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Highlights: 16 

 17 

Carbonate O-isotope compositions of 9 CMs define a continuous trend crossing the TFL. 18 

This mass independent trend matches that defined by bulk CM-COs and matrix (BMC trend). 19 

CM water defines a trend (CMW) parallel to the bulk-matrix-carbonate trend (BMC). 20 

The distance between BMC and CMW is directly related to CM alteration temperature. 21 

Carbonates precipitated at higher temperatures than previously inferred (50-300°C). 22 
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value of Ca-carbonates could be a reliable proxy of the degree of alteration experienced by 56 

CM chondrites.  57 

1- Introduction 58 

 Some chemically primitive chondrites have recorded intense episodes of hydrothermal 59 

alteration that have strongly modified their petrography. This is the case of CM and CI 60 

chondrites that are made mostly of secondary minerals such as phyllosilicates, carbonates, and 61 

oxides (Brearley, 2006). Though it is widely accepted that hydrothermal alteration occurred 62 

on their respective parent-bodies (see however Ciesla, 2003), the physics, chemistry and 63 

duration of that process is still poorly understood (Brearley, 2006).  64 

 Constraining the hydrothermal alteration of water-rich bodies is important for multiple 65 

reasons. First, a large number of asteroids have been affected by hydrothermal alteration, as 66 

recorded by the ubiquitous detection of spectroscopic hydration features (Rivkin et al., 2002). 67 

Second, fluid circulation can potentially modify the nature and abundance of organics 68 

(Ehrenfreund et al., 2001; Le Guillou et al., 2012) and can change the L/D ratio of amino 69 

acids (Burton et al., 2014). Because water-rich bodies are the source of water and organics on 70 

Earth (Marty et al., 2016), hydrothermal alteration of their parent bodies must have played a 71 

key role in Earth's evolution by incorporating and deeply stabilizing water in the structure of 72 

minerals. In this study, the physicochemical conditions that prevailed during fluid circulation 73 

on water-rich parent bodies is constrained by the oxygen isotopic composition of calcium 74 

carbonates of a diversity of CM chondrites. 75 

 In this context, carbonates are of particular interest among secondary minerals, 76 

because they: (i) are ubiquitous in CM and CI chondrites (Johnson and Prinz, 1993; Lee et al., 77 

2014), and (ii) directly precipitate from the alteration fluids (Alexander et al., 2015). The 78 

oxygen isotopic composition of carbonates therefore represents a valuable proxy of the 79 
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thus suggest that O-isotopic exchange between 17,18O-rich fluid and 16O-rich anhydrous 386 

silicate took place over a long period of time but that carbonate precipitation in each CM 387 

occurred during punctual events in a narrow range of temperatures or, in the case of heavily 388 

altered CMs, re-equilibrated over the cooling history of the parent body.  389 

 390 

4-4 Constraints on the formation sequence of secondary phases of CM chondrites 391 

 The precipitation sequence of secondary phases during aqueous alteration of CM 392 

chondrites is rather unclear. Our in situ dataset can be used to tell whether carbonates or 393 

serpentines precipitated first. To do so, we first note that the main component of CM 394 

chondrites is serpentine. In this respect, the relative position of the BCM and CMW lines 395 

essentially reflects the formation temperature of these hydrous silicates. Second, a single O-396 

isotopic composition for the silicate precursor has been proposed (Clayton and Mayeda, 397 

1984). Even if the precise composition of the putative anhydrous solids of each CM may 398 

slightly vary, it is reasonable here to assume the single value proposed by Clayton & Mayeda 399 

(1984, 1999) as an anchor point (Fig. 4a). Within this framework, the linear regression joining 400 

the anhydrous silicate precursor, the bulk matrix, and carbonates will not necessarily be 401 

parallel to the CMW line if carbonates formed at a different temperature than the 402 

mineralogically dominant serpentine. For carbonates formed at high temperature (before 403 

serpentines), the line will intersect the CMW (Fig. S1a). This intersect will provide an 404 

estimate of the isotopic composition of the pristine heavy water reservoir (Fig. S1b). For 405 

carbonates formed or equilibrated at the same temperature (and time) as serpentines, the two 406 

lines will be parallel (Fig. S1a). Finally, for carbonates formed or equilibrated after the 407 

precipitation of serpentines, the CMW and BCM lines will diverge (Fig. S1a).  408 
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Fig. 1 659 
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Fig. 2 661 
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Fig. 3 665 
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Fig. 4 675 
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Fig. 5 677 
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Fig. 6 681 
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Fig. 7 685 
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Fig. 8 689 
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Fig. 9 693 
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        chondrite   �w18O �î�• �w17O �î�• �417O �î�• 

        Paris (CM 2.7) Ca-Carb1a 30.5 0.7 16.8 0.5 0.9 0.3 

 
Ca-Carb1b 26.5 0.8 15.5 0.6 1.7 0.4 

 
Ca-Carb2a 33.1 0.7 19.8 0.5 2.6 0.3 

 
Ca-Carb2b 32.9 0.7 19.7 0.5 2.6 0.4 

 
Ca-Carb2b 34.1 0.7 20.8 0.6 3.1 0.4 

 
Ca-Carb3a 30.7 0.7 19.2 0.6 3.2 0.4 

 
Ca-Carb4a 32.1 0.7 19.2 0.5 2.5 0.4 

 
Ca-Carb4b 28.1 0.7 18.7 0.6 4.1 0.4 

 
Ca-Carb16a 38.6 0.7 22.8 0.6 2.8 0.4 

 
Ca-Carb19a 32.8 0.7 20.2 0.7 3.2 0.5 

 
Ca-Carb20a 32.8 0.7 23.1 0.5 6.1 0.4 

 
Ca-Carb30a 38.7 0.7 23.1 0.6 3.0 0.4 

 
Ca-Carb33a 31.5 0.7 20.4 0.6 4.0 0.4 

 
Ca-Carb36a 32.6 0.7 21.5 0.6 4.5 0.4 

        
 

average 32.5 0.7 20.1 0.6 3.2 0.4 

 
std. dev. 3.3 

 
2.2 

 
1.3 

 
 

              

        Murchison (CM 2.5) Ca-Carb1a 31.2 0.3 17.1 0.8 0.9 0.7 

 
Ca-Carb1b 33.2 0.3 18.1 0.7 0.9 0.6 

 
Ca-Carb1d 33.1 0.3 18.5 0.8 1.3 0.7 

 
Ca-Carb2a 22.6 0.4 12.1 1.0 0.4 0.8 

 
Ca-Carb2b 24.1 0.3 13.3 0.9 0.7 0.8 

 
Ca-Carb2c 26.4 0.4 14.2 1.0 0.5 0.8 

 
Ca-Carb2d 26.9 0.4 15.2 1.0 1.2 0.9 
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Ca-Carb3a 28.4 0.3 17.8 0.7 3.0 0.6 

 
Ca-Carb4b 29.7 0.3 18.2 0.7 2.7 0.5 

        
 

average 28.4 0.3 16.1 0.8 1.3 0.7 

 
std. dev. 3.8 

 
2.4 

 
0.9 

 
 

              

        Murray (CM 2.4-2.5) Ca-Carb4a 39.4 2.4 22.6 1.7 2.1 1.2 

 
Ca-Carb5a 39.7 2.4 22.0 1.7 1.4 1.1 

 
Ca-Carb10a 26.4 2.4 15.1 1.8 1.3 1.2 

 
Ca-Carb10b 24.3 2.4 14.2 1.8 1.6 1.2 

 
Ca-Carb14a 38.4 2.4 22.2 1.7 2.2 1.2 

 
Ca-Carb16a 36.5 2.4 22.0 1.7 3.0 1.2 

 
Ca-Carb24a 34.1 2.4 20.1 1.7 2.4 1.2 

 
Ca-Carb24b 34.4 2.4 22.1 1.8 4.2 1.2 

 
Ca-Carb33a 36.8 2.4 20.4 1.7 1.3 1.2 

 
Ca-Carb34a 36.9 2.4 21.7 1.7 2.5 1.2 

        
 

average 33.5 2.4 19.7 1.7 2.3 1.2 

 
std. dev. 5.2 

 
3.2 

 
1.0 

 
 

              

        Pollen (CM 2.4) Ca-Carb10a 36.6 0.4 17.8 0.7 -1.2 0.6 

 
Ca-Carb10b 37.7 0.4 18.3 0.7 -1.3 0.5 

 
Ca-Carb16a 35.4 0.4 20.0 0.8 1.6 0.7 

 
Ca-Carb17a 35.4 0.4 16.6 0.7 -1.8 0.6 

        
 

average 36.3 0.4 18.2 0.7 -0.7 0.6 

 
std. dev. 1.1 

 
1.4 

 
1.6 
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        Nogoya (CM 2.2) Ca-Carb7a 37.0 0.6 18.2 0.7 -1.1 0.5 

 
Ca-Carb10a 36.0 0.6 19.0 0.7 0.3 0.5 

 
Ca-Carb11a 23.5 0.6 10.4 0.7 -1.8 0.5 

 
Ca-Carb11b 21.9 0.6 9.1 0.7 -2.3 0.5 

 
Ca-Carb14a 36.2 0.6 18.2 0.8 -0.6 0.6 

 
Ca-Carb15a 38.9 0.7 19.1 0.5 -1.1 0.3 

        
 

average 31.3 0.6 15.2 0.7 -1.1 0.5 

 
std. dev. 8.0 

 
5.0 

 
1.0 

 
 

              

        Cold Bokkeveld (2.2) Ca-Carb1a 24.2 1.0 12.1 0.6 -0.5 0.4 

 
Ca-Carb1b 23.0 1.0 12.3 0.7 0.4 0.4 

 
Ca-Carb1c 20.6 1.0 10.6 0.7 -0.1 0.5 

 
Ca-Carb1d 25.6 1.0 12.5 0.7 -0.8 0.4 

 
Ca-Carb1e 24.0 0.9 12.8 0.5 0.3 0.4 

 
Ca-Carb2a 22.5 1.0 13.4 0.8 1.7 0.5 

 
Ca-Carb2b 22.8 1.0 13.1 0.8 1.3 0.5 

 
Ca-Carb3a 24.6 1.0 12.1 0.8 -0.7 0.5 

 
Ca-Carb3b 26.2 0.9 13.4 0.7 -0.2 0.5 

 
Ca-Carb3c 28.2 1.0 15.7 0.8 1.1 0.5 

        
 

average 24.2 1.0 12.8 0.7 0.3 0.5 

 
std. dev. 2.1 

 
1.3 

 
0.9 

 
 

              

        Jbilet Winselwan (2.0-2.3) Ca-Carb1a 27.0 0.7 14.7 0.8 0.6 0.6 
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Ca-Carb3a 32.0 0.7 17.6 0.7 1.0 0.5 

 
Ca-Carb5a 35.6 0.9 18.7 0.7 0.1 0.4 

 
Ca-Carb8a 34.3 0.9 17.3 0.8 -0.5 0.5 

 
Ca-Carb8b 34.0 0.9 18.3 0.7 0.6 0.4 

 
Ca-Carb11a 33.8 0.9 18.5 0.7 1.0 0.5 

 
Ca-Carb14a 33.2 0.9 17.9 0.7 0.7 0.4 

 
Ca-Carb16a 34.3 0.9 19.3 0.7 1.4 0.5 

 
Ca-Carb20a 34.2 0.9 18.2 0.8 0.4 0.5 

 
Ca-Carb20b 33.7 0.9 17.5 0.7 0.0 0.5 

 
Ca-Carb20c 34.0 0.9 17.6 0.6 -0.1 0.4 

 
Ca-Carb23a 31.3 0.9 16.8 0.9 0.5 0.6 

 
Ca-Carb32a 37.2 0.7 18.5 0.6 -0.8 0.4 

 
Ca-Carb32b 31.9 0.7 16.7 0.6 0.1 0.4 

 
Ca-Carb33a 35.7 0.8 18.5 0.7 0.0 0.5 

 
Ca-Carb34a 32.9 0.7 17.8 0.6 0.7 0.4 

 
Ca-Carb36a 34.1 0.7 17.7 0.6 -0.1 0.4 

 
Ca-Carb37a 38.0 0.7 18.7 0.7 -1.1 0.5 

        
 

average 34.2 0.8 18.0 0.7 0.2 0.5 

 
std. dev. 1.9 

 
0.7 

 
0.7 

 
 

              

        QUE93005 (CM2.1) Ca-Carb1a 33.4 0.4 15.9 0.7 -1.4 0.6 

 
Ca-Carb2a 16.6 0.3 5.8 0.6 -2.8 0.5 

 
Ca-Carb2b 18.4 0.3 7.3 0.6 -2.3 0.4 

 
Ca-Carb2c 26.2 0.3 11.3 0.7 -2.3 0.6 

 
Ca-Carb2d 26.1 0.4 11.1 0.7 -2.5 0.6 

 
Ca-Carb3a 21.8 0.4 11.1 0.8 -0.2 0.6 

 
Ca-Carb4a 24.8 0.4 9.5 0.7 -3.4 0.6 
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Ca-Carb5a 31.1 0.5 16.5 0.7 0.3 0.5 

        
 

average 24.8 0.4 11.1 0.7 -1.8 0.5 

 
std. dev. 5.8 

 
3.7 

 
1.3 

 
 

              

        ALH88045 (CM 1) Ca-Carb1a 23.3 0.4 9.2 0.7 -2.9 1.2 

 
Ca-Carb3a 29.6 0.4 13.8 0.6 -1.6 1.2 

 
Ca-Carb5a 19.2 0.4 7.2 0.5 -2.8 1.1 

 
Ca-Carb5b 23.2 0.5 9.0 0.5 -3.1 1.1 

 
Ca-Carb5c 21.7 0.4 9.0 0.6 -2.3 1.1 

 
Ca-Carb8a 17.9 0.4 7.1 0.5 -2.2 1.1 

 
Ca-Carb8b 16.1 0.4 6.6 0.6 -1.7 1.2 

 
Ca-Carb9a 24.2 0.4 8.5 0.6 -4.1 1.2 

 
Ca-Carb9b 24.9 0.4 10.7 0.5 -2.2 1.1 

 
Ca-Carb9c 22.1 0.4 7.8 0.6 -3.7 1.2 

        
 

average 22.2 0.4 8.9 0.6 -2.7 1.1 

 
std. dev. 3.8 

 
2.1 

 
0.8 

                 

         704 

Table 1: Oxygen isotopic compositions of Paris Ca-�����Œ���}�v���š���•�X���417O errors were calculated using the errors of the 17O/18O ratio. 705 
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