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Introduction:  High precision absolute and relative 

dates based on long- (e.g., 207Pb-206Pb) and short-lived 
(e.g., 26Al-26Mg) radionuclide chronometers are essen-
tial for resolving the timescales of early Solar System 
events (such as asteroidal accretion and differentiation) 
with sub-Ma resolution. Concordance of these chro-
nometers can also provide insights into the spatial dis-
tribution of the parent radionuclides in the solar nebu-
la, which has implications for the origins of these nuc-
lides. Yet, relatively few meteoritic materials have 
been dated with multiple long- and short-lived chro-
nometers. 

Northwest Africa (NWA) 2976 is a recently recov-
ered meteorite paired with the ungrouped basaltic 
achondrites NWA 011 and NWA 2400 [1]. Similar to 
the basaltic eucrites, these meteorites are composed 
primarily of pyroxene, plagioclase, and chromite, with 
minor amounts of sulfides, silica and phosphates [1, 
2]. Although texturally similar to eucritic meteorites, 
they show some distinctive isotopic characteristics. In 
particular, oxygen isotope systematics of NWA 011 
suggest possible affinities to the CR chondrite parent 
body [3]. Moreover, Ti and Cr isotope systematics of 
NWA 2976 also suggest affinities to the carbonaceous 
chondrites [4]. Previous investigations have demon-
strated the presence of live 26Al and 53Mn in 
NWA 011/2976 at the time of crystallization, indicat-
ing an ancient formation age [2, 5]. As such, if a pre-
cise absolute formation age can be determined, these 
paired ungrouped basaltic achondrites have the poten-
tial to serve as time anchors for several short-lived 
chronometers. Therefore, we have conducted a study 
of Pb-Pb isotopic systematics in whole-rock and min-
eral separates of NWA 2976 with the goal of precisely 
determining its crystallization age.  

Until recently, the Pb-Pb dating technique has re-
lied on the assumption of a constant 238U/235U ratio 
(=137.88). However, there is now evidence for signifi-
cant variations in the 238U/235U ratio in Allende cal-
cium-aluminum-rich inclusions (CAIs) that correlate 
with Th/U ratios, indicating the presence of extant 
247Cm (T1/2 ~15.6 Ma) in the early Solar System [6]. 
Therefore, to assess whether NWA 2976 may have a 
238U/235U ratio different from the assumed value of 
137.88 (in which case, the Pb-Pb age determined here 
would require a correction), we have also made mea-
surements of the Th/U ratio on an unleached whole-
rock sample of this meteorite.  

Analytical Techniques:  All sample processing 
was performed under clean laboratory conditions in 

the Isotope Cosmochemistry and Geochronology La-
boratory at Arizona State University (ASU). A ~250 
mg interior fragment of NWA 2976 was processed for 
the analysis of Pb isotope systematics. From this frag-
ment, two pieces, weighing ~70 mg (WR1) and ~50 
mg (WR2), were removed and powdered. A third 
whole-rock fragment weighing ~12 mg (WR3) was 
prepared for the measurement of Th/U ratios. The re-
mainder was subjected to mineral separation using 
heavy liquids, followed by hand picking, to obtain 
pyroxene-rich (Px) and plagioclase-rich (Plag) sepa-
rates.  

The WR1 powder was leached using a 9-step 
leaching protocol similar to the protocol #2 described 
by [7], but with two additional washes using 1M HF 
(cold and hot). The final (hot 1M HF) leach step re-
sulted in almost complete dissolution of the residue 
remaining after the first 8 leach steps; the resulting 
residue did not contain sufficient Pb for analysis, and 
therefore the last leachate for this sample (WR1-L9) is 
considered as the final digestion step. The WR2 powd-
er as well as the two mineral separates (Px and Plag) 
were leached using an 8-step protocol similar to that 
for WR1, except that the cold 1M HF step was of 
longer duration, and the final hot 1M HF step was 
omitted. All leachates were dried down prior to further 
processing. Residues (denoted as R) and the dried lea-
chates (denoted as L1-L9 for WR1 and L1-L8 for WR2, 
Px and Plag) were fully dissolved in concentrated HF-
HNO3, and converted to the chloride form before sepa-
ration of Pb using 50μl anionic columns. We analyzed 
the isotopic composition of Pb separated from the final 
leachates (L8 and L9 for WR1; L8 for WR2; L7 and L8 
for Px and Plag separates) and the respective residues 
(WR1-R, Px-R, and Plag-R) to evaluate the removal of 
common Pb during progressive leaching of these sam-
ples. The total Pb procedural blanks during this study 
were 1.2 pg for the leachates and 1.5 pg for the resi-
dues, while the total amount of Pb in the samples ana-
lyzed ranged between 13 and 1518 pg. The Pb sam-
ple/blank ratios ranged from 11 to 991 (uncertainty on 
these ratios estimated to be ± 20%), and the measured 
Pb isotopic compositions of each of these samples 
were corrected accordingly.  

The Pb separated from the samples was brought in-
to solution in 3% HNO3 and spiked with a Tl standard 
solution (2 ppb Pb – 1 ppb Tl) for correction of in-
strumental mass bias. Pb isotope measurements were 
made on a Thermo-Finnigan Neptune MC-ICPMS at 
ASU. A secondary electron multiplier (SEM) was used 
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to monitor the low 204Pb signal and Faradays cups 
were used for simultaneously measuring 200Hg, 202Hg, 
203Tl, 205Tl, 206Pb, and 207Pb. Solutions were introduced 
into the mass spectrometer using an Apex desolvating 
nebulizer. Analyses of two Pb isotope standards doped 
with Tl (2ppb Pb - 1ppb Tl) over the course of this 
investigation yielded the following mass bias corrected 
compositions: 206Pb/204Pb = 16.940 (± 0.030%) and 
207Pb/206Pb = 0.91474 (± 0.019%) for NBS 981 (errors 
are 2SE; n=8); 206Pb/204Pb = 2,750 (± 1.15%) and 
207Pb/206Pb = 0.0712 ± (0.139%) for NBS 983 (2SE; 
n=3). The unleached WR3 sample was fully dissolved 
and brought into solution in 3% HNO3. The Th/U ratio 
was then analyzed on the Neptune MC-ICPMS based 
on a calibration curve generated using a series of stan-
dard solutions with a range of Th/U ratios. 

Results and Discussion:  The final leachate (L9) 
for WR1 along with the final leachates (L8) and cor-
responding residues (R) for WR2, Px, and Plag have 
corrected 206Pb/204Pb ratios ranging from 40.8 (for 
WR2-L8) to 1,316 (for WR2-R), indicating efficient 
removal of common Pb during the preceding leaching 
steps. These seven fractions yield an internal Pb-Pb 
isochron age of 4563.87 ± 0.18 Ma (MSWD=1.9). If 
the least radiogenic of these seven data points (i.e., 
WR2-L8) is omitted, we obtain an internal isochron 
age of 4563.81 ± 0.19 Ma (MSWD=1.2) (Fig. 1).  

 
Fig. 1: Internal Pb-Pb isochron of the basaltic achondrite 

NWA 2976. Isochron regression includes the 3 residues 
(filled symbols), WR2-R, Px-R, and Plag-R, and the 3 final 
leachates (open symbols), WR1-L9, Px-L8, and Plag-L8. Er-
ror ellipses are ±2σ. 

Based on the correlation of U isotope ratios with 
Th/U ratios in Allende CAIs [6], we can use the Th/U 
ratio measured in the unleached WR3 to assess the 
maximum possible deviation of the 238U/235U ratio 
from the assumed value of 137.88 that is generally 
used for determination of Pb-Pb ages. The Th/U ratio 
of the unleached whole-rock was determined to be 1.1 
(±5%, 2SD), which translates to a maximum uncertain-

ty of -0.4 Ma on the Pb-Pb isochron date determined 
here.  

Conclusions:  Based on the internal Pb-Pb isoch-
ron shown in Fig. 1, our best estimate for the crystalli-
zation age of the basaltic achondrite NWA 2976 is 
4563.81 ± 0.19 Ma. This age is similar to those of sev-
eral basaltic achondrites [7, 8] indicating that there was 
widespread magmatism on planetesimals during the 
first ~5 Ma of Solar System history.  

 
Fig. 2: Comparison of the absolute Pb-Pb age of NWA 

2976 (this study) with Al-Mg model ages obtained using 
different anchors: 1. D’Orbigny angrite [7]; 2. Efrevovka E-
60 CAI [9] and; 3. NWA 2364-B1 CAI [10] . Al-Mg syste-
matics in NWA 2976 are from [5]. Recent determination of 
the U isotope ratio in D’Orbigny pyroxenes indicates that the 
Pb-Pb age of this angrite needs to be adjusted by -0.6 ± 0.3 
Ma [11]; this gives an Al-Mg model age of 4563.5 ± 0.5 for 
NWA 2976 which is still in agreement with its Pb-Pb age. 

As shown in Fig. 2, the Pb-Pb age determined here 
for NWA 2976 is concordant with its Al-Mg model 
ages anchored on the D’Orbigny angrite and NWA 
2364-B1 CAI (Fig. 2), but not with that anchored on 
the E60 CAI (in which Al-Mg systematics appear to be 
re-equilibrated [12]). The concordance of the Pb-Pb 
age with the Al-Mg ages that are anchored to a diffe-
rentiated meteorite and to a CAI provides further sup-
port for the homogeneous distribution of 26Al in the 
protoplanetary disk.  
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