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ABSTRACT

An inventory of nitrogen compounds observed in the coma of comet Halley is presented, and the elemental
nitrogen abundance in the nucleus is derived. The dust fraction of the coma is found to contain virtually all
(90%) of the elemental nitrogen. In the gas coma we find that NH; and CN contain most of the nitrogen, and
that (N/O);.. ~ 0.004, accounting for ~10% of the nitrogen inventory in the comet. Molecular nitrogen
accounts for only ~7% of the nitrogen containing volatiles and less than 0.1% of the total volatile content of
the comet. The elemental nitrogen abundance in the ice component of the nucleus is deficient by a factor ~75
relative to the solar photosphere. For a mass ratio, dust/gas ~2, we find that the total (dust + gas) elemental
nitrogen abundance in comet Halley is depleted by a factor ~ 6 relative to the Sun. A correction to the nitro-
gen inventory for undetected species (€.g., ammonium salts and polymers) would reduce the nitrogen deficiency
in the comet gases by a factor of ~2 at most, and not significantly affect the total (gas + dust) nitrogen inven-
tory in the comet. The fact that the dust component contains most of the nitrogen-bearing compounds in
comet Halley means that the volatile and refractory solids in the nucleus had different evolutionary histories
and probably did not result from a simple condensation sequence in the solar nebula.

If N, were the most abundant nitrogen-containing species in the early protosolar cloud, then the depletion
of nitrogen in the gas coma of the comet relative to the Sun can probably be explained by physical fractiona-
tion of N, during the condensation process as originally suggested by Geiss, or by subsequent preferential
diffusion of molecular nitrogen from the cometary ices, or by both. If, however, the low nitrogen abundance in
comet Halley represents the actual N content of gas and dust in the comet-forming region, then the nucleus
must be comprised of material with a different nucleosynthesis history from the rest of the solar system.

The elemental nitrogen deficiency in the comet ices indicates that the chemical partitioning of N, into NH,
and other nitrogen compounds during the evolution of the solar nebula cannot account completely for the
low abundance ratio, N,/NH, ~ 0.1, observed in the comet. Moreover, the low and uniform ammonia/water
abundance ratios among a small sample of comets indicates that comet nuclei were probably not subjected to
significant episodic accretion of NH;-rich material from the giant planet subnebulae. Rather, we suggest that
the low N,/NH, ratio in comet Halley may be explained simply by physical fractionation or thermal diffu-

sion, or both.

Subject headings: abundances — comets — molecular processes — stars: formation

I. INTRODUCTION

The composition of cometary ices can provide direct infor-
mation about the formation and evolution of the primordial
solar nebula. A fundamental question in studies of planet for-
mation regards the extent of chemical and physical processing
which occurs in an accreting protoplanetary gas and dust disk.
Comets are probably composed of a combination of preserved
interstellar grains plus volatiles which condensed from gases in
the primordial solar nebula 4.5 billion years ago (e.g., Whipple
1987; Greenberg 1982; Fegley 1990). New techniques used to
study comet Halley have greatly improved our knowledge of
the chemical composition of one comet. In 1986 March several
spacecraft flew through the comet coma carrying experiments
which sampled the coma dust and gas and telemetered the data
to Earth. The Soviet Vega spacecraft (Sagdeev et al. 1986)
passed sunward and within ~ 8500 km of the nucleus carrying
the PUMA 1 dust analyzer (Sagdeev et al. 1987; Jessberger and
Kissel 1990), and the IKS-VEGA infrared spectrometer (e.g.,
Combes et al. 1986, 1988; Encrenaz and Knacke 1990). The

! Observations obtained with the Kitt Peak and Cerro Tololo Inter-
American Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc, under contract with the National Science
Foundation.

European Space Agency Giotto spacecraft (Reinhard 1986)
passed within ~600 km on the sunward side of the comet
nucleus carrying two ion mass spectrometers (e.g., Balsiger et
al. 1986; Krankowsky et al. 1986, Wegmann et al. 1987). The
spacecraft data contributed an immense amount of new com-
positional information which complemented the ground-based
spectroscopic results. Recent analyses of these comet Halley
data indicate that the dust component of a comet coma con-
sists of silicate (~67%) and refractory organic matrial (~33%)
having elemental abundances of the rock-forming elements
(except Fe and Si) roughly comparable to those found in primi-
tive carbonaceous chondrites (Kissel and Krueger 1987; Jess-
berger, Christoforidis, and Kissel 1988; Anders and Grevesse
1989; Jessberger and Kissel 1990). On the other hand, signifi-
cant enhancements in the light-element abundances (H, C, N,
and O) were found in the comet dust compared with the CI
chondrites (Jessberger and Kissel 1990).

Molecular abundance analyses of comet Halley indicate that
the gas coma consisted mostly of H,O (~90%) with a mixture
of CO (~5%) and CO, (~3%), and other minor constituents
such as N,, NH;, CH,, and H,CO (e.g., Krankowsky et al.
1986, Balsiger et al. 1987; Eberhardt et al. 1987; Mumma et al.
1986; Snyder, Palmer, and DePater 1989; Wyckoff, Tegler, and
Engel 1991a). The relative abundances of most of the molecu-
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lar trace species have not yet been accurately determined in the
ice components of either comet nuclei or interstellar grains. Of
the above trace species only CO,, CO, CH,, and H,CO have
been directly observed spectroscopically in comets (Feldman
1983; Weaver, Mumma, and Larson 1990; Snyder et al. 1989),
although the ions of N, and CO, have long been observed in
ground-based spectra (e.g., Wyckoff 1982). Only CO is known
to_vary significantly in abundance among comets (Feldman
1983).

It is widely accepted that N, is the dominant nitrogen-
bearing compound in interstellar clouds (e.g., Mitchell 1984;
Irvine and Knacke 1989), in spite of the fact that molecular
nitrogen has not been spectroscopically detected in any astron-
omical source. However, observations of HSNN™* do indicate
that N,/CO ~ 1, supporting the prediction of a high inter-
stellar N, abundance (Linke, Guélin, and Langer 1983). Solar
nebula models predict that N, would have remained the most
abundant nitrogen compound in gas phase due to kinetic inhi-
bition which would have quenched the chemical partitioning of
N, into other compounds (Lewis and Prinn 1980). Only in the
environments of the giant protoplanet subnebulae (with rela-
tively high pressures and low temperatures) would significant
amounts of N, have been converted into NH; (Prinn and
Fegley 1981, 1989). Simonelli et al. (1989) inferred from abun-
dances derived for Pluto and Charon that the outer solar
nebula was probably CO-rich, and argued based on Lewis and
Prinn’s (1980) model that N, was likely to be the dominant
nitrogen-containing compound. A similar argument regarding
N, in the solar nebula can be made from the CO abundance in
comet Halley from which Encrenaz and Knacke (1990) have
inferred a CO-rich solar nebula. Although N, has not been
directly detected by spectroscopy or unambiguously identified
by mass spectrometry in a comet, both NS and NH, were
observed spectroscopically in comet Halley, and used to derive
N, and NH, abundances with reasonable accuracy for the first
time in a comet. Based on a preliminary N,/NH; abundance
ratio derived for comet Halley (Wyckoff and Theobald 1989),
Prinn and Fegley (1989) suggested a mixed-component model
for the nucleus composition, consisting of ~10% giant planet
subnebulae gases plus solar nebula volatiles.

The elemental abundances in both the dust and gas com-
ponents of comet Halley have recently been considered in a
variety of analyses (Jessberger et al. 1988; Encrenaz,
d’Hendecourt, and Puget 1988; Jessberger and Kissel 1990;
Delsemme 1988, 1990; Anders and Grevesse 1989; Encrenaz
and Knacke 1990). The nitrogen abundance derived in some
studies (Delsemme 1988, 1990) agreed within the observational
uncertainties with the solar value. However, others (Geiss
1987; Encrenaz, d’Hendecourt and Puget 1988; Jessberger and
Kissel 1990) have argued that nitrogen is significantly depleted
in comet Halley. Here we rediscuss the elemental nitrogen
abundance in the gas component of comet Halley based on
recent results for NH;, N,, NH, HCN, and CN (Schloerb et al.
1987; Bockelée-Morvan et al. 1986; Moreels et al. 1987;
Wyckoff and Theobald 1989; Tegler 1989; Wyckoff, Tegler,
and Engel 1991a; Wyckoff et al. 1991b; Ip et al. 1990). We find
that the total (dust + gas) content of nitrogen in the coma is
depleted by a factor ~ 6 relative to the solar photosphere (at a
2 o level of significance), and that nitrogen is deficient by a
factor ~75 in the coma volatiles (at a 6 o level of significance).
We find that nearly all of the elemental nitrogen (like carbon) is
found in the dust component of the comet.
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II. OBSERVATIONS

a) Nitrogen Inventory in the Volatile Component

The nitrogen-containing compounds observed spectro-
scopically in comet Halley were NH, (Wyckoff et al. 1988),
HCN (Schloerb et al. 1987), N5 (Wyckoff and Theobald 1989),
and NH (Moreels et al. 1987; Wyckoff et al. 1991b). Atomic
and molecular nitrogen as well as ammonia have never been
directly detected in a comet. The nitrogen compounds which
were potentially detectable by the in situ spacecraft ion mass
spectrometer include N*, NH*, NH;, NHS, NH, HCN*",
H,CN*,N,H*, CH,N*, NO*, HNO™" plus an assortment of
heavier polyatomic nitrogen-containing species in trace
amounts (Wegmann et al. 1987). However, due to mass
redundancies, virtually no compounds detected by the Giotto
mass spectrometers contribute uniquely to even the lowest m/q
ion mass spectrometer channels. Hence the molecular and ele-
mental abundances derived from the in situ data are highly
model-dependent. An upper limit for the molecular nitrogen
abundance, Q(N,)/Q(H,0) < 0.015 was determined from the
14 amu e~ ! signal in the Giotto ion mass spectrometer
(Balsiger et al. 1986). The signal in the 28 amu e~* channel of
the neutral mass spectrometer was dominated by both CO and
N, for which Eberhardt et al. (1987) found Q(N,)/Q(H,0) <
0.1. A relatively large amount of NH; (~1% to 2%) was
required to produce the NH; detected by the Giotto mass
spectrometer (Wegmann et al. 1987; Allen et al. 1987).
However, we now know from ground-based observations
(Tegler 1989; Wyckoff et al. 1991q, b; Allen et al. 1989) that the
ammonia abundance in comet Halley was an order of magni-
tude less than that assumed in modeling the Giotto spacecraft
results (Wegmann et al. 1987; Allen et al. 1987). The abun-
dances of the dominant nitrogen-bearing compounds in comet
Halley are summarized in Table 1 which has been compiled
from production rates derived from ground-based spectros-
copy and a reanalysis of the in situ Giotto mass spectrometer
data by Ip et al. (1990).

The mean ammonia/water abundance ratio (by number)
determined for four comets (Wyckoff et al. 1991a), including
comet Halley, indicated Q(NH,)/Q(H,0) = 0.0013 + 0.0006.
The abundances were found to be the same within the observa-
tional errors for the four comets. Furthermore, the pre- and
post-perihelion ammonia abundances derived for comet
Halley (Tegler 1989; Wyckoff et al. 1991a) indicated no signifi-
cant variation at different depths in the nucleus (over scales of
~6 m; Keller et al. 1987). Hence the nucleus was chemically
homogeneous over this depth scale. Earlier determinations of
the ammonia abundance ratios in comets were derived using
the Haser (1957) model and incorrect photodissociation scale-
lengths and/or fluorescence efficiencies (A’Hearn, Hanisch, and
Thurber 1980; Wyckoff et al. 1988). Tegler (1989) has shown
from the observed distribution of NH, in the coma that the
dominant source of NH, is NH;. The vectorial model (Festou
1981) and improved fluorescence efficiencies were used to
derive the ammonia production rates by Wyckoff, Tegler, and
Engel (1991a) who demonstrated that different models (Haser,
vectorial, or collisional Monte Carlo) give results which agree
within +20% provided the correct photodissociation lifetimes
are used. An analysis (Wyckoff et al. 1991b) of the spatial dis-
tributions of NH and NH, in comets Halley and Thiele
demonstrated that virtually all of both species are produced by
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TABLE 1
ABUNDANCES OF NITROGEN COMPOUNDS IN VOLATILES

aXy)*
X; 0(H,0) References
.......................... ~0.0002 1,2
........................ 0.002 + 0.001 3,4
......................... 0.002 + 0.001 3,4
.......................... 0.002 + 0.001 5
<0.0002
........................ {OOOIiO_OOOS 6,7,8
.......................... 0.001 + 0.0005 9
..................... <0.0001 6
} ............. <0.002¢ 10
10
<0.0002 11
<0.01 12
13

* Ratio of production rates, species X,/H,0, by number.

® Not observed directly, but derived from N observations.

¢ Not observed directly, but derived from NH and NH, obser-
vations.

4 Not observed, but predicted by Lewis and Prinn (1980).

REFERENCES.—(1) Wyckoff and Theobald 1989; (2) this work;
(3) Tegler 1989; (4) Wyckoff, Tegler, and Engel 1991a; (5)
Wyckoff et al. 1991b; (6) Ip et al. 1990; (7) Schloerb et al. 1987; (8)
Bockelée-Morvan et al. 1987; (9) Wyckoff et al. 1988; (10) Lewis
and Prinn 1980; (11) Bockelée-Morvan et al. 1986; (12) Grim and
Greenberg 1987; Encrenaz and Knacke 1990; (13) Encrenaz and
Knacke 1990.

the UV photolysis sequence,
NH; -»>NH, > NH .

A multistep Monte Carlo model indicates that the computed
branching ratios and photodissociation rates are consistent
with the observed NH and NH, spatial distributions and an
ultimate and common origin for both species in NH;. Thus in
accounting for the elemental nitrogen in a comet either NH,, or
NH should be counted, since both derive from the same source.
Here we use the NH,/H,O ratio derived by Wyckoff, Tegler,
and Engel (1991a).

The revised molecular nitrogen abundance given in Table 1
was determined from the same spectrum used previously
(Wyckoff and Theobald 1989), but with an improved N fluo-
rescence efficiency [B-X (0-0) band, g = 0.07 photon s~ *; Lutz
1989]. We have also revised the photolysis rates for N, and
CO. The photoionization rates for N, and CO were calculated
with the ultraviolet solar flux obtained from the Solar Meso-
sphere Explorer satellite on the date of the comet observation
(G. Rottman 1989, private communication), and the photoab-
sorption cross sections were taken from references in Berko-
witz (1979) and Gallagher et al. (1988). The N,/CO abundance
ratio was estimated from the observed column density ratio,
N(NF)/N(CO") determined from the tail spectrum of comet
Halley where the B-X N (0-0) and A-X CO™* (3-0) band
fluxes were measured in the 3915 A region. We therefore
assumed that photoionization was the dominant production
mechanism for both species, and that the main loss mechanism
for both was dissociative recombination (Schmidt et al. 1988).
We found that the fractions of photoabsorptions resulting in
photoionization (i.e., the ionization branching ratios) were
45% and 50% for N, and CO, respectively. An abundance
ratio, CO/H,O = 0.1 (Balsiger et al. 1986) was used in deriving

NITROGEN IN COMET HALLEY 643

the revised value of the N,/H,O abundance ratio given in
Table 1. The new nitrogen/ammonia ratio in comet Halley is
QO(N,)/O(NH;) ~ 0.1 for which we estimate an accuracy of a
factor of ~5.

The discrepancy between the HCN abundances determined
from radio observations (Schloerb et al. 1987; Bockelée-
Morvan et al. 1986) and a reanalysis of spacecraft data (Ip et al.
1990) listed in Table 1 may be ascribed to differences in models
or to time variations in the gas production rate which propa-
gate to incorrect relative abundances for species with signifi-
cantly different photodissociation lifetimes (Ip et al. 1990). The
CN abundance given in Table 1 is well determined, and may
derive predominantly from HCN if the radio production rates
are correct (Schloerb et al. 1987). However, both the optical
CN jets (A’Hearn et al. 1986; Cosmovici et al. 1986) and the
Vega spacecraft spectrometry (Moreels et al. 1987) indicate
that more than one source for CN existed in the coma of comet
Halley. A question still remains, however, about the relative
contributions of the different sources to the observed CN. Evi-
dently the spatial distribution of CN indicates that it is a sec-
ondary product and does not arise directly from the nucleus
(Encrenaz and Knacke 1990). If the Ip et al. (1990) analysis is
correct, the HCN contributes only a small fraction of the CN
observed in the visible spectrum of comet Halley in which case
the CN arises predominantly from an unobserved source. In
assessing the nitrogen inventory we note that HCN photo-
dissociates predominantly into CN (Schmidt et al. 1988). Thus
the abundance of CN accounts for HCN plus any additional
significant CN-bearing parent species. If other abundant CN
parents dissociate predominantly into CN on time scales < 10°
s, the CN production rate accounts for most of the CN com-
pounds in the gas coma. Grim and Greenberg (1987) have
suggested that a spectral feature measured in laboratory inter-
stellar ice simulations at 4.6 um (Allamandola and Sandford
1990) is attributable to the cyanate ion, OCN ™, which could
have sufficient abundance in the icy grain mantles to account
for the CN observed in comets. Encrenaz and Knacke (1990)
have suggested that the feature marginally present at 4.45 um
in the spectrum of comet Halley is attributable to the C=N
stretch mode in small grains. Whatever the source of the
observed CN, its abundance in Table 1 can be used to account
for the nitrogen inventory of this radical and its parents in the
comet. Here we assume that the production rate of CN can be
used to account for the bulk of the CN-bearing molecules, and
estimate that our error in making this assumption is less than a
factor ~2.

Other possible nitrogen-containing molecules include
N,H,, CH;CN, C,N,, ammonium salts, and cyanide poly-
mers (Encrenaz and Knacke 1990; Delsemme and Combi
1983; Lewis and Prinn 1980; Matthews and Ludicky 1986),
though none of these species has been observed in comets.
Delsemme and Combi (1983) suggested that N,H, (hydrazine)
is the dominant source of NH,. Also, single bond attachments
of NH, to hydrocarbons have been suggested as a significant
source of the NH, molecules. However, Tegler (1989) has
shown that any species with a photodissociation lifetime
28000 s (e.g., N,H, and CHON volatiles) would be inconsis-
tent with the parent of NH,. From this analysis of the spatial
distribution of NH, in the coma of comet Halley, Tegler (1989)
concluded that NH, is the dominant parent of NH,. Solar
nebula chemistry models (e.g., Lewis and Prinn 1980) also fail
to predict sufficient amounts of N,H, relative to NH; to
account for the NH, observations (Wyckoff et al. 1991a, b).
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Both the observed spatial distribution of NH, and the pro-
duction rates of NH and NH, demonstrate convincingly that
NH, in comets must derive directly and predominantly from
the photodissociation of NH;. Ip et al. (1990) have shown that
CH,;CN + C,N, comprise less than 0.01% of the coma gases.
Also unaccounted for in Table 1 are those nitrogen-
containing diatomic and polyatomic molecules which do not
strongly fluoresce in the UV, optical, and infrared spectral
regions, as well as large molecules (20-50 A in size) observable
in the submillimeter region, such as carbonaceous particles and
cyanide polymers. However, we note that the most abundant
ice and gas phase nitrogen-bearing compounds observed in
star-forming regions are represented in Table 1 (Blake et al.
1987, Tielens and Allamandola 1987). Lewis and Prinn (1980)
predicted that the ammonium salts, NH,HCO,; and
NH,COONH,, would be present in trace amounts in the solar
nebula (utilizing <1% of the available C and N). Using the
abundance predictions for ammonium salts in solar nebula
models (Lewis and Prinn 1980; Prinn and Fegley 1989), we
estimate that these unobserved nitrogen carriers in the gas
coma of comet Halley could contribute at most an additional
50% to the nitrogen inventory in cometary ices (if the ammon-
ium salts utilized ~ 1% of the available C). For a dust/gas ratio
~2 (Jessberger and Kissel 1990), this amount of undetected
nitrogen compounds would increase the total (gas + dust) N
inventory in comet Halley by only 4%. Here we therefore
assume that the nitrogen compounds listed in Table 1 rep-
resent most of the nitrogen inventory in the coma gas of comet
Halley. We note that an error as large as a factor ~ 10 under-
estimating the amount of N in the volatiles would result in an
error in the total (gas + dust) N inventory of (<50%. Thus we
assume that the bulk of the nitrogen-bearing compounds in the
volatiles of comet Halley are carried by the most abundant
nitrogen compounds observed, namely, CN, Nj, NH, and
NH,. Since it has been shown that both NH, and NH are
photodissociation products of NH; (Wyckoff et al. 1991b), we
conclude from Table 1 that ammonia is then the dominant
nitrogen-bearing species in the gas coma of comet Halley, and
that the CN-containing compounds also contribute a signifi-
cant fraction to the nitrogen inventory. Surprisingly, the con-
tribution by N, to the nitrogen volatile inventory is very small
(~7%). We estimate that the inventory of nitrogen compounds
in Table 1 is complete to an estimated uncertainty of a factor of
2. The nitrogen/oxygen abundance ratio derived for the vola-
tile component of the nucleus from Table 1 is given in Table 2
where we have assumed that H,O, CO, H,CO, CO,, and OCS
contain all of the oxygen in the gas coma. From the com-
pilation of Encrenaz and Knacke (1990) we find that the
oxygen-bearing molecular fraction (by number) in the gas

WYCKOFF, TEGLER, AND ENGEL

Vol. 367

coma is 97.9%. From the data in Table 1 we assume that NH,,
N,, and the CN carrier contain all of the nitrogen in the gas
coma, amounting to a fractional abundance of 0.4%. The ratio
of these two percentages is then the N/O ratio in the gas coma
of comet Halley given in Table 2. The remainder of the gas
coma is assumed to consists of CH, (1.6%) (Encrenaz and
Knacke 1990) and CS (0.1%) (Feldman et al. 1987). No correc-
tions for the undetected nitrogen compounds have been
included in the abundances given in Table 2.

b) Nitrogen Inventory in the Dust Component

The data from dust analyzers aboard the Vega spacecraft
(Sagdeev et al. 1987) have been analyzed to determine the ele-
mental abundances of the dust particles sampled during transit
of the coma of comet Halley in 1986 March. Results of the
analyses Kissel and Krueger 1987; Jessberger et al. 1988) indi-
cate that two-thirds of the particles sampled represent silicates,
and the remaining one-third of the dust component consists of
particles containing predominantly the light elements, C, N, O,
H, hence the name CHON particles. Here we use the results of
the analysis of the CHON particles by Jessberger and Kissel
(1990), who found (N/O)4,,; = 0.047 by number. This compares
with the interstellar value, (N/O),,, = 0.14 derived by Encre-
naz, d’Hendecourt, and Puget (1988). As all of the particles
were reduced to elemental constituents upon impact with the
dust analyzer, the elemental nitrogen inventory is complete for
the dust analysis (Jessberger et al. 1988; Jessberger and Kissel
1990).

¢) Total (Dust + Gas) Nitrogen Abundance

The logarithmic value of the nitrogen abundance given in
Table 2 was derived assuming a ratio by mass, dust/gas = 1.8
(McDonnell et al. 1987; Jessberger and Kissel 1990). We note
that the elemental abundances adopted above to determine the
total nitrogen abundance in Table 2 correspond to ratios,
(O/C)ges ~ 6 and (H/O),,, ~ 2, which agree with the same light
elemental abundance ratios measured in comet Halley by the
Giotto mass spectrometers (Krankowsky et al. 1986; Balsiger et
al. 1986). The total (dust + gas) N/O ratio given in Table 2 is
less than the dust N/O ratio because the elemental abundances
are distributed differently between the dust and gas com-
ponents of the coma. We find ~55% of the total oxygen
content of the comet in the gas coma, and ~10% of the total
nitrogen inventory in the gas.

III. DISCUSSION

In Table 2 we present the ratio of the elemental abundances,
N/O, in comet Halley together with the solar abundance from
the compilation by Anders and Grevesse (1989). We also give

TABLE 2
NITROGEN ABUNDANCE IN COMET HALLEY*

Element Comet (Gas)®  Comet (Dust)® Comet (Dust + Gas)® Sun®
logN........ 6.18 + 0.3 7.20 + 0.12 724 + 04 8.05 + 0.04
N/O......... 0.004 0.047 0.023 0.132

® Abundance ratios given by number and elemental logarithmic abundances normalized to
Mg = 7.58, following Anders and Grevesse (1989) and using the dust abundances and dust/gas

ratio of Jessberger and Kissel (1990).
® This work.
¢ Jessberger and Kissel 1990.
4 Dust/gas = 1.8 assumed.
¢ Anders and Grevesse 1989.
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the logarithmic nitrogen abundances in Table 2 normalized to
the logarithmic Mg abundance (7.58) following Anders and
Grevesse (1989) and using the comet dust abundances of Jess-
berger and Kissel (1990). The results indicate that the comet
nitrogen-containing volatiles are depleted by a factor ~75
compared with the solar photosphere. The total elemental
nitrogen abundance in the combined gas and dust components
is depleted by a factor ~ 6 relative to the Sun, which is signifi-
cant at the 2 o level, where an error of a factor ~2 for the
dust/gas ratio has been included in the uncertainty. In Figure 1
we show our combined gas plus dust nitrogen abundance in
comet Halley relative to the solar photosphere abundance,
where the solar abundances were taken from Anders and Gre-
vesse (1989) and the comet dust elemental abundances from
Jessberger and Kissel (1990). The gas elemental abundances in
comet Halley were taken from Krankowsky et al. (1986), Balsi-
ger et al. (1986), Feldman et al. (1987), Wegmann et al. 1987,
Encrenaz and Knacke (1990), and Wyckoff, Tegler, and Engel
(1991q). For comparison, the abundances of the light elements
H, C, N, O, and S, and the rock-forming elements Mg, Si, and
Fe are also presented in Figure 1. Except for the volatiles, the
CI carbonaceous chondrites have been considered to have the
most primitive solar system abundances. The CI chondrite ele-
mental abundances (Jessberger and Kissel 1990) are also
plotted in Figure 1. The figure shows that both H and N are
significantly depleted in comet Halley relative to the Sun.
Anders and Grevesse (1989) have previously discussed the
depletion of H and the marginally low Fe/Si ratio in comet
Halley. They point out that if the Fe/Si ratio is significantly
different from the Sun and all other solar system objects, then
comet Halley cannot be comprised of pristine interstellar
material. The sulfur abundance for the gas component of the
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Elemental Abundances in Comet Halley
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F1G. 1.—Elemental abundances of selected light elements in the gas and the
combined gas-plus-dust components of comet Halley coma relative to solar
photospheric abundances, normalized to Mg. A dust/gas mass ratio ~2 was
used. Abundances of CI carbonaceous chondrites shown for comparison. Solar
data from Anders and Grevesse (1989); Halley nitrogen abundance from this
work ; other cometary abundances from Balsiger et al. (1986), Krankowsky et
al. (1986), Feldman et al. (1987), Wegmann et al. (1987), Encrenaz,
d’Hendecourt, and Puget (1988) (Case 4: 3.2-3.5 um emitter assumed entirely
of solid origin) Jessberger and Kissel (1990), Encrenaz and Knacke (1990).
Nitrogen is depleted by a factor ~ 6 in the gas + dust component of comet and
~75 in the gas component relative to the Sun. Error bars for comet abun-
dances include an uncertainty of a factor ~ 2 in the abundances and an uncer-
tainty of a factor ~ 2 in the dust/gas ratio.
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comet was derived from production rates of OCS (Encrenaz
and Knacke 1990) and CS (Feldman et al. 1987), the only two
sulfur compounds detected in comet Halley, and should prob-
ably be considered a lower limit due to incompleteness of the
sulfur inventory.

It is noteworthy in Figure 1 that none of the cometary ele-
mental abundances significantly exceeds that of the Sun, and
that none is less than the CI chondrite. This is strong evidence
that comet Halley formed from solar nebula material, and that
the nucleus is significantly less processed (more primitive) than
CI chondrites. That the nitrogen depletion in the comet gas
coincides with the deficient N abundance in the chondrites is
probably fortuitous and can probably be explained by different
mechanisms, since the comet and the chrondites must have
formed and evolved in significantly different environments.

Thus we find that the dust contains the bulk (~90%) of the
elemental nitrogen and the gas component of the coma con-
tains ~10% of the nitrogen. A similar imbalance in the dis-
tribution between the dust and gas components in comet
Halley was found for carbon, ~80% dust and ~20% gas
(Encrenaz and Knacke 1990). Estimates of a few percent have
been made (e.g., Encrenaz, d’Hendecourt, and Puget 1988) for
the amount of comet material contained in large molecules
(e.g., polymers) which would have escaped detection in the in
situ dust and mass spectrometer experiments, as well as by
remote spectroscopic techniques. In addition, the nitrogen-
containing carbonates, NH,HCO; and NH,COOHN, could
have condensed in small amounts (<1%) from the solar
nebula gas (Lewis and Prinn 1980). Thus some nitrogen could
be hidden by processing into undetected polymers (e.g., Mat-
thews and Ludnicky 1986; Grim and Greenberg 1990) or con-
densed into complex compounds which do not fluoresce with
solar radiation, and could not be unambiguously identified
with the ion mass spectrometer which sampled the coma gases
of comet Halley. If we apply a factor of 2 incompleteness
correction factor to the volatile nitrogen abundance, the ice
component depletion factor relative to the Sun is ~ 40, and the
total (dust + gas) nitrogen deficiency for dust/gas ~2 changes
by only 10%. Thus the nitrogen deficiency in comet Halley
appears firmly established, independent of any correction
factor as large as 2 for undetected nitrogen compounds.

The N/O ratio for the comet gases in Table 2 is ~ 3-5 times
smaller than that found by Geiss (1987), ~ 3 times smaller than
the N/O ratio adopted by Encrenaz, d’Hendecourt, and Puget
(1988), and 25 times smaller than that derived by Delsemme
(1988, 1989). The elemental nitrogen abundance in comet
Halley is different from these previous determinations pri-
marily due to the revision of the ammonia and molecular
nitrogen abundances given here and elsewhere (Wyckoff,
Tegler, and Engel 1991a; Wyckoff and Theobald 1989).

The difference between the nitrogen abundance derived for
the volatile and dust components is sufficiently large to indi-
cate differences in formation conditions for the two cometary
components. Any existing interstellar grains were probably
exposed to a variety of conditions during the collapse of the
protosolar cloud. Calculations indicate that accretion heating
by drag friction and grain-grain collisions should have heated
the grains sufficiently (T 2 150 K) to have vaporized any ice
mantles on prexisting grains (Lunine 1989; Bar-Nunn and
Kleinfeld 1989; Engel, Lunine, and Lewis 1990). Recent infra-
red spectroscopy may provide direct evidence for annealing
(T 2 800 K) of dust grains observed in comet comae (e.g.,
Hanner 1990). If this is a general charactristic of dust grains in
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comets, then the interstellar grain ice mantles would not have
survived the early protosun phase, and the volatiles observed
in comets would have condensed entirely from solar nebula
gases, in which case the dust and gas components of the comet
nucleus would have had significantly different evolutionary
histories. On the other hand, the recent discovery of presolar
circumstellar grains in primitive carbonaceous chondrites (e.g.,
Anders 1988) indicates that some (< 1%) of the bulk meteorite
material survived processing in the solar nebula at heliocentric
distances as close as r ~4 AU to the protosun. Thus it is
reasonable to expect a larger mass fraction of the solar nebula
which condensed into comet nuclei at r > 10 AU to have sur-
vived as interstellar grains. Indeed, Greenberg (1982) has
claimed that comet nuclei consist largely of unaltered inter-
stellar grains (Greenberg and Hage 1990). If the comet volatiles
consist mostly of preserved interstellar ice mantles, then pro-
cessing by cosmic rays and UV radiation would have affected
the ice abundances, and may account for S, observed in a
comet (A’Hearn and Feldman 1985). Below we discuss the
origin of the ice composition in comet Halley, assuming the
ices arose predominantly from solar nebula condensates.

Models of the early solar nebula predict that CO and N,
dominated the solar nebula gas (Lewis and Prinn 1980), while
molecular cloud models indicate that these same stable com-
pounds dominate as a result of cosmic abundances and ion-
molecule chemistry (Mitchell 1984; Yamamoto 1985). Thus
distinguishing characteristics between presolar ices and solar
nebula condensates are expected to be subtle (Prinn and
Fegley 1989). Assuming revised solar abundances (Anders and
Grevesse 1989) for C, O, and N in the comet-forming regions of
the solar nebula, that 60% of the O was in CO (Fegley and
Prinn 1989, adjusted for revised solar O/C = 0.4) and all of the
N was in N, we estimate that CO/N, ~ 10 in the solar nebula.
Thus to account for the observed ratio, CO/N, ~ 200, in the
gas coma of comet Halley, assuming the comet ices condensed
entirely from a CO and N, dominated solar nebula, i.e., an
unaltered interstellar cloud composition, a mechanism is
required for depleting N, relative to CO by a factor ~20. A
model including solar nebula chemistry (Fegley and Prinn
1989) predicts maximum abundance ratios, NH;/H,O ~ 0.002
and NH;/N, ~ 0.006 using a CO and N, dominated solar
nebula model in which N, is partially converted into NH; over
the lifetime of the solar nebula ~ 108 yr, facilitated by Fe gain
catalysis. If NH; were completely condensed in comet nuclei,
then a comparison of the chemically processed model ratios
with the observed ratios (Table 1) indicates that the NH, abun-
dance in Halley is within the model prediction and that N, is
depleted in the comet by a factor ~ 1500 compared with NH;.
Recall from Table 2 that the observed elemental nitrogen defi-
ciency in the gas coma of comet Halley is a factor ~75 less
than the solar nitrogen abundance.

Thus the abundances of N,, NH;, and CO in comet Halley
are inconsistent with both the pristine interstellar and the
chemically processed solar nebula models as Prinn and Fegley
(1989), Lunine (1989), and Engel et al. (1990) have previously
concluded. If the initial chemical composition of the solar
nebula were solar throughout, then both the nitrogen defi-
ciency and the observed molecular ratios can probably be
understood by a combination of the following: (1) chemical
partitioning in the solar nebula (Lewis and Prinn 1980), (2) a
relatively long time scale for enclathration of N, (Prinn and
Fegley 1988, 1989, Fegley 1988), and (3) chemical differentia-
tion subsequent to condensation (Houpis, Ip, and Mendis
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1985). On the other hand, the material from which the comet
formed may not have had solar composition. In this case, the
disparate elemental nitrogen abundance could be explained if
the comet composition derived from gas having a different
nucleosynthesis history from that of the Sun. Each of these
possibilities is discussed below.

1. The N, gas in the outer solar nebula was chemically par-
titioned into other compounds. Solar nebula models domi-
nated by N, and CO predict that nitrogen-containing
carbonates, NH,HCO; and NH,COONH,, would be produc-
ed in small amounts as discussed above (Lewis and Prinn 1980;
Prinn and Fegley 1989), where we estimated that the maximum
amount of nitrogen which could be distributed into these
undetected nitrogen compounds would have been ~50% of
the nitrogen inventory of the ice component of the comet
nucleus, assuming unfractionated condensation. Ammonium
salts could therefore account for a significant fraction of the
elemental nitrogen in comet Halley. However, as noted above,
the same solar nebula model (Prinn and Fegley 1989) predicts
that the maximum amount of N, which could have been con-
verted into NHj is a factor ~ 1500 less than the observed ratio
(Table 1). A more accurate model is needed to more fully assess
the thermochemical partitioning and kinetic inhibition effects
on nitrogen compounds in the solar nebula. On the other
hand, additional mechanisms for partitioning the nitrogen
compounds in the solar nebula could have prevailed. Prinn
and Fegley (1988, 1989) have suggested that the giant planet
subnebulae regions could efficiently convert N, into NHj,.
Both shocks in the collapsing presolar nebula (Lunine 1989)
and lightning discharges (Prinn and Fegley 1989) could,
through shock chemistry, have converted N, into HCN and
other compounds. Lunine (1989) and Fegley (1990) have sug-
gested that the fact that NH; ~ HCN in comet Halley could
be indicative of the importance of shock chemistry. Although a
variety of chemical processes could have redistributed the N,
into other nitrogen-bearing compounds, including undetected
species, the elemental nitrogen deficiency observed in comet
Halley cannot be explained simply by chemical repartitioning
the molecular nitrogen into unobservable compounds.

2. The N, was excluded from the condensation process by
physical fractionation, as suggested previously (Geiss 1987;
Lunine 1989; Ip 1989). The low-temperature (T < 160 K) gas-
grain chemistry model for an N, and CO rich solar nebula of
Prinn and Fegley (1989) predicts a condensation sequence for
the nitrogen compounds. At low pressures both H,O and the
ammonium salts, NH,HCO,; and NH,COONH ,, would con-
dense into solids at comparable temperatures, T < 150 K,
while N, could condense as a clathrate (N, - 6H,0) at T < 55
K, and directly as pure N, ice at T < 20 K (Fegley 1988 ; Prinn
and Fegley 1989). However, the entrapment of N, in a cla-
thrate hydrate is predicted to be kinetically inhibited and a
very inefficient process relative to other species such as CO and
CH, over the limited lifetime and the low pressure conditions
of the solar nebula (Lunine and Stevenson 1985; Fegley 1988;
Prinn and Fegley 1989). Also N, - 6H,O is relatively unstable
compared with CO - 6H,O (Prinn and Fegley 1989). For these
reasons the solar nebula conditions for N, clathrate formation
were probably relatively unfavorable compared with other
condensates (Lunine and Stevenson 1985; Lunine 1989; Prinn
and Fegley 1989). Direct condensation of N, and CO ices
would have required temperatures lower than expected for
comet formation (e.g., Bar-Nun and Kleinfeld 1989).

Thus models and laboratory experiments indicate that the
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assimilation of N, into condensates would have required a
time scale which exceeded the solar nebula lifetime, ~ 10° yr. It
is therefore very likely that there was a preferential accumula-
tion of N, gas as condensation proceeded for other gases in the
solar nebula, with the solar bipolar outflow eventually sweep-
mg the remaining N,-rich gas from the solar system, account-
ing for the deficiency of both the elemental and molecular
nitrogen. We suggest that the reasons for the abundance ratio,
N,/CO being ~ 20 times less than expected in a CO and N,
rich solar nebula, and most of the elemental N and C being
contained in the dust not the ice component of the comet
nucleus, are due at least in part to the relative efficiency with
which each molecule (1) bonds with other species (Geiss 1987),
and (2) fractionates upon condensation (Bar-Nunn and Klein-
feld 1989; Lunine 1989; Ip 1989). In regard to the first point we
note that more than half of the CO observed in the comet
coma comes from a more complex compound as indicated by
the distributed CO source in comet Halley (Balsiger et al.
1987).

3. The N, compounds condensed and were incorporated
into the comet nuclei, but have since diffused, chemically differ-
entiating the comet nucleus (Houpis, Mendis, and Ip 1985).
The low vapor pressure of N, would favor its preferential diffu-
sion relative to all other molecular compunds except H,,
producing a chemically differentiated nucleus. Diffusion could
have occurred from the ice mantles of grains as a result of
heating or grain-grain collisions prior to their coagulation into
comet nuclei, or from the comet nuclei as a result of heating
due to successive close approaches to the Sun (or the warm
giant protoplanets), or both. Internal heating of comet nuclei
by radioactive elements could also have promoted diffusion of
the most volatile condensates. If the N, in comet nuclei were
depleted by selective thermal diffusion, then, depending on
their individual thermal histories, comet nuclei should be
chemically differentiated by different amounts. We would
therefore expect the N, abundance to vary significantly from
comet to comet, with individual nuclei eventually evolving
toward H,O-domination as suggested by Houpis, Mendis, and
Ip (1985). The N3 emission bands are highly variable in
strength from comet to comet, but no systematic study of the
N, abundances in a sample of comets has yet been made. We
note that CO is the only volatile known to vary in abundance
significantly among comets (Feldman 1983). Like N,, CO has
one of the lowest vapor pressures for cosmically abundant
volatiles. Thus the CO abundance variations among comets
could be indicative of the effects of thermal diffusion. If this is
the dominant cause of the CO abundance variations among
comet nuclei, then one would expect a correlated variation in
the N, abundance. Because of the greater tendency of CO to
bond with other species the amplitude of its abundance varia-
tions would probably be smaller than that for N,.

If the explanation for the deficient nitrogen abundance in the
comet cannot be found in some combination of chemical par-
titioning, physical fractionation, or selective diffusion, then the
comet must have formed in an environment consisting of
material with a nucleosynthesis history different from the
protosolar nebula. We note that the carbon isotope ratio in
comet Halley has been found to be significantly different from
the rest of the solar system (WyckofT et al. 1989). Thus both the
nitrogen depletion and the low '2C/*3C abundance ratio could
indicate that the comet either formed far from the Sun (but in
the same protocluster) or was captured after the solar system
formed.
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IV. CONCLUSIONS

We conclude that chemical partitioning of nitrogen com-
pounds into unobservable species is highly unlikely to account
entirely for the nitrogen deficiency observed in comet Halley.
The more important cause for the nitrogen deficiency in the
comet coma relative to the Sun can probably be found in the
low vapor pressure of N, which led to its exclusion when gases
condensed into solid phase in the cooling solar nebula. The
bipolar outflow from the protosun then swept away the
N,-rich gases remaining after ~10° yr. That N, which did
condense into comet nuclei (as pure N, ice or as a clathrate,
N, ‘- 6H,0) would have been preferentially lost due to thermal
diffusion as a result of successive solar passages (Houpis,
Mendis, and Ip 1985) or other heating effects. Both physical
fractionation and differential thermal diffusion are thus plaus-
ible mechanisms which would have occurred to all comet
nuclei and could account both for the low N, and for the low
elemental nitrogen abundances (Table 2) in comet Halley.

For fractionation to be significant requires that N, clathrate
formation occurred at a slower rate than the condensation
rates of other species, leaving an N, enriched gaseous residue
to be swept away. Fractionation would have affected all comet
nuclei equally if the solar nebula were chemically homoge-
neous (and all comets formed under similar conditions of tem-
perature and pressure). The effectiveness of chemical
differentiation by thermal effects would depend on the individ-
ual comet orbit and nucleus characteristics (e.g., injection
epoch, orbital elements and their variations with time, nucleus
radius, porosity, and chemical composition). Selective thermal
diffusion of N, would be expected to produce a distribution of
heterogeneous chemical compositions among comet nuclei.
The observed N,/H,O ratio in a sample of comets could
provide a sensitive test of the relative importance of the two
mechanisms (physical fractionation vs. chemical differ-
entiation) in depleting N,. Since the ammonia abundances in
comets (Wyckoff, Tegler, and Engel 1991a) are within the
expected predictions of current solar nebula models (e.g., Prinn
and Fegley 1989), we conclude that it is the N, deficiency that
gives rise to the small N,/NH, ratio in the comet compared
with solar nebula models, and not an NH, enrichment which
has been proposed by Prinn and Fegley (1989) and Engel et al.
(1990).

In the subnebulae of the giant protoplanets, models indicate
temperatures and pressures sufficient for conversion of N, into
NH, (Fegley and Prinn 1989). Based on the N,/NH, ratio
determined for comet Halley (Wyckoff and Theobald 1989),
Prinn and Fegley (1989) suggested that the nucleus is com-
prised of a small fraction of protoplanetary subnebula
NH;-rich condensates which are somehow mixed with
CO-rich solar nebula condensates. However, as noted above,
the large depletion of the cometary elemental nitrogen relative
to the Sun cannot be explained simply by conversion of N,
into NH;. Accretion of protoplanet subnebulae gases by epi-
sodic exposure to NH,-rich material (Prinn and Fegley 1989)
might produce observable inhomogeneities in the NH, abun-
dances on scales of meters (for individual comets) to AU (for a
statistical sample of comets). Although the data are scant, such
inhomogeneities have not been observed (Wyckoff, Tegler and
Engel 1991a).
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© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991ApJ...367..641W

648

WYCKOFF, TEGLER, AND ENGEL

REFERENCES

A’Hearn, M. F. 1982, in Comets, ed. L. L. Wilkening (Tucson: University of
Arizona Press), 433.

el A’Hearn, M. F., and Feldman, P. D. 1985, in Ices in the Solar System, ed.

J. Klinger, D. Benest, A. Dolfus, and R. Smoluchowski (Dordrecht: Reidel),
p. 463.

A’Hearn, M. F., Hanisch, R. J., and Thurber, C. H. 1980, 4.J., 85, 74.

A’Hearn, M. F., Hoban, S., Birch, P. V., Bowers, C., Martin, R., and Klingle-
smith, D. A., I11. 1986, Nature, 324, 649.

Aitken, D. K., Roche, P. F., Smith, C. H., James, S. D., and Hough, J. H. 1988,
Mon. N.R.A.S., 230, 629.

Allamandola, L., and Sandford, S. A. 1990, in Carbon in the Galaxy: Studies
from Earth and Space, ed. J. Tarter, S. Chang, D. DeFrees (NASA Conf. Pub.
No. 3061, p. 113).

Allen, M., Delitsky, M., Huntress, W., Yung, Y., Ip, W.-H., Schwenn, R.,
Rosenbauer, H., Shelley, E., Balsiger, H., and Geiss, J. 1987, Astr. Ap., 187,
502.

Allen, M., Bochner, B., van Dishoeck, E., Tegler, S., and Wyckoff, S. 1989, Bull.
AAS, 21,935,

Anders, E. 1988, in Meteorites and the Early Solar System, ed. J. F. Kerridge
and M. S. Matthews (Tucson: University of Arizona Press), p. 927.

Anders, E., and Grevesse, N. 1989, Geochim Cosmochim. Acta, 53, 197.

Balsiger, H., et al. 1986, Nature, 321, 330. M

. 1987, Astr. Ap., 187, 163.

Bar-Nun, A.,, Herman, G., Laufer, D., and Rappaport, M. L. 1985, Icarus, 63,
317.

Bar-Nun, A,, and Kleinfeld, I. 1989, Icarus, 80, 243.

Berkowitz, J. 1979, Photoabsorption, Photoionization and Photoelectron Spec-
troscopy (New York: Academic).

Blake, G., Sutton, E. C., Masson, C. R, and Phillips, T. G. 1987, Ap. J., 315,
621.

Bockelée-Morvan, D., Crovisier, J., Despois, D., Forveille, T., Gérard, E.,
Schraml, J., and Thum, D. 1986, in 20th ESLAB Symposium on the Explora-
tion of Halley's Comet, ed. B. Battick, E. J. Rolfe, and R. Reinhard (ESA
SP-250, Vol. 1), p. 365.

Bocklée-Morvan D, et al. 1987, Astr. Ap., 180, 253.

Boss, A. P. 1988, Science, 241, 565.

Chamberlain, J. W., and Hunten, D. 1987, in Theory of Planetary Atmospheres
(2d ed.; Orlando: Academic), p. 290.

Combes, M., et al. 1986, Nature, 321, 266.

Combes, M., et al. 1988, Icarus, 76, 404.

Cosmovici, C. B,, Schwarz, G., Ip., W.-H, and Mack, P. 1988, Nature, 332, 705.

Delsemme, A. H. 1988, Phil. Trans. Roy. Soc. London, A., 325, 509.

. 1990, in Comets in the Post-Halley Era, ed. M. Neugebauer,
R. Newburn, and J. Rahe (Dordrecht: Kluwer), in press.

Delsemme, A., and Combi, M. F. 1983, Ap. J., 271, 388.

Eberhardt, P., et al. 1987, Astr. Ap., 187,481.

Encrenaz, T., d’Hendecourt, L., and Puget, J. L. 1988, Astr. Ap., 207, 162.

Encrenaz, T., and Knacke, R. 1990, in Comets in the Post-Halley Era, ed.
M. Neugebauer, R. Newburn, and J. Rahe (Dordrecht: Kluwer), in press.

Engel, S., Lunine, J. I, and Lewis, J. S. 1990, Icarus, 85, 380.

Fegley, B. F. 1988, in Workshop on the Origins of Solar Systems, ed. J. A. Nuth
and P. Sylvester (Lunar and Planet. Inst. Tech. Rept. No. 88-04), p. 51.

. 1990, in Proc. Comet Nucleus Sample Return W orkshop, in press.

Fegley, B. F., and Prinn, R. G. 1989, in The Formation and Evolution of
Planetary Systems, ed. H. A. Weaver and L. Danly (Cambridge: Cambridge
University Press), p. 171.

Feldman, P. D. 1983, Science, 219, 347.

Feldman, P. D., et al. 1987, Astr. Ap., 187, 325.

Festou, M. 1981, Astr. Ap., 95, 69.

Gallagher, J. W., Brion, C., Samson, J. and Langhoff, P. 1988, J. Phys. Chem.
Ref. Data,17,9.

Geiss, J. 1987, Astr. Ap., 187, 859.

Greenberg, J. M. 1982, in Comets, ed. L. L. Wilkening (Tucson: University of
Arizona Press), p. 131.

Greenberg, J. M., and Hage, J. 1. 1990, Ap. J., 361, 260.

Greenberg, J. M., and d’Hendecourt, L. 1985, in Ices in the Solar System, ed.
J. Klinger, D. Benest, A. Dollfus, and R. Smoluchowski (Dordrecht: Reidel),
p. 185.

Grim, R., and Greenberg, J. M. 1987, Ap. J. (Letters), 321, L91.

Hanner, M. 1990, in Fluffy Structures 11, ed. P. M. M. Jenniskens and J. I. Hage
(Leiden: University of Leiden), p. 24.

Haser, L. 1957, Bull. Acad. Roy. Belgique, Classe des sci., Sth ser., 43, 740.

Houpis, H. L. F., Ip, W.-H,, and Mendis, D. A. 1985, Ap. J., 295, 654.

Ip, W.-H. 1989, Adv. Space Sci., 9, No. 3, 234.

Ip, W.-H., et al. 1990, Ann. Geophys, in press.

Irvine, W. M., and Knacke, R. F. 1989, in Origin and Evolution of Planetary and
Satellite Atmospheres, ed. S. K. Atreya, J. B. Pollack, and M. S. Matthews
(Tucson: University of Arizona Press), p. 3.

Jessberger, E. K., Christoforidis, A., and Kissel, J. 1988, Nature, 332, 691.

Jessberger, E. K., and Kissel, J. 1990, in Comets in the Post-Halley Era, ed.
R. Newburn, M. Neugebauer, and J. Rahe (Dordrecht: Kluwer), in press.

Keller, H. U,, et al. 1987, Astr. Ap., 187, 807.

Kissel, J., and Krueger, F. R. 1987, Nature, 326, 755.

Krankowsky, D., et al. 1986, Nature, 321, 326.

Lewis, J., and Prinn, R. 1980, Ap. J., 238, 357.

Linke, R. A., Guélin, M., and Langer, W. D. 1983, Ap. J. (Letters), 271, L8S.

Lunine, J. 1. 1989, in The Formation and Evolution of Planetary Systems, ed.
H. A. Weaver, L. Danly, and F. Paresce (Cambridge: Cambridge University
Press), p. 213.

Lunine, J. 1., and Stevenson, D. J. 1985, Ap. J. Suppl., 58, 493.

Lutz, B. L. 1989, private communication.

Matthews, C. N., and Ludicky, R. 1986, in 20th ESLAB Symposium on the
Exploration of Halley’s Comet, ed. B. Battick, E. J. Rolfe, and R. Reinhard
(ESA SP-250, Vol. 2), p. 273.

Magnani, L., and A’Hearn, M. F. 1986, Ap. J., 302, 477.

McDonnell, J. A. M., et al. 1987, Astr. Ap.,187,719.

Mitchell, G. F. 1984, Ap. J. Suppl., 54, 81.

Moreels, G., et al. 1987, Astr. Ap., 187, 551.

Mumma, M. J,, and Reuter, D. 1990, Ap. J., in press.

Mumma, M. J., Weaver, H. A, Larson, H. P., Davis, D. S., and Williams, M.
1986, Science, 232, 1523.

Prinn, R. G, and Fegley, B. F. 1981, Ap. J., 249, 308.

. 1989, in Origin and Evolution of Planetary and Satellite Atmospheres,
ed. S. Atreya, J. Pollack, and M. Matthews (Tucson: University of Arizona
Press), p. 78.

Reinhard, R. 1986, Nature, 321, 313.

Sagdeev, R. Z., Blamont, J., Galeev, A. A., Moroz, V. I, Shapiro, V. D., Shev-
chenko, V.1, and Szegod, K. 1986, Nature, 321, 259.

Sagdeev, R., et al. 1987, Astr. Ap.,187,179.

Schloerb, F. P., Kinzel, W. M., Swade, D. A, and Irvine, W. M. 1987, Astr. Ap.,
187, 475.

Schmidt, H. U., Wegmann, R., Huebner, W. F., and Boice, D. C. 1988, Comp.
Phys. Comm., 49, 17.

Simonelli, D. P., Pollack, J. B.,, McKay, C. P, Reynolds, R. T., and Summers,
A. L. 1989, Icarus, 82, 1.

Snyder, L. E., Palmer, P., and De Pater, 1. 1989, 4. J., 97, 246.

Stevenson, D. 1990, Ap. J., 348, 730.

Tegler, S. 1989, Ph.D. thesis, Arizona State University.

Tegler, S., and Wyckoff, S. 1989, Ap. J., 343, 445.

Tielens, A., and Allamandola, L. 1987, in Physical Processes in Interstellar
Clouds, ed. G. Morfill and M. Scholer (Dordrecht: Reidel), p. 333.

Weaver, H. A., Mumma, M. J,, and Larson, H. P. 1990, preprint.

Wegmann, R., Schmidt, H. U., Huebner, W. F., and Boice, D. C. 1987, Astr.
Ap., 187, 339.

Whipple, F. L. 1987, Astr. Ap., 187, 852.

Wyckoff, S. 1982, in Comets, ed. L. L. Wilkening (Tucson: University of
Arizona Press), p. 3.

Wyckoff, S., Engel, L., Womack, M., Ferro, A., and Tegler, S. 1991b, 4Ap. J., in
press.

Wyckoff, S., Tegler, S. C., and Engel, L. 1991a, Ap. J., 368, in press.

Wyckoff, S., Tegler, S. C., Wehinger, P. A, Spinrad, H., and Belton, M. J. S.
1988, Ap. J., 325,927.

Wyckoff, S., and Theobald, J. 1989, Adv. Space Res, 9, 157.

Wyckoff, S., Lindholm, E., Wehinger, P., Peterson, B., Zucconi, J. M., and
Festou, M. 1989, Ap. J., 339, 488.

Yamamoto, T. 1985, Astr. Ap., 142, 31.

Lisa ENGEL and SusaN WYCKOFF: Department of Physics and Astronomy, Arizona State University, Tempe, AZ 85287-1504

STEPHEN C. TEGLER: 211 Space Sciences Building, University of Florida, Gainesville, FL 32611

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1991ApJ...367..641W

