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Eucrites are a class of basaltic meteorites that share common mineralogical, 
isotopic, and chemical properties and are thought to have been derived from 
the same parent body, possibly asteroid 4 Vesta. The texture, mineralogy, and 
noble gas data of the recently recovered meteorite, Northwest Africa (NWA) 
011, are similar to those of basaltic eucrites. However, the oxygen isotopic 
composition of NWA011 is different from that of other eucrites, indicating that 
NWA011 may be derived from a different parent body. The presence of basaltic 
meteorites with variable oxygen isotopic composition suggests the occurrence 
of multiple basaltic meteorite parent bodies, perhaps similar to 4 Vesta, in the 
early solar system. 

The diversity of chemical compositions of 
magmatic iron meteorites indicates the pres- 
ence of many differentiated planetesimals 
that were later disrupted (1). These bodies 
may have had a crust composed of basaltic 
rocks on their surfaces immediately after dif- 
ferentiation but before disruption. However, 
in our meteorite collections, eucrites are the 
only abundant basalts [e.g., (2)]. Other less 
abundant asteroidal basalts include angrites 
and basaltic inclusions in mesosiderites (2, 
3). Only eucrites can be related with reason- 
able certainty to a specific asteroid, 4 Vesta, 
because it shows a basaltic reflection spec- 
trum (4). However, it has not been clear 
whether all eucrites were derived from a sin- 
gle parent body. Here, we report the miner- 
alogy, chemistry, oxygen isotopic composi- 
tions and noble gas content of a recently 
discovered basaltic meteorite, NWA011 (5, 
6). 

The thermal history of NWA011, and 
some properties of its parent asteroid, may be 
inferred from its texture and mineralogy. 
NWA011 is composed of coarse-grained, an- 
hedral clinopyroxene (pigeonite and relict 
augite) (---1 mm in size) and a fine-grained, 
granular to stubby (50 to 100 ,xm in size) 
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plagioclase with well-developed 120? triple 
junctions and curved boundaries (Fig. 1). 
There are a few large laths of plagioclase 
(<0.4 mm by 1.3 mm) which could be relicts 
of the precursor basalt crystallized rapidly 
near the surface. This texture indicates that 
NWA011 is a recrystallized breccia formed 
by impact event(s). Minor minerals include 
silica minerals, Ca-phosphate, Ti-rich chro- 
mite, ilmenite, Fe-rich olivine, baddeleyite, 
troilite, and weathering products. In most cas- 
es, grains of silica minerals and Ca-phosphate 
form clusters several mm in size, which are 
distributed heterogeneously on a scale of a 
few cm (7). Because these minerals generally 
occur together in mesostasis in basalts as 
final products of crystallization from the 
melt, we suggest that they could have been 
redistributed during high temperature meta- 
morphism (8). 

The low-Ca pyroxene is pigeonite con- 
taining fine exsolution lamellae of augite 

(less than a few Ixm thick), similar to equil- 
ibrated pyroxenes in type 5 eucrites (type 5 
pyroxene) (9). The Fe/Mg ratios of low-Ca 
pyroxene are comparable to those of a eu- 
crite, Lakangaon (10). Pairs of pigeonite and 
augite with the largest Ca difference 
(Wo398.En26.4 and Wo5.9En32.5; where Wo is 
wollastonite, En is enstatite, and the sub- 
scripts indicate molar percentage of the pure 
endmember phases Wo and En) indicate an 
equilibration temperature (11) of -860?C. 
The equilibration temperature (11) estimated 
from the bulk compositions of relict augite 
and pigeonite (Wo28.2_30.0En26.7_27.6 and 

Wo16.0_16.6En29.530o.o, respectively) is -1090? 
to 1110?C, which could represent a peak meta- 
morphic temperature. The FeO/MnO ratios of 
pyroxene (-65) are higher than those of eu- 
crites (-40) (12). The chemical compositions 
of the fine-grained, granular plagioclase are 
in the range Oro 3Ab 11 ot Or 5Ab22 1 (where 
Or is orthoclase, and Ab is albite). In contrast, 
the relict plagioclase laths have normal igne- 
ous zoning with extensive chemical varia- 
tions (Oro 2Ab6.1 - Orl 5Ab35 6). Ilmenite is 
closely associated with Ti-rich chromite, 
forming a poikiloblastic oxide assemblage. 
This assemblage may be a decomposition 
product of ulvospinel (13). In some cases, 
these oxide assemblages are associated with 
Fe-rich olivines (Fa81 .4-84.5 where Fa is 
fayalite). Some small pyroxenes in contact 
with the Fe-rich olivines and homogenized 
type 5 pyroxenes are enriched in Fe 
(Wo6.1En227 - Wo8.9En25^o) compared to 
the type 5 pyroxenes. The mineralogical fea- 
tures of NWA011 are similar to those of 
highly metamorphosed eucrites such as 
EET90020 and Y-86763 (8, 14). These facts 
indicate that NWA011 experienced at least 
two thermal events, a prolonged thermal 
metamorphism that produced type 5 pyrox- 
ene [e.g., >800? to 1000?C for -1 million 
years (Ma)] (15) and rapid heating and cool- 
ing that produced the oxide-related phases 
(8). 

The major and trace element compositions 

Fig. 1. Photomicrograph of me- 
B _I^B teorite NWA011. Plane-polar- 

ized light. Light brown, pyroxene; 
K83BB8B fine-grained white, plagioclase; 
J8K!|o ~black, opaque minerals (ilmenite, 

chromite, etc.). 
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of NWA011 (Fig. 2) (7) indicate that 
NWA011 has less SiO2, P205, and more FeO 
and TiO2 than eucrites (16). The FeO/MgO 
(= 3.17) and CaO/Al203 (= 0.85) ratios are 
in the range of eucrites (16). We confirmed 
the high FeO/MnO ratio of -53 for the bulk 
sample, consistent with the pyroxene compo- 
sitions. The heterogeneous distribution of mi- 
nor minerals such as silica minerals, Fe-rich 
olivine, and Ca-phosphate observed in 
NWA011 could have affected the major and 
trace element abundances. The rare earth el- 
ement (REE) abundances in our whole-rock 
sample of NWA011 are two to six times 
lower than those in typical eucrites, Juvinas 
and Millbillillie, except for Eu. NWA011 has 
a fractionated REE pattern, showing a grad- 
ual increase from light to heavy REE with a 
large positive Eu anomaly. The abundances 
of REE along with a Eu anomaly are not 
consistent with the previous report (5). This 
is probably due to the heterogeneous distri- 
bution of Ca-phosphate, and is consistent 
with the low abundances of U and Th in our 
sample (7). Compared to eucrites, siderophile 
elements in NWA011 are highly enriched: Ir 
in NWA011 is three orders of magnitude 
higher than Ir in Juvinas and Millbillillie, for 
which Ir contents are below detection limit, 
and Co and Ni abundances in NWA011 are 
about 10 times higher (Fig. 2B). Because the 
enrichments of siderophile elements cannot 

Fig. 2. (A) Chondrite- 
normalized rare earth 
element patterns of 
NWA011, and eucrites, 
Juvinas and Millbillillie. 
(B) CI-chondrite-nor- 
malized siderophile ele- 
ment abundances of 
NWA011, Juvinas, and 
Millbillillie. The chon- 
drite and CI abundanc- 
es for normalization 
are from (34) and (17), 
respectively. 
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Fig. 3. Oxygen isotopic composi- 
tions of NWA011 and other me- 
teorites (22). HEDs, a class of dif- 
ferentiated meteorites (howardite, 
eucrite, and diogenite); Ang; ang- 
rites, Mes; silicate inclusions in 
mesosiderites, Pal; pallasites, SNC; 
martian meteorites, Aub; aubrites; 
CR and CM; carbonaceous chon- 
drites, TF line; terrestrial fraction- 
ation line, CCAM line, carbona- 
ceous chondrite anhydrous miner- 
al line. 
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be explained in terms of igneous processes, 
we suggest that NWA011 was contaminated 
by projectile materials, being consistent with 
the textural evidence for impact brecciation 
of NWA011. The high Ni/Ir ratio of 
NWA011 indicates that the projectile could 
be IVB iron meteorite-like materials rather 
than chondritic materials (17, 18). Although 
the bulk compositions were locally disturbed 
by metamorphism and contamination from 
the projectile materials, the mineralogical 
features of NWA011 are similar to those of 
eucrites. 

Cosmic-ray exposure ages, and U-He and 
K-Ar ages are calculated from the noble gas 
data (19). The most reliable cosmic-ray ex- 
posure age for NWA011, determined from 
cosmogenic 21Ne, is 30 Ma. This age is with- 
in the range of the cosmic-ray exposure ages 
for eucrites, from 7 to 70 Ma (20), and is 
longer than those for martian meteorites 
( 15 Ma) and lunar meteorites ( 11 Ma), 
and suggests that NWA011 is asteroidal in 
origin. The concentration of radiogenic 40Ar 
is 4.5 X 10-6 cm3/g. This, combined with the 
bulk K content (7), gives a K-Ar age of 2.0 ?+ 
0.3 Ga. Because we cannot exclude the pos- 
sibility of partial loss of radiogenic 40Ar, the 
K-Ar age of 2.0 Ga may not represent geo- 
logic events on the parent body. 

The oxygen isotopic composition of 
NWA011 (180 = +2.54, 170O = -0.48) 

'680 (%0) 

(21) is similar to CR-chondrites, and falls 
between the terrestrial fractionation (TF) line 
and the carbonaceous-chondrite anhydrous- 
mineral mixing (CCAM) line (22) (Fig. 3). 
No other achondrites are found in this region 
(23). The A'70 (21) of NWA011 is-1.80, in 
contrast to A170 = -0.25 for eucrites (23). 
This indicates that NWA011 is a new type of 
basaltic meteorite, with no genetic relation- 
ship with to eucrites. 

Mineralogical and chemical data indicate 
that NWA011 is a basalt that formed by 
extensive melting and differentiation in the 
parent body. The postcrystallization thermal 
history of NWA011 can be explained by the 
burial of basalt, originally crystallized near 
the surface, under several kilometers of crust- 
al rock in a large asteroid like 4 Vesta (24), 
followed by impact excavation during slow 
cooling (8). The mineralogical similarities 
between NWA011 and eucrites imply infra- 
red spectral properties similar to 4 Vesta or 
Vestoids (4, 25). It is unlikely that the eucrite 
parent body is heterogeneous with respect to 
oxygen isotopes after extensive melting and 
differentiation. Thus, NWA011 was derived 
from a parent body that formed from a solar 
system reservoir different from the eucrite 
parent body. The observations further suggest 
that Vesta is not the only source for the 
basaltic meteorites, consistent with the recent 
discovery of a large asteroid with a basaltic 
surface, but no dynamical link to Vesta (26). 
This study shows the evidence for the pres- 
ence of multiple Vesta-like asteroids in the 
early history of the solar system. 
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The genetic history of African cattle pastoralism is controversial and poorly 
understood. We reveal the genetic signatures of its origins, secondary move- 
ments, and differentiation through the study of 15 microsatellite loci in 50 
indigenous cattle breeds spanning the present cattle distribution in Africa. The 
earliest cattle originated within the African continent, but Near East and 
European genetic influences are also identified. The initial expansion of African 
Bos taurus was likely from a single region of origin. It reached the southern part 
of the continent by following an eastern route rather than a western one. The 
B. indicus genetic influence shows a major entry point through the Horn and 
the East Coast of Africa and two modes of introgression into the continent. 
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Cattle pastoralism is widespread in Africa 
today and still forms the basis of life for 
millions across the continent. Two hypothe- 
ses for the origins of African domesticated 
cattle are currently debated. The North Afri- 
can subspecies of wild cattle or aurochs Bos 
primigenius (1) may have undergone an in- 
digenous African domestication around 
10,000 years ago, possibly in the northeast of 
the continent (2-4). However, the archaeo- 
logical evidence is disputed and the molecu- 
lar data are not conclusive (2, 5). Alternative- 
ly, domesticated cattle could have been intro- 
duced into Africa from the Near East where 
cattle domestication is known to have oc- 
curred (6). 

The pattern and the chronology of subse- 
quent domestic cattle dispersal within the 
continent are also unclear. The origin and 
history of the early dispersion of African 
pastoralism westward and southward in the 
continent remain largely unknown, as does 
the pattern of the introgression of B. indicus, 
which is known to have influenced the ma- 
jority of cattle populations in Africa (7, 8). 

Pictorial representations and archaeologi- 
cal remains show that the earliest African 
cattle were humpless B. taurus (9, 10). The 
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earliest evidence for humped cattle on the 
continent, provided by Egyptian tomb paint- 
ings of the XIIth Dynasty, do not appear until 
the second millennium BC (11, 12), which 
suggests that the Egyptian civilization may 
have played a role in the introduction of zebu 
into the continent. Today, most modem 
breeds have an appreciable zebu ancestry (7, 
8), which attests to a major secondary intro- 
duction. 

We address these issues through a conti- 
nent-wide sampling of indigenous African 
cattle. Fifty populations from 23 African 
countries spanning the present cattle distribu- 
tion in Africa (13-15) were studied (Fig. 1A). 
The sample included 31 B. taurus (taurine) 
populations, generally found in more tropical 
regions in West, East, and Southern Africa. 
and 19 B. indicus (zebu) populations, restrict- 
ed to the more arid zones of West and East 
Africa (11, 13). 

These samples were analyzed with 15 au- 
tosomal microsatellite markers (14). We ob- 
served 183 alleles whose frequencies were 
used to calculate the principal components 
(PC) values of the genetic variation (14). PC 
values of each population were then used to 
construct interpolation maps illustrating con- 
tinent-wide genetic trends for the first three 
PCs (Fig. 1, B through D) (16). These al- 
lowed us to generate hypotheses, which were 
assessed statistically and in light of earlier 
mitochondrial and Y chromosome DNA re- 
sults (4, 8, 17), as well as available archaeo- 
logical and historic information. 

The first principal component of the vari- 
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