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            Abstract
The early evolution of planetesimals and planets can be constrained using variations in the abundance of neodymium-142 (142Nd), which arise from the initial distribution of 142Nd within the protoplanetary disk and the radioactive decay of the short-lived samarium-146 isotope (146Sm)1,2. The apparent offset in 142Nd abundance found previously between chondritic meteorites and Earth1,2 has been interpreted either as a possible consequence of nucleosynthetic variations within the protoplanetary disk2,3,4 or as a function of the differentiation of Earth very early in its history5. Here we report high-precision Sm and Nd stable and radiogenic isotopic compositions of four calciumâ€“aluminium-rich refractory inclusions (CAIs) from three CV-type carbonaceous chondrites, and of three whole-rock samples of unequilibrated enstatite chondrites. The CAIs, which are the first solids formed by condensation from the nebular gas, provide the best constraints for the isotopic evolution of the early Solar System. Using the mineral isochron method for individual CAIs, we find that CAIs without isotopic anomalies in Nd compared to the terrestrial composition share a 146Sm/144Smâ€“142Nd/144Nd isotopic evolution with Earth. The average 142Nd/144Nd composition for pristine enstatite chondrites that we calculate coincides with that of the accessible silicate layers of Earth. This relationship between CAIs, enstatite chondrites and Earth can only be a result of Earth having inherited the same initial abundance of 142Nd and chondritic proportions of Sm and Nd. Consequently, 142Nd isotopic heterogeneities found in other CAIs and among chondrite groups may arise from extrasolar grains that were present in the disk and incorporated in different proportions into these planetary objects. Our finding supports a chondritic Sm/Nd ratio for the bulk silicate Earth and, as a consequence, chondritic abundances for other refractory elements. It also removes the need for a hidden reservoir or for collisional erosion scenarios5,6 to explain the 142Nd/144Nd composition of Earth.
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                    Figure 1: 146Smâ€“142Nd mineral and bulk isochron of the Allende, NWA 2364 and NWA 6991 CAIs compared with the Allende Al3S4 CAI, the modern terrestrial composition and bulk-rock chondrite averages for enstatite, ordinary and carbonaceous chondrites.[image: ]


Figure 2: Sm and Nd isotope compositions of bulk CAIs (leached and unleached) and CV3 whole-rocks.[image: ]


Figure 3: 150Nd/144Nd versus 148Nd/144Nd measured in CAIs and carbonaceous chondrites.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CI-normalized REE abundances in the four individual CAIs.
CI average composition is from ref. 44. See Extended Data Table 1 for elemental concentrations.


Extended Data Figure 2 146Nd/147Sm versus Î¼144Sm from Allende 322 and 323, NWA 2364 and NWA 6991 bulk CAIs.
The deviations are given in parts per million of 144Sm/152Sm ratios measured for samples compared to the average of measured Sm isotopic standards. Error bars represent internal errors (2â€‰s.e.) for individual measurements. There is no correlation between the abundance of Nd within the Sm cuts with Î¼144Sm compositions in individual CAIs. See Supplementary Tables 1â€“3 for isotopic data.


Extended Data Figure 3 Sm isotopic ratios of CAIs and CV3 chondrites.
Data for CV3 chondrites is from ref. 3. WR, whole rocks. Error bars indicate internal errors (2â€‰s.e.) on individual measurements and black lines are best-fit lines.


Extended Data Figure 4 Deviation of 142Nd/144Nd ratios relative to the JNdi-1 standard measured in dynamic and static modes.
Deviations are given in parts per million. For static mode, the Faraday cup for line 1 was centred at an atomic mass of 145. Error bars indicate internal errors (2â€‰s.e.) on individual measurements and the black line indicates a slope of one.


Extended Data Figure 5 144Sm/152Sm versus 142Nd/144Nd expressed in Î¼ notation.
Chondrite data (black circles, carbonaceous chondrites; purple circles, ordinary chondrites; green circles, enstatite chondrites) are from this study and refs 3 and 4. CAIs, FUN inclusions (EK1-4-1 and C1; refs 41, 42) and chondrite 142Nd/144Nd ratios are corrected for radiogenic decay of 142Nd over the age of the Solar System. Gray boxes show 2Ïƒ external reproducibility obtained on the standard. Solid and dotted lines correspond to p-process contributions for 142Nd of 4% and 1%, respectively. The complementary part is formed by s-processes. Our data show that there is no correlation between Î¼144Sm and Î¼142Nd, in contrast to previous suggestions4.Error bars indicate internal errors (2â€‰s.e.) on individual measurements when larger than symbols and available.


Extended Data Figure 6 Abundance of p-process nuclides versus mass.
Black dots show isotopes formed by p-processes only; coloured dots show isotopes formed partly by p-process and partly by s-processes (orange, 76Se; purple, 80Kr; green, 152Gd; blue, 164Er). Model abundances of 142Nd are represented by the squares coloured in dark grey for a 20% p-process contribution, light grey for 4% and white for 1%. The black line is the best-fit line.


Extended Data Figure 7 Smâ€“Nd internal isochrons of CAIs from Allende, NWA 2364 and NWA 6991.
a, 147Smâ€“143Nd internal isochron. By combining all the CAI fractions together and fitting the data to a straight line, we determine the 147Smâ€“143Nd age to be 4,526â€‰Â±â€‰150â€‰Myr (MSWDâ€‰=â€‰1.2, initial 143Nd/144Ndâ€‰=â€‰0.50673â€‰Â±â€‰0.00021). R, residue after leaching; fas, fassaite; mel, melilite. b, The black line represents the 146Smâ€“142Nd internal isochron of CAIs from Allende 322 and 323, NWA 2364 and NWA 6991; red lines indicate the 95% confidence interval. 146Smâ€“142Nd systematics of Allende bulk and mineral separates (Al3S4)18 and Allende bulk CAIs25 are shown for comparison (error bars are not shown because individual analytical errors were not provided). The blue rectangle represents the composition of modern Earthâ€™s mantle, as represented by our long-term measurements of the JNdi-1 standard (142Nd/144Ndâ€‰=â€‰1.141838â€‰Â±â€‰0.000006; by definition, Î¼142Ndâ€‰=â€‰0) with 147Sm/144Ndâ€‰=â€‰0.1960, which is within the error of the regression for CAIs from this study. The other rectangles represent the averages for Î¼142Nd with 2â€‰s.d. given below with values of âˆ’7â€‰Â±â€‰6 p.p.m. for enstatite chondrites (EC; black, value from this study, nâ€‰=â€‰3), âˆ’6â€‰Â±â€‰18 p.p.m. for enstatite chondrites (green, nâ€‰=â€‰14), âˆ’18â€‰Â±â€‰6 p.p.m. for ordinary chondrites (OC; purple, nâ€‰=â€‰5) and âˆ’34â€‰Â±â€‰18 p.p.m. for carbonaceous chondrites (CC; red, nâ€‰=â€‰8), all normalized at 147Sm/144Ndâ€‰=â€‰0.1960 (the widths of the rectangles for 147Sm/144Nd are exaggerated for clarity).


Extended Data Figure 8 Evolution of the 146Sm/144Sm ratio.
Left, 146Sm/144Sm ratio as a function of age using the two proposed decay constants for the short-lived 146Sm radionuclide. The two curves intersect at 146Sm/144Sm = 0.0073 and 4,546â€‰Maâ€”the values defined from eucrite internal isochron of Binda in ref. 8. For objects formed after 4,546â€‰Ma ago, ages are younger using the 103-Ma half-life value. Right, time difference Î”T obtained using the two decay constants proposed for 146Sm. Ma, millions of years.


Extended Data Figure 9 Mixing model (black line) between CV3 CAIs (144Sm abundance measured in this study) and matrix (enstatite chondrite (EC) and ordinary chondrite (OC) whole-rock meteorites without a 144Sm anomaly) (open squares).
144Sm anomalies measured in CV3 chondrites (blue symbols) correspond to 1%â€“3% CAI volume abundances in the mixing model3,20. The numbers on the line indicate the proportion of matrix-component end-member relative to CAI end-member. Error bars (2â€‰s.e.) are for individual measurements of whole-rock CV3 chondrite meteorites.


Extended Data Table 1 Concentrations of REEs in individual bulk and unleached CAIsFull size table
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        Editorial Summary
Chondritic composition for bulk silicate Earth
Audrey Bouvier and Maud Boyet report high-precision samarium and neodymium stable and radiogenic isotopic compositions of calciumâ€“aluminum-rich refractory inclusions and of whole rocks of unequilibrated enstatite chondrites. They find that calciumâ€“aluminium-rich refractory inclusions without isotopic anomalies in neodymium share a 146Sm/144Smâ€“142Nd/144Nd isotopic evolution with the modern Earth's mantle, and that the average 142Nd/144Nd composition of pristine enstatite chondrites also coincides with that of the accessible silicate layers of the Earth. The authors conclude that this relationship can only be a result of the bulk silicate Earth having inherited the same initial abundance of 142Nd and chondritic proportions of samarium and neodymium, supporting a chondritic composition for the bulk silicate Earth and, as a consequence, removing the need for a hidden reservoir or for collisional erosion scenarios to explain the 142Nd/144Nd composition of the modern Earth's mantle.
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