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A B S T R A C T   

The CM carbonaceous chondrites are key archives for understanding the earliest history of the solar system. Their 
C-complex asteroid parent body(ies) underwent aqueous alteration, among the products of which are carbonate 
minerals that can faithfully record the conditions of their formation. In this study we report carbon, triple oxygen 
and clumped isotope compositions of carbonates in six CM chondrites which span a range in degrees of aqueous 
alteration (Allan Hills 83100, Cold Bokkeveld, LaPaz Icefield 031166, Lonewolf Nunataks 94101, Murchison, 
Scott Glacier 06043). Δ17O values range from − 2.6 to − 1.0 ‰ (±0.1), and where calcite and dolomite co-exist 
their Δ17O differ by 0.6 permil, suggesting precipitation from distinct fluids. Calculated crystallization tem-
peratures range from 5 to 51 ◦C for calcite (typically ± 10 ◦C) and 75 to 101(±15) ◦C for dolomite. The 
δ18OVSMOW of the aqueous fluids from which they formed ranges from − 6.6 to 2.3 ‰, with no relationship to the 
δ13C of carbonates. As the population of carbonates in any one CM chondrite can include multiple generations of 
grains that formed at different conditions, these values represent the mode of the temperature of carbonate 
formation for each meteorite. We observe that in the more altered meteorites carbonate Δ17O values are lower 
and formation temperatures are higher. These correlations are consistent with aqueous alteration of the CM 
chondrites being a prograde reaction whereby the hotter fluids had undergone greater isotope exchange with the 
anhydrous matrix. Our data are broadly consistent with the closed system model for water/rock interaction, but 
carbonate mineral formation in the latter stages of aqueous alteration may be linked to fluid movement via 
fractures.   

1. Introduction 

The Mighei-like (CM) carbonaceous chondrites are believed to 
sample one or more C-complex asteroids given similarities in their 
spectroscopic properties (Gradie & Tedesco, 1982; Burbine, 2016; 
Greenwood et al., 2020). Such an origin is also consistent with orbital 
data from the CM falls Maribo and Winchcombe (Borovička et al., 2019; 
King et al., 2022). These asteroidal parent body(ies) were built by the 
accretion of chondrules, refractory inclusions, individual mineral grains, 
particles of amorphous material including organic matter, and ices 
(DuFresne and Anders, 1962; Bunch and Chang, 1980; Tomeoka et al., 

1989; Connolly et al., 2007). In addition to these primary constituents, 
nearly all CMs contain a suite of ‘secondary’ minerals that were pro-
duced by the aqueous alteration of parent body interiors. Products of 
these reactions are dominated by phyllosilicates (Mg,Fe serpentine, 
cronstedtite), with smaller proportions of sulphides (e.g., tochilinite, 
pentlandite), oxides (magnetite) and carbonates (e.g., calcite, dolomite) 
(Dufresne and Anders, 1962; Fuchs et al., 1973; Bunch and Chang, 1980; 
Barber, 1981; Mackinnon and Zolensky, 1984; Howard et al., 2015; 
Singerling and Brearley, 2018,2020). A subset of the CMs have under-
gone post-hydration heating, the most obvious effects of which are 
dehydroxylation of phyllosilicates and concomitant formation of finely 
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crystalline olivine (Nakamura, 2005; Tonui et al., 2014; Lee et al., 
2016). The potential driver(s) of this late-stage heating include radio-
genic decay, solar irradiation, and impacts (Nakamura, 2005; Tonui 
et al., 2014; Amsellem et al., 2020, Fujiya et al., 2022). 

Many CM meteorites are breccias, and most of the clasts in these 
fragmental rocks are CM lithologies (termed ‘cognate clasts’) (Bischoff 
et al., 2006). Brecciation and mixing took place after aqueous alteration 
(e.g., Lindgren et al., 2013, Verdier-Paoletti et al., 2019), and many of 
the clasts are likely to have been redistributed from other parts of the 
same parent body (Yang et al., 2022). Rare clasts of non-CM lithologies 
(i.e., xenoliths) also occur in the CMs and were likely sourced from other 
chondritic parent bodies (Fuchs et al., 1973; Zhang et al., 2010; Lee 
et al., 2023a,2023b). 

CM meteorites can provide valuable insights into processes that took 
place in the protoplanetary disk including aqueous alteration. The liquid 
water that was responsible for aqueous alteration of the CM parent body 
(ies) was most likely derived from the melting of accreted ices in 
response to the decay of 26Al (Grimm and McSween, 1989), although 
impact-heating may also have played a role (Rubin, 2012). The degree of 
aqueous alteration of a CM can be quantified by three schemes that 
variably use the mineralogy, chemical composition and abundance of 
primary constituents and/or alteration products: (i) the ratio of phyl-
losilicates to anhydrous silicates as measured by X-ray diffraction of bulk 
samples (Howard et al., 2009,2011,2015); (ii) the amount of H per unit 
of mass of bulk sample, contained in either water or hydroxyls (Alex-
ander et al., 2013, Vacher et al., 2020, Lee et al., 2023a,2023b); and (iii) 
a combination of petrographic and chemical properties determined by 
in-situ imaging and microanalysis of polished samples (Rubin et al., 
2007,2015). Using these classifications, the CM group can be subdivided 
by petrologic type (Alexander et al., 2013; Howard et al., 2015) or 
subtype (Rubin et al., 2007). Meteorites with a petrologic type/subtype 
of 1.0/CM2.0 have been completely aqueously altered whereas those of 
a potential petrologic type/subtype of 3.0/CM3.0 would be completely 
unaltered and anhydrous (Rubin et al., 2007; Howard et al., 2015; King 
et al., 2017). There is a considerable range in the bulk oxygen isotopic 
compositions of the CMs, which has been interpreted to reflect variable 
degrees of isotopic exchange between 16O-poor water and 16O-rich 
primary anhydrous silicates in a closed system (Clayton and Mayeda, 
1984,1999). On average, more highly aqueously altered meteorites tend 
to have a higher whole-rock Δ17O (Rubin et al., 2007), and also have a 
lower bulk δD (Alexander et al., 2012,2013; Lee et al., 2021a). However, 
this is not systematic and there is no direct relationship between where a 
meteorite plots on a three-isotope diagram (i.e., δ17O vs δ18O) and its 
petrologic sub(type) This apparent inconsistency between bulk oxygen 
isotopic composition and the closed system model could be reconciled if 
water ice and/or anhydrous silicates did not have the same initial iso-
topic composition in all parent body regions, and/or the system peri-
odically experienced mixing between isotopically distinct fluids from 
different parts of the parent body. 

The nature of aqueous alteration during the thermal evolution of the 
CMs has been debated extensively, with temperatures ranging from sub- 
zero to ~160 ◦C being determined from a variety of geothermometers 
including organic matter spectroscopy, calcite O isotopes, tochilinite 
chemistry, phyllosilicate-carbonate fractionation, and dolomite- 
magnetite fractionation. These measurements typically provide a sin-
gle temperature for each meteorite, although all CMs must have un-
dergone at least one heating–cooling cycle (Vacher et al., 2019a). 
Depending on when during the thermal cycle(s) the relevant geo-
thermometer formed or was modified, the value obtained will represent 
peak temperature, or one point on the curve (e.g., carbonates and 
phyllosilicates could have formed during heating and/or cooling, 
whereas insoluble organic matter will record peak temperature that 
could even have been attained at any time, including after aqueous 
alteration). 

We aim to better understand the thermal, isotopic and chemical 
evolution of CM parent body(ies) during early solar system history, and 

to refine the clumped isotope technique for carbonates in meteorite 
samples. Therefore, we have used the clumped isotope thermometer to 
determine the temperatures reached in the CM parent body(ies) during 
aqueous alteration and the growth of carbonate minerals. The carbonate 
clumped isotope thermometer relies on measuring the distribution of 
heavy isotopes. At thermodynamic equilibrium, the relative proportion 
of different isotopologues are a function of temperature. This ther-
mometer is independent of the isotopic composition of co-existing 
phases. In addition, we explore: (i) if there is a relationship between 
temperature of carbonate crystal growth and petrologic (sub)type such 
that the more highly altered meteorites experienced different tempera-
tures; (ii) whether calcite and dolomite grew at the same or different 
points during thermal evolution; and (iii) how water composition 
evolved, and how it varied between meteorites and the precipitation of 
different carbonate minerals. 

2. CM Carbonates 

Carbonates are a volumetrically minor product of aqueous alteration 
of the CMs (less than 5 vol%; Lee et al., 2014; Howard et al., 2015) yet 
offer the potential to reconstruct the thermal, chemical and isotopic 
evolution of CM parent body(ies). Calcite is present in all CMs. It may be 
accompanied by aragonite in the moderately to mildly aqueously altered 
meteorites (Barber 1980; Lee and Ellen, 2008; Lee et al., 2014; Farsang 
et al., 2021) and by dolomite in the highly aqueously altered ones 
(Rubin et al., 2007; de Leuw et al., 2010; Lee et al., 2014). Ankerite and 
breunnerite have been described from one CM, Queen Alexandra Range 
(QUE) 93005, where they are intergrown with calcite and dolomite (Lee 
et al. 2012). 

Calcite and dolomite have been dated using the 53Mn-53Cr system to 
4563 +0.4/− 0.5 Ma, which is ~4.8 Ma after formation of Calcium- and 
AIuminium-rich Inclusions (CAIs) (Fujiya et al., 2012). These dates are 
consistent with radioisotopic ages of 4 ± 2 Ma after CAI formation 
determined for carbonates from CM and Ivuna-like (CI) meteorites, and 
CM and CI clasts in other meteorite groups (Visser et al., 2020). This 
chronology supports the model of liquid generation primarily by 26Al 
heating (Fujiya et al., 2012; Visser et al., 2020). 

The 16O-poor compositions of aragonite grains and their petro-
graphic relationships with calcite suggest that they were the first car-
bonate to crystallize and formed in a single episode in any one meteorite 
(Lee and Ellen, 2008; Lee et al., 2013,2014). Likewise, there is no evi-
dence for more than one generation of dolomite in a given CM. However, 
three generations of calcite have been recognised from their distinctive 
petrographic characteristics and oxygen isotopic compositions (Tyra 
et al., 2012,2016; Lee et al., 2013,2014; Fujiya et al., 2015; Vacher et al., 
2017,2018). Tyra et al. (2012) found that grains of Type 1 calcite in the 
Elephant Moraine (EET) 96006-paired meteorites are small, blocky, and 
inclusion-free, with relatively high δ18O and Δ17O values. Conversely, 
Type 2 grains comprise larger aggregates of calcite with abundant sul-
phide inclusions and lower δ18O and Δ17O. Tyra et al. (2012) used the 
closed system model of Clayton and Mayeda (1999) to interpret these 
isotopic differences and concluded that Type 2 calcite post-dated Type 1 
calcite, and formed from fluids that were more evolved (richer in 16O) 
owing to a greater degree of interaction with anhydrous silicates. 
Typically, Type 2 grains have formed by replacement of anhydrous sil-
icates (Tyra et al., 2012), but 16O-rich Type 2 calcite can also occur as 
veins (Lee et al., 2013; Vacher et al., 2018). The fluids responsible for 
Type 2 calcite may have been sourced via impact-formed fractures from 
elsewhere in the parent body (i.e., an open system) (Lee et al., 2013; 
Vacher et al., 2018). This classification of calcite has subsequently been 
expanded to include Type 0 grains, which lack the tochilinite- 
cronstedtite intergrowth (TCI) rims of Type 1 grains, and postdate 
Type 1 calcite (Vacher et al., 2017). 
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3. Samples and methods 

3.1. Sample description and characterization 

The samples selected for this study have been mildly to highly 
aqueously altered and so span a range in petrologic (sub)types (Table 1). 
None have evidence for being heated after aqueous alteration. This 
study has used both falls (Cold Bokkeveld, Murchison) and Antarctic 
finds (Allan Hills (ALH) 83100, LaPaz Icefield (LAP) 031166, Lonewolf 
Nunataks (LON) 94101, Scott Glacier (SCO) 06043). Each meteorite was 
characterized by Scanning Electron Microscope (SEM) imaging 
including point counting, and X-ray microanalysis, as described below. 
The SEM work was undertaken at the University of Glasgow using a Zeiss 
Sigma SEM equipped with an Oxford Instruments X-Max energy 
dispersive X-ray (EDX) spectrometer connected to Oxford Instruments 
INCA and Aztec software. The SEM was operated at 20 kV/3nA and was 
used for backscattered electron (BSE) imaging, qualitative X-ray 
microanalysis, and X-ray mapping. All of these meteorites have been 
characterised by the authors in previous petrographic, chemical and 
isotopic studies (Lee et al., 2013,2014; Lindgren et al., 
2013,2017,2020). 

3.1.1. Murchison 
Murchison fell in Australia in 1969 (Graham et al., 1985). This study 

used samples from three different stones that were provided by the 
Natural History Museum, London (NHM): 1988-M23, 1970-6, and 1970- 
5, with masses of 1.35, 1.07, and 0.53 g, respectively. Petrography used 
polished thin sections of all three samples, and chips of the first two were 
also analysed for their isotopic compositions. Murchison is the least 
aqueously altered of the CMs studied (Table 1). Its chondrules are set in 
a fine-grained matrix composed of phyllosilicate and tochilinite- 
cronstedtite intergrowths. They generally display a porphyritic texture 
with unaltered ferromagnesian silicates, but the mesostasis and some of 
the phenocrysts have been altered to phyllosilicate. Fe-Ni metal grains 
occur in the cores of some chondrules. Murchison contains 1.4 % calcite 
as determined via point counting, both as single Type 1 grains (Fig. 1a) 
and some Type 2 replacing chondrules. Aragonite has also been 
described and is abundant relative to other CMs in which it occurs (3.2 
crystals/mm2; Lee et al., 2014). Dolomite was absent from the studied 
samples. 

3.1.2. LON 94101 
This Antarctic find from 1994 has a weathering grade of Be (Gross-

man and Score, 1996). Its petrologic (sub)type indicates it has been 
moderately aqueously altered overall, but this meteorite is highly 
brecciated and contains several clasts that underwent different degrees 
of aqueous alteration (Lindgren et al., 2013). The clumped isotope work 
used a 0.49 g chip (LON 94101,67) and petrographic work a polished 
thin section (LON 94101,15), both provided by ANSMET. The studied 
sample is consistent with a petrologic subtype of CM2.3 (e.g., chondrules 
in this meteorite are partially replaced by phyllosilicates and calcite, but 
some ferromagnesian silicates are preserved). It contains 1.3 % calcite as 
determined by SEM point counting, which occurs as individual grains in 
the matrix (Type 1 calcite, Fig. 1b), replacing chondrules (Type 2 
calcite), and as a mm-sized calcite vein (Lindgren et al., 2011; Lee et al., 
2013). Minor quantities of aragonite also occur; the thin section of LON 
94101 studied by Lee et al., (2013,2014) has 0.21 aragonite crystals/ 
mm2 that are heterogeneously distributed. Dolomite was not observed. 

3.1.3. Cold Bokkeveld 
Cold Bokkeveld fell in South Africa in 1838 (Graham et al., 1985), 

and in accordance with its terrestrial age has undergone some alteration 
during curation (i.e., likely producing gypsum, Lee, 1993; Lee et al., 
2021b). This study used samples from three different stones provided by 
the NHM (CB-13989, 1.35 g; CB-BM1727, 0.98 g; CB-BM1964, 0.44 g). 
Petrographic work used polished thin sections made from all three, and 
chips of the first two were used for clumped isotope measurements. Cold 
Bokkeveld is typically described as a highly aqueously altered CM with a 
correspondingly low petrologic (sub)type (Table 1), although it contains 
clasts that have undergone different degrees of aqueous processing 
(Greenwood et al., 1994; Lentfort et al., 2020). SEM point counting 
recorded 1.9 % Ca-carbonate, which is likely to mainly comprise calcite, 
although minor aragonite has been previously described from other 
samples (0.03 crystals/mm2; Lee et al., 2014). Ca-carbonate occurs as 
single grains in the matrix that are commonly rimmed by serpentine and 
tochilinite (i.e., Type 1 calcite), but has also been described as partially 
replacing chondrules and CAIs (i.e., Type 2 calcite; Fig. 1c) (Lee, 1993; 
Greenwood et al., 1994). No dolomite was point counted in the present 
study although small quantities have been described from other samples 
of the meteorite (Johnson and Prinz, 1993; Lee et al., 2014; Farsang 
et al., 2021). 

3.1.4. LAP 031166 
This Antarctic find has a weathering grade of B (Connolly et al., 

2007). The clumped isotope work used a 0.92 g chip (LAP 031166,21), 
and petrographic work a polished thin section (LAP 031166,15), both 
provided by ANSMET. LAP 031166 has been highly aqueously altered 
and was classified as CM2.1 by Lee et al. (2014) (Table 1). Its chondrules 
have been heavily replaced although many retain some olivine and 
pyroxene. SEM point counting recorded 0.8 % Ca-carbonate and no 
dolomite. The Ca-carbonate occurs as single grains in the matrix that 
have inclusions of Fe-rich serpentine fibres, themselves encrusted by Fe- 
Ni sulphide crystals (i.e., Type 1; Fig. 1d). Calcite has also replaced 
chondrules (i.e., Type 2 calcite) (Lee et al., 2014; Lindgren et al., 2017). 

3.1.5. SCO 06043 
This Antarctic find has a weathering grade of B/Ce (Weisberg et al., 

2008). The clumped isotope work used a 1.24 g chip (SCO 06043,27) 
and petrographic work a polished thin section (SCO 06043,10), both 
provided by ANSMET. SCO 06043 has been highly aqueously altered 
(Table 1). Its fine-grained matrix has a strong petrofabric that is defined 
by flattened chondrule pseudomorphs (made of phyllosilicates, some 
with rims and inclusions of sulphides; Lindgren et al. 2015). Calcite and 
dolomite occur as monomineralic grains, and intergrown as bimineralic 
grains. Dolomite also forms narrow veins (Lee et al., 2014) (Fig. 1e). 
Point counting shows that the thin section contains 0.6 % calcite and 0.9 
% dolomite. 

Table 1 
Details of the samples studied and their petrologic classifications.  

CM 
meteorite 

Fall/find, date, 
initial mass 

Petrologic classifications 

Typea Typeb Subtypec Subtyped 

ALH 83100 Find, 1983, 
3019 g 

1.1 1.2 CM2.1g —— 

Cold 
Bokkeveld 

Fall, 1838, 
5200 g 

1.3 1.4 CM2.2 CM2.1–2.7 

LAP 031166 Find, 2003, 15 g —— —— CM2.1h —— 
LON 94101 Find, 1994, 

2805 g 
1.8e 1.3 e CM2.2–2.3h CM1–CM3 

Murchison Fall, 1969, 
>100 kg 

1.6 1.5 CM2.5 CM2.7–2.9 

SCO 06043 Find, 2006, 28 g 1.1, 
1.2f 

1.2 CM2.0h —— 

—— denotes not determined. 
a Scheme of Alexander et al. (2013). 
b Scheme of Howard et al. (2015). 
c Scheme of Rubin et al. (2007). 
d Scheme of Lentfort et al. (2020). 
e Classification for LON 94102, which may be paired with LON 94101 

(Meteoritical Bulletin). 
f Two samples were classified. 
g Classified by de Leuw et al. (2010). 
h Classified by Lee et al. (2014). 
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Fig. 1. BSE images of calcite (Cal) and dolomite (Dol) in the studied meteorites. (a) Murchison type 1 calcite grain (centre of image) that is enclosed by TCI and set in 
a fine-grained phyllosilicate matrix. (b) LON 94101 type 1 calcite grain that is twinned in two orientations as indicated by the dashed white lines. The fine-grained 
matrix of the host meteorite contains several TCIs. (c) Cold Bokkeveld type 2 calcite grain replacing a chondrule. White specks are sulphide inclusions. (d) LAP 
031166 type 1 calcite grain that has been partly replaced by phyllosilicates (Phy). The white needles are fibres of Fe-rich serpentine encrusted by Fe-Ni sulphide. (e) 
SCO 06043 dolomite grain that is adjacent to a thin vein of dolomite (oriented NW-SE in the image). (f) ALH 83100 bimineralic carbonate grain containing an 
intergrowth of calcite (light grey) and dolomite (darker grey). 
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3.1.6. ALH 83100 
ALH 83100 is an Antarctic find with a weathering grade of Be 

(Grossman, 1994). The clumped isotope work used a 1.640 g chip pro-
vided by ANSMET (ALH 83100,276), and petrographic work a polished 
fragment made from the chip. This meteorite has a low petrologic (sub) 
type indicating a high degree of aqueous alteration (Table 1). It is 
composed of partially to completely aqueously altered chondrules set in 
a fine-grained phyllosilicate-rich matrix. The chondrules have been 
altered to phyllosilicates and sometimes carbonates. The matrix includes 
grains of anhydrous silicates, sulphides (pyrrhotite, pentlandite and 
tochilinite; Lindgren et al., 2020), and carbonates (calcite and dolomite, 
as monomineralic grains and intergrown as bimineralic grains; Lee et al., 
2014) (Fig. 1f). SEM point counting recorded 1.2 % calcite and 2.1 % 
dolomite and so this specimen has the highest proportion of dolomite 
out of the samples studied. 

3.2. Sample stable isotope measurements 

Sample preparation and isotopic analyses described below were 
performed at the Scottish Universities Environmental Centre (SUERC). 

3.2.1. Sample preparation 
Meteorite chips were rinsed with distilled water, dried, and then 

crushed with an agate mortar and pestle. The powder was sieved to a 
grain size of <56 μm to promote quick reaction with the phosphoric acid 
in the next stage, and to limit the potential for grains of carbonates to be 
completely enclosed by non-reactive minerals, which would hinder the 
yield of CO2. 

We also prepared a ‘fake meteorite’ control sample to test whether 
having carbonates in a sample as only a minor phase would impact the 
preparation process and lead to offsets in the measured clumped isotope 
compositions (see Supplementary Information (SI)). We used a Carrara 
marble of known bulk and clumped isotopic composition, pyrite and a 
Jurassic carbonaceous sandstone from Torr Mor in Scotland (Anderson 
and Dunham, 1966). All three were crushed together in the following 
proportions by weight: marble 1 %, pyrite 5 %, sandstone 94 %. The 
aims were to ensure that: (i) the acid digestion and CO2 purification of 
the mixture led to a CO2 yield corresponding to its carbonate fraction, 
and (ii) the clumped isotope composition measured for the gas extracted 
control sample was within error of that of the pure carbonate. There is 
no terrestrial rock that perfectly mimics the matrix of our samples. The 
Torr Mor sandstone contains detrital silicates, iron oxides and organic 
matter, which are also present in the matrices of carbonaceous 
chondrites. 

3.2.2. CO2 extraction and gas purification 
Meteorite samples (from 100 to 400 mg) were digested under vac-

uum in >103 % H3PO4 in an acid bath with constant agitation using a 
magnetic stirrer to promote the dispersion of the powder throughout the 
acid. Samples containing only calcite, or a negligible amount of dolo-
mite (Cold Bokkeveld) were reacted at 90 ◦C for 30 min. For samples 
containing both calcite and dolomite, we proceeded in two steps. First, 
to extract the calcite portion, an aliquot of sample powder was reacted at 
25 ◦C for 1 h. The shorter duration compared to previous studies (e.g., 
Benedix et al.,2003 or Guo and Eiler, 2007 who use 24 h digestion) is 
justified by the smaller grain size of the powder and constant agitation 
used. Second, another aliquot of powder was reacted at 90 ◦C for 2 h to 
completely dissolve both calcite and dolomite. The isotopic composition 
of the dolomite fraction was calculated using the results of the two steps, 
described further below. A similar method was employed by Lloyd et al. 
(2017) to measure clumped isotope compositions of calcite and dolomite 
coexisting in the same sample. 

In all cases, gases produced were trapped in a metal coil submerged 
in liquid nitrogen and placed immediately next to the acid vessel in the 
vacuum line. In the last 3 min of acid digestion (5 min for dolomite), 
non-condensable gases were evacuated using a turbomolecular pump. 

After the chosen time had elapsed, the acid bath was isolated and the 
metal trap was submerged with a propanol-dry ice slush (temperature 
approximately − 76 ◦C), liberating CO2 and some other gaseous species 
but not water. The gas was passed over tightly packed silver wool to 
remove some of the sulfur-bearing gases, then a glass coil cooled with a 
propanol-dry ice slush. The gas was frozen in a further glass coil sub-
merged in liquid nitrogen. The resulting gases were then transferred to a 
calibrated volume attached to a strain gauge using liquid N2. The gas 
was thawed until it reached room temperature, after which the acid 
digestion volume yield was measured. The gas was then passed through 
a 4 m Gas Chromatography (GC) column held at 40 ◦C with He carrier 
gas, which removed contaminants such as sulfur-bearing gases and hy-
drocarbons, before being diverted to a first Ion Ratio Mass Spectrometer 
for clumped isotope measurement. Consistent with the observation of 
Guo and Eiler (2007), we found that sulfur contaminants can account for 
up to 50 % of the total volume of gas. The amount of CO2 extracted from 
each sample was similar to amounts obtained from the masses of car-
bonate standards used for normalization, to avoid the artefacts during 
GC purification. 

3.2.3. Clumped isotope measurements 
Clumped isotope measurements were performed with a Thermo 

Fisher Scientific MAT253 Isotope Ratio Mass Spectrometer (IRMS). Gas 
was measured in a minimum of 7 blocks of 6 dual-inlet measurements 
(26 s integration time), recording intensities of m/z 44 to 48. We report 
the clumped isotope compositions as Δ47 defined as: 

Δ47 = R47/R47* − 1 

where R47 is the ratio of the abundances of isotopologues with a 
cardinal mass of 47 (chiefly 13C16O18O) to the abundance of the iso-
topologue with mass 44 (12C16O2), and R47* is the stochastic ratio, 
calculated using measured δ13C, δ18O, and for our samples, Δ17O. 

The intensity of mass 48 was used to screen for contamination of the 
gas, and we did not systematically achieve complete suppression of 
contaminants on m/z 48. However, we did not observe any relationship 
between the intensities on m/z 48 and Δ47, suggesting that there is no 
isobar on mass 47 from the contaminants. This result is consistent with 
the contaminants being derived from sulfurous species like SO2, which 
can form SO+ ions that will affect m/z 48 and above, but not 47. 

At the end of the clumped isotope measurements, the leftover sample 
gas was frozen into silica glass tubes using liquid nitrogen. The tubes 
were flame-sealed and stored until oxygen isotope analysis was per-
formed, as described in the next subsection. 

3.2.4. Δ17O measurements 
Carbonates in CM chondrites have a Δ17O composition different to 

terrestrial carbonates (Clayton et al., 1984; Benedix et al.,2003; Verdier- 
Paoletti et al., 2017). While there is subtle variability in terrestrial 
carbonates (e.g., Passey et al., 2014), the magnitude is not large 
compared to the analytical uncertainty of clumped isotope thermom-
etry. However, that is not the case for CM chondrite carbonates, where 
the Δ17O can differ by more than 1 permil from terrestrial materials. Guo 
and Eiler (2007) used Δ17O values from the same meteorites as reported 
by Benedix et al. (2003), but it is likely that different stones or splits 
from a single meteorite will differ in Δ17O. Thus, assuming a single Δ17O 
value for all samples of a given meteorite is inappropriate and may 
introduce errors. 

Triple isotope oxygen compositions of the CO2 from the acid diges-
tion of our samples were measured at SUERC with a Thermo Fisher Ultra 
High-Resolution IRMS using the same gas aliquots as utilized for clum-
ped isotope measurements. The sealed silica tubes were inserted into a 
tube cracker, and the sample gas expanded into the bellows of the Ultra 
HR-IRMS. The method of Adnew et al. (2019) was used. Briefly, the 
oxygen fragments at m/z 16, 17 and 18 created during the ionization of 
CO2 are measured. Isobars at these masses (primarily H2O and OH) are 
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cleanly resolved due to the high mass resolving power of the instrument 
(text and Fig. S1 in SI). 

The gas used as a working standard was obtained by acid digestion of 
a calcite with a known δ18O, which is close to that of our meteorite 
samples. The gas was purified using the same extraction line and GC as 
the meteorite samples. The uncertainties on the δ17O and δ18O decreased 
with the total numbers of counts registered and the main limit on the 
precision was counting statistics. Typical precision reached for Δ17O was 
lower than 0.1 ‰ (1 standard error) for a single aliquot of CO2. The CO2 
derived from the digestion of carbonate standards ETH1 to ETH4 was 
analyzed and found to have a Δ17O within error of 0, as expected 
(detailed in SI). 

3.2.5. Data processing and normalization 
Data reduction was performed using the Easotope software (John 

and Bowen, 2016) and Python scripts for the Δ17O corrections and 
dolomite calculations. We used the IUPAC parameters, in particular λ =
0.528 (Brandt et al., 2010, Petersen et al., 2019), and the 18O acid 
fractionations of Kim et al. (2007) and Rosenbaum and Sheppard (1986) 
for calcite and dolomite, respectively. To define the empirical transfer 
function (ETF) from the measured Δ47 to the absolute reference frames 
for the different analytical sessions, we used the values from Bernasconi 
et al. (2021) for the ETH1 to ETH4 carbonate standards. To adjust the 
Δ47 from calcites reacted at 25 ◦C to 90 ◦C we used the acid fractionation 
factor from Petersen et al. (2019). The reprojected Δ47 values were used 
to calculate apparent temperatures using the calibration of Anderson 
et al. (2021). 

Δ47 CDES90 = 0.0391(±0.0004)*106/T2 + 0.154(±0.004)

Analytical uncertainties on Δ47 were calculated by taking the larger 
of the standard deviation of the ETH carbonate standard Δ47 produced 
during the measurement period and the standard deviation of replicate 
measurements of each sample and dividing by the square root of the 
number of replicates. These calculations also account for the uncertainty 
due to the difference in bulk isotopic composition between the mete-
orites and the ETH carbonate standards, following the method presented 
in Daëron (2021) and using the code attached to that paper (see SI). This 
uncertainty is particularly important to take into account in our study 
because we chose a carbonate-based standardization, and the ETH 
standards have bulk isotope compositions that do not bracket those of 
CM chondrites. We chose to avoid using CO2 equilibrated at different 
temperatures for our standardization to: 1) treat standards and samples 
the same, and 2) to avoid potential issues with partial re-equilibration of 
CO2 to a different clumped isotope composition (i.e., Bernasconi et al., 
2021). 

Our study is the first to report both the clumped isotope and triple 
oxygen isotope compositions of carbonate in meteorites as measured 
from the same sample material. Using CO2 extracted from each sample 

replicate for both mass 47 isotopologues and Δ17O measurements avoids 
complications or offsets derived from different sample digestion or pu-
rification methods. Moreover, the extractions at different temperatures 
allowed us to differentiate between calcite and dolomite, which has 
previously been employed for Δ17O measurements (e.g., Benedix et al., 
2003), but not for determination of clumped isotope compositions. This 
approach avoids making the assumption of homogeneous Δ17O com-
positions of each meteorite for correction of clumped isotope data (e.g., 
Guo and Eiler, 2007). 

4. Results 

4.1. Carbon and oxygen isotope compositions 

Data are presented in Table 2 and Fig. 2. The δ13C of the carbonates 
in our samples ranges from +35 to +55 ‰ vs PDB, and δ18O from +16 to 
+32 ‰ vs SMOW. We analyzed two different splits of Murchison and 
Cold Bokkeveld, and for both there was a significant difference between 
them (up to 4 ‰difference in δ13C for the Cold Bokkeveld splits). For 
Murchison, we do not observe the elevated (>60 ‰ vs PDB) δ13C values 
that Guo and Eiler (2007) reported. The overall distribution of bulk 
carbonate isotope compositions is consistent with analyses of bulk car-
bonates in CM samples reported by Alexander et al. (2015) (Fig. 2). 
Specifically, carbonates in the more highly aqueously altered meteorites 
have a lower δ18O and δ13C (i.e., enrichment in the heavy rare isotope is 
reduced proportionally with increased alteration). 

The Δ17O of our samples ranges from − 2.57 to − 0.96 ‰, with those 
that are more aqueously altered having a lower Δ17O (Fig. 3). This result 
is broadly in agreement with the trend observed for bulk CM carbonates 
by Benedix et al. (2003). Where calcite and dolomite occur in the same 
sample, dolomite has a lower Δ17O. Contrary to the study of Benedix 
et al. (2003), we did not record any dolomite in the samples of Murch-
ison and Cold Bokkeveld that we analyzed (section 2.1). Benedix et al. 
(2003) observed no differences in the Δ17O of co-existing calcites and 
dolomites in the meteorites they analyzed, but none of their samples 
were more highly aqueously altered than Cold Bokkeveld. In our sample 
series, however, dolomite is observed and was analyzed in two samples 
that are more aqueously altered than Cold Bokkeveld (SCO 06043 and 
ALH 83100). 

The two splits of Murchison have Δ17O within analytical uncertainty 
of each other, while the two from Cold Bokkeveld display a small but 
significant difference. The ranges observed for Murchison and Cold 
Bokkeveld are also consistent with the data from Benedix et al. (2003) 
(although they analyzed different sample splits) as well as with in-situ 
carbonate data from Lindgren et al. (2017). However, other in-situ 
studies have reported positive Δ17O for the meteorites studied here, as 
summarized in Table 3. 

Table 2 
Results of the isotopic measurements on our sample suite and temperatures derived from clumped isotope measurements. Samples measured in two different analytical 
sessions appear as separate entries. The number of replicates for Dolomite is noted NaN as they are the results of a calculation from separate analyses of the calcite only 
and the sum of all carbonates (see Methods section and SI).  

Meteorite Split Min. n δ13C ± δ18O ± Δ17O ± Δ47c ± T ±

(‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) ( ◦C) (◦C) 

ALH 83100 ,276 C 3  36.20  0.48  25.61  0.18  − 1.96  0.05  0.526  0.018  51.2  7.9 
ALH 83100 ,276 D NaN  50.01  0.20  19.79  0.20  − 2.57  0.12  0.433  0.024  101.4  16.2 
Cold Bokk CB13989 C 4  46.64  0.21  30.02  0.13  − 1.47  0.07  0.589  0.023  26.8  7.9 
Cold Bokk CB13989 C 1  46.65  0.20  30.53  0.20  − 1.56  0.07  0.591  0.021  26.1  7.2 
Cold Bokk BM1727 C 4  50.62  0.25  27.11  0.14  − 1.86  0.08  0.567  0.018  34.7  6.7 
LAP 031,166 ,21 C 4  37.92  0.38  20.47  0.24  − 1.91  0.07  0.539  0.027  45.7  11.2 
LON 94,101 ,67 C 3  55.34  0.07  29.35  0.09  − 1.55  0.05  0.631  0.019  13.3  5.7 
Murchison 1970–06 C 5  41.59  0.17  31.93  0.16  − 0.96  0.05  0.603  0.017  22.1  5.6 
Murchison 1988-M23 C 1  42.92  0.20  28.35  0.20  − 1.1  0.15  0.66  0.025  5.0  6.9 
Murchison 1988-M23 C 2  44.86  0.48  29.69  0.28  − 1.07  0.05  0.616  0.029  17.9  9.2 
SCO 06,043 ,27 C 1  37.20  0.20  22.45  0.20  − 1.88  0.06  0.554  0.021  39.6  8.2 
SCO 06,043 ,27 D NaN  42.05  0.20  16.18  0.20  − 2.46  0.12  0.476  0.028  75.5  15.2  
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4.2. Clumped isotope thermometry 

After taking into account the differences in Δ17O of carbonates in the 
samples, the temperatures of carbonate formation calculated from their 
clumped isotope compositions range from 5 to 51 ◦C for calcite, and 
from 75 to 101 ◦C for dolomite, as illustrated in Fig. 4. In Table 2, we 
report as individual results, measurements performed in different 
analytical sessions (for two Murchison and two Cold Bokkeveld splits) as 
well as two groups of measurements for ALH 83100. These measure-
ments show good agreement. The general trend observed is increasing 
temperatures of carbonate crystal growth with increasing degree of 
aqueous alteration of the host meteorite (Fig. 4). Where the two 

carbonate minerals co-exist (SCO 06,043 and ALH 83100), dolomite 
records higher formation temperatures (by 35 to 50 ◦C) than calcite. Guo 
and Eiler (2007) had previously measured clumped isotope composi-
tions on three chondrites, including Murchison and Cold Bokkeveld. 
Despite using the bulk Δ17O from Benedix et al. (2003), their reported 
temperatures of 20–33 ◦C for Murchison and 26–71 ◦C for Cold Bokke-
veld are consistent with our results, although our range of temperatures 
for Cold Bokkeveld is significantly narrower (26–35 ◦C). 

Fig. 2. Bulk isotopic compositions measured on our sample suite. Symbol shapes correspond to the different meteorites and color to the minerals, and are kept for all 
subsequent figures. Small black symbols are from Alexander et al (2015) where all carbonates were pooled, triangles are meteorites that were not in our sample suite. 

Fig. 3. Δ17O measured on our sample suite. Samples are sorted by petrologic type, from the most altered to the least (left panel) and according to the petrographic 
subtype (Rubin et al., 2007 classification, right panel). 
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5. Discussion 

5.1. Significance of the temperatures derived from clumped isotope 
measurements 

Many CM carbonaceous chondrites are breccias whose constituent 
clasts can contain carbonates that formed in different environments 
and/or at different times (i.e., within contrasting parts of the same 
parent body or even in different bodies). Thus, none of the samples 
analyzed here are likely to contain a single carbonate generation. This 
heterogeneity in carbonate populations is demonstrated by petrographic 
results (Section 2) showing the co-existence of several generations of Ca- 
carbonate in some meteorites (e.g., Types 1 and 2 calcite), and in-
tergrowths of calcite with dolomite. 

Despite this heterogeneity, the range in oxygen isotopic composition 
of Ca-carbonate as measured by ion microprobe is similar between 
meteorites. For example, in the EET 96006-paired meteorites Tyra et al. 
(2012) recorded ranges for δ18O, δ17O and Δ17O of 21.0, 14.8 and 5.5 ‰, 
respectively. With regards to δ13C, the ranges can be considerably 
greater. Fujiya et al. (2019) recorded a maximum 50.7 ‰ difference 
between analyses of LAP 31166 Ca-carbonate, and 35.1 ‰ for Nogoya. 
Similarly, Vacher et al. (2018) found a range of 46 ‰ for Boriskino, 
although Fujiya et al. (2020) described a narrower range of 15 ‰ for 
Yamato (Y) 791198. Distinct Ca-carbonate generations cluster around 
different values (e.g., Tyra et al., 2012; Fujiya et al., 2015). In-situ an-
alyses of dolomite oxygen isotopic compositions have a considerably 
narrower range. For Sutter’s Mill Jenniskens et al. (2012) reported dif-
ferences of 2.6, 1.8 and 1.2 ‰ between minimum and maximum values 
of δ18O, δ17O and Δ17O, respectively, and Tyra et al. (2016) reported 
ranges of 6.9, 5.6 and 4.0 ‰ for ALH 84049. The compositional range of 

carbonates in any one meteorite are a potential source of concern for the 
interpretation of temperatures derived from clumped isotope measure-
ments, as our bulk data will average intra- and inter-grain variations in 
carbon and oxygen isotopic compositions. Therefore, the values calcu-
lated here represent the averaged composition of the carbonates that are 
dissolved by the acid. It is a source of bias for the temperature calculated 
from measured Δ47, as mixing is non-linear for Δ47 (Eiler and Schauble, 
2004, Defliese and Lohmann, 2015). 

We have evaluated the magnitude of potential bias using a scenario 
relevant to our meteorites. Carbonate oxygen isotope data from Lee 
et al., (2013, excluding data from a calcite vein), Fujiya et al. (2015), 
Lindgren et al. (2017), Verdier-Paoletti et al. (2017) and Telus et al. 
(2019) generally show, for meteorites in our sample set, ranges of δ18O 
values for Type 1 and Type 2 calcites which can overlap rather two end- 
members with distinct, tightly clustered isotopic compositions. Relevant 
in-situ carbon isotope data are more limited. Fujiya et al. (2015) re-
ported two populations of calcite grains in Murchison with a difference 
in δ13C of 40 ‰ (and no difference in δ18O), although one of the pop-
ulations was only present in a small part of their thin section and rep-
resented only a minor portion of the Ca-carbonate grains. Telus et al. 
(2019) report a range of less than 20 ‰ for δ13C of calcite in ALH 83100. 

We have therefore calculated the offset that would be caused by the 
mixing of a population of carbonates with a total range of 15 ‰ in both 
δ13C and δ18O values. We chose to have 10 different compositions evenly 
distributed from one endmember to the other, all present in equal 
amounts. It is worth noting that this is a worst-case scenario, and that the 
offset caused by having a non-homogeneous distribution would be 
lower. We found that the mixing created positive offsets in Δ47 of about 
0.020 ‰, which is similar to the standard deviation observed on car-
bonate standards and hence accounted for by our reported uncertainties 
in temperature. 

The interpretation of the calculated temperatures should be consid-
ered carefully: there are carbonate grains with different isotopic com-
positions and potentially different formation temperatures in each of our 
samples. Our reported isotopic values reflect the weighted average (for 
each sample) of the calcite (or dolomite) present. Likewise, the tem-
peratures calculated reflect a weighted average of the actual minerali-
zation temperature for the carbonate grains present in our meteorites. 
These grains can have formed at different times and/or temperatures; or 
come from different areas within the parent body. The temperatures of 
formation for calcite (or dolomite) are thus indicative of the average 
conditions of formation of that specific carbonate mineral for each 
meteorite sample, and the temperature range in our sample set reflects 
differences in the average conditions of carbonate mineral formation 
between meteorites. 

Table 3 
Comparison of average Δ17O measured on meteorites in our sample set by bulk (this study, Benedix et al., 2003) and in situ techniques (all others).  

Δ17O Our data Benedix et al. 
(2003) 

Lee et al. 
(2013) 

Fujiya et al. 
(2015) 

Lindgren et al. 
(2017) 

Verdier Paoletti et al. 
(2017) 

Telus et al. 
(2019) 

Murchison − 1.05 ±
0.10 

− 0.82 ± 0.05  0.7 ± 0.9 − 1.6 ± 1.7 1.3 ± 0.9  

Cold B − 1.64 ±
0.10 

− 1.65 ± 0.05   − 1.7 ± 1.8 0.3 ± 0.9  

LON 94,101 − 1.54 ±
0.08  

1.4 ± 1.1     

LAP 031166 − 1.91 ±
0.10    

0 ± 1.8   

ALH 83100 
calcite 

− 1.96 ±
0.10      

0.5 ± 2 

ALH 83100 
dolomite 

− 2.57 ±
0.12      

0.8 ± 2 

± is the standard deviation of multiple measurements. 

Fig. 4. Temperatures derived from the measured Δ47, after taking into account 
the Δ17O. 
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5.2. Comparison with previous estimates of alteration temperatures from 
carbonate oxygen isotopes 

The clumped isotope study by Guo and Eiler (2007) used triple 
isotope compositions from Benedix et al. (2003), and a different λ for the 
calculation of Δ17O from Benedix et al. (2003) and from our study. 
Additionally, there have been important developments in the technique 
and practice of carbonate clumped isotope measurements since that 
pioneer study (i.e., Petersen et al., 2019 and references therein). 
Nevertheless, temperatures obtained from our Murchison and Cold 
Bokkeveld data (~5–22 ◦C and ~26–35 ◦C, respectively) are roughly 
consistent with results from the same two meteorites in Guo and Eiler 
(2007) (~20–33 ◦C and ~26–71 ◦C, respectively). A range of other in-
direct methods have been used to determine the temperatures reached in 
CM carbonaceous chondrites (Table 4), and below we evaluate the 
subset of those that utilized oxygen isotopes. 

Alexander et al. (2015) conducted a systematic analysis of carbonate 
δ13C and δ18O values in CM chondrites (black symbols in Fig. 2). They 
proposed a model where a single fluid would form carbonates at tem-
peratures of 0–130 ◦C, with higher δ13C and δ18O corresponding to 
lower temperatures of formation. Although this range is at first glance 
consistent with our observations, Alexander et al. (2015) suggest, based 
on CO/CO2 δ13C values and assuming isotopic equilibrium, that 
Murchison carbonates would have formed at ~87 ◦C, while we report 
5–22 ◦C for the same meteorite. Fujiya (2018), using whole-rock δ18O 
and δD from a range of CMs, put constraints on the isotopic composition 
of primordial water, and concluded that carbonate formation occurred 
below 150 ◦C. 

Verdier-Paoletti et al. (2017) measured δ17O and δ18O of carbonates 
in nine CMs in situ by ion probe and observed that both carbonates and 
alteration water had variations along lines in (δ18O, δ17O) space, with 
data defining the same slopes but different intercept values. They 
assumed that a given carbonate was precipitated from a water defined 
by the data trend they identified and calculated carbonate formation 
temperatures of ~110 ± 50 ◦C in six CM chondrites. They analyzed only 
two meteorites in common with the present study (Murchison and Cold 
Bokkeveld) and obtained median temperature estimates of ~160 ◦C. 
Vacher et al., (2019b) also used in situ measurements of oxygen isotopic 
composition of carbonates in CM chondrites along with previous esti-
mates of the compositions of the alteration fluids. Their approach was to 
calculate the temperature from the apparent isotopic fractionation fac-
tor between the carbonates and the fluid. The only sample common to 
our studies is the Murchison meteorite, where they obtained from 19 ±
22 to 50 ± 34 ◦C. 

If two coexisting mineral phases formed at the same time and at 
isotopic equilibrium with each other the temperature of carbonate for-
mation can be estimated. Using Murchison, Clayton and Mayeda (1984) 
first compared δ18O in calcite and phyllosilicate and concluded that the 
temperature of formation was below 20 ◦C. However, as those two 
phases do not have the same Δ17O and were therefore not at isotopic 
equilibrium, temperatures cannot be calculated from the calcite- 
phyllosilicate fractionation factor. Benedix et al. (2003) proposed that 
calcite and phyllosilicates in Nogoya (CM2) were at isotopic equilibrium 
and estimated a temperature of 0–25 ◦C. From measurements of the 
oxygen isotopic composition of dolomite and magnetite in ALH 83100, 
Telus et al. (2019) considered that they were in isotopic equilibrium, 
and using the dolomite-magnetite δ18O fractionation they calculated 
that the dolomite had formed at 120 ± 60 ◦C. This temperature is similar 
to the values measured in our study for dolomite in the same meteorite 
(101 ± 16 ◦C, Table 2 and Fig. 3), although the analytical uncertainties 
are large in both techniques. 

Table 4 
Previously determined temperatures of CM aqueous alteration in chronological 
order of publication.  

Study Technique Material 
analysed 

Meteorite Temperature 

Telus et al. 
(2019) 

Magnetite- 
dolomite 
oxygen isotope 
fractionation 

Dolomite ALH 83100 125 ± 60 ◦C 

Vacher 
et al., 
(2019a) 

Mg content of 
the hydroxide 
layer of 
tochilinite 

Tochilinite Paris 122 ± 38 ◦C 
Murchison 132 ± 43 ◦C 
Murray 130 ± 50 ◦C 
Nogoya 153 ± 47 ◦C 
Cold 
Bokkeveld 

157 ± 48 ◦C 

Vacher 
et al., 
(2019b) 

Geochemical 
modelling 

Ca-carbonate Maribo − 9 ± 11 to 5 
± 14 ◦C 

Murchison 19 ± 22 to 50 
± 34 ◦C 

Jbilet 
Winselwan T1 
calcite 

15 ± 21 to 33 
± 29 ◦C 

Jbilet 
Winselwan 
T2 calcite 

109 ± 11 to 
158 ± 22 ◦C 

Mukundpura 
T1 calcite 

12 ± 17 to 34 
± 22 ◦C 

Mukundpura 
T2 calcite 

110 ± 32 to 
139 ± 55 ◦C 

Verdier- 
Paoletti 
et al. 
(2019) 

Geochemical 
modelling of  
Verdier- 
Paoletti et al. 
(2017) 

Ca-carbonate Boriskino − 13.9 ± 22.4 
to 164.2 ±
18.6 ◦C 
(average 60.3 
± 74.0 ◦C) 

Dolomite Boriskino 32.8 ± 16.1 to 
166.5 ±
47.3 ◦C 

Fujiya 
(2018) 

Geochemical 
modelling 

Carbonates Suite of CMs <150 ◦C 

Visser et al. 
(2018) 

Raman 
spectroscopy 
of organic 
matter 

Organic 
matter 

Murchison 64 ± 25 ◦C 
Banten 64 ± 25 ◦C 
Murray 72 ± 19 ◦C 

Verdier- 
Paoletti 
et al. 
(2017) 

Geochemical 
modelling 

Ca- 
carbonates 

Nine CMs 113 ± 54 ◦C 

Alexander 
et al. 
(2015) 

Modelling 
using 
empirical bulk 
calcite oxygen 
isotope data 

Calcite 64 CMs 0–130 ◦C 

Guo and 
Eiler 
(2007) 

Clumped 
isotope 
thermometry 

Calcite Murchison 20–33 ◦C 
Murray 30 ◦C 
Cold 
Bokkeveld 

26–71 ◦C 

Busemann 
et al. 
(2007) 

Raman 
spectroscopy 
of organic 
matter 

Organic 
matter 

8 CMs <220–240 ◦C 

Nakamura 
et al. 
(2003) 

Dolomite- 
phyllosilicate 
oxygen isotope 
fractionation 

Dolomite and 
matrix 

Sayama >120 ◦C 

Clayton 
and 
Mayeda 
(1999) 

Modelling 
using 
empirical bulk 
oxygen isotope 
data 

Bulk 
meteorites 

34 CMs Near 0 ◦C 

Zolensky 
et al. 
(1993) 

Stability of 
serpentine and 
tochinilite 

Serpentine 
and 
tochinilite 

23 CMs <50 ◦C 

Clayton 
et al. 
(1984) 

Calcite- 
phyllosilicate 
oxygen isotope 
fractionation 

Calcite and 
phyllosilicate 

Murchison 20 ◦C or less 

(continued on next page) 
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5.3. Triple oxygen isotope data and fluid evolution, and relationship with 
temperature variations 

5.3.1. Oxygen isotopic evolution of the fluid-rock system 
In (δ18O, δ17O) space (Fig. 5), our carbonate data define a trend with 

a slope (0.61) which is steeper than the Terrestrial Fractionation Line 
(TFL, 0.52). Thus, our data cannot be explained by precipitation of 
carbonates from a single aqueous fluid where only the temperature 
varied between meteorites; such a process would produce a slope par-
allel to the TFL. Our slope is consistent with mixing of oxygen from 
silicates into the aqueous fluids and agrees with the classic closed system 
model of Clayton and Mayeda (1984, 1999): water evolves toward lower 
Δ17O as a result of a greater extent of reaction with the host rock. Our 
more altered meteorites (according to their petrographic (sub)type, see 
Table 1 and Fig. 3) contain carbonates that have lower Δ17O on average, 
suggesting a common cause for alteration of the silicate matrix and 
variations in the isotopic composition of carbonates. This slope is also 
within error of those calculated in previous in situ studies (Tyra et al., 
2012, Lee et al., 2013; Vacher et al., 2018; and Verdier-Paoletti et al., 
2017; the latter once the Paris meteorite carbonates are removed), but 
comparison with in-situ data for specific chondrites is less conclusive. As 
shown in Table 3, our data for Murchison and Cold Bokkeveld are in 
good agreement with Lindgren et al. (2017), but different from other in 
situ studies which report values ~2 ‰ higher than our results. The 
typical analytical uncertainty is greater than ± 1 ‰ for in situ data, 
versus ± 0.1 ‰ for our method. 

5.3.2. Oxygen isotopic composition of water, comparison with carbonate 
δ13C 

We calculate the isotopic composition of the fluids in equilibrium 
with the carbonates using their temperatures from the clumped isotope 
measurements. In common with the calculated temperatures, the iso-
topic compositions determined for the fluid correspond to the mode of a 

range of fluids that deposited carbonates in a given meteorite. The re-
sults are in Table S1 of the SI, and in Fig. 6 they are plotted against 
carbonate δ13C. The δ18O of the fluid ranges from − 6.6 to +2.3 ‰ vs 
SMOW, which is lower than the values calculated by Guo and Eiler 
(2007) of 2–8 ‰ or 5 ‰ in the model of Alexander et al. (2015). 

We do not observe a trend between δ13C of the carbonates and δ18O 
of the fluid (Fig. 6) in contrast to Guo and Eiler (2007), who suggested 
that methane was generated alongside carbonate precipitation. How-
ever, this conclusion may stem from the very high δ13C they reported for 
Murchison (>60 ‰ vs PDB), whereas we found values ranging from 41 
to 44 ‰ vs PDB, comparable to the results of Grady et al. (1988) and 
Alexander et al. (2015). There are no unequivocal trends between δ18O 
of the aqueous fluid and the degree of alteration or temperature. This 
finding argues against a single initial aqueous fluid which, before ex-
change with silicates, would have been common to all our samples. 
Fig. 7 compares the estimated oxygen isotopic composition of primary 
water that was accreted to the CM parent body(ies) with the composition 
of the carbonate’s parent water as calculated in the present study. These 
data are also listed in Table S1 of the SI along with several other esti-
mates of primary water Δ17O or δ18O. The consensus of previous work is 
that primary water had a positive Δ 17O, whereas the Δ17O of carbonate 
parent water determined here is below the TFL. All of the estimates 
indicate that there was extensive reaction of the primary water with 
anhydrous silicates prior to carbonate precipitation. The best fit line 
through the 16 determinations of carbonate parent water has a slope of 
0.57 ± 0.04. Although it is close to the slope of the TFL it is important to 
recognise the relatively large errors in the calculated water compositions 
due to the relative uncertainties on the temperatures derived from the 
clumped isotope measurements. 

5.4. Increase in carbonate formation temperature with extent of alteration 

Our data show a clear correlation between Δ17O and temperature 
(Fig. 8), forming a single trend for both calcite and dolomite. We also 
find that the more aqueously altered meteorites have higher tempera-
tures of carbonate crystallization (Fig. 4). The most parsimonious 
explanation for these correlations is that the overall extent of aqueous 
alteration and the average temperature for carbonate precipitation 
reflect the same process: the overall degree of aqueous alteration in-
creases with temperature. The evolution of Δ17O of the aqueous fluid 
towards lower values due to exchange of oxygen atoms with the silicate 
matrix is also consistent with this interpretation. Our observations are, 
however, inconsistent with a greater extent of alteration being due to 
higher water–rock ratios at a common temperature (e.g., calcites in CM 
chondrites record a range of temperatures of 5-51 ◦C). We also find that 
dolomites formed at higher temperatures than calcites when both 

Table 4 (continued ) 

Study Technique Material 
analysed 

Meteorite Temperature 

Bunch and 
Chang 
(1980) 

Petrographic 
observations 

Matrix 
minerals 

Murchison, 
Murray, 
Nogoya 

<127 ◦C 

DuFresne 
and 
Anders 
(1962) 

X-ray 
diffraction 

Unspecified Cold 
Bokkeveld, 
Mighei, 
Murray, 
Haipura 

Close to room 
temperature  

Fig. 5. Oxygen isotope compositions measured in the carbonates. The Terres-
trial Fractionation Line and the linear fit to the oxygen isotope data are 
also displayed. 

Fig. 6. δ18O of the fluids against the δ13C of the carbonate minerals. No rela-
tionship is observed. 
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minerals are present, and from a fluid with a lower Δ17O. These differ-
ences suggest that dolomites formed after calcites as the fluids continue 
to evolve isotopically. Because of the brecciated nature of the CM 
chondrites, these differences do not however imply that the calcites and 
dolomites present in the same meteorite sample necessarily formed in 
the same location on the parent body. 

It should be noted that these observations do not exclude the possi-
bility that alteration of the silicate matrix continued after carbonate 
formation. However, the good correspondence between the temperature 
of carbonate formation and petrographic (sub)type of the host meteorite 
(Fig. 4) indicates that further chemical alteration of the matrices was 
limited in extent and puts constraints on the thermal history after for-
mation of the carbonates. 

Clumped isotope signatures recorded in carbonates can be modified 
by bond reordering when temperatures rise above a given threshold 
which depends on the carbonate phase, with dolomite clumped isotope 
signatures being more robust than calcite’s (e.g., Stolper and Eiler, 2015, 
Hemingway and Henkes, 2021). The extent of re-ordering depends on 
the peak temperature and time spent at high temperature. Conservation 
of a range of values for the calcites in our sample suite precludes sub-
stantial bond reordering. Heat production in the parent bodies mainly 
comes from the radioactive decay of 26Al (Visser et al., 2020), which is 
extinct after 5 Ma. Although there is still some uncertainty on the 

celerity of bond reordering, with competing models of the exact physical 
process, it would require temperatures of 200 ◦C or more to completely 
reorder calcite in a few Ma (Hemingway and Henkes, 2021). A briefer 
heating event lasting for 1000 years would need to reach temperatures 
of more than 300 ◦C to completely overprint initial clumped isotope 
signatures. 

Verdier-Paoletti et al. (2017) calculated carbonate formation tem-
peratures for individual meteorites from their in-situ data and their 
model is briefly described in subsection 5.2. Although they found vari-
ations in Δ17O with petrographic type that are consistent with our re-
sults (Fig. 8 of their paper), they argue that higher Δ17O was associated 
with higher T, which is the opposite of our results. Consequently, their 
interpretation is that calcites are formed before serpentine, at high hy-
drothermal temperatures (above 100 ◦C), and that the mineral assem-
blages reflect a cooling trend from the least altered CM chondrites (Paris 
and Murchison) to the more altered (e.g., Nogoya in their study). This 
conclusion requires that the least altered CM chondrites have experi-
enced aqueous fluid circulation at the highest temperatures, which is 
inconsistent with the results of our study. 

5.5. Constraints on parent body evolution from carbonates 

5.5.1. Model for carbonate crystal growth 
Here we describe a model to account for the correlations between 

carbonate mineralogy, Δ17O and temperature, and the host meteorite’s 
degree of aqueous alteration (Fig. 9). The model assumes an initially 
closed system, that alteration takes place in the interior of a parent body 
rather than in its regolith, and that is a prograde reaction (i.e., the fluid 
evolves isotopically as it gets hotter). 

The CM parent body(ies) accreted crystalline and amorphous sili-
cates (potentially hydrated, Le Guillou et al., 2019), metal, sulphides, 
organic matter and ices. Subsequent aequeous alteration was initiated 
by melting of water ice in response to internal heating, primarily from 
the decay of 26Al (Grimm and McSween, 1989). Further heat was 
generated after aqueous alteration started as it is an exothermic 

Fig. 7. Oxygen isotope compositions of the fluids in equilibrium with the 
carbonates (same legend as in the previous plots), compared to prior estimates 
of the oxygen isotope composition of primary water (in grey, from Clayton and 
Mayeda (1984), Clayton and Mayeda (1999) and Fujiya (2018)) and to the 
Terrestrial Fractionation Line. 

Fig. 8. Temperatures calculated from clumped isotope measurements 
versus Δ17O. 

Fig. 9. Cartoon diagrams showing snapshots of a CM lithology during pro-
gressive aqueous alteration and carbonate crystal growth. 
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reaction. Aragonite and type 1 calcite crystallized initially from solu-
tions whose carbon was sourced mainly from volatiles in accreted ices 
(CO, CO2, CH4). Organic matter (especially soluble) and C-rich presolar 
grains are also potential sources (Alexander et al., 2015; Fujiya et al., 
2015; Vacher et al., 2017; Telus et al., 2019), although relative contri-
butions are difficult to ascertain because of the variability in the isotopic 
composition of the sources and the potential for isotopic fractionation. 
Sources of calcium will have included CAI-hosted gehlenite (~40 wt% 
CaO: Lee et al., 2016) and chondrule mesostasis glass (~8–11 wt% CaO; 
Lee et al., 2016). Fujiya et al. (2020) showed that fluid properties must 
have changed significantly during growth of the type 1 calcite because 
crystals in the mildly altered CM Y 791198 are zoned in cath-
odoluminescence (CL), trace element composition, and carbon and ox-
ygen stable isotopes. As an example, different zones of a 40 μm size grain 
range in δ18O from 37.1 ‰ to 24.9 ‰ and in Δ17O from − 3.0 ‰ to − 1.3 
‰; the latter is similar to the total range in Δ17O recorded in the present 
study (− 2.57 ‰ and − 0.96 ‰). Thus, over time the fluids from which Y 
791198 type 1 calcite precipitated evolved isotopically, and possibly 
also became hotter; implicit in these observations is that the rate of 
calcite crystal growth was slower than the rate at which the fluid 
evolved. As type 1 calcite grains in other CMs show also oscillatory CL 
zoning (Brearley, 2006; Lee and Ellen, 2008; Lee et al., 2014; Telus et al., 
2019), the processes recorded by Y-791198 were probably widespread 
within the CM parent body(ies). This initial phase of carbonate miner-
alization is summarised in Fig. 9a. 

Precipitation of type 1 calcite was followed by growth of TCIs, which 
commonly surround and partially replace such carbonates (Lee et al., 
2013,2014; Vacher et al., 2017) (Fig. 9b). By contrast, grains of type 2 
calcite are not associated with TCIs indicating that they formed later, 
and this relative timing is consistent with their lower Δ17O and δ18O 
relative to type 1 (i.e., type 2 calcite precipitated from water that was 
more isotopically evolved, and maybe also hotter) (Tyra et al., 2012; Lee 
et al., 2013; Vacher et al., 2017,2018). As the abundance of aragonite in 
CMs falls with progressive aqueous alteration of the host meteorite (Lee 
et al., 2014), some of the early formed carbonates were dissolved or 
replaced by phyllosilicate as alteration progressed, and the ions liber-
ated could have contributed to form other carbonates (Fig. 9b). 

Data from the present study show that dolomite in SCO 06043 and 
ALH 83100 yield a lower Δ17O and higher temperature than coexisting 
calcite, which would be consistent with dolomite precipitating after 
calcite as the system continued to evolve isotopically and heat up. 
Crystallization of dolomite at high temperatures (i.e., ~100 ◦C) suggests 
that a kinetic inhibition to dolomite crystal growth had been overcome 
(e.g., hydration of Mg ions, Lippmann, 1973). A caveat to the assump-
tion that dolomite postdated calcite is that our calcite data will be an 
average of the isotopic compositions of multiple generations where 
present. For example, if a sample contained scarce grains of calcite that 
formed after dolomite, their isotopic signal could be swamped by more 
abundant early formed calcite. This possibility can be tested in ALH 
83100, whose calcite and dolomite were analysed by Telus et al. (2019) 
using NanoSIMS. They obtained 12 analyses of calcite and 11 of dolo-
mite. Ten of the calcite analyses have a higher δ18O than the dolomite, 
which is consistent with earlier precipitation of calcite, although the two 
minerals have the same Δ17O within error (note that here we use their 
matrix corrected dolomite data) (Telus et al., 2019). In-situ oxygen 
isotope data are also available for coexisting calcite and dolomite in 
Boriskino (CM2) (Verdier-Paoletti et al., 2019). On a three-isotope plot 
the 29 analyses of Boriskino calcite form two clusters that differ in δ18O 
(average 34.0 ± 2.6 ‰ and 18.8 ± 1.7 ‰) and Δ17O (average − 0.8 ±
0.5 ‰ and − 2.5 ± 0.8 ‰). Five dolomite analyses plot in a third cluster 
with a lower δ18O than all but one of the calcite analyses (average 14.7 
± 2.0 ‰), again implying that the dolomite grew later from hotter and/ 
or more evolved fluids. In common with ALH 83100, Δ17O of dolomite 
and calcite in Boriskino are indistinguishable within error (average of 
dolomite = -3.0 ± 0.8 ‰; average of the low δ18O calcite cluster = -2.5 
± 0.8 ‰) (Verdier-Paoletti et al., 2019). 

Although the in-situ data support a calcite-to-dolomite paragenesis, 
petrographic relationships between the two minerals where they are 
intergrown are often ambiguous (e.g., Fig. 1f). Lee et al. (2014) inter-
preted some of the calcite in highly aqueously altered CMs including 
ALH 83100 and SCO 06043 to have replaced dolomite. Overall, the in- 
situ isotopic data and petrographic observations discussed above indi-
cate that calcite crystals in any one sample grew as the aqueous system 
was evolving isotopically and thermally, and in samples where the two 
minerals occur together, most of the calcite formed before dolomite. 

5.5.2. A time–temperature profile for parent body evolution 
The temperatures at which calcite and dolomite crystals grew can be 

used to help constrain the time–temperature evolution of a CM parent 
body. From 53Mn-53Cr ages of CM carbonates, Fujiya et al. (2012) con-
structed models for the thermal evolution of an asteroid 30 km in radius. 
They assumed that the body was primarily heated by the decay of 26Al, 
and there was no fluid flow (i.e., the closed system model of Clayton and 
Mayeda, 1999). Two of the meteorites whose carbonates they dated 
were also analysed in the present study and they span the entire range of 
clumped isotope temperatures: Murchison calcite (age = 4562.6 +1.4/ 
− 1.9 Myr, temperature from the present study = 5–22 ◦C) and ALH 
83100 dolomite (age = 4562.8 +0.8/− 1.0 Myr, temperature from the 
present study = 101 ± 16 ◦C). Thus, there is no resolvable difference in 
age of carbonates that formed at the temperature extremes identified in 
our study, thus constraining the rate of parent body heating. Fujiya et al. 
(2012) also analysed Y 791,198 calcite and Sayama dolomite, and using 
data from all four meteorites they calculated a weighted average age for 
carbonate formation of 4,563.4 +0.4/–0.5 Myr. 

Using their thermal models, Fujiya et al. (2012) concluded that 
carbonate ages are consistent with parent body accretion ~3.5 myr after 
CAIs (Fig. 10). A section of thee thermal model is reproduced in Fig. 10. 
It indicates that temperatures consistent with calcite in Murchison 
would have been reached at shallow depths (e.g., 10 km beneath the 
surface). However, the carbonates in most other meteorites would have 
formed at greater depths, and the profile for 27 km beneath the surface is 
consistent with a prograde reaction and calcite precipitating before 
dolomite (e.g., as in ALH 83100). 

5.5.3. Relationship between carbonate isotopic composition and degree of 
alteration 

Here we seek to understand why the degree of aqueous alteration of 
our meteorite samples correlates with the temperatures at which their 
carbonates precipitated. This is not a trivial question because most of the 
studied CMs have been only partially aqueously altered and so some 
process acted to arrest water/rock interaction before it had gone to its 
largest possible extent. Most estimates of Water/Rock ratios are between 

Fig. 10. Sections of the model in Fujiya et al. (2012) for heating of a 60 km 
diameter asteroid that accreted 3.5 myr after CAIs. The two solid lines are 
thermal profiles at 10 km beneath the asteroid’s surface (blue) and at 27 km 
(red). C and D show where and when calcite and dolomite in ALH 83100 could 
have precipitated. 
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0.2 and 0.7 (Clayton and Mayeda, 1984 and, 1999, Verdier-Paoletti 
et al., 2019, Suttle et al., 2021 and references therein). One explana-
tion is that parts of the parent body with high water/rock ratios were 
highly aqueously altered, and high temperatures were generated by 
exothermic serpentinization; areas with low water/rock ratios were less 
altered and corresponding cooler. However, if the amount of fluid was 
the limiting factor to the formation of alteration phases, we may expect 
to see variations in oxygen isotopic compositions of the last carbonate 
minerals reflecting a Rayleigh fractionation process. 

A second possible reason for the correlation between carbonate 
temperature and degree of alteration is that water/rock interaction was 
‘switched off’ in all parent body regions simultaneously. The switch 
could have been physical disruption of the parent body leading to a 
phase change, for example liquid water to ice following large scale 
fragmentation and rapid cooling, or liquid water to gas accompanying 
fracturing and depressurisation. At the time of this event, cooler and 
shallower parent body regions had been mildly altered, whereas hotter 
and deeper regions had been more highly altered because reactions had 
proceeded more quickly (i.e., water/rock ratio and the duration of 
aqueous alteration were similar, but reaction rate varied with depth and 
temperature). The agent of disruption could have been an impact, or 
overpressure due to the build-up of gases (e.g., H2, CH4) released by 
aqueous alteration (Wilson et al., 1999). 

A third explanation for the correlation between carbonate tempera-
ture and degree of alteration is that a hydrothermal system was active in 
the CM meteorite parent body(ies). The highly aqueously altered me-
teorites were sourced from regions that were exposed to hot fluids 
whereas the mildly altered ones were from regions where aqueous fluids 
were cooler. If the hydrothermal system operated for the same duration 
in all regions, parts that were exposed to the hotter fluids would have 
been more altered owing to higher reaction rates. However, a problem 
with this model is that the hot (up-flow) fluids might be expected to be 
less isotopically evolved (i.e., higher Δ17O) than the cooler (down-flow) 
fluids, which had been reacting with anhydrous silicates for longer, 
which contradicts our isotope data. 

A variant of the hydrothermal model is that all meteorites analysed 
here had a similar early evolution (Fig. 9a, b), but a subset were exposed 
to a pulse of hot and isotopically evolved fluids that were introduced by 
fractures (Fig. 9c). The new generation of fluids precipitated calcite and/ 
or dolomite, and enhanced aqueous alteration of the host rocks. This 
model is consistent with evidence for fracture-mediated fluid flow in 
those meteorites used in the present study that are more highly altered. 
Specifically, Lee et al. (2013) described a millimetre size vein in LON 
94101 whose calcite had considerably lower δ18O and Δ17O values than 
grains of aragonite and type 1 calcite elsewhere in the same thin section. 
The vein calcite was interpreted to have been precipitated from fluids of 
a low δ18O/high temperature and a low Δ17O that had been introduced 
from elsewhere in the parent body via impact-formed fractures. Calcite 
veins have also been described from Cold Bokkeveld (Barber, 1981; 
Benedix et al., 2003), and dolomite veins occur in the two most highly 
altered meteorites analysed in the present study, SCO 06043 (Lee et al., 
2014; Fig. 1e) and ALH 84051, which is paired with ALH 83100 (Tyra 
et al., 2010). This model is consistent with a study of Boriskino by 
Vacher et al. (2018), which revealed a close link between shock defor-
mation and the isotopic composition of carbonates; their type 2 calcite 
formed from evolved 16O-rich fluids that had been introduced via frac-
tures. We conclude that our clumped isotope data are best explained by a 
two-step model of parent body aqueous alteration whereby all of the 
samples had a similar initial evolution (i.e., Fig. 9a and b) and some 
including ALH 83100 and SCO 06043 were exposed to a late pulse of hot 
and isotopically evolved fluids that were introduced via shock-formed 
fractures and precipitated dolomite and possibly also some calcite 
(Fig. 9c). 

6. Conclusions 

We have reported carbon, triple oxygen and clumped isotope com-
positions of carbonate minerals for six CM chondrites representing a 
range of degrees of aqueous alteration. We used a bulk extraction 
method (acid digestion) that allowed for separate extraction of calcite 
and dolomite where both minerals were present. We have analyzed the 
Δ17O and Δ47 from the same aliquots of CO2 to avoid potential biases 
due to the brecciated nature of CM chondrites and variability between 
splits. Our conclusions can be summarized as follows:  

• Our carbon and oxygen isotope compositions are in good agreement 
with previous studies on the analyzed CM chondrites and fit within 
the general trend described by Alexander al. (2015). A notable 
exception is that we did not observe elevated δ13C values that led 
Guo and Eiler (2007) to suggest methane generation.  

• Our Δ17O data is in good agreement with the study of Benedix et al. 
(2003). In situ studies show greater dispersion (Table 3) but have 
larger uncertainties which make comparisons more difficult.  

• Based on clumped isotopic composition, we report temperatures of 
formation of 5 to 51 ◦C for calcite and 75 to 101 ◦C for dolomite in 
our samples (Table 2). As shown by in situ studies, carbonate min-
erals in CM chondrites display a range of carbon and oxygen isotopic 
compositions, and presumably a range in formation temperatures. 
Because we used a bulk extraction method, reported values are the 
weighted average for a carbonate phase in each sample. Although 
this has the potential to bias calculated temperatures, we show that 
the magnitude of the potential offset is similar to our measurement 
precision.  

• We also report the oxygen isotopic composition of the fluids in 
equilibrium with the carbonates. We find that their δ18OVSMOW 
ranges from − 6.6 to +2.3 ‰. There is no strong relationship between 
the δ18O of the fluid with the δ13C of the carbonates or with the 
formation temperature, which precludes the existence of a single 
starting fluid common to all samples in this study.  

• The overall trend of our data is that CM chondrites that are more 
altered have carbonates with lower Δ17O and higher formation 
temperatures (Figs. 3 and 4). It is consistent with dolomite forming 
after calcite in our samples. We present a qualitative model for the 
formation of carbonate minerals in CM chondrites, showing our data 
are consistent with a prograde reaction in a system that was largely 
closed, although hot and isotopically evolved fluids could have been 
introduced from other parent body regions in the latter stages of 
aqueous alteration. 
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Anderson, N.T., Kelson, J.R., Kele, S., Daëron, M., Bonifacie, M., Horita, J., Mackey, T.J., 
John, C.M., Kluge, T., Petschnig, P., Jost, A.B., Huntington, K.W., Bernasconi, S.M., 
Bergmann, K.D., 2021. A unified clumped isotope thermometer calibration 
(0.5–1,100 C) using carbonate-based standardization. Geophys. Res. Lett. 48 (7), 
e2020GL092069. 

Barber, D.J., 1981. Matrix phyllosilicates and associated minerals in C2M carbonaceous 
chondrites. Geochim. Cosmochim. Acta 45, 945–970. 

Benedix, G.K., Leshin, L.A., Farquhar, J., Jackson, T., Thiemens, M.H., 2003. Carbonates 
in CM2 chondrites: Constraints on alteration conditions from oxygen isotopic 
compositions and petrographic observations. Geochim. Cosmochim. Acta 67 (8), 
1577–1588. 
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