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Introduction: Since the discovery of 238U/235U 
variability in terrestrial rocks and minerals [1-3] and in 
Ca-Al rich refractory inclusions (CAIs) from CV 
chondrites [4], the need to support U-Pb and Pb- 
isotopic dating by 238U/235U determinations was 
recognised by the cosmochronology community [4-8]. 
The extent of the uranium isotopic variations in 
meteorites and their components, and their impact on 
Pb-isotopic age determinations, however remains 
unclear. The magnitude and ubiquity of U isotopic 
variations in CAIs, in particular those with Group II 
REE patterns [4, 9] indicate the need to analyse U 
isotopes in every CAI that is being dated with the U-Pb 
method. But do we need to determine 238U/235U in 
every achondrite we date? 

Whether it is necessary to measure the 238U/235U 
depends on the magnitude of U isotopic variations, and 
the precision of Pb-isotopic age. Changing the 
238U/235U value by 0.01% in calculation of the 
207Pb*/206Pb* age of a ca. 4560 Ma material causes the 
age shift of 0.145 Ma, which is similar to the 
uncertainty of most precise Pb-isotopic ages of 
achondrites (e.g. [10]), so for such age determinations 
the uncertainty in the y-intercept of the 207Pb/206Pb-
204Pb/206Pb isochron and the uncertainty of the 
238U/235U ratio make similar contributions to the total 
age uncertainty. If precision of the age around ±0.5-1.0 
Ma is adequate, then the requirement of individual U 
isotopic determination can be relaxed, considering the 
general consistency of the 238U/235U in most 
achondrites within 0.03-0.04% [11, 12], although 
occurrence of outliers [12, 13] remains a concern.  

Dating of certain groups of achondrites, first of all 
angrites, requires an uncompromised approach to age 
determination, which in turn dictates the need for a 
closer look at 238U/235U variations. There are several 
reasons why U-Pb chronology of angrites is 
particularly demanding. First, some of these meteorites 
came to be used as the age references for cross-
calibration of various isotopic clocks, both extant and 
extinct, that are used in early solar system chronology. 
Second, some age determinations of angrite minerals 
have exceptionally high Pb-isochron precision 
reaching as low as 0.066 Ma [14], which requires 
supporting 238U/235U measurements with precision of 
better than 0.004% to avoid significant expansion of 
the total age uncertainty. Third, angrites are the first 
group of achondrites where a systematic difference in 
238U/235U ratio between the two petrologic sub-groups, 
“quenched” and “plutonic” angrites, has been 
discovered [8]. Last but not least, in some angrites 
separate isochrons were obtained for two types of 

minerals, and interpretation of the apparent age 
differences, the 0.55±0.29 Ma between the pyroxene 
and silicic apatite in the plutonic angrite Northwest 
Africa (NWA) 4590 [14], and the 1.44±0.60 Ma 
between acid-soluble and acid-insoluble minerals in 
diabasic angrite NWA 12320 [15] requires 
independently determined 238U/235U ratios in U-bearing 
minerals used for construction of each isochron, i.e. at 
least two separate U isotopic determinations for each 
of these angrites. 

In this study, we take the next step from the recent 
study by Tissot et al. [8] and evaluate internal U 
isotopic variability of select angrites. 

Materials and methods: We analysed U isotopic 
compositions in rapidly cooled angrites D’Orbigny and 
Sahara 99555, and plutonic angrites NWA 4590, NWA 
4801, and Angra dos Reis (AdoR), using techniques 
described by [16, 17]. Analyses included hand picked 
mineral fractions of merrillite and silicic apatite, 
pyroxene, and bulk rock. All minerals and coarsely 
crushed rocks were cleaned from surface 
contamination by ultrasonication in ethanol and 
distilled acetone. Phosphate minerals were dissolved 
0.5M HNO3. Pyroxene and whole rock fractions were 
either leached twice in 0.5M HNO3 (the volume 
depends on the size of the fraction), or dissolved 
without acid leaching. In the case of leached mineral or 
whole rock fractions, the leachate (wash) and residue 
were analysed. Pyroxene fractions from rapidly cooled 
angrites contained traces of olivine or plagioclase. The 
total number of fractions analysed from each meteorite 
was between 3 and 8.  

All fractions were spiked with IRMM-3636 233U-
236U double spike before chemical separation, and 
analysed on the Neptune Plus MC-ICPMS at UC Davis. 
An array of Faraday cups connected with 1011, 1012 
and 1013 Ohm feedback resistor electrometers was used 
to accommodate widely varying sample sizes. Quality 
of analyses was assured by tight bracketing with the 
uranium isotopic standard CRM 112a using a similar 
concentration and sample/spike ratio as the unknowns, 
and by analyses of standard rocks BHVO-2 and BCR-2. 

Results: The 238U/235U measured in this study are 
plotted in Figures 1-4 together with published data 
from [6-8]. In all figures, the published data are plotted 
on the left side, and are designated with beige (bulk 
rocks), pale purple (pyroxene from [7]) or pale green 
(phosphate from [7]) colour, and the word “published”. 
The data for rocks, minerals and leaching steps 
analysed in this study are consistently labelled and 
colour coded throughout all figures. The uncertainty 
bars are 2σ. The uncertainties mainly depend on the 
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sample size. The amount of U in silicic apatite was 
unfortunately too small for precise analysis. 

 
Fig.1 238U/235U ratios in D’Orbigny. 

 
Fig.2 238U/235U ratios in Sahara 99555. 

 
Fig.3 238U/235U ratios in Angra dos Reis. 

 
Fig.4 238U/235U ratios in Northwest Africa 4590. 

The isotopic ratios in rapidly cooled angrites 
D’Orbigny and Sahara 99555 are consistent between 
the rock and mineral fractions, and are identical 
between this study and the published data, and between 
the two meteorites. They provide a reliable basis for 
Pb-isotopic dating.  

The isotopic systems in the plutonic angrites are 
more complex. The analyses of rocks (untreated, 
leachates and residues) are generally consistent with 
the published bulk rock data. The pyroxene and 
merrillite fractions, however, have higher 238U/235U 
ratios. Repeated analyses of pyroxene residues from 
both NWA 4590 and AdoR yield reproducible values 
that are higher than the bulk rock values. Pyroxene 
wash from AdoR, relatively imprecise due to small 
amount of U, gives identical value to the merrillite, and 
most likely represents dissolution of microscopic 
merrillite grains attached to pyroxene, as pyroxene in 
AdoR is very resilient to HNO3 dissolution compared 
to pyroxene in other angrites [10].  

Discussion: There are four main outcomes of this 
study. First, it shows that acid leaching does not induce 
238U/235U isotopic fractionation in any studied angrites. 
Second, the isotopic composition of uranium is 
homogeneous in rapidly cooled angrites, but 
heterogeneous in slowly cooled angrites. The internal 
isotopic heterogeneity in plutonic angrites can be 
explained by isotopic fractionation of U during slow 
magma crystallisation and crystal sorting. Third, the 
elevated 238U/235U in merrillite should be taken into 
account in age determinations. Fourth, lower 238U/235U 
in bulk rocks compared to the minerals in plutonic 
angrites suggest the presence of an unrecognised U-
bearing phase with low 238U/235U. 
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