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Most of the biosphere was brought on the primitive Earth by
an intense bombardment of comets. This included the atmosphere,
the seawater and those volatile carbon compounds needed for the
emergence of life. Comets were thrown into the inner Solar Sys-
tem by the strong perturbation induced by the growth of the giant
planets’ cores. The bulk of the Earth’s bombardment came from
those comets that accreted in Jupiter’s zone, where the original
deuterium enrichment had been diminished by steam coming from
the hot, inner parts of the Solar System. This steam had condensed
into icy chunks before their accretion into larger cometary nuclei.
In contrast, comets that accreted in the zones of the outer giant
planets kept their interstellar isotopic enrichments. Those comets
contributed to the Earth’s bombardment for a small amount only;
they were mostly ejected into the Oort cloud and are the major
source of the long-period comets observed today. The short-period
comets, which come from the Kuiper Belt, should also have the
same interstellar enrichment. The deuterium enrichment of sea-
water, accurately predicted by the previous scenario, has become
one of the best telltales for the cometary origin of our biosphere.
This cometary origin may have far-reaching cosmological conse-
quences, in particular for the origin of life in other planetary sys-
tems.  © 2000 Academic Press

INTRODUCTION

gin, because cometary spectra showed the presence of £N,
Cs, CH, CO, etc. These fragments of organic molecules in tt
coma suggested the possible presence in the nuclgustobtic
moleculesthat is, of molecules ready to get life started if othel
prerequisite conditions were met. Among the precursors of the
ideas are Chamberlin and Chamberlin (1908) and Oparin (193
Lederberg and Cowie (1958) andd)(1961) came later.

From my “Recollections” (Delsemme 1998a) it is apparer
that | was very slow and reluctant to accept that the biosphe
could be attributed to an early bombardment of comets. | want
first to understand the nature and the chemical origin of tf
molecular fragments, ions, and radicals observed in the hee
and tails of comets. | waited for 25 years (from 1950 to 1975) be
fore daring to speculate on the connection between comets &
interstellar molecules (Delsemme 1975). | then concluded wi
surprise that many prebiotic molecules, such as purines, pyril
idines, and amino acids, might already be present in come
However, at first | could not believe that they could survive th
intense heat produced by the cometary impact on Earth.

| found a possible explanation the following year (Delsemm
1976). Those prebiotic molecules that survive onto the Earth u
anindirect route. They are ejected first in the dust grains prese
in those tails so conspicuously displayed by most comets th
enter the inner Solar System. This dust does not escape
tirely; it is stored in an interplanetary cloud surrounding the

My “Recollections” (Delsemme 1998a) summarized my earlgun, which is the source of the zodiacal light. This cloud of du:

efforts covering a time span of more than 40 years to unrawitends beyond the Earth; it explains the origin of the dust par
cometary chemistry. | do not want to repeat myself. For thides that enter our exosphere and are gently braked in the up
reason, this review will tell the story of a more recent and moegmosphere, falling slowly without much heating (Delsemm
controversial endeavor that convinced me that the bulk of tA876). They indeed contain prebiotic molecules that will reac
biosphere has been brought onto the primitive Earth by a vahe ground unharmed, as demonstrated later by their chemi
large bombardment of comets. analysis (Brownlee 1985) after their capture by the U2 aircra
We all know that the biosphere is that part of the Earthsf NASA. We will see later why, during the early comet bom-
crust, waters, and atmosphere where living organisms can daardment, this interplanetary cloud of dust was at least 100,0
vive. Since life emerged very early on the primitive Earth, thémes as dense as now and remained a very important source
origin of the biosphere may be intricately linked to the emeprebiotic molecules for the first billion years of the early Earth
gence of life. The historical development of the ideas aboutLater, Chyba and Sagan (1996) emphasized that very lar
the origins of life is much too long to be discussed here. Sufapacts, by exploding into the atmosphere, can also release fr:
fice it to say that comets have been linked early to life’s orinents with unheated interiors. Pierazzo and Chyba (1999) ha
confirmed that delivery of amino acids by large impacts is pos

! Fax: (419) 536 2133. sible. | still think that the interplanetary dust process was muc
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TABLE | unharmed to Earth by comets, from interstellar space throug
Relative Elemental Abundances in Life, in Comets, solar nebula processes, “an intriguing possibility.”
and in the Frost of Space® In October 1980, Cyril Ponnamperuma invited me to a col

loquium entitled “Comets and the Origin of Life,” organized in

Bacteria Mammals Interstellar Volatile fraction

Element % % frost % of comets % Collegg Park, Marylgnd (Ponngmperuma 1981). Although or)l
one third of the participants directly addressed the connectic

Hydrogen 63.1 61.0 55 56 suggested by the title, there was a consensus that marked a tt
Oxygen 29.0 26.0 30 31 ing point in the acceptance of this idea. My paper (Delsemm
Carbon 6.4 10.5 13 10 1981b) discussed with care all the possible locations where li
g:}[gﬁj{' é‘?m %“13 t o 2073 could have emerged and concluded that the early Earth w
Phosphorous 012 013 _ (0.08)  the mostlikely place, because it had not only liquid water, bt
Calcium b 0.23 — — also the proper oxidation-reduction ratio, without free oxygel

but with some free hydrogen that diminished slowly with time;
@ Phosphorus has not been observed in comets; (0.08) is its cosmic abundafegyce the future biosphere went through the optimal conditior
which is reasonably expected to be in cometary Snows. for the emergence of life. Comets had the right chemistry to g

b Calcium is not present in primitive bacteria; its use in shells and skeletO{ﬁ hol tarted. but thi t th
is a recent discovery of evolved animals. € whole process started, but this process cannot go tnrou

¢ This comparison (Delsemme 1978) was done only to see whether there @grnate cycles of polycondensation without using liquid wa
any possible connection between life and cosmic data. ter. In Delsemme (1982), | showed that the production of liqui

water, by the heating of cometary cores with radioactive Al 2€
d no empirical support. It happens that Mg 26, the by-produ
1the radioactive decay of Al 26, has not been detectedlin
1ondrites. These volatile-rich chondrites come from the outt
ringe of the asteroid belt and are in many respects similar to tt
comets that were formed in Jupiter’s zone.

In July 1983, | attended the 7th International Conference o
the Origins of Life in Mainz, Germany, where | suggested for the
first time that the whole biosphere could have been created |
n intense early bombardment of the primitive Earth by comet
glring the first billion years, the immense amount of cometar

st collected by the interplanetary cloud steadily fed the uy
ol atmosphere of the Earth with prebiotic molecules. Such
gFenario explains the otherwise surprising coincidence that li
gwerged as soon as the conditions were no more hostile to

more effective than large impacts to deliver prebiotic moleculg
to Earth, but the pointis that there is no more any reason to do
thatthe delivery to Earth of unharmed prebiotic moleculesis pg
sible, in contradiction to what some biochemists still believe.

CONTROVERSY WITH FRED HOYLE

At the 1977 Welch Conference on Cosmochemistry, in Hou
ton, Texas, | mentioned the surprising similarity of the relaz
tive elemental abundances in comets and in living organis
(Delsemme 1978). This comparison is repeated in Table I. T
very day, Fred Hoyle accompanied me to my hotel room al

bacteria preexisted already in comets. | have told in detail, in tHEe!
popular book “Our Cosmic Origins” (Delsemme 1998b), th urvival (Delsemme 1984). However, | had become aware th

story of my six-year controversy with Fred Hoyle. Because Jpe matter could not be clarified by theory only, but needed en

this contention, | decided in 1977 that it was time for me to leamrical facts rela}ted tothe fOT”".'a“O” ofthe planets. .In particula
more about the origin of life. | am still grateful to Fred HoyleI wanted to clarify: (a) the origin of the Earth's volatiles, and (b)
who was instrumental in this decision the possible role of comets in the Earth’s volatile inventory.

This motivated my attendance at the 6th ISSOL Conference
in Jerusalem, in June 1980. This is when | met Johmforthe PLANET FORMATION
first time and learned that, as a biochemist who had studied the
polymerization of HCN, he had already connected comets withFor this purpose, let us go back to the time before the formatic
the origins of life. At that time, | also heard of a misconceptionf the planets. We know that the nature of primitive meteorite
prevailing among some biochemists who believed that HCN (amdpports the existence of a dust sedimentation from the nebu
not only the radical CN) had been discovered in Comet Hallgys. Dust sedimented to the mid-plane of the planetary nebu
during its 1910 passage. This mistake is repeated in Deamdrere it formed large rings at the distances of the future planet
and Fleischacker (1994). HCN has been identified in cometsWe will consider the case of the giant planets later, and w

radioastronomy more than half a century after CN. discuss first the formation of the Earth. In the rings, the grains
temperature not only depended on the heliocentric distance, |
THE ORIGIN OF LIEE also continuously varied with time. Cameron (1978) illustrate

this feature (see Fig. 1).
My Jerusalem paper (Delsemme 1981a) discussed the naturBuring the accretion of the nebular gas, the temperature ris
and the origin of the organic molecules in comets and called thieadily. It reaches a maximum when accretion stops and ther
fact that prebiotic organic molecules might have been brougfitminishes during mass loss. When the accretion subsides &
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FIG. 1. Temperature evolution of the accretion disk in the zones of planetary formation (from Cameron 1978). The disk temperature is maximum jus
the dust sediments to the mid-plane, where grains will agglomerate into large objects. A cold front able to condense steam into snow appeatsiifstdreyon
zone and moves to the asteroid belt in some 100,000 years, explaining the origin of water in carbonaceous chondrites.

stops, dust is not supported by gas turbulence any more; heti@ it was possible to establish the sedimentation tempel
this is the time when it sediments to the mid-plane. The mastiire of most of the grains that agglomerated later to form th
mum grain temperature comes therefore just at the time when tegrth.
sedimentation is beginning and just before grain agglomerationThe original separation of the C from the S asteroids is sti
into larger and larger chunks. rather easy to see now (Morrison 1977) at a distance of 2.6 Al
In a model such as Cameron’s, the maximum temperaturecause of their slow orbital diffusion. It so happens that th
reached by the grains of dust at a distance of 1 AU is on thédferential depletion of the most volatile metals found in the
order of 700 K. This would already be enough to degas tlearbonaceous and in the ordinary chondrites (Larimer ar
dust before it accretes into larger chunks. If the primitive Earthnders 1970, Anders 1971) points unambiguously to a max
was totally degassed, water and other volatiles must have beaiim temperature of 450 K, at the original distance of 2.6 Al
brought later by objects with more volatile material, such ageparating the two classes. This is the best yardstick known
comets. Of course, we must be wary of models, because tomrmalize Fig. 2.
many of their parameters are uncertain. What is the empiricalln order to assess the maximum temperature reached in t

evidence (Delsemme 1987)7? Earth’s zone at the epoch of dust sedimentation, a tempel
ture gradient is needed for the mid-plane of the protoplaneta
FORMATION OF THE EARTH disk. In the absence of an outside influence, the virial thec

rem implies that this gradient must be exactht. However,
The accretion temperature of the solid grains that form dmwis (1974) has shown that if the empirical aggregation ten
individual planet is not easy to deduce from the planet itsefferatures of the different planets fit rather well with a gradier

because more recent heating due to its gravitation has eraskd 1, then they fit even better with a gradient-e9.9. | con-
early telltales of its formation temperature. Only in the asterotduded (Delsemme 1991) that, at the epoch of Earth’s accretic
belt can we find objects that are small enough not to have beetthe zone from 0.8 to 1.3 AU, the grains’ temperature reache
heated later by their gravitation, because it remained negligibéemaximum varying from 800 to 1500 K. This implies that all
These objects are the source of the meteorites called chondritesd grains located in this zone were silicate and reduced irc
(ordinary chondrites from the S asteroids, and carbonaceauains that had already been thoroughly degassed. All carb
chondrites from the C asteroids). | deduced (Delsemme 19%d3s in CO, all nitrogen in gaseous N2, and all water in stear
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2000 [ T ] 1 plies that it becomes a stochastic process involving a very sm:
Grains of reduced iron and of silicates | number of objects; hence, good predictions become impossib
of iron and magnesium It remains, however, plausible that the total amount of wate
brought about by carbonaceous chondrites was not large. T
composition of the upper mantle is known incompletely, mostl
through rocks from volcanic eruptions.aftKeet al.(1983) con-

—{ clude that, in the mantle, refractory elements are enriched by
Condensation of organic matter factor of 1.3, moderately volatile elements are depleted by fa
- torsfrom 0.1t0 0.2, and very volatile elements are depleted by

to 4 orders of magnitude. No trace has been found yet in the u
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300 N —  per mantle of any impact by a large chondritic asteroid. Mixin
Condensation of in the mantle is not well understood either.
200 - YQatite snows__J In Delsemme (1991), | computed a model assuming that tt
Comets . . . .

asteroid belt originally contained 10 terrestrial masses, that ¢

N dinary chondrites contained no water, and that water in carbon

ool Venus Eamh  Mars  Asteroids,  Jupiter Satgrn\ ceous chondrites grew with their heliocentric distances in the be

! | ! LT——J [; | (namely 1% inC3 chondrites, up to 3.2 AU; 3% i62 chon-
0os 1o 25 =0 100 drites, up to 3.8 AU; and 6% i€1 chondrites, up to 4.4 AU).

This admittedly crude model suggests that we could not ha
accumulated much more than 200 m of a uniform layer of wate
FIG.2. Maximum temperature distribution in the mid-plane of the accrean the primitive Earth. Claims th&1 chondrites may contain
tion disk, found empirically from the loss of volatile metals in chondrites. Thas much as 10% water have now been attributed to terrestr

distance of 2.6 AU separates, in the asteroid belt, the ordinary from the carbona- P : :
ceous chondrites. Thrze two p;ossible temperatur’e gradiems;y(dotted line) \R?ater contamination (Chyba 199_1)' I_Even ifl was mls,taken by
and—1.0 (solid line), are not very different. The cold front that condenses steJﬁ\Ctor of several, the water contribution from chondrites woul
will move from Jupiter’s zone to the asteroids’. The three types of carbonaced@main very small in comparison to our oceans. At this stage
chondrites have been located according to their content of volatile elementsour enquiry, we could rightly wonder where all our water came
from. We would not be alone to be puzzled. Clayton (1999
i wrote: “some water remained in the inner regions of the solz
The accre_:tlon temperature of the protoearth was too hot to retﬁgbula, where it was acquired by Earth and other rocky terre
any volatiles. trial planets, by processes that remé&rgely unknowh (my

emphasis).

Distance to the Sun in AU

RADIAL MIXING

In the later stages of planet agglomeration, radial mixing ex- THE ROLE OF THE GIANT PLANETS
tended further and further (Wetherill 1980, 1990). When the _ _ _ o
radii of the largest bodies reached the range of 4000 to 5000 kmL-€t us remember first that two major scenarios had originall
the radial mixing had spread to a much wider zone going frof$€n Proposed for the formation of the giant planets:
0.5t0 2.6 AU; hence these large bodies were formed from dusy gjiher the immediate formation of giant gaseous protoplar
that, before its agglomeration, reached temperatures from
to 3000 K (Fig. 2). They were therefore still devoid of water and or the accretion of their cores from solid planetesimals

of any volatile fraction. The largest body of this zone, that igyowed by the gravitational capture of a large atmosphere fror
the protoearth, reached from 80 to 86% of its final mass at tim& gaseous nebula.

time. This corresponds roughly to the size of its nucleus plus its
deep mantle, defined by the well-known seismic discontinuityhe first process assumes a gravitational instability in the nebul
at a depth of 660-670 km (Jackson 1998). whereas the second process implies that large solid cores wi
The last 17% of the Earth’s mass, which roughly correspofiigst collected by sweeping solid planetesimals. It was differer
to its upper mantle, represent the results of the final stagesfrafim the agglomeration of the terrestrial planets only becau:s
its accretion in which large objects were brought either frothe giant planets’ solid cores were able to grow early to a ma
very hot places, closer to the Sun than 0.5 AU, where they hiatge enough for their gravitation to capture giant gaseous atm
lost more of their volatile metals, or from colder places, beyorgpheres from the solar nebula (Pollack and Bodenheimer 198
2.6 AU, where the carbonaceous chondrites become more and@he masses of the giant planets’solid cores have now be
more prevalent. Wetherill (1991) rightly argues that in the asvell determined (Hubbard 1984). They are all of about the san
teroid belt, very large chondritic objects can form and be latsize, just beyond the minimum value required for the captur
ejected by resonances with Jupiter’s period; some might hasfea large atmosphere; this is a strong argument in favor of tt
hit the protoearth. The large size of these accreting bodies isecond process. For this reason, the first process, which may <
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work for more massive objects (like double stars), is no mormrmal) but it helped me to understand that the process was ve
considered a serious possibility for the primitive solar nebulmefficient; comets had to bring many times more water than tt
In the second process, this is no more a coincidence that lapgesent amount of seawater.

solid embryos start outward from the distance of Jupiter, becausé¢ had not yet understood these features when | publishe
water and volatiles condense onto solid grains and make myElelsemme 1991) a minimal assessment of the amount of w
heavier planetesimals at that very distance (Fig. 2); these heatgrbrought to Earth by Jupiter’s and Saturn’s zones. | assum
planetesimals are of course comets because of their high conterdngly that, in a first approximation, | could neglect Uranus
of water (40-50%) and of more volatile material (10-20%). and Neptune. | could already expldimicethe amount of water

The growth process of these embryos was quantitatively dggesent in our oceans, and an efficiency of 50% did not loc
scribed by Safronov (1969, 1972). Safronov uses his approagtlikely to explain the ejecta to space of each collision. Late
to explain the origin and compute the mass of the Oort clou@elsemme 1992c), | completed my model with the comets con
He shows in particular that the mass of the comets availalitg from the zones of Uranus and Neptune and also enlarged |
in the giant planets’zones is probably 6 or 7 times the massmasses of the solid embryos used by Safronow, with better de
the solid embryos of the giant planets. During the agglomereeming from Hubbard (1984). My new result is six times the
tion of these solid cores, as soon as one of them reaches a aim®unt of our seawater. This is consistent with the large hype
of a few terrestrial masses, most of the embryo-grazing cométdic velocities of comets scattered by the growth of the giar
that miss collision are ejected at hyperbolic velocities to infinitplanets’ embryos. Later, | inadvertantly introduced a numeric:
Jupiter has ejected to interstellar space more material than amgtake in the model and found 16 times the amount of seaw
other planet, whereas more than half of the Oort cloud mass vied The mistake is repeated again in Delsemme (1997). Table
supplied by Neptune, but only 4% by Jupiter (Delsemme 199@jives the correct figures.

Since the comets were ejected at random, a sizeable portion o his is also consistent with a large atmospheric erosion, whic
them escaped by first crossing the inner Solar System, bombandplies giant vapor plumes after practically each cometary i
ing all objects, planets, and satellites that were in their path, gpact. Melosh and Vickery’s (1989) model of the mass of a vapc
bringing water and volatile elements to the rocky terrestrial plaptume is consistent with my results, with the understanding th
ets. How does this process compare to the late stages of accrettieir model as well as mine are rough approximations. Othi
from rocky planetesimals onto terrestrial planets? It deals wiélvaluations confirm the order of magnitude of my results. Mats
a much larger initial mass and implies much larger (hyperboliend Abe (1986) find that comets brought down to Earth for
velocities for the collisions with the terrestrial planets. times as much water as the present mass of our oceans. Ferr
dez and Ip (1983) have revised upward Safronov’s evaluatior
Ip and Fernandez (1988) find now ten times as much water
the mass of the oceans. Consistency is achieved since our res

Using recent data (Hubbard 1984), | found a total of 74 Earff€ all within a factor of 2 of the mean.
masses for the solid cores of the giant planets, meaning th 'tl'able Il also shows that more than 85% of the total amour
the total mass of the comets that had accreted in the zoJegSaWater comes from Jupiter's zone. More recently, | show
of the future giant planets was between 400 and 500 Ea else_mme 19?9) that the _correct figu_re is 87%, by usin
masses (Delsemme 1992d). This enormous amount must afsui and Abe’s (1986) orbital data. This neglects the even
compared with only a few (less than four or five). Earth masses
in the region of the terrestrial planets. Using Safronov’'s model TABLE Il
(Delsemme 1995b) | also found the root-mean-square (r.M.Sphjckness of Uniform Layer Brought to Earth by Late Impacts
relative velocities, at steady state, of those comets that were
considerably deflected when they barely missed an impact witlorigin Chondritic Carbon
a growing embryo. These velocities grow in proportion to theof layer silicates Water compounds  Atmosphere
growing size of each embryo. They reached up to 35 km/s with

. . .. From carbonaceous chondritic asteroids (2.6 to 4.4 AU):
the embryo of Jupiter, 30 km/s with that of Saturn, 27 km/s wit 2.0 km 0.20 km

HYPERBOLIC VELOCITIES

that of Uranus, and 28 km/s with that of Neptune. These rela- . eted in the zones of- 0.10 km

tive velocities must of course be added vectorially to the orbitafJupiter 3.0 km 11.0 km 40 km 600 bars

velocity of each giant planet. Saturn 1.0 km 3.0km 1.0 km 140 bars
The comets that were ejected in orbits going in the directionUranus 0.15 km 0.5 km 0.15 km 23 bars

of the terrestrial planets had their velocity increased by theirNeptune 0.06 km 0.2 km 0.06 km 10 bars

fall to the Sun, so that those that hit the Earth had an averatals 6 km 15 km 5km 770 bars

r.m.s. velocity beyond 42 km/s. Most of the collisions with the

Earth will produce eiecta velocities bevond the escape veloci Note.Specific gravities assumed to be 2 for carbon compounds and 3 f
will'p u J v i Yy pe v gi)(cates. The water layer is 5.8 times the amount of our oceans. These estime

from the Earth. Of course my moqel iSf sir_npli.stic (Safron@V’s go not take either impact erosion or the Moon formation into account (fror
is assumed to be 1 and the velocity distribution supposed toixesemme (1992c)).



318 ARMAND H. DELSEMME

that induced the formation of the Moon, which will be discussed Moon | I
later. At any rate, our discussion implies that the isotopic fea- formation

tures found in seawater are mainly derived from comets tha
originated in Jupiter’s zone.

THE LUNAR IMPACT RECORD

oon {g/10° year

The Basaltic Volcanism Study Project (1981) confirmed theé
similarity of the cratering on the Moon, Mars, and Mercury. =
In particular, the density distribution versus size of the cratersg
was similar on the three bodies. It confirmed that the cometan®
bombardment was massive and took place early and about at tl—g
same time for the three bodies. The lunar impactors’ mass wag
much too large in the first 700 million years to be explained onlyg’ 7
by the mass of protoplanetary bodies (Wetherill 1980) formed
in the inner Solar System.

The only accurate chronology was drawn from lunar data. The 16
lunar rocks brought back by the Apollo and the Luna missions  age 0.5
have been dated by their radioactive isotopes (a measure of the.,  2ém
SO"_diﬁcation ages). This pro_"ides the date,s a.t which differemFlG. 3. The cumulative flux of the lunar impacts has been deduced fo
regions of the Moon were still covered by liquid lava that hagiterent regions of the Moon from the observed crater density. The radioacti.
obliterated any trace of the previous craters; hence, it is thg of lunar rocks brought back to Earth gives the epoch at which previous ir
time from which the cumulative counting of impact craters cargcts were erased by molten lava. The four straight lines are the four exponen
be done. These data were published by the Basaltic Volcanig?ﬁays‘of the comet fluxes coming fromthe zones of the giant planets. Aﬁer tl
Study Project (1981). | used them (Delsemme 1997) to Compﬂrst billion years, the tot_al rz_ate of lunar !mpacts is ab'out a factor o_f two hlghg

y J . ) %@n the cometary contribution (dotted line), suggesting a cumulative asteroic
the cratering rates on the Moon with a model of the orbit@hntribution of 2x 1?1 g.
diffusion of comets coming from the different zones of the four
giant planets. For this purpose, | needed first an approximate
chronology of the Solar System. Table Ill shows the adopte#ironology. This table also shows the half-life for the depletiol
ofthe comets’ numbers in the different zones of the giant planet
coming from their orbital decay.

Only the half-life in Jupiter's zone was computed; the othe
half-lives were assumed to be in proportion to the orbital perioc
of the giant planets. This model is shown in Fig. 3. The fou

18

1.0 1.5 2.0 2.5
Age of the solar system (bn years)

TABLE 111
Time Scales for the Early Solar System

Chronology for the beginning of the planetary system

Dust sedimentation from gaseous disk Age zerdstraight lines on this logarithmic diagram show the exponentic
(4.56 B years ago, deduced from chondrite ages) decay of the cometary impacts coming from the four differen
Largest planetesimals reach 10 km 10000 yeargones of the giant planets.
Size distribution of planetesimals, 50 to 500 km 100000 years The gm of these four exponential decays is shown by the dc
Runaway agglomeration for Jupiter’s embryo 1 million yearst dli Th th lati t fi { teri
Thirty-odd protoplanets (from Moon to Mars size) 1 million years e '_ne' ecrosses ar_e € Cumu alive rates O Impact crateri
in the zone of the terrestrial planets published by the Basaltic Volcanism Study Project (1981). Thes
Runaway agglomeration for Saturn’s embryo 2 million yearcrosses represent error bars: vertical for crater counting and hc
Dissipation of nebular gas finished for 98% 5 million yearszontal for the date when previous craters were erased by lava. T
Runaway agglomeration for Uranus’ embryo 7 million year

ood fit of the model for the first billion yearsis helped by the log:

Runaway agglomeration for Neptune’s embryo 14 million year§’ . .
Earth’s core formation 42 million years arithmic scale, gnd an accuracy of a factor of 2 on the cometa
(Earth’s accumulation is finished for 85-90%) masses may still be wishful thinking. However, the very large
Formation of the Moon (grazing impact) 50 million yearsintensity of the lunar impacts seems to be correctly predicted
Half-lives for orbital diffusion Ieas.t for the f.|rst 700 m|II!on years; the go.ntrllj.)utlon.of stony (as
Comets from Jupiter's zone 50 million years te€roidal) bodies to lunar impacts, even if it existed, is completel
Comets from Saturn’s zone 120 million yearshidden by the huge intensity of the cometary contribution dut
Comets from Uranus’ zone 300 million years ing most of the first billion years. After this epoch, crosses ar
Comets from Neptune’s zone 600 million years

consistently higher than the cometary model, suggesting a ratt

Cometary bombardment of Earth, complete for 99% 1 billion years “ y g " - y 7 99 . g
Steady “asteroidal” contribution of about&10 g per million

Note.The dates for the Earth's core separation and the Moon's formation &€@rs. It is obvious that the Earth and the Moon are sufficientl

in agreement with recent radioactive determinations @tes. 1997). close to each other to have shared the same density of comet
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and asteroidal impacts (with proper corrections for the diffethe same result); in particular, any sizeable contribution fror
ent gravitations). Here on Earth, erosion and weathering haseerbonaceous chondrites is ruled out in our atmosphere by t
obliterated all telltales of this early bombardment. Lunar impaptesent results (Swindle 1988).
cratering is the best empirical evidence of what happened on the
Earth during the first billion years of its existence. SIDEROPHILE METALS

Chyba (1987, 1991) has published extensive discussions on
this very subject matter. His statement that the oceans wouldComets brought to Earth not only water and gases, but alsc
have been filled during the first 700 million years if only 10%hin veneer of siderophile metals in cosmic proportions. Thes
of the impactors had been comets can be interpreted as meamiregals were brought to Earth after the formation of its iror
that if 60% of the impactors were comets, then six times tlwore (see Table Ill). This explains why these metals were n
amount of seawater would have been brought down to Earthelted with iron to disappear into the Earth’s core. If it had hag
This is consistent with my results. Chyba seems to be reluctaetned, siderophile metals would have been irregularly deplet
with this conclusion, because he demonstrated the difficulty iof the crust where they would have lost their cosmic relativ
ejecting large masses of water from the Earth to space. Thipi®portions. Chyba (1991) has carefully discussed the terre
true only if hyperbolic comets are ignored; Safronov’s meclial mantle siderophiles; however, he points out that numero
anism implies a very large fraction of hyperbolic comets thatcertainties render exact (numerical) comparisons pointless
passed only once through the inner Solar System before hgree: the only solid ground is the cosmic relative proportion:
ing permanently lost to space. This being taken into accounthich establish that siderophile metals were brought to Ear
there are now four independent models that concur with the féogt a cosmic process at a more recent time than the Earth’s c
that four to ten times the mass of seawater was brought dofenmation.
to Earth by comets ejected by the growth of the giant planets’

embryos.
THE PRIMEVAL BIOSPHERE

HEAVY NOBLE GASES Comets brought an average of 45-50% water by mass (a
possibly more for the comets brought from Jupiter’s zone); 13
| have also discussed (Delsemme 1997) the empirical cd6% of volatile compounds containing carbon including CO
firmations derived from geochemistry and geology. There a@0,, and volatile organics (4—5% with N), plus 13-15% of re-
first the isotopic patterns shown in our atmosphere by the abdiractory organics, and 22—26% of silicates. Table Il (Delsemmn
dances of krypton and xenon. Their independent fractionatioh897) shows that, after water condensed into the oceans, the
can be explained only by a low-temperature trapping in ices. Amospheric pressure would still have reached an extremely hi
extreme form of gas trapping is the existence of gas clathrateslue if the formation of solid carbonates had not already begu
Their presence in comets has been proposed (Delsemme dnder high pressure, GQOs increasingly soluble in rainwater,
Swings 1952) to explain why comets simultaneously releabecoming carbonic acid #€0;. During the slow cooling of a
gases with very different vapor pressures at the same helery hot early atmosphere, long-lasting torrential rains tran:
centric distance, which otherwise is inexplicable. The geneffarmed silicates extant in rocks into solid carbonates, most
problem of gas adsorption by snows was studied in the lab limestone (carbonate of calcium) and dolomite (carbonate
Delsemme and Wenger (1970) and in comets by Delsemme aattium and magnesium).
Miller (1970). Bar-Nuret al.(1988) and Bar-Nun and Kleinfeld  Major ancient sediments of limestone and dolomite exist th:
(1989) have confirmed our interpretation by studying in the labre 3.8 billion years old, for instance in the southwest of Gree!
oratory the clathrate enrichment factors of the isotopes of kryland; they are among the most ancient sediments known. If
ton and xenon at the temperatures of 30 to 75 K expected in the ancient sediments were heated enough, they would form
outer ranges of the Solar System. Owen and Bar-Nun (19%8mosphere of C©comparable to that of Venus (Delsemme
remark that our atmosphere cannot have been entirely fornfB2b, 1998b). The higher temperature still extant on Venus e
by comets in that temperature range, because krypton and xeptains why the total amount of CGrought by comets is still in
are not abundant enough in our atmosphere. its atmosphere and not in carbonate rocks.

Indeed, only 8% of the comets came from Uranus’ and The most characteristic feature of an early atmosphere d
Neptune’s zones; 12% came from Saturn’s zone, where thiyed from comets is its intermediate state of oxidation and re
accreted at a temperature of about 130 K (see Fig. 2) and 8@¥gtion (its redox ratio, as chemists say), which is maintaine
from Jupiter'zone (225 K). At such atemperature, the icy graity the steady arrival of more comets during the first billior
had ample time to vaporize their noble gases before accretirgars. When the cometary bombardment subsides, photodis
into comets. The important fact is the separate patterns of tiation of many molecules by the solar ultraviolet in the uppe
isotopic distribution for krypton and for xenon, coupled witlatmosphere releases hydrogen that steadily escapes from the
the xenon to krypton ratio that cannot be explained by anythilngphere, changing very slowly the redox ratio to more and mo
but clathrates (or trapping in amorphous ice, which producesidations and less and less reductions. The early conditio
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were particularly favorable for the emergence of life, as soon asFrom this discussion, it makes sense to accept that the de
the environment was no more hostile to its survival. terium enrichment observed in the water of recent come

After a while, the two prevalent molecules extant in the atm@Halley, Hyakutake, and Hale—Bopp) is that of the frost of in-
sphere were more and more £€&nhd less and less CO. The soliderstellar grains that have been kept cold enough, before bei
carbonate formation made the atmospheric pressure drop dexgglomerated into chunks large enough not to exchange de
tically, which considerably increased the relative proportions tdrium with the outside gas. This would be the case for come
nitrogen. that accreted in the zones of the outer giant planets or beyond

the Kuiper Belt. It so happens that 96% of the comets arrivin
THE DEUTERIUM EVIDENCE from the Oort cloud originated in the zones of the outer giar
planets (Delsemme 1999).

Deuterium is an unstable isotope at thermonuclear temperaSince the deuterium enrichment in the water of three recel
tures, in the sense that it burns easily to form helium. Its mecemets is the same, within the error bars, we accept the val
presence in the Universe is an anomaly that has only been fund for Comet Halley, which has been particularly well mea
plained by the hot Big Bang theory. In the Big Bang, arounsuredn situ. This enrichmentis close to 320 ppm, thatis 16 time:
one billion degrees, hydrogen first formed a very large amouthiat of hydrogen in the protosolar nebula (using the atmospher
of deuterium, which combined immediately with itself to fornof Jupiter and Saturn as a reference). This is twice as much
helium. However, the quenching of the Big Bang was too rapskawater, which is close to 160 ppm, or 8 times the primitiv
to reach a thermonuclear steady state. This left traces of uncorabular hydrogen. A few years ago, astronomers who found tt
bined deuterium, probably more than 20 but less than 30 pmliscrepancy were reluctant to accept that comets were the or
(parts of deuterium per million hydrogen). This is the origin afource of seawater, and several popular reviews propagated t
all the deuterium still in existence. doubt.

Since deuterium cannot be created any more, but can burn ea§he second source of seawater stillwas comets, but of a diffe
ily inside stars, its abundance has diminished irregularly. Thezat kind (Delsemme 1998d, 1999), since they agglomerated
is still a variable abundance of 5 to 15 ppm of deuterium iupiter's zone; not only were they formed in a warmer zone tha
nearby interstellar clouds. However, the atmospheres of Jupitee other comets, but they createckdd wallthat condensed all
and Saturn bear witness that its abundance, when these atsteam vaporized in the hotter zones of the inner Solar Syste
spheres were captured some 4.5 billion years ago, was still cl¢Seevenson and Lunine 1988, Gatral. 1998). There, the deu-
to 20 ppm. Our seawater contains about 160 ppm of deuteriut@rjum enrichment was six (Fig. 4, from Geiss and Reeves 198!
that is, an enrichment of about eight times, in respect to the hy-Atthe temperature of Jupiter's zone (about 225 K, from Fig. 2
drogen of the solar nebula. This enrichment probably remainsutral-exchange reactions are rather sluggish. However, t
the best clue that the total amount of seawater was broughtsteam coming from the hotter zones of the inner Solar Syste
the early Earth by comets. (where neutral-exhange reactions were much faster) had alrez

For water, two types of enrichment processes must be distireen depleted in deuterium down to an enrichment between
guished. The first one exchanges neutral atoms or moleculkasd 3 (from Figs. 2 and 4). Standing in contrast, because of tl
whereas the second one uses ions to exchange electric chargjeggishness of the neutral-exchange reactions, the icy mant
All neutral exchange reactions are very sluggish at cold temfthe interstellar grains still presentin Jupiter’s comets had the
peratures, because they all have potential energy barriers tetterium enrichment depleted only to an intermediate valt
can be overcome only by heat. In ion—molecular reactions, thetween 16 and 6. As indicated by the two opposite arrows c
high ionization energies easily cross these barriers; hence Hig. 4, the steady-state value of 6 acted as a common attrac
reactions remain fast down to the vicinity of the absolute zeron the two fractions. Even if none of the two fractions reache
For this reason, they are effective in interstellar space. Howeuieir steady state, itis likely that the mixture was very close to ¢
neutral reactions may accelerate millions of times if they are Another scenario is to reach rapidly the chemical steady sta
helped by an ionizing radiation. by the use of far-ultraviolet or X rays from the early Sun. If

The only known source for the deuterium enrichment in seany ionizing radiations hit the relevant snows at any time, the
water is the same as in comets and meteorites, namely, the @rarge-exchange reactions act as a catalyst and the kinetic:
richment of water frost covering the interstellar grains. Thigccelerated by a huge factor (typically, millions of times). In this
enrichment process is understood for water. However, in intease, the kinetic constants measured in the laboratory for neutr
stellar space, many ion—molecular reactions compete and s@rehange reactions byekcluse and Roberts (1994) cannot be
of their rate constants remain uncertain. Finally, the kinetics o§ed any more and the steady-state value of a sixfold deuterit
many reactions have such large time constants that the chem@aichment is immediately reached in Jupiter’s zone on snov
steady-state may never be reached. At the present time, all thigany origin.
can be said is that the enrichment in deuterium of the frost cov-Hence, whatever the scenario, there is not much doubt on t
ering interstellar grains is high; it is certainly more than tenfolthct that comets from Jupiter’'s zone had a deuterium enrichme
but could easily reach 20-fold. of sixfold. We have not yet observed any; most were ejected ¢
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The observed eightfold enrichment of seawater constrains t
16 time when the Moon'’s formation vaporized all the oceans. It
6 50 million years after dust sedimentation. This result is in goo
agreement with a recent determination of the Moon’s forme
tion age from radioactive data, namely (&@0) million years,
obtained from lunar rocks by Les al. (1997). Using the uncer-

N N I "C‘Hl\m'cm'ménc TIHES made the bulk of the early Earth’s bombardment subsided mu
o ! picbions OIS | | o neUTRALTEXEMNCE  faster than the comets from the outer planets (their half-life fc
- Leenrhe | 1 cHERICAL EQUILIBRIUT  orpital diffusion was 50 million years only, see Table Il1). For this
S5k RIES e, reason | computed (see Table IV) the mixture of the seawat
. F ‘1 \L coming from Jupiter and from the outer planets as a functic
> 0 “5 of the epoch of the Moon’s formation. This assumes that th
G2k \1{; D/H EnmicHnENT catastrophic impact that formed the Moon also ejected all tt
E 1o NEUTRAL EXCHANGE water preexisting on the Earth before that date. The last colur
B \E\ N Eeriance EQUILBRIUH of Table IV also gives the residual deuterium enrichment of oL

= E \E N\ g REACTIONS ,L seawater.
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07 [“OALACTIC Hp TODAY— ===~ _’ tainty of this determination to compute the error bar, | find a pre
dicted deuterium enrichment for seawater 0®(B:0.14), which
THBN U N S VNS S W S coincides well with that measured for standard mean ocean w
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ter (7.8 £ 0.2, Delsemme 1999).
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FIG. 4. Deuterium enrichmentin water (and in methane) in respect to pro-
tosolar hydrogen (represented by its 20 ppm ratio measured in Jupiter’s atmo-

sphere). Its temperature dependence from neutral-exchange and ion—-moleculyy First. the evidence is based on the existence of massi

reactions comes from Geiss and Reeves (1981). The curves are the chemj . S .
equilibrium values. The D/H enrichment of 16 is the mean in recent come 8'Hd cores of high Z material in the giant planets, all of abot

An enrichment of six is predicted for the chemical steady state of Jupiter’s zoﬁi}e same size. These cores can be best explained by the ac
comets, whatever the origin of their water—snow mixture or the kinetics of t&&n of solid grains that sedimented to the mid-plane of the nel
deuteriun-exchange reactions; 80% of Jupiter's comets and 20% of other comg®sr disk, exactly as for the terrestrial planets. The four soli
(predicted by geometry) produce seawater. cores were massive enough to attract a large gaseous atr
sphere; it did not occur completely for Uranus and Neptun
hyperbolic orbits to interstellar space, and comets coming bagkly because of the early dissipation of the nebular gas (s
from the Oort cloud include only 4% of them (Delsemme 1999 able I11).
Eventually, we will observe one of them, if we are patient. e The building of these massive solid cores from comet
that accreted in the giant planets’zones provides a mechani
to bring water and other volatiles onto the terrestrial planet

) _ ) Comets were deflected on hyperbolic orbits by the growin
The deuterium enrichment of seawater has been mﬂuenqgﬁles and they mostly escaped to outer space. A fraction

by the formation of the Moon because Jupiter's comets that fifgt escaped through the inner Solar System, but some hit

inner planets. In spite of the inefficiency of the collisions, thei
mass was large enough to bring all the water and volatiles on t
terrestrial planets.

e The cratering record on the Moon, Mars, and Mercury cor
firms this early massive bombardment, which must have reach
the Earth as well.

SUMMARY OF THE EVIDENCE

FORMATION AGE OF THE MOON

TABLE IV
The Eightfold Deuterium Enrichment of Seawater Puts Limits
on the Formation Age of the Moon

Share of seawater’s origin

Epoch of moon Final D/H

formation From Jupiter's From outer planets enrichment o The lunar cratering shows exponential decay rates cons
tent with the decay of the comet numbers coming from the gia
0 87% 13% 7.3 lanets’

50 M yr 80% 20% go  Planets zones. _ _
100 M yr 73% 27% 87 e Thelarge mass ofthe early lunar bombardmentis consiste
150 M yr 65% 35% 9.5 with the comets’ mass coming from Jupiter’s zone.

200 M yr 55% 45% 10.5 e The nature and the amounts of the volatiles brought abo
250 M yr 45% 55% 11.5

by comets are consistent with the atmospheres of the Ear

Note.This result is in agreement with a recent determination of the Moon’y_enus_’ and Mars (taklng into account their different evolutionar
formation age from radioactive data: (50) M yrs obtained from lunar rocks histories) as well as with the traces of frozen water found ne.
by Leeet al.(1997). Age zero is defined in Table III. the poles of the Moon and Mercury.
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e The comet bombardment also explains the origin of aflot come from comets, but from carbonaceous chondritic aste
carbon extant on Earth in solid carbonate sediments as wellagds. My model shown in Table Il finds that only 1% of water
in organic compounds. came from such a source. Of course, we must remain wary

o It also explains the late origin of the siderophile metals isuch models; what is the observational evidence?
the Earth’s crust and upper mantle. These metals are in cosmi¥/e mentioned earlier in the section on Radial Mixing that ir
proportions; this implies that they arrived late enough not to hatlee mantle the refractory elements are enriched and the volat
been depleted by the formation of the Earth’s core, in spite efements are depleted with respect to chondritic ratios. No tra
their affinity for iron. Their total amount on Earth or on the Moorhas been found in the upper mantle of any impact from a larc
is not known with accuracy and hence cannot be compared withondritic asteroid.
the cometary bombardment. There are, however, two quantitative proofs that a very larg

e The anomalous and decoupled fractionations of the six idoaction of our biosphere has been brought to Earth by come
topes of krypton and of the seven isotopes of xenon in our atamly:
sphere cannot be explained by any evolutionary history on the - : : .
Egrth, butonly bytheiir)trapping%n sr?ows atthe |O\)I/V tempgratures(l) our correct prediction of the deuterium enrichmentin see
of cometary formation (30—75 K), in the zones of Uranus angee’ . . .

Neptune. Moreover, the large amount of comets that accreted aQZ) the explanation of the atmospheric ratios of krypton an
225 K in Jupiter's zone and the smaller fraction near 130 K

Saturn’s zone may explain the low abundance of krypton amhe first proof is rather decisive. The 16-fold enrichment o
xenon in our atmosphere. Since observational data on krypigsuterium has been accurately measured in the water of Con
and xenon in comets are missing, their accurate abundancesiéley, and the sixfold enrichment at 225 K has been establish
the atmosphere cannot be predicted; however, the evidence bdgsd the accurately known thermodynamic equilibrium in the

on their anomalous ratio is compelling. exchange reaction:
o Finally, the deuterium enrichment of seawater remains one
of the best signatures of the cometary origin of our biosphere. Its H,0 + HD = HDO + H,.

interstellar enrichment was modified in the comets of Jupiter's
zone, possibly by the condensation of steam vaporized in

_hotter zones C.)f the inner Solar S)_/stem or, alternately, by Y%is not critically sensitive (Fig. 4). The initial ratio of 8I3 is
ing the catalytic effect of .far ultraviolet or X rays of th? earlybased onthe orbital geometry of the giant planets. A few hundre
Sur_l. Th? deduced formation age of the Moon agrees with reCilfiion years later, the random walk of comets among the oute
radioactive data. giant planets (Weissman 1999) may blur their origin and chanc
their rate of capture in the Oort cloud, but this is not relevant t
DISCUSSION the initial geometry that produced the early terrestrial impacts
The smaller ratio of 820 comes from the age of the Moon,
The large mass of the solid cores of the giant planets is a sindependently established from radioactive data (Table IV]
warrant that a bulk of solid icy planetesimals (that is, cometg)ence the (80+ 0.14)-fold enrichment predicted for seawater
accreted from interstellar grains in the outer zones of the 9e-reasonably accurate; its agreement with observations wot
lar System. The orbital scattering and ejection of comets duridgsappear if another significant source of seawater had a d
the agglomeration of the solid cores is a direct consequencdeient deuterium enrichment. Of course, so@ie chondrites,
it, but neither the total mass of ejected comets nor their releming from the outer fringe of the asteroid belt, might alsc
ative velocity distribution (Safronov parameter close to 1) contain water with a similar deuterium enrichment. This may
is known with accuracy. Mass estimates from impact sites dlecome a matter of semantics, because these chondrites mi
the terrestrial planets and the Moon cannot be assessed wighchemically indistinguishable from the comets originating ir
much accuracy either, although they are consistent with a ndapiter’'s zone (typically from 4.4 to 6.0 AU).
jor cometary bombardment, within the first billion years. This Incidentally, the lower deuterium enrichment of seawatel
is also consistent with our atmosphere, our seawater, our with respect to that of recent comets, indicates that interstell
ganic compounds, and the cosmic proportions of our siderophijeiins exchanged their deuterium freely with the nebular hy
metals. drogen, without being impeded by their enclosure inside large
Consistency is not proof. At least a fraction of the impactotsodies. This is the first observational proof that these grair
can be asteroids or even planetary embryos (Wetherill 1991) deached the nebular disk before accreting into larger chunks (t
tached from the asteroid belt by resonances with Jupiter’s perioaimets).
ofrevolution. Whatis the importance of this fraction? As far asits The second proofthat our biosphere came mainly from come
mass is concerned, it could easily explain a rather large amoismthe oddity of the krypton/xenon ratio that has not been ex
of our outer mantle, but the real question is rather to know tipdained by any other process, but an adsorption in very col
fraction of our waters, carbon, nitrogen, and atmosphere that dimimetary ices that must come from Uranus and Neptune’s zon

LPﬁe temperature of 225 K is based on empirical data (Fig. 2
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The dilution of these noble gases in our atmosphere is in agraethose distances where comets may agglomerate, might b
ment with the scenario that, when the frosty interstellar graimgcessary condition for the emergence of life elsewhere in tl
reached the zones of Jupiter and Saturn, they had already beiverse, because they might be needed to scatter comets &
come too warm and had released their noble gases before theeimake biospheres (Delsemme 1995a).
accretion into larger chunks. In these highly personal reminiscences, | could not mentic
The possibility of a radial migration of the outer giant planetthe large number of scientists whose work has influenced n
soon after their formation has been reconsidered by Thomniksking and shaped my ideas. The slow progress in science
et al. (quoted by Owen via oral communication at the Hawalike the assemblage of a gigantic jigsaw puzzle involving to
Meeting on Bioastronomy, IAU Commission 51 in August 1999)arge an amount of players, in particular when we deal with a
Its consequences for our scenario seem to be negligible; Jupiteerdisciplinary approach like this one. The cometary origin o
is too massive to have migrated significantly; the other embrythe biosphere is an idea that has come of age in the second hal
must have accreted between 10 and 15 AU, implying that thee 20th century and which seems now rather well establishe
87/13 ratio should start at 835 (Table IV). But this effect di- Of course, nothing is ever certain in science, since its progre
minishes during the radial migration of the outer planets arnsl steadily reached by trial and error. Last year’s doubts abo
must have become negligible after 50 million years (formatiahe origin of the deuterium enrichment in seawater are a goc
of the Moon). example of the process. | am glad to have clarified the situatio
The oddity of the Kr/Xe ratio comes from interstellar space; it
can be preserved at 15 AU by a slow desorption kinetics during
cometary accretion, but partial desorption may also explain its
d”uF'On in the Ear_th’s gtmosphere. . | thank a referee for very useful comments. | am also grateful to the Divisio
Finally, theoretical difficulties in accreting large cores for theyr planetary Sciences of the Americal Astronomical Society to have honore
giant planets, as well as new doubts about their core massessby its award of the Kuiper Prize for 1999.
have led Alan Boss and others to reexplore the alternative of
gravitational instabilities to trigger the formation of the giant
planets. Even if this new paradigm is true, comets are needed to
explain the excess of heavier elements in giant planets’ COr&Rders, E. 1971. Meteorites and the early Solar Sysfem. Rev. Astron. As-
as well as the existence of the Oort Cloud; hence the source afophys.9, 1-34.
the biosphere is likely to remain unchanged. Anders, E. 1989. The prebiotic organic matter from comets and asteXaitise
However, | think there is an easy solution to the theoretical342 253-257.
difficulties. Models do not take into account that the accretirigar-Nun A, and 1. Kleinfeld 1989. On the temperature and gas composition
objects are comets that contain at least 60% water and volatile&}e region of comet formatioticarus 80, 243-253.
In each zone, there will be first several growing embryos; befdgar-Nun, A, 1. Kleinfeld, and E. Kochavi 1988. Trapping of gas mixtures by
any of their masses reach that of the Earth, the heat previous/§MerPnous water ic&hys. Rev. 88, 7749-7754. _
dissipated by early impacts will have vaporized a massive aﬁ%flaltlc Volcanism Study Project 1988asaltic Volcanism on the Terrestrial
. . anets p. 1288. Pergamon Press, New York.
eXtended. atmOSpher.e arou.nd each of them, which wil dampl?rgwnlee, E. 1985. Cosmic dust: Collection and reseafsin. Rev. Earth
the velocities of grazing objects. Planet, Sci13, 147-173.
Hence the growing gravitation of the embryos will not Scatt%ameron, A.G.W. 1978. Solar accretion disk and planetary formati@ridyin
their relative velocitienoughto make them fling apart; they of the Solar Systeifs. F. Dermott, Ed.), pp. 49-74. Wiley, New York.
will finally merge to form a single large core. | hope a theoristhamberlin, T. C., and R. T. Chamberlin 1908. Early terrestrial conditions th:
will use my suggestion to check that the large cores of the giantnay have favored organic synthes$gience?8, 897-911.

planets may indeed form. Chyba, C. F. 1987. The cometary contribution to the oceans of primitive Eart
Nature330 632—635.

Chyba, C. F. 1991. Terrestrial mantle siderophiles and the lunar impact reco
CONCLUSION Icarus92, 217-233.

) Chyba, C. F.,, and C. Sagan 1996. Comets as a source of prebiotic orga
The past 25 years have brought more and more evidence thatolecules for the early Earth. Bomets and the Origin and Evolution of Life
an intense bombardment of comets has brought to the Earth mo#t J- Thomas, C. F. Chyba, and C. P. McKay, Eds.), pp. 147-174. Spring
of our seawater, most of the volatile gases present in our atmg¥e"ag NewYork. _
sphere, and most of the carbon extant in the carbonate sedimé&ffRgon: R- N. 1999. Primordial wate3cience285 1364-1365.
as well as in the organic molecules used by life. In short OEyr, K. E., W. D. Sears, and J. E. Lunine 1998. Distribution and evolution o
biosphere has been brought by comets aIIowing. life to en,1erg water ice in the solar nebula: Implications for Solar System body formatior

" : : S0t arus 135 537-548.
as soon as the conditions were no more hostile to its SurV|VB!§amer, D. W, and G. R. Fleischacker (Eds.) 199dgins of Life Jones and

This explains why life emerged so soon. Bartlett, Boston. [Quotation about HCN, p. 135.]

The process could have occurred many times on rocky plangtssemme, A. H. 1975. The volatile fraction of the cometary nuclezsus
elsewhere in space. The existence of cold giant planets, accretirag, 95-110.
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