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perpendicular insertion pathway, and two 
excited states, 1A" and 2A', which have a 
collinear pathway with a 2.3 kcal/mol bar­
rier. The 1A' and 1A" surfaces correlate to 
ground-state products and are not strongly 
influenced by nonadiabatic interactions 
(28). The 2A' surface, by contrast, can only 
react via nonadiabatic coupling. Recently, 
Gray et al. used wave packets and trajec­
tory surface hopping (TSH) calculations 
(29) to demonstrate that reaction can occur 
on 2A' at low energies as a result of hop­
ping from 2A' to 1A' at long range. In the 
present work, we have verified that these 
trajectories give the same product state and 
angular distributions as those that start on 
1A', and because the 2A' cross section is 
small (—6% of 1A'), we have ignored its 
effect on the product distributions. In con­
trast, trajectories on the 1A" surface yield 
product distributions that are typical for an 
abstraction reaction: Mostly low rotational 
states of v = 3 • and 4 are populated, and 
backward-scattered angular distributions 
are seen. The QCT cross section on the 1 A" 
surface is negligible at 1.3 kcal/mol, but 
quantum scattering calculations (29, 30) 
find a small cross section due to tunneling 
that could, in fact, be detectable, especially 
if the ab initio barrier is slightly too high. 

In the QCT results plotted in Figs. 2 to 4, 
we have included 1A' results at 1.3 kcal/mol 
summed with 1A" results that are based on a 
slightly higher energy (2.5 kcal/mol) and are 
multiplied by an empirical scale factor. The 
scale factor has been adjusted to fit the results 
for v = 4, TV = 4 in Fig. 2, but this same 
factor also yields excellent agreement be­
tween theory and experiment in Figs. 2 to 4 
(only v = 3 or 4 are affected by the 1A" 
results). The ground-state total cross section 
is 81.3 atomic units, whereas the scaled 1A" 
cross section is 2.6 atomic units. This 1A" 
cross section is six times the size estimated 
from scattering calculations (30, 31), but a 
roughly 0.5 kcal/mol reduction in the barrier 
would account for the difference. This re­
duced barrier (1.8 kcal/mol) is also more 
consistent with that inferred from previous 
experimental studies (18, 19). The QCT re­
sults are overall in excellent agreement with 
experiment, and they demonstrate that most 
of the observed results are well described 
using the 1A' surface. However, the v = 3 
cross section has a 7% contribution from 1 A", 
and v = 4 has a 35% contribution, and this 
leads to noticeable backward scattering for 
these states. 

Accurate quantum mechanical calcula­
tions on this system are desirable in order to 
develop a quantitative understanding of this 
reaction. Our experimental results should be 
able to provide a test ground for further the­
oretical studies of this benchmark insertion 
reaction at the full quantum dynamic level. 
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meteorites and old crustal rocks that preserve 
ages of up to —4.1 billion years ago (Ga) (1, 
2). Studies of extinct radioactive decay sys­
tems are particularly useful for the study of 
processes that took place in the early solar 
system, because they provide better time res­
olution than long-lived chronometers. Re­
cently, 182Hf-182W chronometry has been 
used as evidence that the segregation of 
Earth's core postdates the formation of the 
solar system by more than 50 million years 
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(My) (3). The search for possible differenti- 
ation processes in the early silicate Earth 
(e.g., early crust formation and mantle deple- 
tion) has been confined to the 146Sm-142Nd 
system (4-6), which has a sufficiently long 
half-life of 106 My. Except for one sample 
from the Isua Gneiss in Greenland, no mea- 
surable 142Nd/144Nd anomaly was detected in 
Archean rocks (5, 6), thus suggesting effi- 
cient homogenization of the early silicate 
Earth or late crust formation. In contrast to 
Earth, significant '42Nd/144Nd variations 
have been reported for differentiated meteor- 
ites and martian meteorites (7, 8). These ob- 
servations suggest that differences may exist 
between the timing of differentiation process- 
es in different planetary bodies of the solar 
system. 

A homogeneous early silicate Earth is fur- 
ther supported by Lu-Hf systematics in Ar-
chean rocks, in which the initial '76Hf1177Hf 
ratios scatter tightly around the chondritic 
value (9, 10). However, Hf isotope composi- 
tions of many terrestrial rocks appear to be 
elevated in relation to 143Nd/144Nd (10, 1I), 
thus leading to an offset of the terrestrial 
Hf-Nd array from the chondritic 143Nd/ 
144Nd-176Hf/177Hfcomposition. Among oth- 
er hypotheses, this offset can be explained by 
the separation of a Mg-perovskite or ma-
joritic garnet residue from Earth's mantle 
during the possible formation of a Hadean 
(>4.0 Ga) magma ocean (11, 12). Mg-perov- 
skite, the predominant Mg mineral in Earth's 
deep mantle, has high partition coefficients 
for Zr and Hf and may thus have caused 
fractionation of Lu from Hf in the early Earth 
(12). 

Here, we report high-precision data for the 
extinct 92Nb-92Zr nuclide system in terrestrial 
materials and meteorites. Nb and Zr are litho- 
phile elements and are therefore concentrated 
in the silicate part of planetary bodies at a 
chondntic ratio [NbIZr = -0.06 to 0.07 (13; 
this study)]. The isotope 92Nb decays by elec- 
tron capture to 92Zr with a half-life of 36 5 3 
My (14, 15). This half-life is about one-third 
that of the 146Sm-142Nd system. However, 
the parent-daughter fractionation between 
major reservoirs of the silicate Earth is an 
order of magnitude higher for Zr/Nb [- 1 to 
100 (13)] than for SmNd ('47Smi144Nd = 
-0.10 to 0.25). This is because the difference 
in compatibility between Zr and Nb during 
clinopyroxene- and garnet-controlled melting 
is much larger than that between Sm and Nd. 
Unlike the 146Sm-142Nd chronometer, the 
92Nb-92Zr system is also a sensitive tracer for 
the possible separation of Mg-perovskite 
from mantle reservoirs in an early magma 
ocean. Zr is compatible in Mg-perovskite 
[partition coefficient K, = 5 to 10 (12)], 
whereas Nb is moderately incompatible 
[K, = 0.1 to 1 (IZ)]. Provided that distinct 
reservoirs formed early in the silicate portion 

of planets and protoplanets, when 92Nb was 
still present, 92Zr anomalies would be expect- 
ed if the reservoirs displayed different Zr/Nb 
ratios. Positive 92Zr anomalies in relation to 
chondritic meteorites would be expected for 
reservoirs with subchondritic Zr/Nb ratios 
(e.g., a magma ocean or Earth's crust). Con- 
versely, reservoirs that have superchondritic 
Z r N  ratios (e.g., Earth's depleted mantle or 
a Mg-perovskite residue of a magma ocean) 
would develop negative 92Zr anomalies in 
relation to chondrites. The 92Zr anomaly is 
expressed here as 

where "AMES" denotes the 92Zr191Zr ratio 
obtained for a standard solution prepared 
from AMES Zr metal that is used as refer- 
ence. For a sample that has the same age as 
the solar system, 92Zr/91Zr is a linear func- 
tion of NbIZr and the initial 92Nb abundance 

where the "initial" Zr and Nb isotope ratios 
are those at the formation of the solar system. 
The present-day 92Zr191Zr and NbIZr ratios 
of meteorites, which formed in the early solar 
system, are used here to obtain a minimum 
estimate of the initial 92Nb193Nb ratio of the 
solar system. Existing estimates on the initial 
92Nb193Nb ratio, which are based on thermal 
ionization mass spectrometry (TIMS) or la- 
ser-ablation multiple-collector inductively 
coupled plasma source mass spectrometry 
(MC-ICPMS) studies on rutiles and zircons 
in meteorites, range from 1 X lop3 to 2 X 
lop5 (16-19), reflecting the large analytical 
uncertainty of these methods. In the past, 
precise measurements of Zr isotopes were 
hampered by the high first ionization poten- 
tial of Zr and the isobaric interference of 
92Mo on 92Zr (16-18, 20), thus making Zr 
unsuitable for analysis by TIMS. The ICP 
source of MC-ICPMS instruments provides 
efficient ionization of Zr, and by applying 
this technique to Zr isotope measurements, it 
was possible to obtain an external precision 
of k0.7 E units (2u error) for samples with as 
little as 50 ng of Zr (21). 

To evaluate possible variations in the 
terrestrial Zr isotope composition of differ- 
ent reservoirs, we analyzed zircon grains 
and whole rock samples of different ages 
and tectonic settings. Because the oldest 
known minerals on Earth have an age of 
-4.1 Ga (1, 2), the preservation of old 
(>4.1 Ga) silicate reservoirs can only be 
detected indirectly by the presence of 
anomalous 92Zr19'Zr ratios in minerals that 
have inherited the Zr isotope signature of 

the reservoir from which they were derived. 
The 92Zr/91Zr ratios of -30 terrestrial sam- 
ples (Fig. 1A) agree with the value obtained 
for the AMES reference solution (21-23). 
Zircons with an age of 3.5 to 4.1 Ga (1, 
24-27) are among the oldest dated terres- 
trial minerals and provide representative 
relics of Earth's early continental crust. 
Archean mafic rocks [e.g., 3.48-Ga Barber- 
ton komatiites and tholeiites, South Africa 
(28)] and xenoliths of Archean lithospheric 
mantle [e.g., ilmenite xenocryst from the 
Culinan Kimberlite, South Africa (29)] 
give information on the Zr isotope compo- 
sition of ancient mantle reservoirs. In contrast 
to terrestrial zircons and whole rock samples, 
where only an inherited 92Nb-92Zr signature 
may have been preserved, Archean Ti-rich min-
erals (Culinan ilmenite and Mount Nanyer 
mtiles) may provide evidence for live 92Nb on 
Earth because of their low Zrmb ratio (0.1 
to 2) (Fig. 2B). The sample set also in- 
cludes -3.3-Ga impact spherules of the Fig 
Tree Group in South Africa (30) to assess 
the possible contribution of extraterrestrial 
Zr during the late heavy bombardment of 
Earth in the early Archean. 

The E9'Zr values for representative bulk 
samples of chondrites and eucrites (31) agree 
with the terrestrial values within analytical 
error; the Zrmb ratios scatter around 14. In 
contrast to the bulk chondrites, some calci- 
um-aluminum-rich inclusions (CAIs) with 
high ZriNb ratios (50 to 70) from the Allende 
meteorite (32) display E ~ ' Z ~  deficiencies of 
-2 to -4 E units. The absence of a 92Zr 
anomaly in the Allende CAI A-60 (Fig. 2A), 
which has an anomalously low Zr/Nb ratio 
(- 16), confirms that E ~ ~ Z ~  abundances in the 
CAI are a function of 92Nb decay. The Al- 
lende CAIs represent some of the earliest 
condensates of the solar nebula and were 
dated at 4566 5 2 Ma (33). The negative 
E ~ ~ Z ~values and superchondritic Zr/Nb ra- 
tios, which are observed in most Allende 
CAIs, reflect the selective enrichment of Zr 
(condensation temperature of -1800°C) rel- 
ative to Nb [condensation temperature of 
-1600°C at bar (34)] during early con- 
densation processes in the solar nebula. Us- 
ing Eq. 2 and the measured Zr/Nb ratio of the 
CAI samples (21), the initial 92Nb/93Nb ratio 
of the solar system at 4566 Ma must have 
been at least 0.001 (Fig. 2A). Such an initial 
92Nb193Nb ratio is sufficient to generate sig- 
nificant 92Zr191Zr anomalies in typical de- 
pleted mantle or crustal reservoirs (Fig. 2B). 

E9'Zr anomalies in a handpicked cli-
nopyroxene separate of a silicate inclusion 
in the Caddo County IAB meteorite (35) 
and in a 60-mg split of Adrar 003 (31) 
provide independent evidence for live "Nb 
in the solar system. The negative E9'Zr 
anomaly (-2.2 5 0 . 7 ~ )in the Caddo Coun- 
ty meteorite is explained by the high 
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Zr/Nb ratio (164) in the clinopyroxene, thus 
suggesting a minimum initial 92Nb/93Nb 
ratio of 0.0005 (Eq. 2), consistent with 
147Sm-143Ndand 40Ar/39Arages (35, 36) 
that indicate differentiation and equilibra-
tion of Caddo County silicates between 
-10 and 50 My after CAI condensation. 

92Zr/91Zrof the two lunar meteorites Dar 
a1 Gani 262 and 400, which are fragments of 
old lunar crust (37), overlap with the chon-

R E P O R T S  

dritic and terrestrial 92Zr/91Zrratios (Fig. 
1B). This observation suggests (i) that differ-
entiation of the silicate reservoirs on Earth 
and the moon is young or (ii) that possible 
early major silicate reservoirs of the early 
Earth and the moon were efficiently homog-
enized after most of the 92Nb had decayed. 
(Fig. 2A). Because 92Zr/91Zris identical for 
Earth and chondrites, Zr isotopes are not 
suitable for the identification of extraterres-

trial impactors of chondritic compositions, 
such as the Fig Tree Group impact spherules 
that were shown to originate from a carbona-
ceous chondrite (30). Calculated ~ ~ ~ Z r - Z r l N b  
isochrons for 0 to 200 My after the formation 
of the solar system (Fig. 2B), assuming an 
initial 92Nb/93Nbratio of 0.001, indicate that 
measurablepositive 92Zranomalies should be 
preserved in reservoirs with ZrlNb < 1 (e.g., 
Ti-rich minerals), even if they crystallized 200 

Fig Tree Group "impact' sphe~les(band 1) 
FigTree Group 'impact' spherules (band2) 

A 4 Granulite, India. TDM(Nd)=3.17 Ga (R-22) 
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My after the formation of the solar system. The 
absence of 92Zr isotope anomalies in detrital 
rutiles from Australia and in ilmenite xeno- 
crysts from South Africa (Zr/Nb ratio of 0.1 to 
1) therefore indicates that these minerals 
formed (or equilibrated) later than -4.3 Ga. A 
chondritic eg2Zr of the silicate Earth at an initial 
92Nb/93Nb ratio of 0.001 implies that the Zr/Nb 
ratio of Earth lies within 220% of the chon- 
dritic ratio [-I4 (this study)] because, other- 
wise, a resolvable difference in relative 92Zr 
abundance as compared to chondrites would be 
observed (Fig. 2A). 

Suggested compositions of Earth's earli- 
est crust include differentiated tonalitic (38) 
and alkaline basaltic lithologies (39), similar 
to lunar KREEP [potassium-, rare-earth ele- 
ment-, and phosphorus-rich basalts]. Rem- 
nants of the oldest lunar crust, which date 
back as far as 4.44 Ga (40), include ferroan 
anorthosites and KREEP (40, 41). Depending 
on the time of formation, such early crust and 
the corresponding depleted mantle may show 
cg2Zr values that range up to +2.5 and down 
to -3, respectively (Figs. 2B and 3). If the 
crust or depleted mantle formed more than 
-50 My after the formation of the solar 
system, eg2Zr values of these reservoirs 
would lie within the analytical error of the 
ratios for chondrites or the present-day bulk 
silicate Earth (Fig. 3). The uniform eg2Zr 
values of terrestrial and lunar samples there- 
fore show no vestige of differentiated silicate 
reservoirs on Earth and the moon that formed 
within the first 50 My after the birth of the 
solar system (Fig. 3). The lunar and terrestrial 
data therefore support constraints from the 
Sm-Nd (40) and Hf-W decay systems (3) that 
date the differentiation of the moon to >50 
My after the formation of the solar system, 
thus supporting an origin of the moon by a 
collision of a giant impactor with Earth. 

A comparison of calculated eg2Zr and 
c14'Nd for old silicate reservoirs (Fig. 3) 

Fig. 3. Correlated present-day 
variations of E ~ ~ ~ N ~  and eg2Zr 

reveals that cg2Zr and c142Nd anomalies 
would be anticorrelated. This expected anti- 
correlation is confirmed by combined eg2Zr 
and eI4'Nd (35) for clinopyroxene from the 
Caddo County meteorite (Fig. 3), which has 
higher SrnINd and Zr/Nb ratios than chon- 
drites. A comparison of 14'Nd with 92Zr 
abundances therefore enables identification 
of analytical artifacts. This is particularly use- 
ful for old depleted reservoirs, where the 
expected positive el"Nd anomalies would be 
barely resolvable from the chondritic value, 
given the typical analytical error of TIMS 
analyses. 

The presence of a Hadean magma ocean 
has been suggested for the early Earth (42) 
and for the moon (41). Strong fractionation of 
Zr from Nb may have occurred during the 
crystallization of Mg-perovskite in a terres- 
trial magma ocean (12) and during the crys- 
tallization of ilmenite and clinopyroxene in a 
lunar magma ocean (41). For Earth, the 
amount of separated Mg-perovskite is con- 
strained to - 1% because fractionation of ad- 
ditional Mg-perovskite would shift elemental 
ratios such as Lu/Hf, Hf/Sm, ScISm, or Si/ 
Mg far off the ratios that are presently ob- 
served in terrestrial reservoirs (12). Neverthe- 
less, the unmixing of only 1% Mg-perovskite 
would form a reservoir that has high Zr/Nb 
and high Zr concentrations (resulting in a 
negative eg2Zr) (Fig. 2B) (43). An addition of 
10% of such an early perovskite reservoir to 
a much younger depleted mantle would cause 
cg2Zr to be less than the silicate Earth value. 
Likewise, early crystallization of ilmenite 
(low Zr/Nb) (Fig. 2B) from a lunar magma 
ocean would have caused negative 92Zr 
anomalies in old lunar crust. The absence of 
significant eg2Zr anomalies in early terrestrial 
rocks and the early lunar crust therefore ar- 
gues against the presence of old perovskite 
and ilmenite reservoirs on Earth and the 
moon that were created within the first 50 My 

ddo County c x 2 ' .  
that would be expected for old 
silicate reservoirs in Earth and 
meteorites (thick solid lines). An 
initial 146Sm/144Sm value of 
0.008 at the condensation time 
of the solar system is used (7) 
(age corrected to 4566 Ma). 
~ ' ~ ~ N d - e ~ ~ Z r  must be anticorre- 
lated because Sm and Zr are 
more compatible in mantle peri- 
dotite than Nd and Nb, respec- 
tively. 147Sm/144Nd and ZrlNb 
of Earth's depleted mantle 
10.214 (44) and 50 (73), respec- 

lnltlal chondrlte 
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iively] were assumed. for ' the 
"depleted" reservoir. For a typi- 

E WZr 

cal "crustal" reservoir of alkaline basaltic or tonalitic composition, a 147Sm/144Nd value of 0.1 1 and 
a ZrINb value of 9 were assumed. The chondritic 142Nd-92Zr evolution is shown as a thin solid line; 
the dashed lines indicate evolution paths for reservoirs that formed 0, 50, and 100 My after the 
condensation of CAI. The shaded areas indicate typical analytical errors that are reported for TIMS 
[142Nd/144Nd (5, 6)] and MC-ICPMS [92Zr191Zr (this study)]. 

after the formation of the solar system. The 
combination of the Zr-Nb system with the 
Hf-W system (3) suggests that the differenti- 
ation of Earth and the moon into a metal core 
and silicate mantle as well as the internal 
differentiation of this silicate mantle occurred 
much later than on planetesimals and small 
planets (e.g., Caddo County IAB meteorite). 
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A 22,000-Year Record of 

Monsoonal Precipitation from 


Northern Chile's 

Atacama Desert 
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J. Q ~ a d e , ~K. A. Rylander' 

Fossil rodent middens and wetland deposits from the central Atacama Desert (22O 
t o  24'5) indicate increasing summer precipitation, grass cover, and groundwater 
levels from 16.2 t o  10.5 calendar kiloyears before present (ky B.P.). Higher elevation 
shrubs and summer-flowering grasses expanded downslope across what is now the 
edge of Absolute Desert, a broad expanse now largely devoid of rainfall and 
vegetation. Paradoxically, this pluvial period coincided with the summer insolation 
minimum and reduced adiabatic heating over the central Andes. Summer precip- 
itation over the central Andes and central Atacama may depend on remote tele- 
connections between seasonal insolation forcing in both hemispheres, the Asian 
monsoon, and Pacific sea surface temperature gradients. A less pronounced episode 
of higher groundwater levels in the central Atacama from 8 t o  3 ky B.P. conflicts 
with an extreme lowstand of Lake Titicaca, indicating either different climatic 
forcing or different response times and sensitivities t o  climatic change. 

The tropics are believed to be an important deposits (3) at sites straddling the Tropic of 
source of global climate variability at various Capricorn (23.S0N) in the central Atacama 
time scales, yet their role is poorly understood. Desert (Figs. 1 and 2). In the Atacama, several 
Ice age cooling (-5OC) of the tropics is now rodents (Lagidium, Phyllotis, Abrocoma, and 
evident from many tropical ocean and land Octodontomys) make urine-hardened cave de- 
records ( I ) ,  raising questions about climate posits rich in plant remains alan to North Arner- 
forcing by high versus low latitudes. Precise ican packrat middens (2). Rodent middens af- 
chronologies of tropical climate change are be- ford hlgh taxonomic, spatial, and temporal res- 
coming increasingly necessary to place empir- olution of past vegetation growing on dry hill-
ical constraints on competing theories and mod- slopes and in this study provide important 
els. Here, we focus on monsoonal circulation evidence for seasonality of rainfall. Midden 
and tropical rainfall over the central Andes. One records, however, are stratigraphically discon- 
measure of monsoonal circulation over the cen- tinuous and represent only snapshots of flora 
tral Andes is the variability of summer precip- through time. In contrast, paleosprings, fed by 
itation (December to March) that spills over precipitation in the Andes (>3500 m), have left 
from the Altiplano to the Atacama Desert, rep- behnd diatomaceous wetland deposits (3) that 
resenting the abrupt, tail end of the tropical provide a more continuous record of sustained 
rainfall belt. hydrologic changes in the Atacama Desert. The 

A history of vegetation change and ground- two data sets are strongly complementary and 
water fluctuations was reconstructed from I4C together provide a record of paleoclimatic 
dated fossil rodent middens (2) and wetland change that is unprecedented for the region. 

Most of the annual precipitation in the Ca- 
lama and Salar de ~ t a c & a  basins (Fin. 2) falls -

'US. Geological Survey, 1675 West Anklam Road, i, but to winter ( juneto septem- 
Tucson, AZ 85745, USA. *Laboratorio de Botanica, ber) only 200 km to the south (Fig. 1). This
Facultad de Ciencias, Universidad de Chile, Casilla 
653, Santiago, Chile. 3Department of Geosciences, gradient in is reflected in 
University of Arizona, Tucson, AZ 85721, USA. southern limits of -22" to 24"s for most plants 
*To whom correspondence should be addressed. E- that flower in summer versus northem limits of 
mail: jlbetanc@usgs.gov -25" to 27"s for those that flower in winter (4).  
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