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Materials and Methods

1. Fireball Observations

Fig. S1 shows example images of the Winchcombe fireball, which was detected by 16 of
the stations operated by the UKFAII networks (Table S1). This makes the Winchcombe meteorite
the most widely instrumentally observed carbonaceous chondrite fall to date.

1.1 Trajectory

The seven best optical records were used to measure the astrometric picks, with the
remaining data having minor quality issues (e.g., unfavorable geometry, CCD blooming due to
saturation, compression artefacts). Astrometric measurements were done in the SkyFit2 software
using its radial distortion models (34), and the trajectory was computed using a Monte Carlo solver
(72). Fig. S2 shows the fireball trajectory on a map in relation to the observing locations. Most
cameras observed the fireball from within 100 km, the closest one being in Hullavington, which
was able to accurately observe the details of final fragmentation due to its proximity and high
optical sensitivity.

Fig. S3 shows the trajectory fit residuals. All stations had mean measurement errors below
100 m while the fireball was moving in a straight line, typically around 50 m, on par with previous
instrumentally observed meteorite falls (73, 74). However, after the final fragmentation at a height
of 35 km, the remaining fragments started deviating from a straight line. This is not a measurement
error; the astrometric accuracy for the Hullavington GMN camera was 0.8 arc minutes (~15 m at
the range of ~60 km to the fireball) based on 40 calibration stars selected across the field of view.
This was the only camera sensitive enough to observe the end close enough to measure this
deviation, thus, it was not possible to constrain the final fragment trajectory in three dimensions.
A similar phenomenon has been reported for other fireballs (75, 76), but the cause of the deviation

is currently unknown. All measurements below 35 km were excluded when computing the radiant



and the pre-atmospheric orbit. The calculated fireball radiant and the pre-atmospheric orbit are
given in Table S2, and the physical and atmospheric trajectory information is given in Table S3.
1.2 Dynamics and Fragmentation Modelling

The unsaturated light curve up to magnitude -8 was determined using SCAMP/FRIPON
data to an accuracy of £0.1M. The brightest part of the light curve was measured on an unsaturated
reflection in the optics of the Wilcot UKMON camera and adjusted to match the absolute
calibration. The light curve and the dynamics were fitted using a meteoroid ablation and
fragmentation model (77) and an improved luminous efficiency model (78). Fig. S4 shows the
best fit, which was achieved using physical parameters appropriate for a carbonaceous body (79),
and similar to those derived for the Maribo CM chondrite fall; meteoroid bulk density of pm =
2000 kg m™ and grain density of pm = 3500 kg m™ (9), intrinsic ablation coefficient ¢ = 0.005 kg
MJ!, and the product of the drag and shape coefficient A = 0.8.

The derived pre-atmospheric mass of 13 + 3 kg is the smallest ever to be recorded for a
carbonaceous chondrite by two orders-of-magnitude due to the low entry speed (13.5 km s™)
relative to the associated fireballs of the other falls. Assisted by the shallow entry angle (~40°), the
meteoroid slowly decelerated without reaching large dynamic pressures and disrupting the fragile
body. The peak dynamic pressure of only 0.6 MPa is the lowest ever recorded for an instrumentally
observed fall (78).

The observed part of the light curve above the height of 65 km is too faint compared to the
model, even assuming no fragmentation. A smaller non-physical intrinsic ablation coefficient of &
= 0.002 kg MJ"!' better explains the observed light production; however, this is a known effect
usually attributed to meteoroid pre-heating, which was not modelled in this work (76).

Three minor fragmentations occurred at pressures of 0.02 — 0.06 MPa, followed by a near-

catastrophic 98% loss of mass into fragments at ~0.1 MPa. The subsequent dynamics could only



be explained by doubling the intrinsic ablation coefficient to o =0.01 kg MJ''. The remaining
body did not show significant fragmentation until reaching 0.6 MPa at 35 km, upon which ~100
g of dust was released. This final fragmentation was evidenced by a bright peak, following which
four individual fragments became visible in the Hullavington GMN video. The dynamic mass
measurements indicated that they each had masses of ~100 g, consistent with the recovery of
~600 g of meteorite stones on the ground.
1.3 Orbital Analysis

To gain insight on the recent dynamical past of the Winchcombe meteoroid before it
crossed the Earth’s path, backwards integrations of the orbit were applied (80). 1090 orbital
clones of the meteoroid were created based on the uncertainties (Table S2) and then integrated
backwards using the Rebound IAS15 adaptive time step integrator (§/) with the Sun + 8 planets
+ the Moon as active bodies. The state vector of the test particles was recorded every 1000
years, both in barycentric coordinates and as osculating ecliptic orbital elements. Backwards
integrations were stopped at 3 million years in the past, way past the time for which meaningful
dynamical insights of the meteoroid’s history can be gained. Because the meteoroid was affected
by Earth, Mars, and Jupiter in the past, the dynamical system is very rapidly chaotic. In post-
analysis, the time at which each meteoroid clone entered near-Earth space (perihelion distance <
1.3 AU) was recorded. This gave a median near-Earth entry of ~80,000 years in the past, with
50% of the particles entering between 35,000 and 240,000 years. The median perihelion
distance of the particles was also tracked; although the meteoroid probably spent time closer
to the Sun than its impact perihelion distance suggests (~0.9868 AU), it most likely remained at
> 0.7 AU throughout its history.
2. Recovered Samples

The first samples of the Winchcombe meteorite fall were found on the 1% March 2021 by

the Wilcock family, who woke to discover a pile of dark powder on their driveway and fragments



scattered across the front lawn in the town of Winchcombe, Gloucestershire, UK. After seeing
reports of the fireball in the media, Rob Wilcock picked up fragments while wearing rubber
gloves and used a stainless-steel knife to collect the powder from the impact site. This material
was then placed into visibly clean polypropylene pots and sealed polyethylene zip lock bags ~12
hours after the fall. Later the same day, a 17.2 g fragment was recovered using aluminum
foil from a neighbor’s driveway. The find was reported to UKMON on the 1% March 2021,
and on the 3™ March Richard Greenwood from the Open University visited the Wilcock family
and confirmed the meteorite fall. Further material was collected from the driveway and lawn
over the next four days using powder-free nitrile gloves, aluminum foil, glass vials and
polyethylene sample bags.

The freshest material was transferred to the Natural History Museum (NHM), London on

the 4" March 2021 and then weighed and curated on the 5™ March 2021. The largest fragments (~

> 2.5 g) were wrapped in high purity aluminum foil and stored in acid free trays with Revolutionary

Preservation K (RP-K) oxygen scavengers within Escal enclosures. Smaller fragments and powder
were sealed in glass vials stored within polyethylene sample bags.

In the week following the fall, samples of the Winchcombe meteorite were also found on
properties in the village of Woodmancote, which lies ~4 km to the west of Winchcombe. The
largest individual piece of the Winchcombe meteorite is a 152.0 g fusion-crusted stone, which was
recovered on the 6" March 2021 by Mira Thasz, a member of a team from the University of
Glasgow, from farmland between Winchcombe and Woodmancote. The stone, handled and
initially stored using nitrile gloves and geological sample bags, was embedded in the damp soil,
and split into two pieces (48.9 g and 103.1 g) during extraction, revealing a dark interior with few
visible white flecks.

In total, 531.5 g of the Winchcombe meteorite was recovered less than seven days after the

fall. During that week, the weather in the local area was stable and mainly cloudy; the maximum



daytime temperature was 9 °C and there was no rainfall, although the humidity was high and there
was heavy fog and dew on the ground. Over the next four weeks a further 70.4 g of material
from the strewn field was recorded, giving the Winchcombe meteorite a total known mass of
601.9 g. Table S4 summarizes the recovered meteorites and Table S5 gives details about the
samples analyzed in this study.

3. Reflectance Spectroscopy

Fig. S6 (a) shows that the Winchcombe meteorite samples have red spectral slopes
(increasing reflectance with increasing wavelength) that could be related to particle size (82). As
both samples were prepared in the same way, slight differences in the spectral slope can be
attributed to the composition and/or abundance of phyllosilicates (~88 and 93 vol%, Table
S13; (83)). Fig. S6 (b) shows a strong feature near 2.7 um attributed to Mg-rich phyllosilicates
and OH/H;0, while the shoulder near 3 um for sample 1b-38 could be related to a higher
content of iron or water. These, and other subtle features in this spectral region, are likely
related to parent body aqueous alteration and adsorbed terrestrial moisture.

The MIR region contains features due to the fundamental vibrations directly caused by
the structure and chemistry of the bulk mineralogy. Fig. S6 (c) shows a Christiansen feature (CF)
near 9 um consistent with low silicate polymerization. A small shift in the position of the CF to
longer wavelengths for BM.2022,M1-91 correlates to the slightly higher olivine abundance in this
sample (Table S13).

4. Neon Isotopic Composition

Neon data are given in Table S6. As is common for carbonaceous chondrites, the bulk of
the Ne originates from trapped components rather than produced from galactic cosmic rays
during recent exposure in space. High 2’Ne/**Ne are present in the low temperature steps of both
samples, which records the release of solar wind (SW) derived Ne, indicating either the presence
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material or the preservation of primordial material that was irradiated prior to accretion. The low
20Ne/*?Ne of the higher temperature steps indicates that both samples contain appreciable
contribution of pre-solar Ne (Ne-Q; (84)) and Ne-HL (835).

The isotopic composition of the total Ne released from each stone are plotted as circles on
Fig. S7. They demonstrate that pre-solar Ne dominates in BM.2022,M4-7 and solar wind
dominates in BM.2022,M2-36. The concentration of cosmogenic 2'Ne (*'Necos) was determined
from the measured Ne content and isotope composition and the trapped endmembers defined
by (15). The range of 2!Necos production rates (P21) used for the calculation of cosmic-ray
exposure (CRE) ages (1.24 — 3.08 x 10" cc/g/Ma) were determined using the models for
carbonaceous chondrites developed by (86) and mean bulk chemical composition of CM
chondrites from (87). We assume a pre-atmospheric meteoroid radius of 10 cm to 65 cm. Using
the range of P>; CRE ages are 0.09 — 0.21 Ma for BM.2022,M2-36 and 0.06 — 0.15 Ma for
BM.2022,M4-7. This is within the main CRE cluster of CM chondrites (/5).
5. Cosmogenic Nuclides

Several gamma-lines were identified in the gamma-ray spectra of the analyzed meteorite
fragments (122.06 keV (°*’Co), 477.60 keV ('Be), 810.77 keV (**Co), 834.84 keV (**Mn),
846.76 keV (*°Co), 889.28 and 1120.54 keV (**Sc), 1173.24 and 1332.50 keV (*°Co), 1274.5
keV (**Na), and 1808.65 keV (*°Al). The corresponding half-lives of these cosmogenic
radionuclides are ranging from 53.22 days ("Be) to 0.717 Ma (*®Al). AMS identified another long-
lived radionuclide, 14 (half life of 5730 a). Table S7 gives results of the analyses of cosmogenic
radionuclides in the Winchcombe meteorite samples. Generally, a reasonable agreement has
been obtained between the gamma-spectrometry laboratories, showing results within statistical
uncertainties.

Cosmogenic radionuclides found in meteorites are products of interactions of cosmic-ray

particles of galactic and solar origin with the meteoroid bodies. Galactic cosmic rays because of



higher energies produce in meteoroids secondary and higher generations of neutrons and protons,
which then in interaction with target nuclei produce cosmogenic radionuclides, which can be used
to study the origin and characteristics of meteorites (e.g., their dimensions, CRE ages, orbits
in space), as well as temporal and spatial variations of cosmic rays.

The dominant cosmogenic radionuclides present in the Winchcombe meteorite are 'Be,
>*Mn and *?Na. Other measured radionuclides (**Sc, 2°Al, *°Co) were produced in much smaller
quantities. The important observation is the presence of short-lived radionuclides ("Be, *°Co, and
4Sc), which clearly demonstrates that the analyzed fragments originated from the
recent Winchcombe meteorite fall.

When comparing the measured radionuclide activities in the Winchcombe meteorite with other

carbonaceous chondrites, the observed activities were much smaller. For example, in the

Maribo CM chondrite, the levels of "Be, 2°Al and ®*Co were several times higher, reflecting
different production scenarios. A small dispersion in activities of the samples presented in Table
S7 indicates that the positions of the samples in the meteorite body were close to each other.

The ?Na and 26Al radionuclides were produced mainly by secondary neutron and proton
reactions with energies > 10 MeV on target nuclei of Si, Al and Mg. For other radionuclides,
except for ®°Co and '*C, the main target was Fe. The measured activities depend on the flux of
cosmic-ray particles, nuclear reaction cross sections, the concentration of the main target element
in the meteorite, and the position of the fragment in the meteorite body. As ??Na and 2°Al were
produced in similar nuclear reactions, their activity depth profiles should be similar, and their
activity ratio, 2?Na/*Al should not depend on shielding effects in the meteorite. The observed
22Na/*$Al activity ratio in the Winchcombe meteorite was 5.50, much higher than in the case of
Maribo (1.79), and higher than the value of 1.5 averaged over a solar cycle by (88) for chondrites.

The high 2Na/?®Al activity ratio has been caused by unsaturated production of 2°Al.



A specific case is °°Co, which is produced predominantly by the thermal-neutron capture
reaction >Co (n, ) ®°Co. ®°Co is one of the most suitable radionuclides for the determination of
the position of samples within the meteorite body and for calculating its pre-atmospheric radius
(89). Unfortunately, only a detection limit for ®°Co was estimated (< 8 dpm kg'!), which would
indicate that the analyzed fragments were located on the meteorite surface, and its size was too
small for the development of a nucleonic cascade.

The absence of °Co in the analyzed Winchcombe meteorite indicates either a small
concentration of the target isotope (*’Co) in the meteorite and/or its small radius. The
cobalt concentration in two Winchcombe samples was measured to be 526 and 521 ppm
(Table S7), which is lower by about 10% than the mean concentration in CM chondrites (90).
After appropriate corrections for chemical composition, and following the approach of (91, 92),
the pre-atmospheric radius of the Winchcombe meteorite is calculated as <20 cm.

The measured '“C activity in a small sample was 13.3 + 0.4 dpm kg™! (Table S7), and after
corrections for chemical composition (92), the radius is 5 = 3 cm. The measured '*C activity in
the Winchcombe is lower at least by about a factor of two when compared with other
chondrites, which could be due to the high-water content in the meteorite, which changes the
distribution of thermal neutrons by elastic scattering on hydrogen. Therefore, the '*C-derived
radius could be lower by about a factor of two.

26 Al can also be used to estimate the pre-atmospheric radius of the Winchcombe meteorite,
although its activity is very low due to its short exposure age. A comparison of the saturated 26Al
activity in the meteorite with Monte Carlo simulations of 2°Al production rates in (86),
after appropriate corrections for its chemical composition, suggest that the pre-atmospheric
radius of the Winchcombe meteorite was 15 = 5 cm. Using the measured bulk Winchcombe

meteorite



density of 2100 kg m?, the initial mass of the meteoroid is estimated to be 30 + 10 kg, in
a reasonable agreement with the fireball observations.
The CRE ages of the Winchcombe meteorite was calculated using the method of (93) using

only %Al data (94) and equation:

A=P(1-¢ ™,

where A is the cosmogenic radionuclide activity, P is its production rate in the meteorite by
cosmic-ray particles, A is the decay constant, and T is the time of the meteorite irradiation equal
to its CRE age. Fig. S8 shows aturated °Al production rates, estimated for different radii of the
Winchcombe meteorite (following the Monte Carlo modef @6)), adjusted for its chemical
composition. Using the corresponding production rates of 32 and 39 dpm kg', the CRE ages are
0.29 Ma and 0.24 Ma, with an average value of 0.27 + 0.08 Ma. This value is in good agreement
with 2!Ne based value presented in this work (0.3 Ma) (Section 4).
6. Bulk Element Abundances

The final meteorite abundances are given in Tables S8 and S9 and are consistent with the
range for CM chondrites (e.g., 90).
7. Oxygen Isotopes

Table S10 summarizes the results of the oxygen isotope analysis of the Winchcombe
meteorite. Sample BM.2022,M1-85 yielded a composition of §'70 = 2.75 %o, 630 = 9.48 %o,
and A'70 = 2.18 %o, while sample BM.2022,M1-86 gave values of 70 = 0.94 %o, 630 = 7.29
%o, and A'"O = 2.85 %o. These compositions are consistent with classification of the

Winchcombe neteorite as a CM chondrite.



8. Titanium Isotopes

Table S11 gives the Ti isotopic composition of the Winchcombe meteorite. The values are
in good agreement with previous analyses of CM chondrites reported in the literature.
9. Chromium Isotopes

Table S12 gives the Cr isotopic composition of the Winchcombe meteorite, and Fig. S9
shows that the combined Cr and Ti isotopic values are in good agreement with previous
analyses of CM chondrites reported in the literature.

10. X-ray Diffraction

Fig. S10 shows the scanning XRD pattern of the Winchcombe meteorite, which is typical
of CM chondrites. Intense peaks at ~14° and ~29° and a broader feature at ~23° are attributed to
abundant Fe- and Mg-bearing serpentines, while other minor phases identified from the pattern
include olivine, magnetite, pyrrhotite, calcite and tochilinite.

The bulk mineralogy of the Winchcombe meteorite is summarized in Table S13. The most
abundant phases were Fe- and Mg-bearing serpentines, with little difference found between
the three analyzed samples (87 — 93 vol.%). Similarly, each sample contained a much lower
abundance (3.1 — 8.1 vol.%) of anhydrous silicates (olivine and enstatite). From these
abundances, the phyllosilicate fractions (PSF = total phyllosilicate abundance / [total
anhydrous silicate + total phyllosilicate abundance]) were calculated as 0.92 — 0.97, giving
petrologic types of 1.2 — 1.1 on the alteration scale of (95). The bulk mineralogy of the
Winchcombe meteorite is therefore consistent with highly altered CM chondrites.

11. Petrographic Observations

A total area of 154.2 mm? across the 14 polished sections of the Winchcombe
meteorite was characterized by SEM-EDS. In general, the sections were found to be
typical of CM chondrites, consisting of chondrules, calcium-aluminum-rich inclusions (CAls)
and phyllosilicate clumps and/or tochilinite-cronstedtite intergrowths (TCls), set within a

matrix of finer-grained



phyllosilicates, carbonates, Fe-sulfides, and magnetite. Many of the coarse refractory objects retain
well preserved fine-grained rims (FGR).

Petrographic observations indicate that the Winchcombe meteorite is a breccia containing
multiple lithologies (Fig. S11). The main lithology in the Winchcombe meteorite accounts for
>50 % of the area analyzed in this study. In this lithology, chondrules are near-complete
pseudomorphs, with most of their interiors replaced by Fe- and Mg-bearing phyllosilicates
(Fig. S12 (a)). Anhydrous Mg-rich (Mg# >97) primary silicate minerals remain in ~20 % of
the chondrules or occur as isolated grains (<2 area%, up to ~200 pm in length) in the matrix
(Table S16). These show evidence for etching, dissolution, and corrosion, although some still
retain enclosed Fe-Ni metal grains.

A small number of chondrules (<3 %) in the main lithology are calcitized (Fig. S12 (b)).
These chondrule pseudomorphs, the main occurrence of carbonate in this lithology, are similar
to the type 2 grains reported by (96). The compositions of the carbonates are relatively pure
CaCO3 with minor Mg (<3.0 wt.%) and Fe (0.3 — 3.3 wt.%) and trace Mn (Table S15). Intact
CAls are rare, with most showing replacement by carbonates and retaining only residual
primary silicate minerals (Fig. S12 (c) and (d)).

The matrix comprises >80 area% of the main lithology and is dominated by a series of
coarse, usually rounded to sub-rounded, phyllosilicate clumps with fibrous, porous, or meshwork
textures that range in size from ~20 — 70 pum (Fig. S13). The cores of some clumps are Fe-rich
(Mg# 36 — 61) and appear relatively homogenous in BSE images, while others have
bimodal structures with Mg-enriched cores (Mg# 73 — 79) and Fe- and S-rich (avg. S = 4.4
at.%) rims (Table S15). The rims are fibrous with needle-like radiating acicular grains that
extend into the core of the clump. In many examples, three or more phyllosilicate clumps occur
in close proximity to form a single larger rounded object (Fig. S13 (b)). The phyllosilicate

clumps are enclosed by



finer-grained matrix materials that are darker in BSE images (Mg# 65 — 76). The matrix
contains Ni-rich (24 — 34 wt.%) pentlandite with euhedral rounded or lath-shaped grains up to
~100 pm in size (Table S15), but magnetite was not observed.

The main lithology in the Winchcombe meteorite experienced a high degree of parent
body aqueous alteration, which is reflected in the extensive replacement of chondrule silicates and
metal, including the absence of any glassy mesostasis, the presence of type 2 calcite grains,
the low FeO/SiO; and S/SiO; ratios of phyllosilicate clumps, and high Mg-content of the
fine-grained matrix. Its mineralogical, chemical, and textural properties are consistent with a
petrologic subtype of CM2.1.

Other lithologies in the Winchcombe meteorite were found to contain phyllosilicate
clumps, TCls, and multiple generations of calcite (Fig. S14). Several also have Mn-bearing
dolomite, Fe-sulfides (usually pentlandite but pyrrhotite was also identified), magnetite framboids
and platelets, and unusual, rounded grains of pure tochilinite penetrated by radial crack networks.
Most lithologies typically consist of an abundant matrix of Mg-rich phyllosilicates, few or
no surviving metal grains, and chondrules where >50 % of the primary anhydrous silicates have
been replaced by phyllosilicates and/or carbonates. These features are all consistent with
petrologic subtypes of CM2.0 — 2.4. However, the dominant lithology in section P30541 is less
altered, with largely unaltered chondrule silicates, abundant Fe-Ni metal in chondrules and
matrix, sulfides consisting of pyrrhotite with pentlandite rims, and a high abundance of TO
calcites (Fig. S11c¢). Its mineralogy is consistent with petrologic subtype of CM2.6.

12. Transmission Electron Microscopy

TEM observations show that phyllosilicates are the main constituents of the matrix and
FGRs. Both S-bearing and S-poor phyllosilicates are present; the latter with doo1 spacings of
~0.70 — 0.74 nm, and the former with doo1 spacings of ~0.62 — 0.70 nm. Lattice spacings with

repeating



units of two layers, consistent with 1:1 layered T-O phyllosilicates, are characteristic of serpentine-
group minerals, as are the measured Mg-Fe silicate chemical compositions.

Crystals display a wide range of morphologies that are typical of CM carbonaceous
chondrites (e.g., 97, 98), including tubular chrysotile (Fig. S15 (a) and (b)) and platy cronstedtite
whose SAED patterns indicate characteristic stacking disorder (Fig. S15 (¢) and (d)). Fibers of
tochilinite are also abundant in some of the Winchcombe meteorite lithologies. The ~1.8 nm d-
spacing of these crystals, together with high-resolution images, show that they are comprised of
coherently interstratified intergrowths of tochilinite (doo1 = 10.8 nm) with serpentine (doo1 = ~7.3
nm) (97). The FGRs contain phyllosilicate crystals of widely different sizes, within which are
organic nano-globules that have been partially replaced by the phyllosilicates (Fig. 6 (b)).

13. Bulk Magnetic Properties

Figs. S16 (a) and (b) show the hysteresis loops for chips BM.2022,M1-95 and
BM.2022,M3-32. Saturation magnetization (Ms), remanence magnetization (Mgs), coercivity (Hc),
coercivity of remanence (Hcr), mass specific magnetic susceptibility (y), and the S300 ratios of the
measured Winchcombe meteorite are given in Table S16. The mass normalized Ms and Mgs
values, and the Hc, Hcr, and mass specific magnetic susceptibility (y) (provided here as log(y))
values of the Winchcombe meteorite fall into the lower range of values reported for CM chondrites
(56, 99, 100). The S300 ratios of chips BM.2022,M1-95 and BM.2022,M3-32 fall into the higher
range exhibited by the CM chondrites, indicating higher abundances of magnetite relative to
magnetic pyrrhotite (00).

Figs. S16 (c) and (d) show FORC diagrams of chips BM.2022,M1-95 and
BM.2022,M3-32. Both FORC diagrams show similar characteristics, including a prominent
central ridge that extends to ~0.1 — 0.15 T, characteristic of <0.1 pm single domain (SD) magnetic
grains (/01) and similar to previous analysis of CM chondrites (56). Chip BM.2022,M1-95

displays a more



extensive, symmetrical vertical spreading cantered near the origin, which indicates the presence of
interacting vortex (Int-V) and/or larger, multi domain (MD) grains (/02). A similar signal
is observed in carbonaceous chondrites that contain magnetite framboids (clustered and
magnetically interacting, 0.1 — 5 um grains of magnetite), such as the CI chondrites, and the
C2ung chondrites Tagish Lake and WIS 91600 (56, 103, 104).

Fig. S16 (e) shows PCA of the Winchcombe meteorite FORC diagrams alongside CI and
CM chondrites with petrologic grades of 1.0 — 1.3 on the alteration scale of (95). The previously
measured CI and CM chondrite FORC diagrams define endmembers in a region of PCA space
within which most of the highly aqueously altered samples plot. The CM chondrites define a linear
trend between two endmembers (smaller, <0.1 pm, SD magnetic grains, and slightly larger, 0.1 —
5 wm, V state magnetic grains), with the CI chondrites defining a third endmember (corresponding
to closely packed, interacting magnetic assemblages, i.e., framboids and plaquettes).
Both analyzed Winchcombe meteorite chips plot within the identified region enclosed by
the end members, although notably closer to the Int-V/MD endmember defined by the CI
chondrites rather than most other CM1.0 — 1.3 chondrites. This suggests the presence of
more framboid and plaquette magnetite in the Winchcombe meteorite compared to other CM
chondrites.
14. Computed Tomography

XCT imaging of the chips highlighted the diversity of lithologies in the Winchcombe
meteorite. In total, 15 of the fragments were analyzed for evidence of petrofabrics; eight contained
lithologies possessing weak-moderate, chondrule defined petrofabrics. All of the observed
petrofabrics were characterized by long shape axis orientations plotting along a great circle girdle
and short shape axis orientations clustering, a pattern indicative of foliation. Within three
fragments (BM.2022,M1-84, 0.36 g; BM.2022,M2-34; BM.2022,M4-34, <0.01 g), multiple

lithologies were distinguished by a difference in X-ray attenuation. In sample BM.2022,M2-34



three distinct lithologies were identified, two of which exhibited petrofabrics orientated in
different directions (Fig. S17). In addition to chondrule defined petrofabrics, one fragment
(BM.2022,M1-84) was characterized by a fracture defined fabric (Fig. S17). An average fracture
trend of 156.1°relative to the top of the XCT slices was observed.

Macro-scale porosity extracted from four sub-volumes within BM.2022,M2-34 ranged
from 0.56 — 4.21 %. Three sub-volumes were observed to contain cross-cutting
fractures, producing porosity values >1.5 %. Sub-volume four was not observed to have
cross-cutting fractures and consequently recorded a reduced porosity of 0.56 %. Within
the sub-volume extracted from BM.2022,M3-31, a small cross-cutting fracture was observed,
which was reflected in a porosity value of 0.99 %.
15. Thermogravimetric Analysis

Table S17 summarizes the mass loss in each temperature region for the Winchcombe
meteorite. The total mass loss during heating from 15 — 1000°C was ~15 wt.%. The
Winchcombe meteorite showed a mass loss at <100°C from terrestrial adsorbed water of 2.4
wt.%, similar to other CM chondrite falls and finds (Fig. S18). In contrast, the Winchcombe
meteorite mass loss between 100 — 200°C was only 0.6 wt.% and lower than all other analyzed
CM chondrites, except for a few highly altered hot desert finds. For CM chondrites, the main
cause of mass loss in this temperature region is the breakdown of terrestrially formed sulphates,
which is usually observed as a peak in the derivative curve at ~120°C. However, this peak was
not seen for the Winchcombe meteorite, indicating low terrestrial contamination and
modification.

Assuming all mass loss from 200 — 770°C was due to the dehydration and dehydroxylation
of Fe-(oxy)hydroxides and phyllosilicates, the water abundance of the Winchcombe meteorite was
calculated as 11.2 wt.%. This agrees with values of Winchcombe samples analyzed using stepped

pyrolysis (Section 16) and is consistent with other highly altered CM chondrites (83).



16. Hydrogen Pyrolysis

Table S18 summarizes the data and Fig. S19 shows the abundance and isotopic
composition of hydrogen released during the stepped pyrolysis. The bulk water content of the
Winchcombe meteorite chips was calculated by excluding the releases at <200°C due to possible
terrestrial modification. This resulted in water abundances of 9.3 wt.% for BM.2022,M2-39-a,

10.7 wt.% for BM.2022,M2-39-b and 11.4 wt.% for BM.2022,M2-39-c, giving an average for

the Winchcombe meteorite of 10.5 = 1.1 wt.%, in good agreement with the estimate from the
TGA (Table S17). Excluding the low temperature steps yalded bulk 6D values of —145.8 %o for
BM.2022,M2-39-a, —138.6 %o for BM.2022,M2-39-b, and —140.2 %o for BM.2022,M2-39-c,
resulting in an average for the Winchcombe meteorite of —142 + 4 %o.

17. Carbon and Nitrogen Pyrolysis

Carbon and nitrogen data from stepped combustion of samples BM.2022,M1-85
and BM.2022,M1-86 are summarized in Figs. S20 and S21 and Tables S19 and S20. The
carbon abundance and isotopic composition are typical of CM chondrites (23, 705). The two
samples exhibited very similar behavior on combustion, although there are subtle differences that
illustrate the heterogenous nature of the Winchcombe meteorite.

The bulk of the carbon occurs as organic matter, combusting below 500°C. Variation in
isotopic composition within this temperature range indicates that at least three different organic
components are present, with 3°C between —20 %o and +15 %o. The material released on
combustion between room temperature and 100 °C has a §'3C around 0 %o and may correspond
with the species identified by selected ion flow tube-mass spectrometry (SIFT-MS) (Section 18).
The isotopically lighter material combusting between 350 — 500 °C is likely to be the abundant
macromolecular material known to occur in CM chondrites (/06), almost certainly mixed with
CO; from nanodiamonds (/07). A second maximum in carbon yield carbon occurs at 600 °C

with



513C between +40 %o and +60%o; comparison with other CMs suggests that this is carbonate,
probably calcite (108). At least one of the components has §'°C of at least +150 %o, probably
from a mixture of presolar graphite and SiC (e.g., 109).

Like carbon, the abundance and isotopic composition of nitrogen in the Winchcombe
meteorite are typical of CM chondrites (23, 105), with both samples exhibiting similar behavior
on combustion. The combustion profiles are dominated by release of nitrogen from organic
matter: there is a maximum at 250 — 300 °C, which accounts for ~10 % of the total nitrogen, with
81N around +50 %o. This component is unresolved in carbon data, but the nitrogen isotopic
composition is characteristic of meteoritic organic acids (//0). The bulk of the nitrogen, though,
like the carbon is from combustion of macromolecular material, depleted in both °N and '*C
relative to the less refractory organics (//7). The barp and pronounced drop in §'°N at 400°C is
a sign that nanodiamonds are co-combusting with the organic material. Above 600 °C, we
separate presolar components enriched and depleted ItN — also evidence of presolar graphite
and SiC (109).

17.1 Noble Gases

Table S21 gives the total concentration (in cm® STP g™!) of “He, ?°Ne, *Ar, and '*?Xe in
the Winchcombe meteorite samples BM.2022,M1-85 and BM.2022,M1-86. The concentrations
are generally an order of magnitude higher than observed in typical CM meteorites (e.g.,
(15)), where planetary (or Q-type) noble gases dominate. The Ne isotopic composition of the
individual temperature steps mostly plot on the mass fractionation line (MFL) indicating the
presence of fractionated solar wind (SW) (Fig. S22), implying that the meteorite is from the
regolith of its parent body where it was irradiated by SW particles. However, since the MFL is
indistinguishable from the SW-Q mixing line, a contribution from Q cannot be ruled out. Its
presence is clearly visible in sample BM.2022,M1-85, which has a lower Ne content than

BM.2022,M1-86. In the

S€C



latter case, some data points plot above SW composition indicating higher contribution of the
(fractionated) SW component.

Fig. S22 shows that some data points fall of the SW-Q mixing line, lying within the SW-
Q-COSM triangle, suggesting the presence of cosmogenic Ne. This is more pronounced for
BM.2022,M1-85, which has a lower overall concentration of Ne. The calculated concentration of
cosmogenic >'Ne in 1a-85 is (1.6 £ 0.8) x 10® cm?® STP g”!, which corresponds to a 2'Ne CRE age
of 0.55 (£ 0.3) Ma (assuming a 2'Necosm production rate of 0.288 x 10® cm? g! yr! established for
CM meteorites by (/12)). This age is slightly longer than those measured in samples BM.2022,M2-
36 and BM.2022,M4-7 (Sections 4 and 5) but still close to the main cluster of exposure ages for
CM meteorites (735).

18. Selected Ion Flow Tube-Mass Spectrometry

Fig. S23 shows that no significant differences were found between the samples and there
was a general decrease in abundance with increasing carbon number. Aldehydes and ketones were
found to be the most abundant species present, followed by alcohols and then carboxylic acids.
This profile is consistent with previous reports of ultraviolet (UV) emissions from the CM
chondrite Murchison and analysis of volatiles by proton-transfer reaction mass spectrometry (PTR-
MS) (113), but significantly different from the results of (//4), who concluded that by solvent
extraction, carboxylic acids are the most abundant free compounds in Murchison and dominate the
free organic inventory. The low level of carboxylic acids determined by both the thermal and UV
method is likely due to the carboxylic acids being present in their salt form, thus thermally stable
and non-volatile.

19. Low Voltage SEM-EDS
Many fragments were found to be coated in micrometer to sub-micrometer sized particles

with the same composition as the bulk meteorite fragments, suggesting that they are highly



electrostatic in nature. The fragments were composed mainly of silicate minerals, with carbonate,
phosphate, and sulfide minerals also present throughout. Despite mapping the fragments over
several days, there was no evidence for phases such as halite or other salts, elemental sulfur or
oldhamite. However, carbon- and nitrogen-rich areas were observed heterogeneously
distributed within the fragments. High resolution imaging revealed the regions (typically ~10’s
um in size) to be carbonaceous, likely organic materials, often with “globule-like”
morphologies (Fig. S24). Based on their textural settings (i.e., clearly within the meteorite
matrix), and also the rapid recovery and minimal handling of the fragments prior to analysis,
the carbonaceous materials are interpreted as being indigenous to the Winchcombe meteorite.
Furthermore, in some instances, they are intimately associated with minerals, such as carbonates,
that are expected to have formed from extraterrestrial fluids on the asteroid parent body.

20. Liquid Chromatography-Mass Spectrometry

PCA of untargeted LC-MS data indicated that the solvent extracts from both
meteorite chips contained many organic molecules in common with each other, but not
present in the environmental samples (Fig. S26). This suggests that despite the detection of a
number of likely contaminants (molecules found in the soil sample extracts, as well as the
meteorite extracts), a significant amount of indigenous extraterrestrial organic matter remained
in the meteorite chips.

Fig. S26 shows that the six Winchcombe meteorite extracts cluster closely together, whilst
the environmental samples cluster away from both the meteorite extracts and each other. The first
principal component shown on Fig. S26 is responsible for 75.1 % of the variance in the distribution
of the organic molecules in the extracts, leading to the separation of the Winchcombe meteorite
extracts from the environmental samples. This close clustering of the Winchcombe extracts, and
the relatively high variance which PC1 accounts for, further suggests that there was minimal

contamination, and much of the indigenous organic material remained in the meteorite.



A large number (>200) of organic molecules were detected at high intensities in the
Winchcombe meteorite extracts from both Site 1 and Site 6 but were below the detection limits
in the environmental samples. Approximately 10% of these were identified as organic
sulfonate compounds, with several alkyl sulfonate of various chain lengths
(ethanesulfonate, propanesulfonate, pentanesulfonate, and hexanesulfonate). Organic
sulfonates have previously been detected in the Murchison CM2 chondrite (/175).

21. Gas Chromatography-Mass Spectrometry

The pristine nature of the Winchcombe meteorite is reflected by its amino acid content
(Table S23). In the hot water extracts of the Winchcombe meteorite, trifluoroacetyl (TFA)-
derivatives of two up to six carbons (C2 — Cg) amino acids were identified and quantified. The
total (free + bound peptide-like) amino acid abundance in the 6M HCI hydrolyzed hot water
extract of the Winchcombe meteorite was 1132 + 49 ppb (Table S23), which is lower than most
primitive CM chondrites such as Murchison (14,600 ppb) (/16). The presence of terrestrially rare
amino acids (e.g. a-aminoisobutyric acid (a-AIB), o-, B-, and y-amino-n-butyric acids (ABA),
isovaline), and the elevated abundance of some of these compounds, such as a-AIB (467 + 17
ppb) and isovaline (391 + 17 ppb) — the two most abundant amino acids in the Winchcombe
meteorite — strongly indicate that these amino acids are extraterrestrial in origin. Terrestrial
biology uses only the L-enantiomers of chiral amino acids except in rare scenarios. Therefore,
the indigenous nature of the detected amino acids in the Winchcombe meteorite is unequivocally
established by the racemic mixtures of the D- and L-enantiomers of both non-protein amino acids
(e.g. D/Lisovaline = 1.06 = 0.15) and common protein amino acids (e.g. D/Lajanine = 1.13 £ 0.16).

Protein amino acids that are derived from terrestrial contamination, such as serine and
threonine, were found predominantly as the L-enantiomers (up to enantiopure) in the soil collected
from Site 1 (Table S4), which are absent in the Winchcombe meteorite. Biologically derived

amino



acids often increase in abundance after acid hydrolysis as they are released from their bound
form, as was observed in the Site 1 soil. This contrasts with what was observed for the
Winchcombe meteorite, providing further compelling evidence against any significant

contribution of the amino acids from a biological origin.
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Figure S1. The Winchcombe fireball, as observed by the UKFAIl camera networks. (a) UKMON
camera in Wilcot; (b) GMN camera in Hullavington; (¢c) SCAMP/FRIPON camera in Cardiff; (d)
UKFN camera in Welwyn; (e) AllSky7 camera in Nuneaton. A reflection in the optics that is
parallel to the fireball is also visible in insets (a), (b) and (e).
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Figure S2. The Winchcombe fireball trajectory (red line) and locations of cameras used for
astrometric measurements.
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Figure S3. Trajectory fit residuals versus height. RMSD stands for root-mean-square deviation.
The measurements from Hullavington were only done at the beginning and the end, as the fireball
was too bright in the middle of the flight for accurate astrometric picks.
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Figure S4. Fit of the ablation model (black line) to the observed light curve (left) and the
deceleration (right) for the Winchcombe fireball. Contributions to the total light production of
individual fragments is given in dashed lines; black for the magnitude of the main body, green for
eroding fragments, purple for grains released by erosion, and orange for dust released directly from
the main body.
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Figure S5. A 1 cm? surface profile of the Winchcombe meteorite sample used in the reflectance
study, measured using an Alicona 3D® instrument. Lateral resolution = 10 um; vertical resolution
=1 pm.
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Figure S6. VNIR ((a) and (b)) and MIR (c) reflectance spectra for powdered Winchcombe
meteorite samples BM.2022,M1-91 and BM.2022,M2-41. The slope in (a) is consistent with a fine
particulate sample with a high phyllosilicate abundance. Features in (b) are related the water
content and phyllosilicate composition, and features in (c) suggest small variations in the olivine
content and degree of aqueous alteration recorded by the samples.



14 | swe-.._

12 |
) R
g . g:) m
<~ o
g 10 Ail’.—-N__ ‘*!___-~~
T | @ T e

HLR ~~~~~~~~~~~~~~~~~~~~
6 1 1 1
0.00 0.05 0.10 0.15 0.20
21Ne/22Ne

Figure S7. Neon isotope composition of gases released by step heating two samples of the
Winchcombe meteorite (BM.2022,M2-36 and BM.2022,M4-7). The isotopic composition of the
total gas from each sample is shown as circles. Black dashed lines represent mixing between the
main trapped components (red circles: solar wind (SW; (117)), Air (118), Q (84), and HL (85))
with cosmogenic Ne derived from Galactic Cosmic Rays (/19).
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Figure S8. Saturated 2°Al production rates in the Winchcombe meteorite with radius of 10 and 20
cm, estimated from Monte Carlo simulations (adjusted for the meteorite chemical composition)
(39).
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Figure S9. Plot showing the Cr and Ti isotope composition of the Winchcombe meteorite and
various other meteorite groups (data from (/20) and references therein). The isotope compositions
of the Winchcombe meteorite plot with the other CM carbonaceous chondrites in the outer Solar
System field. The e**Crsos2 are given in %oo (parts per ten thousand) and D'3%*"Tisg47 are given
in ppm (parts per million) and the analytical techniques are described elsewhere in the
supplementary material. Points from OC and EC are group averages while CC are points for which
the same meteorite was measured for both Cr and Ti.
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Figure S10. XRD pattern of Winchcombe meteorite sample BM.2022,M1-88 collected using a
PANalytical X’Pert Pro scanning XRD. Minerals identified include phyllosilicates (serpentine
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Figure S11. Example BSE overview images of Winchcombe meteorite samples. (a) P30542 only
contains the main lithology identified in the Winchcombe meteorite, whereas (b) P30543 and (c)
P30541 are comprised of multiple lithologies (highlighted by dashed white lines).
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Figure S12. BSE images showing chondrule pseudomorphs with interiors replaced by (a)
phyllosilicates and (b) carbonates, and examples of (c, d) altered CAls in the main lithology of the
Winchcombe meteorite.
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Figure S13. BSE images showing examples of coarse phyllosilicate clumps in the main lithology
of the Winchcombe meteorite.
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Figure S14. BSE images showing examples of (a, b) type 1 and (c) type 2 calcite, and (d) mixed
calcite-dolomite in the minor lithologies of the Winchcombe meteorite.



Figure S15. (a) Bright-field TEM image of an area of matrix that contains abundant curved and
tubular chrysotile crystals. (b) High-resolution image of a chrysotile tube with a ~0.71 nm lattice
spacing consistent with 1:1 layered T-O phyllosilicates such as serpentine and chrysotile. (c)
Bright-field image of platy cronstedtite crystals. (d) SAED pattern of the crystal in the middle of

(c). The spots have a d-spacing of 0.72 nm, and the streaking of the k#3 rows is indicative of
stacking disorder in the cronstedtite lattice.
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Figure S16. (a) Hysteresis loop of chip BM.2022,M1-95 (1a-v2-3 on figures); (b) Hysteresis loop
of chip BM.2022,M3-32 (1¢-4.19-2 on figures); (c) FORC diagram of chip BM.2022,M1-95; (d)
FORC diagram of chip BM.2022,M3-32; and (e) Score plot displaying the proportions of PC1 and
PC2 present in CI1.0 chondrites, CM1.0-1.3 chondrites, and Winchcombe meteorite chips
BM.2022,M1-95 and BM.2022,M3-32. The Winchcombe meteorite data plot within the range of
FORC diagrams defined by CI1.0 and CM1.0-1.3 chondrites, overlapping with the CM chondrites,
but displaying a higher proportion of interacting vortex/multi-domain (Int-V/MD) particles. V =
Vortex state, SD = Single Domain. Contours of feasibility metrics have been superimposed onto
the score plot to help identify regions where physically realistic endmembers could be situated,
with contours between 0.90 and 0.98 shown with intervals of 0.02. CI and CM chondrite data
adapted from (506).
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Figure S17. Example XCT data from Winchcombe meteorite samples BM.2022,M1-84 and
BM.2022,M2-34. (a) and (b) — Example CT slice from two samples, with (a) showing aligned
fractures and (b) showing three distinct lithologies distinguishable by their texture and contrast
variations. (c¢) and (e) — lower hemisphere projection of the long shape axis of chondrules showing
a weak-moderate girdle fabric. (d) and (f) — lower hemisphere projection of the short shape axis of
chondrules showing a weak-moderate lineation fabric. There preferred alignments in the long and
short shape axis of chondrules are consistent with a foliation fabric caused by compaction.
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Figure S18. TGA mass loss between 20 — 100°C and 100 —200°C for a sample of the Winchcombe
meteorite analyzed on the 5™ March 2021 compared to other CM/C2 chondrites measured in our
laboratory. Data are from (60, 83).
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Figure S19. Abundance and isotopic composition of hydrogen released during stepped pyrolysis
of the Winchcombe meteorite samples (a) BM.2022,M2-39-a, (b) BM.2022,M2-39-b, and (c)
BM.2022,M2-39-c.
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Figure S20. Carbon data from stepped combustion of Winchcombe chips BM.2022,M1-85
(5.0502 mg; 1a-85 (W1) on figure) and BM.2022,M1-86 (5.0981 mg; 1a-86 (W2) on figure).
Abundance (in ppm °C"!; scaled on the left axis) is the red histogram. Isotopic composition (in %;
scaled on the right axis) is the blue line. Errors are less than the size of the symbol unless shown
otherwise.
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Figure S21. Nitrogen data from stepped combustion of Winchcombe chips BM.2022,M1-85
(5.0502 mg; 1a-85 (W1) on figure) and BM.2022,M1-86 (5.0981 mg; 1a-86 (W2) on figure).
Abundance (in ppm °C"!; scaled on the left axis) is the red histogram. Isotopic composition (in %;
scaled on the right axis) is the blue line. Errors are less than the size of the symbol unless shown

otherwise.
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Figure S22. Isotopic composition of Ne in the temperature steps of Winchcombe meteorite
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Figure S23. Species identified in a preliminary SIFT-MS analysis of headspace gases from
Winchcombe meteorite samples BM.2022,M1-85 (W1, blue) and BM.2022,M1-86 (W2, orange).
The blank from an empty vial is shown in grey. [A] Concentration in ppbV; [B] the same data at
higher scale to show concentrations of minor species relative to the blank.
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Figure S24. (a) BSE overview image of an ~100 x 300 um carbon-rich area in a fragment of the
Winchcombe meteorite. (b) BSE image of the area marked by a dashed white box in (a) showing
that the carbon-rich area is intrinsic to the meteorite and not terrestrial contamination. (¢c) BSE
image showing the texture of the carbon-rich material shown in (b). (d), (e), and (f) SE images of
carbonaceous materials with “globule-like” morphologies found in uncoated and unprepared
fragments of the Winchcombe meteorite.
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Figure S26. Two dimensional PCA of untargeted metabolomics data from the Winchcombe
meteorite samples BM.2022,M2-23 and BM.2022,M9-4, and their corresponding environmental
samples. The first principal component accounts for 75.1 % of the variance in the samples,
indicating that the organic content in the solvent extracts of the Winchcombe meteorite was
similar, but somewhat distinct from their environmental controls.



Table S1. Coordinates of UKFAIl cameras that observed the Winchcombe fireball.
Astrometry/Photometry indicates whether the data from the camera was used for astrometric
picks (A) or for photometry (P).

Altitude Astrometry /
Location Network Latitude (°) Longitude (°) (m, mean sealevel) Photometry
Cambridge UKFN 52.164447 0.038883 8 -
Cardiff SCAMP 51.486110 -3.177870 33 A+P
Chard UKMON 50.877448 -2.949729 100 A
Chelmsford NEMETODE  51.745000 0.493500 45 -
Clanfield UKMON 50.938801 -1.019700 158 -
Honiton SCAMP 50.801832 -3.184410 119 A+P
Hullavington ~ GMN 51.535053 -2.148658 103 A
Lincoln UKFN 53.222048 -0.463622 16 A
Loughborough NEMETODE  52.750500 -1.213000 73 -
Manchester SCAMP 53.474365 -2.233606 69 P
Nuneaton AllSky7 52.526389 -1.454722 80 -
Ringwood GMN 50.857470 -1.778230 24 A
Tackley GMN 51.883100 -1.306160 80 -
Welwyn UKFN 51.268390 -0.394043 78 A
Wilcot UKMON 51.351913 -1.801903 133 P
Antwerp (Bel)  AllSky7 51.213359 4.454574 16 -




Table S2. Radiant and pre-atmospheric orbit of the Winchcombe fireball.

Parameter Value lo error 95% confidence interval
Apparent radiant and entry velocity (relative to the ground)
Azimuth (°) A 263.342 +0.046 263.235 263.399
Elevation (°) a 41.919 +0.029 41.852 41.961
Velocity (km/s) Vo 13.547 +0.008 13.531 13.560
Geocentric radiant (J2000.0) and velocity
Right ascension (°) aG 56.638 +0.017 56.604 56.671
Declination (°) dc +17.713 +0.069 +17.555 +17.816
Velocity (km/s) VG 8.123 +0.013 8.094 8.143
Heliocentric orbital elements (J2000.0)
Semimajor axis (au) a 2.5855 +0.0077 2.5686 2.5980
Eccentricity e 0.6183 +0.0011 0.6158 0.6202
Perihelion distance (au) q 0.986839 | +0.000012 0.986814 0.986861
Aphelion distance (au) Q 4.184 +0.015 4.150 4.209
Inclination (°) i 0.460 +0.014 0.440 0.491
Argument of perihelion (°) ® 351.798 +0.018 351.759 351.824
Ascending node (°) Q 160.1955 +0.0014 160.1933 160.1985
Last perihelion 2021 Feb 22.446 +0.015 2021 Feb 2021 Feb
22.413 22.469
Tisserand’s parameter w.r.t. Jupiter | T; 3.1207 +0.0056 3.1117 3.1331




Table S3. Physical properties and atmospheric trajectory of the Winchcombe meteoroid.

Initial Terminal
Time (UTC) 21:54:15.88 21:54:24.12
Velocity (km/s) 13.54 ~3
Latitude (°) 51.87106 £29 m 51.94011 £33 m
Longitude (°) -3.10932+ 17 m -2.09634+ 11 m
Height (km) 90.623 +38 m 27.554 +28 m
Mass (kg) 125+3 ~0.6
Observed length (km) 96.60
Observed duration (s) 8.24
Peak magnitude -10.5M at 53-55 km
Peak dyn. pressure 0.6 MPa at 33.7 km
Radiated energy 2.2 x107J(0.005 T TNT)




Table S4. Summary of recorded Winchcombe meteorite samples.

Mass Largest Fragment (g)
(€] / No. Fragments >1 g Location Finder
Site 1: Winchcombe
(M1) 01/03/21 206.5 8.8/44 Driveway / Lawn  Wilcock
(M2) 02/03/21 49.7 5.2/13 Driveway / Lawn  Wilcock
(M3) 04/03/21 39.5 7.3/1 Driveway / Lawn  Wilcock, King, Russell, Ensor
(M4) 05/03/21 23.0 6.2/2 Driveway / Lawn  Wilcock, Daly, Joy
(M5) 07/03/21 0.8 - Driveway / Lawn  Wilcock, Suttle
Total Mass 319.5
Site 2: Winchcombe
(M6) 01/03/21 20.6 17.2/2 Driveway Godfrey
Site 3: Woodmancote
(M7) 02/03/21 11.2 11.2/1 Lawn Carrick
Site 4: Woodmancote
(M8) 05/03/21 20.1 13.7/2 Driveway Mounsey
Site 5: Rushbury House Ihasz, Daly, O’Brien, Hallis,
(M9) 06/03/21 160.1 152.0/1 Field Bond
Site 6: Home Farm Farrelly, Spencer, Naqvi,
(M10) 16/03/21 16.5 7.5/4 Field Mayne, Skilton, Kirk
Total 548.0 152.0/70




Table S5. Summary of fragments and powders of the Winchcombe meteorite analyzed in
this study. Descriptions of the analytical techniques are given in the text.

Analysis Sample ID Parent Mass (g) Institution

Fragments

Major, minor & trace elements; BM.2022,M1-91 0.3 NHM; Oxford

PSD-XRD; IR BM.2022,M2-41 0.3

Albedo BM.2022,M1-22 2.0 Oxford

C, N & O isotopes BM.2022,M1-85 8.8 ou
BM.2022,M1-86 6.9

Ti isotopes BM.2022,M3-16 0.1 Bristol

Cr isotopes BM.2022,M3-33 <0.1 St. Andrews

Ne isotopes; PSD-XRD BM.2022,M2-36 0.3 SUERC; NHM
BM.2022,M4-7 0.3

Cosmogenic nuclides BM.2022,M2-6 2.1 Gran Sasso
OE-2021-23 (1) 32 Bratislava
OE-2021-23 (7) 7.5
BM.2022,M2-40 0.1 Arizona

Magnetic properties BM.2022,M1-95 0.1 Oxford/Cambridge
BM.2022,M3-32

H pyrolysis BM.2022,M2-39 0.1 Glasgow/SUERC

GC-MS BM.2022,M2-14 1.1 Imperial

LC-MS BM.2022,M2-23 0.4 Glasgow
BM.2022,M9-4 0.8

Powders

XRD; TGA BM.2022,M1-88 0.2 NHM




Table S6. Neon isotope composition

BM.2022,M4-7.

in Winchcombe meteorite samples BM.2022,M2-36 and

Sample 2INe/2Ne 2Ne/*’Ne 2INecos (cc/g) CRE age
1b-36 Ma Ma
Step 1 0.0363 £ 0.0001 11.88 +£0.02 1.76 x 10710

(+£2.22 x 10°1?)
Step 2 0.0351 £0.0001 11.06 = 0.02 6.17 x 10-11
(+ 1.17 x 1072
Step 3 0.0391 £ 0.0005 10.45 +0.02 1.95 x 10-"
(+ 1.04 x 10°12)
Step 4 0.0335 £ 0.0004 9.17+0.01 5.90 x 1072
(+9.04 x 10°3)
Total 0.0359 £ 0.0001 11.46 +0.02 2.63 x 1010 0.212 0.085
(£3.61 x1012)  (£0.0029) (£0.0012)
1d-8.2-6
Step 1 0.1285 £ 0.0008  11.12+0.02 1.60 x 10°1°
(+1.19 x 10°12)
Step 2 0.0714£0.0018  10.10+0.04 4.04 x 10-"
(£ 1.77 x 1012

Step 3 0.0319 £+ 0.0002 8.89+0.01
Step 4 0.0278 £ 0.0007 8.08 +£0.02
Total 0.0516 £ 0.0003 9.28 £ 0.01 1.89 x 10°1° 0.153 0.061

(+£2.68 x 10712)

(+0.0022)

(= 0.0009)




Table S7. Results of analysis of cosmogenic radionuclides in the Winchcombe meteorite.

Nuclide  Half-life Activity (dpm kg)*
BM.2022,M2-6 =23 (1) -23(7) BM.2022,M2-40
INFN-LNGS CU CU AMS Tucson
Asergi Bratislava Bratislav
Be 53.22d 60 =20 <190 110150
8Co 70.83 d <3 <14 <6
¢Co 77.236d 5+2 <9 8+4
4Sc 83.788 d 8+3 <12 10+£5
SCo 271.8d <11 <25 <17
54Mn 312.13d 35+4 39+12 44+ 6
2Na 2.6029 a 44 +5 3611 38+7
8Co 52711a <8 <18 <12
“Ti 60y <13 <32 <19
Hc 5730 a - - - 13.3+04
20A1 7.17x10° a 8+2 14+38 12+5

*) 14C was analyzed by AMS, all other radionuclides by non-destructive gamma-ray spectrometry. Activities are corrected back to
the date of the meteorite fall (28/2/2021). Uncertainties are given at 1o. LNSG Asergi - Laboratori Nazionali del Gran Sasso; CU
Bratislava - Department of Nuclear Physics and Biophysics of the Faculty of Mathematics, Physics and Informatics of the Comenius
University; Tucson — National Science Foundation AMS Facility of the University of Arizona.



Table S8. Bulk major element composition (wt.%) of the Winchcombe meteorite measured by
ICP-OES. Errors are the standard deviation of three replicate measurements.

Winchcombe

(BM.2022,M1-91)

Winchcombe

(BM.2022,M2-41)

Si0; 29.1+0.4280 30.0£0.1170
TiO; 0.0972 £ 0.0004 0.0955 +0.0002
AlLO; 2.25+0.0194 2.29+0.0039
Fe 0O; 31.7+0.3700 32.1+£0.0529
MgO 18.1 +£0.1470 17.8 £0.0372
CaO 1.79 £ 0.0067 1.57 +£0.0072
NaO 0.565 £ 0.0035 0.616 +0.0015
P>0s 0.228 £ 0.0001 0.248 £ 0.0011
K20 0.0485 £ 0.0020 0.0604 + 0.0004
MnO 0.21 +0.0009 0.207 + 0.0005
NiO 1.55+0.0085 1.56 £ 0.0036
Total 85.6 86.6




Table S9. Trace element abundances (ug g!) in the Winchcombe meteorite measured by ICP-MS.
Errors are the standard deviation of three replicate measurements. < indicates that the abundance
was below the limit of quantification.

Winchcombe

(BM.2022,M1-91)

Winchcombe

(BM.2022,M2-41)

As 1.62 £ 0.0245 1.66 + 0.0411
Ba 3.26 £ 0.0951 10.4+£0.2740
Be < <

Bi < <

Cd 0.396 + 0.0078 0.39+0.0089
Co 526 +£4.28 521 +£7.04
Cr 2572 £20.5 2561 £23.5
Cs 0.126 £ 0.0014 0.172 £ 0.0004
Cu 127+ 0.5530 121 + 1.6600
Ga 8.11 + 0.0056 7.89 £0.0343
Ge 23.2+£0.0758 22.9+0.2040
Hf 0.153 +0.0009 0.168 £0.0109
Li 1.39+£0.0200 1.65+0.1080
Mo 1.16 £ 0.0048 1.04 £ 0.0061
Nb 0.345 + 0.0005 0.343 +£0.0038
Pb 1.46 £0.0215 1.44 + 0.0346
Rb 1.68 + 0.0469 2.0+ 0.1020
Sb 0.106 + 0.0009 0.106 £ 0.0030
Sc 7.65+0.0271 9.7 £0.0377
Sn < <

Sr 10.2 £0.0543 9.97 £0.0320
Ta < <

Th < <

Tl 0.0883 £0.0025 0.0882 £+ 0.0007
U 0.0108 + 0.0002 0.0109 £ 0.0002
v 50.6 £1.2100 52.5+0.4140
W < <

Y 1.85 £ 0.0081 2.05+0.0111
Zn 168 +£0.2410 173 £0.6480
Zr 4.7+0.0328 5.27 £0.2680
La 0.398 + 0.0326 0.37£0.0076
Ce 0.996 + 0.0175 1.51 £0.0106



Pr

Nd
Sm
Eu
Gd
Tb
Dy

Er
Tm
Yb
Lu

0.13 +£0.0008
0.66 + 0.0038
0.209 + 0.0082
0.0835 £ 0.0009
0.276 £ 0.0015
0.0528 £+ 0.0005
0.358 +0.0058
0.078 + 0.0008
0.235 £ 0.0064
0.0369 £ 0.0009
0.237 £ 0.0028
0.00347 + 0.0001

0.132+0.0015
0.662 +0.0141
0.201 £ 0.0071
0.0821 +0.0008
0.283 £ 0.0040
0.0577 +£0.0004
0.419+0.0133
0.0941 +0.0015
0.258 +0.0008
0.0364 £ 0.0011
0.23 +£0.0037
0.0354 +0.0002




Table S10. Oxygen isotopic composition of the Winchcombe meteorite samples BM.2022,M1-85
and BM.2022,M1-86.

Weight (mg) 70(%) 1o 0%0 (%) lo A0 (%) lo

M1-85-1 2.643 2.894 0.018 9.657 0.007 —2.128 0.020
M1-85-2 2.407 2.610 0.025 9.305 0.011 —2.229 0.027
average 2.752 9.481 -2.178

M1-86-1 2.407 0.832 0.017 7.074 0.013 —2.846 0.020
M1-86-2 2.638 1.054 0.028 7.514 0.011 —2.853 0.034

average 0.943 7.294 -2.850




Table S11. Titanium isotopic composition of the Winchcombe meteorite sample
BM.2022,M3-16. Errors are 2c.

Sample n  A"*Tiwu7 (ppm) A" Tigu; (ppm)  A"*Tiseu7 (ppm)

M3-16 10 46 £8 —4+4 321+9




Table S12. Chromium isotopic composition of the Winchcombe meteorite sample BM.2022,M3-
33. Chromium isotope data are given in €-units, which are the parts per ten thousand difference to
the terrestrial standard NIST SRM 979.

Sample n £3Crsos2  2se  £¥Crsos2  2se
M3-33 4 0.319 0.029 0.775 0.067
DTS2B 16 0.037 0.021 0.002 0.041




Table S13. Bulk modal mineralogy of the Winchcombe meteorite determined using PSD-XRD.
PSF = total phyllosilicate abundance / [total anhydrous silicate + total phyllosilicate abundance].

Winchcombe Winchcombe Winchcombe Average

(M1-91) (M2-41) (M2-36) (10)

Mg-serpentine 53.8 72.0 57.4 61.1(9.6)
Fe-serpentine 33.7 21.1 30.0 28.3 (6.5)
Olivine 6.5 3.1 4.0 4.5(1.8)
Pyroxene 1.6 - 2.6 2.1(0.7)
Calcite 1.9 1.6 1.0 1.5(0.5)
Magnetite 2.2 1.9 4.1 2.7(1.2)
Sulphides 0.4 0.3 1.0 0.6 (0.4)
PSF 0.92 0.97 0.93

Petrologic Type 1.2 1.1 1.2




Table S14. Summary of polished sections of the Winchcombe meteorite characterized by SEM in
this study. *Section P30554 mainly consisted of fusion crust.

Polished Section Sample ID Parent Institution
Mass (g)

P30423 (40.2 mm?)  BM.2022,M1-87 0.3

P30424 (7.5 mm?) BM.2022,M3-29 <0.1

P30544 (2.5 mm?) BM.2022,M2-46 <0.1 NHM

P30548 (8.2 mm?) BM.2022,M1-105 <0.1

P30553 (9.1 mm?) BM.2022,M9-15 <0.1

P30540 (5.6 mm?) BM.2022,M2-42 <0.1 Glasgow

P30552 (9.8 mm?) BM.2022,M9-14 <0.1

P30541 (12.2 mm? BM.2022,M2-43 <0.1 Manchester

P30542 (7.8 mm?) BM.2022,M2-44 <0.1 Kent

P30543 (10.8 mm?)  BM.2022,M2-45 <0.1 Leicester

P30545 (18.9 mm?)  BM.2022,M2-47 <0.1 Plymouth

P30551 (7.4 mm?) BM.2022,M9-13 <0.1 Imperial

P30554 (5.1 mm?)*  BM.2022,M9-16 <0.1

P30555 (9.1 mm?) BM.2022,M9-17 <0.1




Table S15. Representative composition (wt.%) of chondrule silicates, matrix and
phyllosilicate clumps, pentlandite, tochilinite, and calcite measured by SEM-EDS in the main
lithology of the Winchcombe meteorite. n is the number of analyses and values in
parentheses are 1 standard deviation.

Type 1 Type 11 Phyllosilicate Phyllosilicate
chondrule chondrule Matrix clump clump Pentlandite  Tochilinite Calcite
silicates silicates (Fe-rich rim)  (Mg-rich core)
n 42 8 61 106 78 46 3 49
C 154 (3.1)
0] 45.6 (1.7) 41.8(1.8) | 32.0(2.2) 38.4(4.4) 45.2 (7.0) 3.6(34) 22.2(0.7) 443 (2.5)

Na 0.8 (0.2) 0.5(0.2) 0.5(0.1) 0.1 (0.1)

Mg 34.1(1.8) 244 3.7) | 11.4(1.8) 10.2 (1.5) 17.2 (0.7) 0.5 (1.0) 4.8 (2.6) 0.7 (0.9)
Al 0.9 (0.3) 1.3 (0.2) 1.0 (0.1) 0.4 (0.1) 0.1 (0.1)
Si 19.8 (0.8) 18.2(0.8) | 13.1(1.4) 11.3(1.1) 16.9 (0.8) 0.5(0.9) 3.03.4) 0.7 (0.9)
P 0.1 (0.1) 0.7 (0.6)

2.6 (0.6) 5.3(1.8) 1.5 (0.6) 30.7 (2.7) 19.1 (3.2) 0.2 (0.2)

Cl 0.2 (0.2)

K 0.2 (0.1)

Ca 0.3 (0.1) 0.1 (0.1) 0.2 (0.3) 0.1(0.3) 0.1 (0.1) 37.6 (2.0)
Cr 0.3 (0.1) 0.3 (0.1) 0.3 (0.1) 0.2 (0.1) 0.1 (0.1) 0.3(1.2) 0.9 (0.6)

Mn 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1)

Fe 1.4 (1.5) 16.5(5.3) | 13.5(2.8) 26.0 (2.9) 10.9 (1.4) 32.8(5.2) 35.7(3.0) 1.0 (0.8)
Co 1.4 (1.0) 0.5(0.3)

Ni 0.1 (0.1) 1.6 (0.6) 0.9 (0.3) 0.5(0.2) 29.0 (7.8) 9.1(4.9)

Total 101.5 (3.6) 101.6 (2.0) | 76.7(5.2) 94.3 (6.5) 94.0 (6.0) 99.1 (3.8) 96.7 (5.8) 100.0
(0.01)
Mg# 98.2 (2.0) 77.0(8.1) | 65.8(7.3) 47.3 (6.0) 78.3 (2.5) 23.1 (10.5)




Table S16. Summary of the bulk magnetic properties of the Winchcombe meteorite
samples BM.2022,M1-95 and BM.2022,M3-32.

Sample Ms MRrs Hc Hcr log(®) S300
(AmZkg™h) ratio

(x 10% AmZkg!)  (x103T) (x10°T) (x 10° m*kg")
M1-95 1.02 60.8 8.67 36.5 3.52 0.96
M3-32 0.10 6.98 9.74 38.3 3.03 0.95




Table S17. Mass loss (wt.%) as a function of temperature during TGA of the Winchcombe
meteorite sample BM.2022,M1-88. The DTG curve is divided into temperature regions related
to the dehydration of terrestrial adsorbed H,O (15 - 200°C), the dehydration and dehydroxylation
of Fe-(oxy)hydroxides (200 — 400°C) and phyllosilicates (400 — 770°C), and the breakdown
of carbonates (770 — 900°C).

15-200°C 200-400°C 400-770°C 770 -900°C H20 Fe-serpentine = Mg-serpentine
(300 - 450°C) (450 - 800°C)
(200 - 770°C)

Winchcombe 3.0 2.2 9.0 0.8 11.2 3.1 7.9
(M1-88)




Table S18. Summary of the abundance and isotopic composition of hydrogen released during
stepped pyrolysis of the Winchcombe meteorite samples BM.2022,M2-39-a, BM.2022,M2-39-
b, and BM.2022,M2-39-c.

Winchcombe Step H:0 Fraction H oD
Sample No.
(°C) (wt. %)  Released (wt. %) (%0 vSMOW)
M2-39-a 100 0.29 0.03 0.03 -23
(45.1 mg) 200 1.20 0.11 0.13 =70
300 1.32 0.12 0.15 —143
400 2.79 0.26 0.31 —158
500 291 0.27 0.33 —148
700 1.91 0.18 0.21 —146
1100 0.36 0.03 0.04 —43
Total 10.78 1.00 1.21
M2-39-b 100
(32.7 mg) 200 0.92 0.08 0.10 —58
300 1.17 0.10 0.13 -122
400 3.11 0.27 0.35 -167
500 2.74 0.23 0.31 —-151
700 2.95 0.25 0.33 -127
1100 0.77 0.07 0.09 =55
Total 11.66 1.00 1.31
M2-39-c 100
(30.9 mg) 200 0.86 0.07 0.10 -74
300 1.13 0.09 0.13 —-100
400 2.97 0.24 0.33 -167
500 3.17 0.26 0.36 —-147
700 3.14 0.26 0.35 —144
1100 1.03 0.08 0.12 =74

Total 12.30 1.00 1.38




Table S19. Carbon data from stepped combustion of Winchcombe chips BM.2022,M1-85 and
BM.2022,M1-86.

Temp [C] 31C p [C] 3vC %)

O (ppm) (%0) (%0) (ppm) (%0)

M1-85 (W1) 5.0502 mg M1-86 (W2) 5.0981 mg
100 56.6 3.1 0.2 19.7 02 0.3
125 57.7 2.6 0.2
150 60.8 0.5 0.1 135.1 2.0 0.2
175 100.2 5.6 0.4
200 249.1 8.0 0.3 288.1 49 0.2
225 4195  -6.0 0.7
250 6815 27 0.1 891.8  13.1 5.0
275 963.0 2.4 0.7 670.4 8.7 0.9
300 11502 -3.6 0.3 8250  -17.2 0.7
325 13243 64 0.1 15058  -7.5 0.6
350 14564  -16.6 0.7 15432 -7.0 0.7
375 15933 -10.6 0.6 1658.1  -10.9 0.2
400 18749  -19.0 0.5 17288  -5.8 0.2
425 20431 211 0.5 1836.1  -14.3 0.1
450 18623  -122 0.2 2123.1  -154 0.4
475 12683  -12.8 0.7 16708  -11.6 0.7
500 6370 9.6 0.7 10507  -9.0 0.3
525 260.6  -0.1 1.0 4988 274 0.2
550 4144 379 0.6 4599 2338 0.5
575 533.0 572 0.2 556.7 400 0.9
600 10994  61.5 0.2 1056.1  nm
625 668.1 428 0.9
650  206.1 439 0.8 1098 372 0.1
700 47.8 14.5 33 4148 175 1.2
750 167.9 9.6 0.4 3506 173 0.2
800 49.7 8.9 1.1 122.7 nm
850 423 17.4 0.1 60.8 nm
900 215 5.7 1.8 54.7 48.9 5.0
950 19.0 26.5 1.5 64.2 55.8 0.9
1000 212 32.8 2.1 116.1 875 1.6
1050 31.4 65.0 2.5
1100 18.7 60.4 0.4 98.6 1425 1.2
1200 432 -19.9 0.1 542 12.6 0.2
1300 288  -16.3 0.2 347 281 0.2
1400 204  -117 0.2 245  -19.3 0.2

Total:  18823.8 -2.8 0.1 20692.0 -0.6 0.1




Table S20. Nitrogen data from stepped combustion of Winchcombe chips BM.2022,M1-85
and BM.2022,M1-86.

Temp. [N] 3N Exe} [N] 3N Exe}
Y (ppm) (%0) (%0) (ppm) (%o0) (%0)
M1-85 (W1) 5.0502 mg M1-86 (W2) 5.0981 mg
100 0.9 25.9 0.2 0.5 29.3 0.4
125 1.0 22.3 0.2
150 0.8 21.7 0.2 0.9 23.4 0.2
175 1.0 12.4 0.2
200 5.5 30.1 0.2 7.8 41.4 0.2
225 10.2 36.3 0.2 7.7 56.0 0.2
250 15.8 38.4 0.2 9.7 56.1 0.2
275 19.4 40.1 0.2 6.7 51.9 0.2
300 20.1 353 0.2 10.6 45.5 0.2
325 18.6 27.1 0.2 19.3 32.9 0.2
350 20.7 16.2 0.2 21.8 16.2 0.2
375 29.0 -2.6 0.2 32.6 0.2 0.2
400 43.0 -14.1 0.2 54.4 -8.8 0.2
425 54.6 -8.8 0.2 71.5 -5.9 0.2
450 50.8 20.3 0.2 63.9 16.2 0.2
475 33.6 31.1 0.2 47.1 31.9 0.2
500 23.5 27.4 0.2 27.1 29.9 0.2
525 17.2 30.5 0.3 18.3 314 0.2
550 10.3 36.8 0.3 11.9 41.4 0.2
575 5.7 35.7 0.3 7.2 45.4 0.2
600 3.5 26.5 0.3 4.4 41.8 0.3
625 3.0 41.9 0.3
650 4.2 21.4 0.2 2.0 31.7 0.2
700 5.0 16.6 0.2 5.8 35.8 0.2
750 6.3 37.1 0.2 7.3 47.3 0.2
800 2.7 4.2 0.2 2.8 28.0 0.2
850 34 -18.4 0.2 1.9 -5.4 0.2
900 3.5 -19.9 0.2 2.3 -2.8 0.2
950 1.6 -1.0 0.2 1.7 154 0.3
1000 0.9 -25.3 0.2 0.9 -7.3 0.3
1050 0.5 -46.9 0.3
1100 0.3 -40.4 0.3 0.9 -31.0 0.3
1200 0.2 -21.8 0.3 0.8 0.9 0.4
1300 0.0 36.7 0.4 0.7 -2.9 0.3
1400 nd 0.8 2.3 0.3

Total: 413.5 15.8 0.3 454.1 17.6 0.3




Table 21. He, Ne, Ar and Xe concentrations in the Winchcombe meteorite samples
BM.2022,M1-85 and BM.2022,M1-86. nd — not determined.

4 20 36 132
Sample He Ne Ar Xe
x 106 cm? STP g”!
M1-85 (W1) 145 3 2.87 nd

M1-86 (W2) 790 15 1.96 0.672




Table S22. The percentage of ammonium carbonate (A) and acetonitrile (B) flowing through the
LC-MS column over time.

Time %A % B
(mins)

15 80 20
15 95 5
17 95 5
17 20 80
26 20 80




Table S23. Summary of the amino acid content of the Winchcombe meteorite sample
BM.2022,M2-14 and a soil sample collected near the fall site. n. f. indicates that the compound
was not found in the sample above the detection limits.

Winchcombe Fall Site Soil

Free Total Free Total
Glycine 131.7+17.8 163.0+£17.2 13875 + 181 54677 + 402
D-Alanine 472+22 57.0+6.9 1595 £37 4957 + 31
L-Alanine 46.4+22 50.2+5.1 34906 + 607 54872 + 458
B-Alanine n. f. 283+34 1389+ 12 2869 + 12
D-Serine n. f. n. f. 1695 + 67 20629 + 655
L-Serine n. f. n. f. 19627 £ 1266 68247 + 5404
D-a-aminobutyric acid (ABA) 11.6+1.4 12.6+ 1.8 n. f. n. f.
L-a-ABA 143+1.2 16.7+2.5 n. f. n. f.
D-B-ABA 53+34 8.0+£2.2 n. f. n. f.
L-B-ABA 6.8+3.2 12.8+1.4 n. f. n. f.
v-ABA n. f. 14.0+23 1603 +25 2139+21
a-aminoisobutyric acid (AIB) 467.1 £16.7 331.1+33.6 n. f. n. f.
D-B-AIB n. f. n. f. n. f. n. f.
L-B-AIB n. f. n. f. n. f. n. f.
D-Aspartic acid 6.7+1.7 6.8+0.7 1252+ 15 10238 + 33
L-Aspartic acid 12.7+4.2 132+ 1.6 18742 + 206 82678 £ 472
D-Threonine n. f. n. f. n. f. n. f.
L-Threonine n. f. n. f. 20293 £273 40837 +284
D-Glutamic acid <18.5 17.8+3.0 1121 £21 5731+£34
L-Glutamic acid <42.4 389+4.1 26336 £ 229 84812 £ 705
D-Norvaline (2-apa) 3.0+£03 34+£0.6 n. f. n. f.
L-Norvaline (2-apa) 2.7+0.2 3.8+£0.8 n. f. n. f.
D-Isovaline 196.7 £ 8.6 1383+ 14.7 n. f. n. f.
L-Isovaline 194.4 + 8.5 130.7+13.9 n. f. n. f.
D-Valine (2-a-3-mba) 92+15 11.1+£1.5 n. f. 370+ 0.2
L-Valine (2-a-3-mba) 16.6 £2.6 149+1.5 28575 +477 30955 £ 153
R-3-Aminopentanoic acid (3-apa) n. f. n. f. n. f. n. f.
S-3-Aminopentanoic acid (3-apa) n. f. n. f. n. f. n. f.
D-4-amino-pentanoic acid (4-apa) n. f. n. f. n. f. n. f.
L-4-amino-pentanoic acid (4-apa) n. f. n. f. n. f. n. f.
5-Aminopentanoic acid (5-apa) n. f. 203+1.7 413+ 11 847+ 15
3-Amino-3-methyl butanoic acid n. f. n. f. n. f. n. f.



(3-a-3-mba)

3-Amino-2,2-dimethylpropanoic n. f. n. f. n. f. n. f.
acid (3-a-2,2-dmpa)

6-Amino-Hexanoic acid (eaca) n. f. 28.6 £ 6.6 n. f. n. f.
D-Norleucine n. f. n. f. n. f. n. f.
L-Norleucine n. f. n. f. n. f. n. f.
D-isoleucine n. f. n. f. n. f. n. f.
L-isoleucine n. f. n. f. 16639 + 256 15752 +43
D-Leucine 50+0.8 4.1+0.1 n. f. n. f.
L-Leucine 9.7+15 6.5+1.0 38345 + 537 26979 £ 71
L-Alloisoleucine n. f. n. f. n. f. n. f.
D-2-Methylleucine n. f. n. f. n. f. n. f.
D-2-Aminoheptanoic acid (2-aha) n. f. n. f. n. f. n. f.
L-2-Aminoheptanoic acid (2-aha) n. f. n. f. n. f. n. f.
Total 1247.9£30.9 11323 +£49.3 | 226406 +1662 507587 + 5553
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