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            Abstract
Studies of the dwarf planet (1) Ceres using ground-based and orbiting telescopes have concluded that its closest meteoritic analogues are the volatile-rich CI and CM carbonaceous chondrites1,2. Water in clay minerals3, ammoniated phyllosilicates4, or a mixture of Mg(OH)2 (brucite), Mg2CO3 and iron-rich serpentine5,6 have all been proposed to exist on the surface. In particular, brucite has been suggested from analysis of the mid-infrared spectrum of Ceres6. But the lack of spectral data across telluric absorption bands in the wavelength region 2.5 to 2.9 micrometresâ€”where the OH stretching vibration and the H2O bending overtone are foundâ€”has precluded definitive identifications. In addition, water vapour around Ceres has recently been reported7, possibly originating from localized sources. Here we report spectra of Ceres from 0.4 to 5 micrometres acquired at distances from ~82,000 to 4,300 kilometres from the surface. Our measurements indicate widespread ammoniated phyllosilicates across the surface, but no detectable water ice. Ammonia, accreted either as organic matter or as ice, may have reacted with phyllosilicates on Ceres during differentiation. This suggests that material from the outer Solar System was incorporated into Ceres, either during its formation at great heliocentric distance or by incorporation of material transported into the main asteroid belt.
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                    Figure 1: Average spectrum of Ceres.[image: ]


Figure 2: Spectrum of Ceres compared with spectra of carbonaceous chondrites.[image: ]


Figure 3: Spectral fits of the spectrum of Ceres.[image: ]


Figure 4: Spectral fits of the spectrum of Ceres with ammonia-bearing species.[image: ]
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Extended data figures and tables

Extended Data Figure 1 End-member spectra used for spectral fit modelling.
a, Spectra of minerals showing a prominent absorption at 2.7â€‰Î¼m. b, Spectra of minerals showing a prominent 3.06â€“3.1â€‰Î¼m band. c, Spectra of carbonates; and d, spectra of dark components and carbonaceous chondrites used in the modelling. All panels show the Ceres spectrum (black) for comparison.


Extended Data Figure 2 Spectral fit of the spectrum of Ceres including water.
a, b, Red curves, results of the spectral fitting model using water ice and amorphous carbon (a) or water ice and magnetite (b). Ceresâ€™ spectrum is in black. The error bars are calculated taking into account a mean absolute deviation of the calibration uncertainties along the 256 samples.


Extended Data Figure 3 Spectral fit of the spectrum of Ceres including carbonaceous chondrites.
aâ€“d, Results of the spectral fitting model (red curves) using water ice and Ivuna CI chondrite (a; heated at 500â€‰Â°C); water ice and MAC 87300 CM chondrite (b); water ice and Murchison CM chondrite (c; heated at 500â€‰Â°C); and water ice, Ivuna CI chondrite (heated at 500â€‰Â°C) and brucite (d). Ceresâ€™ spectrum is in black. Error bars and vertical grey bars as in Extended Data Fig. 2.


Extended Data Figure 4 Spectral fit of the spectrum of Ceres including cronstedtite, tochilinite and brucite.
aâ€“d, Results of the spectral fitting model (red curves) using tochilinite, cronstedtite, dolomite and magnetite (a); antigorite, cronstedtite, dolomite and magnetite (b); tochilinite, brucite, dolomite and magnetite (c); and antigorite, brucite, dolomite and magnetite (d). Ceresâ€™s spectrum is in black. Error bars and vertical grey bars as in Extended Data Fig. 2.


Extended Data Figure 5 Spectral fit of the spectrum of Ceres including different carbonates.
aâ€“d, Results of the spectral fitting model (red curves) using NH4-annite, antigorite, magnetite and siderite (a); NH4-annite, antigorite, magnetite and calcite (b); NH4-annite, antigorite, magnetite and magnesite (c); and NH4-annite, antigorite, magnetite and dolomite (d). Ceresâ€™ spectrum is in black. Error bars and vertical grey bars as in Extended Data Fig. 2.


Extended Data Table 1 End-members used in the mixturesFull size table


Extended Data Table 2 Details of results obtained using different end-membersFull size table





Related audio
Reporter Shamini Bundell finds out the latest developments on the dwarf planet, Ceres.




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
De Sanctis, M., Ammannito, E., Raponi, A. et al. Ammoniated phyllosilicates with a likely outer Solar System origin on (1) Ceres.
                    Nature 528, 241â€“244 (2015). https://doi.org/10.1038/nature16172
Download citation
	Received: 28 July 2015

	Accepted: 29 October 2015

	Published: 09 December 2015

	Issue Date: 10 December 2015

	DOI: https://doi.org/10.1038/nature16172


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Ammonia compounds on the surface of Ceres
The VIR spectrometer onboard NASA's Dawn spacecraft has obtained infrared spectra of the dwarf planet Ceres at distances of 82,000 to 4,300 kilometres and at wavelengths of 0.4â€“5 Î¼m, including the 2.6â€“2.9 Î¼m spectral region not accessible to Earth-bound telescopes due to atmospheric absorption. The data indicate the widespread presence of ammoniated phyllosilicates across the asteroid's surface. No water ice could be detected, though small localized occurrences of water ice cannot be excluded. The discovery of ammonia implies that material from the outer Solar System was incorporated into Ceres, either during its formation at great heliocentric distance or by incorporation of material transported into the main asteroid belt.
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