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Abstract

C1 and C2 carbonaceous chondrites contain several percent of organic matter, mainly as a bridged
aromatic polymer containing COOH, OH, and CO groups, as well as heterocyclic rings con-
taining N, O, and S. The remaining 5-30% includes the following compound classes, either present
initially or generated by solvolysis: alkanes (mainly normal), alkenes, arenes, alicyclics, alcohols,
aliphatic carboxylic acids, purines, pyrimidines, and other basic N-compounds, amino acids,
porphyrin-like pigments, carbynes, etc.

On the basis of laboratory experiments, it appears that these compounds formed in the solar
nebula, by catalytic (Fischer-Tropsch) reactions of CO, H,, and NH; at 360-400 K, ~ 1073 atm. The
onset of these reactions was triggered by the formation of suitable catalysts (magnetite, hydrated
silicates) at these temperatures. Such reactions may be a source of prebiotic carbon compounds
on the inner planets, and interstellar molecules.
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1 Introduction

Type 1 carbonaceous chondrites (= Cl) are the most primitive samples of matter
known to man. They contain all stable elements in solar proportions, with the
exception of the noble gases and the highly volatile major elements H, C, N, O.
It is generally agreed that they are low-temperature condensates from the solar
nebula (Whipple, 1964; Anders, 1964, 1971; Larimer and Anders, 1967; Levin,
1969; Grossman, 1972; J. 8. Lewis, 1972; Grossman and Larimer, 1974). But
they also contain small amounts of alien, presolar matter (R. N. Clayton, 1978;
R. S. Lewis et al., 1979), and were altered by liquid water in the meteorite parent
bodies (DuFresne and Anders, 1962; Nagy et al., 1963; Bunch and Chang, 1980).
Thus at least some properties of Cl’s actually pre-date or post-date the nebular
stage; for maximalist views on this question, see Cameron (1973), D. D. Clayton
(1978); Kerridge et al. (1979), and Bunch and Chang (1980).

C1 chondrites contain 6% of their cosmic complement of carbon, mainly in the
form of organic matter. The intense controversy that once surrounded the origin
of this organic matter has subsided. Most authors now agree that this material
represents primitive prebiotic matter, not vestiges of extraterrestrial life. The
principal questions remaining are what abiotic processes formed the organic matter,
and to what extent these processes took place in locales other than the solar nebula:
interstellar clouds or meteorite parent bodies.

We can approach the problem in three stages. First, we try to reconstruct the
physical conditions during condensation (temperature, pressure, time) from the
clues contained in the inorganic matrix of the meteorite. Next, we determine
the condensation behavior of carbon under these conditions, on the basis of thermo-
dynamic calculations. Finally, we perform model experiments on the condensation
of carbon, and compare the compounds synthesized with those actually found in
meteorites.

The present paper is an extensively updated version of an earlier review (Anders
et al., 1973). It covers the literature through mid-1980.

2 Formation Conditions of Carbonaceous Chondrites

Temperature. Six different “cosmothermometers”, based on kinetic or equilibrium
isotope fractionations, or on chemical reactions, consistently give temperatures
near 360 K for Cl chondrites (Table 1). These values represent the temperatures
at which isotopic or chemical equilibria were frozen in, owing to sluggish reaction
rates or physical isolation of the meteoritic dust from the ambient gas (by accretion
to larger bodies). These temperatures are lower than those for C2 chondrites, 380
to 400 K (Onuma et al., 1972, 1974; Lancet, 1972) or ordinary chondrites and
achondrites, ~450 to ~ 500 K (Grossman and Larimer, 1974).

Pressure. There are no reliable pressure estimates for C1’s. Tentative values of
~107% atm were obtained for ordinary chondrites from their Bi, T1, and In
contents (Larimer, 1973). An upper limit of <2x 1073 atm has been inferred by
Grossman and Clark (1973) for C3 chondrites from the lack of evidence for gas-to-
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Table 1. Formation Temperatures of C1 Chondrites

Thermometer T (K) P (atm) Reference

0O'/0'% CaMg(CO,),-H,0 360 + 5 Independent Onuma et al. (1972)
O'#/0'® serpentine-H,0 360 + 15 Independent Onuma et al. (1972)
C*/C'2 CaMg(CO;),-polymer 357 + 21 Independent Lancet (1972)

3Fe + 4H, 05 Fe;0y + 4H, 5400 Independent Urey (1952b)

Olivine + H,0 & serpentine ~350 10°* Larimer and Anders (1967)
T1 abundance <425 1073 Larimer (1973)

liquid condensation. These values are consistent with theoretical models of the
solar nebula, which predict P ~ 1075 atm, T = 300-400 K for the asteroid belt
(Cameron and Pine, 1973). More recent work on the evolution of the nebula
suggests, however, that a major part of planetary matter was cycled through
gaseous protoplanets (Cameron, 1978), and hence may have experienced higher
pressures, to =1 atm. It is not clear, though, that C1 chondrites ever were located
in such protoplanets, and so a préssure of ~ 107° atm may still be appropriate.

Time. An age determination based on extinct 16 Myr I'?® gave an age difference
of only 0.2 + 0.2 Myr for magnetites from a Cl and a C2 chondrite (Lewis and
Anders, 1975), suggesting that the entire condensation stage of the solar nebula
was of that order. However, it now appears that I'* “ages” reflect some combi-
nation of true age differences and variations in the initial I'*°/I'*" ratio (Podosek,
1978; Jordan et al., 1980; Crabb et al., 1980). The best estimate of the time scale
comes from theoretical models, showing consistently that the lifetime of the nebula
cannot have been more than a few times 10° yr (Cameron, 1978).

3 Behavior of Carbon in a Solar Gas

3.1 Equilibrium

With the physical conditions thus defined, it is instructive to consider what happens
to carbon in a cooling {or contracting) solar gas (Fig. 1). CO is the stable form at
high temperatures or low pressures, but becomes less stable on cooling or com-
pression and should transform to CH, below 600 K at 107> atm, as shown by the
solid lines in the right-hand portion of Fig. 1. However, CH, has a condensation
temperature of less than 100 K, and if this reaction had gone as written, there should
be no carbon and no life anywhere in the inner solar system. Since there is at least
some evidence to the contrary (C. Sagan, private communication), events must
have taken a different course.

Urey (1953) first noted this paradox in a classic paper. After finding that elemental
C could condense only at T < 400 K, P < 1071° atm (a thorough reinvestigation
by J. 8. Lewis et al., 1979, gives somewhat less restrictive limits), he suggested that
the CO-CH, transformation might not have gone smoothly “in the absence of
man-devised catalysts”, but might instead have “proceed|ed] through graphite or

4
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Fig. 1. If equilibrium is maintained on cooling, CO will be converted largely to CH, (solid lines)
before metastable formation of more complex hydrocarbons by the Fischer-Tropsch reaction becomes
possible (dashed lines). However, the reaction is very slow in the absence of catalysts, and may not
have begun until about 400 K, when catalysts such as serpentine and magnetite became available
through the hydration of olivine. Thus CO may have persisted metastably between 600 and 400 K

complex tarry carbon compounds as intermediates. Such compounds have long
been known to be constituents of the carbonaceous chondritic meteorites. It seems
most probable to the writer that such compounds constitute the non-volatile
carbon compounds which supplied the carbon to the earth and meteorites while
other gases, the hydrogen and inert gases, were lost from the region of the forming
earth”.

This idea soon fell into oblivion; ironically, due to the success of another of
Urey’s ideas. A major paradox facing all theories on the origin of life on Earth
was that the CO, in the Earth’s atmosphere would not spontaneously transform
to organic compounds, all of which are thermodynamically less stable. Calvin
(1969) showed in 1950 that the thermodynamic problem could be overcome by
supplying energy in the form of ionizing radiation. But the crucial advance came
two years later when Urey (1952a), following Oparin (1927), realized that the
primitive atmosphere must have been highly reduced (CH, rather than CO,,
along with NH,, H,O, and H,). He suggested that ultraviolet light or electric
discharges might have converted the molecules in the atmosphere to excited states,
free radicals, or other reactive species, which would then transform spontaneously
into a variety of organic compounds, depending on the available kinetic pathways.

Urey’s suggestion was soon confirmed by Miller (1953) in a historic experiment,
in which amino acids were produced from CH,, H,0, and NH, by an electric spark
discharge. [The analogous synthesis with UV light was not achieved with high
efficiency until much later (Sagan and Khare, 1971)]. A new scientific discipline,
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abiotic synthesis, was born. In the ensuing excitement, Urey’s other suggestion
{complex organic compounds from partial hydrogenation of CO) seems to have
been forgotten.

3.2 Model Experiments: The Fischer-Tropsch Synthesis

We began to investigate this neglected idea in 1964, when it first became apparent
that Miller-Urey reactions could not account for certain features of meteorite
organic matter. Qur approach was to see how CO and H, behaved in the presence
of some natural catalysts expected in the solar nebula: nickel-iron, magnetite,
hydrated silicates. We found (Studier et al., 1968, 1972) that the reaction indeed
tends to stop at intermediate stages of hydrogenation, giving metastable products
of H/C ~ 2 (e.g. C,,H,,) rather than stable methane of H/C = 4. In fact, this
process has been used industrially for the production of gasoline: it is the Fischer-
Tropsch synthesis, nominally dating from 1923, but first carried out by Dobereiner
in 1817 (Bauer, 1980).

It is not feasible to conduct such model experiments at the pressure and H,/CO
ratio of the solar nebula — the total amount of carbon in a 1-liter vessel would be
only ~107# grams. Accordingly, we used higher pressures (0.1-10 atm), and lower
H,/CO ratios (generally 1, sometimes as high as 120). We shall show later on that
these results are nonetheless applicable to the solar nebula.

As a safeguard against contamination, we used deuterium rather than light
hydrogen in our syntheses, and identified reaction products by mass spectrometry
(= MB). Perdeuterated compounds give peaks only at even mass numbers (except
for very minor peaks due to the rare isotope C'3). Contaminants, on the other hand,
give prominent peaks at both even and odd mass numbers, The analytical methods,
described by Studier et al. (1978), evolved over the years and included GCMS;
vacuum distillation or pyrolysis-MS; variable-temperature, solid probe MS; high-
resolution MS; liquid, paper, or thin-layer chromatography with or without MS;
and IR, UV, or NMR spectroscopy.

The reaction§ were always carried out unter static conditions in a closed vessel,
not in a flow system as in the industrial synthesis. We also broadened the range
of experimental conditions beyond those of the classical Fischer-Tropsch synthesis.
Reaction times ranged from a fraction of an hour to a few months, and the tem-
perature was sometimes raised briefly from 150-250 °C to 500-700 °C. Such
thermal pulses were intended to simulate short-term heating events in the nebula,
such a collisions, shock waves, or the chondrule-forming process, whatever its nature.
When nitrogen compounds were sought we added ND, to the reactant gases, and
occasionally used other types of catalyst, such as montmorillonite clay, AlO,,
or S8i0,. For want of a better term, we shall call this class of reactions “Fischer-
Tropsch-type” (= FTT).

3.3 Non-Spontaneous vs Spontaneous Reactions

The basic dilemma of abiotic synthesis is that the organic compounds sought are
thermodynamically unstable with respect to the low-T equilibrium forms of C, N,

6
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O, and H: CH,, NH,, H,0, and H,. The Miller-Urey reaction circumvents this
problem by infusing energy (UV, electric discharges), thus producing free radicals
or unstable molecules that can react further to yield organic compounds. The FTT
reaction, on the other hand, uses CO, the high-T/low-P equilibrium form of carbon
in a solar gas, whose reactions to form organic compounds are exoergic! and
spontaneous, requiring no external energy source.

It appears that conditions in the solar nebula were appropriate for the FTT
but not the Miller-Urey reaction. Kinetic calculations (Lewis and Prinn, 1980) as
well as observations on comets (Delsemme, 1977) show that CO and CO,, not
CH,, were the principal forms of carbon. And the dust-laden solar nebula was
opaque to UV, precluding any photochemical reactions. It seems best, however,
to approach the problem empirically, by examining the meteoritic organic compounds
themselves for clues to their formation. We shall review these compounds class
by class, looking for the signatures of the FTT or Miller-Urey reactions.

4 Organic Compounds in Meteorites

There is little doubt that the bulk of the organic matter in meteorites is indigenous,
judging from isotopic measurements on C, H, and S (Briggs, 1963; Smith and
Kaplan, 1970; Kolodny et al, 1980; Robert et al., 1980). Such proof is not
availdble for individual compounds, however, and one must therefore be on the alert
for contamination. We shall briefly review the principal compound classes, com-
menting on their authenticity and origin. Owing to space limitations, we can only
give a concise summary of the most pertinent data. The interested reader may
therefore wish to consult the original sources, as well as the principal reviews
(Hayes, 1967; Vdovykin, 1967, 1979; Or6, 1972; Stephen-Sherwood and Ord, 1973;
Kvenvolden, 1974; and Nagy, 1975).

4.1 Hydrocarbons

Heavy Alkanes. Although there is some variation among individual meteorites and
FTT synthesis runs, the same few compounds dominate in both (Meinschein,
1963; Studier et al., 1968, 1972; Studier and Hayatsu, 1968; Gelpi et al., 1970;

! Such exoergic reactions with reactive molecules have often been called “thermal”, with the impli-
cation that “thermal energy” somehow supplies the driving force. However, this term is misleading.
The driving force is the inherent instability of these molecules at low temperatures, which permits
them to transform to organic compounds, with a net decrease in free energy of the system. The
principal way in which “‘thermal energy” enters is in speeding up reaction rates. Thus such reactions
should be called “spontaneous” rather than “thermal”.

Actually, much of the experimental work on chemical evolution (cf. Lemmon, 1970} utilizes
such unstable compounds, e.g. HCN, HCHO, HC=CCN, H,;NCN, etc,, on the grounds that
they can be made by Miller-Urey reactions. But they can also be made by spontaneous reactions
of CO, NH,, and H, (Anders et al., 1974). Hence this class of reactions provides some common
ground between the two main types of abiotic synthesis.
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Fig. 2. Gas chromatogram of hydrocarbons in the range C,5; to C,¢ (Studier et al., 1972). Only
6 of the ~10* isomeric hydrocarbons with 16 C atoms are present in appreciable abundance; 5 of
them (underlined) are common to all three samples. The sample of the Precambrian Nonesuch shale
(courtesy W. G. Meinschein) is a pure aliphatic fraction from which aromatic hydrocarbons had

been removed by silica gel chromatography; it will be discussed in Sec. 8.2. Abbreviations: Me, methyl;
B.P., branched paraffin

Nooner and Ord, 1967). Normal (straight-chain) alkanes are most prominent,
followed by methyl and dimethyl alkanes and structurally similar, slightly branched
alkenes (Fig. 2).

This resemblance is highly significant if one considers that 10,359 structural
isomers exist for saturated hydrocarbons with 16 C atoms (Lederberg, 1972).
Apparently the meteoritic hydrocarbons were made by FTT reactions, or some
other process of the same extraordinary selectivity. The Miller-Urey reaction,
incidentally, shows no such selectivity. Gas chromatograms of hydrocarbons
made by electric discharges in methane show no structure whatsoever in the region
around C,, (Ponnamperuma et al., 1969). Apparently all 10* possible isomers
are made in comparable yield, as expected for random recombination of free
radicals.

The indigenous nature of the alkanes in at least the Murray, Murchison, and
Orgueil meteorites (Studier et al., 1968, 1972) is supported by 4 lines of evidence,
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to be discussed later in this paper: absence of the isoprenoids pristane and phytane
that occur in nearly all terrestrial hydrocarbon samples; characteristic light hydro-
carbon pattern; low abundance of alkanes in the C3 chondrite Allende (Levy et al.,
1970; Studier et al., 1972) which is thermally metamorphosed and hence may be
regarded as a blank; and carbon isotope data (Sect. 5.1).

Aromatic Hydrocarbons and Light Alkanes. Carbonaceous chondrites contain
a wide range of aromatic hydrocarbons, from benzene through alkylbenzenes and
-naphthalenes to polynuclear hydrocarbons of up to six fused benzene rings (see
the reviews cited above). At higher carbon numbers, aromatics tend to be less
abundant than normal alkanes, but below about C,,, the reverse is true (Fig. 3,
top). In fact, virtually no normal alkanes at all are found between C, and Cg, their
place having been taken largely by benzene, toluene, xylene, and various alkenes
or branched alkanes, notably butene (Studier et al., 1965b, 1968, 1972; Hayes
and Biemann, 1968; Levy et al., 1973).2

3MeCio,Cap
I nBugp, BPC,,

Dihydroindene

,83

2,3 DiMeCg

BO Cg

%

8 8

1{

Fischer = Tropsch i
700°/0.5h;, 200°/24h

El Miphotic 1R Aromatic (35, Cl- Compounds BP = Branched Paraffin
Underlined = Common to Both {42 of 6! hydrocarbons)

Fig. 3. Hydrocarbons from Murchison meteorite and Fischer-Tropsch synthesis. BP = branched
paraffin; BO = branched olefin; ¢ = phenyl radical. For additional peak identifications, see
Studier et al. (1972). Of the 61 hydrocarbons in the meteorite, 42 (underlined) are also present
in the Fischer-Tropsch sample, though often not in comparable amount

2 Contrary to these findings, Belsky and Kaplan (1970) have reported substantial amounts of C,
to Cg alkanes and alkenes, but only small amounts of benzene and toluene. However, their work
is at variance with that of all other authors cited above, and has been criticized in detail by Studier
et al. (1972).
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A pattern of this sort does not form directly in the primary Fischer-Tropsch
reaction. It does, however, develop when a primary Fischer-Tropsch mixture
remains in contact with the catalyst, for a day or so at 350-400 °C (Fig. 3, bottom),
or longer times at lower temperatures (Studier et al., 1968, 1972; Galwey, 1972).
Under such conditions, a metastable equilibrium is approached, with methane and
aromatic hydrocarbons forming at the expense of ethane and heavier alkanes
(Dayhoff et al., 1964; Eck et al., 1966). The kinetics and mechanism of such aro-
matization on the catalyst surface has been discussed by Galwey (1972). Of the 61
hydrocarbons in the meteorite, 42 (underlined) are also seen in the synthetic sample,
though often not in the same amount. It remains to be seen whether the match
can be made more quantitative by changes in the reheating conditions.

When the heating is prolonged or carried out at higher temperatures, poly-
nuclear aromatic hydrocarbons with up to 7 rings form (Fig. 4; Studier et al,,
1965a, 1968; Oré and Han, 1966, Friedman et al., 1970). This reaction, using CH,
as the starting material, was discovered by Berthelot over a century ago.

Hydrocarbons from Pyrolysis of CH4 or
CHa-CO - CO2 mixtures at 900°C, 2-39h,
(% = seen in meteorites )

*C2H4 *C3H6 *C4H8

*0 *Oms @—ca:n

* * T2
*~ *ond/or

*

PYRENE I, 2~ 3, 4 -
BENZOPYRENE
@@ Fig. 4. Hydrocarbons produced
@@ from CH; or CH;~—CO—CO,
@@ @@@ mixtures at 900 °C (Studier et al,,
ANTHRACENO-(2.1:1.2) 1965b, 1968). Italicized numbers
CORONENE ANTHRACENE are percent yields, relative to

100 9% total carbon. Many of these
compounds are also present in
(OXOJ 3.4,9.10- DIBENZOPENTAPHENE |  meteorites (Vdovykin, 1967; Pe-

29 ring and Ponnamperuma, 1971;
Studier et al., 1972)

O

10



Organic Compounds in Meteorites and their Origins

Opportunities for such secondary reactions certainly existed in the history of
meteorites. Temperatures in the nebula (360-400 K, Table 1) may alone have been
high enough for secondary reactions in the time available, ~10*~10° yr, Kinetic
studies of a similar reaction (formation of benzene from alcohols, amines, or
fatty acids on Fe,O; or iron-rich peat catalysts; Galwey, 1972) indicate a benzene
formation rate of 5x 10'® molecules g~! yr™! at 360 K. At this rate it would take
only 5000 years to transform all the meteoritic carbon to benzene. Further oppor-
tunities were provided by brief thermal pulses during chondrule formation, impact,
or transient shocks. Of course, any high-temperature episodes must have happened
early or on a local scale, to permit survival of other, more temperature-sensitive
compounds.

Isoprenoid Alkanes. Early work suggested (Nooner and Ord, 1967; Gelpi and
Ord, 1970a) that nearly all carbonaceous chondrites contain the isoprenoid alkanes
pristane and phytane (2-,6-,10-,14-tetramethyl-pentadecane and -hexadecane). These
two hydrocarbons, which may formally be regarded as tetramers of isoprene,
CH, :C(CH,)CH:CH,, serve as biological markers on Earth, being derived mainly

176 i70 16‘0 l5|0 I4IO IbiO"(‘

Murchison: Surface Rinse

Ed
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Fig. 5a. A surface rinse of Murchison (benzene-methanol and n-hexane at room temperature)
contains 4 isoprenoid hydrocarbons (capitalized). For peak identifications, see Studier et al. (1972).
b Benzene-methanol extract of the same sample after grinding still yields a variety of alkanes and
alkenes, but no isoprenoids. Peak 218 preceding n-C,, is not pristane but an alkene. Apparently the
heavier isoprenoids are surficial contaminants of terrestrial origin
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from the phytot side chain of the chlorophyll molecule. Their presence in meteorites
thus suggested either extraterrestrial life or an abiotic process that strongly favored
isoprenoids over other types of branched hydrocarbons (Calvin, 1969; McCarthy
and Calvin, 1967).

It seems, however, that these results reflect terrestrial contamination. Studier et al.
(1968) found no tetrameric isoprenoids in Orgueil and Murray, only small amounts
of dimeric isoprenoids from C, to C,,. The latter compounds can, however, be
produced in FTT syntheses (Studier et al., 1968, 1972; Pichler et al., 1968); in fact,
they are more prominent in synthetic material than in meteorites (Fig. 3). A sample
of the Murchison meteorite gave substantial amounts of tetrameric and trimeric
isoprenoids, but they were found only in a surface rinse of the stone, not in an
interior extract (Fig. 5). Yet the other alkanes persisted in the interior, and since
most petroleums and other terrestrial alkane mixtures contain isoprenoids (Calvin,
1969; Gelpi and Or6, 1970a), this would seem to strengthen the case for an
extraterrestrial origin of these alkanes. Gelpi and Oré (1970b) cast further doubts
on the earlier identifications by showing that pristane, phytane and other heavy
isoprenoids are prominent in house dust and even in hydrocarbon extracts from
FeS nodules in iron meteorites.

Alicyclic Hydrocarbons. Low-resolution GS or GCMS studies have suggested
the presence of alicyclics, such as cycloalkanes (Hayes, 1967) or bicyclics with
aliphatic side chains (Kvenvolden et al., 1970; O16 et al., 1971). High-resolution
GCMS, however, confirmed only cyclopentene (Studier et al., 1972). An earlier
study detected a cyclic terpene, A® and/or A*® menthene, but it may have been a
contaminant (Studier et al,, 1968). In any event, the Fischer-Tropsch synthesis
readily produces alicyclic hydrocarbons (Weitkamp et al., 1953).

4.2 Oxygen-Containing Compounds

Alcohols and Carbony! Compounds. These compounds have been somewhat neglected.
Though Studier et al. (1965b) reported evidence for alcohols in Murray and Breger
et al. (1972) identified formaldehyde in Allende, the first systematic study was done
only in 1976, when Jungclaus et al. identified alcohols (C,-C,), aldehydes (C,-C,)
and ketones (C,~C;) in water extracts of the C2 chondrites Murchison and Murray.
Essentially the same compounds were made in an FTT synthesis on a mixed,
FeNi-clay catalyst (Anders et al., 1974). They ailso are produced in the industrial
Fischer-Tropsch synthesis (Cain et al.,, 1953, Asinger, 1968). Thus far only a few
of these compounds have been identified in the Miller-Urey synthesis (methanol,
ethanol, acetone, and acetaldehyde; Khare and Sagan, 1973), but in view of the
limited effort, no negative conclusions should be drawn.

Aliphatic Carboxylic Acids. Nagy and Bitz (1963) reported fatty acids from C,,
to C,y in Orgueil. This work was substantially confirmed by Hayatsu (1965) and
Smith and Kaplan (1970). The latter authors found 3 to 91 ppm fatty acids from C,,
to C,, in 7 carbonaceous chondrites. Smith and Kaplan believe that these acids
are largely or entirely terrestrial contaminants, because unstable, unsaturated acids
comprise about 309, of the total, and C,; and C,, acids are predominant. The case
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for contamination was strengthened by Yuen and Kvenvolden (1973), who found
C.s» Cy and C,; acids only in surface, but not interior, samples of Murchison.
However, the interior samples contained a number of short-chain acids, of which
10 were definitely identified (C,—C,) and five others (C,—C,, all branched) were
tentatively identified.

Extending this work, Lawless and Yuen (1979) made a quantitative study of
monocarboxylic acids in Murchison. Eleven acids, ranging from C, to C;, were
identified. Of these, propanoic acid was the most abundant (1.83 pmol/g), exceeding
the concentration of the most abundant amino acid, glycine, by a factor of 58.

Lawless and Yuen conclude that the Murchison fatty acids cannot have formed
by the FT reaction, since the ratio normal/zrotal branched is less than 1 (0.57-0.86
between C, and C,). But this conclusion is based on two misconceptions. First, the
denominator of this ratio includes the sum of !l branched isomers; the more
pertinent ratio for single isomers is considerably higher, e.g. 7 for C,, still implying
a strong preference for the normal isomer. Second, as we shall discuss in Sec. 8.2,
the isomer distribution in the FT reaction depends on a single parameter, represent-
ing the relative probabilities of chain growth and chain branching (Friedel and
Sharkey, 1963). This parameter varies greatly with temperature, time, catalyst, and
H,/CO ratio. For example, the normal/branched ratio for alkanes ranges from 52.6
at 195 °C to 1.2 at 370 °C, with iron meteorite and iron ore catalysts, respectively
(Nooner et al., 1976). For fatty acids, the ratios reported are less variable (1.8 to
3.0 between C; and C,,), but so were the reaction conditions (Nooner and Oro,
1979). All were determined at a single temperature, 400 °C, and with a single type
of catalyst, nickel-iron/alkali carbonate, rather than the more appropriate clays.

The Miller-Urey reaction fails qualitatively rather than quantitatively. It produces
no detectable normal acids above Cg, even in the presence of an alkaline aqueous
phase that is known to favor growth of linear chains by formation of a monolayer
(Allen and Ponnamperuma, 1967). Given the fundamentally random nature of the
Miller-Urey reaction, there is little hope that it will ever achieve the needed selectivity
for normal isomers.

Seven a-hydroxycarboxylic acids (C, to C,) and 17 aliphatic dicarboxylic acids
(C, to C,) have been found in Murchison (Peltzer et al., 1978; Lawless et al., 1974).
Eight of the latter also were produced in a Miller-Urey synthesis (Zeitman et al.,
1974). None have been looked for in the FTT synthesis thus far.

4.3 Purines, Pyrimidines, and Other Basic N-Compounds

Adenine, guanine, guanylurea, and several s-triazines and ureas have been detected
in HCl-extracts of Orgueil and Murchison (Hayatsu, 1964; Hayatsu et al.,, 1968,
1975). The first 3 were confirmed by Stoks and Schwartz (1981), but the s-triazines
were not; they may have formed from guanylurea in the isolation and identification
procedure. Other compounds detected are xanthine, hypoxanthine, and uracil (van
der Velden and Schwartz, 1977; Stoks and Schwartz, 1979). A report of 4-hydroxy-
pyrimidine and several related compounds (Folsome et al., 1973) was not confirmed
(Hayatsu et al,, 1975; van der Velden and Schwartz, 1977); these compounds, which
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were identified as trimethyl silyl derivatives, may be artifacts formed during the
silylation procedure.

Basic nitrogen compounds form in FTT reactions in the presence of NH,
(Fig. 6). In the early experiments, the temperature was briefly raised to 500-700 °C
(Hayatsu et al., 1968, 1972; Yang and Oro, 1971), but this may not be necessary,
at least with a montmorillonite catalyst (Anders et al., 1974). The reaction mechanism
is obscure, but probably involves reactive intermediates such as HCN, nitriles, or
acetylenes (Hayatsu et al., 1968, 1972; Anders et al.,, 1974). It is not clear whether
a liquid water phase, as generally formed in the cold neck of the vessel, is essential.
A detailed, systematic study of this reaction would be very desirable, to see what
conditions are required, and whether they are realistic for the solar nebula.

The Miller-Urey reaction has been notably less successful in producing N-hetero-
cyclics. Only adenine has thus far been made, by electron irradiation of CH,, NH;,
H,0, and H, (Ponnamperuma et al., 1963). The yield was only 0.017,. Better
success was achieved by reactions involving unstable reactants, such as HCN
{Lemmon, 1970), but these reactions, being spontaneous, actually are related no
less to FTT than to Miller-Urey reactions (Sec. 3.3).

Hayatsu et al. (1975) suggested the presence of aliphatic amines in Murchison,
but did not identify individual compounds. Jungclaus et al. (1976) found that at
least 10 aliphatic amines (C,~C,), including 8 primary amines, were present in
Murchison extracts. Several aliphatic amines have been seen in FTT syntheses
(K6lbel and Trapper, 1966; Yoshino et al., 1971; Anders et al., 1974), but thus far
not in the Miller-Urey synthesis.

Nucleotide Boses Mode by Fischer- Tropsch - Type Synthesis

OH NH NH
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Fig. 6. Underlined compounds have been identified in meteorites; dashed lines represent tentative
identifications. Numbers indicate percent yields in FTT synthesis (Hayatsu et al., 1968, 1972)
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4.4 Amino Acids

Early reports of amino acids in meteorites were discredited by the discovery that
fingerprints give an equally rich spectrum of amino acids, in comparable quantities
(Ord and Skewes, 1965). However, Kvenvolden et al. (1970, 1971) showed by an
elegant, contamination-proof technique (gas chromatography of diastereomeric
derivatives) that the Murchison meteorite contains at least 18 indigenous amino
acids, or compounds hydrolyzable thereto. The abiotic character of this assemblage
is underscored by the racemic nature of several of the amino acids, and by the fact
that 12 of them are not commonly found in terrestrial proteins. These results were
substantially confirmed by other authors, for 6 other Cl and C2 chondrites
(Lawless et al., 1971, 1972; Ord et al. 1971a, b; Cronin and Moore, 1971, 1976;
Cronin et al., 1979; Shimoyama et al., 1979). The total has grown to 37 amino acids,
of which 20 are fully identified (Lawless, 1973; Kvenvolden, 1974). Interestingly,
many of the protein amino acids have not been detected thus far: aromatic, hetero-
aromatic, and basic amino acids, as well as those containing hydroxyl or sulfur.

The Miller-Urey reaction has been quite successful in duplicating these results.
All 20 amino acids identified in meteorites, and 12 others, were produced by electric
discharges on CH,-NH;-H,0-H, mixtures, in the presence of an aqueous phase
(Ring et al., 1972; Wolman et al., 1972). Even the proportions of the various
amino acids resemble those in Murchison to within 1-2 orders of magnitude.

The FTT synthesis has given less impressive results, having produced only
11 definite and 8 tentative matches (Yoshino et al, 1971; Hayatsu et al., 1971).
Total yields were 0.01-0.1%, much less than in the Miller-Urey synthesis (2%),
though similar to the abundance in meteorites (£0.19, of the organic carbon).
The product distribution again was fairly similar to that in meteorites, but also
included aromatic or heterocyclic amino acids such as tyrosine and histidine that
cannot be made by conventional Miller-Urey syntheses. In the present context,
that is a liability rather than an asset, since these amino acids have not been found
in meteorites either.

These differences may reflect mainly the effort expended on the two methods,
rather than their intrinsic merits. The FTT work was done before the meteorite
results became available, and so many of the non-protein amino acids simply were
not looked for. Also, both syntheses persumably involve the same two steps
(Miller et al., 1976): formation of unstable intermediates at high T, and rapid
quenching and hydrolysis of the reaction products. The standard Miller-Urey flask,
with its small spark zone and large liquid phase, is an optimal configuration for this
purpose, in contrast to the FTT flask, where the hot and cold zones are in reverse
ratio. If the intermediates and reaction paths indeed are similar (Miller et al,
1976), then it should be possible to improve yields in the FTT synthesis merely by
changing the configuration of the apparatus, to provide a larger cold zone and
faster quench.

The close match of the amino acid distributions in meteorites and the Miller-Urey
synthesis suggests that the meteoritic amino acids were produced by the essential steps
of the Miller-Urey synthesis. It is not yet clear what these “‘essential steps” would
be in a nebular setting. Synthesis of intermediates obviously does not require an
electric discharge, but can also be achieved from CO, NHj;, and H,. The required
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extent of the gas phase reaction can presumably be achieved at lower temperatures
and longer times, perhaps obviating the need for an actual quench (Anders et al.,
1974). Finally, hydrolysis to amino acids may occur later, in the meteorite parent
body, where an aqueous phase was present for > 10* years (Du Fresne and Anders,
1962; Bunch and Chang, 1980).

The chemical state of the amino acids in Murchison has been studied in great
detail. About 809, exist in water-soluble form (Kvenvolden et al., 1971), but only
in part as “free” amino acids. When extracted with D,0, some amino acids
become partially deuterated whereas others do not (Lawless and Peterson, 1975).
This suggests that some amino acids either have labile H atoms, or are produced
by hydrolysis of “precursors”.

4.5 Porphyrins

Hodgson and Baker (1969) have detected pigments resembiing porphyrins in several
carbonaceous chondrites. It is not clear whether these were true (= cyclic) por-
phyrins or linear pyrrole polymers. Both kinds have been seen in FTT syntheses
(Hayatsu et al., 1972). The cyclic pigment illustrated in Fig. 7 has a major peak
at mass 580, as expected for an alkyl-substituted porphine C,,D,,N, + 16 CD,.
Though it does not show a doubly-charged ion at mass 290, it displays other
characteristics of porphyrins: strong absorption at 394 nm (in the Soret band
range), formation of a red copper complex, and chromatographic and solvent
extraction behavior similar to that of porphyrins (Hayatsu et al., 1972).

Porphyrin-like pigments of similar properties have been made by the Miller-Urey
synthesis (Hodgson and Ponnamperuma, 1969), but they have not yet been
characterized by mass spectrometry. In particular, their cyclic character has not
been established.

- Porphyrin-like pigment -
CaoDigNg + 16CD, ?
580

- 552 __

sp4 540 568 606 ]
A r I ll”l . |1I:; m‘lh . b l.,L'

500 m/e 600

Fig. 7. Mass spectrum of porphyrin-like pigment, made from CO, D,, and ND; by a Fischer-
Tropsch-type synthesis (Hayatsu et al, 1972). It resembles porphyrins in optical and chemical
characteristics, but lacks the expected peak at mass 290 from the doubly-charged molecular ion
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4.6 Chlorine- and Sulfur-Containing Compounds

Mono- and dichlorobenzenes have been found in several carbonaceous chondrites
(Studier et al., 1968, 1972), but in view of the widespread human use of such
compounds, it is not all certain that they are indigenous. Benzothiophenes, first
reported by Hayes and Biemann (1968) in pyrolysis experiments, have also been
seen in room-temperature solvent extracts (Studier et al., 1972) and hence must
be original constituents of the meteorites, not thermal degradation products.
Thiophene and several of its alkyl deriviitives are released from Murchison at tem-
peratures as low as 150 "C. It is not known whether these compounds can be made in
FTT syntheses, because the necessary experiments have not yet been attempted.

4.7 Organic Polymer

About 70-95% of the organic matter in carbonaceous chondrites consists of an
ill-defined, insoluble macromolecular material, often referred to as ““polymer” or
“kerogen”. A typical elemental composition for Murchison polymer (Hayatsu
et al., 1980a), on a dry, ash-free basis, is C 76.5%, H 4.5%, N 249, S 439, and
0 12.49%, (by difference).

Aromatic Acids From Oxidafion of Murchison Polymer
{italics =number of ~COOH groups)

©“©©"".©

Benzene Naphthalene 8|pheny| Phenomhrene Chrysene Phenol
2-4 24
Flu0romhene F Iuorenone Benzophenone Dnbenzofumn
Anttwaqumane
24
Benzothlophene Dubenzothuophene Pyndme Qumolme/ Cuvbozo|e
2,3 3,4 Isoquinofine 2,3
2-4

BRIDGING GROUPS =~ (CH,) - -0-(CHy), -

Fig. 8. Aromatic ring systems in Murchison polymer (Hayatsu et al., 1977, 1980a). Gentle
oxidation converts substituents to COOH groups, but leaves ring systems intact. In addition to the
ring systems shown, methyl naphthalene and methyl phenanthrene were also identified (Hayatsu
et al., 1980a)
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Pyrolysis of the polymer yields mainly aromatic hydrocarbons, with larger
amounts of alkanes, phenols, and O-, N-, and S-containing compounds (Hayes,
1967; Bandurski and Nagy, 1976; Hayatsu et al., 1977, and references cited therein).
More detailed structural information on the Murchison polymer has been obtained
by oxidative degradation (Hayatsu et al., 1977, 1980a). Oxidation with a strong
oxidizing agent, HNO,, gave a series of benzene carboxylic acids. The hexa acid
was the most abundant, suggesting a high degree of condensation of the aromatic
nuclei in the polymer. More gentle oxidation (aqueous Na,Cr,0, or photochemical
oxidation) gave larger fragments, representing 15 aromatic or heteroaromatic ring
systems (Fig. 8).

Oxidation with alkaline CuO gave large amounts of meta-hydroxy derivatives
of benzoic acid and benzene dicarboxylic acids (Hayatsu et al., 1980a). This suggests
the presence of phenol ethers in the polymer structure. Interestingly, terrestrial
polymers such as lignin, humic acid, and coal yield mainly para-rather than meta-
hydroxy derivatives by this method.

A fairly similar material has been obtained in an FTT synthesis extended over
6 months (Hayatsu et al., 1977). Upon pyrolysis, it gave a mass spectrum resembling
that of the Murchison polymer (Fig. 9). The spectrum shows mainly benzene,
naphthalene, and their alkyl derivatives, as well as alkyl-indanes, fluorene, anthra-
cene/phenanthrene, alkenes, alkanes, and alkylphenols (Hayatsu et al., 1977). This
material has not been studied by the more informative, gentle oxidation methods,

I *  MURCHISON METEORITE POLYMER,280°C]
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Fig. 9. Mass spectra of polymeric materials from the Murchison meteorite and a Fischer-Tropsch
synthesis extended over 6 months. The principal peaks are due to aromatic hydrocarbons, their
alkyl derivatives, and alkenes (Hayatsu et al., 1977)
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but upon oxidation with HNO,, it gave benzene carboxylic acids in proportions
resembling those from Murchison polymer.

Polymeric materials also form in Miller-Urey reactions, by both spark discharge
(Miller, 1955) and UV irradiation (Sagan and Khare, 1979). These materials have
not been studied in detail, but the elemental- analyses show high N contents
(369, and 119, vs. 2.4, for Murchison and 1.23% for FTT polymer). The H/C
ratios also are higher (1.28 and 1.23, vs. 0.70 and 0.78), suggesting a predominantly
aliphatic and/or alicyclic, rather than aromatic, structure.

4.8 Carbyne

Most of the carbon in the Allende C3V chondrite is present in elemental form,
rather than as polymer or extractable organic compounds (Breger et al, 1972).
It was originally called “amorphous carbon™, since it is amorphous to x-rays.
However, recent work shows it to be carbyne (Whittaker et al., 1980; Hayatsu et al.,
1980b): a triply bonded, linear allotrope of elemental carbon. Carbyne exists in at
least 10 varieties, ranging between graphite and diamond in hardness and density
{Whittaker, 1978 and references therein).

At least 4 carbynes — carbon VI (?), VIII, X, and XI — have been identified in
Allende on the basis on x-ray diffraction (Whittaker et al., 1980). Ion microprobe
data (specifically, the predominance of even-numbered carbon fragments) suggests
that at least 809, of the acid-insoluble carbon fraction is carbyne. Some of the
carbynes are thermally labile, and at 250-330 °C give off various fragments, in-
cluding C," (n = 1-5) and (C=C),CN™ (n = 1-3). Smaller amounts of carbynes
have been found in the Murchison C2 chondrite (Whittaker et al., 1980), where
they are masked by the abundant organic polymer (Hayatsu et al., 1977).

Some clues to the origin of the carbynes come from their trapped noble gas
components. The gases in Allende can, in principle, be derived from solar noble
gases by mass fractionation, perhaps augmented by fission or some other process
that produces the heavy Xe isotopes (Lewis et al., 1977). Those in Murchison, on the
other hand, contain highly anomalous Ne, Kr, and Xe (Srinivasan and Anders,
1978; Alaerts et al., 1980), Both Kr and Xe show the characteristic signature
of the s-process (neutron capture on a slow time scale), which apparently occurs
in red giants. Presumably these carbyne grains represent stellar condensates, ejected
from stars at the red giant, nova, or supernova stage (R. S. Lewis et al., 1979). Indeed,
Webster (1979, 1980) has suggested that carbyne fibers, ejected from cool stars,
comprise a major part of the interstellar dust.

According to a tentative phase diagram (Whittaker, 1978), carbynes are the
stable forms of carbon above 2600 K, and should therefore condense in place of
graphite from a carbon gas. Calculations by Clegg (1980) show, however, that the
atmospheres of cool stars are too tenuous to allow carbon to condense above
2600 K ; by the time the vapor becomes saturated with C, temperatures are well
below 2600 K, in the stability field of graphite.

Hayatsu et al. (1980b) have shown, however, that carbyne forms metastably
at much lower temperatures (520-620 K), by catalytic disproportionation of CO
(to CO, and C) on a chromite or olivine catalyst. This reaction is much slower
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than the hydrogenation (FT) reaction, but the catalysts required for the latter —
Fe,0, and/or clays — do not form in a solar gas until T has fallen to £400 K.
Above that temperature, the dominant mineral is olivine, and the dominant reac-
tion is the slow disproportionation of CO to carbynes.

These relations are illustrated in the “phase diagram” in Fig. 10. C3 chondrites,
having formed above the 400 K threshold for formation of hydrogenation catalysts
(Anders et al., 1976), contain carbynes but little or no polymer or organic compounds.
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Fig. 10. Chemical state of carbon in the solar nebula (Hayatsu et al., 1980b). Solid lines give the tem-
peratures at which 509 of the CO should have reacted according to the equilibrium shown (the
0.1% lines would be typically 100-200° higher). In each field, principal stable products are shown in
roman type, and metastable products, in italics; those that do not form for kinetic reasons are
enclosed in brackets.

For example, at 107% atm, 509 of the CO should have transformed to CH, at 590 K, but this
reaction is very slow in the absence of catalysts and so CO may instead disproportionate to CO, and
elemental carbon. This reaction should be 509, complete at 520 K. It yields carbynes rather than
graphite, if a chromite catalyst is present. At 400 K, clays form from anhydrous silicates, catalyzing
hydrogenation of CO to complex organic compounds. The dashed line shows the temperatures at
which 1% of the CO transforms to a typical alkane, CyoH,,, under metastable conditions (the lines
for most other alkanes, from C;Hg upward, are very similar).

Chemical state of carbon in carbonaceous chondrites agrees with that predicted from their for-
mation conditions (indicated by boxes), as inferred from isotopic fractionation of O and C, or
abundances of volatile metals (Table 1 and Fig. 11; Onuma et al., 1972, 1974; Anders et al., 1976).
C1 and C2 chondrites, having formed between 360 and 400 K, contain mainly organic compounds
with only traces of carbynes (Whittaker et al., 1980). C3 chondrites contain mainly elemental
carbon, which, at least in the case of Allende, is present as carbynes rather than graphite
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C1 and C2 chondrites, having formed below the 400 K threshold, contain large
amounts of organics.

No attempt has yet been reported to produce carbynes by the Miller-Urey reaction.
This should not be held against it, since carbynes have only very recently been
discovered in meteorites. At least acetylene and some of its simpler derivatives have
been made in the Miller-Urey synthesis (Friedman et al., 1971).

5 Isotopic Data

5.1 Carbon

Meteorites show a very large difference in C'2/C'3 ratio between carbonate and
organic carbon: 60 to 80%, (Boato, 1953; Briggs, 1963; Clayton, 1963; Smith
and Kaplan, 1970). This trend remained unexplained for a number of years, because
coexisting carbonate and organic matter on Earth shows a much smaller difference,
typically 25-30%,. It is a primary feature, unaffected by the later thermal history
of the meteorite. Terrestrial calcium carbonate is not known to equilibraté with
coexisting organic matter in sediments (Smith and Kaplan, 1970).

Although fractionations of 60-80%, are theoretically possible under equilibrium
conditions at very low temperatures (<0 °C), they are not observed on Earth.
Urey (1967) therefore proposed that the two types of carbon came from two un-
related reservoirs, whereas Arrhenius and Alfvén (1971) suggested fractionation
during carbonate growth from the gas phase, involving multiple desorption or
metastable molecules.

%L‘E 3?0 T 1 T !4001 T 1 14?0 T r 7 ?90' T 1 1‘5?0! T 0§?OOK
ﬁ’;; RN C'%/ 6™ Fractionation in ]
“—Z_,_E,BO ~o Fischer- Tropsch Reaction -
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20~ mCO,/ Ci5Hap + heavier HC -
- @ (0, / CoHg + heavier HC .
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1000/7 {°k™)

Fractionation AC" (%e)=10001n

Fig. 11. The Fischer-Tropsch reaction shows a kinetic isotope fractionation between organic and
carbonate carbon of the same sign and magnitude as that in meteorites (black bars on ordinate).
Observed fractionations in C1 and C2 chondrites correspond to temperatures of about 360 K and
400 X (Lancet, 1972)
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It turns out, however, that the Fischer-Tropsch reaction gives an isotopic frac-
tionation of just the right sign and magnitude, owing to a kinetic isotopic effect
(Lancet and Anders, 1970; Lancet, 1972). The temperature dependence of the
fractionation between 375 and 500 K suggests that the observed fractionations
in Cl and C2 chondrites correspond to about 360 to 400 K (Fig. 11). These values
agree rather well with the formation temperatures of carbonates and silicates,
based on O'®/0'% ratios, 360 K for CI’s and 380 K for C2’s (Onuma et al., 1972,
1974). The Miller-Urey reaction gives a fractionation of only —0.4 + 0.2%,
(Lancet, 1972).

This interpretation has been questioned by Chang and Mack (1978), who found
that water-soluble organics, especially amino acid extracts from the Murchison
meteorite, were almost as heavy as carbonate C [SC3(PDB) = +23 to +44%,
vs. +44.4%,], in contrast to the much lighter insoluble polymer (—15.3 to
—16.8%,) or benzene-methanol extracts (+35.09%,). They suggested that these
various forms of carbon represent several stages of carbon condensation in the
solar nebula, “in different environments separated in space and possibly in time”.

This explanation gains support from isotopic data for N and O (Sec. 5.2 and 5.3),
which also point to an isotopically heterogeneous nebula. However, the amino
acid data actually are not inconsistent with the FTT reaction. Hydrogenation
of CO can yield either CO, or H,O:

2CO + 2H, - CH, + CO, AG® = —59,100 + 30.1 T (cal/mole) (1)
CO, +4H, »CH, + 2H,0 AG®° = —39,420 + 41.2 T (cal/mole) )
CO + 3H, » CH, + H,0  AG® = —49,260 + 512 T (cal/mole) 6]

For kinetic reasons, reaction (3) normally dominates. However, reaction (2) still
is exoergic, and so any CO, formed by (1) can subsequently hydrogenate according
to (2), forming a second crop of organic compounds (Anderson, 1956). And since
the CO is isotopically heavy (Fig. 11), the resulting organic compounds will also
be heavy. Thus “primary” organic compounds from CO will be light, whereas
“secondary” compounds, from CO,, will be heavy.

5.2 Nitrogen

The nitrogen data, while more ambiguous, do not fit this picture. Organic nitrogen
in Cl and C2 chondrites has 8N'> of +30-50%,, relative to atmospheric N,
(Kung and Clayton, 1978). No second, co-existing N-phase has been analyzed in
these meteorites, but inorganic N in enstatite chondrites — located in high-tem-
perature minerals and hence probably approximating the solar nebula — has
SN of —30-40Y,, for a total difference of 80-90%, (Kung and Clayton, 1978).

Chemical fractionation apparently cannot account for this difference. Kung
et al. (1979) have found that N-isotope fractionations in both FTT and Miller-Urey
reactions are too small: +3%g and +10-12%,. The high 8N*’ of Cl and C2 chon-
drites could, in principle, be explained by mass fractionation in a Rayleigh process,
involving loss of 999 of the N,. But this process would have to be driven to
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ridiculous extremes to account for the SN!3 of +170%, of the C2R chondrite
Renazzo (Kung and Clayton, 1978).

The most plausible explanation remaining is isotopic heterogeneity of the solar
nebula: C- and E-chondrites may have originated in isotopically distinct regions,
differing in 8N'> by 80-90%, (Kung and Clayton, 1978). A similar explanation has
already been invoked for oxygen (R. N. Clayton, 1978), where the existence of 3 rather
than 2 stable isotopes makes the interpretation less ambiguous. Chemical hetero-
geneity has long been implied by the highly reduced mineralogy of E-chondrites,
requiring a high C/O ratio (Larimer, 1968, 1975).

Of course, if the isotopic variations in N and O are due in part to heterogeneities
of the nebula, then one must admit this possibility for C as well. But the isotopically
distinct carbon phases — carbonate, polymer, and amino acids — all coexist in the
same meteorite, which makes origins in different regions rather less probable.
Still, this possibility must be kept in mind.

5.3 Hydrogen

Hydrogen in C1 chondrites occurs in three major forms: (1) loosely bound water
of hydration of MgSO, and other salts; (2) structural water in clay minerals, and
(3) organic hydrogen. Boato (1953) found in a stepped heating experiment on the Cl
chondrite Ivuna that the water released up to 180 °C was of essentially terrestrial
composition, and apparently represented exchangeable water of hydration, whereas
the water released between 180° and 900 °C became progressively heavier (6D up to
42%, relative to standard mean ocean water), and apparently came from the other
two, indigenous, sources. A similar experiment on the C2 chondrite Cold Bokkeveld,
on the other hand, gave water of more normal and less variable composition.

The first attempt to determine the isotopic composition of the organic fraction
was made by Briggs (1963). He found that benzene-methanol extracts of four
Cl, C2, and C3V chondrites had variable isotopic compositions, in each case
closely resembling the 8D and §C"? values measured by Boato (1953) on bulk samples
of the same meteorites. This implied that the organic H was isotopically similar
to the more abundant inorganic H in the silicates, which dominated the bulk
samples of Boato.

Very different results have been found in recent studies, by stepped heating (Robert
et al., 1979, 1980), oxidation in an oxygen plasma (Kolodny et al., 1980), or prior
enrichment of organic matter by solvent extraction or removal of inorganic minerals
with HC1—HF (Robert et al, 1980; Robert and Epstein, 1980). The organic
matter shows very large deuterium enrichments, up to 8D = 1509, for Orgueil
and 3109 for Renazzo (Robert and Epstein, 1980). C and N also vary, but only
within the previously observed range, and do not correlate with D. The hydrogen
in clay minerals, on the other hand, is very much lighter: 8D = +3 to —16% for
Orgueil, Murray, and Murchison; + 68 % for the perpetual non-conformist, Renazzo.

Various possible mechanisms have been discussed by the above authors, and
— most comprehensively — by Geiss and Reeves (1981). Equilibrium chemical
fractionations in the solar nebula could possibly account for the silicates, which
require temperatures around 230-300 K (Kolodny et al., 1980; Robert and Epstein,
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1980), but hardly for the organic compounds: at the required temperatures of
130-180 K, reaction rates are negligibly slow. Kinetic isotope effects are altogether
unsuitable, because they have the wrong sign. Spallation reactions, in turn, are
ruled out by overproduction of light xenon isotopes.

The principal possibility remaining is that the deuterium enrichment was caused
by ion-molecule reactions, analogous to those postulated for interstellar molecules.
It is well known that certain interstellar molecules such as HCO*, HCN, or HNC
are enriched in D by factors of 107-10° (Penzias, 1979; Snell and Wootten, 1979).
These enrichments are attributed to ion-molecule reactions at low temperatures,
which cause D to concentrate in ionic, reactive species such as H,D* or CH,D*
{(Watson, 1976; Huntress, 1977; Snell and Wootten, 1979). The D-enrichment in
meteoritic organic matter is up to four orders of magnitude smailer than in
interstellar molecules, and so the meteoritic organic matter can’t simply be mummified
interstellar molecules. 1t probably consists mainly of local material that was slightly
contaminated with D-rich, interstellar material. A telling clue (Geiss and Reeves,
1981) is the observation that these very same meteorites contain one or more exotic
noble gas components in carbonaceous host phases, whose isotopic compositions
clearly point to a presolar origin (Eberhardt et al., 1979; R. S. Lewis et al., 1979).

On the other hand, one cannot rule out the possibility that D-rich, ionic species
formed at some stage in the solar nebula, and reacted with previously-produced, poly-
meric material. This is essentially a Miller-Urey reaction with a built-in, isotopic
tracer. Perhaps these two alternatives can be distinguished by isotopic analysis of
carefully separated fractions of the organic material.

6 Feasibility of the FTT Synthesis in the Solar Nebula

It appears that FTT reactions can account reasonably well for most features of
organic matter in meteorites. The only alternative process, the Miller-Urey synthesis,
fails to account for the aliphatic and aromatic hydrocarbons, nitrogen heterocyclics,
many oxygen compounds, the polymer, and carbon isotope fractionations, though
it remains an alternative and perhaps superior source of amino acids and may, in an
extended sense, be responsible for the deuterium enrichments.

However, it is not immediately obvious that the FTT model experiments are
relevant to the solar nebula. First and foremost, it must be shown that CO was
still present at the time the nebula had cooled to 360 K.> How did CO traverse
the no-man’s land between 600 K where it becomes unstable with respect to CH,,
and ~400 K, where formation of heavy hydrocarbons first becomes thermodynamic-
ally feasible (Fig. 1, 10)? Second, was the reaction rate fast enough at the extremely
low pressures in the nebula?

We are making the conventional assumption that the nebula cooled isobarically from high tem-
peratures. Actually, the same final state could be reached by isothermal compression or by some
intermediate path (Arrhenius and Raub, 1978). In that case, survival of CO would be virtually
assured. CO is the stable from of C at low P and T (Fig. 10), and although it would have to tra-
verse the “graphite-carbyne” field in Fig. 10 before reaching the “organic compound” field, most
of it would survice, since reaction rates at low pressures are very slow (Sect. 6.2).
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6.1 Survival of CO

An answer to the first question was suggested by Lancet and Anders (1970). The
principal meteoritic phases stable above ~350-400 K (olivine, pyroxene, Fe, FeS)
are not effective catalysts for the Fischer-Tropsch reaction, whereas the phases
forming below this temperature (hydrated silicates, magnetite) are. [Though metallic
iron is often regarded as a catalyst for this synthesis, the catalytically active phase
actually is a thin coating of Fe,0, formed on the surface of the metal (Anderson,
1956)]. Thus CO may have survived metastably until catalysts became available
by reactions such as:

12 (Mg, Fe),Si0, + 14 H,0 - 2Fe,0, + 2 H, +

+ 3 (Mg, Fe)(OH),Si,0,,

4 (Mg, Fe),Si0, + 4 H,0 + 2 CO, — 2 (Mg, Fe)CO, +
+ (Mg, Fe),(OH),Si,0,, .

This would also explain why the hydrated silicates, carbonates, and organic com-
pounds in C1’s all have the same formation temperature (Table 1). (The deuterium
enrichment (Sect. 5.3), if interpreted as an equilibrium fractionation, suggests
lower temperatures, but it may actually be due to reactions with D-rich ions).

More recently, Lewis and Prinn (1980) have systematically examined the reduction
kinetics of CO and N, in the solar nebula. Taking into account gas-phase reactions
as well as surface-catalyzed reactions (for the rather inefficient catalysts present
above 400 K, they conclude that reaction rates were so slow relative to the rates
of radial mixing or nebular evolution that no more than 19, of the N, and CO
would have been reduced to NH; and CH, over the lifetime of the nebula. Methane,
the starting material of the Miller-Urey reaction, apparently was only a minor con-
stituent of the solar nebula.

6.2 Rate of Reaction in the Nebula

The second question cannot be answered unequivocally because the kinetics of the
Fischer-Tropsch reaction is not well enough understood to permit reliable extra-
polations to very low pressures. Still, a tentative analysis based on Langmuir’s
adsorption isotherm suggests that the rate may be adequate even at 1075 atm
(Lancet, 1972).

Since H, is much more strongly adsorbed than is CO and covers nearly the entire
surface at pressures greater than 107'° atm (Hayward and Trapnell, 1964), the
Langmuir expression for the rate R simplifies to:

R = k(bo/by,) (P./PL?)

where P = pressure, & = rate constant, b = adsorption coefficients and the
subscripts C, H stand for CO and H,. (The exponent of 1/2 reflects the fact:that H,
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dissociates to H atoms upon adsorption). With symbols N = nebula and L = labor-
atory, the half-time ¢ in the nebula is:

ty = t,Pe P 11{/1%1/ P CNPll-l/IZA @

A conservative estimate of t, may be obtained from the experiments of Lancet
{1972), who studied the rate of the Fischer-Tropsch reaction on a cobalt catalyst
between 500 and 375 K (Fig. 12). The data give an activation energy of 27 + 1 kcal/
mole, similar to earlier determinations (Anderson, 1956). The laboratory halif-time
t, extrapolated to 360K is 8600 hr, or ~1yr. With Py = P, = 0.5 atm,
Pyn = 107%atm, and P,y = 6.5x107° atm, we obtain t, = 3.4x 10° yr.

However, this value almost certainly is a gross overestimate. Lancet’s experiments
were done in a static system at ! atm, where the mean distance between gas
molecules and catalyst was ~10 cm or ~ 10° mean free paths. In the nebula, this
distance would be only ~0.03cm or ~0.01 mean free paths* A better estimate

400 500 600K 10t
1 l I T i T l' ¥ i LR I | l ¥
Rate of Fischer - Tropsch Reaction i
0]
0= N ® Cobalt Cotolyst —io?

~o S, 4 Bruderheim L6 Chondrite  §

~ 2

Half - time { seconds)

Half - time { years)

Fig. 12. Fischer-Tropsch reaction at 1 atm is first-order in CO, with an activation energy of 27 kcal/
mole (Lancet, 1972). Rate in a flow system is ~ 10 times faster than in the static system used here.
Dashed line shows extrapolation to solar nebula, assuming that the rate is proportional to
(PCO)(PHZ)“”Z. Reaction proceeds at an undetectable rate when the Bruderheim L6 chondrite is
used as a catalyst. Apparently the high-temperature minerals in this meteorite (olivine, ortho-
pyroxene, troilite, and nickel-iron) do not catalyze the hydrogenation of CO. Thus CO can survive
in the solar nebula down to 400 K, when catalytically active minerals first from (Fig. I and 10)

4 The dust density in a solar gas at 360 K and 105 atm is 5.65 x 1072 g/cm?®, assuming Cl chondrite
composition. With a grain radius of 10~ cm and density 2.4 g/cm? (typical values for Cl chondrites),
the number density is 565 grains/cm®, corresponding to a mean distance of 0.12 cm between grains,
or 0.03 cm between gas molecules and grains.
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may therefore be obtained from industrial flow-type syntheses, where contact
between gas and catalyst is more intimate than in a static system. Rates at 440 to
470 K (Anderson, 1956) are typically (1-2) x 10° times faster (bottom curve in Fig. 12)
than in Lancet’s static experiments (middle curve). Accordingly, the half-time in the
nebula {top curve) may be 500 yr or less, somewhat shorter than the expected
lifetime of the nebula of ~10° yr. It would be shorter still at higher nebular
pressures (107°-1073 atm), which are currently favored by many authors.

We can reexamine the question of CO survival in the light of these rate data.
From the relation between surface density and cooling time (Cameron, 1962), it
seems that the pertinent region of the nebula took 10 years or 3 x 10® sec to cool
from 600 to 400 K. The requirement that one-half the initial CO survive this stage
is equivalent to the condition that the half-time at 600 K, in the absence of good
catalysts, be greater than 3 x 10° sec. This is nearly three orders of magnitude longer
than the halflife of 5x 10? sec extrapolated from the top curve in Fig. 12, which
applies in the presence of good catalysts. The available experimental data do
indeed suggest a differences of at least this order. No trace of a reaction was
observed withn CO and D, were heated at 620 K in the presence of the L6 chondrite
Bruderheim (Studier et al., 1968), which represents the mineral assemblage expected
in the nebula between 600 and 400 K. The lower limit to the half-life inferred from
this experiment is 4 x 10® sec (triangle in Fig. 12), i.e. 8 orders of magnitude above
the line for a Co catalyst. It appears that the survival of CO between 600 and
400 K is not a problem.

We must also check whether enough NH, was present in the nebula for synthesis
of nitrogen compounds. At equilibrium, only about 19 of the total N will be
present as NH, at 360 K and 107° atm, and even less at lower pressures (Fig. 1).
Kinetic considerations give similar values, around 1% (Lewis and Prinn, 1980;
Norris, 1980). However, Cl1 chondrites contain only 1.5% of their cosmic comple-
ment of N, and so even ~1Y; in the form of NH, may have sufficed.

6.3 Catalysts

The availability of a catalyst is another important question. Industrial Fischer-
Tropsch syntheses generally use metallic catalysts, and since these are easily
poisoned by sulfur, Oré et al. (1968) have questioned the catalytic effectiveness of
meteoritic dust in the solar nebula, in view of the high sulfur content of meteorites.

However, this objection does not seem serious (Anders et al., 1973). In a poisoned
industrial catalyst, the entire surface is coated with sulfide, rendering it ineffective.
But in carbonaceous chondrites, the catalytically active magnetite and phyllosilicate
grains are discrete and spatially separated from the sulfides. Grains suspended
in the nebula cannot intercommunicate with each other, and hence a sulfide grain
cannot inhibit catalytic reactions at the surface of an Fe,O, grain 0.1 cm distant.

5 Miller et al. (1976) have repeated the argument about sulfur poisoning, and have raised several
other objections to the FTT synthesis, without mentioning that they had been extensively dis-
cussed and refuted several years earlier (Anders et al., 1973, and earlier papers of the Chicago

group).
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Moreover, phyllosilicate is immune to sulfur poisoning. Indeed, Studier et al. (1968)
showed that the Cold Bokkeveld carbonaceous chondrite, despite its sulfur content
of 39, was able to catalyze an FTT reaction.

There are some indications that the organic compounds were synthesized on the
surfaces of meteoritic mineral grains. Vdovykin (1967) and Alpern and Benkheiri
(1973) have shown that much of the organic matter is present as rounded, fluorescent
particles 1-3 um in diameter, containing cores of magnetite or silicate.

7 Interstellar Molecules

Lederberg and Cowie (1958) suggested long ago that complex organic molecules
might form in space, by gas phase reactions or surface catalysis on dust grains.
Since then, more than 50 interstellar molecules or radicals have been discovered
(Gammon, 1978), and until recently, it appeared that both mechanisms played a
role: gas-phase, especially ion-molecule reactions for at least the smaller molecules,
and grain catalysis for H, and perhaps the larger molecules (Watson, 1976;
Allen and Robinson, 1977; Gammon, 1978). Since then, there has been a decided
shift in favor of ion-molecule reactions, not because grain catalysis looks worse but
because ion reactions look better. The large D enrichments (Sec. 5.3) clearly point
to ion reactions, and some new reaction schemes endeavor to build even the largest
molecules by ion reactions (Smith and Adams, 1978; Huntress and Mitchell, 1979;
Schiff and Bohme, 1979). We shall review the problem with an admitted bias toward
grain catalysis.

7.1 Synthesis in Solar Nebulae?

Herbig (1970) suggested that solar nebulae might be manufacturing sites for inter-
stellar molecules. Main sequence stars show a marked discontinuity of rotation
rates at 1.5 M, suggestive of angular momentum transfer to extrastellar material.
Thus solar nebulae may be a common byproduct of star formation. Such nebulae,
embedded in interstellar clouds, provide a high-density environment (~ 10** mole-
cules/cm®) in which matter can be transformed to grains and molecules that are then
returned to the interstellar cloud when the nebula is dissipated.

In our own solar system, nearly all volatiles complementary to the inner planets
Bx107*M o) were so lost. Earth and Venus contain only about 107 their comple-
ment of C, and even lesser amounts of H,0, N, and noble gases. Since the retained
C appears to show the imprint of the Fischer-Tropsch reaction, it seems likely that
the lost C, too, had been involved in this process.

There exists some circumstantial evidence linking interstellar molecules to proto-
stars. The more complex interstellar molecules tend to occur only in regions of very
high density (210* H,/cm?), e.g. the infrared nebula in Orion. Star formation
proceeds at a rapid rate in such clouds, and thus solar nebulae may have formed and
dissipated. The lifetime of our solar nebula seems to have been rather short: 10°
to 10° yr, or 1-2 orders of magnitude less than the age of a typical cloud, e.g. the
Orion Nebula, or lifetimes of molecules against UV photolysis (Gammon, 1978).
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If these values are typical, even a young cloud should contain appreciable amounts
of carbon cycled through solar nebulae. Abundances of interstellar molecules relative
to CO are at least 2 orders of magnitude lower than yields in FTT syntheses
(Gammon, 1978). It appears that only a moderate degree of star formation and CO
processing would suffice to account for the interstellar molecules.

An apparent limitation of the FTT reaction is its high activation energy of
27 kcal/mole, which requires temperatures above 300 K for reasonable rates. (For
example, at P = 107! atm, the temperature for 19 conversion to heavy alkanes
is 294 K, and the corresponding time, 6.8 x 10° yr). However, the rate measurements
extend only to 375 K, and do not preclude a second pathway of low or zero acti-
vation energy that becomes dominant at lower temperatures. Adsorption of the reac-
tants itself involves no activation energy (Brecher and Arrhenius, 1971), and the
activation energy associated with the reaction or desorption steps can be supplied or
reduced in varous ways: more active reactants, e.g. H instead of H,, heating of the
grain by exothermic reactions (Allen and Robinson, 1977), or high surface coverage
of the grain, which decreases the desorption enthalpy (Brecher and Arrhenius, 1971).
Thus there is at least some chance that the FTT reaction may work at the low
temperatures and pressures of interstellar clouds.

7.2 Observations

Of the 31 known interstellar molecules with =3 atoms (Table 2), at least 23 have
been found in meteorites or FTT syntheses. They are italicized in Table 2.

One feature suggestive of the FTT reaction is the variable abundance of the two
structural isomers, CH;OCH, and C,H;OH, which dominate in the Orion Nebula
and Sagittarius B2, respectively (Zuckerman et al., 1975). A similar variation was

Table 2. Interstellar Molecules with 3 or More Atoms (Gammon,

1978)
Cand O N S
CH, (1 HCN H,S
{ HC=CH HNC S0,
CH,C=CH HNCO ocs
H,CS
H,0 { CH,CN
{ HCHO C,H,CN
CH,CHO CH,=CHCN
H,C=CO NH,
HCOOH CH,NH
HCOOCH, CH,NH,
{ CH,0H NH,CN
C,H,OH NH,CHO
CH,OCH, HC=CCN
H(C=C),CN
H(C=C),CN
H(C=C),CN
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seen in the FTT synthesis, where the ether/alcohol ratio varied from 0.05 to 3 for
nickel-iron and clay catalysts, respectively (Anders et al., 1974). But ion reactions
probably can also give a similar variation (Huntress and Mitchell, 1979).

A more general hallmark of the FTT reaction is the presence of homologous
series: aldehydes, alcohols, nitriles, and cyanoacetylenes (Table 2). The FTT
reaction builds carbon chains by successive addition of C, or C, units, and so the
lightest member of a series is always accompanied by its heavier homologues. A
good test case is provided by the cyanoacetylenes: the most numerous family, with the
largest member (HC,N, with 11 atoms).

The discovery of a large deuterium enrichment in HC,N in the Taurus Molecular
Cloud 1 (DC,N/HC,N = 0.02-0.08; Langer at al.,, 1980) clearly shows that ion-
molecule reactions were involved at some stage. But this does not prove that the
entire molecule is built step-by-step by ion-molecule reactions. Several ingenious
schemes involving such buildup have been proposed (Huntress, 1977; Churchwell
et al., 1978 Mitchell and Huntress, 1979; Schiff and Bohme, 1979; Walmsley et al.,
1980). But all are based on a judicious choice of reactants (such as C,H,) and
reactions that favor formation of cyanoacetylenes. Only a limited number of com-
peting or destructive reactions has been considered, and in view of the potentially
vast number of such reactions, it is not at all clear that the basic problem has been
solved: how to build and preserve highly unsaturated molecules such as HC,N in a
cosmic gas, where the H/C ratio is ~ 10>, Also, one of the two main reactions invoked
for buildup of heavier cyanoacetylenes:

HC,N + C,H; — H,C,N* + H

does not occur at a measurable rate in the laboratory; instead, H,C,N* forms by
proton transfer (Freeman et al., 1978, 1979),

It also seems unlikely that the proposed reaction schemes for cyanoacetylenes
can be stretched to produce the structurally similar but much larger, presolar
carbynes in meteorites (Whittaker et al., 1980; R. S. Lewis et al., 1979). Being
presolar, they, too, need to be accounted for from now on.

To its embarrassment, the FTT reaction has failed to yield the heavier cyano-
acetylenes in laboratory syntheses (Anders et al., 1974). However, this probably
reflects not an intrinsic shortcoming but merely destruction of the very reactive,
heavier members by secondary reactions under the extreme conditions of these
experiments (P = 2atm, T = 570K, t = 168 hr). Given the universal formation
of homologous series in the FT reaction, and its proven ability to make higher
carbynes (Hayatsu et al., 1980b), there is little reason to doubt that it also makes
the higher cyanoacetylenes. (But so do gas phase reactions, given favorable
reactants such as C,H, and HCN. Winnewisser et al., (1978) produced HC,N and
small amounts of HC,N by RF discharge in such a gas mixture at 0.1-1 torr.)

Let us compare abundance patterns in detail (Fig. 13), using the most complete
sets of data available: alcohols for the FTT reaction (Anders et al., 1974) and
cyanoacetylenes in TMC-1 for interstellar molecules (Morris et al., 1976; Kroto
et al., 1978; Broten et al., 1978; Langer et al., 1980).

In the FTT reaction, the abundance ratio of successive homologues remains
constant: C__,/C = a, and so a logarithmic plot of abundance against carbon
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Fig. 13. The Fischer-Tropsch reac-
tion produces homologous series in
logarithmic distribution, as illustrated
here by alcohols (Anders et al., 1974).
From C; upward, successive homo-
logues form in fixed, molecular ratio:
C,+1/C, = a, where a is the prob-
ability of chain growth, typically
0.6-0.9. Interstellar cyanoacetylenes
in the Taurus Molecular Cloud 1
likewise show a logarithmic distri-
bution, of very similar slope (0.52
vs 0.59 for the FTT alcohols). Pre-
sumably they, too, formed by surface
catalysis, rather than by gas-phase
1 | i l | 1 i reactions
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number is a straight line, of slope @ (Fig. 13). The slope a simply is the probability
that the carbon chain will grow by one unit. In industrial syntheses, « is typically
0.05-0.9 for n = 1, and 0,6-0.9 for n z 2. The value for the FTT aicohols in Fig. 13
is 0.59.

The slope for the interstellar cyanoacetylenes is quite similar: 0.52. Here the chain
grows by C, units, and so the probability of forming the next higher homologue is
(0.52)?, or 0.27. In other words, conversion to the next homologue is one-third as
likely as all other fates combined: hydrogenation, branching, dissociation, ionization,
chain termination, etc. It seems unlikely that such remarkably high growth prob-
abilities — moreover, constant for all 4 homologues — can be achieved in a gas phase
environment. It remains to be shown, by a truly comprehensive review of all
relevant reactions, that a net growth probability of 0.27 can be achieved in a funda-
mentally destructive gas phase.

It seems that the FTT reaction is better able to account for the data, since it is
known to yield a distribution of the observed shape and slope. Nonetheless, the high
abundance of DC,N in TMC-1 suggests that reactions with D-rich species did occur
at some stage — either on grain surfaces during the initial synthesis, or later on,
by exchange reactions in the gas phase.

Thus a combination of the two processes may be needed for cyanoacetylenes:
grain catalysis for formation of carbyne chains (with or without H and N) and
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ion reactions for hydrogenation or deuterium exchange. It is interesting that a
meteoritic carbyne sample heated at only 530 K releases molecules in the right
mass range, yielding C/-C, and CN*-C,N” ions in the mass spectrometer
(Hayatsu et al., 1980b). Very similar results were obtained on synthetic carbynes,
made by catalytic disproportionation of CO. The low release temperature shows that
these molecules or radicals are present as such in the sample, and are held in place
only by weak, adsorptive (?) forces. Consequently, they may be released from the
grains by the mechanisms discussed by Allen and Robinson (1977).

8 Origin of Volatiles on Inner Planets

8.1 Accretion of Planets

Some of the most volatile substances occur in the Earth’s crust in nearly the same
proportions as in carbonaceous chondrites. This has led to the suggestion that the
inner planets obtained their volatiles from carbonaceous-chondrite-like dust or
larger bodies that had formed at later times or in cooler regions of the nebula
(Anders, 1968 ; Turekian and Clark, 1969; Anders and Owen, 1977). Such material
might have made a significant contribution to the Earth’s initial endowment of
organic matter. Bodies of meteoritic size (1-100 cm) would survive atmospheric
entry, and deliver their organic-compounds intact. Larger bodies would vaporize
on impact, causing any organic compounds to revert to CO and H,. But on
expansion and cooling of the gas ball, catalytic reactions might commence on the
surfaces of dust grains. Apart from prebiotic organic matter, some portion of the
Earth’s petroleum may have originated by this route, as argued by Robinson (1966),
Porfir’ev (1971), and others.

8.2 FTT Reactions on the Earth

There are indications that FTT reactions also take place in petroleum deposits.
Friedel and Sharkey (1963) have shown that the alkane isomer distribution up to C,
in crude oils can be quantitatively represented by a formula first devised for thé
Fischer-Tropsch reaction, in which the only parameter is the ratio of the probabilities
of chain branching, b, and chain lengthening, a; f = b/a. The resemblance of the
ostensibly biogenic Nonesuch shale hydrocarbons to Fischer-Tropsch hydrocarbons
(Fig. 2) suggests that this similarity holds also at higher carbon numbers. The most
straightforward explanation of the quantitative applicability of the Fischer-Tropsch
formula is that Fischer-Tropsch type, surface-catalyzed reactions are involved
in the formation of petroleum, at least under more extreme conditions of diagenesis.
Several authors (Pikovskiy et al., 1965; Galwey, 1969; Hayatsu et al., 1971;
Anders et al, 1974) have shown that clay minerals are good catalysts for such
reactions.
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1 Introduction

During the past decade, molecular line astronomy has contributed substantial new
information about a variety of long standing astronomical problems such as (i) the
distribution of matter within our galaxy and others, (i) the mass loss associated with
old and young stars, (iii) the formation of young stars occuring in dense molecular
clouds and, (iv) the determination of isotope ratios as a useful indicator of the past
chemical history of the Galaxy. Thus molecular line astronomy has opened several
new areas of research and has widened our understanding of the cosmos. The
most fascinating of these new research activities certainly seems to be cosmochemistry,
the chemistry prevailing in the highly diluted medium of space as compared to
terrestrial conditions. This is for the simple reason that we all share a certain curiosity
in understanding of (i) how the cosmically most abundant elements H, C, N, O (with
the exception of He) bind together under the extreme conditions of interstellar space
to form simple and fairly complex molecules and (ii) how these rather recent
interstellar results relate to and influence our knowledge of the origin and early history
of the solar system.

Although some of the organic interstellar molecules are by far not as complex as
biologically important molecules such as deoxyribonucleic acid (DNA) or ribonucleic
acid (RNA), which govern the process of reproduction, the most basic property of
life, they are however fairly exotic even when compared with present day organic
chemistry since not all interstellar molecules have been synthesized in the labora-
tory. Among the known interstellar molecules, one finds all the smaller molecules
or functional groups out of which larger molecules and eventually the biologically
complex molecules can form. All the ingredients are produced there in the
hostile environment of interstellar space, awaiting conditions which allow the forma-
tion of even biologically important molecules. Whether these conditions are ever
met by interstellar space seems unlikely, or whether they are only found in atmospheres
of certain planets in the close neighbourhood of stars remains an intriguing
question.

On the other hand one finds interstellar molecules such as water, H,O, methyl-
or ethylalcohol CH;OH, CH,CH,OH respectively which are well known to us from
common day life.

The aim of this article is to give a short outline of current theories of molecule
formation and destruction in interstellar clouds, together with a short summary of the
observational material which has been accumulated up to early 1981. Although
this article will address itself predominantly to simple molecules a section on complex
molecules has been added. We will, therefore, discuss some general aspects of cosmo-
chemistry and then turn to molecule formation in diffuse clouds followed by a
discussion of the chemistry of dense interstellar clouds. A section has been added to
summarize recent observational results and theoretical proposals in understanding the
formation of intermediate and complex molecules, an area of considerable current
activity. Finally the article closes with a short summary of the molecular species found
in planetary atmospheres and a short discussion of what the relation might be to the
interstellar molecules.

The subject of molecule formation and destruction has been reviewed by several
authors (e.g. Herbst and Klemperer 1976, Watson 1976, Herbst 1978 and Watson
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1978). In this cosmochemistry series “Topics in Current Chemistry”, Winnewisser,
Mezger and Breuer 1974 have given a general review of interstellar molecules, with
some consideration of molecule formation mechanisms. Recently Winnewisser,
Churchwell and Walmsley 1979 have given a detailed account of the ““Astrophysics
of Interstellar Molecules” with a chapter specially devoted to molecule formation
mechanisms, This article is based on these earlier reviews with emphasis on some of
the more recent developments.

We will not mention effects on molecular formation due to shocks and shock
fronts in dense molecular clouds, nor will we discuss the chemistry of the cir-
cumstellar environment, where an abundance of molecular species has been
detected during the past several years. In the warm, dense envelopes of stars
the abundances can be matched by chemical-equilibrium calculations, in contrast to
the chemical reactions which can take place in the cold interstellar molecular clouds.
For example theoretical calculations based on chemical equilibrium have been per-
formed for the expanding molecular envelope of the cool carbon star IRC 410216
by McCabe et al. (1980), in agreement with the observed molecular column-densities.

2 Astrophysical Scenario

Our Galaxy consists of stars and matter which has either not yet participated in
the formation of stars or has already been expelled by them, ie. interstellar
matter is probably composed of original material and the “ashes” from the nuclear
burning processes returned by stars in their final stages of evolution. This matter
constitutes together with the radiation field covering all wavelengths from y-rays
to the metre-wavelength radio background, the interstellar medium. In the Galaxy
interstellar matter comprises presently 109, of the total galactic mass which is
estimated to be about 1.1 x 10" M , with one solar mass 1 M ~ 2x10°* g.

The dawn of the galaxy probably started with its entire-mass in the form of
hydrogen gas (and possibly helium), 909 of which has since been converted into
stars. The remaining mass comprises now the matter between the stars. Interstellar
matter proper consists of gas and dust which are heterogeneously dispersed between
the stars. It is now known from the observational data that the distribution of
interstellar matter on a galactic scale always follows closely that of the stars indicat-
ing their intimate connection: stars do form in regions of high concentration of
interstellar matter. While stars are concentrated in a thin flat disk about 500 to
600 pc in width (where 1 pc = 1 par sec = 3.26 light years = 3.09 x 10*® cm) and about
40 kpc in diameter, interstellar matter is even more closely confined to the galactic
plane. Within the galactic disk interstellar matter is not distributed uniformly, it is
very clumpy and patchy giving rise to the interstellar clouds.

The principal constituents of interstellar matter are fine dust particles (with a
diameter of several pm) and gas. One therefore believes that the dust-to-gas ratio
is about constant throughout the galaxy with the possible exception of the
galactic centre. Table 1 which is adopted from Winnewisser et al. (1979) summarizes
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the various components of interstellar matter and also indicates the methods by
which they can be investigated.

With practically no exception, observational data indicate that interstellar dust
and gas always appear simultaneously. The extinction of starlight i.e. the combined
effect of absorption and scattering at optical wavelength is still the main
evidence for the existence of interstellar dust, although observations of infrared
emission from heated dust grains near young stars furnish us with independent
but strong evidence for its wide distribution. Their chemical composition is
presently far from being settled, but there is now strong evidence that silicate
and graphite are the main constituents with ice and traces of heavier elements
surrounded by envelopes containing carbon nitrogen and oxygen. There are several
fine reviews of the physical and chemical properties of interstellar grains (Aanestad
and Purcell 1973) and the observational data which pertains to them (Savage and
Mathis, 1979). It has however to be noted that although the interstellar dust
particles account for only 1%, of the interstellar matter, they seem to play a vital
but still uncertain role in the formation of interstellar molecules. In fact ever since the
first attempts to understand the mechanisms which govern interstellar cloud chemistry,
the question has arisen whether molecules are formed through gas-phase reaction
sequences or by the alternative process, i.e. formation of molecules on grain
surfaces. Although in this review there will be no attempt made to settle this
issue, results are described which have some bearing on this question. To assess the
intrinsic difficulties encountered in this fundamental issue of molecule formation
mechanisms one should bear in mind that the strongest evidence for the importance of
grain chemistry is the existence of H, the most abundant molecule in space, whereas
the existence of HD furnishes us with the strongest evidence for the importance of gas
phase chemistry. In addition, interstellar grains are also important because they
shield the molecules from dissociation by UV radiation. Thus interstellar dust and
gas seem to be connected like the master and his slave, but the question remains
which of the two assumes the role of the master.

Table 1 indicates that the interstellar gas consists essentially of two components:
the ionized and the neutral form. It is the investigation of the neutral component
which is of special interest in an attempt to understand the general process of

Table 1. Interstellar matter (Winnewisser et al., (1979)

Total mass of Interstellar matter ~5x10° M, Probes for investigation

o,
1%, dust Starlight extinction

Far IR emission, Polarization

39, ionized (H1l, Hell, C1L,...) Recombination lines
Nebular emission lines
Continuum emission

999, gas Pulsars
\ Atomic 21 cm H tine
/ (H1, He,...) Optical absorption line
97%, neutral .
\ Molecular Molecular lines
(H,, CO,..)
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molecular formation and reactions in interstellar space. One estimates that about
509 of the neutral component is in molecular form, with molecular hydrogen H,
being the most abundant interstellar molecule followed by carbon monoxide, CO,
as has become evident from recent large-scale CO surveys of the Galaxy. Estimates
of the galactic mass of H, and CO can now be given with reasonably accuracy M(H,)
= 2x10° M g5, M(CO) = 2x 108 M,

Although the average density of the interstellar gas within the Galaxy is about
one hydrogen atom per cubic centimetre, it does vary considerably with galactic
radius (see for example Winnewisser et al. 1979). However, the gas density is not
uniformly distributed on the contrary it shows local concentrations of gas (and dust)
with gas densities as high as 10° to 108 cm™>. It is in these regions of higher than
average gas density, called interstellar clouds where many different molecules
are currently being found. Although by now a large variety of molecular clouds
has been detected in interstellar space, there exists nothing like a standard
molecular cloud. However, it has been widely accepted that one can describe the
gas component as composed of three different phases: (i) the diffuse interstellar
clouds with an average density of about 1 to 100 particles cm™ and a temperature
of <100 K. (ii) the dense molecular clouds (density ~ 10°-10° cm ™3, all hydrogen is
essentially in molecular form) and (iii) a very diluted (<0.1 particle cm~3) but hot
(10°K 5 T < 10* K) intercloud medium. Only simple molecules are found in the
diffuse interstellar clouds whereas the bulk of the molecular detections pertain to
the dense molecular clouds. From the molecular point of view the intercloud
medium is of little importance and will not be discussed further.

The dense molecular clouds span a wide scale of physical parameters such as size
(1 — 200 pc) density (10° < ny, < 10° cm ™), temperature 5 < Ty S 150 and total
masses between 10 S Moua < 10° M. Recently Winnewisser et al. 1979 have
attempted a cloud classification on the basis of the observed molecular line-widths.
This classification is reproduced in Table 2. Since the line-width carries a large amount
of intrinsic information about the physical properties of the clouds, from which the
lines emanate, this classification also serves as a good indicator of the chemical
reaction schemes assumed to prevail in the individual cloud types. Thus we assume
that certain reaction schemes are associated with specific types of molecular
clouds.

We will therefore consider in the following sections some basic ideas and obser-
vations of the chemistry pertaining to diffuse interstellar clouds and cold dark and
dense clouds.

3 General Aspects of Interstellar Chemistry

Since the first attempts to cast the subject of interstellar chemistry into quantitative
terms by Bates and Spitzer (1951) in understanding the abundance of CH and CH",
there has been considerable discussion about the relative importance of gas phase
chemistry versus catalytic processes on interstellar grain surfaces. This issue has
remained the great unknown in interstellar chemistry and has assumed new import-
ance by being shifted to the question to which extent both mechanisms contribute
to the formation of larger organic molecules. Ever since the early success in under-
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standing the formation of molecular hydrogen by association on the surfaces of
grains (Hollenbach and Salpeter 1971, Hollenbach, Werner and Salpeter, 1971),
surface chemistry has been hampered seriously by the lack of predictability. This is
connected with the intrinsic difficulties of the process itself. Firstly there is still
now a great lack of detailed knowledge of what precisely grains are made of, and
secondly the details of the catalytic processes remain rather uncertain and speculative.
Although there are essentially three steps involved in the molecular formation on
grain surfaces!, (each associated with is own uncertainty) it is the final step which
poses the central problem. With the exception of H, it has not been shown convinc-
ingly for other molecular species how the product molecule could acquire suffi-
cient kinetic energy to escape from the grain surface. A summary of reactions on the
surfaces of dust grains is given by Watson, 1978.

On the other hand gas-phase reactions between positive ions and neutrals
have been recognized in the early 70’s to be a basic process giving birth to inter-
stellar molecules (Herbst and Klemperer, 1973, 1976). No activation energies and
exothermicity for most of these reactions produces appreciable reaction rates even
at the low temperatures (T < 100 K) of interstellar clouds. It therefore gives
them preference over neutral-neutral reactions, which are usually hampered by pro-
blems of activation energy. Negative-ion neutral reactions suffer from the fact that for
most cases they are endothermic and are therefore of limited signifiance to astro-
physical problems. Thus based on the idea of positive-ion chemistry it has become
possible to predict quantitatively the abundances of simple and some intermediate
size interstellar molecules. With laboratory measured and/or calculated and estimated
reaction rates, the results of positive-ion gas phase chemistry in the diluted medium of
interstellar space have become predictable, a commodity which has certainly contri-
buted to the success of ion molecule reactions. Based on this concept the early
prediction of the formation of HCO* and N,H"* were key-successes for the
ion-molecule scheme. The properties of such reactions have been discussed by
McDaniels et al. 1970, and their astrophysical significance by Dalgarno and Black
1976. Huntress 1976 discusses and summarises recent laboratory measurements.

In summary we may then note concerning the question of the relative importance of
catalytic processes on grain surfaces versus gas phase reactions that the results for
simple molecules lend a certain preference to ion molecule reactions over the
competing surface chemistry models. Strong evidence for catalytic surface reactions
comes from the formation of molecular hydrogen. Recombination of hydrogen
atoms on grain surfaces according to the reaction

H + H + grain — H, + grain

with a formation rate (cm™> sec™?) k;n (HI) n where n = n (HI) + 2n(H,) and
k, ~ 1077 cm? sec™! is reasonably well understood and will not be repeated here
although there are still problems associated with it (see for example recent
summaries: Winnewisser et al. 1979, Hollenbach and McKee, 1980). For instance,

! In short the three steps are: the sticking ability of a molecule to the surface, subsequent mobility
on the grain surface to encounter a reaction partner and finally reaction and ejection from the
surface.
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the initial rotational and vibrational distribution of newly created H, molecules can-
not be predicted with certainty (Hunter and Watson 1978) which expresses itself in the
observed rotational distribution of H, and affects the associated analysis and the
calculation of the heating rate.

For the case of high temperatures found in the vicinity of hot stars, or in cloud
regions under the influence of a shock wave, or in ionized nebulae, several authors
have suggested (c.f. Jura, 1975, Dalgarno and McCray 1973) a gas phase formation
scheme which could be a significant source for molecular hydrogen, H,. The associative
detachment reaction

H+H —>H, +e

has a measured rate constant of 1.3x 107° cm® sec ™! (Schmeltekopf et al. 1967).
From the formation rate of H™ via the reaction

H+e-H + hv; k =5%x107" cm? sec™!

and the estimated lifetime of H™ against photodestruction (5x 10° sec) one can

deduce that this gas phase mechanism is likely to be less effective by two orders

of magnitude than surface reactions in areas with a ratio of electron density n, to hydro-

gen density n = n(HI) + 2n(H,) n./n < 1072, which is typical for interstellar clouds.
Although it would really be surprising if H, were to remain the only molecule to be

produced on grain surfaces, it has emerged that the formation of other simple mole-

cules can now be explained satisfactorily — not without problems though — by gas

phase reactions. Evidence but not proof for positive-ion gas-phase reactions comes

from several rather independent areas (c.f. Watson, 1980)

(i) the formation of HD and OH in diffuse clouds

(i) abundance predictions for HCO* and N,H™ in dense clouds

(iii) the nearly equal interstellar abundance ratio of HCN and HNC

(iv) deuterium enchancement in the deuterium to hydrogen ratio in molecules

{v} the apparent fractionation of carbon isotopes observed in several clouds for

various molecules

(vi) the agreement between prediction and deduced electron densities in dense clouds.
The next chapter will present a short outline of the basic ideas which have gone

into the model of gas-phase chemistry centered around positive-ion reactions and

we will illustrate the reaction paths of some selected simple interstellar moiecules.

In this case one has to consider two limiting cases of interstellar sources, (i) the

diffuse interstellar cloud and (ii) the dense molecular clouds which themselves will

have to be subdivided into several different cloud types.

4 Chemistry in Molecular Clouds

The primary energy source behind the ion-molecule scheme in intersteliar molecular
clouds is the cosmic ray ionization of H, H, and He, which can be transferred
efficiently to less abundant atoms or species, notably C, N and O. Thus their effective
time scale for ionization is reduced by a factor proportional to their abundance.
In addition, exothermic feactions between positive ions and neutrals occur with no
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activation energy and with rate coefficients near 10~° cm® sec ™! at room temperature.
Since these rates usually do not change with temperature (some increase at low
temperatures) they remain fast at low temperatures. These general characteristics
make ion-molecule reactions important for interstellar cloud chemistry, i.e. for the
diffuse interstellar clouds as well as for the cool dense dark molecular clouds.

4.1 Diffuse Interstellar Clouds

The chemical composition of diffuse interstellar clouds is simple and essentially
limited to diatomic molecules which have been summarized in Table 2, together
with the wavelength region where detection was made. It has to be noted, how-
ever, that there is a marginal detection of H,O at about the 2o level by Snow
(1980). If confirmed a new H,O mechanism has to be thought of,

Diffuse clouds are tenuous concentrations of interstellar gas and dust that do not
block entirely the light of stars which are located behind them. They can be studied
by absorption spectroscopy and as seen from Table 2, they were already studied as
early as 1940. Although diffuse clouds are chemically simpler than are dense
molecular clouds the assessment of the formation and destruction mechanisms has its
own difficulties associated with it. Just because of the lower density, photoionization
and photodissociation processes play a significant role in altering the otherwise
simple chemistry of the diffuse clouds. The formation of HD may serve as a
standard example.

Cosmic ray ionization of H leads to the formation of HD through a sequence of
reactions. The resonant charge-exchange reaction, whose rate constant has been
given (Watson et al. 1978)

H*+D->D*+H (~10%cm?sec™)
furnishes an important source of D*, which reacts by the gas-phase reaction
D* +H,»HD +H* (~10"%cm’sec™)

whose rate constant has been measured by Fehsenfeld et al. 1973. The observed column
density ratio HD/H, is 107® with about an order of magnitude variation about this
value. The D/H abundance ratio has been measured for a distance up to 200 pc from
the sun directly in the ultraviolet and is 10~° (York and Rogerson 1976). It may be
noted that the HD abundance is directly proportional to the cosmic ray flux and the
cosmic D/H ratio. The latter ratio can be determined once the cosmic ray flux is
known. This has-been done from the OH abundance via the charge exchange
reaction

H* +0-0"+H
followed by
O* +H,->OH'+H
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which transfers the ionization to a molecule that is subject to rapid neutralization
{(Watson 1973). For { Oph, { Per, and o Per the D/H ratio has been determined to be
4 x 107° (Hartquist, Black and Dalgarno, 1978), in agreement with the value from
York and Rogerson.

Other important reactions take place between C* and H,. Black and Dalgarno
1973 suggested that radiative association

C* + H, » CH; + hv

can occur and can trigger an entire reaction sequence with the end products CH, CH*,
C,, C,H and C,H; . The latter two species are important species for the formation
of complex carbon chain molecules in dense clouds as will be discussed in the next
section. CN and molecular carbon C, are other important species. While CN is
produced by various reaction sequences involving atomic nitrogen (CHT + N
> CN+H"*, or CJ + N—CN + C7) and the CH cycle, C, is produced by
reaction of C* with the CH cycle (CH + C* — C; + H) (Black and Dalgarno
1977 and Black et al. 1979). The observational value of the column density of
1.4 10'3 cm 2 towards £ Per (Chaffee Jr. et al. 1980) is in remarkable good agree-
ment with the predicted value from the model by Black et al. 1979. Table 3 which gives
a summary of predicted and observed column densities for five molecular species
has been taken from Dalgarno 1980. It is noted that there is generally good agreement
between theoretical prediction and observational results with the exception of CH".
The chemical model produces too little CH™. Dalgarno 1980 discusses several
possibilities all of which encounter difficulties, such as that the rate constant of
C* + H, - CH, + hv is too low or the destruction mechanisms are not taken
into account properly.

It is also of interest to note that the chlorine chemistry in diffuse clouds has
been discussed (Dalgarno et al. 1974, and Black and Dalgarno, 1977) showing that
Cl* will react with H,:

Cl* + H, » HCI* + H
HCI* + H, » H,C1* + H
H,Cl* + e - HCl + H

with the destruction of hydrogen chloride by either photodissociation or with C*

HCl + C* - CCI* + H.

Table 3. Column densities log N (cm~2) (Dalgarno, 1980)

{ Oph € Per o Per

Obs Th Obs Th Obs Th
CO 15.0-15.2 15.0 14.7-15.0 15.0 14.7-15.0 15.1
CH 13.5-13.6 13.6 13.0-13.4 13.6 13.4-13.6 13.5
CN 12.94 12.95 12.6 125 12.3-12.7 119
C, i2.9 12.9 13.1 13.1 — 133
CH* 13.0 11.4 12.2 11.5 12.7 115
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Furthermore several authors point out that for a hot environment gas phase
chemistry is altered drastically in that endothermic reactions with H, become pro-
gressively more important (Iglesias and Silk 1978; Elitzur nach De Jong 1978, Hart-
qvist, Oppenheimer and Dalgarno 1980), and molecular ions such as SiH*, SHY,
NaH™, MgH™*, FeH* and HCl* may become detectable.

4.2 Dense Molecular Clouds

Dense molecular clouds, often also called dark clouds, block entirely the light of
stars which lie behind them, and can therefore be studied observationally only by
radio astronomy or infrared techniques. These clouds have a visual extinction in ex-
cess of A, 2 10 which corresponds to a gas density of ny, ~ 10*cm™ and a
kinetic temperature usually well below T ~ 100 K, typically between 10 and 25 K.
Within the last ten years, the investigation of these dark molecular clouds has
become almost entirely the domain of radio astronomy although now the first very
promising results by infrared astronomy reveal the power of this new branch of
spectroscopy.

The dark molecular clouds are chemically very rich in comparison to the diffuse
clouds. They harbor all of the presently observed more than 50 chemical species which
are summarized in Table 4. Clearly dark clouds are a very heterogenous group
which have been classified by Winnewisser, Churchwell and Walmsley 1979. We will
reproduce this classification here which is based on observed physical and astronomical
parameters. Table 5 groups the dark clouds into four different classes according to
observed molecular line-widths, size of the cloud and other astronomical parameters
with which the cloud is associated. The first class are the giant molecular clouds,
those clouds which are associated with ionized regions of gas, H™ regions (or often
referred to as H I regions). The large molecular line width is a typical characteristic
of these clouds. Together with the dark dust clouds which form the second category
they are the clouds in which star formation is occuring and probably only there. The
third and fourth group are intrinsically connected with the immediate neighbourhood
of stars. The protostellar environment is associated with the formation of young
stars whereas the envelopes of late type stars describes the molecular clouds which
can form around old stars which are losing processed mass to the interstellar
medium. Although we will not discuss the chemistry of the protostellar environment
or the chemistry of late type stars, it is of interest to note here that the abundance
ratios of the molecular species (also isotopic) in circumstellar envelopes can be quite
different from that of the interstellar medium. For example in IRC +10216 the
observed circumstellar (HCN)/(HNC) ratio (~ 100) is very much different from the
observed interstellar ratio (~1), where both species are about equally abundant.
The circumstellar ratio is in agreement with calculated values assuming chemical
equilibrium at ~ 1000 K. A summary on the chemical composition and physical
properties of the envelopes of late type stars is given by Zuckerman 1980.

In the following two sections the discussion will be confined to the chemistry of
dense molecular clouds, where one can assume that effects of photodissoziation
and photoionization are unimportant, quite in contrast to diffuse clouds. Furthermore,
in dense clouds hydrogen is predominantly in the molecular form, H,, and reactions
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Table 5. Classification of molecular line sources (Winnewisser et al. 1979)

Class Linear size Typical Density Temperature  Mass
linewidths
{(pc) (kms™) (em™?) X My
Molecular clouds 1-50 3-30 10*-10° 20~ 80 10°-10°

associated with H Il
regions (giant)

Dark dust clouds 1-10 1 103-10° 10— 20 102-10*
Envelopes of late 0.01-0.5 25 10%-10° 100-1000 ~1072
type stars

Masers in a “proto-  1075-1073 012 >10° 100-1000 <10

stellar” environment

* From the Doppler relation Av/v = —Av/c, 1 km s™! corresponds to a linewidth (kHz) of 3.336v
(GHz).

between molecular species are of importance particularly for the formation of larger
molecules. In addition, physical conditions in dense clouds are considerably more
complicated than in diffuse clouds and thus the observational data are often
difficult to assess precisely. In particular, there are always problems associated with
the conversion of observed line intensities to molecular abundances, numbers which
are of primary interest to the chemist. The observational data have recently
been reviewed by Winnewisser et al. 1979, The proceedings of the recent IAU
Symposium No. 87 on Interstellar Molecules (B. H. Andrew, Ed. 1980) is an excellant
compendium to the current observational and theoretical knowledge, the success and
failures of astrophysics and astrochemistry and in understanding interstellar
molecules.

4.3 The Ion-Molecule Scheme: HCO™*, N,H*, H,0 and NH,

According to the ion-molecule scheme, the chemistry in dense molecular clouds is
driven by the assumed cosmic ray ionization of the most abundant species: i.e. H,
H, and He. The cosmic ray ionization rate £y should be 107'7 sec™! based upon the
cosmic ray flux measured at earth.

Ionization of the main gas component H,, the most important basic process,
leads essentially to H; which then either recombines or reacts further with
molecules or molecular fragments. Thus the latter destruction mechanism of H;
is of fundamental importance to ion chemistry in dense clouds by transferring
the ionization to molecular or less abundant elements.

A likely sequence is

H, + C.R. 2%, Hj + e + C.R.
2%, H* + H+e+ CR.
This reaction is followed by
H} + H,-H; + H

There are several pathways for the destruction of Hy .
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Dissosiative recombination with an electron
Hy +e—-H, + H
competes with reactions of the form
H + A - AH" + H,
and
H; + AB - HAB* + H,

Carbon monoxide is known to be next to H, one of the most abundant molecules.
In addition, it is highly probable that in dense molecular clouds most of the
gas-phase carbon is in the form of CO (there could also be large amounts of C,).
It has been suggested that the reaction

H; + CO —» HCO* + H,

should produce a large fraction of the interstellar HCO™ through the destruction
of H; . Similarly one would expect

H; + N, - N,H' + H,
and
Hy +C,-CH" + H,

The prediction and identification of HCO* and N,H™* as key molecules of the positive-
ion gas-phase chemistry paved the way to its general acceptance.

Interesting examples of the formation of intermediate molecules are illustrated
by the possible exothermic reactions of Hy with O and N and the reaction paths
leading finally to H,O and NH;:

Hf + O~ OH" + H,
OH" + H, - OH} + H
H,0" + H, - H,0" + H
H,O+H
H3O++e< :
OH + H,

Support for these reactions comes from laboratory measurements which show that
their reaction rates are fast. Yet the interstellar importance of these reactions is
not completely clear since the reaction of H; with atomic oxygen has to compete
with the dissociative electron recombination of H; .

Similarly, the reaction with atomic nitrogen produces NH;, NH, and NH:

Hf + N> NH" + H,
NH® + H, - NH; + H
NH; + H, - NH; + H.
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The reaction
NH; + H, - NH} + H

is important in spite of the fact that the rate constant is small (~ 107" cm® sec™?).
NHj; can also be formed by either charge exchange reactions with heavy atoms of low
ionization potential, i.e. Fe, He, Ca, Na according to:

NH; + Mg, ... » NH; + Mg*, ...
or by the dissociative electron recombination reaction of NH,' :

NH;+H2+hV—+NH5+
NH., + ¢ - NH, + H, .

Most of these reactions have been measured and their rates are thus reasonably
well known (Fehsenfeld et al. 1967). In comparing the two reaction schemes, it is
interesting to note that H,O* does recombine dissociatively with an electron to form
H,0 and OH, but that the analoguous reaction sequence with NH," seems to take
place. The branching ratio of the H;0™ dissociative recombination is not accurately
known. In this connection, it is also important to note that reactions of Hi with
atomic carbon seem to be endothermic (Burt et al. 1970 and references therein), and
thus the carbon chemistry in dense molecular clouds can not start this way.

So far we have summarized some basic reactions starting with the cosmic ray
ionization of H,. However cosmic ray ionization of He, which is considerably less
abundant in dense clouds than H, (about '/,) seems to be important for two reasons:
firstly, an activation energy barrier (Johnsen and Biondi, 1974) is likely to keep the
reaction rates of H* with H and H, anomalously small (reaction rate ~8 x 107! cm?
-sec”!; Sando et al. 1972), and therefore Het remains available for the ionization
of neutral molecules. Secondly, in most cases, the charge transfer from He? to
diatomic molecules dissociates them, producing essentially ionized heavy elements,
such as C*, N*, O*. The reaction sequence has the general form: (see note added in

proof).

He + C.R. » He* + e + CR.
followed by

He* + AB—> A" + B + He
with the specific examples

He* + CO - C*" + O + He
He* + N, > N* + N + He
—->N2++He
He®™ + 0, - 0" + O + He
He* + C, - C*" + C + He
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whereby the latter reaction is of uncertain significance due to the unknown relative
abundances of C, compared with the CO abundance.

Tonized C*, N*, O% in turn can be used for the formation of simple ions by
reacting with H, according to

O*+H,—-»OH" +H
N* + H, > NH* + H

or they can be involved in formation of more complex molecules.

4.4 Formation of HCN, HNC, CN, and H,CO

Soon after the discovery of the unidentified molecular emission line U 89.190 and its
subsequent identification as HNC is was recognized from the astrophysical data
that HNC has comparable abundance to HCN and that this almost equal abundance
ratio should be a likely consequence of an ion-molecule reaction mechanism. HCN
and HNC are thought to be produced fairly directly from the reaction of C* with NH,
through the following reaction sequences:

+/H2CN*+ H
NH,; + C" .
HCN* + H,

and

. /,HNC + H
H2CN + N
CN + H,

whereby the branching ratio of the latter equation is unknown. However molecular
orbital calculations of Conrad and Schaefer 1978 indicate that H,CN™* rearranges
itself to the energetically lower isometric form HCNH®*. Subsequent dissosiative
electron recombination forms HNC, HCN in equal abundances since there seems to
be no obvious preference in the branching ratio (see note 2 added in proof).

HCN + H
H,CN* » HCNH' + e
HNC + H

HCN and HNC are likely to be destroyed by reaction with C* according to
HCN + C* - C,N* + H
followed by

C,N* +e—-C+CN.

If these reactions are the main destruction process one can estimate a model in-
dependent value for the abundance ratios of ((HCN] + [HNC])/[NH,] < 0.6 (c.g.
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Watson, 1976) for a cloud density of ny, ~ 10® cm 3. This ratio can also be deter-

mined from the laboratory measured reaction rate (Huntress and Anicich, 1976) to
be [HCNJ/INH,] ~ 0.4. Within errors the observationally determined ratios do tend
to confirm this value (e.g. Winnewisser et al., (1979)), although it is still not
easy to confirm or deny this estimate on the basis of the present interstellar
observations.

Formaldehyde, H,CO, is a widely distributed interstellar molecule which occurs
in diffuse and in dense molecular clouds. Specific gas phase reactions have been
proposed. But formaldehyde has remained a test case molecule where gas-phase
reactions cannot completely explain the observed interstellar abundances and where
surface reactions might play a role. However, the recently observed HDCO shows
that its abundance (Langer et al., (1979)) is not in disagreement with the proposed
reaction mechanisms for H,CO. Three mechanisms have been proposed (Watson,
(1976), Herbst and Klemperer (1973)):

CH, + O - H,CO + H

which is followed by charge transfer with low ionization metals. Herbst and
Klemperer suggested:

HCO* + H, — H,CO* 4 hv
HCO; + e > H,CO+H.

The deuterated compound HDCO can be produced by reaction of
CH; + HD - CH,D* + H, + AE

where AE is the binding energy difference between the deuterated and the non
deuterated species (AE/k ~ 300 °K). This difference in binding energy is generally
held responsible for isotope fractionation, also in cases of observed '*C fractiona-
tion,

These examples already illuminate the difficulties encountered by gas phase
mechanisms even at the level of intermediate sized molecules such as NH,, HCN,
HNC or H,CO. With each additional reaction and possible associated branching
ratio the uncertainties grow. Despite these difficulties it seems, however, that
molecules such as HD, CN, HCO™*, HCN, HNC, NH, and probably also H,CO
are preferentially formed through ion-molecule reactions. It seems, however, certain
that in the formation of ions and/or radicals the final step in the formation scheme
has to occur through gas-phase reaction rather than surface reaction.

5 Formation of Complex Molecules and Carbon Chemistry

5.1 Complex Molecules

The understanding of the formation of complex organic molecules in the interstellar
environment is a tantalizing field of interstellar chemistry. Presently it is a very active

55



Gisbert Winnewisser

area for both theoretical and experimental research for it has resisted so far all
attempts to even obtain a good qualitative understanding and it promises to remain
an area of great challenge and optimism. Despite impressive progress, it has not been
possible to overcome the question of whether ion-molecule reactions or surface
reactions are the predominant contributors of complex molecules. There are advocates
for either mechanism.

The fact that catalytic processes on grain surfaces cannot be ncglected does not
have its justification in that these processes are easier to understand in the case of
complex molecules than for simple ones, but rather that ion-molecule reactions
become harder to track, since the uncertainties compound: for converting atoms into
complex molecules the number of reaction steps have to increase, whereby reaction
rates and branching ratios are less well known. For a large number of supposed
reactions rates simply have not even been measured in the laboratory. However pro-
gress seems to come in mainly three areas. (i) Extensive studies have been made
on reactions of the form

AX* + BY - AB* + XY

where AB* is assumed to be more complex than AX ™.

Applications of this reaction will be specifically discussed for the carbon chain
molecules. (i) the radiative association of larger molecules has been studied by
measurements of analogous three body associations (McEwan et al. 1980).

A" + B+ M- (AB"Y* + X - AB" + M + hv
with the two distinct intermediate steps

(AB*)* + M > AB* + M
(AB*)* - AB* + hv.

Detailed studies show that the rate coefficients for 3-body association increase with
decreasing temperature (Smith and Adams, 1978) probably due to the longer life-
time of the excited complex (AB*)*. Arnold (1979) suggested that radiative associa-
tion of H, to molecular ions may proceed with high rate constants at the low
temperatures of dense molecular clouds. (iii) Laboratory observation of a large number
of chemical reactions which lead to the formation of complex molecules. Often
though, it is not easy to assess the precise relevance of these new data to the
interstellar conditions.

On the other hand, the fundamental problem associated with grain production, the
return of molecules to the interstellar gas is caused by the low grain temperatures and
is certainly not facilitated for complex molecules. On the contrary, the vapour pressure
of molecules usually decreases with with increasing molecular complexity as is the
case for carbon chain molecules. H, overcomes this problem and both CO and N,
also have sufficient vapour pressure to prevent them from freezing out entirely
onto grains. Both molecules serve therefore as reservoirs for atoms and ions
through charge transfer reactions discussed earlier.

Infrared observations however have established that local areas of heated dust
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(T ~ 40 — 100 K) are wide spread. In addition it has been observationally noted
that emission of infrared radiation tends to correlate with molecular line emission
from these areas, although notable exceptions exist. In Table 6, the presently
known molecules in two selected sources ORIA, and TMC1 are summarized,
indicating from the point of view of complexity of molecules, that the temperature
does not seem to be the only essential parameter. In the present series, Hayatsu
and Anders (1981) review some aspects of complex molecule formation “with an
admitted bias towards grain surfaces”.

It remains here to point out that various authors (see Hayatsu and Anders 1981
and references therein) have suggested that warm grains could alleviate some of the

Table 6. Molecules Detected in the Orion Molecular cloud and the Taurus Molecular cloud

Orion Taurus
(OMC1) (TMCY)
Simple hydrides H,
CH CH
OH OH
H,O NH,
H,8 NNH*
NH,
NNH*
Oxides, sulfides CcO CcO
Si0 SO
O, CS
S
S0
S0,
OcCs
HCS*
Acetylene derivatives CN CN
HCN HCN
HCCCN HCCCN
H,C—CN HCCCCCN
H,C,HCN HCCCCCCCN
H,CCH,CN HCCCCCCCCCN
CCH
H,CCCH CCH
HNCO CCCN
HNC HNC
H,CNH,
Aldehydes, Alcohols, Acids H,CO H,CO
and ethers H,CCHO HCO*
H,CS
HCOOCH,
CH,OH
(CH,),0
HCO*

The following molecules habe been detected only in the Galactic center sources:
NO, NS, HNO, HCO, CH,SH, HNCS, HCOOH, CH,NH, NH,CHO, CH,CH,OH
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problems associated with surface mechanisms, in particular the ejection process. Yet
even warm grains are far from delivering the complete answer. Observations show
that a number of intermediate sized molecules occur in diffuse clouds without known
infrared emission (e.g. H,CO) and secondly large complex chain molecules do
occur in cold, dense clouds without any embedded infrared sources and/or small
compact H* regions. The best studied example of the latter category are probably
the Taurus Molecular Clouds in particular TMC1. These sources show a high
abundance of complex molecules, expecially the cyanopolyynes, a series of carbon
chain molecules with the general formula HC,, , N withn =0,1,2, ...

After these more general comments, we would like to discuss within the context of
recent laboratory data some of the progress which has been made specifically in the
area of complex molecules such as cyanopolyynes. The interstellar carbon chemistry
in dense molecular clouds (nH2 ~ 10* cm™3) is used as an example.

5.2 Carbon Chemistry

Reactions of C* with H, H, are of fandamental importance to the carbon chemistry
in interstellar clouds, and some of the reaction paths prevalent in dense interstellar
clouds may also be of significance in the reducing atmospheres of the outer planets.
These reactions initiate a complex sequence which produce CH, CH* and lead
eventually to molecules such as CH, C,H,. These molecules are important pre-
cursors to the formation of complex carbon chain molecules found in a large
number of astronomical sources.

The explanation of the carbon chemistry took its start with the first attempts by
Bates and Spitzer in 1951 to explain the abundances of CH and CH*. They
pointed out that CH™ in diffuse clouds can be formed by the radiative association
process in the gas phase:

C*+H-—CH" + hv.

The rate coefficient o ~ 10717 cm® sec™! has been and is a matter of controversy.
Similarly CH can be formed

C*"+H->CH + hv

with a similar rate constant but since carbon is mainly ionized in diffuse clouds, this
process does not seem likely. (Reactions for OH, NH have even smaller rate
constants). CH can be formed from CH™* by radiative recombination

CH"* + e » CH*(*£*) » CH + hv.

There is also the possibility that the CH™ ion dissociates by electron capture into
Cand H:

CH* +e-»C+H (1077cmPsec™!7).
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On the other hand photoionization can convert CH into CH™, i.e.

CH + hv » CH*(X'S) + ¢.
CH + hv » CH*(AT) + e.

In dense clouds however reactions with H, are of importance: Black and Dalgarno
(1973) suggested the radiative association reaction between C* and H,

C* +H,—»CHf +hv  (4x107"7 cm?sec™)

initiating a complex network of reactions leading to larger molecules, as is summarized
in Fig. 1. This figure follows the reaction scheme for CH" and CH given by Dalgarno
1976 but has been extended to incorporate the starting point of the presumed carbon
chain chemistry. Huntress (1977) has published a large number of bimolecular
reactions of positive ions which are supposed to be of importance to the chemistry
of interstellar clouds, comets and planetary atmospheres of reducing composition.

Diffuse interstellar | Dense interstellar
clouds clouds

(CHS , Hy) \e‘w\'\(\CH >
3,72 CzHg 202, 2@

Fig. 1. Interstellar formation scheme illustrating the CH, CH*, C,H"* and higher hydrocarbon
cycle. The left side of the reaction cycle pertains to tenous clouds {(n, ~ 100 cm~3), whereas the
right hand side is more appropriate to areas where H, is present, i.e. dense molecular clouds
(nNz ~ 10%-10° cm™3). The thick arrows indicate assumed preferential reaction paths leading to
the” higher order hydrocarbons. The following processes are involved: (v, e} photoionization;
(v, H) photodissociation; (e, v) radiative recombination; (H); (H,, v) radiative association;
(e, H), (e, H,) dissociative electron recombination. (H,, H) hydrogen abstraction reaction; (C*, H)
charge exchange; (M, M ") metal charge exchange: metal = Mg, Fe, Ca, Na, ...
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For most of the reactions, rate constants have been determined. In dense clouds, CH™*
is efficiently destroyed by the hydrogen abstraction reaction

CH* + H, > CH + H  (1x107°cm®sec™)
which is followed by

CH +e->CH+H
and

CH; + H, - CH; + H 0.7x 107% cm? sec ™)
which terminates the hydrogen abstraction sequence, since the reaction CH;” + H,
is endothermic. There are several ways in which CH;" can be destroyed.

Neutralisation of CHF can be achieved, — as in the case NHf — by

charge exchange reaction with low ionization metals, such as Fe, Ca, Mg, Na, ... In
dense clouds there is also the possibility of radiative association followed by dissocia-
tive electron recombination to reach neutral CH,.

The more complex hydrocarbon molecules can be produced either by reaction of
CH with C* according to the sequence

C*+CH->C; +H
C;, +H,-CH"+H
CH*+H,-»CHy +H

where C,H; can now react by dissociative electron recombination to form C,H
(Watson 1974):

CHy +e-CH+H
or in those clouds with an acetylene rich environment:
CH +CH,-CHS +H, .

Another likely possibility for the formation of hydrocarbon molecules starts with
methane CH, and CH;

CH, + CH} —» C,H} + H,

which then by dissociative electron recombination couild produce the simplest
hydrocarbon chain molecules:

C,H,+H,+H
CHi + el B
C,H,+H
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Follow-up steps in this series would be further reactions between CH; and C,H,,
C,H, and C,H.. These initial steps leading to the formation of complex hydro-
carbon molecules are indicated in Fig. 1.

It remains however to mention that the reactive CH; ion can react with other atoms
and molecules. Some of these reactions are with N, NH, or H,CO leading
essentially to the formation of HCN and HCO™ (Huntress 1977):

_ HCN* + H,
CH3 + N
H,CN* + H
CH; + H,CO - HCO* + CH,
CH; + NH, » CH,NH; + H,

/HCN+H2+H

CH,NH}
PUENCeN+2H,

This presents a short summary of the reactions which are supposed to be
important gas-phase reactions leading to the complex hydrocarbon molecules, and
some of their derivatives. In interstellar space the cyanopolyynes constitute an im-
portant class, since only molecules with a permanent dipole moment can be observed
in radioastronomical measurements. Thus hydrocarbons which have no dipole mo-
ment elude radioastronomical detection.

The detection of tyanopolyyne molecules in interstellar space and their wide
distribution seem to have revived the discussion of the fundamental question of
how and where molecules form. The discussion centers around the question whether
the origin of the molecules is to be interpreted as an in situ synthesis from inter-
stellar gas or if the opposite hypothesis is correct. In this picture the observed large
organic molecules are dissociation products of much more complex molecules or, in
effect, they are the result of spallation of interstellar grains which are composed of
or covered by organic matter. In the present volume on cosmochemistry, Hayatsu
and Anders (1981) have discussed organic compounds in meteorites and their origin,
and have given arguments for the formation of cyanopolyynes on grain surfaces.

Before discussing the possibility of gas-phase cyanopolyyne chemistry, it seems
necessary to summarize the present status of carbon chain molecule detections in
interstellar space. Table 7 presents an overview of where these molecules are found and
their respective abundances. These tables are an abbreviated update from Table 1
taken from Winnewisser and Walmsley (1979). It is seen that these molecules are
found essentially in every type of molecular cloud from the cold dark cloud to the
warm circumstellar environment, underlining the trend which has been observed
over the past few years: namely that complex organic molecules are not limited to a
few sources only (in particular to the galactic center sources) but that they are
spread over sources with rather different physical conditions. A qualifying statement
may be in order here.

In contrast to the dark cloud chemistry, the molecules in circumstellar envelopes
(IRC +10216) seem to be created continuously in a small, high temperature high
density layer- which allow fast thermodynamic equilibrium- and subsequently ex-
pelled into the lower density cool envelope. There they are observed with an
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essentially “frozen-in” chemical equilibrium. It seems that grains are produced and
ejected simultaneously with the molecules. In this picture, the large organic
molecules might be spallation products of interstellar grains.

However, the present discussion pertains to dark cloud chemistry. The experimental
interstellar observations clearly indicate that the distribution of carbon chain mole-
cules is correlated, and that the column densities of the longer chain members
decreases about linearly with increasing chain length. Several mechanisms have been
proposed for the chain building. For cool dark clouds Churchwell et al. (1978) and in
further detail Walmsley et al. (1979) have proposed a formation scheme by which the
longer chain molecules are formed via the acetylene “backbone” reaction:

CH; + CH, » CH} + GH, » CH} + CH, - ...

where then the appropriate cyanopolyyne species is formed from C,H;, C,H/, ...
with notably CN or HCN as abundant nitrogen bearing molecules:

HC;NH* + H

+ e
C,HZ + HCN { H,C,N* + H,
followed by dissociative electron recombination. Huntress et al. 1980 discusses in
further detail the synthesis of very complex organic molecules by ion-molecule
reactions.

Huntress 1977 also points out that the reaction is slow and could have a significant
temperature dependence. However if this mechanism contributes the major part of
the cyanopolyyne chemistry than one has to conclude {(Winnewisser et al. 1980)
(i) that the abundance of the cyanopolyyne molecules will decrease with increasing
length of the carbon chain, (ii) that long chain molecules with other functional
groups such as CH,, NH,, ... should be observable (iii) that molecules with no perma-
nent dipole moment such as the hydrocarbons (saturated and unsaturated) acetylene,
HCCH, diacetylene, HCCCCH, ... should have high abundance in the inter-
stellar medium (iv) that unstable species such as HCCN, H,CCN should also be
abundant in the appropriate molecular clouds. Some of the unidentified interstellar
lines could have these reactive species as their carrier. Similar to interstellar HCN
higher cyanopolyyne members are likely to be destroyed by C™*.

It was noticed during the acetylene-hydrogen cyanide discharge experiments that
they are always accompanied by a fairly rapid formation of a brown deposit. A simi-
lar polymerization product has been observed in the pure acetylene discharge of Vasile
and Smolinsky. Sagan and Khare (1979) have analysed a presumably similar
residue, the “intractable polymer”, or what they call “tholin” (Greek “muddy™),
which they obtained by discharging CH,, C,H,, NH,, H,0 and H,CO. They find that
their “tholins™ contain a large fraction of the presently known interstellar molecules
and argue that tholins are a major constituent of the interstellar grains. The observed
large interstellar molecules could be produced by spallation from such grains. Mole-
cular abundance arguments are used to favour this view rather than in situ
synthesis from interstellar gas. However, the largest organic molecules, the cyano-
polyynes, show a decline in abundance with increasing length (Broten et al., 1978).
In this connection it is highly interesting to note that Sakata et al. (1977) have
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found spectroscopic evidence that “‘an extract of organic material” (mainly aromatic
polymers from the Murchison carbonaceous chondrite) shows absorption features
near 2000 A with a half-width ~300 A. Organic molecules with conjugated multiple
bonds such as C=C—C=N, H—C=C—-C, C=C=0 are known to absorb near
2200 A. Douglas (1977) has suggested that the diffuse interstellar bands observed by
optical astronomy could be caused by long carbon chain molecules C, (5 £ n £ 15)
which would not be easily photodissociated, since they can transform excess energy
by internal conversion.

Although there seems to be no doubt that such molecules are abundant in the
brown deposit of the discharge products or the “tholins”, or more colloquially the
“laboratory grains”, the coincidence between their absorption and the observed
interstellar spectra of sources such as NGC7538E, NGC7027 are at best suggestive,
but not conclusive. Thus the idea that grains consist of tholins or a variety of
organic compounds, polysaccharides or carbonaceous compounds is speculation. In
fact, quite to the contrary, Duley and Williams (1979) very recently concluded that
there is little spectroscopic evidence to support the contention that much of the inter-
stellar dust consists of organic material. In particular, grains made of organic material
might be expected to show the C-H stretching vibration between 3.3 and 3.4 um.
The carbynes, a triply bonded, linear allotrope of elemental carbon could be an
interesting alternative grain (see for example Hayatsu and Anders, this issue).

Although Fischer-Tropsch-type reactions have so far failed to produce the heavier
cyanopolyynes — the reason may be technical (Hayatsu and Anders this issue) —
HC;N and HC;N have been produced in a discharge, starting from HCCH
and HCN (Winnewisser et al. 1978). More recently it was noticed that in
other (presumed) gas-phase reactions HC,N can be observed as well: decomposition
of vinylcyanide by action of a discharge splits off hydrogen to yield the unsaturated
HC,N (Winnewisser et al. 1981):

H H
N
cc -~ HCC-CN + H,
/N
H CN

A similar reaction of vinylcyanide H,C,;HCN with HCCH yields HC;N. In this
context the reaction of acetylene, HCCH, with fulminic acid, HCNO, is of interest,
since it produces HCCCN but not HCC-CNO (Winnewisser et al. 1981):

HCCH + HCNO Lfdthres, jeCCN + H,0
HCC—-CNO + 2H

In a reducing environment hydrogen atoms will scavenge the oxygen atoms from
molecules with NO bonds. This might be the reason that molecules, such as
HCNO, N,O are absent in interstellar space or have fairly low abundances such as
NO.

Hayatsu and Anders (this volume) point out from a comparison of the relative
abundance pattern of cyanopolyynes H(C=C) N (n = 1, 2, 3, 4) with that of alco-
hols C_H,,_,OH (Fig. 13 of their contribution) that the probability of the cyano
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polyyne carbon chains growing by one C unit is equal to the “Fischer-Tropsch-type”
alcohols. Clearly if the proposed gas-phase mechanism operative in interstellar clouds
is the only contributor to the formation of the cyanopolyyne chemistry, and if this
mechanism feeds only on itself without other contributing reactions, one would
expect an exponential decrease in the abundance. This is not observed. However,
several searches for HC, ;N has so far remained negative. The recent discovery of the
high abundance of DC;N in TMCI1 suggests that gas phase reactions must be
involved.

In this sense one can only agree with the conclusion of Hayatsu and Anders
“that a truly comprehensive review-study of all relevant reactions”™ could reveal the
relative importance of gas phase versus surface reactions. It may then turn out that the
“truth” is achieved by employing both mechanisms at different stages during the
interstellar formation process.

In summary it seems that in situ synthesis of long chain carbon molecules is
presently the most convincing of the various formation mechanisms. In particular,
spallation of organic grains seems rather unlikely in the cold dark clouds such as
TMC 1. We note, incidentally, that the dark clouds produce an absolutely
“clean chemistry”, in the sense that many types of reactions which occur in
terrestrial chemistry are excluded. Shocks, for example, appear not to be present if
one can judge from the observed narrow line profiles. The gas is very quiescent and
cold. On the other hand, ions such as HCO' and NZH+ (Guélin et al., 1977)
are present within these condensations and we therefore think that molecular-ion
production schemes should be investigated further. Some consequences of an ion-
molecule formation scheme for the cvanopolyynes have already been discussed.
Green and Herbst (1979) point out that even if molecules are produced, say,
on grain surfaces, secondary processing by molecular ions is liable to have
observable consequences. For example, if, as we have suggested, acetylene, HCCH,
is very abundant in TMC 1, then it is likely that its isomer H,C—C (vinylidene) will
be produced via the sequence

C,H, + H} - CH} + H,

/,HCECH +H

CHj + e,

Vinylidene, unlike acetylene, should have a dipole moment and hence may be
observable at radio wavelengths. In a similar fashion, one might expect that a high
abundance of HC,N would go together with a large concentration of the isomers
HC,NC and C,NH. An obvious goal of future research is to attempt to detect
isomers and determine their relationship to those already known. The isomers of
isocyanic acid, HNCO, cyanuric acid, HOCN, and fulminic acid, HCNO, furnish a
particularly interesting example: HNCO has been detected in interstellar space, a
tentative assignment of interstellar HOCN exists (Guélin et al., 1981), and HCNO
has not been found in agreement with the generally low abundance of molecules with
one or more NO bonds.
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6 Molecules in Comets and Planetary Atmospheres

Although it is clearly beyond the scope of this review to discuss in detail the
composition and chemistry of comets and planetary atmospheres, it secems proper
to give a short summary of the molecular species which have been detect-
ed there. From Table 8 and 9, it is evident that remarkable similarities exist
between the composition of the interstellar medium, comets and the atmospheres of
the outer planets which is, in part, based on the reducing environment (with the
exception of the inner planets) and the carbon based chemistry. The ability of
carbon atoms to combine with as many as four other atoms and its ability to form
long chains in which the carbon atoms form the ““backbone” of the entire molecule
gives them their fundamental importance. The list of detected molecules (interstellar,
cometary and planetary) contains a large number of molecules with one or more car-
bon atoms. In fact, the most complex molecules safely identified in interstellar space
are carbon based molecules and even in the highly reducing atmospheres of Jupiter
and Saturn hydrocarbons have been identified. Thus the carbon chemistry in inter-
stellar space is not only interesting in its own right but also because the more complex
interstellar molecules are found in meteorite materials, in comets, and in the
primordial atmospheres of the outer planets. They also resemble closely the
basic building blocks of living matter on earth. Despite these similarities, it is not
clear, however, how the existence of interstellar molecules relates to the existence
of molecules in comets and planetary atmospheres. Recently, Larson 1980 and Prinn
and Owen 1976 (and references therein) have summarized in detail the atmospheres
of the outer planets. From Table 9, it becomes clear that next to molecular
hydrogen, methane CH,, is the major constituent in the atmospheres of the outer
planets, and its photodissociation yields CH and CH, radicals in a ratio of about
8 to 92. CH, reacts with H, to form CH; which, in turn, captures H to form CH,.

Table 8. Observed composition of comets (Whipple and Huebner (1976))

Head: H, C, C,, C,, CH, CN, 12C'*C, HCN, CH,CN, NH, NH,, O, OH, H,0, Na, K, Ca, V,
Cr, Mn, Fe, CO, Ni, Cu.

Tail: CH*, CO*,CO;, NS, OH*, H,0", Ca*.
Continuum from particles including Silicate 10- and 18 um bands in head and tail.

Table 9. Molecules detected in Planetary Atmospheres

Planet Molecules

Mercury No definite identification

Venus CO, (36%,), N, (3.5%), H,0, HCI, HF, H,S0 (droplets), Ar (90 Earth Atm.)
Earth N (80%), 0z, _,0, CO,, CH,, H,, CO; Ar, Xe, Ne, Kr, N;0, 0, 0,, O,

Mars CO, (95%). N, (2.7%), Ar, 0,, H,0 (0.01 Earth Atm.)
Jupiter H,, He, CH,, NH,, H,0, PH,, GeH,, CO, C,H,, C,H,

Saturn H,. CH,, NH,, PH,, C,H,, C,Hg; (He assumed)

Uranus H,, CH,

Neptun H,.CH,

Pluto No identifications
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About 209, of the photo-dissociated CH, is then converted to the hydrocarbon
chain molecules C,H,, C,H, and C,H,, two of which have been detected in the
jovian atmosphere. In the ionosphere of Jupiter and in the regions of discharges
in the cloudy zones of the atmosphere, the higher-order hydrocarbon ions are the
likely precursors of C,H,, C,H,, . .. which could form according to the reactions:

CHs + CGHy —» (CHy)* » C,HS + CH,
C2H5+ -+ C2H2 hd (C4H';f)* g C4H;— -+ Hz

followed by dissociative electron recombination which is similar to the interstellar
mechanism. The hydrocarbon reaction scheme for Jupiter, illustrated in Fig. 2
(according to Prim and Owen), reveals the similarities between the interstellar and
planetary chemistry in a reducing environment. The longer hydrocarbons produced
in the ionospheres and higher atmospheres of the giant planets Jupiter and Saturn
are convectionally transported down to the hot lower atmosphere. There they are
converted back into CH, most likely by thermochemical reactions. In this sense
it is “raining crude oil” in the atmospheres of Jupiter and Saturn. The hydrogen
abundance in Uranus and Neptune is lower than that of Jupiter and Saturn, in-
dicating that they have lost some hydrogen and helium in the course of their

+H;
+ 2 Ha
*3H2

Fig. 2. Planetary methane and higher order hydrocarbon cycle in Jupiter’s mesosphere and strato-
sphere (from Prinn and Owen, (1976)) and upper atmosphere. Vertical transport is represented
by vertical wavy lines. Squares enclose stable molecules, whereas ions, radicals and unstable
molecules are encircled.
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history. Contrary to the reducing primordial atmospheres of the outer planets,
the inner planets (notably Venus and Earth) have oxidizing secondary atmospheres,
which were made after the planets had been formed and most of primordial
hydrogen and helium was lost.

Comets offer the chance, each time they come to close encounter with the sun,
to investigate early primitive solar system material which presumably was formed
directly from the gas and dust of the solar nebula. It is assumed that the nucleus
of comets consists of large grains of rocky material (meteoroidal material) which
is mixed andfor covered with ices, molecules and atoms which are bonded to the
ices (clathrates). Although the true nucleus of a comet is rarely observed, the
comets are extensively being studied by the material they lose under the action
of solar radiation during close solar encounter, i.¢. at distances of less than 5 AU
(1 AU = 1 astronomical unit = 1.5x 10'3 cm). The matter comets lose in this
process are mainly gases and meteorites. Table 8 summarizes all so far detected
cometary molecules. It is seen that the head of the comet contains molecules,
radicals and atoms, whreas the tail shows only ions. Practically all of these molecules
and ions are also interstellar species. For further detail on cometary spectra and the
prevailing physical processes, the reader is referred to an excellent review by Whipple
and Huebner (1976). All of the present knowledge has come from the analysis of
cometary spectra but the planned space probe mission (if carried out) to Halley’s
comet in 1986 would be of superb scientific value.

7 Conclusion

The past decade of interstellar research has established that the most widely distributed
and most abundant intersteilar molecules (OH, CH, H,0, H,CO, HCN, NH,)
are found in molecular clouds within our Galaxy and in other galactic systems, i.e.
in extragalactic sources such as the Andromeda Nebula (M31) the spiral Galaxy
NGC 253 and others. On the galactic scale the interstellar molecules are found in a
large variety of astronomical objects with widely different physical parameters, ranging
from the diffuse clouds and the cold dark clouds to the dense hot circumstellar
environment. In the list of molecules detected to date, carbon based molecules
dominate the larger molecules, due to the ability of carbon to form long chain
molecules. Oxygen and nitrogen with similar cosmic abundance do not share
this ability; at most they form hydrogenperoxide, HOOH, or hydrazin, HNNH,
as chain molecules. Silicon, with lower cosmic abundance than C, N and O
does form silicon chains (mainly a silicon-oxygen bond). However, its high affinity
to oxygen rather forms silicon oxides than silicon hydrites and thus most of the
silicon will be locked up as SiO in interstellar space. Even in a very reducing
atmosphere SiH, is only formed as a high temperature species (T ~ 1000 K) and
one does not therefore expect to find SiH in interstellar space in detectable quantities.

Carbon based chemistry (organic chemistry) has thus been established to be
of fundamental importance in interstellar molecular clouds. Simifarly the observed
composition of comets is dominated by carbon bearing molecules, and in the
reducing atmospheres of Jupiter and Saturn the carbon chain molecules C,H,, C,H,
have been detected.
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Interstellar molecules are detected at the position where they are formed. Their
formation mechanism is usually modelled for a steady-state situation, although their
abundances are not in thermodynamic equilibrium. Cosmic rays and ultraviolet
radiation prevent equilibrium from being reached. Cosmic ray ionization is seen
as the driving force for a large number of chemical reactions.

Catalytic processes and gas-phase-reactions are required to explain molecule
formation. The rate at which atoms stick to the surface of interstellar dust
grains seems to be comparable to the reaction rates of various important gas phase
reactions. Although there is general agreement that H, is formed on grain surfaces,
HD is the strongest evidence for gas phase reaction mechanisms. In fact, gas-phase
models have had the better of the arguments so far, at least for the explanation
of the abundance of simple molecules, notably the ions HCO*, N,H* and HCN,
HNC, CCH. For this simple class of gas phase reactions, the ion-molecule model
produces predictable results. For ion-molecule reactions to be fast they must be
exothermic and have no activation energy barrier. Already for intermediate sized
molecules such as NH,, H,CO predictions based on the ion-molecule scheme become
uncertain. The formation of complex molecules is presently a great challenge in inter-
stellar chemistry. Although both mechanisms, grain-surface and ion-molecule
reactions are thought to contribute, their main problems remain: unceriainties
concerning the surface processes are mainly connected with the ejection mechanism
on one hand, branching ratios and reaction rates on the other require considerably
more detailed, but extremely interesting and rewarding laboratory investigations.
In addition, the many unidentified lines detected to date in interstellar space are
likely to be caused by short lived reaction intermediates or by complex molecules
not yet synthesized in the laboratory. For their proper identification precise
laboratory microwave frequencies are required. These studies have now being extended
to high resolution infrared studies of molecules.

8 References

Aanestad, Per A, Purcell, E. M.: Ann. Rev. of Astron. Astrophys. /1, 309 (1973).

Adams, N. G., Smith, D.: IAU No. 87, Interstellar Molecules (B. H. Andrew, ed.) p. 311 (1980).

Arnold, F.: Proc. XXI Li¢ge Colloquium, 494 (1977).

Bates, D. R., Spitzer, L.: Astrophys. J. 113, 441 (1951).

Black, J. H., Dalgarno, A.: Astrophys. (Letters), /5, L79 (1973).

Black, J. H., Dalgarno, A.: Astrophys. J. Suppl. 34, 405 (1977).

Black, J. H., Hartquist, T. W., Dalgarno, A.: Astrophys. J. 224, 448 (1979).

Broton, N. W, Oka, T., Avery, L. W, MacLeod, J. M., Kroto, H. W.: Astrophys. J. 223, L105
(1978).

Burt, . A, Dunn, J. L., McEwan, J. M., Sutton, M. M., Roche, A. E., Schiff, H. I.: J. Chem. Phys.
52, 6062 (1970).

Conrad, M. P., Schaefer, H. F.. Nature 274, 456 (1978).

Dalgarno, A.: Atomic Processes and Applications (ed. P. G. Burke, B. L. Moiseiwitsch), p. 109,
Amsterdam: North Holland (1976).

Dalgarno, A.: IAU No. 87, Interstellar Molecules (B. H. Andrew, ed.} 273 (1980).

Dalgarno, A., Black, J. H.: Rep. Prog. Phys. 39, 573 (1976).

Dalgarno, A., McCray, R. A.: Astrophys. J. 181, 95 (1973).

Douglas, A. E.: Nature 269, 130 (1977).

69



Gisbert Winnewisser

Duley, W. W., Williams, D. A.: Nature 277, 40 (1979).

Elitzur, M., de Jong, T.: Astrophys. J. (Letters) 222, 1.141 (1978).

Fehsenfeld, F. C., Schmeltekopf, A. L., Dunkin, D. B., Ferguson, E. E.: ESSA tech. Rep.
ERL 135-AL3 (U.S. Dep. Commerce) (1969).

Fehsenfeld, F. C., Dunkin, D. B., Ferguson, E. E., Albritton, D. L.: Astrophys. J. /83, L25 (1973).

Green, S., Herbst, E.: Astrophys. J. 229, 121 (1979).

Guélin, M., Langer, W. D., Snell, R. L., Wootten, H. A.: Astrophys. J. 217, L165 (1977).

Hartquist, T. W., Black, J. H., Dalgarno, A.: Mon. Not. Roy. Astr. Soc. 185, 643 (1978).

Hartquist, T. W., Oppenheimer, M.. Dalgarno, A.: Astrophys. J. (in press) (1981).

Herbst, E., Klemperer, W.: Astrophys. 1. 185, 505 (1973).

Herbst, E., Klemperer, W.: Physics Today 29, 32 (1976).

Herbst, E.: Astrophys. J. 222, 508 (1978).

Herbst, E.: in Protostars and Planets, p. 88 (T. Gehrels ed.), Univ. of Arizona Press, Tucson (1978).

Hollenbach, D. J., Salpeter, E. E.: Astrophys. J. 163, 155 (1971).

Hollenbach, D. ., Werner, M. W, Salpeter, E. E.: Astrophys. J. 163, 165 (1971).

Hollenbach, D. J., McKee, C. F.: Astrophys. J. Suppl. (in press) (1980).

Hunter, D. A., Watson, W. D.: Astrophys. J. 226, 447 (1978).

Huntress, W. T., Jr.: Astrophys. J. Suppl. 33, 495 (1976).

Huntress, W. T., Jr., Prasad, S. 8., Mitchell, G. F.: AU No. 87, Interstellar Molecules (B. H.
Andrew, ed.) p. 331 (1980).

Iglesias, E. R., Silk, J.: Astrophys. J. 226, 851 (1978).

Johnsen, R., Biondi, M. A.: J. Chem. Phys. 67, 2112 (1974).

Jura, A.: Astrophys. J. 197, 581 and references therein (1975).

Langer, W. D., Frerking, M. A,, Linke, R. A., Wilson, R. W.: Astrophys. J. 232, L65 (1979).

McCabe, E. M., Smith, R. C., Clegg, R. E. S.: IAU Interstellar Molecules p. 497-502, (B. H. Andrew,
ed.) (1980).

McDaniel, E. W., Cermak, V., Dalgarno, A., Ferguson, E. E., Friedman, L.: Ion-Molecule
Reactions, Wiley-Interscience, New York (1970).

McEwan, M. J., Anicich, V. G., Huntress, W. T., Jr., Kemperer, P. R., Bowers, M. T.: in IAU
No. 87, Interstellar Molecules, (B. H. Andrew, ed.), p. 305 (1980).

Prinn, R. G., Owen, T.: in Jupiter (T. Gehrels, ed.) p. 319 (1976).

Sagan, C., Khare, B. N.: Nature 277, 102 (1979).

Sakata, A., Nakagawa, N., Iguchi, T., Isobe, S., Morimoto, M., Hoyle, F., Wickramasinghe, N. C.:
Nature 266, 241 (1977).

Sando, K. M., Cohen, R., Dalgarno, A.: Conf. Electronic and Atomic Collisions (T. R. Govers, F. J.
de Heer eds.) North Holland, Amsterdam, p. 973 (1972).

Savage, B. D., Mathis, J. S.: Ann. Rev. Astron. Astrophys. /7, 73-111 (1979).

Schmeltekopf, A. L., Fehsenfeld, F. C., Ferguson, E. E.: Astrophys. J. 148, L155 (1967).

Smith, D., Adams, N. G.: Kinetics of Ion Molecule Reactions (P. Auloos, ed.), Plenum Press,
New York, p. 345 (1978).

Snow, T. P., Jr.: IAU No. 87, Interstellar Molecules p. 247 (B. H. Andrew, ed.) (1980).

Thaddeus, P., Guélin, M., Linke, R. A.: Astrophys. J. (in press) (1981).

Vasile, M. J., Smolinsky, G.: Int. J. Mass Spect. Ton Phys. 24, 11 (1977).

Watson, W. D.: Astrophys. J. 182, L69 (1973).

Watson, W. D.: Astrophys. J. /83, L17 (1973).

Watson, W. D.: Astrophys. J. 188, 35 (1974).

Watson, W. D.: Rev. Mod. Phys. 48, 513 (1976).

Watson, W. D.: Ann. Rev. Astron. Astrophys. 76, 585 (1978).

Watson, W. D.: Proc. Liége Int. Astrophys. Symp. 21st, p. 526 (1978).

Watson, W. D., Christiensen, R. B., Deissler, R. J.: Astron. a. Astrophys. 69, 159 (1978).

Watson, W. D.: in AU No. 87, Interstellar Molecules (B. H. Andrew ed.) p. 341, (1980).

Whipple, F. L., Huebner, W. F.: Ann. Rev. Astron. Astrophys. 14, 143 (1976).

Winnewisser, G., Churchwell, E., Walmsley, C. M.: in Modern Aspects of Microwave Spectroscopy,
(G. W. Chantry ed.), 313-503 Academic Press, London (1979).

Winnewisser, G., Mezger, P. G., Breuer, H. D.: Topics in Current Chemistry, Vol. 44, Springer-
Verlag, Berlin, Heidelberg, New York (1974).

Winnewisser, G., Walmsley, C. M.: Astrophys. a. Space Sci. 65, 83 (1979)

70



The Chemistry of Interstellar Molecules

Winnewisser, G., Toelle, F., Ungerechts, H., and Walmsley, C. M.: in IAU No. 87, in Inter-
stellar Molecules (B. H. Andrew, ed.), p. 59 (1980).

Winnewisser, G., Winnewisser, M., Christiansen, J. J.: Astron. a. Astrophys. (in press) (1981).

York, D. G., Rogerson, J. B. Jr.: Astrophys. J. 203, 378 (1976).

Zuckerman, B.: Ann. Rev. Astron.-Astrophys. 18, 263 (1980).

Received April 9, 1981

Note 1 Added in Proof

Johnsen et al. (1980) have measured the rate coefficient for He* + H, to be
1071 em' sec™! down to 78 K. Thus this reaction cannot be neglected any longer
comparcd to the ionization of C, N, O ... by He*.

Johnsen, R., Chen, A, Biondi, M. A.: J. Chem. Phys. 72, 3085 (1980).

Note 2 Added in Proof

The reaction of C* with NH, might lead preferentially to HNC via the isomer
H,NC™* (Allen et al. (1980), Brown, (1977)) which lies ~2¢eV above the linear
isomer HNCH™*. The stable triplet configuration H,NC* might radiatively decay
into singlet H,NC™* rather than isomerize to the linear form.

In this connection it worthwhile to note that HCN and HNC can be converted
into each other by reactions of the form

HCO* Cco
N;H* | 4+ HCN, HNC HNCH' + 1 N,
Hi H,

or by proton exchange
HNC + H* - HCN + H*

Local disturbances in the clouds might favour one or the other molecule. In the
Orion ridge Goldsmith et al. (1981) find an overabundance of HCN which might be
an indication of shock influence.

Allen, M., Goddard, J. D., Schaefer, H. F., 111, J. Chem. Phys. 73, 3266, (1980).
Brown, R. D., Nature 270, 39 (1977).
Goldsmith, P. F., Langer, W. D., Elider, J., Irvine, W., Kollberg, E., (1981), preprint.
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1 Introduction

The chemical composition of comets and the processes taking place in their comas
and tails during their active phase near the Sun are very complex and not as yet known
in their details though investigations from sounding rockets and satellites in the
ultraviolet spectral regions and measurements with radio telescopes have provided
a wealth of new results during the last two decades. For a better understanding of
the problems and advances, an introductory chapter shall give a brief review of the
history and more recent evolution of cometary research.

Observations of comets have been reported as early as several centuries before
Christ, mainly by Chinese historians. Up to the 15th and 16th centuries, their true
nature was unknown, and they were regarded as transient phenomena of the
“sublunar sphere”, as the terrestrial atmosphere and the close neighborhood of the
Earth were called. Their apparitions, unexpected and sometimes very spectacular,
were accompanied by superstitious fear, and they were regarded as heralds or even
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the cause of evil. And because our history is full of wars, epidemics and natural
disasters, coincidences with comet apparitions have always been easy to find.
Even after their cosmic position had become clearer, superstition did not really
come to an end, and we can find it up to the present time. During the last
apparition of Comet Halley in 1910, people were warned in various newspapers to
beware of poisonous gases since the Earth passed through the outer parts of the tail
which contains indeed carbon monoxide, though in such an extremely low con-
centration that the “comet pills” sold by clever merchants against the noxious
vapors were certainly not necessary.

The first scientific observations of comets are linked with the names of Regiomon-
tan, Apiano and especially Tycho Brahe. It was the latter who found from
precise observations of a bright comet visible at the end of 1577 that this object
was further away from the Earth than the Moon, and he concluded that comets
belong to the “translunar sphere”, pervading the region between the planets. About
100 years later, Halley calculated the first cometary orbits by applying Kepler’s laws
of planetary motions, and he succeeded in identifying the bright comet of 1682 —
later becoming so famous as “Comet Halley” — with two former comets of 1531
and 1607. He could not witness the next apparition of this comet in 1759, but it turned
out that he had correctly predicted the date of its return, and he can thus be regarded as
the “father” of the periodic comets. From that time, the comets can be grouped into
those which appear only once on very elongated or nearly parabolic orbits and the
periodic comets which return after a certain number of years.

About 100 years ago, the means of photography and spectroscopy opened a new
aera in astronomy and it became possible to try a first crude chemical analysis of the
comets. It was found that their spectra consist of a narrow continuum which was
correctly interpreted as a reflection of the sunlight from the solid nucleus and from
small dust particles in the coma, and of a line and band spectrum emitted by the
gases of the cometary atmosphere. Already in 1911, K. Schwarzschild and E. Kron,
using observations of Comet Halley, explained these emissions by resonance
fluorescence of the solar radiation from various molecules. Identifications yielded the
presence of the elements H, C, O, and N in various compounds. The strongest bands
were the Swan system of C, in the visual and the CN emissions in the blue and violet
spectral regions. It is this radical which determines the extension of the coma in the
photographic region, as the somewhat smaller visual coma is determined by the Swan
bands. The light of the long, narrow gas tails was found to be emitted by ions,
mainly CO*, while the diffuse, wider tails consisted of dust particles.

In the 1950’s, three major concepts have brought decisive advances to the
physics of comets: Oort’s model of a distant cometary cloud, Biermann’s solar wind
theory of tail formation and dynamics, and Whipple’s icy conglomerate model of the
cometary nucleus. The main ideas of these concepts shall be outlined briefly.

2 Qort’s Cloud

The results of statistical investigations of the orbital parameters of nearly parabolic
comets led Oort! to the interpretation that a cloud of about 10*! comets
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surrounds the planetary system at a distance of some 50000 a. u.!, where they are only
loosely gravitationally bound to the Sun. Close passages of stars which occur in
average intervals of a few million years can perturb the nearly circular orbits of some
comets so that they are injected into the inner planetary system. Those which come
close to the Sun (perihelia < 4-5 a. u.) become visible as “non-periodic comets”. This
concept has recently been confirmed and extended by very detailed numerical compu-
tations (Marsden et al. 2Y). Model calculations have shown that periodic comets with
revolution times of several up to 200 years which we observe during multiple perihelion
passages (e.g. Comet Encke with a period of 3.3 years and 52 observed apparitions)
have probably been captured by the gravitational influence of the massive planets,
especially Jupiter, and forced into their present shorter orbital ellipses (Everhart 3.
These comets are frequently called “old” in the sense that they have changed their
virgin composition during the repeated exposures to the solar radiation, while the
comets coming from Qort’s cloud to their first close perihelion passage are “new” in
that they have preserved most of their pristine properties.

3 Biermann’s Solar Wind Concept

If a comet approaches the Sun, gas evaporating from its surface leads to the
formation of the coma. Since the gas drags with it small dust particles which have
also been stored in the nucleus, the coma is a mixture of gas molecules and dust
particles. Inside about 2 a.u. from the Sun, this material is observed to stream
away from the coma in one or two tails (Fig. 1). The separation into two tails is
caused by the fact that the gas molecules and the dust particles are influenced
by different forces. Relatively early it had been known that the dust tails are
shaped by the radiation pressure of the solar light which pushes them away from
the Sun with a certain lag angle between the antisolar direction and the orbital
motion of the comet. However, the dynamics of the straight, narrow gas tails could
not be explained by the light pressure which was too small by one or two orders of
magnitude. According to Biermann’s theory ¥, the solar wind, by interacting with the
ionized molecules in the gas tails, is able to accelerate the cometary ions to their
observed velocities between 10 and 100 km/s. The small lag angle of only a few
degrees between the antisolar direction and the tail axis could be interpreted as an
abberrational effect. This angle is given by the ratio of the tangential component of the
comet’s orbital velocity (typically 30-60 kmy/s) to the solar wind velocity. Values for
the latter up to a few 10* km/s deduced from this ratio could later be confirmed by
direct measurements from space probes. Furthermore, the solar wind is important for
the chemistry of the gas coma, since neutral molecules can be ionized by charge
exchange with the solar wind protons. This ionization process must be taken into
account especially in the outer parts of the coma, since the inner parts are
probably shielded against a penetration of solar wind particles by a contact surface
built up at the sunward side of the coma by a pressure balance between the
cometary molecules streaming outward and the incoming solar wind flux. Magnetic

1 1 a. u. (astronomical unit) = 1.496 - 10® km = mean distance Sun — Earth.
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Fig. 1. Comet Mrkos 1957 V with straight gas tail and curved, diffuse dust tail on August 27, 1957.
Photogr.: Mt. Wilson and Palomar Observatories

fields embedded in the solar wind play an important role in these complicated
interactions which have to be treated with the theory of magneto-hydrodynamics 3.

4 Whipple’s Icy Conglomerate Model

After a long debate whether a comet is an extended loose assembly of meteoric bodies
kept together by their mutual attraction or a small solid block, Whipple ® proposed
his icy conglomerate model according to which a cometary nucleus is a fluffy,
frangile conglomerate of water ice and other frozen gases in which heavier atoms
(metals) and dust particles are embedded. Though the “sand bank model” has been
strongly defended mainly by Lyttleton, all recent observations and theoretical
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Fig. 2. “‘Sun-grazer” Comet Ikeya Seki 1965
VIII passing through solar corona. Photo-
graphed with a coronagrph of Norikura
Corona Station in Japan on October 21,
1965

evidence have supported Whipple’s ““dirty snowball”. It is, therefore, generally
accepted today. All considerations and estimates for the instrumentation of a space
probe to a comet are, for instance, based on this model. However, the final proof'is one
of the aims of such a mission.

Among the evidence in favor of the “dirty snowball” are observations that many
comets — the “Sun-grazers” — have survived perihelion passages very close to the
Sun, even through the solar corona, without any noticeable disintegration (Fig. 2).
A loose accumulation of numerous small particles would have been completely
evaporated. Furthermore, particles of different sizes would have been forced into
different orbits by the Poynting-Robertson effect of the solar radiation. Another
observation spoke even more strongly against the “sand bank model”. Already
Encke, at the beginning of last century, has noticed that the comet which
had been discovered in 1786 and later was named “Comet Encke™ was measurably
decreasing its period of 3.3 years. Similar (positive and negative) accelerations were
observed subsequently for a number of periodic comets, among them Comet
Halley. These findings could be explained with Whipple’s model by a repelling
rocket effect on the nucleus caused by a mass loss during the active phase when the
comet emits gases and dust with velocities of some 100 to 1000 m/s, While a resisting
medium, as it had been proposed by the defenders of the “sand bank model”, can only
decrease the orbital period, the “non-gravitational forces” exerted by the mass ejection
can result in an increase as well as in a decrease of the orbital period of a spinning solid
nucleus, depending on its sense of rotation with respect to its orbital motion. Rotation
periods between some hours and a few days have been determined for some comets
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(Whipple 7). Mass losses of several up to 100 tons per second, depending on the
comet’s size and distance from the Sun, are necessary to explain the observed
changes of the periods, and these numbers agree with the gas and dust production
rates derived from observations of the spectra and of the brightness distribution in the
comas and tails of some bright comets.

The size of a cometary nucleus cannot be measured directly, since even in the
largest telescopes it remains an unresolved point of light. Photometric brightness
measurements of comets still far away from the Sun before a radiating halo has
formed, together with a phase law and a plausible value for the albedo, yield
diameters of the order of 1-20 km (Roemer 3). Periodic comets are, on the average,
smaller than “new” ones, since they lose about 0.1 9] of their masses per revolution.

Also the brightness evolution of a comet approaching the Sun is in agreement with
Whipple’s model. The onset of coma formation at distances as far as 5a.u.
(Jupiter’s orbit) points to the existence of frozen gases more volatile than water in
the nucleus, such as carbon monoxide, carbon dioxide, methane or ammonia,
because the evaporation of water starts only at about 2 a. u. from the Sun. However,
the observed dependence of cometary brightness increase with decreasing solar
distance — differing considerably from comet to comet — did not fully agree with the
model of a simple block of a mixture of water ice and other frozen gases. This
increase is much more sudden and the onset of coma formation is later than would
be expected if gases of high volatility were the major constituents of the nucleus. The
clathrate model proposed by Delsemme and Swings ® implies that the high volatile
gases are embedded in a lattice of water snows, and that these trapped molecules
can only escape in larger quantities when the host layer is destructed by evaporation.
If, however, CO, and/or CO are present in amounts comparable to that of H,O as it
seems possible from recent calculations of production rates (see Sect. 6), the water
ice lattice may not be able to hold these large quantities, and the picture may have to
be revised. Experimental studies with ice in a vacuum have simulated this model.
The experiments have also repeated the adsorption of gases on a grainy nucleus in a
vacuum as it may have happened in an accretion process during the early formation
of cometary nuclei (Delsemme and Wenger ')

The icy conglomerate model can further explain the different behavior in the
brightness evolution of “new” comets and comets having already been exposed to the
solar radiation during previous perihelion passages by differences in the ontermost
layers of the nuclei. “New”” comets approaching the Sun generally brighten faster as
long as they are still far away from the Sun and much more slowly near perihelion
than *‘older’” ones which are not on their first visit to the Sun. An example for this
behavior is Comet Kohoutek 1973 XI1 which remained disappointingly dark after
a promising rapid brightness increase after detection. On the other hand, all comets
with periods > 25 years show about the same brightness dependence when they recede
from the Sun. Whipple proposes as explanation that “new” comets are coated with
a layer of very high volatile material which has been gradually formed by an
activation by cosmic rays while the comets have been stored for billions of years in
Oort’s cloud. Once this frosting is evaporated, all comets build up an insulating
layer of meteoritic material and — unless their perihelion distances are small —
H,O0 ice, which is probably very irregular in structure. Returning comets first have to
remove this crust before fresh layers of original material can evaporate. Therefore, the
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evaporation rate increases near perihelion when the crust is blown away by the solar
heating (see e.g. Whipple and Huebner V),

It must be kept in mind that there are certainly differences in the chemical
composition and in the sizes of the comets which add to the picture. For instance, the
two comets, Morehouse 1908 III and Humason 1962 VIIi, had exceptionally bright
CO™ -tails which point to a large content of CO or its parent molecules in the nuclei.
Comet Humason was exceptional also because its perihelion distance was as large as
2.1 a. u., a distance beyond which usually no gas tails are visible, and due to its large
intrinsic brightness it could be observed for a little over 4 years. Therefore, it may
belong to the largest comets observed so far.

5 Molecules of the Nucleus

Until very recently, only secondary products originating from dissociation and
ionization of the primary molecules have been identified in cometary spectra. There
are different reasons for this. Firstly, most of the primary molecules are rather
rapidly destroyed by dissociation and ionization. Only the very stable species can
reach larger distances from the nucleus beyond some 10® to 10* km. Secondly, those
molecules which are abundant in interstellar space and could therefore also be
constituents of comets (H,0, CO,, CO, NH,, CH,) do not have strong transitions in
the optical spectral region. With the advances of radio astronomy and ultraviolet
spectroscopy from rockets and spacecraft, a few probable primary molecules have
recently been detected, namely CO and CS in the UV region near 1500 and
2600 A, and H,0, HCN, and CH,CN in the cm and mm wavelength range (for
details see Sect. 6). Preceding the detection of neutral water, some previously
unidentified red lines could be attributed to the H,O" ion after a comparison with
laboratory spectra (Herzberg and Lew '), Already earlier, Miller '* had noticed that
the gas tails of some comets which are usually dominated by the blue emission of
CO" ions also emit a red component which then could not be attributed to any known
molecule. After the identification of H,0", these red lines have been found in the
spectra of many comets. Furthermore, lines of the CO, ion were found in the UV and
in the optical blue region of three recent comets (see e.g. Rahe *). One can therefore
assume that CO, and/or CO belong to the abundant constituents.

6 The Spectrum of the Coma

6.1 The Visual Spectrum

The wavelength range between roughly 3000 and 8000 A has been the only source of
spectral analysis before the first radio and ultraviolet spectra gave a wealth of new
information. The most complete sample of more than 200 spectra from 66 comets
can be found in the “Atlas of Representative Cometary Spectra” compiled by
Swings and Haser !¥. A detailed interpretation of the optical spectrum was given
by Arpigny in 1965 ', At that time, the following species had been identified:

Radicals: CN, C,, C,, NH, OH, NH,, CH
Atoms: [OI] (forbidden lines), Na, Fe
Ions: CO™*, N, , CO; (mainly tail emissions) .
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The metallic lines, to which in the meantime several other atoms (Ni, Ca, Cr, Mn,
Cu, K, Co) have been added, appear only when a comet comes very close to the
Sun; the Na emission starts inside about 0.7 a. u., the other lines are weaker and
appear later. The lines are generally excited by resonance fluorescence of the
incident sunlight, with the exception of the forbidden oxygen lines in the red
spectral region. Resonance fluorescence would in this case lead to unreasonably
high production rates, due to the small transition probabilities of these lines.
Biermann and Trefftz '”’ pointed to dissociation processes (photoprocesses or colli-
sional processes) including a dissociative recombination of O} ions leaving one of the
generated oxygen atoms in an excited metastable level of the forbidden transitions.
This explanation has an important consequence. Due to the low transition probabili-
ties, every molecule involved in this process can only once contribute to the emission
of the forbidden line within approximately 10° s while it reaches the borders of the
visible coma. Numerical estimates led to production rates for the parent molecules
about 2 orders of magnitude higher than those deduced from the lines of the most
abundant radicals CN and C,. This result was the first direct evidence that the radicals
which dominate the visual light emission are only minor constituents of the coma.
Higher total production rates of the same orders were also postulated from an energy
balance between the incident solar radiation on the one hand and the rate of evapora-
tion, reradiation and heating of the nucleus on the other hand (Huebner '®). The third
evidence for higher production rates came from the fluid dynamics model of the
cometary dust (Finson and Probstein '*?) yielding dust emission rates of ~10% g/s
for Comet Arend-Roland 1957 I1I and a total gas emission of ~ 10°*® mol/s, which
gives a dust-to-gas mass ratio of the order of 1 (see also Sect. 8).

The assumption that water is a major constituent of the nucleus would explain the
high production rate of oxygen deduced from the {OI] lines as a dissociation product
of H,0. In this case, comparable amounts of hydrogen must also be produced, and
this consideration led Biermann >* to postulate the existence of a huge cloud of neutral
hydrogen atoms around the coma. Only two years later, this assumption was
verified when the two bright comets Tago-Sato-Kosaka 1969 IX and Bennett 1970 11
were observed from the two Earth orbiting satellites OAO-2 and OGO-5, which
detected a very extended hydrogen atmosphere in the light of the Lyman « resonance
line at 1216 A, (Code et al. 21, Bertaux et al. 22)). In the meantime, also the Balmer line
of neutral hydrogen in the red visual spectrum was found.

6.2 The Ultraviolet Spectrum

After the first ultraviolet spectra of two bright comets had been taken, several
comets were observed from airplanes, by sounding rockets and by satellites. In all
cases, the hydrogen Lyman o emission was the dominating feature. The diameter of
the egg-shaped cloud reached more than 107 km, which is about 10 times the diameter
of the Sun (Fig. 3). The elongated form is caused by an acceleration of the neutral
H atoms from the solar radiation pressure in the order of the solar gravitational
attraction. The hydrogen cloud was also present around the short periodic comet
Encke, though with less intensity and extension, and it seems that it s a general
property of all comets. Already in the first low-resolution spectra from OAO-2 and
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LYMAN o ISOPHOTES
COMET 1973 XI
JAN. 8.1.1974

Fig. 3. Lyman « bridhtness isophotes of Comet Kohoutek 1973 XII, intensities in Kilo-Rayleigh,
derived from photographs taken with an electronic camera by Carruthers et al. (see Keller 2*)

OGO-5, a few other emissions could be identified (Fig. 4). The OH-emissions at
3090 A which are just barely visible also from the ground turned out to be the
strongest lines besides the Lyman « line, and for the first time production rates for this
radical could be derived and compared with those for neutral hydrogen. A description
of the method by which production rates can be derived from the observed line
intensities is e.g. given by Keller 2. These calculations require the assumption of a
certain coma model. The results from several recent comets favor the interpretation
that the observed hydrogen and hydroxyl have been formed by dissociation of water.
This is roughly demonstrated by the abundances of H and OH given in Table 2. In
the case of H,O dissociation one should expect about twice as many H atoms as OH

Table 1. Production rates for H,O in 10*® molecules/s, reduced to 1 a. u., derived from H and OH
productions

Eccentricity Perihel. dist. Prod. rate
of orbit ina
Tago-Sato-Kosaka 1969 IX 0.9998 0.473 40
Bennett 1970 11 0.9961 0.538 50
P/Encke 0.847 0.338 0.7
Kohoutek 1973 XII 0.999997 0.142 30
Kobayashi-Berger-Milon 1975 IX 0.9997 0.426 6
West 1976 VI 0.9997 0.197 50
P/Bradfield 1979 X 0.988 0.545 5-10

for authors see Rahe '*; the eccentricities for the 5 non-periodic comets are corrected for planetary
perturbations.
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radicals, since the H emission comes mainly from distances beyond 10° km from
the nucleus where OH is already fully dissociated into O and H, while the OH
contribution is limited to a region inside 10° km. However, in the present state it is
not possible to exclude also other parents for the observed H and OH. If, for
instance, formic acid (HCOOH) which has been found in the interstellar gas
(Table 3) were also present in comets, its dissociation would lead to the formation of
H and OH in the same ratio.

Water abundances for 7 comets for which O and OH abundances are now
available are given in Table 1. The comets with eccentricities near 1 which have
probably been on one of their first close perihelion passages (Kohoutek is the only
“new” comet in this list) have much larger H,O productions than the short periodic
comets Encke and Bradfield (periods 3.3 years and ~250 years resp.). This result
agrees with the icy conglomerate model.

82



Chemistry in Comets

Table 2. Production rates of major coma constituents, in 10?® molecules/s
reduced tor = 1 au

Species Bennett Kohoutek West
1970 11 1973 X11 1976 V1
H (Lyx) 54 34 46
65
58
OH (X *I1) 30 20 20
o (s) 6 2.7 23
(Resonance line)
0O (D) 12 1.1
(Forbidden line)
C(CP) 1.6 6.3
C (D) 27
CO (X '£%) 8.5

from Delesemme 2%

A further importance of the ultraviolet spectrum lies in the fact that not only the
resonance lines of hydrogen, but also those of the other three basic elements oxygen,
carbon and nitrogen fall into the region between 1200 and 1700 A. While the
1304 A line of O has already been found in the spectra of Comet Bennett 1970 II
(Fig. 4), N has not yet been detected, since it is also blended by the wings of the Ly o
line and is probably less abundant than O. The C atom was first identified in Comet
Kohoutek 1973 XII. This comet was detected in March 1973 at a solar distance of
5.3 a. u., more than 9 months before its perihelion passage on December 28, 1973
(perihelion distance (.14 a. u.). Though it did not become as bright as one had
anticipated from its early brightness evolution, no other comet has ever been
observed in so much detail and by so many astronomers. A whole issue of
“Icarus” devoted to this comet appeared at the end of 1974 with the first
results, and numerous other publications have followed. Production rates for Kohou-
tek are compared with the results from two other bright comets, Bennett 1970 11 and
West 1976 VI in Table 2. Comet West passed through perihelion on February 25,
1976 at a solar distance of 0.2 a. u. and has very successfully been observed by
three sounding rocket experiments after perihelion in March 1976. The moderate
resolution spectra taken by Feldman and Brune 2* revealed some new constituents,
among them atomic sulfur and the molecules CO and CS. Also the C- and O-lines
already identified were again present.

The three values in Tab, 2 for the H production in Comet Kohoutek are
derived from different observations (for authors see Delsemme **. The O-abundances
calculated from the forbidded oxygen lines may be regarded as the more reliable
ones since the deduction is more straightforward and does not need any model
assumption.

While rocket observations can give only snapshots, long-time investigations from
satellites have the great advantage of presenting variations of the emissions in space
and time. In this respect, the IUE (International Ultraviolet Explorer) satellite which
was in orbit when the two bright comets Seargent 1978 XV and Bradfield 1979 X

83



Rhea Liist

(YHD SO0

NOHOD™H OHD®HN HOODH [Nie] +O0H o)

NO'HO'HD OHD*HD 0" NOHN SONH OOH o0

HO*HO'HD HNHO HS*HD HNOH SO'H HD ND

OY*HD) HOOHD NOHD H™D ODNH ONH HO

N®OH  — NOH *HOOOOH N*OH HO®HD NOH 0O'H NDOH +HO
SN

ON

ONH SIS

‘08 oS

+HN oS

S'H HO

HN O'H H

1ol 6 8 L 9 $ ¥y £ r4

( g J9SSIMAUUIA WIOTJ) SOJNIS[OUT JR{[2ISIANU] *C IYEL,

<+
o0



Chemistry in Comets

= z
s =
v
& &
; - ST ;
= c1 1802 z
- 1304 1820
w 1657 g3 a NH
< NOISE = -0
z < I-1
: 5 |
g ) 3
> H
pum )
e | ead | sx | oa | ea T ek | okt | emt | ox | ok | ox
8 8 8 8 o o o o P o
s ¥ 2 8 g & 2 8 & 8§ ¢
WAVELENGTH o~ ~ o " i ©
WAVELENGTH

IUE-SPECTRA OF COMET SEARGENT, M=9
LOW DISPERSION, EXPOSURE TIMES 180 AND 165MIN.

INTENSITY

UNCALIBRATED

r LIS T 1 o
30704 30804 30904 31004
WAVELENGTH
HIGH DISPERSION IUE-SPECTRUM OF RESOLVED OH-BAND
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for the low-resolution spectra are 180 and 165 min. The high-resolution spectrum shows the rotational
structure of the (0,0) OH band (from Jackson, W. M., Icarus 41, 147, 1980)
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appeared, deserves special mentioning, The results from the IUE telescope have
yielded the most detailed information about comet UV emission obtained so far
(Rahe '¥). Already two weeks after Comet Seargent was discovered from New
South Wales on October 1, 1978 and four weeks after its perihelion passage, the
first observations were made when the comet’s distance from the Sun was 0.85 a. u.
(Jackson et al. ?®). Both low and high resolution spectra were taken, and in the latter
the rotational structure of the OH bands near 3090 A was resolved (Fig. 5).
Comet Bradfield which was detected 3 days after perihelion from Adelaide on
December 24, 1979 was observed by the IUE satellite between January 10 and
March 3, 1980 while the comet receded from the Sun from 0.7 to 1.5 a. u. (Feldman
et al. 27). Also here the lines of S and CS were visible. CS seemed to be less
abundant than water by a factor of 1073, Its scale length was very short and its
brightness rapidly decreased with the distance from the nucleus. Therefore, it is likely
that it exists as primary constituent in the nucleus. The UV spectrum of Comet
Bradfield looked very similar qualitatively to those of the two comets West and’
Seargent in spite of the facts that Bradfield is a periodic comet and the two others
move on almost parabolic orbits, and that there are also large differences in their
perihelion distances as well as in their appearances. This might be taken as an
indication that the original composition of all comets is essentially similar and that
they have the same history.

6.3 Observations with Radio Telescopes

More than 50 molecules have so far been identified by radio observations of the
interstellar matter, most of them containing carbon (Table 3, from Winnewisser 2%).
Among them are 7 which have also been found in comets (OH, CH, H,0, HCN,
CH,CN, CO, CS), the latter two so far only in the ultraviolet spectrum. Since we
assume that comets have been formed from interstellar material, radio astronomers
have also looked in comets for other species present in interstellar space, for
instance ammonia (NH,), methane (CH,), formaldehyde (H,CO) and a few others.
Up to now, all results were negative, but this should not be taken as a proof that
these molecules are absent in comets. The failure to detect for instance H,CO might
either be due to a large beam dilution or to inadequate excitation (Huebner and
Snyder 2¥)). But certainly ammonia and methane do not belong to the very
abundant species. An estimate for the abundance of NH; has recently been given by
A’Hearn et al. *®. From a spectrophotometry of Comet West, these authors deduced
the NH, abundance to be about 3%, of the C, abundance. If NH, is a dissociation
product of NH;, whose photodissociation rate is about 4 times faster than the rate of
ionization, the NH, abundance may be a good measure of the production rate of
ammonia, which would then be very low.

OH is the only coma constituent which has been found in the ultraviolet, in the
optical and in the microwave region. Its two hyperfine transitions at 18 cm (1665
and 1667 MHz) have been identified in 7 recent comets, among them the two
periodic comets d’Arrest and Encke. Generally, the line intensities were in agreement
with the assumption of ultraviolet pumping by the solar radiation. This model did,
however, not fit to the observations of the two periodic comets. Possibly, this is a
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Table 4. Spectral identifications in comets

Coma CN, C,, C,, CH, C'*C*3, NH, NH, visual
[O1], OH, Na, Ca, Cr, Mn, Fe, Ni, Cu, K, CO,
H,C,0,8,0H, CO,C,, CS ultraviolet
CH,CN, HCN, H,0, OH, CH radio

Gas Tail: CO*, CH*, CO;, N}, OH*, H,0* visual
CO*, CO;S, CN™, C* ultraviolet

consequence of smaller amounts of high volatile primordial material in older comets
which may cause infrared trapping besides ultraviolet pumping. Production rates from
the microwave OH emissions are in good agreement with those derived from the UV
spectra. For Comet Meier 1978 XXI, Giguere et al. 3V give a value of 1.3 x 10%® mol/s
at 2 a. u. as compared to 2-3 10*> mol/s at 1 a. u. for other comets (see Table 2).
This points to a very productive comet. With an absolute brightness of m = 3.5 this
comet whose perihelion distance was 1.1 a. u. belonged indeed to the intrinsically
bright ones.

Two stable molecules which can be regarded as primary constituents of the
nucleus were identified in the microwave spectrum of Comet Kohoutek, namely
HCN at 3.4 mm (Huebner et al. >») and CH,CN at 2.7 mm (Ulich and Conclin %),
Up to now these identifications could not be repeated in other comets. Production
rates are estimated to be some 10’ mol/s at 1 a. u., in the range of the visual radicals.
The search for these molecules and also for CO which had been detected in the UV
spectrum of Comet West was unsuccessful in Comet Bradfield 1978 VII, probably
because the production rates of this comet were lower (F. P. Schloerb et al. **. Upper
limits for the column density of HCN and CH,CN were less than those derived for
Kohoutek, while the upper limit for the CO production was comparable to that
inferred from Comet West. Also the very important detection of the 1.35 cm line of
H,O in Comet Bradfield 1974 III by Jackson et al. ** has not yet been confirmed in
other comets.

Though much effort has been made during the last 10 years to detect primary
molecules in comets by radio techniques only a few positive results could be
achieved (for a review of this very complex subject and for a table of negative results
see Snyder ). It should be emphasized that these observations are very difficult and
that the signals are only marginal in most cases. Furthermore, it is not always easy to
coordinate the cooperation with radio astronomers in due time when a bright comet
appears. With respect to the importance of these observations, all efforts should
however be made to continue the search for molecules in the microwave and radio
spectra of future comets,

Table 4 gives a compilation of all species identified so far in comets.

7 Model Calculations of Chemical Abundances

The problem to derive abundance ratios of the primary constituents from the
observed secondary products is very complex, since the list of observed coma molecules
is still incomplete, and there is a great variety of possible processes in the formation
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of molecules and ions for which rate constants and cross sections are not always well
known. In the inner region of the coma, gas-phase chemistry must be taken into
account, since especially ion — molecule reactions are effective and compete with
photoprocesses from ionization and dissociation and recombination processes.
Further outwards, ionization by charge exchange with the solar wind protons also
plays a role. It has not yet been possible to calculate water abundances directly from
the weak H,O microwave emission, and all numbers have hitherto been derived
from abundances of H and OH assuming that water is the major component. This
has, however, not yet been fully proved. It has already been mentioned that the
dissociation of formic acid would also produce H and OH in the same ratio.
Oppenheimer *® mentions the following chemical reactions:

O* +H,->OH" + H
OH* + H, » H,0* + H
H,0* + H, - H,0" + H
H,0* +e—-OH + H,
H,0* +e—->H,0 + H.

This reaction chain could thus lead to the formation of H,O™ ions and also to neutral
water molecules and OH radicals from almost any hydrogen-bearing compound in an
oxygen-rich nucleus.

The question of the CO, and CO abundances has not yet been solved. Delsemme
and Combi 3" explained the forbidden red oxygen lines as originating to a major part
from dissociation of CO, into CO and O. This would yield a CO, production of
~ 10*® mol/s in Comet Kohoutek. The process would also explain the bulk of the CO
observed in Comet West (Table 2). The authors expressed at that time the
opinion that the presence of CO, in cometary nuclei, though in somewhat lower
abundance than water, is more probable than that of CO since the observed amounts
of CO could also come from dissociation of CO,. As model calculations have shown,
it seems, however, difficult to understand that the observed abundances of CO™ ions
originate from a pure CO, nucleus (see p. 20). Moreover, Feldman and Brune 2%

Table 5. Initial compositions for model calculations of observed coma species

Parent Molecule Number Densities (10** cm ™)

1 2 3 4 5 6
H,O 2.5 2.4 2.2 2.75 248 290
CO, 1.5 15 1.3 0.0 1.46 0.0
NH, 0.5 0.5 0.5 0.38 0.56 0.66
CH, 0.0 0.1 0.5 1.37 0.56 0.66
CO 0.0 0.0 0.0 0.0 0.0 .72

Compositions 1-4 refer to paper 1 (Giguere and Huebner %),
Compositions 5 and 6 refer to paper 2 (Huebner and Giguere *®).
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concluded from the production rates of H,O and CO deduced for Comet West 1976
VI that these rates are consistent with photodissociation from a source in which CO is
1/3 as abundant as water. The spectroscopic evidence favors CO as the major
carbon constituent of that comet.

The most detailed calculations in this field have been carried out by Giguere and
Huebner. The method and results are published in two recent papers (Giguere and
Huebner 3, Huebner and Giguere ). The calculations are based on the Swings and
Haser model 4! for the visual emissions and on the model described by Keller 2* for
the ultraviolet coma.

The first paper deals with the gas-phase chemistry in one dimension. Starting
with four combinations of H,0, CO,, NH, and CH, nuclear abundances (Table 5),
rate equations for 441 photoreactions and chemical reactions are solved simulta-
neously. The second paper starts with a somewhat modified initial composition
which varies the abundances of CO, and CO. While one combination contains only
CO, and is similar to one of the first paper, the other assumes a pure CO
mixture (Table 5). Abundances for NH; and CH, are almost the same in both models
of paper 2 and about 1/3 of the CO, or CO abundance. Furthermore, new rate
constants are included, and 25 instead of 3 photodissociative ionization reactions
are taken into account. The calculations have shown that these reactions are an
important source for the inner coma ions. Two processes which are included shail
especially be mentioned in this respect:

CO,+h—->CO" +0 +e. (1)

According to this reaction. CO*-ions are formed directly from CO,. On the basis of
the processes

_~H,0" + CO (rate constant 1.7x 107% cm® 57!
CO* + H,0, (2)
CHO™" + OH (rate constant 8.8 x 107 ° cm3 s

a prediction of the CHO* abundance is possible from the abundance of the H,O*
ions. While the constant expansion velocity used in paper 1 has been replaced by an
adiabatic expansion into vacuum at a supersonic velocity of 0.6-0.8 km/s reached
asymptotically at a distance of 100 km from the nucleus, velocities from photolysis,
chemical reactions, radiation pressure or solar wind interactions are neglected. The
results of the second investigation yielded important improvements from the
inclusion of the photodissociative ionization reaction (1) in the abundance of CO™*.
While it was impossible to account for the observed numbers of CO™ ions in an
average bright comet in any of the four CO, models of paper 1, the inclusion of
process (1) leads to much higher CO™ numbers, especially in the inner coma though
it is still 6 times slower than the direct photoionization of CO. The CO composition
provides, therefore, still much larger CO* abundances than the preceding one. In
the outer parts beyond 10* to 10° km, the inclusion of process (1) becomes less
effective, and the numbers are more similar. Here, however, the neglection of any
sweep-up effects of the ions by solar wind interactions or CO™ photolysis may
make the results somewhat unrealistic (see Table 4 in Huebner and Giguere’s
paper *»).
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Fig. 6. Results of the model calculations for an initial mixture containing CO, and no CO (Compos. 5
of Table 5). Number densities reduced to a solar distance of | a. u. are plotted against distances from
the nucleus. a Inner coma < 10° km from the nucleus and species with densities > 300 crn 3. b Coma
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Fig. 7. Same as Fig. 6, for an initial mixture containing CO and no CO, (Compos. 6 of Table 5). Note
the difference in the CO™ densities in Figs. 6b and 7b
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The CO™* production in Comet West 1976 VI has recently been studied by
Combi and Delsemme ** from spectrograms covering a range of heliocentric distances
between 0.44 and 0.84 a.u. For the first time the influence of the solar wind
charged particles has been taken into account by applying the magneto-hydrodynamic
theory. Important in this respect is the contact surface in front of the nucleus on the
sunward side. Its distance from the nucleus was estimated to 1-3 x 10* km, depending
on the comet’s distance from the Sun. This contact surface separates the ions in the
inner region, which are hardly influenced by the solar wind, from the outer ones
which are accelerated to velocities up to some 100 km/s; thus preventing their
detection. Therefore, the major contribution to the observed column densities comes
from the region inside 10* km. The production rate was found to vary as r~*® with
solar distance and had a mean value of 1.1 x 10?” mol/s at 1 a. u. Direct photo-
ionization of the CO molecules seems to be the dominant source for the ions. It
cannot be decided by this model whether CO itself is the ultimate parent, or
whether it is produced in a first step by photodissociation of CO, or another
parent.

Next we turn to the H,O" ion. Abundances have been derived from the
spectra of Comet Kohoutek by Wyckoff and Wehinger ¥, The ratio H,0*/CO*
was given as 0.03 after a revision of an even smaller value when better values for the
lifetimes of the H,O"A, state became available (Delsemme and Combi*¥). It
was not possible to come even close to this ratio by any of the computer runs in
Huebner and Giguere’s investigations (see Figs. 6 and 7). In all cases, H,O" was
overproduced and CO* underproduced. The ratios for the CO model are some-
what better due to larger abundances of CO¥, but even there the numbers are
always > 1, that means too large by a factor of 50 to 100. Several possibilities which
may cause this discrepancy are discussed in the paper. For instance, some of the used
rate constants are very uncertain. Furthermore, the nucleus of Comet Kohoutek
might have contained much more CO, or CO as has been assumed in the initial model
compositions.

But besides an underproduction of CO* by the calculations, H,0* was also
overproduced. This cannot only be caused by a simple overabundance of H,O, since
the model gives even lower production rates for H,O than those observed.
Huebner and Giguere propose as an explanation the presence of an extended source
of water vapor caused by icy grains, ejected from the nucleus, which reach consider-
able distances from the latter in the coma before they evaporate (Delsemme and
Miller ). This would lower the H,O"-content in the inner coma and increase the
CO™ production, since CO™ is lost by reacting with H,O (reaction (2)). Moreover,
the H,O abundance has been derived from the production rates of H and OH, and it
cannot be excluded that H,O is not the only parent of H and OH.

Qualitative abundance ratios of H,0%/CO™ have been derived from surface
brightnesses of ionized gas tails by a comparison of red sensitive to blue sensitive
plates for 13 comets by Miller *. The comets could be grouped into three classes,
one containing 5 comets with relatively high H,O* brightness, one containing 4 comets
with moderate H,O" brightness and a third class with 4 comets which had a very
weak red tail. However, there was no noticeable dependence on the comets’ orbital
parameters or heliocentric distances.

Figs. 6 and 7 show results of the model calculations for the CO,- and the CO-model.
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Figs. b are continuations of Figs. a to lower number densities, starting with a distance
of 100 km from the nucleus and containing only ion and electron densities. Note
that the abundances of CN and C, which give the dominant contribution to the visible
coma are very low, the C, peak density (near 200 km) is even below the scale of the
ordinates. (This peak density was calculated to 0.9 cm™ for the CO, model). These
numbers illustrate again the extent to which production rates in comets had been
underestimated before it became clear that the brightest emissions in the visible coma
do not come from the most abundant molecules. Column densities for C, and
CN derived from the models are, however, somewhat below the observed results.
Since the calculated abundances are rather sensitive functions of the heliocentric
distance, this discrepancy should not be taken too seriously. C, may even be more
underproduced by the model, possibly due to uncertain f-values. While the major
contributions of C, and especially of CN come from the inner coma, the ions are in
this model not so much concentrated in a small region. Since solar wind effects which
are especially effective outside ~10* km are not considered in this model, ion
densities are not very reliable in the outer coma region.

Calculations starting with a more complex initial mixture have recently been
carried out by Mitchell et al. *”. The authors found that the resulting CN- and C,-
abundances agree better with observations in this mixture,

The discussion of the results shows that all such model calculations are extremely
dependent on various assumptions (e.g. the ratio of species in the initial composition).
Another source for uncertainties lies in the f-values and rate constants which are in
many cases not very well known. The calculations give, however, a valuable survey of
the processes which may lead to the formation of the observed coma constituents and
their relative importances. Also Huebner and Giguere emphasize again the im-
portance to search for other primary molecules, especially to get more reliable estimates
whether or in which abundances ammonia and methane are stored in the nucleus.

8 Dust in Comets and Their Relation to Meteorites

So far, we have only discussed the gas production of cometary nuclei. However,
about equal amounts (by mass) of small dust particles are emitted from the
cometary surface which, after having crossed the coma with velocities of some
100 m/s, are pushed backwards by the radiation pressure of the solar light.
With Finson and Probstein’s ' fluid dynamics model, the total production of gas
and the dust emission rate can be deduced from the photometry of the coma
and the tails. The first results concerning Comet Arend-Roland yielded dust-to-gas
ratios varying from 6.2 before perihelion or 0.8 after perhelion. Results on other
comets are similar so that generally a ratio of the order of 1 can be assumed. A study
of 85 comets ranging from short-periodic to “new” ones did not confirm the former
assumption that “new” comets have a larger relative dust production (Donn *®).
The author concluded that the ratio of dust to gas depends more on the grain size of
the dust. The data make it less plausible that old, exhausted comets end up as asteroidal
bodies.
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The sizes of the cometary dust grains vary from less than a micron to probably several
centimeters. Infrared observations near 10 ym show the silicate spectral features.
In addition, there seems to be a “black” ingredient presumed to be carbon. Due to
different accelerations from the solar radiation pressure, the larger particles follow
the comet close in its orbit and are more concentrated to the orbital plane. They
become sometimes visible in the “anti-tails”, narrow spikes which point towards the
Sun by an effect of projection when the Earth crosses the comet’s orbital plane.
Non of the meteorites found so far on Earth seem to be of cometary origin.
However, very fluffy micron sized interplanetary dust grains (Brownlee particles)
which have been collected by high flying aircraft are possibly cometary debris.

A review of the processes in dust tails has been given by Sekanina *?. The
smaller particles are accelerated to higher velocities, and a considerable percentage
can leave the solar system on hyperbolic orbits, especially if the comet is nearly
parabolic.

Delsemme 2% has derived the ratio of the oxygen stored in the silicate dust to that
in the gases from the dust-to-gas ratios; according to his estimate about 1/3 is
contained in the dust. In his model of comet Bennett 1970 11, a combination of this
number with the abundances of hydrogen and carbon yields a H/O ratio of
0.7 and a C/O ratio of 0.15 for this comet. His interesting comparison of cometary
abundances with abundances in the sun and in carbonaceous chondrites (C I chondri-
tes), which are presumably the most pristine meteorites, shows great similarities in the
abundances of these bodies, apart from the fact that hydrogen is depleted by a factor
of 5% 107* in comets and 5 - 10° in chondrites with respect to the Sun. During the
formation process, the smaller bodies could not keep any free hydrogen. Carbon is
depleted by about 1:4 in comets, and the oxygen content in comets and the Sun is
nearly the same (Table 6). Both these elements are more depleted in chondrites than
in comets. In any other respect, the cometary composition equals that of an interstel-
lar mixture without free hydrogen and helium. Though these results should not be

Table 6. Solar, chondritic and cometary abundances (from

Delsemme 2%
Sun Comets C I Chondrites
H ~ 31000 15 1.5
C ~12 3 0.7
N ~3 >0.1 0.05
0 ~21 21 7.5
Si 1 1 i

overestimated, they are in agreement with a common origin of the Sun, the comets and
the chondrites from a presolar mixture 4.6 x 10° years ago and with the assumption
that comets belong to the most pristine bodies in the solar system. The origin of
the comets is still not known in its details and the subject of various hypotheses, but
gradually a picture evolves according to which they may have been formed in the
outer cool parts of the presolar nebula or more probably in an adjacent rotating
fragment with slightly different initial conditions with respect to its angular
momentum and magnetic field (Biermann *%). In any case, an origin close to the
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Sun must be excluded, since all evidence points to extremely low formation temper-
atures (below ~ 70-100 K).

9 Discussion and Outlook

Photometric observations and the analysis of cometary spectra taken in a wide
wavelength range from the ultraviolet to the microwave region have led to a much
better qualitative and quantitative picture of cometary chemistry during the last
years. The main results are the following:

— The nucleus of a comet is a. conglomerate of ices and dust particles of low
density (~1 g/cm®). Dimensions of nuclei range roughly from 1 to 20 km.
Periodic comets are generally smaller than ‘“new” ones.

— Water ice seems to be the major constituent. Carbon-containing molecules
(CO,, CO) are of comparable, though lower abundances (up to 30%). It is
not yet clear whether CO, or CO or both are parent molecules of the nucleus.
Average production rates for water in bright comets are 10?°-10°° mol/s in
1 a. u. solar distance.

— Besides H,0 and CO, also HCN, CH,CN and CS have been identified as
probable primary molecules. Production rates for these are estimated to be
about 2-3 orders of magnitude lower.

— The search for NH,, CH, and few other molecules in the microwave range was
so far negative. This does, however, not exclude their existence. CO, has recently
been found as ion, but not in its neutral state.

— Atomic hydrogen, carbon and oxygen are visible in the UV spectrum. The
hydrogen coma is about 50-100 times larger than the visual coma. Nitrogen has
so far not been found.

— The visual neutral coma consists mainly of radicals, CN- and C,-emissions being
the dominant features of the spectrum. Metals (Na, Fe and some others) appear
at solar distances below 0.7 a. u.

— Photoprocesses and collisional processes lead to a dissociation and ionization of
the parent molecules. Charge exchange with the solar wind is especially effective
in the outer parts of the coma while gas-phase chemistry plays a role in the
dense central region inside 10° to 10* km distance from the nucleus.

— The brightness of the gas tail is dominated by the emission of CO™ ions.
Furthermore, H,O" ions and some others are identified in the outer coma and in
the tail. The ions are accelerated to some 100 km/s by the solar wind.

— The dust production is of the order of the total gas production (10’-10% g/s at
1 a. u. solar distance). Particle sizes probably range from less than a micron to
several centimeters. Infrared observations show the silicate features of the dust.
The dynamics of the particles is governed by solar radiation pressure.

“New” comets approaching the Sun for the first time are probably the most
pristine objects of the solar system. Their relation to the C 1 carbonaceous
chondrites and the similarity of their compositions suggest that they have come
from the same source, the presolar nebula, from which also the Sun and the planets
originated. It is, therefore, anticipated that a better guantitative picture of their
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structure and chemical composition will lead to a better understanding of the forma-
tion processes of the solar system. Since many of the open questions may only be
solved by “in situ” measurements near a comet, space missions have repeatedly been
considered during the last 20 years.

Plans to send a spacecraft to a “new”, non-periodic comet are unrealistic so far
since the requirements for a high precision pre-calculation of the ephemeris cannot be
met during the short time between detection and launch, even if this period would be
long enough to allow for the necessary preparations. On the other hand, periodic
comets are of lower scientific interest since they have lost their pristine composition
during multiple perihelion passages. Comet Halley is the only periodic comet which
has still many properties of a non-periodic comet, as e.g. a much larger intrinsic
brightness than all other periodic comets and a well-developed gas and dust tail. It
has been extensively observed during its last perihelion passage in 1910, which is
important for an estimate of the conditions which the spacecraft will meet in the
vicinity of the comet. The next apparition of Halley’s comet will be in 1986, and so far,
missions are planned by Japanese and Russian groups and by the European
Space Agency (ESA). Unfortunately, the combined Halley-Tempel 2 ~ mission
planned in the US by the NASA had to be abandoned, and it is not yet clear
whether another mission will replace this probe.

The ESA mission which has been named GIOTTO after a painting of the Italian
artist showing Comet Halley in the year 1301 is planned as a spin-stabilized
spacecraft, to be launched by an ARIANE rocket together with a second spacecraft
of the GEOS type. Its 53 kg payload includes an imaging camera, neutral and ion mass
spectrometers for the gas and dust, a dust-impact detector, a plasma analyser, a
magnetometer and a UV spectrometer. The launch is scheduled for July 10, 1985, and
the spacecraft will reach the comet after a flight time of 247 days on March 13, 1986,
5 weeks after perihelion passage when its distance from the Sun will be 0.89 a. u. and
that from the Earth 0.98 a. u. (Fig. 8). The relative velocity between comet and probe
will be as high as 68 km/s since the comet moves in a retrograde orbit, and at its closest

— -
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Fig. 8. Trajectory of GIOTTO
Halley Space Probe from launch
(July 10, 1985) to encounter
(March 13, 1986) and orbits of
Earth and comet
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encounter the probe will be about 1000 km away from the nucleus which will yield
a space resolution of ~ 50 m. The probe will pass the comet at its tailward side, and
will have crossed the tail in less than half an hour. If this or another of the planned
missions will be successful, the measurements will certainly provide us with as many
expected and unexpected new results as the previous missions to the Moon and the
planets, and they will help us to solve existing problems and raise new ones.

I would like to thank Professor L. Biermann for his interest and for stimulating

discussions.
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1 Introduction

Marine manganese nodules are black to dark brown concretions lying on the sea
floor. They are widespread in all the oceans, especially in the areas of low
sedimentation rates. Their dimensions vary between less than 1 cm and more than
20 cm (the largest deep-sea nodule that our group had sampled was 24 cm in
diameter). The inner structure consists of concentric zones around a nucleus, usually
a stone fragment, fossii bone material, or a fragment of an older manganese
nodule. The concentric oxide zones have a typical “agate structure” formed by the
precipitation of colloids.

The chemical composition of the concentric growth zones around the nucleus
shows that they are built of hydrated manganese and iron oxides (predominantly
Mn** and Fe**) in different ratios. Manganese and iron oxides incorporate some
trace metals like Cu, Ni, Co and Zn. The content of Cu + Ni can exceed 2 % which
makes manganese nodules economically interesting. Smaller manganese nodules
usually exhibit a smooth surface; the surface of larger nodules shows a structure,
often comparable with caulifiower. The nodules are not very hard (They can easily
be scratched with a knife) and readily disintegrate by losing water.

Marine manganese nodules were first sampled during the cruise of HMS Challenger
1872 to 1876. In the following period of time, there was some research about
manganese nodules as a geologic curiosity. Within the last twenty years their
importance as a future multi-element ore has been realized and this was followed
by an intense interdisciplinary research on this field.

2 Chemical Processes Leading to the Accretion
of Manganese Nodules

Manganese and iron occupy the 25th and 26th position of the Periodic Table and
display a very similar chemical behavior. They can both be counted to the small
number of metals which change their oxidation state under the conditions given by
the earth. Under reducing conditions, they are soluble as Mn?* and Fe?*, and
within an oxidizing environment they are precipitated as highly insoluble hydroxides
of Mn** and Fe®*. This behavior causes the extremely high mobility of manganese
and iron within the geochemical cycle.

The other reason for their great mobility is that, as hydroxides, they build very
stable colloidal solutions which can be transported over large distances.

Due to the described chemical behavior, manganese and iron hydroxides form wide-
spread precipitates in the form of nodules as well as crusts or disseminated
precipitates.

The best known forms of these precipitates are Bog ore, hydrothermal in-
crustations of manganese and iron, desert harnish, marine manganese nodules and
crusts and marine red or brown clay.
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The colloidal solutions of manganese and iron hydroxides are, with their very
large surfaces, traps for the absorption of different ions from the surroundings during
the transport and precipitation. The quantity of absorbed ions depends on the offer
of these ions from the surroundings and from the scavenging time. The hydroxide
colloids are able to concentrate by means of absorption on their surface ions even
from very diluted solutions, if the reaction time is long enough. Because of that,
the quickly precipitated hydrothermal manganese crusts generally contain only traces
of other metals. Opposite to this, the extremely slowly growing deep-sea manganese
nodules can contain enrichments of Cu, Ni, Zn, and Co of a few percent.

In the earth environment, colloidal manganese hydroxide has usually a negative
electric charge, scavenging cations from the surroundings. Typical cations which react
with the surface of the manganese hydroxide colloid are K7, Ba’*, Co?*, Ca?™,
Lit, Ni?*, Cu*, Zn?**, Pb?*, Fedt,

Colloidal iron hydroxide bears in contrast to that of manganese, usually a
positive electric charge on its surface. That is why iron hydroxide scavenges anions
from its surroundings as PO}, VO]~ or AsO;~, MoO;".

The attraction between the negatively charged colloid of manganese hydroxide
and positively charged colloid of iron hydroxide is also one of the reasons why
these hydroxides co-precipitate, building mixed iron-manganese sedimentary ores.

The earth crust contains, on' the average, 0.09 %, manganese and 4.65%, iron®";
hence, the ratio of manganese to iron is about 1:50. By the weathering of rocks
manganese and iron are dissolved and transported away in most cases as soluble
bicarbonates. Under oxidizing conditions, manganese and iron in weathering solutions
are oxidized to Fe3* and Mn*", respectively, and precipitated as hydroxides. Under
reducing conditions, they are redissolved. This process is frequently repeated for
several times. In many cases, the precipitates resulting from these processes
contain manganese enrichments in comparison with iron; in the extreme case,
nearly pure manganese oxide precipitates.

There are several processes causing the enrichment of manganese in comparison
with iron:

a) Manganese is reduced by a weaker reducing environment than iron. It dissolves
in its reduced form whereas iron is still in its insoluble oxidized form.

b} In the presence of sulfides, iron is bound as a stable sulfide. Manganese sulfide
is less stable; actually, it is so instable that it is only found in sedimentary
environments formed under strongly reducing conditions.

¢} The colloids of manganese hydroxides are more stable than those of iron
hydroxide. They can be transported for longer distances, whereas the iron
hydroxide already coagulates.

d) Manganese in rock-forming minerals is, on an average, more soluble than iron.
This difference in solubility has very little effect on the enrichment of manganese
by weathering, but it can become important in the weathering of rocks with hot
hydrothermal solutions. The precipitation products from such hydrothermal solu-
tions can sometimes be very pure manganese hydroxides.

Also, the greater stability of iron sulfide could be the reason for the separation
of manganese from iron in hydrothermal solutions. These processes have not yet
been investigated in more detail.
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Thus, another suggestion has been made to explain the separation of manganese
and iron in the deep sea'®. The suggested way of separation can occur only in the
radiolarian ooze sedimentary belt in the Central Pacific where radiolarians dissolve
in large quantities, and supply the sea-water with Si (the radiolarian tests are
opaline SiO,). From such a sea water containing higher than average quantities of
Mn, Fe and Si in solution, iron smectite would precipitate (Fej*(OH), Si,0,,
x XH,0). Iron smectite is a clay mineral which is very resistant and insoluble under
deep-sea conditions. As a consequence, manganese would be enriched in the
residual solution, from which then manganese nodules would precipitate.

A lot of work will have to be done before we can prove or reject this theory.
The first problem is the precipitation of clay minerals directly from the solution. It
is nearly impossible to simulate this process in the laboratory, because of the
long time needed to initiate the precipitation from relatively diluted solutions.
Mostly, clay minerals are formed by recristallization of other silicates which are less
stable under weathering conditions. After proving that iron smectite indeed pre-
cipitates on the ocean floor, the quantity of this material will have to be determined
in order to calculate whether a greater portion of iron can be removed from the sea-
water in this way.

The second problem is that the greater portion of iron occurs in the sea-water
as colloidal hydroxide. The synthesis of iron smectite should work with iron
hydroxide and not only with dissolved iron ions if enough of iron was removed from
the sea-water.

Finally, there is the problem why iron smectite is selectively precipitated and not
manganese smectite, as manganese has an ionic radius very similar to that of iron,
and in most cases both ions can be diadochically exchanged in their compounds
(Fe** = 0.67, Mn** = 0.52).

3 Sources of Material for the Growth of Manganese Nodules

There are principally two sources from which deep sea can be supplied with
manganese and iron:
3.1 Terrestrial weathering and the following transport by means of rivers to the sea,
3.2 Deep-sea volcanism including the weathering of deep-sea basalt.

Besides these two primary sources, there are two secondary sources which can play
an important role in the supply of manganese nodules with metals:
3.3 post-sedimentary remobilization from sediments,
3.4 Dissolution of plankton tests.

3.1 Terrestrial Weathering

The average load of rivers in the world is quite well investigated. We know that
rivers transport to the sea 2,2 x 10° t Mn per year in dissolved form and 4 - 107 t Mn
per year in suspended form?! 3%, The deposition of manganese in the deep sea is
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3.5x10° t Mn per year’®. As we can see from these figures there is much more
manganese transported to the sea than sedimented in the deep sea. Even if we assume
that 90 %, of manganese stays on marginal seas and only 10% in sediments in the deep
sea, we still can deduce all the manganese accumulating in the deep sea only from
terrestrial weathering.

All these conclusions have been made on the assumption that the sedimentary load
of the rivers is constant through the whole period of accumulation of manganese in
the deep sea. Wedepohl®*® believes that the weathering of the earth surface is stronger
at present than it has been in the past, due to the pollution and the higher acidity of
rain-water caused by pollution.

3.2 Deep-Sea Volcanism

The fact that basaltic volcanism is widespread in the deep sea is established and
well proved. This volcanism is present in most areas of the deep sea and
especially concentrated on spreading ridges.

Freshly extended basalt heats the sea-water and, as laboratory tests have revealed,
the heated saline water can readily leach manganese from the basalt® 27,

There is not much known about the quantity of manganese which comes into the
deep sea through weathering of deep-sea basalts.

The American submarine “Alvin” was lucky to find on a diving cruise to the
Galapogos Rise an active hot spring of metal-bearing water. Galapagos Rise is a
place where two basalt plates have recently drifted in opposite directions. In the
fracture zone fresh hot lava is coming in direct contact with sea-water. As a resuit,
metal-containing solutions are formed from which the metals precipitate as sulfides
by contact with cold sea-water. Such hot metal-bearing springs are highly interesting
features, and they will surely help us to understand better the presence of fossil
sulfidic ores on the continents. Anyway, they do not seem to influence markedly
the chemistry of sea-water or sea sediments. They can always be found in small
patches, mostly not larger than a few tens of meters. Therefore, we can conclude that
the growth of manganese nodules in the world oceans is independ of such metal-
bearing springs.

Part of the volcanism in the deep sea produces volcanic ash — small glassy splinters
of basaltic matter, which widely occur in deep-sea sediments. This material (called
pyroclastica) weathers relatively quickly because of its instable glassy structure and
large surface. How far it contributes to the manganese supply of the deep sea, we can-
not say yet, but Beiersdorf" considers that it plays a dominant role in the
creation of manganese nodule fields.

3.3 Post-Sedimentary Remobilization from Sediments

The manganese accumulating in the sea, no matter from which source it was derived,
is either bound to manganese nodules or disseminated in the sediment; the ratio
of the manganese in the manganese nodules to the disseminated manganese is 1:6000!
The immense quantity of disseminated manganese in the sediment could be the
inexhaustible source for the growth of manganese nodules if it could be mobilized.
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Near the continental borders in shallow waters there are bright belts of sediments
which, because of the high content of organic matter decomposing inside them,
are highly reduced (so-calied blue muds). From these sediments, most of the
manganese is leached and comes into the sea water through diffusion. Iron,
although it is also reduced, is bound as sulfide in the sediments, because of the
presence of H,S which is also formed by the decomposition of organic matter.

Our investigations have revealed that in some areas of the deep sea there also
occurs remobilization of manganese from the sediment due to the decomposition of
organic matter, and that for these areas, the remobilized manganese is the most
important factor in the growth of manganese nodules. This process will be explained
in detail in the Chapter 9.

3.4 Dissolution of Plankton Tests

Plankton lives in a great quantity in the surface layer of the sea, depending on UV
radiation. The predomninant part of plankton is composed either of calcium
carbonate or opaline SiO,. After the death, plankton sinks down to the sea bottom.
During the sinking different processes are going on. First, the organic matter of
the organisms of plankton is oxidized and disappears. During the time of sinking
the tests are collecting on their surface different metals from the sea-water. This
can occur through adsorption or the metals precipitate as insoluble compounds
on the surface.

At about 4000 m water depth, carbonate tests are dissolved, because their
solubility depends on pressure (this depth in the ocean is called calcite compensation
depth, abbreviated CCD). With the dissolution of tests the metals collected before
are again liberated and can contribute to the growth of manganese nodules.

There is not much known yet about the composition of metals collected on the
surface of calcite tests. It has only been observed that in the depth where calcite
dissolves in great quantities, manganese nodules occur more abundantly and grow
especially quickly.

The opaline tests are being dissolved continuously from the sea surface to the
bottom, and are further dissolved within the sediment. They seem to be able to
supply manganese nodules with Cu and Zn. In the areas opaline tests dissolve
in great quantities, the nodules are especially enriched in Cu and Zn'":2331.

4 Chemical Composition of Manganese Nodules

Manganese and iron hydroxides are extremely insoluble in sea-water. Maximum
concentrations of free ions in sea-water are 0.887 x 1071° pg Fe/l and 1.09x 1076 ug
Mny/l, the excess manganese and iron building colloidal hydroxides which sooner or
later precipitate.

The ratio-of Mn to Fe in manganese nodules therefore depends on the Mn/Fe
ratioc of the solution from which they precipitate. The ratio of Mn/Fe in the
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solution is, on its part, governed by the advance of the processes of separation
between Fe and Mn as described in Chapter 2.

We know that manganese nodules near the continent have a lJower manganese and
higher iron content than deep-sea manganese nodules. Iron hydroxide colloids
coagulate, as already described, earlier than those of manganese hydroxides. There-
fore the first precipitation from the river impact near the continental border should
be enriched in iron, and the precipitates more distant from the continental border
should have lower iron and higher manganese contents.

We also know that the precipitates from pore water are enriched in manganese,
as compared to iron. This is due to the higher mobility of manganese during the
process of refhobilization from the sediment.

About the manganese-to-iron ratio in the solutions produced by deep-sea weather-
ing of basalt or from deep-sea hydrothermal solutions we do not know very much.
The deep-sea precipitates which are evidently hydrothermal can cover the wide scale
of compositions from nearly pure iron hydroxide to nearly pure manganese
hydroxide.

Fig. 1. Cu plotted against Mn for all the manganese nodule analyses performed in our laboratory
{mostly manganese nodules from Central Pacific)
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During their colloidal phase manganese and iron hydroxides adsorb different ions
from sea-water as described in Chapter 2. This process of adsorption can concentrate
ions from very diluted solutions. It is dependent on the concentration of ions offered
and on time.

Because of the different supply of ions for adsorption in the changing environ-
ment, and because of different growth rates of manganese nodules (different time for
adsorption) it could be expected that the ratio of adsorbed ions to manganese or to
iron hydroxide would be regionally different. There are, anyway, some rules which
seem to be valid for the greater part of deep-sea manganese nodules:

Cu, Ni, and Zn are usually bound-at constant ratios to manganese hydroxides
(Figs. 1-3). The same applies to Mg and Si. Mg and Si are also present in the
silicate portion of the nodules. Therefore, correlations of Si and Mg with Mn can be
observed only in very “pure” nodules.

Pb and Co are usually bound at constant ratios to iron hydroxide (Figs. 4 and 5).

The third phase of manganese nodules is a silicate phase, containing a nucleus and
incorporated sediment. The elements Al, Cr, and Ti occur predominantly in this
phase and are thus valuable indicators for the portion of silicates within manganese
nodules.

NI 1

Fig. 2. Ni plotted against Mn for the same samples as in Fig. |
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Fig. 3. Zn plotted against Mn for the same samples as in Fig. 1

Sometimes, in the literature the term “hydrogenous part” is used for manganese
and iron oxides and the elements incorporated into these oxides within manganese
nodules. The silicate portion of manganese nodules is called “terrigenous part”.

The major part of elements are enriched in manganese nodules due to adsorption
processes on hydroxides. The limited number of analyses does not allow the
conclusion in which phase these elements are concentrated. Table 13 shows factors
of enrichment of a number of elements in nodules, compared with the crustal
abundance of these elements.

In a number of cases these data are not based on enough analyses from widespread
areas to be statistically proved. It can be expected that, with increasing number of
analyses, the average values of some elements in manganese nodules will more or less
change.

The precipitated hydroxides age with time — losing water and crystallizing. The
adsorbed ions are incorporated into the crystal lattice of newly built minerals due to
the possibilities of diadochal incorporation.

There is a lot of confusion in the mineralogical data about manganese nodules. The
most frequent manganese mineral in deep-sea manganese nodulesisan 10 A manganate
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Fig. 4. Co plotted against Fe for the same samples as in Fig. 1

(MnO, x H,O with a crystallographic layer structure, the interval between the layers
is 10 A). This mineral is called “Buserite”” or ““Todorokite™. It displays strong ion
exchange properties especially for transition metals. The ion exchange decreases in
following order: Cu, Co, Zn, Ni, Na, Ca, Mg”.

The dehydrated variety of 10 A manganates is the 7 A manganate Birnessite. It
can occur as primary mineral in manganese nodules but is also frequently built
secondarily after drying and preparation of manganese nodules. This 7 A manganate
has significantly weaker ion exchange properties than the 10 A manganate.

Sometimes, Birnessite is found with a disordered cristallization structure and does
not reveal a cristalline structure by X-ray analysis. To make the confusion even
larger, different names have been given to this dissordered Birnessite. Thus, it is called
“8 MnO,” or “Vernadite”.

The iron hydroxide in manganese nodules cristallizes possibly as the mineral
“Goethite”. The crystallization of Goethite is presumed to occur secondarily by
drying and in the preparation of the manganese nodules. The primary iron
hydroxide is amorphous.
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Fig. 5. Pb plotted against Fe for the same samples as Fig. 1

Cobalt is mostly incorporated into the iron phase of manganese nodules.
However, theoretically, it would suit much better in the manganese phase which
has experimentally been confirmed by Giovanoli and Briitsch™. There is a theory,
not vet proved by experiments, stating that Co®* is oxidized to Co®* in sea-water.
This process should be catalyzed by Fe(OH),. The final product of “oxidation,
Co(OH),, forms a solid solution with Fe(OH)33’. The theory does not include a
discussion about the possibilities of diadochic incorporation of cobalt after cristalliza-
tion of iron hydroxide.

Lead, which is also bound to the iron phase has an ionic radius much too large for
the diadochic change with Fe?*,

According to recent knowledge about manganese nodules it seems that all the
processes occurring with manganese nodules after the precipitation of hydroxides
do not change the average composition of manganese nodules in spite of the ion
exchange qualities of some new minerals. The only change in chemical composition
from older to younger materials which can be observed involves a loss of a few percent
of water.
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Table 1. World oceanic average of elements in manganese nodules and enrichment factor for
each element in nodules compared to crustal aboundance (from Cronan®)

element world ocean crustal enrichment
average abundance factor
enriched TI 0.0129 0.000045 286.66
in nodules relative Mo 0.0412 0.00015 274.66
to their crustal Mn 16.174 0.095 170.25
abundances Co 0.2987 0.0025 119.48
Ag 0.0006 0.000007 85.71
Ir 0.935-¢ 0.13277 70.83
Pb 0.0867 0.00125 69.36
Ni 0.4888 0.0075 65.17
Bi 0.0008 0.000017 47.05
Cu 0.2561 0.0055 46.56
w 0.006 0.00015 40.00
Cd 0.00079 0.00002 39.50
B 0.0277 0.0010 21.7
Sn 0.00027 0.00002 13.50
Xb 0.0031 0.0003 10.33
Zn 0.0710 0.007 10.14
Y 0.031 0.0033 9.39
Hg 0.507¢ 0.8073 6.25
La 0.016 0.0030 5.33
Ba 0.2012 0.0425 4.73
v 0.0558 0.0135 4.13
Zr 0.0648 0.0165 392
Fe 15.608 5.63 2.77
Sr 0.0825 0.0375 2.20
P 0.2244 0.105 2.13
? Ti 0.6424 0.570 1.13
Pu 0.553°¢ 0.665°% 0.832
Nu 1.9409 2.36 0.822
Mg 1.8234 2.33 0.782
Ga 0.001 0.0015 0.666
Au 0.248 ¢ 0.400~¢ 0.62
Ca 2.5348 4.15 0.610
depleted Sc 0.00097 0.0022 0.441
in nodules relative Al 3.0981 823 0.376
to their crustal K 0.6427 2.09 0.307
abundances Si 8.624 28.15 0.306
Cr 0.0014 0.01 0.14

5 Manganese Nodule Nuclei

Manganese nodules result from the precipitation of manganese and iron hiydroxides
from sea-water or pore-water around an offered nucleus. Nuclei available in the deep
sea are pieces of volcanic material (balsalt, pumice) (Fig. 6) or apatitic fossils
(shark teeth (Fig. 7), auditory canals of whales).
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Fig. 6. Cross section of a poly-
nucleated manganese nodule.
Both parts of the nodule have a
basaltic nucleus. In the larger
nucleus, dendritic impregna-
tions of manganese in basalt are
visible.

Photo: H. Silber BGR. Size of
thisnodule: 2.7x2.1x1.7cm

Fig. 7. Cross section of a small manganese
nodule with a shark tooth as one of the nuclei
(V shape).

Photo: H. Silber, BGR. Size of this nodule:
1.3x1.2x09¢cm

Precipitated hydroxides age with time, losing a fraction of incorporated water.
Their volume decreases because of dehydratation; as a consequence, they scrimp and
crac until total disintegration occurs. The disintegrated parts of older nodules are the
best nuclei for the next generation of nodules, because already precipitated manganese
and iron hydroxides catalyze further precipitation (Fig. 8).

We suppose that this process of disintegration of older nodules is important for the
quantity of nodules growing on the manganese nodule field. The fragments of
disintegrated nodules offer for further precipitation a surface which is orders of magni-
tude larger than that of non-disintegrated nodules. The larger portion of hydroxides
precipitating on a manganese nodule field settles in the disseminated form. Only that
portion of hydroxides which finds a suitable surface contributes to the formation
of manganese nodules. The large surface of disintegrated nodules shifts the ratio of
disseminated hydroxides to those in nodules in favor of nodules. In this way, rich
manganese nodule fields are formed in positions where otherwise only a small number
or large nodules would grow.
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In some nodule areas, special facies of manganese nodules can be observed (the so-
called polynucleated nodules, Fig: 9). They occur only on the submarine hills, and
seem to be built of a number of small maganese nodules which grew together
because they were lying close to each other.

Fig. 8. Cross section of a large manganese nodule from a deep-sea plain. The nucleus is a fragment
of an older nodule. In the surrounding oxide layers different types of growth can be observed
(dendritic and laminated).

Photo: H. Silber, BGR. Size of this nodule: 7x5.5x 3 cm

Fig. 9. Cross section of a typical polynucleated manganese nodule. Basalt fragments are coated
and cemented together with oxyde layers.

Photo: H. Silber, BGR. Size of this nodule: 3.8x2.2x1.9¢cm
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Submarine currents are stronger on the hill than in the plain because of the
reduced current profile. The softer part of the sediment can be partially drifted away
with stronger currents. The larger particles as volcanic fragments cannot be drifted
away and concentrate on the submarine hills.

The polynucleation of maganese nodules from submarine hills is probably caused
by the high number of offered nuclei (volcanic fragments) lying close to each
other.

Sometimes, the precipitates do not form maganese nodules but manganese crusts.
Usually, manganese crusts are growing on the hard substrate, i.e. on the fresh basalt
not yet covered with sediment, or at positions where hard rock is in direct contact with
sea-water because strong currents make sedimentary deposition impossible. In such
cases crusts are simply “overdimensioned” nodules.

In rare cases, one can find crusts on the sediment at positions where usually
nodules would grow. We do not know why in such position sometimes crusts and
sometimes nodules grow. One possible explanantion could be as follows: crust
is a primary form built from undisturbed precipitation, because of disturbances of
precipitation nodules instead of crusts are growing. The disturbances have their
origin in the bioturbation of sediments. According to this theory, nodules would grow
on the areas where bioturbation is strong (and this is nearly everywhere in the
deep sea), and crusts would grow on the rarely occuring sediments not disturbed
by bioturbation.

Paralle] observations have been made in the case of manganese bog ore. This
bog ore precipitates as crust in the soil. The parts of this bog ore crust are
disturbed by tree roots: on these parts the precipitate has the form of nodules
{Ortlam personal communication).

6 Distribution of Nodules on the Deep-Sea Floor

Deep-sea manganese nodules can widely be observed in all oceans. The majority of
them ‘is located on the sediment surface so that the upper side is in contact with
the sea-water and the lower side in the nearly liquid mud of the sediment/water
interface. Only a small part of nodules gets buried during their growth.

The nodules can be found preferentially in areas with very low sedimentation
rates.

The three oceans of the world have different average sedimentation rates. The
Atlantic Ocean, not very large, with a great number of rivers transporting their
sediments to it, has the highest sedimentation rates. The Pacific, the largest of the
oceans, obtaining sediment from a small- number of rivers only, and with deep
trenches on its borders acting as sediment traps, has in its deep sea areas the
lowest sedimentation rates.

The Indian Ocean has sedimentation rates ranging between those of the Pacific
and the Atlantic Ocean.
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So it is not surprising that the largest quantities of manganese nodules can be found
in the Pacific Ocean.

Figs. 10 and 11 show the distributions of manganese nodules and of the
sedimentation rates in the world oceans. From the similarity of these two distributions
it can be concluded that the main factor regulating the distribution of manganese
nodules is the sedimentation rate.
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Fig. 10. Map of the Atlantic and Indian Ocean with manganese nodule fields (hatched) and limits
of sedimentation rate 30 mm/1000 years (pointed). The arrows indicate the direction of higher sedi-
mentation rates. The data are taken from Lisitzin®® and Dreyfus et al.®). They are inadequate
because measurements on the ocean floor are scarce. The map only illustrates that oceans with
lower sedimentation rates contain larger fields of manganese nodules and vice versa
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Fig. 11. Map of the Pacific Ocean with manganese nodule fields and limits of sedimentation rates
(30 mm/1000 J). For further explanations see Fig. 10

7 Discrepancy between Growth Rate of Manganese Nodules
and Sedimentation Rate

The growth rates of deep-sea manganese nodules lie between 4-9 mm in one million
years'. These growth rates are much lower than the sedimentation rate of the
sediment on which the manganese nodules are located. Thus, they should actually
get buried within a relatively short period of time.
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There must be an explanation why the nodules, in spite of this fact, are located on

the surface of the sediment during all the time of their growth.

This problem has not yet been solved; there are three proposals which try to

explain this dicrepancy:

a) The sediment is not only deposited but also eroded. Through erosion of the sediment

b)

9

the already burried nodules again reach the sediment surface®®.

There cannot be any doubt, that a great deal of erosions occur in the deep sea.
The sediment is extremely finely grained and the bottom currents are strong
enough to transport it from one place to another. There are even some sea
bottom photographs showing the nodules in different phases of burying. Other
sediments where sedimentation was not interrupted by phases of erosion were
also found, and these sediments also contained manganese nodules on their tops.
Thus, erosion could account for one part of the nodules located on the top of the
sediment but not for all of them.

From time to time. sediment-eating worms lift the nodules or even turn them
over, and thus free them from the sediments on their tops.

A strong bioturbation is found regularly in the deep-sea sediments containing
manganese nodules**. Worm traces of up to 5 cm diameter can be observed in
nearly all the sediment samples from the maganese nodule areas. Because the
deep-sea sediments contain very little organic matter which serves as food for the
worms (0.1-0.3%; C,_), the worms have to transport large quantities of sediment
through their digestive system in order to survive. It can therefore be expected
that from time to time these worms lift the nodules lying on their way through
the sediment. Radiographies of sediment samples make visible the dense distri-
bution of the worm traces in the sediments (Fig. 12). Glasby® calculated that
one lifting of the nodule by the worm every 30,000 years is enough to retain this
nodule on the sediment surface. We observed on board ship that most nodules
lie on the sediment surface in a very soft unconsolidated mud and very little
strength is needed to move them. Some of the nodules, usually the very large ones,
reach with their bottom parts a harder more consolidated sediment, and can be
moved only with greater strength. It is not imaginable that sediment-eating worms
can move or even turn these “anchored” nodules.

French scientists'” ™! have stated that measurements of growth rates of manganese
nodules (performed through measurement of uranium-radioactive decay products)
are principally wrong, because radioactive isotopes are not enclosed in the
manganese nodule during its growth but become incorporated with adsorption
processes on the already accreted material. The manganese nodules grow actually
very quickly within few thousands of years, and thus the problem of being buried
with slow sedimentation does not exist any more. They have proved their
hypothesis by experiments on a few nodules containing young nucleus material.

Heye'® objects to this theory that measurements of the growth rates of radioactive

decay products have been carried out with two different pairs of elements, and that

it

is improbable that both pairs of metals would have the same adsorption behavior

to pretend the identical growth rates.

Very quickly growing nodules (growth by means of supply with concentrated solu-

tions generated through hot weathering of basalt) have been found in the deep sea.
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Fig. 12. Radiography of two cores with
worm traces (without magnification).
Photo: H. Karmann BGR

They are however in minority and cannot explain the large quantity of nodules on the
ocean floor.

8 Manganese Nodule Fields on the Radiolarian Ooze Belt
in the Central Pacific

In this chapter the manganese nodule fields on the radiolarian ooze in the Central
Pacific will be described in detail. These manganese nodules fields are the richest
yet known in the world so that they have been the subject of a great deal of
research. Probably, the first raising of manganese nodules as ore will take place in
this area.

The radiolarian ooze belt is situated in the North Central Pacific between the
Clarion and Clipperton fracture zones, about 10°-20 °N and 120°-160 °W. The
reason why the radiolarians are sedimented there is a corresponding oceanic current
in the surface water, in which radiolarians have optimal conditions for their
growth.

The radiolarians settle down on the sea floor together with terrestrial clay particles
creating the “radiolarian ooze”. The radiolarian tests have a very fragile neat
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structure (Fig. 13) with hollows inside. These tests thus exhibit an extremely low
volumetric weight. Already a small amount of radiolarians can markedly change
the behavior of the sediment; its volumetric weight decreases and its porosity in-
creases with the radiolarian content,

The area where the sediments settle down is a deep sea plain, somewhat deeper
than 5000 m, interrupted by numerous steep hills of volcanic origin, usually a few
hundred of meters high.

The sediment mostly settles in the plain; a thinner sediment cover is on the
slopes of the hills and the steep parts of the hills and their tops are free of sediment.

The top of the sediment cover in the plains is nearly liquid because of its high
water content. On the slopes of the hills this nearly liquid sediment top is
missing; it cannot be formed because it would flow downward due to its consistence.

The whole sediment is strongly bioturbated by worms and smaller fauna.

The large quantity of manganese nodules is located on the plain sediment (on an
average 13 kg/m?). They measure up to 10 cm in diameter and have a rough surface
similar to cauliflower. These nodules are rich in manganese. On the deep sea hills
there are less manganese nodules (on an average 0.4 kg/m?), they are smaller, often
formed from several even smaller nodules which grew together in the course of time.
They are called “polynodules™ in contrast to “mononodules” from the plain. These
nodules are rich in iron.

The sea water 1n this area is enriched in some metals compared with the world
average sea water. Especially, iron and manganese are present in higher quantities,
the iron quantity is several times larger than the quantity of manganese. The
patchy distribution of this enrichment seems to be caused by the colloidal stage of
iron and manganese hydroxides®*”.

This iron and manganese hydroxides from sea-water are precipitated at the sea
bottom in very different forms. If there is any solid nucleus available for preci-

Fig. 13. Radiolarians and radiolarian fragments separated from the sediment from radiolarian ooze
belt.
Photo: H. Schwetje BGR. Magnification: 200 x
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pitation, they are forming a manganese nodule around it. A fraction of the iron
and manganese hydroxides precipitated within the sediment as micronodules
(Figs. 14-16) (with dimensions ranging from <1 mm to ~2 mm) which generally
contain a radiolarian or a particle of volcanic ash as a nucleus. The rest of iron
and manganese really constituent part, is precipitated in a disseminated form
within the sediment.

All these primary precipitates contain more iron than manganese, as they preci-
pitate directly from the sea-water which is enriched in iron compared to manganese.

The pore waters within the first few decimeters -of sediments are even more
enriched in metals, needed for the precipitation of manganese nodules, than the
bottom-near sea-water.

These metals (Mn, Cu, Ni, Zn) are evidently mobilized from the sediment. There
are several different theories about the cause of this mobilization.

According to our investigations the organic carbon content decreases with depth
in the sediment. This may be caused by changes in the primary production, but
more probably by the oxidation of organic carbon within the sediment. This oxi-
dation would lower the redox potential so that manganese would be dissolved.
Our measurements of the redox potential in the sediment samples on board ship
confirm this theory, but these measurements are never reliable enough, because
the sediment was transported about 2 hours from the sea bottom to the surface.
During that time the pressure decreased from 500 to 1 bar and the temperature
increased. All these factors may cause the change of the redox potential.

We have also observed the partial dissolution of micronodules within the sedi-
ment. The elements which are first dissolved from micronodules are primarily the

Fig. 14. Different particles occurring in radiolarian ooze Black: micronodules, patchy: clay aggre-
gates, glassy sharp-edged fragment : volcanic ash. (Clay aggregates can partly be formed as weathering
products of volcanic ash or partly be new built).

Photo: H. Schwetje BGR. Magnification: 200 x
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)

Fig. 15. J bunded manganese micronodules separated magnetically from radiolarian ooze. They
usually ¢ ergrow radiolarians or clay mineral aggregates.
Photo:’ . Rehm, TU Clausthal. Maguification 50 x

0.2mm

Fig. 16. Elongated shape of manganese micronodules {(due to filling of small worm holes or
overgrowing sponge needles).
Photo: E. Rehm, TU Clausthal. Magnification 5@ x
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most mobile ones: Mn, Ni, Cu, and Zn. As dissolution proceeds the micronodules
become enriched in Fe, Si, and Al in comparison to Mn, Ni, Cu, and Zn 2.

Hartmann'? observed that the worm traces are depleted in Mn, Ni, Cu, and Zn
in comparison to the surrounding sediment. His opinion is that the decomposition
of organic matter cannot lower the redox potential so far that dissolution of
manganese takes place, except in locally limited patches where organic matter is
higher because of bioturbation.

Schellmann {unpublished results) calculated from the solubility products of man-
ganese and iron hydroxides that interstitial water can be sufficiently supplied with
manganese and iron even at higher redox potentials, because the time of dissolution
is adequately long.

Part of the material used for the enrichment of pore water in the elements
mentioned seems to come from the dissolution of radiolarians. They absorb
especially copper and zinc from the sea-water during the sinking to the sea
bottom*!), As the radiolarians are dissolved to 50% within the first 35 cm of the
sediment column, Cu and Zn absorbed on their surfaces are dissolved.

All the former authors confirm that a remobilization of metals within the sediment
takes place. As the sediment is very porous because of its content of radiolarians,
the dissolved material can diffuse upwards in the direction of smaller concen-
trations in the sea-water. These authors also confirm that the quantity of the mobi-
lized metals within the sediment is higher than the need for the supply of manganese
nodules during their growth.

The mobilized metals are reprecipitated in the nearly liquid layer on the sediment
water interface. They reprecipitate partly on the surface of manganese nodules
located there. The other part precipitates within the sediment, forming again
micronodules or disseminated precipitates. A portion of the metals again diffuses
into bottom-near sea-water.

Characteristic of the precipitates of remobilized material dissolved in pore
water is that the manganese in this material strongly predominates over iron.

In this way, manganese nodules growing on the radiolarian ooze belt are
supplied from two sources with metals needed for their growth: from the sea-water
with iron-rich material and from the pore-water with manganese-rich material.

The nodules growing on the top of the seamounts in the same area can get their
supply only from the sea water, because of the lack of sediment. Consequently, their
chemical composition shows the predominance of iron.

The supply of manganese nodules, growing on the sediment, with iron-rich preci-
pitates from the sea-water and manganese-rich precipitates from the pore-water
also results in some differences of the chemical composition: the sediment side
of the nodule is richer in manganese and the water side of the same nodule is richer
in iron.

As manganese nodules receive a portion of the metals for supply of their growth
from the sediment, it may be expected that the sedimentation rate must have an
influence on the growth of manganese nodules and their chemical composition.
Slow sedimentation rates would be optimal because the diagenetic dissolution
would have enough time to take place. The interuption of sedimentation would stop
the supply of nodules because, after a while, the sources of remobilization in the
sediment would be exhausted. Too quick sedimentation would cover the nodules;
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and prevent them from staying on the sediment-water interface, which is the
optimal medium for their growth (see Fig. 10 and 11).

Price and Calvert 2 could confirm this theory with the observation that
Mn/Fe ratios in the manganese nodules are negatively correlated with the accumu-
lation rates of the sediment. The slower the sedimentation, the more manganese-rich
remobilized metal solution from the sediment contributes to the growth of the
nodules.

If manganese nodules are cut and polished (Fig. 8) it can be observed that they
are built of a great number of concentric layers around the nucleus. Some of these
concentric layers are laminated, and some of them show the structures of dendritic
growth. The laminated layers were grown more slowly and the dendritic layers
more quickly!®. The laminated layers are also richer in iron whereas the dendritic
layers are richer in manganese'®’.

From this it can be concluded that during the growth of dendritic layers the con-
ditions for the remobilization of manganese from the sediment are better so that
manganese-rich pore water can contribute a great deal to the growth of the layer.
During the growth of a laminated layer the supply from the sediment is small
or stopped at all so that the layer is built mostly of the precipitation from iron-rich
sea-water.

In good agreement with these observations is the fact that manganese nodules
growing on the deep-sea hills (i.e. without supply from the sediment) are built only
of laminated layers. The dendritic layers are totally missing in these nodules
(Fig.9).

It can be calculated for the investigated area that the contribution of material
from the sediment is three times higher than that from the sea-water'®. This
accounts for the great amount of manganese-rich nodules growing on the sediment
and the small amount of iron-rich nodules growing on places without sediment
cover, ¢.g. deep-sea hills.

This contribution from the sediment obviously changed several times within
the time of the growth of the nodule; therefore, we can find manganese-rich (dendritic)
layers and iron-rich (laminated) layers in turns within one nodule from deep-sea
plains.

The deep-sea radiolarian ooze is a biologically active zone as we could observe
by the bioturbation of the sediments. Thus, the question arises how far the
biologic processes can influence the growth of manganese nodules.

On the surface of manganese nodules also some life could be observed: small
pipes of agglutinating foraminifera and fungi mycels overgrowing the nodules like
spider web are the most frequent forms of life.

Manganese-oxidizing bacteria could also be identified®®. As manganese in the
sediments has to be reduced to Mn?* ions to become soluble and thus to get
mobilized, the very important question arises how or where it is reoxidized.
Generally, the bottom-near sea-water of Central Pacific is so rich in dissolved oxygen
that manganese and iron will be oxidized when coming into the contact with
sea-water (at the sediment-water interface and in the mobile, nearly liquid upper-
most sediment layer).

Manganese-oxidizing bacteria living on the sediment-water interface do not
change the chemical processes which could also take place without them. They

122



Marine Manganese Nodules

only promote the initiation of these processes and may accelerate them. Thus, they
probably form a kind of a “catalyst”.

With the description of the special case of the genesis of manganese nodules I hope
to have explained how complex the genesis of this type of nodule can be. We
are far away from the possibility of giving a detailed description of the genesis of
any other type of manganese nodule field.

9 Economic and Legal Problems Connected with the Mining
of Manganese Nodules

Within the last twenty years deep-sea manganese nodules (which have already
been known for about one hundred years) have come to discussion as a multi-
element ore of the future. The interesting metals in this ore are copper, nickel,
cobalt, and manganese. Zinc and molybdenum could also be used as by-products.

The best mining area known so far is the radiolarian ooze belt in the Central
Pacific. Pearson®® reported the following average composition of nodules for this
area:

1.16% Cu 0.14% Zn
1.28% Ni 24.6 % Mn
0.23% Co 0.06%, Mo .

These values are very similar to the average we obtained from chemical analyses
of our nodules from the plains. Mero 1977 calculated for this area (6,000,000 km?)
an average nodule density of 9 kg/m?, i.e. 54 billion tons of wet nodules or 38 billion
tons of dry nodules.?¥

The whole Pacific Ocean floor contains 1.5 trillion tons of manganese nodules®®
but the percentages of commercially useful metals are lower for the average of the
total Pacific than in the radiolarian ooze area.

The knowledge of most areas is too scarse up to now to make really good
estimations of the manganese nodule content and its chemistry. A great deal of
sampling and extensive analyses are being performed by industrial research being
however not available for publications.

The manganese nodules of the described quality and quantity would be an ex-
tremely rich ore if positioned on the earth surface. The procedure of deep sea mining
and transport will raise the costs so much that this mining will be unprofitable
now.

There are several factors which can promote the profitability of manganese
nodule mining:

a} The coverage of nodules should be high enough so that the mining vessel has to
go shorter distances by mining larger quantities,

b) the content of economically important metals in manganese nodules should be
high,

¢) manganese nodules should lie on the soft sediment and not on the rocky grounds,
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d) the topography of the field should be as smooth as possible,

¢€) an important factor is also the low percentage of “‘gangue material” i.e. stones
and fossil fragments which are, because of their dimensions, mined together
with manganese nodules,

f) the weather in the mining area should be calm enough to make mining possible
for the larger part of the year.

Additionally, the water depth of the mining area and the distance to the
metallurgic plant should be taken into account in profitability calculations.

Mero calculated® that a manganese nodule field with more than 2.8% Ni + Cu
+ Co in dry manganese nodule matter, with nodule concentrations higher than
5 kg/m? and with less than 209 of ballast material {(in an area which permits mining
in more than 250 days of the year), may be considered to be of economic profitability.

These data will probably change from year to year according to the varying
prices of metals and the developing technology of deep-sea mining.

Of interest is also the following calculation®®: if 1% of the supposed reserves
of manganese nodules was mined, then this mining would supply the world market
with quantities of nickel and manganese as high as the complete terrestrial reserves
of these metals, the quantity of copper corresponding to one tenth of the terrestrial
reserves and the quantity of cobalt being twelve times as high as the terrestrial
reserves. Knowing this, it is imaginable that mining of nodules would strongly
influence the world metal market. Especially in the case of cobalt the prices
would fall considerably which would again change the profitability calculations
for deep-sea mining.

The major part of economically important metals from manganese nodules are
alloys for steel production (Mn, Ni, Co, Mo). The production of steel is supposed
to grow continuously in the next decades, because of the industrialization of
underdeveloped countries. Thus, it can be expected that the prices of these metals
will rise continuously, and the time will come when manganese nodules will be able
to compete on the world trade market as a multi-element ore. Mez?% means it will
be about the year 2000.

In the near future the development of mining technologies seems to concentrate
on hydraulic sucking systems. Pilot tests are being made.

In the development of metallurgic processes for obtaining different metals from
the multimetal ore manganese nodules, the gaps in the knowledge concerning the
type of bonding of the elements in the manganese nodules are a great handicap.

In spite of that different leaching processes were developed and tested in the
laboratories including acid dissolution with subsequent separation of metals,
selective acid leaching for Cu, Ni and Co, ammoniacal leaching etc.

The pilot tests and the demand for metals will decide which of the proposed
leaching methods will be used.

The legal problems of deep-sea mining are not yet solved because the zones of
nodule mining will usually be out of the 200-mile national zones.

There still holds a medieval international principle about the liberty of the
sea. Anybody possessing the technology needed may raise nodules from the sea
floor.

The “Moratorium™ resolution of 1969 and the UN resolution of 1970 proclaim
the principle of the sea as a heritage of the whole human race. Thus the nations
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having the technological possibilities should exploit the seas and share the profit
with underdeveloped nations.

Since the UN resolutions are only recommendations and not international
law they do not have to be respected by the nations or companies intending to
mine manganese nodules.

The 3rd UN conference about the sea-law, aiming at solving the problems of
exploiting the deep sea was organized in 1974. It is still working and it dos not seem,
that any decisions will be reached within the next few years.
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