the three dome models.  This model 
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Figure 2.3: (a) Height profile across a dome in Rusalka Planitia, Venus.  Although 
Magellan altimeter data is shown as black squares, it should be noted that each range 
determination covers a horizontal footprint that is 2 km wide.  The black line shows the 
best fit obtained using the Huppert model (Equation 2.5). The dashed line shows the best 
fit obtained using the Nye model (Equation 2.6). The dotted line shows the best fit 
obtained using the empirical model (Equation 2.7).  (b) Slopes of the three height profiles 
shown in Figure 2.3a. Note that the Huppert and the Nye models both approach ninety 
degree slopes at the edge of the dome. 
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has the shape of a simple cone, and is representative of a shield volcano, 
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Here h0 is the height of the cone and r0 is the radius at the base of the cone.  Though I 

have focused in this work on domes, in practice any circularly symmetric shape could be 

modeled and fit to SAR images of circular features on planetary surfaces.   

 

2.3 Application to Venus 

 

The global topography of Venus was measured by the radar altimeter on the 

Magellan mission.  Surface heights generally exhibit a unimodal distribution, with more 

than 80% of the surface lying within 1 km of the mean radius, though several steep 

features with average kilometer-scale slopes greater than 30º have been identified (Ford 

and Pettengill 1992).  

On smaller scales, domes with very steep sides, flat tops, and circular-plan-views 

are seen widely distributed over the planet.  Many theories have been put forward to 

explain the origins of these so-called ‘pancake domes’.  Pavri et al. (1992) suggested that 

the dome morphology implies a high effective viscosity, and a single, continuous 

emplacement event.  The domes, then, have been interpreted as evidence of evolved 

magmatism on Venus.  But unlike the radar dark venusian domes, silicic steep sided 
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domes on earth are rough at all wavelength scales (the result of a thick crust that breaks 

into large blocks), and hence bright in the radar (Plaut et al. 2004).  Sakimoto and Zuber 

(1995) showed that pancake dome formation is feasible with compositions ranging from 

basaltic to rhyolitic if one includes the effects of cooling-induced crystallinity into 

models of dome emplacement.  Bridges (1995) also pointed out that Venusian domes 

show many similarities with terrestrial seamounts, which have a mafic composition.  It 

thus seems that the pancake domes are consistent with a basaltic origin, though a more 

silicic composition cannot be entirely ruled out. 

McKenzie et al. (1992) reported detailed height measurements (with errors of 

~100 m) for seven of the 145 pancake domes.  Of these seven, six make up an 

overlapping dome cluster east of Alpha Regio (Figure 2.4a).  The seventh is a single 

dome located in Rusalka Planitia (Figure 2.4b).  Ford (1994) examined the radar 

scattering properties of twenty such domes (including the one located in Rusalka 

Planitia).  Assuming they had the shape of a solidified Newtonian fluid (the Huppert 

model), Ford found that the domes scatter radar in a manner that is indistinguishable from 

the surroundings lava plains.  This indicates that the surface texture of the domes shares a 

common origin with that of their surroundings, e.g., through in situ weathering or æolian 

deposition. 

In this work, I compared SAR images of three of these domes – which I denote 

Alpha CA, Alpha CB, and Rusalka – to model images of domes produced by assuming 

one of the three dome profiles described in Section 2.2.  After fixing the dome radius and 

center point to the observed outline of the dome, I produced model SAR images for each  
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Figure 2.4:  A Magellan SAR image of the pancake domes on Venus (a) east of Alpha 
Regio, and (b) in Rusalka Planitia.  The names given for the domes in (a) are adopted 
from McKenzie et al. (1992). 
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of the three dome profiles described in Section 2.2 (Huppert, Nye, Empirical) for varying 

heights (h) and regional normalization factors (g).  I then calculated a '2 statistic for each 

dome by subtracting the decibel value of the model dome, 10!log10(0), from the decibel 

value of the data over a square region centered on the dome, and dividing the difference 

by the square of the noise in the image.  The noise was estimated by calculating the 

standard deviation of the backscatter in several areas beside the dome which appeared to 

be otherwise uniform.  The '2statistic has not been normalized to the number of pixels 

covered by each dome, and thus cannot be used to make comparisons between different 

domes. 

Using the '2 statistic, I performed a multidimensional minimization to find the 

best-fit height (h) and regional normalization factor (g) for each dome.  Results are given 

in Table 2.1.  Example best-fit model images are shown in Figure 2.5, with backscatter 

profiles shown in Figure 2.6.  Note that the results were not generally dependent on the 

initial conditions of the fit.  Masking out the bright cracks on the top of the dome prior to 

fitting also did not affect the height estimates.  In the few cases where there was more 

than one minimum found, I chose the fit with the lowest '2 statistic. 

The degree to which the modeling was able to reproduce the dome heights varied 

depending on the dome and the model used.  The height estimates for the venusian domes 

are as accurate as 20% for the Nye model of Alpha CA, to as inaccurate as >2.5 times too 

low for the Huppert model of Alpha CB.  In all cases, the height estimates for the 

venusian domes are lower than their measured heights.  As a way of constraining the 

results, I also calculated the heights, h0, and the regional normalization factors, g, at 



   

 

44

Table 2.1:  Comparison of observed dome heights to best-fit model heights. 
 
 

Alpha CA Alpha CB Rusalka 
Ganesa 
Macula 

Observed radius (km) 13.0 13.2 16.6 80 
Observed height (km) 0.97 1.26 1.40 n/a 
     
Huppert model     
Modeled height (km) 0.5 0.5 0.6 2.0 

'2 statistic1 1.3 ! 106 1.2 ! 106 1.7 ! 106 5.2 ! 105 

Height at 2!'2 (km) [-0.5, 1.4] [-0.5, 1.3] [-0.7, 1.9] [-2.9, 8.3] 

     
Nye model     
Modeled height (km) 0.8 0.8 1.0 3.7 

'2 statistic 1.2 ! 106 1.1 ! 106 1.6 ! 106 4.8 ! 105 

Height at 2!'2 (km) [-0.6, 2.2] [-0.6, 2.2] [-1.0, 2.7] [-4.0, 12.7] 

     
Empirical model     
Modeled height (km) 0.7 0.7 1.0 2.7 

'2 statistic 1.1 ! 106 1.0 ! 106 1.4 ! 106 4.9 ! 105 

Height at 2!'2 (km) [-0.5, 1.8] [-0.4, 1.9] [-0.6, 2.2] [-3.4, 9.8] 

     
Shield volcano model     
Modeled height (km) n/a n/a n/a 4.9 

'2 statistic    4.7 ! 105 

Height at 2!'2 (km)    [-5.6, 15.0] 
 

1This statistic was normalized to the noise level in the image.  It has not been normalized 
to the number of pixels covered by each dome, and thus cannot be used to make 
comparisons between different domes. 



   

 

45

 
 
 
 
 

 
 
Figure 2.5:  (a) Magellan SAR image of Alpha CA ( = 12.6 cm, i0 = 32.9º), with best-fit 
(b) Huppert, (c) Nye, and (d) Empirical model domes.  All images have been smoothed 
with a boxcar average of five pixels. 
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Figure 2.6:  Comparison of the three best-fit model domes to the Magellan SAR data for 
Alpha CA.  Shown is the backscatter observed over the downrange profile along the 
symmetry axis of the dome.  Each profile is offset from its neighbor by 9 dB. 
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which the best-fit '2 statistic achieved twice its value (Figure 2.7).  The resulting ellipses 

range between hbest-fit ± 2-3!hbest-fit, and between gbest-fit ± 0.4-1!gbest-fit.  This gives some 

indication of the confidence in the results.  

For all three domes, the model with the lowest residuals was the Empirical model.  

Since the Empirical height profile is intended to be an adjustment to the Huppert height 

profile to account for more gently sloping edges, these results are consistent with the 

domes having been formed by a Newtonian flow. I can also compare the results of the 

two-dimensional fits to those obtained by performing one-dimensional radarclinometry 

(Equation 2.8).  The observed backscatter profile across the dome (DN) is inverted to 

obtain the associated incidence angles (i) from the backscatter law (#0).  A topographic 

profile is constructed from the set of calculated angles, and DN0 is adjusted until the 

scene appears level (Figure 2.8). 
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=         (2.9) 

 

Here, i0 represents the incidence angle of the spacecraft, and the sine factor is 

included to account for radar layover distortion.  This “area factor” generally involves i’, 

where i’ is the projection of the local incidence angle i onto the plane of constant 

azimuth.  On the axis of symmetry, i’=i, giving the form here.  Results from this analysis 

estimate a height of 700 m for Alpha CA, 600 m for Alpha CB, and 1200 m for Rusalka 

(note that this result is skewed by the “venetian blind” pattern evident on the dome;  
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Figure 2.7:  Ellipses showing the heights (h0) and regional normalization factors (g) at 
which the best-fit 2 statistic for Alpha CA increased by different factors for the Huppert, 
Empirical, and Nye models.  Note in particular the ellipse at which the 2 statistic 
achieves twice its best-fit value. 
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Figure 2.8:  (a) Radarclinometric height profile for Alpha CA.  The profile was created 
by inverting the backscatter profile shown by the white line in (b). 
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therefore, I calculated a height based only on the first half of the dome).  The actual 

heights of the domes, as determined by altimetry, are 970 m for Alpha CA, 1260 m for 

Alpha CB, and 1400 m for Rusalka.  This one-dimensional approach underestimates the 

heights in a manner similar to the two-dimensional fits. 

It is not yet understood why the dome heights are underestimated using this 

approach.  It is possible that the scattering law used for Venus as a whole (the Muhleman 

model) does not apply to the domes in the quasi-specular region.  A scattering law with 

less brightness change at low incidence angles (such as a Hagfors or a Gaussian law) 

could lead to enhanced topography.  It also possible that the three models used to fit the 

domes are not representative of actual dome topography.  The presence of surface crusts 

can provide strength and control dome planform (Stofan et al. 2000).  Some authors have 

also proposed that the domes formed by episodic emplacement.  Laboratory simulations 

using polyethylene glycol show that the height to diameter aspect ratios of the pancake 

domes are most consistent with this style of emplacement (Fink et al. 1993).  Circular 

structures such as the domes can be formed in this way so long as the repose intervals are 

short enough and the dome volume is large enough that the overall construct behaves as a 

single mass that grows and deforms in a regular fashion (Fink and Bridges 1995).  

However, models that take into account episodic emplacement or the presence of a 

surface crust (for example, Iverson 1987) do not have simple, analytic formulae for dome 

shape, and so cannot be considered in this work. 

Earlier in the chapter, I suggested that the domes might be best fit by a height 

profile with more gently sloping sides, represented by the empirical model (Equation 
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2.7).  I now see that the model images support this idea (Figure 2.5).  Of the three 

models, the empirical model looks qualitatively most like the observed dome, being the 

only model to lack radar shadowing on the far side of the dome.  Radar shadowing 

describes the lack of radar return that is observed when the tilt of the surface is such that 

the sum of the slope angle and the incidence angle is greater than ninety degrees 

(Campbell 2002).  In general, image resolution may keep one from seeing radar shadows 

behind steep-sided domes, if the shadows were limited to small areas near the edge of the 

dome.  There, the finite resolution of the images could make small shadows appear to be 

larger areas of shady (but not shadowed) slopes.  Given that I can see shadows behind the 

model images of the steep-sided Huppert and Nye domes, this explanation does not seem 

to be consistent with what is observed on Venus.  In this case, a lack of radar shadowing 

allows me to derive a constraint on the slope at the edge of the domes.  Given incidence 

angles of 32.86° for Alpha Regio, and 44.54° for Rusalka, the slopes at the edge of these 

domes must be less than 57.14° and 45.46°, respectively, if the sum of these two angles is 

to remain less than ninety degrees.  Compare this to the slopes of 90° at the edge of a 

Huppert and Nye dome (although it should be noted that the Huppert equation as stated 

does not apply near the edge of the dome), and 21° at the edge of the Empirical dome 

pictured in Figure 2.3. 
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2.4 Application to Titan 

 

Ganesa Macula is a radar-dark, circular feature that lies in the northern 

hemisphere of Titan (50º N, 82º W).  It was first observed during the TA encounter of the 

Cassini spacecraft in October 2004, and has been interpreted to be either a cryovolcanic 

dome or a volcanic shield (Lopes et al. 2007).   Features observed around Ganesa Macula 

are consistent with a volcanic interpretation – flows and sinuous channels are seen 

surrounding the feature.  However, the great variation in backscatter on and around 

Ganesa make it difficult to distinguish between the dome and the shield interpretation.  

Given the low volatile content of cryolavas on Titan – Lorenz (1996) argue that the 

cryomagas would likely have less than 1% methane – and the high viscosity of water-

ammonia mixtures (Kargel 1995), Lorenz and Mitton (2002) proposed that pancake-type 

domes could exist on Titan.  Conversely, the morphology and size of Ganesa are 

comparable to shield volcanoes on Earth and Venus (Lopes et al. 2007).   

As no altimetry is available over this region of Titan, I applied the same fitting 

technique used for the venusian domes to Ganesa Macula to learn more about its shape 

and height.  The backscatter function was normalized using an area on the top of the 

dome, just north of the central “bright spot.”  This analysis is complicated by the 

circumstance that the far edge of the feature lies outside the image and cannot be 

modeled.  The back side of Ganesa was imaged during Cassini’s T23 fly-by of Titan, but 

the low resolution of this image makes it difficult to interpret.  Further complicating the 

fit, Ganesa seems to display greater variations around the mean backscatter behavior than 
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do the venusian domes, with many bright “flows” surrounding the feature.  In addition, 

the western half of the dome appears to be systematically brighter in backscatter than the 

eastern half of the dome.  Nonetheless, the strong overdetermination of the model fits 

should render them less sensitive to these asymmetries. 

Results from this fitting process are given in Table 2.1.  There is a minimum '2 

parameter at 2.0 km for the Huppert model, 3.7 km for the Nye model, 2.7 km for the 

Empirical model, and 4.9 km for the shield volcano model.  The shield volcano model 

produced the fit with the lowest '2 parameter.  If Ganesa is in fact a shield, it would 

therefore have a slope of ~3.5º.  The best-fit model images are shown in Figure 2.9.  

Given the small differences in '2 for the four models considered, it is difficult to 

conclude what type of flow might have formed this structure.  The large variations in 

backscatter over the feature allow for fits of many shapes to the observed SAR image.  It 

is interesting to note, though, that of the model fits obtained, the predicted heights span a 

relatively small range, from 2.0 – 4.9 km.  The predicted volumes for the four models are 

also similar, ranging from 30000 – 40000 km3.  Given Titan’s radiogenic heat production 

of 4 ! 1011 W (Schubert et al. 1986), Ganesa Macula may seem a surprisingly large 

volume of lava to have been extruded. For a volume of 35000 km3, it would take on the 

order of 103 years of planetary heatflow to melt the water seen there, assuming all the 

heatflow were transported to the surface as latent heat.  If I apply the same calculation to 

basaltic volcanism on Earth, I find the Deccan Traps, with a volume of 106 – 2.6 ! 106 

km3 (Pascoe 1964, Rampino and Stothers 1988), would take a comparable amount of 

time in terms of Earth’s radiogenic heatflow to melt.  Ganesa Macula might therefore  
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Figure 2.9:  Best-fit (a) Huppert, (b) Nye, (c) Empirical, and (d) shield volcano models to 
the Cassini SAR image of Ganesa Macula (Figure 2.1a).  All images have been smoothed 
with a boxcar average of three pixels. 
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represent a rare flood event, explaining why other comparable features have not been 

observed elsewhere on Titan.  Concentrations of heating are observed on other satellites 

as well.  The largest volcano on Io (Loki) emits ~15% of Io’s total internal heat (Spencer 

et al. 2000), while geologic activity on Enceladus appears to be confined to the south pole 

region (Porco et al. 2006). 

In addition to the radar modeling, I can place approximate constraints on the 

height of Ganesa from layover arguments.  At the incidence angle of ~30 degrees, a 

reflector at a height of tan(30)  = 0.577 km would be mapped onto the assumed flat 

surface of Titan x = h cot (30) = 1 km closer to the spacecraft nadir than the same 

reflector on the ground.  Thus, were Ganesa a conical frustum 6 km in height, with a base 

radius of 90 km and an upper radius of 80 km, in the radar image the two circles would 

intersect at the uprange edge. This effect, however, is much less easy to discern on a 

smoothly curved (or irregular) structure.  However, it seems probable that layover effects 

would be more obvious were the dome any higher than 6 km.  Because the northernmost 

edge of Ganesa is beyond the imaged region, it makes the quantitative determination of 

layover rather difficult, since there is no position reference. 

An additional height constraint may be derived from the radiometry acquired with 

the SAR.  The microwave brightness temperature depends on surface composition and 

roughness, as well as on physical temperature and the incidence angle of the beam. Since 

during SAR imaging at close range Titan's disk may intrude into the sidelobes of the 

radiometer, the calibration here is preliminary. But assuming the geometry changed only 

modestly during the ~30 seconds over which the beam swept over Ganesa, the fact that 
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its brightness temperature appears similar (to within ~3 K or better of terrains with 

similar radar brightness) may be interpreted to imply its thermodynamic temperature is 

within 3 K of the surrounding surface.  Assuming that temperatures vary with altitude 

according to a lapse rate of ~0.8 K/km (characteristic of a rather methane-damp 

atmosphere, as is likely at these latitudes) then the elevation of Ganesa relative to its 

surrounds should be 3.75 km or less.  Pathological scenarios such as higher terrains 

having systematically higher emissivity can defeat this argument, but no mechanism for 

such coatings are known (the temperatures are too high for methane to form frost in the 

presence of nitrogen). 

Some additional remarks may be made on the geomorphology, although it is 

conceded that these too involve many assumptions. All the details on Ganesa appear 

intrinsic to the feature itself: Ganesa does not appear to embay any pre-existing hills.  

Hills some hundreds of meters high appear elsewhere on Titan - their absence on Ganesa 

implies either there were none there before, or that the Ganesa flow is more than several 

hundred metres thick.   Also, several bright sinuous features, grading into fans, may be 

interpreted as gulleys or canyons. Since this presumably implies downhill flow to the 

edge, the length of these canyons of >60 km would imply a bed slope of h/60 where h is 

the dome height (the canyon must have a finite depth at its beginning to be visible, and 

the bed at the edge is presumably level with the surrounding terrain). In other words, if 

the bed flows monotonically downhill with an average slope of 1 degree, the dome height 

is 1 km. A lower limit on slope is perhaps of the order of 1/1000 (typical of shallow river 

bed slopes and tidal flats) and thus a minimum height of 60 m would be derived. Some 
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bright-dark shading characteristic of canyon wall slopes facing towards and away from 

the radar are present near the center of the dome, but are only one or two pixels (~500m) 

across. Thus, were the canyons at an angle of repose of 30 deg, they would be ~200m 

deep. 

In summary, the topographic information on Ganesa is rather unsatisfactory, but 

heights greater than 4 km or so appear to be excluded, and several lines of evidence point 

to heights of at least several hundred meters.  Except for the height estimate for the shield 

volcano, the heights derived from the radar modeling fall within these limits.  The height 

estimates appear to be most consistent with the upper end of the height constraints. 

Of course, it is possible that Ganesa Macula does not resemble any of the four 

models fit to it in this work.  The limited stereo coverage of Ganesa suggests that it may 

be non-symmetric, with the eastern edge raised, and the region outside the edge 

resembling a trough (Kirk et al. 2007a).  However, the second image used in the 

stereopair is of low resolution, and is illuminated from the opposite direction, 

complicating the stereo comparison.  Higher resolution SAR taken from another angle 

would be necessary to improve the stereo topography.  Until such data becomes 

available, it remains interesting to consider what can be learned about the shape and 

height of Ganesa Macula from the backscatter variations in the single, higher resolution 

SAR image, based on information that is independent from the stereo analysis. 
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2.5 Discussion and conclusions 

 

In this chapter, I investigated the possibility of estimating the heights and 

morphology of viscously emplaced cryvolcanic constructs on Titan using SAR data.  The 

height estimates for three “test cases” considered – the venusian pancake domes - were 

consistently lower than the measured heights, being as accurate as 20%, to as inaccurate 

as two times too low.  The height estimates for Ganesa Macula, a potential cryovolcanic 

construct on Titan, ranged between 2.0 – 4.9 km.  These height estimates mostly agree 

with other constraints, which point to heights between ~200 m and 4 km. 

For the three venusian domes studied, the best fits were obtained for the Empirical 

height profile.  Since the Empirical height profile is intended to be an adjustment to the 

Huppert height profile to account for more gently sloping edges, these results are 

consistent with the domes having been formed by a Newtonian flow.  The best fit to 

Ganesa Macula was to a simple cone, representative of a shield volcano.  Caution should 

be exercised when extrapolating these best fits to the actual shape of the domes, given the 

small differences in '2 for the different models considered, and the possibility of 

achieving better fits to models not considered in this work. 

One complication that my investigation allows me to explore is how well the edge 

brightness is recovered with a given backscatter function.  Such a function (typically 

derived by fitting the brightness in a scene assumed to be flat for a range of incidence 

angles) assumes a constant roughness and composition over the dome.  In geological 

reality, there may be a dependence of roughness on slope, or a change in surface 
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composition with altitude.  For example, the highlands of Venus exhibit strong 

backscatter in radar images, consistent with the presence of a high dielectric constant 

material, such as metallic compounds (Pettengill et al. 1988).  Another familiar example 

of compositional dependence on altitude can be seen on mountains on Earth, which 

exhibit a change in surface composition past the snow line.  If a similar change in 

composition (or roughness) occurred over the extent of the domes examined in this work, 

it may prevent a single backscatter function from fitting everywhere.  This may explain 

the discrepancies I found between the modeled heights and those measured altimetrically.  

The benefit of forward modeling is that it lends itself readily to the modeling of these 

effects in the future. 

Presently, Cassini SAR data has covered only ~20% of Titan’s surface.  Thus, it is 

possible that future observations (either during Cassini’s extended mission, or during a 

future mission to Titan) may show other features like Ganesa.  As noted previously, a 

stereopair covering part of Ganesa Macula is now available.  The second image, obtained 

during Cassini’s T23 flyby, is of low resolution, however, and is illuminated from the 

opposite direction, complicating stereo comparison.  It is to be hoped that in Cassini's 

extended mission there may be the opportunity to re-observe Ganesa with RADAR to 

better determine its topography – either through high resolution SAR from another angle 

to permit improved stereo topography, or by altimetry directly.  As the subsolar latitude 

moves northward with time, to cross the equator in 2009, Ganesa's latitude will become 

progressively better-illuminated.  This will permit additional observation by Cassini's 

optical remote sensing instruments. 
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CHAPTER 3 
 

Freezing Timescales of Cryovolcanoes on Titan 
 
This chapter is drawn in part from Neish et al. (2006), originally published in The 
International Journal of Astrobiology. 

 
In the bleak midwinter, frosty wind made moan, 

earth stood hard as iron, water like a stone 
 

“In the Bleak Midwinter” by Christina Rossetti (text) 

 
 

3.1  Introduction 

 

 Having identified one potential source of liquid water on the surface of Titan – the 

putative cryovolcano Ganesa Macula – I can use the shape and height constraints 

determined in the previous chapter to estimate the freezing timescale of this source.  The 

freezing timescale will be calculated using a thermal conduction code, and the results will 

be checked against the analytical solution for a similar geometry.  The composition of 

lavas on Titan is not known, so I consider two possible end states in the freezing 

calculations – a pure water lava (0 wt. % ammonia) and a pure ammonia dihydrate lava 

(33 wt. % ammonia).  The latter represents the eutectic composition of a freezing 

ammonia-water system. 

The actual composition of titanian magma is not likely to be pure water or pure 

ammonia dihydrate, but a mixture of the two (i.e. a dilute ammonia solution).  As 

discussed in Chapter 1, theoretical models require several percent ammonia in the 

primordial liquid water shell to account for Titan’s present eccentricity.  Tobie et al. 

(2005) find that an initial 6% ammonia mass fraction (9 wt. % ammonia) leads to a 14 wt. 
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% ammonia-water layer under an ice I layer as much as 70 km thick in the present era.  

Thus, titanian magma likely has thermal properties somewhere between that of water and 

ammonia dihydrate, and the actual freezing timescale of Ganesa Macula would fall 

between the two timescales considered here.  If, however, the lava was extruded by a 

fluid filled crack, like those postulated by Mitri et al. (2008), the composition may be 

closer to that of ammonia-dihydrate. 

 

3.2 Thermal modeling 

 

To calculate the freezing timescale of Ganesa Macula, I used a thermal 

conduction code, originally used to treat the freezing of impact generated melt pools on 

Titan (O’Brien et al. 2005).  This code uses a modified finite-difference scheme to solve 

the heat conduction equation for irregularly gridded geometries in two dimensions.  The 

code handles phase changes with latent heat, L, as well as temperature-dependent thermal 

conductivity, k, and heat capacity, cp, given by the expressions: 

 

Tkkk o /1+=        (3.1) 

Tccc op 1+=        (3.2) 

 

The coefficients for Equations (3.1) and (3.2), as well as the densities of the solid and 

liquid phases, melting points (Tmelt), and latent heats of fusion are given in Table 3.1 for 

water and ammonia dihydrate.  Thermal conductivity and heat capacity are only given for  
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Table 3.1:  Properties of water and ammonia dihydrate. 
 

 H2O NH3 !!!! 2H2O 
k0 (W/(m K)) 0.468 1.0 
k1 (W/m) 488 0.0 
c0 (J/(kg K)) 114 -60 
c1 (J/(kg K2)) 6.77 11.62 

"s 917 963 

"l 1000 945 
Tmelt (K) 273.2 176.2 
L (J/kg) 3.34 x 105 1.31 x 105 

 
Heat capacity for solid ammonia dihydrate is from Chan and Giauque (1964), heat 
capacity for solid water is from Petrenko and Whitworth (1999), thermal conductivity for 
solid water is from Hobbs (1974), and thermal conductivity for solid ammonia dihydrate 
is from Kargel (1990) and Ross and Kargel (1998).  The material properties of water and 
ammonia dihydrate (density, melting temperature, latent heat) are from Croft et al. 
(1988). 
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the solid phases, as conduction in the liquid is not considered here (the liquid is in all 

cases set to the melting point). 

In the simulations, the domes are filled with liquid lava.  I assumed an appropriate 

height profile for the domes and used an axisymmetric grid geometry like that shown in 

Figure 3.1 for the Huppert profile.  The lava in the dome is set to its melting point (273 K 

for water, 176 K for ammonia dihydrate), and the temperature of the surrounding material 

is set to 95 K (approximately the ambient atmospheric and surface temperature of Titan).  

Heat transport between cells is purely by conduction.  Heat is lost to the crust through the 

bottom of the dome (the bottom boundary layer is fixed at 95 K) and to the atmosphere 

through the top of the dome.  Cooling at the surface is handled by fixing the upper 

surface of the topmost cells to the ambient temperature of 95 K.  I tested the code with 

different crust thicknesses and found that the grid is large enough that the boundaries do 

not affect the freezing timescale. 

Results for domes of various heights are shown in Table 3.2. I consider the upper 

and lower height constraints for Ganesa Macula outlined in Chapter 2, as well as the 

height estimates for the different dome rheologies.  A 2.0 km high Huppert dome the size 

of Ganesa Macula (r ~ 80 km) was found to take 2 x 104 years to freeze for lava made of 

water, and 5 x 104 years for lava made of ammonia dihydrate.  Plots showing the 

evolution of this temperature profile are shown in Figure 3.2, with the fraction of melt 

remaining as a function of time given in Figure 3.3.  Included in Figure 3.2 is a 

hypothetical magma conduit leading to the cryovolcanic dome.  Using the same thermal 

conduction code, I find a 112.5 m diameter magma conduit made of liquid water would  
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Figure 3.1:  Example grid used for the numerical thermal model. This particular grid is 
for a 2.0 km high Huppert dome the size of Ganesa Macula (r ~ 80 km). The domes in the 
simulations are initially set as liquid, with the underlying crust set as solid. 
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Table 3.2:  Freezing timescales for domes of varying composition and height. 
 

Type of 
Dome 

Composition 
Radius 
(km) 

Height 
(km) 

Volume 
(km3) 

Cooling time 
(years) 

Huppert H2O 80 0.2 3.0 x 103 2 x 102 
 NH3·2H2O  0.2 3.0 x 103 5 x 102 
Huppert H2O 80 2.0 3.0 x 104 2 x 104 
 NH3·2H2O  2.0 3.0 x 104 5 x 104 
Empirical H2O 80 2.7 3.5 x 104 4 x 104 
 NH3·2H2O  2.7 3.5 x 104 9 x 104 
Nye H2O 80 3.7 4.0 x 104 7 x 104 
 NH3·2H2O  3.7 4.0 x 104 2 x 105 
Huppert H2O 80 4.0 6.0 x 104 8 x 104 
 NH3·2H2O  4.0 6.0 x 104 2 x 105 
Shield H2O 80 4.9 3.3 x 104 1 x 105 
 NH3·2H2O  4.9 3.3 x 104 3 x 105 
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Figure 3.2:  Plots showing the freezing of a 2.0 km high Huppert dome made of water 
with a 4.5 km diameter magma conduit. The middle figure shows the dome after 50% of 
the liquid has frozen. The bottommost figure shows the dome just prior to complete 
freezing.  Melt is shown in black. 
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Figure 3.3:  Plot of the fraction of melt remaining as a function of time for a 2.0 km high 
Huppert dome made of water. The fraction of melt decays roughly exponentially with 
time. 
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take ~20 years to freeze, a 1125 m diameter magma conduit would take ~6000 years to 

freeze, and a 4500 m diameter magma conduit would take ~40 000 years to freeze. 

Given the large width of Ganesa Macula compared to its height, it can be 

approximated as a horizontal layer of magma solidifying from the top (the Stefan 

problem) and the bottom (the solidification of a sill) (Turcotte and Schubert 2002).  This 

is a one-dimensional heat conduction problem, and it can be solved exactly.  I can 

therefore verify the results from the thermal model by comparing them to the results of 

this analytical solution.  Assuming a constant thermal conductivity and heat capacity, a 

dome 2.0 km high (the Huppert result) made of liquid water would take 2.5 x 104 years to 

freeze and a dome made of liquid ammonia dihydrate would take 5.2 x 104 years to 

freeze.  This is roughly the same freezing time calculated by the two-dimensional 

conduction code, giving confidence in the results of the thermal modeling. 

 

3.3 Discussion 

 

It is important to note that the thermal model described above assumes that the 

lava was erupted in an isothermal state at its melting temperature.  While this is not a bad 

approximation for cryovolcanic lavas, which are likely composed of partial melts, it is 

possible that some of the lava may initially be above the melting point.  Impacts are also 

likely to generate melts that fall above the melting point.  An initial convective stage 

would then occur.  Given the relative efficiency of convection compared to conduction, 

this stage would likely be short compared to the time it takes for the lava to freeze.  
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However, given that reaction rate is exponentially dependent on the negative inverse of 

the temperature, any water initially above the freezing temperature may allow for faster 

reactions to occur at higher temperatures.  I therefore estimate the length of the 

convective stage here. 

Jaupart and Brandeis (1986) developed an expression for the temperature of the 

well-mixed layer in a convecting fluid, cooled instantaneously from the top and the 

bottom, similar to the cooling lava flow considered here.  In such a situation, cold plumes 

travel downward into hotter fluid until they reach the layer where their temperature 

matches that of the surrounding fluid.  The temperature of the well-mixed central layer is 

given by 

 

[ ] 3
/1

#
+$+= %tTTT L       (3.3) 

 

where TL is the temperature of the cool top and bottom layers (set here to the melting 

point of water, 273 K), $T is the difference between TL and the temperature of the 

initially hot middle layer, TH, t is time, and % is a characteristic time given by 
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where & is the thermal diffusivity, L is the characteristic length scale of the convecting 

region, taken here to be the height of the lava dome, h, C is an empirical constant set as 

0.21 (Jaupart and Brandeis 1986), and Ra is the Raleigh number, defined as 

 

'&

( 3TLg
Ra

$
=         (3.5) 

 

where ( is the coefficient of thermal expansion, g is gravity, and' is the kinematic 

viscosity.  I calculated % for a range of initial temperatures (TH = 278 – 323 K) and dome 

heights (h = 200 – 2000 m), using the thermal properties of liquid water at the initial lava 

temperature.  For reference, transient craters of diameter 15-25 km will produce final 

craters of diameter 40-60 km with 2-5% melt (Artemieva and Lunine 2003).  This 

constitutes a melt layer 350-550 m thick for final craters 40-60 km in diameter.  I find 

that for the hottest, thinnest water layers, the characteristic convection times are on the 

order of days, whereas for the coolest, thickest water layers, the characteristic convection 

times are on the order of years (Figure 3.4).  Though these times are still much shorter 

than the conduction times required to freeze a cryovolcanic dome or an impact melt 

completely, they may allow for faster, higher temperature reactions to take place in the 

cooling water. 

If Ganesa Macula erupted as a liquid, as assumed in this chapter, an ice layer 

would quickly form on the outside of the dome.  I can therefore treat a newly erupted 

dome as a thin shell subjected to an internal pressure from the weight of the cryolava it  
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Figure 3.4:  Convective time scale for lavas erupted at different initial temperatures and 
thicknesses.  The thinnest, hottest lavas have convective time scales on the order of days, 
whereas the thickest, coolest lavas have convective time scales on the order of years. 
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contains.  For an ellipsoid rotated about the minor axis, the internal pressure gives rise to 

a circumferential stress in the ice layer of 
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=)         (3.6) 

 

where P is the internal pressure, a is the length of the semi-major axis, b is the length of 

the semi-minor axis, and t is the thickness of the ice layer.  Here, u(r) is an independent 

variable defined as u(r) = [1 - 2(r/a)2], where  is the eccentricity and r is the radius 

from the rotation axis.  From studying Europan cycloids, Hoppa (1999) deduced a 

macroscopic strength of 40 kPa for ice.  For a dome 200 m high, the pressure at the base 

due to the weight of the cryolava is P = gh = 270 kPa.  For this lower limit on the height 

of Ganesa Macula, one would require an ice layer ~270 km thick to contain a liquid dome 

80 km in radius. 

Since this thickness is larger than the dome itself, this suggests that the magma 

was not erupted as a low-viscosity liquid.  Instead, the feature must have been emplaced 

in multiple episodes, and/or was erupted as a slurry or ice diapir with a yield strength.  

The viscosity of a water-ammonia slurry could be as much as 103-104 Pa s (Kargel et al. 

1991), comparable with that of terrestrial basalts (101–106 Pa s).  The timescales for 

aqueous chemistry in such emplacement scenarios would necessarily be less than those 

calculated for a purely liquid dome.  We can estimate this effect by considering the work 

of O’Brien et al. (2005).  They calculated freezing timescales for impact craters with 
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purely liquid melt, as well as freezing timescales for craters with melt intermixed with an 

equal amount of solid ice.  They found that melts mixed with ice froze ~1.1 to 6 times 

faster than purely liquid melts (depending on the composition of the melt, the depth-

diameter ratio of the crater, and the fraction of melt in the crater).  Assuming that 

cryovolcanic slurries would freeze in a similarly rapid timeframe, cryovolcanic 

environments would still provide hundreds to thousands of years for aqeuous chemistry 

to occur. 

 

3.4 Conclusions 

 

Given height constraints of ~200m – 4 km, I find that liquid water or water-

ammonia environments could be sustained in a cryovolcanic dome the size of Ganesa 

Macula for timescales on the order of 102 – 105 years.  However, given strength 

considerations, it appears that the magma could not have erupted as a low-viscosity 

liquid, but rather, the feature must have been emplaced in multiple episodes, and/or was 

erupted as a slurry with a yield strength. The timescales for aqueous chemistry in such 

emplacement scenarios would necessarily be less than those calculated for a purely liquid 

dome, though they would still provide ample time for chemistry to occur.  In addition, if 

the magma erupted at temperatures above its freezing temperature, faster, higher 

temperature reactions could take place in the cooling water on convective timescales of 

days to years. 
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CHAPTER 4 
 

Reaction Rates of Tholins in Cold Aqueous Solutions 
 

This chapter is largely drawn from Neish et al. (2008a), originally published in 
Astrobiology, and Neish et al. (2008c), submitted to Icarus. 

 
Je respire et j’expire 

Dans un mouvement machinal 
Donnez-moi 

Donnez-moi de l’oxygène 
Donnez-moi de l’oxygène 

 

“Oxygène” by Celine Dion 
 

4.1 Introduction 

 

In the previous two chapters, I outlined the freezing timescales for transient liquid 

water environments on Titan.  To determine how far aqueous organic chemistry can 

proceed in these environments, one must also know the expected reaction rates between 

molecules found on Titan’s surface and the solutions introduced through impact melts 

and cryolavas.  I will investigate whether these reactions could incorporate oxygen – an 

essential element for terrestrial prebiotic chemistry – before the solutions freeze on 

Titan’s frigid surface. 

In this chapter, I make the first experimental measurements of the rate coefficients 

of Titan tholins (CxHyNz) with low temperature aqueous solutions to produce oxygenated 

species (CxHyNzO!).  To examine all the reaction pathways possible in aqueous 

environments on Titan, I conduct four separate studies.  In the first study, I hydrolyze 

tholins in doubly deionized water at temperatures near the freezing point of water.  The 

purpose of this study is to make the first measurements of the rate coefficients and 



  

 

75

activation energies for oxygen incorporation into tholins through hydrolysis.  In the 

second study, I hydrolyze tholins in 18O labeled water.  Given the abundance of oxygen 

in terrestrial laboratories, I use this study to confirm that water is the source of the 

oxygen being incorporated into the products.  In the third study, I hydrolyze tholins in a 

13 wt. % ammonia solution at temperatures as low as 253 K.  The purpose of this study is 

to determine how the presence of ammonia – an expected component of Titan’s 

subsurface ocean, as discussed in Chapter 1 – affects the rates of tholin hydrolysis.  In the 

fourth and final study, I hydrolyze tholins in 15N labeled ammonia-water.  This study is 

designed to determine if ammonia, in addition to water, reacts with the molecules in 

solution. 

In this work, I synthesize tholins from an N2/CH4 atmosphere in a high voltage 

AC flow discharge reactor, and dissolve the molecules in aqueous solutions of various 

compositions.  I determine reaction rates by monitoring intensity changes of select ion 

species over time using high resolution Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS).  From kinetic studies across a broad temperature range, I 

also present activation energies, potential reaction schemes, and comparisons between 

rates of similar species observed at different pH. 

 

4.2 Experimental 

 

To prepare the tholins, a mixture of CH4 and N2 (0.05/0.95 for the unlabeled 

water study; 0.02/0.98 for all other studies) was exposed to an AC electrical discharge 
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under slow flow (6 atm L h-1 at a pressure of 700 Pa for the unlabeled water study; 4.5 

atm L h-1 at a pressure of 900 Pa for all other studies) at a temperature of 195 K in a glass 

reaction vessel.  The methane ratio used in the unlabeled water study is higher than that 

observed in Titan’s stratosphere, 1.6 % (Niemann et al. 2005).  However, previous 

studies have shown that the composition of tholins depends only weakly on the mixing 

fraction of CH4 relative to N2 in this range (Cruikshank et al. 2005).  Tholins have also 

been observed to change in structure between pressures of 160 and 26 Pa, and tholins 

formed at lower pressures via radiofrequency discharge appear to have spectral signatures 

more representative of Titan’s haze than those formed at higher pressures (Imanaka et al. 

2004).  However, to make the amount of tholins required for the hydrolysis kinetics, it 

was necessary to use the AC discharge technique at the higher pressure. 

During a typical total gas flow of 18 mol, several hundred milligrams of a 

yellow/orange film developed on the walls of the vessel.  An additional reddish/brown 

polymer formed on the walls of the reaction vessel as it was brought to room temperature 

and HCN/hydrocarbon ices within the vessel sublimed.  Isolation of the solid material 

was performed in an oxygen- and water-free nitrogen-filled glovebox and the samples 

were stored in an air-free environment until further needed.  A representative FT-ICR 

mass spectrum of these tholins is shown in Figure 4.1.  Note the wide range of organic 

compounds present in the sample.  The chemical formulae for all these compounds are 

unambiguously determined by FT-ICR accurate mass measurements (Somogyi et al. 

2005). 
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Figure 4.1:  Mass spectrum of an unhydrolyzed tholin sample obtained by using 
electrospray ionization (ESI) coupled with an FT-ICR. Each ion is produced from a 
parent neutral by protonation without fragmentation. Each visible peak represents 
multiple compounds of similar nominal mass (instrumentally resolved, but not resolvable 
in this figure), while ions with the same chemical formula (exact mass) can be composed 
of multiple structural isomers. 
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For the unlabeled water hydrolysis study, I prepared four different samples, one 

for each temperature of interest (273 K, 285 K, 297 K, and 313 K).  I dissolved ~10 mg 

of the tholins in ~10 mL of acetonitrile, and placed 200 µL of this solution in 10 mL of 

appropriately thermalized and sonicated double deionized (DDI) water.  Under these 

conditions, in which the mole fraction of water greatly exceeds that of the small 2% 

acetonitrile component, the acetonitrile is inert to hydrolysis.  The water solution was 

then spiked with aqueous solutions containing inert internal standards; 3 µL of ~100 M 

tetrabutyl ammonium cation (C16H36N+, m/z 242.2842) and 3 µL of ~100 M of triethyl-

benzyl ammonium cation (C13H22N+, m/z 192.1747).  Immediately after making the 

solutions, the vials were sealed from air. 

For the labeled water study, I prepared one sample at room temperature (297 K).  

I dissolved ~50 mg of the tholins in 2 mL of acetonitrile, and placed 100 µL of this 

solution in 1 mL of appropriately thermalized water with minimum 97 atom % 18O.  The 

water solution was then spiked with aqueous solutions containing inert internal standards; 

0.7 µL of ~100 M tetrabutyl ammonium cation (C16H36N+, m/z 242.2842) and 0.5 µL of 

~100 M triethyl-benzyl ammonium cation (C13H22N+, m/z 192.1747).  Immediately after 

making the solution, the vial was sealed from air.For the unlabeled ammonia-water 

hydrolysis study, I prepared three different samples, one for each temperature of interest 

(253 K, 273 K, and 297 K).  I dissolved ~50 mg of the tholins in 2 mL of acetonitrile, and 

placed 100 µL of this solution in an appropriately thermalized mixture containing 1 mL 

of a ~14 N aqueous solution of NH4OH (~26 wt. % ammonia) and 1 mL of sonicated 

double deionized (DDI) water.  The ammonia-water solution was then spiked with 
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aqueous solutions containing inert internal standards; 4 µL of 180 M tetrabutyl 

ammonium cation (C16H36N+, m/z 242.2842) and 0.5 µL of 660 M of triethyl-benzyl 

ammonium cation (C13H22N+, m/z 192.1747).  Immediately after making the solutions, 

the vials were sealed from air. 

For the labeled ammonia-water study, I prepared one sample at room temperature 

(297 K).  I dissolved ~50 mg of the tholins in 2 mL of acetonitrile, and placed 100 µL of 

this solution in an appropriately thermalized mixture containing 1 mL of a ~14 N aqueous 

solution of 15NH4OH (~28 wt. % ammonia) with minimum 98 atom % 15N and 1 mL of 

sonicated double deionized (DDI) water.  The ammonia-water solution was then spiked 

with aqueous solutions containing inert internal standards; 4 µL of 180 M tetrabutyl 

ammonium cation (C16H36N+, m/z 242.2842) and 0.5 µL of 660 M triethyl-benzyl 

ammonium cation (C13H22N+, m/z 192.1747).  Immediately after making the solution, the 

vial was sealed from air. 

For the hydrolysis kinetics, the sealed vials were placed in constant temperature 

baths whose temperatures ranged from 253 to 313 K.  Reaction kinetics were followed 

for a given temperature by periodically removing 25 µL aliquots (50 µL for the water 

studies) of the complete mixture in solution and quenching them in 200 µL of 

CH3OH:CH3CN (1:1) (300 µL for the unlabeled water study).  These samples were kept 

in a –80 C freezer, and were then analyzed sequentially via mass spectrometry.  For mass 

spectrometric analysis, the samples were injected directly into an electrospray ionization 

(ESI) source of an IonSpec (Lake Forest, CA) 4.7 T Fourier transform ion cyclotron 
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resonance (FT-ICR) instrument (unlabeled water study) or a Bruker Daltonics (Billerica, 

MA) Apex-ultra 9.4 T FT-ICR instrument (all other studies) with normal ESI conditions.  

The resulting protonated molecules’ masses and intensities were recorded by ultrahigh 

resolution, accurate mass measurements using FT-ICR.  For reference, the mass spectrum 

of the freshly harvested (unhydrolyzed) tholin mixture was recorded under identical 

acquisition conditions (Figure 4.1). ESI is considered to be a “cold” ionization method, 

which strips molecules from solution predominantly as protonated (or deprotonated) 

species into the gas phase (Doyle et al. 1968; Fenn et al. 1989; Fenn et al.1990; Cole 

1997). In general, no significant fragmentation of the protonated molecules occurs during 

the ESI process, which makes this ionization technique suitable for analysis of (complex) 

mixtures. 

The great advantage of using ultrahigh resolution and accurate mass FT-ICR is its 

ability to independently and simultaneously monitor each individual component with a 

given molecular formula (Somogyi et al. 2005).  This is necessary in studies of these 

complex organic mixtures, since chromatography cannot be depended upon to objectively 

separate the constituents.  Attempts to resolve nonvolatile tholins chromatographically 

have not generally succeeded, while attempts to resolve volatile tholins 

chromatographically have not demonstrated the hydrolytically reactive components 

known to be present (Coll et al. 1999).  Thus, the ESI FT-ICR technique allows for 

objective detection and quantitative kinetic studies of individual nonvolatile species in 

gross mixtures. The ESI FT-ICR was also used for fragmentation (MS/MS) studies on 
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some selected ions, with the use of sustained off-resonance irradiation collision-induced 

dissociation (SORI-CID) with Ar collision gas (Gauthier et al. 1991; Senko et al. 1994). 

It should be emphasized that the organic macromolecules analyzed in this work 

consisted of a low-temperature “tholin,” formed at 195 K over several days, and a 

reddish/brown polymer, formed when low-temperature ices polymerized on the walls of 

the container as the reaction vessel was brought to room temperature. 

 

4.3 Results 

 

For each sample analyzed, I generated an accurate mass/intensity list by 

calibrating the mass spectrum using the exact mass of the internal standards, tetrabutyl 

ammonium cation (C16H36N+, m/z 242.2842) and triethyl-benzyl ammonium cation 

(C13H22N+, m/z 192.1747).  I then normalized the ion intensities in each list to the 

intensities of the inert, non-volatile internal standards. I imported these lists into a 

program that compared the masses to a list of known compounds to identify the chemical 

formulae of the compounds.  This is possible due to the high mass resolution of the FT-

MS, which regularly gives mass measurements accurate to ± 0.004 daltons.  The 

oxygenated product compounds included both singly and doubly oxygenated species; 

compounds with formal addition of two water molecules were only included if the 

corresponding precursor, single water addition species was also present. 
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4.3.1 Unlabeled water study 

 

After identifying a list of oxygenated species and non-oxygenated species, I 

searched the data for oxygenated species that grew in time and non-oxygenated species 

that decayed in time.  Only those species that were found in more than seven time points 

at a given temperature were selected for further study.  I then fit the time dependent 

intensities of the oxygenated species to a first order growth curve (Equation 4.1) and the 

time dependent intensities of the non-oxygenated species to a first order decay curve 

(Equation 4.2).   
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In Equation 4.1, Im,n(t) is the normalized intensity of the ion, m, at time t and a 

temperature n, cm,n is the normalized intensity of the ion at time t = 0, km,n is the rate 

coefficient of the ion at temperature n, and Im,n(0) is the span in the normalized intensity 

of the ion from t = 0 to t = infinity.  If no data was present in the first three time points, 

cm,n was set to zero.  In Equation 4.2, the definitions remain the same, except that cm,n is 

the normalized intensity of the ion, m, at time t = infinity. 

The fits were weighted by the inverse square in the error of the intensity (eI).  This 

error was assigned based on the deviation in the ratio of the intensities of the two internal 
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standards.  The percent difference between the mean ratio (µ = I192/I242) and the ratio at 

any given time point ([I192/I242]t) was averaged over five standard deviations of the 

nominal mean, assuming a Gaussian distribution, #µ,$(x). 
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Fitting the data to first order growth curves is reasonable in this case because I am 

observing kinetics for molecules in a gross excess of water and ammonia.  When such 

large concentration differences are present, I expect only pseudo-first order kinetic 

behavior, since the water and ammonia concentrations stay essentially constant 

throughout the reaction.   

Mass spectra that show the growth of one oxygenated species (C11H16N5O
+) over 

time at 273 K are shown in Figure 4.2 for reference. Example growth curves of one 

oxygenated species, C11H16N5O
+ (m/z 234.1349), and example decay curves of one non-

oxygenated species, C11H17N6
+ (m/z 233.1509), are shown in Figures 4.3 and 4.4, 

respectively. All intensity data presented here have been normalized to the internal 

standard at m/z 242.2842. 

Of the fits obtained, only those with positive rate coefficients and errors in the 

rate coefficient less than the rate coefficient itself (dk/k < 1) were selected for further 

study.  The intensity of the internal standard at m/z 192.1747 was only several times that  
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Figure 4.2:  Mass spectra showing the growth of the oxygenated species C11H16N5O

+  

(m/z 234.1349) at three different hydrolysis times (0, 145, and 507 hours) in unlabeled 
water at 273 K. Note also the decay of the non-oxygenated species C10H16N7

+ (m/z 
234.1462) and C12H20N5

+ (m/z 234.1713). Ion intensities have been normalized to the 
internal standard at m/z 242.2842. 
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Figure 4.3:  Changes in the normalized intensities of the oxygenated species C11H16N5O

+ 
(m/z 234.1349) over time at four different temperatures in unlabeled water (ion 
intensities normalized to the standard at m/z 242.2842). The data has been fit to a first 
order growth curve (top). Plot of rate coefficients (in units of h-1) versus inverse 
temperature for the oxygenated species C11H16N5O

+ (m/z 234.1349). The data has been 

fit to the Arrhenius equation, yielding an activation energy of 66 ± 7 kJ mol-1 (bottom). 
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Figure 4.4:  Changes in the normalized ion intensities of the non-oxygenated species 
C11H17N6

+ (m/z 233.1509) over time at four different temperatures in unlabeled water 
(ion intensities normalized to the standard 242.2842).  The data has been fit to a first 
order decay curve (top). Plot of rate coefficients (in units of h-1) versus inverse 
temperature for the non-oxygenated species C11H17N6

+ (m/z 233.1509). The data has 

been fit to the Arrhenius equation, yielding an activation energy of 60 ± 3 kJ mol-1 
(bottom). 
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of the noise in the spectra, leading to a larger scatter in the intensity data, so only rates 

from ion intensities normalized to the internal standard at m/z 242.2848 were considered 

for this study.  I then searched for species with good fits at all four temperatures.  For 

these species, I plotted the natural logarithm of the rate coefficient versus the inverse 

temperature, and determined the Arrhenius activation energy, Ea, from the slope 

(Equation 4.4). 

 

o
a A

RT

E
k lnln +"=          (4.4) 

 

Example Arrhenius plots for one oxygenated species, C11H16N5O
+ (m/z 234.1349), and 

one non-oxygenated species, C11H17N6
+ (m/z 233.1509), are shown in Figures 4.3 and 

4.4.  The fits were weighted by the inverse square of the error in the rate coefficient.  

Histograms that present the activation energies of all fits are given in Figure 4.5.  The 

growth curves had an average activation energy of 60 ± 10 kJ mol-1, while the decay 

curves had an average activation energy of 50 ± 10 kJ mol-1.  Of the growth curves 

observed, 76% were of singly oxygenated species, with the remainder being of doubly 

oxygenated species.  The doubly oxygenated species show (for the most part) simple first 

order growth, implying that the rate for the addition of the first oxygen (k1) is much less 

than the rate for the addition of the second oxygen (k2).  That is, R –k1 R’O –k2  

R’’O2, with k1 << k2. 
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Figure 4.5:  Histograms of the activation energies derived from the entire unlabeled water 
data set for the growth of oxygenated species (left) and the decay of non-oxygenated 
species (right). In deriving the activation energies, the peak intensities have all been 

normalized to the internal standard at m/z 242.2842. The average of the data sets are 60 ± 

10 kJ mol-1 and 50 ± 10 kJ mol-1, respectively. 



  

 

89

4.3.2 Labeled water study (H2
18O) 

 

In the labeled water study, I identified a list of oxygenated species and non-

oxygenated species, separating out those oxygenated species that contained 16O from 

those that contained 18O.  I searched the two oxygen data sets for species that grew in 

time, and fit these data to a first order growth curve (Equation 4.1).  I used the same fit 

criteria and techniques as those implemented in the unlabeled water study.   

Of the 305 18O species identified, 167 (65 %) displayed growth in both the data 

set normalized to the internal standard at m/z 242.2842 and data set normalized to the 

internal standard at m/z 192.1747.  Of the 257 16O species identified, only one species 

displayed growth in both data sets.  It is worth mentioning that though this 16O species is 

better fit by a first order growth curve, the fit is not much improved over a simple fit to a 

constant.  In fact, when the F-test is applied to the problem, the constant hypothesis 

cannot be rejected at the 5% significance level.  That is, the observation falls within the 

range of what would occur 95% of the time if the data were consistent with a constant 

value.  The constant hypothesis can, however, be rejected at the 10% significance level.  

It is therefore possible that this 16O species is simply a statistical outlier, and was not, in 

fact, growing over time.  An example growth curve of the oxygenated species, 

C10H16N5
18O+ (m/z 224.1392) is shown beside the same data for the equivalent 16O peak, 

C10H16N5O
+ (m/z 222.1349), in Figure 4.6. The intensity data presented in Figure 4.6 

have been normalized to the internal standard at m/z 192.1747. 
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Figure 4.6:  Changes in the normalized intensities of the oxygenated species C10H16N5O

+ 
over time, both as an 18O species (top) and a 16O species (bottom) in labeled water (ion 
intensities normalized to the standard at m/z 192.1747).  The 18O data has been fit to a 
first order growth curve; the 16O data has been fit to a constant. 
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4.3.3 Unlabeled ammonia-water study (13 wt. % NH4OH) 

 

In the unlabeled ammonia-water study, I identified a list of oxygenated species 

and non-oxygenated species.  I then searched the data for oxygenated species that grew in 

time, and non-oxygenated species that decayed in time.  I fit these data to first order 

growth (Equation 4.1) or decay (Equation 4.2) curves, respectively.  I used the same fit 

criteria and techniques as those implemented in the unlabeled water study. 

Of the fits obtained, only those with positive rate coefficients and errors in the 

rate coefficient less than the rate coefficient itself (dk/k < 1) were selected for further 

study.  The rates derived using intensities normalized to the internal standard at m/z 

242.2842 were then averaged with the rates derived with the internal standard at m/z 

192.1747, and the errors were added in quadrature.  Histograms presenting the rate 

coefficients (k) and half-lives (t1/2 = ln(2)/k) of all fits for growth and decay curves are 

given in Figures 4.7 and 4.8, respectively.  The growth curves had average half-lives of 

t1/2 = 3 ± 2 days at 253 K, 2 ± 2 days at 273 K, and 0.2 ± 0.2 days at 297 K.  The decay 

curves had average half lives of t1/2 = 2 ± 1 days at 253 K, 0.4 ± 0.4 days at 273 K, and 

0.1 ± 0.1 days at 297 K.  Of the growth curves observed, 71% were of singly oxygenated 

species, with the remainder being of doubly oxygenated species. 
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Figure 4.7:  Histograms of the rate coefficients (k) and half-lives (t1/2) derived from the 
entire data set for the growth of oxygenated species in unlabeled ammonia-water.  The 

average of the data sets are t1/2 = 3 ± 2 days at 253 K, 2 ± 2 days at 273 K, and 0.2 ± 0.2 
days at 297 K.  
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Figure 4.8:  Histograms of the rate coefficients (k) and half-lives (t1/2) derived from the 
entire data set for the decay of non-oxygenated species in unlabeled ammonia-water.  The 

average of the data sets are t1/2 = 2 ± 1 days at 253 K, 0.4 ± 0.4 days at 273 K, and 0.1 ± 
0.1 days at 297 K. 
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4.3.4 Labeled ammonia-water study (14 wt. % 15NH4OH) 

 

In the labeled ammonia-water study, I identified a list of oxygenated species, non-

oxygenated species, and 15N containing species.  I searched the oxygen data set and the 

15N data set for species that grew in time, and fit these data to a first order growth curve 

(Equation 4.1).  I used the same fit criteria and techniques as those implemented in the 

unlabeled ammonia-water study.   

Of the 186 15N species identified, 79 (42 %) displayed growth in both the data set 

normalized to the internal standard at m/z 242.2842 and data set normalized to the 

internal standard at m/z 192.1747.  Of the 287 O species identified, 124 (43 %) displayed 

growth in both data sets.  One hundred and forty-eight species contained both O and 15N, 

and of these, 51 (34 %) displayed growth in both data sets.  Ultrahigh resolution mass 

spectra showing the growth of the oxygenated species C11H17N4O
+ (m/z 221.1397) and 

the nitrogenated species C11H18N4
15N+ (m/z 221.1527) over time at 297 K are shown in 

Figure 4.9 for reference. Example growth curves of the same two species are shown in 

Figure 4.10. The intensity data presented in Figure 4.10 have been normalized to the 

internal standard at m/z 242.2842. 
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Figure 4.9:  Mass spectra showing the growth of the oxygenated species C11H17N4O

+ 
(m/z 221.1397) and the nitrogenated species C11H18N4

15N+ (m/z 221.1527) at three 
different hydrolysis times (0, 9, and 48 hours) in labeled ammonia-water at 297 K.  Ion 
intensities have been normalized to the internal standard at m/z 242.2842.   
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Figure 4.10:  Changes in the normalized intensities of the oxygenated species 
C11H17N4O

+ (m/z 221.1397) and the nitrogenated species C11H17N4
15NH+ (m/z 221.1527) 

over time in labeled ammonia-water at 297 K (ion intensities normalized to the standard 
at m/z 242.2842).  The data have been fit to a first order growth curve. 
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4.4 Discussion 

 

4.4.1 Water study 

 

The intent of the unlabeled water study was two-fold:  first, to obtain rate 

measurements for reactions between Titan analogue organics and water at relevant 

temperatures, and second, to use this information to elucidate structural information 

about the tholins studied in this work.  Information about structure can be inferred from 

activation energies, and from correlations in rate between parent reactants and daughter 

products. 

Several known functionalities have been unambiguously identified in tholins’ 

infrared absorption, including a strong absorption in the 1500 cm-1 region consistent with 

imine or Schiff base functionality.  This functional group is known to undergo a complex, 

pH dependent hydrolysis that can be rapid at the temperature probed in this study 

(Equation 4.4): 

  

R1R2C=NR3 + H2O  R1R2C=O + H2NR3                                         (4.4) 

  

The activation enthalpies for aliphatic imines at neutral pH are found in the range of 50-

60 kJ mol-1, and those for aromatic imines can be in this range or much lower 

(Chaturvedi and Cordes 1967).  Given the similarities in activation energy to those 

observed in this study, it would be intriguing to speculate that the observed hydrolysis of 
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the tholin components contain contributions from imine hydrolysis to ketones and 

aldehydes, but more definitive product structural information is needed.  

There also appears to be no obvious correlation between the measured activation 

energies and the N/C ratios of the species observed in this study (Figure 4.11).  This is 

consistent with the moderate molecular weight of the species investigated and their 

apparent random complexity.  What should be noted here is the fact that there exists a 

reasonable component (of order 10% of ion intensities) of the molecules present in the 

tholins that react with measurable rate in the 273 - 313 K temperature window.  This has 

significant implications for the creation of complex, biological molecules in cold aqueous 

solutions found on planetary surfaces.  The absolute value of the observed activation 

energies is less surprising, as this range, independent of reaction mechanism, is expected 

for any complex mixture that shows similar reactivity under our experimental conditions.  

Since there are too many possible reactions that might fit this activation energy range, 

further reaction mechanism refinement must await new information on reactant and 

product structure.  This information may come from a systematic application of a variety 

of complementary spectroscopic and separation techniques, or from one of two 

techniques (reactant-product couplings and fragmentation studies) described below. 

In addition to the determination of absolute activation energies, I examined the 

coupling of parent reactants and daughter products to help elucidate the reaction 

mechanisms that occured in the complex hydrolyzing sample.  The oxygenated species 

observed in this work could have been formed by one of many reaction mechanisms.  For 

instance, imines hydrolyze readily by Equation 4.4.  When further coupled with mass  
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Figure 4.11:  Plots of the N/C ratios for the species in the unlabeled water study for which 
activation energies were calculated for the growth of oxygenated species (left) and for the 
decay of non-oxygenated species (right).  The data presented have all been normalized to 
the internal standard at m/z 242.2842. 
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spectrometric collisional fragmentation data, the correlation of parent reactants and 

daughter products can help refine the list of potential reactive functional groups, and the 

oxygen-containing product functionality.  A truncated list of hydrolysis reactions possible 

in these mixtures, all consistent with the current state of spectroscopic analysis, is given 

below (Schemes I-VI, shown in Figure 4.12). 

Depending upon substitution (Ri functional groups) and other peripheral structural 

elements, all of the reactions in Schemes I-IV can be fast, some even at 273 K.  Other 

reactions involving nitrile hydrolysis (Scheme V) or other ring opening reactions 

(Scheme VI) typically involve more forcing conditions such as high temperatures or 

extremes of pH.  To shed light on possible reactions active in this study, I compared the 

growth rates of the oxygenated species with the decay rates of non-oxygenated species 

whose masses corresponded to potential parents.  If the rates agreed within error, they 

were selected for further study.  This list was then examined, and those parents with 

overlapping reaction rates at three or more temperatures were noted (Table 4.1).  Only 

one species had reaction rates that agreed with a potential parent at all four temperatures:  

C12H19N4O
+ (m/z 235.1553) with its potential parent C13H22N5

+
 (m/z 248.1870).  This 

reaction represents a CH3NH2 loss and a formal addition of water, consistent with either 

imine hydrolysis (Scheme I) or amine substitution (Scheme II).  Shown for comparison 

are the rate coefficients for that species, C12H19N4O
+ (m/z 235.1553), and its possible 

parent species, C13H22N5
+ (m/z 248.1870) (Table 4.2).   

As a complementary technique for determining structure, SORI-CID tandem mass 

spectrometry (MS/MS) was performed on the oxygenated species C11H16N5O
+.  In this  
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Figure 4.12:  Several possible reaction mechanisms by which the oxygenated species 
observed in this work may have been formed.  Scheme I - Imine Hydrolysis; Scheme II - 
Amine substitution; Scheme III - Aziridine or other ring opening; Scheme IV - 
Unsaturated addition; Scheme V - Nitrile hydrolysis; Scheme VI - Ring opening. 
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Table 4.1:  Oxygenated products whose growth rates overlap with the decay rates of a 
non-oxygenated parent species for at least three temperatures in the unlabeled water 
study.  Only rates from ion intensities normalized to the internal standard at m/z 242.2848 
are considered here. 
 

Product Ea  
(kJ mol-1) 

Parent? Ea  
(kJ mol-1) 

Type of reaction 

C9H13N4O
+ 

(m/z 193.1084) 
40 ± 20 C10H16N5

+ 
(m/z 206.1400) 

50.4 ± 0.3 CH3NH2 loss 
H2O addition 

C8H12N5O
+ 

(m/z 194.1036) 
30 ± 20 C9H15N6

+ 
(m/z 207.1353) 

50 ± 10 CH3NH2 loss 
H2O addition 

C8H16N5O2
+ 

(m/z 214.1298) 
56 ± 7 C8H15N6

+ 
(m/z 195.1353) 

30 ± 20 NH3 loss 
2H2O addition 

C11H15N4O
+ 

(m/z 219.1240) 
40 ± 10 C13H20N5

+ 
(m/z 246.1713) 

40 ± 30 C2H5NH2 loss 
H2O addition 

C12H18N3O
+ 

(m/z 220.1444) 
69 ± 4 C12H16N3

+ 
(m/z 202.1339) 

30 ± 20 H2O addition 

C11H17N4O
+ 

(m/z 221.1397) 
50 ± 20 C13H22N5

+ 
(m/z 248.1870) 

40 ± 20 C2H5NH2 loss 
H2O addition 

C11H19N4O
+ 

(m/z 223.1553) 
60 ± 20 C13H24N5

+ 
(m/z 250.2026) 

40 ± 20 C2H5NH2 loss 
H2O addition 

C12H19N4O
+ 

(m/z 235.1553) 
50 ± 10 C13H22N5

+
 

(m/z 248.1870) 
40 ± 20 CH3NH2 loss 

H2O addition 
C9H16N7O

+ 
(m/z 238.1411) 

67 ± 8 C9H17N8
+ 

(m/z 237.1571) 
30 ± 30 NH3 loss 

H2O addition 
C12H22N5O

+ 
(m/z 252.1819) 

62 ± 4 C12H23N6
+ 

(m/z 251.1979) 
44 ± 7 NH3 loss 

H2O addition 
C11H17N6O2

+ 
(m/z 265.1407) 

49 ± 6 C11H16N7
+ 

(m/z 246.1462) 
50 ± 10 NH3 loss 

2H2O addition 
C11H20N7O

+ 
(m/z 266.1724) 

60 ± 20 C11H18N7
+ 

(m/z 248.1618) 
50 ± 10 H2O addition 

C13H21N6O2
+ 

(m/z 293.1720) 
40 ± 20 C13H20N7

+ 
(m/z 274.1775) 

40 ± 20 NH3 loss 
2H2O addition 
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Table 4.2:  A comparison between the growth rates of one oxygenated species with the 
decay rates of a possible parent species. 
 

Rate coefficients (h-1) 
T (K) Product 

(C12H19N4O
+) 

Parent? 
(C13H22N5

+) 

273 0.006 ± 0.001 0.005 ± 0.003 

285 0.015 ± 0.002 0.013 ± 0.003 

297 0.09 ± 0.02 0.09 ± 0.02 

313 0.09 ± 0.02 0.08 ± 0.01 
 



  

 

104

procedure, ions are activated by energetic inert gas collisions to induce fragmentation 

(Gauthier et al. 1991; Senko et al. 1994).  The most abundant fragments produced in this 

analysis, given in order of decreasing abundance, were related to the loss of NH3, 

NH2CHO, CO, H2O, and HCN.  The loss of CO suggests the presence of a carbonyl 

(C=O) functional group within C11H16N5O
+.  The loss of CO from carbonyl and amide 

functional groups is very common in ESI MS/MS fragmentation (Paizs and Suhai 2005).  

This is consistent with the reaction Scheme I given above, in which an imine parent 

species is hydrolyzed to an aldehyde or ketone product.  There is also evidence for an 

H2O loss, which may suggest the presence of alcohols. This could suggest a reaction such 

as that in Scheme II if the product were a primary alcohol (R3 = H) such that SORI-CID 

fragmentation could be expected to yield both water and carbon monoxide loss. 

A carboxylic acid functional group, such as that formed in Scheme V, could also 

yield the carbonyl and alcohol groups observed in the SORI-CID fragmentation.  Indeed, 

there is evidence for ammonia loss with the formal addition of two water molecules in 

Table 4.1.  However, nitrile hydrolysis is not expected under these experimental 

conditions.  Reactions such as Scheme V generally require high temperatures or extreme 

pH conditions to proceed at the rates observed in this study.  It is possible that what is 

being observed are two separate reactions acting on two separate functional groups within 

the parent molecule, each with similar reaction rates.  In this situation, you would expect 

to see the intermediate species (i.e. M–H2O or M+NH3/–H2O) reacting with rates similar 

to each other, and the doubly oxygenated daughter species.  In many cases (but not all) 

the intermediate species are present, though they rarely react at rates that overlap. 
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In summary, there are a variety of chemistries that can occur under these 

experimental conditions (Schemes I-IV), but there is insufficient data at this time to make 

conclusive structural assignments.  There remain a variety of possibilities that might 

explain this chemical behavior in complex molecules of this size and with this degree of 

nitrogen substitution.  The problem lies not only in the immensity of the structural space 

possible in molecules of this size (thousands of theoretical structures are possible in 

C12H19N6 alone) but also in the decreasing knowledge concerning a large portion of this 

structural space as the degree of nitrogen substitution increases.  The properties and 

structures of organic compounds that contain C:N ratios near 0.4-0.6 have yet to be fully 

explored, and the chemistry that creates tholin components is fairly energetic and 

certainly does not lead to just the most stable structures. 

In addition to the unlabeled water study discussed above, I also undertook a 

labeled water study, in which the tholins were hydrolyzed in water with 97 atom % 18O.  

The purpose of this study was to ascertain the source of the oxygen in those oxygenated 

species that were observed to grow over time.  Given that 65% of the 18O species 

identified in the labeled water study were observed to grow, whereas only 0.4% of the 

16O species were observed to grow, it appears that oxygen uptake during hydrolysis came 

from the labeled water source (H2
18O).  

I can further quantify this result by examining the oxygen uptake of all 18O and 

16O species over time.  To do this, I summed the mass of the oxygen atoms observed in 

all oxygenated species (the mass of the oxygen isotope times the number of oxygen 

atoms in the compound), weighted by the intensity of the oxygenated peak Ij, and 
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normalized this by the total mass of all organic species observed, mk, weighted by the 

intensity of the peak, Ik (Equation 4.5). 
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Applying Equation 4.5 to the data obtained in the labeled water study gives results 

that are shown in Figure 4.13.  In general, the amount of 
18

O was observed to grow in 

time (from 0.01% to ~1% in 53 hours).  Meanwhile, the amount of 
16

O remained constant 

over time (at ~0.3%, the same oxygen content as the unhydrolyzed tholin sample). 

With these results, I conclude that the source of the oxygen being incorporated 

into the molecules during hydrolysis derives from water, and not another source, such as 

dissolved oxygen within the water or the analysis solvent, or the methanol in the solvent, 

which itself contains oxygen (CH3OH:CH3CN).  Since the amount of 16O in the sample 

remained constant over time, at the same level observed in the unhydrolyzed tholin 

sample, I conclude that the 16O observed in the sample is the result of a contamination 

that occurred prior to the introduction of water to the sample.  This contamination could 

have occurred during the preparation of the tholins, perhaps from air or water 

contamination in the reaction vessel or reagent gases, or from extremely fast reactions 

that occurred between the tholins and the solvent. 
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Figure 4.13:  Oxygen uptake plotted in terms of percentage oxygen versus time for all 18O 
(top) and 16O (bottom) species in the labeled water study.  Oxygen-18 levels began at 
0.01% and rose to ~1% over 53 hours.  Oxyen-16 levels remained constant over time at 
~0.3%, the same oxygen content as the unhydrolyzed tholin sample.  
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4.4.2 Ammonia-water study 

 

Given that Titan impact melts and lavas likely contain some ammonia, I repeated 

the experiments completed in pure water in 13 wt. % ammonia-water.  (Given the large 

uncertainty in the amount of ammonia one might find in cryolavas on Titan, I decided to 

study solutions with an ammonia concentration roughly halfway between that of pure 

water and pure ammonia-dihydrate.)  One of the primary aims of this study was to 

determine how the presence of ammonia affects the rate coefficients of the hydrolysis of 

tholins.  Direct comparisons can be made between the rate coefficients measured in pure 

water with those measured in ammonia-water at 273 K and 297 K.   

To make this comparison, I selected only those species that demonstrated growth 

when normalized to both internal standards.  The rates obtained using intensities 

normalized to the internal standard at m/z 242.2842 were then averaged with the rates 

obtained using intensities normalized to the internal standard at m/z 192.1747, and the 

errors were added in quadrature.  I compared the rate coefficients from the water study to 

the rate coefficients from the ammonia-water study to determine whether the rates (a) 

overlapped in error, (b) were higher in ammonia-water, or (c) were lower in ammonia-

water.   

At 273 K, 38% of the species common to both data sets have overlapping rate 

coefficients.  Of the 62% of species that do not overlap, 85% have rate coefficients that 

are higher in ammonia-water compared to those in water.  At 297 K, 30% of the species 

common to both data sets have overlapping rate coefficients.  Of the 70% that do not 
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overlap, 88% of those species have rate coefficients that are higher in ammonia-water 

compared to those in water.  Thus, in both cases, a majority of species have rate 

coefficients that are higher in ammonia-water than those observed in pure water (53% of 

common species at 273 K, and 62% of common species at 297 K).  The results of this 

comparison are shown graphically in Figure 4.14.   

Our results suggest that tholin hydrolysis reactions are faster in the presence of 

ammonia.  These rate increases could simply be due to the increased pH of the solution.  I 

can compare our results to those obtained by Cordes and coworkers (Cordes and Jencks 

1963; Koehler et al. 1964), who studied how rates changed with pH for the hydrolysis of 

substituted benzylidene-1,1-dimethyl ethylamines (Shiff bases or imines).  As mentioned 

in the previous sub-section, several lines of evidence point to the presence of amine 

functionality in tholins, making this a relevant comparison.  In the pH range of interest (7 

to 11), Cordes and Jencks (1963) found that rates increased with increasing pH, reaching 

a plateau above pH 9, for the substituted imines containing aliphatic or electron donating 

substituents expected for N containing tholin species.  Such base catalyzed hydrolysis 

would seem to best explain the increased rates in the oxygenated species. 

Alternatively, the rate increases may be due to the availability of new reaction 

pathways, made possible through the presence of ammonia in solution.  In this latter case, 

the ammonia would participate in the hydrolysis reactions, and nitrogen from the 

ammonia may be incorporated into the products.  For example, rather than reacting with 

water to form a carbonyl or alcohol functional group (R=O, R-OH), a tholin species may 

react with ammonia to form an imine or amine functional group (R=NH, R-NH2).  Other  
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Figure 4.14:  Comparisons between rate coefficients calculated for tholin hydrolysis 
reactions occurring in pure liquid water (black squares) with those occurring in 13 wt. % 
ammonia-water (grey triangles) at 273 K (top) and 297 K (bottom).  The majority of rate 
coefficients are higher in ammonia-water than in pure water at both temperatures. 
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possible reactions could lead to a nitrogen substitution, replacing a nitrogen atom in a 

tholin molecule by a nitrogen atom from an ammonia molecule. 

To determine whether the reactions incorporated nitrogen from the ammonia in 

solution, I undertook a labeled ammonia-water study, in which tholins were hydrolyzed 

in 14 wt. % ammonia-water with minimum 98 atom % 15N.  I searched the data for 

species that contained O, as well as species that contained 15N, that demonstrated first-

order growth when normalized to both internal standards.  I then compared the rates of 

the oxygenated species (R-O+) to the equivalent nitrogenated species (R-NH+).  Of the 

124 growing oxygen species identified, I found 49 (40%) with equivalent growing 

nitrogenated species.  Of these, 35 (71%) had non-overlapping rates (and of these, 31 

were higher for the nitrogenated species than for the oxygenated species – see Figure 

4.10, for example).  This indicates that (a) ammonia is participating in the reactions, and 

(b) the reactions with ammonia are largely independent of those with water. 

I also searched the data for species that contained both O and 15N that 

demonstrated first-order growth.  I wanted to determine the relative importance of 

ammoniation (M + 15NH4
+) over protonation (M + H+) when the molecules were 

introduced into the mass spectrometer.  Of the 124 growing oxygen species identified, 27 

(22%) showed evidence for an equivalent growing 15NH3 addition.  Of these, only 6 

(22%) had rates that overlapped with the oxygen species.  This indicates that (a) 

ammoniation is only a minor process in our sample analysis, and (b) that species 

containing both O and 15N are more likely the product of new chemistry. 
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As with the water study, information about structure can be obtained by 

examining the coupling of parent reactants and daughter products.  Following the same 

procedure as the water study, I noted all parent species with reaction rates that overlapped 

with potential daughter products at all three temperatures.  As no species met these 

criteria in the combined data set, only rates from ion intensities normalized to the internal 

standard at m/z 192.1747 were considered.  Results are given in Table 4.3.  Two types of 

reactions were observed:  a simple H2O addition, and an NH3 loss with a formal addition 

of two water molecules.  These reactions differ somewhat from those observed in the 

water study.  Though both H2O addition and NH3 loss with 2H2O addition were present, 

the majority of cases in the unlabeled water study corresponded to hydrolysis with 

alipathic amine loss.  It is possible that new reaction pathways are opened up due to the 

presence of ammonia in solution, bypassing reactions leading to alipathic amine loss in 

favour of faster reactions leading to water addition. 

 

4.5 Conclusions 

 

Laboratory tholins react rapidly in liquid water and 13 wt. % ammonia-water in 

low temperature solutions, producing complex organic molecules containing both oxygen 

and altered nitrogen functional groups.  These reactions display first-order kinetics with 

half-lives between 0.4 and 7 days at 273 K (water study) and between 0.3 and 14 days at 

253 K (ammonia-water study).  A related study in H2
18O confirms water as the source of 

the oxygen incorporated into the oxygen containing products.   
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Table 4.3:  Oxygenated products whose growth rates overlap with the decay rates of a 
non-oxygenated parent species for all three temperatures in the unlabeled ammonia-water 
study.  Only rates from ion intensities normalized to the internal standard at m/z 192.1747 
are considered here. 
 

Product Ea  
(kJ mol-1) 

Parent? Ea  
(kJ mol-1) 

Type of reaction 

C6H11N4O2
+ 

(m/z 171.0877) 
70 ± 10 C6H10N5

+ 
(m/z 152.0931) 

75 ± 1 NH3 loss 
2H2O addition 

C9H14N5O
+ 

(m/z 208.1193) 
70 ± 20 C9H12N5

+ 
(m/z 190.1087) 

30 ± 20 H2O addition 

C9H14N7O
+ 

(m/z 236.1254) 
67 ± 8 C9H12N7

+ 
(m/z 218.1149) 

70 ± 10 H2O addition 

C12H16N7O
+ 

(m/z 274.1411) 
50 ± 30 C12H14N7

+ 
(m/z 256.1305) 

49 ± 9 H2O addition 
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Comparing the rates of the hydrolysis reactions in ammonia-water to those 

measured in pure water, I find that incorporation of oxygen into the tholins is faster in the 

presence of ammonia.  The rate increases could be due to the increased pH of the 

solution, or to the availability of new reaction pathways made possible by the presence of 

ammonia.  Using labeled 15NH3 water, I find that ammonia does incorporate into some 

products, and that the reactions with ammonia are largely independent of those with 

water. 
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CHAPTER 5 
 

Discussion and Conclusions 
 
 
5.1  Rates and yields of aqueous organic chemistry on Titan 

 

One of the main reasons for undertaking this work was to determine whether there 

is sufficient time to produce oxygen-containing, possibly prebiotic, molecules in transient 

aqueous environments on Titan.  With reaction rates now obtained, I can say more 

confidently that hydrolysis reactions in water at 273 K will largely reach completion 

within 80 days, and in some cases, on the order of several days (where completion is 

defined as the point at which the reaction has proceeded through six half lives).  In 

ammonia-water solutions, the reactions proceed even faster.  Even at 253 K, hydrolysis 

reactions reach completion within 3 to 170 days.  In comparison, impact melt pools on 

Titan take ~102 – 104 years to freeze (O’Brien et al., 2005), and as I’ve shown in this 

work, the possible cryovolcanic dome Ganesa Macula would have taken ~102 – 105 years 

to freeze.  These transient liquid water environments, therefore, provide ample time for 

the creation of oxygenated organic species. 

With regard to future spacecraft mission planning, it would also be interesting to 

know the yields of these reactions, so that an estimate of the expected concentration of 

oxygenated compounds in surface ices on Titan can be obtained.  To determine the yield, 

I examined the oxygen uptake over time.  I summed the mass of the oxygen atoms 

observed in all oxygenated species (15.9949 times the number of oxygen atoms in the 

compound), weighted by the intensity of the oxygenated peak Ij, and normalized this by 
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the total mass of all organic species observed, mk, weighted by the intensity of the peak, 

Ik (Equation 5.1). 
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The results are given in Figure 5.1 and 5.2.  At all temperatures, in both the water and 

ammonia-water studies, the percentage of oxygen was observed to rise over time.  For the 

water study, at 273 K, 285 K, and 297 K, the percentage rose from ~1 % to ~2.5 %; at 

313 K, the percentage rose from ~1 % to ~3.5 %.  For the ammonia-water study, at 253 

K, the percentage rose from ~0.6% to ~1.6%; at 273 K and 297 K, the percentage rose 

from ~0.6% to ~2.6%.  Given the labeled H2
18O study, the initial 1% oxygen (water 

study) and initial 0.6% oxygen (ammonia-water study) is now understood as 

contamination that occurred prior to the introduction of water to the sample.  In fact, the 

reference macromolecule sample used in the ammonia-water study, which underwent the 

same analysis as the hydrolyzed sample, contained 0.6% oxygen.  

Relevant to Titan studies is the fact that an additional 1.5 % oxygen (water study) 

and an additional 2% oxygen (ammonia-water study) was added to the samples as the 

longer term hydrolysis reactions proceeded.  Thus, one may expect yields of one percent 

or more of oxygenated organics in prebiotic environments on Titan, if the predominant 

organic feedstock is a complex organic of similar chemical potential.  This suggestion is  
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Figure 5.1:  Oxygen uptake plotted in terms of mass percent oxygen versus time for all 
four temperatures in the unlabeled water study.  Oxygen levels began at ~ 1 %, and rose 
to ~ 2.5 % and 3.5 % at 273 K and 313 K, respectively. 



   

 

118

 
Figure 5.2:  Oxygen uptake plotted in terms of mass percent oxygen versus time for all 
three temperatures in the unlabeled ammonia-water study.  Oxygen levels began at 
~0.6%, and rose to ~1.6% and ~2.6% at 253 K and 273 K, respectively. 
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reasonable since the chemistry producing Titan’s organic haze aerosols involves similar 

ion-molecule and radical molecule processes driven by energetic electrons and vacuum 

ultraviolet light as occurs in laboratory DC discharges. 

It is important to note that the products of these reactions may initially be frozen 

several hundred meters below the surface of Titan, buried at the location of the final 

eutectic melt.  This may make these materials difficult to sample with a spacecraft only 

able to access and analyze the first few centimeters of the surface.  However, it is likely 

that subsequent mixing of the regolith by impact gardening and erosion may expose these 

products at the surface.  In that case, we may expect to find the products of hydrolysis 

chemistry scattered all over the surface, increasing the likelihood for their detection. 

 

5.2  Prebiotic chemistry on Titan 

 

The organic macromolecules used in this work likely represent a mixture of Titan 

haze analogues mixed with HCN polymers, produced when organic ices in the reaction 

vessel melt as the apparatus is brought to room temperature (Imanaka 2004).  Results of 

past work suggest that biologically interesting molecules can be generated by the 

hydrolysis of both of these components.  There is evidence that amino acids can be 

generated by the hydrolysis of Titan tholins.  Khare et al. (1986) produced tholins by DC 

discharge through a 0.9 N2/0.1 CH4 gas mixture at 0.2 mbar and room temperature.  

Treatment of this tholin with 6M HCl at 100°C for 20 hr yielded sixteen amino acids, 

with glycine, aspartic acid, and - and -alanine being most abundant. 
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In addition, representatives of all three major classes of nitrogen containing 

biomolecules – purines, pyrimidines, and amino acids – have been formed by the 

hydrolysis of HCN oligomers.  At low concentrations (< 0.01 M), HCN mostly 

hydrolyzes to produce the biologically less interesting formamide and formic acid, but for 

concentrations > 0.1 M, the formation of oligomers and their complex products is 

favoured.  For example, Ferris et al. (1978) found that one liter solution of 0.1 M HCN 

held at room temperature for one year yielded sufficient oligomers to produce 7.5 mol 

of adenine, 130 mol of 4,5-dihydroxypyrimidine, and 160 mol of glycine (produced 

after the oligomers had been hydrolyzed at 110ºC for 24 h).  Reactions undertaken at 

lower temperatures produced similar results.  Miyakawa et al. (2002) prepared a dilute 

solution of NH4CN from 0.15 M HCN and 0.1 M NH3, and froze the solution at -78ºC for 

twenty-seven years.  After that time, they hydrolyzed one sample at 100ºC for 24 h in 6 

M HCl, and a second sample at 140ºC for 3 days in pH 8, 0.01 M phosphate.  A third 

sample was not hydrolyzed.  Adenine, guanine, and orotic acid were detected in all three 

samples (though with smaller yields in the non-hydrolyzed sample).  Eight other 

pyrimidines and purines were also detected in at least one of the samples. 

In addition to being a component of the complex organic macromolecules 

produced in the laboratory, hydrogen cyanide is also present as a product of atmospheric 

chemistry on Titan, with an abundance of 0.35 ± 0.12 ppm at an altitude of 200 km 

(Hidayat et al. 1997).  Using estimates of HCN production in Titan’s atmosphere, I can 

estimate the concentration of an HCN solution in liquid water environments on Titan, to 

determine the type of chemistry it might undergo in a cryovolcanic dome.  Photochemical 
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models of the atmosphere of Titan predict a downward flux of HCN of 1 x 108 molecules 

cm-2 s-1 (Yung et al. 1984, Lara et al. 1996).  For a feature the size of Ganesa Macula (r ~ 

80 km) and a surface age of ~500 Ma (Lorenz et al. 2007 estimate an overall crater 

retention age of 100 Ma - 1 Ga), I would predict 5 x 1014 mols of HCN to be available to 

be dissolved in the liquid magma (i.e. we imagine the cryolava overruns and dissolves a 

layer ~1 m thick of solid HCN ice).  If Ganesa Macula is 2.0 km high, this gives an initial 

(before freezing) concentration of 0.02 M.  To get a concentration > 0.1 M, Ganesa 

Macula would have to be < 350 m high.  For a given organics inventory, a larger volcanic 

construct yields a less concentrated solution, but takes longer to freeze.  The effect of 

concentration on yield has not been studied, so it is unclear whether a thinner, more 

concentrated dome or a thicker, longer lived dome would produce more prebiotic 

molecules.  It is, however, unlikely that amino acids would form in domes > 3.5 km in 

height.  At these concentrations (<0.01 M), HCN would preferentially hydrolyze to form 

formamide and formic acid. 

The reality of the situation may be more favourable to aqueous chemistry.  

Subsequent freezing increases the concentration of HCN as the fluid proceeds to its 

eutectic composition, at which point water crystallizes as ice.  In a water solution, the 

eutectic forms at T = 250 K and XHCN = 0.745 (Coates and Hartshorne 1931), 

corresponding to a concentration of ~22 M.  Laboratory results show that HCN 

polymerization proceeds at a reasonable rate (0.1 % yield of HCN-tetramer in 3 days) 

even at this low temperature (Sanchez et al. 1966a). 
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In our work (for which hydrolysis was done at lower temperature than most 

previous work), we have only observed the first step of oxygen incorporation.  It’s likely 

that, given more time, more complicated oxygen-containing species would be created. 

 

5.3 Conclusions 

 

Much remains unknown about the conditions that led to the emergence of life on 

the early Earth.  However, it’s possible that the atmosphere of the Earth four billion years 

ago was not entirely different from the atmosphere of present day Titan.  Though it’s 

likely that the atmosphere of the early Earth was more oxidizing than that of Titan, if it 

contained methane in an amount similar to that of carbon dioxide, a haze not unlike the 

one found at Titan could have been formed (Trainer et al. 2006).  Also, new modeling of 

atmospheric escape processes on the early Earth indicates that its atmosphere may have 

been richer in hydrogen than previously thought (Tian et al. 2005).  Such an atmosphere 

may have generated molecules important to prebiotic chemistry, such as hydrogen 

cyanide, a common molecule on Titan. 

Given the possible similarities between the early Earth and Titan, the reactions 

occurring in transient liquid water environments on Titan may present us with a natural 

experiment in prebiotic chemistry, helping us to understand the types of chemistry that 

occurred early in Earth’s history. In this work, we have shown that aqueous chemistry is 

possible on Titan, given the fast rates of hydrolysis reactions compared to the time for 

which liquid water is available on its surface. All that remains now is to return to Titan 
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with a spacecraft equipped with instruments able to confirm these results. Hodyss et al. 

(2004) demonstrated that pure water ice could be distinguished from water ice 

contaminated with tholins using a simple fluorescence probe. Such a probe would benefit 

from close contact with Titan’s surface.  A good platform for such an instrument may be 

a balloon traveling at an altitude of several kilometers, beneath the majority of Titan’s 

haze layers, which is occasionally able to descend to the surface.  A high-resolution near-

IR spectrometer could also be placed on such a balloon, to identify surface materials. On 

its occasional sorties to the surface, materials could be directly sampled by a high 

resolution mass spectrometer ("m < 0.01 amu) to search for the presence of oxygenated 

organic molecules. Prime targets for such a mission would be the locations we expect to 

bear evidence of aqueous prebiotic chemistry on Titan – that is, impact craters and 

cryovolcanoes.   

Plans for a new NASA Flagship mission to Titan are currently underway. If 

selected, this mission will provide new insight into the process occurring on Titan’s 

surface. Titan has been conducting natural experiments in prebiotic chemistry for eons. 

Now, all that remains is to collect the results. 
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