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Abstract–As part of an integrated consortium study, we have undertaken O, Cd, Cr, Si, Te, Ti,
and Zn whole rock isotopic measurements of the Winchcombe CM2 meteorite. d66Zn values
determined for two Winchcombe aliquots are +0.29 � 0.05& (2SD) and +0.45 � 0.05&
(2SD). The difference between these analyses likely reflects sample heterogeneity. Zn isotope
compositions for Winchcombe show excellent agreement with published CM2 data. d114Cd for
a single Winchcombe aliquot is +0.29 � 0.04& (2SD), which is close to a previous result for
Murchison. d130Te values for three aliquots gave indistinguishable results, with a mean value
of +0.62 � 0.01& (2SD) and are essentially identical to published values for CM2s. e53Cr and
e54Cr for Winchcombe are 0.319 � 0.029 (2SE) and 0.775 � 0.067 (2SE), respectively. Based
on its Cr isotopic composition, Winchcombe plots close to other CM2 chondrites. e50Ti and
e46Ti values for Winchcombe are 3.21 � 0.09 (2SE) and 0.46 � 0.08 (2SE), respectively, and
are in line with recently published data for CM2s. The d30Si composition of Winchcombe is
�0.50 � 0.06& (2SD, n = 11) and is essentially indistinguishable from measurements obtained
on other CM2 chondrites. In conformity with petrographic observations, oxygen isotope
analyses of both bulk and micromilled fractions from Winchcombe clearly demonstrate that
its parent body experienced extensive aqueous alteration. The style of alteration exhibited by
Winchcombe is consistent with relatively closed system processes. Analysis of different
fractions within Winchcombe broadly support the view that, while different lithologies within
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an individual CM2 meteorite can be highly variable, each meteorite is characterized by a
predominant alteration type. Mixing of different lithologies within a regolith environment to
form cataclastic matrix is supported by oxygen isotope analysis of micromilled fractions from
Winchcombe. Previously unpublished bulk oxygen isotope data for 12 CM2 chondrites, when
combined with published data, define a well-constrained regression line with a slope of 0.77.
Winchcombe analyses define a more limited linear trend at the isotopically heavy, more
aqueously altered, end of the slope 0.77 CM2 array. The CM2 slope 0.77 array intersects the
oxygen isotope field of CO3 falls, indicating that the unaltered precursor material to the CMs
was essentially identical in oxygen isotope composition to the CO3 falls. Our data are
consistent with earlier suggestions that the main differences between the CO3s and CM2s
reflect differing amounts of water ice that co-accreted into their respective parent bodies, being
high in the case of CM2s and low in the case of CO3s. The small difference in Si isotope
compositions between the CM and CO meteorites can be explained by different proportions of
matrix versus refractory silicates. CMs and COs may also be indistinguishable with respect to
Ti and Cr isotopes; however, further analysis is required to test this possibility. The close
relationship between CO3 and CM2 chondrites revealed by our data supports the emerging
view that the snow line within protoplanetary disks marks an important zone of planetesimal
accretion.

INTRODUCTION

Carbonaceous chondrites (CCs) are extraterrestrial
samples that have provided a wealth of information about
early solar system processes. From a historical perspective,
the recovery and subsequent intensive investigation of
several key CC falls, such as Allende (CV3; Clarke Jr.
et al., 1971; McCoy & Corrigan, 2021) and Murchison
(CM2; Fuchs et al., 1973; Zolensky et al., 2021) have been
particularly important events. The study of Allende
highlighted the importance of refractory inclusions
(Grossman, 1980), while Murchison illuminated the
complexity present in extraterrestrial organic matter
(Schmitt-Kopplin et al., 2010). As a consequence, a well-
observed CC fall, particularly one that has been collected
rapidly on arrival, is an event of great significance, with the
potential to provide important new insights into early solar
system processes.

On the evening of Sunday February 28, 2021, a bright
fireball was witnessed in many parts of southern England
and adjacent areas (King et al., 2022; McMullan et al.,
2023; Russell et al., 2023). The main mass of over 300 g
was recovered the following morning by the Wilcock
family from their driveway in Winchcombe,
Gloucestershire and stored in clean plastic bags (King
et al., 2022; Russell et al., 2023). Two days later, based on
visual inspection, this material was tentatively identified as
a CM2 chondrite, with similarities to the historic Cold
Bokkeveld (CM2) meteorite. In order to provide additional
corroboration for this initial identification, oxygen isotope
analysis was undertaken on March 5, with the results
confirming that the Winchcombe material had an isotopic
composition consistent with it being a CM2, with values

close to that of Cold Bokkeveld. These oxygen isotope
measurements were completed within 5 days of the
meteorite’s fall. Subsequent detailed petrographic and
geochemical studies confirmed the initial identification, and
the meteorite is now officially classified as a CM2 (Daly
et al., 2023; King et al., 2022; Suttle et al., 2022).

To investigate the Winchcombe CM2 chondrite in
greater detail, a consortium study was initiated, and the
results presented here summarise the findings of the
“Winchcombe Isotope Team” (WIT). The main remit of
WIT was to undertake high-precision isotopic analysis on
a range of elements (Cd, Cr, O, Si, Te, Ti, and Zn).

While the detailed study of individual CC meteorites,
such as Allende and Murchison, can provide valuable
scientific insights, it is generally more fruitful to try and
integrate the results from a single specimen with the data
collected on a range of related meteorites (e.g., Ireland
et al., 2020; Krot et al., 2014; Weisberg et al., 2006). In this
paper, we look not only at the isotopic variation shown by
the Winchcombe meteorite, but also attempt to relate these
results to the origin and evolution of the CM2 group as a
whole. However, defining the interrelationships between
meteorites and so establishing a robust taxonomy is not a
straightforward task (Weisberg et al., 2006). Oxygen
isotope analysis has proved to be a particularly valuable
technique in this regard (Clayton & Mayeda, 1984, 1996,
1999; Clayton et al., 1991; Greenwood et al., 2017, 2020;
Ireland et al., 2020). In the case of the CM2 chondrites,
which show evidence of variable degrees of parent body
aqueous alteration (Clayton & Mayeda, 1999; Suttle
et al., 2021), oxygen isotopic analysis has the additional
advantage that it can furnish direct evidence for the
conditions that prevailed during hydrothermal processing
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(Clayton & Mayeda, 1999; Fu et al., 2016; Suttle
et al., 2021).

In recent years, the taxonomic information provided by
oxygen isotopes has been complemented by data from other
isotope systems (e.g., Burkhardt et al., 2019; Qin,
Alexander, et al., 2010; Qin, Rumble, et al., 2010; Teng
et al., 2017; Trinquier et al., 2007; Trinquier, Birck, &
All�egre, et al., 2008), in particular, but not exclusively, Ti,
Cr, Fe, Mo, and Mg. It is now widely accepted that solar
system materials define two distinct associations, generally
referred to as the carbonaceous chondrite (CC) and
noncarbonaceous chondrite (NC) groupings (Kruijer
et al., 2020; Qin, Alexander, et al., 2010; Qin, Rumble,
et al., 2010; Trinquier et al., 2007; Trinquier, Birck, &
All�egre et al., 2008; Warren, 2011). The CC grouping
comprises all the CCs and a relatively minor subset of
achondrites, while the NC grouping includes all other solar
system materials, including planetary-derived samples
(Mars, Earth, Moon), ordinary and enstatite chondrites,
and a wide range of achondrites (Greenwood et al., 2017;
Ireland et al., 2020). It was suggested by Warren (2011), and
is now a widely accepted tenet, that the CC grouping may
represent material that accreted in the outer solar system,
whereas the NC grouping might be materials derived from
the inner solar system. The compositional break between
the NC and CC groupings is sometimes referred to as “The
Warren Gap” (e.g., Ireland et al., 2020; Voosen, 2018).

While the NC-CC dichotomy was originally identified
with reference to the isotopes of a limited number of
elements (e.g., Cr, Ti, O, Ni, Mo, Mg; Budde et al., 2016;
Kruijer et al., 2017, 2020; Van Kooten et al., 2016;
Warren, 2011), similar bimodal isotopic variation has now
been reported for additional elements, including Sr, Ca, Zr,
Ru, Ba, Nd, and Sm (Burkhardt et al., 2019). However, for
some isotopic systems in which bimodality has been
reported (Burkhardt et al., 2019), such as 180Hf, 183W, and
186Os, changes in ratios between NC and CC samples are
more a continuum than bimodal, with apparent bimodality
resulting from the Ti axis alone.

Isotopic mass-independent variation in extraterrestrial
samples, when not caused by spallation or radioactive
decay, and with the notable exception of oxygen, reflects
nucleosynthetic processes in the feeder stars to the solar
system (Dauphas & Schauble, 2016). The variation
observed in meteorites may reflect the heterogeneous
distribution of presolar grains that carried these anomalies,
and which would have been derived from a range of stellar
sources (Kruijer et al., 2020 and references therein). Mixing
and homogenization processes in the molecular cloud that
was parental to the solar system, and then later in the solar
protoplanetary disk, were evidentially insufficient to
homogenize these anomalies (Burkhardt et al., 2019;
Dauphas et al., 2002; Kruijer et al., 2020; Nanne
et al., 2019). It has also been argued that the presence of

these isotopic anomalies may have been caused by
preferential destruction due to thermal processing of a
presolar component in the inner solar system (Trinquier
et al., 2009). There might also have been sequential changes
in the nature and isotopic composition of the infalling
material accreting to the disk and that this resulted in the
isotopic anomalies observed in the NC and CC groupings
(Nanne et al., 2019).

In contrast to such nucleosynthetic anomalies, mass-
independent oxygen isotopic variation observed in
meteorites and their components (e.g., chondrules and
refractory inclusions) may have formed as a result of
selective UV dissociation of CO, either in the presolar giant
molecular cloud, or the solar nebula (Clayton, 2002; Lyons
& Young, 2005; Yurimoto & Kuramoto, 2004). The
oxygen isotope anomalies produced by this process may
then have become locked into different phases, such as
water-ice, gas, and silicate-rich dust (Ireland et al., 2020).
Preservation of these oxygen isotopic differences probably
reflects incomplete homogenization within the protosolar
nebula (Ireland et al., 2020).

The fact that solar system materials display a
significant level of variation with respect to a range of
isotopic systems is not a new finding and has been well-
documented with respect to oxygen (Clayton et al., 1991;
Clayton & Mayeda, 1984, 1996, 1999; Greenwood
et al., 2017, 2020; Ireland et al., 2020) and refractory
elements such as Ti, Ca, and Cr (Burkhardt et al., 2019;
Jungck et al., 1984; Niederer & Papanasstiou, 1984;
Niederer et al., 1981; Niemeyer & Lugmair, 1981).
However, the formation and preservation of a distinct
compositional gap between inner and outer solar system-
derived materials, as demonstrated by Warren (2011), is
unexpected. This is a particularly remarkable finding when
taking into consideration the likelihood that the early solar
system would have been a highly energetic environment,
with considerable mixing taking place between different
reservoirs of gas and dust (Misener et al., 2019). One widely
advanced explanation for the preservation of the NC-CC
dichotomy is that it results from the rapid and early
accretion of Jupiter, which then acted as a barrier between
the inner and outer solar system regions (Kruijer
et al., 2017, 2020). However, this scenario has been
disputed by Brasser and Mojzsis (2020) based on the
proposition that Jupiter would have accreted too slowly to
have formed an effective barrier to mixing between the NC
and CC regions. Rather than Jupiter itself representing a
barrier to mixing, Brasser and Mojzsis (2020) invoke a
pressure maximum in the disk close to the present location
of Jupiter as the reason for the preservation of the NC-CC
dichotomy. Such pressure maxima, and the dust rings that
they cause, have been imaged by the Atacama Large
Millimeter/Submillimeter Array (ALMA) in a number of
protoplanetary disk systems and are now thought to be
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important zones of planetesimal accretion (Izidoro
et al., 2022).

A distinct dichotomy in solar system materials is not
just confined to isotopic anomalies. It is well established
that CCs on the one hand, and ordinary and enstatite
chondrites on the other hand, show distinctive and
contrasting characteristics (Krot et al., 2014; Weisberg
et al., 2006). CCs generally contain abundant CAIs
(calcium and aluminum-rich inclusions), predominantly
plot below the terrestrial fractionation line (TFL) on
oxygen three isotope plots and often show evidence of
having accreted water-ice into their parent bodies (e.g.,
Grimm & McSween Jr., 1989). In contrast, ordinary and
enstatite chondrites have low CAI contents, plot on or
above the TFL, and show anhydrous characteristics. Thus,
an inner versus outer solar system dichotomy has always
been evident in meteoritical studies, it is just that recent
isotopic evidence has brought this concept into sharper
focus (e.g., Scott et al., 2018).

The concept of bimodality in the meteorite record
mirrors the overall structure of the solar system itself,
which is conventionally divided into the inner terrestrial
planet region and the outer gas and ice giant region
(Morbidelli et al., 2015). The asteroid belt is generally
regarded as representing the interface between these two
regions. While we have abundant samples from the NC
grouping, including of course the Earth itself, pristine
samples from the CC grouping are much rarer. Of the 1226
officially recognised meteorite falls recorded on the
Meteoritical Bulletin Database (accessed March 2023),
only 52 specimens, or 4.2% are CCs. In contrast, ordinary
chondrites make up 78.1% of all recorded falls. As a
consequence, the Winchcombe meteorite is a welcome
addition to our inventory of CCs. The circumstances of its
collection (King et al., 2022; Russell et al., 2023) mean that
it has experienced only a limited level of terrestrial
contamination and potentially has much to tell us about
the earliest stages of solar system evolution.

There are currently only a limited number of CC
samples which have been characterized using a wide range
of isotope systems, despite the fact that these measurements
are needed to obtain a better understanding of the bimodal
solar system (Torrano et al., 2021). In addition, combined
oxygen and non-traditional stable isotope analyses are
available for only a few meteorites, a deficiency highlighted
by Torrano et al. (2021). Winchcombe provides an
excellent opportunity to begin improving this situation by
obtaining data for a range of isotope systems on what is
already a well-characterized CM2 (Winchcombe special
issue papers). Our principal aim in this paper is to use
isotopic data to investigate the relationship between
Winchcombe and other members of the CM2 group. We
then use these data, in conjunction with measurements
from other CM2 chondrites to explore the relationship

between the CM2 and CO3 chondrites and to examine the
potential formation conditions of these potentially related
groups (Chaumard et al., 2018; Schrader &
Davidson, 2017; Suttle et al., 2020; Torrano et al., 2021).

MATERIALS AND METHODS

Oxygen isotope analysis of Winchcombe CM2 samples
was undertaken at the Open University using two distinct
methodologies: (i) bulk analysis of larger homogenized
whole rock samples, and (ii) analysis of smaller samples
obtained by micromilling selected lithologies identified in
polished blocks by scanning electron microscopy
(Figure 1). Full analytical details for both methodologies
are given in the Supporting Information section. Bulk
oxygen isotope analysis was undertaken on three distinct
fragments of the Winchcombe meteorite. BM.2022, M1-85
(original mass 8.846 g) and BM.2022, M1-86 (original
mass 6.931 g) were both recovered from the Wilcock
family driveway and represent pieces from the main mass,
which had a total recovered mass of ~320 g (King
et al., 2022). In contrast, BM.2022, M9-18 (“Field Stone”)
comprises gram-sized interior chips recovered from the
single 152 g fusion crusted stone located in the fields
around Rushbury House Farm (Suttle et al., 2022). This
stone broke during collection allowing interior material to
be sampled. Micromilling was undertaken on three
polished blocks. Two 10 mm round polished blocks were
prepared from fragments BM.2022, M1-85 and BM.2022,
M1-86 (Figure 2) and these have the official designations
BM.2022, M1-117 and BM.2022, M1-123, respectively
(Table 1). Sample powder was also recovered from
polished block P30424 which was prepared from driveway
stone BM.2022, M3-29 (Figure 1a,b).

Zn, Cd, and Te isotope analyses, including sample
preparation, were undertaken at the MAGIC Laboratories,
Imperial College London on a mass of 1.94 g of
Winchcombe. Cr isotopic analysis was undertaken at the
University of St. Andrews on an approximately 20 mg
powdered sample of Winchcombe. Ti isotopes were
measured at the University of Bristol on a 100 mg pellet of
Winchcombe. Si isotopes were measured at the University
of St. Andrews on a 50 mg sample of Winchcombe. Full
details of the sample preparation and analytical procedures
used for Cd, Cr, Te, Ti, Si, and Zn analysis are given in the
Supporting Information section.

RESULTS

Oxygen Isotopes

Oxygen isotope results are given in Table 1 and plotted
in Figure 3 in relation to published and previously
unpublished CM2 analyses (Table 2) and analyses of CO3
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chondrite falls (Alexander et al., 2018). All of the
Winchcombe analyses plot at the isotopically heavy, more
aqueously altered, end of the CM2 array (a version of
Figure 1 showing individual meteorite names is given in
Figure S1). Our analyzed fragments of Winchcombe
(Table 1; Figure 1) are predominantly from the two most
abundant lithologies in the meteorite (given in Suttle
et al., 2022 as Lithology “A” [CM2.2] and “B” [CM2.1];
CM2 subtypes based on Rubin et al., 2007). Both are

highly altered assemblages containing abundant
tochilinite–cronstedtite intergrowths (TCIs), near-complete
chondrule pseudmorphs, and a number of distinct
generations of carbonate (Suttle et al., 2022).

CM2 data (Table 2, n = 23), excluding Winchcombe,
define a distinct linear trend in Figure 3
(y = �4.49 + 0.77x; R2 = 0.96), which intersects the
CCAM line at the position where the CO3 falls plot
(Alexander et al., 2018). A subset of CM2 chondrites

FIGURE 1. a) BSE image of polished block P30424 containing Lithology B (L‘B’) and cataclastic matrix (CAT) (proposed
microsampling domains are outlined in red circles). The section also contains part of a calcium-aluminum-rich inclusion (CAI).
b) Polished block P30424 showing micromilled excavations. The targeted resolution of the micromill permits sampling of
material that is dominated by aqueous alteration products. The lowermost excavation appears black at the base. This indicated
that the micromill had penetrated epoxy resin, and therefore, only the powders from the top two holes were used. c) A ball-point
tungsten carbide tip used in this work. d) BSE image of polished block BM.2022, M1-123, where the sampled regions of
Lithology A (L‘A’) and the cataclastic matrix (CAT) are visible. e) BSE image of polished block BM.2022, M1-117, which
contains Lithology B (L‘B’) only.
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show evidence for thermal alteration subsequent to
aqueous alteration (Ikeda, 1992; King et al., 2021;
Nakamura, 2005). Heated CM2 samples measured in
this study (Table 2) were not included in the CM2 best
fit line calculation. However, a best fit line through
these heated samples (y = �4.62 + 0.80x; R2 = 0.97) is
close to that calculated for the unheated CM2s,
suggesting that reheating was not sufficient to

significantly disturb their oxygen isotope compositions.
As can be seen from Figure 4, the best fit line through
the Winchcombe analyses (y = �4.54 + 0.78x R2 = 0.95)
is essentially coincident with that through the other
CM2 data, again indicating that Winchcombe is a
normal, albeit heavily altered, CM2. This result is in
keeping with the findings from petrographic studies
(Suttle et al., 2022).

FIGURE 2. Backscattered electron images of M1-85 and M1-86. M1-85 is a fairly homogeneous sample, only consisting of
Lithology B material. M1-86 is a typical CM2 breccia with large and small micro clasts displaying varying degrees of alteration.
Domains suitable for microsampling in M1-86 include Lithology A and the cataclastic matrix. The cartoon schematic highlights
the different domains in M1-86, including chondrules (blue) and CAIs (orange) outlines.
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Published CM2 alteration grades (based on the Rubin
et al., 2007 scale) display a progressive change along the
CM2 unheated line (Table 2; Figure 5). Close to the CCAM
line values are in the range 2.7–3.0 (LEW 85311, Asuka
CM2s; Kimura et al., 2020; Lee et al., 2019), whereas values
at the right hand end of the CM2 unheated line have lower
values, from 2.7 to 2.1. Like Winchcombe, all CM2
chondrites are complex breccias consisting of a wide range
of different clast types, which display a range of alteration
histories (Bischoff et al., 2006; Bunch & Chang, 1980;
Haack et al., 2012; Lee & Greenwood, 1994; Lentfort
et al., 2021; Metzler et al., 1992; Rubin, 2015; Rubin
et al., 2007; Suttle et al., 2021, 2022; Vacher et al., 2018). As
a consequence, the alteration index assigned to an
individual CM2 chondrite should only be considered a bulk
average value. Significant oxygen isotope variation within a
single meteorite is to be expected. An example of this
heterogeneity is displayed by EET 96029 (Lee et al., 2016),
which was assigned a 2.7 grade, but two distinct subsamples
from the meteorite had different compositions, one
compatible with a 2.7 grade and one which suggested a
value much closer to 2.2 (Figure S1). However, despite

these limitations, there appears to be a consistent trend of
increasing aqueous alteration from lower left to upper right
along the CM2 regression line (Figure 5).

It was pointed out by Rubin et al. (2007) that there is
a weak inverse correlation between D17O and petrologic
subtype, such that the more aqueously altered samples
tended to have higher D17O values than the less aqueously
altered subtypes. Rubin et al. (2007) could only base their
observations on medium to heavily altered subtypes, as
relatively pristine subtypes had not been recognized at
that time. Although Rubin et al. (2007) recognized that
unaltered CM3.0 specimens could exist, the least altered
CM in their study was allocated a subtype of 2.6. We now
have the benefit of samples that extend the subtype range
up to 3.0, and so are minimally altered (Kimura
et al., 2020). Inclusion of these more unaltered CMs has
significantly strengthened the inverse correlation between
CM subtype and D17O (Figure 6). Analysis of fragments
within individual CMs displaying a range of petrologic
subtypes should help to improve the definition of this
inverse correlation. However, as a first approximation,
Figure 6 can be used as a classification tool to define a

TABLE 1. Oxygen isotopic composition of the Winchcombe meteorite samples. The results for the bulk analysis of
BM.2022, M1-85 and BM.2022, M1-117 were also given in King et al. (2022).

Stone Lithologies Mass (mg) d17O& 2SD d18O& 2SD D17O& 2SD

BM.2022, M1-85a B (CM2.1) only
Bulk

Replicate 1 B (CM2.1) only 2.64 2.89 9.66 �2.13
Replicate 2 B (CM2.1) only 2.41 2.61 9.31 �2.23
Mean B (CM2.1) only 2.75 0.40 9.48 0.50 �2.18 0.14

Micromilled

BM.2022, M1-117 Lithology B B (CM2.1) only 0.29 2.63 8.99 �2.05

BM.2022, M1-86
b Lithologies present: A (CM2.2), B (CM2.1), G/F (CM2.0–2.1), Cataclastic matrix

Bulk
Replicate 1 A, B, G/F,

Cataclastic matrix
2.41 0.83 7.07 �2.85

Replicate 2 A, B, G/F,
Cataclastic matrix

2.64 1.05 7.51 �2.85

Mean 0.94 0.31 7.29 0.62 �2.85 0.01

Micromilled
BM.2022, M1-123 A (CM2.2) 0.29 2.68 9.54 �2.27
BM.2022, M1-123 Cataclastic matrix 0.22 1.14 7.24 �2.62

BM.2022, M9-18 ‘field stone’ A (CM2.2)
Bulk

Replicate 1 A (CM2.2) 2.41 1.92 8.01 �2.25
Replicate 2 A (CM2.2) 2.47 2.11 8.40 �2.26
Mean 2.01 0.27 8.20 0.56 �2.25 0.01

BM.2022, M3-29 B (CM2.1)
Micromilled

P30424 B (CM2.1) 0.23 2.74 9.17 �2.03

Note: No micromilling has been undertaken on BM.2022, M9-18.
aBM.2022, M1-117 is the 10 mm round polished block prepared from stone BM.2022, M1-85 (see Figure 1e).
bBM.2022, M1-123 is the 10 mm round polished block prepared from stone BM.2022, M1-86 (see Figure 1d).
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subtype for a particular CM sample. As can be seen from
Figure 6, there is good agreement between the petrologic
subtypes for Winchcombe defined on the basis of
mineralogical criteria (Suttle et al., 2022) and the subtype
based on D17O composition.

Zn, Cd, and Te Data for Winchcombe

The d66Zn values determined for Winchcombe
aliquots IC-A and IC-B are +0.29 � 0.05& (2SD) and
+0.45 � 0.05& (2SD), respectively, with both results
based on three individual runs (Table 3; Figure 7a). The
small, but resolvable, isotopic difference between the
aliquots most likely reflects minor sample heterogeneity,
whereby aliquot IC-A possibly contains a larger
proportion of isotopically light chondrules and/or CAIs
(Luck et al., 2005; Pringle et al., 2017). A Zn
concentration of 175 lg g�1 was, furthermore,
determined for aliquot IC-B. As such, the Zn isotope
compositions and concentration determined for
Winchcombe show excellent agreement with previous
results published for CM2 chondrites (Figure 7a).

Only Winchcombe aliquot IC-A was analyzed for Cd
isotopes, and three runs of this aliquot yielded a mean of
d114Cd = +0.29 � 0.04& (2SD; Table 3). This is identical,
within error, to a previous result of +0.37 � 0.12& for

Murchison CM2 by Baker et al. (2010; Table 3). A higher
d114Cd of +0.55 � 0.18& was determined by Baker
et al. (2010) for the CM2 chondrite Cold Bokkeveld, but
this higher value may be a consequence of Cd isotope
fractionation during parent body processing (Wombacher
et al., 2008).

The three Te aliquots IC-C, IC-D, and IC-E have
indistinguishable d130Te values with a mean of
+0.62 � 0.01& (relative to London Te; Table 3). The
results show excellent agreement with the essentially
identical d130Te values, of +0.60 � 0.06& to
+0.66 � 0.06& (relative to London Te), obtained by
Hellmann et al. (2020) for five CM2 chondrites
(Figure 7b). Aliquots IC-C, IC-D, and IC-E also show
nearly identical Te concentrations of 1376, 1381, and
1385 ng g�1, respectively, with a mean of 1381 ng g�1

(Table 3). This is well within the range of previously
determined Te concentrations for CM2 chondrites, which
range from 1357 to 1546 ng g�1 (Hellmann et al., 2020).

Thus, the new Zn, Cd, and Te isotope and
concentration data determined for Winchcombe support
the classification of the meteorite as a CM2 chondrite.

Cr Isotopes

Cr isotope data (Table 4) for the Winchcombe
meteorite are plotted in Figures 8–10 where they are
compared with other meteorite data (see figure captions
for complete data sources). In all of these plots, the new
Winchcombe data fall close to, or within, the field defined
by previously published CC analyses (Trinquier et al.,
2007; Trinquier, Birck, & All�egre, 2008, Trinquier, Birck,
& All�egre, et al., 2008; Qin, Alexander, et al., 2010; Qin,
Rumble, et al., 2010). In the plot of e53Cr versus e54Cr
(Figure 8), e53Cr for Winchcombe is slightly high.
Without further analyses, it is unclear whether this
constitutes a slight expansion of the CC field, or if this is
due to sample heterogeneity and that the rather small
dissolved mass might have contained a higher proportion
of phases rich in Mn than the average bulk material.
These would have led to an increased e53Cr due to the
decay of 53Mn. More measurements of Winchcombe
samples are required to resolve this question. The
nucleosynthetic e54Cr ratio is likely unaffected.

The e54Cr of Winchcombe is plotted against the
mass-independent oxygen isotope composition in
Figure 10 which as discussed earlier has a non-
nucleosynthetic origin but is useful as a classification tool
when combined with Cr isotopes. The Winchcombe data
plot within the CC field close to a previous CM analysis
(Trinquier et al., 2007; Trinquier, Birck, & All�egre, 2008;
Trinquier, Birck, All�egre, et al., 2008; Qin, Alexander,
et al., 2010; Qin, Rumble, et al., 2010), again supporting
the classification of Winchcombe as a CM chondrite.

FIGURE 3. Winchcombe oxygen isotope analyses shown in
relation to the oxygen isotope composition of CM2 and CO3
chondrites. All analyses were measured using the Open
University laser fluorination line. The plot includes both
published and previously unpublished analyses (see Table 2
for individual references). A best fit line through the CM2
data, excluding Winchcombe, intersects the CCAM line at the
position where the CO3 falls plot. Some CM2 chondrites show
evidence for heating subsequent to aqueous alteration (King
et al., 2021). These heated CM2s were not included in the
CM2 best fit line calculation. TFL, Terrestrial Fractionation
Line; CCAM, Carbonaceous Chondrite Anhydrous Minerals
line, Clayton and Mayeda (1999).
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Ti Isotopes

Ti isotope results for Winchcombe are given in
Table 5 and plotted in Figure 11. The values and errors
reported are the mean and 2SE of 10 repeat
measurements in a single session. The mean and 2SE for
e46Ti, e48Ti, and e50Ti of a BCR-2 basalt reference
material measured in the same session were 0.01 � 0.05,
0.02 � 0.04, and 0.02 � 0.10, respectively.

Nucleosynthetic titanium isotope anomalies
(e46-50Ti), as defined by mass independent differences
from terrestrial isotope values, originate from residual
heterogeneity in the distribution of isotopically distinct
presolar material. Such anomalies are well represented by
chondritic materials and show a strong correlation
between e46Ti and e50T (Trinquier et al., 2009). Ti
isotopes reflect the inherited isotopic composition of the
material from which meteorite parent bodies formed.
Thus, meteorites from the same parent body will have the
same Ti isotope compositions. The Ti isotope results
from the Winchcombe meteorite are consistent, within
error, with other CM2 meteorites such as Murray and
Murchison, and fall along the previously defined
correlation of e46Ti and e50Ti (Figure 11; Torrano

et al., 2021; Trinquier et al., 2009; Zhang et al., 2011,
2012). This result, along with the systematics displayed by
other nucleosynthetic isotopes, helps to substantiate the
conclusion that Winchcombe belongs to the CM group of
meteorites and very likely originated from the same
parent body as other CM meteorites.

Si Isotopes

The silicon isotope analysis of Winchcombe is provided
in Table 6 and plotted in Figure 12. The data are given as
d30Si and d29Si, which are the permil deviations of the
30Si/28Si and 29Si/28Si ratio of the Winchcombe sample from
the standard NBS28. Two separate aliquots of the dissolved
meteorite powder were purified and measured for Si isotope
analysis on different days; the Si isotope composition of
Winchcombe provided in Table 6 is the arithmetic mean of
11 repeat analysis of these two aliquots, with the associated
2 standard deviation. Also shown in Table 6 are external
standard data for BHVO-2, Diatomite, and GSP-2, which
are identical within error of their accepted values
(Supporting Information).

The silicon isotope composition of Winchcombe is
d30Si = �0.50 � 0.06& and d29Si = �0.25 � 0.05&

TABLE 2. Oxygen isotopic composition of CM2 chondrites.

Sample N Grade H S Ref.a d17O& �2SD d18O& �2SD D17O& �2SD

QUE 93005 4 CM2.1 6 0.85 0.47 5.81 0.57 �2.17 0.43
Nygoya 3 CM2.2 6 1.85 1.00 8.10 1.32 �2.36 0.74

Cold Bokkeveld 1 7 CM2.2 6 3.28 0.84 10.96 1.54 �2.42 0.48
Cold Bokkeveld 2 2 CM2.2 6 1.69 0.98 7.84 1.67 �2.38 0.11
Y-791198 3 CM2.4 6 0.08 1.15 5.54 0.44 �2.80 0.97

Murchison 1 3 CM2.5 6 0.29 1.25 6.74 1.68 �3.21 0.38
Murchison 2 2 CM2.5 6 �0.81 0.15 5.41 0.01 �3.62 0.16
Murchison 3 4 CM2.5 6 �0.74 0.68 4.41 1.09 �3.03 0.12

QUE97990 3 CM2.6 I 6 �1.30 0.94 3.62 1.09 �3.18 0.50
WIS 91600 1 CM2an II 6 2.75 8.44 �1.63
ALHA81002 2 CM2 0.67 0.23 5.21 0.48 �2.04 0.02
Mighei 2 CM2 �0.27 0.70 4.85 1.07 �2.79 0.14

Murray 1 CM2.4/2.5 6 �0.54 4.94 �3.10
Y-82054 1 CM2 III �6.19 �1.35 �5.49
EET 87522 1 CM2 II 0.10 6.30 �3.17

Maribo1 2 CM2.6 9 �1.27 0.30 4.96 0.35 �3.85 0.12
Paris2 11 CM2.7 7,8 �0.84 2.12 4.90 2.96 �3.39 0.78
EET 96029,563 2 CM2.7 II 3 3.29 0.21 10.82 0.33 �2.34 0.04

EET 96029,57 (AK 2)3 2 CM2.7 II 3 �1.21 0.60 3.83 0.88 �3.20 0.14
LEW 853114 1 CM2.7 4 �5.98 �2.07 �4.90
A-12169,815 1 CM3.0 5 �4.07 1.32 �4.75
A-12085,815 1 CM2.8 5 �4.83 �0.31 �4.67

A-12236,815 1 CM2.9 5 �4.33 0.80 �4.75

1—Haack et al. (2012); 2—Hewins et al. (2014); 3—Lee et al., 2016; 4—Lee et al. (2019); 5—Kimura et al. (2020); 6—Rubin et al. (2007); 7—
Marrocchi et al. (2014), 8—Rubin (2015), 9—Lee et al. (2021).

Abbreviation: HS, heating stage from Nakamura (2005), King et al. (2021).
aReferences for petrographic grade only. All analysis this study unless indicated otherwise in the “Sample” column. All data obtained using the

Open University laser line.
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(2SD). The data are mass-dependent, as expected, as no
mass-independent Si isotope variations have been measured
in bulk meteorites (Pringle et al., 2013). The composition of
Winchcombe plots within the range defined by previous
analyses of bulk CCs (Figure 12; d30Si = �0.35 to �0.56 &;
Armytage et al., 2011; Chakrabarti & Jacobsen, 2010;
Fitoussi et al., 2009, Zambardi et al., 2013). Compared to
other CM2 measurements, Winchcombe is identical within
error to previous measurements of the Cold Bokkeveld,
Murray, and Murchison meteorites (Armytage et al., 2011;
Savage & Moynier, 2013). Literature data for Murchison
could indicate that different aliquots have resolvably
different Si isotope compositions (Figure 12 inset), although
it is unclear how much of this variability is due to analytical
artifacts (Savage et al., 2014). The Si isotope composition of
Winchcombe is in line with its CM2 classification.

DISCUSSION

Is There Such a Thing as a “Typical” CM2?

The fall and subsequent recovery of the Winchcombe
meteorite was by any standards an event of great
scientific significance. Despite the small size of the

“progenitor” meteoroid (~13 kg; McMullan et al., 2023),
the fireball on the evening of February 28, 2021 that
preceded the Winchcombe fall was widely observed,
being recorded by 16 camera stations operated by the UK
Fireball Alliance, as well as a large number of doorbell
and dash cams and was also the subject of >1000
eyewitness accounts (King et al., 2022). Just over 300 g of
debris and dust were produced when a fragment of the
meteorite impacted the Wilcock family driveway in
Winchcombe, Gloucestershire (Russell et al., 2023). The
actions taken by the Wilcock family in collecting up this
material so quickly and cleanly after its fall means that
Winchcombe is one of the least terrestrially contaminated
CCs in our collections (Russell et al., 2023) and so
invaluable for a wide range of studies, particularly those
in which potential contamination is a major issue (Chan
et al., 2023; Sephton et al., 2023).

The isotopic data presented in this paper are in
agreement with the results from petrographic and
geochemical studies (Daly et al., 2023; Suttle et al., 2022)
which indicate that Winchcombe is a CM2 chondrite that
experienced relatively high levels of parent body aqueous
alteration. Winchcombe is a complex breccia comprising
eight distinct lithological units which span the petrologic
subtypes CM2.0–2.6 (Daly et al., 2023; Suttle
et al., 2022). In addition to these eight units, there is also
a cataclastic matrix that encloses the different fragment
types (Suttle et al., 2022). Suttle et al. (2022) note that

FIGURE 4. Oxygen isotope plot showing the relationship
between the various Winchcombe lithologies. Lithology B
(highlighted in green) was measured in three samples: M1-85
(bulk); microdrilled fraction from polished block M1-177 and
microdrilled fraction from polished block P30424. Lithology A
was sampled by a microdrilled fraction from polished block
M1-123 and is also the main constituent of the Field Stone
(Suttle et al., 2022). Cataclastic matrix was sampled by a
micromilled fraction from polished block M1-123. The bulk
sample from stone M1-86 appears to have sampled a
significant proportion of cataclastic matrix. The best fit line
through the Winchcombe analyses is almost identical to the
CM2 unheated best fit line (Figure 3). *Lithological
designation based on the criteria of Suttle et al. (2022).

FIGURE 5. Three oxygen isotope diagram showing petrologic
subtypes for CM2 chondrites. See Table 2 for references to
publication sources for petrologic subtypes, which are
generally based on the Rubin et al. (2007) scale. The plot
shows a general trend of increasing aqueous alteration away
from the CO3 falls field. Red line through the CM2 samples is
the unheated CM2 best fit line as defined in Figures 3 and 4.
TFL, terrestrial fractionation line; CCAM, Carbonaceous
Chondrite Anhydrous Minerals line, Clayton and
Mayeda (1999).
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while no single lithology dominates, three heavily altered
rock types (lithologies A-C [CM2.1–2.3]) represent >70%
of the area of the thin sections that they studied. In terms
of the extent to which it is brecciated, and the level of
aqueous alteration, Winchcombe shows a close affinity to
the historic Cold Bokkeveld meteorite (Zolensky
et al., 2020, this study), which fell in South Africa in 1838
and is the earliest authenticated CM2 fall recorded on the
Meteoritical Bulletin Database.

The fact that Winchcombe is a fairly typical, aqueously
altered, CM2 should not obscure the fact that the recovery

of freshly fallen CM2 material is an uncommon occurrence.
There have been only 21 officially authenticated CM2 falls,
including Winchcombe, since 1838, representing just 1.7%
of all recovered falls (Meteoritical Bulletin Database,
accessed March 2023). The statistics indicate that for the
period of 183 years since the fall of Cold Bokkeveld, a
freshly fallen CM2 is recovered on average only once every
9 years. However, somewhat paradoxically, there were five
CM2 falls in the period 2017–2021, representing about 25%
of all authenticated CM2 falls. This very high rate compared
to the historic average may be a statistical aberration, or
alternatively reflects the more sophisticated approach to
fireball analysis that is now being adopted (McMullan et al.,
2023). In addition to being rare, CM2s have traveled a long
way to get to the Earth (King et al., 2022; McMullan et al.,
2023).

As discussed earlier, CM2s are members of the CC
grouping and it was suggested by Warren (2011) that the
distinction between the NC and CC groupings could be
either temporal or spatial. Accretion ages plotted against
D95Mo data for chondrites, achondrites, and irons indicate
that the NC-CC dichotomy existed contemporaneously in
the early solar system (Kleine et al., 2020). This suggests
that the two reservoirs were spatially separated, possibly
due to the early formation of Jupiter (Kruijer et al., 2017,
2020), or the presence of pressure maxima in the disc
(Brasser & Mojzsis, 2020). The pre-entry orbit of
Winchcombe is well constrained and demonstrates that it
originated from the very outer edge of the Main Belt
(McMullan et al., 2023). While the vast majority of
meteoroids originate from the inner Main Belt (Granvik &
Brown, 2018), there are a number of CC-related
meteorites, in particular Maribo and Sutter’s Mill, which
are also derived from the outer belt (King et al., 2022;
McMullan et al., 2023). The structure of the
contemporaneous Main Belt is complex, but S type bodies
(NC grouping) tend to dominate the inner Main Belt
region, whereas C complex bodies dominate the outer belt
region (CC grouping; DeMeo & Carry, 2014). This
structure is consistent with the proposal that NC-related
meteorites are derived from the inner solar system and
CC-related meteorites from the outer solar system
(Warren, 2011).

It is clear from the above discussion that the recovery
of a new CM2 meteorite is a significant event. The
isotope data presented here not only allows us to better
understand the origin and early evolution of the
Winchcombe meteorite, but also that of the CM2 group
as a whole. We use the isotopic evidence from
Winchcombe, and other CM2s, presented earlier, to look
at the nature of the aqueous alteration processes on their
parent body(ies). We examine the relationship between
CM2s and the potentially related CO group of CCs. We
also assess the nature and number of CM2 parent bodies

FIGURE 6. Petrologic subtype versus D17O for CM2
chondrites. Red squares are unheated CM2 chondrites only
for which a published petrologic subtype is available (see
Table 2 for references). As discussed in the main text, all
CM2s are breccias composed of fragments with differing
petrologic subtypes; hence, the data points on the graph are
essentially an overall average for each meteorite. The line
shown on the graph is therefore an overall trend and the
results extrapolated from it need to be treated with caution.
Based on the grade versus D17O trend shown in the graph,
Lithology B which has a mean D17O (n = 3) value of �2.09&
would have a petrologic subtype of 2.12 which is identical to
the grade derived from petrographic analysis (Suttle
et al., 2022). Micromilled Lithology A has a D17O composition
of �2.27& (Table 1) and based on the correlation shown in
the graph would be assigned a subtype of 2.17. This is in close
agreement with the 2.2 subtype assigned on the basis of
petrographic analysis (Suttle et al., 2022). The “Field Stone”
sample BM.2022, M9-18 is predominantly composed of
Lithology A and has a D17O composition of �2.25& which is
close to that of micromilled Lithology A. Cataclastic matrix is
a chaotic mixture of numerous subtypes. Based on the oxygen
isotope analysis (D17O = �2.62&; Table 1), it would be given
the subtype of 2.29. The stone on which this analysis was
undertaken (BM. 2022, M1-86) contains a number of
lithologies, but in particular Lithology A (Figure 1d). Based
on the oxygen isotope analysis of cataclastic matrix, it is clear
that subtypes less altered than Lithology A have provided a
component to the cataclastic matrix. This is in keeping with
the results of petrographic analysis which show the presence
of more moderately altered lithologies in Winchcombe up to
petrologic subtype 2.6 (Suttle et al., 2022).
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and look at the implications of our data for the processes
that operated in the proto-solar nebula.

Aqueous Alteration on the CM2 Parent Body

Based on the whole rock oxygen isotope analysis of
34 CM2 samples, Clayton and Mayeda (1999) noted that

their data scattered about a line of slope 0.5, which they
acknowledged could be interpreted as a mass-dependent
fractionation line. However, they rejected this possibility

TABLE 3. Zn, Cd, and Te isotope compositions (in d notation) and concentrations determined for five aliquots of
the Winchcombe meteorite.

Aliquot Mass (mg) Isotope composition (&) 2 SD (&) Concentration n

IC-A 800 d114Cd = +0.29 0.04 [Cd] = 393 ng g�1a 3
IC-A d66Zn = +0.29 0.05 [Zn] = 185 lg g�1b 3

IC-B 87 d66Zn = +0.45 0.05 [Zn] = 175 lg g�1 3
IC-C 95 d130Te = +0.61 0.05 [Te] = 1376 ng g�1 7
IC-D 102 d130Te = +0.62 0.05 [Te] = 1381 ng g�1 3
IC-E 109 d130Te = +0.62 0.05 [Te] = 1385 ng g�1 6

Notes: The reported 2 SD errors of the isotope data correspond to the 2 SD precision obtained for multiple analyses of the bracketing standards

that were measured alongside the samples. n = number of individual analyses (runs).
aCd concentration determined for Winchcombe by King et al. (2022).
bEstimated Zn concentration; see text for details.
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FIGURE 7. Plots of (a) d66Zn versus Zn concentration and
(b) d130Te versus Te concentration for the Winchcombe
aliquots analyzed in this study (red diamonds) and literature
data for other CM2 chondrites (red squares). References for
(a): Luck et al. (2005), Pringle et al. (2017), Mahan
et al. (2018); for (b): Hellmann et al. (2020).

TABLE 4. Cr isotope data for Winchcombe and
geostandard DTS2b given in parts per ten thousand
difference to the standard NIST SRM 979.

n e53Cr 2SE e54Cr 2SE

W419 4 0.319 0.029 0.775 0.067

DTS2b 16 0.037 0.021 0.002 0.041
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FIGURE 8. Plot showing the Cr isotope composition of the
Winchcombe meteorite compared with other meteorites.
Winchcombe plots within the carbonaceous chondrite field and
close to existing CM chondrites. Data from Trinquier et al. (2007),
Trinquier, Birck, All�egre, et al. (2008), Jenniskens et al. (2014),
Qin, Alexander, et al. (2010), Qin, Rumble, et al. (2010), Popova
et al. (2013), Yamakawa et al. (2010), Shukolyukov and
Lugmair (2006a, 2006b), Ueda et al. (2006), Zhu, Moynier,
Schiller, Alexander, et al. (2021).
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on the basis that CM2s are “an isotopically
heterogeneous mixture of 16O-rich anhydrous silicates
and 16O-poor matrix minerals.” Instead, they suggested
that “a better perspective was provided by a comparison
between the CM data and those from the chemically
related CO group.” It was further noted by Clayton and
Mayeda (1999) that CM2 matrix separates, whole rocks,
and CO whole rocks define a line of slope 0.7. The
samples analyzed by Clayton and Mayeda (1999) were
dominated by Antarctic finds, which may explain why
their CM2 data plotted on a slope 0.5 line. If the data for
the six CM2 falls analyzed by Clayton and
Mayeda (1999) are plotted on their own, then they do in
fact define a trend with a slope of 0.7 (R2 = 0.84).

The model proposed by Clayton and Mayeda (1999)
is supported by the analyses presented in this paper
(Figure 2). We did not include the CO3 falls data in our
best fit slope calculation, but unlike Clayton and
Mayeda (1999), we have the benefit of being able to
include the three recently identified minimally altered
Asuka CMs (CM2.8 to CM3.0; Kimura et al., 2020) and

LEW 85311 (CM2.7; Lee et al., 2019). Our calculated
best fit line through this expanded dataset (Winchcombe
data not included) has a slightly steeper slope (0.77)
(Figure 3) than that of Clayton and Mayeda (1999), but
clearly intersects the field of CO3 falls, providing support
for their proposal of a genetic link between the COs and
CMs. Winchcombe lies at the upper right, highly altered
end of this array. But based on the progressive increase in
alteration away from the CCAM line seen in Figure 5, it
seems likely that the oxygen isotopic composition of its
anhydrous precursor material was essentially the same as
the COs. There appears to be a gap in the CM2 data that
defines the unheated CM2 best fit line (Figure 3).
However, there are a number of C2 ungrouped samples
that plot in this gap, and share close similarities with the
CM chondrite group, suggesting that variation along the
trend may be continuous (Greenwood et al., 2019;
Torrano et al., 2021).

Winchcombe, like many CM2s, is a regolith breccia
and would have originally formed close to the surface of
its parent body (Bischoff et al., 2006; Krietsch
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strongly supporting the classification of Winchcombe as a
CM. Data from Trinquier et al. (2007), Trinquier, Birck,
All�egre, et al. (2008), Torrano et al. (2021), Van Kooten
et al. (2020), Dauphas (2017), Qin, Alexander, et al. (2010),
Qin, Rumble, et al. (2010), Jenniskens et al. (2014), Popova
et al. (2013), Yamakawa et al. (2010), Shukolyukov and
Lugmair (2006b), Ueda et al. (2006), Clayton and Mayeda
(1984), Clayton et al. (1991), Clayton and Mayeda (1996,
1999), Wiechert et al. (2004), Rumble et al. (2010).
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et al., 2021; Lentfort et al., 2021). Other notable CM2
regolith breccias are Murchison (CM2.5) and Nogoya
(CM2.2; Bischoff et al., 2006). As noted previously, Suttle
et al. (2022) have undertaken a detailed study of the
various fragment types in Winchcombe and define eight
lithological units enclosed in a cataclastic matrix, each
showing variable degrees of aqueous alteration (CM2.0–
CM2.6), but with more altered types predominating
(CM2.1–2.3). Rubin et al. (2007) suggested that the
parent material (type 3.0) to the CMs was relatively
homogeneous and that individual CM2 meteorites only
differ from each other as a consequence of varying
degrees of aqueous alteration. The evidence presented
here, that CMs display a coherent relationship between
oxygen isotope composition and petrologic subtype
(Figure 6), supports the Rubin et al. (2007) model. While
the individual fragments within a CM2 meteorite can be
extremely variable with respect to oxygen isotope
composition and petrologic subtype, as shown by EET
96029 (Lee et al., 2016), there also seems to be a
predominate alteration type at the scale of an individual
CM2 meteorite. Winchcombe is no exception to this, with
the bulk of the material displaying clear evidence for
extensive aqueous alteration (Figure 6). Cold Bokkeveld
and Winchcombe appear to comprise a more altered
assemblage than Murchison or in the more extreme case
LEW 85311. This suggests that while mixing of material
in the CM regolith did take place it was not sufficient to
cause complete homogenization of the clast population.
Some level of heterogeneity has been preserved.

The Importance of Spatial Resolution to Better

Understand Aqueous Alteration

Further light on the nature of CM regolith breccias
and their isotopic heterogeneity can be gleaned by
correlating petrography and oxygen isotopic variation. A
key question is whether alteration of the parent asteroid
occurred under static conditions, essentially in a closed
system, (Clayton & Mayeda, 1999), or if water was able
to evolve and flow through the rock (Young et al., 1999).
The closed system scenario appears to be the most
feasible at present, as it offers an explanation for why
individual CM2 meteorites appear to show a
predominant level of aqueous alteration, as seen from the
oxygen isotope data (Figures 5 and 6) and petrologic
evidence for a predominant petrologic subtype (Rubin
et al., 2007). In this scenario, progressive alteration of the

isotopically “light” (�ve D17O) precursor components
interacts over time with a fixed amount of static
isotopically “heavy” (+ve D17O) water, so that the more
aqueously altered CMs, in general, show a progressively
more +ve D17O composition with degree of aqueous
alteration. This trend has the potential to be a powerful
tool for classifying individual CM2s into their respective
petrologic subgroups (e.g., Figure 6). However, as spatial
resolution increases, contradictory evidence can be found
that may be better explained through interaction in an
open system in which the isotopic composition of water
can evolve (e.g., Young et al., 1999).

During this work, several polished blocks were
micromilled to investigate oxygen isotope heterogeneity.
Attention was given to regions rich in fine-grained
aqueous alteration products (phyllosilicates, TCI) to
better unravel aqueous alteration histories without the
interference of large chondrules, CAIs, or other
potentially less hydrated components which may have
distinct oxygen isotope compositions (Clayton &
Mayeda, 1999). Two micromilled examples of the
CM2.1 Lithology B (polished blocks P30424 and
BM.2022, M1-117) were measured and show excellent
agreement with the bulk analyses of driveway stone
BM.2022, M1-85, also predominantly composed of
Lithology B (Figure 4).

Two fractions of Lithology A (CM2.2) were measured
in this study. A micromilled fraction from polished block
BM.2022, M1-123 and a bulk sample from the Field Stone,
which is predominantly composed of Lithology A (Suttle
et al., 2022). These samples of Lithology A show distinct
d18O compositions (Figure 4), but closely similar D17O
values. This suggests that Lithology A may be relatively
equilibrated with respect to its oxygen isotope composition,
but that there is a mineralogical difference between the
bulk and micromilled samples. The much smaller mass that
was extracted by the micromill may not be fully
representative of this lithology, whereas the larger amount
of material used for the bulk Field Stone analysis may be
more representative.

The driveway stone BM.2022, M1-86 appears
brecciated both in hand specimen and viewed via electron
microscopy (polished block BM.2022, M1-123; Figures 1d
and 2). This stone clearly contains a number of lithologies,
including lithologies A, B, G/F, and cataclastic matrix.
Based on its oxygen isotope composition (Figure 4),
cataclastic matrix appears to be the dominant component
in this stone.

TABLE 5. Ti isotope data for Winchcombe.

Sample e46/47Ti49/47 �2SE e48/47Ti49/47 �2SE e50/47Ti49/47 �2SE

Winchcombe 0.46 0.08 �0.04 0.04 3.21 0.09
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The phyllosilicate-rich domains of Lithology A and
Lithology B are petrographically unique with different
proportions of matrix, varying TCI morphology,
differing chemistry and distribution and generations of
carbonate. Lithology A appears to retain a higher
proportion of both macro-scale and matrix-sized (sub-
100 lm) anhydrous grains, as indicated by its slightly
more negative D17O than Lithology B (Figure 6).
However, their relatively similar oxygen isotope
systematics suggests that, while both lithologies may have
formed from a somewhat different mix of primary

components, they both likely experienced comparable
levels of aqueous alteration. This is demonstrated further
when recognizing that the two occurrences of Lithology
A have different d18O but similar D17O values. As they
are from different stones, this likely reflects subtle
variations in the starting material compositions present in
each. These observations, coupled with the tightly defined
linear relationship in oxygen isotope space (Figure 4), are
consistent with Winchcombe sampling a localized region
of high aqueous alteration on the CM parent body.
Additionally, it is clear that heterogeneity is not only
limited to the hand specimen and clast scale (i.e., different
lithologies), but may also be subtly present between
difference occurrences of the same lithology, from the
perspective of oxygen isotopes.

Cataclastic matrix is another important component
present in many different Winchcombe samples (Suttle
et al., 2022). Oxygen isotope analysis of cataclastic matrix
(Table 1; Figures 4 and 6) shows that it has a more 16O-
rich composition than Lithologies B and A. While
materials from Lithologies A and B are likely to be
important components of the cataclastic matrix, its
lighter oxygen isotope composition compared to these
two lithologies indicates that it also contains additional
less altered material. This is in keeping with the results of
petrographic analysis which show that Winchcombe also
contains more moderately altered lithologies, up to
subtype 2.6 (Suttle et al., 2022).

The tightly defined linear relationship of all the
Winchcombe measurements (y = �4.54 + 0.78x;
R2 = 0.95), compared to the much larger variation defined

FIGURE 11. Ti isotopic composition of Winchcombe (red
diamond) compared to bulk compositions of chondrites and
some differentiated bodies. Error bars are 2SE. Dashed lines
are terrestrial compositions. Solid black line is the solar
system trend in e46Ti49/47 and e50Ti49/47. Data from Trinquier
et al. (2009), Zhang et al. (2011, 2012), Torrano et al. (2019),
Gerber et al. (2017).

TABLE 6. Silicon isotope data for the Winchcombe
meteorite and geostandards.

Sample d30Si 2SD d29Si 2SD n

Winchcombe
Run 1 �0.50 0.08 �0.25 0.06 6

Run 2 �0.51 0.03 �0.25 0.04 5
Overall �0.50 0.06 �0.25 0.05 11

Literature CM
Murchison �0.52 0.13 �0.28 0.10

Cold Bokkeveld �0.52 0.12 �0.28 0.09
Murray �0.54 0.12 �0.29 0.07

Standards

BHVO-2 �0.29 0.08 �0.15 0.07 23
Diatomite 1.23 0.07 0.64 0.09 11
GSP-2 �0.21 0.04 �0.12 0.02 6

Notes: Literature CM2 data taken from (1) Armytage et al. (2011)

and (2) Savage and Moynier (2013)—note that Murchison has been

measured in several studies and appears to be heterogeneous for Si

isotopes, although it is unclear how much of this heterogeneity is real

and how much is analytical (see Savage et al., 2014 for a discussion).

For standard data comparison, see Savage et al. (2014) for BHVO-2,

Savage et al. (2012) for GSP-2, and Reynolds et al. (2007) for

diatomite literature values.
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by the CM2 sample suite as a whole (Figure 3), suggests
that the meteorite may have been derived from a spatially
limited area on the CM2 parent body. This picture is
significantly strengthened by our ability to micromill
individual lithologies and hence demonstrates that the
variation seen in the bulk measurements is providing a
relatively robust view of the oxygen isotope variation
present in the meteorite. However, bulk oxygen isotope
analysis almost certainly results in an averaging out of
larger variations present within individual meteorites.
Significant progress in understanding the processes that
took place during CM2 parent body aqueous alteration,
for example, open versus closed system, would be aided by
further studies involving micromilling of phyllosilicate-rich
domains reflective of different degrees of aqueous
alteration, as determined by petrographic criteria.

The Relationship Between CM and CO Chondrites

As previously noted, the oxygen isotope data
presented in this paper are consistent with a CM2

classification for Winchcombe and individual analyses
from the meteorite define a linear array which is almost
identical to that of the CM2 suite as a whole (Figure 4;
Figure S2). Thus, the best fit line through just the
Winchcombe data (Figure S2) passes through the CO3
field in the same way that it does for all the unheated
CM2s (Figure 3). This suggests that despite the significant
level of aqueous alteration that Winchcombe experienced
it had the same precursor materials as all CM2
chondrites. Refractory elements such as Cr and Ti are
likely to be relatively unaffected by parent body aqueous
alteration processes and so, in conjunction with the
oxygen isotope data, can be used to examine further the
potential relationship between CMs and COs.

The fact that the unheated CM2 best fit line intersects
the CO3 field on the CCAM line supports the contention
of Clayton and Mayeda (1999) that the two groups are
related to each other. It has long been recognized that the
COs and CMs show many similar characteristics and for
this reason were designated as the CM-CO clan by
Weisberg et al. (2006). Weisberg et al. (2006) list three
main characteristics that link the CO and CMs: (1) in
both groups, the chondrules are of a similar size and the
anhydrous minerals are of a similar trace element
composition, (2) both groups show similar refractory
lithophile element abundances, and (3) the oxygen
isotope composition of the anhydrous high-temperature
minerals are similar. Based on the data in this study
(Figure 3) we can modify criterion 3 to: the unaltered
precursor of the CMs is essentially identical in oxygen
isotope composition to that of CO3 falls.

While it is generally accepted that the CO and CM
chondrites comprise related materials, at least in terms of
their anhydrous components (chondrules, CAIs, mineral
fragments), the exact nature of their relationship remains
a subject of some debate. McSween (1979) suggested that
CM chondrites formed by aqueous alteration of a CO-
like precursor. Kallemeyn and Wasson (1981) proposed
sequential formation at one heliocentric distance, with
the CO3s representing an earlier generation of
planetesimals and the CM2s a later one. Clayton and
Mayeda (1999) thought that they might be genetically
related, such that “the CO and CM chondrites may
represent different degrees of low-temperature aqueous
alteration of a common precursor.” The possibility of a
single parent body origin for both groups was discussed
by Greenwood et al. (2014). Based on a study of type II
chondrules in six CM chondrites, Schrader and
Davidson (2017) concluded that they formed under
similar conditions within a common region of the
protoplanetary disk. In particular, type II chondrules in
both CO and CM chondrites show essentially identical
slopes on a plot of Fe versus Mn. However, on the basis
of mean chondrule size differences and a lower

FIGURE 12. Silicon isotope composition of Winchcombe
CM2 meteorite versus its Mg/Si (by weight) ratio (red
diamond). Also shown are literature data for other chondritic
meteorites (Armytage et al., 2011; Chakrabarti &
Jacobsen, 2010; Fitoussi et al., 2009; Savage & Moynier, 2013;
Zambardi et al., 2013) and an estimate for the composition of
the bulk silicate Earth (Savage et al., 2014). Inset: expanded
view of the carbonaceous chondrite data, with the literature
CM, CO, and CV analyses highlighted. The Winchcombe Si
isotope composition matches well with previous measurements
of other CM2 material; CO3 meteorites appear to be slightly
isotopically heavier than CM2; see text for further details. The
Mg/Si ratios of the meteorites were calculated using data held
on Metbase. The Mg/Si ratio of Winchcombe, 0.9, is based on
analysis by A. J. King (personal communication).
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abundance of Mg-rich relict grains in CM type II
chondrules compared to the COs, Schrader and
Davidson (2017) concluded that the two groups
originated from distinct parent bodies. Torrano
et al. (2021) reached similar conclusions based on Cr and
Ti isotopic evidence.

We have compiled the published e50Ti and e54Cr data
for CM and CO chondrites (see Supporting Information)
and plotted it in Figures 13 and 14. Also shown is our
data for Winchcombe. The data shown in Figures 13 and
14 do not provide a basis for separating the CO and CM
chondrites as there is significant overlap between the two
groups, both in terms of e50Ti and e54Cr. As discussed by
Torrano et al. (2021), inhomogeneous sampling of CAIs
can result in significant variability with respect to both
e50Ti and e54Cr. This appears to be a particular problem
with the CO data and is compounded by the fact that
there are relatively few CO analyses available in the
literature. Based on the data presented by Sanborn et al.
(2015), it was suggested by Schrader and Davidson (2017)
that the CO and CM chondrites had distinct bulk e54Cr
compositions. However, on the basis of the analyses
plotted in Figure 14, this suggestion is not supported by
the presently available data. We conclude that current
e50Ti and e54Cr data support a genetic relationship
between the CO and CM chondrites, but as pointed out
by Torrano et al. (2021), additional analyses are required
to reach a definitive conclusion on this matter.

Silicon isotopes hint at a difference between the
parent bodies of the CM and CO meteorites; in the inset
of Figure 12, literature data for CM, CV, and CO
chondrites are plotted separately, as well as the new data
for Winchcombe. The most recent literature data for
CM2 chondrites all plot within a narrow range
(d30Si = �0.50 to �0.54&, n = 4) whereas CO3
meteorites are relatively enriched in the heavier Si
isotopes (d30Si = �0.49 to �0.42&, n = 3). Note,
however, that this observation should carry the caveat
that the range of literature Si isotope analyses of
Murchison spans the whole range of CC analyses (see
Figure 11 inset)—this could be due to analytical artifacts,
or could be due to sample heterogeneity (e.g., Savage
et al., 2014). Certainly, there is evidence that meteorite
phases can display a wide range of mass-dependent Si
isotope compositions, thought to be generated during
condensation reactions—with Martins et al. (2021)
showing that chondrules and isolated olivines are overall
enriched, and matrix complimentarily depleted, in the
heavier Si isotopes. In this case, the small Si isotope
difference between CM and CO chondrites could be
easily explained by the larger percentage of matrix
typically present in CMs when compared to COs—and
does not preclude CM and CO meteorites being formed
in the same region, and from the same material. It is

worth pointing out here that, to date, the Si isotope
composition of CCs has often been calculated using a
bulk average assuming a common Si isotope reservoir for
all of these meteorites; however, this study perhaps hints

FIGURE 13. e50Ti comparison between CM2 chondrites,
CO3 chondrites, and Allende (CV3). See text for discussion.
Data compiled from Trinquier et al. (2009), Zhang
et al. (2011, 2012), Torrano et al. (2021), this study.

FIGURE 14. e54Cr comparison between CM2 chondrites,
CO3 chondrites, and Allende (CV3). See text for further
discussion. Data compiled from Shukolyukov and
Lugmair (2006a, 2006b), Trinquier et al. (2007), Trinquier,
Birck, & All�egre (2008), Trinquier, Birck, & All�egre, et al.
(2008), Qin, Alexander, et al. (2010), Qin, Rumble, et al.
(2010), Jenniskens et al. (2012), Gopel et al. (2015), Van
Kooten et al. (2020), Zhu et al. (2020), Zhu, Moynier, Schiller,
Becker, et al. (2021), Williams et al. (2020), Torrano
et al. (2021).
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that, with increasingly good precision, subtle Si isotope
differences between the CC meteorite groups are present,
and that this warrants further investigation.

Chaumard et al. (2018) studied anhydrous silicates
(olivine and pyroxene) in chondrules from Murchison.
Comparing their results with literature data for CO
chondrules, they concluded that the CO and CM chondrule
populations were “similar and indistinguishable,” but
argued in favor of a separate parent body origin for both
groups. Thermal modeling of peak metamorphic
temperatures, coupled with Mn-Cr dating studies of
aqueously formed phases (carbonate and fayalite), indicate
that there may have been a time difference between the
accretion ages of the CO and CM parent bodies, with the
CMs forming later then the COs (Desch et al., 2018; Doyle
et al., 2015; Fujiya et al., 2012; Sugiura & Fujiya, 2014).
There are slight differences in the parent body formation
ages given in each study, with Desch et al. (2018)
suggesting that the CO and CM parent bodies accreted at
2.7 and 3.5 Myr after solar system formation, respectively.
Based on this time differential, Chaumard et al. (2018)
invoke a model in which the CO and CM parent bodies
more or less accreted at the same location, but due to
inward movement of the paleo snow line, the COs accreted
dry and the CMs with a significant water ice component.

How Many CM2 Parent Bodies?

It was noted by Greenwood et al. (2020) that the term
“parent body” is almost endemic in meteorite studies, but
with little precision about what the term actually refers to.
At the most basic level, it appears to simply designate “a
body that supplies meteorites to Earth.” However, Weisberg
et al. (2006) linked the term parent body to meteorite group.
They point out that members of a group are commonly
interpreted as being derived from the same parent body.
Thus, in discussions of the origin of CM chondrites, it is
often clearly stated that all members of the group are
considered to be derived from a single “CM parent body” or
“CM parent asteroid” (e.g., Greenwood et al., 2014;
Schrader & Davidson, 2017; Telus et al., 2019; Vacher
et al., 2018). This then leads to the question, is the evidence
consistent with a single primordial CM parent body?

It was suggested by Lee et al. (2019) that the least
altered CM2s, such as LEW 85311(CM2.7), could be
derived from a distinct parent body to the more aqueously
altered (CM2.0 to CM2.6), “main group” CM2s. It is
equally possible that other CM2s, which show relatively
low levels of aqueous alteration (CM2.7–3.0), including
A-12085, A-12236, A-12169, and possibly Y-82054, could
also be from this distinct “primitive” CM2 parent body.
Greenwood et al. (2020) presented evidence that ungrouped
C2 chondrites could be derived from between five and eight
additional hydrated asteroids. However, the fact that some

CM2s are less altered than the “main group” is not in itself
evidence for derivation from a distinct parent body. These
less altered types may simply be sampling a distinct region
of a common CM parent body.

A multiple parent body origin for the “main group”
CM2s, including Winchcombe, is even less clear cut. On an
oxygen three-isotope diagram (Figure 3), these more
aqueously altered CMs form a very distinct cluster and
from a petrographic standpoint show many similarities
(Rubin et al., 2007). However, a multiple parent body
origin for these more aqueously altered CM chondrites has
been proposed on the basis that a correlation exists
between the degree of alteration and the measured cosmic
ray exposure ages (King et al., 2020). It is important to
note that a multiple parent body origin for the CM2s is not
strongly supported by sample analysis evidence. Given that
important caveat, in the next section, we look at the
possibility that multiple CM parent bodies may be
consistent with recent theoretical models of protoplanetary
disk evolution.

Formation of Planetesimals Close to the Snow Line

The earliest stages of planetary growth involve the
formation of planetesimals (sub-km to several hundred km-
sized bodies) from micron-sized dust within a gas and dust-
rich envelope surrounding the young star, generally referred
to as a protoplanetary disk (Hyodo et al., 2019). However,
there are a number of theoretical problems in building such
bodies. The first is known as the “growth barrier,” whereby
cm-sized particles do not grow any further due to collisional
fragmentation; the second is the “radial drift barrier” which
reflects the fact that meter-sized bodies drift into their
parent star too rapidly to form larger bodies (Hyodo
et al., 2019). However, under certain conditions, a high
particle to gas ratio can develop, resulting in planetesimal
accretion directly from pebbles (cm-sized particles of ice
with embedded silicates; Schoonenberg et al., 2018). This
process is known as pebble accretion. Within a
protoplanetary disk, the region immediately outside of the
water snow line is thought to be a particularly favorable site
for this process (Hyodo et al., 2019; Izidoro et al., 2022;
Morbidelli et al., 2022; Schoonenberg et al., 2018). The
enhanced solid to gas ratio immediately outside the snow
line is thought to be partially a consequence of back
diffusion and recondensation of water vapor released by
pebbles that have already drifted inward of the snow line
(Hyodo et al., 2019). In a solar-sized star, the snow line is
generally located at a distance of less than 5 AU (Cieza
et al., 2016) and migrates inward with time. However, as
directly imaged by ALMA during high energy outbursts
seen in young, embedded stars, it can jump outward to
~40 AU (Cieza et al., 2016). Planetesimal formation
immediately outside of the paleo snow line is unlikely to
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have been a single, isolated event and hence in theory,
multiple CM parent bodies with very similar compositions
could have formed in this environment.

In order to explain the lower water content of the CO
chondrites, Doyle et al. (2015) suggested that their
formation location was possibly just inward of the snow
line. In keeping with this scenario, Hyodo et al. (2019)
provide a model which is consistent with silicate-rich
planetesimals formation immediately inward of the snow
line. Building on the model of Doyle et al. (2015),
Chaumard et al. (2018) proposed that CO chondrites
accreted inward of the snow line, whereas CMs accreted
outward of it. A slight variation of this model has been
suggested by Matsumoto et al. (2019) for the CO-like
primitive ungrouped meteorite Acfer 094. They suggest
that it originally accreted outward of the snowline and
then migrated inward undergoing water loss which
resulted in the formation of distinct ultra-porous textures
within the matrix.

Formation of CM and CO Parent Bodies

Our oxygen isotope data (Figure 3) convincingly link
the CO and CM groups and demonstrate that both
accreted from essentially the same parent materials.
Suggestions that Ti and Cr isotopic differences exist
between the two groups is not supported by the existing
datasets (Figures 13 and 14). There is little doubt that the
CO parent body would have accreted under essentially
dry conditions and that the CMs must originally have
had a high water-ice component. The close relationship
between the two groups coupled with a significant
difference in their likely primordial water contents argues
in favor of accretion either side of the water snow line, as
proposed by Chaumard et al. (2018). However, a number
of alternative scenarios can also be advanced to explain
the relationship between the CO and CM chondrites. In a
similar way to the model proposed for Acfer 094
(Matsumato et al., 2019), CO parent bodies could have
initially started to accrete “wet”, outside the snow line, in
a similar manner to the CM parent body(ies). But in the
case of the COs, either the parent bodies then drifted
inwards, or alternatively the snow line migrated
outwards. The latter possibility is in keeping with recent
ALMA observations (Cieza et al., 2016). These scenarios
could be investigated by undertaking a detailed textural
study of the least altered CO chondrite DOM 08006
(Alexander et al., 2018).

With respect to the number of parent bodies from
which the “main group” CM2 chondrites are derived,
including Winchcombe, this remains unconstrained.
The material from which the CMs formed likely
consisted of cm-sized pebbles of ice and embedded
silicate-rich material. Provided there were not

significant changes in formation conditions, then there
seems no reason why multiple “clone” CM2 asteroids
could not have formed at the same time. A similar
scenario has been proposed for the ordinary chondrites
(Vernazza et al., 2014). If correct, this would imply
that Winchcombe, and all other main group CMs,
could be from distinct source asteroids. However, we
would reject this proposition as speculation on the
basis that there is currently little evidence to support
such a multiple parent body scenario.

CONCLUSIONS

As part of an integrated consortium study, we have
undertaken Cd, Cr, O, Si, Te, Ti, and Zn isotopic
measurements of the Winchcombe CM2 meteorite.
Oxygen isotope analyses of Winchcombe samples plot at
the isotopically heavy, more aqueously altered end of the
CM2 array and define a linear tend that is essentially
coincident with the best fit line to the CM2 suite as a
whole. Oxygen isotope data and petrography provide a
consistent picture concerning the extent of aqueous
alteration experienced by the Winchcombe parent body.
We provide new previously unpublished data for a
further 12 CM2 chondrites which, when combined with
previously published analyses, define a regression line for
the CM2s with a slope of 0.77 that intersects the CO3
falls compositional field. This evidence suggests that the
unaltered precursor material to the CMs was essentially
identical in oxygen isotope composition to the CO3 falls.
CMs and COs may also be indistinguishable with respect
to Ti and Cr isotopes; however, further analysis is
required to test this possibility. It seems highly likely that
both COs and CMs formed in a similar region of the
nebula. Cd, Cr, Si, Te, Ti, and Zn isotopes are all
consistent with Winchcombe being a normal CM2
chondrite. Analysis of different fractions within
Winchcombe broadly supports the view that, while
different lithologies within an individual CM2 meteorite
can be highly variable, each meteorite is characterized by
a predominant alteration type. Our data are consistent
with the previously suggested possibility that the main
difference between the CO3s and CM2s reflects the
amounts of water ice that co-accreted into their respective
parent bodies, being high in the case of CM2s and low in
the case of CO3s. This may reflect accretion on either side
of the paleo snow line. The close relationship between
CO3 and CM2 chondrites revealed by our oxygen isotope
data supports the emerging view that the snow line within
protoplanetary disks marks an important zone of
planetesimal accretion.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Figure S1. Oxygen three-isotope plot showing the
names of individual CM2 meteorites.

Figure S2. Oxygen three-isotope plot showing the
best fit line through the Winchcombe CM2 data.
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