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ABSTRACT

The Junar cecord pravides a means of estimating post-aceretionary et infuences
an the eacly Earth and a comparson with what we can wiore directlhy inler from the
Carth’s vwn rocks, o the pered Teom sbent 3% woabant 3.8 Ga dere sas consider-
able impacting on the Moo with evidence lor concurrent marine sedinteniation an
Earth. This was & tme interval in which the impaster Gux o the lunar surface was
rders of magnitude greater than the present fle massive Impacts as well 9z an
enhanced background flux of extruerrestrial matter should have Hewise #lfected the
surtace ol carly Eorlh. As vel, no unequivocal evidence Tor a ~Late Heavy Bombard-
ment of the Eath™ has been established from direet mensirement of terrestrial erustal
rocks. The Tack of g signal of the bombardment tn Earth oy ke doe to the Tt thae
LB the oldest sediments do pet overlap with the bombardiment e, (i) the bambard-
ment wins less iense than previously tenght, (i) sedimentation was extremely rapid
sovas o dilule any exteatecresteind stgoal, Gvy sample valumes vel analvzed under-
sanple exlr-terresiial inpot, or (v windows for sampling elevated NMuses of cxlater-
restrial bodies were very short belween long pectods of relative calm, Further exlen-
sive studies of the oldest known sedimeits will be needed 10 reanlve the issues tised
it this paper,

INTRODUCTION

A major advance in planetary science has been the recoenition and avceptance of e
notion that impacts have plaved a profound role in fiest, the hierarchical aceretionary
formation and then, the post-acerctionary shaping of the peochemistry, secdviamics,
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and geomoerphology of plancts and their satellites, including Earth i Taslor, 1992}
Adter the Moon-forming event (2445 Ga; Halliday and Lee, 1999, Halliday, 200
Halliday et al., 20000 a “late veneer” {<4.4 Gay of cometary, or carbonacaous mele-
aritic material has been ivoked by some workers to supply seme or even much of
the volatile inventory of the Earth (Chyba, 1991, 1993 An extraterrestrial carge of
highly reduced prebiotic organic compounds sof available in useful quantities on the
primitive Garth without a “fertile” atmosphere (1.2, one rich in hydrogen and reduced
carbon compounds) but taining in from above, may have induced complicated and
ultimately procreative chemistry in the prebiotic atmosphere and hydroaphere. The
timing of these postulated extraterrestrial additions is poorly constrained, but -
quently quoted to be as early as 4.4 Ga or as late as 3.8 Ga. I'he ameunt ol venesr
required to explain the concentration and relative abundmee of plahmun group ela-
ments in Barths mantle subsequent to their segregation into metallic phases during
care formation (Clow, 1978), has been estimated 1o be as high as 1.2 % [ g of
chrondritic material (Chyba, 1991 This guantity is equivalenl o ~0.002 Farth
THHSSES,

Paradoxicully, these same highly energetic impacts supplying prebiotically inder-
esting compounds would have also been delelerions for near surlace profo-gcosys-
temns, such as those conceptualized in the classical “Darwin pond™ hypothesis of Ty
arigin. Impact erosion of planctury almospheres, and wholesale destruction ol Tividros-
phere and crust from the most massive infulling bodies, are some ol the effects nsed
1o arpue that the surface zome of early Earth was truly “Hadean™ in character beltne
about 3.8 Ga. Yet, if life originated in, or migrated lo. deep marine or crustal nurseries
and continued to reside there until bombardment ceased, events at the surface might
have had little effect except for the very largest ocean-vaporizing impacts.

Hoih extraterrestrial and endogenous processes through geologic time have influ-
enced the physical, chemical, and biological evolution of Earll’s surface. Their rela-
tive importance is of particular interest in the desire to place constraints on bolh the
nature and timing of the carly emergence of life on Earth, and the possibility for Life
to begin and persist clsewhere in the cosmos under similar solar system formational
conditions. The first life was prompted, sustained, or in some scenarios, destroyed, by
energetic processes subsequent to the assembly of the planets and durmg the sabi-
lization of their surfaces and atmaospheres, These effects includs late infall of cosmie
debris.

ACCRETION AND EARLIEST CRUSTAL FORMATION OF THE EARTH
AND MOON

There is overwhelming evidence thal the Earth and Moon were both essentially in
place and had gone through large-scale differentiation, mcluding core fermal ion, within
a hundred million vears of the rapid (a few million yvears) initial contraction and con-
densation of the solar system at about 4.56 Ga (Nyquist et al,, 1995). The origin of
chondrules, caleium-aluminum-rich inclusions, and the differentiation of igneaots aster-
oids such as Vesta (the cucrite parent hody) determine this (reviewsd in Swindle et al.,
1996}, Nothing is known of the earliest terrestrial crust, but it is reasonable to assume
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thal the primary differentiation included some distillation of incompatible material,
but that considerable destruction and reconstruction look place over the next hundred
or several hundred million vears (Abe, 1993). The aldest terrestrial mineral grains are
rare zircons up to 4.4 Ga, indicating that crust (some of it possibly granitic) was pre-
sent an Earth at an early stage (Wilde et al., 2001). The fact that these early Hadean
zircoms survive from thatl time mitigates againse the entire crusl ever having been
moedien after 4.4 Ga.

Terrestrial Crust Formation

The Hadean era ~4.4-3.4 Ga, which comprises the first |0% of Earth history, was
characterized by conditions apparently so energetic that linle survives on Earth of
either colieren! crust or crustal remnants, An enlanced internal heat engine, driven by
abundant radiogenic isofopes, probably resulted in steeper peotherms and moare vig-
orous turnover of the rock cyele, Mass transler vin advection, particularly voleanism
at divergent plate boundarics and plumes, most effectively loses planetary heat, and
there is little reason to doubt that a version of these same processes operated in the
Hadean. These processes tend to recyele, remell, and reset pre-existing rocks as well
as to introduce water from the hydrosphere into the mantle by plate tectonics, All ler-
restrial rocks so far described that are older than about 3.5 Ga have heen subjected to
mulliple episodes of high emperature and moderate to high pressure melamorphism,
recrystallization and deformation. This metamorphic history precludes the preserva-
tiom of fine original rock fabrics, bul there exist rocks from the terminal Hadean that
can b pssipned o sedimentary onigin,

Giranitodd orthogneisses formed between 3.8 and 4 Ga have been identified in
Greenland and Canada {Bowring et al, 1989, 1990; Bowring and Housh, 1995;
Muttnan et al., 1997, 2000a.by. Some of these pneisses host rare (< 5-10% by volume
of each terrane) rafis and slices of metamorphosed uliramatic and mafic voleanic
rocks and sediments, which could represent parts of a pre-existing voleano-sedimen-
tary pile mtruded by the gramiloids, The oldest known (coherent) igneous rock, a col-
lection of granite orthogneisses from northwestern Canada, bas an age of anly ~4.01
o {Bowring et al., 1989, Rare detrilal zircons up 1o 427 Ga (Froude et al., 1983
Compston and Pigeon, 1986) are all thal survive of early Hadean terresinal crust,
These zitcons indicale that an evolved bur as yet undiscoversd crust, probably
gramtic, existed at least a far back as 4.3 Ga (Maas and McCulloch, 1991; Maas et
al, 1992 Amelin ef al,, 1999; Mojzsis et al., 2001), The lithosphere of the Hadean
Earth was probably charmcterized first by an ephemeral chill-crust rapidly lost to
foundering, and later by a thick basaltic crust covered by ocean with little dry land. It
is likely, though unproven, that only minor amounts of rocks with more felsic coni-
positions were present. Wilh rapid turnover of crost from higher heat Bow, the aver-
age age of the oceanic crust was pechaps less than 20 Myr A sedimentary recond,
which would hast information specific to surface environments such as the rate and
violence of meteorite impact and the presence of life, has apparently been lost from
Haclean times, and only appears at its conclusion, near 3.9 Ga (Mojzsis and Harrison,
2000,
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b contrast with the Earth, we know that much of the extant lunar crust, aboat 60
ki in thickness an the nea-side, was m place by 4.4 Ga, Ferroan anorthosiles are
coarse-gramed plutoic acewmulates inferred to be plobally distributed on the Moon
ang to e lTormed by Qotalion [rom a vast magma ocean, or at least from large-seale
magma sysiem; reliable ages show them 1o be older than 4.4 Ga. Isotopic analyses of
lunar mare basalts, which are complementary to the ferronn anorthosites in being
deficient m Al and B, show that their mantle sources had differentiated certainly by
4.35 Gia (e.g., Myquist and Shih, 1992: Snvder el al, 2000y Tungsten isolope vari-
tions | Lew and Halliday, 1996; Halliday and Lee, 1999) supgzest an even earlier com-
pletion of mantle differentiation, The incampatible-clement enriched chemical com-
ponent of the highlands termed KREEP has isotopic characters conslraining its origin
e he aboul 4.35 Ga (Carlson and Lougmair, 1979 KREEP is € more evolved than
the magmatic parent of ferroan anorthosiles and is widely inferred by workers in the
field to be derived from the Tast dregs of a mapgma ocean, This reck represents a con-
densation of the Moons incompatible element budget into something less chan 1% of
its mass, We can be conlident that the Moon had essentially completed ncereting, had
differentinted, and had a solid crust in place by 435 G, Since then, the lanar crusl
has been allered only by comparatively minor plutonic introsions, volcanic extim-
sicns, and bopacting, We address that lonar impact record below.

THE LATE HEAVY BOMBARDMENT OF THE MOON

The surface of the Moon displays abundant evidence of an intense bombarchnent that
took place af some fime berween orgimal crust formation and the outpourings of kv
that form the mare plains {Fig. 11 The highlands landforms are donunantly those of
basing s craters and their reladed ejecta, with about 5% of conspicuous smwooth lipht
plains deposits of less certam, bul probably impact-related origin (Wilhelms, 1954,
19871, Even prior to Apadio, the typical marve plains were caloulated o be about 3.6
Cia, based on counts of their crater densities, estimates of recent cratering rates and
the assumplion that eratering con be described by a smooth decay function of mass
fluxstime (Hartmann, [906), Henee, the heavy bombardmen! responsible lor the ianl
mmpacts fo the Moon was inferred to be ancient already by the micd 19605

The oldest of the preserved mare plains, based on isolope analysis of samples col-
lected, are dated at =38 Ga' Breceias from the lunar highlands show resetting of
radiceenic solepie clocks demimmily in the tme e of 3.8-3.9 Ga, attributed to
thermal disturbances in, and following, impacts, Thus, this 100 Myr period for the
Moon marks a rapid transition in the preservadion of morphologies, [Tom aller
nnpacl-domimated landfomms to voleanic plains landforms, Arsument persists as to
the details of this narrow time frame and its origin, All or most ages have been atirib-
uted to aosingle late event, the formation of the Tmbriom Basin (Welherill, 1951;
Haskin et al,, 1998y, Oihers have argued lor o cataclysmic spile in impacting during

soreferned G bene have been recaleulaled pe necessary oo contoem with the ceenmimended decay
sl Stenger ol Higer (19577
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Figure |, Telescopio maosiie of the trontsids of the oo, showing dack smare basalt plams and moch mere
rugrzned] wid hewvily eracered highlands of lover albde e more Teldspatiie composition, The higlhlands
by aneient basing as well as crlers (see Fig, 35

that periced {Ter el al., 1974; Ryder, 19900 Still other workers invokie o uniform post-
accretionary decline in impacting in which the record of nearly all enlier impac
evenls wis destroved by saturation overprinting by the last events (Baldwin, 1974,
1987 Martmann, 1975, 1980; Grinspoon, 1989). This ~3.8-3.9 Gy time period is
mmportant for several reasons. 11 closely corresponds witl that of the oldest rocks of
sedimentary origin preserved on Earth, discussed below, and it has been taken as a
marker havizon Tor heavily cratered crust throughout the inner solar system (e, for
age estimates of the cratered surfaces of Mars and Mercury).

As il is preserved on the Moon, the inpacting in the time period ~3.8-3.9 Ga,
which we will reder 1o as the “Late Heavy Bombardment” provides a [ramework for
viewing the terrestrial record. 1t s cerlain that during the Late Heavy Boinbardment,
Earth and Meon were in mutual arbit, and thus both were subjected to the same pop-
ulation of mpactors. An important assumption in this interpretation is that the
impactar popukation was heliocenicie, rather than geocentric. Aceration of the Moan
lrom Earth orbit would have been very rapid {e.g,, Canup and Aenar, 2000) with no
lingering population of laree nopactors as late as 3.9 Ga, Evidence from the Moon
suggests a variety of impactor types during the Late Hewvy Bombardment (e g, Gros
el al,, 1976), inconsistent with a single source of late massive impacts into the Earth
produced by a long-lived geocentric population. Following this 3.8-3.9 Ga period, the
bombardment chronology is constraimed by the recond on the mare plaing dated by
absolule as well as relative methods, and inferences oblamed from the mere recent
periods, including the present day. Some of these are discussed i other papers in this
valume (e.g., Caller et al., 2000, Grier and MeEwen, chapter 20; Muller et al., chap-
ler 221, At the other extreme, the origin and early differentiation of the Moon provide
eonstraints aboul the period prior to about .35 G It is the entire period (rom 4,35
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i 3.8 Ga for which we have the least-detailed constraints and which prowvoke mos
discussion in terms of the early geochenmcal and biolagical history of the terrastriol
roalm, Ryder et al, (2000), Hartmann el al. (2000), and Anbar et al, (2001) b
recently discussed some of these aspects.

LUNAR HIGHLAND RELATIVE STRATIGRAPHY

Numerous bagins sear the lunar highlands. Some of the main ones are listed in Tuhle
| in inferred chronological order and shown on the map (Fig. 2). The relutive alratig
raphy (Fig, 3} hag been established from overlapping relationships, crater andl sin
degradation, and crater counting on surfaces. The stratigraphy has bieen divided on the
lansis of basin formation and ejecta into the pre-Nectirian period, the Nectarinn period,
and the Early linbrinn epoch (Wilhelms, 1984, 1987), These are separated by the fime
of production of the deposits of the Nectans Basin, deposits of the Tmbrivm Busn,
and the debris blanket of the Orientale Basin, respectively.

Little of the near-side of the Moon preserves a pre-Nectarian surface, it abou
half of the far-side is so inerpreted (Wilhelms, 1987, plate 7A), This far-side tervii
includes the relatively oldest and largest basin of definite impact origin: South Pole-
Aitken (2600 km dizmeter). While many pre-Nectarian impact basins are recogniz-
nble on the near-side. g, Tranguillitatis (700 km), subsequent resuriacing has heay-
ily modified them. Several basms were formed duning the Nectaran period, including
Serenitatis and Crisium, whose ejecta regions have been sampled by Apolio {7 and
Luna 20 missions; respectively. The Schrodinger Basin is Early Imbrian, as are sev-

Talle L

List of hasins of Necturian and Early Imbrian age (From Spudis, 1593). About 30 more mpacl
hasins of pre-Nectarian age have been recognized, only the oldest of which (South Pole-Aitken)
appears 1o be larger than lmbriwm. Numbers in pareniheses fter names refer Lo aumber of
identificd rings for those with <3 nngs.

Basin Main Rim 2 ¢lan)
1 Crmientale 930
2 Schrodinger (2) 320
] Imbmum [ 1k
q Bailly [2) ann
5 Sikondy.Rittenhiouse (1) aln
O Herzsprung 70
7 Sercnitatis 02
b Crisiim 740
9 Humyorum 425
¥ Humboldtiamem fi50
Il Mendeleoy (2) 6s
12 Korolev Adi
14 Moscoviense 4
I Mendel-Rydberg 420
15 Meclans Rl
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Fignre 2. Onitlines of bazins on the searside af the Moon, The basin is drnvn as e msin feposeapboe sing

as grven in Spudia 195, Bectom and Barly lmbrian Baging are sombered as i Table 1.
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celioren] Bosing, DlTernent shadinae distinguish e helds fr pre-e

eral laree craters, including some that are almest 200 leny in dismeter. Three of the
four inferred voungest basing with more than 2 rings are very large (Orientale,
linbrium, and Serenitatis). Unless these older basing have been incarrectly interpreted
as such due to intense subsequent madifications, all appear larger than any other lunar
basing that pesi-ate the formation of South Pole-Adtlen.

An important ohservation is that cratering on the Imbrium ejocta 15 a facter of =3
higher than it is on the Orientale gjecta, and that on Nectaris cjecta similarly factors
higher than on Lmbrinm (Fig, 4. Pre-MNectarian terming have cratering up to 3 or 4
limes higher still. Translation of these crater counes into cratermg rates depends on
e intervals represented by these epochs and periods, Constraints on the absolute
apes of basing allow reconstruction ol the bombardment history in the Earth-Moon
sgvslam,
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ABSOLUTE DATING OF THE IMPACT STRATIGRAPHIC SEQUENCE:
CONSTRAINTS FROM LUNAR SAMPLES

The Oldest Mare Surfaces and the Age of Orientale (Beginning of the Late
Imbrian Epoch)

During the Late Imbrian, lava fows were extiuded and preserved, forming perhaps
2:3 of the extant mare surface, The conmmon Apolle 11 Group B2 mure basalls and
the rare Apelfo 11 Group D mare basalts are 3.80 (Ga or slightly older, and some
MAr MAr determinations provide ages as old as 385 Ga (Sovder el al., 1954, 1994),
Al the dpeile 17 landing site, the oldest mare basalt so Far identified 15 3.87 £ 0,10
Ga (Dasch et al., 1998) and many others collected from there are near 380 Ga (sum-
tnary in Wilhelms, 1987, The presence of such old basalis so close 1o the surface as
to bt in the sample collections suggests thal the crater counts for these arens repre-
sent surfaces close to or older than 3.80 Ga. These do pot include the very smallest
craters, i few meters across, that might not have penctrated the youngest Aows, Indeed,
i Orientale were as young a5 3.80 Ga, then it would be likely that Orientale ejecta
wonld be more obviously common at the Apolfo 1 and 17 sites, 1o the exclusion of
basalts older than that. Although the data are imprecise, cratering on the mare Aows
in the Agolto 1 oand Apolle 17 regions is at least o factor of two lower than i1 is on
the Cricntale ejecta, Some “probably unsampled” units not far rom e Apelin 1 f
landing sile have count fraquencies similar to thal of Orientale ejecta. Orientale and
Sehridinger are themselves far removed from any sampling siles; their erater counts
are similar to ench other and lower than that of the Tmbrium Basin {dated ar ~ 3,85 Gy,
beloms ).

The Age of Imbrium (the Beginning of the Early lmbrian Epoch)

Impact melt samples that can be used 1o date the age of lmbrium are lacking or can-
not be definitively identificd becanse ejecta other than impact melt breceias are moved
and deposited at temperatures o low 1o allow tesetting of radiogenic isatopes. Those
melt samples most likely to be of Inbrium origin, on petrochemical and gealogical
grounds (Ryder and Bower, 1977y, luve isotopic systems that have been disturbed by
later events (e.z., Bogard et al., 1991), Hewever, there are witys 10 bracket the age of
linbrium, using the stratigraphically younger Apennine Benel formation and the See-
trim ol impact melt fragments from the Apennine Front, The Apemmine Bench can be
correlated with the voleanic Apoifo 15 KREEP basalis, prowidimg a lower age limit of
384 £ 002 Ga (Ryder, 19941, The impact melt fragments, statistically mainly erher
Imbrium or pre-linbrium in erigin (and their range of compositions suggests the lader)
provide an upper limit of 3870 £ 0.010 Ga and are prabably close w 3836 1 00146 Ga
(Dalrymple and Ryder, 1993), Similar consiraints can be derived from the Fra Maura
formation, which s composed of pre-Imbrium local material mixed with sone
[mbrium gjecta and its modified equivalents: it was sampled at the dpoflo (4 landing
site, The formation of lmbrium can be refiably constrined to be 3.85 L 0.02 Ga,
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Meclaris is older than Crisium and probably Serenitatis, but melt rock samples from
il are even less gertain than those of [mbrivm, The dpolle [ site was medified by
Nectaris cjeetn, and subsequently by Imbrium gjecta, Several large craters of pre-Mee-
tarian age can be recopnized in the region underlying the dpelle 14 landing site, and
fragments of mell from those events are probably in the lunar sample collect ion, Mone
af the Apoile 16 melt samples dated so far, and which show a wide range of compo-
sitions, are older than 3.92 Ga, A comprehensive survey of the ages of melt rocks
from Apollo 14 is currently in progress, James ( 1981} inferred an age for Nectaris of
less (han 3.92 Ga, We consider the conclusion of Turner and Cadogan (1975) and
Maurer et al. (1978) that Mectaris is ~3.90 Ga ns probably most consistenl with
senchronological, geological, and petrochemical data obtained thus lar.

The Serenitatis and Crisium basins are of Nectarian age, although the degradation
of Serenitatis by hmbrium suggests caution in this interpretation. At the Apollo 17
landing site, the highlands materials are dominated by coherent poikilitic melt rock,
most readily interpreted as melt formed in the Serenitatis Basin cvent. Most of these
samples belang to one chemical group whese age, as determined on several samples,
is now precisely established as 3.893 & 0,009 Ga (Dalrymple and Ryder, L9963, The
Luna 20 sample derived from Crisinm gjecta meludes impact melt rock samples, from
which Swindle ot al. {1991y supgested an age of ~3.89 Ga for the Crisium basin,
These ages lor Serenitatis and Crisium are consistent with an age of the Nectaris
Basin of 2.40 Ga and Imbriwm of 3.85 Ga, The conclusion is that there was consid-
crable bombardment of the Moon in the 60 Myt between 3,90 Ga and ~3.84 Ga
(Table Ly that defines the intensily of the Late Heavy Bombardment epoch,

Pre-Mectarian Period and Events

An important point that we wish to emphasize is that there is a remarkable lack of
impact melt rocks in the sample collections that are older than ~3.92 Ga, This lack
cannat result [rom the resetting of all older ages, given the difficultics of such reset-
ting (.., Ryder, 1990; Deutschand Schirer, 1994), Most of the lunar upper crust has
not been comverted into impact melt rock, The paucity of pre-3.92 Ga impact melt can
he taken as evidence that there was little impacting prior to that time, other than that
expressed by the metamorphosed breccins of uncertain origin: the KREEP-frec feld-
spathic granulites, These granulites may well date back 1o the very-earlicst post-accre-
tionary bombardment al ~4.4 Ga. Furthermore, the Ph isotope data of Tera et al.
{1974 indicate events al ~3.85 Ga and events older than 4.4 Ga, but nol much evi-
dence of events in between, Continual resetting of Pl clocks would show up as inter-
gects in (he 4.4-3.9 Ga Pb isotope growth curve, which appear (o be absent from the
lunar data. There is alse a lack of the complement of siderophile elements that would
be expected to be present m older upper crustal rocks if a heavy bembardment
between 4,4 Ga and 3.9 Go had oceurred. This is in contrast 1o assertions by workers
whe postulate that the ~2% chondritic material in the present regolith 1s representa-
tive of the entire lunar crust fe.g., Sleep of al, 1985, Chyba, 19911 Heowewver, the
events and chronology of the pre-Nectarian period remain much less clear (han those



