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witness from the outer solar system
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Direct links between carbonaceous chondrites and their parent bodies in the solar system are rare. The Winch-
combe meteorite is the most accurately recorded carbonaceous chondrite fall. Its pre-atmospheric orbit and
cosmic-ray exposure age confirm that it arrived on Earth shortly after ejection from a primitive asteroid. Recov-
ered only hours after falling, the composition of the Winchcombe meteorite is largely unmodified by the ter-
restrial environment. It contains abundant hydrated silicates formed during fluid-rock reactions, and carbon-
and nitrogen-bearing organicmatter including soluble protein amino acids. The near-pristine hydrogen isotopic
composition of the Winchcombe meteorite is comparable to the terrestrial hydrosphere, providing further ev-
idence that volatile-rich carbonaceous asteroids played an important role in the origin of Earth’s water.
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INTRODUCTION
The early solar system comprised at least two isotopically distinct
reservoirs separated by a barrier proposed to reflect the orbits of
the proto-gas giants and/or location of snow lines (1, 2). Small
bodies that accreted late in the outer regions of the solar system
and avoided high temperatures and melting are crucial for under-
standing the initial composition of the protoplanetary disk. Dynam-
ical models and remote sensing observations suggest that primitive,
volatile-rich asteroids originating in the outer solar system were
scattered inward to the main asteroid belt by the giant planets (3,
4). Carbonaceous chondrite meteorites are likely fragments of
these asteroids and have volatile abundances and isotopic

compositions that indicate that they played a key role in the delivery
of water and biologically important molecules to Earth and other
terrestrial planets (5). However, direct links between meteorites
and their parent bodies are poorly constrained, with only four car-
bonaceous chondrite falls with pre-atmospheric orbits having been
recovered to date (6–9). Most carbonaceous chondrites are fortu-
itous finds that lack information about their source region(s) in
the solar system.
Recently, JAXA’s Hayabusa2 and NASA’s OSIRIS-REx missions

have sampled the surfaces of the carbonaceous near-Earth asteroids
Ryugu and Bennu, respectively. Both are rubble-pile asteroids
thought to be derived from either the Eulalia or new Polana
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collisional families that reside in the inner main belt [~2.1 astro-
nomical units (AU) < a < 2.5 AU], although their original parent
body(ies) probably formed beyond the orbit of Jupiter (10).
Ryugu and Bennu have complex orbital histories and were poten-
tially modified during transport from the outer solar system to their
current locations at ~1 AU (11). In comparison, the Winchcombe
CM (“Mighei-like”) meteorite is the most widely observed carbona-
ceous chondrite fall to date and has a well-constrained pre-atmo-
spheric orbit that confirms that it originated from an asteroidal
source in the main belt. As the meteorite was recovered soon after
landing, it also offers a near-pristine record of the composition of
primitive asteroids. This combination of pre-atmospheric data with
a fresh sample largely unmodified by the terrestrial environment
makes the Winchcombe meteorite comparable to materials re-
turned by space missions. Here, we report the orbital characteristics
and results of coordinated laboratory analyses of the petrography
and organic composition of the Winchcombe carbonaceous
chondrite.

RESULTS
TheWinchcombe fireball occurred at 21:54:16 (UT) on 28 February
2021 and was recorded by 16 dedicated meteor cameras (fig. S1 and
table S1). The fireball was also captured on numerous doorbell and
dashcam videos, and there were >1000 eyewitness accounts and
reports of a sonic boom to the International Meteor Organization
(IMO) andUKMeteor Observation Network (UKMON). Themain
mass (319.5 g) of the meteorite was discovered the next day in the
town of Winchcombe, Gloucestershire, UK. The stone landed on a
driveway, fracturing into a pile of dark millimeter- to centimeter-
sized fragments and powder (Fig. 1) that was collected with the
aid of rubber gloves and securely sealed within polyethylene bags
only ~12 hours after the fall. Further stones were recovered in the
local area over the following week by the public and during an or-
ganized search by members of the U.K. planetary science commu-
nity (table S4). The largest intact piece of the Winchcombe
meteorite is a 152.0-g fusion-crusted stone found on farmland on
6 March 2021 (Fig. 1C). In total, 531.5 g of material was recovered
less than 7 days after the fall, when there was fog and dew on the
ground but no rainfall in the area.
The pre-atmospheric orbit of the Winchcombe meteorite is

similar to those reported for the C/CM chondrite Sutter’s Mill (7)
and CM chondriteMaribo (8), but distinct from the ungrouped car-
bonaceous chondrites Tagish Lake (C2ung) (6) and Flensburg
(C1ung) (9) (Fig. 2 and table S2). Orbital analysis for Winchcombe,

Sutter’s Mill, and Maribo confirms that recent CM chondrite falls
have a common source region, which is probably close to the 3:1
mean motion resonance with Jupiter in the main asteroid belt
(a = 2.5 AU) (12). The orbits of both Sutter’s Mill and Maribo
had a Tisserand’s parameter with respect to Jupiter [TJ = 2.81 ± 0.32
(7) and 2.95 ± 0.11 (8), respectively], which tentatively implied that
they were derived from Jupiter-family comets (TJ = 2 to 3) rather
than asteroids (TJ > 3). However, a TJ value of 3.121 ± 0.006 for
the Winchcombe meteoroid is consistent with an origin from an
asteroid (13).
The low albedo and visible and near-infrared (IR) spectral prop-

erties of CM chondrites link them to the primitive Ch/Cgh- and B-
type asteroids that are common in the middle of the main belt
(2.5 AU < a < 2.8 AU) (4). The presence of phyllosilicates and/or
ices on the surfaces of these asteroids is inferred from absorption
bands in reflectance spectra at ~0.7 and/or ~3 μm and suggests
that they accreted beyond the water snow line (4). Powdered interior
fragments of the Winchcombe meteorite have a broadband albedo
(4.09 ± 0.18%), spectral slopes, and 3-μm features consistent with
remote observations of hydrated C-type asteroids (fig. S6).
Most meteorites spend millions of years between ejection from

their parent bodies by collision in the main belt and arrival on Earth
(14); however, CM chondrites typically have cosmic-ray exposure
(CRE) ages that are <2 million years (Ma) old (15). Integrating
the Winchcombe meteoroid’s pre-atmospheric orbit in the past
shows that it spent little time in near-Earth space [median near-
Earth entry of ~0.08 Ma], while its short 21Ne (center of the range
measured in three samples is ~0.3 Ma) and 26Al (0.27 ± 0.08 Ma)
CRE ages are within the main cluster of exposure ages for CM chon-
drites (tables S6, S7, and S21) (15). This suggests that both the ejec-
tion of the Winchcombe meteoroid from a larger parent asteroid
and its migration from the main belt to near-Earth space were
near-contemporaneous events.
The perihelion distance of the Winchcombe meteoroid’s orbit

(~0.99 AU; table S2) was approximately twice as large as those for
Sutter’s Mill and Maribo, while orbital analysis shows that it likely
remained at >0.7 AU throughout its history. This implies that the
Winchcombemeteorite may have experienced less thermal process-
ing from close passes to the Sun than other CM chondrite falls. The
entry conditions of the Winchcombe meteoroid also differed from
those of Sutter’sMill andMaribo, which were larger bodies (>1m in
diameter) that entered Earth’s atmosphere at ~28 km s−1 (7, 8). In
contrast, the initial entry velocity of the Winchcombe meteoroid
was 13.5 ± 0.01 km s−1, and the entry mass based on the fireball
observations was 13 ± 3 kg (fig. S4 and table S3), which is the
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lowest calculated for an instrumentally observed carbonaceous
chondrite fall. The bulk density of the Winchcombe meteorite esti-
mated frommicro–x-ray computed tomography (XCT) is ~2090 kg
m−3, which, assuming a sphere, indicates an original body ~0.2 m in
diameter. The analysis of cosmogenic nuclides in the Winchcombe
meteorite further constrains the pre-atmospheric diameter to
0.3 ± 0.1 m and its mass to 30 ± 10 kg (table S7).
Modeling of theWinchcombe fireball indicates several fragmen-

tations in the atmosphere at dynamic pressures of 0.02 to 0.6 MPa
and a surviving mass of ~0.5 kg, close to the total mass of recovered
meteorite stones. The maximum dynamic pressure of 0.6 MPa is the
lowest ever determined for a recovered fall (16).
The classification of the Winchcombe meteorite as a CM carbo-

naceous chondrite is indicated by its bulk elemental abundances
(tables S8 and S9), oxygen and titanium isotopic compositions
(Fig. 3, fig. S9, and tables S10 to S12), and mineralogy and petro-
graphic characteristics. Analysis of three fragments (~50 mg) by
x-ray powder diffraction (XRD) indicates that the most abundant
phases are phyllosilicates (>80 volume %; table S13).
Detailed observations of polished samples by scanning electron

microscopy (SEM) show that the Winchcombe meteorite is a
breccia, with multiple distinct lithologies identified (Fig. 4 and
fig. S11). In the main lithology (>50% analyzed area, CM2.1), chon-
drules and calcium-aluminum–rich inclusions (CAIs) are near-
complete pseudomorphs, with interiors replaced by phyllosilicates
or calcite (fig. S12). The pseudomorphs often have well-preserved
rims and are set within a matrix of phyllosilicate clumps and
finer-grained materials (fig. S13). Transmission electron microsco-
py (TEM) analyses show that the phyllosilicates are Mg-rich (#Mg,
~0.63) and have d001 spacings of either ~0.62 to 0.70 nm (S-bearing)
or ~0.70 to 0.74 nm (S-poor) that are characteristic of 1:1 layered T-
O phyllosilicates such as serpentine-group minerals (fig. S15).

Most other lithologies contain tochilinite-cronstedtite inter-
growths (TCIs) and carbonates (mainly calcite, although dolomite
was also observed) with rims of phyllosilicates and/or Fe-sulfides
(fig. S14). Anhydrous silicates and metal grains are rare. Magnetite
is present as single isolated grains, framboids, and platelets, with
first-order reversal curve (FORC) diagrams of theWinchcombeme-
teorite comparable to those of magnetite-rich chondrites (e.g., CI,
Tagish Lake, and WIS 91600; fig. S16). The widespread presence of
phyllosilicates, carbonates, and magnetite attests to low-tempera-
ture (<150°C) fluid-rock reactions on the parent asteroid (20). On
the basis of the degree of chondrule and CAI replacement, and the
abundance and composition of alteration products, these reactions
were extensive and almost reached completion in most lithologies
within the Winchcombe meteorite [petrologic subtype CM2.0–
2.4 (21)].
In contrast to many other CM chondrites, samples of theWinch-

combe meteorite contain almost pure trapped fractionated solar
wind–derived noble gases, suggesting its origin from the near-
surface regolith of its parent asteroid (figs. S7 and S22). Analysis
by XCT shows that some lithologies have a pervasive set of parallel
fractures, while others have a planar fabric produced by weak-to-
moderate preferred shape alignment of chondrules and TCIs (fig.
S17). Macroscale porosity of the void space is 0.6 to 4.2%, which
typically manifests as fractures and interconnected pores. Breccia-
tion was most likely facilitated by impacts and may record the cat-
astrophic disruption of an initial, larger, hydrated planetesimal in
the early solar system (22).
The water content of all CM chondrites is influenced by the ter-

restrial environment, including adsorption from the atmosphere
and rapid formation of weathering products (23–26). A small
aliquot (~45 mg) of the Winchcombe meteorite powder recovered
from the driveway was characterized using thermogravimetric anal-
ysis (TGA) 5 days after the fall (table S17). Mass loss due to ad-
sorbed water [2.4 weight % (wt %) between 20° and 100°C] was

Fig. 1. Images of Winchcombe meteorite. (A) The main mass of the Winchcombe
meteorite recovered by the Wilcock family on 1 March 2021. (B) Example of a frag-
ment from the driveway. (C) The largest intact stone found by M.B.Ihász. on 6
March 2021.

Fig. 2. Pre-atmospheric orbit of the Winchcombe (W) meteoroid compared with
those of the carbonaceous chondrite falls Sutter’s Mill (S) (7), Maribo (M) (8), Tagish
Lake (T) (6), and Flensburg (F) (9). Planets are shown at the time of the Winch-
combe fall.
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consistent with CM chondrite falls and finds. Meanwhile, the mass
loss between 100° and 200°C was noticeably lower (0.6 wt %) than
that of all other CM chondrites. This temperature region is associ-
ated with the decomposition of common weathering phases (e.g.,
sulfates) and shows the low terrestrial contamination of the Winch-
combe meteorite (fig. S18). Three fragments split from a single
driveway stone (0.11 g) were analyzed by hydrogen stepwise pyrol-
ysis (fig. S19) within 1 month of the fall. Following the protocol of
Lee et al. (25), data acquired at temperature steps of <200°C were
not considered in the calculation of bulk water contents and δD
values to remove any contribution from terrestrial adsorbed
water. Thus, the hydrogen stepwise pyrolysis data gave an average
water content of 10.5 ± 1.1 wt % and a bulk δD value of
−142 ± 4‰ [relative to standard mean ocean water (SMOW);
Fig. 5 and table S18]. These values are consistent with other
highly altered CM chondrites and reflect exchange between isotopi-
cally light (δD ~−400‰) water and isotopically heavy (δD
~3500‰) organic matter (5). After including theWinchcombeme-
teorite, the average δD value of CM chondrite falls (n = 10) (23–25)
is −102 ± 59‰. This supports recent claims that, of the available
extraterrestrial materials, the hydrogen isotopic composition of
CM chondrites most closely resembles that of Earth’s hydrosphere
(δD ~50 to −400‰) (24).
The elemental and isotopic abundances of carbon and nitrogen

in two fresh samples (each ~5 mg) of the Winchcombe meteorite
were characterized by stepped combustion 2 weeks after the fall.
Overall, the release profiles were typical of CM chondrites and
can mostly be attributed to organic matter in the matrix (figs. S20
and S21), at least some of which is highly volatile in nature, as shown
by the analysis of species degassed from theWinchcombe meteorite
(fig. S23). Stepped combustion analyses yielded an average bulk
carbon abundance of 2.0 ± 0.1 wt % and δ13C value of
−1.7 ± 1.1‰, along with a bulk nitrogen abundance of
433.8 ± 20.3 parts per million (ppm) and δ15N value of
16.7 ± 0.9‰ (Fig. 5). Previous CM chondrite falls tend to have

bulk carbon abundances of ~2.2 wt %, lower δ13C values
(~−9‰), and higher nitrogen abundances (~0.1 wt %) and δ15N
values (~67‰). However, the low nitrogen abundance and δ15N
value of the Winchcombe meteorite are consistent with other
highly altered CM chondrites and possibly result from the loss of
a 15N-rich organic component with greater degrees of aqueous al-
teration (23).
Low-voltage SEM characterization of fresh, unpolished frag-

ments less than a week after the fall located several small carbon-
and nitrogen-bearing regions with “globule-like” morphologies
(Fig. 6A and fig. S24). The presence of nanoglobules similar to
those reported in other carbonaceous chondrites was later con-
firmed by TEM (Fig. 6B). Soluble organic species, including
protein amino acids, were investigated in the Winchcombe meteor-
ite within 1month of the fall, along with soil samples collected at the
same time as Winchcombe. Fragments from both the driveway and
farmland were analyzed by liquid chromatography–mass spectrom-
etry (LC-MS), revealing lipids, fatty acids, fatty acyls, and
fatty amines.
The macromolecular organic fraction of a driveway fragment

was analyzed by gas chromatography–mass spectrometry (GC-
MS) and found to contain structural units similar to those in
other CM chondrites, including substituted benzenes and naphtha-
lenes, various thiophenes, and polycyclic aromatic hydrocarbons.
The most abundant amino acids detected in the Winchcombe me-
teorite were α-aminoisobutyric acid (467 ± 17 ng g−1) and isovaline

Fig. 3. Bulk oxygen isotopic composition of the Winchcombe meteorite. TFL,
terrestrial fractionation line; CCAM, carbonaceous chondrite anhydrous mixing
line. Oxygen data are from (17–19). Error bars for the Winchcombe meteorite are
smaller than the symbols.

Fig. 4. BSE image and combined EDS map showing Mg, Fe, and Ca in a frag-
ment (P30544) of the Winchcombemeteorite. The fragment contains three dis-
tinct lithologies (white lines), where the main phases are phyllosilicates (red/
green), TCIs (green), carbonates (blue), and olivine (bright red).
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(391 ± 17 ng g−1; table S23). An extraterrestrial, abiotic origin for
these compounds is supported by the racemic enantiomeric ratios
detected in several protein and nonprotein amino acids (e.g., D/
Lalanine = 1.13 ± 0.16; D/Lisovaline = 1.06 ± 0.15). The α-amino
acids commonly found in CM chondrites likely formed through
Strecker-cyanohydrin synthesis during aqueous alteration on the
parent body (27). The total (free + bound peptide-like) amino
acid abundance in the Winchcombe meteorite is 1132 ± 49 ng
g−1, which is lower than that of other CM falls, but in agreement

with highly altered Antarctic CM finds (28, 29). Several CM chon-
drites contain an L-isovaline excess that has been proposed as an
explanation for the bias toward L-amino acids in life on Earth (30,
31); however, this was not observed in the Winchcombe meteorite.
Nevertheless, prebiotic molecules such as amino acids are crucial
components in the origin of life, and their presence in the fresh
Winchcombe meteorite fall suggests that organic compounds
could have been delivered to the early Earth by carbonaceous
chondrites.

DISCUSSION
As awell-documented fall, theWinchcombemeteorite confirms the
link between CM chondrites and hydrated main belt C-type aster-
oids that are thought to have originated in the outer solar system.
This makes the Winchcombe meteorite complementary to asteroid
regolith samples returned by the Hayabusa2 and OSIRIS-REx mis-
sions, although the parent body from which it was ejected likely
never passed as close to the Sun as asteroids Ryugu and Bennu.
Upon arrival on Earth, carbonaceous chondrites are highly suscep-
tible to alteration in the terrestrial environment and extraterrestrial
signatures can be modified within days (26). However, with the first
material recovered within hours of the fall, facilitated by collabora-
tive search efforts and citizen-science communities, the Winch-
combe meteorite is the least terrestrially modified member of the
CM chondrite group recovered to date. The Winchcombe meteor-
ite, therefore, offers a near-pristine window into the geological

Fig. 5. Hydrogen (A), carbon (B), and nitrogen (C) compositions of the Winch-
combe meteorite. Chondrite data are from (23–25). Error bars for the Winchcombe
meteorite are smaller than the symbols.

Fig. 6. Examples of carbon- and nitrogen-rich phases in the Winchcombe meteor-
ite. (A) Combined secondary electron image and EDS map showing a C- and N-
bearing globule-like morphology (orange) within the phyllosilicate-rich matrix
(blue) of a fragment of the Winchcombe meteorite. Conditions: 6 kV, 158 pA, 38
kcps, 1360 × 960 pixels, and 49 nm pixel size. (B) Bright-field image of a nanoglo-
bule (ng) that has been partially replaced by finely crystalline phyllosilicate on its
left-hand side. The white areas are holes.
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history of primitive asteroids and the chemical and dynamic evolu-
tion of volatiles in the early solar system.

MATERIALS AND METHODS
Fireball observations
The UK Fireball Alliance (UKFAll) is a collaboration of the six fire-
ball and meteor camera networks in the United Kingdom including
(i) the UKMON, which uses a mix of complementary metal-oxide
semiconductor (CMOS) digital cameras and charged-coupled
device (CCD)–based digital video cameras; (ii) the UK Fireball
Network (UKFN), based on the digital single-lens reflex (DSLR)
system developed by the Desert Fireball Network (DFN) in Austra-
lia (32); (iii) the System for the Capture of Asteroid and Meteorite
Paths (SCAMP), a deployment of all-sky cameras from the French
Fireball Recovery and InterPlanetary Observation Network
(FRIPON) (33); (iv) the Network for Meteor Triangulation and
Orbit Determination (NEMETODE), which uses CCD-based
digital video cameras; (v) the Canadian-based Global Meteor
Network (GMN), which uses CMOS digital video cameras (34);
and (vi) the German-based AllSky7 network, with each site consist-
ing of seven CMOS digital video cameras (35).
The Winchcombe fireball occurred at 21:54:16 (UT) on 28 Feb-

ruary 2021 and lasted a little over 8 s. The skies over the United
Kingdom were clear at the time, and eyewitness accounts and
footage of the fireball captured on doorbell and dashboard
cameras quickly appeared on social media channels or were upload-
ed to the IMO and UKMON websites. Several observers reported
hearing a sonic boom.

Reflectance spectroscopy
Visible-⍰ goniometer measurements
The broadband (0.35- to 1.25-μm) albedo of the Winchcombe me-
teorite was derived from bidirectional reflectance distribution func-
tion (BRDF) measurements taken using the Visible Oxford Space
Environment Goniometer (VOSEG), a laboratory setup that can il-
luminate and measure the reflectance of a sample over a range of
viewing angles (36). The BRDF was measured for a powdered
sample of the Winchcombe meteorite (BM.2022,M1-22, 2.0 g)
across 0° to 70° reflectance angles, in steps of 5°; at 15°, 30°, 45°,
and 60° incidence angles; and at 0°, 90°, and 180° azimuthal
angles. The data were then fitted using the Hapke BRDF model to
enable constraints to be placed on the bulk scattering properties of
the meteorite sample (37). The surface profile of the sample was
characterized using an Alicona 3D (three-dimensional) instrument
(fig. S5). Therefore, two of the free parameters within the model—
the filling factor ϕ and the root mean square slope angle θ—could
be set as ϕ = 0.65 ± 0.02 and θ = 16.11° (at 500 μm size scale). This
enabled w, b, and hS to be set as the three open parameters within
the Hapke BRDF model least-squares Levenberg-Marquardt fitting
function. The best-fit Hapke parameters were determined to be
w = 0.152 ± 0.030, b = 0.633 ± 0.064, and hS = 0.016 ± 0.008.
From the BRDF dataset, the broadband albedo value was calculated
to be A = 4.09 ± 0.18%, which can be converted to hemispheric
albedo by multiplying by π (37).
Spectrometer measurements
Visible to near-IR and mid-IR reflectance spectra of Winchcombe
meteorite samples BM.2022,M1-91 and BM.2022,M2-41 were col-
lected at the Planetary Spectroscopy Facility at the University of

Oxford. Spectra were measured using a Bruker VERTEX 70v
Fourier transform IR spectrometer using a diffuse reflectance acces-
sory under vacuum (~2 hPa) at 4 cm−1 resolution, with an average
of 150 scans all calibrated to a diffuse gold target. The shortest wave-
length range (0.8 to 2.0 μm) was acquired using an InGaAs detector
coupled with a VIS/quartz beam splitter, while an room tempera-
ture deuterated L-alanine doped triglycene sulphate (RT-DLaTGS)
detector and wide-range beam splitter were used for the near- and
mid-IR (2 to 30 μm). Because of features in the wide-range beam
splitter, data at ~16 μm were excluded from the analysis.

Neon isotopic composition
The Ne isotopic composition of theWinchcombemeteorite was de-
termined in two ~30-mg aliquots of homogenized powder
(BM.2022,M2-36 and BM.2022,M4-7). Each sample was weighed
into Pt foil, loaded in an ultrahigh-vacuum system, and baked over-
night before analysis. Neon was released in four steps of increasing
temperature using a 970-nm diode laser until a final melt step and
reextraction to demonstrate complete degassing. Neon isotopes
were measured using the electronmultiplier procedure of a convert-
ed Thermo Fisher Scientific ARGUS VI noble gas mass spectrom-
eter. Neon isotope data were corrected for blanks (<1%) and mass
discrimination, and the reported uncertainties are 1σ. Full details of
gas extraction, purification, and analysis procedures, as well as blank
levels and the corrections for isobaric interferences, are described
in (38).

Cosmogenic nuclides
Samples of the Winchcombe meteorite [BM.2022,M2-6, OE-2021-
23 (1), and OE-2021-23 (7)] were analyzed nondestructively by low-
background gamma-ray spectrometry. An additional sample
(BM.2022,M2-40) was used for destructive analysis of 14C (a soft
beta-emitter) via high-sensitivity accelerator mass spectrometry
(AMS). All samples were of irregular shape as they originated
during a complex fragmentation process in the atmosphere
during the meteorite fall, and they clearly showed effects of ablation
due to their interaction with the atmosphere.
Gamma-ray spectrometry measurements were carried out at the

Faculty of Mathematics, Physics and Informatics of Comenius Uni-
versity (Bratislava, Slovakia) and at the Laboratori Nazionali del
Gran Sasso of the Italian Institute for Nuclear Physics (INFN-
LNGS; Assergi, Italy). The low-background laboratory of Comenius
University used high-purity germanium (HPGe) detectors of 70%
(Princeton Gamma Tech (PGT), USA) and 50% (Canberra,
Belgium) relative efficiency (for 1332.5-keV gamma-rays of 60Co)
placed in low-background shields situated in the basement of the
three-story building. The larger shield, which is used for the 70%
efficiency detector, has outer dimensions of 2 m by 1.5 m by
1.5 m and is composed of the following layers (from the outside
to the inside): 10 cm of lead, 10 cm of electrolytic copper, 10 cm
of polyethylene with boric acid, 0.1 cm of electrolytic copper, 0.1
cm of cadmium, and 1 cm of perspex. On the top, a layer of 12
cm of iron is added. The inner dimensions of the shield are
80 cm by 90 cm by 172 cm, where an extra shield made of electro-
lytic copper (12 cm by 20 cm by 30 cm) has been inserted to further
decrease the background. The radon contribution to the detector
background was decreased by flushing nitrogen gas through the
inner copper shielding. A detailed description of the measuring
procedures, energy and efficiency calibrations, and applied
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corrections can be found in (39, 40). The INFN-LNGS laboratory
STELLA (Subterranean Low-Level Assay) operates 14 HPGe detec-
tors, located deep underground with 1400 m of rock overburden
(i.e., 3800 m of water equivalent), with additional ultralow-back-
ground shields (25 cm of lead and an inner liner of 5 cm of
oxygen-free high-conductivity copper). Radon suppression was at-
tained by flushing the closed shielding with ultrapure nitrogen (41).
Both laboratories use, for efficiency determination of the HPGe de-
tectors, dedicated programs based on the GEANT software package
developed at CERN (42).
The AMS laboratory of the University of Arizona at Tucson

carried out the 14C analyses. Cosmogenic 14C was extracted in a
radio frequency (RF) induction furnace in a flow of oxygen, and
passing the gases evolved over a CuO furnace to ensure conversion
to CO2. This gas was collected and measured volumetrically. The
CO2 was then converted to graphite and analyzed on a 3-MV Na-
tional Electrostatics Corporation AMS machine. The full procedure
for 14C measurements is given in (43).
The database on radionuclide decay characteristics (44) was used

for activity calculations. The uncertainties of results were mainly
due to counting statistics, which were typically below 10%. The
measuring time of gamma-ray spectrometry analysis was from 30
to 48 days, depending on the mass of the analyzed samples.
Regular analysis of International Atomic Energy Agency (IAEA)
and National Institute of Standards and Technology (NIST) refer-
ence materials and participation in intercomparison exercises guar-
antee to maintain a good quality of results.

Bulk element abundances
Major and trace element abundances of the powderedWinchcombe
meteorite samples BM.2022,M1-91 and BM.2022,M2-41 were de-
termined by inductively coupled plasma optical emission spectro-
scopy (ICP-OES) and ICP-MS in the Imaging and Analysis Centre
(IAC) at the Natural History Museum (NHM). For major element
analysis, ~40 mg of each powdered sample was pretreated with
0.5 ml of concentrated NHO3 and fused with 120 mg of LiBO2 in
a Pt/Au crucible to produce a flux. This was then dissolved in 0.64M
HNO3 before element abundances weremeasured in triplicate using
a Thermo Fisher Scientific iCap 6500 Duo ICP-OES instrument,
which was calibrated using a range of certified reference materials
(CRMs) prepared in the same way. The standards BE-N (basalt,
Groupe International de Travail) and JG-1 (granodiorite, Geologi-
cal Survey of Japan) were analyzed as unknowns as a measure of
accuracy.
To determine trace element abundances, a further ~40 mg of

each powder was digested in HF + HClO4 + HNO3 and analyzed
in triplicate using an Agilent 8900 ICP-QQQ-MS instrument. The
instrument was optimized to reduce interferences by tuning CeO+/
Ce+ and Ba++/Ba+ to <1%. The accuracy of analyses was monitored
bymeasuring CRMs BCR-2 [basalt, U.S. Geological Survey (USGS)]
and SY-2 (syenite, Canadian Certified Reference Material Project).

Oxygen isotopes
Oxygen isotopic analysis of the Winchcombe meteorite was under-
taken at the Open University, UK using an IR laser-assisted fluori-
nation system [e.g., (45)]. For the analysis, ~150-mg fragments
extracted from samples BM.2022,M1-85 and BM.2022,M1-86
were powdered and homogenized.

All of the oxygen isotope analyses of theWinchcombe meteorite
were run inmodified “single shot”mode (46). This involved loading
a single aliquot (~2 mg) of the homogenized powder into one of the
wells of a nickel sample block. The sample was overlain by a ~1-
mm-thick, 3-mm-diameter internal BaF2 window to retain the
sample during laser reaction. In a second well, a 2-mg aliquot of
the internal obsidian standard was loaded without a BaF2
window. The nickel sample block was then placed into the two-
part laser chamber, which was made vacuum tight using a compres-
sion seal with a copper gasket and quick-release KFX clamp [e.g.,
(45)]. A 3-mm-thick BaF2 window at the top of the chamber
allows simultaneous viewing and laser heating of the samples.
Before analysis, the sample chamber was heated overnight under

vacuum to a temperature of ~95°C to remove any adsorbed mois-
ture. Following overnight heating, the chamber was allowed to cool
to room temperature, and then the flexi sections that had been
brought up to atmosphere during the sample loading procedures
were purged using three aliquots of BrF5 to remove any moisture.
The sample chamber itself was kept closed during this procedure to
avoid pre-reactions. Following these “flexi” blanks, the sample
chamber was opened and a further single 5-min BrF5 blank was un-
dertaken to reduce and eliminate any residual moisture adsorbed
onto the sample chamber walls. The oxygen isotope composition
of this blank was analyzed using the MAT 253 microvolume facility.
Following this blank analysis, the sample itself was run.
Sample heating in the presence of BrF5 was carried out using a

PhotonMachines Inc. 50-W IR CO2 laser (10.6 μm) mounted on an
X-Y-Z gantry. Reaction progress was monitored by means of an in-
tegrated video system. After fluorination, the released O2 was puri-
fied by passing it through two cryogenic nitrogen traps and over a
bed of heated KBr to remove any excess fluorine. The isotopic com-
position of the purified oxygen gas was analyzed using a Thermo
Fisher Scientific MAT 253 dual-inlet mass spectrometer with a
mass resolving power of ~200. A postreaction blank was run follow-
ing the analysis of the Winchcombe meteorite, and finally, the in-
ternal obsidian standard was fluorinated, and its oxygen isotope
composition was determined.
Overall system precision, as defined by replicate analyses of the

internal obsidian standard, is ±0.053‰ for δ17O, ±0.095‰ for
δ18O, and ±0.018‰ for Δ17O (2σ) (47). Oxygen isotopic analyses
are reported in standard δ notation, where δ18O value has been cal-
culated as δ18O = [(18O/16O)Sample/(18O/16O)VSMOW − 1] × 1000
(‰), and, similarly for δ17O, using the 17O/16O ratio. VSMOW is
the international standard Vienna SMOW. Δ17O value, which rep-
resents the deviation from the terrestrial fractionation line, has been
calculated as follows: Δ17O = δ17O − 0.52 × δ18O.

Titanium isotopes
A fragment of the Winchcombe meteorite (BM.2022,M3-16) was
powdered using an agate mortar and pestle and digested in a 1:4
mixture of 29 M HF to 15 M nitric acid at 140°C in a 60-ml Savillex
perfluoroalkoxy (PFA) beaker for >3 days and then dried at 110°C.
The residue was redissolved in 15 ml of aqua regia in a 20-ml PFA
beaker before refluxing in a Parr bomb for 7 days at 200°C to ensure
complete dissolution of acid-resistant phases.
To isolate Ti, the sample underwent three stages of liquid chro-

matographic separation. The first consisted of an anionic resin
column (Bio-Rad AG-1-X8, 100- to 200-mesh Cl form) to remove
Fe using 6 M HCl. The second consisted of a cationic resin column
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(Bio-Rad AG-50W-X12) fromwhich Ti was eluted, plus other “high
field strength” elements (e.g., Zr, Hf, Nb, and Ta) and Al, using 0.5
M HF, while the majority of matrix elements remained on the
column. The final column consisted of an anionic resin, as in the
first stage, eluting only Ti with a mixture of acetic acid, hydrogen
peroxide, and nitric acid. This results in the separation of Ca, V,
and Cr from Ti such that the final Ca/Ti, V/Ti, and Cr/Ti ratios
were all <1:1000. The complete procedural blanks, including disso-
lution, produced <3 ng of Ti, which is negligible for the mass of the
Winchcombe meteorite analyzed.
Titanium isotope ratios were measured by the Bristol Isotope

Group at the University of Bristol on a Thermo Fisher Scientific
Neptune MC-ICP-MS (s/n 10002) with a Jet-sample and X-
skimmer cone combination. Samples dissolved in 0.3 M HNO3
enter the plasma through an Aridus desolvating nebulizer using
an Ar sweep gas with additional N2 for increased sensitivity.
Sample solution uptake rates vary between 40 and 50 μl min−1.
The Winchcombe meteorite sample was analyzed in “medium res-
olution” (M/ΔM > 6000, where ΔM is the peak width between 5 and
95% intensity). The five Ti isotopes were measured alongside the
intensities of 90Zr2+, 51V+, 52Cr+, and 44Ca+, which were monitored
to track possible elemental interferences on 46Ti, 48Ti, and 50Ti.
Beam collection occurred in a “dynamic” mode, consisting of two
magnetic settings with integration times of 8.4 s and a magnet
setting time of 3 s. The main step collected 90Zr2+, 46Ti+, 47Ti+,
48Ti+, 49Ti+ (axial mass), 50Ti+, 51V+, and 52Cr+. The second step,
measured every 10 main integration cycles, collected 44Ca+ and
47Ti+ (axial mass). Both steps require the measurement mass to be
offset from the center of mass onto a “peak shoulder” to avoid mo-
lecular interferences, e.g., 36Ar14N+, 40Ar12C+, and 12C16O2+. The
beam intensities of all isotopes were measured using amplifiers
with 1011-ohm feedback resistors, excluding 90Zr2+, which used
an amplifier with a 1013-ohm resistor, and 48Ti+, which used an am-
plifier with a 1010-ohm resistor.
The sample and standards were run at concentrations of 200

ng ml−1 (which yield ~2 × 10−10 A on 48Ti+) and measured over
10 repeats of single blocks of 40 integrations. Instrumental blanks,
usually <1% of the Ti signal, were measured before and after each
block and subtracted from intermediate samples and standards.
Mass-dependent fractionation was corrected by internal normaliza-
tion using the exponential law and assuming a constant 49Ti/47Ti
ratio of 0.749766 (48). Interferences of Ca, V, and Cr were also cor-
rected (49–51). Each sample analysis was bracketed by a measure-
ment of a standard solution of the same concentration, which, in
this case, is the NIST-3162a standard reference material (SRM). Rel-
ative deviations of internally normalized Ti isotope ratios of the
samples from a linear fit to internally normalized Ti isotope
ratios of the bracketed NIST-3162a SRM were used to calculate Δ
′X/47Ti49/47 (reported in ppm). The reported values and errors are
the mean and 2 SE of 10 repeat measurements in a single session.
The mean and 2 SE reported values for Δ′46/47Ti49/47, Δ′48/47Ti49/47,
and Δ′50/47Ti49/47 from the same session for a BCR-2 basalt refer-
ence material were 1 ± 5, 2 ± 4, and 2 ± 10 ppm, respectively.

Chromium isotopes
A sample of the Winchcombe meteorite (BM.2022,M3-33) was
crushed to a fine powder using an agate pestle and mortar. Approx-
imately 20 mg was weighed into a 5-ml Savillex Teflon high-pres-
sure vessel and dissolved in a 2:1 mixture of 29 M HF and 15.4

HNO3 at 160°C for 3 days. The meteorite sample was dissolved
alongside geostandard USGS DTS2B. After dissolution, the
samples were evaporated to close to a gel, redissolved in 6 M HCl
to avoid the formation of insoluble fluorides, and then dried. They
were redissolved in repeated steps of 6 M HCl and 7 M HNO3 until
fully dissolved in solution.
Chromium was purified using a two-stage ion exchange proce-

dure [e.g., (52)]. The first stage column was 4 ml of AG50W x8 in 1
MHCl; the samples were heated at 100°C for more than 18 hours in
concentrated HCl and then diluted to 1 M HCl immediately before
loading onto precleaned and preconditioned resin, and Cr was
eluted with washes of 1 M HCl. Samples were dried and treated
with concentrated HNO3 to remove organics.
Next, the samples were dissolved in 0.5 M HNO3:0.05% H2O2

and allowed to equilibrate for 5 days. Solutions were then loaded
onto 400 μl of precleaned and preconditioned AG50W x8. Matrix
elements were eluted with washes of 1 MHNO3 followed by elution
of Cr with 6 M HCl. The samples were further dried and treated
with concentrated HNO3 to remove organics and prepare for anal-
ysis. Before analysis, sample solutions were checked for adequate
matrix separation and yield by analysis using an Agilent 8900
triple quad. The yield of the whole procedure was within an error
of 100%, and the total procedural blank was <40 ng of Cr and neg-
ligible compared to the ~20 μg of Cr in the smallest samples.
Samples were measured using a Thermo Fisher Scientific Finni-

gan Neptune Plus MC-ICP-MS in the STAiG laboratory at the Uni-
versity of St. Andrews. The samples were aspirated using a nebulizer
tip of 70 μl min−1 into an ESI Apex Omega desolvating nebulizer.
Solutions were diluted to approximately 2 ppm, matched within 5%
to the bracketing standard, with the full analytical session consum-
ing 8 to 10 μg of Cr per sample. A standard sample cone was used
with an x-type high-sensitivity skimmer cone. Measurements were
made in high-resolution mode with m/∆m > 8000, yielding a sen-
sitivity of 25 V/ppm of 52Cr. Beams of 49Ti, 50Cr, 51V, 52Cr, 53Cr,
54Cr, and 56Fe were simultaneously collected using cups L4, L2,
L1, C, H1, H2, and H4. Each was connected to amplifiers with
1011-ohm feedback resistors, except the cup collecting 52Cr with a
1010-ohm feedback resistor and L1 collecting 51V with a 1012-ohm
feedback resistor. Samples and standards were 100 cycles of 8.439 s,
and blanks were 50 cycles of 4.197 s.
Peak center routines were performed before each sample and

standard measurement to monitor and correct for magnet drift.
The measurement position was offset to the low mass side of the
peak to resolve molecular interferences, and the position of the
peak edge and interferences was verified by peak flat measurements
before each analytical session. All sample measurements were
bracketed by on-peak zero blank measurements and bracketing
standard NIST SRM 979. Interference contributions from 50Ti
and 50V on 50Cr and 54Fe were calculated from 49Ti, 51V, and
56Fe, respectively. These were within the ranges for which these cor-
rections can be accurately applied (53).
The degree of mass-dependent fractionation of the interfering

isotope ratios was estimated from the 50Cr/52Cr ratio, and the inter-
ference ratios were adjusted accordingly before the interference
signals were subtracted from the Cr isotope signals. Samples and
standards were corrected for mass-dependent fractionation using
the 50Cr/52Cr = 0.051859 (51) ratio and the exponential law.
Samples were corrected for nonexponential drift and cup factors
by calculating the parts per 10,000 differences from the bracketing
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standard, yielding ε53Cr and ε54Cr. Because of an issue in the detec-
tor electronics, occasional outliers were present on only the largest
beam (52Cr), which were often very large and resulted in >5σ out-
liers in the processed ratios. These did not influence the accuracy of
the resulting data as they affected samples and standard alike but did
artificially reduce the precision. The outliers were removed with a
3.25σ outlier rejection on the normalized 53Cr/52Cr ratio. This level
of rejection would have no effect on the data if no outliers
were present.
The reproducibility of the resulting data was estimated using a

pooled dataset (n = 26), yielding 2 SD external precision of 6.4
ppm for ε53Cr and 16.9 ppm for ε54Cr on a single measurement
and 3.2 ppm for ε53Cr and 8.4 ppm for ε54Cr 2se on a typical
sample of n = 4. The accuracy of the analyses was verified with geo-
standard DTS2B, which was within the analytical uncertainty of
previously reported ratios (53).

X-ray diffraction
The mineralogy of the Winchcombe meteorite was initially charac-
terized on 9March 2021 using a PANalytical X’Pert Pro scanning x-
ray diffractometer at the NHM. Approximately ~5mg of the powder
BM.2022,M1-88 was mixed with several drops of acetone and de-
posited as a thin smear on a zero-background substrate. An XRD
pattern of the sample was then collected using Co Kα radiation
from 3° to 120° with a step size of 0.02° and time per step of
6.5 s, giving a total measurement time of ~12.5 hours. Mineral
phases were identified using the International Centre for Diffraction
Data (ICDD) database (PDF-2).
The modal mineralogy of ~50-mg aliquots of three powdered

(grain size, <50 μm) samples (BM.2022,M1-91 and BM.2022,M2-
41, also analyzed by IR spectroscopy and ICP-MS; BM.2022,M2-
36, also analyzed for neon) was determined in May and June 2021
using an Enraf-Nonius PDS120 XRD equipped with an INEL
curved 120° position-sensitive detector (PSD) at the NHM. The
PSD is in a static geometry relative to the primary x-ray beam
and sample, meaning the only moving part of the instrument is
the sample stage, which is rotated throughout an analysis. Each
powder was packed into an aluminum sample well using the
sharp edge of a spatula to minimize preferred crystal alignments
and then analyzed using Cu Kα radiation. PSD-XRD patterns of
the Winchcombe meteorite samples were collected for 16 hours,
and patterns of mineral standards were acquired under the same an-
alytical conditions for 30 min.
Mineral abundances were calculated from the PSD-XRD pat-

terns using a profile-stripping method, whereby the pattern of a
mineral standard was initially scaled to the same measurement
time as the meteorite samples (e.g., ×32). The mineral standard
pattern was then reduced by a factor to fit its intensity in the diffrac-
tion pattern of a meteorite before being subtracted to leave a resid-
ual pattern. This process was repeated for all phases present in the
meteorites, resulting in final residuals with zero counts and the fit
factors summing to one. The fit factors were corrected for relative
differences in x-ray absorption to give final volume fractions in the
meteorites. The detection limit was ~0.5 to 1.0 volume %, and the
uncertainties were ~0.5 to 5 volume % depending on the phase.

Petrographic observations
Two polished sections (P30423 and P30424) of the Winchcombe
meteorite were prepared (without water) at the NHM and

characterized using SEM and energy-dispersive spectrometry
(EDS) in March to July 2021. Secondary and backscattered electron
(BSE) images, EDS point spectra, and large-area high-resolution
EDS elemental maps were acquired under high vacuum using a
ZEISS EVO 15LS SEM equipped with an Oxford Instruments
AZtec EDS system and 80-mm2 X-Max silicon-drift detector
(SDD) based on the IAC of the NHM. Whole-section EDS maps
were collected with a spatial resolution of ~1.9 μm/pixel at an accel-
erating voltage of 20 kV and beam current of 3 nA, resulting in
output count rates of >50 kcps and dead times of ~30 to 60%.
All EDS spot analyses were performed at a fixed working dis-

tance of 10.0 mm. An accelerating voltage of 20 kV and beam
current of 1.5 nA resulted in an output count rate of ~40 to 60
kcps for silicate minerals. Before analysis, the EDS system was cal-
ibrated using a polished cobalt metal reference sample. Standards-
based quantification was performed using the X-windows Phase
Plane (XPP) matrix correction routine (54). For silicate minerals,
quantification was performed using the “oxygen by stoichiometry”
routine, while for carbonate minerals the “carbon by difference”
and, for sulfides and metals, the “all elements” routines were
used. The accuracy and precision for major rock-forming silicate
cations were cross-checked against analyses on the Smithsonian
Kakanui augite reference sample, for which the composition is
known from wet chemistry. Element detection limits were on the
order of 0.1 to 0.3 wt %.
A further 14 polished sections of the Winchcombe meteorite

were prepared and characterized using SEM (table S14). Polished
sections P30540 and P30552 were investigated at the University of
Glasgow using a Zeiss Sigma field-emission SEM (FE-SEM)
equipped with an Oxford Instruments X-Max EDS SDD and the
AZtec/INCA software package. BSE images were acquired at an ac-
celerating voltage of 20 kV and beam current of ~1 nA, and quan-
titative chemical spot analyses of individual mineral grains at 20 kV
and ~2 nA. P30541 was studied at the University of Manchester
using an FEI Quanta 650 FE-SEM operated under high vacuum.
BSE images, EDS spectra, and elemental EDS x-ray maps were ob-
tained with an accelerating voltage of 20 to 25 kV and beam currents
of 3 to 6 nA. P30542 was studied at the University of Kent using a
Hitachi S3400. Quantitative chemical analyses were acquired using
an Oxford Instruments X-Max EDS SDD operated through the
INCA software package. BSE images were obtained with an acceler-
ating voltage of 20 kV and beam current of ~20 nA, and a combi-
nation of area and spot analyses was used to characterize individual
minerals and fine-grained matrix. P30543 was studied using an FEI
Quanta 650 FE-SEM at the University of Leicester Advanced Mi-
croscopy Facility. BSE images and EDS chemical compositions
were acquired with an accelerating voltage between 5 and 20 kV
and using Oxford Instruments AZtec software. P30545 was investi-
gated by the Plymouth Electron Microscopy Centre at the Univer-
sity of Plymouth using a JOEL 7001F FE-SEM coupled with an
Oxford Instruments X-Max 50-mm2 EDS detector. BSE images
were acquired using an accelerating voltage of 20 kV and beam
current of 5 nA, and both spot analyses and larger-area x-ray ele-
mental maps were collected using Oxford Instruments AZtec soft-
ware. Last, the fusion crust in P30551, P30554, and P30555 was
characterized using a Hitachi TM4000Plus at Imperial College,
London, with BSE images and x-ray element maps acquired at
20 kV.
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Transmission electron microscopy
Thin lamellae were cut and extracted from polished sections of the
Winchcombe meteorite using an FEI Helios Plasma focused ion
beam (FIB) instrument at the University of Glasgow and an FEI
Quanta 200 3D FIB-SEM at the University of Leicester Advanced
Microscopy Centre. In both cases, the protocol followed was
similar to that outlined in (55). Briefly, the region of interest was
initially coated with a ~1-μm-thick bar of Pt deposited by a gas in-
jection system to protect the sample. Lamellae were then milled to a
thickness of ~1 mm, before being extracted using an in situ micro-
manipulator and welded to a copper grid using platinum. After
further milling to a thickness of ~100 nm, the lamellae were
studied using TEM.
Lamellae from the matrix and fine grained rims (FGRs) within

the polished sections P30540 and P30552 were initially character-
ized using an FEI T20 TEM at the University of Glasgow. An accel-
erating voltage of 200 kV was used to obtain diffraction-contrast
images, high-resolution images, and selected-area electron diffrac-
tion (SAED) patterns from the lamellae. High-angle annular dark-
field images and quantitative chemical analysis were also acquired at
200 kV using a JOEL ARM200F FE scanning TEM (STEM). For the
analytical work, the x-ray spectra were acquired and processed using
a Bruker Quantax EDS system with a 60-mm2 SDD operating the
Esprit V2.2 software. In addition, high-resolution TEM imaging,
calibrated STEM-EDS, and lattice spacing measurements of serpen-
tine-like phases in lamellae extracted from polished section P30543
were performed mostly using a JEOL 2100 TEM at the University of
Leicester Advanced Microscopy Facility, as well as additional mea-
surements using the JOEL 2100+ TEM at the University of Notting-
ham. Analyses used the Gatan Micrograph and Oxford Instruments
AZtec software packages.

Bulk magnetic properties
A MicroMag 2900 Series alternating gradient magnetometer
(AGM) at the University of Cambridge was used to measure hyster-
esis loops, DC demagnetization (DCD) curves, and FORC diagrams
of chips taken from the Winchcombe meteorite samples
BM.2022,M1-95 (3.3 mg) and BM.2022,M3-32 (11.4 mg). The
FORC diagrams of the Winchcombe meteorite samples were com-
pared quantitatively to those of CI and CM chondrites using prin-
cipal components analysis [PCA; (56)]. In addition, MFK1-FA
MultiFunction KappaBridge was used to measure the mass-specific
magnetic susceptibility of 80.2- and 75.3-mg chips of BM.2022,M1-
95 and BM.2022,M3-32, respectively.
Hysteresis loop measurements were conducted using an applied

saturation field of 1 T, an averaging time of 200 ms, and a field in-
crement of 10 mT. Paramagnetic adjustment was conducted to
remove the effect of paramagnetic minerals in the samples. DCD
curves were measured using an applied saturation field of 1 T, an
initial field of 0 T, a maximum reverse applied field of −500 mT,
and an averaging time of 1 s. A nonlinear field sequence was used
with 150 points measured.
FORC diagram measurements were conducted using a saturat-

ing field of 1 T, a field-step size of 2.09 mT, and an averaging time of
275 ms. Three hundred FORCs were measured for each sample. The
FORC diagrams were processed using the VARIFORC approach
(57) within the FORCinel software package (58). During smooth-
ing, a value of 0.2 was used for the horizontal and vertical lambda
values (λ). Vertical ridge, central ridge, horizontal smoothing, and

vertical smoothing parameters of 8, 5, 12, and 12 and 6, 6, 10, and 10
were used for chips BM.2022,M1-95 and BM.2022,M3-32, respec-
tively. PCA was conducted on the processed FORC diagrams using
the FORCem software package along with CM1 and CI1 chondrites
(56, 59).
Mass-specific magnetitic susceptibility measurements were con-

ducted using an AC field amplitude of 200 Am−1 and a frequency of
976 Hz. Five measurements of each chip were taken, and the average
was recorded.

Computed tomography
The internal and external features of 20 fragments of the Winch-
combe meteorite (<0.01 to 0.36 g) were imaged using micro-XCT
in July and August 2021 in the IAC of the NHM. For analysis, frag-
ments were mounted in gel capsules with supporting foam and
loaded into modified pipettes (~7 mm in diameter; one to two frag-
ments per pipette), which were then fixed onto the stage of a
cabinet-based industrial Zeiss Xradia Versa 520 CT system. X-rays
were generated from a tungsten source using a voltage of 70 to 130
kV and a current of 76 to 87 μA. Appropriate x-ray source filtration
was used to help reduce beam hardening effects.
For each fragment, a total of 1601 to 3201 projections were col-

lected while it was rotated by 360°. The center shift during stage ro-
tation was corrected in postprocessing using the Zeiss
Reconstructor software. Each projection was magnified by a 4× or
0.4× objective lens and then recorded using a 2000 × 2000 CCD
plane (16-bit pixel depth) with an exposure of 3 to 20 s. Spatial res-
olutions (in voxels) were 1.17 to 4.59 μm, depending on the size of
the analyzed fragment, and beam hardening was corrected for the
XCT images with a constant value of 0.05.
To conduct petrofabric measurements, the data were loaded into

the Avizo software, and a nonlocal means filter was applied to
reduce noise in the images. Nonlocal means filter parameters
were as follows: search window −9, local neighbor −4, and similar-
ity value−0.4. Chondrules were identified within the XCT data by a
difference in x-ray attenuation when compared to the matrix (i.e.,
darker appearance) and the presence of FGRs. Following identifica-
tion, a representative section of each chondrule was manually seg-
mented in each of the three orthogonal planes (XY, XZ, and YZ)
using the Avizo manual segmentation draw tool. A fit ellipsoid
was fitted to the outer margins of these segmented sections and
measured using the Blob3D software. The resulting directional
cosine data for the orientation of the long- and short-shape axis
of the ellipsoid were then converted into trend and plunge before
being plotted on an equal area stereonet using the Stereonet 11 soft-
ware. A stereonet illustrating chondrule orientation was produced
for each visible lithology to determine whether any petrofabrics
(e.g., random, planar, and lineation) were present.
To calculate the macroporosity of the Winchcombe meteorite

fragments BM.2022,M2-34 (0.24 g) and BM.2022,M3-31 (<0.01
g), the XCT data were loaded into Avizo, and a total of five internal
subvolumes were extracted from the dominant lithologies present.
The subvolumes were then segmented using a general thresholding
technique to approximately extract the macroscale pores and frac-
tures. Following segmentation, a small spot removal function was
applied to remove regions of less than five connected voxels in an
attempt to reduce noise. Once macroporosity was segmented, a ma-
terial statistics function was applied to ascertain the number of
voxels segmented as pore space.
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Thermogravimetric analysis
Approximately 45 mg of the Winchcombe meteorite powder
BM.2022,M1-88 was characterized on 5 March 2021 using a TA In-
struments Simultaneous Thermal Analysis (SDT) Q600 at the
NHM. The powder was loaded into an alumina crucible and
placed onto the TGA balance within a furnace that was then
sealed. The mass of the sample was recorded as it was heated
from ~15° to 1000°C at 10°C min−1 under a N2 flow of 100 ml
min−1. The sensitivity of the TGA balance is 0.1 μg, and the
overall error on the measured mass loss fractions is ~0.1% (60).
Previous studies of hydrated carbonaceous chondrites have

divided TGA curves into distinct temperature regions: (i) mass
loss at <100°C is attributed to the removal of adsorbed terrestrial
water; (ii) from 100° to 200°C mainly to the breakdown of sulfates;
(iii) between 200° and 400°C and 400° and 770°C due to the release
of -OH/H2O in Fe-(oxy)hydroxides and phyllosilicates, respective-
ly; and (iv) between 770° and 900°C from CO2 produced during the
breakdown of carbonates (60, 61). Additional mass loss in these
temperature ranges could also result from the decomposition of
Fe-sulfides and refractory organic matter, although the contribution
is expected to be small.

Hydrogen pyrolysis
The abundance and isotopic composition of hydrogen in the
Winchcombe meteorite was analyzed by stepwise pyrolysis at the
Scottish Universities Environmental Research Centre (SUERC).
Two chips (BM.2022,M2-39, which split into two chips during
transport) sealed in glass vials on 16 March 2021 were transferred
to a desiccator on 18 March 2021. The smaller chip (BM.2022,M2-
39-a, 45.1 mg) was put under vacuum on 19 March 2021 before
analysis on 23 and 24 March 2021. The other chip was put under
vacuum on 24 March and subsequently split into two subsamples:
BM.2022,M2-39-b (32.7 mg) and BM.2022,M2-39-c (30.9 mg).
Sample BM.2022,M2-39-b was analyzed on 26 March 2021 and
BM.2022,M2-39-c on 30 March 2021.
Chips rather than powders were analyzed tominimize the poten-

tial for terrestrial contamination (25). Each chip was placed in a pre-
viously outgassed (to 1100°C) Pt crucible within an all-glass
vacuum line, pumped down overnight, and then incrementally
heated via a temperature-controlled resistance furnace (25° to
700°C) and temperature-controlled induction furnace (>700°C)
over seven steps: 100°, 200°, 300°, 400°, 500°, 700°, and 1100°C (±
5°C). The samples were held at each temperature for at least 30 min.
Released gases were first stored in a cold trap at −196°C using a
liquid N2 bath, which was then replaced by a mixture of dry ice
and acetone at −78°C, trapping water but releasing other gases.
The yield of gas that was not trapped at −78°C was measured
using an Edwards PR10-C Pirani vacuum pressure gauge. The dry
ice and acetone bath was then removed from the cold trap, which
was gently heated to release the water. This water was released to
H2 by exposure to Cr powder at 850°C (62). The yield of hydrogen
in each step was measured using the Pirani vacuum pressure gauge,
and H2 was collected with a mercury Toepler pump into a small
borosilicate vessel with Teflon-sealed high-vacuum valves. The
vessels were immediately taken to a VGI Optimamass spectrometer
for hydrogen isotope analysis. In-run repeat analyses of water stan-
dards (international standards GISP and V-SMOW and internal
standard LT-STD) gave a reproducibility of better than ±2‰
for δD.

Carbon and nitrogen pyrolysis
Small chips of Winchcombe meteorite samples BM.2022,M1-85
(5.0502 mg) and BM.2022,M1-86 (5.0981 mg) were analyzed at
the Open University using the Finesse system, which can simulta-
neously measure the abundance and isotopic compositions of He,
Ne, Ar, Xe, N, and C [e.g., (63, 64)]. Gases are released by heating
the sample in a double-vacuum furnace in which a quartz glass
inner tube is separated from the outer corundum tube by an evac-
uated space.
For analysis of theWinchcombe meteorite, each chip was loaded

into a Pt foil (25-mm-thick) capsule and dropped into the extrac-
tion furnace through a gate vale and then heated at ~100°C for
0.5 hours under pumping to decrease atmospheric contamination.
The samples were analyzed using a high-resolution temperature
program of 25°C steps from 100° to 600°C, the temperature range
over which most of the carbonaceous matter combusted. Tempera-
ture steps of 50° or 100°C were used at higher temperatures as the
amount of combustion products decreased. Released gases were
separated into fractions [(CO2 + Xe), (He + Ne), and (N2 + Ar)]
using a combination of cold fingers, molecular sieves, and getters
[e.g., (63, 64)]. All the volumes of the vacuum system are calibrated,
so the proportion of the total amount of a gas included in one or
another fraction is precisely known. The amount of CO2 was deter-
mined by pressure measurement using a Baratron capacitance mo-
nometer to a precision of better than ±1%.
The system has magnetic sector mass spectrometers, each

equipped with three collectors set for masses [mass/charge ratio
(m/z)] of 28, 29, and 30 (for N2) and 44, 45, and 46 (for CO2). A
single measurement lasted ~1 min, during which ~300 data points
were collected for each isotope, providing a precision of 0.3 to
0.5‰. Calculation of δ13C and δ15N values was achieved through
analysis under identical conditions of appropriate standards mea-
sured alternately with the samples [e.g., (63, 64)]. The laboratory
standards were calibrated using National Bureau of Standards
(NBS) standard calcite (for CO2) and air (for noble gases and N2).
The system blank was determined before analysis of the Winch-

combe meteorite by stepped combustion of an empty Pt foil capsule
over the same temperature range as the sample. The contribution
from the system blank at temperatures below 600°C was negligible
for C and N and not more than 10% for the noble gases. Above
600°C, correction for system blank becomes more notable as the
amount of gas released from the sample decreases. However, the
gas-rich nature of the Winchcombe meteorite ensured that even
at the highest temperatures, the contribution from the blank was
less than about 20% of the released nitrogen and noble gases and
5% of the CO2.

Selected ion flow tube–mass spectrometry
The profile of C1 to C6 alcohols, aldehydes, ketones, and carboxylic
acids present in Winchcombe meteorite samples BM.2022,M1-85
(17.8 mg) and BM.2022,M1-86 (15.7 mg) were determined within
10 months of collection. The chips were placed into 20-ml cleaned
glass vials, with the headspace flushed with dry nitrogen. Volatile
species were then analyzed using selected ion flow tube–mass spec-
trometry (SIFT-MS) at Anatune Ltd., Cambridge, UK, following
their release into the vial headspace, after heating to 150°C for
15 min. An empty vial was processed in the same way to act as
a blank.
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Low-voltage SEM-EDS
On 11 March 2021, 17 fragments (~0.5 to 8 mm in size, from site 1)
of the Winchcombe meteorite were mounted using cleaned stain-
less-steel tweezers onto carbon-based electrically conductive,
double-sided adhesive discs, also known as Leit tabs, stuck to the
flat surface of two aluminum SEM pin stubs. The uncoated and un-
polished fragments were then quickly transferred to an FEI Quanta
650 FE-SEM at the IAC of the NHM.
The FE-SEM is equipped with a Bruker Quantax EDS system

with a high-sensitivity, annular, four-channel Bruker FlatQUAD
SDD inserted between the pole piece and sample within the main
chamber of the SEM. The annular geometry allows sufficient data
collection on uncoated, beam-sensitive, and nonconductive
samples with substantial surface topography using ultralow beam
currents under high vacuum (65). An accelerating voltage of 6
and 9 kV and a beam current of 30 to 190 pA were used, resulting
in an input count rate up to 55 kcps. Several of the fragments were
initially mapped at 3- and 4-μm pixel resolution using automated
stage control to identify features of interest, which were then
further analyzed at a pixel resolution down to 16 nm. Follow-up
SEM imaging of the features of interest was carried out in the var-
iable pressure mode of the SEM using a low-vacuum cone.

Liquid chromatography–mass spectrometry
Samples
The Winchcombe stones BM.2022,M2-23 and BM.2022,M9-4 were
crushed using an agate pestle and mortar to a grain size of <0.1 mm,
with six ~50-mg aliquots then taken from each powder. For both
samples, three of the aliquots were initially analyzed using untar-
geted LC-MS, and three were subsequently analyzed using targeted
LC-MS (66). Six ~50-mg environmental soil controls from sites 1
and 6 (table S4) were also analyzed to identify terrestrial organic
molecules in both locations. Figure S25 summarizes the samples
and analytical workflow.
Solvent extractions
All samples and environmental controls were crushed using an
agate mortar and pestle at SUERC. The mortar and pestle were
cleaned with 2% DECON solution, followed by ultrapure water,
then acetone, and dried in a positive pressure fume hood environ-
ment in between uses.
Solvent extractions were all performed in a positive pressure

fume hood. Glassware and metal tools were wrapped in foil and
placed in a furnace overnight at 450°C. All glassware, ceramics,
and tools were then washed in 2% DECON clean solution and
rinsed with ultrapure water and acetone in between uses for differ-
ent samples. After crushing, three ~50-mg replicates from each
powder were weighed out and placed in new sterile Polytetrafluoro-
ethylene (PTFE) screw-top vials. Three procedural blanks (new
empty vials opened at that stage) were added at each step of the ex-
traction to pick up any contaminants in the laboratory, starting at
the crushing step, with blanks introduced for each new solvent, as
well as the pooling and filtering step.
Solvent extractions were performed by adding 1 ml of each

solvent to each powdered sample using a Gilson pipette (with a
new sterile tip each time) and mixing using a vortex for 10 min at
room temperature. Hexane was the first solvent added and mixed,
then dichloromethane (DCM), and finally methanol. These solvents
were used to target a broad range of apolar to moderately polar mol-
ecules. Each solvent was added, mixed, removed, and then placed in

a new vial, using fresh pipette tips before the next solvent was added.
A total of 330 μl of each solvent extract was then pooled and mixed
in a fresh vial to make up a 990-μl extract, which was then removed
using a hypodermic needle and syringe (with needles rinsed with a
1:1:1 sterile solvent mixture between uses, and a fresh needle used
every five samples), and finally filtered using a 0.45-μm filter,
leaving behind ~80 μl, which was placed in a fresh vial, ready for
LC-MS analysis.
These pooled and filtered extracts were frozen in PTFE screw-top

vials at ~−10°C until LC-MS analysis. Three procedural blanks
(fresh vials with solvent added only from that step onward) were
added at each new extraction step to identify the introduction of
any laboratory contaminants.
Liquid chromatography–mass spectrometry
Hydrophilic interaction liquid chromatography (pHILIC) was
carried out on a Dionex UltraMate 3000 RSLC system using a
ZIC-pHILIC column (150 mm by 4.6 mm, 5-mm column, Merck
Sequant) at the Polyomics Facility, University of Glasgow. The
column was maintained at 25°C, and samples were eluted with a
linear gradient (20 mM ammonium carbonate in water, A and ace-
tonitrile, B) over 26 min at a flow rate of 0.3 ml min−1 (table S22).
The injection volume was 10 μl, and samples were maintained at

5°C before injection. A Thermo Fisher Scientific Orbitrap QExac-
tive was operated in polarity switching mode, and the MS settings
were as follows: resolution, 70,000; automatic gain control (AGC),
1 × 106;m/z range, 70 to 1050; sheath gas, 40; auxiliary gas, 5; sweep
gas, 1; probe temperature, 150°C; capillary temperature, 320°C.
For positive-mode ionization, the source voltage was +3.8 kV, S-

Lens RF level was 30.00, S-Lens voltage was 25.00 V, skimmer
voltage was 15.00 V, inject flatopole offset was 8.00 V, and bent fla-
topole DC was 6.00 V. For negative-mode ionization, the source
voltage was −3.8 kV. The calibration mass range was extended to
cover small metabolites by inclusion of low-mass calibrants with
the standard Thermo Fisher Scientific calmix masses (below m/z
138), butylamine (C4H11N) for positive ion electrospray ionization
(PIESI) mode (m/z 74.096426) and COF3 for negative ion electro-
spray ionization (NIESI) mode (m/z 84.9906726). To enhance cal-
ibration stability, lock-mass correction was also applied to each
analytical run: positive-mode lock masses: number of lock
masses: 1 lock mass #1 (m/z): 144.9822; negative-mode lock
masses: number of lock masses: 1 lock mass #1 (m/z): 100.9856.
Instrument .raw files were converted to positive and negative

ionization mode mzXML files. These files were processed with
IDEOM (67), which uses the XCMS (68) and mzMatch (69) soft-
ware in the R environment. Briefly, this involves using the Cent-
Ware algorithm within XCMS to pick out signals based on their
retention time and mass-to-charge ratio. These signals are then
grouped on the basis of sample replicates and filtered using relative
SD, minimum intensity, and a noise filter to produce a set of signals
that are likely to be due to real metabolites.
Last, a gap-filling step was used to ensure that signals that may

have been missed or lost from a particular group/groups while re-
tained for another group were reinstated to avoid erroneous identi-
fication of signals unique to a particular sample. Fragmentation data
were analyzed in PiMP (70) with the FrAnK in-house fragmenta-
tion data analysis software. Comparisons between the overall me-
tabolite distributions of the samples were made using
MetaboAnalyst (71).
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Gas chromatography–mass spectrometry
Samples, chemicals, and materials
GC-MS was used to characterize the amino acid content of a
Winchcombe meteorite stone (BM.2022,M2-14) and nearby soil
sample (the “fall site soil”). A powdered sample of serpentinized pe-
ridotite from Kennack Sands, UK, was also analyzed as a procedural
blank. The procedural blank was heated to 500°C in air for 24 hours
before the amino acid extraction procedures. Stock solutions
(10−3 to 10−1 M) of individual amino acids were made by dissolu-
tion of standard crystals in ultrapure water. An amino acid standard
mixture was made by combining individual standard solutions. The
amino acid standard mixture, procedural blank, and fall site soil
were subjected to the same experimental procedures as the meteor-
ite sample.
All tools, glassware, and ceramics were sterilized by baking at

500°C in air for 24 hours. Millipore ultrapure water (18.2 me-
gohm·cm, ≤3 parts per billion of total organic carbon) was used
for all laboratory work performed in this study. The amino acid
3-amino-3-methyl butanoic acid and 3-amino-2,2-dimethylpropa-
noic acid were provided by the Astrobiology Analytical Laboratory
at Goddard Space Flight Center, NASA. All other amino acid stan-
dard crystals/powder were purchased from Acros Organics, Sigma-
Aldrich, and Fluka. Hydrochloric acid (HCl; 37%), ammonium hy-
droxide (NH4OH) (28 to 30 wt %), isopropanol (IPA; 99.5%), and
trifluoroacetic anhydride (TFAA; >99.0%) were purchased from
Sigma-Aldrich. Acetyl chloride (99+%) and pyrene (98%) were
from Acros Organics. Prepacked columns, analytical grade 50W-
X8, hydrogen form (100 to 200 mesh) were acquired from Bio-
Rad. Sodium hydroxide (NaOH) pellets and DCM (99.8+%) were
purchased from Fisher Scientific.
Sample extraction and desalting procedures
The Winchcombe meteorite sample was powdered, split into five
equal portions, and transferred to individual test tubes (20 × 150
mm) for hot-water extraction. Ultrapure water (1 ml) was added
to each sample. The test tubes were then flame-sealed and heated
to 100°C for 24 hours in a heating block. After cooling to room tem-
perature, the test tubes were rinsed with ultrapure water, cracked
open, and centrifuged for 5 min. Eighty percent of the water super-
natant was transferred to small test tubes (12 × 75mm) individually,
dried under vacuum, flame-sealed in a larger test tube (20 × 150
mm) containing 1 ml of 6 N HCl, and then subjected to acid
vapor hydrolysis for 3 hours at 150°C to determine the total (free
+ bound) amino acid content. Fifteen percent of the water superna-
tant (the nonhydrolyzed fraction) was transferred to small test tubes
and kept in a fridge until before the desalting procedure. After the
hydrolysis procedure, the test tubes were rinsed with ultrapurewater
and then cracked open. The small test tubes were removed and dried
under vacuum.
Cation exchange was performed on prepacked columns. The

columns were prepared according to the following procedures.
After removing the caps and snapping off the seals on the Luer
tips, the columns were filled to the top with water (~10 ml) plus
one bed volume (~2 ml). Once the volume of water was just
above the resin bed, three bed volumes (~6 ml) of 2 M NaOH
was added to desorb any contaminating amino acids. The
columns were then washed by filling to the top with water twice
(20 ml) until the eluting solution had a neutral pH to remove resid-
ual NaOH. Three bed volumes (~6 ml) of 1.5 M HCl was added to

re-acidify the columns. The columns were again washed with two
volumes of water (20 ml) to remove excess HCl until neutral pH.
Both hydrolyzed and nonhydrolyzed samples were then brought

up in 3 × 1 ml of ultrapure water and desalted on the cation ex-
change resin. Different fractions of the same sample were recom-
bined by desalting in the same column. Purified amino acids were
eluted by adding 2 × 3.5-ml fractions of 2 M NH4OH, and the
eluates were collected in small test tubes, which were then evaporat-
ed to dryness by vacuum centrifugation.
TFAA-IPA derivatization and GC-MS analysis
Before GC-MS analysis, amino acids were derivatized by esterifica-
tion with IPA and acylation with TFAA. The samples were resus-
pended in 2 × 50 μl of ultrapure water in inserts within GC vials.
A total of 100 μl of acetyl chloride:IPA mixture (30:70, v/v) was
added to each of the samples. The vials were tightly capped, and
the samples were heated in a heating block set at 110°C for 1
hour. The samples were then cooled in an ice bath and dried
under a gentle stream of dry N2. After the samples were brought
to room temperature, 100 μl of DCM and 50 μl of TFAA were
added to the dried sample. The vials were capped tightly again
and heated to 100°C for 10 min. The samples were then cooled to
room temperature, and the excess reagent was removed under a
slow stream of N2. Before injection, the derivatized samples were
dissolved in 30 μl of DCM and 5 μl of pyrene in DCM (200 μg/
ml) as an internal standard. The derivatized samples were then im-
mediately analyzed by GC-MS.
Amino acids in the hot water extracts were analyzed by an

Agilent Technologies 7890A series GC coupled to an Agilent Tech-
nologies 5975C mass-selective detector (MSD). The separations of
the D,L-amino acid enantiomers were achieved using a CP-Chirasil-
LVal GC column [25 m × 0.25 mm inside diameter (ID) × 0.12 μm;
Agilent Technologies]. For separation of the D,L-isovaline enantio-
mers, a 6890N series GC coupled to a 5973 MSD (both Agilent
Technologies) and a CP-Chirasil-Dex CB GC column (25
m × 0.25 mm ID × 0.25 μm; Agilent Technologies) were used.
Helium was used as the carrier gas, the column flow rate was set

at 1.1 ml min−1, and injection (1 μl) was in split mode (10:1) at
220°C. The source and quadrupole temperatures were maintained
at 230° and 150°C, respectively, and the MSD transfer line was
heated to 180°C. Standard autotunes with perfluorotributylamine
and air/water checks were made daily. The oven program was set
at an initial temperature of 90°C and held for 2 min, then increased
by 5°C min−1 to 200°C, and held for 6 min. GC-MS methods were
the same for both instruments used. Total ion current chromato-
grams were acquired and analyzed with the Agilent Technologies
MSD ChemStation (6890-5973) or MassHunter (7890-5975) soft-
ware packages. Amino acids present in the Winchcombe meteorite
samples were identified by comparison of the retention time and
mass fragmentation pattern with a known amino acid standard ref-
erence mixture, and quantification was made by chromatographic
data collected in the selected ion monitoring mode. Identification
was added by retention time locking of the GCmethod and creation
of a custom library from standards that include retention time and
retention indices for the amino acids.
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