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Lunar meteorites represent a more random sampling of lunar material than the
Apollo or Luna collections and, as such, lunar meteorite impact melt ages are
the most important data in nearly 30 years with which to reexamine the lunar
cataclysm hypothesis. Within the lunar meteorite breccias MAC 88105, QUE
93069, DaG 262, and DaG 400, seven to nine different impact events are
represented with 40Ar-39Ar ages between 2.76 and 3.92 billion years ago (Ga).
The lack of impact melt older than 3.92 Ga supports the concept of a short,
intense period of bombardment in the Earth-moon system at ;3.9 Ga. This was
an anomalous spike of impact activity on the otherwise declining impact-
frequency curve.

In the early 1970s, 40Ar-39Ar and U-Pb iso-
topic analyses of Apollo 15, 16, and 17 high-
land rocks (1, 2) revealed surprising, wide-
spread isotopic disturbances at 3.9 3 109

years ago (Ga). Argon and lead losses (and
correlated disturbances in the Rb-Sr system)
were attributed to metamorphism of the lunar
crust by an enormous number of asteroid
and/or cometary collisions in a brief pulse of
time [,0.2 3 109 years (Gy)] in what was
called the lunar cataclysm. This single event
would have created the large basin structures
and resurfaced much of the moon.

Subsequent high-precision 40Ar-39Ar
analyses of Apollo 14, 15, and 17 and Luna
24 impact melt rocks (3–7) indicated a range
of ages, but none older than 4.0 Ga, support-
ing a cataclysm theory. However, the Apollo
and Luna sample sites are restricted to the
nearside equatorial region of the moon, with-
in or near impact basins. Thus, the ages in
these collections may be dominated by the
Nectaris, Crisium, Serenitatis, and Imbrium
impact events, which may obscure evidence
of earlier events and may not reflect the
global impact record on the moon.

Lunar meteorites, which were only recog-
nized after the Apollo missions, provide a new
opportunity to test the hypothesis. These are
samples of the moon randomly ejected from the
lunar surface (8) without enough velocity to
escape the Earth-moon system. They experi-
enced only mild shock during launch (9) and
typically landed on Earth after ;1 3 106 years
(My) in space (9, 10). Meteorites that are chem-
ically distinct from Apollo samples may not
have been affected by nearside equatorial basin

impacts. Instead, impact melt clasts within
these meteorites may have been formed in
large-impact events in other regions of the
moon (11).

We selected four lunar meteorites that are
highlands regolith breccias, meaning they
contain a variety of clasts from a few-kilo-
meter area (9), including abundant impact
melt (15 to 50% by volume). Two were col-
lected in Antarctica (MAC 88105 and QUE
93069) and two in the Libyan desert (DaG
262 and DaG 400). Solar wind abundance
measurements (12) show that DaG 262 and
DaG 400 are not paired and, thus, were
launched from the moon in different events.
The cosmic-ray exposure (CRE) history of
MAC 88105 (13, 14) distinguishes it from
the other meteorites in this study, indicating a
third launch event. Although QUE 93069 is
similar to DaG 262 in chemistry and in CRE
age, melt spherules are abundant in QUE
93609 and are lacking in DaG 262 (15),
indicating their origins from different places
on the moon.

Typical impact melt clasts were crystalline,
fine-grained, microporphyritic, and plagioclase-
rich. Their textures are similar to impact melt
clasts identified in Apollo and Luna samples
(16, 17), indicating their formation in relatively
large impacts in which substantial amounts of
melt were produced. In these large melt sheets,
a slow cooling rate facilitates recrystallization
and degassing. Although the textures of the
lunar meteorite impact melt clasts are similar to
those in the Apollo collection, their major ele-
ment chemistry is quite different. The meteorite
clasts are very anorthositic (An95-98) and have,
on average, 2 to 6 weight percent (wt%) less
FeO and 1 wt% less TiO2 than Apollo impact
melts (17). In addition, the meteorite clasts
contain ;0.01 wt% K2O and ,0.08 wt% P2O5,
elements that are abundant only in KREEP
material [;1 wt% K2O (K), rare earth elements

(REE), and ;0.1 wt% P2O5 (P)], which ap-
pears to be localized to the Procellarum region
on the lunar nearside (18). The absence of this
material in the meteorites indicates an origin on
the east limb or farside.

Splits with masses ranging from 30 to 150
mg were extracted from melt clasts for 40Ar-
39Ar dating. After neutron irradiation, sam-
ples were step-heated with a continuous-
wave laser (19). Of the 43 samples that were
dated, 31 had interpretable 40Ar-39Ar spectra.
On the basis of the Ar release plateaus, iso-
chrons, and K/Ca ratios of the data (after
corrections for blanks, interferences, and cos-
mic-ray spallation), an age was computed for
each sample (Table 1).

Each meteorite samples at least one distinct
impact event, and at least seven different impact
events are represented (Fig. 1 and Table 2).
There is a distribution of separate events from
2.76 to 3.92 Ga, suggesting there was a large
number of impacts before ;3 Ga. Although the
existence of older impact melts with the data set
cannot be ruled out, the data are consistent with
a cataclysm. The simultaneous analysis of a
4.45-Ga clast from the H-chondrite Ourique
(20) indicates that the ages are not artificially
young because of systematic error in the data
collection or reduction. The lack of impact melt
ages older than 3.9 Ga is similar to the limit
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Table 1. Impact melt clast ages (1s uncertainty
values are in parentheses). The extent of the Ar
plateau is expressed by the percent of 39Ar re-
leased in the plateau heating steps.

Sample Age (Ga) 39Ar (%)

MAC A 2.53 (1.50) 64
MAC B1 3.01 (0.17) 12
MAC C 3.35 (0.21) 82
MAC D 3.60 (0.27) 93
MAC F 3.81 (0.06) 29
MAC F2 3.94 (0.09) 47
MAC G 3.52 (0.33) 31
MAC H 3.91 (0.15) 77
MAC I 4.04 (0.10) 72
QUE E 3.85 (0.17) 44
QUE F 3.02 (0.42) 35
QUE G 2.52 (2.59) 52
QUE I 2.44 (1.85) 34
QUE K 4.01 (0.49) 36
262 H 4.12 (0.48) 61
262 Q2 3.55 (0.17) 51
262 R 2.43 (0.17) 54
400 A1 2.58 (0.35) 37
400 AA 3.10 (0.10) 49
400 BB 2.97 (0.08) 82
400 C1 2.51 (0.73) 27
400 C3 3.41 (0.09) 61
400 D 2.88 (0.52) 17
400 DD 3.11 (0.14) 48
400 FF 2.79 (0.27) 56
400 L9 2.46 (0.52) 100
400 L15 2.92 (0.19) 61
400 Q 3.47 (0.07) 64
400 T 3.34 (0.21) 64
400 T2 2.75 (0.37) 57
400 W 3.61 (0.04) 70
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seen in the ages of Apollo impact melts, indi-
cating that the intense bombardment recorded
in the nearside equatorial region was a global
phenomenon.

Some impact melt ages are younger than
the 3.9-Ga cataclysmic event but have tex-
tures similar to melt rocks formed in large
impacts (3, 4). There are ;300 craters with
diameters 30 to 260 km that are stratigraph-
ically post-Imbrian in age (21) which could
have created these melts. Lunar spherules
from the Apollo 14 site, which, because they
cooled too quickly to recrystallize, may have
been formed in even smaller impacts, have a
similar age distribution (5). While impact
melt older than 3.9 Ga is not present in these
two data sets, very few young (,3.6 Ga) ages
have been found for Apollo and Luna impact
melt rocks, though they do exist (7). The
sheer volume of impact melt created by the
;3.9-Ga basin-forming impacts may be bi-

asing the sample age distribution in nearside
melt rocks.

Correlation of Apollo samples with im-
pact basin stratigraphy suggests that 80% of
the lunar surface was resurfaced by craters
and ejecta between the formation of the Nec-
taris and Orientale basins (21). This period of
time was ,0.2 Gy (2) and possibly was as
brief as 0.02 Gy (22). Bombardment models
based on the assumption of a steady falloff in
the lunar cratering rate (23) predict a large
number of impact melt samples older than 3.9
Ga. Other models (24, 25) to produce the
observed impact melt distribution assume
that isotopic resetting is easier and more
widespread and that crustal pulverization is
more extensive than experiments would sug-
gest (26, 27). A “spike” in impactor flux at
;3.9 Ga (28) is the easiest way to match the
impact melt age data.

The abundance of young impact melts and
spherules might be explained by prolonged
delivery of material from a catastrophic
breakup event in the asteroid belt, though this
may be dynamically unlikely at ;4 Ga (29).
The distribution of ages suggests the bom-
bardment may have lasted up to 0.5 Gy, as
smaller debris was swept up by the moon
following the larger basin forming events.
Impact ages in eucrites, mesosiderites, and
other meteorites have a similar distribution:
none are older than ;3.9 Ga, with ages tail-
ing down to 3.4 Ga or younger (30), suggest-
ing the cataclysm affected the entire inner
solar system, including Mars.

The cataclysm produced .1700 large (20
to 1200 km diameter) craters on the moon
(21). The number of impacts occurring on
Earth would have been at least an order of
magnitude larger, implying .17,000 large
impact events in a brief time. The largest of
these probably produced immense quantities
of ejecta, temporarily charged the atmosphere
with silicate vapor, and boiled away large
quantities of surface water (31). Coinciden-
tally, the earliest isotopic evidence of life on
Earth is also ;3.9 Ga (32). If a swarm of
impactors at 3.9 Ga returned the surface of
Earth to a hot and energetic state, the rise or
evolution of life on Earth would have been
affected. The effect may have been detrimen-
tal, by destroying existing life or organic
fragments (33), or beneficial, by delivering
precursor molecules (34) and providing suit-
able environments for evolution (35). Either
way, a catastrophic bombardment of the
Earth-moon system affected the origin and
evolution of life.
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27. A. Deutsch, U. Schärer, Meteoritics 29, 301 (1994).
28. G. Turner, Proc. Lunar Planet. Sci. Conf. 10, 1917

(1979).
29. V. Zappala, A. Cellino, B. J. Gladman, S. Manley, F.

Migliorini, Icarus 134, 176 (1998).
30. D. D. Bogard, Meteoritics 30, 244 (1995).

Fig. 1. Ideogram of impact melt ages. The ages
of 31 impact melt clasts from these meteorites
are represented as individual Gaussian distribu-
tions, where each Gaussian has a width propor-
tional to the 1s age uncertainty and a unit area
underneath it. The Gaussians are added togeth-
er to produce a single curve and are re-normal-
ized. The seven impact events in Table 2 are
shown in the histogram (bin size, 0.20 Gy). The
shaded area is a 0.20-Gy interval representing
the lunar cataclysm. No impact melts within
these meteorites predate the proposed cata-
clysm, though the sometimes large uncertain-
ties produce a tail in the ideogram .3.9 Ga.

Table 2. Individual impact events. An impact
event was defined as an age recorded by two or
more clasts in a single meteorite. The age of each
event (1s uncertainty values are in parentheses)
was determined by fitting a normal distribution to
the melt samples in the group.

Meteorite Event (Ga) No.

MAC 88105 3.35 (0.37) 5
MAC 88105 3.92 (0.14) 4
QUE 93069 3.00 (0.47) 3
QUE 93069 3.87 (0.23) 2
DaG 400 2.76 (0.38) 7
DaG 400 3.05 (0.13) 3
DaG 400 3.43 (0.10) 3

R E P O R T S

www.sciencemag.org SCIENCE VOL 290 1 DECEMBER 2000 1755



31. N. H. Sleep, K. Zahnle, J. Geophys. Res. 103, 28529
(1998).

32. S. J. Mojzsis, T. M. Harrison, GSA Today 10, 1 (April
2000).

33. N. H. Sleep, K. J. Zahnle, J. F. Kasting, H. J. Morowitz,
Nature 342, 139 (1989).

34. E. Pierazzo, C. F. Chyba, Meteorit. Planet. Sci. 34, 909
(1999).

35. D. A. Kring, GSA Today 10, 1 (August 2000).

36. P. R. Renne et al., Chem. Geol. 145, 117 (1998).

37. C. M. Hohenberg, K. Marti, F. A. Podosek, R. C. Reedy,
J. R. Shirck, Proc. Lunar Planet. Sci. Conf. 9, 2311
(1978).

38. T. D. Swindle, in Meteorites and the Early Solar
System J. F. Kerridge, M. S. Matthews, Eds. (Univ. of
Arizona Press, Tucson, 1988), pp. 535–564.

39. B. A. Cohen, thesis, University of Arizona (2000).

40. We thank A. Bischoff and J. Zipfel for providing us
with DaG 262 and DaG 400. L. Dones and an anon-
ymous reviewer provided constructive reviews. This
research was supported with a NASA Space Grant
Fellowship (B.A.C.) and by NAG5-4944 (D.A.K.) and
NAG5-4767 (T.D.S.) and used the NASA Astrophysi-
cal Data System Abstract Service.

22 August 2000; accepted 20 October 2000

Nitric Acid Trihydrate (NAT) in
Polar Stratospheric Clouds
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A comprehensive investigation of polar stratospheric clouds was performed on
25 January 2000 with instruments onboard a balloon gondola flown from
Kiruna, Sweden. Cloud layers were repeatedly encountered at altitudes between
20 and 24 kilometers over a wide range of atmospheric temperatures (185 to
197 kelvin). Particle composition analysis showed that a large fraction of the
cloud layers was composed of nitric acid trihydrate (NAT) particles, containing
water and nitric acid at a molar ratio of 3 :1; this confirmed that these long-
sought solid crystals exist well above ice formation temperatures. The presence
of NAT particles enhances the potential for chlorine activation with subsequent
ozone destruction in polar regions, particularly in early and late winter.

Since the early 1980s, the formation of a large
ozone hole above Antarctica during southern
spring has become a yearly event. Stratospheric
air isolated within the polar vortex cools during
winter to temperatures that allow the formation
of polar stratospheric clouds (PSCs) at altitudes
between 15 and 25 km (1). The cloud particles
provide surfaces for the activation of otherwise
relatively unreactive chlorine-containing mole-
cules. Upon the return of sunlight in the spring,
the cloud-processed chlorine species are photo-
lyzed and induce dramatic ozone losses (2). To
a lesser extent, the north polar stratosphere also
experiences low winter temperatures within a
well-developed vortex, leading to the formation
of PSCs and subsequent ozone destruction (3).
Satellite and field measurements in both polar

regions have shown that many PSCs exist well
above the frost point of water, TICE, the tem-
perature in the stratosphere near 188 K below
which ice particles can form (4–6). For those
PSCs the important role of the trace gas nitric
acid (HNO3) has been recognized. Early atmo-
spheric models predicted the formation of solid
nitric acid hydrate crystals at temperatures
above TICE (7, 8). Laboratory studies revealed
that nitric acid trihydrate (NAT, HNO3z3H2O)
would be stable up to 7° above the frost point in
the lower stratosphere (9). Measurements at
these temperatures from high-flying aircraft and
ground-based LIDAR (light detection and rang-
ing), however, often identified liquid super-
cooled ternary solution (STS) droplets instead
of solid particles (10–12).

The composition, phase, and formation tem-
perature range of PSCs are critical for atmo-
spheric models that predict ozone losses in
polar regions. NAT is believed to be the most
stable particle under stratospheric conditions.
As a result of its low vapor pressure, NAT can
exist at higher temperatures than STS droplets
or ice particles, with the consequence that chlo-
rine activation can proceed over wider areas
and for longer time periods. By scavenging
nitrogen compounds, NAT particles hinder the
passivation of active chlorinated substances
through reactions with nitrogen oxides. The
removal of particles through sedimentation to
lower altitudes, a process called denitrification,
increases the efficiency of chlorine activation

and is only possible through the formation of
crystalline PSC particles. Despite their impor-
tance, no direct chemical analysis of NAT par-
ticles in the stratosphere has been made, al-
though they have been identified in many lab-
oratory studies (9, 13) and inferred from atmo-
spheric measurements (6).

In January 1998, a direct particle composi-
tion measurement was performed in lee wave–
induced PSCs above Scandinavia (14–16).
STS droplets containing water, nitric acid, and
sulfuric acid were observed. As expected from
STS theory, a close correlation between low
atmospheric temperatures and the presence of
PSCs was found. A more comprehensive set of
instruments to investigate chemical, physical,
and optical properties of PSCs was launched at
20 UT (universal time) on 25 January 2000
from the balloon facility Esrange, near Kiruna,
Sweden. The crucial instrument on both flights
was an aerosol composition mass spectrometer
(ACMS) that uses an aerodynamic lens to focus
particles into a narrow beam (17) and separates
them from ambient gases. The particles are then
evaporated inside a small sphere, and the evolv-
ing gases are analyzed with a mass spectrome-
ter. Simultaneous measurements of particle
number density and size were performed with
particle counters (18, 19). Backscatter ratios
and depolarization were measured with two
backscatter sondes (20, 21). A water vapor
experiment determined the frost point TICE

(22). A number of sensors measured the ambi-
ent stratospheric temperature with a precision
better than 60.5 K to establish a correlation
with PSC particle parameters such as volume
and composition.

A vertical cross section of the temperature
distribution along the flight track at 22 UT was
simulated with a mesoscale meteorological
model (23) (Fig. 1). The balloon trajectory
(thick line) crosses the extension of a cold
trough that had developed over the Scandina-
vian mountains as a result of adiabatic expan-
sion of ascending air masses in mountain-in-
duced gravity waves. Temperatures determined
during the flight are in general agreement with
the model simulations, although the latter can-
not resolve the measured small-scale tempera-
ture fluctuations. The cold temperature pattern
between 21 and 24 km extended upwind toward
the Scandinavian mountains, indicating that
particles sampled during the flight could have
nucleated in those cold regions. Near 22 km on
the first ascent, the observed temperatures were
1 to 2 K below TICE. During the 2-hour mea-
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