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ABSTRACT. We review theoretical models of thermochemical processes in the solar nebula
which consider the effects of nebular dynamics on the chemistry of the abundant, chemically
reactive volatile elements H, O, C, N, and S. Specific, testable predictions of these models are
described. We also use the theoretical models to interpret the latest available data on the abun-
dances and molecular speciation of volatiles in comet P/Halley.

1. Introduction

The thermochemical interactions between gases and grains in the solar nebula played a central
role in establishing the observed volatile element inventories of the planets, their satellites, and
the small bodies in the solar system (e.g., the asteroids, comets, and meteorites). For example,
the oxidation and sulfurization of Fe metal grains, the synthesis of organic compounds by grain
catalyzed chemistry between CO + H,, the extent of evaporation and thermal reprocessing of
presolar grains are all different types of thermochemical interactions which ultimately in-
fluenced the volatile element content of the solid planet-forming materials in the solar nebula.
In this paper we review thermochemical processes in the solar nebula with an emphasis
on the chemistry of the abundant, chemically reactive volatiles H, O, C, N, and S. We begin by
discussing the elemental abundances in solar composition material and then move on to consid-
er the types of interstellar materials accreted by the solar nebula. Next we examine the isotopic
evidence for inefficient thermal processing in the nebula. After reviewing the results of thermo-
chemical equilibrium models, which are the foundation for any discussion of nebular chemistry,
we describe the basis of thermochemical kinetic models of nebular chemistry which attempt to
consider the effects of nebular mixing and dynamics on the chemical processes taking place.
We begin reviewing the results of these models with detailed descriptions of the gas phase and
grain catalyzed chemistry of carbon and nitrogen, then move on to the sulfurization and oxida-
tion of Fe metal, and the mechanisms for water retention in solid grains. The effects of this high
temperature chemistry on the composition of low temperature condensates are then reviewed.
At this point we present current observational data on the abundances of volatiles in comet
Halley and interpret these data in terms of the nebular chemistry models discussed earlier.

2. Elemental Abundances in the Solar Nebula

A knowledge of the elemental abundances in the solar nebula (i.e., in solar composition materi-
al) is essential for any discussion of nebular chemistry. An understanding of how the solar
abundances of the chemical elements have been determined is also useful for anyone interested
in cosmochemical modelling of the solar nebula because the chondritic meteorites, which pro-
vide much of the abundance data, originally formed in the solar nebula and their elemental
compositions have been little altered since that time.
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The first attempts to determine the abundances of the elements probably date back to
Clarke (1889) who attempted to find periodicities in the relative abundances of the elements in
the Earth's crust. However, as we now know, the relative elemental abundances in the terrestrial
crust have been modified by planetary differentiation and weathering processes and generally
are not representative of the abundances of the elements in solar composition material. Thus,
Clarke's attempts were doomed to failure.

Instead, it is necessary to analyze samples of material which formed in the solar nebula
and have retained their elemental composition without alteration since that time. Obviously,
spectroscopic determination of the elemental abundances in the Sun can provide the necessary
information with the exception of deuterium and a few light elements such as Li, B, and Be
which have been partially or totally consumed by thermonuclear fusion reactions. In fact this
approach has been taken and is very useful provided that the relevant inputs for the data anaty-
sis are well known. For example, it is necessary to know the oscillator strengths for the spectral
lines of interest and it is also necessary to realistically model physical conditions in the solar
photosphere where the lines are formed. Any possible elemental fractionation processes which
affect the elemental abundances in the solar photosphere must also be understood. The topic of
solar photospheric abundances is reviewed by Grevesse (1984).

Another highly successful approach has been to determine elemental abundances in the
chondritic meteorites (so named because they contain small, rounded glass beads known as
chondrules), which were also formed in the solar nebula. In the modem era, chemical analyses
of the elemental abundances in chondrites was first done by Goldschmidt, the Noddacks, and
their colleagues in the 1920s and 1930s. This work was critically assessed by Goldschmidt
(1937, 1954) who compiled the first table of elemental abundances in meteorites. This tabula-
tion showed that to first approximation, the abundances of the non-volatile elements in meteor-
ites and in the Sun were similar. It also served as a stimulus for the seminal work of Suess
(1947a,b) who postulated that the abundances of the nuclides, and especially the odd mass
number nuclides, are a smooth function of mass number.

Suess (1947a,b) used this postulate to adjust the elemental abundances to produce a
smooth variation of abundance with mass number. In some cases, such as Re, adjustments of up
to a factor of 100 were made and shown to be correct by subsequent chemical analyses of mete-
orites. Many of the details of this curve are reviewed by Woolum (1988).

A later paper by Suess and Urey (1956) carried this approach even further and produced
an influential table of solar elemental abundances. One outcome of their table was the pioneer-
ing studies of stellar nucleosynthesis mechanisms by Burbidge et al (1957). Another outcome
was an increasing number of high quality analytical studies of elemental abundances in chon-
dritic meteorites. Much of this work is summarized in the compilation edited by Mason (1971).
Much of the later work since that compilation was assembled is reviewed by Mason (1979) and
in the papers by Anders and Ebihara (1982) and Anders and Grevesse (1989). It is safe to say
that in the intervening 35 years since the publication of Suess and Urey (1956), the improve-
ments in chemical analyses of meteorites, in the understanding of stellar nucleosynthesis
mechanisms, and in astronomical observations of elemental abundances in the Sun and other
stars have led to vast improvements in our knowledge of the solar abundances of the elements.

The result of all these efforts is displayed in Table 1, based on Anders and Grevesse
(1989), which summarizes present knowledge of the solar abundances of the elements. It shows
the atomic abundances of the elements in CI chondrites (normalized to 10° atoms of Si), in the
solar photosphere (normalized to 10'2 atoms of H), and elemental abundances by mass in the
Orgueil CI chondrite. The CI chondrites are chosen as an abundance standard because their ele-
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mental composition matches that of the Sun more closely than that of any other meteorite class.
The Orgueil meteorite is the most widely distributed and frequently analyzed CI chondrite.

Perhaps the single most important point illustrated by the data in Table 1 is that the
chemistry of solar composition material and of the solar nebula is overwhelmingly dominated
by hydrogen. The third most abundant element overall and the second most abundant chemical-
ly reactive element, oxygen, has only about 0.1% of the H atomic abundance in solar matter.
Excluding He, the atomic abundances of all other elements combined sum up to about 70% of
the oxygen elemental abundance. This situation is in stark contrast to the elemental abundances
at the surface of the Earth where O is the most abundant element in the crust and H is a trace
element contained in a thin oceanic veneer. The contrast is even more severe on Venus where H
is depleted by about a factor of 10° relative to its observed surficial abundance on the Earth.
Clearly one of the most important problems facing cosmochemists is how to explain the evolu-
tion of the volatile inventories of Venus, Earth, and Mars from the compositionally very differ-
ent solar nebula. This problem is still unresolved.

A second important point demonstrated by the solar elemental abundances is that the
very similar abundances of carbon and oxygen resuits in an intimate coupling of their chemis-
try. In the Anders and Grevesse (1989) tabulation of solar elemental abundances the atomic
C/O ratio is ~0.42, while in the earlier tabulations of Cameron (1973, 1982) the C/O ratio was
0.57 and 0.60, respectively. The more recent data of Grevesse et al (1991) on the photospheric
carbon abundance correspond to a C/O ratio of 0.47. One of the most stable molecules observed
in nature is CO. The similarity of the C and O abundances (C/O ~0.4-0.6) dictates that over a
wide range of P, T conditions in the solar nebula CO is the most abundant carbon gas and is also
either the first or second most abundant oxygen gas, depending on the degree of dissociation of
water vapor. Changes in the gas phase abundance of CO and H,0, for example by freezing out
the water vapor (Stevenson and Lunine 1988), can then alter the total C/O ratio in the gas
phase. In turn, changing this ratio alters the oxygen fugacity of the solar nebula and the major
element mineralogy of grains formed from the nebular gas (e.g., Larimer 1975; Larimer and
Bartholomay 1979). Alteration of this mineralogy has first order consequences such as the
formation of carbide, nitride, and sulfide minerals that are stable at high temperature, thus lead-
ing to efficient retention of these important volatile elements in rocky material. There are also
important second order consequences such as the condensation of cohenite Fe,C instead of Fe
metal, which may influence the nature of grain catalyzed chemistry which can proceed.

The similarity of the C/O ratio is also important for determining the amount of water
ice in volatile-rich bodies that formed in the outer solar nebula. If all carbon remained as CO at
the low temperatures in the outer nebula, then the water ice abundance was decreased below the
amount which could condense if CO had already been converted to CH,. On the other hand, if
CO were efficiently converted to CH, and/or other hydrocarbons, then a sizeable fraction of the
total O was released from CO and was available for formation of water ice. As we shall see lat-
er, the ice/rock mass ratios in "icy" bodies formed in the solar nebula, where CO was the domi-
nant carbon gas are predicted to be lower than the ice/rock ratios in "icy" bodies formed in giant
protoplanetary subnebulae, where CH, was the dominant carbon gas.

Another significant point shown by the elemental abundance data is that carbon chem-
istry was an important facet of nebular chemistry. This stems from the fact that C is the third
most abundant chemically reactive element. In fact, several questions such as whether or not
CO can be converted to CH, in any appreciable quantities with decreasing temperature and the
extent to which it undergoes grain catalyzed reactions with H, to form organic compounds are
fundamental in determining the share of volatiles inherited by the Earth and the form in which
these volatiles were provided.



78

TABLE 1. Abundances of the Elements in CI Chondrites and in the Solar Photosphere.

Atomic Element Name & Abundance in CI Abundance (by Abundance in Solar
Number Chemical Symbol Chondrites (Si = mass) in Orgueil CI Photosphere (H =

10° atoms) chondrite 10" atoms)
L. Hydrogen (H) 2.79 x 10" 2.02% 1.00 x 10*
2. Helium (He) 2.72 x 10° 56 nL/g 9.77 x 10%
3. Lithium (Li) 57.1 1.49 pg/e 14.45
4, Beryllium (Be) 0.73 24.9 ng/g 14.13
5. Boron (B) 21.2 870 ng/g 398
6. Carbon (C)* 1.01 x 107 3.45% 3.98 x 10°
7. Nitrogen (N)° 3.13 x 10° 3180 pg/g 1.00 x 10°
8. Oxygen (O) 2.38 x 107 46.4% 8.51 x 10°
9. Fluorine (F) 843 58.2 pg/g 3.63 x 10°
10. Neon (Ne) 3.44 x 10° 203 pL/g 1.23 x 10°
11. Sodium (Na) 5.74 x 10* 4900 pg/e 2.14 x 10°
12. Magnesium (Mg) 1.074 x 10° 9.53% 3.80 x 10’
13. Aluminum (Al) 8.49 x 10° 8690 pg/g 2.95 x 10°
14. Silicon (Si) 1.00 x 10° 10.67% 3.55 x 107
15. Phosphorus (P) 1.04 x 10* 1180 pg/g 2.82 % 10°
16. Sulfur (S) 5.15 x 10° 5.25% 1.62 x 107
17. Chlorine (CI) 5,240 698 ng/g 3.16 x 10°
18. Argon (Ar) 1.01 x 10° 751 pL/g 3.63 x 10°
19. Potassium (K) 3,770 566 pg/g 1.32 x 10°
20. Calcium (Ca) 6.11 x 10* 9020 ug/g 2.29 x 10°
21. Scandium (Sc) 34.2 5.83 pg/g 1,259
22. Titanium (Ti) 2,400 436 pg/e 9.77 x 10°
23. Vanadium (V) 293 56.2 uglg 1.0 x 10*
24, Chromium (Cr) 1.35 x 10 2660 pg/g 4.68 x 10°
25. Manganese (Mn) 9,550 1980 pg/g 2.45 % 10°
26. Iron (Fe)* 9.00 x 10° 18.51% 3.24 x 107
27. Cobalt (Co) 2,250 507 pg/g 8.32 x 10*
28. Nickel (Ni) 4,93 x 10 1.10% 1.78 x 10°
29. Copper (Cu) 522 119 pg/g 1.62 x 10
30. Zinc (Zn) 1,260 311 pg/e 3.98 x 10¢

3L Gallium (Ga) 37.8 10.1 pg/g 759
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Atomic Element Name & Abundance in CI Abundance (by Abundance in Solar
Number Chemical Symbol Chondrites (Si= mass) in Orgueil CI Photosphere (H =

10° atoms) chondrite 10'* atoms)

32. Germanium (Ge) 119 32.6 ug/g 2,570
33. Arsenic (As) 6.56 1.85uglg
34, Selenium (Se) 62.1 182uglg -
3s. Bromine (Br) 11.8 3.56 uglg 00 e
36. Krypton (K1) 45 87pLlg -
37. Rubidium (Rb) 7.09 2.30 pg/g 398
38. Strontium (Sr) 23.5 7.80 pug/g 794
39. Yttrium (Y) 4.64 1.53 pg/g 174
40. Zirconium (Zr) 11.4 3.95 ug/g 398
41. Niobium (Nb) 0.698 246 ng/g 26.3
42, Molybdenum (Mo)  2.55 928 ng/g 83.2
44. Ruthenium (Ru) 1.86 714 ng/g 69.2
45. Rhodium (Rh) 0.344 134 ng/g 132
46. Palladium (Pd) 1.39 556 ng/g 49
47. Silver (Ag) 0.486 197 ng/g 8.7
48. Cadmium (Cd) 1.61 680 ng/g 72.4
49, Indium (In) 0.184 77.8 ng/g 45.7
50. Tin (Sn) 3.82 1680 ng/g 100
SL Antimony (Sb) 0.309 133 ng/g 10
52. _ Tellurium (Te) 4.81 2270 ng/g ——
53. Iodine (I) 0.9 433nglg @ -
54. Xenon (Xe) 4.7 86pLlg -
5S. Cesium (Cs) 0.372 186 nglg -
56. Barium (Ba) 4.49 2340 ng/g 135
57. Lanthanum (La) 0.446 236 ng/g 16.6
58. Cerium (Ce) 1.136 619 ng/g 355
59. Praseodymium (Pr)  0.1669 90 ng/g 5.1
60. Neodymium (Nd) 0.8279 463 ng/g 31.6
62. Samarium (Sm) 0.2582 144 ng/g 10
63. Europium (Eu) 0.0973 54.7 ng/g 3.2
64. Gadolinium (Gd) 0.33 199 ng/g 13.2

65. Terbium (Tb) 0.0603 35.3 ng/g 0.8
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Atomic Element Name & Abundance in CI Abundance (by Abundance in Solar
Number Chemical Symbol Chondrites (Si= mass) in Orgueil CI Photosphere (H =

10° atoms) chondrite 10" atoms)
66. Dysprosium (Dy) 0.3942 246 ng/g 12.6
67. Holmium (Ho) 0.0889 55.2 ng/g 1.8
68. Erbium (Er) 0.2508 162 ng/g 8.5
69. Thulium (Tm) 0.0378 22 ng/g 1
70. Ytterbium (Yb) 0.2479 166 ng/g 12
71, Lutetium (Lu) 0.0367 245 ng/g 5.8
72. Hafnium (Hf) 0.154 108 ng/g 7.6
73. Tantalum (Ta) 0.0207 140ng/g -
74. Tungsten (W) 0.133 92.3 ng/g 12.9
75. Rhenium (Re) 0.0517 37.1ng/g ————-
76. Osmium (Os) 0.675 483 ng/g 28.2
77. Iridium (Ir) 0.661 474 ng/g ~224
78. Platinum (Pt) 1.34 973 ng/g 63.1
79. Gold (Au) 0.187 145 ng/g 102
80. Mercury (Hg) 0.34 258nglg = -
81. Thallium (T1) 0.184 143 ng/g 7.9
82. Lead (Pb) 3.15 2430 ng/g 70.8
83. Bismuth (Bi) 0.144 111nglg ===
90. Thorium (Th) 0.0335 28.6 ng/g 1.3
92. Uranium (U) 0.009 8.1 ng/g <0.34

Elemental abundance compilations do not list the following radioactive elements which have
no stable isotopes and are not found in meteorites: Technetium (43), Promethium (61),
Polonium (84), Astatine (85), Radon (86), Francium (87), Radium (88), Actinium (89).

The abbrevations used for abundances in the Orgueil CI chondrite have the following
meanings: % = mass %, nL/g = 10° liters/gram, pg/g = 10° grams/gram, pL/g = 10"
liters/gram, ng/g = 10”° grams/gram

The abundances in Table 1 are generally from Anders and Grevesse (1989) with the following
values also being included:

*The photospheric carbon abundance is from Grevesse et al (1991).
*The photospheric nitrogen abundance is from Grevesse et al (1990).
“The photospheric iron abundance is from Biémont et al (1991) and Holweger et al (1990).
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Finally, a fourth point illustrated by the abundances in Table 1 is that the chemistry of
the solar nebula is essentially the chemistry of 8 elements (H, O, C, N, Mg, 8i, Fe, §). To a
lesser extent Al, Ca, Na, Ni, Cr, P, and Mn are also important by virtue of their abundances.
However, several of the elements in this second list (Ni, Cr, Mn) simply alloy with Fe without
engaging in any other chemistry. Thus, to a good first approximation, the elemental abundances
dictate that the chemistry of solar material is the chemistry of only a handful of the naturally
occurring elements. Therefore the rest of this review will emphasize the chemistry of these 12
elements while discussing chemistry in the solar nebula.

3. Composition and Preservation of Presolar Gases and Grains

The abundances in the preceding section tell us how much of each element was present in the
solar nebula but do not tell us what form(s) each element was in when it was accreted by the
solar nebula accretion disk. As discussed below, this information is potentially important be-
cause thermal processing in the solar nebula was not 100% efficient. Thus a knowledge of the
initial gas and grain composition is useful for modelling the nebular reactions affecting the ac-
creted interstellar gas and dust.

Qualitatively we expect that the interstellar gas and grains were thermally and chemi-
cally reprocessed to varying degrees depending on several factors such as the distance of the
accreted material from the proto-Sun, the type of grains (e.g., rocky, organic, icy, etc.), whether
the interstellar material was accreted at an early or late stage of nebular evolution, the rate of
radial transport in the solar nebula relative to the rate of equilibrating reactions in the gas par-
cel, and to the rate of accretion of small grains into larger clumps. Obviously some grains in the
solar nebula experienced complex histories such as cycles of evaporation, condensation, re-
evaporation, and re-condensation. Other grains were presumably totally destroyed while some
others were incorporated into meteorite parent bodies essentially unaffected by nebular pro-
cesses. The work by Cameron and Fegley (1982) on the position of grain evaporation fronts in
the solar nebula is a quantitative attempt to model the survivability of different types of rocky
and metallic grains as a function of their radial and vertical position in the solar nebula. Related
work has also been done by Morfill and colleagues (e.g., Morfill and Volk 1984).

A variety of sources provide information on the probable composition of the gases and
grains accreted by the solar nebula. In recent years radio astronomy has detected a diverse suite
of molecules in interstellar space and in the circumstellar shells of carbon stars (e.g., Irvine and
Knacke 1989; Ormont 1991). At present over 70 molecules ranging in complexity from OH to
HC,,CN have been detected. Tables 2 and 3 schematically summarize a small subset of these
data on the composition of interstellar and circumstellar gas and grains, indicate the possible
effects of nebular chemistry on the accreted gas and grains, and also list possible preservation
sites for the presolar species.

Several important points are indicated by these two tables. Perhaps the most significant
is that the identification of presolar material in primitive objects (e.g., comets and some types
of asteroids and meteorites) may be ambiguous because several important interstellar mole-
cules are also predicted to form in the solar nebula. This problem may be most severe for CO
and N,. If complete chemical equilibrium were attained, all interstellar carbon species would be
converted to CO in the high temperature regions of the solar nebula and all interstellar nitrogen
species would be converted to N,. In the absence of a potentially diagnostic isotopic ratio, it is
then impossible to distinguish interstellar CO and N, from nebular CO and N,. Likewise, inter-
stellar H,S, unless it is isotopically distinctive in some way, is impossible to distinguish from
nebular H,S.
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TABLE 2. Representative Interstellar Molecules and Their Possible Fates in the Solar Nebula®

Molecule(s) Comments on Nebular Chemistry

Possible Preservation Site(s)

H,
co

HCN

H,CO

CH,CH
CH,CN
SO,

COS

HS
H,CS

Major gas, o-p ratio reset to high T value

Does not condense in nebula

Also stable high T form of C in nebula, use C & Trapped in clathrate hydrate or
O isotopes to distinguish nebular from interstellar condensed as CO ice in comets or

Cco?

Also stable high T form of N in nebula, use N iso-
topes to distinguish nebular from interstellar N,?

Isotopic exchange will equilibrate D/H with nebu-
lar H, at sufficiently high temperatures in inner

nebula

Also produced by shock chemistry in solar nebula
& Jovian protoplanetary subnebulae, use isotopes

to distinguish source?

Thermal decomposition and/or photolysis to H, +

CO, polymerization to POM?

Oxidation to CO at high temperatures

Thermal decomposition

Reduction to H,S + HS at high temperatures

Thermal decomposition and/or photolysis to CO +

S, subsequent conversion of S to H,S

Also stable high T form of S in nebula

other icy bodies in outermost
nebula

Trapped in clathrate hydrate or
condensed as N, ice in comets or
other icy bodies in outermost
nebula

HDO ice in comets & icy satel-
lites, HDO in hydrated silicates on
asteroids?

HCN ice in comets and outer solar
nebula bodies?, conversion to or-
ganic matter on meteorite parent
bodies

H,CO & POM observed in comets

Cometary ices?

Cometary ices?

Cometary ices? (UV spectra give
an upper limit of <0.1% of solar S
abundance in several comets)
Cometary ices? (radio data give an
upper limit of <10% of solar S
abundance in Comet Levy)°

Probably difficult to preserve &
distinguish from nebular H,S

Thermal decomposition to CO + H,S at fairly low Cometary ices? (radio data give an

temperatures in nebula

upper limit of about 50% of solar S
abundance in Comet Levy)’

(a) The most abundant gases listed by Irvine and Knacke (1989), excluding radicals and ions. The lat-
er species were probably chemically reprocessed on a rapid timescale.

(b) Kim and A'Hearn 1991
(¢) Crovisier et al 1991
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TABLE 3. Major Components of Interstellar Dust and Their Fate(s) in the Solar Nebula®

Component Comments on Nebular Chemistry Possible Preservation Site(s)

Silicates Amorphous material will be annealed and Low T meteorite matrices, but difficult
equilibrated, crystalline material will at- to distinguish from more abundant nebu-
tempt to equilibrate at sufficiently high lar constituents unless isotopically anom-
temperatures alous

Graphite Oxidized at high T to form CO, hydroge- Circumstellar graphite grains observed in
nated at low T to form CH, 4 primitive meteorites

Polycyclic Oxidized at high T for form CO + H,, iso- D-rich organics observed in low T mete-

Aromatic topic equilibration with nebular vapor, orite matrices & interplanetary dust par-

Hydrocarbons  partial pyrolysis to more C-rich matter ticles, not conclusively identified as

(PAHs) PAHs

Amorphous Oxidized at high T to form CO, hydroge- Low T meteorite matrices

Carbon nated at low T to form CH,

Icy Evaporation of ices, chemical & isotopic Comets & other icy bodies in outer solar

Grain equilibration with nebular gas, photolysis nebula?

Mantles in outer nebula

Organic More resistant to processes which destroy D-rich organics observed in low T mete-

Refractory organics orite matrices & interplanetary dust par-

Grain Mantles ticles

SiC Oxidation (e.g., by O, OH, H,0) to silica Circumstellar SiC grains observed in
& eventually silicates primitive meteorites

MgS Oxidation (e.g., by O, OH, H,0) to Mg Low T meteorite matrices?, sensitive to

oxides & silicates water & O,

(a) Major components as reviewed by Tielens and Allamandola (1987).
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A similar problem exists for distinguishing presolar silicates from those produced by
thermal processing (e.g., condensation, evaporation) in the solar nebula. Again, isotopic differ-
ences are one way to distinguish exotic material. If this is not possible, for example by virtue of
small sample size which prohibits isotopic measurements, then other approaches may prove
useful. Recently Bernatowicz et al (1991) discovered small (7-21 nm) crystals of TiC inside
isotopically anomalous graphite grains which are clearly of presolar origin. Thus, the included
TiC must also be presolar. Analogously, finding a silicate inside another grain, which by virtue
of its mineralogy and/or isotopic composition is clearly presolar, may also be used as proof of a
presolar origin. However, because the average composition of the gas and grains accreted by
the solar nebula has solar chemical and isotopic composition, by definition, then it is clear that
not all presolar material has to be isotopically distinctive from nebular materials.

On the other hand, some interstellar molecules are either less likely to be produced by
nebular chemistry or less likely to be produced in amounts as large as those observed in the in-
terstellar medium. It is generally believed that deuterium-rich species fall into this category. Ta-
ble 4 lists the D/H ratios in molecules in interstellar clouds and in different solar system
objects. There is a wide range of D/H ratios from the protosolar value of about 3 x 107 to val-
ues of a few percent in molecules in interstellar clouds.. As discussed later, it is difficult to ele-
vate the protosolar D/H ratio to such high values solely by thermochemical isotopic exchange
reactions in the solar nebula because these reactions are kinetically inhibited at the low tem-
peratures where the exchange has to occur (Grinspoon and Lewis 1987). However, ion-
molecule reactions are facile at such low temperatures and provide a means for enhancing the
D/H ratios in various hydrides.

Likewise, some presolar grains have distinctive compositions which are not representa-
tive of thermal processing in the solar nebula. The SiC, TiC, diamond, and graphite grains
found in primitive meteorites (Amari et al 1990; Bernatowicz et al 1987, 1991; Lewis et al
1987; Tang and Anders 1988; Virag et al 1992; Zinner et al 1987) are probably the best exam-
ples of this situation. As discussed by Fegley (1988), SiC, TiC, and diamond are thermody-
namically unstable in the solar nebula and would be oxidized to other compounds at the high
temperatures in the inner solar nebula. As discussed later, graphite is stable at low pressures
and low temperatures in a solar composition gas, but is thermodynamically unstable under all
other conditions. But even in these relatively clear cut cases there is still room for some ambi-
guity. Silicon carbide and graphite are also predicted to be thermodynamically stable under the
highly reducing conditions necessary for formation of the enstatite chondrites (Larimer 1975;
Larimer and Bartholomay 1979). Diamond is not thermodynamically stable under these condi-
tions but diamonds formed by impacts are also present in the ureilites, carbon-rich achondrites.
Even in these cases, the identification of the SiC, graphite, and diamond grains as presolar rests
upon their exotic isotopic compositions.

4. Isotopic Evidence for Inefficient Thermal Processing in the Solar Nebula

The discussion in the preceding section explicitly assumed that thermal processing in the solar
nebula was not 100% efficient. What is the evidence that this is the case? Suess (1965) felt
compelled to state that "Among the very few assumptions which, in the opinion of the writer,
can be considered well justified and firmly established, is the notion that the planetary objects,
i.e. planets, their satellites, asteroids, meteorites, and other objects of the solar system, were
formed from a well-mixed primordial nebula of chemically and isotopically uniform composi-
tion. At some time between the time of formation of the elements and the beginning of con-
densation of the less volatile material, this nebula must have been in the state of a
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TABLE 4. D/H Ratios in Interstellar Space and the Solar System®

Material D/H Ratio Reference(s)

C,HD/CH, 0.03-0.15 Gerin et al 1987; Bell et al 1988
NH,D/NH, 0.003 - 0.14 Olberg et al 1985; Walmsley et al 1987
C,D/C,H 0.01-0.05 Herbst et al 1987

DNC/HNC 0.01-0.04 Brown and Rice 1981

DCN/HCN 0.002 - 0.02 Wootten 1987

DC,N/HC,N 0.02 Schloerb et al 1981; MacLeod et al 1981
DC,N/HC;N ~0.02 Langer et al 1980; Wootten 1987
HDCO/H,CO ~0.01 Guelin et al 1982

HDO/H,O on Venus 0.016-0.019 Donahue et al 1982; DeBergh et al 1991
IDPs (1.2-16) x 10™ Zinner 1988

Ordinary chondrites (0.8-10.5) x 10 Zinner 1988

HDO/H,0 on Mars (7.80.3) x 10* Bjoraker et al 1989; Owen et al 1988
Carbonaceous chondrites  (0.8-6) x 10 Zinner 1988

Comet Halley HDO/H,0 (0.6-4.8) x 10* Eberhardt et al 1987b

Terrestrial D/H (SMOW)  1.557 x 10 Hagemann, Nief and Roth 1970

D/H in Titan's atm. ~15 x 10 Coustenis et al 1989; Owen et al 1986
Meteoritic Phyllosilicates ~14 x 107 Yang and Epstein 1983

Neptunian atm. D/H ~12 x 10°* DeBergh et al 1990

Uranian atm. D/H ~9 x 10° DeBergh et al 1986

Nebular HD/H, ~3 % 10° Anders and Grevesse 1989

Jovian atm. D/H
Saturnian atm. D/H
Interstellar HD/H,

(2.6£1.0) x 10°
(1.7£1.0) x 10°
(0.8-2) x 10

Fegley and Prinn 1988
Fegley and Prinn 1988
Boesgaard and Steigman 1985

(a) Modified from Irvine & Knacke (1989) and Zinner (1988)
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homogeneous gas mass of a temperature so high that no solids were present. Otherwise, varia-
tions in the isotopic composition of many elements would have to be anticipated." Thus, the
formation of the solar nebula was believed to have erased the previously existing record of in-
terstellar chemistry, and the chemical fractionations in meteorites and planetary material were
subsequently produced largely by chemical equilibrium processes in the monotonically cooling
solar nebula (e.g., see Anders 1968; Barshay and Lewis 1976; Grossman 1972; Grossman and
Larimer 1974; Larimer 1967; Lewis 1972a; Lewis 1974).

However, this picture changed dramatically with the discovery by Clayton, Grossman
and Mayeda (1973) of oxygen isotopic anomalies in meteorites. This was significant for several
reasons: (1) the anomalies in the '*O/"’O and *O/'®0 ratios are not due to mass fractionation
processes, (2) the anomalies are present in the most abundant element in rocky material, and (3)
the anomalies are present in the third most abundant element overall and the second most abun-
dant chemically reactive element in solar composition material.

It is true that prior to this work, there were reports of isotopic anomalies in some noble
gases in meteorites, notably the presence of '”’Xe and of Ne-E, essentially pure *Ne (Reynolds
1960; Jeffery and Reynolds 1961; Black and Pepin 1969), and of large D/H ratios in some car-
bonaceous chondrites (Boato 1954; Briggs 1963). However, the significance of the large D/H
ratios was not generally appreciated and because the known isotopic anomalies were otherwise
restricted to the chemically unreactive noble gases, their existence did not have an important
influence on models of nebular chemistry. However, once it became apparent that non-mass
fractionated oxygen anomalies existed in meteoritic material, and were substantial effects (at
the several % level), then the model of a solar nebula in which all accreted material was totally
vaporized had to be modified because this scenario could not explain the preservation of ubig-
uitous anomalies in the most abundant element in stony meteorites.

Subsequently, the discovery (or rediscovery) of isotopic anomalies in many other ele-
ments reinforced the point that physical and chemical processes in the solar nebula did not
completely erase the prior record of interstellar chemistry. This evidence essentially falls into
four categories: (1) Large deviations of the D/H, C/PC, “N/*N ratios from their terrestrial
values in some chondrites (e.g., Pillinger 1984; Zinner 1988). As mentioned earlier, these are
difficult to explain solely by mass fractionation processes because chemical reactions between
neutral species are probably kinetically inhibited at the low temperatures that are required to
explain the observed effects by thermochemical isotopic exchange reactions. Instead either in-
heritance from interstellar chemistry involving ion-molecule reactions proceeding at low tem-
peratures or from circumstellar chemistry in the atmospheres of certain types of stars is
apparently required. (2) Non-mass fractionated isotopic anomalies in all elements analyzed
(e.g., O, Mg, Si, Cr, Sr, Ba, Nd, Sm) in a small suite of Ca, Al-rich inclusions (CAls) in carbo-
naceous chondrites (e.g., Lee 1988). These CAls are known as FUN CAls because of the Frac-
tionated and Unknown Nuclear effects observed in them. (3) Non-mass fractionated isotopic
anomalies in Ti in CAls and meteorites (Lee 1988; Niederer, Papanastassiou, and Wasserburg
1981; Niemeyer and Lugmair 1984). These anomalies are attributed to the incomplete mixing
and homogenization of Ti isotopes from at least four different stellar sources. (4) Anomalies in
Mg, ®*Cr, ©Ni, '®Ag, "®Xe,**Nd, and **Pu-fission Xe which indicate the presence of the now
extinct radionuclides A1, ¥Mn, *Ni, '®Pd, '**1, '*Sm, and 2*Pu in the early solar system
(Wasserburg 1985; Podosek and Swindle 1988; Shukolyukov and Lugmair 1992). (5) The
ubiquitous non-mass fractionated oxygen isotopic anomalies (Thiemens 1988).

Details of the different isotopic anomalies are reviewed in the articles cited above.
However, the important point here is that thermal processing was not 100% efficient at ho-
mogenizing the interstellar gas and grains accreted by the solar nebula. In some cases, such as
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the light elements, large deviations of the isotopic ratios are observed in bulk meteorites or in
phases separated from them. In other cases such as the more refractory elements, smaller effects
corresponding to deviations of one part in 10* to one part in 10® from the terrestrial ratios are
observed. The anomalies in oxygen can be at the percent level but may represent chemical pro-
cesses which operated at some point during nebular history and may not necessarily require in-
efficient thermal processing of presolar material. However, inefficient homogenization after the
production of the anomalies is still required for their preservation.

5. Thermochemical Equilibrium Models of Nebular Chemistry

The observational evidence reviewed above indicates that it is desirable to incorporate the influ-
ence of both the prevailing P,T conditions and of dynamics on the chemical reactions between
gases and grains in the solar nebula. However, most models of nebular chemistry are based
solely on thermochemical equilibrium and assume that only the P,T conditions control the na-
ture and abundance of the gases and grains present in a system of solar composition. The inputs
to thermochemical equilibrium models are the total pressure, the temperature, and the overall
elemental composition. The outputs of the thermochemical equilibrium models are the
temperature- and pressure dependent molecular speciation of all elements in the code, the con-
densation temperatures of condensed phases (pure solids & liquids, and solid & liquid solu-
tions), and the abundances of the condensed phases as a function of temperature and pressure.
Depending on the complexity of the particular code used, not all of these outputs may be calcu-
lated. The thermodynamic data used in the codes come from standard compilations such as the
JANAF (Joint Army-Navy-Air Force) Tables, which contains data for about 1200 species. The
P,T conditions assumed in the calculations come from physical models of the solar nebula
(e.g., Boss, Morfill and Tscharnuter 1989; Cameron 1978, 1985; Lin and Papaloizou 1985; Ru-
den and Lin 1986; Wood and Morfill 1988). In general, current nebular models predict pressur-
es and temperatures of about 102 to 10* bars and 1000-2000 K in the inner solar nebula
dropping to 107 to 10° bars and 20-100 K in the outer solar nebula. The exact pressure and
temperature vary as a function of radial distance in the solar nebula. Although nebular accretion
disk models do not specify adiabatic structure, many of the P,T profiles do resemble adiabats,
perhaps with a discontinuity (or several discontinuities) due to opacity changes induced by
grain condensation. A representative P,T profile, initially based on the work of Lewis (1974) is
shown in Fig. 1. The same profile is used throughout the rest of this paper.

Thermochemical equilibrium models have enjoyed great popularity because they give
a first order description of the chemical and mineralogical composition of the chondritic mete-
orites. However, as we will discuss in more detail later the great appeal of thermochemical
equilibrium models is also their Achilles heal because no consideration is given to either the
rate at which chemical equilibrium might be approached or to the pathway by which this oc-
curs. This problem is most severe for chemical reactions predicted to occur at low temperatures
in the solar nebula and for chemical reactions involving carbon and nitrogen.

For the present, we will keep these limitations in mind while we review the major re-
sults of thermochemical models of nebular chemistry. These results are important for several
reasons: (1) they provide the foundation upon which the more detailed and sophisticated ther-
mochemical kinetic models of nebular chemistry are built, (2) as stated above they provide a
first order description of the chemical and mineralogical composition of the chondritic meteor-
ites, and (3) they provide important information about the types of rocky and metallic grains
that are potential catalysts for heterogeneous chemistry involving C and N compounds.
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Figure 1. The thermodynamic stability fields for several exemplary gas-grain chemical reac-
tions in the solar nebula. The P,T profile shown is originally based on the work of Lewis
(1974), and has also been adopted in several subsequent publications (e.g., Barshay 1981;
Fegley 1988; Fegley and Prinn 1989; Prinn and Fegley 1989). The shaded region for magnetite
illustrates the range of formation temperatures for the case of all carbon remaining as CO
(lower line) and for all carbon being found as CH, (upper line). CO clathrate will form if CO
remains the major carbon gas in the nebula while CH, clathrate will form if CH, is present, as
in the giant protoplanetary subnebulae. Modified from Fegley (1988).
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Table 5 and Figs. 1-3 provide a convenient summary of the major results of thermo-
chemical equilibrium models of nebular chemistry. Table 5 lists the major gases, initial conden-
sates, and condensation temperatures for each of the naturally occurring elements. The data in
Table 5 are for an assumed total nebular pressure of 10~ bars. This is because many of the re-
sults of condensation calculations in meteoritics and cosmochemistry are done at a constant to-
tal pressure, which is generally taken as either 10™ or 10” bars. Figs. 2-3 illustrate the
thermodynamic stability fields and abundances for condensates of the major elements from
150-1800 K in the inner regions of the solar nebula. These results, which are from Barshay
(1981), give a detailed picture of the predicted condensate composition as a function of tem-
perature throughout the region where the terrestrial planets and chondrites formed. Although
not as comprehensive, a complementary illustration of condensate stability fields is provided by
Fig. 1 which shows how the condensation temperatures of selected phases vary as a function of
the assumed total pressure in the solar nebula. The important points demonstrated by the results
of thermochemical equilibrium models are as follows,

The phases stable at the highest temperatures (either because they are the first conden-
sates or the last phases to evaporate) are Ca-, Al-, Ti-bearing minerals such as hibonite
(CaAl,0,), corundum (ALO,), perovskite (CaTiO,), spinel (MgAlLO,), gehlenite
(Ca,AlLSi0,), and skermanite Ca,MgSi,0,, The refractory minerals are predicted to contain the
less abundant refractory lithophiles (elements which geochemically prefer to be in a silicate
phase) in solid solution. The refractory lithophiles include the REE, Ti, Zr, Hf, V, Nb, Ta, Sc,
Y, Sr, Ba, Th, U, and Pu. Also predicted to be stable at these high temperatures are metallic al-
loys composed of the Pt-group elements (Ru, Os, Rh, Ir, Pt), Mo, W, and Re. Details of the
major element condensation calculations, and descriptions of the comparisons of the predicted
and observed mineral assemblages are given by Grossman and Larimer (1974), Kornacki and
Fegley (1984), Larimer (1988), and Palme and Fegley (1990). The condensation calculations
for the refractory trace lithophiles and for the refractory metals (also known as the refractory
siderophiles) are discussed by Fegley and Kornacki (1984), Fegley and Palme (1985), Palme
and Wlotzka (1976), and Kornacki and Fegley (1986). Descriptions of the mineralogy of CAls,
of the refractory lithophile abundance patterns and of the refractory metal nuggets are given in
several references (Bischoff and Palme 1987; Blum et al 1988; El Goresy et al 1978; Fegley
and Ireland 1991; Fuchs and Blander 1980; MacPherson et al 1988).

The refractory minerals predicted by the condensation calculations are observed in the
CAIs in carbonaceous chondrites and the observed mineral assemblages are more or less similar
to the predicted mineral assemblages in the condensation calculations. Likewise, the refractory
lithophiles are observed in solid solution in several of these minerals, with abundance patterns
which are plausibly explained by the condensation calculations. The predicted refractory metal
nuggets are also found in the CAls and have compositions consistent with those predicted by
the chemical equilibrium models. Although many aspects of the formation of CAIs are still
controversial, the overall similarity of the predictions and observed phase assemblages and
trace element abundance patterns suggests that vapor-solid fractionation processes played an
important role in the formation of the CAls, and by implication were important in at least some
regions of the solar nebula at some time (or times).

Another important point for the present discussion is that none of the high temperature
phases are considered to be good catalysts for carbon and nitrogen chemistry in the nebular en-
vironment. Industrial experience shows that the oxide and silicate minerals found in CAls are
generally not good catalysts for reduction of CO and N, or for organic compound formation.
The Pt metal nuggets are of course potentially quite good catalysts, but their availability is lim-
ited to high temperature regions where they remain exposed to the nebular gas. However, the
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TABLE 5. Equilibrium Condensation Chemistry of the Elements in the Solar Nebula

Atomic Number & Condensation T Initial Condensate Major Gases in Notes &

Chemical Symbol (K) (P = 10* bars) in Solar Nebula Solar Nebula Sources

1.H 180 H,0(s) H, A, 1.

2. He® <5 He(s) He A, 1.

3.1 1225 1i,Si0, in MgSiO, LiCl, LiF MV, 2.

4. Be® 1400 (10® bars) BeAl,0, in Be(OH),, BeOH RL, 3.
MgALO,

5. BP 745-759 (103 NaBO,(s) NaBO,, KBO,, MV, 3.

bars) HBO,, H,BO,

6. C 78 CH,-6H,0(s) CO, CH, A, L.

7. Nd 120 NH, - H,0(s) N,, NH, A, 1.

8.0 CO,H,0 A

9.F 736 Ca/(PO,),F HF MV, 4.

10. Ne® ~5 Ne(s) Ne A, 1.

11. Na 970 (50%) NaAlSi, O, in Na, NaCl MV, 4.
feldspar

12. Mg 1340 (50%) Mg,Si0,(s) Mg ME, 5, 13.

13. Al 1670 ALO(s) Al, AIOH, AL,O, RL6.

AlS, AlH, AlO, AlF

14. Sif 1529 Ca,ALSiOLs) Si0, SiS ME, 6.

15.P 1151 (50%) Fe,P(s) PO, P, PN, PS MV, 4,7.

16.S 684 FeS(s) H,S, HS MV, 4,12

17.C1 863 (50%) Na,[AlSi0,],Cls)  HCl, NaCl, KCl MV, 4.

18. Ar 50 Ar-6H,0(s) Ar A, 14.

19.K 1000 (50%) KAISi,O4fs) in K, KCl, KOH MV, 4.
feldspar

20. Ca 1634 CaAl ,0,4(s) Ca RL, 6.

21.Sc 1652 (50%) Sc,04(s) ScO RL, 8.

22.Ti 1600 CaTiO,(s) TiO, TiO, RL, 6.

23.V 1455 (50%) diss. in CaTiO,s) VO, VO RL, 8.

24.Cr 1301 (50%) diss. in Fe alloy Cr MV, 9.

25.Mn 1190 (50%) Mn,Si0, in olivine Mn MV, 2.

26. Fe 1337 (50%) Fe alloy Fe ME, 7, 9.

27.Co 1356 (50%) diss. in Fe alloy Co RS, 9.

28. Ni 1354 (50%) diss. in Fe alloy Ni RS, 9.

29. Cu 1170 (50%) diss. in Fe alloy Cu MV, 2.
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Atomic Number & Condensation T Initial Condensate Major Gases in Notes &
Chemical Symbol (K) (P = 10* bars) in Solar Nebula Solar Nebula Sources
30.Zn 684 (50%) ZnS diss. in FeS Zn MV, 2.
31. Ga 918 (50%) diss. in Fe alloy GaOH, Ga(l, GaBr MV, 10.
32. Ge 825 (50%) diss. in Fe alloy GeS, GeSe My, 10.
33. As 1012 (50%) diss. in Fe alloy As MV, 10.
34. Se 684 (50%) FeSe diss. in FeS  H,Se, GeSe MV, 2.
35.Br® ~350 Ca,(PO,),Br(s) HBr, NaBr HV, 4.
36.Kr 54 Kr-6H,0(s) Kr A, 14.
37.Rb® ~1080 diss. in feldspar  Rb, RbCl MV, 5, 13.
38. Sr 1217 (50%) diss. in CaTiOs) Sr, SrCl,, S(OH),, RL, 8.
SrOH
30.Y 1622 (50%) Y,0,(s) YO RL, 8.
40. Zr 1717 (50%) ZrO,(s) Zr0,, Zro RL, 8.
41.Nb 1517 (50%) diss. in CaTiO,s) NbO,, NbO RL, 8.
42. Mo 1595 (50%) refractory metal MoO, Mo, MoO, RS, 9.
alloy
44. Ru 1565 (50%) refractory metal Ru RS, 9.
alloy
45.Rh 1392 (50%) refractory metal Rh RS, 9.
alloy
46. Pd 1320 (50%) diss. in Fe alloy Pd MV, 9.
47. Ag 993 (50%) diss. in Fe alloy Ag MV, 2.
48. Cd® 430 (10°bars)  CdS in FeS Cd Hv, 11.
49. In® 470 (50%) InS in FeS In, InCl, InOH HV, 11.
50.Sn 720 (50%) diss. in Fe alloy SnS, SnSe MV, 2.
51.Sb 912 (50%) diss. in Fe alloy Shs, Sb MV, 10.
52.Te 680 (50%) FeTe diss.in FeS  Te, H,Te MV, 2.
53.1 ? ? 1, HI MV/HV?
54. Xe 74 Xe-6H,0(s) Xe A, 14.
55.Cs ? ? CsCl, Cs,CsOH  MV/HV?
56. Ba 1162 (50%) diss. in CaTiO,s) Ba(OH),, BaOH, RL, 8.
Bas, BaO
57.La 1544 (50%) diss. in CaTiO,(s) LaO RL, 8.
58. Ce 1440 (50%) diss. in CaTiO,(s) CeO,, CeO RL, 8.
59.Pr 1557 (50%) diss. in CaTiO,(s) PrO RL, 8..
60. Nd 1563 (50%) _ .diss. in CaTiOys) NdO RL, 8.
62.Sm 1560 (50%) diss. in CaTiO,(s) SmO, Sm RL, 8.
63. Eu 1338 (50%) diss. in CaTiO,(s) Eu RL, 8.
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Atomic Number & Condensation T Initial Condensate Major Gases in Notes &
Chemical Symbol (K) (P = 10* bars) in Solar Nebula Solar Nebula Sources
64. Gd 1597 (50%) diss. in CaTiO,s) GdO RL, 8.
65. Tb 1598 (50%) diss. in CaTiO4s) TbO RL, 8.
66. Dy 1598 (50%) diss. in CaTiO4s) DyO, Dy RL, 8.
67. Ho 1598 (50%) diss. in CaTiO,(s) HoO, Ho RL, 8.
68. Er 1598 (50%) diss. in CaTiO,(s) ErO, Er RL, 8.
69. Tm 1598 (50%) diss. in CaTiO4(s) Tm, TmO RL, 8.
70.Yb 1493 (50%) diss. in CaTiO,(s) Yb RL, 8.
71.1u 1598 (50%) diss. in CaTiO,(s) LuO RL, 8.
72.Hf 1690 (50%) HfO,(s) HfO RL, 8.
73.Ta 1543 (50%) diss. in CaTiO,(s) TaO,, TaO RL, 8.
74.W 1794 (50%) refractory metal WO, WO,, WO, RS, S.
alloy
75.Re 1818 (50%) refractory metal Re RS, 9.
alloy
76. Os 1812 (50%) refractory metal Os RS, 9.
alloy
77.1r 1603 (50%) refractory metal Ir RS, 9.
alloy
78. Pt 1411 (50%) refractory metal Pt RS, 9.
alloy
79. Au 1284 (50%) Fe alloy Au MV, 2.
80. Hg ? ? Hg MV/HV?
81. TP 448 (50%) diss.inFealloy Tl HV,11.
82.Pb® 520 (509%) diss. in Fe alloy  Pb, PbS HV, 11.
83.Bi 472 (50%) diss. in Fe alloy Bi HV, 11.
90.Th 1598 (50%) diss. in CaTiO,fs) ThO, RL, 8.
92.U 1580 (50%) diss. in CaTiOys) UO, RL, 8.
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Notes to Table 5

The condensation temperatures either indicate where the condensate first becomes
stable or where 50% of the element is condensed and 50% is in the gas. The 50% con-
densation temperature is generally used when solid solutions are formed.

The major gases vary as a function of temperature and total pressure. The gas chemis-
try in Table 5 is generally valid at the condensation temperature of each element, and
was either taken from the original references below or calculated as part of this work.

Sources cited in Table 5: (1) Lewis 1972; (2) Wai & Wasson 1977; (3) Cameron et al
1973; (4) Fegley & Lewis 1980; (5) Grossman & Larimer 1974; (6) Kornacki & Fegley
1984; (7) Sears1978; (8) Kornacki & Fegley 1986; (9) Fegley & Palme 1985; (10) Wai &
Wasson 1979; (11) Larimer 1973; (12) Larimer 1967, (13) Wasson 1985, (14) Sill & Wil-
kening 1978.

(a) This temperature is below cosmic background and condensation will not occur.

{b) The condensation temperature and initial condensate are uncertain and need to be
re-evaluated.

(¢) As discussed in the text, kinetic inhibition of the CO to CH, conversion yields either
CO-6H,0(s) or CO(s) as the initial condensate.

(d) As discussed in the text, kinetic inhibition of the N, to NH, conversion yields either
N, - 6H,0(s) or N,(s) as the initial condensate.

{e) Oxygen is the most abundant element in rocky material and a s
tion temperature is meaningless. The bulk of oxygen condenses as
mainder is present as CO or in rocky material.

eparate condensa-
water ice; the re-

(f) Most Si condenses when the silicates MgSiO, and Mg,SiO, form (e.g., 1340 K at 10
e re 2.

the MgSiO, condensation curve in Figu

Key to abbreviations used for cosmochemical classification of the elements: A = atmo-
phile, HV = highly volatile, ME = major element, MV = moderately volatile, RL = refrac-
tory lithophile, RS = refractory siderophile
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Figure 2. The chemical equilibrium condensation sequence from 900 to 1800 K in the inner re-
gions of the solar nebula. The abundances of the different condensates stable at complete
chemical equilibrium are displayed along the P,T profile illustrated in Fig. 1. The condensation
of Fe metal at about 1450 K marks the appearance of a potentially important catalyst for reac-
tions involving carbon and nitrogen compounds The line labelled graphite shows the thermo-
dynamic activity of carbon dissolved in Fe metal under equilibrium conditions. The astrological
symbols for Mercury, Venus, Earth, and Mars are shown at the appropriate places on the dis-
tance scale which is in inverse astronomical units. Fig. 3 shows the condensate stability fields
and abundances at lower temperatures. Modified from Barshay (1981).
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Figure 3. As in Fig. 2 from about 200 to 900 K. The condensate stability fields and abundances
are indicated along the nebular P, T profile illustrated in Fig. 1. The astrological symbols for
Mercury, Venus, Earth, and Mars are shown at the appropriate places on the distance scale.
Note the formation of FeS at 690 K which could potentially deactivate Fe grains as catalysts by
coating them with a sulfide layer.The Fe-bearing silicates fayalite Fe,SiO, and ferrosilite
FeSi0,, which form in solid solution with their magnesian counterparts, first have appreciable
abundances at about 800 K. Formation of these two minerals may be kinetically inhibited be-
cause of slow solid state diffusion between Fe metal grains and silicates. All Fe metal which
has not already been converted to troilite is removed by magnetite formation at about 400 K.
Modified from Barshay (1981).
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observational evidence shows that the Pt metal nuggets are physically sequestered inside CAls,
and thus are removed from exposure to the nebular gas at fairly high temperatures by condensa-
tion of the refractory oxide and silicate minerals. Any remaining Pt metal nuggets which escape
this fate will of course be dissolved in the much more abundant Fe metal alloy, once it con-
denses. Thus, by the time that the nebular temperature has dropped to the point where organic
compounds can be formed by processes such as Fischer-Tropsch-type (FTT) reactions, the Pt
metal nuggets are no longer available as catalysts.

At lower temperatures, Fe alloy containing other siderophile (metal-loving) elements in
solid solution. , forsterite (Mg,SiO,), and enstatite (MgSiO,) are predicted to form. Together,
these phases make up the bulk of the condensible rocky material in solar composition gas. The
condensation (or evaporation) curve for Fe-Ni alloy is an important phase boundary for carbon
and nitrogen chemistry because the metal alloy is potentially the most abundant and most effec-
tive catalyst for reactions involving these two elements. At high temperatures some of the Fe
alloy can react with P gases to form schreibersite Fe,P. However, because of the mass balance
constraints imposed by solar elemental abundances (see Table 1), this reaction only consumes a
minor amount of the total available alloy. Much more of the Fe metal is removed by formation
of troilite (FeS), which occurs at the pressure independent temperature of 690 K. This involves
the reaction of H,S(g) with the metal grains to form more Ni-rich metal grains coated by FeS.
The reaction is pressure independent because the overall stoichiometry involves consumption of
one mole of H,S(g) and production of one mole of Hy(g). At still lower temperatures of
370-400 K, the remaining metal alloy can be attacked by nebular water vapor to form magnetite
(Fe,0,). Again, this reaction is pressure independent because as the same number of moles of
H,0(g) and H,(g) are consumed and produced, respectively.

If the Fe-Ni remains well mixed with the nebular gas throughout its stability field, it is
a potential catalyst throughout this entire temperature range. However, if the metal grains do
not remain well mixed with the nebular gas (e.g., by settling to form much larger metal chunks
in the nebular midplane on a time scale that is rapid with respect to nebular cooling) then their
catalytic efficiency will be correspondingly diminished. Likewise, if troilite formation at 690 K
results in FeS coatings on all metal grains, then no metallic surface will be left exposed to cata-
lyze reactions at lower temperatures. In later sections when we discuss Fe metal grain catalyzed
reactions of CO and N, we assume that the metal grains in fact remain well mixed with the
nebular gas at the solar Fe/H, abundance ratio, and that the exposed surfaces are not coated by
FeS and remain catalytically active down to 370-400 K where magnetite formation occurs.

Two other major events are predicted to occur below 690 K where troilite forms. One is
the formation of hydrated silicates by the reaction of nebular water vapor with anhydrous sili-
cates. However, as we discuss later, hydration of anhydrous silicates by nebular water vapor
probably did not actually occur. Qualitatively, the process is analogous to hydrating rock in a
near vacuum. Quantitatively, as shown later, the time scale for hydrated silicate formation in
the solar nebula is orders of magnitude longer than the lifetime of the nebula itself. The other
event is the condensation of water ice. Fig. 1 schematically illustrates the pressure-dependent
temperatures at which both processes are predicted to occur. Hydrated silicate formation is ex-
emplified by the formation of serpentine [Mg,Si,0,(0H),] + brucite [Mg(OH),] by the reaction
of forsterite and water vapor. The water ice condensation line shown in Fig. 1 simply represents
the line along which the partial pressure of water vapor in the solar nebula becomes equal to the

water vapor pressure over H,O(ice). If nebular pressures ever became high enough, the water
ice condensation curve would cross the freezing point (273 K), and liquid water would form.
This is unlikely.
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TABLE 6. Summary of Hydrated Silicate Condensation Calculations?
Condensation Hydrated Phase(s) and Chemical Water Con- Sources

Temp. (K)° Formula(s) tent (w/o)
~500 Tremolite [Ca,Mg.Si;O,,(OH),] 2.2 1
<470° Na phlogopite [NaMg,AlSi,0,(OH),] 4.5 2
~4604 Hydroxyapatite [Ca (PO,),0H] 1.8 3
~400° Serpentine [Mg,Si,0,(OH),] 13 4
~230% Serpentine [Mg,Si,0,(OH),] 13 5
<2748 Serpentine [Mg,Si,O,(OH),] + Bru- 16.1 2
cite [Mg(OH),]
~225 Serpentine [Mg,Si,0,(OH),] + Bru-  16.1 6
cite [Mg(OH),}
~400° Talc [Mg,Si,0,,(OH),] 48 1
~340¢ Talc [Mg,Si,0,,(0OH),] 4.8 5
~160-280"  Talc [Mg,S1,0,,(0H),] 4.8 7
~250 Talc [Mg,Si,0,,(0OH),} + Brucite 8.3 6
[Mg(OH),]
~160' Water Ice [H,0] 100 8

(a) Modified from Prinn & Fegley 1989.

(b) The condensation temperature is the highest temperature at which the hy-
drated phase is stable along the solar nebula P,T profile shown in the figures.

(c) Na phlogopite forms at 470 K at 10 bars and will form at lower tempera-
tures along the solar nebula P,T profile used here.

(d) The water content is calculated on the basis of 1 H,0 molecule per 2 hy-
droxyapatites.

(e) This result is predicated on solid-solid chemical equilibrium which is un-
likely at these low temperatures (see text).

(f) Barshay's calculations used a feldspar-nepheline buffer for silica at T<600
K.

(g) This assemblage forms at 274 K at 10 bars and will form at lower tem-
peratures along the solar nebula P,T profile used here.

(h) Larimer & Anders 1967 list 2 possible talc formation reactions: 3MgSiO,(s)
+ SiOy(s) + H,0(g) — Mg,Si,0,(OH),(s) and 3Mg,Si0,(s) + 55i0,(s) + 2H,0(g) —
2Mg,Si,0,(OH),(s) with condensation temperatures of 160-280 K at total
pressures of ~ 10%-10° bars.

(i) The shaded region for water ice condensation in Fig. 10 illustrates the
range of condensation temperatures assuming that all carbon is either CH,
(higher T) or CO (lower T).

Sources: (1) Lewis 1972a; (2) Hashimoto & Grossman 1987; (3) Fegley & Lewis

1980; (4) Lewis 1974; (5) Barshay 1981; (6) Prinn & Fegley 1989; (7) Larimer &
Anders 1967; (8) Lewis 1972b
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At even lower temperatures below the water ice condensation curve, the highly volatile
gases such as CO, N,, CH,, NH,, etc. are predicted to condense. This may occur by formation
of a distinct hydrate with water ice, as in the case of NH;+H,0(s) or by trapping the gas in the
water ice crystalline lattice as in the case of clathrate hydrate formation. The clathrate hydrates
which could have formed involve CO, N,, and CH,. Their ideal chemical formulas are
CO+6H,0(s), N,*6H,0(s), or CH,+6H,0(s). Finally, at even lower temperatures around 20 K,
the pure ices of these gases may have condensed. However, it is very unlikely that nebular tem-
peratures were ever low enough (< 20 K) to condense Ne(s) or H,(s).

6. Thermochemical Kinetic Models of Nebular Chemistry

The central problem with chemical equilibrium models of nebular chemistry was probably rec-
ognized first by Urey, who pioneered the applications of physical chemistry in general and
chemical thermodynamics in particular to cosmochemistry. While discussing the applications
of chemical thermodynamic methods and data to nebular modelling Urey (1953) noted that
“Our data in this field give much information relative to possible reactions, and at higher tem-
peratures they certainly give us practically assured knowledge of the chemical situations due to
the high velocities of reactions, at least in homogeneous systems, providing the data are ade-
quate, which is unfortunately not always the case. At lower temperatures, thermodynamic equi-
librium may not be reached even in periods of time that are long compared to the age of the
universe, and at these temperatures the kinetics of thermal reactions or of photochemical reac-
tions become important."

It is somewhat ironic that Urey's early recognition of the potential problems with purely
chemical equilibrium models of nebular chemistry was not acted on for nearly 30 years (e.g.,
Lewis and Prinn 1980; Prinn and Fegley 1981). However, one decade later, it is generally ac-
knowledged that thermochemical reactions in the solar nebula were coupled with and in-
fluenced by nebular dynamics, although the exact extent and nature of this coupling and
influence are currently a matter of great debate. At one extreme there is the view that nebular
mixing was very inefficient at transporting thermally reprocessed material outward from the
hotter nebular regions inward of a few A.U. to the colder nebular regions at distances of a few
to a few tens of A.U. (Stevenson 1990). At the other extreme there is the opposite view that
nebular mass transport outward was extremely efficient and that the high temperature speciation
formed in the hotter inner regions dominated the chemical composition of the entire solar nebu-
fa (Prinn 1990). At present, the efficiency of nebular mass transport for polluting the outer
nebula with thermochemical products formed in the inner nebula is still controversial. In the
following discussion we adopt the view that nebular thermochemistry played the dominant roie
in controlling the molecular speciation throughout the entire solar nebula due either to mass
transport from the inner nebula, or due to processing in the hot, dense giant protoplanetary sub-
nebulae postulated around the gas giant planets during their formation.

7. Carbon and Nitrogen Chemistry in the Solar Nebula

Carbon and nitrogen chemistry in the solar nebula are complex topics which are still incom-
pletely understood. We begin by discussing the gas phase equilibrium chemistry and then con-
sider the effects of kinetic inhibition of the important gas phase thermochemical reactions
responsible for interconverting CO & CH, and N, & NH, in the solar nebula. We then review
the role of grain catalyzed reactions, such as Fischer-Tropsch-type (FTT) reactions which may



99

have been important for the production of organic matter found on primitive bodies such as as-
teroids, comets, interplanetary dust particles, and meteorites.

7.1 GAs PHASE CHEMISTRY

To a good first approximation, the gas phase chemistry of carbon in a H,-rich gas with solar
elemental ratios is dominated by CO, and CH,, and to an even better approximation the gas
phase chemistry of nitrogen is dominated by N, and NH,. Neglecting for a moment several
complicating factors CO is the dominant carbon gas at high temperatures and low pressures,
while CH, is the dominant carbon gas at low temperatures and high pressures in solar composi-
tion material (Urey 1953; Lewis, Barshay, and Noyes 1979). Likewise N, is the dominant nitro-
gen gas at high temperatures and low pressures, while NH, is the dominant nitrogen gas at low
temperatures and high pressures (e.g., Fegley 1983). The oxidized (i.e., CO and N,) gases are
converted into the reduced (i.e., CH, and NH,) gases by the net thermochemical reactions:

CO(g) +3H2(g) = CHa(g) + H20(g)

N2(g) +3Ha(g) = 2NH;(g).

CO is also converted into CO, by the net thermochemical reaction

CO(g) + H20(g) = CO2(g) + Hz(g).

The thermochemical conversions of the oxidized C and N gases to their reduced counterparts
proceed to the right with decreasing temperature at constant pressure. The conversion of CO
into CO, also proceeds to the right with decreasing temperature. Thus, if chemical equilibrium
were maintained as the gas cooled, the CO/CH,, CO/CO,, and N,/NH, ratios would all decrease
as the temperature decreased. This behavior is illustrated in Fig. 4 where these ratios are plotted
as function of 1/T along the solar nebula P, T profile shown earlier.

Clearly, the extent to which the homogeneous gas-phase conversions of the oxidized to
reduced C and N gases can proceed with decreasing temperature is dependent on the rates of the
elementary reactions that make up the reaction pathway relative to the rates of nebular mixing
and overall cooling. If the chemical conversion is much faster than the rate at which the gas
parcel is mixed outward to cooler nebular regions (or than the rate at which overall cooling of
the nebula proceeds) then chemical equilibrium will be closely approached as cooling proceeds.
However if the chemical conversion is much slower than the rate at which mixing outward to
cooler regions (or overall cooling) occurs, then chemical equilibrium will be frozen in, or
quenched at some point, and the gas phase composition in cooler regions will be the same as
that established at the quench point. If we denote the chemical lifetime for conversion of the
oxidized to the reduced gases by t, . and the nebular mixing (or overall cooling) time by t_,,
the former case is represented by the inequality t, = <t and the latter case is represented by
the inequality t,__ >t . . The intermediate case which occurs at the quench temperature (T,) is
represented by the equality t, =t _. . Once expressions forthe t,  andt . are available, it is
then possible to calculate the position of the quench temperature T in a solar nebula model.

Data from the chemical kinetic and chemical engineering literature can be used to cal-
culate the t,__ values for the CO—CH,, CO—CO,, and N,—NH, conversions (e.g., Lewis and
Prinn 1980; Prinn and Fegley 1981, 1989). The t_, values can be bounded by considering the
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Figure 4. Changes in the equilibrium CO/CH,, CO/CO,, and N,/NH, ratios as a function of
temperature along the solar nebula P,T profile illustrated in Fig. 1. The vertical dashed lines in-
dicate the temperatures at which the homogeneous gas phase conversions of CO to CH,, CO to
CO,, and N, to NH, are quenched in the solar nebula if the conversions can proceed over the
entire nebular lifetime of 10 seconds. If mixing of hot gas to cooler regions occurs more rap-
idly, then the quench temperatures will be higher. Conversely, if the reactions could proceed for
longer times, the quench temperatures will be lower. However, the chemical conversions clear-
ly cannot proceed for longer than the nebular lifetime. The effects of Fe metal grains on the
rates of these conversions are discussed in the text. Modified from Fegley and Prinn (1989).
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fastest and slowest possible nebular mixing times. Following Cameron (1978), the fastest pos-
sible mixing time has generally been estimated as t_, ~ 3H/Vg ~ 10® sec, where H is the ra-
dial density scale length and V, is the sound speed in the solar nebula. The slowest possible
mixing time has generally been equated to the lifetime of the solar nebula. On the basis of as-
tronomical observations of disks around young stellar objects (e.g., Strom, Edwards, and Strom
1989) this lifetime is ~ 10 sec. The arguments below are unaltered if longer lifetimes of
about 10" sec (10 million years) consistent with '’Xe measurements of the time interval be-
tween the formation of chondrules and meteorite matrix are used.

The results of comparing the t, . and t ., values are as follows. Homogeneous gas

phase reactions with t,_ > 10° sec may be quenched in a turbulent, rapidly mixed region of the
solar nebula, but may well proceed down to fairly low temperatures in more sluggishly mixed
nebular regions. However, without making any assumptions about nebular mixing rates, it is
clear that reactions witht,__ > 10""** sec will certainly be quenched because this time corre-
sponds to the longest possible mixing time, the lifetime of the nebula itself. Longer times are
simply not possible (unless either the astrophysical or cosmochemical evidence has greatly un-
derestimated the lifetime of the solar nebula).
In fact, when the t,__ values are calculated using kinetic data from the literature, we
find that the quench temperature for the CO—CH, conversion is about 1470 K. As illustrated
in Fig. S, this temperature is well inside the CO stability field at a point where the CO/CH, ra-
tio is ~ 107. Likewise the calculated quench temperature for the N,—NH, conversion is about
1600 K. As shown in Fig. 6, this temperature is also well inside the N, stability field and corre-
sponds to a N,/NH, ratio of ~ 10°. The quench temperature for the conversion of CO to CO, is
shown in Fig. 7. It is also inside the region where CO is dominant at a temperature of about 830
K and a CO,/CO ratio of 10*7. The CO—CO, conversion is thus more facile than the conver-
sions of the oxidized to reduced species. This is a consequence of the relatively rapid intercon-
versions between oxidized carbon species such as CO, CO,, H,CO, etc.

These quench temperatures are calculated for the representative nebular P, T profile
shown earlier. The variation of the quench temperatures T, with the total assumed nebular pres-
sure are also plotted in Figs. 5-7 where it is seen that T, drops with increasing pressure. Lower
quench temperatures bring the point where equilibrium is frozen in closer to the boundaries in
P,T space where the CO/CH, and N,/NH, ratios are unity. However, total pressures of about 0.3
bars (at 1000-1100 K) are required for T, to intersect the CO/CH, phase boundary. Somewhat
larger pressures of about 80 bars are required to intersect the N,/NH; boundary. These pressures
are several orders of magnitude higher than those calculated in many currently accepted nebular
models. Such high pressures are probably inconsistent with the mineralogy of chondrites be-
cause complex multiphase liquids would condense instead of solid minerals under these high
pressures (e.g., see Grossman and Larimer 1974), and the trace element abundance patterns in
the CAls in carbonaceous chondrites would also be much different than what is actually seen.
Thus, it is very safe to state that the thermochemical kinetic models of homogeneous gas phase
chemistry show that CO and N, were the dominant C and N gases throughout the solar nebula.

However, the situation is predicted to have beén dramatically different in the higher
density environments, known as the giant protoplanetary subnebulae, which existed around the
gas giant planets during their formation. A representative P, T profile taken from the work of
Prinn and Fegley (1981) on the Jovian subnebula is illustrated in Figs. 5-7. At a given tempera-
ture, the expected pressure in the Jovian (or Saturnian, etc.) subnebula is several orders of mag-
nitude higher than that in the surrounding solar nebula. This difference has two important
consequences. One is that the Jovian subnebula P,T profile lies within the thermochemical
equilibrium stability fields of CH, and NH;. The other is that the kinetics of the CO-—~CH,,
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Figure 5. Gas phase equilibrium chemistry of carbon in a solar composition gas. Carbon mon-
oxide is the dominant carbon gas at high temperatures and low pressures and methane is the
dominant carbon gas at low temperatures and high pressures. The heavy solid diagonal line is
the phase boundary between CO and CH,. The two gases have equal abundances along this
line. The dashed diagonal lines indicate different CO/CH, ratios. For example, the dashed line
labelled 1 indicates CO/CH, = 10, and the dashed line labelled -2 indicates CO/CH, = 0.01.
Also shown are the condensation curve for Fe(s, liq), the adopted P,T profiles for the solar
nebula and the Jovian protoplanetary subnebula, and the line showing the quench temperature
T, for the homogeneous gas phase conversion of CO to CH,. This quench temperature is calcu-
lated assuming that the time available for the conversion (t,,,) is the same as the nebular life-
time (t_, ) of 10" seconds. As mentioned previously, longer conversion times are not physically
possible and shorter conversion times, corresponding to more rapid mixing, yield higher
quench temperatures. The intersection of the T, line with the nebular and subnebular P,T pro-
files shows the CO/CH, ratio at the quench point. As discussed in the text, quenching yields a
CO-rich solar nebula and a CH,-rich subnebula. Finally, as first shown by Urey (1953) and later
confirmed by Lewis, Barshay and Noyes (1979) there is a graphite stability field off to the low-
er left of this figure. The maximum temperature for graphite stability is about 470 K and the
maximum pressure is about 107 bars. Modified from Fegley and Prinn (1989).
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Figure 6. Gas phase equilibrium chemistry of nitrogen in a solar composition gas. Molecular
nitrogen is the dominant nitrogen gas at high temperatures and low pressures and ammonia is
the dominant nitrogen gas at low temperatures and high pressures The heavy solid diagonal line
is the phase boundary between N, and NH,. The two gases have equal abundances along this
line. The dashed diagonal lines indicate constant ratios of N,/NH, with a line labelled 2 indicat-
ing a ratio of 100 and a line labelled -3 indicating a ratio of 0.001. As in Fig. 5 the adopted P,T
profiles for the solar nebula and the Jovian protoplanetary subnebula are also shown along with
the quench temperature T, line for t, =t = 10" seconds. Likewise, the intersection of the
T, line with the P,T profiles shows the N,/NH, ratio at the quench points. Quenching yields a
N,-rich solar nebula and a NH,-rich Jovian protoplanetary subnebula. Modified from Prinn and

Fegley (1989).
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Figure 7. Chemical equilibrium ratios of CO,/CO in a solar composition gas are plotted as a
function of temperature and pressure along with the adopted P,T profiles for the solar nebula
and the Jovian protoplanetary subnebula, and the T, line for the CO to CO, homogeneous gas
phase conversion. Note that the CO to CO, conversion is relatively facile, leading to lower
quench temperatures than for the reduction of CO and N,. The phase boundary between CO and
CH, is also shown for reference. The inflections in the contours of CO,/CO are due to the
change in the water abundance at this phase boundary. As shown by Lewis, Barshay, and
Noyes (1979) there is a field off to the bottom left of this figure where CO, is the dominant car-
bon gas. This occurs inside the graphite stability field at temperatures below about 375 K and
pressures below about 10" bars. Modified from Fegley and Prinn (1989).
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C0—CO,, and N,—~NH, conversions are much more favorable in these environments because
of the higher densities at a given temperature. As a result the conversions proceed down to low-
er temperatures where the reduced gases (or CO,) are relatively much more abundant. In par-
ticular, for the Jovian subnebula P, T profile illustrated in Figs. 5-7, quenching of the CO—~CH,
conversion is predicted at 840 K and CH,/CO ~ 10°, quenching of the N,—NH, conversion is
predicted at 1370 K and NH,/N, ~ 1, and quenching of the CO—CO, conversion is predicted
at 740 K and CO,/CO ~ 0.01 (Prinn and Fegley 1989). The dramatic differences between the
predicted chemistry in the Jovian protoplanetary subnebula and the solar nebula are vividly
demonstrated by the fact that the subnebular CH,/CO ratio is ~ 10" times larger than the solar
nebula ratio and that the subnebular NH,/N, ratio is ~ 10° times larger than the solar nebula ra-
tio. The giant protoplanetary subnebulae are thus predicted to be very efficient thermochemical
processing plants for the production of reduced carbon and nitrogen gases. As we shall see lat-
er, this dramatic difference between C and N chemistry in the solar nebula and protoplanetary
subnebulae has important implications for the chemistry of volatiles in the coma of comet
P/Halley.

7.2 GRAIN CATALYZED CHEMISTRY

The results above are specifically for homogeneous gas phase chemistry. However, as men-
tioned earlier, Fe metal, which is the most abundant transition metal in solar composition mate-
rial, is predicted to be stable over a wide temperature range in the solar nebula. Industrial
experience shows that Fe alloys are catalysts for the production of ammonia from the elements
via the Haber process and for the production of synthetic fuels from CO + H, (Bond 1962; Dry
1981; Biloen and Sachtler 1981). Thus, the presence of Fe metal grains in the solar nebula may
modify the results described above by accelerating the rates of the CO—CH,, CO—~CO,, and
N,—NH, conversions and by converting a substantial portion of nebular CO to organic com-
pounds via Fischer-Tropsch-type (FTT) reactions.

As we can see from Fig. 1, the lowest temperature at which Fe grains are expected to be,
present in the solar nebula is in the range of 370400 K where magnetite is predicted to form.
The Fe grains may be removed from the gas phase at higher temperatures if they agglomerate
together and settle to the nebular midplane at a rate more rapid than that at which the nebula
cools. Alternatively the Fe metal grains may remain dispersed, but catalytically inactive in the
nebular gas at temperatures below 690 K if they are coated with FeS. In fact, petrographic stu-
dies of the unequilibrated ordinary chondrites, which are generally believed to preserve a record
of nebular processes, show FeS-rimmed metal grains which may be nebular condensates
(Rambaldi and Wasson 1981, 1984). Because neither situation can be predicted with certainty,
we adopt the most conservative view possible, namely that Fe metal grains remain dispersed in
the nebular gas with an abundance equal to the Fe/H, atomic ratio, at temperatures down to
370400 K where magnetite is predicted to form. However, below this temperature, it is likely
that the Fe metal grains will be rendered catalytically inactive by the formation of magnetite
coatings, which chemically isolate them from the nebular gas.

By adopting this conservative viewpoint we can set a firm upper limit to the NH, abun-
dance and a firm lower limit to the N,/NH, ratio in the solar nebula because the magnetite
formation temperature is taken as the quench temperature for the N,—NH, conversion. From
Fig. 6 we then see that taking T, ~ 370-400 K yields N,/NH; ~ 100 in the solar nebula. Of
course, this result is applicable to the P,T profile assumed for our modelling. However, many,
if not all of the currently accepted nebular models have P,T profiles which lie to the left of the
one adopted here and will thus also yield N,/NH, >> 1. It is important to note that this treat-
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ment of the Fe grain catalyzed N,—NH, conversion is independent of the actual reaction rate
and of the assumed Fe grain size. A model dependent estimate of the solar nebula N,/NH, ratio
has also been made by (1) making the reasonable assumption that the typical Fe metal grain
size (100 um radius) in primitive chondritic meteorites is relevant to the solar nebula and (2)
taking kinetic data from the chemical engineering literature for the rate of the Fe catalyzed con-
version. This approach yields a slightly higher quench temperature of 530 K and a N,/NH, ratio
of about 170 if the N,—NH, conversion is allowed to proceed for the entire nebular lifetime of
10" seconds (Lewis and Prinn 1980). Therefore, the possibility of grain catalyzed NH, forma-
tion in the solar nebula does not alter the conclusion reached earlier from consideration of the
homogeneous gas phase reaction kinetics, namely that N, was the dominant nitrogen gas
throughout the entire solar nebula.

Of course Fe grain catalyzed NH, formation is also possible in the giant protoplanetary
subnebulae around Jupiter and the other gas giant planets during their formation. As previously
mentioned, the P, T profiles for these higher density environments are expected to lie within the
NH, stability field. Thus, if catalysis is indeed effective, it will simply lead to the production of
even more NH, and thus strengthen the conclusions reached earlier. In fact, taking the pressure-
independent magnetite formation temperature of 370400 K as the absolute minimum quench
temperature yields NH,/N, ~ 10°, The model dependent estimate using the same kinetic data
from the literature and the maximum conversion time of 10" sec results in T, ~ 495 K and
NH,/N, ~ 2000 (Prinn and Fegley 1989). This ratio is applicable to the Jovian subnebula P,T
profile shown in the figures. We would expect that the P,T profiles for the Saturnian subnebula
and for any subnebulae of the other gas giant planets would lie at slightly lower pressures at a
given temperature and thus have slightly lower NH,/N, ratios. However, these ratios are still
expected to be > 1.

Now we can consider how the presence of Fe metal grains affects the kinetics of the
CO—CH, conversion. Again, an absolute lower limit can be set by assuming that the Fe metal
grains remain catalytically active and well mixed with the nebular gas down to the magnetite
formation temperature. In this case, we obtain CO/CH, ~ 10?, in other words all carbon in the
solar nebula is in the form of methane. The lower density P,T profiles found in other nebular
models lead to larger CO/CH, ratios, but they are all still much less than unity. However, it is
important to ask whether or not we actually expect Fe metal grains to catalyze the CO—CH,
conversion down to such low temperatures.

This point has been examined by Prinn and Fegley (1989) who used literature data on
the rate of the heterogeneously catalyzed CO—CH, conversion on ultra-clean, high purity, spe-
cially prepared Fe surfaces (Vannice 1975, 1982). The literature rate equation for the CO—CH,
conversion on metallic Fe particles is

4[CH,] = ~4{CO] = [siteslkscPr,

where [i] is the gaseous molecular number density per cm’, [sites] is the number density of all
catalytically active sites on the surfaces of all Fe grains in each cm’ of the solar nebula, Py, is
the H, partial pressure in bars, and kg, is the experimental rate constant expressed as the num-

ber of CH, molecules produced per active site per second. The value for k,, was taken as

Ksie ~ 2.2 x 107 exp(~21, 300/RT)
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for the CO—CH, conversion on clean Fe surfaces. The chemical time constant t,, for the Fe
grain catalyzed CO—CH, conversion is then given by

tehem = —[CO)/A[CO].

Taking the shortest feasible mixing times of about 10° sec based on Cameron's (1978) estimate
of transport at 1/3 sound speed, Prinn and Fegley (1989) calculated T, ~ 900 K and CO/CH, ~
10*%. On the other extreme, taking the longest possible mixing time equal to the nebular life-
time of 10"sec gave T, ~ 520 K and CO/CH, ~ 10°*. The results of their calculations are dis-
played in Fig. 8. Mendybayev et al (1986) made an analogous model of Fe grain catalyzed CO
reduction in the solar nebula, but used a slightly different rate constant in their calculations.
They computed a quench temperature of 750 K and CO/CH, ~ 10 assuming thatt, =t ~
10°* seconds.

At this point it is important to emphasize that both the results of Prinn and Fegley
(1989) and of Mendybayev et al (1986) are based on the rate constants measured for the
CO—CH, conversion on ultra-clean, high purity, specially prepared Fe surfaces, which do not
exist in the solar nebula. This is important for two reasons. First, once Fe metal condenses in
the nebula it begins acting as a solute, or host phase, for other elements that dissolve in it. Al-
though the other transition metals which can dissolve in the Fe will probably not drastically
change its catalytic activity, other predicted solutes such as P, S, C, N, and O (Kozasa and Ha-
segawa 1988; Fegley and Lewis 1980) will probably have more deleterious effects. Indeed, sul-
fur is a well known catalyst poison. Second, the laboratory studies of Fe catalyzed CO
reduction show that the metal surface is rapidly inactivated by the forming of carbonaceous
coatings as the reaction proceeds (e.g., Krebs, Bonzel and Gafner 1979; Vannice 1982). This
effect is potentially relevant to the solar nebula because carbonaceous coatings and "tar balls"
are commonly observed in interplanetary dust particles or IDPs (e.g., Bradley, Brownlee, and
Fraundorf 1984; Bradley and Brownlee 1986). The model results are therefore probably best
viewed as upper limits to the efficiency of Fe catalyzed CO reduction and as lower limits to the
solar nebula CO/CH, ratio.

However, another, more likely course of events, is that Fe grains catalyzed organic
compound formation from nebular CO + H, via FTT reactions. As noted previously (Fegley
1988, 1990; Fegley and Prinn 1989; Prinn and Fegley 1989), this pathway is more likely for the
following reasons: (1) "tar balls", which are associations of carbonaceous material and Fe-
bearing grains such as carbide, metal, or oxide, are commonly observed in chondritic IDPs
(Bradley, Brownlee, and Fraundorf 1984; Bradley and Brownlee 1986; Bradley, Sandford, and
Walker 1988; Christoffersen and Buseck 1983), (2) the "tar balls" are qualitatively similar to
the carbonaceous deposits found on Fe-based FTT catalysts in the laboratory (Vannice 1982;
Krebs, Bonzel, and Gafner 1979), (3) graphite is predicted to be stable at low T and P in a solar
gas (Lewis, Barshay, and Noyes 1979), but its precipitation may be kinetically inhibited and
hydrocarbons may form instead, (4) the low albedos and reflection spectra of many outer solar
system objects implies the presence of dark carbonaceous material on the surfaces of these bo-
dies (e.g., Himalia, Elara, Parisphae, Carme, Sinope, Lysithea, Ananke, Leda, Phoebe, the Ura-
nian rings, part of the surface of Iapetus, the nucleus of comet P/Halley, etc.), (5) theoretical
estimates of the carbon budget of the outer solar system indicate that about 10% of nebular CO
was converted into organic matter (Simonelli et al 1989), and (6) carbonaceous material analo-
gous to FTT reaction products is found in primitive chondritic meteorites (e.g., Hayatsu and
Anders 1981: Studier, Hayatsu, and Anders 1968).
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Figure 8. An illustration of the different chemical and physical timescales associated with the
Fe grain catalyzed CO to CH, conversion in the solar nebula. The two horizontal lines show the
estimated lifetime of the solar nebula (which constrains the longest possible time to do chemis-
try) and the estimated minimum radial mixing time (which fixes the shortest possible time to
do chemistry). These two timescales are compared to the collision lifetime for CO to collide
with 100 um radius Fe grains and the chemical lifetime for the Fe grains to catalyze conversion
of CO to CH,. These times are calculated as described in the text. The results of the calcula-
tions show that if the Fe grains in the nebula are as efficient as high purity, specially prepared
Fe catalysts in the laboratory, then a substantial fraction of CO may be converted to CH,. How-
ever, as argued in the text, the more likely outcome of Fe grain catalyzed carbon chemistry is
probably the formation of organic compounds via Fischer-Tropsch-type (FTT) reactions. Modi-
fied from Prinn and Fegley (1989).
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Although some of the evidence presented by Anders and colleagues in favor of a FTT
origin for organic compounds in meteorites is currently disputed (e.g., see Cronin's paper in this
volume, and Shock and Schulte 1990a,b), these points taken together argue strongly that organ-
ic compounds were reasonably abundant in the solar nebula. The most plausible source of this
organic matter is Fe grain catalyzed formation from CO, the most abundant carbon feedstock in

the solar nebula.
The Fischer-Tropsch syntheses of alkanes, alkenes, and alcohols from nebular CO + H,

are exemplified by reactions such as

(2n+ 1)H, +nCO = C,Hyyy2 +nH,0

(n+ 1)H, +2nCO = CyH;y42 +nCO,

2nH; +nCO = C,Hy, +nH,0

nH; +2nCO = C,H3, +nCO;

2nH; +nCO = C;H2,,1OH + (n— 1)H;0

(n+DH; +(2n-1)CO = CyH2041OH + (n— 1)CO,,

Fegley (1988) estimated the quench temperatures and time constants for FTT reactions in the
solar nebula by using the kinetic theory of gases to calculate the rate of the grain catalyzed reac-
tions. This approach is based on the assumption that the initial grain catalyzed reaction rate will
depend upon the collision rate of CO (the less abundant reactant gas) with the grain surfaces
(Fe metal grains). The grains are further assumed to be covered with sorbed H,, which is rea-
sonable since it is by far the most abundant nebular gas. Then, the collision rate (07,) of CO
with the grains is given by

Gi = 10354[P,/(M;T) 7]

where 0 has units of molecules cm™ sec”, P, is the CO partial pressure in bars, M, is the CO
molecular weight in g mole’, and T is the temperature in Kelvins. The total number of colli-
sions of the CO molecules with all Fe grains in each cm’ of the solar nebula is expressed as

Vi =G;A

where A is the total surface area of all Fe grains per each cm’ of the nebula. For the purposes of
the calculations, the Fe grains are assumed to be monodisperse, spherical grains that are fully
dense and uniformly distributed at solar abundance in the nebular gas. Grain radii from 0.1 pm
to 100 um were used in the model calculations.

A collision time constant t_,, which is the time required for all CO molecules to collide
with all Fe grains in each cm® of the solar nebula, can be calculated from the equation

teat = [COYv;.
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Now, if every collision of a CO molecule with an Fe grain led to organic compound synthesis,
then t_, would also be the chemical time constant t, ., for CO destruction. However, only a
small fraction of collisions that have the necessary activation energy E, lead to a chemical reac-
tion. This fraction of reactive collisions is given by

f; = vi exp(-E./RT)
where R is the ideal gas constant. Then the chemical time constant for CO destruction is
tenem = [COV/fi = teon/ exp(—Ea/RT).

On the basis of E_ values from the meteoritic and chemical engineering literature (Dry 1981;
Hayatsu and Anders 1981), Fegley (1988) took E, = 90 kJ mole™. Over the nebular lifetime of
10" sec, iron grains comparable in size to those in chondritic meteorites (100 pm radius) could
convert ~ 10% of all CO into organic compounds before quenching occurred at about 510 K.
On the other hand, much smaller Fe grains comparable in size to those in IDPs (0.1 um radius)
could convert this much CO into organics down to 440 K. However, these theoretical estimates
are probably upper limits because H,0 sorption onto the Fe grain surfaces, thus reducing the
amount of reactive sorbed H,, was neglected. In any case, the estimated quench temperatures of
440-510 K are consistent with the laboratory results of Anders and colleagues (e.g., Anders,
Hayatsu, and Studier 1973) showing that catalysis of FIT reactions was effective down to
about 375 K. The estimated conversion of about 10% of CO is also consistent with the indepen-
dent theoretical estimates of Simonelli et al (1989) that about 10% of the nebular CO was in-
deed converted into organic matter.

However, many important questions about the importance of FTT reactions in the solar
nebula still remain to be answered. Prinn and Fegley (1989) emphasized that no systematic stu-
dies were available on the effects of process parameters such as the total pressure, temperature,
time, CO/H, ratios, chemical and physical properties of the Fe metal catalyst, the presence of
catalyst poisons such as H,S, etc. In the absence of such data obtained under conditions relevant
to the solar nebula, they used existing studies of FTT reactions under a range of conditions to
provide some guidelines about the probable course of events in the solar nebula. Figure 9, taken
from their paper, shows the effects of variable CO/H, ratios on the composition of hydrocar-
bons formed at a low total conversion of CO to organics. Not surprisingly, as the CO/H, ratio
decreases (i.e., a more H, rich gas), the products in the single pass flow system become more
enriched in CH, and C, hydrocarbons. Conversely, the product spectrum from an industrial sys-
tem used to produce synthetic fuel is C, (2%), C, (2%), C; (5%), C, (5%), C,-C,, (18%),
C,,-Cys (14%), C,y-C,y (7%), Cp4-Css (21%), and >Cy, (26%) (Dry 1981). This composition is
rich in large molecules because the reactor is run to high total conversion of CO to organics and
the outlet gas is recycled through the reactor to promote synthesis of larger molecules (Dry
1981). The FTT synthesis experiments conducted by Studier et al (1968) in static systems also
gave larger molecules (as expressed by the maximum number of C atoms per molecule) than
experiments run in flow systems under similar conditions. These results apparently indicate that
FTT reactions on meteorite parent bodies may have been more important than similar reactions
in the nebular environment, but no firm conclusions can be drawn at present.

8. Water Retention by Solid Grains
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Figure 9. A bar graph showing the hydrocarbons produced by the Fischer-Tropsch synthesis on
a Fe catalyst over a range of CO/H, ratios from 1:100 to 1:4. The results are for the initial
stages of hydrocarbon synthesis (i.e., low total conversion of CO to products) in a flow system
(Krebs et al 1979). Note that the lowest CO/H, ratio of 1:100 is still about 14 times larger than
the solar CO/H, ratio from Table 1. Modified from Prinn and Fegley (1989) where the ratios are
incorrectly shown as H,/CO ratios.
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The presence of oceans on the Earth but not on Venus illustrates one of the classic problems of
planetary science, namely the mechanism for water retention by solid grains during planetary
formation. Latimer (1950) and Urey (1952, 1953) suggested that hydrated silicates were re-
sponsible for water retention by the terrestrial planets. Despite the lack of accurate thermody-
namic data which prevented them from calculating hydrated silicate stability fields in a solar
gas, Urey (1953) was able to calculate the conditions under which water would be retained as
brucite [Mg(OH),], water ice, and ammonia monohydrate NH,+H,0(s). Urey (1953) concluded
"that water and ammonia would have condensed in the solar nebula and the existence of the
carbonaceous chondrites containing up to 10% of water confirms this conclusion..." Of course,
the kinetic inhibition of the N,—NH, conversion modifies Urey's original conclusion regarding
ammonia hydrate stability.

During the intervening 40 years there have been several studies of hydrated silicate
formation in the solar nebula. The results of these are summarized in Table 6, which lists con-
densation temperatures along the adopted nebular P, T profile, and in Fig. 10 which displays the
pressure dependence of the hydrated silicate and water ice condensation curves. Fig. 10 also
shows the calculated thermochemical isotopic fractionation for D/H between nebular H, and
H,0 as a function of temperature. Several specific predictions result from these calculations. As
the temperature decreases the first hydrous minerals to form are relatively water-poor phases
such as hydroxyapatite, tremolite, and Na phlogopite. These minerals become stable in the
460-500 K range. However, these phases are seldom, if ever, seen in chondrites, and thus their
existence in the solar nebula is problematic. Further decreases in temperature lead to the forma-
tion of more water-rich minerals such as brucite, talc, and serpentine, at temperatures of 400 K
and below. These minerals are the major hydrous phases which are observed in water-bearing
(e.g., CI, CM2, unequilibrated ordinary) chondrites. Decreasing temperature also leads to sys-
tematic variation of the D/H ratio in nebular water vapor. The net thermochemical equilibrium

HD(g) + H,O(g) = H2(g) + HDO(g)

proceeds to the right with decreasing temperature and thus nebular water vapor becomes prefer-
entially enriched in D as the temperature drops. This enrichment is expressed both as a frac-
tionation factor (simply the ratio of D/H in HDO to that in HD) and also as a 6D value relative
to Standard Mean Ocean Water (SMOW) in Fig. 10. Assuming that minimal isotopic fractiona-
tion occurs between nebular water vapor and the condensed phases, these results can then be
used as a guide to the predicted D/H ratio in the hydrated silicates and in water ice. Thus, the
hydrous phases formed at higher temperatures would be relatively D-poor and have a D/H ratio
about 1-2 times the protosolar value of 3 x 107, while the hydrous phases formed at lower tem-
peratures would be relatively D-rich. In this regard it is interesting to note that the terrestrial
D/H ratio of 1.6 x 10™ (i.e., the D/H of SMOW), is not attained until T ~ 200 K.

The predictions of the thermochemical equilibrium calculations look relatively straight-
forward, but they are based on the attainment of solid-solid, gas-solid, and gas phase chemical
equilibrium at low temperatures in the low density nebular environment. However, there are
several good reasons to doubt that complete chemical and isotopic equilibrium are in fact at-
tained under these conditions. We can illustrate some of the potential problems involved by
considering serpentine formation via the vapor phase hydration of forsterite and enstatite

MngIO4(S) + MgSIO3(S) + 2H20(g) - Mg3 Sle5(OH)4(S)
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Figure 10. The thermodynamic stability fields of important water-bearing minerals and water
ice over a range of temperatures and pressures applicable to the solar nebula and giant proto-
planetary subnebulae. From top to bottom the hydrated silicate stability fields are from Lewis
(1974) for tremolite, Fegley and Lewis (1980) for hydroxyapatite, and Fegley (1988) for ser-
pentine + brucite and water ice. The shaded regions for serpentine + brucite and water ice illus-
trate the effects of having either CO (bottom curves) or CH, (top curves) as the dominant
carbon gases. If CO remains the dominant carbon gas, then the amount of oxygen available for
incorporation into water vapor is decreased. The amount of oxygen incorporated into rocky ma-
terial, modelled as MgO + Si0,, was also taken into account in these calculations. The thermo-
chemical equilibrium fractionation factors (Richet, Bottinga, and Javoy 1977) for temperature
dependent partitioning of D between HD(g) and H,O(g) are also shown. These fractionation
factors are independent of the absolute D/H ratio in either phase. However, the 0D values , de-
fined as 6D = 10°[(D/H), .., - (D/H)gowl, do depend on the absolute D/H value chosen for H,
in the solar nebula (taken as 2 x 10°%). In this expression SMOW = Standard Mean Ocean Water
with a D/H ratio of 1.557 x 10 (Pillinger 1984). In the text it is argued that both the gas-solid
equilibration of water vapor with anhydrous silicates to form hydrous phases and the isotopic
equilibration of HD and H,O are kinetically inhibited at low temperatures in the solar nebula,
but not in the giant protoplanetary subnebulae. Modified from Prinn and Fegley (1989).
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This reaction requires the diffusion of Mg and Si between forsterite and enstatite at tempera-
tures of 200 to 400 K. The literature data on cationic and oxygen diffusion in silicates can be
combined with a model of hydrated silicate formation in the solar nebula to estimate the kinet-
ics of this process. This has been done in several papers (Fegley 1988; Fegley and Prinn 1989;
Prinn and Fegley 1989). The two silicate reactants, forsterite and enstatite are assumed to be in
intimate contact with each other (i.e. in the same grain) for the entire lifetime of the solar nebu-
la. The composite forsterite + enstatite grains are also assumed to be monodisperse spheres with
radii of 0.1 pm. This assumed grain size is comparable to that observed in fine-grained matrix
in chondritic meteorites and silicate grains in IDPs, but is smaller than that observed for most
silicate grains in chondrites.

The rate determining step for hydrated silicate formation is then assumed to be solid-
state diffusion in the composite grain. Either cationic (Mg-Si) or oxygen diffusion may be rate
determining. Literature data show that anionic diffusion is in fact much slower. The characteris-
tic diffusion time t, can be estimated from the scaling relationship t, ~ /D where r is the grain
radius and D is the diffusion coefficient (cm”sec). Fegley (1988) and Prinn and Fegley (1989)
assumed that Mg-Si diffusion was rate determining and in the absence of diffusion constant
data for this cationic pair assumed that it could be modelled using the available data on Fe-Mg
diffusion in olivine (e.g., from Misener 1974). In this case t, is ~ 10 sec at 400 K and ~ 10%
sec at 200 K. On the other hand, Fegley and Prinn (1989) assumed that the much slower oxy-
gen diffusion in olivine was rate limiting and estimated t, ~ 10*' sec at 400 K and ~ 10% sec at
200 K. These times are clearly much longer than the age of the solar system itseif 10" sec.

As noted by Fegley (1988), the actual situation in the solar nebula was probably not as
favorable as that assumed in the models. Forsterite and enstatite were probably not in intimate
contact throughout the entire lifetime of the solar nebula, accretion and coagulation produced
grains much larger than 0.1 pm over the nebular lifetime, and solid-state diffusion (bulk and
grain boundary) may have been quenched at these low temperatures. Simply put, it appears
very probable that solid state chemistry was quenched at the low temperatures where it is need-
ed to produce hydrated silicates.

As a consequence we are left with the vapor phase hydration of monomineralic silicate
grains as the only available pathway for making hydrated silicates in the solar nebula. This
pathway is exemplified by the two reactions

2MnglO4(S) +3H; O(g) — Mg; Sles(OH)4(S) + Mg(OH)z(S)
4MgSiO3(S) + 2H20(g) e d Mg3 Si,0 10(OH)2(S) + Mg(OH)z(s)

However, as first noted by Fegley (1988) this pathway is also too slow to have occurred in the
solar nebula. This is easily demonstrated by using the gas-grain kinetic model described earlier
in connection with Fe grain catalyzed CO reduction. In this case the reactant gas is water vapor
instead of CO, the grains are silicates instead of Fe metal, and the activation energy E, is taken
as ~ 70 kJ mole™. This is the activation energy measured by Layden and Brindley (1963) and
Bratton and Brindley (1965) for the vapor phase hydration of MgO(s) to Mg(OH),(s). It is used
because no activation energy data are available for the vapor phase hydration of silicates under
conditions even close to those expected in the solar nebula. Again taking the most favorable
assumptions of monodisperse, fully dense, spherical grains with radii of 0.1 um we find that the
chemical time constant t,__ for forsterite hydration in the solar nebula is much longer than the
nebular lifetime. In fact t,_ ~ 10'® sec is calculated. This calculation is illustrated in Fig. 11
where t,__ is plotted as a function of temperature along with the collision lifetime t_;, for colli-
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Figure 11. A comparison of the chemical and physical timescales associated with the vapor
phase hydration of forsterite to different timescales in the solar nebula. The three horizontal
lines represent the age of the solar system, the estimated lifetime of the solar nebula, and the
estimated minimum radial mixing time (Cameron 1978) in the solar nebula. The vertical shaded
region shows the maximum temperatures at which serpentine is thermodynamically stable in
the solar nebula. The upper end of this range corresponds to all carbon being present as CH,
and the lower end of this range corresponds to all carbon being present as CO. In these calcula-
tions, which are described in the text, forsterite is taken as a proxy for the more diverse suite of
Mg silicates expected to be present at low temperatures in the solar nebula (e.g., see Fig. 3). Al-
though the collision lifetime for H,0 molecules to collide with small forsterite grains (assumed
to be 0.1 um radius spheres) is short, only a small fraction of the collisions possess the neces-
sary activation energy to hydrate the grains. Thus, the chemical lifetime for hydration of for-
sterite is much longer than the nebular lifetime at the low temperatures where serpentine first
becomes thermodynamically stable. Modified from Prinn and Fegley (1989).
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sions of H,0 molecules with forsterite grains. At the temperatures where serpentine finally be-
comes thermodynamically stable, t,.. is 10° times longer than the nebular lifetime and is about
10 times longer than the age of the solar system.

Once again however, these large values are probably only a lower limit to the actual
times required for vapor phase hydration of silicates in the nebula. The activation energy for
MgO hydration to Mg(OH), is almost certainly lower than that required for silicate hydration
because more bond breaking and solid-state diffusion is involved in the silicates than in MgO.
Also, it is again unlikely that the 0.1 pm grains assumed in the calculation were actually pres-
ent throughout the entire nebular lifetime. Finally, once the anhydrous silicates became covered
by a thin layer of hydrated material, the reaction rate probably decreased due to solid-state dif-
fusion and was not as rapid as that estimated from the water vapor collision frequency with for-
sterite grains. Thus, the conclusion that silicate hydration was kinetically inhibited in the solar
nebula is robust.

On the other hand, similar models indicate that hydrated silicate formation was prob-
ably kinetically favorable in the higher density giant protoplanetary subnebulae around the gas
giant planets during their formative stages. There are two complementary reasons for this state
of affairs. One, which is illustrated by Fig. 10, is that the positive dT/dP for condensation
curves leads to hydrated silicate formation at higher temperatures at the higher pressures ex-
pected in the giant protoplanetary subnebulae. Thus, for example, serpentine formation be-
comes thermodynamically favorable at about 325 K in the Jovian subnebula, versus about 225
K in the solar nebula. The higher total pressure in the subnebulae also lezds to higher collision
frequencies with the silicate grains. The combination of both factors decreases t,,., for forsterite
hydration to 10° sec, or about 0.01% of the nebular lifetime for 0.1 um grains. Much larger
grains with radii of 1000 pm could also be hydrated over the nebular lifetime of 10" sec if the
rate remains controlled by the gas-grain collision frequency instead of solid-state diffusion.
These calculations predict that hydrated silicate formation was favorable in the subnebulae
around the gas giant planets.

There are several major implications of these calculations. One is that the hydrated sili-
cates found in carbonaceous and unequilibrated ordinary chondrites are parent body, rather than
nebular products. This theoretical conclusion is supported by extensive petrographic evidence
showing that hydrated silicates in meteorites were produced by aqueous alteration on the mete-
orite parent bodies (e.g., Barber 1985; Bostrdm and Fredriksson 1966; Bunch and Chang 1980;
Tomeoka and Buseck 1985). Aqueous activity on the CI and CM parent bodies is also required
to explain the formation of sulfate- and carbonate-bearing veins (e.g., DuFresne and Anders
1962; Fredriksson and Kerridge 1988; Richardson 1978). In addition, unidirectional oxidation
of troilite in an aqueous environment provides a plausible explanation for the observed sulfur
isotopic composition of FeS, elemental S, and the sulfate veins (Pillinger 1984). Finally, Clay-
ton and Mayeda (1984) have shown that the oxygen isotopic compositions of CM2 chondrites
require T < 293 K and liquid water volume fractions >44% to produce the hydrated silicates in
them.. The oxygen isotopic data for CI chondrites require alteration in an even wetter and
warmer environment to produce the hydrated silicates in these meteorites.

The second implication of the calculations is that the water currently found in hydrated
silicates in CI and CM2 chondrites was originally retained on their parent bodies as water ice.
The water ice condensation curve in Fig. 10 shows that condensation will take place at about
160 K (R ~ 3.4 A.U.) for this nebular P, T profile which assumes T o< R and takes T ~ 550 K
at 1 A.U. (Lewis 1974). This distance is about at the outer edge of the main asteroid belt. Be-
cause of the presence of water ice on the Galilean satellites Europa, Ganymede, and Callisto
(Pilcher, Ridgway, and McCord 1972), the water ice front is generally placed at 5 AU. in
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nebular models. However, the position of this front obviously varies with distance during the
thermal evolution of the solar nebula (e.g., Ruden and Lin 1986) and first moves outward as the
nebula warms up and later moves inward as the nebula cools. Also, the water ice front, like oth-
er condensation/evaporation fronts (Cameron and Fegley 1982) is closer to the proto-Sun at
higher and lower regions off the midplane of the nebula. The inner boundary will be set by dis-
persal of the gas phase or by exhaustion of the available water vapor. The vertical structure and
the time-dependent behavior of the water ice front are clearly important topics meriting further
study, but the results presented here are consistent with water ice retention by the carbonaceous
chondrite parent bodies.

Finally, a third implication of the calculations is that the hydrogen isotopic composition
of the hydrated silicates in CI and CM2 chondrites should reflect that of the parent water ice,
perhaps with some small modification due to the thermochemical isotopic fractionation that
may take place during the aqueous alteration process As noted in Table 4, the inferred D/H ra-
tio in meteoritic hydrated silicates is about 14 x 10° (6D ~ -100 %o) (Yang and Epstein 1983).
Assuming no modification of the D/H ratio due to aqueous alteration, this corresponds to the
D/H ratio of water ice at about 200 K (see Fig. 10). This would be consistent with water ice

angation at -3 ™
condensation at a pressure of about 107 bars. The D/H ratio of the water ice itself may either

have been established by thermochemical isotopic exchange or by photochemical enrichment
(Yung, et al 1988). However the former process is generally believed to be kinetically inhibited
at such low temperatures (but see Lecluse and Robert (1992) for new experimental results that
apparently indicate otherwise), while the latter process requires a dust-free nebula to allow pe-
netration of the UV light driving the enrichment process.

9. Troilite and Magnetite Formation

Two other important gas-grain reactions are the formation of troilite and magnetite. Both pro-
ceed by the reaction of Fe metal grains with nebular vapor:

Fe(metal) + H,S(g) — FeS(s) + Ha(g)
3Fe(metal) + 4H,0(g) — Fe;04(s) + 4Ha(g).

As stated earlier, both reactions are pressure independent because the total pressure factors out
of the equilibrium constant expressions, which depend only on the temperature and on the
H,S/H, and H,0/H, mixing ratios. Fegley (1988) applied the same gas-grain kinetic model with
the same basxc assumptlons to these systems as well. In the case of FeS an activation energy of
about 105 kJ mole™ from the work of Worrell and Turkdogan (1968) on FeS formation from Fe
was used. In the case of Fe,O,, no activation energy data were available and E, ~ 80 kJ mole
from the work of Turkdogan, McKewan, and Zwell (1965) on wiistite formation from water va-
por and Fe was used instead.

The results of the kinetic calculations are displayed in Fig. 12. Troilite formation is pre-
dicted to be a rapid process with a chemical time constant of ~ 10" sec (about 0.1% of the
nebular lifetime). If the rate of troilite formation stays controlled by gas-grain collisions, it can
proceed on a time scale less than the nebular lifetime down to 525 K. On the other hand, solid-
state diffusion constraints may take over at some point, but this does not change the basic result
that FeS formation at 690 K is rapid. The results of these kinetic calculations are thus in accord
with the intuitive expectation that "tarnishing" of Fe grains is a rapid process. The prediction
that FeS formation was kinetically favorable in the solar nebula is also in accord with the petro-
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Figure 12. As in Fig. 11 but for troilite, magnetite, and serpentine formation in the solar nebula.
The calculations, which are described in the text, show that troilite formation is kinetically fa-
vorable in the solar nebula because it proceeds in a short time relative to the nebular lifetime
(about 0.1% of the estimated nebular lifetime). Magnetite formation is apparently slower, and
may proceed on a timescale comparable to the nebular lifetime. However, intuition suggests
that "rusting” of Fe grains by water vapor will be a rapid process and petrographic studies of
magnetites in carbonaceous chondrites (Lohn and El Goresy 1992) support a nebular origin.
The water ice condensation curve is also shown for comparison. From Fegley (1988).
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Figure 13. The low temperature condensation sequence in the giant protoplanetary subnebulae.
As discussed in the text, the formation of CH,, NH,, hydrated rock, and clathrate hydrates is
predicted to be kinetically and thermodynamically favorable in the giant protoplanetary subne-
bulae. The pressure scale along the top corresponds to the Jovian protoplanetary subnebula P,T
profile adopted throughout this paper. Note that the ice/rock mass ratio is significantly higher
than that predicted for the solar nebula (Fig. 14). Minor condensates such as HCN are not
shown in this figure, but are nevertheless potentially important for organic compound synthesis
in the atmosphere of Titan. Modified from Fegley and Prinn (1989).
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graphic evidence of FeS-rimmed metal grains in the unequilibrated ordinary chondrites
(Rambaldi and Wasson 1981, 1984). The calculated t,,,, of about 10" sec at 400 K for magne-
tite formation indicates that bulk magnetite formation may experience some kinetic inhibition,
especially if CO remains the dominant carbon gas and magnetite is formed at 370 K. On the
other hand, intuition suggests that the "rusting" of Fe metal grains by nebular water vapor is
probably a rapid process. Furthermore, recent petrographic work by Lohn and El Goresy (1992)
on magnetites in CI and CM2 chondrites suggests that the magnetites are nebular products.
However, prior petrographic studies by Kerridge, MacKay, and Boynton (1979) concluded that
the magnetites in CI chondrites were parent body products. Because of these petrographic dis-
agreements and because the estimated chemical time constant for magnetite formation is based
on the activation energy for wiistite formation, it is premature to draw firm conclusions regard-
ing the kinetic favorability of the Fe—Fe,0, conversion in the solar nebula. This must await
further experimental measurements and combined petrographic and isotopic studies.

10. Low Temperature Chemistry

Low temperature chemistry in these two environments is qualitatively different from the high
temperature chemistry taking place above the water ice condensation curve. Above this curve,
which is illustrated in Fig. 1, predominantly "rocky" and metallic grains are condensing from
and interacting with the nebular gas, while below this curve predominantly "icy" grains are
condensing from and interacting with the gas.

The nature of the "icy" grains which are formed both in the solar nebula and in the
giant protoplanetary subnebulae depends to a large extent on the gas phase and gas-grain chem-
istry of carbon and nitrogen at higher temperatures. The two extremes are clearly the case of
complete chemical equilibrium and the case of complete kinetic inhibition. Each will be ex-
amined in turn.

If complete chemical equilibrium is reached, then all carbon is present as CH, and all
nitrogen is present as NH, at low temperatures. This case, or more precisely a close approach to
it, is relevant to the giant protoplanetary subnebulae. The low temperature condensation se-
quence (neglecting the noble gases) is H,O(ice) at 235 K, NH,+H,0(s) at 160 K, CH,*6H,0(s)
at 94 K, and CH,(s) at 40 K (Prinn and Fegley 1989). The condensation temperatures given are
specific to the Jovian protoplanetary subnebula P, T profile adopted in eatlier figures, but the
condensation sequence itself is relevant over a wide pressure range. Fig. 13 illustrates the re-
sulting composition of the low temperature condensate as a function of temperature along the
Jovian protoplanetary subnebula P,T profile. Initially, the condensate is totally composed of
"rocky" material, including hydrous silicates. However, first the condensation of water ice and
subsequently the condensation of ammonia hydrate and the other "icy" materials dramatically
alter the condensate composition so that the "icy" materials are more abundant than the rock.
Obviously, not all of these low temperature condensates will form in all environments because
the temperature profile of the protoplanetary subnebula will blend into that of the surrounding
solar nebula. In the Jovian subnebula ammonia hydrate is probably the most volatile condensate
which will form while in the Saturnian subnebula methane clathrate hydrate CH,*6H,0(s) is
probably the most volatile condensate formed. Further out, in the Uranian and Neptunian sub-
nebulae (if these existed) it is possible that solid methane ice also condensed.

On the other hand, if CO and N, reduction were both completely inhibited, then all car-
bon is present as CO and CO, and all nitrogen is present as N,. The low temperature condensa-
tion sequence in this case, which may be a good analog to the solar nebula, is H,O(ice) at 150
K, either NH,HCO,(s) at 150 K or NH,COONH,(s) at 130 K, CO,(ice) at 70 K, CO clathrate
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hydrate, ideally CO*6H,0(s) at 60 K, N, clathrate hydrate, ideally N,*6H,0(s) at 55 K, and re-
sidual CO and N, as the pure ices at 20 K (Prinn and Fegley 1989). Once again the noble gases
have been neglected. The condensation temperatures are specifically for the adopted solar nebu-
la P,T profile but the overall sequence remains the same over a wide pressure range. Because
only a small fraction of total carbon is expected to be converted to CO,, and because only a
small fraction of total nitrogen is expected to be converted to NH,, the masses of condensates
containing these species constitute < 1% of total C and N. It is also important to realize that in a
CO-rich nebula, the amount of water ice which is available is insufficient to completely encla-
thrate all CO and N,. At present the thermodynamic data for these two clathrates is also some-
what uncertain. In the case of CO clathrate hydrate, the only available experimental data are the
dissociation pressure at the clathrate-liquid water-gas triple point at 273 K (Davidson et al
1987). In the case of N, clathrate hydrate, Miller (1961, 1969) has reported two different vapor
pressure equations. Therefore it is difficult to specify exactly how much of each clathrate will
form because the volatilities of each are poorly constrained. Fig. 14 displays the composition of
low temperature condensate in the solar nebula as a function of temperature. In this instance,
the rock is expected to be anhydrous because of the kinetic inhibition of hydrated silicate
formation in the solar nebula. Anhydrous rock remains the dominant constituent of the low
temperature condensate down to low temperatures where CO and N, ices condense. This is due
to the diminished abundance of water ice in the CO-rich solar nebula. If temperatures never
were lower than 20 K in the solar nebula, then anhydrous rock remained the major constituent
of the low temperature condensate.

A third, intermediate case is somewhat more complex and less well constrained. In this
scenario, which is relevant to the solar nebula, some fraction of CO has been converted into hy-
drocarbons by grain catalyzed FTT reactions. As a result the low temperature condensation se-
quence in order of decreasing temperature is as follows: anhydrous rock, "refractory" organic
compounds analogous to the “tar balls" in IDPs, H,O(ice), either NHHCO,(s) or
NH,COONH,(s), light hydrocarbons and their clathrate hydrates, CO,(ice), CO+6H,0(s),
N,*6H,0(s), and residual CO and N,. The condensation temperatures cannot be specified in this
case without first knowing the amount of CO converted into hydrocarbons.

Additional complications are introduced by consideration of the kinetics of clathrate
hydrate formation in the two different nebular environments. Briefly, clathrates are cage com-
pounds in which the guest molecule is trapped inside a cage formed by the crystalline lattice of
the host species. Clathrate hydrates are simply clathrates in which water ice is the host. Their
formation has long been recognized as a potentially important mechanism for retention of car-
bon and nitrogen in ice-rich objects in the outer solar nebula (e.g., Delsemme and Swings 1952;
Miller 1961; Delsemme and Miller 1970; Delsemme and Wenger 1970; Lewis 1972b; Del-
semme 1976; Sill and Wilkening 1978; Lewis and Prinn 1980; Lunine 1989; Engel et al 1990).
However, until very recently very little attention was paid to the kinetic feasibility of clathrate
formation in the low temperature, low pressure environment of the outer solar nebula (e.g., Le-
wis and Prinn 1980; Lunine and Stevenson 198S5; Fegley 1988).

As illustrated in Fig. 1 clathrates only become thermodynamically stable at very low
temperatures in the solar nebula. For example, CO*6H,0(s) becomes stable at about 60 K along
the solar nebula P, T profile shown in the figure. Now in order for this clathrate to form, CO(g)
in the solar nebula must collide with and then diffuse into water ice grains in the nebula. Fegley
(1988) modeled this process using the gas-grain kinetic model described earlier. This is equiva-
lent to assuming that the rate at which CO molecules collide with water ice grains is the rate
determining step for clathrate formation. If fresh water ice is continually exposed to the nebular
gas, for example by low velocity collisions as-advocated by Lunine and Stevenson (1985), this
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Figure 14. The low temperature condensation sequence in the solar nebula. As discussed in the
text, the formation of CH,, NH,, and hydrated "rock" are predicted to be kinetically inhibited in
the solar nebula. The formation of CO and N, clathrate hydrates is also probably kinetically in-
hibited. The pressure scale along the top corresponds to the nebular P,T profile adopted
throughout this paper. Note that the ice/rock mass ratio in the CO-rich solar nebula is signifi-
cantly lower than that in the CH,-rich giant protoplanetary subnebulae. This difference is poten-
tially diagnostic of the formation conditions of icy bodies in the outer solar system. Modified
from Fegley and Prinn (1989).
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may be the case. However, it is clear that solid-state diffusion may also become rate limiting,
which will probably decrease the clathrate formation rate. For now, if we assume that the gas-
grain collisions are rate limiting, we can estimate an upper limit to the rate and a lower limit to
the time for clathrate formation in the solar nebula and in the giant protoplanetary subnebulae.

In the solar nebula, the time required for 6% of all CO, which is the maximum amount
that can be enclathrated before running out of water ice, to collide with 1 um radius, spherical,
moncdisperse water grains is about 40,000 seconds for the P, T profile shown in Fig. 1. The
fraction of these collisions that have the necessary activation energy will be chemically reactive
and lead to CO+6H,O(s) formation. Now in order for CO clathrate formation to take place with-
in the nebular lifetime of 10 sec, this activation energy must be <8 kJ mole™ (Fegley 1988).
Higher activation energies will lead to longer clathrate formation times that exceed the lifetime
of the solar nebula. However, 8 kJ is a relatively low activation energy by comparison with the
19 kJ mole™ required for HF diffusion through ice (Haltenorth and Klinger 1969) or with the
24.7 kJ mole™ required for CO, clathrate formation (Miller and Smythe 1970). If the activation
energy for CO clathrate formation were 19 kJ mole™ the time required would be about 10%' sec,
while if about 25 kJ mole™ is taken by analogy with CO, clathrate, the time required rises to
even larger values. Nitrogen clathrate hydrate becomes stable at a similar temperature, and the
same arguments apply in this case as well. Thus, it is apparent that clathrate formation will be
kinetically inhibited in the low temperature, low pressure environment where it is thermody-
namically feasible (but see Lunine et al 1991 for a dissenting viewpoint).

However, as pointed out by Fegley and Prinn (1989), clathrate formation is predicted to
be kinetically favorable in the higher pressure environments of giant planet subnebulae. In this
case, CH, is the dominant carbon gas and CH, clathrate formation becomes thermodynamically
feasible a higher temperatures. As noted above, CH,*6H,0(s) becomes stable at about 95 K and
0.01 bars for the Jovian protoplanetary subnebula P, T profile. This pressure is approximately 5
orders of magnitude higher than the corresponding solar nebula pressure at the CO*6H,0(s)
formation temperature of 60 K and thus leads to higher CH, gas collision rates with water ice
grains. For example, the time for 22% of all CH, (which is the maximum amount that can be
enclathrated before using up all the available water ice) to collide with r = 1 pm spherical,
monodisperse ice grains is only 0.1 seconds. In this case, the activation energy for formation of

CH,*6H,O(s) can be as large as 25 kJ mole™ to have the process occur during the lifetime of
the solar nebula. Therefore, the results of these first order calculations predict (in accord with
intuition) that CO and N, clathrate formation will be kinetically inhibited in the solar nebula
but that CH, clathrate formation will be kinetically feasible in giant planet subnebulae. Howev-
er, as previously stressed by Fegley (1988, 1990) and Fegley and Prinn (1989), experimental
studies of the kinetics of clathrate formation are required for a comprehensive understanding of
the kinetic constraints on clathrate formation in the solar nebula and in giant planet subnebulae.
These experiments should focus on CH,, CO, and N, clathrates and should be suitably designed
so that the dependence of the rate on gas partial pressures, ice particle sizes, and temperature
can be quantitatively measured.

Thus, two qualitatively different low temperature condensation sequences are expected
in the solar nebula and in the giant protoplanetary subnebulae as a result of the differences in C
and N chemistry at higher temperatures. In the solar nebula condensates of oxidized carbon and
nitrogen compounds are important, formation of clathrate hydrates is kinetically inhibited, an-
hydrous rock is more abundant than water ice, and anhydrous rock remains the dominant con-
stituent of the low temperature condensate down to the point where CO and N, ices condense.
In the giant protoplanetary subnebulae condensates of reduced carbon and nitrogen compounds
are important, clathrate hydrate formation is thermodynamically and kinetically favorable, hy-
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drous rock is less abundant than water ice, and ices are the dominant constituent of the low
temperature condensate. Finally, another important difference, first pointed out by Prinn and
Fegley (1981), is the condensation of small, but nevertheless significant amounts of HCN in the
giant protoplanetary subnebulae. Hydrogen cyanide is an important precursor for the abiotic
synthesis of complex organic molecules (Or6 and Kimball 1961; Abelson 1966). 1t is produced
by the thermochemical conversion of some of the CH, and NH, into HCN,

CH4 +NH3 —>HCN + 3H2

with the exact amount of conversion being kinetically controlled by the chemical reaction and
radial mixing rates. For example the HCN abundances predicted by Prinn and Fegley (1981)
range from about 1 to 100 pg/g depending on the assumed strength of radial mixing. As noted
by these authors, "HCN even at these low predicted abundances could be extremely important
as a starting material for the production of more complex organic compounds in the atmosphere
of an icy satellite such as Titan."

11. Abundances Of C-H-O-N-S Compounds In Comet P/Halley and Other Comets

The preceding discussion has concentrated on theoretical predictions arising from current mod-
els of nebular chemistry. At this point it is therefore interesting to compare these predictions
with observations in order to determine how useful the models are for understanding the vola-
tile element inventories of solar system bodies. Detailed comparisons of the volatile inventories
of the terrestrial planets, the chondritic meteorites and asteroids, the gas giant planets, icy satel-
lites of the gas giant planets, and of Pluto with predictions of nebular chemistry models have
already been presented by Prinn and Fegley (1989) and Fegley and Prinn (1989). Instead of re-
peating these discussions here, we will concentrate instead on a comparison of the model re--
sults with the volatile element abundances and molecular speciation in comet P/Halley and
other recent comets. This is instructive for several reasons: (1) Earth-based observations and
spacecraft flybys have provided a large amount of data on the chemical compositions of Halley
and other recent comets, (2) comets are arguably the best preserved samples of nebular materi-
al, having presumably undergone less thermal processing subsequent to their formation than
any type of chondrite, (3) comets are generally believed to have formed in the outer regions of
the solar nebula and thus their compositions should shed light on the relative contributions of
interstellar material and of thermally processed nebular material to chemistry in the outer solar
nebula, and (4) significant new data have been published since the last such comparison was
done by Fegley and Prinn (1989).

11.1 WATER VAPOR

As Weaver (1989) has noted, prior to the return of Halley observers had constructed a strong
circumstantial case for the dominance of water vapor in the volatiles emitted by comets (e.g.,
see Delsemme, 1982). However, water vapor was first observed directly in comet P/Halley us-
ing the Fourier Transform Infrared Spectrometer (FTIR) on the Kuiper Airborne Observatory
(Mumma et al 1986) and was later observed in comet Wilson (19861) with the same apparatus
(Larson et al 1989). Subsequent measurements by the Neutral Mass Spectrometer (NMS) on
Giotto showed that H,O comprised = 80% of the volatiles emitted by Halley (Krankowsky et al
1986) and that the water vapor has a D/H ratio in the range of 0.6 - 4.8 x 10™* (Eberhardt et al
1987b). Finally, more recent measurements by Mumma, Weaver, and Larson (1987) and Mum-
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ma et al (1988) have provided data on the ortho-to-para ratio of water vapor emitted by Halley
and by Wilson(1986l). For Halley, the derived ortho/para ratio is 2.3+0.2 while for
Wilson(19861) the derived ortho/para ratio is 3.2+0.2. If these data are taken at face value, the
Halley ortho/para ratio implies a nuclear spin temperature of 25 K while the Wilson(19861) ort-
ho/para ratio implies statistical equilibrium (T>50 K). However, Bockelée-Morvan and Cro-
visier (1990) retrieved different ortho-para ratios from the same data and have recently
questioned the analysis of Mumma and colleagues. At present this discrepancy between the two
groups is unresolved. -

11.2 CarBoN COMPOUNDS

The second most abundant group of volatiles (after water vapor) emitted from Halley are the
oxidized carbon gases CO, CO,, H,CO, and CH,0H. Five different measurements provide in-
formation on the abundance and distribution of CO emitted from Halley. The Giotto NMS data
for mass 28, which is probably dominated by CO (see the discussion for N, below), has been
interpreted as indicating a comet nucleus source for CO having CO/H,0 < 0.07 and an ex-
tended source in the inner coma for CO having CO/H,0 < 0.15 (Eberhardt et al 1987a). In-
frared measurements from the IKS experiment on the Vega space probes yield CO/H,0 ~ 0.05
for a comet nucleus source (Combes et al 1988). Pioneer Venus Orbiter Ultraviolet Spectrome-
ter (PVOUS) measurements of resonance UV emission from atomic hydrogen, oxygen, and car-
bon in the coma of Halley yield nominal H:O:C atomic ratios of 1:0.7:0.07, which are
consistent with CO/H,0 ~ 0.25 or with CO,/H,0 ~ 0.14 (Stewart 1987). Rocket-borne ultravio-
let spectrometer measurements of resonance UV emission from atomic oxygen and carbon in
the coma of Halley also yield similar CO/H,0 ratios of 0.20+0.05 for the one flight and
0.17+0.04 for a second flight (Woods et al 1986). Finally, measurements from the International
Ultraviolet Explorer (IUE) satellite also yield a rough estimate for the CO/H,O ratio of 0.1-0.2
for Halley (Festou et al 1986). This set of observations is generally interpreted as indicating a
nucleus source for CO having CO/H,0 ~ 0.02 - 0.07 (by number) and a dispersed source which
accounts for the balance of the observed CO (e.g., see Eberhardt et al 1987a; Weaver 1989).

Carbon monoxide has also been detected in comet Austin (1989cl), comet Levy
(1990c), comet West (1976 VI) with CO/H,0 ~ 0.3 and in comet Bradfield (1979 X) with
CO/H,0 ~ 0.02 (Weaver 1989; Mumma et al 1992, and references therein). The CO/H,0 ratios
in Austin and Levy are in the range of 1-7% (Mumma et al 1992). As both Mumma et al (1992)
and Weaver (1989) note, the "high" CO abundance in Halley and in comet West (1976 VI), and
the "low" CO abundance in comet Bradfield (1979 X), comet Austin (1989¢1), and comet Levy
(1990c) may be expiained as follows. The observations made with large fields of view of com-
ets with large dust production rates (e.g., the rocket UV observations of Halley and West) yield
larger apparent CO abundances because CO production from the nucleus and also from evapo-
rating organic grains is being observed, while the observations made with smaller fields of view
(e.g., IUE observations of Austin, Halley, and Levy) or observations made of comets with low
dust production rates yield smaller apparent CO abundances because only CO production from
the nucleus is being observed.

Carbon dioxide was observed with both the NMS experiment on Giotto and the IKS
experiment on Vega. The NMS data yield CO,/H,0 ~ 0.04 (Krankowsky et al 1986) while the
IKS data yield a ratio of about 0.03 (Combes et al 1988). Both ratios are appropriate for CO,
emitted from the nucleus and together with the adopted values of ~ 0.02 - 0.07 for CO/H,0
from the nucleus yield CO/CO, ~ 0.50 - 2.3, In other words, roughly equal amounts of CO and
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CO, are being emitted from the nucleus of Halley. As discussed below, this rough equality has
important implications for the origin of carbon-bearing gases and grains in Halley.

Formaldehyde has also been detected in Halley. The H,CO/H,O ratic obtained from the
IKS measurements is ~ 0.04 (Combes et al 1988; Mumma and Reuter 1989) while a slightly
lower value of ~ 0.02 was derived from radio wavelength observations by Snyder et al (1989).
The analysis of the Giotto NMS data by Meier et al (1991) gave an upper limit of a few percent
for H,CO/H,O. Both the radio wavelength observations and the Giotto NMS data apparently
indicate a distributed source for at least some of the H,CO (Krankowsky 1991; Snyder et al
1989). However, the IKS measurements supposedly refer to a nucleus source of H,CO and not
to formaldehyde released from the decomposition of POM in dust grains (Combes et al 1988).
Formaldehyde has also been observed at radio wavelengths in comet Machholz (1988j) with a
production rate an order of magnitude larger than that in Halley (dePater et al 1991) and in
comet Austin (1989cl) with a H,CO/H,O ratio of 0.006 (Bockelée-Morvan et al 1991).

The detection of polyoxymethylene or POM (H,CO), in comet P/Halley was reported
by Huebner (1987), Huebner, Boice and Sharp (1987), and Mitchell et al (1987). These authors
interpreted regularly spaced peaks in ion mass spectra from the PICCA instrument (Korth et al
1986) as the cracking pattern of POM released from the dust grains. The POM was suggested to
make up 2% (by mass) of the dust emitted from Halley (Mitchell et al 1987). However, Mitch-
ell et al (1989) later proposed that a mixture of complex hydrocarbons containing nitrogen
could also explain the observed mass spectra.

Infra-red spectroscopic observations of comets Austin (1989¢1), Levy (1990c), Halley,
and Wilson (1987 VII) showed the presence of CH,OH and gave ratios of ~ 0.01-0.05 relative
to water (Hoban et al 1991). Bockelée-Morvan et al (1991) also reported the radio wavelength
detection of CH,OH in comet Austin (1989¢cl) at a level corresponding to CH,OH/H,0 ~ 0.01.
Geiss et al (1991) interpreted Giotto IMS data as showing a CH;OH/H,0 ratio of 0.003-0.015,
and Eberhardt et al (1991) obtained a similar value of ~ 0.01 for the CH,OH/H,O ratio from
the Giotto NMS data.

Carbon suboxide C,0, has also been claimed in comet Halley at a level of 0. 03-0 04

relative to water (Huntress, Allen and Delitsky 1991). Photolysis of this species yields CO and
either atomic C or C.O dpnpnrhno on the wm,mlpnofh of the UV photons. Thusg, it is an alterna-
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tive to explain the distributed source of CO observed in Halley.

The CH,/H,0 ratio in the volatiles emitted by Halley is currently controversial. Model-
ing of the Ion Mass Spectrometer data of Balsiger et al (1986) solely in terms of gas phase
chemistry by Allen et al (1987) yields a CH,/H,O ratio of ~ 0.02. However, more recent model-
ing of the same data by Boice et al (1990) in terms of the decomposition of POM grains gives a
lower CH,/H,O ratio of < 0.005. Infrared observations from the Kuiper Airborne Observatory
by Drapatz, Larson, and Davis (1987) gave an upper limit for CH,/H,0 < 0.04 while IR ob-
servations at Cerro Tololo by Kawara et al (1988) gave CH,/H,0 ~ 0.002 - 0.01 for assumed
rotational temperatures of 50 to 200 K. The value adopted here for the CH,/H,O ratio is ~ 0.01
- 0.05 from the review by Weaver (1989). This value is adopted despite the more recent work of
Boice et al (1990) for 2 reasons: (1) their analysis of the IMS data is based upon estimated rate
coefficients for the POM chemistry and the sensitivity of their results to variations in the esti-
mated rate data is not specified, (2) their analysis does not give a good fit to the CH peak at 13
amu without invoking an unidentified grain source for this peak. Together with the adopted
CO/H,0 ratio of ~ 0.02 - 0.07 and the adopted CO,/H,O ratio of ~ 0.03 - 0.04, the adopted
CH/H,0 ratio leads to CO/CH4 ~ 0.4 - 7.0 and CO,/CH, ~ 0.6 - 4.0.

11.3 N1TROGEN COMPOUNDS
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In contrast to the carbon compounds discussed above, neither N, nor NH, has been observed in
Halley. In both cases the inferred abundances of the parent molecules are deduced from ob-
servations of daughter molecules presumably produced by photolysis of the parents.

Allen et al (1987) originally derived a NH,/H,O ratio of ~ 0.01 - 0.02 from their analy-
sis of the Giotto IMS data. However, a subsequent reanalysis of the same data by Marconi and
Mendis (1988), who unlike Allen et al (1987) assumed a highly elevated solar UV flux at the
time of the Halley spacecraft encounters, led to the conclusion that NH,/H,0 < 0.01 and indeed
may even be zero. However, the total absence of NH; in Halley is extremely unlikely given the
Earth-based observations of NH, (Tegler and Wyckoff 1989; Wyckoff et al 1988; Wyckoff,
Tegler and Engel 1989, 1991a) which is most plausibly produced by the photodissociation of
NH,. Tegler and Wyckoff (1989) derived NH,/H,0 = 0.005+0.002 in comet P/Halley, which
was later lowered to NH,/H,0 = 0.002+0.0014 by Wyckoff, Tegler, and Engel (1991a). Ip et al
(1990) derived NH,/H,O ~0.005 from an analysis of Giotto IMS data. The value adopted here
for the NH,/H,O ratio is ~ 0.005 - 0.02. Wyckoff , Tegler, and Engel (1989, 1991a) have also
observed NH, emission from comet P/Borrelly, comet Hartley-Good, and comet Thiele. The
derived NH,/H,O ratios reported in their 1991 paper are 0.09+0.06% for Borrelly, 0.08+0.06%
for Hartley-Good, and 0.16+0.11% for Thiele. However, as Weaver et al (1991) note, the only
direct observation of NH, in a comet is a marginal detection of a radio line in comet IRAS-
Araki-Alcock (1983 VII) by Altenhoff et al (1983).

Until recently only upper limits were available for the N,/H,O ratio in Halley. Wyckoff
and Theobald (1989) observed N, in Halley and calculated a N,/CO ratio ~ 0.002. Using the
adopted value of ~ 0.02 - 0.07 for the CO/H,0 ratio leads to N,/H,0 ~ 4 x 10° to 1 x 10%. A
higher N,/H,O ratio of ~ 2 x 10 was derived by Wyckoff, Tegler, and Engel (1991b), but the
difference is not significant for our arguments. In any case, the low N,/CO ratio derived by
Wyckoff and Theobald (1989) indicates that most of the mass 28 peak observed in the Giotto
NMS is due to CO rather than to N,. The adopted values for the N,/H,0 and NH,/H,O ratios
correspond to N,/NH, ~ 0.002 - 0.025 while the value for N,/NH, calculated by Wyckoff and
colleagues on the basis of their own observational data is ~ 0.1.

Finally, HCN has also been detected at radio wavelengths in comet Kohoutek (Huebner
et al 1974), in Halley at HCN/H,O ~ 0.001 (Schloerb et al 1987; Despois et al. 1986), in comet
Austin (1989¢1) at HCN/H,O ~ 0.0004, and in comet Levy (1990c) (Bockelée-Morvan et al
1991). Ip et al (1991) interpreted the Giotto IMS data as indicating HCN/H,O < 0.0002. The
reasons for the disagreement with the radio wavelength observations are unclear. Wyckoff et al
(1989) used high resolution spectra of CN emitted from Halley to derive a *C/"C ratio of
65+9, which is significantly lower than the terrestrial value of 89. However, subsequent work
by Wyckoff and colleagues (Kleine et al 1991) showed that their initial carbon isotope deter-
mination was incorrect and that the '*C/"C ratio in Halley is in fact the same as the terrestrial
value within observational error. Prior ?C/"*C determinations for comets are 70+15 for lkeya
1963 I (Stawikowski and Greenstein 1964), 100+20 for Tago-Sato-Kosaka 1969 IX by Owen
(1973), 115(+30, -20) and 135(+65, -45) for Kohoutek 1973 XII by Danks et al (1974), and
100(+20, -30) for Kobayashi-Berger-Milon 1975 IX from Vanysek (1977). All of the other
cometary carbon isotopic ratios are derived from observations of C,.

11.4 SuLrur COMPOUNDS

The sulfur species CS, S, S,, and H,S have been spectroscopically observed in comets; howev-
er, the only one of these four which is a "parent" molecule is H,S. The solar elemental S/O
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abundance ratio of 0.021 (Anders and Grevesse 1989) suggests that sulfur species should be
fairly abundant in comets, if a sizeable fraction of the total sulfur is in volatile form and not se-
questered as FeS or otherwise locked up in the "rocky" component. The CS radical has been
observed in many comets with abundances relative to water of about 10 (Feldman 1991). Al-
though it has not been observed, CS, is generally believed to be the parent molecule for CS.
Ultraviolet observations of atomic S indicate its presence in several comets, although its abun-
dance relative to water is uncertain because of uncertainties in the atomic S line intensities and
oscillator strengths (Crovisier et al 1991). Diatomic sulfur S, was observed in comet IRAS-
Araki-Alcock (1983 d) by A'Hearn et al (1983). According to the recent analysis of Kim et al
(1990) the S,/H,0 abundance ratio is 0.0002 in this comet. Several groups have very recently
reported the presence of H,S in comets. Crovisier et al (1991) detected H,S in comet Austin
(1989¢1) and comet Levy (1990c) at H,S/H,0 ratios of 0.0027 and 0.0020, respectively. Mar-
coni et al (1990) reported H,S’ in the Giotto Positive Ion Cluster Composition Analyzer
(PICCA) data and estimated H,S/H,0 ~ 0.005-0.022. Using newer data for H,S photodissoci-
ation, Crovisier reanalyzed these data and found H,S/H,0 ~ 0.013. Meier et al (1991) also re-
ported evidence for H,S from the Giotto mass spectrometer data and derived H,S/H,0 ~ 0.003.
The revised photodissociation lifetimes for H,S and the radial ion profile observed in the NMS
data are consistent with its production from the nucleus of comet P/Halley, and a dust particle
source may not need to be invoked.

12. Interpretation of the Observed Molecular Abundances in Comet P/Halley
12.1 WaTeR

A fundamental question is whether or not the water in comet P/Halley and other comets is from
the solar nebula or from the interstellar medium. If comet P/Halley is an assemblage of inter-
stellar material, as proposed by some, then water, the most abundant volatile, should also have
an interstellar origin. On the other hand, if comet P/Halley represents an assemblage of nebular
and/or nebular plus interstellar material, then the water could be from the solar nebula. The
source of the water has important implications for the source of the other, less abundant vola-
tiles, especially for those which may be trapped in water ice as clathrate hydrates. This point
can be illustrated by considering the following scenarios.

In the first scenario, we imagine that the water in comet P/Halley is relict interstellar
ice. In this case, the water in Halley was never exposed to nebular temperatures high enough for
it to evaporate or to isotopically exchange D and oxygen with nebular H, and O-bearing gases.
The nuclear spins of the protons may also be representative of the interstellar medium, although
this need not necessarily be the case, because spin exchange can occur at fairly low tempera-
tures if the necessary catalysts are present. An important implication of this scenario is that cla-
thrate hydrates would be absent from Halley because it is difficult to imagine how these
compounds could have formed in the extremely cold, tenuous interstellar medium. We would
then expect that the other volatiles in Halley are all present as pure ices. We would also expect
that the chemical and isotopic composition of the volatiles in Halley could have little or no
relation to that of average solar system material. In this case, the composition of Halley wouid
be important for understanding the composition of the interstellar medium at the time that the
solar system formed, but would provide little or no information about nebular processes.

In the second scenario, we imagine that the water in comet P/Halley is nebular in ori-
gin. This water could either be interstellar water that had evaporated and recondensed in the so-
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lar nebula, or it could be water that was formed in the solar nebula or in the giant
protoplanetary subnebulae from chemical reactions such as:

CO+3H, = CH4+H,0.

In this scenario the water in comet P/Halley bears the signature of nebular processes and poten-
tially provides information on these processes. Furthermore, in this case, it is possible that cla-
thrate hydrates would have been formed if the water were chemically produced by CO
hydrogenation in the giant protoplanetary subnebulae, where clathrate hydrate formation is
kinetically favorable. Other important implications of a nebular origin for the water in Halley
are that the isotopic composition could have equilibrated with the D/H ratio of nebular H, and
O-bearing gases, and that the nuclear spins of the protons were equilibrated at the high tempera-
ture value. In this case the molecular composition of Halley provides very little information
about interstellar speciation but provides a wealth of information about nebular speciation and
nebular chemical processes. Another implication of this scenario is that other species, more
volatile than water ice, are unlikely to have an interstellar origin.

The crystalline state (i.e., amorphous vs. crystalline), isotopic composition (D/H, oxy-
gen isotopes), and nuclear spin state (ortho/para ratio) can potentially all shed light on this
question. However, no data are available on the crystalline state of water ice in comet P/Halley.
Furthermore, the interpretation of the oxygen isotopic data, which show a terrestrial '*0/"*0 ra-
tio within observational errors, is nonunique given the independent evidence for large oxygen
isotopic variations in the chondritic meteorites. Thus, only the D/H ratio and the ortho/para ra-
tio may be potentially diagnostic of the origin of the water in comet P/Halley. We consider the
D/H ratio first.

The observed D/H ratio of water in comet P/Halley is 0.6 - 4.8 x 10™ (Eberhardt et al
1987b). As noted earlier, this is the same as the terrestrial value of about 1.6 x 10* within the
observational uncertainties. The equilibration temperature corresponding to a given D/H ratio in
water can be calculated using the thermochemical isotopic fractionation factors tabulated by Ri-
chet, Bottinga, and Javoy (1977). The lower end of the range of D/H values derived for Halley
(D/H ~ 0.6 x 10”) corresponds to a temperature of ~ 465 K, while the upper end of the range of
values ((D/H ~ 4.8 x 10™) corresponds to a temperature of ~ 148 K. The classical picture of iso-
topic exchange envisions increasing deuterium enrichment in hydrides such as H,0, CH,, etc.
with decreasing temperature (Geiss and Reeves 1981). In this picture, the D/H ratio represents
the lowest temperature at which nebular water vapor and hydrogen exchanged deuterium. How-
ever, there are several reasons for believing that D/H exchange could not occur at low tempera-
tures in the solar nebula. The first reason is that kinetic models of the D/H exchange rate
between hydrogen and hydrides such as H,0, CH,, etc. in the atmospheres of the Jovian plan-
ets show that these reactions take longer than the age of the solar system at low temperatures
(e.g., Fegley and Prinn 1988). It is therefore unlikely that these reactions will proceed any more
rapidly in the much lower density nebular environment. Second, calculations by Grinspoon and
Lewis (1987) show that the grain catalyzed D/H exchange rate is also probably too slow for iso-
topic equilibration to occur at low temperatures. But, as mentioned earlier, the recent exper-
imental work of Lecluse and Robert (1992) apparently shows that D/H exchange between HD
and H,0 will be rapid enough to produce Earth-like D/H ratios in nebular water.

Assume for the moment that the isotopic exchange temperatures are the maximum tem-
peratures at which the water in Halley last exchanged deuterium with nebular H,. If this view is
taken, then the exchange process is viewed as a back-reaction in which D-rich water is losing
deuterium to the surrounding nebular H,. This process may occur as a consequence of reactions
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driven by thermochemistry (e.g., in the subnebulae surrounding the giant planets) or as a conse-
quence of reactions driven by the interstellar radiation field impinging on the outer layers of the
primitive solar nebula. The latter possibility is essentially the reverse of the scheme proposed
by Yung et al (1988). Whether or not a purely thermochemical or a photochemical mechanism
is envisioned, the temperature range of 148465 K corresponding to the observed D/H ratio in-
dicates significant amounts of thermal processing within the solar nebula for the water in comet
P/Halley. Thus, the observed D/H ratio is compatible with a nebular origin for the water in
Halley, or at least with nebular thermal processing at temperatures in the 148-465 K range.

On the other hand, if the ortho/para’ratio of 2.3£0.2 deduced by Mumma and col-
leagues is taken at face value, the situation appears slightly more complicated. This low ratio
implies a nuclear spin equilibration temperature of about 25 K, which is below the minimum
temperatures predicted in most solar nebula models. An interstellar origin for the water in
Halley is clearly implied from this result, unless a way can be found to retain the low tempera-
ture ortho/para ratio while isotopically exchanging D up to higher temperatures. As noted pre-
viously, Bockelée-Morvan and Crovisier (1990) retrieved different ortho-para ratios from the
same data and questioned the analysis of Mumma and colleagues. In the absence of other in-
formation we do not use either ortho/para ratio as a constraint. Without compelling evidence in
favor of an interstellar origin we regard it as highly probable that the water in comet P/Halley
either originated (or was last thermally processed) in the solar nebula.

12.2CAarBoN COMPOUNDS

The observational data reviewed earlier give the following ratios for the major carbon gases ob-
served in comet Halley: CO/CO, ~ 0.5-2.3, CO/H,CO ~ 0.5-1.8, CO/CH,;0H ~ 2.0-7.0,
C0/C,0, ~ 0.5-2.3, CO/CH, ~ 0.4-7.0, or in other words roughly equal abundances of all car-
bon gases within the uncertainties of the data. The elemental mass balance calculations of Del-
semme (1988) further indicate that Halley contains the solar complement of carbon with about
25% of the total being found in the gaseous compounds and the remaining 75% being found in
the CHON grains. Fegley (1990) pointed out that this catbon mass balance for Halley could be
interpreted in two ways. The first approach, which we adopt here, is that the carbon mass bal-
ance indicates that both the volatile carbon gases and the more refractory carbon compounds in
the CHON grains originated from the same reservoir which was fractionated into two groups of
carbon compounds by some suite of chemical processes. The second approach, which was tak-
en by Lunine (1989), is that the carbon mass balance is merely a coincidence and the volatile
carbon gases and the refractory carbon in CHON grains have separate and decoupled origins.
Proceeding with the first approach we note that the 3:1 ratio between refractory and
volatile carbon in Halley is qualitatively similar to the ratio of Pgy ~ Pgo, ~ Peyy ~ (1/3)A, (the
graphite abundance) predicted for the abundance of graphite and carbon gases at low tempera-
tures and pressures (T<470 K, P< 107 bars) inside the graphite stability field (Lewis, Barshay,
and Noyes 1979). As noted earlier, grain catalyzed chemistry may proceed down to ~370-400
K where magnetite formation will deactivate the Fe grain catalyst. Furthermore, because of the
difficulties in precipitating graphite from a solar gas, it is probably best to regard it as a proxy
for organic matter. Formaldehyde, methanol, and carbon suboxide were not included in the
work of Lewis, Barshay, and Noyes (1979) but the relatively rapid interconversions between
oxidized carbon compounds such as CO-CO,-H,CO-CH,0H (e.g., Warnatz 1984) suggest that
all of these species can be formed at fairly low temperatures. We note that Fe catalyzed FTT
reactions also produce alcohols, aldehydes, and CO, under laboratory conditions (Bond 1962;
Dictor and Bell 1986;Dry et al 1972; Renshaw, Roscoe and Walker 1970). Thus, all of the
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volatile carbon species (except C,0,) can potentially be produced by grain catalyzed reactions.
On the basis of calculations by Fegley (1988), Lunine (1989) and Engel et al (1989) also pro-
posed that the abundances of the volatile gases CO, CO,, and CH, in Halley are the result of
grain catalyzed chemistry, but they regarded the involatile CHON grains as having a separate
and decoupled origin from the carbon gases and did not discuss its origin in the light of the
work by Lewis, Barshay, and Noyes (1979). However, as originally proposed by Fegley (1990)
grain catalyzed chemistry may be responsible for both the volatile carbon gases and the refrac-
tory organic matter, '

Many of the points mentioned earlier in connection with our discussion of grain cata-
lyzed carbon and nitrogen chemistry argue for this model for the origin of carbon compounds in
Halley. Briefly, these include: (1) the high abundance of Fe, the third most abundant cation
(after Mg and Si) in rocky material, (2) the known catalytic activity of Fe in industrial pro-
cesses, (3) the observed association of organic material with Fe phases (Fe alloy, carbides, and
oxides) in interplanetary dust particles, and (4) the suspected association of some IDPs and
comets. On the other hand, the problems mentioned earlier, such as the possible catalytic deac-
tivation of Fe grains by troilite formation at 690 K, and the lack of laboratory studies under
conditions relevant to the solar nebula, also apply here. The promising agreement between the
Halley data and the laboratory results on FTT reactions point out the need for further exper-
imental work in this important area.

Alternatively, some researchers have proposed an interstellar origin for the volatile car-
bon species in Halley because the observed CO/CH, ratio of ~ 0.4-7.0 in Halley is similar to
the CO/CH, ratios in solid grains in different molecular clouds: ~ 0.4 in W33A, ~ 0.3 in 7538
IRS1, and ~7.5 in 7538 IRS9 (Lacy et al 1991). The production of CH, and other hydrides by
laboratory UV irradiation of simulated interstellar ices (e.g., Greenberg 1992) has also been
used to argue for an interstellar origin of carbon gases in Halley. However, an interstellar origin
for the CO and CH, in Halley requires preservation of the pristine interstellar grains. This is ap-
parently contradicted by the arguments above showing that the water in Halley was processed
to temperatures in the range of 148-465 K in the solar nebula. The more volatile CO and CH,
ices would totally evaporate at these temperatures. An important implication of the interstellar
model is that high D/H ratios are expected in CH,, NH,, and other hydrides formed on grains in
molecular clouds (Tielens 1983). In contrast, the D/H ratios expected in CH, formed by grain
catalyzed chemistry should reflect those of the starting HD, presumably the protosolar value of
~3 x 107, Thus, isotopic analyses of the volatiles emitted by comets will provide an important
test of interstellar versus nebular origins.

It is also important to note, as emphasized by Prinn and Fegley (1989) and Fegley and
Prinn (1989) that the CO/CH, ratio in Halley is compatible with nebular chemistry. Their mod-
el, which is schematically illustrated in Fig. 15, is a two component mixing model in which
CO-rich nebular material is mixed with a smaller amount of CH,-rich giant protoplanetary sub-
nebular material. The mixing process may occur via collisions of icy bodies formed in the two
environments after the nebular gas has dissipated, or chemical exchange between the two envi-
ronments. Prinn and Fegley (1989) and Fegley and Prinn (1989) favored a collisional mixing
process but did not model the dynamics of this mechanism. However, photogeologists have in-
terpreted some of the cratering features observed in Voyager images of the icy satellites of Jupi-
ter, Saturn, and Uranus in terms of bombardment by planetesimals during the early evolution of
the solar system (e.g., Plescia 1987). Potentially testable implications of the two component
mixing model include: (1) low D/H ratios in CH, because it originates from CO hydrogenation
in the giant protoplanetary subnebulae, (2) a heterogeneous structure for the comet nucleus be-
cause it is a physical mixture of materials from two different nebular environments, (3) the
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volatiles in comet P/Halley (Prinn and Fegley 1989; Fegley and Prinn 1989). The inferred
CH,/CO and NH,/N, ratios in the coma of Halley are intermediate between those expected in
the solar nebula and in the giant protoplanetary subnebulae. This implies that the volatiles
emitted from Halley are a mixture of material from the solar nebula (and/or interstellar me-
dium) and the giant protoplanetary subnebulae. The additional data on abundances of H,CO,
CH,0H, H,S, and POM, which have become available since this model was originally pro-
posed, also can be interpreted in terms of grain catalyzed chemistry in the solar nebula (Fegley
1999, this paper). As discussed in the text, there is no firm evidence showing that comet P/Hal-
ley represents pristine interstellar material. Modified from Fegley and Prinn (1989).
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presence of both clathrate hydrates formed in the giant protoplanetary subnebula and of pure
ices formed in the solar nebula, and (4) the presence of both anhydrous rock from the solar
nebula and hydrated silicates from the giant protoplanetary subnebulae.

12.3 NITROGEN COMPOUNDS

Now we consider the interpretation of the observed abundances of nitrogen compounds in com-
et Halley. Prinn and Fegley (1989) and Fegley and Prinn (1989) pointed out that the NH,/H,0
ratio of ~ 0.005-0.02 and the N,/NH, ratio of ~ 0.002-0.025 in Halley are incompatible with ei-
ther a solely solar nebula (N,/NH, ~ 170) or a solely subnebula source (N,/NH, ~ 0.0005).
However, like the CO/CH, ratio, the N,/NH, ratio can be explained by the mixing of material
from these two different environments. On the other hand, the observed NH, abundances in the
hot core of the OMC-1 molecular cloud (Blake et al 1987) have led Lunine (1989) and Engel et
al (1989) to suggest an interstellar source for the NH; in Halley. Wyckoff, Tegler, and Engel
(1991a) have also proposed an interstellar source on the basis of the very similar ammonia
abundances they derived for four comets. They argued that a two component mixing process
would be unlikely to give similar abundances in four comets with different dynamical charac-
teristics. Again, the two alternatives can probably be tested by measuring the D/H isotopic ratio
in the NH, because the interstellar source should give a substantially higher D/H ratio than the
giant protoplanetary subnebula source.

The origin of HCN in Halley is also interesting. Fegley (1990) discussed the possibility
that the HCN in Halley originated from lightning induced shock chemistry in nebular environ-
ments. This is an intriguing mechanism because nebular lightning has been suggested as a
mechanism for chondrule formation (e.g., Cameron 1966; Whipple 1966). However, Prinn and
Fegley (1989) noted that nebular lightning may also have distinctive chemical consequences.
The high temperatures (several times 10° K) reached in lightning discharges lead to increasing
degrees of molecular dissociation, atomization, and ionization with increasing temperatures.
The recombination of these simple fragments during the rapid cooling of the shocked gas leads
initially to the production of more complex fragments, then to thermally stable molecules such
as HCN. Sufficiently rapid cooling quenches these stable molecules at their high temperature
abundances, which are generally enhanced over their equilibrium abundances at much lower
temperatures. Lightning is a potentially significant source of disequilibrium products, especial-
ly in the outer nebula beyond the water ice condensation front where comets are generally be-
lieved to have originated.

Prinn and Fegley (1989) modelled lightning induced shock chemistry in the solar nebu-
la and in the giant protoplanetary subnebulae as adiabatic shock heating and predicted that the
maximum HCN concentrations in these two environments occurred near temperatures of
3000-4000 K where ~ (0.2-6) x 10'* HCN molecules are formed per mole of shocked gas. This
corresponds to maximum conversions of ~ 0.3% (in the solar nebula) and ~ 6.5% (in the Jo-
vian protoplanetary subnebula) of total nitrogen into HCN. This compares favorably with
Halley where the NH,/H,O ratio of ~ 0.005-0.02 and the HCN/H, O ratio of ~ 0.001 correspond
to a HCN/NH, ratio of ~ 0.05-0.2. Thus, as proposed by Fegley (1990) the HCN in Halley can
be explained on the basis of lightning induced shock chemistry in either nebular environment,
but only small dilution factors ( <20 times in the solar nebula and <70 times in the Jovian sub-
nebula) of the shocked gas by the unshocked gas are implied. Fegley (1990) noted that the low
120/83C ratio of 6549 derived for CN emitted by Halley (Wyckoff et al 1989) posed a problem
for this model, but with the upward revision of the carbon isotopic ratio to an Earth-like value
(Kleine et al 1991) this problem disappears.
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12.4 SuLrur COMPOUNDS

Here we focus on H,S and S,. The H,S/H,0 ratio in Halley is in the range of 0.003-0.022,
which is similar to the NH,/H,O ratio of ~ 0.005-0.02. This suggests that the two gases are pro-
duced in equimolar amounts by the decomposition of NH,SH. Ammonium hydrosulfide is a
fairly volatile compound which can be formed in the solar nebula if not all sulfur reacts with Fe
metal grains to form troilite. This could occur if accretion were sufficiently rapid to remove the
metal from contact with the gas or if large chunks of metal reacted inefficiently with the nebula
gas Fegley and Lewis (1980) calculated that NH,SH would form at 134 K if a pure heteroge-
neous accretion model was adopted. Grains of NH,SH emitted from the nucleus of comet
Halley will decompose according to the reaction

NH,SH = NH;(g) + H,5(g)
which has the equilibrium constant (Kelley 1937)
10gK = log(PNH3 L4 Pst) =15.20-4823/T

Thus, the NH,SH source explains the approximately equimolar amounts of NH; and H,S ob-
served in Halley. It also alleviates the need to postulate an extremely low temperature to pre-
serve H,S ice (e.g., Crovisier et al 1991). Ammonium hydrosulfide also provides a nebular
source for H,S at an abundance level lower than the solar S/H,O ratio, because most of the sul-
fur has already reacted with Fe at higher temperatures to form troilite. The amounts of sulfur
left to form NH,SH will clearly depend on the efficiency with which troilite formation occurs,
but this is not easily quantified. Another attractive feature of NH,SH is that it is a potential
source of the S, observed in comet IRAS-Araki-Alcock (1983d) by A'Heamn et al (1983). Grim
and Greenberg (1986) have shown that S, can be produced by the UV irradiation of sulfur-
bearing simulated interstellar ices. However, the work of Lebofsky and Fegley (1976) on the
UV irradiation of NH,SH led to the production of more complex sulfur compounds, such as
polysulfides. They did not specifically lock for S,, but it is conceivable that it is also produced
by UV irradiation of NH,SH at sufficiently low temperatures.
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