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Asteroids are remnants of planetary formation and
one way to study these extraterrestrial materials is to
analyze meteorites collected on the surface of the Earth.
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Abstract—The rapid recovery of the Winchcombe meteorite offers a valuable opportunity to
study the soluble organic matter (SOM) profile in pristine carbonaceous astromaterials. Our
interests in the biologically relevant molecules, amino acids—monomers of protein, and the
most prevalent meteoritic organics—polycyclic aromatic hydrocarbons (PAHs) are
addressed by analyzing the solvent extracts of a Winchcombe meteorite stone using gas
chromatography mass spectrometry. The Winchcombe sample contains an amino acid
abundance of ~1132 parts-per-billion that is about 10 times lower than other CM2
meteorites. The detection of terrestrially rare amino acids, including o-aminoisobutyric
acid (AIB); isovaline; B-alanine; o-, B-, and y-amino-n-butyric acids; and 5-aminopentanoic
acid, and the racemic enantiomeric ratios (D/L = 1) observed for alanine and isovaline
indicate that these amino acids are indigenous to the meteorite and not terrestrial
contaminants. The presence of predominantly o-AIB and isovaline is consistent with their
formation via the Strecker-cyanohydrin synthetic pathway. The L-enantiomeric excesses in
isovaline previously observed for aqueously altered meteorites were viewed as an indicator
of parent body aqueous processing; thus, the racemic ratio of isovaline observed for
Winchcombe, alongside the overall high free:total amino acid ratio, and the low amino acid
concentration suggest that the analyzed stone is derived from a lithology that has
experienced brief episode(s) of aqueous alteration. Winchcombe also contains 2- to 6-ring
alkylated and nonalkylated PAHs. The low total PAHs abundance (6177 ppb) and high
nonalkylated:alkylated ratio are distinct from that observed for heavily aqueously altered
CMs. The weak petrographic properties of Winchcombe, as well as the discrepancies
observed for the Winchcombe SOM content—a low total amino acid abundance
comparable to heavily altered CMs, and yet the high free:itotal amino acid and
nonalkylated:alkylated PAH ratios are on par with the less altered CMs—suggest that
Winchcombe could represent a class of weak, poorly lithified meteorite not been previously
studied.

INTRODUCTION Meteorites are classified into different meteoritic classes

based on their petrologic, chemical, and
compositions; one of these classes, the carbonaceous
chondrites (CCs; ~4% of all recovered meteorites), has
warranted attention worldwide due to their high carbon

isotopic
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content (up to ~3.5wt% of carbon; Alexander
et al., 2017) and the hosting of diverse suites of
biologically vital molecules, including a range of soluble
organic molecules (SOM) such as amino acids, amines,
nucleobases, polyols, and carboxylic acids (Aponte
et al., 2015; Callahan et al., 2011; Cooper & Rios, 2016;
Glavin et al., 2012; Krishnamurthy et al., 1992). The
compositional variations of these molecules reflect their
plausible synthetic origins (interstellar, early solar nebula,
asteroid/comets, etc.), as well as parent body aqueous
and metamorphic processes which subsequently modify
these intrinsic signatures. However, the study of SOM in
meteorites is met with a key challenge—the SOM content
that is expected to reflect the intrinsic compositional
variations is often obscured by varying extents of
terrestrial contamination obtained during the terrestrial
residence of essentially all meteorites. This challenge has
brought our attention to just tens of CCs that share a
common background—their retrievals were associated
with observed and/or recorded fireball events, and
thus, additional information regarding their trajectory
and pre-atmospheric orbit was available. The most recent
CC falls since 2000 include Tagish Lake (fell in 2000),
Maribo (2009), Sutter’s Mill (2012), Mukundpura (2017),
Aguas Zarcas (2019), Flensburg (2019), Tarda (2020),
and most recently, the Winchcombe meteorite (2021;
Table 1).

The Winchcombe fireball occurred at 21:54:16 (UT)
on February 28, 2021 and lasted a little over 8 s. As the
meteorite fell on a clear night, its entry was optimal for
eyewitnesses and instrumental records. In addition to
over 1000 eyewitnesses, numerous footages of the fireball
were captured on doorbell and dashboard cameras, the
fireball event was also recorded by meteor camera
networks such as the UK Fireball Alliance (UKFAII)
networks (McMullan et al., 2023). The rapid collection of
the Winchcombe meteorite preserved traces of its pre-
atmospheric information that would otherwise be altered
through contact with the terrestrial environment. The
meteoroid was determined to have a pre-atmospheric
mass of only 13 £+ 3 kg based on fireball observations
(entry mass was estimated to be 30 £+ 10 kg based on
analysis of cosmogenic nuclides), making it the smallest
CC recorded on cameras (King et al., 2022). Despite the
small initial mass of the Winchcombe meteoroid and the
fragile nature of CCs, the low entry speed (13.5 km s™')
and the shallow entry angle (~40°) led to a slow
atmospheric  deceleration. The meteoroid finally
fragmented to four individual pieces and a modest final
recovered mass of ~0.6 kg.

Based on the mineralogy, petrography, and bulk
oxygen isotopic compositions, Winchcombe was
classifitd as a CM (“Mighei-like”) meteorite (King
et al., 2022). Most lithologies are intermediately to highly

aqueously altered (CM2.4-2.0), although one CM
containing unaltered chondrules and metal has also
been identified (CM2.6). Since the initial analyses of the
CM2 Murchison meteorite in the 1970s (Kvenvolden
et al., 1970), SOM analyses have been carried out on
several CM falls focusing on a range of compounds
selected based on their relevance to biology. However,
not all CM falls were investigated using compound
targeted analysis, as such an approach requires a
substantial mass of samples for the effective detection of
the containing SOM species, while some meteorite falls
such as Maribo were recovered below such limits (only
~30 g of specimens recovered). The condition of the
meteorite fall site also played a role; for example, Maribo
was intensely rained on before collection, which
hampered the SOM inventory (Haack et al., 2012),
whereas Tarda was collected from a barren hot desert in
Morocco and thus not as extensively influenced by
terrestrial water as Maribo (Tunney et al., 2022).
Examples of most recent SOM analyses of CM
falls can be drawn from the meteorites Mukundpura
(2017, India; Pizzarello & Yarnes, 2018; Rudraswami
et al.,, 2019) and Aguas Zarcas (2019, Costa Rica;
Aponte et al.,, 2020; Glavin et al.,, 2021; Pizzarello
et al., 2020). Mukundpura, collected from sandy soil in
an agricultural field, was kept in an N, purged
environment in a storage facility since 2 days after the
observed fall. It has an amino acid content similar to
Murchison, with a total free amino acid abundance of
145.5 nmol g~' (which translates to ~14,550 parts-per-
billion [ppb], with a molar mass of ~100 g mol ';
Pizzarello & Yarnes, 2018). However, despite its prompt
recovery, the L-enantiomeric excesses (ee) observed for
alanine and lactic acid and the low §8'3C values of the
amino acids (—2.5 to 10.6%,) in Mukundpura indicate
that this meteorite has been terrestrially altered. Aguas
Zarcas also has an amino acid abundance (from none
detected to 43,800 ppb) similar to Murchison (Aponte
et al., 2020; Glavin et al., 2021; Pizzarello et al., 2020).
Although most amino acids in Aguas Zarcas exhibit low
D/L ratios (alanine = 0.46; aspartic acid = 0.32, glutamic
acid = 0.16), the 5'°C values of terrestrially rare amino
acids—a-aminoisobutyric acid and D- and L-isovaline—
fell outside the typical terrestrial range, indicating that
Aguas Zarcas contains a fraction of amino acids that are
extraterrestrial in origin. In contrast, a different Aguas
Zarcas sample was found to be depleted in amino acids,
and typical terrestrial contaminants (such as the
L-enantiomers of alanine, serine, aspartic acid, and
threonine) were also absent in this sample (Pizzarello
et al., 2020). The potential absence of terrestrial
contaminants was viewed as an indicator of the pristine
nature of Aguas Zarcas. The disparities observed in these
studies underscore the concerns for sample heterogeneity
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Table 1. Examples of carbonaceous chondrite falls and their corresponding recovered masses.

Total

Date of Date of first recovered
Meteorite Type Fall site observed fall specimen recovery mass (kg)
Tagish Lake C2-ung British Columbia, Canada January 18, 2000 January 25, 2000 10
Maribo CM2 Region Sjaelland, Denmark January 17, 2009 March 4, 2009 0.03*
Sutter’s Mill C California, USA April 22, 2012 April 24, 2012 1
Mukundpura CM2 Rajasthan, India June 6, 2017 June 8, 2017 2
Aguas Zarcas CM2 Alajuela, Costa Rica April 23, 2019 April 24, 2019 27
Flensburg Cl-ung Schleswig-Holstein, Germany September 12, 2019 September 13, 2019 0.03
Tarda C2-ung Morocco August 25, 2020 August 26, 2020 4
Winchcombe CM2 Winchcombe, UK February 28, 2021 March 1, 2021 0.6

*The entire mass of the Maribo meteorite was collected after rain.

when comparing the SOM contents (and other traits) of
different meteorites, or different stones of the same
meteorite.

The Winchcombe meteorite has an average bulk
carbon abundance of 2.0 £ 0.1 wt% and nitrogen
abundance of 433.8 + 20.3 ppm (~0.04 wt%; King
et al., 2022). These values are lower than those observed
in CM falls (C=~22wt% and N =~0.1 wt%;
Alexander et al., 2013). Although the carbon in CMs is
not confined to organic matter, as it can also be derived
from other inorganic phases such as carbonate, diamond,
graphite, and silicon carbide (Chan & Zolensky, 2022),
the low abundances of both carbon and nitrogen
in Winchcombe potentially indicate that the meteorite
has a low organic abundance, and this can be a
challenge to SOM analysis. The bulk hydrogen, carbon,
and nitrogen isotopic compositions (6D = —142 + 49, ;
313C =—1.7 £ 1.1%,; &N =+16.7 + 0.9%,) of the
Winchcombe meteorite are comparable to most CMs
(King et al., 2022; Sephton et al., 2023), and the 3'°N
value is more consistent with the moderately aqueously
altered CMs with >0.75 volume fractions of
phyllosilicates (Alexander et al., 2013). If Winchcombe
was more extensively altered, the free and labile organic
matter would have been progressively removed during
parent body aqueous alteration to leave behind an
isotopically lighter (3'°N < —25%,) refractory fraction
(Sephton et al., 2004). Hence, the Winchcombe meteorite
provides a valuable opportunity to investigate how
pristine organic materials chemically evolved during
onset of parent body aqueous alteration. In this study, we
have carried out, for the first time, amino acid and
polycyclic aromatic hydrocarbon (PAH) analyses for the
Winchcombe meteorite. Our interest in the biologically
relevant molecules, amino acids—monomers of protein,
is addressed by hot water extraction of a Winchcombe
meteorite specimen analyzed by gas chromatography-
mass spectrometry (GC-MS). We have also measured the
concentration of PAHs in the soluble aromatic fraction

of Winchcombe by GC-MS. We compare the amino acid
and PAH abundances and structural variation to other
CM chondrites, to understand the effects of parent body
hydrothermal alteration on the SOM inventory in the
early solar system.

EXPERIMENTAL PROCEDURES
Winchcombe Samples and Controls

The Winchcombe meteorite stones BM.2022,M2-14
(mass = 0.9754 g, hereafter simply referred to as
“Winchcombe” in this study) were provided by the
Natural History Museum (NHM), London (Fig. 1).
Winchcombe is among the first collected samples of the
Winchcombe meteorite fall retrieved from the Wilcock
family’s driveway on March 2, 2021 using rubber gloves.
The sample was initially stored in a polyethylene sample
bag and was subsequently transferred to sterile glass
vial 3 days later at the NHM. A soil sample (the “fall
site soil”) collected in proximity of the meteorite
samples was analyzed to assess terrestrial contamination
from the local environment. The fall site soil sample
(mass = 1.0967 g) from the Wilcocks” house was
collected on March 5, 2021. There was no precipitation
between the fireball on February 28, 2021 and sample
collection. A powdered sample of serpentinized peridotite
from Coverack, United Kingdom (henceforth described
as “Procedural blank™), provided by Mark Sephton, was
analyzed as the procedural blank of GC-MS analysis.
The procedural blank was heated to 500 °C in air for
24 h prior to the amino acid extraction procedures. Stock
solutions (107> M to 10~! M) of individual amino acids
were made by dissolution of standard crystals in
ultrapure water. An amino acid standard mixture was
made by combining individual standard solutions. The
amino acid standards mixture, procedural blank, and fall
site soil were subjected to the same experimental
procedures as the meteorite sample.
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Winchcombe meteorite

&

Winchcombe fusion crust

Fig. 1. Images showing the analyzed Winchcombe meteorite sample, the fusion crust (marked by the black arrow; the fusion
crust was manually removed by sterile tool from the Winchcombe meteorite sample prior to sample crushing), and the fall site
soil stored in sterile glass vials. Scale bars are 1 cm. (Color figure can be viewed at wileyonlinelibrary.com)

Materials and Chemicals

All tools, glassware, and ceramics were sterilized by
baking at 500 °C in air for 24 h. Millipore ultrapure
water (18.2 MQ cm, <3 ppb 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-dimethylpropanoic acid were provided by
Astrobiology Analytical Laboratory at Goddard Space
Flight Center, NASA. All other amino acid standard
crystals/powder were purchased from Acros Organics,
Sigma-Aldrich, and Fluka. Hydrochloric acid (HCI;
37%), ammonium hydroxide (NH4OH; 28-30 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
50 W-X8, and hydrogen form (100-200 mesh) were
acquired from Bio-Rad. Sodium hydroxide (NaOH)
pellets and dichloromethane (DCM; 99.8+%) were
bought from Fisher Scientific.

Sample Extraction and Desalting Procedures

The Winchcombe meteorite stone has a small visible
portion of fusion crust (Fig. 1). The fusion crust was
manually removed by sterile tool, and the remaining
sample was powdered in a ceramic mortar and pestle
inside a Bassaire laminar flow hood under HEPA-filtered
positive pressure (equivalent to ISO Class 4-5). The
sample was homogenized and split into five equal
portions of approximately 150 mg each, which were
transferred to individual test tubes (20 x 150 mm) for

hot water extraction. One milliliter of Millipore ultrapure
water was added to each sample. The test tubes were then
flame sealed and heated to 100 °C for 24 h in a heating
block. After cooling to room temperature, the test tubes
were rinsed with ultrapure water, cracked open, and
centrifuged for 5 min. Eighty percent of the water
supernatant was transferred to small test tubes
(12 x 75 mm) individually, dried under vacuum, flame
sealed in larger test tube (20 x 150 mm) containing
1 mL of 6 N HCI, and then subjected to acid vapor
hydrolysis for 3 h at 150 °C to determine the total (free +
bound) amino acid content. Fifteen percent of the water
supernatant (the nonhydrolyzed fraction) was transferred
to small test tubes, and kept at ~4 °C until prior to the
desalting procedure. After the hydrolysis procedure, the
test tubes were rinsed with ultrapure water, 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 volume (~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
has a neutral pH to remove residual NaOH. Three bed
volume (~6 mL) of 1.5 M HCI was added to re-acidify
the columns. The columns were again washed with two
bed volume of water (20 mL) to remove excess HCI until
neutral pH.
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Hot water
extraction
(90%)

Nonhyrolyzed
fraction
(13.5%)

Hydrolysis
(72%)

Derivatization IRMS analysis Derivatization
(18%) (54%) (13.5%)
GCMS GCMS
analysis analysis
(18%) (13.5%)

Powdered
samples
(100%)

Powdered

samples
(10%)

[ 1
Untargeted

Solvent Py-GCMS
ahaclMssi s extraction analysis
“ 5’.’% ) (7.5%) (2.5%)
GCMS
analysis
(7.5%)

Fig. 2. Analytical scheme and sample distribution of the Winchcombe meteorite. The value (%) shown in brackets indicates the
portion of the mass of the allocated Winchcombe meteorite sample being used in each of the listed procedures. Fill cells indicate
procedures completed in this study. Open cells indicate the portions of samples preserved for planned future analyses. LCMS,
liquid chromatography—mass spectrometry; Py-GCMS, pyrolysis gas chromatography mass spectrometry; IRMS, isotope ratio
mass spectrometry. (Color figure can be viewed at wileyonlinelibrary.com)

Both hydrolyzed and nonhydrolyzed samples were
then bought up in 3 x 1 mL of ultrapure water and
desalted on the cation exchange resin. Different fractions
of the same sample were recombined by desalting in the
same column. Purified amino acids were eluted by adding
2 x 3.5 mL fractions of 2 M NH,OH, and the eluates
were collected in small test tubes, which were then
evaporated to dryness by vacuum centrifugation. All
sample analytical residues from above-mentioned
analytical steps not analyzed in this study were preserved
frozen for organic analyses by different techniques (e.g.,
position-specific isotopic analyses) in the future (Fig. 2).

TFAA-IPA Derivatization and GC-MS Analysis

Prior to GC-MS analysis, amino acids were
derivatized by esterification with IPA and acylation with
TFAA. The samples were resuspended in 2 x 50 pL of
ultrapure water in inserts within GC vials. One
hundred pL 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 h. The samples were then cooled in an

ice bath and dried under a gentle stream of dry N,. After
the samples were brought to room temperature, 100 pL
of DCM and 50 uL 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 N,. Prior to injection, the
derivatized samples were dissolved in 30 pL of DCM and
5 uL of pyrene in DCM (200 pg mL™") as an internal
standard. The derivatized samples were then immediately
analyzed by GC-MS.

Amino acids in the hot water extracts were analyzed by
an Agilent Technologies 7890A series GC coupled to an
Agilent Technologies 5975C mass selective detector (MSD).
The separations of the D,L-amino acid enantiomers were
achieved wusing a CP-Chirasil-L Val GC Column
25 m x 0.25 mm ID x 0.12 um; Agilent Technologies).
For D,L-isovaline enantiomers separation, a 6890N series
GC coupled to a 5973 MSD (both Agilent Technologies)
and a CP-Chirasil-Dex CB GC Column (25 m x 0.25 mm
ID x 0.25 pum; Agilent Technologies) were used.

Helium was used as carrier gas and the column flow
rate was set at 1.1 mL min~" and injection (1 pL) was in
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Table 2. Amino acid peak identification in the GC-MS chromatograms, their retention times, and the molecular

trace ions used for quantification and identification.

Trace Retention

Peak# Ton (m/z) time (min) Amino acids Abbreviation

1 154 2.43 o-aminoisobutyric acid a-AlB

2 168 2.70 D-isovaline (or D-2-amino- D-lva
2-methylbutanoic acid)®

3 168 2.70 L-isovaline (or L-2-amino- L-Iva
2-methylbutanoic acid)®

4 140 3.02 D-alanine D-Ala

5 140 3.56 L-alanine L-Ala

6 154 3.84 D-a-amino-n-butyric acid D-a-ABA

7 168 4.04 D-valine (or D-2-amino-2- D-Val
methylbutanoic acid)

8 153 4.35 D-threonine D-Thr

9 154 4.47 L-a-amino-n-butyric acid L-a-ABA

10 168 4.53 L-valine (or L-2-amino-2- L-Val
methylbutanoic acid)

11 126 4.73 Glycine Gly

12 153 493 L-threonine L-Thr

13 182 5.21 D-B-aminoisobutyric acid D-B-AIB

14 168 5.21 D-norvaline (or D-2- D-Nva
aminopentanoic acid)

15 182 5.31 L-B-aminoisobutyric acid L-B-AIB

16 182 5.38 D-isoleucine D-Ile

17 140 5.39 D-B-amino-n-butyric acid® D-B-ABA

18 168 5.42 B-alanine B-Ala

19 140 5.53 L-PB-amino-n-butyric acid® L-B-ABA

20 182 5.70 L-alloisoleucine L-allolle

21 182 5.97 L-isoleucine L-lle

22 168 6.10 L-norvaline (or L-2- L-Nva
aminopentanoic acid)

23 140 6.31 D-leucine D-Leu

24 139 6.39 D-serine D-Ser

25 182 6.73 D-norleucine D-Nle

26 184 6.94 R-3-aminopentanoic acid R-3-APA

27 139 6.98 L-serine L-Ser

28 184 7.07 S-3-aminopentanoic acid S-3-APA

29 140 7.43 L-leucine L-Leu

30 182 7.70 L-norleucine L-Nle

31 140 8.15 D-4-amino-pentanoic acid® D-4-APA

32 140 8.47 L-4-amino-pentanoic acid® L-4-APA

33 196 8.56 D-2-aminoheptanoic acid® D-2-AHA

34 182 8.94 y-amino-n-butyric acid v-ABA

35 196 9.51 L-2-aminoheptanoic acid® L-2-AHA

36 184 10.36 D-aspartic acid D-Asp

37 184 10.64 L-aspartic acid L-Asp

38 196 11.31 S-aminopentanoic acid (or 5-APA
S-aminovaleric acid)

39 210 13.50 g-amino-n-caproic acid EACA

40 198 13.62 D-glutamic acid D-Glu

41 198 14.27 L-glutamic acid L-Glu

“Isovaline enantiomers could not be separated using a CP-Chirasil-L-Val column. Instead, D- and L-isovaline enantiomers were separated using
the CP-Chirasil-Dex CB column.
Optically pure standard not available for enantiomeric identification. The order of elution of the D- and L-enantiomers was tentatively
identified, as the D-enantiomer elutes first followed by the L-enantiomer when using the Chirasil-L-Val column.
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split mode (10:1) at 220 °C. The source and quadrupole
temperatures were maintained at 230 and 150 °C,
respectively; the MSD transfer line was heated to 180 °C.
Standard  autotunes  with  perfluorotributylamine
(PFTBA) and air/water checks were made on a daily
basis. The oven program was set at an initial temperature
of 90 °C and held for 2 min, then increased by
5°Cmin~' to 200 °C and held for 6 min. GC-MS
methods and oven program were the same for both
instruments used. Total ion current chromatograms were
acquired and analyzed with Agilent Technologies MSD
ChemStation (6890-5973) or MassHunter (7890-5975)
software. Amino acids present in the meteorite samples
were identified by comparison of the retention time and
mass fragmentation pattern with a known amino acid
standard mixture (Table 2), and quantification was made
by chromatographic data collected in the selected ion
monitoring (SIM) mode. Identification was added by
retention time locking of GC method and creation of a
custom library from standards which include retention
time and retention indices for the amino acids.

Extraction of PAHs

The powdered Winchcombe sample (58.3 mg)
was placed in a test tube and internal standard of
naphthalene-d8 added along with 2 mL solvent mixture
of dichloromethane (DCM):methanol (93:7; v/v). The
mixture was then sonicated for 3 min and centrifuged
and the supernatant was removed; the extraction process
was repeated three additional times and supernatants
combined. After extraction, activated copper turnings
were used to remove elemental sulfur, and then, the
combined supernatants were concentrated under a stream
of dry nitrogen gas. The extract was concentrated to
~50 pL prior to analysis by GC-MS. A procedural blank
of serpentinite (105 mg) was extracted in parallel in the
same way as the Winchcombe sample. A sample of the
“fall site soil” (99.5 mg) was extracted in the same way as
the meteorite sample except polar non-hydrocarbon
compounds were removed by eluting down a short
alumina column with DCM:hexane (1:1; v/v) prior to
analysis by GC-MS.

GC-MS Analysis of PAHs

Analysis was conducted on a Agilent Technologies
7890-5975 GC-MS. The sample 1 pl was injected
splitless with the GC injector held at 270 °C and with a
helium column flow rate of 1.1 mL min~'. Separation
was performed on a DB-5MS ultra inert column (J&W,;
30 m length, 0.25 mm internal diameter, and 0.25 pm
film thickness). The GC oven temperature was held for
2 min at 40 °C and subsequently ramped to 310 °C at a

rate of 5°C min~! and held at this temperature for
9 min. Mass spectra were acquired in electron impact
mode (70 eV) with a scan range from 50 to 550 atomic
mass unit (amu) and additionally in SIM mode.

RESULTS AND DISCUSSION
A Low Total Amino Acid Abundance

We have identified and quantified trifluoroacetyl
(TFA) derivatives of two- to six-carbon (C,—Cg) amino
acids in the Winchcombe meteorite hot water extracts
using GC-MS. The amino acid abundances of the
derivatized (N-TFA, O-isopropyl) nonhydrolyzed and
6N HCl-hydrolyzed hot water extracts of the
Winchcombe meteorite, fall site soil, and procedural
blank are presented in Table 3 and Figs. 3 and 4. The
amino acid abundances in Table 3 are presented in
ppb calculated from the average of three separate
measurements. Representative chromatograms from GC-
MS analyses of the derivatized 6N HCIl-hydrolyzed hot
water extracts of the Winchcombe meteorite, the fall site
soil, the procedural blank, and the mixed amino acid
standard are shown in Fig. 3. Each peak in the
chromatograms was identified by comparison of its
retention time and exact molecular mass with amino acid
standards (Table 2). We have separated the amino acids
with carbon numbers up to Cg and their enantiomers with
no known interference or co-elution with other amino
acid isomers. The individual D- and L-enantiomers of
B-amino-n-butyric acid, 3-aminopentanoic acid, and
2-aminoheptanoic acid were clearly separated (Figs. 3
and 4), but they could not be enantiomerically identified
due to the lack of optically pure standards. Nevertheless,
the order of elution of their D- and L-enantiomers
was determined by the elution sequence that the
D-enantiomer elutes first followed by the L-enantiomer
when using the Chirasil-L-Val column. For isovaline, the
separation of the D- and L-isovaline enantiomers in the
same derivatized 6N HCl-hydrolyzed hot water extracts
of the Winchcombe meteorite and the mixed amino acid
standard was achieved on a different column and the
corresponding 4-8 min regions of the chromatograms are
shown in Fig. 5. Multiple injections of the amino acid
standard, meteorite, fall site soil, and procedural blank
extracts required that the samples be analyzed on 2
consecutive days, which resulted in slight retention time
differences in the GC chromatograms. Nevertheless, the
sample extracts were compared to standards run on the
same day, and thus, the slight retention time differences
between replicates did not influence the accurate
identification and quantification of the amino acids.

The total (free + bound peptide-like) amino acid
abundance in the 6N HCI-hydrolyzed hot water extract
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Fig. 3. The 2-15 min regions of the GC-MS total ion current (TIC) chromatograms collected in the selected ion monitoring
(SIM) mode of the derivatized (N-TFA, O-isopropyl) 6N HCI-hydrolyzed hot water extracts of the Winchcombe meteorite, the
fall site soil, the procedural blank, and the mixed amino acid standard. Analyte identifications are indicated as peak numbers
corresponding to Table 2. The external standard pyrene (m/z 202; eluted at ~22 min) was added to each of the samples for
amino acid quantification. The peak of pyrene did not co-elute with any amino acid and is not shown in the chromatograms.
The data used for this figure can be found in the Supporting information.

of Winchcombe is 1132 + 49 ppb, which is about 10
times lower than most CM falls, such as Murchison
(14,600 ppb; Glavin et al., 2006), Mighei (5839 ppb;
Botta et al., 2002), Mukundpura (14,550 ppb; Pizzarello
& Yarnes, 2018), and Aguas Zarcas (up to 43,800 ppb;
Glavin et al., 2021). The amino acid abundances for
CM falls are highly variable, ranging from none detected
in a stone of Aguas Zarcas (Pizzarello et al., 2020) to
43,800 ppb in a different fragment of the same meteorite
(Glavin et al., 2021), and this can be accounted for by the
brecciated nature of these samples. Given that the
Winchcombe meteorite is lithologically highly variable

with the presence of lithologies from CM2.0 to CM2.6
(Suttle et al.,, 2023), the amino acid contents of these
lithologies can potentially span a wide range. During
the initial examination of the Winchcombe meteorite,
individual stones were separately allocated for the
investigations of their mineral and organic contents.
Furthermore, the allocated ~1 g of Winchcombe sample
was insufficient to perform both mineral and organic
analyses. Therefore, the mineralogy of the Winchcombe
stone allocated for this study was not explored in this study.

From previous studies of amino acids in CCs,
a general trend of decreasing total amino acid
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Fig. 4. The 2-15 min regions of the GC-MS chromatograms. Single-ion GC-MS traces (m/z 126, 139, 140, 153, 154, 168, 182,
184, 196, 198, and 210) of the derivatized (N-TFA, O-isopropyl) 6N HCI-hydrolyzed hot water extracts of the Winchcombe
meteorite and the mixed amino acid standard. Analyte identifications are indicated as peak numbers corresponding to Table 2.
The peaks were identified by comparing the retention time and mass fragmentation pattern to those in the amino acid standard
run on the same day. D- and L-isovaline enantiomers could not be separated under the chromatographic conditions (Peaks #2
and #3), but their separation was achieved on a different column (CP-Chirasil-Dex CB GC Column; Fig. 5). Similar
chromatograms for the nonhydrolyzed fractions were also obtained and can be found in the Supporting information.

abundances with increasing aqueous alteration has been
observed (Glavin et al., 2020), as a result of a higher
rate of thermal decarboxylation and/or hydrolysis of
bound amino acid precursors (Bada et al., 1991;
McCollom, 2013; Pietrucci et al., 2018). For example,
aspartic acid decomposes by reversible deamination
producing fumaric acid and ammonia. The half-life
of this reaction is estimated to be 10° years at 25 °C
and neutral pH (Bada et al, 1991). At high
temperatures at 240 °C and neutral pH, alanine thermally
decomposes and forms ethylamine as product (Shock &
Schulte, 1990). Using computational modeling, Pietrucci
et al. (2018) showed that aqueous processing can lead to
the decomposition of the a-amino acids (glycine and
isovaline) through deamination and decarboxylation. The
highest amino acid abundances are observed in the least
altered chondrites (e.g., ~36,000 ppb in CM3.0/2.9 Asuka
[A-] 12236), and the lowest total amino acid abundances
are observed in the most altered petrologic type 1
chondrites (e.g., 660 ppb in Scott Glacier [SCO] 06043;
710 ppb in Meteorite Hills [MET] 01070); these
meteorites were given the subtype of 2.0 according to the

classification by Rubin et al. (2007) and Glavin
et al. (2011, 2020). The high abundance of amino acids in
A-12236 suggests that this meteorite has been less
affected by aqueous alteration than any previously
studied CMs, supporting its petrologic type assignment of
3.0/2.9 built on the meteorite’s texture, chemical/isotopic
compositions, and the abundance of unmodified presolar
silicate grains (Kimura et al., 2020; Nittler et al., 2021).
Therefore, based on just the low total amino acid
abundance of the Winchcombe meteorite alone, it is on
par with meteorites showing a higher degree of aqueous
alteration and is distinguished from other CM2s such as
Aguas Zarcas and Murchison that have experienced
an intermediate degree of aqueous alteration on their
respective parent bodies.

The total amino acid abundance in CCs is
determined by the efficiency of two competing processes
—amino acid decomposition via thermal/hydrothermal
decomposition and oxidation as described above, and
amino acid syntheses such as the Strecker-cyanohydrin
synthesis, Michael addition, and/or other synthetic routes
(Cooper & Cronin, 1995; Koga & Naraoka, 2017,
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Fig. 5. The 4-8 min regions of the GC-MS total ion current
(TIC) chromatograms collected in the selected ion monitoring
(SIM) mode, focusing on the resolution of D- and L-isovaline,
of the derivatized (N-TFA, O-isopropyl) 6N HCI-hydrolyzed
hot water extracts of the Winchcombe meteorite and the
mixed amino acid standard.

Miller, 1957; Peltzer et al., 1984). Therefore, in contrast
to their decomposition during hydrothermal alteration as
previously discussed, the low amino acid concentration in
Winchcombe can potentially be explained by brief
episode(s) of aqueous alteration events on the
Winchcombe parent body, therefore yielding only a small
fraction of amino acids, and a lower extent of aqueous
process-associated amino acid decomposition. The amino
acid decomposition rate via aqueous process is between
107" and 107" s7' at 100 °C, which is equivalent to
half-lives between one and several tens of thousands of
years (Pietrucci et al., 2018). Therefore, even though
liquid water could have been present inside the parent
body for several millions of years (Doyle et al., 2015;
Fujiya et al., 2012), the alteration event may have only
been episodic that retained some of the amino acids
previously synthesized. Variation in the types of
carbonates (e.g., calcite, dolomite, aragonite, breunnerite)
and their isotopic compositions (8'°C values ranging
from +37 to +60%,, 8'30 values from +25 to 32%,, and
3'70 values from +10 to 16%,) have been observed for
CM chondrites that support the view that aqueous
alteration episodes could have taken place as discrete
events on the parent body (Chan et al.,, 2017; Tyra
et al., 2007, 2012). Investigation of the organo-carbonate
associations in CM chondrites also showed that the

carbonates might not have formed under equilibrium
conditions from a single fluid—the early formed
carbonates are organic matter-barren indicating that they
were formed from highly oxidized fluids that led to the
oxidation of the organic matter; the later formed
carbonates were found to contain organic material
suggesting that they were formed from a more evolved
aqueous fluid (Chan et al., 2017). Thus, rather than a
continuous heating regime caused by the radioactive
decay of short-lived radionuclides, small amounts of
liquid water could have been produced episodically by
short-term processes like impact, which resulted in short
duration, episodic aqueous alteration throughout the
history of the asteroid parent body (Brearley, 2006;
Lange et al., 1985). While deformed aragonite crystals
observed in Winchcombe suggest a history of impact,
multiple generations of carbonates in Winchcombe
suggest that the Winchcombe parent body has
experienced episodic aqueous alteration that involved
three discrete, and potentially short-term, alteration
events (Lee et al., 2022).

While the extent of low-temperature parent body
aqueous processes (<25 °C as estimated for CM2
chondrites; Zolensky et al., 1989, 1993) can influence the
total amino acid abundances in meteorites, thermal
processes can result in the thermal decomposition of
amino acids in CM2 chondrites that have experienced
higher metamorphic temperatures, such as Sutter’s
Mill (150400 °C; Jenniskens et al., 2012), thermal
metamorphosed CCs (e.g., CV, CO, ordinary chondrites,
and ureilites; 200-600 °C; Huss et al., 2006), and other
range of CCs that had been thermally metamorphosed
subsequent to aqueous alteration (TMCCs; or termed
the “CYs”) such as Yamato (Y-) 86029 and Y-980115
(up to 600 °C; Harries & Langenhorst, 2011; King
et al., 2019; Nakamura, 2005; Tonui et al., 2002, 2003,
2014). At these elevated temperatures, amino acids
are either thermally destroyed via solid-phase thermal
decomposition (Rodante et al., 1992) or a range of amino
acids structurally different from that typically formed by
low-temperature aqueous process could be synthesized,
such as through Fischer—Tropsch-type (FTT) reactions
(Anders et al, 1973). However, the Winchcombe
meteorite does not display any evidence of high-
temperature alteration such as phyllosilicate dehydration
(Suttle et al., 2023). The presence of tochilinite in
Winchcombe also supports a low-temperature condition
of the aqueous event, as tochilinite precipitates
under reducing, alkaline (pH > 11.5) fluids and at low
temperatures (<160 °C; Vacher et al., 2019). Therefore,
the mineralogy of Winchcombe indicates that it has not
experienced post-hydration thermal metamorphism,
and thus, the low amino acid abundance is not due to
their destruction through high-temperature thermal
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decomposition, but more likely a result of their synthesis
during a series of brief, episodic aqueous alteration
events.

Assessing the Free to Total Amino Acid Ratios

The majority of the amino acids in the Winchcombe
meteorite are present in the free form, with a free:total
amino acid ratio of ~1:1. Amino acids from terrestrial
sources are typically bound as proteins and therefore
have much lower free:total amino acid ratios (Botta
et al., 2007; Burton, Grunsfeld, et al., 2014; Glavin
et al., 2000). Therefore, the higher free:total amino acid
ratio (~1:1) indicates the presence of indigenous amino
acids in the Winchcombe stone, whereas the free
amino acid content is contributed mostly by the free,
non-proteinogenic o-AIB in the sample. The feature of
having a-methyl amino acids presenting as “free” amino
acids is expected as they are less prone than o-H amino
acids to form derivatives (Cronin & Pizzarello, 1983). The
free:total ratio of glycine (~80% free) is also among the
higher end of the value obtained for glycine in other CCs,
although not as high as observed in the CM3.0/2.9 A-
12236 (~97% free; Glavin et al., 2020). The overall
free:total ratio observed for the Winchcombe meteorite is
higher than the typical range from ~30% to 70%
measured in other CI, CM, and CR chondrites, such as
CM2 Murchison (~30% free), CM2.7 Paris (~45% free),
and CM3.0/2.9 A-12236 (~83% free amino acids; Glavin
et al., 2006, 2011, 2020; Martins et al., 2015; Pizzarello
et al., 2008). With these observations, the free:total amino
acid ratio has been suggested to link to the extent of
aqueous alteration CC chondrites have experienced, with
higher free:total amino acid ratios (relatively higher
abundance of free amino acids compared to the total
amino acid abundance) observed for meteorites
exhibiting a lower degree of aqueous alteration. This
correlation, initially observed for Antarctic CR2
chondrites, was not obvious in the less aqueously altered
CR3 chondrite Queen Alexandra Range (QUE) 99177
when compared to the CR2 Elephant Moraine (EET)
92042 analyzed in the same study (Glavin et al., 2011),
and thus, the authors determined that there was a need
for further amino acid analyses from additional
carbonaceous chondrites that experienced minimal
aqueous alteration to validate such tentative correlation.
In the case for the Winchcombe meteorite, its amino acid
content is not entirely comparable to any particular
meteorite from the range of CM chondrites—while the
low total amino acid abundance is comparable to that of
heavily altered CMs, the high free:total amino acid ratio
is on par with that observed in CMs that show very low
degrees of aqueous alteration. Such discrepancies,
echoing the wide range of degrees in aqueous alteration

indicated by its mineralogy (CM2.0 to CM2.6 clasts held
together by a weak cataclastic matrix), suggest that
Winchcombe could represent a class of weak, poorly
lithified meteorite not previously studied.

Amino acids can be released from their bound form
upon acid hydrolysis in CCs from two sources: (1) L-
amino acids derived from terrestrial protein and/or (2)
extraterrestrial amino acids derived from derivatives and/
or acid labile precursors (e.g., dipeptides [the smallest
peptides], diketopiperazines [cyclic dimers of amino
acids], hydantoins; Bada et al., 1991; Kalnik et al., 2021;
Shimoyama & Ogasawara, 2002). On the contrary,
extensive parent body aqueous alteration involving
multiple cycles of wet—dry processes would have formed a
larger quantity of peptides, through the condensation of
amino acid monomers to form dimers, resulting in a
lower free:total amino acid ratio as observed in the
more aqueously altered CCs (Glavin et al., 2011).
Condensation of amino acids can take place in
aqueous solution at low temperatures (i.e., ~25 °C, which
is also a possible temperature estimated for the
aqueous environment on CM parent bodies; Zolensky
et al., 1993), through the process of glycine + glycine =
glycylglycine + H,O or glycine + glycine = 2,5-
diketopiperazine + 2H,O (Shimoyama &
Ogasawara, 2002). As seen from these processes, the
oligomerization of amino acids requires an effective
medium, such as clay minerals, to efficiently remove the
water produced from the reaction. The bulk of the fine-
grained material in Winchcombe is composed of
serpentine and tochilinite, similar to the majority of
serpentine group mineral observed for CM chondrites
matrix (Zolensky et al., 2018), suggesting such water was
consumed via serpentinization which hydrated olivine
during the parent body aqueous alteration event. The
surface of these phyllosilicates has also been shown to be
capable of producing amino acids as well as adsorbing
peptides (Fuchida et al., 2014; Vinogradoff et al., 2020;
Wang & Lee, 1993). Therefore, the presence of larger
quantities of extraterrestrial amino acids in the bound
form in CCs would indicate that these free organic
monomers have evolved to bound peptide-like amino
acids through asteroidal processes. The presence of Fe-
rich phyllosilicate can hamper the formation of amino
acids. As the Winchcombe meteorite is composed
predominantly of Fe- and Mg-bearing serpentines, the
phyllosilicates can limited the production of a-amino
acids and n-w-amino acids via the pathways of formose
(condensation of formaldehyde) and Maillard-type
reactions (amine—sugar reactions; Vinogradoff
et al., 2020), and account for the overall low amino acid
abundance in particular for the high molecular-weight
species. Nevertheless, some amino acids, in particular the
o-amino acids, could still be synthesized via other
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pathways such as the Strecker cyanohydrin synthesis,
which requires a hydrogen cyanide or nitrile source of
precursor molecules. It is not surprising that if given a
full extent of aqueous event occurring on Winchcombe’s
parent body, abundant and structurally diverse amino
acids could be effectively synthesized and potentially
oligomerized into peptides. The composition of mostly
free amino acids including the terrestrially rare ones in
Winchcombe suggests that such asteroidal chemical
evolution is not at its full possible extent, and is
consistent with a short duration of low-temperature
aqueous activity inside the parent body.

Distribution of Indigenous Amino Acids

Although Winchcombe was collected on the soil-free
driveway of the Wilcock house, a soil sample was collected
from the garden (adjacent to the driveway) and analyzed
to provide an account for the potential terrestrial
contaminations from the local environment—if the amino
acids in the meteorite were derived from the local area, the
meteorite and soil samples would share a common amino
acid distribution. The amino acid abundance and
distribution of the hydrolyzed and nonhydrolyzed hot
water extracts of the Winchcombe meteorite are distinct
from that of the hot water extracts of the fall site soil.

The total amino acid abundance of the soil
(507,588 ppb) is significantly higher than that of the
Winchcombe meteorite (1132 ppb). The most abundant
amino acids found in the soil are the proteinogenic amino
acids glycine, alanine, aspartic and glutamic acids, and
valine, ranging from 54,677 to 90,542 ppb, making a
striking contrast to the low levels of both proteinogenic
and non-proteinogenic amino acids detected in the
Winchcombe meteorite (4-331 ppb). Furthermore, the
procedural blank is essentially free of targeted amino
acids above the detection limit of the GC-MS (10 pg of
amino acid; Fig. 3). However, the low amino acid
abundances in the procedural blank and the meteorite
sample do not rule out the possibility of amino acid
contamination from the terrestrial environment of the fall
site, during collection, handling, and curation of the
Winchcombe sample prior to the introduction of the
witnessing procedural blank. Therefore, in order to
understand the indigenous amino acid content of
Winchcombe, it is essential to determine the abundances
of terrestrially rare amino acids in the Winchcombe
meteorite, and contrast their relative abundances to that
observed for the fall site soil. The contrasting amino acid
contents between the Winchcombe meteorite, fall site soil,
and the procedural blank indicate that the level of
terrestrial amino acid contamination accrued from the
fall site and sample processing in the laboratory is low in
this study (Figs. 3 and 6).

The Winchcombe meteorite contains a range of Co—
Cg o-, B-, v-, 6-, and e-amino acids (Table 3). The most
abundant amino acid identified in the Winchcombe
meteorite is the terrestrially rare o-aminoisobutyric acid
(AIB; 331 ppb), which is followed by the proteinogenic
amino acid glycine (163 ppb), and then another non-
proteinogenic amino acid isovaline (269 ppb). Trace to
low levels (4-57 ppb) of alanine; aspartic and glutamic
acids; PB-alanine; o-, B-, and y-amino-n-butyric acids
(ABA); Cs amino acids valine; norvaline; 5-aminovaleric
acid (5-ava, or S-aminopentanoic acid, 5-apa); and Cg
amino acids leucine and e-amino-n-caproic acid (or e&-
amino-hexanoic acid; EACA) were identified. The Cg
amino acid EACA (20 ppb) from the Winchcombe
meteorite extract is present only in the bound form.
EACA has previously been attributed to contamination
from the hydrolysis of the polymer (peptide) Nylon-6 H-
[NH(CH,)sCO],-OH derived from storage bags used in
sample collection and curation (Glavin et al., 2006).
However, the Winchcombe stones have only been stored
in polyethylene (C,H,), sample bags; therefore, the origin
of EACA in this study is not obvious, potentially traces
of Nylon-6 from nylon storage bags used for the
containment of other samples in the curation facility. We
have also explored the plausibility of whether EACA is
indigenous to the Winchcombe meteorite. EACA, a n-o-
amino acid, was suggested to have an extraterrestrial
origin in thermally altered meteorites as it was found to
be present in high abundance and occur predominantly in
the free form in these meteorites (Burton et al., 2012).
However, as EACA was found only in the bound form
in the Winchcombe meteorite, it is difficult to establish
an extraterrestrial origin for EACA without other
supporting evidence such as compound-specific isotopic
composition.

An example of the presence of amino acids
indigenous to the Winchcombe meteorite sample is given
by the detection of terrestrially rare amino acids in the
meteorite extracts, including AIB, ABA, and isovaline.
The elevated abundances of some of these compounds,
such as o-AIB (331 £ 36 ppb) and isovaline
(391 £ 17 ppb), which are also the two most abundant
amino acids in Winchcombe and are both not
present in the soil and procedural blank above the
analytical detection limit (Fig. 3; Peak#l = o-AlIB;
Peak#2,3 = isovaline), provide a strong indication that
these amino acids are extraterrestrial in origin. However,
other Cs non-proteinogenic amino acids previously
identified in CM2s like the Aguas Zarcas and Murchison
meteorites (Glavin et al.,, 2021), such as the R,S-3-
aminopentanoic acid (3-apa), D,L-4-aminopentanoic
acid (4-apa), S-aminopentanoic acid (5-apa), 3-amino-3-
methylbutanoic acid (3-a-3-mba), and 3-amino-2,2-
dimethylpropanoic acid (3-a-2,2-dmpa), were not
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Fig. 6. The relative abundances (relative to D-alanine = 1) of amino acids in the 6 N HCl-hydrolyzed, hot water extracts of
selected carbonaceous chondrites. The amino acid abundances for the Winchcombe meteorite and the fall site soil sample were
taken from the data in Table 3. The amino acid data for Orgueil, MET 01070, Grosvenor Mountains 95577, and Murchison
were taken from Glavin et al. (2011). The amino acid data for the Murray meteorite were from Ehrenfreund, Glavin,
et al. (2001), the data for the Graves Nunataks 95229 meteorite were from Martins, Alexander, et al. (2007), and the data for the
Asuka 12236 meteorite were from Glavin et al. (2020). (Color figure can be viewed at wileyonlinelibrary.com)

identified in the nonhydrolyzed Winchcombe meteorite
extract, and only 5-apa was detected at low level
(~20 ppb) in the hydrolyzed extract. The elevated levels
of the non-proteinogenic amino acids o-AIB and
isovaline have also been reported for CM chondrites such
as the Murchison meteorite (Cronin & Pizzarello, 1983;
Glavin et al.,, 2021). Although either the L- or D-
enantiomer of isovaline has been observed in some
microbial peptides (Bada, 1997), and it has been shown
that microfungi can produce AIB and isovaline (both

racemic and an L, of 15.5% have been observed for
fungi-associated isovaline) in standard conditions on agar
plates (Briickner et al., 2009), these were reported to be of
trace amounts, and their abundances relative to
proteinogenic amino acids like glycine were not reported
in their study. Therefore, their association with fungal
peptide does not directly rule out the possibility that they
are indigenous in the meteorite samples, in particular
when both a-AIB and isovaline are present at a notable
dominance over other common terrestrial proteinogenic
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amino acids. A contamination source contributing large
amounts of non-proteinogenic amino acids to only the
Winchcombe meteorite but not the soil or procedural
blank samples is highly improbable, but such possibility
cannot be entirely ruled out without the support from
isotopic data. Future compound-specific stable isotopic
analyses (CSIA) of amino acids would help constrain the
origin of these protein amino acids. CSIA measurements
of the amino acids in the Winchcombe meteorite were not
possible for this study due to their extremely low
abundances and limited meteorite sample available for
analysis. With a detection limit of 1 nmol for carbon
CSIA using the gas chromatography-isotope ratio mass
spectrometry (GC-IRMS) at Imperial College London,
future analysis of amino acids by CSIA requiring at least
10 g of samples may help constrain the origin of the non-
racemic (D/L # 1) amino acids in the Winchcombe
meteorite.

Enantiomeric Ratios of Amino Acids

Terrestrial biology uses only the L-enantiomers of
chiral amino acids except in rare scenarios. On the
contrary, abiotic, extraterrestrial amino acid synthetic
pathways such as the Strecker-cyanohydrin synthesis
result in racemic mixtures of amino acids (D/L ~ 1;
Peltzer et al., 1984; Wolman et al., 1972). Therefore, the
indigenous nature of the detected amino acids in
Winchcombe can be established by the racemic mixtures
of their D- and L-enantiomers. Interpretation of the
enantiomeric ratios of amino acids and using these values
as a metric to evaluate the pristine nature of these
molecules have focused mainly on the a-methyl amino
acids (i.e., amino acids with the structure of R—C[CHj]
[NH,]-COOH, such as a-AIB and isovaline). It is because
unlike a-methyl amino acids, the a-hydrogen amino acids
(i.e., amino acids with the structure of R—CH[NH,]-
COOH, such as glycine, alanine, aspartic acid, and
glutamic acid) are common in terrestrial biology, and
thus, their interpretations are not as straightforward and
may also be influenced by terrestrial contamination.
Furthermore, a-methyl amino acids are known to resist
racemization and have helix-inducing and stabilizing
effects (Pizzarello et al.,, 2003; Pollock et al., 1975);
therefore, these amino acids can retain their initial
enantiomeric excesses despite exposure to aqueous
processes on the parent body, and thus have become the
focus of the discussions of molecular asymmetry in
meteorites and the roles of amino acids in prebiotic
chemistry.

High D/L ratios have been obtained for the
proteinogenic amino acid alanine (1.13 £+ 0.16) and non-
proteinogenic amino acids norvaline and isovaline (0.91
and 1.06, respectively), and moderate D/L ratios (0.63—

0.75) for a-ABA, B-ABA, valine, and leucine, indicating
that a large fraction of these amino acids is indigenous to
the Winchcombe meteorite. Proteinogenic o-H-amino
acids that are commonly derived from terrestrial
contamination, such as serine and threonine, are found
predominantly as the L-enantiomers (D/L ratio was as
low as 0.09 for serine, down to almost enantiopure for
threonine) in the soil collected from the meteorite fall site,
and these two amino acids are absent in the Winchcombe
meteorite.

The D/L enantiomeric ratios calculated for the amino
acids in the Winchcombe meteorite and the
corresponding L. values (%L, =[L — D]/[L + D] x
100) are presented in Table 4. Large L. of the
terrestrially rare a-methyl amino acid isovaline of over
18% has previously been reported for the aqueously
altered CCs such as CM1 SCO 06043, CM2 Murchison
and Agua Zarcas, and CI1 Orgueil (Botta et al., 2002;
Glavin et al., 2011, 2021; Glavin & Dworkin, 2009;
Martins, Hofmann, Gnos, et al., 2007). The high L.,
value of over 18% cannot be accounted for solely by their
preferential destruction in ice through photolysis by
circularly polarized radiation generated from nearby
massive O- or B-type stars, as this mechanism has a lower
theoretical ee boundary of ~2.5% (Modica et al., 2014;
Takano et al., 2007); therefore, it has been proposed that
the small initial L, was subsequently amplified by
processes like asymmetric autocatalysis (Soai et al., 1995,
1999) and crystallization/racemization of enantiomeric
conglomerate crystals (Viedma et al., 2008). L. of
isovaline has only been observed in the intermediate to
heavily aqueous altered CCs and not in the pristine, least
altered ones such as CM3.0/2.9 A-12236 (—2.4%) and
CM2.7 Paris (0.2%; Glavin et al., 2020; Martins
et al., 2015). In the Winchcombe meteorite, the D/L
enantiomeric ratios of isovaline for both the free (D/
L=101+0.06; L,=-0.6%) and total (D/
L=1.06 £0.15; L,, = —2.8%) amino acid extracts are
racemic, and thus, L, has not been observed for this
meteorite. This observation supports the abiotic origin
for isovaline, however, it contradicts the general
observation that L., of isovaline is associated with more
aqueously altered meteorites (petrologic type <2.6,
whereas Winchcombe is a CM 2.0-2.6; Suttle
et al., 2023). Nevertheless, the magnitude of isovaline L,,
varies significantly from 0% to 15.2% within different
Murchison stones, and these isovaline L, values were
found to be positively correlated to the amount of the
hydrous silicate serpentine and the anhydrous silicate
forsterite (Pizzarello et al., 2003). Hence, the racemic
ratio observed for isovaline in the Winchcombe stone in
this study could indicate that this stone is derived from a
less aqueously altered lithology of the heterogeneous
Winchcombe meteorite.
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Table 4. D/L. amino acid enantiomeric ratios and the L-enantiomeric excess (ee) values (%) in the 6N HCI-
hydrolyzed (total) hot water extracts of the Winchcombe meteorite and several CM carbonaceous chondrites as
comparison.?

CM2 Asuka
Amino CM2 Winchcombe Fall site CM1 MET 01070 CM2 Murchison CM2 Murray 12236 (subtype
acids (subtype CM2.0-2.6) soil (subtype CM2.0) (subtype CM2.5) (subtype CM2.5) CM3.0/2.9)
Iva 1.06 + 0.15 (—2.8%) n.f. 0.80 (11.1%) 0.61 + 0.15 (17.2%) n.r. 1.05 + 0.09 (—2.4%)
Ala 1.13 £ 0.16 (—6.3%) 0.09 + 0.01 0.86 + 0.18 0.82 + 0.28 (9.6%) 0.95 £ 0.16 (2.4%) 0.93 + 0.10 (3.4%)
(83.4%) (7.7%)
a-ABA 0.75 £ 0.20 (14%) n.f. n.r. n.r. n.r. n.r.
Val 0.74 £ 0.17 (14.7%) 0.01 £ 0.00 0.03 (94.2%) 0.48 + 0.03 (34.7%) n.r. 0.82 £ 0.17 (9.7%)
(97.6%)
Nva 0.91 + 0.28 (5%) n.f. 1.00 (0%) 1.00 + 0.08 (0%) n.r. 1.08 + 0.08 (—3.8%)
B-ABA 0.63 + 0.29 (23%) n.f. 1.04 £+ 0.17 1.09 + 0.21 (—4.3%) n.r. 1.02 + 0.03 (—1.1%)
(=2%)
Leu 0.63 + 0.16 (22.7%) n.f. n.r. n.r. n.r. n.f.
Asp 0.51 + 0.16 (32.4%) 0.12 + 0.01 0.50 (33.3%) 0.67 = 0.11 (19.6%) 0.78 £ 0.66 (12.1%) 0.49 + 0.06 (34.2%)
(78%)
Glu 0.46 + 0.20 (32.4%) 0.07 + 0.01 1.00 (33.3%) 0.61 + 0.21 (19.6%) 0.52 £ 0.37 (12.1%) 0.37 + 0.09 (34.2%)
(78%)

n.f. denotes compound not present in sample above detection limits; n.r. denotes compound not reported.
“The D/L ratios were obtained from the amino acid concentrations as listed in Table 3. The errors (uncertainties) are obtained by standard
propagation calculations using the absolute errors shown in Table 3. The L-enantiomeric excess are presented as L..(%) = (L — D)/

(L+D) x 100. Negative % values indicate D-excesses.

Lower D/L enantiomeric ratios were observed for
other a-H-amino acids including aspartic and glutamic
acids in the Winchcombe meteorite (D/L = 0.51 and 0.46,
corresponding to large L., values of 32.4% and 37.2%,
respectively; Table 4). Although a strong case for the
extraterrestrial origin of the L. observed in the o-H-
amino acids aspartic and glutamic acids cannot be made
in the absence of isotopic data, similar large L., values
have also been reported for aspartic and glutamic acids in
CCs, and a racemic ratio was observed for alanine,
another proteinogenic amino acid, simultaneously in
the very same meteorites (Ehrenfreund, Glavin,
et al., 2001; Glavin et al., 2010, 2020, 2021; Pizzarello &
Cooper, 2001). The L., observations in some of these
studies were supported by extraterrestrial carbon isotopic
values that emphasized that such L., is not derived from
terrestrial contamination but is potentially contributed by
extraterrestrial processes. For example, the 513C values of
aspartic and glutamic acid with L., in Murchison range
from —6%, to +32%, (Glavin et al., 2012; Pizzarello
et al., 2004; Pizzarello & Cooper, 2001), which fall
outside of the typical low 8'°C values in terrestrial
biology from —60.99, to —0.3%, (Scott et al., 2006). In
the Tagish Lake meteorite, the 8'°C values for D- and L-
aspartic acid are +249,, and +299%, (Glavin et al., 2012),
respectively, and thus, the L, cannot be explained by
terrestrial L-aspartic acid contamination. Nevertheless,
the moderate 5'°C values of L-aspartic acid and L-
glutamic acid (—69%, and +79%, respectively) in
Murchison could indicate a fraction of terrestrial L-

aspartic acid and L-glutamic acid contamination of the
meteorite, as mixing terrestrial L-aspartic acids (with a
carbon isotope range from —549  to —49, measured for
aspartic acids in a diverse set of terrestrial
microorganisms; Scott et al., 2006) with isotopically
heavy extraterrestrial aspartic acids of 3'°C ~ +259%, can
lead to the observed moderate §'°C value (Pizzarello
et al., 2004). Therefore, the extraterrestrial origin of L.,
can be supported by an unequivocally high 8'°C value.
The L., observed for aspartic and glutamic acids has
been attributed to the capability of these amino acids in
forming single solid-state metastable conglomerate
crystals under “near equilibrium” aqueous condition,
through “Ostwald ripening,” and eventually reaching
enantiopurity with a slight initial ee (Viedma, 2005;
Viedma et al., 2008). In the conventional crystallization
process of chiral compounds, an equal number of D- and
L-crystals would be formed in a saturated aqueous
solution. During crystallization, two processes occur
simultaneously: the continual dissolution and the
reaccretion of molecules upon existing crystals. As the
solution is not supersaturated, these two rates are
balanced at equilibrium, and no new crystals nucleate.
However, by adding glass beads to the system (attrition)
accompanied by rapid stirring of the solution (Viedma
et al., 2008), it increased the solubility. With the
molecules dissolved from the solid phase, it caused a
slight supersaturation in the solution, and the dissolved
molecules also had a preference of adding to larger
crystals in the solid phase, that is, Ostwald ripening. The
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capability of aspartic acid in forming single solid-phase
chiral conglomerate crystals is based on its efficiency in
two processes: (1) dissolution/recrystallization mass
transfer processes and (2) racemization (convert from one
enantiomer to the other until the mixture approaches a
racemic ratio) in the solution phase further reducing the
abundance of the minor enantiomer in solution, and thus
without the mechanical energy input, Viedma et al. (2008)
demonstrated that aspartic acid may also achieve
chirality enhancements. The reactive hindrance of the
alkyl substituent accounts for the formation of a-methyl
amino acid derivatives and the resistance to racemization
of these amino acids lacking an o-hydrogen during
aqueous processes, and thus, compared to o-H amino
acids, o-methyl amino acids like isovaline are less prone
to forming larger structures (Pollock et al., 1975).
Similarly, and in contrast to aspartic and glutamic acids,
alanine and the majority of the chiral a-H-amino acids
preferentially form racemic crystals (Klussmann
et al., 2006), on grounds of the lower efficiency of alanine
racemization compared to aspartic acid—at aqueous
conditions of 25°C and pH 7.6, alanine has a
racemization half-life of 12,000 years, which is more than
three times of aspartic acid (3500 years; Bada, 1985).
Given that the large L., in aspartic and glutamic acids
and racemic alanine were previously shown to be
indigenous to those analyzed aqueously altered
meteorites, it is possible that the similar observations
made for Winchcombe are also extraterrestrial. Future
CSIA analysis of these amino acids can help firmly
establish their origin. Although different in context, the
same Ostwalt’s rule has been used to explain that, while
both two or more polymorphs of a compound (e.g.,
aragonite and calcite) are present in supersaturated
solutions on the parent body of Murchison and Murray,
the least stable polymorph crystallizes first (in the case of
CaCO3;, aragonite), followed by polymorphs of greater
stability (calcite; Lee et al., 2013; Threlfall, 2003). For
Winchcombe, deformed aragonite, which is the least
stable carbonate polymorph, crystallized before
undeformed calcite, and this sequence is consistent with
the Ostwalt’s rule (Lee et al., 2022). Therefore, the
observed carbonate formation sequence and the
deformation of only aragonite in Winchcombe suggest
that the parent body aqueous alteration occurred as
discrete episodic events.

The large L, observed for aspartic and glutamic
acids accompanied by racemic alanine in the
Winchcombe meteorite can potentially support the
notion that aqueously processed CCs could have
contributed a portion of nonracemic o-H amino
acids leading to the origin of homochirality possibly
predating the onset of life on Earth. This mechanism,
alongside other symmetry-breaking processes such as

enantioselective photolysis (Barron, 2000; Meierhenrich
et al., 2005; Meinert et al., 2012), adsorption of chiral
molecules onto chiral inorganic surfaces (Eckhardt
et al., 1993; Hazen et al., 2001; Hazen & Sholl, 2003;
Lahav & Leiserowitz, 1999), that can initiate a small ee,
favors further reactions among the molecules of the
adsorbed enantiomer or the remaining enantiomer in
solution and subsequently amplify the ee.

Amino acids would be expected to retain their initial
enantiomeric ratios if they were formed in a cool (~0 to
25 °C) solution that exists for a short duration (10* years;
Cohen & Coker, 2000). However, as discussed above, on
grounds of the low total amino acid abundance and
the high free:total amino acid ratio, it is likely that
the analyzed Winchcombe stone belongs to the less
aqueously altered lithology. Therefore, although the
crystallization of metastable conglomerate crystals could
be a mechanism that produced the large L., observed for
aspartic and glutamic acids and racemic alanine in some
of the aqueous altered CMs, it is not clear if the same
mechanism accounts for the L, observed in CMs that
show limited degree of parent body aqueous alteration,
such as CM3.0/2.9 A-12236, CM2.7 Paris, as well as in
the Winchcombe meteorite analyzed in this study. In
other words, it is not certain if the amplification of ee can
be achieved effectively without the need for an extensive
aqueous process. In addition, the racemization half-life of
amino acids depends on the particular amino acid,
temperature, pH, ionic strength, metal ion chelation, etc.
(Bada, 1985). The temperature and pH conditions of the
aqueous alteration on CM parent bodies have been
estimated to be at temperatures of 1 to approximately
25 °C, with a solution pH of 7 increasing to pH 12 as
aqueous alteration advances (Zolensky et al., 1989).
Therefore, the racemization rates at lower temperatures
and neutral pH are about two to three times and ~ 10
times slower than in 6N HCI and 2 M NaOH,
respectively, and thus further understanding of the
aqueous condition on Winchcombe’s parent body is
necessary to establish the linkage to the observed L.
Yet, a caveat in linking the degree of meteoritic L., to
parent body aqueous alteration is that there could have
been multiple aqueous episodes of varying extents;
therefore, it is necessary to differentiate these events and
if their extents and durations are correlated to the
observed L,..

On the grounds of the heterogeneous nature of CC
parent bodies, we also explore the possibility of the
redistribution of amino acid L., to the least altered zones
through the circulation of hydrothermal fluid from areas
experiencing higher degrees of aqueous alteration.
Asteroid parent bodies were initially heated from the
decay of the short-lived radionuclides °Al in an “onion-
shell” fashion, with the most strongly heated material
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located deeply in the interior and gradually decreasing in
bands outward. In deeper zones where aqueous alteration
was more extensive, amino acids would have quickly lost
their initial ee signature through racemization (Cohen &
Coker, 2000), or they would have been decomposed by
thermal alteration if the hydration process completely
consumed the water and the dried substrate continued to
heat up (Rodante et al., 1992). The “onion-shell” model
could account for the presence of CM-like material in
zones that never get hotter than 25 °C but still experience
hydration. These zones can maintain such low
temperatures as the water involved in the exothermic
hydration reaction was either completely consumed by
the reaction or was frozen out at the asteroid’s surface.
As these zones are not isolated from each other, amino
acids with L., synthesized via aqueous processes in zones
relatively closer to the heat source with higher degree of
aqueous alteration could subsequently be remobilized
through hydrothermal fluids to the adjacent, less altered
bands. Examples of aqueous fluid circulation and the
redistribution of dissolved organics can be drawn from an
organic-rich vein preserved within a primitive xenolithic
Cl-like clast hosted in the H4-5 Carancas meteorite
(Chan et al., 2018), a CI-like clast in the H3-6 Zag
meteorite (Kebukawa et al., 2020), and bright carbonate
veins on asteroid (101955) Bennu (Kaplan et al., 2020).
Therefore, CC parent bodies are essentially large,
chemically open hydrothermal systems where extensive
water flow could take place and potentially redistribute
amino acids exhibiting L,.. Nevertheless, we have not
located any similar vein feature in the Winchcombe
meteorite; therefore, this hypothesis remains speculative
and will require further evidence to validate.

Alkylated and Nonalkylated PAHs Compositions
Indicating Low Degree of Aqueous Alteration

Targeted GC-MS analysis reveals a number of
expected PAHs in the Winchcombe extract that were not
observed in the procedural blank (Fig. 7). The
abundances of the detected PAHs in Winchcombe, fall
site soil, and the serpentinite blank are shown in Table 5.
The hydrocarbon composition of Winchcombe ranged
from naphthalene (2 rings; C,oHg) to benzo(ghi)perylene
(6 rings; Cy,Hj,) including alkylated and nonalkylated
PAHs, and a total PAH abundance of 6177 ppb
(~6 ppm). Concentrations for the few reported CM2
samples are varied with the Winchcombe sample between
the endmembers and closer to the least altered CM2s
(Kalpana et al., 2021; Martins et al., 2015; Naraoka
et al., 1988; Pering & Ponnamperuma, 1971).

The most abundant PAHs in the Winchcombe
meteorite are pyrene (C;gH;o; 1553 ppb), fluoranthene
(Ci¢H1p; 1405 ppb), naphthalene (C;oHg; 608 ppb),

and phenanthrene (Ci4Ho; 582 ppb; Table 5). The
distribution of PAHs is comparable to those previously
reported for the Murchison meteorite, which shares the
same four most abundant PAHs (Basile et al., 1984;
Krishnamurthy et al., 1992). The PAH composition in
Winchcombe is distinct from that observed for ClIs,
which was found to contain mainly the 3-ring PAHs
phenanthrene/anthracene, but no detectable levels of the
2- and 4-ring PAHs naphthalene and pyrene/fluoranthene
(Wing & Bada, 1991). However, extracts from other
CM2s do seem to have a slightly different distribution of
PAHs with fluoranthene and pyrene being less prominent
in results presented by Shimoyama et al. (1989) and
Naraoka et al. (2000). Although the number of meteorites
analyzed for PAHs by solvent extraction and GC-MS is
limited, these data are consistent with Winchcombe being
a CM2.

The PAHs identified in the soil indicate a high-
temperature source (Yunker et al., 2002) and the
distribution is consistent with asphalt tar being the source
(e.g., Kumpiene et al.,, 2021), which is a reasonable
conclusion from this location and is likely to be from the
driveway/road. The PAH distributions, presented as
PAH to phenanthrene ratios (phenanthrene was chosen
because it was one of the PAHs detected in all samples),
of the Winchcombe meteorite and soil samples and their
comparison to other CM carbonaceous chondrites are
shown in Fig. 8. The PAH abundances of the 2- to 3-ring
PAHs relative to phenanthrene of the Winchcombe
meteorite sample are comparable to that observed for the
Murchison meteorite, which suggests that some of the
aromatic hydrocarbons in the meteorite (e.g.,
naphthalenes, dibenzothiophene, anthracene,
methylphenanthrene) may be indigenous to the
Winchcombe meteorite. The relative (to phenanthrene)
abundances of fluoranthene and pyrene observed in the
Winchcombe meteorite are comparable to that in
Mukundpura and Paris, and the abundances are
intermediate between that observed for the Murchison
meteorite and the Winchcombe meteorite’s fall site soil.
For the 5-ring PAHs such as benzo[e]pyrene and benzo[a]
pyrene, their relative abundances in the Winchcombe
meteorite are significantly lower than that observed in fall
site soil and are similar to the levels observed for the Paris
meteorite. These observations indicate that some of the
observed PAHs could be indigenous to the meteorite.
Analysis of another sample of the Winchcombe meteorite
that was collected from a different location may
provide more of an insight if not contaminated with
PAH; compound-specific isotope analysis (8'°C) may also
provide further insights.

While varied positional homologs are observed
among the alkylated PAHs in Winchcombe (e.g.,
methylnaphthalene, dimethylnaphthalene, abundances
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Fig. 7. GC-MS partially reconstructed (summed) mass
252 + 276) displaying the distribution of selected PAHs in (a)

chromatogram (m/z

142 + 156 + 178 + 184 + 202 + 216 + 228 +
Winchcombe meteorite, (b) fall site soil, and (c) the procedural

blank. The chromatograms of the meteorite and soil are normalized against the largest peak and the procedural blank is at the
same scale as the meteorite. See Table 5 for numbers referring to PAHs. Although sulfur was removed by copper turnings, there
was still some present in the chromatogram giving m/z 128 and m/z 192 fragments, and therefore, these fragments are not used
to reconstruct the chromatogram to improve figure clarity (these do not interfere with the quantitation of naphthalene and

methylphenanthrenes).

ranging 14-257 ppb), the parent nonalkylated PAHs
(e.g., naphthalene, 608 ppb) are always the most
abundant. If the observed PAHs were derived from
terrestrial contamination, they would appear to have a
common signature of extensive alkylation (Clemett
et al., 1998; Gingrich et al., 2001). Therefore, although
CSIA measurement for the PAHs in the Winchcombe
meteorite was not possible due to the limited meteorite

sample available for analysis, the level of alkylation of the
PAHs observed for Winchcombe is on par with other
meteorites in which contamination was not suspected
(Elsila et al., 2005; Naraoka et al., 1988). Therefore,
considering that (1) the PAH contents between
Winchcombe and other CM2s are comparable, (2) the
procedural blank is essentially contaminant free, and (3)
the predominance of parent nonalkylated PAHs over the
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Table 5. Identified and quantified PAHs (in ppb) within the Winchcombe meteorite measured by GC-MS and
comparison to the PAH content of CM2 Murchison meteorite.

CM2.0
Trace Serpentinite CM2.5 CM2.5
Ion CM2.0-2.6 Fall (procedural Murchison Murchison CM2.7/2.8

Compound (m/z) Winchcombe site soil blank) Mukundpura® (sample 1)® (sample I1)° Paris®
1 Naphthalene 128 608 n.f. n.f. n.r. 1120 6400 n.f.
2 2-Methylnaphthalene 142 257 n.f. n.f. n.r. 320 1600 n.f.
3 1-Methylnaphthalene 142 153 n.f. n.f. n.r. 320 1000 n.f.
4  2/1-Ethylnaphthalene 156 61 n.f. n.f. n.r. n.r. n.r. n.r.
5 2,6-Dimethylnaphthalene 156 47 n.f. n.f. n.r. 640 1200 n.f.
6 2,7-Dimethylnaphthalene 156 44 n.f. n.f. n.r. n.r. n.r. n.f.
7  1,3—/1,7-Dimethylnaphthalene 156 122 n.f. n.f. n.r. 5 500 n.f.
8 1,6-Dimethylnaphthalene 156 52 n.f. n.f. n.r. n.r. n.r. n.f.
9  1,4—/2,3-Dimethylnaphthalene 156 48 n.f. n.f. n.r. 3 300 n.f.
10 1,5-Dimethylnaphthalene 156 14 n.f. n.f. n.r. n.r. n.r. n.f.
11 1,2-Dimethylnaphthalene 156 28 n.f. n.f. n.r. n.r. n.r. n.f.
12 Dibenzothiophene 184 90 n.f. n.f. 4800 n.r. n.r. n.f.
13 Phenanthrene 178 582 861 6 60,300 2560 4800 1662
14 Anthracene 178 49 139 n.f. 8900 50 100 164
15 3-Methylphenanthrene 192 42 145 n.f. n.r. 110 200 n.f.
16 2-Methylphenanthrene 192 49 238 n.f. n.r. n.f.
17 9-Methylphenanthrene 192 40 189 n.f. n.r. n.f.
18 1-Methylphenanthrene 192 20 187 n.f. n.r. 110 200 n.f.
19 Fluoranthene 202 1405 4588 n.f. 144,000 3700 4900 3455
20 Pyrene 202 1553 4494 n.f. 153,000 3300 4900 3089
21 2-Methylpyrene 216 52 242 n.f. n.r. n.r. n.r. n.r.
22 4-Methylpyrene 216 104 276 n.f. n.r. n.r. n.r. n.r.
23 1-Methylpyrene 216 85 161 n.f. n.r. n.r. n.r. n.r.
24 Chrysene 228 338 744 n.f. 5100 n.r. n.r. n.r.
25 Benzo[b]fluoranthene 252 98 234 n.f. n.r. n.r. n.r. n.r.
26 Benzo[k]fluoranthene 252 22 43 n.f. n.r. n.r. n.r. n.r.
27 Benzo[j]fluoranthene 252 11 61 n.f. n.r. n.r. n.r. n.r.
28 Benzo[e]pyrene 252 77 844 n.f. n.r. n.r. n.r. 52
29 Benzo[a]pyrene 252 42 1010 n.f. n.r. n.r. n.r. 90
30 Perylene 252 32 138 n.f. n.r. n.r. n.r. n.r.
31 Benzo[ghi]perylene 276 52 256 n.f. n.r. n.r. n.r. n.r.

Total 6177 14,850 6 376,100 12,238 26,100 8512

n.f. denotes compound not present in sample above detection limits; n.r. denotes compound not reported.

“Data from Kalpana et al. (2021).
®Data from Pering and Ponnamperuma (1971).
“Data from Martins et al. (2015).

alkylated ones, our findings indicate that a limited
terrestrial PAH contamination of the Winchcombe
meteorite occurred during sample processing and
extraction.

The concentrations of the total PAHs reported in the
solvent extracts of the CM2.0 Mukundpura were
505 ppm, CM2.5 Murchison was 13-28 ppm, and the
CM2.7 Paris meteorite was 9 ppm (these values are
slightly higher than that shown in Table 5 because not
all PAHs reported in these studies are shown in the
table, e.g., 2.4 ppm of fluorene in Mukundpura;
Kalpana et al.,, 2021; Martins et al., 2015; Pering &
Ponnamperuma, 1971). These values exhibit a trend that

higher total PAH abundances were observed for
meteorites that are more extensively aqueously altered.
Although Winchcombe’s PAH abundance (~6 ppm) is
more than two times of that observed for CM2.6-2.9 Y-
791198 (a meteorite that is among the most weakly
altered CM chondrite currently known; Brearley, 2004;
Lentfort et al., 2021), it is only <2% of the PAH
abundance observed for the heavily altered CM2.0
Mukundpura (Elsila et al., 2005; Kalpana et al., 2021).
By comparing the naphthalene alkylation distributions
for nine CM2s, Elsila et al. (2005) observed a correlation
between the extent of aqueous alteration and naphthalene
alkylation pattern, where the most aqueously altered
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Fig. 8. The relative abundances (relative to phenanthrene = 1) of PAHs in the Winchcombe meteorite, fall site soil, and other
CM carbonaceous chondrites including CM2.0 Mukundpura, CM2.5 Murchison, and CM2.7/2.8 Paris. The PAH abundances
were taken from the data presented in Table 5. (Color figure can be viewed at wileyonlinelibrary.com)

CM2 meteorites have the highest amount of naphthalene
alkylation. The authors attributed the observed
correlation to the differences in solubility and volatility
between nonalkylated and alkylated PAHs. In the heavily
aqueously altered Nogoya meteorite, for example, the
PAH content shows the highest level of alkylation, with
an abundance of Cs-naphthalene more than twice the
nonalkylated naphthalene. The nonalkylated, C;-, and
C,- (i.e., mono- and dialkylated) naphthalene abundances
of Winchcombe are 608 ppb, 410 ppb, and 355 ppb,
respectively, with a ratio of naphthalene:C,-naphthalene:
C,-naphthalene = 1:0.67:0.58. This ratio is similar to that
of the less aqueously altered CMs like Murchison and
Murray among the nine compared CM2s, and in contrast
to the more extensively altered CM2s like Nogoya, Cold
Bokkeveld, and Mukundpura (Elsila et al., 2005;
Kalpana et al., 2021). It has been proposed that aqueous
processing involving PAHs and/or other condensed
organic compounds could have produced assemblages of
SOM including amino acids (Shock & Schulte, 1990).
Therefore, the low PAH abundance in Winchcombe
compared to other CMs may account for the limited

availability of organic precursors required for the
synthesis of amino acids, leading to the low total amino
acid abundance we have observed for the Winchcombe
meteorite. Nevertheless, the contributions and roles of
other organic precursors of amino acids, such as amines,
dicarboxylic acids, and lactams, shall also be explored in
future studies of the Winchcombe meteorite.

Parent Body and Pre-atmospheric Alteration History

The majority of amino acids in Winchcombe are
present as a-amino acids in which the amino group NH,
is on the carbon closest to the carboxylic group COOH.
For example, amino acids are present predominantly as
o-alanine (107 ppb) in contrast to the smaller amount of
its P-configuration (B-alanine = 28 ppb); for the AIB
isomers, they are present predominantly as o-AlIB
(331 ppb) and no B-AIB was observed; and for the ABA
isomers, a gradual decrease in amino acid concentration
was observed, from a-ABA (29 ppb), to B-ABA (21 ppb)
and y-ABA (14 ppb; Table 3). These observations
are consistent with a formation pathway associated with
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low-temperature (25-150 °C) aqueous activity via the
Strecker-cyanohydrin synthesis on the parent body,
similar to that observed for most other CM and
CR chondrites, and in contrast to a dominantly small,
straight-chain amine terminal (n-w-amino) amino acid
composition in the thermally altered meteorites like the
CV3, CO3, and several unusual Antarctica carbonaceous
chondrites such as the Yamato (Y) and Belgica (B) group
meteorites (collectively referred to as the “CYs”; Burton,
Glavin, et al., 2014; Chan et al., 2016). These n-o-amino
acids could have been synthesized through high-
temperature (150-700 °C) FTT and Haber Bosch (HB)
mineral surface-catalyzed reactions of H,, CO, and NH;
gases on iron or nickel surfaces in the parent body
(Hayatsu et al., 1971; Yoshino et al., 1971).

Aqueous processing can lead to the decomposition
of the o-amino acids through deamination and
decarboxylation, resulting in an increase in relative
abundance of p-amino acids compared to o-amino
acids in meteorites with increasing levels of aqueous
processing, and the production of primary amines or o-f3-
unsaturated monocarboxylic acid (Bada et al., 1991;
Pietrucci et al., 2018). Therefore, the variation of amino
acid distributions across different meteorites can
be assessed by comparing their relative amino acid
abundances. Figure 6 shows the comparison of the
distribution of individual amino acids relative to D-
alanine of Winchcombe, fall site soil, and other CCs. In
this study, we compare the amino acid distribution
relative to the D-alanine instead of glycine as reported in
previous studies (e.g., Chan et al, 2012; Glavin
et al., 2006), as glycine is a common proteinogenic amino
acid and the unknown amount of terrestrial contribution
of glycine may influence the proper interpretation of
these values. We choose the D-enantiomer of a-alanine as
it is commonly detected across different meteorite
samples, and yet it is less commonly associated with
terrestrial contamination than the L-enantiomer of
alanine, thus allowing the differentiation between amino
acids that were likely to be contributed from terrestrial
contamination and those that were not.

With enrichments in a-AlIB, isovaline, and glycine
relative to D-alanine, Winchcombe has an amino acid
content similar to that of the mildly aqueously altered
CM2 chondrites such as Murchison and Murray, and is
clearly distinct from that of CM1, CM3.0/2.9, and other
Cl and CR chondrites. For example, the relative
abundance of o-AIB in the extensively altered CMI
(classified as CM2.0 according to Rubin et al., 2007)
MET 01070 is >100 times lower than that observed for
the CM2 Murchison (Glavin et al., 2011). The amino acid
contents of the mildly altered CM2 chondrites are
typically more enriched in o-amino, o-hydroxy, and o-
imino acids than B-, y-, and &-amino acids. The relative

abundances of a-methyl amino acids, such as oa-AIB and
isovaline, are higher in CM2 Winchcombe and CM?2
Murchison, as opposed to their relative low levels
observed in CIl Orgueil, CM1 MET 01070, and CRI1
Grosvenor Mountains (GRO) 95577. The relative B-
alanine, B-ABA, and y-ABA to D-alanine ratios are also
higher in the heavily altered meteorites like CI1 Orgueil,
CM1 MET 01070, and CR1 GRO 95577 as compared to
that in the mildly altered meteorites including
Winchcombe, CM2 Murchison, CM3.0/2.9 A-12236, and
CR2 Graves Nunataks 95229 (Ehrenfreund, Glavin,
et al., 2001; Glavin et al., 2011, 2020). In addition, similar
to Murchison and A-12236, relative to D-alanine
Winchcombe is dominated by Cs a-amino acids (valine,
isovaline, and norvaline) over the Cs B-, y-, and g-amino
acids (3-APA, 4-APA, and 5-APA). g-amino acids are
thought to be the products of simple organic precursors
(synthesized in protosolar nebula, molecular cloud,
and interstellar medium; Bernstein et al., 2002; Herbst &
Van Dishoeck, 2009) produced through Strecker-
cyanohydrin reaction pathway during low-temperature
parent body aqueous alteration (Peltzer et al., 1984). The
result suggests that Winchcombe has only been mildly
aqueously altered, which synthesized predominantly o-
amino acids but at low concentrations.

A strong correlation has also been observed between
the relative abundance of B-alanine to glycine and
the degree of aqueous alteration in CI, CM, and CR
carbonaceous chondrites (Glavin et al., 2006, 2011, 2020;
Martins, Alexander, et al., 2007; Martins, Hofmann,
et al, 2007, Martins et al.,, 2015). The p-alanine/D-
alanine ratio shown in Fig. 6 also appears to be
correlated with aqueous alteration in a similar way as f-
alanine/glycine discussed in the literature. In this study,
we have observed a very low abundance of B-alanine
(relative to D-alanine) in the Winchcombe meteorite (-
ala/D-a-ala = 0.50), which is in contrast to the higher
ratios observed for the moderately altered CM2
Murchison (~1.83) and in the heavily altered CM1 MET
01070 (10.39), up to a ratio of as high as 34.15 observed
for the most aqueously altered CI1 Orgueil. Rather, the
low B-ala/D-a-ala ratio observed for Winchcombe is
more comparable to the weakly altered A-12236 (B-ala/
D-a-ala = 0.52). Therefore, the low relative abundance of
B-alanine in Winchcombe provides another line of
evidence that although the amino acid distribution is
consistent with that synthesized via the Strecker-
cyanohydrin reaction, the associated aqueous event could
have been episodic.

One of the challenges in comprehending the organic
inventory of the parent bodies of CC chondrites is that
their intrinsic organic compositions driven by radiolysis
processes are further altered, destroyed, and/or
transformed into complex organics resulting from various
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solar system processes, ranging from post-accretion
parent body “secondary” alteration to alteration of the
surfaces of airless bodies exposed to the space weathering
processes (including irradiation by solar ion populations,
galactic cosmic rays, electrons, UV and X-rays, and
bombardment by micrometeorites; Brunetto et al., 2014,
2015), solar radiation heating during perihelion passages
(Delbo et al., 2015), and atmospheric entry heating (Chan
et al., 2020; Love & Brownlee, 1991). Working backward
from the landing of the meteorite on the Earth’s surface,
the most “recent” alteration events were probably via the
interaction with the terrestrial environment, and flash
heating during atmospheric entry. The addition of
extraneous terrestrial components can be monitored by
scrutinizing the range of biologically relevant organic
components. The pyrolytic temperatures experienced by
meteorites of size ranging from 1072 to 10 m extend to
only ~1 mm depth, which form the dark meteorite fusion
crust, and yet, organic compounds from the interior of a
meteorite are efficiently protected from the heating
(Basiuk & Douda, 1999), or sublimed into the Earth’s
atmosphere by vaporization off the surface, and
recondensed on ice crystals in the cold upper atmosphere
(Glavin & Bada, 2001). Therefore, the next most “recent”
alteration mechanism traces backward to the space
environment to which the meteoroid has been exposed in
the near-Earth space. Thanks to the optimal optical
records of the Winchcombe fireball, the calculation of the
Winchcombe meteoroid’s pre-atmospheric orbit has
provided information related to its recent dynamical past.
CM chondrites typically have cosmic ray exposure (CRE)
ages (CRE ages measure the length of time a body spends
between its final breakup by impact, which places its
interior within a few meters of the radiation environment,
and delivery to the Earth) that are <2 million years (Myr;
Krietsch et al., 2021). When the interior of the parent
body is exposed to cosmic ray radiation, free amino acids
and their precursors are prone to photodestruction
(Ehrenfreund, Bernstein, et al., 2001; Pilling et al.,
2008), while bound amino acids and the cyclic precursor
are more radiostable (Kobayashi et al., 2021).
Furthermore, the Winchcombe meteoroid was
determined to have entered near-Earth space (perihelion
distance <I1.3 astronomical unit [AU]) at about
~80,000 years (~0.08 Myr) ago, and remained at
>0.7 AU throughout its history (King et al., 2022). At
these distances, where the Winchcombe meteoroid had
close approaches to the Sun with maximum temperatures
potentially exceeding ~175 °C, the surface of the
meteoroid can be further altered by solar irradiation with
a penetration depth of typically a few centimeters (Delbo
et al., 2015). Although the chance that the surviving
Winchcombe meteorite fragment was derived from the
top few centimeters of the original impactor with a pre-

atmospheric diameter of ~30cm is very low,
mineralogical features of dehydration observed in
thermally metamorphosed aqueously altered CY's and the
preferential loss of low-retentive cosmogenic noble gases
in some ordinary chondrites suggest that surficial
alteration processes, such as solar radiation, or heating
process during exposure to cosmic rays, could account
for the alteration characteristics observed on these
meteorites (Eugster et al., 1993; Nakamura et al., 2017).
Further analyses of the Winchcombe meteorites would
help to constrain the alteration history and allow us to
better understand how these mechanisms have influenced
its organic inventory.

CONCLUSIONS

The Winchcombe meteorite is the most recent,
promptly recovered CM2 fall of which the fireball event
has been widely observed and recorded permitting
detailed numerical modeling of the fireball trajectory. It
has provided us with pristine astromaterials to be
studied for the intrinsic organic record of a carbon-rich
asteroidal body. The slow atmospheric deceleration of the
Winchcombe meteoroid owing to its low entry speed
and the shallow entry angle has allowed the fragile
material to survive atmospheric entry and reach the
Earth’s surface. Although the small total recovered mass
of ~0.6 kg has impeded compound-specific isotopic
analysis, which typically requires a substantial mass of
CC samples for the detection of targeted molecules above
the instrumental detection limit, amino acid analysis of
the Winchcombe meteorite hot water extracts has
identified a range of proteinogenic and non-proteinogenic
amino acids with distributions clearly distinct from the
fall site soil indicating their indigeneity. Some of
these amino acids, including alanine, isovaline, and
norvaline, have enantiomeric ratios of 0.91-1.13
supporting an extraterrestrial origin. The most abundant
extraterrestrial, non-proteinogenic amino acids observed
in Winchcombe are a-aminoisobutyric acid and isovaline
that are also commonly observed in CM2. However, the
amino acid abundance of Winchcombe is low, which
is unexpected for a CM2 meteorite that demonstrates
moderate to intense aqueous alteration. The high
free:total amino acid ratio and the racemic ratio observed
for isovaline are also inconsistent with an extensive
aqueous history. Analyzing the PAH content of the
solvent extract of the Winchcombe meteorite reveals a
composition of 2- to 6-ring alkylated and nonalkylated
PAHs. The low total PAH abundance (6177 ppb) and
high nonalkylated:alkylated ratio is well aligned with
that observed for the less aqueously altered CMs.
Mineralogical and petrographic observations suggest that
Winchcombe presents a wide range of degrees in aqueous
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alteration spanning from intensely altered CM2.0 to
moderately altered CM2.6 clasts held together by a weak
cataclastic matrix, suggesting that Winchcombe could
represent a class of weak, poorly lithified meteorite not
been previously studied. While the soluble organic
content of the Winchcombe meteorite indicates that some
of the organic compounds like the a-amino acids could
have been synthesized via low-temperature Strecker-
cyanohydrin pathway prevailing on the CM parent
bodies, the amino acid content is not strictly comparable
to other CM2 meteorites, suggesting that the weakly
lithified Winchcombe meteorite represents an unusual
sample that would not typically survive atmospheric
entry. The intriguing heterogeneity of the Winchcombe
meteorite warrants continued analysis of more stones
deriving from different lithologies to help us better
understand if Winchcombe is truly distinct from other
CM2 falls and finds in the terrestrial collection.
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derivatized (N-TFA, O-isopropyl) amino acid standards.
In particular, this figure shows clearly the separation of
individual amino acids in the 4-6 min region.

Figure S3. The mass fragmentation patterns of amino
acid standards that were used to identify peaks in the
derivatized amino acid extracts of the Winchcombe
meteorite.

Data S1. Raw (unprocessed) data of the
chromatographs run on the CP-Chirasil-L Val column,
the retention times, peak heights, and peak areas used for
amino acid abundance quantification in this study.

Data S2. Raw (unprocessed) data of the
chromatographs run on the CP- Chirasil-Dex CB
column, the retention times, peak heights, and peak areas
used for the quantification of isovaline in this study.
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