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Introduction: Understanding the cooling history of planetary bodies requires absolute ages of not only crustal 

materials, but also planetary core material. Since iron meteorites are thought to derive from the metal cores of dif-
ferentiated protoplanetary bodies, determining the crystallization and cooling timescales of such planetary core ma-
terial is critical to understanding the early evolution of protoplanets. To date, the only precise absolute cooling age 
reported for planetary core material comes from troilite inclusions found within the IVA iron meteorite Muonional-
usta. The previously reported Pb-Pb age of 4565.3±0.1 Ma [1] mandates extremely rapid planetary accretion, differ-
entiation, and cooling of protoplanets in order to cool below the closure temperature of the Pb-Pb chronometer 
(<300 °C [1]) within 2-3 million years of the formation of the first solids. However, this reported Pb-Pb age of 
Muonionalusta assumed a 238U/235U=137.88—a value that has since been shown to vary in meteoritic material and 
cause multiple age discrepancies between early Solar System chronometers [e.g., 2-4]. In order to improve the accu-
racy of this reported age, we investigate the 238U/235U and Pb isotope systematics of troilite from Muonionalusta. 

Samples and Methods: Two large troilite nodules were liberated from the metal matrix of Muonionalusta using 
a diamond saw at the University of Münster. Small, unadulterated aliquots of both nodules were reserved for Pb 
isotope investigation, with the bulk of the sample used for U-isotope measurement. Samples for U-isotope analysis 
were dissolved in concentrated HCl/HNO3 and reconstituted in large volumes of 3M HNO3, scaling with the sample 
size. Uranium purification, based on the procedure outlined in [5], was performed twice on each sample to isolate U 
from the sulfide matrix. Following removal of the meteoritic U, a known amount of U isotopic standard (“Matrix-
112a”) was added to each of the troilite solutions. An identical chemical protocol for each troilite sample was fol-
lowed to remove the U standard from the troilite sample matrix. Pre- and post-chemistry analyses showed ~95-105% 
(±10%) of Matrix-112a were recovered from each troilite sample. Additionally, two terrestrial pyrites of equivalent 
mass to the largest Muonionalusta sample (~35 grams) were investigated to test the fidelity of both the chemical 
separation and mass spectrometry. All tests performed on the terrestrial and Matrix-112a sample provided confi-
dence that 1) the chosen chemical separation method to remove U from a large sulfide matrix does not induce ana-
lytical artifacts, and 2) the chosen measurement procedure for low amounts of U does not affect the accuracy of the 
measurement. Lead isotopic analyses were performed on 0.13-0.18 g aliquots (two from each nodule) using partial 
dissolution protocols similar to [1], and analytical procedures described in [11]. 

Results and Implications: Due to the extremely low U content in both troilite samples, the samples were com-
bined following U removal to obtain enough U for a single precise measurement of the 238U/235U ratio. For Muon-
ionalusta troilite, we report a 238U/235U value of 137.223±0.045. The cause of relative 235U enrichment does not ap-
pear to be from the decay of the short-lived 247Cm (based on the measured Nd/U ratios of the samples), but is more 
likely from fractionation of U isotopes during metal-sulfide-silicate segregation, exacerbated by the extreme U de-
pletion in planetary core materials. Lead isotopic investigation of the samples of this study did not produce useful 
age information due to very limited isotopic variations (206Pb/204Pb between 18.0-18.4). 

The clear divergence from the previously assumed 238U/235U of troilite in Muonionalusta requires a substantial 
correction to the previously reported absolute Pb-Pb age of the sample. If the 238U/235U measured in this study is 
assumed to represent that of the IVA core and is directly applied to previous Pb-Pb data, the Pb-Pb age is adjusted 
by -6.9±0.5 Ma to 4558.4±0.5 Ma. This revised age is strongly supported by the absence of fossil 60Fe in Muonion-
alusta, as reported by [6]. The age determined from the upper limit of 60Fe in Muonionalusta, using the Solar System 
initial of [7], requires a 238U/235U <137.59 and is fully consistent with the value reported here. A recalculated Pb-Pb 
age of Muonionalusta makes it an ideal “anchor” meteorite for the short-lived 107Pd-107Ag system. This revised age, 
paired with recent Pd-Ag isotopic data from Muonionalusta [8] and the CAI age of [9], establishes a Solar System 
initial 107Pd/108Pd = 6.6±0.4×10-5. This value is in agreement with, but significantly more precise than the value re-
ported by [10]. 
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