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ABSTRACT 

Modeling of physical and chemical processes in solar nebula environments is applied 

to the data base of gases in Halley's comet to infer the conditions under which that 

comet formed. Assuming that the chemistry in the inner nebula is catalyzed by 

reactions on grains, the abundances of the volatile carbon species CR4, CO, and C02 

in Halley could have been supplied by the solar nebula. The NH3 abundance in Halley 

is, however, too high to have been derived from the nebula. An alternative is, that the 

surrounding giant molecular cloud is a possible source for ammonia. 

The frictional heating, sublimation and recondensation of grains free-falling into the 

solar nebula from a surrounding interstellar cloud is examined. The expansion of the 

sublimating gas from the grain surface and abundance of cold grains implies that most 

of the gas returns to the solid phase near nebular ambient temperatures (-50 K). Such 

a process could lead to at least two populations of grains: (1) essentially unaltered 

interstellar grains and (2) a component with more volatile gases at nebula ambient 

temperatures, yielding volatile-rich amorphous phases. 

Plausible models of the early history of Titan suggest that ammonia and water were 

present in liquid form at the surface. Thermodynamic modeling showed that such an 

ocean could have reacted with silicates. Ammonia-water fluids enriched in potassium 

would have been brought to the surface through the cryogenic equivalent of 

volcanism. Later impacts would have released the 40Ar produced by decay of the 40K 

into the atmosphere. The abundance of atmospheric 40Ar may be dominated by this 

source. 
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A means is proposed for putting limits on the history of Titan's atmosphere by 

considering the breakup of bolides during atmospheric entry and the resulting 

modification of the crater size-frequency distribution at the surface. The size of the 

bolide which can reach the surface unfragmented depends on the atmospheric 

pressure. Given observation of the minimum crater size and relative surface age a 

rough determination of the evolutionary trend of atmospheric pressure in Titan's 

history is achievable. This is a key scientific issue since contrasting models of both 

increasing and decreasing atmospheric density have been proposed. 
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I. INTRODUCTION 

1.1. Preface 

During my graduate studies I worked with several different people on various aspects 

of this research. Some of these chapters of this dissertation were published in scientific 

papers and to give credit where it is due, a short summary of these contributions 

follows. 

The second chapter (Engel, Lunine and Lewis; published in Icarus 85, 1990) of this 

dissertation deals with aspects in the outer solar nebula and the question of whether 

eqUilibrium between certain volatile gas species can be achieved. Here, Jonathan 

Lunine and John Lewis guided me through discussions of physical and chemical 

evolution of the solar nebula. A computer code by John Lewis was used. Jonathan 

Lunine contributed models from earlier published papers: nebular mixing model and 

the trapping of volatiles in water ice which were included in this project. 

In chapter 3 (Lunine, Engel, Rizk and Horanyi; published in Icarus 94, 1991) the 

research examines gas dynamic heating of interstellar grains. I used two computer 

programs for these calculations. Mihaly Horanyi 's model dealt with the physics of 

grain heating during entry into the solar nebula. This program is described in Hood 

and Horanyi (1991) and in the appendix of this chapter. My computer program takes a 

general approach to the physics but includes a dependency of the vapor pressure 

change with temperature. Bashar Rizk provided calculations of the emissivity values 
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for certain grain sizes. Jonathan Lunine did the calculations for the recondensation of 

the vapor on leftover grain cores and included the discussion of clathrate hydrate 

formation. He was also responsible for the completion of this paper. 

Moving away from solar nebula process to Saturn's satellite Titan, a theoretical 

geochemistry class with Denis Norton provided me with the analytical tools for my 

chapter on ammonia-water fluids on Titan (Engel, Lunine and Norton; published in 

JGR-Planets 99, 1994) and their influence on existing mineral phases. Jonathan 

Lunine contributed with his knowledge of geological evolution as well as the 

atmospheric evolution of Titan to this project. Denis Norton helped with general 

geochemical questions. 

In the final chapter (Engel, Lunine and Hartmann; submitted to Planetary and Space 

ScL, 1994), the cratering on Titan and its implications for ancient atmospheres, 

Jonathan Lunine provided atmospheric profiles that I used for my calculations and Bill 

Hartmann contributed to the discussion on erosion of craters and other surface effects. 

The computer program used in this chapter was provided by Chris Chyba, Paul 

Thomas and Kevin Zahnle. 

1.2. Introduction 

Within the scientific community it is generally accepted that our solar system began as 

a great cloud of gas and dust in interstellar space. Rotation of this cloud caused most 

of its constituent material to collapse into its center eventually forming the sun. A 
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small part of this material formed a surrounding disk that became planets orbiting the 

sun and satellites orbiting the planets. 

Inquiry into time scales, chemical composition and physical parameters of pressure 

and temperature in the formation of the solar system has progressed to the point of 

spawning competing theoretical perspectives concerning the specifics of solar system 

formation processes. None of this research has, however, satisfactorily addressed the 

question of where comets form; the origin of comets in general continues to be the 

subject of considerable controversy. Did comets accrete in the outer solar nebula to be 

later ejected into the distant Oort cloud, or are they objects of interstellar origin that 

were captured in our solar system? The research embodied in this dissertation begins 

to address these questions. 

In 1986 comet Halley was subject to a flyby mission thereby becoming the first and 

only comet for which an extensive data set exists and a reference point for comet 

origins research. Using the Halley data a model (described here in chapter 2) was 

subsequently developed to attempt to explain the Halley data set and outer solar 

system gas phase abundances of volatiles such as water (H20), methane (Cf4), carbon 

monoxide (CO), carbon dioxide (C02), molecular nitrogen (N2), and ammonia (NH3). 

In this model comets, like outer solar system gas phase abundances, are assumed to be 

more or less unaltered and a comet's volatile budget is assumed to be close to 

primordial gas abundances. 

The Halley data set model used in this dissertation provides a solution for a solar 

nebula origin for all the volatiles except ammonia. For ammonia an interstellar origin 
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is proposed, which suggests that comets are a mixture of interstellar and solar nebula 

material rather than having distinctive signatures of a single birth place. 

Chapter 3 of this dissertation represents the second phase of my research into the 

question of the origins of outer solar system volatiles. This research phase investigates 

the physical and chemical processing of interstellar grains that entered the solar nebula 

accretion disk before the accretion of planets. My goal was to see what kind of 

volatiles could have been brought in from interstellar space unaltered, and to what 

extent this process influences the overall volatile budget of the grains. 

The off-grain sublimation of volatiles was calculated during grain entry into the solar 

nebula accretion disk. It was found that some would re-accrete on left over grain cores 

after these volatile molecules are in the gas phase. The abundances of these reformed 

grains are not comparable to the original interstellar grains. For example: the 

abundance of ammonia and carbon dioxide on these grains is preserved after nebula 

entry, but molecular nitrogen is strongly depleted, carbon monoxide modestly depleted 

and the methane abundance is slightly enhanced. My calculations show that the 

volatile abundances on interstellar grains are fractionated after reformation in the outer 

solar nebula and that cometary abundances cannot be compared directly to the 

abundances of interstellar grains. After performing these calculations for the Halley 

data, my research shifted to Titan, Saturn's biggest satellite. 

As we know it today, Titan's surface composition is vastly different from anything 

seen here on Earth. This difference between the composition of Titan and Earth's 

oceans provided the impetus for my calculations on ion exchanges in ammonia-rich 

15 



environments. Titan's surface is much colder and ices containing carbon and nitrogen 

volatiles are probably fairly common. In the past its surface could have been much 

warmer than what we see today, and liquid oceans might have covered the surface or 

been present beneath the surface. Calculations from solar nebula models showed that 

these oceans would have had a very high content of up to 15% liquid ammonia. 

Alteration of mineral phases in an ammonia-rich solution can lead to more "exotic" 

species than those known on Earth. This means that not only does ammonia exchange 

for water as seen in clays, but that ammonia molecules can also be directly 

incorporated into the crystal structure for elements like K, Na, Rb, and Ca. Evidence 

of ammonia bearing clays has been found on other planetary objects, such as asteroids 

and small satellites. First spectra have been obtained for the asteroid Ceres (King et 

al., 1992) and Callisto (Calvin and Clark, 1993) and these data suggest that ammonia 

substituted for inter-layer water in a clay mineral, the closest laboratory analog of 

which is a saponite. 

The difficult part - the disappointing part - is that there is a tremendous lack of 

thermodynamic data for ammonia mineral phases. The available data are often 

contradictory and a careful selection of data was necessary. In the end this didn't leave 

many mineral species for which reliable data bases exist. No thermodynamic data was 

found for any of the clay minerals known to incorporate ammonia instead of water in 

their inter-layer structures. I did not attempt a detailed investigation of carbonates, 

sulfates, and chlorites which can accommodate ammonia-ions. These species are 

discussed in a paper by Kargel (1992). My calculations were ultimately limited to two 
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ammonia minerals, ammonia feldspar (buddingtonite) and ammonia muscovite 

(tobelite). 

There is a shortage of experimental data for some of these ammonia bearing 

compounds and these data are needed to make better predictions concerning the stable 

phases of ammonia minerals. Nevertheless this absence of data was not too critical for 

Titan because feldspars and muscovites seem good assumptions as the dominant 

species of unaltered potassium mineral species in meteorites. After the leaching 

process, in which potassium and other ions are substituted for ammonia, ammonia

water fluids enriched in potassium would have been brought to the surface through the 

cryogenic equivalent of volcanism. Later impacts released into the atmosphere the 

40Ar produced by decay of subsurface 40K. This argon signature in the atmosphere 

should be measurable by the Cassini mission. 

The final chapter of this thesis derives from a problem that arose during my 

calculations concerning the amount of volatiles, argon in particular, released during 

cratering events. There is a great deal of uncertainty concerning how much cratering 

actually had occurred on Titan. In my previous calculations it war. assumed that all the 

impactors over Titan's history reached the ice surface and considerable amounts of 

volatiles were released into the atmosphere. Now we know that Titan's atmosphere is 

very dense and therefore is able to filter out large amounts of impactors. A computer 

program was used (Chyba et al., 1993) to calculate the size of impactors that would 

break up in the atmosphere and not reach the surface to make craters. Applying this 

model to denser and thinner ancient atmospheres indicates how much cratering to 

expect on Titan's surface. If the ancient atmosphere was very dense all the craters 
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visible on the surface today should be recent. An ancient atmosphere thinner than the 

present will show a densely cratered surface of old relative age, assuming erosion and 

other geological processes are negligible on Titan. This question of a thinner or thicker 

ancient atmosphere may be answered with the results from the Cassini mission. 
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II. SOLAR NEBULA ORIGIN FOR VOLATILE GASES IN 

HALLEY'S COMET 

2.1 INTRODUCTION 

The origin of the solar system is now recognized as part of the larger issue of the 

phenomenon of star formation in the Galaxy. Consequently, the chemistry of the disk 

which was to become the planets (that is, the solar nebula) must have been intimately 

tied up in the chemistry of the surrounding giant molecular cloud which was the likely 

supply for the nebular gas and dust. While meteorites are regarded as primarily 

products of solar nebula processes, comets are variously considered to be pristine 

remnants of interstellar processes, molecular cloud material partially altered in the 

solar nebula, or products entirely of solar nebula condensation and chemistry. Given 

the diversity of materials thought or known to be contained in comets, .ranging from 

highly refractory silicates through organics of moderate volatility to ices and gases of 

high volatility, the middle view must be the appropriate one: comets contain records of 

processes stretching from those in the molecular cloud (and perhaps even prior 

epochs), through infall and entry into the solar nebula, to the solar nebula itself. 

To understand the history of comet formation, distinct epochs must be isolated by 

selecting materials within a fixed range of volatility which may say something about a 

particular set of events in one (or a small subset of) primordial environments. The 

most volatile species in comets, namely the small molecules with low polarizability 
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(methane, carbon monoxide, noble gases), likely reflect the final stages of chemistry 

and physics occurring in the solar nebula, although some of these materials may have 

had their origin in the surrounding molecular cloud. The comprehensive ground- and 

space-based observations of Halley's comet in 1985 and 1986 provided the first 

opportunity to assemble an inventory of gases contained in comets, and interpretation 

of this inventory in terms of cometary formation environments is now appropriate. 

Table 2.1 from Lunine (1989) lists the abundances of key molecular species in 

Halley's comet relative to water. The table is generally consistent with that in Weaver 

(1989). The interpretation of the ground-based and spacecraft data is an involved and 

controversial process; the aforementioned papers discuss the inventory in terms of 

observational uncertainties in some detail. We therefore do not repeat the discussion 

here; original references for the data can also be found in those two papers. 

TABLE 2.1 

Abundances in Comet Halley Used in this Studya 

0.05-0.1 
<0.05 
0.01-0.04 
0.003-0.01 
0.02-0.04 
0.01-0.1 
0.001 

aMolecular abundances are mole fractions relative to water. 
Inequality indicates an upper limit (nondetection). 

In the present effort we consider a range of processes in the solar nebula which may 

have determined the budget of volatile gases in the outer solar system. The model is 

tuned to, and compared with, the budget of gases shown in Table 2.1. While we find 

that many of the carbon-based molecules have abundances which can be fitted by a 
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plausible solar nebula model (with certain modifications and caveats), other species, 

such as formaldehyde and ammonia, decidedly cannot They indicate that the chemical 

history of at least a subset of volatiles stretches beyond the solar nebula to other 

sources. We consider these sources toward the end of the paper. 

Prinn and Fegley (1989) were the first to consider the gas budget of Halley in terms of 

solar nebula models. They concluded that substantial mixing of material from the 

vicinity of giant planets was required to explain the data. Why then the present 

analysis? The new features of this study include (1) consideration of the partitioning of 

gases between the nebula and ice phases, which alters the inventory of gases trapped 

in the ice, and hence the comet, compared to what was in the nebula; (2) a model for 

the thermochemistry of molecular species in the chemically active zone of the nebula, 

which considers the elemental carbon-to-oxygen ratio to be a variable, based on the 

model of diffusive redistribution of water by Stevenson and Lunine (1988); (3) 

consideration of different efficiencies of mixing of gases in the solar nebula, which 

affects the degree of chemical coupling between the outer and inner regions of the 

nebula; and (4) calculation of the thermal history of icy grains falling into the solar 

nebula and subjected to drag heating. 

In what follows we assume that the composition of Comet Halley is reflective at least 

in part of the physical and chemical processes associated with the origin of the solar 

system and planets. A different viewpoint has been put forth, that Halley is genetically 

completely unrelated to the solar system but was captured well after the epoch of 

planetary formation. Support for this model has come in the form of a non terrestrial 

13C/12C ratio (Wyckoff et al., 1989). While we acknowledge the possibility that 
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Halley is an "oddball" (the prevailing view is that most comets could not have been 

captured in this fashion), we also point out that understanding of the carbon isotope 

data is far from complete. Until and unless this issue is resolved, we make the 

assumption that formation of Halley was coeval and calculated with that of the solar 

system. 

Section 2.2 describes the modeling of nebular physical and chemical processes; 

section 2.3 gives the model results. Section 2.4 describes the implications of the results 

for the ability of solar nebula models to explain cometary compositions; this section 

also describes models of the heating of grains falling into the nebula. Section 2.5 

concludes the chapter with prospects for future measurements and their impact on 

theory. 
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2.2. NEBULAR PHYSICAL AND CHEMICAL PROCESSES 

2.2.1 Thermochemical Calculations 

In the inner portion of the nebular disk, temperatures are sufficiently high that a suite 

of reactions interchanging Cf4 with CO and C02 and NH3 with N2, proceed at rates 

such that equilibrium is reached on time scales much shorter than the lifetime of the 

nebular disk. Because temperatures fall with increasing radial distance from the proto

Sun, there must exist a region, for each suite of reactions, at which the time to achieve 

eqUilibrium among molecular species becomes comparable to the lifetime of the 

nebula (or, more stringently, the time scale for dynamic mixing). This region fixes the 

ratios of the molecular species for any parcels of gas mixed outward from that region 

(Le., transported to lower temperature regions). This concept was first quantified for 

the nebula by Lewis and Prinn (1980) and Prinn and Fegley (1981). Provided nebular 

mixing is sufficiently vigorous that there is significant interchange of gas between the 

cold outer nebula and the hot, chemically active inner nebula, this "quench zone" will 

fix the inventory of gas-phase molecular species in the entire solar nebula. Prinn and 

Fegley (1989) argue that thermochemistry of this sort predominates over chemistry 

driven by other energetic processes, such as lightning and nebular flares. We therefore 

assume here that thermochemistry is the primary determinant of the molecular 

inventory in the inner portion of the solar nebula. To model the gas-phase chemistry 

occurring in the inner disk, we constructed a comprehensive chemical model which 

computes equilibrium among 50 molecular species of the elements H, 0, C, N, and S. 

Thermodynamic data were taken from the JANAF tables (1971). Equilibrium was 

evaluated along a hydrogen-helium adiabat such that a temperature T of 2000 K 
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occurs at 10-2 bar total pressure and 600 K at 10-4 bar. Based on the nebular model of 

Cameron (1978), 680 K occurs at 1 AU from the proto-Sun. Recent models (reviewed 

in Wood and Morfill1988) indicate that such a temperature profile does not reproduce 

well the radial temperature profile in a nebula with varying opacity due to grains, 

different mechanisms of angular momentum transport, etc. However, the model results 

are not sensitive to variations of pressure at a given temperature over a couple of 

orders of magnitude. Our application of the results to Halley is sensitive to the 

temperature as a function of radial distance from the Sun, through the models of 

mixing of gas to the outer part of the nebula. The reader will see in section 2.3 that it is 

straightforward to assess the effect of such uncertainties. 

For a given set of elemental abundances, and a fixed temperature and total pressure in 

a given region, the partial pressures for the various molecular species are calculated 

iteratively. The results are shown in fig. 2.1. The temperatures correspond to the 

adiabat described above. Consistent with the results of Lewis and Prinn (1980) and 

Prinn and Fegley (1981), CO and N2 dominate at higher temperature, and CH4 and N2 

at lower temperature. The water abundance is tightly coupled to the abundance of CO, 

especially for the O/C = I case. The C02 abundance is a strong function of the 

elemental abundance as well. The nitrogen-bearing species, while sensitive to 

temperature, are not sensitive to the oxygen abundance expressed by the oxygen-to

carbon ratio. 
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FIGURE 2.1. Calculated equilibrium abundances for volatile species of interest in this 
paper along a H-He adiabat are shown. The OIC ratio was assumed to be solar. 
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2.2.2. Reaction Kinetics and the Quench Temperature 

A continuing uncertainty which plagues the modeling of solar system chemistry 

concerns reaction rates. In particular, limitations in understanding the gas-phase 

reactions which inter convert CO and CH4 have been well documented (SPASE, 

1989). We accept the rates used by previous authors [reviewed very recently by Prinn 

and Fegley ( 1989)]. The numbers we give below refer to a nebular lifetime (or most 

sluggish mixing time) of 1013 sec, based upon astrophysical evidence on the lifetime 

of disks around young stars (Strom et al., 1989). In the gas phase, the CO-CH4 

reaction system quenches at 1470 K, the N2-NH3 interconversion at 1600 K, and CO

C02 at 830 K. Reference to Fig. 2.1 then gives the abundance ratios at those 

temperatures. 

Anticipating the discussion in section 2.3, these temperatures are so high that very 

little CR4 or NH3 is expected anywhere in the solar nebula, except in the high

pressure nebulas surrounding the giant planets, which are highly reducing 

environments. This has been noted by Prinn and Fegley (1989), in connection with 

their analysis of Halley's comet. However, the presence of a significant population of 

refractory grains in the inner nebula opens the possibility of catalyzed reactions, as 

first noted by Lewis and Prinn (1980) and Prinn and Fegley (1981). These reactions 

effectively lower the quench temperature, provided they occur. 

There are currently no experimental data at the proper temperatures and hydrogen 

pressures to determine directly the catalyzed rates of reaction. Vannice (1975) comes 
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closest, with high (but not solar) ratios of hydrogen to CO. The dominant product of 

the catalysis is Ct, hydrocarbons, with smaller amounts of higher hydrocarbons. On 

the basis of those experiments, Prinn and Fegley (1989) calculate a quench 

temperature of 520 K. Similarly, they calculate a quench temperature for iron

catalyzed conversion of N2 to NH3 of 480 K (terminated in this case by formation of 

iron oxides in the nebula). Figure 2.1 shows that while N2 still dominates over other 

nitrogen-bearing species, the lower quench temperature produces a CItt-dominated 

carbon inventory. 

Prinn and Fegley (1989) have pointed out that the conditions under which effective 

grain catalysis may occur are not well understood. They propose that if grain surfaces 

are not relatively pure (that is, become coated with carbonaceous or sulfur-bearing 

material) the catalysis becomes highly inefficient. They also propose that production 

of heavy-organic material is a more probable outcome than that of methane. While the 

experimental data do not exist to answer this question definitively one way or the 

other, we note that the available data do show positive results in the CO-CH4 

conversion, but that the issue of what constitutes an effective catalysis surface remains 

open. OUf model results for methane are predicated on efficient catalysis, and the 

reader is reminded of this in later sections. 
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2.2.3. Diffusive Redistribution of Water Vapor 

The decision to let the O-to-C ratio vary rests on the realization that nebular transport 

processes may act to produce strong regional variations in elemental abundances in the 

solar nebula. Evidence for this is present in chondrites (Rubin et al., 1988), although 

much of this effect may be due to dust in the nebula and possibly environments other 

than the nebula itself. Stevenson and Lunine (1988) modeled the effect of transport 

and condensation processes on water. Under the assumption that viscous processes 

transport mass and angular momentum, the water distribution through the nebula as a 

function of time was tracked. The condensation boundary in the region 3 to 5 AU acts 

as a "cold finger", to actively and continually remove water from the gas phase 

Consequently, the profile of nebular water vapor may be strongly altered on a time 

scale comparable to the evolution of the disk itself. In the later stages of the nebula, 

when material is not being resupplied from the surrounding molecular cloud, the inner 

part of the disk could be strongly depleted of water, and hence have an average 

oxygen-to-carbon ratio of unity. The cosmochemical implications of this for inner 

solar nebula bodies is potentially important but complicated, as the water depletion 

may vary both spatially and temporally [see the discussion following Fegley and Prinn 

(1989)]. Figure 2.2 shows eqUilibrium abundances of molecules for the case in which 

OIC = 1. Methane is now much more abundant at a given temperature than for the 

solar case, and carbon dioxide is depleted. The nitrogen species are not affected. 
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FIGURE 2.2. As in Fig. 2.1. but the OIC ratio is unity. Oxygen is depleted due to the 
removal of water vapor to the water condensation boundary. CI4 is more abundant 
than in the solar case and CO and H20 are depleted. 

29 



2.2.4. Nebular Mixing 

The calculations considered above focus on active chemistry in the hot inner part of 

the disk, inward of 1 AU [for hot models of the nebula, such as those of Boss (1988), 

active thermal chemistry could occur as far out as 3 AU]. If such chemistry affected 

the abundances in Halley, which probably formed no closer in than 15-20 AU [see the 

review on cometary origins by Weissman (1985)], radial mixing of material from the 

outer and inner portions of the disk would have had to occur. Traditionally, studies of 

nebular thermal chemistry as in Lewis and Prinn (1980) have assumed that the inner 

and outer parts of the disk were fully mixed over the lifetime of the nebula, and hence 

the molecular composition was determined entirely by that at the radial quench zone. 

Good models relating the transport of nebular angular momentum to the mixing of 

trace species do not yet exist; the problem probably requires treatment by three

dimensional hydrodynamic codes. Stevenson (1989) considered a semianalytical 

model of a viscous accretion disk. By linearizing the stress term associated with 

angular momentum transport, it is possible to solve the continuity equations for the 

viscous disk. Stevenson assumes D = kv, where D is the diffusion coefficient for mass 

transport and v is the eddy viscosity (diffusion coefficient for angular momentum 

transport). He argues that numerical models place the proportionality constant k 

between 1 and 3, which severely limits the degree of radial mixing in the nebula. 

Approximately, the mixing ratio of a species produced at radial distance Rp has a 

mixing ratio at R diluted by th~ factor (RpfR)3/2k. For a chemical quench zone at 1 AU 

and a comet f(1rmation region at roughly 20 AU, the mixing ratio.is diluted by 100 for 

k = 1 and by 5 for k = 3. What is occurring physically is that because the eddy and 

30 



mass diffusion coefficients are assumed proportional, the total amount of mass mixing 

over the nebular lifetime (defined by the redistribution of a significant fraction of the 

disk angular momentum) is fixed. A higher mass diffusion coefficient is accompanied 

by a higher angular momentum diffusion coefficient and hence shorter nebular 

lifetime. 

Prinn (1989) argues that because the eddy stress terms are quadratically nonlinear, a 

linearized solution does not capture all of the processes involved in mixing. He points 

out that natural systems exhibit nonlinear acceleration processes which may produce 

an effective k of 10 or higher. For a k of 10, a trace species mixing ratio at 20 AU is 

over 60% that at 1 AU where it is assumed formed. In this concept the inner and outer 

portions of the nebula are nearly fully mixed. 

As noted above, the resolution of this problem requires a three-dimensional, 

hydrodynamic investigation of various nebular models, in which angular momentum 

and mass are transported not only by viscous (local) processes but also by waves. Here 

we consider three cases in which material is mixed from 1 AU out to the region 15 to 

20 AU, corresponding to 100%, 10%, and 1 % mixing. From the scaling given above 

the reader can select others. 

2.2.5. Trapping of Volatile Molecular Species in Water Ice 

The spacecraft and ground-based investigations of Halley did not give information as 

to how the various parent molecules were locked into .the nucleus originally. Direct 

condensation is unlikely for methane and more volatile molecules based on solar 
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nebula temperature-pressure profiles. In the interstellar cloud, attachment of molecules 

such as N2 and CO to grains, followed by hydrogenation to form H20, Cf4, and NH3, 

has been suggested (Blake et al., 1987). We show below that such grains probably 

evaporated upon entry into the solar nebula. The most likely mechanism in the solar 

nebula for getting very volatile species into comets is trapping of gases in water ice, 

either by adsorption or by clathration. Trapping on media other than water ice is 

possible, but in the outer solar nebula the abundance of water is such, and its ability to 

trap species great enough, that we assert it to be most important in this process. 

Highly uncertain is the dominant mode of trapping. Physical adsorption will occur on 

icy surfaces, but for anything but very small ice grains (Le., less than 0.1 J.lm), the 

amount of gases trapped on surfaces is small, not enough to explain the ratio of 

volatile species to water ice of over 10% seen in Table 2.1. Volumetrically significant 

adsorption (caused either by codeposition of water vapor and volatiles or by exposure 

of fresh ice to the gas) can trap sufficient volatiles, provided the water ice is 

amorphous (Mayer and Pletzer, 1986). Clathrate formation is, roughly speaking, a 

three-dimensional adsorption process which involves reorientation of the ice crystal 

structure to produce large voids, capable of trapping volatile species such as methane 

and nitrogen. The ratio of trapped species to ice is about 13%, consistent with the 

Halley data, but requires physical exposure of all of the ice to the gas, since diffusion 

is very slow (Lunine and Stevenson, 1985). 

Codeposition is an unlikely way to trap volatiles in the nebula, in spite of it being a 

favorite for laboratory simulation (Bar-Nun and Kleinfeld, 1989). Reference to 

condensation plots shows that water ice condenses, for most solar nebula models, at 
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temperatures around 140-160 K, well above the temperature (roughly 50 K) at which 

clathrate formation or significant adsorption of volatiles would occur. Trapping of 

gases in amorphous ice runs into the difficulty that condensation temperatures for 

water ice in the nebula are well above 130 K, which is generally recognized as that 

required to make amorphous ice from the vapor (Hobbs, 1974). Note that amorphous 

ice cannot be made by cooling crystalline ice. Nonetheless, some amorphous ice may 

have survived entry into the nebula and we do not dismiss its presence in primordial 

comets. 

Clathrate formation, while thermodynamically plausible, requires good exposure of 

the ice to the gas (as does volumetrically significant adsorption). We can think of only 

one plausible process by which fresh ice may be exposed to trap gas: relatively slow 

collisions among planetesimals to expose fresh ice. Lunine and Stevenson (1985) 

considered this process, and while the numbers are marginal, they do not by any 

means rule out this possibility. We adopt as a working hypothesis that the volatiles in 

Comet Halley were trapped in water ice in the form of clathrate hydrates. 

Lunine (1989) considered the chemical fractionation processes which occurred during 

trapping to alter the abundances of molecules from those in the nebular gas. We 

briefly sketch the argument here, considering the species methane, carbon dioxide, 

carbon monoxide, nitrogen, and ammonia. In the carbon species, methane incorporates 

into clathrate much more readily than does carbon monoxide; at low temperatures 

carbon dioxide thermodynamically prefers to form dry ice but some will be trapped in 

the clathrate. We expect a lower CO-to-CH4 ratio in the clathrate than in the nebula. 

How much lower depends upon the availability of cage sites for trapping, and hence 
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on the amount of ice exposed to the nebular gas. In the case of a small number of 

available cage sites, and hence extreme competition, the CO/CH.J value is depleted in 

the clathrate by a factor of 106 or more. The CH.J and CO abundances relative to water 

ice in Halley given in Table 2.1 constrain for us the amount of ice exposed to the gas: 

it must be nearly the maximum possible. Assuming a gaseous nebula in which most of 

the carbon is in the form of CO, with CH4 secondary, essentially all of the nebular 

methane is trapped, while only a fraction of the carbon monoxide can be 

accommodated. Under such conditions, the CO/CH.J value is depleted in the clathrate 

by a more modest factor, 10 to 100. Bar-Nun and Kleinfeld (1989) find a similar CO 

depletion factor for their experiments involving codeposition of amorphous ice with 

CO-CH.J gas mixtures. While their experimental situation is rather complex, the results 

imply that (a) the amorphous ice is able to trap amounts of CH.J and CO comparable to 

clathrate, and (b) the molecular interactions between the trapped molecules and water 

ice are similar in clathrate and amorphous ice, which is not unexpected. 

Since carbon dioxide is able to condense out as dry ice for the abundances predicted 

by fig. 2.1 and plausible quench temperatures, we assume here that essentially all of 

the carbon dioxide in the region of Comet Halley's formation was available for 

incorporation into the nucleus. Therefore, the CO-to-C02 ratio in Halley is predicted 

to be 10 to 100 times less that in the nebula, again because a significant fraction of the 

CO does not make it into the clathrate. 

Turning to the nitrogen species, we find a slightly more complex situation. Because 

ammonia attaches to water in the form. of hydrogen-bonded ammonia hydrates, its 

abundance in the ice is decoupled from the molecular nitrogen which only weakly 
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incorporates into clathrate hydrate. The only constraint on the N2-to-NH3 ratio in the 

Halley formation zone is the measured ratio of ammonia to water. If it were 15% in 

Halley, then arguably the NH3-to-N2 ratio in the nebula would be infinite, i.e., all of 

the elemental nitrogen was locked up as ammonia. (This assumes, of course, solar 

elemental N-to-O abundance and condensation of all of the water and ammonia.) The 

abundance of ammonia of roughly 0.1 % in Halley constrains the nebular N2-to-NH3 

ratio to be roughly 10 to 100. 

2.2.6. Postformation Processing 

We have not attempted to model the chemical evolution of species in the nucleus after 

formation. While temperatures of most comets stored in the Oort cloud remain low 

[less than 30 K (Stern and Shull, 1988)], slow diffusion of species within the ice over 

time, or during earlier encounters with the Sun, cannot be ruled out. The nucleus of 

Halley below the thermal wave is at approximately 25 K based on observations of the 

spin temperature in water (Mumma et aI., 1989). It is possible that the molecular 

inventory observed in Comet Halley has been somewhat modified by postformation 

processes, but not to a great extent given the very low internal temperature. 
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2.3. MODEL RESULTS 

We use the nebular chemistry model described above to predict the ratios of key 

molecular species in the region of formation of Comet Halley. We assume that Halley 

formed at roughly 20 AU from the Sun; recent support for the agglomeration of at 

least the short-period comets in this region was presented by Duncan (1989); whether 

this is relevant to Halley is problematic. We also assume that the chemically active 

zone in the nebula extends out to roughly 1 AU from the Sun. We then compute 

CO/CH4. CO/C02. and N2INH3 at 20 AU as a function of the elemental O-to-C ratio 

in the chemically active zone. assuming that heterogeneous catalysis on grains was 

effective in reducing the quench temperature to below 800 K. Three mixing 

efficiencies are considered. corresponding to full mixing of outer and inner nebular 

gas. 10% mixing. and 1 % mixing. The outer solar nebula is assumed to start with a 

gaseous inventory of CO and N2; any CH4. NH3. and C02 are supplied by inner 

nebula chemistry. We revisit this assumption after presenting our results. 

Figures 2.3. 2.4. and 2.5 show the results. Because we desire to compare nebular gas

phase abundances. we do not compare our model directly with the Halley data. Rather. 

we apply the fractionation corrections discussed in section 2.2.5 to the Halley data. 

Thus. the Halley CO/CB4. CO/C02. and N2INH3 ratios are all increased by a factor of 

10 to 100 over the values in Table 2.1. The range in the figures is actually larger to 

account for uncertainties in the measured values themselves. Results for three different 

quench temperatures are shown. 
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Figure 2.3 indicates that the Halley data are consistent with methane manufactured in 

the solar nebula at quench temperatures of 600 to 800 K for a range of nebular mixing 

efficiencies and elemental O/C values. These quench temperatures are all appropriate 

for catalyzed reactions on grain surfaces; if gas-phase chemistry only were operative, 

insufficient methane (by orders of magnitude) would be available to fit the Halley 

data. Figure 2.4 paints a similar picture for C02; although gas-phase reactions can 

occur with quench temperatures as low as 830 K without catalysis, it appears that 

lower temperatures (and hence reactions on grains) are required to reproduce the 

Halley abundance. Note that to fit both the Halley CO/CH4 and CO/C02 ratios for a 

given inner nebula elemental abundance and nebula mixing efficiencies, somewhat 

different quench temperatures are required in figs. 2.3 and 2.4. This is not surprising, 

since the reaction schemes (and hence rates) are different, so that for a fixed nebular 

lifetime or mixing time, different quench temperatures for CO-CH4 and CO-C02 

would be expected. 

Figure 2.5 shows the result for N2/NH3 for the 100% nebular mixing case, which 

yields the most NH3 in the outer nebula. Clearly, insufficient ammonia is produced to 

account for the Halley observations. Quench temperatures below any reasonable range 

would be required to fit the Halley data. It is interesting to note that Marconi and 

Mendis (1988) argue that the Halley results are actually consistent with zero ammonia, 

when variations in the solar UV flux (which is required for the data reduction) are 

considered. However, the corroborating data of Wyckoff et al. (1989) appear to place 

the ammonia abundance on a firm footing. 
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New elemental abundances determined by Anders and Grevesse (1989) change the 0-

to-C ratio significantly, from 1.66 to 2.36. Running our chemical model for O-to-C 

ratios higher than those given in the figures results in an increase in the H20 and C02 

abundances while the CH4 and CO abundances decrease. Because CO decreases 

slightly less rapidly than CR4, the predicted CO/CR4 value would increase for a given 

quench temperature. However the CO/C02 number decreases significantly. The reader 

can see these tendencies in figs. 2.3 and 2.4. For the lower initial O/C of 1.66 two 

different quench temperatures for CO-CH4 and CO-C02, interconversion were 

required to fit the Halley data. For O/C greater than 1.66, the quench temperatures for 

these two reaction schemes begin to approach each other. Otherwise, our conclusions 

are not qualitatively affected by the new abundance determination. 

In summary, the Halley CO/CH4 and CO/C02 ratios are reproduced by a nebular 

chemical model in which heterogeneous catalysis occurs efficiently and gases are 

trapped in water ice which eventually forms Halley's nucleus. The model NH3 

abundance is orders of magnitude below that seen in Halley, however. 
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2.4. IMPLICATIONS 

2.4.1. Solar Nebula Origin for Volatiles in Halley 

The results presented above indicate that the abundances of the carbon-bearing species 

CO, C02, and CR4 can be accounted for by more or less traditional models of solar 

nebula chemistry involving equilibrium chemistry in the inner disk, quenching, and 

transport of gas parcels outward to the region at which Halley formed. The workability 

of this model hinges, however, on several assumptions or assertions: 

1. Halley formed in the UranuslNeptune region, and not at several hundred AU (this 

can be relaxed if nebular radial mixing is assumed to be very efficient; but see below). 

2. Catalysis of chemical reactions on grains in the inner nebula was an efficient and 

widespread process. 

3. Gases were incorporated into Halley by being trapped in water ice which favored 

incorporation of CH4 over CO. C02 was incorporated with high efficiency largely as 

dry ice. 

Note that constraints on nebular mixing or the radial distance of the quench zone are 

not very tight; figs. 2.3 and 2.4 show that a range of mixing efficiencies could be 

played off against quench zone location. Likewise the results do not place firm 

constraints on the inner nebula elemental abundances. 
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The inability to explain HaUey' s ammonia abundance with this model forces us to 

consider alternatives. We favor the hypothesis that the ammonia in Halley was derived 

largely from the surrounding giant molecular cloud. Chemical models and 

observations of giant molecular clouds (Blake et aI., 1987) suggest that NH3 may be 

abundant. The amounts of methane and carbon dioxide in such clouds are not known. 

Inability to detect methane, even with tight observational constraints, implies that 

either (a) Cf4 is locked up in grains or (b) CO vastly dominates over Cf4. 

To argue that Halley incorporated interstellar ammonia requires that nebular mixing be 

less than 100% efficient, otherwise essentially all of the ammonia which found its way 

into the nebula would have been cycled to high-temperature regions and recycled 

outward as molecular nitrogen. The recent evidence that formaldehyde is present in 

Halley (Mumma and Reuter, 1989) tends to argue in favor of this hypothesis, since 

that molecule is not expected to form in abundance in solar nebula chemical processes. 

Moreover, there is evidence from the Mumma and Reuter data of compositional 

heterogeneity across the nucleus of Halley. 

We therefore postulate the following situation: The nebula is radially mixed only to a 

limited extent. CH4 and C02 are manufactured in the inner part of the disk, 

transported outward past the quench zone to the region of comet formation, and 

trapped in ice grains which went to form the nucleus of Halley. Along with this gas 

was incorporated some relatively pristine giant molecular cloud material, containing 

NH3, which was incorporated into Halley either in separate grains or through the gas 

phase. We cannot rule out the possibility that some CH4 was also present in the 
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unprocessed molecular cloud gas. Our results indicate to us that Halley is a hybrid, 

containing giant molecular cloud gas partially reprocessed in the inner solar nebula. 

Prinn and Fegley (1989) have proposed that the reduced gases in Comet Halley are the 

result of chemistry occurring in the gaseous subnebulas surrounding Jupiter and 

Saturn, followed by sweep-up of this material (in gaseous or solid form) by solar 

orbiting objects. As noted by the authors, the dynamics of such processes needs to be 

quantified. We offer the present model for Halley's volatiles as an alternative 

hypothesis. 

2.4.2. Drag Heating or Grains Entering the Solar Nebula 

It is of interest to assess whether icy grains falling into- the solar nebula from the 

surrounding molecular cloud could have found their way unaltered to the nucleus of 

Halley. Several processes may modify grains during infall: (1) grain-grain collisions, 

(2) accretion shock heating at the nebul,ar boundary, and (3) drag heating of grains. 

We explore the third process here. 

The calculations are based on a paper by Wood (1984), in which drag heating was 

proposed as a possible means of forming chondrules. Here we use the formalism for 

heating of icy grains, and add a term for sublimation of water ice. Heat gained by 

aerodynamic drag will be lost by radiation and sublimation; the energy balance for the 

grain can be described as, 
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where the sublimation rate of ice is given by, 

Tp, rp, v, m, and c are particle temperature, radius, velocity, mass, and specific heat; 

Ilg and pg are the gas molecular mass and density (the latter set here to a value of 10-11 

glcm3). To is the background radiation temperature (10 K); Land Ps are the latent heat 

of sublimation and the vapor pressure. Finally a., e, <1, and k are the accommodation 

coefficient (set to 0.5), the thermal emissivity, the Stephan-Boltzmann constant, and 

the Boltzmann constant. The equations are solved iteratively with the temperature Tp 

as the independent variable. After each time step the sublimed mass was subtracted 

from the original mass and the new particle radius and velocity were calculated. The 

radiative properties of a particle depend strongly on the particle size through the 

emissivity. For a I-mm particle (probably larger than most interstellar grains) an 

emissivity of 0.75 was assumed (Wood 1984); for rp = 50 nm, £ = 0.01 (Greenberg 

1978). Thus small particles are poor radiators and hence sublime more rapidly than 

larger particles. 

Particles falling onto the accretion disk have infall velocities dependent on their final 

radial distance from the disk center. A final orbital distance of 15-20 AU corresponds 

to an infall velocity of 6 km/sec, whereas 1 km/sec corresponds to several thousand 

AU. These velocities are conservative, in the sense that they assume zero initial 

velocity contributed by random motions (or energetic processes) within the molecular 

cloud itself. Figure 2.6 shows the temperature rise versus time for the two different 
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particle sizes given above. For each size, curves corresponding to the two infall 

velocities 1 and 6 kmlsec are shown. The amount of mass remaining after heating and 

sublimation is shown for each curve, expressed as a percentage of the original mass of 

the particle. 

The results indicate that while significant release of volatiles accompanies drag 

heating of infalling particles, some mass survives in both the large- and small-particle 

cases. However, peak temperatures are high enough that molecules loosely bound to 

the interstellar grains would be released into the gas phase. Sublimation moderates the 

temperature rise to a great degree, such that some amorphous ice could have survived 

entry into the solar nebula. Other mechanisms for heating infalling grains, such as 

accretion shock, have yet to be explored. 
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2.5. CONCLUSIONS AND PROSPECTS 

A model of equilibrium chemistry in the solar nebula was combined with 

considerations of nebular mixing, elemental abundance variation, and fractionation 

effects associated with trapping of gases in water ice to predict the inventory of major 

carbon- and nitrogen-bearing molecules at 20 AU, assumed here to be roughly the 

region within which Halley formed. For a range of nebular mixing efficiencies and 

elemental O-to-C ratios, the Halley data on the CO, C02, and Cf4 abundances could 

be reproduced fairly well. However, the predicted NH3 abundance falls far short of 

that inferred for Halley. We adopt the alternative hypothesis that the ammonia is 

preserved from the giant molecular cloud within which the solar nebula is embedded. 

Infall of grains and consequent drag heating are sufficient to release volatile gases into 

the nebula, as well as sublime much of the water; however, remnants of interstellar 

grains, including amorphous ice, could have in part survived. 

The comparison with Halley data is to a large extent stymied by uncertainties in the 

true parent molecule abundances in that comet and the lack of knowledge of the 

manner by which the volatile gases were trapped in the nucleus. It is also unclear how 

typical the composition of Halley may be. Perhaps not unexpectedly, significant 

developments in ground-based observations of comets accompanied the International 

Halley Watch program and associated spacecraft flybys. It is hoped that in the next 

few years these techniques will be brought to bear on a number of comets to assemble 

a good sample of inventories of water, ammonia, methane, carbon monoxide, 

formaldehyde, and other volatile species accessible to remote studies. 
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m. SUB LIMA nON AND REFORMA nON OF ICY GRAINS IN THE 

PRIMmVE SOLAR NEBULA 

3.1. INTRODUCTION 

The volatile compositions of outer solar system icy bodies, present an intriguing 

pattern within which lay clues to their formation. The CH4 to CO ratio in Halley, 

which is highly uncertain, overlaps with the value in interstellar grains (Lacy et al., 

1991). The N2 to CO upper limit in Halley is consistent with the gas phase in 

interstellar clouds, while the ratios of methane, ammonia, and carbon dioxide to water 

in Halley are all consistent with interstellar upper limits (Van Dishoeck et al., 1993). 

It appears that major volatile species in Halley and other comets are consistent with 

molecular clouds. This does not rule out further processing (Engel et al., 1990), but 

species such as HCN (Schloerb et al., 1987) and CH20 (Mumma and Reuter, 1989) in 

Halley suggest strongly that molecules formed in interstellar clouds are preserved in 

cometary grains. 

The compositional picture is different for Triton, which was well studied by Voyager 

2 in 1989. Estimates of the carbon and nitrogen budget for the surface and atmosphere 

reservoir are presented elsewhere (Lunine and Tittemore, 1993), and they indicate a 

nitrogen to carbon monoxide ratio one order of magnitude higher than the upper limit 

for Halley, and two orders of magnitude higher than the interstellar estimate. There are 
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two important caveats, first, that only an upper limit exists for CO in the Triton 

atmosphere, and second, the bulk volatile budget for Triton may differ from the 

surface/atmosphere reservoir estimate (Lunine and Tittemore, 1993). Nonetheless, 

relative to interstellar values there appears to be a dearth of CO on Triton, or an excess 

of N2. Pluto's atmospheric composition is exceedingly uncertain; in particular the 

COIN2 ratio is unconstrained (Yelle and Lunine, 1989). 

The traditional picture of grain formation in the outer solar nebula posits gradual 

condensation of progressively more volatile species and phases, as illustrated in fig. 

3.1. Plausible temperature profiles for the solar nebula suggest condensation of water 

ice above 130 K, the threshold for amorphous ice formation, and many tens of degrees 

above the thermodynamic stability field for clathrate hydrates of methane and carbon 

monoxide. Clathrate formation may well be kinetically inhibited through the slow 

diffusion of gas through crystalline ice grains (Lunine and Stevenson, 1985). and 

possibly additional activation barriers (Prinn and Fegley, 1989). Additionally, physical 

adsorption of volatiles is limited as well. At 100 K, well below the nebular 

condensation temperature, the amount of volatile material adsorbed in water ice in a 

condensation experiment represents a trapped-gas-to-water ice ratio of 10-4 or less 

(Bar-Nun and Kleinfeld. 1989), which is at least two orders of magnitude less than the 

volatile-to-ice ratio in Halley. In fact, because of the lack of physical contact between 

the gas and the bulk of the ice in the grains. the amount of volatile species in the outer 

solar nebula ice grains could have been extremely small, unless frequent collisions in 

the outer solar nebula exposed fresh ice to the gas (Lunine and Stevenson. 1985). 
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In this paper, we paint a rather different picture for the evolution of ice grains which 

formed outer solar system bodies. We propose that a fraction of in falling grains were 

frictionally heated to the point at which sublimation released water vapor and more 

volatile species into the nebular gas. The vapor, expanding from the sublimating grain, 

condenses on cold grains residing in the nebula. In the outer solar nebula, grain 

temperatures are well below the threshold temperature for water ice condensation 

shown in fig. 3.1. Laboratory experiments predict that amorphous ice will be the 

dominant condensate, capable of trapping large quantities of more volatile species in 

voids with significant chemical fractionation. In consequence, reprocessed grains, in 

combination with the residuum which did not sublimate, would be a hybrid between 

"interstellar" and "solar nebula" material in terms of molecular composition, isotopic 

ratios and other indicators. 

The ideas presented here are only part of the story. Grains may be subjected to shock 

processes in the molecular cloud itself, leading to evolution or erosion of the ice 

mantle (Draine et al., 1983). We consider here grains which retain their ice mantle; 

silicate grains will not be sublimated by entry into the solar nebula at the distances 

from the protosun considered here. We do not attempt to track the later history of 

grains in the nebula as they agglomerate into comets, small bodies, or fall into the 

forming giant planets to be chemically transformed as part of satellite disk formation 

(Lunine and Tittemore, 1993). 
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FIGURE 3.1. Temperature of formation of various ices versus total pressure in a 
nebula of solar composition. The solid lines indicate condensation of the pure species. 
For each of the carbon-bearing species, the abundance of the species is assumed equal 
to the full elemental abundance of carbon. The same is true for NH3 with regard to the 
total nitrogen abundance. Thus each line should be slid to the left according to the 
actual mole fraction of that species relative to the total carbon number. For C02, this 
means sliding the curve two to three orders of magnitude in pressure to the left (based 
on the abundances in Prinn and Fegley (1989)). The condensation line of N2 runs just 
below that for CO; argon is intermediate between CO and CH4. The dashed and 
starred curves represent the temperature, as a function of species partial pressure, 
below which clathrate hydrate is thermodynamically favored, based on the model of 
Lunine and Stevenson (1985). The dashed lines refer to formation of clathrate from 
hexagonal ice I and gas. The starred line (for Cf4) is an estimate of clathrate 
formation from amorphous ice and gas, and is stippled, from Wood and Morrul 
(1988). Letters refer to the experimental regimes of Bar-Nun et al. (1988), computed 
by taking their gas pressures and converting to a molecular hydrogen pressure 
assuming solar abundances. Thermodynamic data from the CRC Handbook, Weast 
(1967), Haudenschild (1970), and Verschoyle (1931). 

55 



In section 3.2 we describe the model of grain infall and drag heating, and present 

results for a range of nebular distances. In contrast to Engel et al. (1990), we treat in 

detail the radiating properties of small grains and the gas dynamic heating of the 

grains. We explore the fate of the expanding cloud of sublimated water and more 

volatile species in section 3.3. Section 3.4 describes the chemical and physical 

modifications associated with the recondensation of water ice and trapping of other 

species. In section 3.5 we discuss the implications of the calculations for the formation 

of comets and other outer solar system bodies such as Triton and Pluto. 

3.2. THE SUBLIME FATE OF INTERSTELLAR GRAINS 

3.2.1 Decoupling of Grains from Molecular Cloud Gas 

The process of infall of material from the molecular cloud to the solar nebula involves 

both gas and grains. The supersonic infall of gas onto the protoplanetary nebula 

establishes an accretion shock in which the gas is compressed and, under some 

conditions, heated to substantial temperatures. Grains will tend to move across the 

shock boundary, if it is sharp enough, and be slowed from supersonic speeds by 

collisions with the gas molecules. This slowing is accompanied by frictional heating 

of the grains. 

A typical upper size for an ice-covered grain in giant molecular clouds may be roughly 

0.1 Jlm (Greenberg and d'Hendecourt, 1985), and the size distribution such that most 
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of the mass is in these larger grains (Draine, 1985). However, some coagulation of 

grains is associated with the in fall process itself, leading to grains perhaps 1 Jlm or 

larger in size (Morfill et al., 1978). We assume grains which are not highly fluffy or 

porous, so that their density is close to that of water ice or silicates -1 g/cm3. Scaling 

from Weidenschilling (1977) suggests that such grains certainly will become coupled 

to the gas at densities typical of the nebular midplane at 30 AU (10-11 glcm3; Wood 

and Morfill, 1988) and hence must be slowed upon entry into the nebula to near

keplerian speeds by gas drag. 

Whether grains do plunge into the nebula at supersonic speeds relative to the nebular 

gas depends upon the structure of the gas accretion shock at the surface of the nebula. 

At 30-50 AU, gas infalling toward the nebula is substantially supersonic relative to 

conditions near the nebular midplane; hence some sort of shock will occur. The details 

of the shock in this situation have received scant attention in the astrophysical 

literature. In an idealized, neutral shock, a discontinuity in the gas density across a 

very narrow region may be realized, in which case grains will pass into the region 

behind the shock with essentially all of their infall velocity intact. However, a number 

of processes will serve to spread the region over which the gas is decelerated. 

Consideration of the effects of a charged component in the gas, caused by cosmic ray 

ionization, indicates that a precursor zone is developed in which the gas density 

smoothly increase from the pre- to post-shock value (G. Morfill, personal 

communication, 1991). Infalling grains will remain coupled to the gas in the precursor 

region, without significant drag heating if mgr « Agrnwm, where Illgr, Agr are the 

mass and cross section of the grain, n, m the number density and mass per molecule of 
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the gas, and w the width of the precursor zone. Preliminary computations by Morfill 

and others (personal communication, 1991), suggest that this is indeed the case. 

Nonetheless, grains will decouple from the gas at the shock boundary itself, but the 

energy available for drag heating is highly uncertain, depending in essence upon the 

relative velocity between the gas (and grains) in the precursor region versus that of the 

postshock nebular gas. 

We do not propose to model nebular accretion shocks in detail, but to fully quantify 

the heating history of grains, this is an important issue for future work. The above 

calculation suggests that, under certain conditions during the accretion of material into 

the solar nebula, frictional drag may be important in slowing and heating infalling 

grains. Because both the gas and the grains may intercept the nebula at a highly 

oblique angle to the plane of the disk, the maximum plausible relative velocity 

between gas and grains is of order of the Keplerian rotation speed at the infall distance 

r: v = (g(r»O.5, where the gravitational acceleration g(r) is due to the protosun, 

assumed of order of its present mass (Wood, 1986). 

One might argue that this is a conservative estimate because it excludes random 

motions between the infalling grains and the nebular disk, but these may well be 

damped out in the the subshock region. Other effects on grain trajectories include 

radiation pressure, which is several percent of the gas dynamic pressure for an infall 

velocity of 5 km/sec at 30 AU (but is important only in the optically thin, outer edge 

of the disk), and ion drag. Draine (1983) notes that grains in molecular cloud cores are 

generally charged, and may partially couple to the ions as the latter flow along 

magnetic field lines. He argues that this produces a grain velocity intennediate 
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between that of the neutrals and the ions, which will lead to grain decoupling and 

possibly increased drag heating. Within the solar nebula itself, the fractional ionization 

is at least 10 orders of magnitude less than in the bulk of molecular clouds (Draine et 

al., 1983; Consolmago and Jokipii, 1978), suggesting that magnetic effects on grains 

are negligible. In any event, the fractional ionization near nebular accretion shocks, 

and the nature of the magnetic field within and at the surface of the nebula are very 

poorly constrained, and well beyond the scope of the present paper. 

3.2.2. Drag Heating Computation 

At distances in excess of 20 AU from the nebula center, we consider gas dynamic 

heating as the primary energy input, with energy loss via thermal radiation and 

sublimation of water ice andlor more volatile species. Disk dynamical evolution leads 

to a background gas temperature of roughly 50 K (Wood and Morfill, 1988), near the 

disk midplane. Photons from the the protosun are negligible near the optically thick 

midplane; direct insolation may be of interest high above the midplane, but represents 

an energy flux which is less than 10% that of gas dynamical heating computed here. 

Infall velocities out to 2000 AU from the sun exceed the sound speed, and the mean 

free path is in excess of 1 m. Because the grain diameters considered are much smaller 

than this, the present situation is one of free molecular flow in which molecules 

scattered andlor emitted from the grain surface do not disturb the free-stream velocity 

distribution. The heating rate of the grain is equal to the rate of kinetic loss by gas 

molecules colliding inelastically with the moving grain; 
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dv 2 V
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m- = - C 1t' a p -d t D g 2 
(1) 

where q is a coefficient of heat transfer between gas and dust, Co the drag coefficient, 

v is the infall velocity, T the grain temperature, To the background nebular 

temperature, pg the nebular gas mass density, cp the specific heat at constant pressure, 

L the latent heat of sublimation, Ps the saturation vapor pressure, e the grain 

emissivity, m the grain mass, ~ the molecular weight of the gas boundary layer above 

the grain, Rg the universal gas constant, (j the Stephan-Boltzmann constant. 

The model used in Engel et al. (1990) to compute drag heating with sublimation 

assumed that CD = 1 (for a shape more irregular than a spherical grain) and q = 
pgv3/8. In fact, these are valid only during the early part of the grain heating profile, 

when the grain temperature is being increased by gas molecules colliding inelastically 

with the supersonic grain. As the grain velocity becomes subsonic, and its temperature 

starts to exceed that of the colliding gas molecules, the drag and heat transfer 

coefficients become somewhat complicated functions of grain velocity and 

temperature. To examine the effect on the Engel et al. (1990) approximations, we have 

. also computed grain heating and mass loss using the model of Hood and Horanyi 

(1991), which treats in detail the physics of the heat transfer from the gas to the grain, 

and in essence computes q(T,v) and Co(T,v). Use of this model enables us to track the 

later thermal history of the remaining grain core in the postshock gas, where energy 
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transfer is due to thennal collisions between the gas molecules and the grains. Detailed 

discussion of the physics of the model is contained in Hood and Horanyi (1991). 

3.2.3. Emissivity 

For a blackbody radiating at 100 K, the peak of the Planck function is at a wavelength 

A. of approximately 50 J.Un; hence x = 2n alA. is of order unity and individual icy grains 

may be poor radiators. To quantify this effect, that is, to compute the emissivity as a 

function of particle size and temperature (hence blackbody distribution), we employ 

the model of Rizk et al. (1990). Mie scattering codes from the appendices of Bohren 

and Huffman (1983) are used to perform expansions for the scattering and extinction 

coefficients in tenns of Riccati-Bessel functions. Optical constants for water ice were 

taken from Warren (1984). 

Figure 3.2 shows the emissivity plotted as a function of wavelength, for a 1-llm-sized 

water ice particle. Other curves for larger particle radii may be found in Rizk et al. 

(1990); by the time particle sizes exceed 100 Ilm, the emissivity is approaching unity 

at the wavelengths of interest. 

To efficiently compute drag heating for a range of grain sizes and nebular distances, 

two approximations were made: an emissivity corresponding to the value at the Planck 

function peak was selected, and the emissivity was not recomputed as the particle 

decreased in size due to sublimation. Both of these approximations were checked by 

computer simulations in which the full frequency and size dependences of the 
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FIGURE 3.2. Emissivity of a I-J.l.l1l-sized ice grain of water ice, using the formalism 
ofRizk et al. (1991). 
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emissivity were explicitly included. The approximations were found to make little 

difference in the final results. 

3.2.4. Composition 

We consider separately three materials as the main sublimation agent: (i) water; (ii) 

ammonia; (iii) carbon monoxide. Case (i) also corresponds to water ice bearing 

trapped volatiles either in clathrate cages or void volumes in an amorphous structure, 

since the sublimation rate of the more volatile species is essentially controlled by the 

sublimation of the water ice structure (Bar-Nun et al., 1985). Cases (ii) and (iii) strictly 

speaking are applicable only if the grains are pure ammonia or carbon monoxide. If 

these ices are mixed volumetrically in patches within the water ice, their sublimation 

will eventually be hindered by the water ice, as will the buffering effect on 

temperature of the more volatile species. Nonetheless, these cases are interesting in 

their illustration of the effect of higher vapor pressures. 

The water ice sublimation may itself be limited by more refractory grains if these 

grains are intimately mixed with the ice. Like comets, the sublimation could be 

restricted to preferred regions (vents) on the grains. More likely, however, is that the 

water ice is preferentially located as an outer shell beneath which more refractory 

materials are located (Greenberg and d'Hendecourt, 1985). Additionally, the intrinsic 

strength of interstellar grains is likely to be rather low, and involatile material may be 

projected away from the grains by the water sublimation process. In fact, the grains 

may even fragment into smaller pieces. 
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Latent heat and specific heat data for the sublimating species were taken from the 

International Critical Tables (1929). The vapor pressure over water ice is from 

Eisenberg and Kauzmann (1969), over ammonia ice from Haudenschild (1970) and 

over carbon monoxide from Brown and Ziegler (1979). All of these fits, over the 

temperature range considered, should yield vapor pressures accurate to a factor of two; 

in the range where the sublimation term is important for each ice, (i.e., relatively high 

temperatures), the accuracy is higher. 

We assume the grain density to be 1 g/cm3, i.e., that of water ice. Grains may be 

fluffy, or even "fractal" in nature (Weidenschilling et al., 1989). Exploratory 

calculations were conducted of drag heating of grains with a somewhat enhanced 

surface-to-volume ratio, i.e., fractal index of roughly 2.5, but the results were very 

similar to those for an index of 3. 

3.2.5. Results 

Runs with water ice grains were made at velocities of 4, 5, and 6 km/sec, 

corresponding to final orbital distances from the protosun of 55, 35, and 25 AU. 

Comparison between the runs done with the Hood and Horanyi (1991) formulations of 

q and CD and those assuming constant values show very similar results. The amount 

of material sublimated (and hence the heating efficiency) being overestimated in the 

latter case by roughly 10%. Figures 3.3 and 3.4 show thermal profiles and mass loss 

for I-Jlm and O.l-Jlm sized ice grains. Figure 3.5 illustrates heating of water and more 

volatile grains at 1 km/sec, corresponding to 900 AU. 
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FIGURE 3.3. Drag heating and cooling of a micrometer-sized water ice grain, in a 
molecular hydrogen gas of number density n = 1011 cm-3 and temperature 50 K. 
Plotted versus time are distance traveled, velocity relative to the ambient gas (for 
initial values of 4,5, and 6 kmlsec), grain temperature, and mass (normalized to the 

starting mass). The grain emissivity £ is set equal to 0.1. 
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FIGURE 3.4. Same as figure 3.3 for a OJ-Jlm water ice grain, with emissivity of O.Ol. 

This set of curves is similar to results for a 1-Jlm grain, £ = 0.1, in a gas of n = 1012 

cm-3• 
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FIGURE 3.5. Temperature (solid) curves for micrometer-sized grains of pure water 
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Micrometer-sized water ice grains lose a significant fraction of their mass inward of 

25 AU; O.1-Jlm-sized grains lose significant fractions within 55 AU. The computations 

presented are for a nebular density of 1011 cm-3. If a higher density, 1012 cm-3, is 

chosen, the 1-Jlm case more closely resembles fig. 3.4. Figure 3.5 indicates that 

around 1000 AU, only extremely volatile material, such as CO ice sublimates 

significantly during infall. 

The computations also indicate that the frictional slowing of the grains is complete 

within a few thousand kilometers of decoupling from the gas. Beyond this point, the 

final temperature of the grain is detennined by collisions between hydrogen molecules 

and the grain itself. Figure 3.6 shows that the final grain temperature is generally less 

than the gas temperature for timescales of interest to us. Selecting a reasonable gas 

temperature again depends upon a detailed model for the nebular accretion shock and 

postshock region. However, the region of radiative cooling around the shock (C'tcool -

107-108 em, where c is the sound speed) is comparable to or smaller than the distance 

the grain travels before it is slowed to subsonic speeds, and cools. Thus, the gas 

temperature during grain recondensation is plausibly not elevated relative to the 

nebular midplane temperature. The shock itself may well be isothermal since the 

cooling distance is less than the thickness of the precursor region (G. Morfill, personal 

communication, 1991), but this is an issue requiring more detailed modeling as part of 

a future effort. 
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3.3. RECONDENSATION OF EXPANDING VAPOR CLOUD 

Figures 3.3, 3.4 and 3.5 indicate that most of the sublimation of water ice is confined 

to the region inward of 30-50 AU from the center of the solar nebula. More volatile 

species, if not trapped in the water ice at the crystalline level, could have sublimated 

into the nebular gas at larger distances. Since water ice is likely the most abundant 

molecular species, on the basis of outer solar system composition data and 

cosmochemical considerations, we focus on its fate, and hence on the region roughly 

30 AU from the nebular center. We focus on micrometer-sized interstellar grains 

because (1) they are the largest at 30 AU which can sublime completely, (2) they may 

contain most of the mass of water ice, if agglomeration occured during infall as 

discussed in section 3.2. 

To evaluate what happens to the ice sublimating off of the grain, we assume a peak 

sublimation temperature of 175 K, based on sublimation computations, corresponding 

to a water ice vapor pressure of roughly 10-2 dynlcm2. The background nebular 

temperature and pressure, corresponding to midplane values from Wood and Morfill 

(1988), are approximately 50 K and 10-3 dynlcm2. The vapor pressure of water at 50 

K is less that 10-36 dynlcm2, so the expanding cloud of sublimating, hot vapor has a 

saturation pressure enormously greater than the ambient water vapor, and roughly an 

order of magnitude larger than the total nebular pressure. 

Let Ix = (27tnxd2)-O.5 be the mean free path of species x in the gas, where nx is the 

species number density and d the collision diameter of the molecule. For the hydrogen 
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gas, IH2 - 4 x 1()3 cm; if the sublimating water vapor were at its 175 K saturation 

value of 10-2 dyn/cm2 the mean free path IH20 - 4 x 102 cm. In fact, the situation is 

mass limited, since a 1-~.l.m grain, fully sublimated, produces a gas of pressure 10-14 

dyn/cm2 when filling a volume corresponding to the mean free path in the hydrogen 

gas. Thus, homogeneous condensation cannot begin immediately, and becomes a 

complicated function of the cooling history of the expanding vapor. 

In fact, our situation is quite different, and in some respects, simpler: nucleating sites 

were likely abundant. If we compute the influx of grains into the nebula under the 

assumption that one solar mass M of hydrogen gas is processed through the nebula in 

tneb = 107 years and the grain to gas ratio x corresponds to solar elemental abundance, 

we find a grain number density n = xMlAvtnebm, where A is the nebula surface area 

and v the velocity of grain influx. Choosing a grain velocity, postshock, equal to the 

turbulent velocity of the gas (-1 % of the sound speed) yields 10-5 grains per cubic 

centimeter, or an average spacing of 40 cm. An alternative computation, in which we 

assume that several tens of Earth masses of ice was in residence in the outer solar 

nebula at any given time, yields a few centimeters spacing between grains if all the ice 

is in the form of micrometer-sized particles. This is likely to be an overestimate, since 

accretion of the material was taking place, but the two estimates suggest that the mean 

spacing of grains was of order 10 cm in the outer disk. Since this is much less than the 

free mean path in the vapor cloud expanding from sublimating ice grains, 

heterogeneous nucleation would have dominated the process of recondensation of 

vapor. 
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Provided the cooling time of drag-heated grains is sufficiently short compared to the 

lifetime of the nebula, the vast majority of the grains encountered by the expanding 

gas will be at or below the ambient nebular temperature, and much less than the 

sublimation temperature (see section 3.2). Heterogeneous condensation of the vapor 

emitted by the drag-heated "hot" grains, provided they are sufficiently outnumbered 

by the cold grains, will occur without significant heating of the cold grains. To check 

whether this is correct, we balance the rate of release of latent heat from the vapor 

condensing on the grains against loss of heat by radiation to the (optically thin) 

surroundings, 

where ao is the radius of the cold grains, assumed constant (good so long as the 

number of sublimating grains is much less than the total number of grains), T is the 

temperature of the growing grains, To is the initial grain temperature, and N is the total 

number of grains within the sphere of the expanding cloud of vapor from the 

sublimating grain. 

Now the ratio of the number of hot grains to the total number of grains is of order 

tcoolftneb. Integrating Eq. (2) and again assuming that cooling is dominated by 

radiation from the grains, we find 

(3) 
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Here m strictly speaking is the total mass sublimated off of each hot grain, which is of 

order the grain mass itself. Evaluating this expression using typical values yields T = 
To to very high accuracy. In other words, the condensation of the expanding vapor 

occurs at the ambient temperature of the cold grains, i.e., at the temperature the grain 

had at the end of the drag heating episode. (As a check, evaluating the radiative 

cooling time at 50 K yields 103 sec, which indeed is much shorter than the nebular 

lifetime). 

One might argue that the nebular lifetime ought to be replaced by the time to lose 

grains by radial transport or agglomeration. Radial transport of submicrometer-sized 

grains at a gas density of 1011 cm-3 is very slow, requiring longer than the disk 

lifetime to move 1 AU. Aggregation by collision is more rapid, assuming efficient 

sticking: 1010 sec for O.I-micrometer grains spaced 10 cm apart, with relative (gas

turbulent) velocities 1% of the sound speed. Note that any grain loss timescales in 

excess of 109 sec would yield an insignificant (<1 K) temperature increase via Eq. (3). 

To conclude this section we justify the assumption made in the above analysis that the 

background nebula is indeed saturated in water vapor over most of the nebular lifetime 

(i. e., during the time that grain infall is taking place). To do so, we compute the mass 

of water vapor which can be held in the gas phase in the outer solar nebula. We use the 

model of Wood and Morfill , 1988) in which the temperature of the nebular midplane 

reaches 160 K at 5 AU, is nearly isothermal out to 9 AU, and then decreases as r312. 

The mass of water vapor beyond 9 AU is computed as 

MH a = f,- p(r;nH a H(r)2nrdr, 
2 9 .... U 2 
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where (4) 

p(r. T) = P(9 AU; 160 K)H2 0 J.L e-S6SO(IIT(r)-(l/160» 

'H20 RT(r) 

where the exponent is an approximation to the vapor pressure relation of water 

modified from Stevenson and Lunine (1988) and H(r) the nebular pressure scale 

height We find M(r > 9 AU)H20 - 0.1 MEarth. With the ice mass required to produce 

the giant planet cores being in excess of 80 MEarth, clearly the influx of icy grains was 

sufficient to very quickly saturate the cold outer solar nebula. Ice grains may have 

been transported inward, but this is not an important loss process. Computing the 

amount of water vapor held in the isothermal zone between 5 and 9 AU yields -5 

MEarth; inward of 5 AU the value is 2 MEarlh using the Wood and Morfill (1988) 

model. Note that, in fact, the inner nebula is likely to lose water to the outer nebula by 

virtue of the cold trapping process (Stevenson and Lunine, 1988). The results are not 

particularly sensitive to the choice of nebular model. 

The approximate analyses of the present section suggest (i) the amount of water ice 

entering the outer solar nebula is more than sufficient to fully saturate the gas, and 

therefore any water sublimated off of heated grains will condense; (ii) the bulk of the 

volatile material evaporated from the heated grains will recondense at temperatures in 

the neighborhood of the background nebular temperature. 
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3.4. CHEMICAL AND PHYSICAL CONSEQUENCES OF WATER 

RECONDENSATION AT LOW TEMPERATURES 

The physical processes described in the previous section leave us with a situation 

essentially akin to that of a cold-finger experiment. Water vapor is flowed, together 

with more volatile gases, over a surface which is cooled to such a temperature that the 

water vapor (and possibly a subset of the other gases) is highly supersaturated. As a 

result, condensation of the water vapor occurs with associated trapping and/or 

condensation of the other gases. In the nebular context, condensation is guaranteed by 

the fact that the ambient medium is already saturated with water vapor and hence the 

introduction of additional water vapor into the nebula renders the gas supersaturated. 

Since the total amount of water ice potentially vaporized in the nebula is 3 orders of 

magnitude greater than the saturated carrying capacity of the nebular gas, 

condensation will occur. The issue in this section is what the form of the condensate 

will be. Specifically, how are the volatiles trapped and what is the fractionation? 

Consistent with the previous section we focus on the nebular region at 20-30 AU, 

corresponding to grain temperatures after entry of <70 K. Beyond 30 AU significant 

sublimation of grains does not occur. 

3.4.1. Species More Volatile than Water Ice 

Fig. 3.1 indicates that pure CH4, CO and N2 in solar abundance have pressures below 

their saturated values for nebular temperatures above 30 K in the case of CB4, and 20 

K for the others. Methane brought into the nebula by 100 Earth masses of icy grains, 

when sublimated and dispersed through the disk, produces a partial pressure orders of 
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magnitude too low for condensation at nebular temperatures above 50 K. Methane 

must therefore be retrapped in the condensing water ice in some fashion. Fig. 3.1 

demonstrates that in thermodynamic equilibrium, clathration of the methane will 

ensue, but if clathration is kinetically inhibited (see below), then bulk adsorption of 

the methane is required for trapping. The same is true for carbon monoxide. Carbon 

dioxide, on the other hand, is saturated with respect to its pure solid phase in the 

nebular regions below about 60 K (provided its gas phase abundance is not orders of 

magnitude less than that of Cf4 or CO). Thermodynamically it could condense out in 

a pure carbon dioxide ice structure, but experiments in which C02 and H20 are 

codeposited suggest that the C02 is physically trapped in the water ice lattice 

(Sandford and Allamandola, 1990). The presence of water ice enables significant 

quantities of volatile species to be trapped in the condensed phase at temperatures well 

above their pure condensation points (Sanford and Allmandola, 1988; 1990). 

The natural propensity for ammonia to form a series of hydrogen-bonded hydrates 

with water is thwarted in the standard, eqUilibrium condensation sequence by the fact 

that water ice has already condensed out at higher temperatures and formed 

macroscopic grains, with a small fraction of its molecules directly exposed to the gas. 

Under such conditions, ammonia would most likely condense as a pure ice. In the 

present picture, water and ammonia can co-condense as a dihydrate or monohydrate. 

The observation that water ice condensed below 130 K forms an amorphous phase 

(Hobbs, 1974) suggests that water and ammonia co-deposited may themselves form an 

amorphous phase, rather than a crystalline hydrate. This is confirmed at very low 

deposition temperatures (10 K) (Hagen et al., 1983). Such a mixture could be detected 

by heating of a comet sample in a calorimeter. 
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3.4.2. Clathrate Hydrate 

Figure 3.1 shows that below 50-60 K, CH4 clathrate hydrate becomes stable. Clathrate 

hydrate is a hydrogen-bonded water ice structure in which other species occupy void 

sites and hence contribute a stabilizing entropy of mixing. In the composition we are 

considering, CH4 will be the dominant incorporated species, but other species, such as 

CO, N2, and the rare gases, also will incorporate in the ice to a degree dictated by the 

size of the molecule and its polarizability (Lunine and Stevenson, 1985). Below 40-50 

K, CO and N2 can themselves stabilize clathrate hydrate in the absence of CH4. The 

chemical fractionation effects associated with clathrate formation then become a 

function of the relative abundance of CH4, CO, N2, and water; these have been 

extensively discussed in Lunine and Stevenson (1985) and Lunine (1989). The 

severity of the fractionation of chemical abundances between the gas and ice phases 

decreases as the number of cage sites available for occupancy increases. Codeposition 

of water vapor and other gases upon rapid cooling ensures the equivalent of complete, 

volumetric contact between the condensing ice structure and the gas, as it does in the 

laboratory. Then the full number of cages, one per six water molecules, is available for 

occupancy by volatile species. 

The stability of the hexagonal ice over empty clathrate hydrate arises largely from the 

greater molar volume of the latter phase, not from differences in the hydrogen 

bonding. Therefore, in the presence of the appropriate gas pressure of guest species, 

clathrate hydrate formation from the vapor phase should present no greater energy 

barrier than would formation of hexagonal ice. Nonetheless, there indeed may be a 
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lower temperature limit associated with clathrate formation by vapor deposition. 

Crystalline water ice (hexagonal or cubic) no longer forms upon condensation at 

temperatures below 130 K (Hobbs, 1974), as the condensing water molecules do not 

have enough energy to anneal into a regular crystalline pattern. In consequence an 

amorphous ice phase is formed, metastable relative to the crystalline ice. Likewise, 

regular clathrate formation may well be inhibited during condensation at low 

temperatures, with formation of amorphous ice preferred instead. X-ray diffraction 

studies by Kouchi (1990), involving vapor deposition of water at 10 K, show no 

evidence of clathrate formation at that low temperature. Such studies have not been 

performed at intermediate temperatures, e.g., 50 K up to 130 K, but would be of very 

great interest 

3.4.3. Fractionation of Gases Trapped in Ice: Experimental Evidence and 

Interpretation 

If clathration is kinetically inhibited during condensation at low temperatures, we must 

tum to experiment as a guide toward understanding how volatile species are trapped at 

very low temperatures. Bar-Nun et al. (1988) deposited gas mixtures of H20, CH4, 

CO, and/or N2, and Ar on cold plates at a range of temperatures. With pressures in 

their gas mixture of nanobars, and ratios of 1 : 0.33 : 0.33 : 0.33, we can use fig. 3.1 to 

determine the thermodynamically favored phases for their different runs. We do this 

by converting their pressures to a hydrogen pressure scale, assuming solar abundance 

of gases. (Since this procedure was also used to construct the phase transition lines in 

fig. 3.1, there is no uncertainty introduced by the assumption of solar abundance). 
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At 75 and 100 K, fig. 3.1 indicates that conditions are well above the condensation or 

clathration boundaries for the gases in question (ignoring the starred line, which refers 

to clathrate formation from preexisting amorphous ice and is highly speculative). Thus 

the yield of gases trapped in water ice is small. This is consistent with the experiments 

on CO by Sandford and Allamandola (1988). At 50 K clathrate hydrate is 

thermodynamically stable, but the pure condensates of CH4, CO, etc., are not. As 

Table 3.1 shows, the total amount of trapping, and the direction of the effect, is 

consistent with what one would predict from clathrate hydrate thermodynamics, 

except that the relative incorporation of Ar and N2, are reversed. Most noticeable 

though is that the severity of the fractionation is not as large. The fractionation 

predicted for clathrate was calculated assuming structure I (induced to form by the 

predominance of CB4) and the resulting partition functions computed in Lunine and 

Stevenson (1985). 

TABLE 3.1 

Trapping of Gases in Water Ice 

Log (gas/water ice) 

T 100a (A) 75 (B) 50 (C) 30 (0) 50b 

CH4 -4.9 -2.5 -0.5 0.4 -0.8 
CO -4.5 -3.6 -1.4 0.4 -4.5 
N2 -4.3 -4.0 -2.6 0.4 -5.3 
Ar -6.4 -4.2 -2.1 0.4 -6.8 

aValues for first four columns from Fig. 2 of Bar-Nun et al. (1988) 
bComputed assuming equilibrium clathrate thermodynamics, from Lunine 
(1989) 
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At 28 K, fig. 3.1 indicates that the pure ices of CH4, CO, N2, and (not shown in fig. 

3.1) Ar are stable. We would expect essentially all the gas to condense out, and the 

Bar-Nun et al. (1988) experiments indeed indicate this to be the case. (They report 

finding a gas-to water ice ratio greater than unity because some water ice is apparently 

lost during the jetting process.) Sandford and Allamandola's (1990) experiments 

suggest that the species are likely to be in a mixed amorphous ice structure, rather than 

as separate solid phases, but nonetheless the thermodynamic stability of the condensed 

phase for all these species ensures that essentially all of the gas ends up as solid. 

Application of fig. 3.1 to the experimental results of Bar-Nun et al. (1988) indicate 

that clathrate hydrate fonnation would be relevant only for their 50 K run. While the 

total gas uptake and direction of the fractionation are (with the exception of argon) 

consistent with clathration, the fractionation is much less severe than predicted by the 

theory, given the starting gas composition. Less severe fractionation effects are 

possible if the number of available voids in the clathrate is sufficiently large that all of 

the primary clathrated gas (say, CH4) is accommodated with enough additional voids 

to take up some of the CO, N2, or Ar, as mentioned above. However, the evidence that 

the regular crystalline structure of the clathrate is inhibited at very low temperatures in 

favor of an amorphous structure is compelling (Kouchi, 1990). Such a structure will 

accommodate gases in sites created by the amorphous ice lattice, and the partition 

function for interaction between the gases and the surrounding water ice can be 

computed assuming knowledge of the size distribution and geometry of the sites. 

While the physics of the modeling is akin to that for clathrates (Lunine and Stevenson, 

1985), it is more complicated. Since the analysis of grain evolution in sections 3.2 and 

3.3 suggests that codeposition of volatile species and water ice may be relevant for 
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outer solar nebula grains, it is worthwhile undertaking a thermodynamic and kinetic 

model of gas trapping in amorphous ice as a future effort. 
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3.5. IMPLICATIONS FOR THE OUTER SOLAR SYSTEM 

The infall of grains into the outer solar nebula can, under certain conditions outlined 

above, result in sublimation of all or part of the water ice and more volatile materials. 

The subsequent recondensation fractionates the gases as they condense or become 

trapped in the water ice matrix. Because the details of the experimental fractionation 

differ somewhat from the predictions of eqUilibrium clathrate models, we are limited 

in the present paper in extending our results to a range of interstellar grain 

compositions. The gas mixture chosen by Bar-Nun et al. for their experiments has 

some utility, however: it is consistent with the CavCO ratio in interstellar grains from 

Lacy et al. (1991), but is too large in the total gas-to-water ice abundance by a factor 

of 10. The N2 abundance in interstellar grains is poorly known; in the gas it may be as 

abundant as CO (Van Dishoeck et al., 1991). 

With this information and the experimental data above, we can assess qualitatively the 

effect of grain sublimation and recondensation in the outer solar nebula. The reformed 

grains will be strongly depleted in nitrogen and modestly depleted in carbon 

monoxide, relative to the original composition. Methane may therefore appear 

enhanced relative to the interstellar grain composition. Both ammonia and carbon 

dioxide are capable of condensing out fully as pure solid phases, but the former will 

likely end up as an amorphous hydrate and the latter trapped in the water ice phase, as 

discussed above. The quantity of both these molecules in interstellar grains is not well 

enough understood to assert that they should be significant in abundance, but their 
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presence in comets at significant levels is compelling. If they did exist in the infalling 

grains their abundances would have been preserved after nebular entry. 

The abundance of CH4 relative to CO in comets overlaps interstellar estimates. 

suggesting that the grains which fonned comets did not undergo significant processing 

during nebular entry. and. therefore. were fonned beyond the 20-30 AU region in 

which sublimation is important. This conclusion must be approached cautiously, since 

the methane abundance derived by Lacy et al. ( 1991) for interstellar grains is very 

tentative. Improved values of the CO/CH4 ratio in comets and interstellar clouds are 

required to provide tighter constraints. In any event. the high total volatile content 

relative to water ice in comets (-15%) suggests that. if precometary grains did 

undergo sublimation. they recondensed at temperatures close to 50 K. and certainly 

not as high as 70 K. in the nebula. a conclusion also reached by Bar-Nun and 

Kleinfeld (1989). 

With regard to Triton, the apparent dearth of CO relative to N2, is intriguing (Lunine 

and Tittemore. 1993). Sublimation and recondensation of grains at 30 AU (where 

Triton likely fonned) will reduce the COIC~ ratio but deplete even more severely the 

nitrogen. As with other objects in the outer solar system. the source of molecular 

nitrogen could lie in the substantial amount of ammonia which Triton would accrete in 

the icy grains. Ammonia, ex solved to Triton's surface. could be converted to nitrogen 

in numbers sufficiently large to explain the present abundance of molecular nitrogen 

(Lunine and Tittemore. 1993). The argon-to-nitrogen ratio, a number which awaits 

measurement, would then be expected to be significantly below the solar value of 0.1. 

Whether the modest depletion of CO in the grains is enough to limit its present 
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abundance on Triton is unclear, because the observational upper limit is weak. Other 

processes after Triton's formation may need to be invoked to further reduce the CO, 

such as hydrothermal processing (Shock and McKinnon, 1991) or surface chemistry. 

Carbon dioxide, either primordial or a product of carbon monoxide chemistry, ought 

to be present in Triton's interior and perhaps on its surface. Further work to identify 

carbon monoxide, carbon dioxide, and ammonia in surface ices on Triton, by 

spectroscopic means, would be of enormous value in constraining these issues. 

Isotopic effects associated with the sublimation-recondensation cycle are likely to be 

nil except insofar as vapor pressure differences during recondensation will cause some 

fractionation. This is important only for deuterium, and is a small effect. For example, 

the vapor pressure of singly deuterated methane varies from the light isotope by only 

20% at 30 K (Armstrong et al., 1955), and less at higher temperatures. The ortho-para 

ratio also will not be altered by the sublimation and recondensation process. Since the 

sublimating gas encounters a cold grain within one mean free path, the gas is 

essentially collisionless prior to recondensation, and hence the ortho-para ratio cannot 

be reset by sublimation. The measured ortho-para ratio in Halley, itself uncertain 

(Mumma et al., 1987), is not an indicator that the cometary grains were unaltered from 

the interstellar medium. 

The main point of this paper is that effects associated with simple infall of interstellar 

grains into the solar nebula may produce a continuum of fractionated volatile 

compositions in the outer part of the solar nebula, varying with distance outward from 

the nebula center. Water ice grains in the nebula may have sublimated and then 

recondensed quickly onto cold grain cores. The result of such a process is much more 
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closely akin to laboratory cold trapping experiments than to the slow, evolutionary 

condensation envisoned in the past. Direct deposition of water ice and other volatiles 

onto cold grains will produce amorphous water ice which effectively traps other gas 

species, with fractionation effects that are in large part similar in direction to that 

accompanying clathrate hydrate formation, but smaller in magnitude. The deposition 

process ensures that a large quantity of volatile species from the gas phase can be 

trapped in ice, without the kinetic problems encountered in standard condensation 

sequence models. Further progress requires more detailed study of the gas-grain 

interactions at the nebular accretion shock, modeling to extend laboratory studies of 

vapor deposition, and improved determinations of cometary and interstellar grain 

abundances. 
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3.7 APPENDIX- GAS DYNAMIC HEATING 

In the model in Lunine et al. (1991) it is assumed that the drag coefficent of a 

spherical grain entering the solar nebula is constant. For the calculation in this paper 

the drag coefficient is equal to 2. This assumption is valid as long as the infall velocity 

is much greater than the thermal velocity of the gas surrounding the particle. After 

entering the denser solar nebula gas particles start to interact with the sphere. The 

mean free path of an atmospheric gas decreases with an increase in atmospheric 

density. If the atmospheric density gets high enough than the flow regime changes 

from free-molecular to continuum flow and the value of the drag coefficient decreases 

(Masson et aI., 1960). For the outer solar nebula it is save to assume that the condition 

there is equivalent to a free molecular flow and if the drag coefficient changes it is 

actually an increase. In the following a brief description about gas-grain interaction 

will be given. For a more in detail formulation see Probstein (1968), Gombosi et al. 

(1986), and Hood and Horanyi (1991). 

In a free molecular flow gas molecules are scattered and re-emitted from grain 

surfaces. The incident and re-emitted flows can both be described by Maxwellian 

distribution functions with characteristic velocities and temperatures. In a first 

approximation the velocity distribution of the gas stream is not disturbed, which 

means no collisions between the gas molecules themselves. But gas molecules 

interacting with the grain surface transfer momentum and energy from the gas to the 

body (diffuse reflection). As a consequence the grain starts to heat up and its drag 

coefficient can change. In this approximation the free molecular drag coefficient based 

on the projected area for a sphere with diffuse reflection, assuming perfect thermal 

accomodation is given after Probstein (1968), 
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where Tp is the temperature of the particle and Tg the temperature of the solar nebula 

gas. S is the ratio of the in fall velocity to the thermal velocity of the gas, 

s=v~mg 
kT g 

v is the in fall velocity of the grain, k Boltzmann's constant, and mg mass of a gas 

molecule. Here we used mH2 = 3.3.1024 g. 

Using the above equations the change of the drag coefficient and the infall velocity 

was calculated as a function of time. The size of the in falling grain is 1 Ilm, the grain 

density is 1 g/cm3, the solar nebula density is 10-12 g/cm3, and the gas temperature 20 

K. Figure 3.7 shows the decrease of the grain velocity after entering the nebula. The 

grain is significantly slowed down after 300 seconds (log time = 2.5). As can be seen 

in figure 3.8, this is also the time when the drag coefficient rises to higher values. It 

means, that in this case after 300 sec a constant drag coefficient is not justified 

anymore. 

For the calculations shown in this paper (see figure 3.3 and 3.4 in chapter 3) it can be 

concluded that by the time the drag coefficient rises to higher values (after 300 sec) all 
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the sublimation of volatiles from the grain surface came to an end. Therefore the initial 

assumption of a constant drag coefficient seems to be correct for our purposes. 
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IV. Silicate Interactions with Ammonia-Water Fluids on Early Titan 

4.1. INTRODUCTION 

In terrestrial geological processes nitrogen containing mineral phases are rare because 

of the volatility of nitrogen species and non-reactivity of N2. Ammonia as a naturally

occurring phase on the Earth is not common in the atmosphere or in solution. Only 

negligible amounts of ammonium participate in hydrolysis reactions on Earth. 

However in the outer solar system nitrogen is much more abundant in atmospheric and 

surface processes. Ammonia is seen to be present in comets at a level of about 0.1-1 % 

relative to water (e.g., Feldman et al., 1993). Higher abundances of ammonia are 

possible in satellites formed from relatively high pressure disks around the giant 

planets (prinn and Fegley, 1981), and could therefore have an abundance of up to 15% 

relative to water in condensed phases. 

In aqueous solution NH3 will dissociate into its ionic form NH4+ and OH-. In solution 

NH4+-iOnS are known to replace ions such as K+, Na+, Rb+, and Ca2+ in the mineral 

phase. Exchange reactions of this kind are favorable because these ions often possess 

the same charge and are similar in size. 

On Earth ammonium silicates have been found in very low concentrations in rocks, 

which were in contact with a NH3-H20 liquid. Some of these minerals in terrestrial 
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rocks are known as the ammonium bearing feldspar buddingtonite and the ammonium 

muscovite tobelite. NH4+ can also replace K+ in biotites (Bos et al., 1988), leucites 

(Hori et at, 1986), and illites (Juster et aI., 1987). Exchange processes of some of 

these minerals have been studied in the laboratory (Schultz, 1973; Bos et aI., 1988). 

On outer solar system bodies such minerals should be even more common because of 

the increased abundance of NH3. If a liquid is present NH3 will be found in solution 

and therefore can react with mineral phases. Recent observations of the asteroid Ceres 

(King et al., 1992) and of Callisto (Calvin and Clark, 1993) show possible evidence 

for NH4-bearing clays on these surfaces. In meteorites nitrogen is depleted relative to 

solar abundances. It has been found in phases like sinoite (Si2N20) and TiN in 

enstatite chondrites, whereas in CI and CM the bulk of the nitrogen is in organic 

matter (Kung and Clayton, 1978). Some minor amounts of nitrogen are assumed to be 

in salts like NH4CI and (NH4hS04 (Mason, 1963). 

Calculations presented here concentrate on Titan, Saturn's largest moon. Because of 

the moon's large size and consequent warm interior, geological processes involving an 

ammonia-water liquid are conceivable. The high temperature of the Saturnian nebula 

out of which Titan likely fonned favors ammonia as an important nitrogen bearing 

species (Prinn and Fegley, 1981; 1989). Models of an early Titanian atmosphere 

showed that temperatures on the surface could have climbed up to 600 K during 

accretion (Lunine, 1985); at this stage a significant amount of gaseous NH3 was 

present. After cooling the atmosphere reached a warm state for the next 107-108 years 

with a surface temperature of -300 K. During this time period an ammonia-water 

ocean, several hundreds of kilo~eters in depth, could have existed all the way to the 

surface (Lunine and Stevenson, 1987). At this stage impacting particles sedimented 
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through this ocean and were in contact with the liquid. This sedimentation process led 

to an exchange between NH4+ and K+ ions from the liquid into the silicate structure 

where the solution became enriched in K+. Finally continuing volcanic activity could 

have brought significant amounts of this liquid up to the surface where some 

potassium decayed into 40 Ar. Impacts on the surface provided a release mechanism for 

some of the volatiles, including argon, trapped in the ice. Future measurements of the 

40 Ar abundance in the atmosphere from the Huygens Titan probe would then be an 

indirect indicator of the volume of resurfacing over time. 
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4.2. EQUILffiRIUM CALCULATION: MINERALS IN AQUEOUS SOLUTIONS 

Equilibria among minerals and aqueous solution are calculated from standard state 

thermodynamic data of all the phases and aqueous entities. Phase diagrams describe 

equilibrium conditions at higher and lower temperatures; pressures can then be 

calculated and the mineral stabilities addressed. Hydrolysis reactions provide 

equilibrium relationships between minerals and their components in the aqueous phase 

which are described in these phase diagrams. 

The rocky material which accreted on Titan is probably very similar in composition to 

CI and CM meteorites. These meteorites are the most volatile-rich of the thermally

unaltered carbonaceous chondrites. Plagioclase (Na-Ca solid solution of feldspar) has 

been found in these carbonaceous chondrites as very fine-grained crystals and as 

inclusions in glass (Nagy, 1975). It can be assumed that the less abundant K-feldspar 

and other K-bearing mineral phases will also be present. Another possible source for 

potassium could be in water-soluble salts such as KCI and KS04, but often these are 

regarded as secondary products and will therefore not be considered in detail. 

This study looked at the interactions between an ammonia-water ocean and potassium 

silicates. The situation considered here is for solvent water and ammonia solute. 

Complete thermodynamic data were found for only four minerals, K-feldspar, NH4-

feldspar, muscovite, NH4-muscovite; data for the ammonium minerals were retrieved 

from Schultz (1973) and Watkins (1981). The following reactions were considered and 
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equilibrium between all species is assumed. The calculations were done for quartz 

saturation and the amount of Al3+ is conserved. 

Equilibrium constants amongst the aqueous, gaseous, and mineral species over a range 

of temperatures and pressures were calculated using SUPCRT92 (Johnson et aI., 

1992). Equilibrium is described in terms of activities of aqueous species relative to the 

activity of hydrogen ions in solution. The activity of K+-ions (or NH4+-ions) in 

solution is equal to the activity of K+ in the mineral phase at equilibrium. A dilute 

solution is assumed, which means the activity of water is approximately equal to unity. 

Standard states for pure minerals at any pressure and temperature possess an activity 

of unity. Under these assumptions (pure minerals and dilute solution) the equilibrium 

constant for example for reaction (3) can be written as: 
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aNH.,<./si10. a K+ = a K+ (7) 

aK,<./si10. a NH: aNn: 

which becomes 

10g( aK
+ ) = 10g(aNH

: J + log K (8) 
aNH: an-

In an activity diagram the slope of the phase boundary between these two minerals is 

always equal to one if there is no solid solution (fig. 4.1). 

From gas phase thermochemical models for the Satumian nebula the amount of NH3 

in solution was taken to be S; 15% (Prinn and Fegley, 1981). The equilibrium constant 

between ionized and un-ionized species in an aqueous solution was calculated 

following the reaction, 

NH3 + H20 = N'H4+ + OH-. (9) 

Ammonia was assumed to be the only source for NI4+ and the activity of water was 

taken to be unity. Although NH3 may be described as a weak base, it is still much 

stronger as a base than water and therefore will be considered the only important 

source of hydroxide ions (Fischer and Peters, 1968). This means that the ionization of 

water is negligible. Calculated pH-values for a 15% NH3 solution at a temperature of 

298 K are 11.2 for a pressure of 1 bar and 10.4 for 5 kbar. 
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For such a solution log (aNH4+/aH+) is between 6.7 and 8.4, which indicates an 

oversaturated solution. In figure 4.1 equilibrium values for the above mentioned 

hydrolysis reactions were calculated. The phase diagram was plotted for pressure

temperature conditions for the ocean surface (p=1 bar) and for the ocean bottom (P=5 

kbar). The dot on the right side of the graph is the activity value for Titan's ocean. It 

can be seen that upon precipitation Nf4-mineral phases are more stable than K

mineral phases. This means that Nf4+ would be incorporated into the crystal structure 

and K+ would stay in solution. The temperature profile in the ocean is assumed to be 

isothermal. For a lower or higher temperature (OOC to 500 C) the activity of K+ can 

change by one order of magnitude. This is still considered a "small" change and 

wouldn't affect the overall result. For much higher temperatures K-feldspar tends to 

become more stable relative to Nf4-feldspar. 

In this study we looked only at the interchange of ions between K-feldspar, NH4-

feldspar, muscovite and Nf4-muscovite. If potassium is sequestered in silicates then 

these would be the mineral phases to expect. It has also been suggested that potassium 

in carbonaceous chondrites can be contained in salts, which probably were formed 

through some secondary processing. Because in this paper we consider material in the 

very early stages of planet formation we assume that the majority of potassium will be 

in silicates. After dissolution, several mineral phases will be in equilibrium and the 

formation of salts is possible. 

Since the system considered consists by assumption only of H20, NH3 and K, other 

sinks for NH3 have been neglected. In silicates ammonium in solution will not only 

react with K+ but other elements like Na+, Rb+, and Ca2+ which are similar in size 
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and/or charge will exchange as well. The abundance of Rb in carbonaceous chondrites 

(CI) is much smaller than K and can therefore be neglected. Ca abundances are larger 

(-17 times that of K; Anders and Grevesse, 1989) and Ca in plagioclase is much more 

soluble than K-feldspar. K+ and Na+ possess very similar thermodynamic properties 

and it was calculated that Na+ would exchange as easily for NH4+ as does K+. The 

sodium abundance in carbonaceous chondrites (CI) is -10 times larger than that of 

potassium. But even if all these additional sinks are considered to their full extent a 

shortage of ammonia in solution is not expected. 

Of greater concern is the formation of ammonia salts. Because of the high abundances 

of carbon and sulfur in CI meteorites (up to 100 times that of potassium) some of the 

ammonia will react with these elements and therefore lower the total ammonia 

abundance in solution. Kargel (1992) concluded that ammonium carbonate is not an 

important constituent in ammonia-water liquids but that ammonium carbonate 

monohydrate and ammonium bicarbonate will take ammonia out of solution. In the 

sulfur system ammonium sulfate [(NH4hS04] is only weakly soluble whereas 

ammonium hydrosulfide (NH4SH) and ammonium sulfide [(NH4hS] are highly 

soluble. This means that ammonium sulfate will take ammonia out of solution. 

For the lower limit of total impacting mass into early Titan (1024g) considered in 

section 4.4.1, the ammonia abundance in solution changes only slightly during the 

formation of salts and it can be assumed (as is done here) that all of the potassium will 

enter the liquid. For the maximum impacting mass considered (102Sg) competition 

between the ammonium forming phases occurs and not all of the potassium will go 

into solution. Kargel (1992) concludes that in a half liquid-half rock (CI) composition 
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the solubility of potassium could be reduced by a factor of 5-10. The amount of K in 
. . 

solution is thus somewhat insensitive to the impacting mass within the range specified 

in this paper. 

The solubility of K+ in solution can be represented by two values. A lower 

concentration value is taken from an experimental paper (Helgeson et al., 1969) where 

K-feldspar is dissolved in water at room temperature and at an atmospheric pressure of 

1 atmosphere. At equilibrium the amount of K+ in solution is 4 x 10.6 glgH20. This is 

a very similar system to the one we model here. An upper concentration of potassium 

is derived using Earth's oceans as an analog. Feldspars make up more than 50% of the 

Earth's upper crust. Alteration to clay minerals is a significant process and 

compositions have been measured in the ocean water and in these pelagic clays 

(Taylor and McLennan, 1985). Here the amount of K+ in solution is 4 xlO-4 g/gH20, 

much higher than in the experiments. While the lower value is derived from pure 

thermodynamic data, the upper value may well be determined by kinetic constraints 

peculiar to the Earth and not necessarily relevant to Titan. 
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4.3. CHEMICAL KINETICS 

In the last section hydrolysis reactions have been described under equilibrium 

conditions. Whether reactions are really fast enough for the relatively low 

temperatures expected on Titan will be investigated in the following. Chemical 

reaction rates for ammonium bearing minerals are briefly discussed in some of the 

experimental papers (Bos et al., 1988) but the data are insufficient to determine 

accurate reaction rates and its temperature dependence. On the other hand 

thermodynamic properties of NH4-feldspar and K-feldspar are very similar and 

reaction rates of K-feldspar are very well known (Helgeson et al., 1969). Therefore it 

will be assumed that the precipitation rate of NH4-feldspar is close to the one of K

feldspar. 

At the end of accretion the mass of infalling particles has declined significantly. 

Particles in the turbulent ocean will slowly settle down to the bottom. During this time 

grains are in contact with the liquid and crystal structures dissolve. Analysis of 

experimental data has shown that rates of hydrolysis reactions are limited by reactions 

at the solution and mineral interface. Such processes can be described by transition 

state theory (Aagard and Helgeson, 1982; Helgeson et al., 1984). For the hydrolysis of 

feldspar a possible reaction path was determined (Helgeson et al., 1984). On the 

feldspar surface the reversible exchange of H30+ for K+, Na+ or Ca2+ takes place. The 

addition of another H+ or H30+ ion from the solution forms than the activated 

complex. The reaction scheme for K-feldspar is shown below. 
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The Si-O bonds in the crystal structure are broken either by direct action of H+ or 

H30+ to form OH- or by 1: 1 reaction of water dipoles with bridging oxygens to form 

two hydroxyls (Aagard and Helgeson, 1982). The rate-limiting step in the reaction 

process corresponds to decomposition of the activated complex. The overall reaction 

sequence for K-feldspar is then: 

When the solution becomes saturated with certain ions (Si02, Al3+) precipitation of 

Nl4-feldspar is possible. Saturation of a solution is achieved with only a small amount 

of dissolved species. For example at room temperature a system reaches equilibrium if 

only 0.03 g K-feldspar is dissolved in 1000 g water (Helgeson et aI., 1969). If we 

assume that the entire ocean is available the maximum amount of K-feldspar dissolved 

in the ocean can be calculated. 

Titan's ocean is highly saturated with NH4+-ions relative to K+-ions. Because of the 

very similar thermodynamic properties of Nf4+ and K+, upon precipitation Nl4+ will 

go preferably into crystal structures and K+ stays in solution. If the liquid is saturated 

in Si02 and A13+ the precipitation reaction is as follows: 

Nl4+ + A13+ + 2 H20 + 3 Si02 (aq) -> Nf4AlSi30g + 4 H+ (13) 
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One essential assumption is that the elementary reactions involved in the reaction 

mechanism for dissolution are the same as those for growth. Dissolution rate laws are 

functions of pH, temperature and surface chemistry and depend less on the 

concentration of other solution species (for a dilute solution). Experimental evidence 

has shown that dissolution rates are easier to obtain than precipitation rates. Therefore 

precipitation laws are derived from dissolution laws (Lasaga, 1984). 

Transition state theory is able to describe irreversible dissolution. The general rate law 

for K-feldspar is valid for reactions near or far from equilibrium (Murphy and 

Helgeson, 1989): 
1 dn r = --- = ka-nn

+ (1- e-(AI RTl) (14) 
s dt 

where r is the apparent rate of reaction (moles/cm2/sec), s is surface area, n the number 

of moles of the reactant mineral in the system, t is time, k the rate constant 

(moles/cm2/sec), a the activity of hydrogen ions, nH the reaction coefficient, A the 

affinity of the overall reaction, R the gas constant and T the temperature (kelvins). 

In this paper it can be assumed that for dissolution processes the liquid is at all times 

far from equilibrium. Also, AlRT > 3 and the exponential term in equation (14) 

approaches zero. For lower temperatures the kinetics for hydrolysis reactions slow 

down significantly. The temperature dependence of the rate constant was calculated 

following a Arrhenius equation (Helgeson et al., 1984): 

(15) 
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where E is the activation energy and AA is a pre-exponential factor. The rate constant 

is dependent on pH for values between 1 and 3, and independent for a pH from 3 to 8. 

Dissolution times for a 1 mm K-feldspar spherical grain are shown in figure 4.2, 

assuming the whole grain surface is exposed to the liquid and that it is a single 

composition grain. A pH-dependent rate for a value of pH=2 and a pH-independent 

rate (pH=3-8) are shown. If we set the pH=? and T= 298 K for a solution far from 

equilibrium it would take about - 1()4-lOs years to dissolve such a crystal. Figure 4.3 

than gives the difference in reaction rates with crystal size for a fixed pH of 3-8. The 

sizes shown here are comparable to or larger than measured grain sizes in chondritic 

material. Crystal sizes range from several mm down to very small particles (Nagahara, 

1984). Non-crystalline material has been found as well, which is assumed to be 

aggregates of condensates from the primitive nebula. 

For Titan the calculated pH for a 15% NH3 solution is approximately 10. Therefore 

the concentration of H+ in solution is lower and dissolution times should be slower. 

Although the dependence of dissolution rates on aNH4+ are not known, NI4+ might 

participate directly in the dissolution process as a solvent because of the similar size 

and charge of H30+ and NJ4+. This would enhance the concentration of reactive ions 

and make it equal to the dissolution rate of a pH=? liquid. For that reason we will 

assume that the dissolution times calculated with the pH-independent law are still 

valid even if the pH (dependent only on the concentration of H+ ions) is approximately 

10. 
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It has been shown that reaction rates between K-feldspar crystals and an NH3 rich 

solution are still relatively fast even at low temperatures. Dissolution rates can be even 

faster when the potassium is held in glasses or other aggregates because of lack of a 

crystal structure. 

Another possibility is that NI4CI can be present in meteorites (Le. CI chondrites) and, 

in contact with the liquid, NH4CI will dissociate immediately and the following 

reactions will occur: 

NH4CI <-> NI4+ + CI

H+ + CI- <-> HCI 

NH4+ + OH- <-> NI40H 

It turns out that the reaction forming hydrogen chloride is much slower than the 

reaction resulting in the formation of ammonium hydroxide. This would make the 

solution much more acidic than previously assumed. First estimates show that the pH 

could be reduced to a value of 3 which would speed up reaction rates tremendously as 

seen in figure 4.2 and increase the amount of potassium put in solution. 
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4.4. APPLICATION TO TITAN 

4.4.1. Accretion of Rocky Material and Equilibration in a Warm Primordial Ocean 

Models of accretion processes around giant planets indicate that Titan probably 

originated in a giant subnebula around Saturn (Stevenson et al., 1986). A circum

Saturnian disk would have higher gas pressures than that of the surrounding solar 

nebula. Modeling of the gas chemistry in subnebulae has shown that a significant 

fraction of the nitrogen would be in the form of ammonia and carbon would primarily 

exist as methane (Prinn and Fegley, 1981; 1989). 

Accretion times for large satellites in such a sub-nebula are relatively rapid (dynamical 

timescales of 102-104 years; Stevenson et aI., 1986), which results in an initially 

optically thick, massive atmosphere around Titan (Lunine, 1985). The energy during 

accretion is mainly supplied by gravitational energy release; the atmosphere is 

subsequently sustained by sunlight and is lost through escape at the top and 

condensation at the bottom boundary (the surface). A thick atmosphere would act as a 

buffer for heat release and elevated temperatures on the surface can be expected. 

Accretion models for icy satellites the size of Ganymede and Titan predict an initially 

undifferentiated rock-ice inner core underlying a rock outer core and a mantle of water 

ice and liquid (Lunine, 1985; Kirk and Stevenson, 1987). The model used for Titan, 

which assumes 15% ammonia relative to water, includes an NH3-H20 ocean-mantle, 

500 kilometers in thickness, exposed to the surface with a rock layer underneath 
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(Lunine, 1985). The core is initially an undifferentiated mixture of rock and ice, 

though later in Titan's evolution radioactive heating in the core could cause full 

differentiation to take place. Over timescales of 108-109 years the cooling of the 

interior leads to a thinning of the ocean to about 300 km (Cynn et al., 1989), 

corresponding to an ocean mass of - a few times 1025 g. 

Based on calculations by Lunine (1985) surface temperatures directly after accretion 

can be as high as -500 K. Thereafter the atmosphere cools down slowly and the 

surface temperature declines to about 300 K, buffered by a thick greenhouse 

atmosphere which is retained for - 108 years or more (Lunine, 1985). During this time 

the ocean is in direct contact with the atmosphere and possesses an adiabatic 

temperature profile which is close to isothermal. The proposed leaching process of 

aqueous ammonium with potassium silicates takes place, conservatively, over the first 

- 108 years at ocean temperatures of - 300 K, based upon the rate of loss of the 

atmosphere by escape off the top (Lunine, 1985). 

There are two possible environments where hydrothermal alteration can occur. The 

first one is taken by analogy with Earth's ocean. There, on the bottom of the ocean a 

permeable rock layer exists in which water circulates. If the porosity of the rock is 

high down to grain sizes of centimeters or less (section 4.3), significant alteration is 

possible. Alteration may be limited by the ability of saturated fluids to circulate out of 

the pores, allowing fresh water in. 

The other process involves rock particles sedimenting through the liquid. Impactors 

are likely to come from two sources: circum-Saturnian debris at early times, and 
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cometary material in solar orbit over longer, geologic timescales. Cometary nuclei will 

enter the atmosphere of Titan at velocities of kilometers per second. Stresses 

associated with impact at the ocean surface are well in excess of a kilobar. and will 

disrupt the projectile (earlier disruption in the thick atmosphere is likely as well); 

compressive and tensile strengths for carbonaceous chondrite are of order one bar 

(Pollack et al., 1979). Therefore, disruption down to individual crystalline grains is 

expected. Any remaining ice matrix will melt in the warm ocean, leaving the silicate 

particles free to fall through the ocean. The size distribution of the silicate grains 

plausibly could range from interstellar (-microns) to the typical largest grain sizes in 

chondrites (millimeters). 

Sedimentation times are much shorter than chemical equilibration times for particle 

sizes down to 10 microns and a viscosity appropriate to liquid water. Although the 

liquid mantle is convective due to the throughput of radiogenic heat, velocities due to 

convection are small (-10-3 cm s-I), which coincidentally is roughly the sedimentation 

velocity for the lO-micron-sized particles. 

Because much of the sedimenting silicate particles may be larger than 10 microns, 

much of the leaching process must take place after the infalling silicates accumulate at 

the base of the ocean. An estimate for the total infalling mass, from Jones and Lewis 

(1987), suggests that 1024-1025 g of silicates may fall through the ocean over the 108 

year warm epoch, corresponding to buildup of a millimeter-thick layer of sediment at 

the ocean base every year. Since the estimated time for a millimeter-thick grain to 

reach equilibrium is 104 to 105 years (figure 4.3), equilibration therefore cannot be 

reached unless liquid can circulate freely through the upper few hundred meters of the 
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sediment This occurs in the Earth's oceans, but the pressure at the base of the Titan 

ocean is roughly 10 times higher, leading to a reduction in porosity. 

If we assume that equilibration does occur in the sediment at the ocean base, then the 

amount of potassium, but not sodium, in the ocean is limited by saturation. The 

saturation value of K+ depends on whether to take an experimental, lower value 

(Helgeson et al., 1969) or the measured value of the potassium dissolved in the Earth's 

oceans (Taylor and McLennan, 1985). 

TABLE 4.1 

Estimates for Amounts of Dissolved Potassium and Sodium 

Saturation amount 
Ion derived from: 

K+ experiment I 
K+ Earth's oceans2 

Na+ Earth's oceans2 

IHelgeson et al. (1969) 
2Taylor and McLennan, 1985) 

Max. amount of ion 
dissolvable in ocean 

1019 g 
1021 g 
1022 g 

3 Over 108 years, from Jones and Lewis (1987). 

Infalling 
mass ofion3 

102O-21g 
102O-21g 
1021-22g 

In table 4.1 the total amount of potassium in solution is calculated. Potassium accounts 

for 0.1 % in CI meteorites (Anders and Grevesse, 1989); therefore the amount of 

potassium in the infalling mass is 1020_1021 g. The maximum solvable amount of 

potassium in solution, in the presence of salts (section 4.2), is - 1021 g. A lower limit 

is determined by the minimum solubility which yields 1019 g in solution. A similar 

calculation can be performed for sodium. The concentration value for sodium in the 

Earth's oceans is 10.2 g/gH20 (Taylor and McLennan, 1985). If sodium and potassium 
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in the liquid are in equilibrium with the upper crust and there are no additional sources 

of sodium, then the solubility of sodium is at least 25 times as large as for potassium. 

The abundance of sodium in CI meteorites is -1 % and an upper limit in solution 

would thus be 1Q22g. 

4.4.2. NH3-H20 Volcanism 

Loss of the atmosphere brings the surface temperatur-e to 250-260 K at which, for a 

15% ammonia ocean, buoyant ice I begins to form a crust (Lunine and Stevenson, 

1987). The crust thickens with time to the present-day value of 150 km, isolating the 

ammonia-water liquid with its dissolved sodium and potassium from the surface. 

Ample visual evidence for volcanic flows can be seen in the Saturnian and Uranian 

satellite systems, with some sort of aqueous solution (liquid or solid) implicated in the 

process (Squyres and Croft, 1986; Croft and Soderblom, 1991). Stevenson (1982) 

proposed a process for the small Saturnian satellites where liquid NH3-H20 ascends 

buoyantly along cracks through the ice. Liquid magma moves up in fissures relatively 

fast so that freezing on walls is minimal. The resulting surface flows would be 

analogous to basaltic flooding on terrestrial planets, and could be quite thick (Kargel et 

aI., 1991). (Another possibility proposed for the Uranian satellites is solid-state 

volcanism which involves the rise of diapirs through a solid ice layer; Jankowski and 

Squyres, 1988). Ammonia-water magmas can erupt, in contrast to pure liquid water, 

because they are positively or near-neutrally buoyant relative to the overlying ice I 

crust (Croft et al., 1988). Because of this and because the present-day temperature of 

Titan's mantle is computed to be 205 K, well above the NH3-H20 peritectic (Cynn et 
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al., 1989), we focus here on ammonia-water liquids as the predominant endogenic 

resurfacing mechanism on Titan. Note that, even if the ice which formed Titan did not 

contain 15% ammonia. but instead carried the roughly 1 % ammonia abundance of 

interstellar and cometary material (Van Dishoeck et al., 1993), enough peritectic

composition fluid is available in Titan's interior to cover the surface to a depth of 

roughly 20 kilometers. 

As cooling of the ice I crust progresses tectonic stresses open faults and grabens where 

NH3-H20 magma could be extruded. The liquid would carry with it the dissolved 

sodium and potassium, which would then be delivered to the surface. At issue is 

whether the sodium or potassium could serve as a proxy indicator of the amount of 

resurfacing of Titan. Because photochemical processes have put of order 0.1-1 

kilometer of solid and/or liquid products on the surface over the age of the solar 

system (Yung et aI., 1984), direct detection of sodium and potassium on the surface is 

problematic, even if impact processing of the upper kilometer of the crust extracts 

those elements from the more volatile ammonia-water flows. A better measure of the 

resurfacing volume might corne from the radiogenic fraction of the potassium, in the 

form of 40 Ar released to the atmosphere. 

4.4.3. 40Ar as a Proxy Measure of Resurfacing 

Owen (1982) noted that if Titan's rocky core outgassed to the same extent as the 

Earth's and had the same composition, 40Ar would comprise 0.01% of Titan's 

atmosphere. However, very little of the 40Ar locked in the core is likely to make it to 

the atmosphere: the diffusion rate for argon in silicates at 2000K corresponds to 
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outward movement of roughly 1 kilometer over the age of the solar system, based on 

data in Ozima and Podosek (1983). Silicate material embedded in ice closer to the 

surface will be much colder and diffusion rates much less. Diffusion of noble gases 

through the ice, while faster at a given temperature than for silicates, are very slow in 

the interior due to the low temperatures of the ice. Estimate of the diffusion coefficient 

for noble gases in ice by Lunine and Stevenson (1985) yield diffusion lengths of order 

1 cm over the age of the solar system at 200 K and only three times that at 250 K. 

Therefore, loss of radiogenic argon through the solid rock and ice of the interior is 

inefficient. 

The primary source of radiogenic 40 Ar, then, will be 40K leached from silicates into 

the ocean, and then extruded to the surface either as potassium or as arg.on. 40K decays 

into 40Ca (89%) and 40 Ar (11 %) with a half life of 1.28 billion years. During the first 

108 years after accretion, when much of the leaching of potassium into the ocean 

occurs, less than 6% of the 40K decays into daughter species. At present, in contrast, 

most of the 40K has decayed into argon and calcium. This leads to the simple situation 

that the "loading" of the ocean occurred when the potassium was intact, while enough 

time has now elapsed to allow most of the potassium which can be converted to 

volatile argon to have done so. 

At the surface the ammonia-water magma freezes out, while over time the entrapped 

potassium decays into 40 Ar. After decay 40 Ar itself cannot escape through the ice in 

which it is adsorbed, physically trapped or enclathrated. Release of argon through 

large impacts, which vaporize. melt and break up roughly a kilometer of regolith over 

the age of the solar system (Thompson and Sagan, 1992), is plausible. The amount of 
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40Ar in the atmosphere, then, is proportional to the amount of potassium extruded to 

the surface, which in turn depends on the volume of liquid ammonia-water volcanic 

resurfacing. Figure 4.4 shows the atmospheric pressure of 40 Ar as a function of 

surface layer thickness of ammonia-water flows. 

One important additional source of 40Ar which may swamp the "volcanic signature" 

seen in figure 4.4 is a primordial component which is 0.03% of the non-radiogenic 

36Ar (Anders and Grevesse, 1989). If the current nitrogen inventory of the atmosphere 

was derived entirely from N2 in the solar nebula or interstellar source material, then 

the non-radiogenic argon mole fraction in Titan's atmosphere could be as high as 10% 

(Owen, 1982). In this case, primordial 40 Ar carried along with the 36 Ar (and the small 

amount of 38 Ar) will have a mole fraction of 3 x 10-5, swamping the volcanic 

signature. If, however, as argued by Atreya et al. (1978) and Stevenson et al. (1986), 

the nitrogen in the present atmosphere is a result of processing of ammonia, the argon 

abundance is predicted to be much less by many orders of magnitude (Lunine and 

Stevenson, 1985). If the Huygens probe measures a total argon abundance less than 

-10-8-10-6, for example, then the volcanic signature dominates the radiogenic argon 

for all flow depths shown in figure 4.4. The utility of the 40 Ar for estimating flow 

volume, then, depends on measured total argon in the atmosphere. 

119 



40 Ar in the Atmosphere 
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FIGURE 4.4. The expected atmospheric pressure of 40 Ar as a function of the depth of 
the surface layer which gets turned around through impacts. Lower line is based on 
experiments and calculations described in section 2; upper line is based on the Earth's 
oceans. 
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4.5. UNCERTAINTIES AND SUMMARY 

The Huygens probe Gas Chromatograph Mass Spectrometer (GCMS) is capable of 

detecting species at the 10-12 mixing ratio level. This is enough sensitivity for the 

. range of 40 Ar pressures shown in figure 4.4, and suggests that radiogenic argon could 

be a tool for estimating the amount of ammonia-water volcanism which has occurred 

on Titan. The utility of radiogenic argon as such an indicator, however, is subject to a 

number of uncertainties pointed out in this paper and outlinrd below. 

--The solubility of potassium in the ammonia-water liquid could range as high as that 

for the Earth's oceans but is likely closer to that from the lab experiments (and hence 

the lower line in figure 4.4 is more relevant); 

--The rapid sedimentation of larger silicate grains (mm) through the ammonia-water 

ocean leads to the requirement of porosity through a roughly lOO-meter thick layer at 

the ocean bottom, to enable reasonable equilibration of the silicate with the liquid; 

--Volcanism must occur early enough for the fluids to be emplaced on the surface 

before most of the potassium has decayed, or alternatively the solubility of the ocean 

to argon must be comparable to that for the potassium. It is plausible that most of the 

volcanism and resurfacing occurs in the first billion years of Titan's history, which is 

early enough so that at least half of the potassium in the liquid has not yet decayed to 

daughter products; 
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--The abundance of primordial 40 Ar accompanying non-radiogenic argon must not be 

so large as to saturate the volcanic signal. This is readily tested by measurement of 

the non-radiogenic mixing ratio in the atmosphere in concert with the value of 40ArI 

(36Ar + 38Ar). 

Because of these uncertainties, it is likely that estimation of the volume of ammonia

water flows on Titan will require use of several distinct data sets such as the following. 

--Orbiter Radar images to map large-scale flows and flow thicknesses, 

--Visible-Infrared Mapping Spectrometer of the surface (at wavelengths where 

penetration through the atmosphere is possible) to locate spectroscopically areas of 

exposed ices, 

--GeMS data to determine atmospheric argon abundances, 

--Descent Imager/Spectral Radiometer images to look at regional geology, in one 

location, at high resolution, where serendipitous flows might be present 

While it remains to be determined whether the bulk atmospheric argon abundance is 

low enough to allow detection of a useful volcanic signature, the principle of using 

argon data to delve into the past geologic activity of Titan bears consideration. Further 

work is merited to examine other possible isotopic and chemical signatures (e.g., 
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iodine-xenon) which could corroborate interpretations based on argon, or even provide 

time-resolved information on Titan's resurfacing history. 
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V. Cratering on Titan and Implications for Titan's Atmospheric History 

5.1. INTRODUCTION 

Titan is the only satellite in the outer solar system which still possesses an extensive, 

thick atmosphere and it is this atmosphere which makes the satellite particularly 

interesting for investigating the cratering record over time. Not only do the craters give 

us information about the relative (and, with enough information, a rough approximate 

absolute) age of certain surfaces but with an atmosphere present, information can be 

obtained about atmospheric pressures which mitigate against formation of smaller 

craters. The smallest crater visible on a surface originated from an impactor which 

barely escaped disruption in the atmosphere. The smallest crater is also the crater size 

where the turn down in the crater frequency-size distribution is expected. 

The problem of atmospheric disruption is not a new one and preliminary results for 

Titan's present atmosphere were calculated by Melosh (1989). The sizes of the 

impactors from Melosh's book are by a factor of 2 lower than in our calculations 

which is probably due to a somewhat different mathematical description of the 

breakup. The goal here is not only to calculate the smallest crater size for the present 

atmosphere but to use the cratering record as a tool for studying the atmospheric 

pressure history of Titan. This aspect was not treated by Melosh. It is important 
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because certain models of Titan's evolution (e.g. Lunine, 1985; McKay et al., 1993) 

call for significant pressure changes with time, including possible changes in the last 

half of Titan's history. We will discuss the cratering records which can be expected on 

Titan for ancient higher and lower pressure atmospheres; both of which have been 

proposed (see part 4.3). With the upcoming Cassini-Huygens mission, which will give 

us radar and imaging data at high enough resolutions, we believe a distinction can be 

possible between these two pressure histories. With this approach there will be two 

independent parameters, which will give us information about the atmospheric 

pressure. One is the tum down of the crater frequency-size distribution the other one is 

the numbers of craters on the surface which will tell us at least the relative age of the 

surface. 

The physics of atmospheric disruption have been applied to three of the terrestrial 

planets, Earth, Venus and Mars. On Earth recent work indicates that the Tunguska 

explosion of 1908 can be explained by an atmospheric disruption of a stony asteroid 

about 10 km above the ground (Chyba et al., 1993). Venus with its very dense 90 bar 

atmosphere is a good candidate to observe effects due to the breakup of bolides: the 

measured downturn in the crater frequency-size distribution at diameters D S 4 to 30 

km is well explained by the one calculated in models (Zahnle, 1992). On Mars the 

current atmosphere seems to be too thin to cause major disruptions of most bolides in 

size ranges corresponding to resolvable craters (Melosh, 1989) but past atmospheres 

might have gone through some higher pressure cycles, during which time breakup of 

weak objects becomes more likely (Chyba et aI., 1992; Hartmann and Engel, 1994). 

Again, the numbers from the Melosh paper are significantly smaller and Melosh 

pointed out to us (private communication, 1994) that there is an error in his 
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calculations as reproduced for Mars in his book. For the present martian atmosphere 

(atmospheric pressure of 6 mbar) the cutoff for weak, icy comets is -700 m in crater 

diameter and for weak carbonaceous chondrites -300 m but the loss of these bolides 

might be hard to detect since it may remove only about half the objects. At pressures 

above 100 to 300 mbar, loss of ordinary chondritic stones would produce an even 

more observable effects because it removes the great majority of the remaining objects 

(Hartmann and Engel, 1994). 

An important point to realize in the discussion of Titan is that although the surface 

pressure only somewhat exceed Earth's, the atmospheric density is much larger, so that 

the total stresses acting to fragment bolides are extremely large. This leads to the very 

important result that the bolides filtered by Titan's atmosphere are much larger than 

those for Mars, Earth, or even Venus under similar pressures. This in turn is fortunate 

from the point of view of spacecraft exploration because it places the diagnostic 

atmosphere-dependent break in the crater size distribution at large sizes, easily 

detectable by radar mappers. 

These examples demonstrate that the idea of atmospheric disruption of a bolide and 

the physics used to describe this process can elucidate the cratering data for these 

planets. At Titan, where we are still missing any kind of ground truth data, predictions 

will be made which will allow us to draw conclusions about ancient atmospheric 

pressures based on anticipated Cassini-Huygens data. 
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5.2. MODEL DESCRIPTION 

Objects entering a dense atmosphere of a planet or satellite experience a deceleration 

due to atmospheric drag. If pressure forces are strong enough, the object can break up 

in the atmosphere before reaching the ground. Chyba et al. (1993) simulated this 

process for the Earth's atmosphere. There, a reasonable explanation for the Tunguska 

explosion was found. Here the same physics are used to determine crater statistics on 

Titan. 

The basic equation of deceleration used for an entering object is: 

dv 1 2 • 
m-=--Co Pa A v + gmsma 

dt 2 

where m is the mass of the bolide, A its cross-sectional area, v its velocity, ex the entry 

angle, and CD the drag coefficient. The atmospheric density at the time is Pa, g the 

planet's gravitational acceleration, t the time. The object will ablate some of its mass 

due to shock heating which is described by 

dm 1 3 
Q -=--C P Av dt 2 H a 

where Q is the heat of ablation, CH is the heat of ablation coefficient. The computer 

code was provided by Chyba, Thomas, and Zahnle (see Chyba et al., 1993) and a more 

detailed description of the physics involved can be found in this paper. For our model 

calculations for Titan the bolides were assumed to be mostly cometary material with a 
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density of 1 g/cm3 and a heat of ablation of 2.5 x 1010 erg/g. Stony and iron objects 

are also discussed. 

In this program the object entering the atmosphere is described as a circular cylinder. 

For breakup the interior pressure exceeds the strength of the bolide. The forming 

interior pressure is assumed to be half of the exterior pressure. For small bodies a 

difference in yield strength (10 bars - 0.01 bars) makes the object breakup at a 

different height in the atmosphere. The weaker an object is the higher in the 

atmosphere it fails. For larger objects (of the size needed to make it all the way to the 

surface) the material strength is much less important and practically zero strength can 

be assumed. This is true because of how the spreading of the cylinder is calculated and 

the definition for the breakup altitude (see below) . 

. Upon fractionation the cylinder deforms perpendicular to its flight direction. The 

deformation (a cloud of fragments) can be treated as a fluid for a certain amount of 

time. It is assumed that the fluid approximation is valid until the cylinder reaches 

twice its initial radius, an approach which has been used by other authors in related 

problems (Melosh, 1989; Zahnle, 1992). After that the fragments develop their own 

bow shock and the shock pressure in between drives them further apart. We assume 

that when the squashing of the cylinder is minimal (to twice its original radius), then 

the final crater on the surface cannot be distinguished in its shape from a solid impact. 

The spreading of the cylinder is calculated through, 
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and the breakup time is defined at the altitude where we reach maximum deformation. 

After atmospheric disruption the individual fragments are not tracked down any 

further. 

With this approach we calculate the minimum radius of an object which can penetrate 

the aunosphere and make an impact crater on the surface. The higher the pressure in 

the aunosphere the larger the bolide has to be to reach the surface. Other parameters 

which are important and influence the minimum bolide size are entry angle and 

density of the object. This is illustrated in figure 5.1. The shallower the entry angle is, 

the larger the object has to be to reach the surface. A low density also requires a larger 

bolide. Interestingly the velocity does not influence the radius of the bolide but it does 

playa role in the height of the breakup and in the resulting crater size on the surface. 

The faster the impact, the larger the crater. 

A crater-scaling relation for large craters was used, which assumes a water-saturated 

sand target (Schmidt and Hausen, 1987; Zahnle, 1992), 

D(cm) = 1.7 ~ v-00087 g-00217 
( 

2J00261 

2pg 

where pg is the density of the ground. The assumption of gravity dominated craters in 

ice is valid down to a crater diameter of < 100m (Chapman and McKinnon, 1986). The 

atmospheric densities for today's Titan atmosphere was taken from Lindal et al. 

(1983). For denser and less dense atmospheres the density profile was multiplied by an 

appropriate factor. The scale height was left constant in all these calculations. For the 
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100 bar atmosphere case this assumption is not valid any more. There, an appropriate 

scale height was calculated before the bolide size was computed. 
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5.3. ATMOSPHERIC PROFILE 

Today's cratering record on Titan depends very much on what an ancient atmosphere 

was like and here two opposing models will be cited. One of them starts out with a 

lower pressure than today's (McKay et al., 1993) and the other model has very high 

ancient pressures (Lunine, 1985). The resulting cratering histories depending on these 

two atmospheric models will then be discussed in the following. 

5.3.1. Ancient low pressure atmosphere 

This model assumes a direct extrapolation backwards in time from the present, using 

the calculations of McKay et al. (1993). They considered the evolution of the 

atmosphere backwards from the present driven both by the smaller solar luminosity in 

the past and the progressive photochemical conversion of methane to higher 

hydrocarbons, which alters the interaction between the atmosphere and surface volatile 

reservoirs. Although their model was not intended to capture the nature of the earliest 

(post-formation) Titan atmosphere, use of the model for all of Titan's history provides 

a quantified end-member case. 

In this model the surface temperature at 4 Gyr (four billion years before present) was 

lower than the present 94 K. The effect on the atmosphere depends on the presumed 

surface model: For extensive coverage by an ethane-methane ocean (which would 

have been partially frozen at that time) the surface pressure was 0.2 bars; for a dry 
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surface (with some lakes) the surface pressure remained at close to the present 1.5 bars 

(McKay et aI., 1993). 

5.3.2. Ancient high pressure atmosphere 

Models of the fonnation of Titan consider two possible environments for the accretion 

of the satellite: a dense sub-nebula around Saturn, or the solar nebula itself. The 

fonner is perhaps more plausible based upon what we know of the fonnation of the 

giant planets themselves. In either case (but particularly for the fonner), Titan is rich 

in molecules which fonn ices more volatile than water ice: ammonia and methane 

(carbon monoxide and nitrogen are also present, but likely trapped in water ice as 

clathrates). 

The accretion process itself, because of Titan's large size, led to very substantial 

heating and volatilization of the ices. This in turn created an early massive atmosphere 

of water, ammonia, methane and other volatiles in contact with an exposed mantle of 

liquid ammonia-water (Lunine, 1985). The removal of this early dense atmosphere 

was driven by an enhanced solar EUV flux, impact erosion of the atmosphere as well 

as dissolution in the exposed liquid mantle. Surface temperatures could have been as 

high as 600 K early on, and several hundreds of degrees out to perhaps 4 Gyr. 

Atmospheric pressure in the model could have been sustained at 100 bars or more for 

this time period. Then the pressure would drop down to a steady-state pressure close to 

the present value by 2 Gyr. 
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We assume this profile as the high-pressure end-member case. Other models for the 

earliest history of Titan's atmosphere exist (e.g., Zahnle et al. (1992), in which post

accretional impacts produce an atmosphere). Our purpose in applying this model is to 

illustrate that the cratering record could be used to assess whether such a massive 

atmosphere was present, which would provide key constraints on Titan's early history. 
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5.4. FLUX HISTORY 

The fluxes of impacting objects in the Saturnian system are very poorly known. 

Reasons include the fact that there is probably more than just one source of impacting 

objects, and the fact that the flux of Kuiper belt and Oort cloud objects at Saturn is 

uncertain. Here we will distinguish between two impacting populations: the post 

accretional flux and as a special event, the flux from Hyperion's destruction. 

Material left over from planetary accretion would consist of objects in heliocentric 

orbits. Their impact velocities are relatively high, on the order of 15 kmls (Zahnle et 

al., 1992). The post accretional, heliocentric flux generally increases toward Saturn 

due to gravitational focusing, as calculated by Plescia and Boyce (1985) and Lissauer 

et al. (1988). Interestingly, these authors do not even list Titan, because its cratering 

record was implicitly assumed to be unavailable. Interpolating between adjacent 

satellites, we find that the rate on Titan can be estimated to be about twice the 

cratering rate on Iapetus. If Titan's surface is as ancient as the surfaces of the 

neighboring satellites, the crater density accumulated from the post accretional flux on 

Titan can be estimated simply by scaling to the impacts observed on nearby moons. 

The inward moon, Rhea, is an unwise choice, since it appears to be close to saturation 

equilibrium; the total number of impacts may be more than recorded and to predict 

Titan's cratering by dividing such a number gives a meaningless result. Instead, we 

scale to Iapetus using the crater densities observed by Plescia and Boyce (1985). From 

the hypothetical relation of cratering rate vs. time, constructed by Plescia and Boyce 

(1985), we note that for an age of 3.9 Gyr , the Iapetus density for D > 20 Ian would 
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be about 100 craters/106 km2, which on Titan would give about 200 cratersl106 km2• 

Hartmann (1984) has argued that the saturation equilibrium level at D > 20 km (the 

maximum densities empirically observed throughout the solar system) is only about 

210 craters/106 km2• 

Therefore we conclude that if the surface of Titan is "old", i.e. comparable to those 

observed on surrounding satellites, probably about 4 Gyr, it will have sustained about 

enough impacts to reach the saturation eqUilibrium level cited above. 

An additional possible source of cratering is debris from the hypothetical breakup of 

Hyperion. Hyperion is just outside the orbit of Titan, and more than 99% of its 

fragments would have been swept up by Titan in very short time scales of the order of 

400 years (Farinella et al., 1990; McKinnon, 1990), at much slower velocities (-3 

kmlsec) than the heliocentric flux mentioned above. Because Hyperion is heavily 

cratered, it must be relatively old; any such breakup and cratering episode on Titan 

was early. 

In conclusion, if the surface of Titan is comparable in age to surfaces observed on 

neighboring satellites, we have every reason to expect that the cratering would 

approach the saturation equilibrium values mentioned above. We will discuss the 

consequences of possible younger surfaces and active erosion process in a moment. 
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5.5. PREDICfIONS 

5.5.1. The Smallest Craters on Titan: The Case of an Old Surface in the Absence of 

Erosion 

In the last few sections the uncertainties for atmospheric pressure profiles and ancient 

impact fluxes were discussed. The two cases discussed in section 5.3 (a low pressure 

and high pressure profile) are used; a consequent minimum size for a bolide reaching 

the surface of Titan is calculated. The calculations were done for an impacting angle 

of 600 and the bolide was assumed to resemble an icy bolide, i.e. a comet (p=1g1cm3). 

These results can be adjusted to other objects or incident angles with the values 

presented in figure 5.1. There we show as a function of minimum crater diameter and 

atmospheric pressure the dependency on bolide parameters such as velocity, density 

and incident angle. 

For an evolving atmospheric pressure from a low value (0.2 bars) to today's pressure 

of 1.5 bars significant amounts of craters should be visible on ancient surfaces. In table 

5.1, which shows the low pressure case, the smallest crater diameter visible on an old 

surface would be about 21 km if a heliocentric, cometary object impacted the surface. 

If the same size object was a left over fragment from Hyperion the crater size is only 

10 km. If we take the high cratering flux from Plescia and Boyce, the cumulative 

number of craters at D ~ 10 km or 21 km ( depending on the entry velocity) on a 4 

Gyr old surface should be 296 per 106 km2. Again, for the larger crater diameter this 
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FIGURE 5.1. The minimum crater diameter is shown as a function of the atmospheric 
pressure. A velocity of 15 kmlsec represents a heliocentric body whereas 3 kmIsec is 
for a planetocentric object The calculations in this paper are based on graph c or d but 
can be adjusted for the other cases. 
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number would be above the saturation value and not all the craters would be visible on 

the surface. 

time 
[Gyr] 

4 
3 
2 
1 
o 

pressure 
[bar] 

0.2 
0.25 
0.35 
0.7 
1.5 

TABLE 5.1 

The lQW pressure case (case A) 

minimum diameter 
heliocentric [km] 

21 
22 
26 
34 
46 

minimum diameter 
Hyperion [km] 

10 
11 
13 
17 
23 

cumulative number 
~ Dmin per 106 lan2 

296 
18 
8 
3 
o 

For the high pressure profi1e (table 5.2), where the atmospheric pressure 4 Gyr ago 

could have been as high as 100 bars, most bolides would explode in the atmosphere. 

The smallest crater visible on such a surface is about 200 km if the bolide was a 

heliocentric object, if it came from Hyperion the smallest crater diameter is only about 

100 lan. The total cumulative number per 106 km2 for these minimum crater sizes is 

just three. And virtually no such craters would form in the available time if the flux 

was an order of magnitude lower as suggested by Smith et al. (1982). 

One of the assumptions is that the scale height won't change significantly for 

atmospheric pressures in the range of 0.2 bars to 5 bars. The scale height there is 

between 16 km and 24 km. For the higher pressure case of a 100 bars the scale height 

would be around 140 km and the bolide which makes it down to the surface is about a 

factor of 2 larger. Because it is very unlikely that such a large object could impact on 

the surface the cratering event at 4 Gyr at a high pressure can be neglected. 
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time 
[Gyr] 

4 
3 
2 
1 
o 

pressure 
[bar] 

100 
5 

1.5 
1.5 
1.5 

TABLE 5.2 

The hi gh pressure case (case B) 

minimum diameter 
heliocentric [km] 

234 
70 
46 
46 
46 

minimum diameter 
Hyperion [km] 

116 
35 
23 
23 
23 

cumulative number 
~ Dmin per 106 km2 

3 
2 
3 
2 
o 

Even in today's atmosphere the smallest crater visible on a young surface would be 

about 23 km for a planetocentric object and 46 km for a heliocentric, cometary bolide. 

The reader should keep in mind that these are very big craters in comparison to some 

surface features here on Earth like Arizona's Meteor Crater (1100 m in diameter). 

One aspect which has not been discussed so far is the survival of fragments after 

breakup of the original bolide in Titan's atmosphere. It was assumed that these 

fragments disappear and won't make it to the surface. In reality all these fragments will 

develop their own bow shocks and continue traveling towards the surface while at the 

same time they are flying apart from each other. If the atmosphere is fairly dense 

(which is true for Titan) their separation can be large enough that upon reaching the 

surface the formation of crater clusters instead of a single crater is possible. A 

formulation has been developed by Melosh (1989) where the separation depends 

mainly on the atmospheric density, the density of the bolide, the breakup height and 

the entry angle. Taking this into account smaller craters will be able to form than those 

predicted (smaller than 23 km for today's atmosphere). For our purposes this factor 

will be neglected because first, their numbers should not be large enough to follow the 

crater frequency-size distribution and second they should appear predominantly in 
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clusters instead of being randomly distributed over the surface. Also, for very weak 

cometary bolides, the fragments themselves may readily disintegrate before hitting the 

ground. 

5.5.2. Erosive State vs. Cratering Record on Titan 

Our discussion so far has set aside an important issue that controls what signature is 

actually seen on modern Titan. If the atmosphere has undergone a secular increase or 

decrease in density, the signature observed in the cratering record depends on the 

distance that we can see back in time i.e. the crater retention ages. Following the 

Voyager flyby of Titan the possibility was raised of methane "rainfall" from the 

atmosphere with attendant existence of rivers, lakes, or even ocean's. The existence of 

a global ocean (Lunine, 1993) has apparently been ruled out by earth-based radar 

(Muhleman et al., 1990 and 1992). Alternatively, internal geologic activity in the form 

of lava flows, tectonics, and subaerial deposition could obliterate the ancient cratering 

record even more effectively than erosion. Thus if erosion or geologic activity is 

efficient enough the crater retention ages will be young. In other words, the older 

cratering record would be destroyed (as on Earth), and we would detect only the 

downturn that we predicted above for the present-day atmospheric situation. 

To illustrate the variety of diagnostic outcomes most simply, we break the situation 

into four limiting cases for cometary objects in figure 5.2 (although in fact it is a 

continuum of cases). Case 1: If there is no effective erosion, and if the atmosphere was 

much dellser in the past. the oldest units (after subtraction of recent cratering measured 

on the young units) should reveal a turndown in the crater record at diameters> 100 
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FIGURE 5.2. Schematic diagram showing different limiting cases of plausible Titan 
crater size distributions depending on atmospheric and erosive history. Two reference 
lines are on all figures: the dot-dash line shows the size distribution of craters in the 
lunar maria to represent a relatively sparsely cratered surface; the solid line is from the 
most heavily cratered lunar and planetary highlands and probably represents saturation 
equilibrium. (a) If we see old surfaces dating back to a thin atmosphere, the crater 
density would be high but tum down around D = 20 km. (b) If erosion is active and 
crater retention ages are low, then regardless of existence of an ancient thin 
atmosphere we see low crater density and a downturn at around D = 50 km. (c) If we 
see old surfaces dating back to a dense atmosphere, the crater density would be high, 
but could tum down around D > 100 km. (d) If erosion is active, the result is the same 
as case b, regardless of existence of ancient thick atmosphere. 
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km. Crater densities above that size would be large because the surfaces would be old. 

Case 2: Again if there is no effective erosion, and if the atmosphere was less dense in 

the past, the oldest units may show craters down to sizes < 20-40 km. Again, the 

densities would be large above the cut-off size. Cases 3 and 4: If erosion is very 

effective, the crater retention age will be less than the time interval back to a 

substantially different atmospheric density. Therefore the crater record would record 

only the present day or recent cratering conditions; hence we would predict a low 

crater density and a downturn in the crater record at about D - 20 to 40 km. While the 

crater data would not measure the past state of the atmosphere in this case it would 

reveal the young relative age at the surface and confirm (or refute) the predicted effect 

of the atmosphere on the bolides. 

Figure 5.2 illustrates one more factor that we have set aside. A very small percentage 

of the objects hitting Titan are likely to be irons. On Earth, the percentage of irons, 

measured from meteorite falls, is no more than 3-5%. This percentage is probably too 

high even for Earth because of many carbonaceous objects may not make it through 

Earth's atmosphere. On Titan. the percentage is further reduced by the greater influx of 

Kuiper belt and Oort cloud comets. Nonetheless, perturbations of debris from the belt 

elevates some aphelia until Jupiter interactions occur, causing a certain fraction of 

debris to be scattered to Saturn. Therefore some irons should be present and the crater 

curves will not turn down to zero. If one percent of the objects reaching Titan are 

irons, the crater curve will turn down to I % of its value at larger sizes, and then turn 

up again, creating a distinct break in the curve. For a 100 bar atmosphere the smallest 

iron-caused crater visible is about 100 km in diameter, for the recent atmosphere it is 

about 18 km and for the low pressure atmosphere (0.2 bar) it is 8 km. Thus, as shown 
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in figure 5.1, a tail of low crater density could be predicted to extend down to these 

diameters, beyond the main downturn caused by explosion of the icy/stony bodies. 
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5.6. CONCLUSIONS 

The Cassini-Huygens mission will place an orbiter around Saturn in 2004, which will 

make numerous flybys of Titan, and drop a probe into Titan's atmosphere which will 

take measurements all the way to the surface. The radar imager on the orbiter has the 

capability to image roughly 10% of the surface at resolutions of hundreds of meters, 

and significantly more of the surface (to be determined based on final mission design) 

at kilometers resolution. The imager on the probe will begin to take high resolution 

pictures from altitudes of several tens of kilometers, where an area of hundreds of 

square kilometers will be covered at better than 100 meter resolution, down to 

centimeter resolution on a local (tens of meters) scale. In addition, if the atmospheric 

opacity is not too high, the visible and near-infrared imaging spectrometer (VIMS) 

may be able to image parts of the surface from the orbiter at hundreds of meters 

resolution at some wavelengths, and perhaps even the camera (ISS) can do the same at 

higher resolution in regions of low atmospheric opacity. 

The Cassini-Huygens mission will therefore be able to provide the regional geological 

data on Titan to distinguish between cases A and B in tables 5.1 and 5.2, or to 

determine whether other atmospheric profiles obtained over Titan's history. The ideal 

situation, of course, would be to image several regions of differing ages (for example, 

some areas where volcanic flows smoothed the surface after the late heavy 

bombardment which would increase the time resolution and detail of this proxy 

history. 
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The primary uncertainty lies not so much in the impactor population or impactor 

strengths (unless most of the bolides are unexpectedly much stronger than typical 

comets). More likely the ambiguities will arise associated with incomplete surface 

coverage, which in turn is dependent on mission performance. An additional concern 

is that, as on Triton, the surface may have been so geological active that most or all of 

the crater record has been obliterated. 

Titan, in spite of its larger size, may well have a less active surface since it was not 

subjected to the extreme tidal heating associated with Triton's capture and the 

circularization of its orbit. Certainly Ganymede preserves an excellent cratering 

record, and it is just a bit larger than Titan. 

The information to be gleaned is of enormous interest. No other solid object in the 

outer solar system has an atmosphere which at present can filter impactors, and no 

other body shows evidence of a past early massive atmosphere (Triton, being the best 

candidate from a theoretical point of view, having obliterated its cratering record). 

Understanding the history of Titan's atmosphere is essential to understanding the 

processes which formed and evolved this satellite. 
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