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ABSTRACT 

Water is important in the solar nebula both because it is extremely abundant and 

because it condenses out at 5 AL'. allowing all three phases of H)0 to play a role 

in the composition and evolution of the solar system. In this work, a thorough 

e.xamination of the inward radial drift of ice particles from 5 .\L' is undertaken. 

Drift model results are then linked to the outward diffusion of vapor, in one overall 

model which is numerically evolved over the lifetime of the nebula. Results of the 

model indicate that while the inner nebula is generally depleted in water vapor, there 

is a zone in which the vapor is enhanced by ~ 40-100'^. depending on the choice 

of ice grain growth mechanisms and rates. This enhancement peaks in the region 

from 0.1-2 .AL' and gradually drops off out to o .\r. Conversely, ice abundance is 

enhanced over 3-o .AL". Representative hot (early) and cool (later) conditions during 

the quiescent phase of nebular evolution are examined, .\dditionally. the effect of 

the radial dependence of water depletion on nebular chemistry is quantified using 

a chemical equilibrium code that computes abundances of nebular elements and 

major molecular C. X. S, etc. species over a range of temperatures. In particular, 

changes in the local C/0 ratio and organics abundance due to the radially dependent 

decrease in o.xygen fugacity are tracked and plotted. Generally, the diffusion-drift 

model results in a more complex water distribution than previous models, with 

both radial and temporal variations in the C/O ratio which produce both relatively 

oxidizing and reducing nebular conditions across 1-5 W . Depending on the value 

assumed for the solar C/O ratio, modest to significant enhancements of CH.i and 
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other organics abundances are produced in the inner nebula. These results coupled 

with the revised ice distribution may explain the radial signatures of hydration 

detections and darkening in asteroids, and perhaps the oxidation states of enstatite 

chondrites. The results also indicate that the inner nebula could have supplied 

organics and water to the terrestrial planets, as well as possibly to Europa and 

beyond, via outward mi.xing processes. 
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CHAPTER 1 

INTRODUCTION 

Water is important both because of its nature and because it is abundant. Water 

is the most abundant condensable because oxygen is cosmochemically the third 

most plentiful element after hydrogen and helium, and water condenses out at ~ 

5 AL' in the solar system allowing ice to become a major constituent of outer 

solar system bodies. .Additionally, water transports sediment, and as ice acts as 

a rock: thus water can significantly alter planetary surfaces, glacially and fluvially 

shaping the landscape. Moreover, in the Earth s biosphere, water is a necessary 

ingredient for life. Water constitutes S0-909f of all living organisms (Blum 1962) as 

well as having several uniquely life-sustaining properties, such as its relatively high 

heat capacity which allows it to buffer both external (climate) and internal (body) 

environments against temperature changes (Barrow and Tipler 1986). Resource 

specialists, planning a prolonged human presence in space, need to know where 

they might be able to find water in the solar system to replenish and sustain man-

made biospheres, .\strobiologists interested in finding e.xtraterrestrial forms of life 

in this or other planetary systems, need to know where they would expect water to 

be. both in a planetary system and within planets, and in what form. 

In our solar system, it has been known for quite some time that water ice 

is a primary constituent of outer solar system bodies. However, there is increasing 
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evidence that water was much more pervasive in the inner 5 AL' of the solar system 

than once thought. In addition to water on Earth, the channel and valley networks 

on Mars support theories of catastrophic flooding and other fluvial processing (Baker 

et al. 1992). Mars Global Surveyer recently reported possible evidence for ice at 

the bottom of .Martian craters. Lunar Prospector recently detected the presence 

of water ice on the .Moon, and there is considerable chemical and observational 

evidence for aqueous activity in meteorites and asteroids (Zolensky and .McSween 

1988. Lebofsky et al. 1981). Such e.xtensive evidence for the presence of water in 

the inner nebula suggests that an examination of the role of water in inner nebula 

evolution would be appropriate. 

However, to date the evolution and spatial distribution of water in the 

solar nebula have not been the focus of many detailed investigations, even though 

the nebular water distribution can impact nebular structure and evolution in a 

variety of specific ways. Sufficiently large changes in the nebular water ice grain 

distribution, for instance, will affect the disk opacity, and thus the nebular thermal 

structure and transport processes, .\dditionally. the distribution of water ice over 

the nebula's lifetime will influence timescales of planetesimal growth by accretion, an 

important consideration for modeling the formation of the outer planets. .Moreover, 

the late nebular water distribution will directly impact nebular chemistry and the 

composition of subsequent solar system bodies, both icy bodies and rocky objects 

containing water of hydration, as well as possibly affecting the supply of water to 

terrestrial planet surfaces. 

One early consideration into the overall transport of solid and gaseous 

species including water in the nebula was that of .Morfill and Volk (1984). They 
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described average conditions of transport of dust, gas and vapor in a turbulent 

protosolar nebula by deriving analytical solutions from their model in the limit of 

small particle sizes. Their general conclusions implied that material is reprocessed 

thermally, can be chemically fractionated extensively, and that there is a significant 

enhancement of solid particles just outside their sublimation zones in the nebula 

which could help speed planetesimal formation in that area. 

In later work. Stevenson and Lunine (1988) quantitatively considered the 

diffusive redistribution and condensation of water in the nebula with the goal of 

facilitating the rapid formation of Jupiter. They modeled the outward diffusion of 

water vapor in the nebula by assuming a cold-finger solution—i.e. they solved the 

diffusion equation in the limit that the sink of water vapor is condensation within 

a narrow radial zone, located ~ 5 .\r from the nebular center. They also assumed 

that the condensate decoupled from the nebular gas rapidly and suffered little effect 

from gas drag so that small ice grains would not be carried inward of 5 .A.r. and 

would grow unmolested into larger ice bodies which remain in the condensation 

zone. Given these conditions, their model predicted that the inner 5 .-M' of the 

nebula would become completely depleted in water vapor in as little as 10" yr and 

that the surface density of ice in the condensation zone would be enhanced by up 

to a factor of 75. This would be sufficient enhancement to trigger formation of 

Jupiter's heavy element core, and thus of Jupiter itself, on a reasonable timescale. 

However, subsequent reconsideration of gas drag effects on the ice conden

sate by Sears (1993) suggested that Stevenson and Lunine (1988) had underesti

mated the magnitude of aerodynamic gas drag and that drag would indeed cause 

larger ice bodies to drift inward significant distances, on relatively short timescales. 
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Thus an updated version of the Stevenson and Lunine examination of the radial 

transport of water through the solar nebula, incorporating both inward ice drift 

and outward vapor diffusion, is required and presented here. The nebular water 

vapor transport model will then be used in order to consider the chemical, compo

sitional and dynamical implications for the formation of a variety of solar system 

bodies. 

Solar nebula models provide the foundation for modeling water transport 

and chemistry in the nebula and specifics in nebular models can significantly affect 

water transport results. Thus a detailed overview of solar nebula formation, evolu

tion. processes and models is given in Chapter 2: effects due to nebular models and 

processes are evaluated throughout the rest of the text. The gas drag-radial drift 

model is discussed in Chapter 3. the diffusion model expanded from Stevenson and 

Lunine (1988) to include both drift and diffusion processes is discussed in Chapter 

4. effects of the revised water distribution on nebular chemistry and the nebular 

C/0 ratio is discussed in Chapter o. implications for a variety of solar system bod

ies are considered in Chapter 6. conclusions are summarized in Chapter 7: a table 

of mineral names and formulae is in .\ppendi.x .A. for easy reference, and tables of 

condensates relevant to Chapter 5 are in .Appendi.x B. 
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CHAPTER 2 

THE SOLAR NEBULA 

2.1 Introduction 

Understanding solar system body formation requires an understanding of the chem

ical and dynamical history of the solar nebula. In particular, modeling water trans

port in the solar nebula setting requires an understanding of overall nebular evolu

tion as well as specific nebular processes that could affect such transport. Current 

understanding of the nebula indicates that it was a very complicated and dynamic 

environment throughout much, if not all. of its history, making it difficult to model. 

.Nonetheless, much effort has gone into modeling particular aspects or simplified 

versions of the global formation and evolution of the nebula. Thus, the approach 

taken in this dissertation is to assume certain base nebular models, justifying the 

choices and detailing the restrictions created by those choices. Water transport is 

then considered within those nebular environments, and the results of water trans

port calculations are discussed within the context of other potentially complicating 

processes in the nebula. This chapter provides an overview of nebular formation 

and evolution, the current state of modeling and the nebular models used as the 

basis for this work, other processes that could have occured in the nebula and could 

impact the water transport calculations, and a discussion of timing: when in the 

nebula's history water transport could reasonably be modeled and when planetary 
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and other solar system body formation could have started. 

2.2 Overview of Formation and Evolution 

Since perhaps as early as the ITOO's (Boss et al. 1989). the core hypothesis of neb

ular modeling has remained the same: solar system bodies (e.g. the planets and 

asteroids) formed out of the same rotating flattened nebula of gas and dust that 

formed the Sun. Though theoretical nebular models have advanced in detail over 

the last few centuries, there is still relatively little observational data to constrain 

models. Present day observations of star formation regions, e.g. T Tauri star sys

tems (low mass stars in their early pre-main sequence phase of evolution surrounded 

by nebular disks) and cloud cores (nascent protostars). still provide only a moderate 

amount of direct information about physical conditions in protostars and protoplan-

etary disks. Some few additional constraints can be found in the compositions of 

solar system bodies. In particular, primitive meteortites are believed to contain a 

record of physical and chemical conditions in the solar nebula, though the com-

ple.xity and diversity of data requires a comple.x nebular history. Because of this 

relative dearth of diagnostic data, theoretical models become a practical necessity 

as a means of depicting and understanding the nebula. Xo one model can currently 

hope to capture the full complexity of the nebula, and because of this and the rel

ative lack of observational constraints, there is no one definitive model. Even so. 

the characterization of the nebular environment has steadily evolved. The following 

discussion outlines the present generally accepted scenario for nebular formation 

and evolution. 

Nebular formation starts with an interstellar cloud of cold 10 K gas. H2 
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and He, and dust, 0.1 fim silicates coated with icy mantles. Eventually, self-gravity 

triggers the collapse of the cloud. Collapse continues as long as the dust grains 

radiate away enough of the heat of compression so that gravitational forces continue 

to dominate. L'ltimately, collapse halts when forces due to the thermal pressure 

counterbalance gravitational forces. The center of the cloud is the first to contract 

and drop in to form a small mass concentrate: the rest of the cloud sequentially rains 

in from further and further out (Wood and Morfill 1988). Observations suggest that 

the solar system formed from a slowly rotating cloud (Boss et al. 1989): collapse 

of such a cloud results in a mass concentrate in the form of a central protostar 

surrounded by a spun-out disk. 

The accreting material, raining in from further out in the cloud, has too 

much angular momentum to fall directly onto the protostar so it falls instead on 

the disk. The infall velocities of material out to 2000 .\L' from the protosun are 

supersonic (Lunine et al. 1991). Thus as the material encounters the disk, it is 

shocked—abruptly decelerated, compressed and heated: so accretion shocks bound 

the top and bottom surfaces of the nebular disk. Consistent with collapse from a 

rotating cloud, the nebular material is spun out into a disk-shape form, and shaped 

in vertical cross section like a flattened X.: that is the disk increases in width (i.e. in 

the z direction, the direction parallel to the axis of rotation, see Fig. 2.1) with radius. 

Because of this flaring and because of the cloud collapse geometry, material falling 

towards the outer sections of the disk falls through shorter distances, has lower infall 

speeds and thus experiences less shock heating, than material falling closer in to 

the protostar. In general, accreting material e.xperiences different thermal histories 

en route to the nebula because heating, due to both the protostellar radiation field 

(Simonelli et al. 1997) and passage through the accretion shock (Lunine et al. 1991. 



20 

drop off with increasing distance from the protostar. Thus material falling onto 

the outer portions of the nebular disk is cooler and less processed than that falling 

closer in. 

2 

lea Orift 

Chemicaily 
AcTJve Zone 'Snowline' 

vapor OffTusion 

I 1 
1 AU 

Figure 2.1: A cartoon of the overall system under consideration: the protosun 

surrounded by the nebular disk. The focus for the majority of this paper will be 

on the "inner solar nebula", i.e. the region 1-5 AU: this includes the chemically 

active zone and the water condensation front ("snowline"). The two main processes 

affecting the distribution of nebular H2O we examine are the diffusion of water 

vapor out pa^t the condensation front, initially at 5 .\U. where the vapor condenses 

into ice particles, and the radial drift back inward of the ice. The chemically active 

zone denotes the inner part of the nebula where temperatures are high enough for 

chemical reactions to reach thermodynamic equilibrium. 
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As mentioned above, mass and angular momentum are added throughout 

the disk rather than directly onto the central protostar. Howe%'er, the Sun contains 

99.9% of the solar system's mass and only 29c of the solar system's angular mo

mentum (Boss et al. 1989). This implies that a significant redistribution of angular 

momentum outward and mass inward had to occur in the nebular disk by the end 

of its lifetime. The physical mechanism for this redistribution is unknown, repre

senting one of the critical unresolved issues in nebular modeling. .As the nebula 

evolves, its thermal evolution is regulated by the release of gravitational energy as 

matter is moved inward onto the protostar and by radiative losses from its sur

faces. Condensation and vaporization of silicates and ices occur depending on the 

temperature: while grain and particle growth can be either facilitated or hindered 

by sedimentation to the midplane and turbulence. Coagulation of larger bodies, 

planetesimals and perhaps even planets, starts at some point before the nebula's 

end. The nebula is ultimately dispersed when winds from the young star blow the 

residual gas and dust away. 

2.3 Modeling 

The nebular description is already comple.x: all the main processes mentioned above 

are interdependent. The first simplification most modelers make is to model some 

or all of the different stages separately, or to focus on only portions of nebular 

evolution. 

.\nother modeling difficulty is the key uncertainty in all models: the phys

ical mechanism for redistributing nebular mas and angular momentum. Modelers 

have proposed a great variety of mechanisms for angular momentum and mass 
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transport including; turbulence due to convective instability (e.g. Ruden and Lin 

1986). differential rotation (Debrulle 1993), infalling material (Cameron 197Sb. 

Prinn 1990), magnetic instability (Balbus and Hawley 1991), acoustic waves (Lar

son 1989). self-e.xcited or driven density waves (e.g. Tomley et al. 1994. Ward 1988), 

.•\lfven waves (Hayashi 1981). shock waves (Spruitt 19ST) and magnetic disk winds 

(e.g. Lovelace tt al. 1990). .\s yet. none of these or other mechanisms proposed 

to evolve the nebula have been satisfactorily quantified, both because of their com

plexity and because, as previously mentioned, observational tests for them do not 

yet exist. 

Disk evolutionary mechanisms fall into two broad categories. Redistribution 

occurs either through local processes, such as convective turbulence, which requires 

the presence of an effective viscosity coupling adjacent sections of the nebula, or 

through global processes, such as spiral density waves, which link widely separated 

nebular regions. It is even possible that different forms of disk evolution dominated 

at different times or simultaneously, though nebular modelers usually neglect this 

possibility to keep their models tractable. Local processes are more readily modeled 

analytically, making use of approximations and a relative few generally accepted 

assumptions, while global processes more often need to be modeled numerically. 

In part because they were relatively easy to model analytically, viscous 

accretion disks were initially the most popular form of nebular models. In a viscous 

accretion disk, viscous coupling occurs because neighboring annuli of gas in the disk 

rotate with different Keplerian angular velocities causing shear in the gas. Viscous 

friction heats the gas. slowing the rotation of the faster, inner annulus and speeding 

the rotation of the slower, outer annulus. Thus gas that slows to less than its orbital 
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angular velocity about a center of mass at a given r. will move in to smaller radii, 

while gas that is sped up beyond its orbital angular velocity will move out to greater 

radii. .\s a continuous process, mass is progressively transported inward and angular 

momentum outward. .A.t the center of the system, this process feeds the mass onto 

the protostar. .\t the outer edges of the system, the same process transfers angular 

momentum to the peripheral disk material which is spun out further and further 

(Lust 1952). 

Standard components of viscous accretion disk theory include the assump

tion of a thin, low mass nebular disk. i.e. no self-gravity, in Keplerian rotation about 

a point mass (the protostar). Though a higher-mass disk may have prevailed in the 

early stages of collapse, a low mass disk is more relevant to planetary formation 

stages in the nebula's evolution and more conducive to forming a relatively low-

mass star like the Sun. Estimates of the "minimum mass" disk required to form 

the solar system's planets are O.Ol-O.OT .\I; (VV'eidenschilling l9T7b). 

Disk evolution is dominated by viscous shear and viscous dissipation is the 

primary source of disk heating. The rate of disk evolution depends on the effec

tive viscosity of disk material. The magnitude of simple molecular viscosity is too 

small because it would take too long to evolve the disk (von VVeizsacker 1943). .A. 

more efficient form of viscosity must therfore be invoked, but the type and strength 

of this viscosity is unknown, creating the major and rather critical uncertainty in 

nebular viscous accretion disk (V'.\D) modeling. Global nebular turbulence of some 

form, is the most frequently posited mechanism for producing nebular viscosity. 

The actual value of viscosity due to this turbulence is not readily derivable: it is 
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often approximated by disk modelers who introduce the free parameter a. a di-

mensionless measure of the strength of the turbulence. .-Mpha models are useful 

for parameter studies of disk structure and evolution because they do not require 

exact specification of the type of effective viscosity. Their chief drawbacks, though, 

are their ad hoc form and uncertainty in the value of a. Initially, convective tur

bulence was the most commonly invoked form of viscosity: if the nebula is opaque 

enough at the disk midplane. thermal gradients arise between the disk midplane 

and disk surfaces resulting in vertical convective motions. F"urther analysis (Cabot 

et al. 1987. Ryu and Goodman 1992. Boss 1993. Stone and Balbus 1996) seemed 

to indicate that convection was also too inefficient a process to evolve the nebula. 

V'.\D models typically underestimate midplane temperatures (~ 300K at 2-3 .\r) 

which are expected to be higher in a minimum mass nebula based on meteoritical 

evidence: thus viscous accretion disk models fell into disfavor. However, recent work 

by Stepinski (1998) claims that several sets of spectral observations of T Tauri re

gions are consistent with a viscous accretion disk model with an q of 10~*. ignoring 

the question of mechanism. This raises the possibility again that viscous accretion 

disk models may still plausibly model nebular parameters, though no one as yet can 

find a reasonable physical mechanism driving such models. 

Other nebular models were created using a combination of semi-analytical 

techniques and observational constraints, e.g. Stemwedel et al. (1990) studied the 

collapse of isothermal clouds. Cassen (1994) took that approach a step further by 

computing nebular thermal profiles during and after such a collapse, and Wood 

(1984. 1996) investigated nebular shock heating. Those models which calculated 

nebular midplane temperatures found temperatures ~ loOOK out to about 3 

falling off after that. These temperatures are more consistent with meteoritical 
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evidence, but the models typically have large qualitative sections precluding their 

use as a full numerical model. 

.\ third category of nebular models, consists of models using fully numerical 

solutions of the two- or three-dimensional equations of hydrodynamics (e.g. Boss 

1989. Boss 1996). Numerical models do not have to invoke appro.ximations often 

necessary for analytical or semi-analytical solutions like idealized symmetry, sim

plified thermodynamics, vertically thin disks, or no self-gravity. Numerical models 

may ignore turbulence or include the effects of an Q-viscosity as well (Tscharnuter 

1987): but all such models do include compressional heating from a collapsing gas 

and radiative transfer in either diffusion or Eddington appro.Kimation. Early hy-

drocode models frequently resulted in a mass accretion rate too high for low mass 

star formation though later models (Boss 1996) avoided that problem. However 

most hydrocode models face computational limitations which drastically shorten 

the total amount of nebular history that can be computed. Boss (1993) was the 

first to calculate the planetary formation stages in nebular history, which he did by 

assuming the prior existence of a solar mass protostar. i.e. he did not follow nebular 

evolution from cloud collapse. This and later numerical models, though providing 

only snapshots of nebular evolution at various times, do result in midplane disk 

temperatures consistent with meteoritic evidence. 

.Modelers continue to investigate and refine methods of viscous or global 

evolution of the disk, with no one evolutionary model clearly superior. 
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2.4 Nebular Models Used in this Work 

Several models have introduced useful concepts or modeled useful aspects of the 

nebula, that are still considered valid and that provide the basis of subsequent dis

cussion and calculation in this dissertation. Historically, the earliest of these is 

the Wood and .\Iorfill (1988) nebular model, .\mong other results, those authors 

defined basic stages of nebular evolution that are still relevant to current nebula 

modeling. They are: I - the rate of infall of accreting material onto the nebular disk 

is greater than the rate at which material is fed through the disk onto the protostar, 

i.e. collapse processes dominate; II - the two rates are equal: and III - the rate of 

protostellar accretion is greater than the rate of infall. i.e. disk evolution processes 

dominate. In stage I. the infall disk, the ratio of disk mass to protostellar mass 

may be high, approaching unity, since the central protostar has not yet had time 

to accrete much of its matter from the disk. Stages I and II are known collectively 

as the collapse phase since cloud collapse plays a major role, thus nebular condi

tions and associated processes are often chaotic, non-linear, disruptive and rapidly 

changing. In stage III. the quiescent stage, many or all of the disruptive and poorly 

understood complicating factors (see section 2.5 below) are no longer in evidence. 

In stages II and III. the disk mass may be low relative to the central protostar as 

the disk evolves and the star accretes. Solar system body formation, the growth 

of planetesimals and larger bodies, starts in stage II or in stage III. and at some 

later point the nebula gas is dispersed, presumably by strong winds from the newly 

created star, ending the nebula s e.xistence (see section 2.6 below for a more detailed 

discussion of the timing of these events). 

Wood and Morfill (1988) calculated nebular radial profiles characterizing 
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many physical parameters such as temperature, pressure, surface density and opac

ity for both steady-state and quiescent disks, invoking convective turbulence as 

the evolutionary mechanism. However, meteoritic evidence of high temperature 

processing of pre-asteroidal or nebular materials did not mesh with Wood and Mor-

fill (I988)"s relatively cool midplane temperatures at radii from 2 to 3 AC. Later 

re-analysis, in view of the deficiencies of the convective turbulence mechanism, sug

gested that their temperature profiles are probably cooler and disk evolutionary 

lifetime shorter than that which actually occured. Because of the great uncertain

ties in nebular modeling and the great variety of nebular model results, the cool 

Wood and .\Iorfill (1988) nebular model is used in this dissertation to bracket one 

end of plausible nebular thermal behavior and to help determine the effects of varia

tions of thermal profiles, which vary both in time and from nebular model to nebular 

model, on the water transport results. 

In contrast to Wood and .\lorfill (I98S)'s viscous accretion disk model. 

Cassen (1994) provided a semi-qualitative, detailed examination of several nebula 

properties. Recall that as mentioned previously, various lines of evidence imply a 

great diversity of physical and chemical nebular conditions not easily reconciled with 

simplified theories of global nebular evolution. The Cassen (1994) nebular model 

attempts to provide a basis for realistic nebula substructure and time evolution 

despite uncertainties regarding mechanisms responsible for evolution. The model is 

a semi-qualitative description of the overall formation and evolution of the nebula 

based on theory, observations of T Tauri stars and global conservation laws. Cassen 

avoids specifying a physical mechanism for evolving the disk by making a few ad 

hoc assumptions common to other nebular models, e.g. a low mass disk. The 

fundamental basis of the assumptions is that the nebula evolved smoothly, which 
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most likely didn't happen: in order to address this Cassen (1994) qualitatively 

discusses the numerical model results of a smoothly evolving disk in terms of other 

chaotic nebula behavior. 

While Wood and Morfill (1988) calculated a comprehensive set of nebular 

physical parameters a^ a function of radius. Cassen (1994) directly calculates the 

thermal structure of the nebula only, though surface density and opacity parameters 

are derived in the process. His thermal model is based on: the energy radiated by 

the protostar: the amount of energy released by accretion-energy dissipated as the 

nebula evolves ultimately comes from the release of gravitational energy as nebular 

material travels inward towards and onto the protostar: the vertical temperature 

distribution: and the mode of vertical energy transport. Most prior models invoked 

convective transport as the mode of vertical energy transport in suitably unstable 

regions and radiative transport elsewhere. However, calculations of nebular con

vective transport, using mixing length theory, have consistently concluded that it 

does not dominate radiative transport even in convectively unstable regions: thus 

Cassen (1994) assumes that radiation is the primary mode of energy transport in 

disk. Other model assumptions include that the disk is thin, the energy causing 

heating is due entirely to accretion within disk, and mass is not building up ap

preciably anywhere in disk e.xcept possibly during FU Orionis-type bursts (Section 

2.5.5). Cassen (1994) also gives detailed consideration to the effects on opacity of 

silicate and ice condensation above and at the nebular midplane for five thermal 

regimes. 

The baseline thermal profile of Cassen (1994) is derived for conditions at the 

end of the collapse stage when the nebula is hottest. The structure of the profile 
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is similar to that of Wood and Morfill (1988): both are characteristic of nebular 

models which evolve smoothly. Both profiles contain a relatively isothermal zone 

inward of the ice condensation front where temperature increases are supressed to 

some degree due to ice grain condensation: however, the Cassen thermal profile 

is hotter overall than the Wood and Morfill (1988) profile. The time evolution 

of the thermal profile is also derived: it migrates radially inward, moving through 

appro.ximately a few .\U"s over a few millions of years. Depending on the choice of 

specific nebular parameters like mass accretion rate and total angular momentum, 

the ma.Kimum radial position of the ice condensation front varies from 4-20 .\L'. 

however in all cases the ice condensation front ends up at 1-2 .AL by the end of 

the nebular lifetime. Gas motions are calculated to be faster than ice and silicate 

condensation front motions so gas always passes through the fronts. The midplane 

pressure is ~ 10""* bar at the silicate condensation front (located at about 1 .-\L' at 

the end of the collapse stage) in all models, dropping off outside of that. 

The two-dimensional radiative hydrodynamic model of Boss (1996) has also 

been considered, as a detailed representative of numerical nebular models. Boss 

computed a number of quasi-static models in order to ascertain disk parameters at 

what is assumed to be various stages in disk evolution. His model results in relatively 

hot midplane temperatures ( > I200K) in the inner solar system, surrounded by a 

cooler (~ lOOK) outer disk. L'sing very different modeling methods. Boss (1996) 

numerically derives a nebular thermal profile similar to the Cassen (1994) profile. 

The Boss profile is somewhat cooler in the outer regions of the nebula, though 

Boss did not incorporate any viscous heating, thus his temperature profile serves 

more as a lower limit for nebular temperatures. Because of this and the general 

agreement between the two profiles, the Cassen (1994) baseline profile is used as a 
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plausible upper limit on the temperature corresponding to the start of the quiescent 

phase of nebular evolution. Given the evolutionary migration of the Cassen (1994) 

thermal structure, the temperature profile can be deduced at late (cool) stages of 

nebula evolution in order to track the evolution of the water distribution during the 

nebula's late history. Thus the Cassen (1994) temperature profiles from both early 

(hot) and late (cool) quiescent nebular stages are used to track evolutionary trends 

and temperature sensitivity of the water distribution. 

2.5 Complicating Factors 

.\s noted in the previous section, the nebula undergoes many stages of evolution 

involving many physical processes, most if not all of which are coupled, before solid 

bodies form. In addition to those considerations are other complicating factors, 

additional processes that could have occured in the solar nebula or in other pro-

toplanetary systems and have been examined in various models. These are briefly 

outlined here so that their potential impact on the water transport and chemistry 

results can be discussed later. 

2.5.1 Nebular Opacity Changes 

.Nebular opacity affects the thermal profile. Opacity variations are accounted for in 

nebula thermal models to some degree: there is often rather detailed consideration 

of when silicates, iron and ice condense and thus change the opacity (e.g. the Cassen 

(1994) profile used in this work). The resultant temperature profile is affected in 

a characteristic way. similar to the Wood and .Morfill (1988) thermal structure: 
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there is a zone in which temperature increases are suppressed due to the condensed 

particles just radially inward of their condensation front. 

Grain growth changes opacity, for instance more grains in an area or larger 

grains imply more cooling, perhaps only locally. More cooling inhibits convective 

turbulence which allows more grains to settle out to the midplane. But .\Iorfill 

(1988) showed the nebula would compensate for the opacity shift so that at least 

in some cases there would be no significant effect due to grain coagulation. It is 

e.xpected in general that effects due to opacity changes are already sufficiently well 

modeled: however, if water transport calculations generate or shift the location of 

significantly large amounts of ice grains, then the feedback effects on opacity and 

the thermal profile might have to be considered. 

2.5.2 Protostellar Temperature and Mass Changes 

In the Boss (1996) numerical nebula models. Boss investigated effects on the ther

mal profile of changing both the protostar's effective temperature and mass. In 

his standard model, the temperature at the boundary between the disk and pro

tostar was limited to 1700K which is consistent with a distance of ~ O.o .-M' from 

an accreting, solar-mass protostar (Tscharnuter and Winkler 1970). Boss dropped 

this ma.ximum ITOOK temperature to loOOK and oOOK. and found that the ther

mal profile in the disk was essentially unchanged. This appears to indicate rather 

strongly that the central protostar does not contribute significantly to disk heating 

and therefore stellar temperature fluctuations may be ignored. 

Boss (1995) investigated the effects of changing the protostellar mass on disk 

thermal profiles. Because of numerical difficulties, he could not e.xceed one solar 
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mass, but he did study smaller masses: O.l and 0.5 Mr . Decreasing the protostellar 

mass didn't affect temperatures inside 2.5 .\L' in the disk, but smaller masses did 

cause greater cooling at larger radii. Specifically, lowering the protostellar mass 

from 1 to 0.5 and O.I moved the ice condensation front in from ~ 6 to ~ 5. and 

~ 4.5 .\U. The lower disk temperatures at larger radii are attributed to the lower 

strength of the vertical component of gravity for lower mass stars, causing less disk 

compression and heating. He concludes that the position of the ice condensation 

front is fairly independent of protostellar mass, again because disk temperatures 

appear to be self-regulated and not very influenced by radiation from the protostar. 

It is thus e.xpected that fluctuations in protostellar temperature and mass will have 

negligible effects on water transport and nebular chemistry. 

2.5.3 Gas Motions 

Global Motions 

Nebular gas motions are important: on a global scale they govern the rate at which 

the protostar grows, the nebular surface density as a function of time and. through 

the release of gravitational potential energy, the thermal state of the nebula. Sus

tained gas motions occur only when there is a redistribution of angular momentum 

and mass. Most modelers, however, focus on the mechanism for that redistribution, 

a demanding enough problem, and not on the specific effects on the gas. 

The Cassen (1994) model is currently the only model that has done detailed 

investigations into global motions of nebular gas and the fine dust entrained in it. 

Global gas motions include: the primary, nearly circular motion of the gas about 
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through the disk onto the protostar. some amount of outward motion because the 

transport of angular momentum outward requires some material to move out such 

that total angular momentum is nearly preserved, and other chaotic motions due to 

phenomena like waves and turbulence. Cassen calculated radial trajectories of gas 

through the formation and evolution of the nebular disk. His main results were that 

at any time, there is a particular radius within which nebular gas flows inward and 

beyond which gas flows outward. This radius moves outward as the nebula evolves 

over time, overtaking outward flowing gas and reversing its direction. This continues 

to occur as long as angular momentum is being transferred outward, regardless of 

whether material is still falling to the disk or not. Further, infalling gas mi.xes 

with previously accumulated matter already present in the disk, in addition to any 

diffusive mi.xing that may occur. Lastly, nebular gas may have originated at. or 

traveled to. large radial distances before moving through the inner solar system. .-\s 

long as the cloud is still collapsing, new material is added at all radii throughout the 

disk. Cassen (1994) calculates gas radial velocities in the terrestrial planet zone of 

0.1 -10 m/sec. It is interesting to note that for f = = 0.4 (a higher mass disk) 

where .\I^ is the disk mass and \L is the mass of the protostar. the ma.ximum radius 

that nebular gas traverses during the quiescent phase is only 10 .\U. i.e. the gas 

never travels beyond IO.A.L'. However, if f=0.I (a lower mass disk) then much of the 

gas is driven beyond 100 AL before returning to the inner solar system on its way to 

the protostar. .Mass is being added to the nebula at all radii, but Cassen finds that 

most of the mass is added smoothly on the inbound leg of the gas trajectory. Hence 

any one parcel of gas will contain a continuous range of processed cloud material 

so that a large range of outer nebula conditions is likely to be present. Diff^usional 
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mixing might further smooth the distribution of material, while rapid accumulation 

of solids would preserve heterogeneity (Cassen 1994). 

It is questionable, however, whether angular momentum transport is effec

tive at the very low surface densitities that occur at the outer reaches of the Cassen 

(1994) (and many other) nebulae. Cassen thus considers his calculated gas trajec

tories as merely illustrative rather than quantitative predictions based on known 

phyical processes. The lime history of radial velocities of the gas is sensitive to 

poorly constrained parameters; therefore the gas radial velocity profiles contain a 

large level of uncertainty. Additionally, during the quiescent phase of nebular evo

lution global radial motion of the gas due to protostellar accretion may have been 

insignificant: most of the gas remaining in the quiescent nebula is thought to have 

been dispersed back into interstellar space at the end of the nebular lifetime rather 

than transported onto the protostar (Shu tt al. 1993) which means nebular gas 

may scarcely have been moving, if at all. It is therefore not unreasonable to assume 

that to first order these global gas motions late in nebular history were small or 

negligible. 

Advective Midplane Motions 

Potentially significant nebular midplane advective Hows were calculated by Cuzzi 

et al. (1993) in the process of investigating protoplanetary body growth. The stan

dard evolution and modeling methods for planet-sized body growth in the nebula 

can be broken down into a few basic stages, .\fter an interstellar cloud collapses to 

form the nebular disk, the nebula is at first dominated by gas and dust grains, and 
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grain growth leads to cm sized bodies which settle towards the midplane (Weiden-

schilling 1997). Particles 10-100 cm in size accumulate in a thin layer around the 

midplane forming a two-phase gas-particle fluid dynamical system, and accretion 

of bodies is now primarily due to the sweep up of material entrained in the gas 

as the gas and particles drift past each other (Cuzzi et al. 1993). Planetesimals 

start to form: when the bodies become comet-sized, collisional accretion in an X-

body dynamical system ultimately leads to the formation of dense planetary cores 

(Safronov 1969). Lastly, at least in the outer solar system, dense planetary cores 

hydrodynamically accrete nebular gas to form the jovian planets (Mizuno et al. 

197S). 

While the basic solid body growth stages themselves have been studied, the 

transitions between them remain poorly understood. Cuzzi tt al. ( 1993) addressed 

that concern by modeling the transition between the gas dominated accretion disk to 

the disk of comet-sized planetesimals. They modeled the dynamical and structural 

properties of a fully viscous, coupled, two-phase circumstellar planetary nebula in 

which aerodynamic interactions betweeen macroscopic particles and the surrounding 

nebular gas involve feedback processes affecting both the gas and particle evolution. 

VV'eidenschilling (1977a) had previously determined and quantified the ef

fects of nebular gas drag on particle motion. Particles orbit with their Keplerian 

velocity, however gas in the nebula is partly supported by the gas pressure gradient 

so gas orbits more slowly at less than the Keplerian velocity (for a fuller e.xplana-

tion of the physics, see Section 3.2.1). .Mutual gas drag transfers orbital angular 

momentum from the particles to the gas. The particles e.xperience gas drag or an 

effective headwind, which decreases the orbital velocities of the particles, causing 
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them to drift radially inward. 

Cuzzi et al. (1993) considered the converse, the effects of particle drag on 

gas motions, and its potential feedback effects on particle motions. They found 

that particle drag on the ga^ increases gas orbital velocities causing the gas to 

flow radially outward across the particle faces. Because the gas entrained in the 

dense particle layer near the midplane is driven to greater orbital velocities, the 

headwind (gas drag) e.xperienced by the particles decreases and their inward radial 

drift velocities decrease to smaller non-zero values. .\s long as there is a non

zero orbital velocity difference between the ga^ and particles, gas in the midplane 

layer continues to flow outward relative to the rest of the gas in the nebula. This 

differential gas motion produces vertical shear which generates turbulent motions 

on the order of several m/sec. and turbulent viscosity. The particle density at 

the midplane is determined by the balance between downward settling and upward 

diffusion due to the turbulence, and it reaches a steady-state in which both motions 

are balanced. 

The Cuzzi et al. (1993) model assumes no other (global) turbulence, a 

single size population of particles at the midplane (10 or 60 cm), and most of the 

calculations were done at 1 .\L' with a nebula temperature profile where T = 'iSOK 

at I .\U and 90K at 10 .AL*. Hotter nebula conditions. lOOGK at 1 .\U. were briefly 

investigated. The main results are that rapid accretion of planetesimals is very 

unlikely until the particles in the midplane have grown to radii of ~ 10 m. and 

that there is an outward midplane radial flow of vapor and entrained grains. The 

outward gas flow decreases inward particle drift. Specifically the radial drift velocity 

at I Ai.' decreases by a factor of three for a 10 cm particle and by factor of o for a 
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60 cm particle from the VV'eidenschilling {1977a) values. Also. Cuzzi et al. (1993) 

estimate the outward radial water vapor flow across the 5 AU ice condensation front 

at a rate of ~ 10"' M^/yr. 

These results occur when the mass density of the particle layer is greater 

than or equal to that of the gas. There is less effect, i.e. less outward gas flow and 

less of a decrease in a particle's radial drift velocity, for increasing R, z (the vertical 

dimension). T and for bodies larger than lO'^ cm. It is also unclear how much effect 

global turbulence in a hotter nebula would have. Turbulence in general is a poorly 

understood phenomenon, however in general additional turbulence would tend to 

disperse the particle layer, diminishing radial advective gas flows and associated 

phenomena. The main Cuzzi et al. ( 1993) conclusions apply to a temperature 

regime which doesn't occur in the Cassen (1994) nebular model until ~ 10' yr. the 

end of the nebular lifetime. It is therefore expected that the Cuzzi et al. (1993) 

results will be minimized in the hotter nebula conditions. I-5 .\l . which prevailed 

for the bulk of the quiescent nebula, though advective flows could become more 

important towards the end of the nebular lifetime. 

2.5.4 Gravitational Instability 

During the collapse stage of nebula evolution, if matter falling onto the disk accu

mulated up to ~0.3 O.o times the protostellar mass, the disk would become grav

itational unstable and axially asymmetric. Gravitational instabilities, caused by 

density inhomogeneities in the disk, would distort the radial gravitational attrac

tion of matter through the disk towards the protostar. It is thought such instabilities 

could induce compressional cycling of disk material through the growth of random 
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perturbations (e.g. Cameron 1978a) or more likely through organized spiral den

sity waves (e.g. Laughlin and Bodenheimer 1994. Cassen 1994, Wood 1996). .\s an 

alternative to effective viscosity mechanisms, gravitational instabilities have been 

numerically modeled and used to evolve nebular disks (e.g. Boss 1989 or Laugh

lin and Bodenheimer 1994). Ruden and Pollack (1991) suggested and Boss (1996) 

found that global gravitational instabilities would be important only in high-mass 

nebulae, which would mean during the collapse stage of solar nebula formation or in 

nebulae forming protostars of higher mass than the Sun. Cassen (1994)"s investiga

tion indicated that model results examining gravitational instabilities in low-mass 

nebular disks were similar to viscous accretion disk models: additional temperature 

fluctuations due to gravitational instabilities were not likely to exceed a few hundred 

degrees occuring on timescales of months to years in the terrestrial planet region. 

In later analysis Wood (1988) noted that the radial distance at which spiral density 

arms could form and their extent and robustness are not well constrained in models. 

Wood (1996) pointed out that the Boss (1996) model using a disk mass .\I,f > 0.14 

M;, higher than the typical low-mass solar nebula with <0.1 (Weidenschilling 

1997). resulted in some spiral density waves in the collapse stage. However the 

compressional waves formed in the nebula had velocities differing from the nebula's 

gas material by only ~ 1 km. which is barely supersonic and only weakly heating, 

e.g. incapable of melting mineral matter. Thus, it appears that solar nebula models 

invoking gravitational instabilities could apply only during the early, chaotic col

lapse stage of nebular evolution and that as yet such models yield quantified results 

little different than models based on other evolutionary mechanisms. 
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2.5.5 Episodic Thermal Phenomena 

Various modeling investigations and lines of observational evidence suggest that 

there could have been a variety of episodic and potentially disruptive thermal phe

nomena in the nebula. .Meteoritical evidence implies specific areas of the nebula 

or pre-asteroidal bodies underwent localized, extreme heating events followed by 

relatively rapid cooling that would not be consistent with the global heating and 

cooling of the nebula (Wood 19S5). There is also obser%ational evidence that disks 

around T Tauri stars undergo periodic global heating and cooling events signaled 

by luminosity bursts. Thus it appears that the solar nebula may have undergone 

episodic thermal phenomena of a variety of kinds, operating on both local and global 

scales. 

FU Orionis Bursts 

In an effort to define better nebular models, in recent years researchers have used 

observed large-scale fluctuations in luminosity in protostellar disk systems to gain 

insight into the physics and properties of the nebular disks (e.g. Hartmann et al. 

1993. Bell and Lin 1994). The most dramatic of these eruptive phenomena are 

Fl Orionis-type events. FU Orionis-type (hereafter abbreviated as fuor) flares are 

large, long-lived, observed luminosity bursts in protostellar accretion disks that are 

believed to recur periodically throughout the lifetime of the disk. It was observed 

that several protostellar objects brightened by 1-2 orders of magnitude over a period 

of months, followed by a gradual return to pre-burst luminosity over a period of 

decades or centuries (Herbig 1977. Hartmann et al. 1993). .\lthough it's not certain 

that such energetic outbursts occurred in the solar nebula during the early stages of 
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solar system formation, statistical arguments (Hartmann et al. 1993) and meteoritic 

evidence (Wood 1985) of early energetic phenomena suggest that this is a reasonable 

possibility. A generally accepted explanation for the outburst mechanism is a disk-

driven thermal instability induced by H~ opacity in partially ionized, inner disk 

regions (Faulkner et al. 1983. Cannizzo and Wheeler 1993. Bell and Lin 1994, 

among others). In Q nebular nodels. efiective viscosity increases with temperature, 

so the increase in opacity triggers a relatively sudden and larger than normal mass 

transfer episode, through the disk and onto the protostar. The accretion event 

hypothesis is not the only possible mechanism for fuor bursts, but it does fit a 

substantial amount of the observational data (Bell and Lin 1994). 

main conclusion drawn from detailed fuor models (Lin and Papaloizou 

1985, Bell and Lin 1994) is that the disturbance to the disk due to the bursts is 

restricted to a region well within 1 AU of the protostar. Cassen (1994) concluded 

that the main effects of fuor bursts might simply be increased illumination of the 

upper surfaces of the nebula, an effect not yet investigated in detail, within the 

first 4 5 .\r of the disk, and that shadowing effects could play a major role by 

shielding more distant areas in the disk from any effects. Hence, infalling material 

and material on the surface of the disk may be the only material affected. Bell et al. 

(1997) confirm these conclusions indicating that only regions of the nebula < 1 .AI' 

will be affected by fuor bursts, e.xcept possibly when mass fluxes are very low at the 

end of nebular lifetime. Thus it seems unlikely that fuor effects would significantly 

perturb the nebula from 1-5 .AL'. the region of interest in this work. 
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Shock Waves 

Shock waves in the nebula are in principle capable of producing much greater tem

perature fluctuations than those due to compression from density waves caused by 

gravitational instabilities, for instance. However, there is currently little conclusive 

evidence for pervasive shock waves or a physical mechanism for maintaining them 

on a significant scale in the nebula (Cassen 1994). therefore their contribution to 

the nebula will be neglected. 

Lightning 

For decades, lightning—large scale electrostatic discharges —has been suggested as 

having occured in protostellar disks and as the mechanism for forming chondrules 

in meteorites (Cameron 1966. Whipple 1966). Later analysis, employing terrestrial 

lightning analogs and simple energy considerations, showed that if lightning did 

occur in the nebula it could produce chondrules with the appropriate observed 

characteristics, possibly including their relative abundance in meteorites (Horanyi 

et al. 1995. Levy 1988. .\Iorfill et al. 1993). The principal remaining issue has been 

whether lightning could reasonably be expected to occur in the nebula. Gibbard 

et al. (1997) examined mechanisms for generating lightning in the solar nebula based 

on terrestrial analogs, such as precipitation. Even with the most generous possible 

assumptions regarding plausible sources and rates of ionization, they concluded 

that lightning could not plausibly occur in the protosolar environment because the 

nebula is unable to sustain a strong electric field. The low density of solid particles 

in the nebula means that charge separation caused by collisions between dust and 

ice can't compete with the rate that the charge accumulation is canceled out by 
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the free, highly mobile electrons and ions in the gas. Hence, the high electrical 

conductivity of the nebula coupled with the low density of solid particles effectively 

short circuits charge separation both on a large scale, as in the electric fields needed 

to generate lightning, as well as on a small scale, as in the charge separation on a 

single particle. Higher density, i.e. dustier, nebulae were also investigated with the 

same result. 

Though the primary conclusion is that lightning could not have occured in 

a protostellar nebula, there is no fundamental physics prohibiting the generation 

of such lightning. Under special conditions such as suppression of the ionization 

of the gas (Love et al. 1995) or imposing a sufficiently large collisional particle 

to particle charge transfer (Pilipp et al. 1998). a lightning discharge could be 

generated. In recent work. Pilipp et al. (1998) conclude that it might have been 

possible for lightning to heat localized fractions of the nebula at one time or another 

to temperatures high enough to melt solid material, possibly forming chondrules 

found in meteorites. It is not clear that such special conditions would have obtained 

for any significant time in the solar nebula. Given that it appears that nebular 

lightning was inhibited in most situations in a standard nebula, the effects of nebular 

lightning on a global scale can most likely be reasonably neglected. 

2.5.6 Migrating Giant Planets 

Prior to 1995. it was believed that giant planets would only form and live at or 

beyond the nebular ice condensation line at ~ 5 .\L . Recently, however, there have 

been several discoveries of extra-solar planets, some of which have greater than or 

equal the mass of Jupiter (2 x 10^° g). orbiting close to their parent star. Though it 
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is possible to accrete a planet close to its star, it would be difficult to accrete a large 

one; thus this scenario is not the most likely explanation for the recent observations 

(Trilling et al. 1998). 

In recent work. Trilling et al. (1998) showed that it was possible for Jupiter-

sized planets to migrate radially inward to small heliocentric distances. < 0.1 AL . 

over a few million years because of torques arising from the nebular disk, the pro-

tostar and from planetary mass-loss, .\ssuming the nebula still exists at that time, 

such giant planets could clear a path through the nebula, sweeping up material out 

to 2-3 .\L around them as they migrate. The size of the gap in the disk left in the 

wake of the planet is a function of disk viscosity and mass: the larger the viscosity 

or disk mass, the smaller the gap and the faster the planetary migration. The gap 

forms quickly and fills back in after the planet's passage, on the viscous timescale. 

Planetary migration requires a large enough body: Trilling ft al. (1998) 

only modeled fully formed planets, however somewhat smaller bodies, perhaps as 

small as one tenth of a Jupiter mass (Trilling, personal communication), could 

also migrate though with smaller associated effects, e.g. causing smaller nebular 

gaps and having faster migration timescales. Larger bodies most likely formed 

and therefore migrated later in the nebula s lifetime (see Section 2.6 below for more 

detailed discussion), possibly migrating in part after the nebula was dispersed. Thus 

planetary migration is most likely important for water transport concerns, if at all. 

in the late, coolest nebular stages. 
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2.6 Timing: Pertinent Nebula Stages 

The age of the nebula is still somewhat controversial, estimates range over 10" - 10' 

yr. However, over the past decade observations have increasingly favored the longer 

10' year value (Zuckerman et al. 1995). Nebular evolution is currently understood 

to have occured in two major phases. The first is the collapse phase which lasts 

as long as cloud material is raining down on the disk, and the second is the less 

active, quiescent phase after infall of cloud material has ceased. The collapse phase 

is believed to last on the order of o.o x 10^ yr. which is the time it takes to collapse 

a one solar mass cloud at lOK (Cassen 1994): this time is also consistent with 

observational evidence for ages of T Tauri stars believed to be actively accreting 

material (Beckwith et al. 1990). Evidence indicates that the quiescent phase lasted 

an order of magnitude longer: observations show that nebular disks persist around 

T Tauri stars for up to 10' yr (Strom et al. 1993) and there is also meteoritical 

evidence suggesting thermal processing of nebular material occured over a 10' yr 

period (Podosek and Cassen 1994). 

During the collapse phase, it is believed that the nebula was very active, 

chaotic and potentially punctuated by a number of transient, disruptive and poorly 

understood phenomena. For instance, during mass accretion onto the disk, den

sity inhomogeneities may have occured causing the disk to become gravitationally 

unstable and possibly non-a.xisymmetric (Boss 1989): nebular gas and fine dust 

entrained in the gas were being relatively rapidly transported, primarily radially 

inward and onto the protostar (Cassen 1994): the protostar may have undergone 

episodic FL' Orionis-type luminosity bursts; and the nebula may have periodically 

generated lightning under special circumstances, e.g. a very dense, dusty disk, more 
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consistent with early stages of nebular evolution (Gibbard et al. 1997. Pilipp et al. 

1998). 

Conditions are believed to be more stable during the quiescent phase: mass 

infall from the cloud has ceased so little to no new material is being accreted by the 

disk: nebular gas motions are very small: and most likely no disruptive phenomena, 

with the possible e.xception of giant planet migration (Section 2.5.6). occurred. 

-Assuming the nebula still e.xists at the time of migration, such giant planets could 

sweep up material out to 2-3 .AU around them as they migrate inward. Thus, the 

timing of planetesimal and planetary formation is important, unfortunately it is not 

well constrained. .Most modelers assume, based on meteoritic evidence (Macpherson 

et al. 1995), that planetesimal formation occurred slowly during the later, quiescent 

phase of nebular evolution (see Wood 1996 for an alternate view). Further. Liou and 

Malhotra (1997) modeled the dynamical gap in the asteroid belt via the migration 

of Jupiter; parameters of some of their models require the formation of .Jupiter to 

be complete and the migration to initiate at nearly 10' yr. the end of the nebular 

lifetime. Thus it would not be inconsistent to assume late formation of planetesimals 

and planets. 

For the purposes of this work, we will investigate water and ice transport 

from the start of the quiescent phase, i.e. at the very end of the collapse phase 

after the last major transient and chaotic event has ceased, and then throughout 

quiescent evolution of the disk. We will assume planetesimal formation did not 

become important until the later, quiet stages of nebular evolution, and that giant 

planet migration occurred, if at all. at the end of the nebular lifetime. 
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2.7 Summary 

The formation, evolution and physical processes of the solar nebula provide the 

backdrop for the calculations of this dissertation. The currently accepted scenario 

for nebula formation, evolution and modeling along with limitations, unknowns and 

complicating factors have been detailed and summarized so that their effects on the 

water transport calculations in later chapters can be evaluated. Specifically, several 

nebular models, including the Wood and Morfill (1988), Cassen (1994) and Boss 

(1996) models, are used in order to determine both the effects of different nebular 

models and time evolution on the water transport results. Of the various semi-

quantified and poorly understood complicating processes that could affect water 

transport and nebular chemistry results, advective nebular gas motions, migrating 

giant planets, and possibly lightning and FU Orionis-type luminosity bursts in the 

nebular disk, are probably the most important. 
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CHAPTER 3 

GAS DRAG-INDUCED RADIAL DRIFT 

This chapter is based on a portion of the paper "Distribution and Evolution of 

Water Ice in the Solar Nebula: Implications for Solar System Body Formation" by 

Cyr et al. (1998a). VV. Sears contributed his radial drift computer code which 

I debugged and modified. Other than not writing the original base code. I was 

responsible for the science, results and conclusions pertaining to this section, as 

well as the te.xt describing the same in the above paper. 

3.1 Introduction 

In the course of their investigation into water transport and condensation in the 

nebula. Stevenson and Lunine (1988) estimated the radial drift of ice particles in

ward away from the ice condensation front and found it to be negligible. However, 

further, more detailed, analysis of gas drag effects on the ice condensate by Sears 

(1993) suggested that Stevenson and Lunine (1988) had underestimated the impor

tance of gas drag and that drag would indeed cause larger ice bodies to drift inward 

significant distances, on relatively short timescales. Thus a more thorough quanti

tative examination of radial drift of ice particles in the solar nebula was undertaken. 

The radial drift of ice was numerically modeled: orbital position and mass changes 
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were tracked for a variety of particle sizes and two types of water ice were studied. 

3.2 Model 

3.2.1 Gas Drag 

The radial drift nnodel is a modified and updated version of Sears's (1993) numerical 

model which computes gas drag on ice particles based on the VV'eidenschilling (1977a) 

aerodynamic gcis drag formalism. In a centrally condensed nebula, i.e. one in which 

the pressure, density and temperature in the midplane decrease away from the axis, 

the central gravitational attraction is countered to some degree by centripetal forces 

due to the nebula s rotation. However, the gas pressure gradient provides some 

additional outward support to the gas but not to the solid bodies. The condition 

of hydrostatic equilibrium then requires the rotation rate of the gas at any point 

to be less than the free orbital velocity. In the absence of gas. solid bodies would 

orbit at this free Keplerian velocity, however their motion is somewhat perturbed 

by gas drag because of the difference in velocity between the gas and solid particles. 

Particle orbits decay and solid bodies spiral inward. 

The rate at which particles drift inward is determined by gas drag. In the 

solar nebula the drag law is generally either Epstein or Stokes depending on whether 

the particle is smaller or larger, respectively, than the mean free path of the gas 

molecules (VV'eidenschilling 1977a). The motion of a drifting particle in a nebular 

gas has been described in analytical and numerical detail by .\dachi e/ al. (1976) 

and VV'eidenschilling (1977a) based on Whipple (1972). and it depends strongly on 

the particle s relative size. .Small particles move with the gas, feel the residual 
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inward gravitational acceleration due to gas pressure support and thus drift inward 

at terminal velocities, which increase as particle size increases. Large particles move 

with Keplerian velocity, plowing through the gas. The resultant "headwind" causes 

drag-induced energy loss and the particles drift inward at a rate that decreases as 

particle size increases. 

The maximum radial velocity developed by a body is independent of the 

drag law and insensitive to nebular mass, but does depend strongly on particle size 

(VVeidenschilling 1977a). Figure 3.1 plots radial drift velocities due to gas drag vs. 

particle size. The ma.ximum possible drift velocity is the difference between the 

Keplerian and gas velocities, which for the fastest particles is 2x10"' cm/sec at I AL' 

and 6x10'^ cm/sec at -o .\r. The plot also shows that particles 1-10"^ cm in size will 

drift significantly inward, with 10-100 cm sized particles moving the fastest through 

several Al s over lO"* - IQ'^years. 

The smallest sized particle that will decouple from the gas and drift inward 

can be estimated as follows; the model assumes a turbulent nebula, turbulent mo

tions will have a characteristic velocity. Cturh- A particle decouples if its terminal 

velocity. Vterm- is less than Cturb- To estimate a typical minimum decoupling radius, 

set 

t'ferm = ^'turb ^ D/ H ^ U J H (3.1) 

where D is the diffusion coefficient set equal to the eddy viscosity u. and H is the 

scale height of the disk obtained from the Wood and .Morfill (1988) nebular model 

as 3-4 X 10^"^ cm at -5 AC. For this order of magnitude calculation, u is estimated as 

~ 10'^ cm^ sec"', a typical value, after Stevenson and Lunine (1988) whose model 

provides the basis for our calculations, discussed later in this chapter. This yields 
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a drift velocity of ~ 30 cm sec"' and thus a decoupling radius, read from Fig. 3.1. 

of ~ 0.4 cm. 

3.2.2 Nebular Model 

In addition to drag physics, the drift model also necessarily incorporates a nebular 

model. Four different nebular models of varying comple.xity were used in order to 

investigate the sensitivities of the drift results to nebular model and temperature, 

and to track the evolutionary behavior of ice drift during the nebula's late history. 

The detailed semi-analytical Cassen (1994) nebular model was the one primarily 

used. Cassen derives a thermal profile for conditions at the end of the collapse phase, 

the hottest stage in the nebula, which is indicative of conditions just before the start 

of the quiescent phase. Cassen's thermal structure migrates radially inward over 

time as the nebula ages and cools. Hence, temperature profiles at two times during 

quiescent nebular evolution were used in order to provide self-consistent "snapshots" 

of the evolution of the water transport results. To represent conditions near the 

beginning of quiescent nebular evolution, the Cassen thermal profile in which the 

ice condensation front has migrated in to 5 .\L' is used. .\s the quiescent Cassen 

nebula ages, the ice condensation front migrates relatively quickly in to ~ 3 .A.L'. 

and then relatively slowly in to 2 or I .\L by the end of the nebular lifetime. Thus 

later nebular conditions are represented by the Cassen thermal profile when the ice 

condensation front has migrated in to 3 AU. about 2 x lO'' years into quiescent 

evolution. 

.\dditionally. a simple hot T ~ l/r thermal profile, with T=160K at 5 AV. 

and the cool Wood and .\Iorfill (I9SS) model (described in Section 2.4) were used 
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Figure 3.1: Radial drift velocities caused by gas drag vs. particle size. The solid line 

represents velocities of particles at 5 AL' while the dotted line plots particle veloc

ities at 1 .\L', showing an increase in velocity inward assuming a constant particle 

size. The shape of the plots recreates that of Weidenschilling (1977). reflecting the 

various drag laws—Stokes and Epstein—in effect for large and small particle sizes, 

respectively. The plot shows that 10-100 cm sized particles will be the fastest mov

ing and that I-10^ cm sized particles will undergo significant drift over the nebular 

lifetime. 
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in order to compare model results for both hot and cool nebular conditions. 

3.2.3 Drift Model 

The full drift model incorporates not only the VVeidenschilling drag formalism and 

the Cassen nebula'- model, but also sublimation after Lichtenegger and Komle (1991) 

and Lunine tt al. (1991). condensation timescales after Stevenson and Lunine 

(1988). and numerical calculation based on Stoer and Bulirsch (1980). Ice par

ticles are assumed to be spherical with p ~ 1 g cm~'^, and particles are always 

assumed to be at the same temperature as the gas. Sublimation is modeled simply 

and is based on the vapor pressure above a solid surface at a given temperature. 

The model assumes growth by condensation followed by grain growth by 

coagulation where ballistic collisions of H-iO molecules are the grain growth mech

anism. and the ability of the resultant snowflake to transfer collisional heat to the 

H> gas is the growth limiting mechanism. The relevant equations (Stevenson and 

Lunine I98S) governing these relations are: 

PoL dr/dt ~ cfc AT' (3.2) 

AT'(dT/deo)ph [tr - (3.3) 

\n(er/e^) = •lam/rkTpo (3.4) 

where ~ I g cm~^ is the snowflake density. L is the latent heat of condensation. 

r is the snowflake radius, c is the efficiency with which colliding //o molecules 

(with number density and velocity v) e.xchange heat with the embryo. AT' is 

the temperature difference between the embryo surface and the ambient medium. 

{dT/deo)ph is the Clausius-Clapeyron slope for water condensation, is the water 
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vapor pressure at the snowflake surface, is the vapor pressure for a planar surface 

at the same temperature, cr is the surface energy of the snowflake. and m is the 

mass of the molecule. Equation 3.2 represents thermal energy balance (per unit 

area) at the snowflake surface, and Equations 3.3 and 3.4 combine thermodynamics 

and surface tension equilibrium (e.g. Rogers 1976). with e,> x e.xp(-6000/7") (VV'east 

1967) and a = 100 ergs/cm* (Hobbs 1974). 

The numerical drift model starts with a given sized ice particle moving 

with Keplerian velocity at a given radial distance from the Sun. The particle is 

then subjected to solar gravity and gas drag, and the model tracks the particle's 

subsequent orbital motion and mass changes through sublimation and condensation. 

The program ends when the particle either becomes small enough to couple to the 

gas. sublimates away completely, spirals into the Sun. or the presumed nebular 

lifetime of 10' yr (Cassen 1994) has elapsed. 

.\fter modifying and updating the drift model, various sized ice particles 

were tracked, released initially at 5 and 7 W for crystalline and amorphous ice 

respectively. Crystalline ice will condense at P ~ 10"*" bar and T ~ 160 K at 

appro.ximately 5 .\L'. while amorphous ice condenses at T < 145 K. farther out in 

the nebula. Therefore, crystalline ice I. the stable phase formed by condensation at 

5 .-M' was assumed, .\morphous ice was also investigated in order to determine if 

ices resident in the outermost nebula, preserved molecular cloud grains, might play 

a role in the inner nebula. The primary focus of the investigation, however, has 

been on the vapor-ice interplay for crystalline ice and r < 5 .AU. 
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3.3 Results 

3.3.1 Crystalline Ice 

Just after cloud collapse, the quiescent phase of nebular evolution starts. Recall 

that to represent conditions near the beginning of the quiescent stage, the Cassen 

(1994) temperature profile in which the ice condensation front has migrated in to o 

.•\U is used. This occurs shortly after the end of collapse and presumably after all 

the transitory and disruptive phenomena characteristic of the collapse phase have 

ended. I'nder these hot quiescent nebular conditions. o-lOOO cm sized ice particles 

will drift back into the inner solar system in less than 4 x lO"* yr (Figure 3.2). 

well within the nebular lifetime, with 100 cm particles being the fastest moving, as 

predicted in Figure 3.1. The particles remain intact for the bulk of their journey 

inward, sublimating over a relatively narrow radial zone. 2.46-3.32 .\L' (Figure 3.3). 

This suggests that the gas drag mechanism transports ice into the inner nebula, 

causes a pulse of water vapor over 2.-5-3.3 .\r and litters the region from 3 to 5 .AC 

with drifting ice particles. 

The nebula cools overall as it ages: the increasing presence of condensed 

particles in the inner solar system will decrease the opacity, lowering the tempera

tures of those regions. Reflecting these changes, the Cas.sen (1994) thermal profile 

cools, essentially by migrating radially inward over time. By about 2 .x 10*' yr. the 

ice condensation front has migrated in to 3 .W. Results of the radial drift model 

for this temperature profile are shown in Figs. 3.4 and 3.5: particles sized 5-1000 

cm take longer to drift, but still drift inward on the order of lO"* yr and sublimate 

over a zone from 1.47-2.13 .\L'. 
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Figure 3.2: Particle size vs. time for particles of a range of sizes, initially released 

at .5 -AU. drifting inward. The Cassen (1994) nebular model was used at a time 

just after the collapse phase of the nebula had ended and the quiescent phase had 

begun. .-Xt this stage peak midplane temperatures are ~ 1500K out to about I .\L'. 

and the midplane ice condensation front is at o .\L'. The plot indicates the length 

of time it takes for particles to drift inward and sublimate away: the fastest moving 

particles are 100 cm sized. 
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Figure 3.3: Particle size vs. radial distance for a range of sizes, initially released 

at -5 .AT. drifting inward (right to left) due to gas drag. .Vebular conditions as in 

Figure 3.2. The plot indicates the range of radial distance over which particles 

sublimate. 2.46-3.32 .\r. It also shows that larger particles drift further inward 

before completely sublimating and that larger particles sublimate over a broader 

radial zone. 
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Figure 3.4: Particle size vs. time for particles of a range of sizes, initially released 

at 5 .\l '. drifting inward. The Cassen (1994) nebula temperature model was used: 

at this later time during quiescent nebular evolution the midplane ice condensation 

front has migrated in to 3 The cooler nebula slows the effects of sublimation, 

causing ice particles to last longer (cf. Figure 3.2) before sublimating to their final 

end state. 
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Figure ' .i.n: Particle size vs. radial distance for a range of sizes, inititally released at 

5 .-\L'. drifting inward due to gas drag. .As in Fig. 3.4. the cooler, older Cassen (1994) 

nebula temperature profile was used. The cooler temperature profile causes particles 

to sublimate over a narrower radial zone and about I .\r farther in. 1.47-2.1.3 .\L', 

than in the hotter, younger nebula (Fig. 3.3). 
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It can be seen that relative to a hot nebula, cooler nebula conditions gen

erate some significant differences. .All particle lifetimes are lengthened, so ice parti

cles starting from the same radial distance in the nebula spend more time drifting 

through the cooler nebula before sublimating. .Also, in a cool nebula drifting parti

cles sublimate later on their path inward: this shifts the location of the sublimation 

zone further radially inward, by ~ I over roughly the first 2 .K lO'' yr of the 

quiescent phase. Lastly, the lifetimes of different sized particles are lengthened to 

different degrees. In general, the smaller particles, 5-10 cm. are not as well buffered 

against hotter nebula conditions by their mass as the larger 10^ - I0"'cm particles: 

thus the smallest particles are more sensitive to temperature changes and benefit 

the most from cooler conditions, traveling proportionally farther inward before sig

nificantly sublimating. This dispersion in lifetime lengthening reduces the width of 

the sublimation zone, by about 0.2 AV. in the cooler nebula. In general, as the 

nebula quiescently evolves it is e.xpected that the sublimation zone shifts radially 

inward and shrinks. 

The simple T ~ l/r model provided ice drift results similar to the hot 

Cassen profile, though indicative of slightly cooler nebular conditions. The drift 

model results using the Wood and .\Iorfill (1988) nebular profile were essentially 

identical to those generated using the cool Cassen nebula (Table 3.1). Given the 

close agreement of results from diverse models and the self-consistent evolutionary 

behavior of the Cassen profiles, the Cassen thermal profiles are taken as providing 

the best evolutionary depiction of nebular conditions. 
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Model 
Drift Time (yr) for Particles Sized 

10cm 10" cm 10^ cm 10'* cm 
Sublimation Zone 

R ( . A . L ' )  A R ( . \ L )  
cool Cassen (1994) 
Wood fc Morfili (1988) 
T ~ l/r 
hot Cassen (1994) 

3.5 .X 10^ 4.6 .X 10" 1.5 .x 10'* 5.7 x 10^ 
2.3 X 10^ 3.2 X 10- 9.0 x 10^ 3.5 x 10® 
1.0 X 10^ 2.1 X 10- 5.0 X 10^ 1.9 x 10® 
1.6 X 10- 1.4 X 10- 3.6 X 10^ 1.4 x 10® 

1.5-2.1 0.6 
1.5-2.1 0.6 
1.9-2.9 I.O 
2.4-3.3 0.9 

Table 3.1: Comparison of drift results using four different nebular models. The table 

lists the total time of inward ice particle drift before the particles sublimate away 

or stop drifting inward, and the radial zone over which all the particles collectively 

sublimate. The Cassen hot temperature profile occurs at the start of quiescent 

nebular evolution when the ice condensation front is at 5 .AT: the cool profile occurs 

2 X 10® yr later when the ice condensation front has migrated in to 3 .\r. The nebular 

models are discussed more detail in Sections 2.4 and 3.2.2. 

3.3.2 Amorphous Ice 

The initial, simplistic amorphous ice results from the drift model showed that this 

kind of ice. formed by condensing farther out in the nebula by direct infall from 

the surrounding molecular cloud, travels farther and faster than crystalline ice. pre

sumably due to its different structure and different vapor pressure relation. Figure 

3.6 shows that in the cool nebula o-lO^ cm sized particles impact the inner solar 

system, sublimating over a slightly broader radial range of 0.6-2.2 .\r (cf. Fig. 

3.5). However, further consideration indicates that taking into account the phase 

transition of amorphous to crystalline ice at T > 145K eliminates this effect. The 

phase transition is exothermic as the ice structure transits to a more organized, 

lower energy state. If the heat given off is sufficient to vaporize the ice in whole 

or part, the vapor would then recondense into crystalline ice. as the rest of the ice 

reorganized into crystalline ice. .\morphous ice becomes crystalline ice before it 

reaches o .AL . and therefore would only augment the crystalline ice population at 

o .\l '. The crystalline ice drift results would remain the same. Figure 3.6. though. 
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does serve to show that varying the vapor pressure relation of inward-drifting icy 

particles can modify drift model results, primarily by changing the width of the 

sublimation zone. 
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Figure .{.G: Particle size vs. radial distance for a range of amorphous ice particles, 

inititally released at 7 .\r. .\s in Fig. 3.5. the cooler, older Cassen (1994) nebula 

temperature profile was used. The plot indicates that outer nebula ice can drift 

into the inner nebula regions and sublimate over a broader zone. 0.6-2.'2 .M'. than 

crystalline ice (cf. Fig. .3.5) by the end of the nebular lifetime. However, when 

phase changes of the ice (e.g. amorphous to crystalline) are taken into account, 

this effect is eliminated. The plot still serves to show how different vapor pressure 

relations of icy particles can affect drift model results, primarily by changing the 
width of the sublimation zone. 
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3.3.3 Effects of Other Nebular Processes 

Effects of other complicating nebular processes on ice drift are discussed in Section 

4.4. so that the effects on the overall water transport model can be considered at 

the same time. 

3.4 Summary 

.\n updated version of the Sears (1993) radial drift model, which calculates gas 

drag on ice particles in the solar nebula, was used to investigate the drift behavior 

of particles 5 to 10"* cm in size. The Weidenschilling (l97Ta) gas drag formalism 

was used and both crystalline and amorphous ice particles, released initially at o 

and 7 W respectively, were studied. The sensitivity of drift results to nebular 

models and temperature were examined by incorporating thermal profiles from four 

different nebular models. Results due to the different nebular models were in close 

agreement: the Cassen (1994) nebular model which provides evolutionary behavior 

of the temperature profile as the nebula ages is believed to be the most appropriate 

nebular model. 

Results show that all the ice particles will drift back into the inner solar 

system within the nebular lifetime, with 10" cm particles moving the fastest. Par

ticles remain intact for most of their journey inward, releasing water vapor over 

a relatively narrow radial zone. 2.46-3.32 .\L' in a hot nebula and 1.47 2.13 in a 

cool nebula. .\s the nebula ages and cools, it is e.xpected that the sublimation or 

vapor zone moves radially inward and shrinks. The region from ~ 2 to o .W will be 

littered with drifting ice particles. .Amorphous ice. ice that condensed further out in 
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the nebula, will not significantly affect these results except by possibly augmenting 

the crystalline ice population at the ice condensation front. 
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CHAPTER 4 

DIFFUSION AND DRIFT 

This chapter is based in part on a portion of the paper "Distribution and Evolution 

of Water Ice in the Solar Nebula: Implications for Solar System Body Formation" 

by Cyr et al. (1998a). I was responsible for the science, results and conclusions 

pertaining to this section of the paper, as well as the text describing the same in 

the paper. 

4.1 Introduction 

During the collapse phase in nebular evolution, radial motion of nebular gas is 

most likely dominated by the redistribution of mass and angular momentum as 

gas streams through the nebular disk and ultimately is accreted onto the protostar 

(Cassen 1994). However, during the quiescent phase radial motion of the gas due to 

protostellar accretion may have been insignificant: most of the gas remaining in the 

quiescent nebula is thought to have been dispersed back into interstellar space at 

the end of the nebular lifetime rather than transported onto the protostar (Shu et al. 

1993). Thus diffusion, rather than being a small perturbation on vapor motion as 

it likely was during the collapse phase, may have been a significant mode of vapor 

transport during the bulk of the nebula's lifetime. Though there are indications 
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that advective motions in the midplane may have also affected vapor transport 

(Cuzzi et al. 1993: see Section 4.4 for further discussion), for the purposes of this 

parameter study * assume a simple diffusive nebula. 

4.2 Model 

4.2.1 Numerical Model 

The radial drift results of the previous chapter suggest that water vapor is reintro

duced into the inner nebula over appro.ximately a 1 .-\L' wide zone. In addition to 

the fact that this vapor will in turn re-diffuse outward towards o .\L . is the possi

bility that, timescales permitting, ice will continuously condense and drift inward, 

sublimate, and the resultant vapor diffuse outward. .Multiple repetitions of this 

vapor-diffusion, ice-drift cycle are thus possible by the end of the nebular lifetime. 

It is necessary, then, to track the continuous diffusion-drift cycle throughout the 

evolution of the nebula in order to determine whether water vapor in the inner 

nebula survives, and if so. what breadth and amplitude the final vapor zone has. 

In order to track the diffusion-drift cycle, the Stevenson and Lunine (1988) 

nebular vapor diffusion model was e.xpanded. The Stevenson and Lunine cold-finger 

model tracks the diffusion of water vapor in the solar nebula over the nebula's 

lifetime, and solves the diffusion equation in the limit that water vapor condenses 

within a narrow radial zone at the snowline, initially ~ 5 .\L from the nebular center. 

Stevenson and Lunine assumed no other sources or sinks of vapor: in contrast, here 

the ice drift results of Chapter 3 are incorporated through the addition of source 

terms of varying magnitude. The e.xpanded diffusion model numerically solves a 
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one-dimensional version of the diffusion equation in cylindrical coordinates with 

azimuthal symmetry, after Stevenson and Lunine (1988) and Barrer (1970): 

b c l S t  -  ( 2 D I R ) 6 c j 6 R  -  D S ' c / S R '  +  S ( R )  =  0 (4.1) 

where c  is the concentration of H j O  vapor molecules. D  is the diffusion coefficient 

set equal to the eddy viscosity of the turbulent nebula (which we numerically choose 

to be 10'"" cm^ sec"'). R is the radial distance from the nebular center and S(R) is 

the source term. Boundary conditions are: 

c = solar abundance for R < o.AL". t = 0 (4.2) 

c = 0 for R = o.Al'. all t. (4..}) 

indicating that at the start of the calculation the concentration of water vapor is 

constant across the inner nebula (O.l-o .XL ) and is that which results from a solar 

composition gas. while the concentration of vapor is zero at (and beyond) 5 

at all times, because vapor condenses out as ice at and beyond that point. The 

e.xplicit. Forward Time Centered Space (FTC'S) differencing method (Press et al. 

1992) was used to numerically evolve and solve the system over the nebular lifetime. 

4.2.2 Source Terms 

Through the source term. S ( R ) .  drift model results are incorporated into the diffu

sion equation. S(R). expressed in units of concentration of water vapor per time, 

describes the rate of the resupply of vapor from the drifting ice particles, at various 

radial distances throughout the inner nebula. Drift model runs were performed to 
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determine a variety of source terms (rates of resupply of vapor) at various radial 

distances and times, creating in effect a table of values for S{R) that the program 

reads in at appropriate time and distance intervals. .No other sources, such as outer 

nebula amorphous ice contributions (other than the one amorphous ice run. Section 

3.3.2) or sinks of H2O were assumed, so the total H^O budget of ice plus vapor 

always remained constant. Thus, all water vapor no longer present in the inner 

solar system, lost due to diffusion, is assumed to have condensed into ice either 

residing at 0 .\L" or drifting inward. Most of the ice was initially assumed to be 

in the fastest moving sizes. 10-100 cm. though larger bodies. 10^ - 10"' cm. became 

more important with time in accordance with drift and VVeidenschilling (1997) grain 

growth timescales. 

4.2.3 Grain Growth Rates and Other Timescales 

Inherent in the diffusion-drift model are various timescales which ultimately control 

whether the diffusion or the drift process dominates. Relevant timescales include 

the nebular lifetime of 10' yr as well as drift, sublimation, diffusion and grain growth 

timescales. Drift times (Figs. 3.2. 3.4) vary, but range from 10"-10^ yr for the fastest 

(smaller) moving particles and from I0"'-10'' yr for the larger particles. Significant 

particle sublimation, e.g. particle radius dropping to 60*?^ or less of original, occurs 

over less than the last 49^ of the particle's lifetime, for all particle sizes consid

ered and for all choices of nebular temperature profile. Thus sublimation occurs 

effectively instantaneously and timescales over which sublimation occurs are negli

gible. Diffusion timescales can be taken from Stevenson and Lunine (I9S8). or Fig. 

4.1 which reproduces their results. Significant diffusion, e.g. total nebular vapor 



68 

content from 1-5 AL' droping to 60% of original, starts at ~ 10"' yr. 

L'nlike the foregoing timescales. however, grain growth rates are less well 

constrained, and can vary by orders of magnitude depending on the mechanism 

invoked. For instance, the Stevenson and Lunine (1988) model of simple condensa

tion and coagulation (Section 3.2.3) yields a I cm particle in 10" yr. but with the 

caveat of the possibility of growth to 10"* cm in lO"* yr due to collisional processes 

(Xakagawa et al. 1981) which were not included in their model. The fastest ice 

particles. 10-10^ cm in size, grow by sweep up. i.e. collisional processes, in 10"*-10" 

yr (Weidenschilling 1997) and drift inward from 5 .\L' to the sublimation zone over 

10^-10^ yr. while larger particles. 10^-10'cm in size, grow in 10'' to 10'" yr (Wei

denschilling 1997) and drift in over 10^-10" yr. Ice bodies significantly larger than 

10"* cm do not drift inward far enough to sublimate within the nebular lifetime: bod

ies significantly smaller than o cm are entrained in the gas and don't move much 

inward of o .\L'. Because growth times for the relevant-sized particles are longer 

than drift times, it is not e.xpected that a particular sized body will accrete any sig

nificant mass during its journey inward. However.even if particles did accrete large 

amounts of mass while drifting inward of o .A.L'. this would merely serve to shift the 

ice particle population towards larger sizes, decrease the width of the sublimation 

zone and shift the outer edge of the zone radially inward. 

The most detailed grain and particle growth formalism used in the diffusion-

drift model couples the Weidenschilling (1997) collisional particle growth evolution 

at 0 .\r of an ice population with drift-time restrictions which limit the largest 

particle size of interest to those mentioned above. The diffusion-drift model pri

marily incorporated this more efficient grain and particle growth evolution, though 
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the slow Stevenson and Lunine (1988) coagulation grain growth scenario was also 

briefly investigated. 

In addition to the foregoing discussion of grain growth rates of particles 

during their drift inward of 5 .AU. grain growth rates of ice at or arriving at 5 AT 

directly linnit the time before ice populations can start to drift inward and thus 

constrain the amount of ice that can drift at any particular time. Given that it 

is reasonable to expect some amount of collisional processing of ice grains in the 

turbulent nebula, it is expected that relatively efficient grain growth coupled with 

the short drift timescales of the fastest particles will allow drift processes to prevail 

over diffusive processes, preserving some amount of vapor in the inner nebula by 

the end of nebular evolution. 

4.3 Diffusion Results 

Figure 4.1 shows the result of the diffusion-drift model when no sources are present, 

i.e. no significant inward ice particle drift occurs. This is equivalent to. and repro

duces. the Stevenson and Lunine (I98S) results. Each curve represents a different 

moment in time, with the area under any curve representing the amount of vapor 

present over l-o .A.U. Figure 4.1 shows the nebula inward of o .\l cleared of water 

vapor by 2 x 10'' yr. The diffusion process alone will result in a drier inner nebula, 

where the dryness is both relative to initial assumptions of solar abundance con

centrations and absolute, in that little to no water vapor is present. Other results 

of the simple diffusion case to note are that in the absence of inward ice drift or 

other mechanisms the inner nebula is also devoid of ice particles, that the inner 

nebula is uniformly depleted in water vapor across I o AU —i.e. there is no radial 
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1.0 

R(AU) 

Figure 4.1: Diffusion model assuming no significant radial drift. This plots the 

simple diffusion of water vapor out to o AL where it condenses out as ice, assuming 

no sources of vapor i.e. no radial drift and subseciueni sublimation of ice particles. 

Each curve represents the water vapor distribution at a different time during the 

nebula's evolution. The plot reproduces the Stevenson and Lunine (1988) model 
result. 
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dependence to the depletion, and that since in this case all vapor that diffuses out 

to 5 .A.U condenses into ice and remains in the condensation zone, there is a large 

enhancement in the concentration of ice located at ~ 5 AU. 

Figure 4.2 shows the results of the diffusion-drift model at the beginning 

of the quiescent phase of evolution, for the relatively efficient grain growth rate in 

which the fastest sized particles. 10-100 cm. grow in ~ 10^ yr. The 1-5 .\L' region 

still experiences something of a general depletion in water vapor relative to solar 

abundance concentrations. However, for this the hottest stage of quiescent evolution 

there is also a significant local vapor enhancement from 0.1-2.5 .-VL' of ~ 609^: over 

the no-sources case Figure 4.1. which drops off gradually out to 5 .AL'. This suggests 

that while there is still some tendency towards overall drying of the inner nebula 

relative to solar values, there is additionally a local "wet" zone of relative vapor 

enhancement which diminishes with radial distance until it disappears near o .AL". 

Diffusion-drift results at later, cooler times in the nebula are similar to 

Figure 4.2. .\t cooler times (Figure 4.3). the enhancement spreads over a smaller 

zone. 0.1-2 .\l ' before tapering off out through o AU. and the peak enhancements 

are less. ~ 409f. than during hotter conditions in the nebula. The differences in 

the hotter nebula conditions relative to the cool nebula are due primarily to the 

location and to a lesser e.xtent to the increased breadth of the sublimation zone. 

Because the sublimation zone has shifted radially outward, the enhancements are 

also generally shifted outward. .Moreover, because vapor is resupplied closer to the 

condensation front and because diffusion affects vapor closer to this front first, more 

of the newly injected vapor and less of the original nebula vapor diffuses outward. 

Thus, in the hot nebula case, the sublimation zone acts as a better buffer against 
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Figure 1.2: Diffusion model with radial drift. Diffusion of water vapor is modeled 

as in Figure l.l. but also incorporates the inward drift and subsequent sublimation 

of ice particles. The hot Cassen (1994) temperature profile corresponding to the 

start of the quiescent phase of nebular evolution was used. 
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Figure 4.3: Diffusion model with radial drift, all parameters as in Fig. 4.2. but 

based on the cooler Cassen temperature profile corresponding to a later stage of 

quiescent nebula evolution in which the condensation front has migrated inward to 

3 AL". The qualitative results are the same as in Fig. 4.2. however the breadth of 

the zone of enhancement is narrower and the amount of enhancement is less. 
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diffusion, preserving more of the original nebula vapor inward of the zone. 

The other end member case of very slow grain growth, growth of 10-100 cm 

particles by the end of the nebular lifetime, yields an even more e.xtreme distribution 

of water that is effectively a step function: vapor enhancement 10 times solar abun

dance released over 1.5-2.0 .\L'. negligible amounts of vapor elsewhere. Though 

it is perhaps possible that such slow grain growth rates may have predominated 

throughout nebular evolution, it is expectd that the more efficient grain growth 

rates, which incorporate some amount of collisional processing, are more likely to 

have occured. These more efficient grain growth rates all generate the same quali

tative diffusion-drift plot behavior, with vapor enhancements of ~ 40-609^ over the 

no source case from 1-2 .\L'. tapering off through 4-5 AT. 

4.4 Effects of Other Nebula Processes 

Effects of other complicating nebular processes, not included in the nebular models 

used, on both ice drift and vapor diffusion are discussed here. 

4.4.1 Advective Gas Flows 

Cuzzi et al. (199."]) numerically modeled the decrease in radial drift velocities of 

particles due to outward midplane radial gas flows produced by the presence of the 

particles (Section 2.5.3). The main conclusions were that radial drift speeds of 10 

cm particles decrease by a factor of 3. speeds of 60 cm particles decrease by a factor 

of ~ 5. and that at 5 AL" the estimated water vapor loss due to outward advective 

gas flow is ~ .XlT^/yr. .\11 results were obtained for cold quiescent nebula conditions 
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which in the Cassen (1994) model occur at the end of the nebular lifetime. ~ 10' yr. 

The Cuzzi et al. (1993) results diminish for increasing temperature, i.e. throughout 

just about all of quiescent nebula evolution, increasing R. z and for larger particle 

sizes. .\11 of these mitigating circumstances apply for the bulk of the calculations 

done in this work. 

Even with the decrease in radial drift, the fastest particles will still be 10^ 

cm sized and Figure 3.1 will still have the same basic shape (VV'eidenschilling 1997) — 

just a lower peak, thus the dispersion in particle drift with size will remain essentially 

the same. Moreover, at worst (assuming the ma.ximum drift speed reduction which is 

really only appropriate for very cold nebular conditions at 1 .XL') the drift velocities 

of the fastest particles at 5 .AL" will decrease from -5 x 10^ cm/sec to 10^ cm/sec. 

and the ice particles" corresponding lifetime during inward drift will increase from 

~ 4.6 X 10^ yr (Figure 3.4) to 2.3 x 10^ yr in the cool nebula. Recall from Section 

4.2.3 that drift limes of the fastest particles are 10*-I0^ yr and that this is the 

shortest relevant timescale in the water transport model; timescales for significant 

vapor diffusion, for instance, are > 10"* yr. Thus the maximum reduction in drift 

speed should not alter the diffusion-drift model results in any significant way. 

The Cuzzi et al. (1993) estimated water loss across the o .-M" condensation 

front is large; in theory many Earth masses of water would be lost over quiescent 

nebula evolution. However, these results were obtained for nebular conditions that 

only applied at the very end of nebular evolution. .According to the Cassen (1994) 

nebular model, the ice condensation front will have migrated in to 1-2 .AL'. and the 

diffusion-drift model results of this Chapter indicate that very little water vapor 

remained in the inner nebula at that time. It is perhaps possible that by the end of 
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quiescent nebular evolution when advective gas flow speeds are significant, that any 

remaining water vapor at the midplane was advectively removed. In terms of the 

water distribution, the main concern is determining how fast advective gas flows 

were during hotter nebula conditions, i.e. during the bulk of nebular evolution, and 

for radial distances greater than 1 .AU. Indications are that advective flow speeds 

would be less, but the amount has not yet been estimated or quantified in part 

because global turbulence, which is poorly understood, will play a role in hotter 

nebulae. 

Generally, if outward vapor flow dominated inward ice drift processes, 

rather than the converse which applies to the model in this dissertation, then the in

ner nebular water vapor distribution would more closely resemble that of Stevenson 

and Lunine (19SS) with increased water depletion across l-o .\l '. However, until 

more extensive modeling of advective gas flows in hotter nebular conditions is done, 

it is simply not clear how significantly outward advective gas flows in the nebular 

midplane will affect global nebular water transport. 

4.4.2 Migrating Planets 

As discussed in Section 2.5.6. it has been shown that Jupiter sized planets can 

migrate inward to heliocentric distances as little as 0.1 .\l . Such bodies sweep up 

nebular material, assuming the nebula still exists, as they migrate inward clearing 

a gap of up to 2 3 .\l ' around them which fills back in on the viscous timescale. In 

terms of water transport, the key concerns relate to the timing of planetary migra

tion during nebular evolution, and how quickly the gap in nebular material fills back 

in. There are reasons to believe that planetary formation occurred late in nebular 
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evolution (Section 2.6). i.e. close to or at the end of the 10' yr nebular lifetime. 

However, somewhat smaller planetary core-sized bodies could also have migrated, 

plausibly during the presence of nebular gas. and presumably with appropriately 

scaled effects such as the formation of smaller nebular gaps. 

Further, it is customary to define the viscosity of a turbulent nebular disk 

as 

V  =  a i  L  

where u  is the eddy viscosity, Q is a dimension less parameter, and i  and L  are 

characteristic velocity and length scales. .A viscous timescale t ~ L/L': thus 

t  ~ L ^ a / u  (4.5) 

For a standard nebula model like the ones used in this work. L  ~ scale height ~ 

3-4 X 10''^ cm at o .\L'. u ~ 10'' '""' cm"/sec (Section 3.2.1). and a is currently 

presumed to be on the order of 10"^ (Section 2.3). This yields a viscous timescale 

of ~ 10^ yr. 

Given that planetary migration is expected to have occurred relatively late 

in quiescent nebula evolution and that the nebula can recover relatively quickly 

from a planet's passage, planetary migration would appear to have little effect 

on the water transport cycle except through the bulk depletion of nebular water. 

This depletion would occur in relatively local regions of the nebula, thus perhaps 

contributing to the heterogeneity of nebular composition, and possibly after much 

of the water vapor has already been diffusively depleted from the inner nebula. 
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4.4.3 Lightning 

It has been the main conclusion of modelers that lightning probably did not occur 

in the nebula, because standard nebula conditions don't allow for long term charge 

separation or accumulation (Section 2.5.5). There is. however, the intriguing pos

sibility that the increased abundance of ice particles and dust streaming inward 

from 5 to or 2 .\L' may increase nebular densities and facilitate the production 

of lightning (P. Geissler. personal communication). If drifting ice particles did help 

to generate lightning, it would have occurred within 3-5 .\U where the drifting ice 

population is more abundant. Lightning discharges would be more than powerful 

enough to vaporize ice. but would also be localized and relatively short-lived (Gib-

bard et al. 1997). Given the difficulties in generating lightning in the nebula at 

all. if a drifting ice population did help generate lightning discharges it seems likely 

that they would occur over relatively small scales rather than globally and so not 

significantly affect water transport. 

4.4.4 FU Orionis Bursts 

During FU Orionis (fuor) type luminosity bursts, nebular temperatures are raised 

out to 1 .\L'. with T ~ lOOOK at I .\L (Section 2.5.5). It appears that at most times 

during solar nebula evolution, nebular material shielded regions at radii greater than 

I .\U from temperature increases. However, by the end of quiescent nebular evolu

tion shielding may have been much less effective, should fuor bursts have occurred 

at that time (Bell et al. 1997). As a rough estimate, one can assume that fuor 

bursts do not significantly affect the nebula if temperatures were already > 1000 
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K at I AU. but that for cooler nebulae fuor bursts shift the Cassen (1994) nebu

lar temperature profile radially outward so that T = lOOOK at 1 AU. putting the 

ice condensation front just outside of 4 AU. Such periodic bursts would tend to 

reset nebular conditions to those in the nebula's earlier hotter phase of evolution, 

increasing the water vapor abundance and shifting the vapor sublimation zone ra

dially outward, widening it. Presumably post-fuor burst, the temperature profile 

would migrate inward again, and vapor abundances would decline. If fuor bursts 

happened often enough late in nebular evolution, it would be possible for the neb

ula to contain significant amounts of water vapor during planetary migration events 

and by the end of the nebular lifetime. 

4.5 Summary 

.•\s in Stevenson and Lunine (19SS). results of the drift-diffusion model still pre

dict an overall depletion in water vapor relative to solar abundance concentrations, 

h o w e v e r  t h e r e  i s  a l s o  a  z o n e  o f  s i g n i f i c a n t  l o c a l  v a p o r  e n h a n c e m e n t  f r o m  0 . 1 - 2  A l  

which gradually drops off out to 5 .-VC. .-\.t the start of the quiescent phase of neb

ular evolution, the nebula is relatively hot and the level of vapor enhancement is 

greatest; peak enhancement occurs over 0.1-2.O .-M' and is on the order of 609r 

of solar abundance. .\s the nebula ages it cools: by 2 .x 10*' yr after the start of 

quiescent evolution, the zone of peak vapor enhancement occurs over 0.1-2 .\L' and 

peak enhancement is 409( of solar abundances. 

As the nebula evolves, it is expected that more and more of the original 

nebula vapor will be thermally cycled acro.ss the condensation front, the outer edge 

of the zone of peak vapor enhancement will shrink inward from 2.5 to less than l.S 
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AL'. the peak level of vapor enhancement will decrease, and the vapor enhancement 

will taper off out to 5 AL' over a correspondingly larger radial zone. 

This suggests that while there is still a tendency towards overall drying of 

the inner nebula relative to solar values, there is additionally a local "wet" zone of 

relative vapor enhancement which gradually shrinks and decreases in amplitude as 

the nebula evolves. Further, unlike Stevenson and Lunine. there is a radial depen

dence to the water vapor abundance and thus potentially to the relative reducing 

nature and C/0 ratio in the inner nebula. 

In terms of complicating nebular processes, fuor bursts late in nebular evo

lution might have been able to vaporize ice outside of 1 AU. increasing vapor abun

dances and resetting nebular conditions to those found in the earlier hot stages. 

.Additionally, it is unclear if midplane advective gas flows were significant during 

the hotter stages, i.e. the majority, of quiescent nebular evolution. If they did occur, 

they would tend to increase the overall reduction in vapor abundance. It is also 

not clear how midplane advective flows would affect the radial variation in vapor 

abundance caused by the diffusion-drift model since there are two competing effects; 

increased gas flow for colder temperatures (recall temperatures drop off with larger 

radius) and decreased flow for larger radii. The overall result of advective flows 

might be simply to decrease vapor levels, preserving the radial vapor variation of 

the diffusion-drift model, or to shift the vapor profile back towards the Stevenson 

and Lunine (1988) distribution. More detailed advective flow modeling for warmer 

nebula conditions is needed before the significance of midplane advective flow effects 

on water transport can be quantified. 

The production of lightning might have been facilitated by the increase in 
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ice abundance over 3-5 AL' but the effects would probably have been local and 

insignificant for global water transport. Lastly, migrating planets or planetesimals 

would deplete the bulk water and ice levels in local areas of the nebula, further 

increasing the global variation in C/0 throughout the inner nebula. 
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CHAPTER 5 

NEBULAR CHEMISTRY 

This chapter is a based on the paper "Effects of the Revised Nebular Water Dis

tribution on Solar Nebula Chemistry" by Cyr tt al. (1998b). C. M, Sharp wrote 

the chemical equilibrium and figure plotting computer codes and e.xecuted them as 

directed by me for this paper. Other than that. I was responsible for determin

ing the code inputs, analyzing the output, i.e. the science, results and conclusions 

pertaining to this section, and writing the text of the above paper. 

5.1 Introduction 

Previous analysis (Chapter 4) quantified the non-solar abundance of water vapor 

and its radial variation across 1-5 W due to cyclical vapor diffusion and ice drift. 

In this chapter, the global effects of the resultant variations in oxygen fugacity on 

nebular chemistry are considered. The chemical-dynamical model of the nebula un

derlying the examination is briefly summarized, then nebular chemistry is mapped 

using a chemical equilibrium code that computes abundances of nebular elements 

and major molecular species of C, N. S, etc. for various temperatures and levels of 

H2O depletion. In particular, changes in local [COj/fCH^i] and [Nil/iNH.-}] ratios are 

tracked and plotted, and the implications for nebular chemistry and the production 
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of organics are discussed. Implications for solar system bodies are addressed in 

Chapter 6 and a list of mineral names and formulae are included for quick reference 

in .\ppendi.x .\. 

5.2 Chemical-Dynamical Models 

5.2.1 General Framework 

Given that the solar nebula is presumed to have formed from a collapsing interstel

lar cloud (Chapter 2). the chemical constituents of the nebula are believed to have 

been present in both the gas and dust of the precursor cloud. Observations of dense 

interstellar cloud gas show the presence of a variety of hydrogen, oxygen, carbon, 

nitrogen and sulfur compounds while observations of cloud grains suggest the pres

ence of silicates, magnetite, carbonaceous compounds like graphite, and water ice 

( Prinn 1993). The extent to which the interstellar gas and dust was metamorphosed 

by the changing nebular environment during collapse and quiescent evolution is not 

well understood. However extensive chemical, petrographic and isotopic evidence 

from meteorites and observations of asteroids (e.g. Wilkening 1977. .Xiederer and 

Papanastassiou 1984. Grossman and Larimer 1974) as well as nebular model results 

(e.g. .\Iorfill and V'olk 1984) suggest considerable chemical reprocessing occurred in 

at least the inner solar system. 

Chemical reprocessing generally requires an energy source in order to over

come activation energy barriers or to drive those reactions that are endothermic. 

Thermochemistry, specifically that chemistry driven by the conversion of gravita

tional potential energy to kinetic (thermal) energy during cloud collapse and nebular 
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evolution, appears to have been the dominant type of chemistry in the solar nebula 

overall ( Prinn and Fegley 1989). Chemistry powered by other sources such as stellar 

photons, lightning and decay would have had either smaller, localized effects or 

were significant in the cooler, outer regions of the nebula not under study here. In 

general, nebular temperature and pressure will define the global chemically active 

regions in the nebula. Thus in order for a species to react it must either reside in 

those regions or be transported inward to them within the 10' yr lifetime of the 

nebula. 

Thus nebular mi.xing. if it occurred, can significantly impact nebular chem

istry by transporting material in and out of the chemically active zone. Mainstream 

nebular modeler opinion favors strong nebular mixing: Prinn (199.3) summarizes sev

eral observational and theoretical arguments in its favor. .\s mentioned in Section 

4.1. there is reason to believe that eddy diffusion may have been a signifciant trans

port process over the course of quiescent nebular evolution: both the Prinn (1993) 

analysis and the Morfill and V'olk (1984) analytical chemical fractionation model 

show that eddy diffusion can drive nebular mi.xing and fractionation processes. 

The chemically active zone is defined as that region where thermochemical 

equilibrium prevails: thermochemical equilibrium occurs when chemical reaction 

times are faster than local gas cooling times. However, rapid nebular mixing can 

cause kinetic inhibition or disequlibrium by moving a parcel of gas outside the 

quench radius, r,. defined as the threshold beyond which temperatures are too 

low for the chemical reaction to proceed to equlibrium. The temperature at the 

quench point is T,: it is usually more convenient to refer to the quench radius by 

temperature. Disequilibrium abundances for the various species involved in the 
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reaction are frozen in at the quench point: the mixing ratio, the ratio of abundances 

of chemical species in a given reaction, at r, determines the mixing ratio at all 

greater radii, i.e. for all T < T^. Because both temperature and pressure generally 

decrease with altitude z above the nebular midplane. quench surfaces are convex 

(Figure 2.1). 

5.2.2 C, H, N, O Chemistry 

One of the most critical elemental ratios in terms of global nebular chemistry is 

the C/0 ratio. The solar C/0 ratio is roughly O.o. though the exact value is con

troversial due to uncertainties in solar photospheric data—Cameron (197:]) derived 

O.oo. Cameron {198'2) 0.6, .A.nders and Grevesse (1989) 0.42. Grevesse et nl. (1991) 

0.47. and Grevesse and .\oels (199.3) 0.48. Thus in a nebular model with solar com

position gas, the oxygen abundance is much greater than the carbon abundance: 

this allows H^O vapor or ice to be abundant even with high levels of CO taking 

up o.xygen atoms. However, if the carbon abundance is greater than or equal to 

the o.xygen abundance conditions change: most of the oxygen can end up in CO 

leading to low H jO abundances, there is excess carbon which forms large amounts 

of hydrocarbons and graphite, and generally very reducing conditions are produced 

which can lead to the formation in thermochemical equilibrium of e.xotic refrac

tory minerals like oldhamite (CaS). niningerite (.\IgS). cohenite (Fe^C). moissanite 

(SiC) and osbornite (TiC) which are unstable in a standard solar composition gas 

(Larimer 1975). 

The important net reactions governing the main species of interest. CO. 
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CH4. HjO. Ni and NH^. are 

CO + 3//,, = C//4 + H2O (.5.1) 

.\2+:iH2 = 2\H3 (0.2) 

CO + H2O = C0-2 +H2 (0.3) 

which all proceed to the right with decreasing temperature, as do the first two re

actions for increasing total pressure. Total pressure in a solar composition gas is 

appro.ximately the H2 partial pressure. Assuming a solar composition nebula and 

thermochemical equilibrium. CO and No will be much more abundant than CH^ and 

XH3 in the hot inner nebula. The CO —+ CH4 and N? —>• .N H3 conversions are kinet-

ically inhibited in the inner nebula at quench temperatures of 1470K and 1600K re

spectively and with mixing rations of [C0]/[CH4] ~ 10' and [Njj/fXHa] ~ 10" (Lewis 

and Prinn 1980). Therefore in a standard nebula model CO and N j  are expected to 

dominate throughout the entire solar nebula (conversely. CH4 and .XH,-? are expected 

to dominate in circum-.Jovian planetary nebulae, given the lower temperature-higher 

pressure regime). Additionally, the vapor-phase hydration of silicates, e.g. enstatite 

plus water vapor forming talc and brucite. is also expected to be kinetically inhib

ited in the solar nebula because the abundance of water in a standard nebula model 

and the low temperatures promote an extremely slow rate of reaction, where t^jn 

> 4.-5 billion years (Fegley 1997). 

Chemical reaction rates increase with temperature, thus equilibrium chem

istry takes place in the hottest portions of the nebula. However, equilibrium chem

istry under certain conditions may also occur down to relatively low temperatures 

in the presence of an efficient catalyzing agent. .Metal grains such as Fe may acceler

ate the rate of production of CH4. XH3 and CO2 in the net reactions above, as well 
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as possibly promoting the synthesis of complex organics via the catalyzed hydro-

genation of CO in Fischer-Tropsch-type (FTT) reactions. Heterogeneous catalysis, 

the catalysis of chemical reactions by their taking place on the surface of grains, is 

effective as long as grain surfaces stay clean and grains are well mixed with the gas. 

Though the nature of the catalytically active iron phase is still controversial (Dic-

tor and Bell 1986) and though Fe grains may become coated with FeS and organics 

for T < TOOK (Prinn and Fegley 1989). Fe metal grains theoretically may serve as 

catalysts for temperatures ranging from the Fe condensation temperature. ~ 1400K 

for solar nebula conditions, down to roughly 400K where they become completely 

deactivated by their conversion into Fe304. 

For the CO —»• CH4 reaction (Equation o.l). heterogeneous catalysis can 

theoretically lower T,j to > 520K (Prinn and Fegley 1989). by cissuming a long mix

ing time (i.e. slow rate of mi.xing) which may be more appropriate to the generally 

quiescent nebular evolution under study than a very fast mixing rate. For FTT re

actions. the general forms of the hydrogenation of CO which produce alkane. alkene 

and alcohol hydrocarbons plus water can be expressed as 

nCO + (2n -i" \ )H-2 — C'nfi'Zn+i nH-^O (o.-t) 

nCO -h 2n H2 = C\H2n + "  H2O (0.5)  

nCO + 2nH2 = Cntiin+xOH + (n - l)//,^. ( 0 . 6 )  

respectively: similar reactions with the same reactants and hydrocarbon products 

also occur, but which produce CO2 instead of H2O (Prinn and Fegley 1989). Though 

the efficiency of FTT reactions under solar nebula conditions is still controversial 

(Ramadurai tt al. 199."}). recent lab experiments by Llorca and Casanova (1998) 

strongly support the idea that gas-solid reactions in the solar nebula during CO 
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hydrogenation was possible down to temperatures of 473 K and caused the formation 

of methane, and heavier hydrocarbons. 

Llorca and Casanova (1998) appear to be the first to experimentally inves

tigate FTT reactions under conditions appro.ximating the solar nebula environment, 

e.g. a total pressure of 5 x lO""* atm. temperature of 473 K. and HiiCO ratio of 

2.50:1. L'nder thermochemical equilibrium conditions graphite becomes the most 

abundant carbon condensate, but at low disequilibrium temperatures and for the 

low nebular C0:H2 ratio, the formation of graphitic carbon does not occur and 

other amorphous carbide phases condense instead. Llorca and Casanova (1998) 

found that in their low-temperature experiments the metal catalyst grains first be

come coated with a layer of an amorphous carbon intermediate such as (Fe.\i)2C—a 

carbide phase positively identified in interplanetary dust particles (ChristofFersen 

and Buseck 1983. Bradley et al. 1984) and thus expected to have e.xisted in the 

solar nebula (MacKinnon and Rietmeijer 1987. Bradley al. 1984)—or cohenite 

(Fe3C). This nongraphitic carbonaceous layer then undergoes hydrogenation to form 

hydrocarbons: total hydrogenation of the layer produces methane, but partial hy

drogenation of the layer may produce intermediate Ci species, like FeCFI. which may 

in turn participate in carbon chain growth yielding heavier hydrocarbons through 

a mechanism not yet fully understood (Biloen tl al. 1979. Joyner 1977). It is the 

hydrogenation of the intermediate layer(s) that is the rate-determining step(s) for 

the production of the hydrocarbons. 

After a laboratory run-time of 10^ hours, the Llorca and Casanova (1998) 

experiments resulted in a relative distribution of 90V( methane, plus a variety of 

other C1-C4 products including ethylene, ethane, propylene, propane and butane. 
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The production of methane under such conditions was expected, but the efficient 

production of heavier hydrocarbons under the same conditions was something of a 

surprise. Llorca and Casanova conclude that the hydrogenation of CO was enhanced 

when using kamacite (FeNi) grains as opposed to pure Fe grains, and that using 

kamacite shifted the product distribution towards heavier hydrocarbons. Though it 

has been suggested that grain surfaces may become poisoned, i.e. coated with sub

stances like FeS. and eventually inhibit metal-catalysed reactions of hydrocarbons, 

there has also been positive identification of S-free metal particles in interplane

tary dust particles which suggests that some metal grains, at least, in the solar 

nebula were not poisoned. Thus their results strongly suggest that FTT reactions 

were indeed plausible down to at least 473 K in the solar nebular and were capable 

of effieciently producing significant levels of both light (CH4) and heavy (alkanes. 

alkenes. alcohols, etc.) hydrocarbons. This implies that while equilibrium chem

istry is important in the hot inner nebula, disequilibrium production of organics 

could be significant in the cooler portions of the nebula (R > 1 .-Vf). 

5.3 Chemical Equilibrium Calculations 

5.3.1 Model 

For the last 25 years equilibrium condensation calculations have been used to study 

the effects of temperature and composition changes on material in the solar nebula. 

Pioneered by Grossman (1972). the condensation code was originally developed to 

describe the sequence of mineralogical changes that would have occurred as the 
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inner part of a hot. homogeneous solar nebula cooled monotonically. Though obser

vational and theoretical advances indicate that the nebula was neither homogeneous 

nor cooled monotonically (Chapter 2). sets of condensation sequences for various 

initial compositions of nebular material can map out a baseline set of equilibrium 

gciseous and condensed products for a range of temperatures. 

The computational procedure of Grossman (1972) was labor intensive: con

siderable operator input was required throughout the numerical calculations, as well 

as e.xpert knowledge of which chemical species could safely be ignored in order to 

keep the calculations tractable. Later computational techniques were used which 

overcame the limitations of Grossman's method. Specifically, numerical thermody

namic calculations of mineral equilibria are now designed to overcome the foregoing 

problems by seeking the set of condensed phases and gas species that minimize the 

net Gibbs free energy of a system whose bulk elemental chemical composition has 

been specified. The Gibbs free energy. AG. of a chemical compound is related to 

nebular parameters by 

AG = AG^ + RTlnP (.5.7) 

where is the standard Gibbs free energy of formation of a compound. R is 

the gas constant. T and P are nebular temperature and pressure, and an ideal gas 

is assumed. For any pure gas at 1 atm of pressure AG = AG"^. For a reaction. 

AGrrn follows the Same relation as above with the substitution of Kp. the pressure 

equilibrium constant which is a function of all the partial pressures (or activities 

for solids and liquids) of the compounds in the reaction, for P. 

review of the general computational methods for minimizing the Gibbs 

free energy can be found in van Zeggeren and Storey (1970). White e/ al. (l9o8) 
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used a second order minimization technique when designing a code for gaseous sys

tems: Shimazu (1967) modified the technique for systems including a small num

ber of solid phases in addition to the gas and studied mineral forming processes 

in planetary interiors and the solar nebula. A subsequent adaption of the White 

et al. (1958) technique was written by Eriksson (1971) and is the earliest version 

of the code used in this work. This version was improved upon by Eriksson and 

Rosen (1973). Eriksson (1975) which incorporated multiphase systems, and Be-

smann (1977). This last code was modified and generalized by Sharp and Huebner 

(1990) for astrophysical applications, producing the version used here. The Sharp 

and Huebner (1990) code. SOLG.A.SMIX. was more comprehensive in the number of 

elements it could include and more computationally powerful in terms of precision, 

temperature step size, etc.. than most other similar codes such as PHEQ. the Wood 

and Hashimoto (1993) code which neglected all nitrogen chemistry and required 

the use of a constant pressure. Recent improvements resulting in PHEQ4. however, 

appear to have greatly e.xpanded that code's capabilities (Petaev and Wood 1997. 

Petaev and Wood 1998) for computing mineral equilibria in fractionated systems. 

In a chemical equilibrium code a temperature range, e.g. 2500K > T > 

lOOK. system pressure and bulk elemental system composition are entered as input; 

the calculations result in the number fractions of gaseous and condensed species 

consistent with the initial bulk composition assuming thermochemical equilibrium. 

.\ representative output, e.g. a typical condensation sequence for a standard solar 

composition gas in thermodynamic equilibrium, details the appearance with declin

ing temperature of refractory o.xidized minerals like corundum (.\l2O3). perovskite 

(CaTiOs). hibonite (Ca.-\li20i9) and spinel (.\Ig.-\l20^): followed by anhydrous sil

icates like olivine and pyroxene: Fe metal: FeO and FeS: the hydration of silicates 
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producing phyllosilicates like talc and hydroxides like brucite; and lastly the forma

tion of various ices and extreme low-temperature solids. 

The chemical equilibrium code SOLGASMIX (Sharp and Huebner 1990) 

was used to compute abundances of a number of gaseous and condensed species for 

a variety of water depleted nebular settings. The augmented White et al. (1958) 

numerical method directly minimizes the total Gibbs free energy of a system by solv

ing simultaneously for the equilibrium abundances of all the gaseous and condensed 

species together, rather than explicitly solving each individual chemical equilibrium 

equation. The Gibbs free energies of formation for the various possible species 

were obtained mostly from the tables (Chase 1982). but also from Tsuji 

(1973). Turkdogan (1980) and Robie and VV'aldbaum (1968) with corrections by 

Lattimore et al. (1978). The chemical equilibrium calculations assume an initial 

system containing solar proportions of the first eighteen most abundant elements 

except oxygen using .\nders and Grevesse (1989) values (Table 5.1). Over a series 

of runs, varying levels of oxygen depletion are input corresponding to the varying 

levels of water depletion calculated in Chapter 4 and plotted in Figures 4.2 and 

4.3. Oxygen atoms in the nebula are assumed to be partitioned in a ratio of 3:3:1 

as [CO];[H>Oj:[silicatesj in a solar composition gas, after Prinn (1993). and only 

the o.xygen in the water molecules is assumed to be initially depleted. Bulk system 

pressure is assumed to vary as P ~ T^''^ with P ~ 10"' atm at T ~ 2500K and P ~ 

lO"'' atm at T ~ 160K. which is characteristic of a standard minimum-mass solar 

nebula (e.g. Wood and .Morfill 1988 with a higher, corrected value of q . or Prinn 

1993). 
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Element Relative .\bundance 

H 1.0 

He 0.0975 

0 8.55 X 10""' 

C 3.62 X 10-' 

Xe 1.24 X 10-* 

X 1.12 X 10-* 

Mg 3.85 X 10"" 

Si 3.59 X 10"^ 

Fe 3.23 X IQ-' 

s 1.85 X 10-' 

Ar 3.62 X lO"*' 

.\1 3.05 X 10-*^ 
Ca 2.19 X lO-'' 

Xa 2.06 X lO"'^ 

Xi 1.77 X 10-*^ 

Cr 4.84 X 10-' 

P 3.73 X 10~' 

Co 8.06 X 10-^ 

Table 5.1: The eighteen most abundant elements relative to H in a solar compo

sition material. Calculations regarding nebular chemistry require bulk estimates 

of the elemental abundances in a solar composition material like those above: the 

abundances are based on meteoritic and solar photosphere and corona data (.Anders 

and Grevesse 1989). The C/0 ratio is 0.42. 
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5.3.2 Results 

The chemical equilibria code results are shown in Figures o.l - 5.10. which plot the 

mole fractions of the various species of interest over a range of nebular temperatures 

for a variety of oxygen depleted settings. Note that the range of the temperature 

a.xis varies slightly from figure to figure, depending on where the numerical program 

stopped converging. Dashed vertical lines show the appearance or disappearance 

of various condensates in pure form (the code was not configured to consider liq

uids or solid solutions) which are listed in the corresponding Tables B.l - B.IO in 

•Appendix B. but are not labeled on the plots for clarity. Discontinuities in the 

slopes of the abundances of plotted gaseous species coincide with the appearance 

or disappearance of various condensates. The connection is more obvious when the 

condensed species contains at least one element found in the gaseous species, such as 

the condensation of significant 0-bearing compounds diopside. olivine and pyro.xene 

at 1400-lo00K in Fig. .5.1. which decrease the H2O abundance. Less obvious are 

the cases in which there are discontinuities in the slope but the condensate has no 

elements in common with the plotted gas species. This occurs when condensation 

causes the release of unneeded elements from the condensing molecule, such as S 

being released from SiS when Si condenses into silicates, allowing the abundances 

of other gaseous S-bearing compounds to increase (Sharp and Huebner 1990). This 

effect is often seen for gaseous C1-. F- and S-bearing compunds. 

100%-57% Oxygen 

Figure .5.1 shows conditions for equilibrium condensation of a solar composition 

gas. It produces a typical oxidized solar nebula condensation sequence (Table B.l). 
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Figure 5.1: 100*;^ of solar abundance of oxygen in the solar nebula; this is the 

baseline case. Bulk system pressure is assumed to vary as P ~ with P ~ 10"^ 

bar at T ~ •2500K and P ~ 10"" bar at T ~ 160K. C/0 ratio is 0.42. 
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similar to that summarized in Section 5.3.1 above. Giv-en the initial set of input 

elements, the condensation sequence is also in good agreement with that of Lodders 

and Fegley (1993) e.xcept that their condensates appear at lower temperatures. This 

is most likely because they assume a constant nebular pressure of 10"'^ atm. while 

the more realistic pressure-temperature relation used here results in slightly higher 

pressures of 3-4 x 10~^ atm. .\t T = 1470K [CO]/[CH^] ~ 10'. and [HjO] ~ [CO] for 

most of the range of temperatures, both as expected. .\lso. oxygen atoms partition 

in the ratio of approximately 3:3:1 as [C0]:[H20]:[silicates]. in good agreement with 

Prinn (1993). In addition to CH4. the abundances of a few other representative 

organics. HCX. C2H2 and C jH^. were plotted but were too low to show on this 

figure: the abundance of HCX is just below 10~'° for T > 2000K. 

The chemical equilibrium code was then run for varying levels of oxygen 

depletion. The specific levels of total o.xygen depletion used correspond to levels of 

water depletion from the revised nebular water distribution of Chapter 4. Recall 

that peak water abundances in the inner nebula due to the diffusion-drift model are 

60'^ from 13 W at the start of quiescent nebular evolution, decreasing to 409? by 

~ 10" yr later (Figs. 4.2 - 4.3). Water abundances drop off from the peak value to 

~ 0'7( across 3-o .\L'. Oxygen atoms in a solar composition gas were assumed to 

partition as 3:3:1 for [C0]:[H20]:[silicates]. thus water accounts for ~ -i'.iVc of the 

total o.xygen atoms. The first two columns of Table -5.2 give the relative o.xygen 

abundance due to varying levels of water abundance: for instance, a 40*;^ loss of 

water, i.e. 609( water abundance, reflects only a lT/{ loss of total oxygen, i.e. 83*^ 

oxygen abundance. 

Figures 5.2 - 5.6 show results for 83-5T9r solar abundance of oxygen which 
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9c Solar 9c Solar 

[H,0] [0] C/0 C/0 C/0 

100 100 0.42 0.50 0.60 

60 S3 0.51 0.60 0.72 

40 74 0.57 0.68 0.81 

20 66 0.64 0.78 0.91 

10 61 0.69 0.82 0.98 

9 60 0.70 0.83 I.O 

0 57 0.74 0.88 1.1 

- 40 LI 1.3 1.5 

- 20 2.1 2.5 3.0 

- 10 4.2 5.0 6.0 

I 42.0 50.0 60.0 

Table o.2: This table gives the C/0 ratio for varying levels of oxygen depletion 

for three different initial solar values of C/0. The levels of solar H2O abundance 

corresponding to levels of oxygen abundance are also given, assuming a partition of 

solar oxygen in the ratio of .3:3:1 for [C0]:[H20]:[silicates] (Prinn 1993). 

correspond to 60-09? water abundances. In general for o0-80'^ solar abundance of 

oxygen, methane abundances increase resulting in more methane at higher temper

atures. and less water. The pronounced dip in water abundance over 700 loOOEv 

is apparently due to o.xygen-bearing condensates appearing and disappearing. The 

methane abundance increases by as much as about two orders of magnitude for 

temperatures llOO-riOOK. .\dditionally. at T,=o20K [C0]/[CH4] ~ 10"'' in all the 

figures, as it does for the 1009?; solar o.xygen baseline case. .At the start of quiescent 

evolution. o'iOK occurs at about 2 .\r and I100-r200K at about I .\L': 2 x 10'' 

yr later the same temperatures occur at 1.2 and 0.8 .-M' respectively. Given the 

diffusion-drift water vapor distribution results of Section 4.3. in theory this could 

imply that the [C0]/[CH4] ratio of 10"" will be frozen into the gas for radii initially 

greater than 2 Al'. and eventually for radii greater than 1.2 .M": and that there will 
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be increased production of CH4 by as much as two orders of magnitude for radii at 

and just inward of 1 AU over that formed from solar abundances. The latter con

clusion seems fairly reasonable because given the high temperatures, approximate 

equilibrium conditions should always obtain for high enough temperatures (> T,). 

The former conclusion, however, assumes sufficient time to reach thermochemical 

equilibrium at very low temperatures and ideal heterogeneous catalysis of the re

action which requires clean grain surfaces and very slow mi.xing times (Prinn and 

Fegley 1989). It is not very likely such conditions jointly or perhaps even singly 

prevailed. Prinn and Fegley (1989) also contend that achieving the low methane 

conversion quench temperature of o'iOK is less likely than the catalyzed production 

on surfaces of other organics. In this latter case, catalysed production of alkanes. 

alkenes and alcohols could occur down to ~ 473 K (Llorca and Casanova 1998) 

which means out to radial distances of about 2.2 AIS at the start of quiescent neb

ular evolution, decreasing to about 1.2 .-VL' by 2 x 10*" yr later. 

Regarding other specific tracer-organics plotted in the figures, the abun

dance of HC.\ first reaches slightly more than I0~'° in the 7-i% oxygen plot, in

creasing to a peak of a little more than 10"^ for T ~ lOOOK and .579^ solar oxygen. 

The abundances of the other heavier hydrocarbons being tracked. C2H2 and C2H4. 

are too low to show up on these plots. The HC.V abundance curve appears directly 

to reflect the water vapor curve depletion with decreases in water abundance corre

sponding e.xactly with increases in HCX abundance and vice versa. This is because 

HCN in an oxidized nebula is produced via the net reaction 

•2CO + \2 + 3 H2 = 2 HC .V + 2 O (0.8) 
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Figure .5.2: 839?^ of solar abundance of oxygen in the solar nebula; this corresponds 

to assuming a water vapor abundance of 609^ of original nebular H^O at the start 

of the calculations. Bulk system pressure is assumed to vary as P ~ with P ~ 

10~^ bar at T ~ 2o00K and P ~ 10~' bar at T ~ 160K. C/O ratio is O..ol. 
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to 109c of original nebular H2O. Bulk system pressure is assumed to vary as P ~ 
T''/2 vvith P ~ 10"^ bar at T ~ 2o00K and P ~ 10"" bar at T ~ 160K. C/O ratio 
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If H>0 is depleted initially due to outward diffusion, in order to reachieve equilib

rium the reaction proceeds to the right producing more HCN' and H-jO . Because of 

this (and other) back reactions, water is still depleted overall but not quite as much 

as the initial conditions based on the diffusion-drift model assumed in the inner

most. very hot nebular regions where thermochemical equilibrium obtains. These 

results are valid only under equilibrium conditions: absent catalysis, thermochemi

cal equilibrium most probably would have occurred only for nebular regions < I .\L' 

where the diffusion-drift results predict 609c to a little less than 409c water abun

dances over most of quiescent evolution. This implies negligible HCX abundance 

enhancement, except perhaps late in quiescent evolution when water abundances 

have dropped to 20*;^ or less of solar levels. 

40%-l% Oxygen 

-More reducing conditions in the nebula can only be achieved by either further 

depleting oxygen levels or by increasing the relative carbon abundance. In such 

cases, conditions are rather different than those discussed earlier. Figures 5.7 - 5.10 

and Tables B.T - B.IO show results assuming thermochemical equilibrium for oxygen 

abundanes of 40-1/? solar. .\ote that as previously mentioned (Section 5.."M) solar 

oxygen atoms form not just CO and H2O but also silicates in the ratio of 3:.3:l. 

The maximum plausible depletion of oxygen assuming the mechanisms discussed 

above and below in this work, would still result in roughly lOS^ of oxygen tied up 

in silicates where the o.xygen is more stable than it is in more volatile species. It is 

therefore not expected that the nebula would ever attain the extreme conditions of 

near-total oxygen-only loss reflected in Figure 5.10. however the figure is included 
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for completeness and to help illustrate trends. 

Significant increases in the amount of methane at high C/0 ratios occur all 

the way up to temperatures of at least 2o00K; levels of methane at loOOK increase 

by over 4 orders of magnitude from the 57% oxygen plot to the -iOVc oxygen plot. 

Levels of water are severely low. though for 20-40% oxygen there is still a relatively 

high abundance of about 109c the solar value at low temperatures. For the 1-10% 

cases, water vapor is effectively non-existent. .-Abundances of organics other than 

methane have also increased significantly, for temperature ranges from SOOK to 

at least 2500K. It is not expected that oxygen depletion would significantly affect 

the abundances of X j  and .\H3 (see Equation 5.2). This is true for figures 5.1 -

5.6: however, for o.xygen abundances < 40%. nitrogen condensates and chemistry 

becomes significant and levels of .\2 and XHs are affected. Levels of start to 

decrease as more X-bearing compounds like AIX appear and significant amounts 

of HCX are produced, and eventually even .XH3 abundances are perturbed by the 

condensation of .X-rich compounds like Si.-jX^ and Mgs.Xo. 

Further, increasing the C/0 ratio lowers the temperatures at which a given 

condensate appears and causes the appearance and disappearance of a greater num

ber of condensates (compare, for instance. Tables B.2 and B.7). which in turn may 

have implications for grain catalysis. Because increasing the C/0 ratio increases 

both the number of carbides that can form and the number of condensates which 

may be able to serve as catalysts, it is possible that increasing the C/0 ratio will 

help facilitate the catalytic production of methane and heavier hydrocarbons, down 

to low temperatures on the order of 47.'} K. 

In the context of the models presented in this dissertation, there are perhaps 
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Figure 0.7: 40S^ of solar abundance of oxygen in the solar nebula. Bulk system 

pressure is assumed to vary as P ~ with P ~ 10"'^ bar at T ~ "ioOOK and P ~ 

10"" bar at T ~ 160K. ("/O ratio is l.l. 
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Figure 5.9: 10^,^ of original solar abundance of oxygen in the solar nebula. Bulk 

system pressure is assumed to vary as P ~ with P ~ 10~'^ bar at T ~ 2-500K 

and P ~ 10""' bar at T ~ 160K. C/0 ratio is 4.2. 
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Figure -5.10: iVi of original solar abundance of oxygen in the solar nebula. Bulk 

system pressure is assumed to vary as P ~ with P ~ 10"' bar at T ~ "JoOOK 

and P ~ 10"" bar at T ~ 160K. C/0 ratio is 42. 
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two ways in which more reducing nebular conditions might have resulted. It has 

been shown in the previous section that initial conditions that include depleted 

levels of water vapor will result in the small feedback production of water assuming 

thermochemical equilibrium. Thus. Figure 5.6. which represents results assuming 

an initial condition in which all initial water vapor has diffused out. still plots non

zero levels of water vapor, of ~ 10% the original solar abundance. The non-zero 

water vapor abundance was produced by the conversion of CO into CH^. other 

organics and H2O (see. for instance. Equation 5.1). It is perhaps possible that 

this water vapor also diffuses outwards, allowing oxygen depletion to continue as 

oxygen is removed from CO. In this case the absolute levels of oxygen abundance 

could decrease below o7%. To obtain the extremely reducing conditions depicted in 

Figures 5.7 - 5.10. however, would require the presence of nebular temperatures hot 

enough for equilibrium conditions to prevail over long enough timescales. at least 

~ 10"-10'' yr. for extraction and diffusive loss of oxygen from both CO and H2O . 

It is not very likely that this occurred in the standard nebula model used here, but 

if it did it would have taken place at radii < 1 .-XL' and later in quiescent nebula 

history. 

.\side from loss of o.xygen. reducing conditions can also be achieved by in

creasing the relative carbon abundance. The entire foregoing analysis of results 

was based on initial solar abundances with a C/0 ratio of 0.42. after .Anders and 

Grevesse (I9S9). This, however, is the lowest suggested value for the rather uncer

tain solar C/0 ratio (see Section 5.2.2 above). .More recent work by Grevesse and 

.\oels (1993) suggests a higher value of 0.5 and Cameron (19S2) suggested 0.6. Ta

ble 5.2 shows the relative C/0 ratios that would occur for varying levels of o.xygen 

and water depletion given three solar nebulae having solar abundance C/0 ratios 
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of 0.42. O.o and 0.6. It can be seen that a nebula with 609c solar water and a high 

solar C/0 of 0.6 causes a relative nebular C/0 = 0.72 and conditions (Figure 5.6) 

comparable to 0% solar water in a nebula with a solar C/0 of 0.42. Total water 

depletion in a nebula with initial solar C/0 = 0.6 would result in a relative C/O of 

I.l corresponding to the very reducing conditions depicted in Figure 5.7. .Assum

ing a high solar C/0 = 0.6 and hot enough temperatures for chemical equilibrium 

(equilibrium occurs out to rmar where 0.4 .\L' < r^ax ^ I AU: rmax decreases over 

time as the nebula ages and cools), then water vapor levels should be < 40-609? 

solar (e.g. Fig. 4.3). For 40% solar water. 2 .x 10® yr into quiescent nebular evolu

tion. abundances of CH4 and HCN increase by ~ .3 orders of magnitude and levels 

C2H2 and C2H4 are up by at least one order of magnitude. Peak abundance levels 

of water vapor in the diffusion-drift model decrease as the nebula continues to age. 

e.g. below 409^. so more extreme reducing conditions over a smaller radial nebular 

region could occur toward the end of the nebular lifetime. 

Thus, using a nebular model with a higher solar C/0 ratio allows more 

reducing conditions to occur for smaller water depletions and could result in highly 

reducing conditions for heavy water loss without invoking additional mechanisms, 

e.g. extraction and loss of o.xygen atoms from CO. 

Low Pressure Nebula 

Different nebula models span a range of pressure conditions, on the order of 10"^ 

to I0~^ atm. The temperature-pressure relation used in the foregoing sections 

reflects relatively warm, high pressure solar nebula conditions. In order to inves

tigate chemistry differences caused by a lower pressure solar nebula, condensation 



112 

sequences were also run assuming the cool, low-pressure Wood and Morfill (1988) 

solar nebula. In this nebular model. P ~ 2.072 x 10~'° atm. Chemical equi

librium results are plotted in Figures B.l - B.6 and the corresponding tables of 

condensates are in Tables B.ll - B.16. Note axes scales are somewhat different, and 

the only organic plotted was CH^. Relative to the higher pressure nebula, there 

is a decrease in temperature at which a given condensate appears, and for a given 

temperature, abundances of species affected by oxygen depletion are lower in a low 

pressure nebula. The latter shows that lower pressure nebulae are more CO-rich. 

as expected. Given the initial elements considered, the species that condense out 

are the same for both high and low pressure nebulae with one exception: at 10S( 

o.xygen in a low pressure nebula (Figure B.lo) Si02 also condenses, which didn't 

happen in the higher pressure nebula for any level of oxygen abundance. 

5.3.3 Effects of Other Nebula Processes 

Fuor bursts (Section 2..5.o) and lightning discharges (Section 2.5.5) would create 

global or local areas, respectively, of high temperature chemistry. Fuor bursts are 

expected to raise temperatures up to ~ lOOOK out to 1 .\L' but not affect tempera

tures at greater radii, followed by gradual cooling. Thus fuor bursts would expand 

the radial extent of the chemically active zone back out to 1 .AU, vaporize ice and 

create global, more oxidizing nebular conditions. This would occur later in neb

ula history, for t > 2 x 10® yr. Lightning discharges would cause localized bursts 

of high temperatures of ~ several thousand K (Prinn and Fegley 1989). followed 

by rapid cooling causing chemical products formed quickly at high temperature to 

be frozen in among products of cooler chemistry. This would be important in the 
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cooler, chemically inactive regions of the nebula, r > 1 .A.L'. If increased ice and 

dust particle abundance helps facilitate the production of lightning (Section 4.4) 

then pockets of high temperature chemistry would more likely occur from 3-5 AL". 

Outward advective gas flows (2.5.3) and inward migrating planets (Section 

2.5.6) both promote some level of mixing of nebular materials. Outward midplane 

advective flows could transport chemical products from the inner chemically ac

tive zone, out into the outer solar system. Thus products of the more reducing 

inner nebula may have contributed to the organics budgets of outer solar system 

bodies, even perhaps supplying some of the organics detected on the surface of Eu-

ropa (.\IcCord et al. 199S). Conversely, migrating planets or planetesimals if they 

traveled through the inner nebula could have accreted the varied products of inner 

nebula chemistry, increasing their own compositional mi.x, and depleting the nebula 

in relatively localized areas of these products. Because our solar system has no 

giant planets closer than 5 .\L'. if such migratory events occurred the planets and 

material swept up would have been lost onto the protosun. 

5.4 Summary 

Implications of the diffusion-drift water distribution model include changes in the 

predicted CO/CH4 ratio produced by nebular gas phase chemistry in the inner 1 .AL' 

of the solar nebula. Removal of oxygen would tend to favor higher CH4 abundances 

relative to the predictions assuming solar composition, such as those summarized in 

Prinn and Fegley (1989). Generally, as H2O is increasingly removed and the o.xygen 

fugacity decreases, more reduced species like CH4 and other organics become more 

abundant at higher and higher temperatures, i.e. further inward towards the Sun. 
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The chemically active zone, in which these results are valid, extends out to about 

1 AU but shrinks inward as the nebula ages. Depending on the level of oxygen 

depletion in this zone, the abundance of methane can increase by 2-3 orders of 

magnitude over solar abundances, and levels of HCN and other organics can increase 

by up to 3 orders of magnitude in the more reducing cases. More reducing nebular 

conditions are expected to occur later in nebular evolution, but over a smaller radial 

extent. The exact value of the somewhat uncertain solar C/0 ratio is critical: larger 

C/0 ratios (which seems to be the current preference) facilitate the production of 

reduced inner nebula conditions for much less water loss. 

The [X2]/[NH3] ratio is not significantly affected by changes in oxygen fu-

gacity until the loss of 40% or more of oxygen caused significant nitrogen chemistry. 

.Additionally, as the C/0 ratio increases, the number of condensates appearing and 

disappearing also increases (except for the extreme. 1% o.xygen case): the increase is 

the most apparent when comparing reduced to oxidized nebular conditions. While 

disequilibrium chemistry would most likely produce some amount of both heavy 

and light hydrocarbons out to 2 .\L' in a solar composition nebula, the increa.sed 

C/0 ratio caused by the revised water distribution should facilitate such production 

both through the increased relative carbon abundance and possibly because of the 

greater number of condensates which potentially could serve as catalysts. Thus it is 

worth experimentally studying the catalyzing potential of the various condensates 

produced under the more reducing conditions, e.g. in the 40% oxygen case. 

Fuor bursts may have temporarily re-expanded the chemically active zone 

to I .\U. promoting global heating and gradual cooling within that zone. This, if 

it occurred, would have been more important during late nebular evolution when 



much of the nebula was cold, and would have promoted more oxidizing conditions. 

Lightning discharges could have created pockets of high temperature disequlibrium 

products outside of 1 .\U in the chemically inactive nebula, and preferentially from 

3-5 .\\S. if the increased presence of drifting ice and dust helps promote lightning. 

.Migrating planets would deplete local nebular regions in all chemical species, thus 

facilitating variations in the global nebular C/0 ratio in the in-plane angular (as 

opposed to the radial) direction. 

While these results do incorporate a few simplifying assumptions, such as 

diffusion as the dominant vapor transport process, they do suggest that water vapor 

transport in a diffusive quiescent nebula could significantly affect nebular chemistry, 

potentially producing large variations in the reducing nature and chemical products 

of the inner nebula over nebular history. The implications for the outer solar nebula, 

and objects formed there, depends critically on the efficiency of radial mixing of the 

nebula. Outward advective gas motions could potentially produce efficient mixing 

(Prinn 1990. Cuzzi et al. 1993). allowing the more reducing inner nebula to supply 

some of the organics seen in outer solar system objects. 
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CHAPTER 6 

IMPLICATIONS FOR SOLAR SYSTEM BODIES 

This chapter is based on portions of the papers "Distribution and Evolution of 

Water Ice in the Solar Nebula: Lmplications for Solar System Body Formation" by 

Cyr et al. (1998a) and 'Effects of the Revised Nebular Water Distribution on Solar 

Nebula Chemistry" by Cyr et al. (1998b). I was responsible for the science, results 

and conclusions pertaining to this section, as well as the text describing the same 

in the above papers. 

6.1 Introduction 

In this chapter, implications of the revised nebular water distribution (Chapters 

3. 4) and its effects on nebular chemistry (Chapter o) for the composition and 

formation of various solar system bodies are examined. Emphasis is on bodies that 

formed in the inner 5 or so .A.L' of the nebula, however the possibility of nebular 

mixing and outward gas flows allows some opportunity for outer solar system bodies 

also to have been affected by inner nebula processes. 
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6.2 Terrestrial Planets 

Because of large depletions on Earth in nonradiogenic rare gases like Xe relative to 

other volatiles such as X, it has been the generally accepted hypothesis since L'rey 

(1952) that the volatiles on Venus. Earth and Mars did not originate primarily by 

gas capture from the solar nebula. Instead it is believed that volatile abundances 

are the result of chemical processes on the terrestrial planets releasing, for example 

C. X and H2O from solid grains that were accreted from the nebular disk before 

and after disk gas dissipation. Various lines of evidence (Fegley and Prinn 1989. 

Prinn and Fegley 1987. Prinn 1993) suggest that the primary source of most carbon, 

some hydrogen and possibly all nitrogen in the terrestrial planets was accretion of 

material rich in organics. Thermochemical equilibrium sources of carbon, such as 

carbon dissolved in Fe-Xi grains, were secondary. The revised water distribution 

presented in this work results in a more reducing inner nebula which could have 

directly provided increased abundances over solar levels of organics. Depending on 

the solar C/0 ratio of the nebula, the increased amount of organics ranges from 

modest increases in a fairly CO-rich nebula, to large increases in a more reducing 

nebula. 

Additionally, water-rich bodies in the solar system show a systematic deu

terium abundance enhancement relative to the protosolar nebula. The nebular D/H 

is estimated at 36 ± 10 x lO"*' (Gautier and Morel 1997). Earth's D/H = 149 ± 3 

X 10"'' (Deloule et al. 1997). cometary D/H = 300 ± oO x lO"'' (Eberhardt et al. 

1995). and the interstellar D/H = 730 ± 120 x lO"*' (Deloule and Robert 1995). 

Deloule et al. (1997) calculates the contribution to Earth's present-day water sup

ply from a variety of sources as less than 10% from early cometary bombardment. 
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leaving more than 90% from outgassing of the primitive mantle. Of the outgassed 

water. 14% was of interstellar origin and 86% was from the protosolar nebula gas. 

This suggests 77% of Earth s water came from the nebula, in some form. The 

diffusion-drift model provides direct means for enhancing the abundance of water 

vapor and water ice in the inner nebula, near Earth s formation zone. Given the 

kinetic inhibition of hydrous silicate formation because of the extremely slow rate 

of reaction (Section 5.2.2). it seems unlikely that the levels of water vapor in the 

diffusion-drift model would increase the reaction rate sufficiently. However, the in

crease in abundance of inward drifting ice. due to the cycling of water through the 

inner nebula, may have contributed to Earth's water budget either directly through 

sweep up of material near I .\U during planetesimal formation, or through ice-rich 

bodies that accreted closer to .5 .A.L' and ultimately scattered or drifted inward far 

enough to be swept up by the Earth. 

6.3 Outer Solar System Bodies 

The Jovian planets are believed to be composed primarily of circumstellar disk gases 

plus solid material either accreted in their core or accreted later (Prinn 1993). In 

order to explain the bulk properties and atmospheric composition of the planets. 

Prinn and P'egley (1989) conclude that solid material makes up about 9-30% of 

Jupiter's and 3-12% of Saturn's carbon by mass. Prinn (1993) points out that a 

strictly solar composition nebula would be too CO-rich to provide sufficient carbon 

at the formation temperatures (> 60K) for Jupiter and Saturn, but that a CO-

dominant nebula enriched in organics would account well for the carbon content and 

bulk composition of the planets. Given the revised water distribution and resultant 
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chemistry implications, this latter nebula could easily be achieved assuming a solar 

C/0 in the range of 0.5-0.6. which includes the currently expected value for the 

solar nebula. 

Recall that as discussed in Chapter -5. the revised water distribution results 

in the increased production of organics in the inner solar nebula, whether the modest 

increase for a nebula with a C/0 ratio of 0.42 or the large increase for a nebula with 

C/0 of 0.6. This increased supply of organics might have influenced the composition 

of outer solar system bodies, assuming sufficiently efficient mixing mechanisms such 

as the midplane advective flows modeled by Cuzzi tt al. (1993). Outward gas 

flows could have supplied organics from the more reducing inner nebula out to 

the .Jovian planetesimal forming zone. The inner nebula could be a third possible 

source for the recent observation of organics on the surfaces of Ganymede. Callisto 

and possibly Europa (McCord et al. 1998). in addition to impactors from the outer 

solar system, which might have impacted at high enough speeds to destroy their 

organics. and the circum-.Jovian nebula. It is also perhaps possible that strong 

advective flows or outward scattering of Jovian planetesimals could have supplied 

inner nebula organics out to Titan. Pluto or the comets. While their primary source 

of methane was most likely the nascent molecular cloud (Lunine et al. 1995). a 

more reducing inner nebula may still be relevant in preserving some of this material 

against oxidation into CO. 

Lastly, the major conclusion of Stevenson and Lunine (1988) was that the 

diffusion process facilitated the rapid formation of Jupiter by concentrating a greater 

abundance of ice at ~ 5 .AI'. Our results indicate that relatively efficient grain 

growth rates coupled with the inward drift of ice particles will serve to deplete the 
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feeding zone for Jupiter by converting some of the ice to vapor and spreading out 

the location of the condensate as the condensation front migrates inward. This 

might lead to a slower formation time for Jupiter's heavy element core than that 

suggested by Stevenson and Lunine (19SS). However, if radial migration of giant 

planets is significant before bodies accrete one Jupiter mass, something not yet well 

studied, accretion of material during migration could offset the drift-induced losses. 

6.4 Asteroids 

6.4.1 Hydration Features 

.Asteroids are solar system bodies composed primarily of rock and metal, smaller 

than 1000 km in diameter. Most orbit between .Mars and Jupiter in the .Main Belt, 

but many others are found in orbits closer to the Sun (e.g. .Mars-crossers. and .\ear-

Earth objects) and some orbit out at the Trojan resonances of Jupiter. Even though 

the subject is still controversial (Zolensky 1997b). there is general agreement that 

asteroids are the parent bodies of most meteorites and at- such provide evidence 

for the early history of solar system conditions and body formation (VV'etherill and 

Chapman 1988). 

In the relatively recent past there have been a series of detections of absorp

tion features diagnostic of hydrated minerals in the 3 fim spectral region for a range 

of classes of asteroids. Evidence of asteroid hydration includes detections of water 

and/or hydroxyl features in a variety of asteroid spectra (e.g. Lebofsky el al. 1981. 

.\"Hearn and Feldman 1992). and/or ammonia features on asteroid Ceres (King 

et al. 1992. Rivkin 1997). as well as other circumstantial evidence that Ceres may 
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have once had significant amounts of free water in its interior (Fanale and Salvail 

1989). The number of asteroids with detected hydration features is correlated with 

heliocentric distance R; fewer detections near 2 and 4 .\L' (Jones et al. 1990). more 

detections near 3 .A.L' (Jones et al. 1990. Rivkin et al. 1995). Jones (1988) and oth

ers have interpreted these and other data as suggesting that hydrated asteroids may 

have initially accreted from an unequilibrated mix of anhydrous high temperature 

minerals, organic material and water ice. and then were subjected to a heliocentric 

heating event. The heating event would have vaporized the ice of nearer asteroids, 

melted the ice of mid-range asteroids, but not have affected the ice in asteroids 

farther out. Inner and outer asteroids would have no detectable hydration features 

either because the ice was vaporized and blown off. or because the ice never melted 

and thus didn't react with the minerals allowing detection. Mid-range asteroids 

would have undergone sufficient melting such that chemical alteration of silicates 

would occur and be detectable. 

L'nlike the earlier Stevenson and Lunine (1988) water distribution model 

which cleared the inner nebula of all water vapor and ice. the diffusion-drift model 

provides a means for resupplying water vapor and ice to the inner nebula. As previ

ously mentioned, it is expected that hydration of silicate grains by water vapor will 

be kinetically inhibited at the levels of vapor abundance provided by the diffusion-

drift model. However, the increase in ice abundance in the diffusion-drift model 

from 2 or 3 .W out to 5 .-\L would directly supply forming asteroids with water ice. 

The Jones (1988) hypothesis of a heliocentric heating event or an alternate mecha

nism would still be required to explain the radial variation in hydration detections 

on asteroids, .\ebular gas shielding effects could be negligible towards the end of 

the nebular lifetime (Bell et al. 1997): thus FU Orionis-type bursts (Section 2.5.5) 
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occuring late in nebular history could be a candidate for such global, heliocentric 

heating events. 

6.4.2 Darkening 

There is a general trend of observed darkening of asteroids with radial distance 

from the sun: Jones (1988) and others have interpreted the darkness as being due 

to increasing thicknesses of organic materials coating asteroid surfaces. The gradual 

decrease in water vapor with radial distance of the diffusion-drift model and thus the 

gradually increasing reducing nature and production of organics of the inner nebula 

could explain the asteroidal darkening. Thermochemical equilibrium conditions, 

i.e. high temperatures, did not necessarily have to be in effect to produce increased 

organics. Prinn and Fegley (1989) suggest that catalytic production of organics 

like CjHo and C2H4 via Fisher-Tropsch type reactions down to low temperatures 

was reasonably likely. Thus either the radial variation of C/0 in the inner nebula 

directly accounts for increased organic abundances of more distant asteroids or the 

addition of consistent outward gas flows, if they e.xisted as Cuzzi ft al. (1993) 

suggest, could have preferentially supplied outward bodies with organics. Previous 

water distribution models, like Stevenson and Lunine (19iSS) which resulted in a 

flat radial vapor distribution, are not as easily able to reproduce such darkening 

patterns. 



6.5 Meteorites 

6.5.1 General 

Meteorites span a range of complex and diverse compositional and physical states, 

which have made classification schemes difficult to construct. The simplest classifi

cation of meteorites is into three categories; stones, irons, and stony-irons; however 

there can be enormous variety in the chemical and physical properties within each 

of those categories. Stony meteorites can be further subdivided into chondrites 

which effectively have solar composition and achondrites which differ radically from 

the composition of the Sun. Chondrite classes include the carbonaceous chondrites 

named for their high carbon content, the ordinary chondrites which are the most 

abundant meteorite type, and the enstatite chondrites named for their high enstatite 

mineral content. The achondrites and stony-iron meteorites are relatively few in 

number, and all have undergone large amounts of planetary processing, including 

melting. The achondrites include meteorites of both .Martian (S.N'C meteorites) and 

lunar origin. Iron meteorites are pedominantly Fe-.\'i alloys with minor amounts of 

carbon, sulfur and phosphorous. 

Chondrites are considered ancient samples of the early solar system. Lines 

of evidence supporting this include that chondrites are compositionally e.xtremely 

similar to the solar photosphere and have formation ages equivalent to that in

ferred for the formation of the solar system, i.e. 4.5 billion years (Sears and Dodd 

1988). The fact that both chondrites and the Sun. very different types of extrater

restrial bodies, have similar compositions gave rise to the idea of cosmic or solar 

abundances—that there was some average initial composition from which all solar 
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system bodies originated. The implication of all of the above is that chondrites 

formed in the solar nebula and therefore properties that distinguish the nine chon-

dritic classes from each other, such as variations in Mg/Si. Fe/Si. oxidation state 

and oxygen isotopic composition, reflect nebular processes. 

The large complexity and heterogeneity of meteorite composition argues 

for a complex and heterogenous nebula composition. The array of mixing pro

cesses touched on in this dissertation—inward and outward global Cassen (1994) 

gas flows, outward advective Cuzzi et al. (199.3) gas flows, turbulence, inward mi

grating planets or planetesimals. and infall of solid interstellar material as well as 

the processes examined in this work. i.e. inward particle drift and outward vapor 

diffusion—provide for a mixture of nebular material of varying thermal history and 

chemical composition at a given nebular location. Further, the cyclical condensa

tion and vaporization of some material, whether through the diffusion-drift cycle 

across a species" condensation front or due to repeated fuor bursts, might further 

process and fractionate material (e.g. .\Iorfill and V'olk 19S4) 

There is also substantial evidence for low-temperature aqueous alteration 

in chondrites including some events that took place very early in nebular history 

(Zolensky and .McSween 19S8. Zolensky 1997a). as well as evidence for a wide variety 

of global meteorite oxidation states (Sears and Dodd 1988). Such evidence suggests 

a more complex distribution of water vapor and ice across the inner nebula than the 

zeroth order approximation of all-solar vapor abundances and no ice. i.e. strongly 

oxidizing and no radial variation of C/0. or the Stevenson and Lunine (198S) model 

which resulted in a strongly reducing inner nebula with no sustained radial variation 

of C/0. The overall problem of wide variation in oxidation state of the environments 



of various meteorite types remains a daunting one and not one readily addressed 

within the scope of the current work. However, at least the diffusion-drift model 

results incorporate an additional level of model detail and yield a more complex 

nebular water distribution via variation in nebular C/0 both across 1-5 AL and 

with time, unlike any other nebular water distribution models to date. Other mi.xing 

processes like those described above and transient heating events like lightning and 

fuor bursts, if they occurred, would serve to further diversify conditions in different 

parts of the nebula. 

6.5.2 Chondrules 

Chondrites were named for one of their most distinguishing features, chondrules. 

Chondrules are O.I-l mm sized igneous droplets, and their large abundance in chon

drites suggests widespread melting occurred in the protoplanetary nebula (Hewins 

1997). Properties of chondrules are consistent with their formation in the solar 

nebula from primitive material (Grossman tt al. 19S<S). .Additionally, short-lived 

isotopes suggest that chondrules formed relatively late, either before or during plan-

etesimal accretion (Hewins 1997): thus their properties are thought to be probes of 

later nebular conditions. Simulations imply temperatures of chondrule formation 

of 1.5.50-1900 K with short, less than 1 minute heating times followed by slower 

but relatively rapid cooling. large number of mechanisms have been advanced 

for producing chondrules in the solar nebula, most of which have severe drawbacks: 

lacking consensus agreement on a suitable mechanism, the origin of chondrules re

mains controversial. Lightning discharges have been proposed (Whipple 1966) as 
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a suitable formation mechanism, but due to the difficulties in generating an elec

trical field in the nebula, lightning has more recently fallen out favor. Chondrule 

formation is a complicated subject and. again, not one readily addressed within the 

scope of this work. However, if increased ice abundance over 3-5 AV (Section 4.4.3) 

were to help instigate lightning production, then that would be the nebular region 

in which one might e.xpect chondrule formation to have preferentially occurred. 

6.5.3 Enstatite Chondrites 

The unique chemical and mineral composition of enstatite chondrites (EC's) has 

been difficult to e.xplain and accurately reproduce in chondrite formation models. 

Enstatite chondrites are unmelted which suggests they represent relatively prim

itive parent bodies and early nebular origins. Besides enstatite, magnesium-rich 

pyro.xene. EC's also contain highly reduced mineral assemblages: the silicates con

tain almost no FeO. Fe metal contains significant amounts of Si. and there are a 

variety of unusual minerals, not found in carbonaceous or ordinary chondrites, e.g. 

oldhamite (CaS) and osbornite (TiN) (Larimer 1968. Larimer 1975, Larimer and 

Bartholomay 1979). 

It is generally believed that these mineral assemblages could not have 

formed from equilibrium condensation of a solar composition gas at the low pres

sures. 10"' to lO"*' atm. expected to have existed in the solar nebula. .\ variety 

of authors have considered the connection between condensates formed from neb

ular material with a high C/0 ratio and EC mineral assemblages. Larimer and 

Bartholomay (1979) were among the first to study the connection, and Lodders and 
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Fegley (1993) were able to reproduce the REE and actinide abundances in EC min

erals via condensation in a nebula with C/0 = 1.2. More recently. Hutson (1996) 

constructed a formation model for enstatite chondrites which requires two chemi

cal fractionations from a gas of solar composition. Removal of 80-So% solar H2O 

by difFusional transport based on the Stevenson and Lunine (19SS) water distribu

tion model was invoked and reproduced a large number of EC minerals. However 

loss of water vapor also produced additional or overabundant condensates, such as 

graphite, not found in EC's: thus Hutson proposed an earlier refractory element 

fractionation which removed solid condensates at T ~ 1270K. 

Because Hutson (1996) was using the Stevenson and Lunine (1988) model 

which resulted in zero water vapor across 1-.5 .\L' after 10^ yr into quiescent nebu

lar evolution, her results would imply either all meteorites should be enstatite-like. 

or that all other more oxidized meteorites formed before enstatites. or that other 

nebular processes had to occur to provide the variation in oxidation state across 

the meteorite population. Chemistry results reported in Chapter o arising from the 

diffusion-drift water transport model indicate that sufficiently reducing conditions 

do not occur until the relative C/0 is ~ l.O. For a solar nebula with solar C/0 

= 0.42 (the value used by Hutson 1996). this requires 40% loss of all oxygen, e.g. 

total water loss as well as some loss of o.xygen from CO. or So% or more water 

loss in a nebula with initial solar C/0 = 0.6. Experimental determinations of the 

actual solar nebula C/0 ratio have been revising it upwards, so a higher solar C/0 

is not implausible and probably more likely than the low 0.42 value, .\ccording to 

the diffusion-drift model, the levels of water depletion required to achieve properly 

reducing conditions would have occurred from only 4-5 .\L' at the start of qui

escent nebular evolution, but gradually expand across 3-5 .\[ (Figures 4.2. 4.3). 
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and beyond as the nebula aged and cooled. However, temperatures would hav^e 

been too low in areas of sufficient water depletion for thermochemical equilibrium 

conditions and therefore adequately reducing conditions to have prevailed, e.xcept 

possibly towards the end of nebular lifetime at radii near I .AL'. This implies that 

either enstatite chondrite formation was restricted to this limited nebular region, or 

outward mixing via gas flows transported adequately reduced chemical products out 

to formation zones at larger radii, possibly at earlier times during nebular evolution. 

The case of a nebula with a solar C/O=0.6 and 85% water loss matches 

Hutson (1996) conditions for enstatite formation, though requires a higher initial 

solar C/0 than she used. This could be because the condensation code used in this 

work incorporated more initial chemical elements, most notably nitrogen, which had 

been omitted from the PHEQ code (Wood and Hashimoto 1993) used by Hutson. 

and contained a larger thermodynamic database which allowed for a greater possi

ble number of chemical reactions. However, recently Petaev and Wood (1998) used 

the new PHEQ4 condensation code which incorporates a still larger thermodynamic 

database to investigate reduced nebular conditions. They find that simple condensa

tion of a non-solar gas with C/0 > 1 is not capable of producing enstatite chondrite 

mineral assemblages at all. Silicates, like enstatite. and troilite did not condense 

out. presumably because their production was suppressed by the additional chemi

cal reactions which had not been included in other chemical condensation codes. If 

true, this makes it questionable that enstatite chondrite formation models can be 

based at all on increasing the relative C/0 ratio. 
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6.6 Extrasolar Planetary Systems 

The solar nebula is still rather poorly understood and not well constrained in mod

els. Even less understood are extrasolar nebulae, however it is worth summarizing 

the generalities and any specific factors which may apply to other protoplanetary 

nebulae. .\s a first appro.ximation. by analogy to the solar nebula, it would not 

be unreasonable to expect the general evolutionary processes to be roughly similar. 

.•\lso. as discussed in Section 2.5.2, the mass and luminosity of the central proto-

star does not seem to contribute significantly to disk heating (for lower masses and 

luminosities; higher values weren't studied), so presumably protostars with smaller 

luminosities and masses won't affect the thermal profile used in this work in any 

large way. Significantly hotter protostars or binary systems would of course affect 

the thermal profile, but in general, once the location of the various species' con

densation fronts have been determined, one could expect vapor diffusion-particle 

drift cycles like those discussed in this work and in .\IorfiIl and \'olk (1984) with a 

distribution of vapor and solid particles inward of the species" condensation front. 

.\dditionally. gravitational instability (Section 2.5.4) caused by density inhomo-

geneities in the nebular disk become more important for stellar masses greater than 

one solar mass. e.g. high disk masses M(i > 0.14 .\I. . In such cases, spiral density 

waves would be generated throughout the disk, potentially shock heating nebular 

material as it passed through the density shock fronts, and possibly generating 

chondrules. Denser disks also increase the likelihood of generating lightning and. 

again, chondrules. Low mass disks, on the other hand, promote large global radial 

excursions of nebular gas (Section 2.5.3)—Cassen (1994) found that a disk to pro-

tostar mass rato of O.L drove nebular gas out beyond 100 .A.!' before it returned 
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to the inner nebula. Though Cassen (1994) warns against taking these numbers 

too literally, their findings do suggest that low mass disks can potentially promote 

e.xtremely heterogeneous conditions simply through gas motions. 

It is e.xpected that water inward of its condensation front could have been 

incorporated as ice into bodies that formed in those regions and that some level of 

organics could have been supplied inward and possibly outward of the ice conden

sation front, depending on the initial nebular C/0. .\ high protostellar C/0 could 

result in very reducing conditions and high levels of carbides. Regardless of initial 

C/0. if the protostellar nebula is hot enough for long enough it may be possible to 

lose oxygen from CO as well as from H2O. also promoting very reducing conditions. 

Migrating planets would be able to sweep up inner nebula material during their 

trek inward towards the protostar. increasing their abundance in any ice. organics. 

other reduced species, chondrules. etc. and depleting the nebula behind them in 

those materials. 

6.7 Summary 

The diflfusion-drift model results in depletions of vapor and enhancements of ice 

abundances in distributions that vary both radially and temporally across I-o .Al'. 

Vapor levels affect nebular chemistry such that the relative C/O ratio also varies 

radially and temporally across the inner nebula, providing local areas of both ox

idizing and reducing conditions in the nebula. Kinetic inhibition prohibits silicate 

grains from directly incorporating water vapor, however the increased ice abundance 

can supply water to solar system bodies via incorporation of ice particles during 
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accretion. Overall, the inner nebula becomes gradually more reducing as the neb

ula evolves, allowing modest to large increaises in production of organics depending 

on the initial nebular C/0 ratio. These organics could be directly responsible for 

some or large parts of the C and X budgets on the terrestrial planets. Through 

outward mixing processes, perhaps like advective gas flows, the inner nebula might 

also have contributed to the organics in the Jovian planetesimal region which would 

have been incorporated into Jupiter, the Jovian satellites, and possibly Titan and 

Pluto because of outward planetesimal scattering. Though the majority of organics 

on those outer bodies probably originated from the interstellar cloud or in jovian 

planet nebulae, the inner nebula could have been a third source for those products. 

While accounting for the wide variation in meteorite composition and o.Ki-

dation state is outside the scope of this work, the current water distribution model 

does at least provide a more comple.K water distribution than previous models with 

both radial and temporal variations in the C/0 ratio which make it. alone, con

ducive to producing both relatively oxidizing and reducing nebular conditions and 

thus meteorite parent bodies across 1-5 .-M". 

Lastly, while very reducing nebular conditions could have occurred, it is 

not clear that increasing the C/0 ratio alone or coupling that increase with the 

prior refractory fractionation posited by Hutson (1996) could have produced the 

enstatite chondrites mineral assemblages, as has been previously suggested. Fur

ther investigation utilizing condensation codes that incorporate large and accurate 

thermodynamic databases providing for a large number of possible chemical reac

tions is needed. 



CHAPTER 7 

CONCLUSIONS 

Water is important. It is pervasive within most of our solar system in one form 

or another, and as the most abundant condensible could have seriously impacted 

nebular chemistry and thermal history as well as the formation of solar system 

bodies. However, previous investigations into the nebular water distribution have 

been relatively few. 

.\ revised model of the evolution of water in the inner portion of the solar 

nebula, i.e. inward of the condensation front located at a midplane distance of o .\L'. 

has been constructed. This model uses nebular parameters from several different 

nebula models in order to determine the sensitivity of the water transport model to 

varying nebular conditions. Results from different models were in good agreement 

with each other, thus the self-consistent evolutionary Cassen (1994) solar nebula 

model was used primarily. 

Improving upon the difFusional cold-finger model of Stevenson and Lunine 

(1988). the new water transport model includes the growth and radial drift of snow

balls inward of the condensation front, and their eventual sublimation. Ice drift of 

both crystalline and amorphous ice particles were studied. Results show that ice 

particles remain intact for most of their journey inward, releasing water vapor over 

a relatively narrow radial zone. 2.46-."3..32 .-M' in a hot nebula and 1.47-2.13 in a 
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cool nebula. As the nebula ages and cools, it is expected that the sublimation or 

vapor zone moves radially inward and shrinks. Additionally, the region from ~ 2 to 

5 .\U will be littered with drifting ice particles. .Amorphous ice. ice that condensed 

further out in the nebula, will not significantly affect these results e.xcept possibly 

by increasing the overall abundance of ice at the ice condensation front. 

Diffusion-drift model results indicate an global drying of the inner portion 

of the nebula associated with the outward diffusion and trapping of water vapor, as 

in Stevenson and Lunine (1988). However, there is also a relative, local enhancement 

of the water vapor abundance around the midplane region from 0.1-2 .\L , dropping 

off out to 5 .\U. In the earlier, hotter stages of quiescent nebula evolution, peak 

water vapor levels are 609c of solar abundance across O.L -2.5 as the nebula ages 

it cools, so by 2 x 10'' yr later peak vapor levels are 409c across 0.1-2 AU. By the 

end of the nebular lifetime, the peak vapor levels will have decayed slightly more, 

and the vapor zone will have shrunk inward just under the previous value. 

The decrease in water vapor across the inner nebula affects nebular chem

istry. and generally causes more reducing nebular conditions. Depending on the 

uncertain value for the solar C/0 ratio, abundances of organics increase over what 

would be e.xpected to form from a solar composition gas. Production of organics 

undergoes modest increases assuming an initial solar C/0 ratio of 0.42 up to large 

increases of several orders of magnitude for an initial solar C/O of 0.6. .More re

ducing nebular conditions are expected to occur later in nebular evolution, but over 

a smaller radial extent. The inner nebula ratio was not significantly 

affected by changes in o.xygen fugacity until the loss of 409^ or more of oxygen, i.e. 
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a relative C/0 = l.l. caused significant nitrogen chemistry. Further, as the C/0 ra

tio increases, the number of condensates appearing and disappearing also increases. 

The additional condensates produced under the more reducing conditions, e.g. in 

the 40% solar oxygen Ccise. might, in addition to Fe. serve to catalyze production 

of organics. 

The diffusion-drift model ultimately results in a more complex water dis

tribution than previous models, with both radial and temporal variations in the 

C/0 ratio which allow it to produce both relatively oxidizing and reducing nebular 

conditions across l-o .\L'. Specifically, depletions of vapor and enhancements of ice 

abundances increase out to 5 .\U and with time. The increase in organics. caused 

by vapor depletions, in the inner nebula may have directly contributed organics to 

and thus most of the carbon and nitrogen budgets of the terrestrial planets. The 

increased presence of ice across the inner nebula may have been a major source 

of terrestrial planet, asteroid and meteorite hydration, by accretion of ice particles 

during the formation of these bodies, .\dditionally. the gradual relative depletion 

of water vapor from 2 or 3 to o W may have its signature in the radial depen

dence of observed darkening of asteroids as well as possibly playing a role in the 

oxidation states of enstatite meteorites. Lastly, through outward mixing processes 

like advective gas motions, inner nebula organics could have been supplied to the 

Jovian planetesimal formation region and thus could be an additional source for 

organics on Jupiter. Europa and perhaps beyond to Titan. Pluto and the comets 

via planetesimal scattering. 

Other complicating nebular processes would generally serve to increase the 

compositional heterogeneity of the nebula. Fuor burst heating could have promoted 
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local nebular regions in bulk chemical products, both relatively late in the nebular 

lifetime. .\lso. the generation of nebular lightning may have been facilitated across 

3-5 AL'. producing small pockets with products of high-temperature chemistry. 

Lastly, the Cuzzi et al. (1993) advective nebular model predicts that a systematic 

midplane flow of warm gas will occur outward across condensation fronts, such as 

that of water ice. The amount of material advected across the water ice boundary 

over nebular lifetimes was found to be significant relative to water budgets in the 

giant planets. However. Cuzzi et al. (1993) did not evaluate their advection results 

for nebular conditions earlier than those at the end of the nebular lifetime, beyond 1 

.A-L'. or in terms of the depletion of water vapor inward of the condensation zone and 

inward ice particle drift. Incorporation of such advective flows into a time-dependent 

history of nebular water is a worthy next step, as is explicit consideration of the 

nebular temperature dependence in the vertical direction. 

Because of water's large overall abundance, and its ability to condense at 

a key place in the nebula, tracking its history is crucial to understanding how the 

solar nebula evolved into the planetary system we witness today. 
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APPENDIX A 

Table of mineral names and formulae used in or relevant to the discussions in this 

text; based on Prinn (1993) and Meteorities and the Early Solar System. 

Mineral Formula Mineral Formula 
Albite NaAlSiaOs Oldhamite CaS 
Anorthite CaAl2Si2 08 Olivine {Mg.Fe)2Si04 
Brucite Mg(0H ) 2  Olivine solid solution 
CUnopyroxene (Ca. Mg.Fe)Si03 fayalite Fe2Si04 
Cohenite Fe3C forsterite Mg2Si04 
Corundum AI2O3 Orthoclase KAlSiaOs 
Diopside CaMgSiaOe Orthopyroxene (Mg.Fe)Si03 
Djerfisherite K3CuFei2Si4 Osbornite TiN 
Enstatite MgSi03 Perovskite CaTi03 
Fayalite Fe2Si04 Plagioclase 
Feldspar solid solution albite XaAlSi3 08 

albite NaAlSi308 anorthite CaAliSi^Os 
anorthite CaAl2Si2 Os Pyroxene solid solution 

orthoclase KAlSi308 enstatite MgSi03 
Forsterite Mg2Si04 ferrosilite FeSi03 
Gehlenite Ca2Al2Si07 wollastonite CaSi03 
Graphite C Rutile Ti02 
Hibonite CaAli20i9 Serpentine Mg3Si205(0H)4 
Magnetite Fe304 Spinel MgAl204 
Moissanite SIC Troilite FeS 
Nepheline .\aAlSiO4 Wollastonite CaSi03 
Niningerite (Mg.Fe)S 

Table A.l: Mineral names and formulae. 
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APPENDIX B 

Tables B.l - B.IO are the tables of species which condense out as the temperature is 

lowered in the solar nebula, corresponding to Figures 5.1 - 5.10. The condensation 

sequences were calculated and the figures plotted by C. Sharp as directed by K. 

Cyr. using the SOLG.\SMIX chemical equilibria code (Sharp and Huebner 1990). 

Initial abundances were specified for the first eighteen most abundant elements after 

.\nders and Grevesse (1989): H. He. O. C. .\'e, X. Mg. Si. Fe. S. .\1. Da. Xa. Xi. P. 

.\r. Cr. Co. Levels of gaseous H2O. CO. CH4. .\'2. XH3. HCX. C2H2. and C2H4 are 

plotted in the figures. The tables list the temperature and pressure at which various 

condensates appear of disappear in pure form (the code was not configured to con

sider solid solutions or liquids): the appearance or disappearance of the condensates 

is indicated by vertical dashed lines in their corresponding figures. The different 

tables represent decreasing abundances of oxygen e.xpressed as a percentage of solar 

abundance: all other elements are at solar abundance. The pressure regime. P ~ 

with P ~ 10"^ atm at T ~ 2500K and P ~ 10"'" atm at T ~ 160K. typical for 

a standard nebular model as in Prinn (1993) was used. 

Figures B.l - B.6 are condensation sequences for the solar nebula calcu

lated as above, but with three fewer initial elements specified (.Ar. Cr. Co), and 

for a lower nebula pressure regime P ~ 2.072 x 10~'° atm (Wood and .\Iorfill 

1988). .Vote that the range of the temperature axis varies slightly from figure to 
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figure, depending on where the numerical program stopped converging. .\'o organics 

other than CH4 were plotted. The nebular temperatures and pressures in the Wood 

and Morfill (1988) model are generally considered to be too low for standard nebular 

models (Chapter 2): however they do represent one end of plausible nebular condi

tions. Chemical equilibria results for a low pressure solar nebula are shown here so 

that when taken in conjunction with the higher pressure results, they illustrate the 

possible chemistry spanning some range of plausible nebular environments and the 

effects of nebula pressure variations on condensation sequences. 

Tables B.ll - B.16 are the tables of condensed species which corresponding 

to Figures B.l - B.6. The tables list the temperature and pressure at which various 

pure solid condensates appear or disappear: the appearance or disappearance of the 

condensates is indicated by vertical dashed lines in their corresponding figures. The 

different tables represent decreasing abundances of oxygen expressed as a percentage 

of solar abundance: all other elements are at solar abundance (.A.nders and Grevesse 

1989). The Wood and .Morfill (1988) nebular tem.perature and pressure model was 

used. 



T (K) Condensate Status lOOO/T P (atm) 

1809.00 .\l2O3 .\PPE.-\RS 0.5528 4.3087E-03 

1665.00 Ca2.\l2Si07 .•\PPE.\RS 0.6006 3.8046E-03 

1589.00 MgAbO^ .\PPEARS 0.6293 3.5471 E-03 

1588.00 .\l2O3 DIS.-\PPEARS 0.6297 3.5438E-03 

1527.00 CaSiOa .\PPE.\RS 0.6549 3.3415E-03 

1-526.00 Ca2.A^l2Si07 DIS.'VPPEARS 0.6553 3.3383E-03 

1507.00 Fe .\PPE.\RS 0.6636 3.2761 E-03 

U93.00 CaMgSi206 .\PPE.\RS 0.6698 3.2306E-03 

U91.00 CaSiOa DIS.-\PPEARS 0.6707 3.2241 E-03 

1488.00 Mg2Si04 APPEARS 0.6720 3.2143E-03 

1425.00 Xi APPEARS 0.7018 3.0124E-03 

1402.00 MgSiOa APPEARS 0.7133 2.9397E-03 

1313.00 Cr203 APPEARS 0.7616 2.6643 E-03 

1297.00 Co APPEARS 0.7710 2.6158E-03 

1015.00 Xa.AlSiaOs APPEARS 0.9852 1.8109E-03 

783.00 \Ig3P2O8 APPEARS 1.2771 1.2270E-03 

719.00 FeS APPEARS 1.3908 1.0796E-03 

Table B.l: Table of condensates corresponding to Figure 5.1 which depicts the 

condensation sequence assuming 100% of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 0.42. 
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T (K) Condensate Status 1000/T P (atm) 

1790.00 AI2O3 APPEARS 0.5587 4.2410E-03 

1649.00 Ca2Al2Si07 APPEARS 0.6064 3.7499E-03 

1573.00 MgAl204 APPEARS 0.6357 3-4937E-03 

1572.00 .\l2O3 DISAPPEARS 0.6361 3.4903E-03 

1512.00 CaSiOa APPEARS 0.6614 3.2924E-03 

1511.00 CaiALiSiOr DISAPPEARS 0.6618 3.2892E-03 

1507.00 Fe APPEARS 0.6636 3.2761 E-03 

1479.00 CaMgSi2 06 APPEARS 0.6761 3.1S52E-03 

1476.00 CaSiO,-, DISAPPEARS 0.6775 3.1755 E-03 

1473.00 Mg2Si04 APPEARS 0.6789 3.1659 E-03 

1425.00 Xi APPEARS 0.7018 3.0124 E-03 

1387.00 MgSiOa APPEARS 0.7210 2.8927E-03 

1297.00 Co APPEARS 0.7710 2.61.58E-03 

1294.00 Cr203 APPEARS 0.7728 2.6067E-03 

1007.00 Na.\lSi308 APPEARS 0.9930 1.7895 E-03 

771.00 MgaPiOs APPEARS 1.2970 1.1989E-03 

719.00 FeS APPEARS l.;3908 1.0796E-03 

558.00 Xa.AlSisOg DISAPPEARS 1.7921 7.3814E-04 

558.00 .\a2SiO3 APPEARS 1.7921 7.3814E-04 

518.00 Fe2Si04 APPEARS 1.9305 6.602 lE-04 

517.00 Fe DISAPPEARS 1.9342 6.5830E-04 

Table B.2: Table of condensates corresponding to Figure 5.2 which depicts the 

condensation sequence assuming 83% of solar abundance of o.xygen in the solar 

nebula. C/0 ratio is 0.51. 
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T (K) Condensate Status 1000/T P (atm) 

1777.00 .•\l2O3 .APPEARS 0.5627 4.1949E-03 

1638.00 Caa.-MaSiOr .\PPE.\RS 0.6105 3.7124E-03 

1.562.00 \Ig.'\l204 -APPEARS 0.6402 3.4571 E-03 

1.561.00 .\l2O3 DISAPPEARS 0.6406 3.4538E-03 

1507.00 Fe APPEARS 0.6636 3.2761 E-03 

1.502.00 CaSiOa APPEARS 0.66.58 3.2598 E-03 

1500.00 Ca2.A.l2Si07 DISAPPEARS 0.6667 3.2533E-03 

1470.00 CaMgSi206 APPEARS 0.6803 3.1562E-03 

1467.00 CaSiOs DISAPPEARS 0.6817 3.1465E-03 

1463.00 .\Ig2SiO., APPEARS 0.6835 3.1.337E-03 

1425.00 .\i APPEARS 0.7018 3.0r24E-03 

1376.00 MgSiOa APPEARS 0.7267 2.8584E-03 

1297.00 Co APPEARS 0.7710 2.61.58 E-03 

1279.00 Cr203 APPEARS 0.7819 2.5615E-03 

1001.00 .Va.^lSiaOs APPEARS 0.9990 1.7735 E-03 

765.00 .\Ig3P2O8 APPEARS 1.3072 1.1849 E-03 

719.00 FeS APPEARS 1.3908 1.0796E-03 

55S.00 .Va.A^lSisOs DISAPPEARS 1.7921 7.3814E-04 

558.00 Xa2Si03 APPEARS 1.7921 7.3814E-04 

512.00 Fe2Si04 APPEARS 1.9.531 6.4877E-04 

510.00 Fe DISAPPEARS 1.9608 6.4498E-04 

Table B.3: Table of condensates corresponding to Figure 5.3 which depicts the 

condensation sequence assuming 7-i% of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 0.57. 
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T (K) Condensate Status 1000/T P (atm) 

1758.00 .AI2O3 APPEARS 0.5688 4.r278E-03 

1624.00 Ca2.\l2SiOr APPEARS 0.6158 3.6649E-03 

1547.00 MgAl204 APPEARS 0.6464 3.4074 E-03 

1546.00 AI2O3 DISAPPEARS 0.6468 3.4041E-03 

1507.00 Fe APPEARS 0.6636 3.2761 E-03 

1488.00 CaSiOa APPEARS 0.6720 3.2143E-03 

1486.00 Ca2Al2Si07 DISAPPEARS 0.6729 3.2079E-03 

1456.00 CaMgSi206 APPEARS 0.6868 3.1112E-03 

1453.00 CaSiOa DISAPPEARS 0.6882 3.1016E-03 

1449.00 Mg2Si04 APPEARS 0.6901 3.0888E-03 

1425.00 Xi APPEARS 0.7018 3.0r24E-03 

1357.00 MgSi03 APPEARS 0.7369 2.7994 E-03 

1297.00 Co APPEARS 0.7710 2.6158E-03 

1259.00 Cr APPEARS 0.7943 2.5017E-03 

1248.00 Cr.Oa APPEARS 0.8013 2.4689E-03 

1248.00 Cr DISAPPEARS 0.8013 2.4689E-03 

990.00 Xa.\lSi308 APPEARS 1.0101 1.7444 E-03 

759.00 APPEARS 1.3175 1.17I0E-03 

719.00 FeS APPEARS 1.3908 1.0796E-03 

Table B.4: Table of condensates corresponding to Figure o.l which depicts the 

condensation sequence assuming 66% of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 0.64. 
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T ( K )  Condensate Status 1000/T P (atm) 

1746.00 AI2O3 APPEARS 0.5727 4.0856E-03 

1614.00 Ca2Al2Si07 APPEARS 0.6196 3.6311E-03 

1537.00 Mg.Al204 APPEARS 0.6506 3.3744E-03 

1536.00 .-M2O3 DISAPPEARS 0.6510 3.371 lE-03 

1507.00 Fe APPEARS 0.6636 3.2761 E-03 

1478.00 CaSiOs APPEARS 0.6766 3.1820E-03 

1476.00 Ca2Al2Si07 DISAPPEARS 0.6775 3.1755 E-03 

1447.00 CaMgSi206 APPEARS 0.6911 3.0824 E-03 

1443.00 CaSiOs DISAPPEARS 0.6930 3.0696E-03 

1439.00 .\Ig2Si04 APPEARS 0.6949 3.0569 E-03 

1425.00 Xi APPEARS 0.7018 3.0124 E-03 

1342.00 MgSiOa APPEARS 0.7452 2.7531 E-03 

1297.00 Co APPEARS 0.7710 2.6158E-03 

1259.00 Cr APPEARS 0.7943 2.5017E-03 

1189.00 Cr.203 APPEARS 0.8410 2.2959 E-G3 

1187.00 Cr DISAPPEARS 0.S425 2.2902 E-03 

981.00 Xa.-MSisOs APPEARS 1.0194 1.7206 E-03 

756.00 MgnP^Os APPEARS 1.3228 1.1640E-03 

719.00 FeS APPEARS 1.3908 L0796E-03 

558.00 XaAlSiaOg DISAPPEARS 1.7921 7.3814E-04 

558.00 Xa2Si03 APPEARS 1.7921 7.3814E-04 

500.00 Fe2Si04 APPEARS 2.0000 6.2610E-04 

498.00 Fe DISAPPEARS 2.0080 6.2235E-04 

Table B.o: Table of condensates corresponding to Figure o.o which depicts the 

condensation sequence assuming 61% of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 0.69. 
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T  ( K )  Condensate Status 1000/T P (atm) 

1730.00 .\l2O3 .APPE.ARS 0.5780 4.0296E-03 

1602.00 Ca2.-\l2Si07 .APPEARS 0.6242 3.5907E-03 

1524.00 Mg.Al204 .\PPE.\RS 0.6562 3.3317E-03 

1523.00 .\l2O3 DIS.APPE.ARS 0.6566 3.3284E-03 

1507.00 Fe .\PPE.\RS 0.6636 3.276 lE-03 

1466.00 CaSiOa .\PPE.\RS 0.6821 3.1433E-03 

1464.00 Ca2.Al2Si07 DIS.APPE.ARS 0.6831 3.1369E-03 

1435.00 CaMgSi2 06 .\PPE.\RS 0.6969 3.044 lE-03 

1431.00 CaSiOa DIS.APPE.ARS 0.6988 3.03I4E-03 

1427.00 .\Ig2Si04 .\PPE.-\RS 0.7008 3.0187E-03 

1425.00 .\i .•\PPE.\RS 0.7018 3.0124E-03 

1315.00 .\IgSiO3 .\PPE-\RS 0.7605 2.6704E-03 

1297.00 Co .\PPE\RS 0.7710 2.6158E-03 

1259.00 Cr .\PPE.\RS 0.7943 2.5017E-03 

1056.00 Cr203 .\PPE.\RS 0.9470 1.9217E-03 

1050.00 Cr DIS.APPE.ARS 0.9524 1.9053E-03 

961.00 Xa.\lSi308 .\PPE.\RS 1.0406 1.6683E-03 

753.00 .\Ig3P2O8 .•\PPE.\RS 1.3280 1.1571E-03 

719.00 FeS .\PPE.\RS 1.3908 1.0796E-03 

Table B.6: Table of condensates corresponding to Figure 0.6 which depicts the 

condensation sequence assuming 57% of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 0.74. 
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T ( K )  Condensate Status 1000/T P (atm) 

1734.00 SiC APPEARS 0.5767 4.0435E-03 

1507.00 Fe APPEARS 0.6636 3.2761 E-03 

1441.00 AL\ APPEARS 0.6940 3.0633E-03 

1425.00 Xi APPEARS 0.7018 3.0124E-03 

1414.00 CaS APPEARS 0.7072 2.9776 E-03 

1297.00 Co APPEARS 0.7710 2.6158 E-03 

1268.00 MgAl204 APPEARS 0.7886 2.5285 E-03 

1259.00 Cr APPEARS 0.7943 2.5017E-03 

1245.00 .\L\ DISAPPEARS 0.8032 2.4600E-03 

1188.00 .\Ig2SiO4 APPEARS 0.8418 2.2930 E-03 

1172.00 MgS APPEARS 0.8532 2.2469E-03 

1157.00 C APPEARS 0.8643 2.2039 E-03 

1123.00 MgS DISAPPEARS 0.8905 2.1075 E-03 

1073.00 CaMgSi206 APPEARS 0.9320 1.9683E-03 

1072.00 MgSiOs APPEARS 0.9328 I.9655E-03 

1070.00 SiC DISAPPEARS 0.9346 1.9600 E-03 

1069.00 CaMgSi206 DISAPPEARS 0.9355 1.9573E-03 

1008.00 CaMgSi2 06 APPEARS 0.9921 1.7922 E-03 

1001.00 CaS DISAPPEARS 0.9990 1.7735 E-03 

934.00 C DISAPPEARS 1.0707 1.5985 E-03 

920.00 XaAlSiaOs APPEARS 1.0870 1.5627E-03 

907.00 C r2 O3 APPEARS 1.1025 1.5297E-03 

907.00 Cr DISAPPEARS 1.1025 1.5297E-03 

739.00 MgaPjOs APPEARS 1.3532 1.1250 E-03 

719.00 FeS APPEARS 1.3908 1.0796E-03 

558.00 XaAlSiaOg DISAPPEARS 1.7921 7.3814 E-04 

558.00 .Xa2Si03 APPEARS 1.7921 7.3814 E-04 

473.00 Fe2Si04 APPEARS 2.1142 5.7608E-04 

470.00 Fe DISAPPEARS 2.1277 5.7060 E-04 

Table B.7: Table of condensates corresponding to Figure 5.7 which depicts the 

condensation sequence assuming of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 1.1. 



U6 

T  ( K )  Condensate Status lOOO/T P (atm) 

1811.00 SiC APPEARS 0.5522 4.3158E-03 

1769.00 C APPEARS 0.5653 4.1666E-03 

1507.00 Fe APPEARS 0.6636 3.2761E-03 

1441.00 .\L\ APPEARS 0.6940 3.0633E-03 

1425.00 CaS APPEARS 0.7018 3.0124 E-03 

1425.00 Ni APPEARS 0.7018 3.0124 E-03 

1297.00 Co APPEARS 0.7V10 2.6158 E-03 

1259.00 Cr APPEARS 0.7943 2.5017E-03 

1202.00 MgAl204 APPEARS 0.8319 2.3337E-03 

1200.00 .•\L\ DISAPPEARS 0.8333 2.3279E-03 

1178.00 MgS APPEARS 0.8489 2.2642E-03 

1143.00 Mg2Si04 APPEARS 0.8749 2.1640 E-03 

1060.00 MgS DISAPPEARS 0.9434 1.9326 E-03 

1039.00 MgSiOa APPEARS 0.9625 1.8 755 E-03 

1032.00 SiC DISAPPEARS 0.9690 1.8566 E-03 

944.00 CaMgSiaOe APPEARS 1.0593 1.6242 E-03 

937.00 CaS DISAPPEARS 1.0672 1.6062E-03 

903.00 Xa.AlSisOg APPEARS 1.1074 1.5196 E-03 

894.00 Cr2.\ APPEARS 1.1186 1.4969 E-03 

894.00 Cr DISAPPEARS 1.1186 1.4969E-03 

865.00 C DISAPPEARS 1.1561 1.4247E-03 

859.00 Cr^Oa APPEARS 1.1641 1.4099 E-03 

858.00 Cr^X DISAPPEARS 1.1655 1.4074 E-03 

719.00 FeS APPEARS 1.3908 1.0796E-03 

707.00 MgaP 2O8 APPEARS 1.4144 1.0527E-03 

Table B.S: Table of condensates corresponding to Figure 5.8 which depicts the 

condensation sequence assuming 20% of solar abundance of o.xygen in the solar 

nebula. C/0 ratio is 2.1. 
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T  ( K )  Condensate Status 1000/T P (atm) 

1824.00 C APPEARS 0..5482 4.3624E-03 

1822.00 SiC APPEARS 0..5488 4.3.5.52E-03 

1.507.00 Fe APPEARS 0.6636 3.276 lE-03 

1441.00 AIN APPEARS 0.6940 3.0633E-03 

1425.00 CaS APPEARS 0.7018 3.0r24E-03 

1425.00 Ni APPEARS 0.7018 3.0124E-03 

1297.00 Co APPEARS 0.7710 2.61.58E-03 

1259.00 Cr APPEARS 0.7943 2..5017E-03 

1179.00 MgS APPEARS 0.8482 2.2670 E-03 

1176.00 MgAl204 APPEARS 0.8503 2.2.584E-03 

1172.00 .AIN DISAPPEARS 0.8.5.32 2.2469 E-03 

1124.00 Mg2Si04 APPEARS 0.8897 2.1103E-03 

986.00 MgSiOs APPEARS 1.0142 1.7338 E-03 

941.00 Mg2Si04 DISAPPEARS 1.0627 1.6165 E-03 

919.00 Si3N4 APPEARS 1.0881 1..5601 E-03 

915.00 SiC DISAPPEARS 1.0929 1.5500E-03 

891.00 Cr.X APPEARS 1.1223 1.4894 E-03 

890.00 XaAlSiaOs APPEARS 1.1236 1.4869E-03 

890.00 Cr DISAPPEARS 1.1236 1.4869E-03 

8.53.00 C DISAPPEARS 1.1723 1.3951 E-03 

795.00 Mg2Si04 APPEARS 1.2579 I.2.553E-03 

723.00 CrX APPEARS I..3831 1.0887E-03 

723.00 Cr,\ DISAPPEARS 1.3831 1.08S7E-03 

656.00 Mg2Si04 DISAPPEARS 1..5244 9.4090E-04 

•569.00 FeS APPEARS 1.7575 7.6007E-04 

.537.00 N'aaSiOa APPEARS 1.8622 6.9687E-04 

536.00 XaAlSiaOg DISAPPEARS 1.8657 6.9492E-04 

.530.00 XaAlSi308 APPEARS 1.8868 6.8328E-04 

Table B.9: Table of condensates corresponding to Figure 5.9 which depicts the 

condensation sequence assuming 109^ of solar abundance of oxygen in the solar 

nebula. C/0 ratio is 4.2. 
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T ( K )  Condensate Status 1000/T P (atm) 

1856.00 C .\P PEARS 0.53S8 4.4777E-03 

1824.00 SiC APPEARS 0.5482 4.3624E-03 

1507.00 Fe APPEARS 0.6636 3.276 lE-03 

1441.00 .\L\ APPEARS 0.6940 3.0633E-03 

1425.00 CaS APPEARS 0.7018 3.0r24E-03 

1425.00 Xi APPEARS 0.7018 3.0124E-03 

1297.00 Co APPEARS 0.7710 2.6158E-03 

1259.00 Cr APPEARS 0.7943 2.5017E-03 

1179.00 MgS APPEARS 0.8482 2.2670E-03 

1095.00 MgAhO, APPEARS 0.9132 2.029 lE-03 

1069.00 MgO APPEARS 0.9355 1.9573E-03 

1063.00 .\IgAI2O4 DISAPPEARS 0.9407 1.9408E-03 

918.00 31.3X4 APPEARS 1.0893 1.5576E-03 

902.00 SiC DISAPPEARS 1.1086 1.5170E-03 

877.00 Cr^X APPEARS 1.1403 1.4544E-03 

876.00 Cr DISAPPEARS 1.1416 1.4519 E-03 

853.00 C DISAPPEARS 1.1723 1.3951E-03 

812.00 Mg3X2 APPEARS 1.2315 1.2958 E-03 

708.00 CrX APPEARS 1.4124 1.0550 E-03 

708.00 Cr,X DISAPPEARS 1.4124 1.0550E-03 

2.53.00 Xa2Si03 APPEARS 3.9526 2.2536E-04 

Table B.IO: Table of condensates corresponding to Figure 5.10 which depicts the 

condensation sequence assuming I9c of solar abundance of oxygen in the solar neb

ula. C/0 ratio is 42. 
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Figure B.I: 1009c of solar abundance of oxygen in a relatively low pressure (Wood 

and Morfill 19SS) solar nebula; this is the baseline low pressure nebula case. C/0 

ratio is 0.42. 
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T (K) Condensate Status P (atm) 

1632.00 AI2O3 .\p pears 1.34S5E-05 
1469.00 Ca2--\l2Si07 Appears 1.1516E-05 
1387.00 MgAl^O^ .Appears 1.0565E-05 
1386.00 AI2O3 Disappears 1.0554E-05 

1344.00 CaSiOa .\p pears 1.0078E-05 

1343.00 Ca2Al2Si07 Disappears 1.0066E-05 
1320.00 CaMgSi206 Appears 9.S088E-06 

1318.00 CaSi03 Disappears 9.7866E-06 

1309.00 Mg2Si04 •Appears 9.6865E-06 
1273.00 Fe .Appears 9.2S97E-06 

1252.00 MgSiOs .Appears 9.0607E-06 

1224.00 .\i .Appears 8.7585 E-06 
858.00 .N'aAlSiaOg .Appears 5.1403E-06 
732.00 .\Ig3P2O8 .Appears 4.05C6E-06 

719.00 FeS -Appears 3.9432E-06 

Table B.ll: 100% of solar abundance of oxygen in a relatively low pressure (Wood 

and Morfill 1988) solar nebula; this is the baseline low pressure nebula case. C/0 

ratio is 0.42. 
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Figure B.'i: 609^ of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 0.70. 



T ( K )  Condensate Status P (atm) 

1574.00 AI2O3 APPEARS 1.2772E-05 

1427.00 Ca2.'\l2Si07 APPEARS 1.1025E-05 

1:345.00 MgAl204 APPEARS 1.0089E-05 

1344.00 .\l2O3 DISAPPEARS I.0078E-05 

1.304.00 CaSiOs APPEARS 9.6310E-06 

1303.00 Ca2.-\l2Si07 DISAPPEARS 9.6200E-06 

1282.00 CaMgSi206 APPEARS 9.3883E-06 

1279.00 CaSi03 DISAPPEARS 9.3554 E-06 

1273.00 Fe APPEARS 9.2897E-06 

1269.00 Mg2Si04 APPEARS 9.2459 E-06 

1224.00 N'i APPEARS 8.7585E-06 

1199.00 MgSiOs APPEARS 8.4915E-06 

831.00 XaAlSiaOg APPEARS 4.8996E-a6 
719.00 FeS APPEARS 3.9432E-06 

663.00 MgaPjOg APPEARS 3.4916E-06 

558.00 Xa.AlSiaOs DISAPPEARS 2.6959 E-06 

558.00 Xa2Si03 APPEARS 2.6959 E-06 

498.00 Fe2Si04 APPEARS 2.2730E-06 

496.00 Fe DISAPPEARS 2.2593E-06 

Table B.12: 60% of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 0.70. 
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Figure B.3: 409!: of solar abundance of o.xygen in a relatively low pressure solar 

nebula. C/0 ratio is I.I. 
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T ( K )  Condensate Status P (atm) 

1552.00 SiC .\PPE.\RS 1.2505E-05 

1371.00 c .\PPE.\RS 1.0383E-05 

1273.00 Fe .•\PPE.-\RS 9.2897E-06 

1239.00 .AIX .\P PEARS 8.9200 E-06 

1224.00 Ni APPEARS 8.7585 E-06 

1217.00 CaS APPEARS 8.6835E-06 

1042.00 Mg.'\l204 APPEARS 6.8795E-06 

1041.00 .\L\ DISAPPEARS 6.S696E-06 

1004.00 .VIgS APPEARS 6.5067E-06 

994.00 c DISAPPEARS 6.4097E-06 

992.00 Mg2Si04 APPEARS 6.3903 E-06 

986.00 c APPEARS 6.3325E-06 

947.00 MgS DISAPPEARS 5.9605 E-06 

917.00 MgSiOa APPEARS 5.6795E-06 

916.00 SiC DISAPPEARS 5.6702E-06 

899.00 MgS APPEARS 5.5131 E-06 

888.00 MgiSiO^ DISAPPEARS 5.4122E-06 

856.00 Mg2Si04 APPEARS 5.1223 E-06 

853.00 MgS DISAPPEARS 5.0954 E-06 

796.00 Ca.MgSi.Os APPEARS 4.5933 E-06 

792.00 CaS DISAPPEARS 4.5587E-06 

765.00 .\a.\lSi:,08 APPEARS 4.3276 E-06 

719.00 FeS APPEARS 3.9432E-06 

619.00 MgaPjOs APPEARS 3.1499E-06 

602.00 c DISAPPEARS 3.0210E-06 

558.00 .\a.\lSi3O8 DISAPPEARS 2.6959E-06 

558.00 Xa^SiOs APPEARS 2.6959E-06 

473.00 Fe2Si04 APPEARS 2.1040E-06 

470.00 Fe DISAPPEARS 2.0840E-06 

Table B.13: -10% of solar abundance of o.xygen in a relatively low pressure solar 

nebula. C/0 ratio is 1.1. 



loo 

Anders-Grevesse 20% O-Composition For Solar Nebula 

I 

CO 

I 

a 

ao 
1 

1000 1500 2000 2500 

Temperature 

Figure B.4: 20% of solar abundance of o.xygen in a relatively low pressure solar 

nebula. C/0 ratio is 2.1. 
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T  ( K )  Condensate Status P (atm) 

1770.00 C APPEARS 1.5231E-05 

1559.00 SiC APPEARS 1.2590E-05 

1273.00 Fe APPEARS 9.2897E-06 

1239.00 A IN APPEARS 8.9200E-06 

1224.00 Ni APPEARS S.7585E-06 

1217.00 CaS APPEARS 8.6835E-06 

1023.00 MgAl204 APPEARS 6.6922E-06 

1022.00 A IN DISAPPEARS 6.6824E-06 

1004.00 MgS APPEARS 6.5067E-06 

973.00 \Ig2SiO4 APPEARS 6.2076E-06 

897.00 MgS DISAPPEARS 5.4947E-06 

893.00 MgSiOs APPEARS 5.4580E-06 

891.00 SiC DISAPPEARS 5.4397E-06 

889.00 MgS APPEARS 5.4214E-06 
879.00 Mg2Si04 DISAPPEARS 5.3302E-06 

852.00 .AlgSiiOia APPEARS 5.0S65E-06 

842.00 .Al6Si20i3 DISAPPEARS 4.9972E-06 

812.00 .\Ig2Si04 APPEARS 4.7325E-06 
810.00 MgS DISAPPEARS 4.7150E-06 

757.00 CaMgSiiOe APPEARS 4.2599E-06 

755.00 Na-AlSisOg APPEARS 4.2430E-06 

753.00 CaS DISAPPEARS 4.2262E-06 

719.00 FeS APPEARS 3.9432E-06 

602.00 MgnP 2O8 APPEARS 3.0210E-06 

575.00 C DISAPPEARS 2.8201E-06 

Table B.14: 20% of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 2.1. 
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Figure B.o; 10% of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 4.2. 
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T  ( K )  Condensate Status P (atm) 

1813.00 C APPEARS 1.5789E-05 

1559.00 SIC APPEARS 1.2590 E-05 

1273.00 Fe APPEARS 9.2897E-06 

1239.00 .A IX APPEARS S.9200E-06 

1224.00 N"i APPEARS 8.7585E-06 

1217.00 CaS APPEARS 8.6835E-06 

1005.00 Mg.\l204 APPEARS 6.5I64E-06 

1004.00 MgS APPEARS 6.5067E-06 

1002.00 .\IN' DISAPPEARS 6.4872E-06 

960.00 .\Ig2Si04 APPEARS 6.0836E-06 

865.00 MgSiOa APPEARS 5.2033 E-06 

845.00 .MgiSiO^ DISAPPEARS 5.0239E-06 

825.00 .-MgSiiOia APPEARS 4.8466E-06 

817.00 MgAUO^ DISAPPEARS 4.7763E-06 

806.00 AbSiOs APPEARS 4.6801E-06 

804.00 .\l6Si2O13 DISAPPEARS 4.6627E-06 

795.00 SiO, APPEARS 4.5S47E-06 

789.00 .\'aAlSi308 APPEARS 4.5329E-06 

784.00 513X4 APPEARS 4.4898E-06 

782.00 SiC DISAPPEARS 4.4727E-06 

779.00 SiO. DISAPPEARS 4.4470E-06 

711.00 .\Ig.\1204 APPEARS 3.8776E-06 

571.00 C DISAPPEARS 2.7907E-06 

491.00 Mg.-\l204 DISAPPEARS 2.2253 E-06 

486.00 FeS APPEARS 2.1913E-06 

482.00 Al2Si05 DISAPPEARS 2.1644E-06 

482.00 MgAl204 APPEARS 2.1644 E-06 

476.00 XaAlSi308 DISAPPEARS 2.1241 E-06 

476.00 .Xa2Si03 APPEARS 2.1241 E-06 

455.00 Mg2Si04 APPEARS ^ 1.9851 E-06 

Table B.lo: 109^ of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is -t.2. 
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Figure B.6: l7i: of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 42. 
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T  ( K )  Condensate Status P (atm) 

1842.00 C APPEARS 1.6169E-05 

1560.00 SiC APPEARS 1.2602E-05 

1273.00 Fe APPEARS 9.2897E-06 

1239.00 .\1.\ APPEARS 8.9200E-Q6 

1224.00 Ni APPEARS 8.7585E-06 

1217.00 CaS APPEARS 8.6835E-06 

1005.00 MgS APPEARS 6.5164E-06 

946.00 Mg.AlaO^ APPEARS 5.951 lE-06 

917.00 .-MX DISAPPEARS 5.6795E-06 

912.00 MgO APPEARS 5.6331 E-06 

905.00 .\1X APPEARS 5.5684E-06 

900.00 MgAbO^ DISAPPEARS 5.5223E-06 

784.00 Si3X4 APPEARS 4.4898E-06 

772.00 SiC DISAPPEARS 4.3872E-06 

689.00 MgaXi APPEARS 3.6990E-06 

571.00 C DISAPPEARS 2.7907E-06 

Table B.16: 1% of solar abundance of oxygen in a relatively low pressure solar 

nebula. C/0 ratio is 42. 
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