







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 06 October 2022



                    Nd isotope variation between the Earth–Moon system and enstatite chondrites

                    	Shelby Johnston1, 
	Alan Brandon 
            ORCID: orcid.org/0000-0003-2549-77301, 
	Claire McLeod 
            ORCID: orcid.org/0000-0001-8212-22872, 
	Kai Rankenburg 
            ORCID: orcid.org/0000-0003-3708-93043, 
	Harry Becker4 & 
	…
	Peter Copeland1 

Show authors

                    

                    
                        
    Nature

                        volume 611, pages 501–506 (2022)Cite this article
                    

                    
                    
                

                
    
        Subjects

        	Early solar system
	Geochemistry
	Inner planets
	Meteoritics
	Mineralogy


    


                
    
    

    
    

                
            


        
            Abstract
Reconstructing the building blocks that made Earth and the Moon is critical to constrain their formation and compositional evolution to the present. Neodymium (Nd) isotopes identify these building blocks by fingerprinting nucleosynthetic components. In addition, the 146Sm–142Nd and 147Sm–143Nd decay systems, with half-lives of 103 million years and 108 billion years, respectively, track potential differences in their samarium (Sm)/Nd ratios. The difference in Earth’s present-day 142Nd/144Nd ratio compared with chondrites1,2, and in particular enstatite chondrites, is interpreted as nucleosynthetic isotope variation in the protoplanetary disk. This necessitates that chondrite parent bodies have the same Sm/Nd ratio as Earth’s precursor materials2. Here we show that Earth and the Moon instead had a Sm/Nd ratio approximately 2.4 ± 0.5 per cent higher than the average for chondrites and that the initial 142Nd/144Nd ratio of Earth’s precursor materials is more similar to that of enstatite chondrites than previously proposed1,2. The difference in the Sm/Nd ratio between Earth and chondrites probably reflects the mineralogical distribution owing to mixing processes within the inner protoplanetary disk. This observation simplifies lunar differentiation to a single stage from formation to solidification of a lunar magma ocean3. This also indicates that no Sm/Nd fractionation occurred between the materials that made Earth and the Moon in the Moon-forming giant impact.
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                    Fig. 1: Neodymium isotope variations of chondrites, CAIs and Earth.[image: ]


Fig. 2: μ142Nd versus ε143Nd for a single-stage collisional erosion model coincident with the Moon-forming giant impact.[image: ]


Fig. 3: Mixing models for enstatite chondrites with oldhamite and olivine.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Nucleosynthetic anomaly patterns for Nd.
The expected s-deficit Nd anomalies when using stellar model abundances and an internal 146Nd/144Nd normalization.


Extended Data Fig. 2 Nd isotope compositions of chondrite groups and CAIs.
The top panel shows the weighted average μiNd compositions for enstatite chondrites (EC), ordinary chondrites (OC), carbonaceous chondrites (CC) and CAIs. The external reproducibility of the JNdi standard (2 s.d.) is shown for each isotope as a grey bar. 143Nd is not represented as any measured deviation is mostly radiogenic. The bottom panel shows the relative contributions of p-, s- and r-process nucleosynthesis for each Nd isotope are show below as percentages10.


Extended Data Fig. 3 Nd isotope variations in chondrites, CAI’s and accessible Earth.
A) μ142Nd versus μ145Nd, B) 142Nd versus 148Nd, (C) For μ142Nd versus μ150Nd, D) μ148Nd versus μ150Nd, E) 145Nd versus 148Nd, and F) 145Nd versus 150Nd. The modelled s-deficit lines (black) for an Earth with present-day μ142Nd = 0 ± 1.1 are plotted. Group averages are from Supplementary Tables 1 and 4: enstatite chondrites, ordinary chondrites, carbonaceous chondrites, CAIs, Allende and CAI-free Allende are plotted in each figure. Also plotted are group averages using only data from Burkhardt et al.1. for enstatite chondrites, ordinary chondrites, Allende and CAI-free Allende. In each figure, the stellar s-deficit line is shown as solid black, the SiC s-deficit line is shown as dotted black and the chondrite leachate s-deficit line is shown as dashed black. For A, B and C that plot μ142Nd on the y axis, the modelled s-deficit lines (green) for an Earth with present-day μ142Nd = −7.3 ± 1.6 (green diamond) are plotted. The mixing lines between CAI’s and CAI-free Allende that go through the Allende values are shown in solid grey. All μ142Nd values for CAIs and chondrites have been corrected for radiogenic ingrowth. All uncertainties show the 95% CI for the weighted group average. Where no error bars are shown, the symbols for the respective compositions are larger than the errors. Note that for diagrams D–F that do not plot μ142Nd on the y axis, all Earth μNd values are 0 and only one set of s-deficit lines are needed and used. In these diagrams, all of the group averages show that the differences in chondrites and Earth at 0 are consistent with s-process abundance differences and confirms earlier studies1. The deviations in the carbonaceous chondrite group average from the s-deficit lines relative to Earth in E and F, may reflect and additional and poorly constrained Nd isotope component in the CC nebular region not found in the inner Solar System. Alternatively, it may reflect the lack of removal of a CAI component in these rocks, which cannot be done without additional study (i.e. not enough data for CAIs on these meteorites. In all 6 diagrams, the group averages using all data from the literature and this study (Supplementary Table 2) are consistent within uncertainty to group averages using only data from Burkhardt et al,1. Slopes for the s-deficit lines for each diagram is from Burkhardt et al.1. See main text for additional discussion.





Supplementary information
Supplementary Table 1
Compilation of measured and calculated Nd isotope compositions for bulk chondrites, CAIs and the present-day accessible mantle. Reference numbers listed as [XX]. Values not used in group averages in grey shading. μ148Nd values for Berlin measurements (this study) are highlighted in green shade and not used in group averages. See Methods for discussion on data filtering.


Supplementary Table 2
Nd isotope ratios and values for samples and standards analysed in this study. Measured 143Nd/144Nd Values are reported in Extended Data Table 3.


Supplementary Table 3
Measured and corrected 142Nd values.


Supplementary Table 4
Average Nd isotope compositions for chondritic and terrestrial sample groups.


Supplementary Table 5
Compilation of Nd isotope data used to calculate group averages for Allende CAIs and Allende.


Supplementary Table 6
Values used for collisional erosion models in Fig. 2. Equations used for Sm–Nd isotope evolution are adapted from ref. 24 (Supplementary equations (1) and (2)).


Supplementary Table 7
Values used for mixing models in Fig. 3.


Source Data Table 1
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