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A B S T R A C T   

The Murchison meteorite is a well-studied carbonaceous chondrite with relatively high concentrations of amino 
acids thought to be endogenous to the meteorite, in part because they are characterized by carbon isotope (δ13C) 
values higher than those typical of terrestrial amino acids. Past studies have proposed that extraterrestrial amino 
acids in the Murchison meteorite could have formed by Strecker synthesis (for α-amino acids), Michael addition 
(for β-amino acids), or reductive amination, but a lack of constraints have prevented confident discrimination 
among these possibilities, or assignment of specific formation pathways to each of several specific amino acids. 
Position-specific carbon isotope analysis differentiates amongst these mechanisms by relating molecular sites to 
isotopically distinct carbon sources and by constraining isotope effects associated with elementary chemical 
reactions. Prior measurements of the position-specific carbon isotopic composition of α-alanine from the 
Murchison CM chondrite demonstrated that alanine’s high δ13CVPDB value is attributable to the amine carbon 
(δ13CVPDB = +142 ± 20‰), consistent with Strecker synthesis drawing on 13C-rich carbonyl groups in precursors 
(Chimiak et al., 2021). Here, we measured the δ13C composition of fragment ions generated by electron impact 
ionization of derivatized ⍺-alanine, β-alanine, and aspartic acid from Murchison via gas chromatography-Fourier 
transform mass spectrometry. α-Alanine’s amine carbon yielded δ13CVPDB = +109 ± 21‰, which is consistent 
with the previously measured value and with formation from 13C-rich precursors. β-Alanine’s amine carbon 
presents a lower δ13CVPDB = +33 ± 24‰, which supports formation from 13C-rich precursors but potentially via 
a Michael addition mechanism rather than Strecker synthesis. Aspartic acid’s amine carbon has δ13CVPDB = − 14 
± 5‰, suggesting synthesis from precursors distinct from those that generated the alanine isomers. These 
measurements indicate that Murchison amino acids are a mixture of compounds made from different synthesis 
mechanisms, though some subsets likely drew on the same substrates; this conclusion highlights the complexity 
of extraterrestrial organic synthesis networks and the potential of emerging methods of isotope ratio analysis to 
elucidate the details of those networks.   

1. Introduction 

Carbonaceous chondrites are amongst the most primitive materials 
in the Solar System, with heterogeneous compositions representing a 
diverse range of sources and formation processes spanning environ-
ments from the Interstellar Medium (ISM) to the Solar Nebula. Carbo-
naceous chondrites have up to 3 weight % organic carbon; studying 
these organic molecules can provide insights into prebiotic synthesis, 
potential sources of organic compounds on early Earth, and a framework 

for interpreting the origins of organic compounds that are the target of 
extraterrestrial sample return missions (Glavin et al., 2018). In partic-
ular, the Murchison meteorite is an ideal specimen for studying extra-
terrestrial organics. Murchison is a hydrated Mighei-type (CM2) 
meteorite that fell in 1969 near Murchison, Australia (Seargent, 1990), 
and has since been extensively studied due to its availability and rela-
tively high concentration and chemical diversity of soluble organic 
compounds such as amino acids (review of studies in Glavin et al., 
2018). 
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The abiotic synthesis of amino acids is of particular interest in origins 
of life research due to their biological ubiquity. Several pathways can 
synthesize amino acids abiotically; most require relatively complex se-
ries of reactions operating under specific conditions, imposing con-
straints on formation of these molecules on early Earth and the 
extraterrestrial settings where amino acids are found (Pizzarello et al., 
2006; Glavin and Dworkin, 2009; Elsila et al., 2016; Glavin et al., 
2020b). More than 90 amino acids have been identified in the Murchi-
son meteorite, including proteinogenic ones (e.g., glycine, alanine, 
aspartic acid; Pizzarello et al., 2006; Glavin and Dworkin, 2009; Elsila 
et al., 2016; Glavin et al., 2020b). The presence of non-proteinogenic 
amino acids, rare isotope enrichments in molecular average H-, N-, 
and C-compositions of meteoritic amino acids versus terrestrial biolog-
ical amino acids (Table S5), and near-racemic mixtures of D/L enan-
tiomers present compelling evidence that these amino acids are mostly 
endogenous to the Murchison meteorite (Pizzarello et al., 2004; Burton 
et al., 2012; Elsila et al., 2016). 

A range of hypotheses exist regarding the reactions that could have 
synthesized α-, β-, γ-, δ-, etc. amino acids found in carbonaceous chon-
drites (summarized in Elsila et al., 2012; Chimiak and Eiler, 2022, 
among others): Fischer Tropsch/Haber Bosch-type synthesis (FTT-type; 
Hayatsu et al., 1971; Kress and Tielens, 2001; Botta and Bada, 2002; 
Burton et al., 2012), Strecker-Cyanohydrin-type synthesis to form 
α-amino acids (Peltzer et al., 1984), coupled with formaldehyde addi-
tion to form more complex soluble organic molecules (Chimiak and 
Eiler, 2022), ammonia involved formose reaction (Koga and Naraoka, 
2017), reductive amination (Huber and Wächtershäuser, 2003), and 
Michael addition to form β-amino acids (Miller, 1957). Many of these 
processes require the presence of water and thus would likely occur in 
the meteorite parent body, but could form from precursors originally 
deriving from the ISM; amino acids could also potentially form in-situ 
within the protosolar nebula or ISM via UV irradiation of ice grains 
(Bernstein et al., 2002; Muñoz Caro et al., 2002), although evidence for 
interstellar amino acids remains contested. 

Structurally distinct groups of amino acids are expected to form via 
distinct pathways, so it seems likely that some combination of the pre-
ceding processes contributed to formation of the observed compounds 
(Sephton, 2002; Pizzarello et al., 2004; Burton et al., 2012; Elsila et al., 
2016). However, it is unclear which process or processes dominate 
production of any specific amino acid, or whether different formation 
pathways occurred together, drawing on common substrates, or instead 
occurred independently from different pools of substrates. 

Prior measurements of compound-specific carbon isotopic composi-
tions of Murchison amino acids reveal many of them to be 13C-enriched 
(Sephton, 2002; Pizzarello et al., 2006; Glavin and Dworkin, 2009). For 
instance, α-alanine from the Murchison meteorite has been measured 
previously, yielding δ13CVPDB values of +25‰ to +52‰ (for either the D 
or the L enantiomer or a mixture of the two; Table S5; see Eq. (1) for 
definition of δ). These values are higher than those typical of terrestrial 
biogenic alanine (δ13CVPDB usually < − 20‰ but with values as high as 
− 11‰ in C-4 plants; Cerling et al., 1997; Rasmussen and Hoffman, 
2020). 13C-enrichment suggests that synthesis of Murchison amino acids 
drew on precursors synthesized in the ISM. Interstellar molecules such as 
CO preferentially bond with heavier isotopes (i.e., 13C; Charnley et al., 
2004) relative to the population of free atoms, ions and radicals at cold 
temperatures (~10 K; Öberg, 2016; Jørgensen et al., 2018), a process 
driven by the greater thermodynamic stability of molecules that contain 
a heavy isotope. This process can be modeled by the following 
exothermic reaction – 12CO + 13C+ ⇔ 13CO + 12C+ – where 13C is 
thought to preferentially be sequestered within CO due to enhanced 
stability of the C–C bond at low temperatures. Interstellar hydrocarbons 
are formed from the reaction of C+ with hydrogen, and are therefore 
thought to not be subject to such extreme stabilization of heavy-isotope 
substituted products, and thus are expected to be relatively 13C- 
depleted. 

However, it is challenging to make more specific interpretations of 

prior C isotope data of meteoritic amino acids. Molecular-average or 
“compound-specific” isotope analyses (CSIA) are limited in what they 
can reveal about mechanisms of amino acid synthesis, as the averaging 
across molecular sites can confound the effects of several variables (e.g., 
precursor isotopic compositions; reaction mechanisms; parent body 
processing; secondary alteration) on the isotopic composition. 

Position-specific stable isotope analysis (PSIA) of meteoritic amino 
acids provides an opportunity to directly test abiotic synthesis hypoth-
eses by tracing the isotopic compositions of putative precursor mole-
cules to specific positions within reaction products. Prior studies have 
leveraged the potential of PSIA to understand reaction mechanisms for 
the formation of biological organics (e.g., (Abelson and Hoering, 1961; 
DeNiro and Epstein, 1977; Monson and Hayes, 1980; Melzer and 
O’Leary, 1987), but until recently PSIA has required either chemical 
cleavage to isolate specific sites into molecules easily convertible into 
CO2 for measurement via traditional isotope-ratio-mass-spectrometry 
methods, or NMR measurements of large samples (100s of mg) of pure 
analytes. The gas chromatography (GC)-Orbitrap is an emerging tech-
nology that enables precise, high-mass-resolution isotope measurements 
of relatively small samples (~µg and less) to record some features of 
position-specific isotopic variations in amino acids (and other mole-
cules), where many compounds within a complex mixture can be 
introduced (following derivatization), subjected to an online separation 
and subsequently analyzed. The GC-Orbitrap platform enables mea-
surements of position-specific isotopic composition by fragmenting an-
alyte molecules in the ion source (Fig. 1). Individual fragments sub- 
sample different combinations of molecular positions, such that 
several measured together may constrain differences in the rare isotope 
contents of different atomic sites of the parent molecule (Fig. 2). 

We previously applied this technique to constrain the carbon isotopic 
composition of α-alanine from Murchison using PSIA (Chimiak et al., 
2021). We demonstrated that in the Murchison specimen analyzed, the 
high molecular-average δ13C value (+26‰) was derived from a 13C- 
enriched amine carbon (+142 ± 20‰), and diluted by 13C-depleted 
compositions for the carboxyl and methyl carbons (− 29 ± 10‰ and − 36 

± 20‰, respectively; Chimiak et al., 2021). Position-specific δ13C values 
from Chimiak et al., 2021 suggest that Murchison α-alanine inherits the 
13C-enrichment in its amine carbon from a distinct, isotopically heavy 
carbon precursor (hypothesized to be carbonyl groups in aldehydes, 
which are suggested to derive from CO in the ISM), whereas the other 
two carbons are inherited from more 13C-depleted precursors, either 
from 13C-poor compounds in the ISM (e.g., hydrocarbons or HCN) or 
from carbon sources on the meteorite parent body (e.g., HCN; δ13CVPDB 
of KCN in Murchison = 5 ± 3‰; Pizzarello, 2014; δ13CVPDB of cometary 
HCN = 16+262

− 172‰; Cordiner et al., 2019; Chimiak et al., 2021). 
We argued that these precursors formed ⍺-alanine (and other 

⍺-amino acids) via Strecker synthesis, plausibly in the meteorite parent 
body. However, this measurement and hypothesized reaction mecha-
nism cannot provide constraints on how amino acids other than ⍺-amino 
acids may have formed, and how the various classes of amino acids 
found in meteorites relate to one another. Performing PSIA on a several 
amino acids of distinct structural groups within the same sample pre-
sents an opportunity to relate position-specific isotopic compositions of 
amino acids, and their respective plausible formation pathways, to each 
other. 

Here, we present measurements of position-specific carbon isotope 
values of α-alanine, aspartic acid, and β-alanine from Murchison and use 
our results to make specific assignments of the most plausible formation 
mechanisms for each of the measured amino acids. Many of these 
mechanisms have been introduced in prior studies (e.g., Elsila et al., 
2012; Simkus et al., 2019b); we build upon these hypotheses with nu-
merical constraints on isotope effects that serve to connect our position- 
specific isotope values with the isotopic compositions of potential pre-
cursors, thus building quantitative arguments in support of the most 
plausible reaction pathways. Our posited mechanisms offer a pathway 
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for structurally distinct classes of amino acids to be synthesized from a 
small number of initial substrates, providing support for the hypothesis 
that a complex network of extraterrestrial organic synthesis created 
diverse amino acids from a common set of simple precursors. In 
particular, the doubly-carboxylated aspartic acid and the β-amino acid 
β-alanine have structural properties that differ from ⍺-alanine and each 
other and cannot rely only on a Strecker synthesis mechanism as pro-
posed for α-alanine’s formation. PSIA allows us to distinguish the most 
plausible mechanisms for β-alanine and aspartic acid from a range of 
other mechanisms, in a way that cannot be resolved using CSIA alone. 

2. Methods 

2.1. Meteorite samples and amino acid standards 

We analyzed two specimens of the Murchison meteorite – a 1.7 g 
piece (Spring 2021) with some known terrestrial contamination and a 
1.5 g piece (Winter 2022) with evidence of minimal terrestrial 
contamination (Friedrich et al., 2019). The specimens were both ac-
quired from the Field Museum of Natural History and previously 
described by Friedrich et al., 2019. Both samples were prepared via the 
same hydrolysis and desalting procedure at NASA Goddard Space Flight 
Center (GSFC) following the protocol from Elsila et al. (2012), along 
with a procedural blank prepared in parallel to confirm that no organics 
were being introduced during preparatory chemistry (Table S4). 

Briefly, each sample was ground to a homogenized powder. The 
powder was split into two portions for more efficient extraction and then 
sealed in a glass ampoule with 1 mL of ultrahigh purity water (Millipore 
Integral 10 UV, 18.2 MX cm, <3 ppb total organic carbon) for 24 hours 
at 100 ◦C. The water extract was separated, dried under vacuum, and 
hydrolyzed in 6 N HCl vapor (Tamapure-AA-10 purity, Tama Chemicals) 
for 3 hours at 150 ◦C. This hydrolyzed extract was then desalted on a 

cation-exchange resin column (AG50W-X8, 100–200 mesh, hydrogen 
form, Bio-Rad), with the amino acids recovered by elution with 2 M 
NH4OH (prepared from ultrahigh purity water and NH3 (g) in vacuo) and 
dried under N2. The Spring 2021 specimen was processed in this way in 
March 2021 and the Winter 2022 specimen in September of 2021 
(Fig. 1). 

The abundances of amino acid enantiomers of both the Spring 2021 
and Winter 2022 specimens were measured at GSFC via liquid chro-
matography with fluorescence detection and time-of-flight mass spec-
trometry (LC-FD/ToF- MS) using methods described in Glavin et al. 
(2010). Following LC-FD/ToF-MS analysis, the extracts were sent 
separately to Caltech along with a GSFC analytical blank processed in 
parallel. Upon arrival at Caltech, both the Murchison extract and the 
GSFC analytical blank were stored in a freezer until analyses in April 
2021 and January 2022, respectively. 

For comparison to amino acids within meteorite extracts, we pre-
pared pure amino acid standards of aspartic acid, β-alanine, and 
⍺-alanine, whose molecular average carbon isotopic composition 
(δ13CVPDB ± 1sSE) were constrained by Elemental Analyzer-Isotope Ratio 
Mass Spectrometry at Caltech to be –22.14 ± 0.07‰ (n = 3), − 27.09 ±
0.40‰ (n = 3) and − 19.60 ± 0.24‰ (n = 3), respectively (Table S1). In 
addition to the pure extracts, we mixed unlabeled standards with a pure 
13C label at each site (10% label by mass; Supplemental Materials and 
Methods). This labeling experiment allowed us to identify fragments for 
each amino acid that sample a distinct combination of carbon positions 
to constrain each site, which can be converted into position-specific 
measurements (Section 2.5; Figs. 2 & S2). 

2.2. Preparatory chemistry 

Prior to analyses, meteorite extracts were redissolved in 1 mL of 3:1 
H2O:MeOH. After they were allowed to stand for 20 min, we sonicated 

Fig. 1. Preparatory chemistry and Orbitrap mass spectrometry. (left, Preparatory chemistry) Meteorite (Met.) samples were extracted, hydrolyzed, and desalted at 
NASA Goddard, before being sent to Caltech and derivatized in parallel with amino acid standards (AA std) and procedural blanks for introduction into the GC 
Orbitrap. (right, GC-Orbitrap mass spectrometry) GC-Orbitrap instrumental setup. Samples are introduced via gas chromatography into the mass spectrometer, where 
compounds are ionized, accelerated through the bent-flatpole, and mass-separated in the quadrupole before being stored in the C-trap, and injected into the Orbitrap. 
Two valves within the GC are used to direct the effluent through an internal plumbing that enable two types of measurements: direct elution and peak capture. Direct 
elution measurements allow the user to optimize chromatography and identify peak elution timing (Zeichner et al., 2022), while peak capture measurements capture 
a single fragment of interest within a stainless-steel reservoir and allow it to slowly purge into the MS over time. 
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them for 10 min to ensure full dissolution and homogenization within 
the sample vial. The solutions were transferred to 2 µL GC vials for 
derivatization chemistry. Half of the Spring 2021 sample was derivat-
ized for analysis, and the full Winter 2022 sample was derivatized. To 
ensure quantitative transfer of sample when the full sample was being 
used, sample vials were rinsed three times with 50 µL of MilliQ water, 
which was also transferred into the GC vial. At this stage, a second blank 
was introduced to trace any potential sources of contamination during 
the derivatization chemistry. Samples, standards, and blanks were dried 
down fully under N2 and derivatized in parallel as follows (Fig. 1). 

For analysis on the gas chromatograph (GC), we prepared derivatives 
by methylating the carboxyl group and trifluoroacetylating the hydroxyl 
and amine groups, producing N,O-bis(trifluoroacetyl) methyl esters 
(monoisotopic masses 257.05 Da, 199.05 Da, and 199.05 Da for aspartic 
acid, β-alanine, and ⍺-alanine, respectively; Fig. 1). The derivatization 
protocols were adapted from Corr and others and performed at Caltech 
(Corr et al., 2007). The samples and standards within GC vials were 
dissolved in 100 µL of anhydrous methanol (Sigma Lots SHBK8757 and 
8HBN2144 for the Spring 2021 and Winter 2022 samples, respectively). 

Standard vials were placed on ice, where 25 µL of acetyl chloride (Sigma 
Lots BCBW8067 and S6039952B0 for the Spring 2021 and Winter 2022 
samples, respectively) was added dropwise. Vials were heated at 80 ◦C 
for 1 h, then gently dried under N2. Samples were dissolved in 120 µL of 
hexane, and 60 µL of trifluoroacetic anhydride (TFAA; Sigma Lots 
SHBK5942 and S7307761110 for the Spring 2021 and Winter 2022 
samples, respectively) added to the vials and heated at 110 ◦C for 30 
min, after which they were briefly dried under N2 until 25 µL of solvent 
remained in the vial. 100 µL of DCM was added to the vials to aide in 
eliminating residual derivatizing agent, then left to dry under N2 until 
10 µL were left. Derivatized standards were suspended in hexane (50 µL 
for samples and 1000 µL for standards). Standards were serially diluted 
to reach appropriate concentrations for introduction into the GC Orbi-
trap (i.e., 10s-100s pmols per 1 µL injection). Blanks were diluted in 
hexane to reach the same concentration of the meteorite samples. 
Samples, standards, and procedural blanks were derivatized in parallel 
but dried down separately to avoid cross contamination (Table S4). 

Fig. 2. Amino acid mass spectral fragments. Derivatized amino acids form characteristic fragments when introduced via GC into the electron impact source. These 
fragments can be used to independently constrain the isotopic composition of distinct combinations of carbon sites and calculate position-specific isotope ratios. 
Here, we depict fragmentation spectra of (A) β-alanine, (B) ⍺-alanine, and (C) aspartic acid. The derivatized amino acid structure is inset within each figure, where 
the bolded part of the structure highlights the structure of the underivatized amino acid. Shaded areas illustrate the molecular geometry of mass spectral fragments of 
the original derivatized molecule that we measured within this study, although some fragments we measured were recombination products (e.g., 156 fragment of 
aspartic acid) and thus are depicted alongside the original molecular structure. Teal circles represent β-alanine measurements, grey triangles represent ⍺-alanine 
measurements and burnt orange squares represent aspartic acid measurements. For peak capture measurements, each colored fragment was isolated within and 
slowly purged from the reservoir into the mass spectrometer over minutes to tens of minutes (Fig. 1). Fragment isotope ratios initially measured in comparison to the 
isotope ratio of house amino acid standards were converted into position-specific isotope ratios within a modeled PDB (mPDB*) reference frame using the equations 
presented within each of the panels (Section 2.4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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2.3. Isotope analysis via GC-Orbitrap 

Isotope analyses of amino acid mass spectral fragments were per-
formed on a Q-Exactive Orbitrap mass spectrometer with samples 
introduced via a Trace 1310 GC equipped with a split/splitless injector 
operated in splitless mode with a TG-5SIL MS column (30 m (Spring 21) 
or 60 m (Winter 22), 0.25 mm ID, 0.25 µm film thickness) and a 1 m 
fused silica capillary pre-column (220 µm /363 µm VSD tubing; Fig. 1). 
Prior to position specific analyses of each amino acid, we performed 
direct elution measurements of samples and standards to confirm oven 
ramps, elution timing of each compound of interest, and detect any 
potential extraneous ions that co-eluted with analyte fragments within 
the mass window of interest (Figs. 1 & S1; Supplemental Materials and 
Methods; Zeichner et al., 2022). For the Spring 2021 sample, the 
following oven program was used: 50–85 ◦C by 10 ◦C per minute, 
85–100 ◦C by 1 ◦C per minute with a 9 min hold, and 100–180 ◦C by 4 ◦C 
per minute with a 10 min hold. For the Winter 2022 sample, the 
following oven program was used: 50–85 ◦C by 10 ◦C per minute, 
85–100 ◦C by 1 ◦C per minute with a 9 min hold, and 100–180 ◦C by 4 ◦C 
per minute with a 58 min hold. Special care was taken to optimize 
chromatography to ensure that amino acids of interest did not co-elute 
with nearby compounds, and that prior compound tails did not 
contribute mass fragments at abundances above baseline within the 
mass range for each measurement. 

Following the optimization of GC conditions, we performed peak 
capture measurements using a Silco-coated stainless steel reservoir (10 
cc; SilcoTek, Bellefonte, PA; Fig. 1; Eiler et al., 2017; Chimiak et al., 
2021; Wilkes et al., 2022). We used valves to route the eluent into the 
reservoir during the elution time frame of the amino acid of interest 
(Fig. 1), thus capturing the compound such that we could slowly purge it 
into the Orbitrap to observe the fragments of interest for a longer period 
of time than traditional GC peaks (~minutes to tens of minutes instead 
of tens of seconds). 

We performed Orbitrap measurements of the carbon isotope ratios of 
fragment ions of the derivatized amino acids by focusing the Advanced 
Quadrupole System (AQS) of the QExactive platform to mass windows 
6.5 or 7 Da wide, centered around the mass of the unsubstituted mass 

spectral peak of each fragment. Focused mass window measurements 
reduce the ions observed for a given acquisition so that each measure-
ment is dominated by the fragment ions of interest, reducing the 
contribution of background and contaminant ions (Supplemental Ma-
terials and Methods). In some cases, narrowing the mass window was 
not able to eliminate all contaminants, like for some of the aspartic acid 
mass spectral fragments in the Winter 2022 sample, as the aspartic acid 
abundances were so low (Table 1, Section 3.1) and the mass spectral 
peaks in some cases were less than one order of magnitude above the 
background. In the case of one aspartic acid fragment within the Winter 
2022 sample (198 Da; Section 2.4), we were not confident that we would 
be able to perform a measurement free from artifacts introduced by 
contaminant ions. In general, we only included measurements of mass 
spectral fragments where contaminant ions made up <20% of the total 
ion count (TIC; Supplemental Materials and Methods), as suggested by 
Hofmann et al. in a prior study investigating the effects of contaminant 
ions on isotope ratios of other compounds in the same mixture (Hof-
mann et al., 2020). Hofmann et al. also demonstrated that resolutions of 
60k mitigate the effects of contaminant ions (i.e., those that make up less 
than <20% of the TIC but that are still prominent in the mass window of 
interest) on the isotope ratios of the compound of interest; we used a 
resolution of 60k for measurements of lower-abundance mass spectral 
fragments. This was not an issue in our Spring 2021 specimen, as the 
amino acid abundances were higher in each replicate measurement, and 
thus those measurements were performed with resolutions of 120k. 
Measurements of more abundant fragments were performed with 
Automatic Gain Control (AGC) targets of 2 * 105; less abundant frag-
ments were performed with AGC targets of 5 * 104 (Supplemental Ma-
terials and Methods; Table S3). 

2.4. Isotope ratio measurement 

Carbon isotope ratios of mass spectral fragments of ⍺-alanine (m/z =
140.0323 Da; referred to as the 140 fragment), β-alanine (m/z =
126.0166 Da and referred to as the 126 fragment), and aspartic acid 
(unsubstituted masses of 113.0239 Da, 156.0272 Da, 198.0378 Da, 
referred to as the 113, 156 and 198 fragments) from Murchison were 

Table 1 
Concentrations and isotope ratios of the amino acids in this study compared to Chimiak et al., 2021s results. δ13C values are reported in modeled PDB reference frame 
(mPDB*; see methods for details) ± propagated 1σ standard errors.  

Sample Amino Acid Concentration 
(nmol/g) 

Lee 

(%) 
Molecular 
Average δ13C 

δ13Camine (‰, 
mPDB*, ±σSE) 

δ13Cacid 1 (‰, 
mPDB*, ±σSE) 

δ13Caveragemethyl/methylene 

(‰, mPDB*, ±σSE) 
δ13Cacid 2 (‰, 
mPDB*, ±σSE) 

2021 L-α-alanine 8.2 ± 0.7§ 0§ – 

2021 D-α-alanine 8.3 ± 0.8§

2021 β-alanine 16 ± 1§ –     – 

2021 L-aspartic 
acid 

1.7 ± 0.1§ 28 ±
3§

− 9 ± 10 13 ± 25 − 32 ± 17 

2021 D-aspartic 
acid 

0.95 ± 0.04§

2022 L-α-alanine 2.97 ± 0.200 4.4 
± 7  

+109 ± 25   – 

2022 D-α-alanine 2.72 ± 0.202 

2022 β-alanine 9.128 ± 0.280 –  +33 ± 24   – 

2022 L-aspartic 
acid 

0.76 ± 0.017 23 ±
2  

− 14 ± 5    

2022 D-aspartic 
acid 

0.48 ± 0.004 

Chimiak et al. 
(2021) 

L-α-alanine 5.98 ± 1.03 6.0 
± 11 

26 ± 3 +142 ± 20 − 29 ± 10 − 36 ± 20 – 

Chimiak et al. 
(2021) 

D-α-alanine 5.30 ± 0.88 25 ± 3  

§ Abundances for the Spring 2021 sample are based on data reported in (Glavin et al., 2020a). Prior molecular average δ13C values of amino acids relevant to this 
study measured in hydrolyzed extracts of other specimens of Murchison are reported in Table S5 and discussed in Section 3.3. 
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measured relative to those of terrestrial standards (Supplemental Ma-
terials and Methods). With the Spring 2021 specimen, we measured the 
113, 156, and 198 fragments of aspartic acid. With the Winter 2022 
specimen, we measured the 156 fragment of aspartic acid, the 126 
fragment of β-alanine and the 140 fragment of α-alanine. 

Generally, to perform position-specific isotope ratio measurements 
on each sample, we required picomoles of the amino acid of interest for 
each replicate measurement of each fragment. To fully constrain each 
site of each amino acid, we needed to measure at least as many frag-
ments are there were sites to constrain (to create a system of equations 
with an equal number of constraints and unknowns; Section 2.6; Sup-
plemental Materials and Methods). This was not always possible with all 
amino acids in both samples, as we were sample-limited, and the 
abundance of amino acids was variable between the samples (Table 1). 
With these limitations in mind, we prioritized measuring sites that most 
directly tested synthesis hypotheses (i.e., the amine sites). 

In some cases, we compare across specimens and across studies to 
constrain additional molecular sites. We used the Winter 2022 sample to 
constrain the amine site of aspartic acid, but we report position-specific 
carbon isotope values for the first carboxyl, and the methylene + second 
carboxyl carbon sites of aspartic acid based on measurements of the 
Spring 2021 sample (Sections 2.3 and 2.4). The Winter 2022 sample was 
also used to measure the mass spectral fragments constraining the amine 
sites of ⍺-alanine and β-alanine (Sections 2.3 and 2.4). Measurements of 
the same fragment of aspartic acid (156 Da) for both the Spring 2021 
and Winter 2022 sample were used as a proxy for heterogeneity between 
the samples, and used to justify comparison between the δ13C values of 
aspartic acid fragments from the two specimens (discussed further in 
Sections 3 and 4). There was not enough Spring 2021 sample to measure 
fragments of ⍺- or β-alanine. We only had enough sample to measure the 
amine site of ⍺-alanine in the Winter 2022 site, so we use results from 
Chimiak et al., 2021 to constrain the methyl site of ⍺-alanine (Section 
3.2). We contextualize our results with past CSIA of Murchison amino 
acids (Section 3.3). 

We compare sample fragment isotope ratios to those of amino acid 
standards with known molecular-average carbon isotopic composition. 
This comparison allows us to convert our measured isotope ratios into a 
standard reference frame analogous to the known international standard 
reference frame (i.e., VPDB for C) and report our data using standard 
carbon isotope delta notation, defined below (Eq. (1). We note that to 
perform this conversion from our “house standard” reference frame to 
the international standard, we must make an assumption that there is no 
intramolecular carbon isotope heterogeneity in our amino acid stan-
dards; we elaborate further on this assumption in Section 2.6. 

We report fragment and position-specific isotope ratios in the com-
mon “delta” (δ) notation, calculated as the relative difference in isotope 
ratio between sample and standard, expressed in parts per thousand 
(per-mille; ‰): 

δAX =

( A/aRsample
A/aRref material

− 1
)

, (1)  

where A and a are the cardinal masses of the rare and common isotopes 
of interest, respectively, X is the formula of the isotope-substituted 
element in question, and R is the observed ratio of interest. 

2.5. Solving for position-specific isotope values 

The molecular structures of targeted fragments were determined by 
examining their exact masses and comparing potential molecular 
structures for each mass with predictions from spectral interpretation 
software (Mass Frontier, Thermo Scientific). Contributions from 
particular sites within the parent molecule were confirmed by 
measuring aspartic acid and β-alanine labeled (10% 13C label) at each 
atom position (Supplemental Materials and Methods). We derived the 
following equations following a matrix math similar to what was 

described in Wilkes et al. for the computation of the position-specific 
carbon isotope values of serine (Wilkes et al., 2022). We note here 
that the following equations assume that delta values can be used as 
proxies for isotopic fractional abundances and therefore mix conserva-
tively; while not precisely correct, this assumption leads to errors of up 
to 4‰ for the measured delta values which are within the measured 
analytical uncertainties of this study. 

We identified one fragment (126) that allowed us to constrain the 
amine (C3) site of β-alanine (Fig. 2A): 

δ13CC3 = 3*δ13C126 + δ13CVPDB,standard (2) 

The other two sites of β-alanine can be constrained by measurement 
of the 139 Da fragment; we were not able to measure it due to prominent 
contaminants in the surrounding mass window, but include further 
description in the Supplementary Materials, as it would be a ripe target 
for future study (Supplemental Materials and Methods). 

The fragmentation spectrum of α-alanine was confirmed by Chimiak 
et al. (2021), who demonstrated that the amine and methyl (C2 + C3) 
carbons can be constrained together by a measurement of the 140 Da 
fragment (Fig. 2B). In that study, they reported δ13CVPDB value for the 
methyl (C3) carbon site of − 36 ± 20‰ for pristine Murchison. We had 
insufficient sample to complete a measurement of the other fragment 
necessary (m/z = 184.021) to constrain the methyl site alone. Thus, we 
use the value reported for the methyl (C3) carbon site of ⍺-alanine by 
Chimiak et al. to compute a value for the amine (C2) site of alanine for 
our specimen as follows: 

δ13CC2 =
( (

4*δ13C140
)
−
(
δ13Camine + δ13CVPDB,standard

) )
+ δ13CVPDB,standard

(3) 

This choice is supported by similarities in calculated δ13CVPDB values 
of the amine site of alanine from our study and Chimiak et al.’s (Section 
3). A discussion of heterogeneity between Murchison specimens is 
included in Section 4.3. 

We identified three fragments of aspartic acid (113, 156, and 198) 
that permitted us to calculate position-specific values for the first 
carboxyl (C1) and amine (C2) sites of aspartic acid, and the methylene 
and second carboxyl (C3 + C4) sites together (Fig. 2C): 

δ13CC1 = 5*δ13C113 − 6*δ13C198 + δ13CVPDB,standard (4)  

δ13CC2 = 4*δ13C156 + δ13CVPDB,standard (5)  

δ13CC3+C4 = 6*δ13C198 − 4*δ13C156 + δ13CVPDB,standard (6) 

Like β-alanine, the four sites could be fully constrained via mea-
surement of the 138 Da fragment, but there were too many contaminants 
within the surrounding mass window to provide a confident measure-
ment (Supplemental Materials and Methods). 

The matrices and equations used for these position-specific compu-
tations for all three compounds are depicted in Figs. 2 and S2. For each 
conversion, we assume that exogenous derivative atoms have identical 
isotopic compositions for both the sample and standard. This is a 
reasonable assumption because the sample and standard are derivatized 
at the same time under identical conditions and this derivative is known 
to fractionate C in a reproducible manner (Corr et al., 2007; Silverman 
et al., 2021). 

Errors for isotope ratio measurements are reported as standard errors 
across replicate acquisitions (σSE): 

σSE =
σ̅
̅̅
n

√ , (7)  

where σ is the standard deviation of the average isotope ratios for the set 
of replicate acquisitions, and n is the number of acquisitions. For 
position-specific isotope ratio measurements, σSE of the fragment delta 
values were propagated in quadrature following the fragment to 
position-specific matrix conversions (Supplemental Materials and 
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Methods). Both σ and σ SE are reported in ‰. 

2.6. Conversion to modeled VPDB (mPDB*) space and relevant 
assumptions 

It is important to contextualize our results within the already- 
established framework of the stable isotope geochemistry of carbon. 
As such, we converted position-specific δ13C values measured within our 
house standard reference frame into the more widely used ‘primary 
standard’ isotope scales (e.g., VPDB; Brand et al., 2014), which we refer 
to as “modeled VPDB” (mPDB*), as demonstrated by Eq. (6). To perform 
this conversion from our house standard reference frame to mPDB* 
reference frame, we added the measured compound-specific δ13CVPDB 
value of each standard as measured by the EA to our measured fragment 
delta values in the house standard reference frame. Similar to the 
assumption made for Equations 2–6 presented above, our conversion to 
mPDB* reference frame assumes conservative mixing of delta values. 

Our mPBD* reference frame also incorporates an assumption that 
there is no intramolecular variation in carbon isotopic composition 
across the standard. This is not true for previously studied terrestrial 
amino acids; for instance, the first PSIA study by Abelson and Hoering 
demonstrated via ninhydrin reaction of amino acids extracted from 
Chlorella pyrenoidosa that the δ13CVPDB values of the carboxyl sites of 
α-alanine and aspartic acid are higher – δ13CVPDB = 11.9‰ and 8.7‰, 
respectively – than the average of the other remaining sites – δ13CVPDB =

− 14.8‰ and − 15.7‰, respectively (Abelson and Hoering, 1961). 
Intramolecular variations in carbon isotopic composition across 
commercially synthesized standards are even smaller (i.e., 10–15‰, 
constrained by via ninhydrin reaction; Chimiak and Eiler, 2022), and 
within the errors that we report for each site. As such, we do not char-
acterize these standard site-level differences here or incorporate them 
into our calculation of site-specific isotope ratios, but future studies 
could further improve the presentation of their isotope ratios on the 
international standard scale by adding additional measurements of the 
standard (based on EA-IRMS or nuclear magnetic resonance (NMR) 
constraints (e.g., Gilbert et al., 2009). 

3. Results 

3.1. Amino acid abundances 

Abundances of L- and D-α-alanine from the Spring 2021 sample were 
8.2 ± 0.7 and 8.3 ± 0.8 nmol/g, respectively. Abundances of L- and D- 
α-alanine from the Winter 2022 sample were 2.97 ± 0.200 and 2.72 ±
0.202 nmol/g, respectively. β-alanine abundances in the Spring 2021 
and Winter 2022 samples were 16 ± 1 and 9.128 ± 0.280 nmol/g, 
respectively. Abundances of L- and D-α-aspartic acid from the Spring 
2021 sample were 1.7 ± 0.1 nmol/g and 0.95 ± 0.04, respectively. 
Abundances of L- and D-α-aspartic acid from the Winter 2022 sample 
were 0.76 ± 0.017 nmol/g and 0.48 ± 0.004, respectively. Amino acid 
abundances for the Spring 2021 sample were reported originally in 
Glavin et al. (2020a). Overall, abundances in the Winter 2022 sample 
were half or less of the abundance of the same amino acids measured in 
the Spring 2021 sample. 

α-Alanine enantiomers in both the Spring 2021 and Winter 2022 
samples have been observed in near-racemic proportions (Lee = 0) 
within error (Table 1) indicating that these samples are minimally 
contaminated (Friedrich et al., 2019; Glavin et al., 2020a; Chimiak et al., 
2021). The Lee of aspartic acid for these chips is consistent with a pre-
vious report from the same stone (Glavin et al., 2020a), and has been 
proposed to be endogenous to the meteorite, though this interpretation 
could not be confirmed in that study by isotopic analysis of each enan-
tiomer due to low abundances of aspartic acid within the measured 
sample. Nevertheless, the similarity in the δ13C values of the 156 Da 
fragment ion of aspartic acid in both specimens examined in this study 
provides additional support that the amino acids in the two different 

specimens of Murchison are similar in origin and are endogenous to the 
sample; i.e., it is unlikely that the same amino acids from two distinct 
specimens of the same meteorite experienced equal amounts of 
contamination resulting in the same position-specific δ13C values (Sec-
tion 3.2). 

3.2. Position-specific isotope values of Murchison amino acids 

Fragment ion δ13C values (Table S1) were converted into position- 
specific δ13C values (Table S2), which were converted from the refer-
ence frame of a standard with known isotopic composition into our 
mPDB* reference frame (Figs. 2 & 3, Table 1, Table S2). Our measure-
ments constrained the amine carbon δ13C values for ⍺- and β-alanine as 
δ13CmPDB* = +109 ± 21‰ and + 33 ± 24‰, respectively (Fig. 3). These 
values are 13C-enriched relative to any previously studied terrestrial 
amino acid. In contrast, the aspartic acid extract of the same specimen 
yielded an amine site δ13CmPDB* = − 14 ± 5‰ (Fig. 3). The δ13C value of 
the amine carbon of aspartic acid was equal within error to that of the 
terrestrial standard (Fig. 3). 

Our measurement of the δ13C of ⍺-alanine’s amine site is equal 
within error to the value previously measured for a different sample of 
Murchison (+142 ± 20‰; Fig. 3; Chimiak et al., 2021), suggesting that 
we can directly compare data generated in these two studies, and spe-
cifically supports our use of the δ13C value of the methyl site of ⍺-alanine 
reported by Chimiak et al. (δ13CVPDB = − 36 ± 20‰) to constrain the 
site-specific values of our measured ⍺-alanine. 

δ13C values of the amine carbons of aspartic acid extracted from 
Spring 2021 and Winter 2022 specimens were within error of each 
other, which suggests some consistency between samples and supports 
our choice to use the measurements of the Spring 2021 sample to 
constrain aspartic acid’s full position-specific carbon isotopic composi-
tion. Measurements of aspartic acid from the Spring 2021 specimen 
demonstrate that the average δ13C of the methylene and second carboxyl 
carbon sites (not observed separately in this specimen) is δ13CmPDB* =

− 32 ± 17 – lower than (but within 2 standard errors of) the terrestrial 
standard’s – while the δ13C of the first carboxyl carbon site is higher than 
the standard’s (δ13CmPDB* = 13 ± 25; Table 1; Fig. 3). 

4. Discussion 

Our measured δ13C value of ⍺-alanine’s amine site, averaged with 
the carboxyl and methyl sites reported in Chimiak et al., 2021 (δ13CVPDB 
= − 28.7‰ and − 36.3‰, respectively) reproduces a molecular-average 
δ13C value consistent within error with those measured in past CSIA of 
Murchison alanine (+25–52‰; Table S5; Engel et al., 1990; Pizzarello 
et al., 2004; Elsila et al., 2012; Glavin et al., 2020b; Chimiak et al., 
2021). Our measured δ13C value of β-alanine’s amine site would be 
consistent with several measurements of the molecular-average δ13C 
from prior CSIA of β-alanine (δ13CVPDB = +5 to +10‰; (Pizzarello et al., 
2004, 2006; Glavin et al., 2020a) if we assumed the isotopic composition 
of the combined methylene and carboxyl sites from β-alanine are com-
parable to that of the terrestrial standard (δ13CVPDB ~ − 30‰), as is the 
case for the non-amine carbons in Chimiak et al.’s study of ⍺-alanine 
(2021), as well as our methylene and second carboxylic acid carbons in 
the aspartic acid measured in the Spring 2021 sample. Our position- 
specific δ13C values of aspartic acid, averaged across all four sites, are 
consistent within error with the molecular-average δ13C of this same 
compound from Murchison (δ13CVPDB = +4‰), determined previously 
by CSIA (Table S5; Pizzarello et al., 1991). A prior CSIA by Pizzarello 
and others of the D- and L- enantiomers of aspartic acid reported 
δ13CVPDB values of − 25.2 and − 6.2‰, respectively, but they acknowl-
edged lower δ13C values for the L-enantiomers could be caused by 
terrestrial contamination (Pizzarello et al., 2004), which as we have 
already noted, we expect to be minimal or similar for our two measured 
Murchison specimens. 

Our results suggest that α-alanine and β-alanine both formed from 
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13C-enriched precursors, plausibly from the ISM, though with a signifi-
cant difference in the final resulting δ13C that potentially reflects distinct 
reaction pathways linking those precursors to final products. In contrast, 
aspartic acid appears to have formed entirely from precursors origi-
nating from relatively 13C-depleted carbon sources (i.e., broadly 
resembling average meteoritic and terrestrial organic carbon); this im-
plies that aspartic acid likely formed via a different reaction mechanism 
from both α and β-alanine, and possibly formed from precursors derived 
from the most common and abundant carbon components of the mete-
orite parent body. The similarity between the values of the methylene 
and second carboxylic acid carbons in aspartic acid and the methylene 
carbons in ⍺-alanine further suggests the existence of shared carbon 
“pools” from which some carbons of different precursors derive. Indeed, 
prior work has suggested that carbon in meteoritic organic molecules are 
inherited from three potential sources: a 13C-enriched CO pool from the 
ISM vs. relatively 13C-depleted pools from HCN and nCHx, possibly in 
the ISM and certainly on the meteorite parent body (Fig. 3; Elsila et al., 
2012). 

Characterization of the isotopic compositions of carbon “pools” from 
which amino acids formed can be combined with known mechanisms of 
abiotic amino acid synthesis and isotope effects (IEs) imparted at each 
elementary reaction step to support or reject hypotheses regarding po-
tential formation mechanisms. Reaction rates of elementary steps of 
irreversible reactions may differ between isotopic forms of reactants 
(kinetic isotope effects, or KIEs). Reversible exchange between reactants 
and products can result in equilibrium differences in isotopic content 
between the two (equilibrium isotope effects; EIEs). In both cases, IEs 
are quantified by the variable, ε, expressed as a difference in isotope 
ratio between reactant and product: 

εi
j− k = 1000*

(
αi

j− k − 1
)
, (8)  

where αi
j− k is the ratio of isotope ratios of the product and reactant, 

respectively, and the ε variable converts this α value into units of ‰. 
Negative εi

j-k values are “normal” isotope effects where the products are 
less heavy-isotope enriched than the reactants. These isotopic fraction-
ations associated with reactions are specific to the reaction type and 
imprinted differently on different atomic sites of the product; thus, PSIA 
can help identify reaction types and therefore improve on constraints 
available from conventional isotope analyses. 

4.1. Extraterrestrial Strecker synthesis of 13C-enriched α-alanine 

Both our study and the prior study by Chimiak et al. (2021) measured 
a δ13C value of α-alanine’s amine carbon that is highly 13C-enriched 
compared to terrestrial organic carbon and molecular-average values of 
most C-rich compounds found in the carbonaceous chondrites. Chimiak 
et al. demonstrated that the PSIA of α-alanine from Murchison supports 
the hypothesis that it formed through Strecker-Cyanohydrin synthesis, 
whereby a distinctively 13C-enriched amine carbon site was inherited 
from a 13C-enriched carbonyl group of an aldehyde precursor (originally 
from interstellar CO), whereas the less 13C-rich carboxyl and methyl 
sites of α -alanine were inherited from HCN and the CHn moieties of 
aldehyde precursors, respectively. 

We apply Chimiak et al.’s model (along with experimental data from 
Chimiak et al., 2022) to interpret our new measurement of the δ13C 
value of the amine carbon of ⍺-alanine; this approach lets us back- 
calculate the original δ13C value of the precursor aldehyde molecule, 
applying the EIE (ε) for the addition of CN (average ε = − 20‰; depicted 
in Fig. 4A and originally reported in Chimiak et al., 2021, 2022) to solve 
for a δ13C value of ~130‰ of the precursor carbon – the carbonyl site of 
reactant aldehyde. This result is consistent with prior studies that have 
measured and modeled higher δ13C values of CO in the ISM (δ13C =
110–160‰; Lyons et al., 2018; Chimiak et al., 2021). We used this value 
as the starting point for 13C-enriched amine sites for the rest of our 
modeled Strecker-related reactions (Fig. 4A). Hydrolysis also introduces 
an isotope effect on the reacting carbon (ε = − 10‰ on C1 of α-alanine; 
Fig. 4A), but it is within the range of our analytical error and the error 
reported by Chimiak et al (2021) on the position-specific carbon isotope 
value of carboxyl carbon. The other reaction steps involved in Strecker 
synthesis of ⍺-alanine do not have measurable IEs (Chimiak et al., 2022). 

A Strecker synthesis formation mechanism for α-alanine is supported 
by past CSIA (Elsila et al., 2012; Aponte et al., 2017; Chimiak et al., 
2021); for instance, the observation that the δ13C value of α-amino acids 
decreases with increasing number of carbon atoms (Sephton, 2002), 
which has been interpreted to reflect a dilution of a 13C-enriched alde-
hyde precursor with added HCN/nCHx-derived carbons (Elsila et al., 
2012; Chimiak et al., 2021; Chimiak and Eiler, 2022). FTT synthesis is 
disfavored as a path to forming these compounds, as it would not create 
such distinctive differences in intramolecular isotopic composition, and 
is incapable of explaining the pattern of intermolecular differences in 
molecule average C isotope composition documented in many past 
studies (Chimiak et al., 2021). More work is necessary to understand 

Fig. 3. Position-specific carbon isotope values. δ13C 
values of carbon positions for ⍺-alanine (this study =
grey triangle; (Chimiak et al., 2021) = open black 
triangle), β-alanine (teal circle) and aspartic acid 
(orange squares; open = Spring 2021, closed = Winter 
2022) reported within our mPDB* reference frame. 
Error bars are 2σSE. Key is inset within the table in the 
lower right. δ13C values of different carbon sources 
within the ISM and on the meteorite parent body 
(Table S6) are plotted alongside for comparison, 
which have a range of isotopic compositions that 
could contribute to the amino acid’s during synthesis. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version 
of this article.)   
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isotopic fractionations related to amino acid formation via irradiation of 
methanol-containing ices, so our data and model arguments should not 
be construed as disproof of this alternative hypothesis. 

4.2. Additional pathways required for synthesis of β-alanine and aspartic 
acid 

Understanding the potential pathways to forming β-alanine and 
aspartic acid is more challenging, as there are diverse hypotheses as to 
how synthesis of these amino acids may occur and prior compound- 
specific carbon isotope data do not clearly discriminate among these 
possibilities. Three possible ways to synthesize β-alanine are established 
in the literature: reductive amination of an oxopropanoic acid inter-
mediate that was itself formed via Strecker synthesis (Fig. 4A); 

decarboxylation of aspartic acid (Fig. 4A); and Michael addition of an 
unsaturated carbonyl (i.e., acrylonitrile) which is then aminated and 
hydrolyzed to form β-alanine (Fig. 4B; Peltzer et al., 1984; Burton et al., 
2012; Elsila et al., 2012). 

The δ13CmPDB* value of β-alanine’s amine carbon is enriched, but less 
enriched than that of α-alanine’s amine carbon for the specimens 
measured in this study. We rule out synthesis exclusively by a Strecker 
synthesis mechanism (i.e., reductive amination of an oxopropanoic acid 
intermediate, where the amine carbon is inherited from interstellar 13C- 
enriched CO; Fig. 4A), as the same precursors that made the α-alanine 
measured here could not have synthesized a β-alanine that is consistent 
with our PSIA: β-alanine would have to be much more enriched. 

Our findings are also inconsistent with β-alanine within Murchison 
forming exclusively via decarboxylation of aspartic acid, or at least 

Fig. 4. Potential extraterrestrial amino acid synthesis pathways, and 13C enrichments of their amine sites. (A) Extraterrestrial ⍺-amino acids, including ⍺-alanine, are 
thought to be synthesized via Strecker synthesis (grey box; (Elsila et al., 2012; Chimiak et al., 2021)), which inherits an 13C-enriched carbon from interstellar medium 
CO in its amine carbon site (value derived from the δ13C value of ⍺-alanine’s amine carbon). There are potential pathways to form β-alanine and aspartic acid through 
related reactions, but we rule out synthesis through these pathways from the same precursors of ⍺-alanine and thus those pathways are shown in grey. (B) Michael 
addition of a nucleophile to an unsaturated carbonyl compound (acrylonitrile) is a common hypothesis for the formation of β-alanine (Burton et al., 2012; Elsila et al., 
2012). For this pathway to be consistent with the δ13C value we measured in β-alanine’s amine site, the acrylonitrile precursor would need to be 13C-enriched in its 
terminal carbon (Chimiak and Eiler, 2022). (C) Aspartic acid can also be synthesized via either amination of an unsaturated dicarboxylic acid or reductive amination 
of ⍺-keto acid, likely via a fumaronitrile precursor. If all these carbons originated from the 13C-depleted carbon pool on the meteorite parent body, the carbon isotope 
values of the amine site should not be noticeably higher than the values of other sites, as we observe in our results. It is possible that the fumaronitrile precursor may 
form from acrylonitrile (dotted arrow), but could not have the same enrichment as observed in β-alanine to be consistent with the value we measured for aspartic 
acid’s amine site. (D) Carboxyl carbons could exchange with the carbonate in the host rock and become more 13C-enriched. 
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based on the PSIA of aspartic acid measured in this study. Decarboxyl-
ation imparts an IE (ε = 2–40‰, depending on whether it is catalyzed or 
uncatalyzed; (O’Leary and Yapp, 1978; Lewis et al., 1993)), so if 
Murchison β-alanine formed this way from decarboxylation of Murchi-
son aspartic acid, the δ13C value of β-alanine’s amine carbon should be 
similar to or lower than that of the aspartic acid it formed from, which is 
inconsistent with our results. 

Thus, we propose that the β-alanine measured in this study was 
synthesized via Michael addition of a nucleophile to an unsaturated 
carbonyl compound (e.g., acrylonitrile; Fig. 4B). The expected intra-
molecular isotopic composition of an acrylonitrile is debated in the 
literature, ranging from no expected intramolecular carbon heteroge-
neities (Elsila et al., 2012) to the formation of a nitrile where the ter-
minal carbon could inherit a 13C enrichment from interstellar CO 
(Fig. 4B; (Chimiak and Eiler, 2022)). It is also possible that β-alanine’s 
δ13C value could represent a combination of synthesis processes, where 
β-alanine with a 13C-enriched-amine site, produced through some 
combination of reactions in Fig. 4A, is diluted by formation of β-alanine 
through processes resembling Michael addition (Fig. 4B) or aspartic acid 
decarboxylation (Fig. 4C) with smaller isotope effects. Additional 
position-specific isotope measurements of β- amino acids with longer 
carbon chains (e.g., β-amino n-butyric acid) could help to further narrow 
down the most plausible synthesis mechanisms for this class of 
molecules. 

Aspartic acid’s lower δ13C values at all measured carbon positions, 
particularly compared to the 13C-rich amine carbons of ⍺- and β-alanine, 
suggest that a distinct mechanism (or combination of mechanisms) must 
be responsible for its formation. Proposed mechanisms to form aspartic 
acid abiotically include: Strecker synthesis via an oxopropanoic acid 
intermediate (Fig. 4A), or synthesis via either amination of an unsatu-
rated dicarboxylic acid or reductive amination of α-keto acid, likely 
through a fumaronitrile precursor (Fig. 4C; (Pizzarello et al., 2006; 
Burton et al., 2012)). 

It is possible that the aspartic acid measured in our specimen was 
formed via the Strecker pathway, but to be consistent with our mea-
surements either the KIEs from two or more reaction steps would have to 
be maximally expressed, or the aspartic acid would need to be synthe-
sized from aldehyde precursors with lower δ13C values of the carbonyl 
site than the precursors responsible for synthesis of ⍺-alanine (Simkus 
et al., 2019b). Thus, aspartic acid could not have formed by Strecker 
synthesis as part of the same reaction network with the same precursors 
that formed α- and β-alanine, but could have formed by Strecker syn-
thesis from a separate set of precursors (perhaps in a different 
environment). 

Alternatively, aspartic acid’s 13C-depleted amine, methylene and 
second carboxyl carbons are consistent with synthesis via a fumaroni-
trile precursor in the meteorite parent body, from the same HCN and 
nCOHx precursors that have been previously called on to explain syn-
thesis of amino acids (Chimiak et al., 2021, and preceding sections of 
this paper). Precursors for such reactions that could have been present in 
the meteorite parent body include unsaturated dicarboxylic acids, which 
have been identified in Murchison (e.g., fumaric acid; Sephton, 2002). 
Prior studies have performed CSIA of dicarboxylic acids (Cronin et al., 
1993; Pizzarello et al., 2001), finding δ13C values ranging from 28 to 
− 6‰, similar to the range of measured δ13C values for aspartic acid 
(Table S5). Average IEs associated with converting 13C-depleted 
fumaronitrile precursors (Table S6) into aspartic acid would be − 22‰ to 
each reacting carbon for the addition of water (Fig. 4C), and thus result 
in aspartic acid without intramolecular 13C enrichments (at the scale 
resolved in this study). Interestingly, synthesis via the fumaronitrile 
precursor has been posited as a plausible pathway to synthesize organics 
on early Earth via a cyanosulfidic protometabolism under subtly alka-
line conditions (Patel et al., 2015). 

4.3. Heterogeneity in the abundances and isotopic compositions of 
meteoritic organics 

Organic chemical and stable isotopic heterogeneities among carbo-
naceous chondrites have long been documented. Amino acid molecular 
average δ13C values vary depending on the specimen analyzed (Glavin 
et al., 2010). This isotopic variation may reflect spatial or temporal 
variations in isotopic compositions of precursors of organic compounds 
(e.g., δ13C of interstellar CO varies from 110 to 160‰; δ13C of aldehydes 
and ketones extracted from Murchison range from − 10 to 66‰; 
Table S6; Lyons et al., 2018; Simkus et al., 2019b; Chimiak et al., 2021), 
or a combination of synthesis processes, as discussed here. 

Both our study and prior studies have highlighted variable amino 
acid abundances within distinct specimens of the same meteorite (Gla-
vin et al., 2010 and data herein, Section 1, Table 1). These variations in 
abundances could be driven by primary (i.e., formation) or secondary (i. 
e., redistribution and alteration) processes. Prior research has demon-
strated that aqueous alteration can affect the abundance of amino acids, 
linking β-alanine abundance with degree of alteration, suggesting some 
amino acid formation mechanisms may be more productive with more 
abundant water (Botta et al., 2007). Likewise, aqueous alteration can 
alter the isotopic compositions of meteoritic amino acids, as isotopic 
variations can arise from differences in extents of isotopic exchange 
between the studied organic compounds and other parent body reser-
voirs (i.e., carbonate during aqueous alteration; Pietrucci et al., 2018). 
Different degrees of carbonate exchange in the carboxyl site of amino 
acids may be responsible for the heterogeneity in prior molecular 
average δ13C measurements (Table S5) and to the values presented in 
our study. For instance, aspartic acid’s first carboxyl site has a higher 
δ13C value than the equivalent site in the terrestrial standards, which 
could be driven by exchange with dissolved inorganic carbon in parent 
body waters; carbonates in the aqueous alteration assemblage of the 
Murchison meteorite that have been demonstrated to be 13C-enriched, 
reaching a maximum δ13CVPDB of 80‰ (Alexander et al., 2015; Telus 
et al., 2019). Indeed, carboxyl-carbonate exchange was suggested by 
Chimiak et al., 2021 as one possible explanation of differences between 
the δ13C value of the C1 carboxylic acid carbons of their method 
development and analytical samples. It is notable that the δ13C values 
measured here and by Chimiak et al., 2021 for amino acid carboxyl sites 
have a range of values, but that none reach the maximum observed for 
carbonate grains in CCs, suggesting that even though exchange may be 
occurring, amino acid carboxyl sites do not reach full equilibrium with 
the dissolved inorganic carbon of parent body fluid. 

Finally, sample preparation procedures may bias which amino acids 
are released from the meteorite sample via acid hydrolysis. Acid hy-
drolysis frees amino acids otherwise bound within larger polymers, and 
is used routinely in the preparation of meteoritic amino acids for anal-
ysis (Elsila et al., 2012; Simkus et al., 2019a). The starting materials for 
the hydrolyzed amino acids released from meteorites remain mostly 
unknown, and it is possible that the production of amino acids from 
unknown precursors could have an effect on the isotopic composition of 
the measured amino acids (Simkus et al., 2019b). However, one prior 
study demonstrated no appreciable difference in the compound-specific 
carbon isotopes of amino acids within two –CH3 carbonaceous chon-
drites measured in the unhydrolyzed versus hydrolyzed extracts (Burton 
et al., 2013). It is also compelling that known isotope effects for each 
proposed reaction step in our posited mechanisms (Fig. 4) can connect 
our measured position-specific isotope effects with previously measured 
isotope values of potential reactant molecules (Table S6). 

5. Conclusions 

Amino acids on meteorites are formed from precursors including 
interstellar components, through a heterogeneous and complex reaction 
network combining Strecker synthesis, Michael addition, and a 
fumaronitrile-based process that resembles posited mechanisms of 
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prebiotic chemistry on Earth. Our observations are consistent with a 
scenario in which ⍺-alanine formed entirely through Strecker synthesis, 
drawing on aldehyde precursors with a 13C-enriched carbonyl site 
(presumably inherited from CO in the ISM), and 13C-depleted non- 
carbonyl sites as well as 13C-depleted HCN. In contrast, β-alanine 
could have formed via Michael addition drawing on both 13C-enriched 
CO-derived and 13C-depleted HCN precursors. Aspartic acid is most 
consistent with synthesis via a fumaronitrile precursor with no 13C- 
enriched position-specific isotope values and thus likely derived from 
13C-depleted HCN. This network also calls on reaction mechanisms that 
require liquid water and neutral-to-mildly alkaline conditions, and thus 
could potentially occur (and compete with one another and other re-
actions) contemporaneously on the meteorite parent body. 

This study has addressed one of several questions raised by the hy-
pothesis in Chimiak et al. (2021) and Chimiak and Eiler (2022), i.e., that 
a broad spectrum of soluble organics in the several of the carbonaceous 
chondrites share a synthetic history as components of a Strecker-based 
reaction network. Future studies should further test, modify and/or 
extend this hypothesis through additional PSIA of other meteoritic or-
ganics; we believe such work will make progress most quickly by 
focusing on branched amino acids, amines, and hydroxy acids, as the 
Chimiak et al. hypothesis explains their molecular average isotopic 
compositions through mechanisms that are predicted to leave specific, 
high-amplitude site-specific isotopic signatures. Understanding sec-
ondary alteration (pre- and post-fall) and its effects on contamination 
and alteration of intramolecular isotopic composition of meteoritic 
amino acids would also be invaluable to progressing this work. Devel-
opment of methods for an improved understanding of extraterrestrial 
organic synthesis is more important now than ever; this study and others 
like it will be central in understanding the carbon isotopic composition, 
source and synthesis of any organics found through Mars Sample Return, 
NASA’s OSIRIS Perseverance, OSIRIS-REx mission, JAXA’s Hayabusa2 
and MMX missions, and future sample return missions from organic-rich 
objects to elucidate the astrochemical and potential biochemical syn-
thetic pathways beyond Earth. 
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Supplemental Materials and Methods 
 

Amino acid standards  
 

We prepared pure amino acid standards of L+D-aspartic acid (Sigma Lots 060M0092V and 
MKCC0521, respectively), β-alanine (Sigma Lot BCBR6059V), and L+D ⍺-alanine (Sigma Lots 
BCBF7865V, SLBN6572V, respectively). The molecular-average carbon isotopic composition 
of the amino acid standards were characterized by Elemental Analyzer-Isotope Ratio Mass 
Spectrometry (EA-IRMS) at Caltech. The mean δ13CVPDB values (± 1 sSE) of the aspartic acid, β-
alanine, and ⍺-alanine standards were -22.14 ± 0.07‰ (n = 3), -27.09 ± 0.40‰ (n = 3) and -
19.60 ± 0.24‰ (n=3), respectively (Table S1). In addition, we prepared aspartic acid with 10% 
labels at each carbon site to verify which fragment ions inherit which carbon sites 
(gravimetrically mixed from natural abundance amino acids with >99% 13C-labeled amino acids 
purchased from Sigma). We used a similar method to perform site assignments for β-alanine 
mass spectral fragments, however we were unable to acquire labeled compounds for carbon sites 
2 and 3 separately, and thus had to characterize them together. (Chimiak et al., 2021) followed a 
similar method to characterize the fragmentation spectrum and site-assignment of ⍺-alanine. 
Finally, we prepared a “meteorite standard” with 34 amino acids scaled to relative abundances of 
reported in (Glavin et al., 2020a) for optimizing chromatography and GC oven programs. All 
standards and samples were derivatized as described below. 
 
 Mass spectrometry 
 
Overview of GC-Orbitrap mass spectrometry 
 

Analyses were performed on a Q-Exactive Orbitrap mass spectrometer with samples 
introduced via a Trace 1310 gas chromatograph equipped with a TG-5SIL MS column (30 m, 
0.25 mmID, 0.25 µm thickness) with a 1 m fused silica capillary pre-column (inner diameter of 
220 µm/outer diameter of 363 µm, VSD tubing) (Figure 1). To perform measurements of the 
Winter 2022 sample, we installed two TG-5SIL MS columns connected in series with a Valco 
union to improve separation between our compounds of interest and near co-eluting peaks. 
Samples and standards were analyzed under closely matched experimental conditions.  

Compounds were injected via split-splitless injector operating in splitless mode, with He as a 
carrier gas with a flow rate of 1.2 mL/min. The GC oven temperature program was optimized to 
separate the analytes of interest from the rest of the organic compounds in the extract. The mass 
windows for each of the mass spectral fragments measured for PSIA are presented in Figure S1. 
The GC has been modified through the addition of two, four-way valves and a peak-broadening 
reservoir, as described in Eiler et al., 2017 (Figure 1). For this study, we measured compounds in 
two different valve configurations: (1) “direct elution” of the GC effluent into the mass 
spectrometer (Zeichner et al., 2022) and (2) “peak capture” of the compound of interest within a 
peak-broadening reservoir (Eiler et al., 2017). Direct elution measurements were used in several 
ways. First, we used direct elution measurements to confirm the time of elution for each 
compound of interest. Direct elution measurements were also used to quantify the abundance of 
amino acids in both of the blanks compared to the intensity of the amino acid peaks in the sample 
(Table S4). Finally, direct elution measurements were critically important in detecting any 
potential contaminants, or near co-eluting compounds, that ionized to produce fragments within 



the mass window of interest. When possible, chromatography was optimized to minimize the 
presence of the contaminant ions that would compete with the mass fragment we were measuring 
(i.e., the addition of the second column for the measurement of the Winter 2022 sample). In 
some cases, even with an improvement in chromatography, we could not get a clean enough 
mass window to perform adequate isotope ratio measurements of the fragment of interest (e.g., 
198 fragment in the Winter 2022 sample). Future studies wanting to apply this technique to 
perform PSIA of analytes within complex sample mixtures may want to explore preparatory 
offline clean-up steps for their samples prior to direct elution. The potential effects of these 
extraneous fragment ions, and potential strategies to mitigate them are further detailed below in 
our discussion of “space charge effects” under Position-specific isotope ratio analysis. 

To perform fragment isotope ratio measurements for PSIA, we used the “peak capture” 
method. Peak capture measurements enable the isolation of a single analyte from a complex 
mixture of compounds by turning valves to ‘trap’ the chromatographic peak of interest in a 
reservoir as it elutes off the GC column. Here, we used a silicon coated stainless steel reservoir 
(10 cc; SilcoTek, Bellefonte, PA). Following peak capture, the compound was slowly purged 
from the reservoir with helium over tens of minutes, permitting many different Orbitrap scans of 
a given sample, and thus improving the precision and accuracy of the measurement. With the 
peak capture method, each of our fragment ions eluted for minutes to tens of minutes, with a 
usable stable measurement time (i.e., the time frame where scans observed enough signal of the 
analyte of interest to use for isotope ratio measurement) of 3 to 10 minutes depending on the 
total concentration of the analyte introduced into the reservoir.  

GC effluent was transferred directly into the ion source via a heated transfer line (260°C) 
where analytes were ionized via electron impact (EI; Thermo Scientific Extractabrite, 70eV; Fig. 
1). Each compound generated a characteristic combination of fragment ions upon ionization 
(Figure 2), which were extracted from the source, subjected to collisional cooling during transfer 
through the bent flatpole, underwent mass-window selection by the Advanced Quadrupole 
SelectorTM (AQS), and were then passed through the automatic gain control (AGC) gate prior to 
storage in the C-trap — a potential-energy well generated by radio frequency and direct current 
potentials (Figure 1). Ions accumulated in the C-trap until the total charge reached a user-defined 
threshold (the “AGC target”), then were introduced into the Orbitrap mass analyzer as a discrete 
packet. Within the mass analyzer, ions orbited between a central spindle-shaped electrode and 
two enclosing outer bell-shaped electrodes, moving harmonically at frequencies proportional to 
m/z (Makarov, 2000). The raw data product of this oscillation—the “transient”—was converted 
via fast Fourier transform into a data product that can be processed for isotope ratio analysis (see 
Data processing). 

We refer to each injection of a sample or standard as an “acquisition;” each acquisition is 
comprised of “scans,” with each scan comprising ion intensities and m/z ratios averaged by the 
Orbitrap over a short time interval (typically 100-300 ms, where scan length is dependent on the 
user-defined nominal resolution setting). We refer to each set of replicate acquisitions of a 
fragment for both a sample and standard as an “experiment.” It is critical that any application of 
the Orbitrap to isotope ratio analysis performs measurement under “AGC control,” i.e., under 
conditions where the AGC target limits the number of ions admitted into the Orbitrap in each 
scan and is typically defined by low variation in the total ion current times the injection time 
(TIC*IT) over the course of a single acquisition. In our measurements, this was a constraint due 
to the low abundance of analyte; it was evident when the measurement when the instrument was 
not performing measurements under AGC control when the IT was at its maximum (3000 ms). 



 
Position-specific isotope ratio analysis 
 

Based on the results of labeling studies and direct elution measurements to evaluate near-
coeluting peaks and the presence of contaminant ions in the system, we identified 3 target 
fragments for aspartic acid that independently constrain all four carbon sites (with unsubstituted 
masses of  113.0239 Da, 156.0272 Da, 198.0378 Da, referred to henceforth as the 113, 156 and 
198 fragments) and 1 target fragment for β-alanine that constrains the amine site directly (m/z = 
126.0166 Da and referred to henceforth as the 126 fragment) (Figure 2C&A). The fragment to 
constrain the amine site (140.0323 Da; referred to as the 140 fragment) of a-alanine was 
determined in a previous study (Chimiak et al., 2021) (Figure 2B).  

With the Spring 2021 specimen, we measured the 113, 156 and 198 fragments of aspartic 
acid, and the 126 fragment of β-alanine. With the Winter 2022 specimen, we measured the 156 
fragment of aspartic acid, the 126 fragment of β-alanine and the 140 fragment of a-alanine. We 
attempted a measurement of the 198 fragment using the Winter 2022 specimen, but noticed too 
much evidence of contamination from the sample matrix for the measurement to be useful. The 
abundance of aspartic acid in the Winter 2022 specimen was too low abundance to attain a useful 
measurement of the 113 fragment. Each of these fragment measurements can be translated into 
position-specific isotope values, as described in Section 2.5. 

To measure each fragment, we first performed a direct elution measurement of a standard to 
confirm the timing of the compound of interest. We identified compound chromatographic peaks 
by when the characteristic fragment ions appeared and disappeared above baseline in the mass 
spectra. We chose a time window around the elution of each chromatographic peak as the part of 
the GC effluent to capture in the reservoir and verified this timing by “reverse peak capture” of 
pure amino acid standards where the effluent was routed to vent for the time frame of interest 
and thus verified that the compound fragment ions disappeared entirely from the mass spectrum. 
Generally, we turned valves to begin peak capture 15-20 seconds prior to the arrival of the peak 
of interest, and waited until the intensity of the peak tail returned to the baseline NL score prior 
to peak elution to end peak capture.  

Once we verified the time window, we performed a set of peak capture measurements, 
alternating between measurements of sample and standard whose relative concentration were 
adjusted so that they had approximately the same NL score in the reservoir. Target sample sizes 
corresponded to ~10-50 picomoles of derivatized amino acid to achieve maximum absolute peak 
intensities (which are referred to within the Orbitrap software and RAW data files as “NL 
scores”) that were >1 order of magnitude above the reservoir baseline NL score for the fragment 
of interest (~ 1 – 5*105 for the monoisotopic peak, and 5*103 – 1*104 for the background). 
Measurements of standards at different concentrations allowed us to anticipate the approximate 
achievable precision of a given amount of analyte, as we performed all our measurements under 
stable instrument conditions where achievable precision followed shot noise limits (see Data 
processing).  

We selected AQS windows, resolutions, and AGC targets to achieve the maximum 
sensitivity for the fragment ion of interest (i.e., for the given experimental conditions, the 
majority of the ions being measured are the compound of interest; (Eiler et al., 2017)). However, 
introducing too many ions into the C-trap or the Orbitrap at once can lead to “space charge 
effects,” a phenomenon by which ions affect the movement and trajectory of one another, 
disturbing them from the persistent, harmonic orbits required for Fourier-transform mass 



spectrometry (Uechi and Dunbar, 1992; Gordon and Muddiman, 2001; Eiler et al., 2017; Su et 
al., 2017; Hoegg et al., 2018; Neubauer et al., 2018; Hofmann et al., 2020). Space charge effects 
can be mitigated for some cases by reducing extraneous ions in the mass window of interest so 
that there are fewer ions interacting with and capable of suppressing the isotope ratio of the 
fragments of interest (i.e., narrow the AQS window, lower the AGC target), or by reducing the 
length of time that the ions spend in the Orbitrap and thus the length of time they have to interact 
and that their harmonic orbits can inconsistently decay (i.e., lower resolution). 

We performed all measurements with the narrowest AQS window that we could without 
introducing drops in transmission for fragments near the edge of the mass window (Eiler et al., 
2017). Narrower mass windows were particularly helpful for this sample due to the complexity 
of the sample matrix and the large number of extraneous ions that often fell within the mass 
window that were not from our compound of interest. For the Spring 2021 specimen, we used 
AQS windows of 7 Da centered around the masses of the monoisotopic and substituted 
fragments of interest; for the Winter 2022 specimen we used AQS windows of 6.5 Da.  

The resolution required to distinguish between the masses of closely adjacent near-isobars 
expected to be present in the mass spectrum can be calculated as:  

𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛	 = 	
𝑚
∆𝑚	(𝐸𝑞𝑛. 𝑆1) 

where m is the mass of an ion of interest and ∆m is difference in mass necessary to separate that 
ion peak from an adjacent near-isobar. This required resolution is similar to the “nominal” 
resolution reported for the Orbitrap, which is calculated for a 200 Da fragment ion as m/dm, 
where m is mass and dm is the full peak width at half maximum intensity (FWHM). In general, 
sensitivity improves with lower resolution, which has also been shown to mitigate the effects of 
contaminants on the accuracy of isotope ratio measurements (Hofmann et al., 2020). Indeed, we 
did observe in preliminary experiments that with the presence of many extraneous ions within 
the mass window of interest, the isotope ratio of the sample relative to the standard was 
suppressed when we used a resolution of 120,000 instead of 60,000. All Spring 2021 sample 
measurements were performed with resolution of 120,000, which were measured at higher 
concentrations and therefore had fewer issues with contaminant ions of a similar concentration to 
the fragment ions of interest. All of the results we report from Winter 2022 analyses were 
performed using a resolution of 60,000.  

The choice of AGC target was directly related to the relative abundance of the fragment of 
interest. Measurements of larger fragments with cleaner mass windows were performed with 
AGC targets of 2*105; smaller fragments (i.e., 113 fragment of aspartic acid) that may be more 
susceptible to space charge effects were measured using an AGC target of 5*104. All 
acquisitions for a single experiment were performed using the same parameters. A full set of 
experimental conditions used for each experiment is included in Table S3. 
  



Data analysis 
 
Data processing 

Data files from each acquisition are converted to selected-mass chromatograms (intensity 
versus time for a selected m/z) which can then be integrated to yield isotope ratios. We used FT 
Statistic, a computer program written by ThermoFisherÔ, to extract data from RAW files 
created by the proprietary Orbitrap control software. From the FT Statistic-processed files, we 
extracted ion intensities (NL scores), peak noise, total ion current (TIC), injection time (IT), and 
other acquisition statistics, which we analyzed via in-house code written in Python (version 
3.7.6). Definitions of each of these parameters can be found in prior Orbitrap studies (e.g., (Eiler 
et al., 2017)). The data analysis process is described in the subsequent paragraphs, and the 
processing code can be found on the Caltech data repository (Zeichner, 2021). Raw data for 
samples and standards were processed identically to enable comparisons between measurements, 
and is available in an online repository: https://doi.org/10.5281/zenodo.7549008. 

We went through the raw files for each acquisition of an experiment to identify a consistent 
time frame of integration where the Orbitrap mass analyzer was operating under AGC control. 
We identified this time frame based on when the IT time was < 3000 ms, or the maximum IT 
time. As a secondary check on AGC control, we confirmed that the TIC*IT variation was < 20% 
for all the scans used in our isotope ratio analysis. In many cases, different acquisitions of a 
given experiment stayed under AGC control for different lengths of time, likely due to minor 
inconsistencies in the overall abundance in analyte concentration from acquisition to acquisition. 
We used the most conservative (i.e., shortest) time frame for all acquisitions within an 
experiment. Prior studies that have used the Orbitrap to perform isotope ratio measurements have 
used a NL score-based culling threshold of 10% to decide which scans to use in isotope ratio 
measurements (Zeichner et al., 2022; Wilkes et al., 2022). However, we noticed that this 
threshold was not as applicable to the study of such small sample sizes; the time frame where our 
measurement of fragment ions by reservoir elution left AGC control ranged in what the intensity 
of the unsubstituted fragment was relative to the total ion current (NL score/TIC; e.g., 3-40%). 
For cases where the NL score / TIC < 5% when the measurement was no longer under AGC 
control, we used a 5% baseline as a cutoff. 

We explored the use of baseline corrections for our measurements. In all cases, the baseline 
for the Murchison sample was higher than the standard, and so we expect that baseline 
subtraction would increase the isotope ratio of our samples relative to our standards. However, to 
perform adequate baseline corrections, it is critical to measure the background under AGC 
control. The background was only observed under AGC control for one experiment—the 
measurement of the 126 fragment—and otherwise the background prior to the elution of the 
analyte peak out of the reservoir was observed under conditions of maximum IT. We perform a 
background correction for the 126 fragment, where we subtract an average of the NL score for 
unsubstituted and the substituted fragment ion masses during the background scans from each of 
the scans selected within our chosen time frame for data analysis, prior to conversion to ion 
counts, described below. Note that the incorporation of this background correction for the 126 
fragment measurement did increase the σSE due to having fewer counts to quantify and use in the 
computation of the isotope ratio of the fragment. For all other fragments, we report the relative 
height of the NL score of the background to that of the eluting peak (Table S3), but do not 
perform any quantitative baseline correction.  



Raw data files report signal intensities, which must be converted into the number of ions 
(‘ion counts’) to compute isotope ratios. To calculate isotope ratios for each chromatographic 
peak, we next converted NL scores for each remaining scan into ion counts (Eiler et al., 2017):   

𝑁!" =	
𝑆
𝑁 ∗

𝐶#
𝑧 ∗ :

𝑅#
𝑅 ∗	<𝜇	(𝐸𝑞𝑛. 𝑆2), 

where Nio is the number of observed ions, S is the reported signal intensity (NL score) for the 
molecular or fragment ion in question, N is the noise associated with that signal, R is the formal 
resolution setting (defined for m/z 200) used, RN is a reference formal mass resolution at which 
eqn.2 was established, CN is the number of charges corresponding to the noise at reference 
resolution RN (4.4; a constant established by prior experiments; see Eiler et al., 2017), z is the 
charge per ion for the fragment of interest, and 𝜇 is the number of microscans (i.e., sequential 
Orbitrap ion packet injections that were averaged, analyzed by fast-Fourier transform, and 
reported as a single scan).  

To compute isotope ratios, we take scans where the monoisotopic peak intensity (NL score) 
is under AGC control, as described above. The unsubstituted and monoisotopic ions in the 
remaining scans were respectively summed, and then divided to calculate the isotope ratio of 
interest. We report both fragment and position-specific isotope ratios in the common “delta” (δ) 
notation (Equation 1). We explicitly state the reference frame for each reported value and use 
subscripts on delta values to denote the compound or carbon position for which the isotope value 
is being reported. With our delta values, we report the standard error for isotope ratio 
measurements across replicate acquisitions (𝜎SE; Equation 7). Both 𝜎 and 𝜎 SE are reported in 
per-mille (‰).To refer to 𝜎 SE of specific fragments, “f”, we refer to them as 𝜎 SE – f.  

We compare our achieved 𝜎$% 	with the theoretical “shot noise limit” of each acquisition 
based on the number of observed counts: 

&!"#
'

= A (
∑*$%

+	 (
∑ +$%	

	(𝐸𝑞𝑛. 𝑆3), 

where &!"#
'
	is the shot noise limit on a single acquisition, which is calculated based on ∑𝐶!"	and 

∑𝑐!"  — the sums of all the counts for the substituted and unsubstituted molecular or fragment 
ions of interest, respectively. The shot noise limits represent the best-case uncertainty on a 
measurement of the N/n ratio and serves as a useful point of comparison with acquisition errors 
and experimental reproducibility, 𝜎 and 𝜎'$%, as defined above.  
 
Fragments constraining other molecular positions 

We attempted to measure two additional fragments: a 138.01607 Da fragment of aspartic 
acid that would allow us independently constrain the isotope values of the methylene and second 
carboxyl sites, and a 70.082874 and 139.0238 Da fragment of β-alanine that would allow us to 
constrain the isotope value of the methylene and carboxyl (C1+C2) carbon sites together. 
However, these masses fell within mass windows that often had fragments from other co-eluting 
and near-co-eluting compounds. It was impossible to get an adequately clean mass window for 
suitable isotope ratio measurements of these fragments (i.e., mass windows where there were not 
prominent (>20% of the NL score of the base peak) contaminant fragment ions), but future 
studies may be able to achieve this measurement with improved chromatography or offline 
preparatory separation steps.  

The matrices used and equations used for these position-specific computations for all three 
compounds are depicted in Figure S2. Figure S2 also includes additional equations that could be 



used to constrain all of the carbon sites in each molecule, given additional measurements of 138 
Da fragment of aspartic acid, 70 and 139 Da fragments of β-alanine and the 184 fragment of α-
alanine. 
 
Error propagation 

Because each position-specific isotope value is measured indirectly, we must propagate the 
errors from fragment isotope ratio measurements, which we did for each fragment of aspartic 
acid as follows:  

 
𝜎$%-*(=<(5 ∗ 𝜎$%-((.)/ + (6 ∗ 𝜎$%-(01)/	(𝐸𝑞𝑛. 𝑆4) 

 
𝜎$%-*/=4 ∗ 𝜎$%-((.	(𝐸𝑞𝑛. 𝑆5) 

 
𝜎$%-*.2*3=<(6 ∗ 𝜎$%-(01)/ + (4 ∗ 𝜎$%-(45)/	(𝐸𝑞𝑛. 𝑆6) 

 
We note that errors on our position-specific isotope ratios are correlated due to the use of 

each fragment measurement in multiple calculation. Errors on the position-specific carbon 
isotope value of the amine (C3) carbon of β-alanine was calculated as follows: 

 
𝜎$%-*.=3 ∗ 𝜎$%-(/5	(𝐸𝑞𝑛. 𝑆7) 

 
 
To compute the error on the position-specific carbon isotope value of the amine carbon (C2) 

of ⍺-alanine, we added errors reported by (Chimiak et al., 2021)with propagated errors from our 
140 fragment measurements of the sample and standards added in quadrature as follows: 

 
𝜎$%-*/=𝜎$%-*.,*7!8!9: + 4 ∗ <(𝜎$%-(3;-<=9>?9@?)/ + (𝜎$%-(3;-<98ABC)/	(𝐸𝑞𝑛. 𝑆8) 
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Figure S1. Mass windows of measured mass spectral fragments. Peak capture experiments measured narrowed mass windows 1 
centered around the unsubstituted mass fragment of interest.  2 
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Figure S2. Matrix math and equations to compute position-specific d13CPDB values. (A) Aspartic acid matrix math and equations. 5 
(B)  β-alanine matrix math and equations. (C) α-alanine matrix math and equations. All equations are written to compute full 6 
conversion of position-specific isotope values within mPDB* space (computed by adding the d13CPDB value of the house standard, 7 
included in the upper right corner of each panel in blue). Properties and equations used in this study are bolded and in black; other 8 
equations that could be used to fully constrain all sites of each molecule are included for completeness but in grey. 9 
 10 
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Table S1. Mass spectral fragment isotope ratios and delta values. Mass spectral fragment 12 
isotope ratios for aspartic acid, β-alanine and ⍺-alanine from Murchison, reported as both 13 
Rsample/Rstandard and d13Chouse standard. Values are reported along with molecular average d13CVPDB of 14 
amino acid standards, measured by EA. Reported errors are 1σSE.  15 
 16 

 
standard 
d13C± σSE 

(‰, VPDB) 
Fragment Specimen Carbon 

sites 
Rsample/Rstd 

(σSE) 

Murchison 
d13C± σSE 
(‰, house 
standard) 

Aspartic 
acid -22.14±0.07 

113 Spring 21 A,B,C,D 1.0055 
(0.004) 5.5±4.1 

156 Spring 21 B 1.0033 
(0.002) 3.3±2.4 

156 Winter 22 B 1.0020 
(0.001) 2.0±1.4 

198 Spring 21 C,D 0.9987 
(0.002) -1.3±2.3 

β-Alanine -27.09±0.04 126 Winter 22 B 1.020 
(0.008) 20.1±7.9 

α-Alanine -19.60±0.24 140 Winter 22 A,B 1.028 
(0.0003) 27.7±1.2 

 17 
 18 
Table S2. Position-specific carbon isotope ratios. Delta values are reported both relative to our 19 
house amino acid standards as well as converted to our mPDB* reference frame. Reported errors 20 
are propagated σSE. 21 
 22 

Carbon 
letter Specimen Carboxyl 1 Amine Average of Methylene + 

carboxyl 2 

  

d13C 
(‰, 
vs 

std) 

d13C 
(‰, 

mPDB*
) 

σSE 
d13C 

(‰, vs 
std) 

d13C (‰, 
mPDB*) σSE 

d13C 
(‰, vs 

std) 

d13C 
(‰, 

mPDB
*) 

σSE 

Aspartic 
acid 

Winter 22 -  - 7 -14 5 -  - 

Spring 21 35 13 25 13 -9 10 -10 -32 17 

β-
alanine Winter 22 -  - 60 33 24 -  - 

α-
alanine Winter 22    128 109 20    

23 



Table S3. Experimental conditions for Spring 2021 and Winter 2022 specimens.  24 

Specimen, 
Date of 

measurement 
Compound Fragment 

Orbitrap 
parameters 

(AGC 
target, 

resolution, 
AQS 

window) 

Valve 
turn 

timing 

Peak 
integration 

timing 

Background 
timing (if 

applicable) 

Maximum 
NL score 

(NL score of 
background) 

Spring 2021, 
4/29/2021 

Aspartic 
acid 156 

2*105, 
120,000,  

153 to 160 

18.05 
to 19.6 

18.7 to 
24.5 n/a 5*105 

(5*103) 

Spring 2021, 
4/30/2021 

Aspartic 
acid 113 

5*104, 
120,000,  

153 to 160 

18.05 
to 19.6 

18.7 to 
26.7 n/a 2*105 

(8*103) 

Spring 2021, 
5/3/2021 

Aspartic 
acid 198 

2*105, 
120,000,  

153 to 160 

18.05 
to 19.6 18.7 to 25 n/a 5*105 

(5*103) 

Winter 2022, 
1/31/2022 

Aspartic 
acid 156 

2*105, 
60,000,  
153.5 to 

159.5 

36.4 to 
36.75 

36.7 to 
41.3 n/a 1.5*105 

(3.93*103) 

Winter 2022, 
2/3/2022 β-Alanine 126 

2*105, 
60,000,  
123.5 to 

129.5 

19.3 to 
20.2 19.7 to 39 19.4 to 19.55 3.12*105 

(1.14*104) 

Winter 2022, 
2/3/2022 ⍺-Alanine 140 

2*105, 
60,000,  
137.5 to 

144.5 

13.6 to 
14.3 

13.99 to 
26.3 n/a 5*105 

(8*103) 

 25 
Table S4. Blanks.  26 

 Retention time Murchison, NL 
score 

GSFC Blank, NL 
score 

Caltech Blank, NL 
score 

⍺-Alanine 13.74 2.21*108 3.45*105 <1*104 

β-Alanine 19.61 2*107 <1*104 <1*104 

Aspartic acid 36.9 1.1*106 3*104 <1*104 

 27 
  28 



Table S5. Prior compound specific carbon isotope values of Murchison amino acids. Note that 29 
the reported range of values for each compound may reflect heterogeneities or some terrestrial 30 
contamination. 31 

 32 
 33 
Table S6. Prior compound specific carbon isotope values of putative organic precursor and 34 
intermediate compounds. 35 

 36 
 37 
 38 

Amino acid d13C (‰, VPBD) Reference 

⍺-Alanine 

+51.7±1.9 (D), +38.5±(2.2) (Pizzarello et al., 2004) 
38±10 (D), 40±19 (L)  (Elsila et al., 2012) 
+49±5 (D), +38±5 (L) (Glavin et al., 2020a) 

+25.5±3 (Chimiak et al., 2021) 
+30 (D), +27 (L) (Engel et al., 1990) 
+52 (D), +38 (L) (Engel et al., 1990) 

 

Aspartic acid +25.2 (D), -6.2 (L) (Pizzarello et al., 2004) 
+4 (Pizzarello et al., 1991) 

 

β-Alanine 

+4.9±0.5 (Pizzarello et al., 2004) 
+10±6 (Elsila et al., 2012) 
+10±1  (Glavin et al., 2020a) 

+5 (Pizzarello et al., 2006) 

 Compound d13C (‰, VPBD) Reference 

Murchison and 
Murchison parent 

body 

Butyric acid +11 (Pizzarello et al., 
2006) 

Carbon monoxide -32 (Pizzarello et al., 
2006) 

Carbon dioxide +29.1 (Pizzarello et al., 
2006) 

KCN +5±3 (Pizzarello, 2014) 
Dicarboxylic and 

hydroxy dicarboxylic 
acid, Murchison 

-6 (Cronin et al., 1993) 

 
Cometary HCN +16 (+262, -172‰) (Cordiner et al., 2019) 

 
Interstellar CO +110 to +160‰ (Lyons et al., 2018; 

Chimiak et al., 2021) 
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