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Introduction: The CM carbonaceous chondrites 

are the most abundant meteorite group to have experi-

enced significant alteration by extraterrestrial water. 

They consist of phyllosilicates (70‒80 vol%), unaltered 

olivine and pyroxene (0‒20 vol%), and minor amounts 

of oxides, sulphides and carbonates (<5 vol%) [1, 2] 

having undergone partial hydration during the first ~10 

million years of the solar system [3]. 

In general the CMs all have similar mineralogies, 

textures and chemical compositions to each other lead-

ing to the idea that they are derived from a single as-

teroid parent body [e.g. 4]. Most CMs also have very 

short (<2 Myr) cosmic-ray exposure (CRE) ages that 

could reflect the break-up of a hydrated near-Earth 

asteroid (NEA) [5]. In contrast, the pre-atmospheric 

aphelion of two recent CM falls, Maribo and Sutters 

Mill, was close to the orbit of Jupiter [6, 7]. 

There are distinct peaks in the CRE age distribution 

of CM chondrites at ~0.1, ~0.2, ~0.6 and ~2 Myr, 

while ~30% of analysed CMs have CRE ages >3 Myr 

[8]. Takenouchi et al. [9] reported a tentative correla-

tion between the degree of aqueous alteration experi-

enced by a CM chondrite and its CRE age, finding that 

the highly altered CM1s often have the shortest CRE 

ages. Such a correlation between the degree of altera-

tion and CRE age hints at either multiple collisional 

events on a single complex asteroid or possibly CM 

chondrites derived from more than one parent body. 

Takenouchi et al. [9] inferred the degree of aqueous 

alteration in CMs from petrographic observations but 

this is challenging, hampered by fine-grain sizes (<1 

µm) and sample heterogeneity. We are therefore using 

X-ray diffraction (XRD) and thermogravimetric analy-

sis (TGA) to quantify the bulk mineralogy and H2O 

content of CM chondrites. On the CM parent body(ies) 

fluids transformed anhydrous silicates into phyllosili-

cates, meaning the phyllosilicate fraction (PSF = total 

phyllosilicate abundance / (total anhydrous silicate + 

total phyllosilicate abundance)) measured using XRD 

can be used to determine the degree of alteration [1, 2]. 

Similarly, TGA mass loss between 400‒770°C is at-

tributed to the dehydration and dehydroxylation of the 

phyllosilicates and can be used to estimate H2O abun-

dances [10]. Both the PSF and H2O abundances can 

quickly be measured for a large number of meteorites 

so our aim here is to use them to further examine the 

relationship between the degree of aqueous alteration 

and the CRE ages of CM chondrites. 

Experimental: The PSF of CM chondrites is rou-

tinely measured using position-sensitive-detector 

(PSD) XRD at the Natural History Museum (NHM), 

London [1, 2]. Powdered meteorite samples (~50‒200 

mg) are packed into aluminum wells and typically ana-

lysed for 16 hours; pure standards of all minerals pre-

sent in the meteorites are analysed for 30 minutes. 

Phase quantification uses a profile-stripping method 

with uncertainties of <5 vol%.  

H2O abundances of CM chondrites are quantified 

using a TA Instruments SDT Q600 TGA at the NHM. 

Approximately 10 mg of a powdered meteorite is load-

ed into an alumina crucible and mass loss is recorded 

as the sample is heated (10°C min-1) under an N2 flow 

from 25°C to 1000°C.  

Fig. 1 confirms that for unheated CMs there is a 

correlation between PSF and H2O abundances. This is 

not the case for heated CM chondrites that suffered 

H2O loss and recrystallisation of phyllosilicates during 

post-hydration thermal metamorphism [11]. 

 
Fig. 1. PSF vs. H2O abundance for unheated and heated CM 

chondrites determined using XRD and TGA at the NHM, 

London. 

Is there a correlation? Takenouchi et al. [9] stud-

ied 125 CM chondrite thin sections by optical and elec-

tron microscopy. Our statistics are currently more lim-

ited; of the ~135 CM chondrites (~20% are heated 

CMs) for which the CRE age has been determined [8], 

the PSF is available for 53, and H2O abundances are 

available for 64 (35 samples with both PSF and H2O). 
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Fig. 2 shows the average PSF and H2O abundances 

of CM chondrites with CRE ages of ~0.2, ~0.6, ~2 and 

>3 Myr. The highly altered CM1s (PSF >0.8, H2O ~10 

wt%) have the shortest (~0.2 Myr) CRE ages, whereas 

the less altered CM2s (PSF ~0.7‒0.75, H2O ~7‒8 wt%) 

have CRE ages of ~0.6‒2 Myr. This finding supports 

initial reports of a correlation between the degree of 

aqueous alteration and CRE age of CM chondrites [9]. 

Note that there are only two CMs with CRE ages of 

~0.1 Myr, neither of which have yet been analysed by 

XRD or TGA. However, one of them, ALH77306, is 

described in the Meteoritical Bulletin as lacking chon-

drules, a typical feature of CM1 chondrites [12]. There 

are also a significant number of CMs with poorly con-

strained CRE ages of >3 Myr that on average appear to 

be intermediately altered (PSF ~0.77, H2O ~8 wt%). 

 

 
Fig. 2. Average PSF (a) and H2O abundances (b) for CM 

chondrites with CRE ages of ~0.2, ~0.6, ~2 and >3 Myr. For 

clarity error bars aren’t shown, however they are on the 

order of 5‒10%. n indicates the number of meteorites used to 

calculate the average, with known heated CMs excluded for 

the H2O abundances due to dehydration. 

How many CM parent bodies? CM chondrites 

with similar CRE ages (either ~0.1, ~0.2, ~0.6 or ~2 

Myr) experienced comparable levels of alteration sug-

gesting that they may have been ejected by the same 

collisional event. The correlation between the degree 

of alteration and CRE age could be due to the more 

friable nature of the CM1 chondrites biasing our sam-

pling, i.e. only those with short CRE ages survive the 

journey to Earth, although the fully altered (PSF >0.9) 

CI1 chondrites typically have longer CRE ages of ~3 

Myr [13].  

The trends shown in Fig. 2 could represent subse-

quent impacts exposing increasingly deeper regions of 

a single layered parent body. Based on their low abun-

dance of tochilinite we have previously suggested that 

the CM1s were altered at higher temperatures 

(>120°C) likely to be found within the interior of a 

parent body [2]. Alternatively, the CM parent body had 

a rubble-pile structure, similar to the NEAs Ryugu [14] 

and Bennu [15], that contained a heterogenous mixture 

of materials. However, an issue with the multiple im-

pacts into a single parent body scenario is that hydrated 

asteroids are predicted to disrupt in large collisions and 

not preserve an impact record [16]. 

A more likely explanation is that the CM chondrites 

are derived from more than one parent body. We re-

ported that bulk oxygen isotopic compositions of the 

CM1s are lighter than the CM2s, in contrast to 

longstanding model predictions [17]. The effects of 

terrestrial weathering on highly altered samples still 

need to be constrained, but additional isotopic evidence 

from a CM1 clast found within a recent CM2 fall sup-

port this observation [18] and suggests that the CM1s 

formed from different fluids and/or rock compositions, 

possibly on a separate parent body to the CM2s. 
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