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Abstract–The Mighei-like carbonaceous (CM) chondrites have been altered to various extents by
water–rock reactions on their parent asteroid(s). This aqueous processing has destroyed much of
the primary mineralogy of these meteorites, and the degree of alteration is highly heterogeneous
at both the macroscale and nanoscale. Many CM meteorites are also heavily brecciated
juxtaposing clasts with different alteration histories. Here we present results from the fine-grained
team consortium study of the Winchcombe meteorite, a recent CM chondrite fall that is a breccia
and contains eight discrete lithologies that span a range of petrologic subtypes (CM2.0–2.6) that
are suspended in a cataclastic matrix. Coordinated multitechnique, multiscale analyses of this
breccia reveal substantial heterogeneity in the extent of alteration, even in highly aqueously
processed lithologies. Some lithologies exhibit the full range and can comprise nearly unaltered
coarse-grained primary components that are found directly alongside other coarse-grained
components that have experienced complete pseudomorphic replacement by secondary minerals.
The preservation of the complete alteration sequence and pseudomorph textures showing
tochilinite–cronstedtite intergrowths are replacing carbonates suggest that CMs may be initially
more carbonate rich than previously thought. This heterogeneity in aqueous alteration extent is
likely due to a combination of microscale variability in permeability and water/rock ratio
generating local microenvironments as has been established previously. Nevertheless, some of the
disequilibrium mineral assemblages observed, such as hydrous minerals juxtaposed with
surviving phases that are typically more fluid susceptible, can only be reconciled by multiple
generations of alteration, disruption, and reaccretion of the CM parent body at the grain scale.

INTRODUCTION

Mighei-like carbonaceous (CM) chondrites contain
~7–11 wt% structural H2O (Alexander et al., 2012;
Jarosewich, 1990; Kerridge, 1985; Lee, Hallis, et al., 2023;
Vacher et al., 2020), owing to having been extensively
aqueously altered to produce a suite of secondary
minerals, for example, phyllosilicates, carbonates, and
magnetite (Bunch & Chang, 1980; Rubin et al., 2007;
Suttle et al., 2021; Zolensky et al., 1997). Thus, the
primary mineralogy and textures acquired from the
accretion of their parent body(ies) have been largely
overprinted. Additionally, the majority of CM meteorites
are breccias and experienced extensive disaggregation and
reaccretion on the regolith of asteroids (Bischoff et al.,
2017; Lee, Floyd, et al., 2023; Lentfort et al., 2021;
Lindgren et al., 2013; Suttle et al., 2022; Verdier-Paoletti
et al., 2019).

Aqueous alteration likely occurred in an asteroidal
environment (Brearley, 2003, 2006; Rubin et al., 2007;
Suttle et al., 2021) as evidenced by millimeter-scale reaction
fronts and mineral veins (Chizmadia & Brearley, 2004;
Hanowski & Brearley, 2000; Jacquet et al., 2016; Lee et al.,
2012; Lindgren et al., 2017). This parent body alteration
model is also supported by the observations of the water-

and organic-rich asteroid Bennu by the OSIRIS-REx
spacecraft that has revealed centimeter-sized carbonate
veins in boulders at its surface (Kaplan et al., 2020).
However, recent analyses of the reflectance spectra of
asteroid Bennu suggest it is more closely linked to CR
chondrites than CMs (Hamilton et al., 2022).

Despite this pervasive aqueous alteration, CM
chondrites preserve a primitive chemistry, in particular for
water-soluble elements, for example, Ca, Na, and S
(Brearley, 2003; Chizmadia & Brearley, 2004). This apparent
contradiction can be reconciled if aqueous alteration was
isochemical and occurred in a closed system environment
(DuFresne & Anders, 1962; Kerridge et al., 1979; McSween
Jr, 1979a) that precluded soluble element loss from CM
lithologies. Potential mechanisms to limit the loss of volatile
elements are localized alteration from accreted ices in a high-
nano-porosity but low-permeability environment that limits
fluid flow to <100 lm length scales over the duration of
aqueous alteration (Bland et al., 2009), or convection of an
unlithified “mud slurry” (Bland & Travis, 2017).

Studies of the least aqueously altered CM chondrites
show that prior to aqueous alteration, the primary matrix
of CM meteorites likely consisted of amorphous silicates,
metal, carbide and sulfide grains, organics, presolar grains
and minor anhydrous silicate minerals (e.g., forsterite and
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enstatite) (Bland et al., 2007; Chizmadia & Brearley, 2008;
Davidson et al., 2019; Kimura et al., 2020; Lee et al., 2019;
Leroux et al., 2015; Noguchi et al., 2021; Rubin, 2015;
Schmitt-Kopplin et al., 2010; Suttle et al., 2021). The
amorphous phases are similar in morphology and texture
to primitive glass with embedded metal and sulfide
(GEMS) grains (Leroux et al., 2015) that are found in
cometary dust (Bradley, 1994a; Noguchi et al., 2017).
Where they occur in chondritic matrices, these phases have
been referred to as “GEMS-like” (Leroux et al., 2015).
However, other studies have suggested that there is no
convincing evidence of GEMS in CM matrix (Ohtaki et al.,
2021; Villalon et al., 2021). In addition, the matrix of CM
chondrites would have likely accreted a substantial
component of carbon-rich water ice (water/rock ratios of
0.2–0.7; Brearley, 2006; Clayton & Mayeda, 1999; Howard
et al., 2015; Marrocchi et al., 2018; Suttle et al., 2020; Suttle
et al., 2021; Zolensky et al., 1997), particles of which may
have been relatively coarse grained (10–60 lm, based on
the size of macropores and carbonate assemblages that
grew into the pore space left behind when the ice melted)
(Kimura et al., 2020; Lee et al., 2014; Matsumoto et al.,
2019; Rubin et al., 2007).

These primary materials would have been highly
susceptible to alteration by aqueous fluids (Chizmadia &
Brearley, 2008; Davidson et al., 2014; Leroux et al., 2015;
Nakamura-Messenger et al., 2011; Rubin, 2015; Rubin
et al., 2007). Meteorite matrix has been proposed as a
sensitive indicator for the extent of thermal and aqueous
alteration as its porosity and fine grain size could allow
fluids to permeate and access grain boundaries (McSween
Jr, 1987; Rubin et al., 2007; Tomeoka et al., 1989). In
addition, pore collapse during impact compaction could
produce temperature spikes in the matrix to locally melt
ices (Bland et al., 2014). An over-arching effect of
progressive aqueous alteration of CM matrix is that the
concentration of Mg increases as it is released from the
alteration of chondrule olivine (Tomeoka et al., 1989).

Many of the original constituents of CM chondrites
are modified during aqueous alteration (Brearley, 2006;
Rubin et al., 2007; Suttle et al., 2021). The fine-grained
matrix and coarser, more fluid-susceptible phases alter first
and more fluid-resistant coarser components such as Mg
silicates remain unaltered until high degrees of aqueous
alteration (Brearley, 2006; Rubin et al., 2007; Suttle et al.,
2021), that is, at petrologic subtypes, CM 2.0 on the Rubin
et al. (2007) scale, where all primary components are
completely altered (Brearley, 2006; Rubin et al., 2007;
Suttle et al., 2021). However, even in these highly
aqueously altered CM 2.0 meteorites, a small proportion
of the primary mineralogy is preserved, for example,
residual amorphous and anhydrous silicates (Hewins et al.,
2014; Marrocchi et al., 2014; Rubin, 2015; Rubin et al.,
2007; Suttle et al., 2021; Velbel et al., 2015). In less

aqueously altered CMs, unaltered regions that are
micrometer to millimeter scale have been described within
the matrix (Hewins et al., 2014; Kimura et al., 2020;
Leroux et al., 2015) and disequilibrium assemblages where
unaltered phases are in close proximity to, or even
touching completely altered mineral phases in the matrix,
tochilinite–cronstedtite intergrowths (TCIs) (Pignatelli
et al., 2017) and fine-grained rims (FGRs) (Leroux et al.,
2015; Metzler et al., 1992; Pinto et al., 2022).

Reconciling highly localized millimeter-nanoscale
disequilibrium assemblages with parent body aqueous
alteration could be explained by: (1) alteration
behavior being locally controlled by heterogeneous
grain size, mineralogy, and the differential solubility
of minerals (Hanowski & Brearley, 2001; Zolensky
et al., 1993); (2) varying the initial water/rock ratio
of the asteroids and heterogeneous accretion of ices,
where certain volumes contain more or less initial ice
(Rubin et al., 2007) which would result in the
localized survival of otherwise fluid sensitive phases
as the reactive fluid is exhausted/consumed (Howard
et al., 2015; Velbel et al., 2012); (3) limited
permeability resulting in localized regions that
experienced less alteration by fluids than others
(Bland et al., 2009); (4) many CMs have a pervasive
fabric defined by both chondrules and matrix (Hanna
et al., 2015; Lindgren et al., 2015), which promotes
heterogeneous alteration through anisotropic
permeability (Zhang, 2013); (5) some or all of the
secondary mineral assemblages may have been
inherited from a precursor body or from the solar
nebula (Metzler et al., 1992); (6) CM meteorites are
breccias resulting in mixing and juxtaposition of
materials with different aqueous alteration histories
next to each other via regolith gardening (Bischoff
et al., 2017; Brearley, 1995).

The Winchcombe meteorite is a CM chondrite that fell
on February 28, 2021. The rapid recovery of the majority
of the main mass within 12 h (Russell et al., 2022) means
that it has experienced minimal terrestrial alteration
(Jenkins et al., 2022; King et al., 2022). The Winchcombe
meteorite is a complex breccia with eight petrographically
distinct lithologies (A-H) identified so far, held within a
cataclastic matrix (Mx) (King et al., 2022; Suttle et al.,
2022). The degree of aqueous alteration of these lithologies
ranges widely, giving petrologic subtypes of CM 2.0–2.6
(Suttle et al., 2022) on the scale of Rubin et al. (2007);
Rubin (2015). Thus, the Winchcombe meteorite represents
an ideal sample to assess the extent to which CMs have
been aqueously altered and how that compares to overall
petrologic subtype. Here we present a multi-length-scale
coordinated study of the Winchcombe meteorite’s texture,
mineralogy, and extent of aqueous alteration of its
fine-grained matrix (including carbonates, and TCIs) and
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FGRs around chondrules, refractory inclusions, isolated
mineral grains, and TCIs. The results are used to assess the
nanoscale heterogeneity of aqueous alteration across a
range of CM petrologic subtypes and to explore how
disequilibrium mineral assemblages may arise in CM
meteorites.

METHODS

We applied a series of coordinated microanalytical
methods to the Winchcombe meteorite. Each technique
and the data acquired is briefly described below. Full
methods including sample preparation, analytical
instrumentation, analytical conditions, standards used,
and how the data were processed are provided in File S1.

Twenty-two fragments (Table S1) of the Winchcombe
meteorite were imaged using x-ray micro-computed
tomography (lCT). Chondrule petrofabric and porosity
measurements of all data sets were conducted using the
Avizo© software. Porosity data were used to model the
macroscale permeability of the meteorite.

Sixteen polished sections of the Winchcombe meteorite
were analyzed by scanning electron microscopy with
energy dispersive x-ray spectrometry (SEM-EDS) (Table 1)
using a variety of SEM instrumentation. The data collected
include secondary electron (SE), backscattered electron
(BSE) images, energy dispersive x-ray spectrometry (EDS)
maps, and point measurements, as well as EBSD maps.
The EDS maps presented in this manuscript have not been
background corrected. Quantitative EDS spot analyses
were acquired from TCIs, matrix and FGRs, and
secondary minerals associated with chondrules and
calcium-aluminum-rich inclusions (CAIs) using a focused
electron beam with a beam diameter <1 lm. 2-D chondrule
and CAI shapes were extracted to determine the presence
of any 2-D petrofabrics. Quantitative major and minor
element data for Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr,
Mn, Fe, Co, and Ni were acquired from areas of matrix,
FGRs and the interior and exterior of TCI clumps and
chondrule phyllosilicates by wavelength-dispersive
spectrometry (WDS) using an electron probe microanalysis
(EPMA) instrument. The Winchcombe sections studied are
the same as those described in Suttle et al. (2022) and
comprise all of the Winchcombe lithologies A–H and the
cataclastic matrix (Mx) and cover the range of petrologic
types 2.0–2.6 (Table 1).

EDS and WDS-EPMA quantified spectra were
assigned their section number, a Winchcombe lithology
label based on Suttle et al. (2022), and a phase that reflects
the type of material measured (matrix, FGR, TCI-core,
TCI-rim, chondrule phyllosilicate, CAI phyllosilicate, etc.).
Both wt% and atom% data for major and minor elements
were calculated as well as wt% oxide ratios for FeO/SiO2,
and S/SiO2 and atom% values for the Mg# and Si/Al,

(Si+Al)/(Si+Al+Mg+Fe), Mg/(Si+Al+Mg+Fe), Fe/Si, and
S/Si ratios as these are typical metrics for the alteration
extent of CM meteorites (Supplementary Spreadsheets S1–
S5).

Electron backscatter diffraction (EBSD) maps were
acquired across partially altered chondrules, TCIs,
carbonates, and the fusion crust within section P30555
(lithology A).

Focused ion beam time-of-flight secondary ion mass
spectrometry (FIB-TOF-SIMS) data for negative and
positive ions were collected from TCIs, FGRs, and the
matrix of Winchcombe section P30550 (lithology A).
Samples were extracted and prepared for transmission
electron microscopy (TEM) and atom probe tomography
(APT) using Ga and plasma-FIBs following established
methods (Daly et al., 2021; Hicks et al., 2014; Lee et al.,
2003). High-resolution TEM imaging, scanning-(S)TEM-
EDS, and APT were performed to explore the nanoscale
texture, mineralogy, and composition of fine-grained
components such as phyllosilicates in Winchcombe.

RESULTS

Field Observations

The main mass of the Winchcombe meteorite
recovered from a driveway in the town of Winchcombe,
United Kingdom, shattered into thousands of fragments
on impact with the surface (King et al., 2022). The recovery
and curation of the Winchcombe meteorite along with
descriptions of the various stones are described in Russell
et al. (2022). Additional information relevant to the present
study is that during collection of the fine fragments from
the driveway over subsequent days by several individuals it
was noted that many fragments exhibited flat sides and
preferentially fractured along a “cleavage” plane.

Winchcombe Lithologies

The Winchcombe meteorite contains eight lithologies
(A–H) that form clasts suspended in a cataclastic matrix
(Mx) (Suttle et al., 2022). The cataclastic matrix (Mx) is a
fragmented mixture of all lithologies (Suttle et al., 2022).
Letters were assigned to each lithology based on their
exposed surface area, with A being the most abundant
(26.3%) and H being the least abundant (0.2%) (Suttle
et al., 2022). Three lithologies dominate (A–C) and cover
>70% of the total area studied (Suttle et al., 2022).
Lithologies were distinguished primarily from the
abundance, composition, occurrence, and textural properties
of TCIs, matrix, carbonates, metal and/or magnetite, and
Fe-sulfides. Lithologies were also separated by clear
boundaries (Suttle et al., 2022). Detailed accounts of the
petrology and mineralogy of each of the lithologies

4 L. Daly et al.
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(A-H+Mx) in Winchcombe are presented in Suttle
et al. (2022), so will not be repeated here. In addition, several
seminal papers provide detailed descriptions of the
fine-grained mineralogy of CM chondrites (Barber, 1981;
Bunch & Chang, 1980; Chizmadia & Brearley, 2008; Fuchs
et al., 1973; Leroux et al., 2015; Mackinnon, 1980; McSween
Jr, 1979a, 1979b; Metzler et al., 1992; Rubin et al., 2007;
Suttle et al., 2021; Tomeoka & Buseck, 1988; Velbel et al.,
2012, 2015; Zanetta et al., 2021; Zolensky et al., 1993, 1997).
As such, only additional data and observations that provide
specific evidence for heterogeneities in the extent of aqueous
alteration and textures that can be used to infer the primary
mineralogy within each lithology, as well as descriptions of
the matrix TCI and FGRs, will be presented in the main
text. Detailed descriptions of the fine-grained mineral
assemblages and textures for each lithology alongside other
supporting observations can be found in the supplementary
materials (Figures S1–S3).

3-D Petrofabrics

Of the 19 fragments of the Winchcombe meteorite
where chondrule orientations were investigated by lCT,
nine exhibit a random texture, and 10 show a foliation
fabric (Figure 1a–c, Table S1, File S2) and one contains a
fracture cleavage with a high density of subparallel
fractures with a consistent trend that define lithological
boundaries (Figure 1d). Three fragments with a foliation
fabric also contained multiple lithologies (Figure 1c). In
some cases, stereographic projections of chondrule
orientations within juxtaposed lithologies show that the
foliation planes defined by chondrule long axes in each
sample are not parallel (90° apart), while in other cases
they are subparallel (Figure 1c, Table S1, File S2).
Additional descriptions of these textures are in File S1.

2-D Petrofabrics

Of the eight thick sections representing the eight
lithologies A, B, C, D, E, F, G, and Mx, as defined by
Suttle et al. (2022), that were investigated for 2-D
chondrule petrofabrics, seven exhibited a weak-moderate
preferred alignment of the long shape axes of chondrules
or chondrule pseudomorphs (Figure 2, Table 1).
Weak-moderate 2-D chondrule petrofabrics have been

observed in lithologies A, B, C, D, E, F and G, and
random textures have been observed in some parts of
lithology B and in lithology Mx (Figure 2, Table 1). It
should be noted, however, that the rarity of chondrules in
lithology Mx (Figure 2h) mean that this is likely not an
accurate measure of the lithology’s texture. Lithology B in
sections P30542 and P30545 shows one major moderate
strength chondrule alignment, and possibly a second weak
chondrule alignment that is perpendicular to the first
(Figure 2b,c). In section P30542, the primary chondrule
alignment was subparallel to the fusion crust (Figure 2b).
The random texture observed in the lithology B in P30424
is likely to be a cutting artifact where the cut of the section
was subparallel to the chondrule shape alignment as a
moderate petrofabric was observed in other sections that
contained lithology B (Figure 2b,d). At the micrometer
scale, in the matrix of lithology B, coarse phyllosilicate
laths (5–10 lm) appear to have a preferred alignment.
Lithology B is also highly porous and a preferred
alignment of the long shape axis of pores is observed.
These pores are aligned perpendicular to the 2-D
chondrule-defined fabric. The strongest 2-D chondrule
petrofabrics were observed in lithology E (Figure 2g). The
preferred alignments of chondrules in lithologies F and G
are approximately perpendicular to each other (Figure 2h).
Where petrofabrics have been observed in a 2-D section,
the orientation of any macroscale fractures within these
sections appears to run subparallel to chondrule long shape
axes (Figures 1 and 2). Further details are provided in File
S1.

When the shape alignments are extracted from SEM
images (i.e., from 2-D planar sections), it is not possible to
determine whether they are foliation or a lineation fabric in
3-D. However, given that all petrofabrics observed in 3-D
lCT data were foliation textures (Figure 1, Table S1,
File S2), the fabrics observed in thin sections are likely to
be 2-D representations of 3-D foliations. Those samples
that do not exhibit preferred orientations of chondrule long
axes in 2-D may either be samples of random fabrics or the
thin section has been cut parallel to the foliation plane.

Macroscale Porosity

The macroscale porosity (voids >10 lm) of
Winchcombe fragments, measured by lCT, ranged from

FIGURE 1. Representative lCT slices from chips of the Winchcombe meteorite and contoured orientation data on the long and
short shape axes of chondrules plotted on a lower hemisphere stereographic projections and n denotes the number of chondrules
measured for each plot. (a) Chip from BM.2022,M3,29 with a random texture and no preferred alignment of chondrule shapes.
(b) Chip from BM.2022,M4,10 has a foliation texture with a girdle maxima in the long chondrule shape axis and a lineation
texture in the short chondrule shape axis. (c) Chip from BM.2022,M2,34 has three lithologies. The projections reveal a foliation
texture in two of the lithologies but the foliation planes of the two chips are in different orientations. (d) In the chip from
BM.2022,M1,84, a pervasive set of parallel fractures pervade the lithology. The orientation of each fracture is plotted on a rose
diagram confirming their parallel orientation.

6 L. Daly et al.
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(a) (b)

(c) (d)
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0.56% to 4.21% (King et al., 2022). In three sub-volumes
of BM.2002,M2,34, fractures that cut across the whole
section were observed. These cross-cutting fractures
contained most of the porosity giving values of 1.5%–
4.2%. The sub-volume that contained no cross-cutting
fractures had the lowest porosity of 0.56%.

Permeability Fluid Flow Modeling

Permeability modeling of four sub-volumes from
‘BM.2022,M2,34’ revealed anisotropy in three of them.
These sub-volumes were permeable along a plane defined
by the cross-cutting fractures (permeability ranged from
5.9 9 10�13 m2 to 3.3 9 10�14 m2) and had a
permeability that tended toward zero perpendicular to that
plane (Table S2). The orientation of fractures changed
between sub-volumes, and consequently the orientation of
the permeable plane varied (Table S2). The fourth sub-
volume, which contained no cross-cutting fractures, had a
very low permeability in all three measured directions
(Table S2). The near-zero permeability values reflect a lack
of interconnecting pores within the lithologies at the
spatial resolution of the lCT data (0.85–1.2 lm voxel�1).

Mineralogy of Winchcombe’s FGRs, Matrix, and TCIs

Lithologic descriptions and petrologic subtypes have
already been provided by Suttle et al. (2022). Therefore, the
following will only cover additional descriptions of the
matrix TCIs and FGRs, in order to understand
heterogeneities in the degrees of aqueous alteration both
within and between lithologies in the Winchcombe
meteorite. Additional detailed observations are found in
the File S1 and Figures S1–S3. Here we define FGRs as
accumulations of fine-grained materials surrounding an
inclusion such as a chondrule, altered chondrule, CAI,
TCI, etc. The term TCI describes objects that contain fibers
of tochilinite intergrown with cronstedtite (Fuchs et al.,
1973; Pignatelli et al., 2017; Rubin et al., 2007; Tomeoka &
Buseck, 1985; Vacher et al., 2019). However, TCI is a term
that has been used to describe a variety of objects in CM
chondrites, including many that contain no cronstedtite.
The majority of TCIs in Winchcombe are type II (Suttle
et al., 2022). Here we use “TCI-like objects” as a term for

any object that is rimmed by and/or has fibers of an Fe-
S-rich secondary phase, such as tochilinite with a Mg-rich
core that contains a Mg-rich secondary phase, for example,
Mg-rich serpentine. TCI-like objects can also contain
carbonate or anhydrous silicates in their interior as well as
void space. Our definition of TCIs is in line with the
previous descriptions of TCIs in the literature (Fuchs et al.,
1973; Pignatelli et al., 2017; Rubin et al., 2007; Tomeoka &
Buseck, 1985; Vacher et al., 2019) but contains the caveat
that these objects do not necessarily need to contain
cronstedtite. Matrix is the remaining fine-grained
interstitial material. The matrix may contain small
fragments of TCI-like objects, FGR, chondrules, and
CAIs. Note “Mx” is used throughout to define the
cataclastic matrix between lithologies and matrix is used to
describe the fine-grained inter-chondrule material within
lithologies including the cataclastic matrix (Mx).

Matrix

Matrix Composition
The chemical composition of matrix within each

lithology is highly heterogeneous, consistent with previous
work (McSween Jr, 1979a; Zolensky et al., 1993). In
addition, the quantitative EDS data presented here were
collected with a focused electron beam with a spot size of
<1 lm rather than the defocused electron beam that has
been used in previous EPMA-WDS works (McSween
Jr, 1979a; Zolensky et al., 1993). As such, we might expect
to observe a greater degree of chemical heterogeneity than
in previous work on CMs, due to the smaller interaction
volume and beam diameter the EDS signal is generated
from in this study.

The data fields of the matrices of most lithologies
overlap significantly. The average atom% Mg# of the
matrix of each lithology overlaps within one standard
deviation, with the exception of lithology B in section
P30552 (Table 1; Figures 3b and 4b). All lithologies show
a wide range of Fe, S, Mg, and Si + Al values that
overlap with each other (Figures 3 and 4, Figures S4 and
S5), but there are subtle variations in composition between
lithologies that are described in detail in File S1. No
correlation is observed between petrologic type and the
Mg# or S concentration of the matrix of any lithology.

FIGURE 2. 2-D analysis of the preferred shape orientation of chondrules from SEM images of Winchcombe thin sections.
(a) P30552 (lithology A), (b) P30542 (lithology B and fusion crust), (c) P30545 (lithology B and Mx), (d) P30424 (lithology B and
Mx), (e) P30423 (lithology C), (f) P30541 (lithology D and Mx), (g) P30548 (Lithology E), and (h) P30540 (lithology F, G, and Mx).
Chondrules and chondrule pseudomorphs are colored blue, CAIs yellow, and matrix gray. Lithological boundaries are marked in
white lines and the boundary between areas affected by cracking from the fusion crust are demarked by red lines. The long shape
axes of chondrules were plotted on a rose diagram and subdivided by lithology where multiple lithologies were present. Data show
that most lithologies in the Winchcombe meteorite exhibit a preferred orientation of the long shape axes of chondrules.

8 L. Daly et al.
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Matrix Petrology
Detailed descriptions of the matrix mineralogy can be

found in File S1. Here we summarize the pertinent
observations and variations in the matrix between
lithologies.

The matrix material across all lithologies is
predominantly composed of fine-grained (1–5 lm) to
coarse-grained (5–10 lm) clumps or laths of serpentine
with interspersed tochilinite crystals and TCI-like object
fragments (Figure 5a,b). Minor components of matrix are
carbonates and magnetite. Rare phases such as
daubr�eelite, schreibersite, eskolaite, refractory metal
nuggets, and apatite have also been observed in individual
lithologies, but their scarcity means it is not clear whether
they are unique to those lithologies or just uncommon
(Figure 5c–f).

In lithology A (CM 2.2), some regions of matrix
appear to penetrate TCI-like objects as veins that run
along grain boundaries and taper to a termination
within the TCI-like object (Figure 6b). Serpentine
laths within these veins have a consistent orientation.
In Lithology A, one chondrule, close to the fusion
crust, contains cross-cutting veins and infilled
fractures of alteration products (Figure 7a,b). An
early vein of serpentine is cross-cut by a later fracture
filled with matrix (Figure 7a,b). These serpentine veins
are curved, crystallographically controlled, and cut
across forsterite, with crystals oriented parallel to vein
margins. The serpentine veins are cross-cut by an
iron-rich, matrix-filled fracture, which mostly consists
of an amorphous silicate. The amorphous nature of
the silicate was inferred due to non-stochiometric
compositions and a lack of crystal boundaries.
However, in some parts of the infilled fracture sheet-
like crystals are observed, which are likely to be
cronstedtite (Figure 7b).

In lithology B, the matrix is highly porous (12%) and
contains a bimodal distribution of fine-grained (1–5 lm)
and coarse-grained (5–10 lm) serpentine laths
(Figure 5b). The matrix of lithologies B, E, and F is
dominated (>60%) by TCI-like object fragments.
Conversely, the matrix of lithology C comprises
approximately 90 area % (Figure 2e), the remainder is
comprised of dispersed TCI-like objects. The matrix of
lithology D is distinct as it also contains partially altered
metal grains. However, it should be noted that it is
possible these metal grains could be carbides due to the
challenges associated with detecting carbon by EDS
(Brearley, 2021). Similarly, the matrix of lithology G is
distinct as it contains several fragments of anhydrous
silicates. Finally, the matrix of Mx is full of quasi-
rectangular voids and is comprised of mainly coarse-
grained (<20 lm) serpentine, with patches of fine-grained
material adjacent to serpentine-rich regions.

TCI-Like Objects

Composition of TCI-Like Objects
WDS-EPMA/EDS data were acquired from the Mg-

rich interior of TCI-like objects and their Fe-rich rims
and fibers: in most cases, the Fe-rich phase is tochilinite
and the Mg-rich phase is serpentine. Only data for TCI-
like objects hosted in the matrix are presented here. Data
for TCI-like objects in chondrules and chondrule
pseudomorphs are presented separately in this paper. In
addition, as the Fe-rich fibers are thin and intergrown
with Mg-rich serpentine, many data points from the TCI-
like object rims are likely mixtures of the Fe-rich
tochilinite fiber and the Mg-rich serpentine core due to
the interaction volume from which the x-ray signal was
generated. However, our use of a focused electron beam
here means that we have a reduced impact from
contributions from this nanoscale heterogeneity than
from a defocused electron beam and are able to resolve
heterogeneities in TCIs at a greater spatial resolution.

The composition of all Mg-rich cores of the TCI-like
objects in all lithologies is relatively uniform (Figures 3
and 4 Figures S4 and S5, Table 1). In particular, the
average Mg# is indistinguishable within two standard
deviations for all lithologies except lithology E, which has
a slightly lower Mg# (Figure 4, Figure S5, Table 1).
There are subtle chemical differences that are presented in
File S1.

The composition of the Fe-rich tochilinite rims of the
TCI-like objects covers a broad wedge in the atom%
ternary plots that taper toward the composition of the
Mg-rich serpentine core cluster (Figure 3, Figure S4).
Although there is some overlap, each lithology seems to
have distinct TCI-like object rim compositions (Figure 3,
Figure S4). Specific differences are presented in File S1.
Lithology Mx spans the full range of compositions
(Figures 3 and 4, Figures S4 and S5). However, the
overlap of lithology Mx TCI-like object rims is not
complete, particularly for Mg#. No correlation is
observed between each lithology’s petrologic type and
Mg# or S abundance in the TCI-like object’s rims.

Petrology of TCI-Like Objects
TCI-like objects have been described in detail across

the lithologies in the Winchcombe meteorite by Suttle
et al. (2022) and are in general consistent with descriptions
of TCIs in the literature (Fuchs et al., 1973; Pignatelli
et al., 2017; Rubin et al., 2007; Tomeoka & Buseck, 1985;
Vacher et al., 2019). Here we briefly provide additional
descriptions of TCI-like objects relevant to the present
study. Detailed descriptions can be found in File S1.

In general, TCI-like objects occur as large 20–200 lm
clumps in the matrix and approximately half are enclosed
by FGRs (Figures 6g, 8a,h and Figure S1). In lithology A

10 L. Daly et al.
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FIGURE 3. Ternary plots (atom%) of Fe + Mg versus S versus Al + Si measured by WDS-EPMA and EDS of (a) fine-
grained rim, (b) matrix, (c) TCI-like object rim, (d) TCI-like object core, and (e) phyllosilicates in chondrules and CAIs. Colors
are used to distinguish EDS and WDS-EPMA measurements from different lithologies. The red triangle on the ternary on the
left hand side indicates the limits of the magnified view of the ternary presented on the right.

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 11
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and B, TCI-like objects cover ~30%–40% of the area of
the meteorite (Figures S1 and S2). In lithology C, TCI-
like object abundance is reduced to 10 area % and they
are absent from lithology D (Suttle et al., 2022)
(Figure S3a,b respectively). TCI-like objects dominate the
inter-chondrule space in lithology F (Figure S3d). In
lithology Mx, TCI-like objects appear as rounded clusters
(Figure S3b,d,f).

Approximately 30% of TCI-like objects have drusy
textures exhibiting tochilinite crystals decorating the
external surface of the inclusion with a core of
serpentine/cronstedtite (Figures 6g, 8a,h and Figure S1).

The central area of some TCI-like objects includes void
space or calcite/aragonite (Figure 6f and Figure S1).
Many TCI-like objects have angular outlines and are
present in clusters of objects with seemingly related
textures, except in lithology Mx where they are more
rounded (Figures S1–S3). Where TCI-like objects occur
as a cluster, the surfaces of many of the TCI-like objects
are separated by areas of matrix and have matching
geometries (on the plane of section) (Figure 6b and
Figure S1). Between these TCI-like objects are broadly
tabular shaped areas of matrix that penetrate a single
TCI-like object and taper to a termination within them
(Figure 6b,g). In one of the areas where veins of matrix
have penetrated between TCI-like objects, the coarse
serpentine crystals in the matrix have a consistent shape
orientation (Figure 6b).

Low kV, high vacuum, and ultra-high spatial
resolution EDS maps show four distinct phases within
drusy TCI-like objects: two Mg-rich phyllosilicates,
where one contains moderately more Fe than the other,
and two Fe-rich phyllosilicates with different Fe contents
(Figure 6g). The moderately Fe-rich phyllosilicates occur
as symmetrical veins, with an Mg-rich core, that are
faceted and penetrate in from the edge of the inclusion
and then curve toward the interior of the TCI-like objects
to meet at 120° triple junctions (Figure 6g). On the
exterior of the TCI-like objects these veins are split along
the central point by microfractures (Figure 6g). The most
Fe-rich phyllosilicates occur as straight to curved fibrous
growths that extend from the moderately Fe-rich veins
into the Mg-rich region (Figure 6g). Both phases that
contain moderate amounts of Mg or are Mg rich occur as
patches that infill the area between the Fe-rich fibers and
veins (Figure 6g).

FIB-TOF-SIMS analysis of drusy TCI-like objects
reveals that Na is enriched within the region containing
the Fe-rich fibrous phyllosilicates and Ca is enriched at
the termination of the Fe-rich serpentines (Figure 8a–e).

TEM analysis of these drusy TCI-like objects
revealed that they are comprised of tochilinite–serpentine
fibers enclosed by Mg-Fe serpentine (Figure 8f,g). The
Mg-Fe phyllosilicates have a fine lamellar structure and
are crystallographically aligned with the tochilinite fiber.
The Mg-rich interior of the TCI-like objects is also
porous with pores aligned perpendicular with the
orientation of phyllosilicate fibers (Figure 8f,g). The d001-
spacings range 0.66–0.74 nm, averaging ~0.70 nm, with
repeating units of two layers, consistent with 1:1 layered
T–O phyllosilicate, characteristic of serpentine-group
minerals. APT analysis of a similar drusy TCI-like object
(Figure 8h) reveals fine interlaminations of Fe-rich and
Mg-rich phyllosilicates, and Na is concentrated on the
boundaries between these two phases (Figure 8i,j).

FIGURE 4. Violin plots of Mg# (atom%) versus lithology from
WDS-EPMA and EDS measurements of (a) fine-grained rim, (b)
matrix, (c) TCI-like object rim, (d) TCI-like object core, and (e)
phyllosilicates in chondrules and CAIs. Violin data distributions
are constrained by the limits of the measured data.

12 L. Daly et al.
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FIGURE 5. EDS maps and BSE images of fine-grained minerals and materials within the Winchcombe meteorite. (a) Low
voltage (3 kV) EDS map of the matrix of lithology A, showing fine-grained serpentines, fragments of TCI-like objects, and Ni-
sulfides. (b) BSE image of the matrix of lithology B revealing high-porosity and fine- to coarse-grained serpentine laths and
sulfide grains (bright phases). Both the pores and serpentine laths have a preferred orientation with the long shape axis running
top left to bottom right of the image. (c) EDS map of schreibersite, daubr�eelite, and pentlandite (Pn) within lithology A. (d)
EDS map of eskolaite and P-bearing sulfides within lithology F. (e) EDS map of a refractory metal nugget within a sulfide grain
within the matrix of lithology E. The RMN is multi-domain with Pt-rich and Os-rich regions. (f) BSE image of fine-grained
intergrowths of apatite (Ap) and pentlandite (Pn) within lithology F.

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 13
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Fine-Grained Rims

Composition of FGRs
Both EDS/WDS-EPMA data were only acquired for

FGRs in lithologies A, B, D, and E (Table 1, Figures 3
and 4, Figures S4 and S5). As before, a focused electron
beam was used and as such, we might expect to see a
greater degree of heterogeneity compared to previous
studies that used a dispersed beam due to the reduced
electron beam interaction volume. All these lithologies
exhibit a wide scatter of compositions (Figures 3 and 4,
Figures S4 and S5). Lithology D and E compositional
data broadly overlap (Figures 3 and 4, Figures S4 and
S5). Lithology B FGRs appear to be compositionally
distinct (with relatively higher Mg contents) from those
of A, D, and E, though there is some overlap toward the
higher Fe compositions of lithology B (Figures 3 and 4,
Figures S4 and S5). More details are provided in File S1.

Petrology of FGRs
In all lithologies, FGRs occur as mantles around

objects like chondrules, silicate fragments, and TCI-like
objects. The FGRs in Winchcombe are similar to FGRs
described for CMs in the literature (Chizmadia &
Brearley, 2004, 2008; Lauretta et al., 2000; Metzler et al.,
1992; Noguchi et al., 2021; Pinto et al., 2022; Zanetta
et al., 2021) and as such, only relevant observations for
this study are presented here. FGRs exhibit a
homogeneous, compact texture (no layering), have a
relatively uniform thickness (typically 30–100 lm), and are
similar to the matrix in petrographic appearance,
independent of what object they are mantling. One
exception is the Mx, where one large chondrule has a wide
FGR with distinct layers—compact next to the chondrule
edge and porous in an outer layer.

At the TEM scale, the FGRs are composed mainly
of finely crystalline material whose selected area
diffraction (SAED) patterns contain continuous rings
with d-spacings of 0.45, 0.36, 0.25, and 0.15 nm; this
material characteristically has ≲100 nm diameter pores
(Figure 9a,b). There are also micrometer-sized irregular
areas, patches or bands within the FGRs that are more
coarsely crystalline (Figure 9a,b), and high-resolution
TEM images show that constituent nanocrystals have a
~0.72 nm lattice fringe spacing indicative of serpentine
(Figure 9a). The coarsely crystalline areas yield SAED
patterns containing sectored rings that have d-spacings
of 0.35, 0.25, and 0.13 nm.

Constituents of the FGRs also include organic
nanoglobules a few hundred nanometers in diameter
(Figure 9b,c). Some of the nanoglobules are hollow, and
some are partially embayed by the finely crystalline
material (Figure 9b,c). The FGRs also contain objects
~3 lm in size that are distinguished by the presence of
euhedral crystals of sulfide and/or Fe-Cr-oxides that
typically are ≲200 nm in size but can reach up to
~800 nm (Figure 9d–f). These objects also contain some
thin filaments of serpentine (Figure 9d–f). They are
hereafter referred to as nano-sulfide/oxide objects
(Figure 9d–f). The constituent sulfide/oxide crystals are
enclosed within amorphous material that stands out from
surrounding phyllosilicates by a compact structure and
the absence of nanopores (Figure 9d–f). Most of the
crystals were too small to chemically analyze by TEM,
but the largest crystal in Figure 9f is a Fe-Ni sulfide.

Carbonate Textures

Several lithologies contain carbonate phases including
calcite, dolomite, and aragonite that are associated with

FIGURE 6. EDS-EBSD maps and BSE images of the range of carbonate to TCI-like object replacement textures present in the
Winchcombe meteorite lithology A. (a, b) BSE images of a TCI-like objects that have been displaced and disrupted by veins of
matrix that penetrate along grain boundaries in the TCI-like object and taper to a point. The matrix veins are highlighted by the
white dashed lines. (c) EBSD phase map showing two carbonate grains, one aragonite (Arg), and the other calcite (Cal). At the
bottom of the Cal grains is an inclusion of Arg. (d) EBSD Inverse pole figure map of the same Cal Arg assemblage as in (c)
showing the orientation of Arg and Cal crystals. The grain boundaries are perpendicular to the grain edge and curve to 120° triple
junctions within the carbonate grains and the Arg exhibits mechanical twins highlighted by red lines. The grain shapes are otherwise
similar between Cal and Arg. In addition, where the Arg and Cal are present in the same location, the IPF color is similar
suggesting a crystallographic orientation relationship and epitaxial replacement. (e) EBSD Grain Reference Orientation Deviation
(GROD) angle map of the same Cal-Arg assemblage as in (c) showing the misorientations of Arg and Cal crystals. The
misorientation of pixels from the average orientation of that grain is color coded, where blue is low misorientation and green-yellow
express higher amounts of misorientation. Cal is completely undeformed and Arg displays extensive internal misorientation. Twin
boundaries in the Arg are highlighted by red lines. (f) EBSD and low voltage (5 kV) EDS map of a Cal grain that has been
partially replaced by a TCI-like object. Note that the Fe-rich fibers of the TCI-like object are straight when they penetrate the Cal
and appear to be following cleavage and grain boundaries. (g) Low voltage (5 kV) EDS map, of a TCI-like object. The TCI-like
object contains two Fe-rich phases that are present as fibers that both surround and penetrate into the TCI-like object and two Mg-
rich phases that are present in the core of the TCI-like object. Of the two Fe-rich phases, the most Fe-poor variety has a very
similar texture to the grain boundaries exhibited in calcite and aragonite phase that are perpendicular to the edge of the object and
bent into 120° triple junctions in the interior of the TCI-like object, suggesting a pseudomorph texture.

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 15
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TCI-like objects (Figure 6 and Figure S6) and are similar
to TCI-hosting carbonates described in the literature
(Dobric�a et al., 2022; Lee et al., 2012; Lindgren et al.,
2017). Observations relevant to the interpretations are
outlined below and detailed descriptions can be found in
File S1.

EBSD microanalysis show that both calcite and
aragonite are present within lithology A (Figure 6c–f).
Aragonite clusters contain several discrete grains with
faceted grain boundaries that align with crystallographic
axis and meet at 120° triple junctions (Figure 6c–f).
Aragonite grains show extensive crystal plastic

FIGURE 7. BSE images and EBSD maps of the range of replacement textures observed in anhydrous silicates in Winchcombe.
(a, b) are BSE images of cross-cutting veins of matrix material that have penetrated into olivine (Ol) grains, cutting across both
the Ol and serpentine (Srp) veins. The red lines outline the boundary between Srp and Ol and the yellow lines outline the
boundary between a vein of matrix and Ol. Again, no alteration is observed where hydrated matrix is in contact with Ol. (c–e)
BSE, EBSD phase map, and EBSD IPF map, respectively, of anhydrous silicates in a chondrule. BSE images show that the Ol
grains are partially replaced by Srp which is both penetrating along subgrain boundaries and replacing the exterior of the Ol
crystals. The Srp trends from Fe-rich at the center of the vein to Mg-rich in contact with Ol. Diopside (Di) is also partially
replaced by phyllosilicates. There are also TCI-like objects within the chondrule that have completely replaced the precursor
phase—likely Augite (Aug) orthopyroxene. EBSD shows that the Fe-rich phase is a mixture of cronstedtite and lizardite, and the
IPF maps show that these have similar orientations along edges of the TCI-like object suggesting a relationship between the
secondary phase and the primary phase. The white dashed line outlines the boundaries of the fine-grained rim. (f) EDS map of
an Ol clast in the matrix of lithology A. Here the exterior of the Ol grain is unaltered and only a crystallographically controlled
Srp veins are observed that dissects the Ol. There is a cross-cutting relationship where the Srp vein is truncated by a vein of
matrix, and the Ol does not show evidence of alteration where in contact with the hydrated matrix material. (g, h) BSE images
of Ol grains that have Fe-rich rims. The Fe-rich Ol is unaltered to partially altered, even where in contact with hydrated matrix.

16 L. Daly et al.
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deformation microstructures including mechanical twins
(some of which are curved), intragranular disorientation,
and subgrains (Figure 6e). The subgrains within aragonite
have faceted shapes. Intragranular low-angle boundaries
show clear rotation about <100>, and Weighted Burgers
Vectors preferentially parallel to <001> and <010>. These
microstructures are consistent with deformation by
dislocation creep. Conversely, calcite is completely
undeformed. However, in common with aragonite, it has
multigrain assemblages with the same faceted grain
boundaries that align with crystal axes and meet at 120°
triple junctions (Figure 6c–f). Aragonite and calcite can
also be found within the same carbonate assemblage,
where they exhibit an epitaxial relationship where the
major crystal axes of aragonite and calcite are in the same
orientation (Figure 6d).

Calcite is also observed to be partially replaced by
TCI-like object material (Figure 6f). These replacement
textures are similar to literature descriptions of
carbonates in CMs (Dobric�a et al., 2022; Lee et al., 2012;
Lindgren et al., 2017). Interestingly, some TCI-like
objects that do not contain residual calcite also exhibit
similar textures to the unaltered calcite and aragonite
grains, with straight grain boundaries and 120° triple
junctions defined by Fe-S-rich phyllosilicates (Figures 6a,
b,g and 8h).

Anhydrous Silicate Alteration Textures

Whole section EDS maps where Mg is red, Fe is
green, and Ca is blue are ideal for visualizing the
distribution of olivine and pyroxene (bright red),
serpentine (dark red), carbonate (blue), and TCI-like
objects (green). These maps reveal that within all
lithologies, except lithology F (Figure S3a), anhydrous
silicates including olivine and pyroxene occur (Figures S1–
S3). The distribution of surviving olivine grains in both
chondrules and as fragmented grains in the matrix is
random (Figures S1–S3). No relationship is observed
between the concentration of surviving olivine grains and
any 2-D petrofabric, nor do certain areas within the same
lithology contain higher or lower abundances of olivine
(Figure 2, Figures S1–S3). Chondrules that are completely
altered to secondary mineral assemblages are situated
close to or even touching chondrules that contain
surviving olivine. However, all surviving anhydrous
silicates exhibit some evidence of aqueous alteration.
EBSD and EDS reveal that Fe-Ni metal grains are
preserved in some anhydrous silicates that have been
protected from aqueous fluids (Figure 7d). In lithology D,
there is ~1.5% metal including metal grains that are not
enclosed within anhydrous silicates, a testament to its low
alteration extent. Large metal grains can also be found in
chondrule olivine from the Mx lithology.

There is an apparent difference between the extent of
aqueous alteration of chondrule-hosted and matrix-
hosted anhydrous silicates in some lithologies. Chondrule-
hosted anhydrous silicates, both pyroxene and olivine
(Figure 7c–e), are more extensively altered than their
matrix counterparts (Figure 7f–h). Chondrule olivine and
pyroxene grains exhibit alteration textures around all
exterior surfaces (Figure 7c–e), as well as symmetrical
crystallographically controlled alteration veins of ph
yllosilicates that cut across the olivine crystals (Figure 7c–
e). In contrast, alteration textures in matrix olivine grains
are not present on all exterior surfaces, and cross-cutting
relationships are observed between interior alteration veins
and the surrounding FGRs or matrix material (Figure 7g,
h). Some matrix-hosted olivine grains in lithology B exh
ibit Fe zoning with classic diffuse Fe-rich rims (Figure 7g,
h). These Fe-rich olivine rims show little to no evidence of
being preferentially altered to serpentine (Figure 7g,h).

EBSD analysis of both partially altered chondrule-
and matrix-hosted olivine and pyroxene grains/fragments
in lithology A reveals that they are undeformed, with no
internal misorientation observed on either side of
alteration vein structures (Figure 7c–e). However, many
chondrules are fragmented and are not spherical but
elongate (Figures 1 and 2, Figures S1–S3). Two
phyllosilicate phases were detected by EBSD within a
single partially altered chondrule (Figure 7c–e). These
diffracting phyllosilicates were found on the outer rim of
discrete alteration assemblages, with a Fe-rich rim that is
straight or zig zagged with a Mg-rich core (Figure 7c–e),
similar to objects described in other CMs (Hanowski &
Brearley, 2001; Velbel, 2014; Velbel et al., 2012, 2015).
These crystalline phases are consistent with cronstedtite
and lizardite (Figure 7c–e). Within these diffracting
phyllosilicate alteration assemblages, none of the original
phase survives; the cronstedtite and lizardite exhibit
symmetrical vein textures and appear to have completely
replaced the preexisting mineral (Figure 7c–e). In some
regions, there appears to be a crystallographic orientation
relationship between cronstedtite and lizardite, where
along straight portions of the vein the phases have a
consistent orientation (Figure 7e). Cronstedtite and
lizardite are only detected in the Fe-rich rim surrounding
an Mg-rich core of these alteration assemblages
(Figure 7c–e). The phyllosilicate assemblages that still
surround or are within surviving chondrule olivine and
pyroxene, do not yield any diffraction patterns, have
higher S and Ni and lower Fe compositions and a different
morphology to the secondary alteration phases that
yielded diffraction patterns (Figure 7c–e). The lack of
diffraction patterns from the alteration phases
surrounding olivine could be because they are nano
crystalline, producing a mixed diffraction pattern. We do
not believe that poor sample preparation or beam
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sensitivity of the phases is a likely reason for the lack of
diffraction patterns as lizardite and cronstedtite also
require near perfect sample preparation and are highly
beam sensitive (Daly et al., 2020, 2021; Lee et al., 2003).

The geochemistry of alteration mineral assemblages of
phyllosilicates within chondrules, CAIs, and clasts of
anhydrous silicate is largely similar to that of the matrix,
FGR, and TCI-like object compositions, but phyllosilicates
in chondrules have much lower concentrations of S
consistent with Hanowski and Brearley (2001) (Table 1,
Figures 3 and 4).

DISCUSSION

Macroscale Brecciation of the Winchcombe Meteorite

Brecciation and reaccretion is an important process
that affected many CM chondrites (Bischoff et al., 2017;
Lee, Floyd, et al., 2023; Lentfort et al., 2021; Lindgren
et al., 2013). Brecciated CMs contain distinct CM
lithological clasts juxtaposed with other CM clasts
generally with different textures, proportions of
chondrules matrix and TCI-like objects and aqueous
alteration histories (Bischoff et al., 2017; Lee, Floyd, et al.,
2023; Lentfort et al., 2021; Lindgren et al., 2013). Some
clasts can have their own smaller discrete clasts present
within them (Lentfort et al., 2021). The Winchcombe
meteorite is also a breccia with eight distinct lithologies
with different aqueous alteration histories spanning
petrologic types CM2.0–2.6 that are suspended within a
cataclastic Mx (Suttle et al., 2022). Noble gas
measurements of Winchcombe show it is from the regolith
near the surface of its parent asteroid (King et al., 2022).
As such, brecciation has clearly played an important role
in the evolution of this meteorite as it does for most CM
meteorites.

It is generally thought that brecciation occurred late,
after the cessation of aqueous activity (Bischoff et al.,
2017) and that each individual lithology was altered by
fluids as a whole on discrete parts of a parent body
(Brearley, 2003, 2006; Rubin et al., 2007; Suttle et al.,
2021). There is some evidence that some aqueous
alteration occurred after brecciation, that is, the

preservation of iron-rich haloes in some CM chondrites,
or that some CMs escaped brecciation preserving these
delicate aqueous alteration textures (Hanowski &
Brearley, 2000). Regional planetesimal scale aqueous
alteration will largely overprint and obscure earlier
nebular and accretionary processes (Brearley, 2006;
Weisberg et al., 2006), as well as homogenize secondary
mineral chemistry (Brearley, 2006). Water–rock reactions
in particular result in relatively quick (days-months-years)
(Andreani et al., 2013; Jones & Brearley, 2006; Lafay
et al., 2012; Lamadrid et al., 2017, 2021; Martin &
Fyfe, 1970; Velbel et al., 2012) replacement of primary
mineralogy with secondary minerals by dissolution and
reprecipitation reactions (Pirajno, 2012; Putnis et al.,
2009). These water–rock reactions rapidly converge to
geochemical equilibrium, thus, assuming no change in
physiochemical conditions of the fluid occurs, aqueous
alteration produces a diverse secondary mineral
assemblage, where each mineral constituent is
geochemically uniform (Fulignati, 2020; Velbel, 2014;
Velbel et al., 2012). However, if this assumption does not
hold, then the secondary mineral assemblage will be
diverse internally and locally also (Hanowski &
Brearley, 2001; Singerling & Brearley, 2020).

Meteorites of the CM chondrite group have been
affected by fluids to varying degrees (Brearley, 2003;
Hewins et al., 2014; Lee et al., 2012, 2014; Lindgren et al.,
2017; Metzler et al., 1992; Rubin et al., 2007; Suttle et al.,
2021). As the severity of fluid alteration increases, a range
of changes are observed:

1. Anhydrous silicates such as Mg-rich olivine become
progressively replaced by phyllosilicates ranging from
CM3.0 (unaltered anhydrous silicates) to CM2.0
(completely altered anhydrous silicates) on the Rubin
et al. (2007) scale.

2. The Mg content of the matrix and other secondary
minerals increases (McSween Jr & Richardson, 1977;
Rubin et al., 2007; Suttle et al., 2021).

3. The Si content of TCIs increases (Rubin et al., 2007;
Suttle et al., 2021).

4. Carbonates become more mineralogically complex
with aragonite becoming replaced with calcite and
then subsequently replaced with dolomite,

FIGURE 8. BSE, FIB-TOF-SIMS, and APT data of the interface between the Fe-rich and Mg-rich phases in TCI-like objects
from lithology A. (a) A BSE image of a TCI-like object surrounded by a FGR; the green box shows where the FIB-TOF-SIMS
maps were acquired from. (b–e) FIB-TOF-SIMS maps showing SE, Ca, Mg, and Na distributions respectively. Na is
concentrated in the Fe-rich fibers and Ca is concentrated on the boundary between Fe- and Mg-rich regions. (f, g) TEM bright
field images of TCI-like object rims and fibers panel G also has an inset SAED pattern. (h) BSE image of a TCI-like object
surrounded by a FGR, the red box indicates where APT samples were extracted from. (i, j) APT data sets of the intergrowth of
Fe- and Mg-rich showing the distribution of Fe, Na, Mg, and S atoms revealing that Fe- and Mg-rich phases are intergrown at
the nanoscale and Na is concentrated at the boundaries between phases. The dashed line highlights the boundary between the
Fe- and Mg-rich phases.

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 19
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FIGURE 9. Fine-grained rims (FGRs) in Winchcombe lithology A. (a) Bright-field TEM image and inset SAED patterns. In the
image is a band of relatively coarsely crystalline phyllosilicate (with fibers extending from upper left to lower right) surrounded
by more finely crystalline and porous phyllosilicate (pores are white). The left-hand side SAED pattern is from an area of the
finely crystalline phyllosilicate and shows that the constituent crystals and small and randomly oriented. The most prominent
ring has a d-spacing of 0.26 nm. The SAED pattern to its right is from the more coarsely crystalline band, and the two most
prominent sectored rings have d-spacings of 0.35 and 0.25 nm. (b) Bright-field TEM image showing an area of a different rim to
(a) that also comprises patches of phyllosilicate that differ in crystal size. The finer grained phyllosilicate is again micropore-rich,
and also contains a hollow organic nanoglobule. The vertical streaks are artifacts from FIB milling. (c) Bright-field TEM image
of the nanoglobule in (b), the exterior parts of which have been partially replaced by the phyllosilicate. d) BSE image of a fine-
grained rim on a chondrule, the outer edge of which can be seen in the lower left. (e) BSE image of the white boxed area in (d)
showing an object 3 lm across that is an aggregate of sulfide and/or metal grains ~75–225 nm in size. (f) HAADF STEM image
of an amorphous silicate grain with embedded nano-sulfide/oxide that is enclosed in a nanoporous phyllosilicate groundmass.
Most of the sulfide/oxide grains are euhedral, and ~100–800 nm in size, and are supported within an amorphous matrix. The
crystal to the left of center is a Fe-Ni sulfide.

20 L. Daly et al.
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breunnerite, and phyllosilicates (Lee et al., 2012,
2014; Lee & Ellen, 2008).

5. Destruction or modification of primary accreted
materials that are typically more sensitive to the fluid,
that is, amorphous silicates, organics, presolar grains,
chondrule mesostasis, metal, primary sulfides,
fayalitic olivine, and FGRs (Brearley, 2003, 2006;
Hanowski & Brearley, 2001; Leroux et al., 2015;
McSween Jr, 1979a; Metzler et al., 1992; Pinto et al.,
2022; Rubin et al., 2007; Singerling & Brearley, 2020;
Suttle et al., 2021; Tomeoka & Buseck, 1985; Zanetta
et al., 2021, 2022).

In many CMs, these replacement reactions are not
uniform as expected for whole-rock aqueous alteration,
and observations of CM chondrites show substantial
heterogeneity in the degree of aqueous alteration
experienced by similar components not only between
lithologies but also within them (Bischoff, 1998;
Brearley, 2003; Leroux et al., 2015; Metzler et al., 1992;
Zolensky et al., 1997). Some of this heterogeneity in
secondary minerals can be reconciled if the effect of
brecciation is accounted for (Hanowski & Brearley, 2001).
Here, secondary mineral heterogeneity is controlled by the
precursor phase and local microenvironments (Hanowski
& Brearley, 2001). However, disequilibrium textures that
cannot be reconciled by clast scale brecciation are
widespread in CMs with nearly unaltered mineral grains
near completely altered pseudomorphs of the same
primary mineral (Bischoff et al., 2017; Metzler et al., 1992;
Noguchi et al., 2021; Suttle et al., 2021; Zolensky et al.,
1997). In Winchcombe, we see similar evidence for this
heterogeneity in the response of CM components similar
to aqueous alteration even in low petrologic subtypes
(CM2.2–2.1) such as:

1. Former grains of anhydrous silicates, now completely
replaced, are present within a few hundred micrometers
of minimally-altered-to-unaltered anhydrous silicate
grains, even within Lithologies A and B (petrologic
subtypes CM2.2 and 2.1, respectively (Suttle et al.,
2022); Figures S1–S3); similar to textures described in
other CMs (Bischoff et al., 2017; Metzler et al., 1992;
Noguchi et al., 2021; Suttle et al., 2021; Zolensky et al.,
1997).

2. Some surviving olivine fragments in the matrix only
have serpentine veins on their interior, while their
exterior in contact with hydrated matrix shows no
reaction rim (Figure 7a,b,f–h). This texture is
consistent with brecciation predominantly post-
dating aqueous alteration.

3. Surviving fragmental grains of olivine in the matrix
are, on average, less aqueously altered than
chondrule olivines of similar size (Figure 7), similar
to textures described by Jacquet et al. (2021).

However, other fine-grained matrix olivine grains in
the same location may have been completely
replaced (Figure 7, Figures S1–S3).

4. Cross-cutting relationships between phyllosilicate
veins and primary olivine grains are truncated by
fractures infilled by hydrated matrix, with no
evidence for fluid driven alteration textures being
observed in the olivine or olivine-hosted
phyllosilicates in contact with the vein despite
evidence for aqueous alteration of the olivine
elsewhere in the same grain (Figure 7a,b).

5. Fayalitic olivine fragments, which should be more
susceptible to alteration by fluids than forsteritic
grains (Brearley, 2003, 2006; Hanowski &
Brearley, 2001; Suttle et al., 2021), survive in
lithologies where the forsteritic grains have been
partially to completely replaced (Figure 7c–e);

6. There is a large geochemical variation in the
composition of secondary phases in the matrix TCI-
like object rims and FGRs that does not correlate
with degree of alteration (Figures 3 and 4). This is
consistent with other descriptions of CMs
(McSween Jr, 1979a, 1987; Noguchi et al., 2021;
Zolensky et al., 1993).

7. No geochemical correlation exists between the
extent of aqueous alteration and the spread of
chemistry of matrix, TCI—like object rims, FGRs,
and secondary phases in chondrules and CAIs
which overlap significantly (Figures 3 and 4).

8. Secondary mineral assemblages hosted within
chondrules, CAIs, and anhydrous silicates are
geochemically distinct relative to those in the
matrix, TCI-like objects, and FGRs (Table 1,
Figures 3 and 4, Figures S4 and S5).

9. The amorphous silicate with embedded sulfide and
oxide objects we observed and other phases that are
typically thought to be fluid susceptible are seen to
survive relatively unaltered in FGRs within
nanometers of phyllosilicates in lithologies of high
(CM2.1–2.2) petrologic types in Winchcombe
lithologies (Figure 9e,f).

10. Partial replacement of fluid susceptible metastable
aragonite (Brown et al., 1962) with calcite and
partial to complete replacement of carbonate
assemblages with TCI-like objects (Figure 6c–f).

It should be noted that all these observations occur
away from the clear lithological boundaries that separate
lithologies A–H and Mx (King et al., 2022; Suttle et al.,
2022) and so cannot be simply explained by macroscale
brecciation (Bischoff et al., 2017; Lentfort et al., 2021).

Here we discuss the implications of these observations
on the length scale of brecciation and heterogeneity of
aqueous alteration extent of Winchcombe. We propose

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 21
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that while many of the above observations can be
explained by parent body-driven alteration, many of these
observations provide evidence that some of the primary
accretionary mineralogy may survive or can be inferred
from the textures of the secondary phases, even in heavily
aqueously altered CM lithologies, and that the CM parent
body was disrupted and reaccreted at a granular level after
the final episode of aqueous alteration.

CM Aqueous Alteration

Given a sufficient water/rock ratio, times cale,
permeability, and accessibility of fluid to reactive mineral
surfaces, fluid-mediated alteration reactions that occur
within a solid rock should equally affect reactive mineral
grains within the rock, resulting in an equilibrium mineral
assemblage (Fulignati, 2020; Velbel, 2014; Velbel et al.,
2012). Winchcombe provides further evidence for parent
body scale alteration. The similarity of TCI-like object
core compositions between lithologies (Figure 4d) is
consistent with production from the same fluid
(Fulignati, 2020; Putnis & Austrheim, 2010). However,
this uniform composition could also be explained by
distinct fluids that altered the different lithologies but
ultimately evolved to the same steady state equilibria
(Velbel et al., 2012, 2015). Either way the formation of
TCI-cores is likely the final stage of parent body aqueous
alteration.

If any of these aforementioned factors are absent, then
local disequilibrium mineral assemblages would form
(Velbel et al., 2012, 2015). There is strong evidence that
aqueous alteration of the CM meteorites to varying
degrees occurred early on the parent body in the presence
of an evolving heterogeneous localized fluid
(Brearley, 2003; Hewins et al., 2014; Lee et al., 2012, 2014;
Lindgren et al., 2017; Metzler et al., 1992; Rubin et al.,
2007; Suttle et al., 2021), for example, centimeter-scale
reaction fronts (Hanowski & Brearley, 2000; Jacquet et al.,
2016), mineral veins that cut through matrix and
chondrules (Lee et al., 2012; Lindgren et al., 2017) and
element mobility between chondrule mesostasis and the
chondrule/rim boundary limited to a few 10s of
micrometers (Chizmadia & Brearley, 2004). In addition,
there is evidence in the carbonate mineralogy for multiple
generations of fluid (Lee et al., 2012, 2014).

Localized heterogeneity in aqueous alteration extent
of components within individual clasts of CM chondrites
could be reconciled by invoking one of or a combination
of processes including:

1. Variations in porosity and permeability limiting
access for fluids to the reactive surface (Bland et al.,
2009; Hanna et al., 2022). This would produce
microchemical environments with distinct fluids and

short time scales of reaction that permit early formed
phases to persist metastably (Hanowski &
Brearley, 2001; Singerling & Brearley, 2020).

2. Heterogeneous accretion of ices or deriving water
externally for alteration of CMs resulted in regions of
variable water/rock ratios (Verdier-Paoletti et al.,
2019) such that in regions with low water/rock ratios,
the reactive fluid would be locally exhausted before
all minerals are replaced (Howard et al., 2015; Velbel
et al., 2012).

3. Replacement reactions isolating (e.g., “armoring”)
the reactive surface and preserving an anhydrous
core (Montes-Hernandez et al., 2010; Putnis &
Austrheim, 2010).

4. Evolution of fluid chemistry and/or pH or multiple
generations of chemically distinct fluids that variably
promote the dissolution and replacement of specific
phases that change over time or very short duration
aqueous alteration (Lee et al., 2012; Lindgren et al.,
2017; Oelkers et al., 2018; Pignatelli et al., 2016).

5. Alteration of each component in a different location
prior to the accumulation of the host rock
(Bischoff, 1998; Metzler et al., 1992), comparable to
the process in sedimentary rocks where aqueously
altered minerals are deposited alongside other
minerals that do not have a metasomatic history.
This mechanism would require brecciation and
abrasion of the CM meteorite components on a
length scale shorter than that of individual
lithologies.

Geochemical Heterogeneity of Matrix TCI-Like Object

Rims

The chemical heterogeneity of the matrix TCI-like
object rims and secondary minerals (Figures 3 and 4) can
be explained by one or multiple of the above processes
working in isolation or in tandem, and is likely due to
local variations in porosity and permeability. Numerical
modeling has shown that the matrix of chondrites,
although highly porous, is impermeable over distances
>100 lm during the time scales associated with fluid
alteration (Bland et al., 2009). The heterogeneous primary
matrix of CMs and the heterogeneous distribution of
chondrules and CAIs, being altered by these isolated
fluids, would result in microchemical environments which
would metastably preserve early formed secondary phases
and produce highly heterogeneous secondary mineral
assemblages (Hanowski & Brearley, 2001; Palmer &
Lauretta, 2011; Rubin, 2012; Singerling & Brearley, 2020;
Yang et al., 2022).

In addition, some of the heterogeneity in the matrix
relative to previous CM studies could be due to using a
focused electron beam used to collect the EDS data. This
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smaller interaction volume of the electron beam would
highlight more clearly local chemical and mineralogical
heterogeneities in the matrix.

An excellent way to introduce heterogeneities in
permeability into a rock is along petrofabrics and fractures
(Rubin, 2012; Yang et al., 2022; Zhang, 2013). Data from
lCT and SEM reveal that half of the Winchcombe chips
studied exhibit a foliation fabric defined by the chondrule
long shape axis. Similar foliation textures have been
observed in other CM chondrites, (e.g., Hanna et al., 2015;
Lindgren et al., 2015; Vacher et al., 2018), and other
carbonaceous chondrite meteorites, (e.g., Charles et al.,
2018; Tait et al., 2016). We interpret these petrofabrics as
being formed by impact compaction, in line with previous
studies (Hanna et al., 2015; Tomeoka et al., 1999; Vacher
et al., 2018). Differences in the orientation of any foliation
fabric between two lithologies within the same meteorite
sample (Figure 1) indicate that the petrofabric-forming
impacts must have occurred prior to the formation and
final lithification of the ultimate Winchcombe breccia. In
addition, the CM lithologies that exhibit a chondrule fabric
also exhibit a shape preferred orientation fabric for the
pores and grains in the matrix. However, this matrix fabric
appears to be perpendicular to the chondrule fabric
(Figures 2c and 5b), though only one region of matrix was
investigated in this way. This difference in matrix and
chondrule fabrics could be due to multiple impacts
(Lindgren et al., 2015) or caused by heterogeneous
response of matrix materials to compaction (Bland et al.,
2014). Further work is needed to discern the cause of the
difference in shape fabric orientations between chondrules
and matrix.

Some Winchcombe samples also have fractures that
align with this foliation (Figure 1a,c, and File S2). This
relationship is consistent with fracture generation
facilitated by a rock cleavage (Powell, 1979). Fluid
modeling reveals that, at the macroscale, these fractures
could act as highly permeable pathways (Table S1), in
which case such fractures may facilitate fluid ingress and
transport during parent body aqueous alteration (Lee
et al., 2012). Anisotropic rocks are much more permeable
in the plane of a foliation fabric than across the foliation
(Zhang, 2013). However, there does not seem to be any
evidence of increased aqueous alteration in association
with these fractures or precipitation of minerals within
them as has been reported for veins in CMs previously
(Lee et al., 2012) (Figures S1–S3). Therefore, it is likely
that although these fractures occur along the foliation
fabric, they formed after aqueous alteration and
potentially even as recently as the meteorite’s fall to Earth.
Thus, these fractures, foliations, and their associated
permeability are likely to have had limited to no control
on the pathways for fluids to reach reactive sites on the
Winchcombe meteorite’s parent body.

Evolution and Provenance of TCI-Like Objects and

Carbonates

TCI-like objects are a characteristic mineral
assemblage of CMs and have been interpreted to form
early from the aqueous alteration of Fe-Ni metal beads
and anhydrous silicate grains (Pignatelli et al., 2017;
Tomeoka & Buseck, 1985). Carbonates are also a key
indicator for the extent of parent body aqueous alteration
(Lee et al., 2012, 2014; Lee & Ellen, 2008). The
homogeneous composition of TCI-like object cores
across Winchcombe lithologies suggest it is likely that
TCI-like objects and the carbonate assemblages
sometimes found within them, formed early during
aqueous alteration from the same fluid on the asteroid
parent body (Fulignati, 2020). Similarly, carbonate
assemblages have been interpreted as forming from
multiple generations of fluids on the CM parent body
(Lee et al., 2012, 2014; Lee & Ellen, 2008).

Aragonite is formed during the early stages of
aqueous alteration and has only been reported in
meteorites with low degrees of aqueous alteration (Lee
et al., 2014; Rubin et al., 2007) but may still persist
metastably to higher degrees of aqueous alteration.
Dolomite and breunnerite only occur in those meteorites
that exhibit higher degrees of aqueous alteration (Lee
et al., 2014; Rubin et al., 2007). Calcite is found across a
range of petrologic subtypes (Lee et al., 2014; Rubin et al.,
2007). In petrologic types reflecting the high degrees of
aqueous alteration, calcite, dolomite, and breunnerite are
partially replaced by TCI-like objects (Fe-rich serpentine
followed by Mg-rich serpentine) (Lee et al., 2012, 2014).
Our observations of Winchcombe are broadly consistent
with previous work but provide additional details.

Scanning electron microscopy (SEM) and EBSD
investigations reveal that Winchcombe lithologies contain
a variety of carbonate phases including aragonite
(lithology A, subtype 2.2), calcite, and dolomite (lithology
F, subtype 2.0; Figure 6, Figure S6). However, it was only
possible to distinguish calcite and aragonite by a
crystallographic analysis such as EBSD, Raman, or CL,
which were only used for lithology A (subtype 2.2), and so
aragonite may be more common in CM meteorites than
currently thought especially as it has also been found in
relatively low petrologic types (Lee et al., 2014; Lee &
Ellen, 2008). The polymineralic calcium carbonate–
phyllosilicate–dolomite grain (Figure S6b) from lithology
F is unusual for CMs, although petrographically similar to
the calcite–breunnerite–dolomite grains in the highly
aqueously altered CM QUE 93005 (Lee et al., 2012). The
texture of the carbonate grains in Figures S6a–c indicates
that they must have formed in the sequence calcium
carbonate, phyllosilicate, and dolomite. The lack of
inclusions in the lithology A carbonate grains together
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with the CL zoning and straight crystal facets of all
carbonate assemblages that are parallel to a
crystallographic axis and perpendicular to the edge of the
assemblage is consistent with carbonate growth into fluid-
filled pores (Figure 6c–e, Figure S6d–g) in common with
type 1 calcite grains in many other CMs (Lee et al., 2014;
Lee & Ellen, 2008; Suttle et al., 2022).

In one location in lithology A, aragonite is in contact
with a calcite cluster (Figure 6c–e). The internal
deformation and straight-to-curved mechanical twins
observed within the aragonite in EBSD data sets are
consistent with dislocation creep (Figure 6d,e). This
suggests that the aragonite experienced a deformation
event that we tentatively interpret as related to impact
shock and these textures and interpretation are consistent
with TEM microstructural measurements of shocked
carbonates in other CM chondrites (Dobric�a et al., 2022).
Our EBSD data also show that adjacent calcite is
undeformed, indicating that it did not experience the same
deformation event as the aragonite (Figure 6e). Where
aragonite and calcite are present within the same grain, a
crystallographic orientation relationship between the two
phases is observed, as evidenced by similar IPF colors, as
well as very similar grain boundary morphologies
consistent with epitaxial replacement of one phase by the
other (Figure 6d). During solid state replacement reactions
deformation microstructures are erased (Putnis et al.,
2009). We thus propose that aragonite is being epitaxially
replaced by calcite (Putnis et al., 2009). This is consistent
with the previous studies of carbonates in CM chondrites
that suggest that aragonite is an early formed phase during
parent body alteration (Lee et al., 2014; Lee &
Ellen, 2008). The deformation of aragonite and lack of
deformation in calcite suggests that between episodes of
alteration the Winchcombe parent body was deformed
likely via impact induced shock. This impact may be the
same one that produced the petrofabric.

Many TCI-like objects in Winchcombe exhibit
textural similarities to carbonates. TCI-like objects in
Winchcombe have subdomains bounded by an Fe-rich
phase with straight boundaries perpendicular to the grain
edge that meet at 120° triple junctions in the center of the
TCI-like object (Figure 6f,g). These textures show a
striking similarity to the morphology of carbonate
assemblages (Figure 6c–e). In addition, the drusy textures
of TCI-like objects suggest inward growth of hydrous
phases nucleated on the margins of the region, with the
Fe-rich phase growing first, followed by Mg-rich
serpentine. The drusy textures form by the precipitation
of crystals into a fluid filled space by nucleation on a
substrate. Some TCI-like objects have central voids
(Suttle et al., 2022) supporting the presence of fluid-filled
cavities produced by the dissolution of a precursor phase.
This implies that transient porosity generation occurs at a

later stage in the aqueous alteration of CM chondrites
producing pockets of fluid.

In many places, calcite is partially replaced by TCI-
like objects (Figure 6f). Here the Fe-rich phase of the
TCI-like object surrounds and penetrates the calcite
(Figure 6f). The orientation of the Fe-rich phases is
controlled by the orientation of the calcite crystal and
penetrate along grain boundaries and mineral cleavage
(Figure 6f). The textural similarity between some TCI-
like objects and carbonates as well as evidence for the
partial replacement of calcite assemblages by TCI-like
objects (Figure 6) suggests that many TCI-like objects
were formerly carbonate. Although many TCI-like
objects also likely formed from the alteration of metal
and anhydrous silicates (Pignatelli et al., 2017), the
abundance of TCI-like objects with the identical
microstructures to carbonates in some lithologies
suggests that carbonates are an additional precursor
phase.

Overall, the textures observed here imply a progressive
alteration sequence whereby aragonite forms first growing
into pore space, is deformed, and then epitaxially replaced
by calcite. The calcite is in turn replaced by Fe-rich
component of TCI-like objects. Replacement exploits
grain boundaries and mineral cleavages followed by
partial to complete dissolution of calcite and precipitation
of Mg-rich serpentine during the final stages of aqueous
alteration. In Winchcombe, all steps of this alteration
pathway are preserved (Figure 6). The preservation of the
entire alteration sequence has several implications. First,
carbonates must also be a precursor phase to TCI-like
objects alongside metal and anhydrous silicate (Pignatelli
et al., 2017). Second, the frequency of carbonate-like
microstructures in many TCI-like objects suggests that
many were originally carbonate, therefore some lithologies
in Winchcombe, and by extension many CM chondrites,
may have originally been very carbonate-rich (15%–40%,
Suttle et al., 2022). If carbonate abundance was indeed this
high, a key question is where the carbonate came from and
where it went, as most CMs, even those CMs with low
degrees of aqueous alteration have much less C and Ca
(1%–3%) (Kerridge, 1985; Vacher et al., 2020) than would
be predicted if many TCIs have replaced carbonate. In
addition, the bulk composition of CMs are remarkably
similar despite aqueous alteration. A potential explanation
for where the carbonate went could be provided by
observations of Bennu by the OSIRIS-REx mission
revealing large carbonate veins on the asteroids’ surface
(Kaplan et al., 2020). Similar bulk compositions could be
explained if the carbonate forming and removal process
affected CMs nearly uniformly, which is plausible given
the ubiquity of TCI-like objects in CMs. Higher
abundances of C could have been initially sourced from
accreted C-rich ices (Alexander et al., 2015). Additionally,
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TCI-like objects could also form from growth into voids
or from replacement of metal and anhydrous silicates
(Pignatelli et al., 2017; Suttle et al., 2021, 2022). Thus,
although the initial carbonate component was likely higher
than currently thought, the 15%–40% initial carbonate
abundances should be considered an absolute maximum.
However, some clasts in the CM LON94101 have 46 vol%
carbonate (Lindgren et al., 2013) giving weight to the idea
that some CMs, at least in localized regions, may initially
have been very carbonate rich. Third, similar to the
survival of anhydrous silicates discussed later, the
observations that aragonite is being heterogeneously
replaced by calcite, and that in turn calcite is being
heterogeneously replaced by TCI-like objects, show the
full dynamic range of alteration. This alteration range
spans from unaltered carbonates to partially replaced
carbonates with TCI-like objects to complete replacement
of carbonates with TCI-like objects all within the same
lithology. The preservation of the progress of the entire
reaction suggests that the abundance of fluid was variable
across the CM parent body and locally became exhausted
in some locations, prior to reaction completion. This was
then followed by brecciation and reaccretion of the CM
parent body at a granular level emplacing objects with
different alteration histories next to each other.

In particular, the survival of aragonite in lithology A
(subtype 2.2) of the Winchcombe meteorite is puzzling in
the framework of parent body aqueous alteration.
Experiments show that, at low temperatures, the
transformation from aragonite to calcite is 10 orders of
magnitude faster in the presence of water than in the dry
system (Brown et al., 1962; Putnis et al., 2009). Thus,
aragonite replacement by calcite in the presence of a fluid
should naturally reach completion—aragonite should not
be observed in CMs. Aragonite–calcite does not require
the presence of a fluid to mediate the phase change. If this
phase change occurred under dry, cold conditions, then
the replacement reaction may not have reached
completion resulting in the survival of some aragonite, but
critically this implies that aragonite was not exposed to
water later in the alteration process for prolonged periods.

Survival of Amorphous Silicates with Embedded

Sulfides/Oxides and Partial Alteration of Organic

Nanoglobules in Otherwise Hydrated FGRs

The nano-sulfide/oxide objects embedded in
amorphous silicates that occur in P30552 (lithology A,
subtype 2.2) FGRs resemble sub-micrometer-sized sulfide-
rich regions of the FGRs of Yamato-791198 (Chizmadia
& Brearley, 2008). This is a mildly aqueously altered CM.
The sulfide-rich regions in Y791198 contain nanoscale Fe-
Ni sulfides (<1 to ~200 nm size pentlandite/Ni-rich
pyrrhotite) in amorphous/nanocrystalline silicate material,

which were interpreted as preserved nebular dust
(Chizmadia & Brearley, 2008). The Winchcombe nano-
sulfide/oxide objects also have petrographic similarities to
the matrix in the least aqueously altered parts of the CM
Paris that host sub-micrometer-sized amorphous silicate
grains containing Fe-sulfide nanograins (Hewins et al.,
2014; Leroux et al., 2015). This material was described as
being GEMS-like (Leroux et al., 2015), with GEMS
referring to glass with embedded metal and sulfide grains
that have been described from anhydrous interplanetary
dust particles (Bradley, 1994a, 1994b; Keller &
Messenger, 2011). The nano-sulfide/oxide objects are not
GEMS but do bear some petrographic and mineralogical
similarities to the nano-sulfide bearing amorphous silicate
in the mildly altered CMs Yamato-791198 and Paris and
weakly altered CM Asuka-12659. More work on
Winchcombe FGRs is needed in order to determine the
mineralogy of the sulfide/oxide grains and determine the
chemical composition, hydration, oxidation state, and
crystallinity of the enclosing material.

Objects like the amorphous silicate with embedded
nano-sulfides and or/oxides reported here are typically
highly sensitive to fluid alteration and are quickly replaced
(Leroux et al., 2015; Metzler et al., 1992). The survival of
similar objects in other chondritic meteorites, beyond
minor hydration and oxidation (Le Guillou et al., 2015),
has been interpreted as evidence for limited aqueous
alteration on their parent body (Leroux et al., 2015;
Metzler et al., 1992), low temperature fluids that prevent
recrystallization to phyllosilicates and therefore preserve
the amorphous material as a metastable phase (Le Guillou
et al., 2015; Le Guillou & Brearley, 2014), or brecciation
and reaccreting of the FGR juxtaposing hydrated and
anhydrous materials (Metzler et al., 1992; Noguchi et al.,
2021). Here we observe such an amorphous silicate grain
with embedded sulfide and oxides surviving with minor
evidence that this object has been partially altered (very
thin wisps of phyllosilicate within the grain; Figure 9f)
within a FGR in lithology A (Figure 9d–f). Lithology A
has been assigned a petrologic subtype CM2.2 (Suttle
et al., 2022) indicating severe parent body aqueous
alteration (Rubin et al., 2007) and so its presence is not
due to limited parent body aqueous alteration (Leroux
et al., 2015; Metzler et al., 1992). In addition, the
amorphous silicate grain is within a few nm of hydrated
phyllosilicates (Figure 9d–f), so its presence is not due to
low fluid temperatures that inhibit phyllosilicate growth
(Le Guillou et al., 2015; Le Guillou & Brearley, 2014).

The most likely explanation for the retainment of this
amorphous silicate in this FGR with only minor
alteration/hydration is that the FGR mineralogy was
established prior to the FGRs accretion onto its present
core object by brecciation, accretion, and juxtaposition of
hydrated phyllosilicates and amorphous silicates, and after
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the accretion of this inclusion and its FGR onto the
asteroid, it was not subsequently subjected to aqueous
alteration (Metzler et al., 1992; Noguchi et al., 2021). If the
asteroid was altered post accretion of the FGR inclusion,
this would either require low temperature fluids, or the
reaction was chemically limited as before (Le Guillou
et al., 2015; Le Guillou & Brearley, 2014), or that the
amorphous silicate was isolated from pore fluid for all, or
most, of the aqueous alteration. Isolation could occur
through sealing of areas of the pore network by early
secondary products, or encapsulation of grains within
early formed cementing material. Indeed, encapsulation in
early cements has been proposed in terrestrial sedimentary
rocks for the survival of S-type cosmic spherules, which
are sensitive to aqueous alteration (Suttle & Genge, 2017).
Additionally, although the FGR is porous (Figure 9d),
this does not necessarily equate to increased permeability
(Bland et al., 2009) and therefore the amorphous silicate
grain could be preserved intact through a minor aqueous
alteration event which may have produced the fine wisps
of phyllosilicate. Recent studies have suggested that
amorphous silicates may be a carrier for water in the solar
system and were accreted in a partially hydrated state
from the nebular (Marrocchi et al., 2023).

The Winchcombe organic nanoglobules found in
FGRs in lithology A (Subtype 2.2) are morphologically
comparable to those that occur widely in different groups
of primitive meteorites (De Gregorio et al., 2013; Garvie &
Buseck, 2004). Some of the Winchcombe nanoglobules
have been partially replaced by fine-grained phyllosilicate
(Figure 9b,c), showing that they were formed before at
least some of the aqueous alteration. Therefore these
nanoglobules could have been accreted from interstellar
environments (De Gregorio et al., 2013). This provides
supporting evidence that suggest the FGR mineralogy was
established from brecciation and juxtaposition of multiple
components prior to accretion onto the asteroid (Metzler
et al., 1992; Noguchi et al., 2021) and perhaps only
experienced very minor aqueous alteration on the asteroid.

Granular Scale Brecciation of CMs

If the FGR mineralogy was established prior to rim
accretion and subsequent accretion of the FGR and the
inclusion it is mantled around into the parent rock, and
the FGR experienced little to no post accretion aqueous
alteration post accretion, then it stands to reason that all
other components found in Winchcombe lithologies
including chondrules, chondrule fragments, and matrix
were also emplaced then, and experienced brecciation and
disaggregation at a granular level followed by reaccretion
after the cessation of aqueous alteration (Bischoff et al.,
2017; Hanna et al., 2015; Lentfort et al., 2021; Metzler
et al., 1992; Rubin, 2012). The mechanism to produce

granular level disaggregation is likely impact-induced
disruption of the CM parent body’s surface to produce a
regolith breccia similar to that proposed to produce the
macroscale brecciation (Bischoff et al., 2017; Lentfort
et al., 2021). Our observations of chondrule fabrics and
heterogeneous deformation histories between carbonate
generations suggest that CM lithologies were affected by
multiple impacts that occurred during aqueous alteration
(Lindgren et al., 2015). However, the disruption
mechanism via impacts would have to be relatively gentle
given the low shock state of the CM meteorite and lack of
deformation microstructures observed in the calcite and
olivine. This repeated disruption and reaccretion of the
CM parent body would readily explain observations of
variable alteration extents between similar juxtaposed
materials, that is, unaltered olivine in close proximity to
partially altered olivine or completely altered former
olivine pseudomorphs and the survival of typically more
fluid sensitive phases such as Fe-rich olivine (Bischoff,
1998; Brearley, 2003; Leroux et al., 2015; Metzler et al.,
1992; Pinto et al., 2022; Zanetta et al., 2021, 2022).
Serpentine veins hosted within anhydrous silicates, but not
on their exterior (Figure 7), could also be explained by
abrasion of the exterior of the grain after aqueous
alteration which effectively removed the serpentine rim
from the periphery. The lack of similar serpentine
fragments in the matrix surrounding the grain suggests
that the abrasion occurred prior to accretion of the grain,
requiring brecciation (Bischoff et al., 2017; Lentfort et al.,
2021; Metzler et al., 1992).

Thus, it likely that regolith gardening of the surface of
the CM parent body over the same time period or after
aqueous alteration could result in progressive cycles of
aqueous alteration, disruption, reaccretion of fragments
with different aqueous alteration histories and hydraulic
fragmentation, that would explain the juxtaposition of
anhydrous olivine next to hydrated matrix. However, as
noted before the disruption events would have to be
relatively gentle to avoid producing deformation
microstructures in calcite and olivine. If this model is
correct, then in the same way that Winchcombe is a
breccia of eight CM lithologies (Suttle et al., 2022), each
lithology within Winchcombe itself is formed from
assembled components with different alteration histories.
A breccia in a breccia, if you will. Lentfort et al. (2021)
recently showed that CM breccia clasts do contain smaller
clasts inside them, here we take this one step further and
propose each individual grain could be considered its own
discrete clast.

One challenge for this model is how can a lithified
rock like a modern CM meteorite be disrupted at a
granular level. However, there is growing evidence that
CM meteorites may have initially been largely unlithified
or only weakly lithified (Bland & Travis, 2017). This
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includes observations of matrix infilling fractures in
between chondrules and alignment of the matrix from
compaction (Forman et al., 2017). In some locations in
Winchcombe, we see similar features including fractures
filled with matrix material that cut across both anhydrous
silicates along with their phyllosilicate veins as well as
TCI-like objects (Figures 6b and 7g,h). When associated
with TCI-like objects, these matrix-filled fractures
penetrate along grain boundaries evidenced by similar
geometries and topologies of the TCI-like objects either
side of the veins since their margins have matching
topologies (Figure 6b). Crack terminations of matrix-filled
fractures in TCI-like objects and anhydrous silicates
suggest fracture growth by fluid-mediated crack-tip
propagation. The observation of coarse serpentine group
minerals within the center of these putative veins is
consistent with formation by fluid. However, the presence
of small tochilinite crystals and inclusions of matrix in this
area, and the absence of any aqueous alteration reaction
surfaces particularly within olivine in contact with matrix
veins and despite evidence that those same olivine grains
do exhibit evidence for aqueous alteration elsewhere on
their surfaces or in veins suggests vein formation occurred
after significant aqueous alteration of the matrix; after
parent body alteration had ceased as olivine can start to
react within days even at low temperatures in the presence
of an aqueous fluid (Martin & Fyfe, 1970) or that the fluid
that altered the matrix was more alkaline and inhibited
the alteration of olivine (Wogelius & Walther, 1992). The
presence of matrix in these veins is interesting as the
fractures do not appear to penetrate back into the matrix
and, as such, must have been formed while the matrix was
unlithified, but in the absence of an aqueous fluid to avoid
altering the olivine (Martin & Fyfe, 1970) or at least
absence of a fluid of the correct pH or chemistry that
would affect olivine (Hanowski & Brearley, 2001;
Wogelius & Walther, 1992). An unlithified, but dry, matrix
would allow it to flow into the crack, as well as preventing
alteration of newly exposed olivine surfaces (Figure 7a,b).
Similar flow features have been described in Allende and
other CMs (Bischoff et al., 2017; Forman et al., 2017).
These matrix-filled cracks in Winchcombe are, therefore,
additional evidence that matrix can be mobilized, at least
over a few hundred micrometers, as a slurry in which
mineral particulates are fluidized. Hydraulic fragmentation
implies elevated fluid pressures, which might be transient
and caused by shock combined with the formation of
impermeable barriers to fluid flow that result in the
accumulation of pore-fluids. Then to produce the coarser
breccia texture of large discrete clasts present in CMs
(Bischoff et al., 2017; Lentfort et al., 2021), the CM
meteorite would ultimately have to become fully lithified
to preserve coherent aggregate clasts. Evidence that the
matrix of the Winchcombe meteorite was, at some point

and at least locally, unlithified suggests that preserving
isochemical reaction signatures in CM meteorites could be
reconciled via a convecting mud slurry (Bland &
Travis, 2017). In addition, CMs being unlithified for some
of their history would make it very easy to disrupt and
reaccrete CM material at a granular level juxtaposing
fragments with different alteration histories. Some CMs
that preserve primary accretionary textures must not have
been affected by disruption post alteration. As such, we
propose that each individual component in CM breccias
should be considered its own discrete clast with its own
alteration history that is likely separate from the materials
it is currently in contact with.

Implications for CM Classification

Several classification systems have been proposed to
assess the severity of the action of water on the CM
asteroid (Alexander et al., 2013; Rubin et al., 2007; Suttle
et al., 2021). The Rubin et al. (2007) scale of CM3.0
(unaltered) to CM2.0 (completely altered) is caused by
heterogeneous accretion of ices in different regions of the
CM parent asteroid providing variable water rock ratios
that can consume and replace more or less of the primary
mineralogy (Alexander et al., 2018; Brearley, 2006;
Kimura et al., 2020; Rubin et al., 2007; Verdier-Paoletti
et al., 2019). Similarly, macroscale brecciation is
important to consider when classifying CM chondrites
aqueous alteration extent to identify lithological
boundaries and consider each clast separately (Bischoff
et al., 2017; Lentfort et al., 2021). The evidence for
granular level brecciation and reaccretion of at least the
CM breccias presented here means care should be taken
when classifying and interpreting the CM aqueous
alteration extent within clasts because, if many CMs
experienced this process, then it is likely that some
unaltered or partially altered anhydrous fragments could
be introduced into an otherwise full altered lithology
from less altered regions of the CM parent body.

CONCLUSIONS

Coordinated microanalysis from cm-atom scales across
multiple sections of the Winchcombe meteorite has permitted
detailed observations of the micro-texture of this CM
chondrite breccia. The observations of the heterogeneous
distribution of aqueous alteration assemblages, cross-cutting
relationships and disequilibrium mineral assemblages have
several key implications for the formation and evolution of the
CM parent body(ies) and how we assess aqueous alteration of
meteorites.

1. It is plausible to explain most of the heterogeneity in
the nature and intensity of aqueous alteration

Grain-scale brecciation of the Winchcombe Mighei-like carbonaceous 27
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replacement reactions by localized variations in
permeability, water/rock ratios, temperature, fluid
chemistry and pH, consumption of fluids, and
isolation/armoring of reactive surfaces consistent
with the established literature.

2. The secondary mineral assemblage retains textural
signatures of the precursor phases which could
permit the original mineralogy of CM meteorites to
be reconstructed. Phase heritage from TCI-like
objects suggests that carbonates may have been a
greater component of CMs during early aqueous
alteration than currently thought.

3. Not all aqueous alteration occurred in situ within each
Winchcombe lithology. Disruption, abrasion, and
reaccretion of the CM parent body at a granular level
and the clast level after aqueous alteration ceased (at
least locally) may be required to juxtapose hydrated
minerals next to traditionally water-sensitive phases at
the micrometer to nanometer scale.

4. Granular level disruption of CMs could introduce
grains of unaltered material into lithologies that are
highly aqueously altered and vice-versa which could
influence the petrologic subtype classification of
CMs.
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SUPPORTING INFORMATION

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

Figure S1. EDS maps of Winchcombe meteorite
sections. (a–f) Lithology A. Mg (red), Fe (green), and Ca
(blue) highlight olivine in bright red and phyllosilicates in
dark, and carbonates in blue and TCI-like objects in green.

Figure S2. EDS maps of Winchcombe meteorite
sections. (a) Lithology B, (b–d) lithology B and Mx;

(e) lithology B, H, and Mx. Mg (red), Fe (green), and Ca
(blue) highlight olivine in bright red and phyllosilicates in
dark, and carbonates in blue and TCI-like objects in
green.

Figure S3. EDS maps of Winchcombe meteorite
sections. (a) Lithology C; (b) lithology D and Mx;
(c) lithology E; (d) lithology H, G, and B; (e)
lithology Mx. Mg (red), Fe (green), and Ca (blue)
highlight olivine in bright red and phyllosilicates in
dark, and carbonates in blue and TCI-like objects in
green.
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Figure S4. Ternary plots (atom%) of the WDS-
EPMA and EDS measurements of the fine-grained and
secondary components present within Winchcombe
lithologies. From top to bottom, the components
measured are FGRs, matrix, rims to TCI-like objects,
cores to TCI-like objects, and other phyllosilicates found
within chondrules, calcium-aluminum-rich inclusions, etc.
From left to right, ternary diagrams show the variation
between Fe versus Mg versus S, Fe versus Mg versus
Al+Si and Fe+Mg versus S versus Al+Si, respectively.
Colors are used to distinguish EDS and WDS-EPMA
measurements from different lithologies.

Figure S5. Graphs of the WDS-EPMA and EDS
measurements of the fine-grained and secondary
components present within Winchcombe lithologies.
From top to bottom, the components measured are
FGRs, matrix, rims to TCI-like objects, cores to TCI-like
objects, and other phyllosilicates found within chondrules
and calcium-aluminum-rich inclusions. From left to right,
graphs show Si/Al versus Mg#, (Si+Al)/(Si+Al+Mg+Fe)
versus Mg#, and S versus Mg# (all atom%). Colors are
used to distinguish EDS and WDS-EPMA measurements
from different lithologies within Winchcombe.

Figure S6. BSE images of carbonate grains in
P30540 (lithology F). (a) A grain of dolomite (D)
that contains an irregular patch of Ca-carbonate
(arrowed) and is adjacent to a larger polycrystalline
grain of Ca-carbonate (Cc). (b) A polymineralic grain
comprising patches of Ca-carbonate (Cc) that are

rimmed by Fe-rich phyllosilicate (white) and dolomite
(D). (c) The area outlined by the dashed white lines in
(B) showing euhedral dolomite associated with
phyllosilicate (white) and Ca-carbonate (Cc). Grains of
Ca-carbonate in P30552 [lithology A]. (d, f) Are SE
images, and (e, g) SEM-CL. (d, e) Show a TCI-like
object rimmed calcite (Cal) grain with areas of different
CL intensity, the boundaries between some of which
line up with fractures visible in the BSE image. The Cal
grain in (f) and (Gd) is featureless in BSE but contains
rectilinear areas differing in CL intensity.

Table S1. Summary of 3-D petrofabric analysis by
lCT of Winchcombe fragments.

Table S2. Fluid flow modeling results of the
permeability in the xyz direction of each of the four sub
volumes from lCT data from BM.2022,M2,34.

File S1. Images and stereographic projection of all 3-
D petrofabric analysis of the Winchcombe lCT data.

Data S1. Brecciation at the grain scale within the
lithologies of the Winchcombe CM carbonaceous
chondrite.

Excel Spreadsheet 2–6. Combined WDS-EPMA and
EDS quantitative chemical analysis for major and minor
element abundances. Each spreadsheet is related to
measurements from a particular component: (1) FGR, (2)
Matrix, (3) TCI-like object-rims, (4) TCI-like object-
cores, (5) Phyllosilicates in chondrules, calcium-
aluminum-rich inclusions, etc. Data are presented as both
wt% and normalized atom%.
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