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Introduction:  Due to their rich and unique miner-

alogy and good preservation, angrites offer an excel-
lent opportunity for studying chronology of one of the 
oldest known differentiated bodies in the Solar System. 
Since the earliest chronological studies [1, 2], it has 
been known that angrites contain at least two U-
bearing minerals suitable for precise U-Pb dating: Al, 
Ti-rich clinopyroxene, and Ca-phosphate merrillite. 
Combining the ages of these minerals from the same 
meteorite with the rate of Pb diffusion known from 
experimental studies makes it possible to calculate 
cooling rates of meteorite parent bodies and precisely 
link these cooling rates to the absolute time scale. 
However, recent studies of angrite chronology focused 
on dating rock-forming minerals and whole rocks that 
approximate the timing of crystallization, whereas the 
opportunity of direct chronological determination of 
the cooling rate of the angrite parent body remains to 
be explored. 

Angrite NWA 4590, a very fresh coarse-grained 
igneous cumulate rock composed of Al-Ti-rich clino-
pyroxene, anorthite, Ca-rich olivine with kirschsteinite 
exsolution, ulvöspinel, and accessory minerals [3, 4] is 
one of the most suitable meteorites for such determina-
tion. Among other accessory minerals, NWA 4590 
contains merrillite [5], a mineral that was successfully 
used in U-Pb dating of other angrites.  The crystalliza-
tion age of NWA 4590 of 4558.86 ± 0.30 Ma (assum-
ing 238U/235U=137.88) was determined from a Pb-Pb 
isochron for five pyroxene fractions [6]. Here we re-
port the uranium isotopic composition of NWA 4590, 
and results of a detailed U-Pb study of rock-forming 
and accessory minerals, including silico-phosphate – 
the U-rich mineral that appears to be the major host of 
uranium in this meteorite. 

Methods:  Uranium isotope composition was ana-
lyzed at the University of Otago using techniques of 
[7]. First five U-Pb analyses of pyroxene, and three U-
Pb analyses of whole rock were carried out at the Geo-
logical Survey of Canada using techniques of [8]. All 
other U-Pb analyses were carried out at the Australian 
National University using techniques of [7].  

Since we report an exceptionally precise Pb-Pb 
isochron age for the silico-phosphate, additional details 
of standardization of Pb isotope analysis, justifying 
this precision, are described here. As in our previous 
studies, reproducibility and accuracy of Pb-isotope 
analyses were checked using 300 pg aliquots of SRM-

981 standard, spiked with a mixed tracer containing ca. 
30 pg of each of 202Pb and 205Pb. Sixteen such analyses 
on a MAT-261 mass spectrometer at the ANU over the 
course of this study yielded average values 0.05903 
(±0.23%, 2 s.d.) for 204Pb/206Pb, 0.91476 (±0.024%, 
2s.d.) for 207Pb/206Pb, and 2.16809 (±0.035%, 2 s.d.) 
for 208Pb/206Pb. These uncertainties were quadratically 
added to within-run errors of analyses of most meteor-
ite fractions that contained similar amounts of Pb, and 
were spiked with the same amount of the mixed tracer. 
Larger (1.5 ng) loads of the SRM-981 standard, spiked 
with a mixed tracer containing 150 pg of each of 202Pb 
and 205Pb, were analyzed along with the larger silico-
phosphate fractions. These standard analyses yielded 
average values 0.05903 (±0.021%, 2 s.d.) for 
204Pb/206Pb, 0.914717 (±0.006%, 2s.d.) for 207Pb/206Pb, 
and 2.16787 (±0.008%, 2 s.d.) for 208Pb/206Pb. These 
smaller uncertainties were used in error propagation 
for analyses of the larger silico-phosphate fractions 
containing ca. 2 ng of Pb.  

Results:  Two whole rock U isotope analyses 
yielded consistent values with the weighted average 
238U/235U ratio of 137.789±0.021, reported relative to 
the value of  137.836 in the CRM-145 standard. The 
238U/235U ratio in NWA 4590 is lower than the “terres-
trial” value of 137.821, but is higher than the Allende 
meteorite whole rock and chondrule value of 
137.747±0.017 [7]. The 238U/235U ratio in NWA 4590 
is also almost identical (after re-normalization to the 
same standard ratio) to the value reported for the an-
grite D’Orbigny by [9], suggesting that U isotopic 
composition in the angrite parent body is homogene-
ous. 

A Pb-Pb isochron for six pyroxene fractions (Fig.1; 
five analyses at the GSC, and one at the ANU) yielded 
the age of 4557.93±0.28 Ma, calculated using the 
measured 238U/235U ratio of 137.789. Including the 
error of 238U/235U ratio introduces additional age uncer-
tainty of 0.22 Ma, and increases the total age error to 
±0.36 Ma. 

All whole rock data points plot below the pyroxene 
isochron (Fig. 2), suggesting the presence of “young” 
radiogenic Pb. The likely carriers of this Pb compo-
nents are fragments of quartz grains (probably a terres-
trial contamination), which were found in the rock. 
Low 207Pb/206Pb at relatively high 206Pb/204Pb, meas-
ured in the acid washed plagioclase fraction, suggests 
that some quartz fragments were accidentally included 
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during hand-picking. The Pb isotopic composition of 
the whole rock fractions can be interpreted as a mix-
ture of ca. 4558 Ma radiogenic Pb, non-radiogenic Pb 
of asteroidal and/or terrestrial origin, and young radio-
genic Pb contained in quartz.  

A notable feature of Pb-isotopic systematics of pla-
gioclase and whole rock fractions put through acid 
washing is that the first (ultrasonic treatment in 0.5 M 
HNO3) leachates contain substantially more radiogenic 
Pb than second (hot concentrated HNO3 and HCl) 
leachates. The source of soluble radiogenic Pb was 
identified with silico-phosphate – a mineral that easily 
dissolves in 0.5 M HNO3 at room temperature, and 
contains 11-22 ppm U. Detailed information on the 
composition and structure of this mineral are presented 
in the companion abstracts by Amelin, Iizuka and Huy-
skens, and Mikouchi et al., respectively. A Pb-Pb 
isochron for nine silico-phosphate fractions (Fig.1) 
yielded the age of 4557.381±0.066 Ma (or ±0.23 Ma, 
including uncertainty in the 238U/235U ratio), calculated 
using the measured 238U/235U ratio of 137.789. The U-
Pb systems in all pyroxene and silico-phosphate frac-
tions are concordant or less than 2% discordant, thus 
confirming the closed-system behavior and reliability 
of the ages. 

Discussion: The age difference of 0.55±0.29 Ma 
between pyroxene and silico-phosphate can be inter-
preted as a result of later closure of Pb diffusion in 
silico-phosphate a in slowly cooling rock. Assuming 
the difference in closure temperature of 296±50 Ma 
[10] for Pb diffusion in pyroxene and silico-phosphate, 
this age difference corresponds to the cooling rate of 
540±290 K/Ma. This cooling rate is 20-100 times 
faster than the cooling rate of the H-chondrite parent 
body, determined from equilibrated chondrites Rich-
ardton [10] and Estacado [11] using similar approach. 
Fast cooling could imply a small size of the angrite 
parent body, but may also be a result of a rapid cooling 
event [4, 8, 12] that probably affected the source rocks 
of plutonic angrites at 4557-4558 Ma. 

Alternatively, the apparent age difference between 
pyroxene and silico-phosphate could be unrelated to 
cooling, but caused by fractionation between 235U and 
238U during mineral growth. The difference in the 
238U/235U ratio of 0.052, or 3.8 ε-units, is required to 
explain the measured age difference (assuming simul-
taneous closure of Pb diffusion in both minerals). The 
latter possibility can be tested by separate high-
precision U isotopic analysis of silico-phosphate and 
acid-washed pyroxene. 
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Fig. 1.  Pb-Pb isochrons for pyroxene (6 fractions) and silico-
phosphate (9 fractions) from angrite NWA 4590. The age 
errors do not include uncertainty of the 238U/235U ratio.  
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Fig. 2.  Pb-isotopic systematics of whole rock samples and 
acid-washed silicate minerals in the angrite NWA 4590. 
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