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1. Introduction
A comet’s origins in the primitive nebula can be
probed by examining the degree to which fossil deu-
terium is enriched compared to the protosolar abun-
dance. Calculations of the temporal and radial evo-
lution of the deuterium enrichment in the solar neb-
ula can reproduce existing D/H measures for comets
[1, 2, 3]. These calculations show that the deuterium
enrichment in water ice strongly depends on the dis-
tance from the Sun at which the ice was formed. Com-
paring the D/H value measured in comets with those
predicted by such models allows retrieval of their for-
mation location. The measurement of the D/H ratio at
Enceladus by the Ion and Neutral Mass Spectrometer
aboard the Cassini spacecraft [5] provides a new, and
tighter, constraint on the deuterium enrichment profile
in the outer solar nebula prompting us to reconsider
models presented in previous works [4].

2. Reservoirs and Source Regions
of Comets

The “cometary reservoir” is the region of semi-stable
phase space from which comets are currently being
delivered, while the “source regions” are those parts
of the primitive nebula in which the comets formed
and were then delivered to the reservoirs. Ecliptic and
isotropic comets are being delivered from at least two
distinct reservoirs and, as such, are likely from differ-
ent source regions.

The reservoir of the isotropic comets is, generically,
the Oort cloud (see [6] for a good review). Some frac-
tion of the isotropic comets with a < 20,000 AU may
arrive from the “innermost” component of this distri-
bution [7], the remainder coming from the outer Oort
cloud. Modeling of delivery into the Oort cloud reser-
voir generally finds this process to be controlled by
Uranus-Neptune scattering.

If Uranus and Neptune originated at (roughly) 12
and 15 AU then material currently being delivered
from the Oort cloud reservoir should have originated
from a source much closer to the Sun than in cases
where Uranus and Neptune formed at or near their cur-
rent locations (∼20 & 30 AU). A tracer of the chemical
evolution of the primordial solar system that is sensi-
tive to variations in the physical conditions between
10 and 30 AU, an example of which is described in the
next section, provides a discriminator between these
formation scenarios.

3. D/H in the Solar Nebula
Figure 1 describes the evolution of f , defined as the
ratio of D/H in H2O to that in molecular H2, as a func-
tion of distance from the Sun in the case of a typi-
cal solar nebula. As in previous work, we assume
that f is constant at t = 0 irrespective of the heliocen-
tric distance and corresponds to the value measured
in the highly enriched component found in LL3 me-
teorites (D/H = (73 ± 12) × 10−5 [8]) compared
to the protosolar value ((2.1 ± 0.4) × 10−5 [9]). The
highly enriched component in LL3 meteorites is pre-
sumed to originate from ISM grains that were not re-
processed when entering the nebula [2] and is consis-
tent with D/H measurements from ISO in grain man-
tles in W33A [10].

For the adopted set of parameters, the deuterium
enrichment profile simultaneously matches the nom-
inal D/H value measured in H2O in the moderately en-
riched component of LL3 meteorites at 3 AU and at
the current heliocentric distance of Saturn matches the
D/H enrichment of Enceladus. We were unable, in this
investigation, to find models matching both the mod-
erately enriched component of the LL3 meteorites at 3
AU and the value at Enceladus at 10 AU that did not
also require the value of f to increase to much larger
values in the region beyond 15 AU. Thus, the result
that f in the 20-30 AU zone should have exceeded

EPSC Abstracts
Vol. 6, EPSC-DPS2011-1442, 2011
EPSC-DPS Joint Meeting 2011
c© Author(s) 2011



∼ 25 is a generic outcome of the temperature evolu-
tion of the disk, when constrained by the D/H mea-
sured at Enceladus, and not particularly dependent on
the model of that evolution.
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Figure 1: Enrichment factor f as a function of the
heliocentric distance. The dashed curves correspond
to the evolution of f in the gas phase prior to con-
densation terminated by dots at the heliocentric dis-
tance where H2O condenses at the given epoch. The
solid curve represents the value of f acquired by ice
as a function of its formation distance in the nebula.
D/H enrichments in LL3 (low and high) meteorites and
Enceladus are shown for comparison. We take the LL3
(high) value as the initial, protosolar, value. The ver-
tical dotted lines enclose the source region of Uranus
and Neptune in the Nice model. The gray area corre-
sponds to the dispersion of the central values of the f
in the comets for which measurements are available.

4. Conclusions
1P/Halley, 8P/Tuttle, C/1995 O1 (Hale-Bopp), C/1996
B2 (Hyakutake), and C/2001 Q4 (NEAT) all have D/H
values that are consistent with or slightly larger than
that of Enceladus. These comets are all members of
the nearly-isotropic class and are, thus, drawn from a
reservoir in some part of the Oort cloud. Based on dy-
namical arguments, the Oort cloud itself was fed by
material from the Uranus/Neptune region. Our mod-
eling of the dependence of f (pinned by the measured
deuterium enrichment of Enceladus) on formation lo-
cation (see Figure 1) precludes these comets from hav-
ing formed beyond <15 AU from the Sun. This im-
plies that Uranus and Neptune were originally closer
to the current location of Saturn than observed today,
a configuration quite similar to that preferred in the
Nice model. Future space probe missions and im-

proved remote-sensing capabilities will likely provide
a larger number and variety of cometary D/H mea-
surements and will surely increase the constraints on
the primordial configuration from which the planetary
system evolved to its current state.
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