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Meteoritic Abundances of Fatty Acids and Potential Reaction Pathways in

Planetesimals

James C.-Y. Lai', Ben K. D. Pearce''2, Ralph E. Pudritz"?, and Drake Lee!

The origin of fatty acids on the prebiotic Earth is important as they likely formed the encapsulating
membranes of the first protocells. Carbon-rich meteorites (i.e., carbonaceous chondrites) such as
Murchison and Tagish Lake are well known to contain these molecules, and their delivery to the early
planet by intense early meteorite bombardments constitutes a key prebiotic source. We collect the
fatty acid abundances measured in various carbonaceous chondrites from the literature and analyze
them for patterns and correlations. Fatty acids in meteorites include straight-chain and branched-
chain monocarboxylic and dicarboxylic acids up to 12 carbons in length—fatty acids with at least
8 carbons are required to form vesicles, and modern cell membranes employ lipids with ~12-20
carbons. To understand the origin of meteoritic fatty acids, we search the literature for abiotic fatty
acid reaction pathways and create a candidate list of 11 reactions that could potentially produce
these fatty acids in meteorite parent bodies. Straight-chain monocarboxylic acids (SCMA) are
the dominant fatty acids in meteorites, followed by branched-chain monocarboxylic acids (BCMA).
SCMA are most abundant in CM2 and Tagish Lake (ungrouped) meteorites, ranging on average
from 102 ppb to 4x10° ppb, and 10* ppb to 5x10° ppb, respectively. In CM, CV, and Tagish Lake
meteorites, SCMA abundances generally decrease with increasing carbon chain length. Conversely,
SCMA abundances in CR meteorites peak at 5 and 6 carbons in length, and decrease on either
side of this peak. This unique CR fatty acid distribution may hint at terrestrial contamination,
or that certain fatty acid reactions mechanisms are active in different meteorite parent bodies
(planetesimals). We identify Fischer-Tropsch-type synthesis as the most promising pathway for

further analysis in the production of fatty acids in planetesimals.
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1. INTRODUCTION

Primitive cells (protocells) are a key component in
the emergence of life as they allow for the concentra-
tion and protection of organics from the external envi-
ronment, and the evolution of genetic material (Damer
land Deamer| 2015, [Meierhenrich et al.|[2010)). Protocells
have two key components: an information polymer and
an encapsulating membrane (Schrum et al[2010). In the
RNA world hypothesis, the first self-replicating informa-
tion polymers to form on Earth were RNA (Gilbert|[1986]

2005). When immersed in water, these molecules spon-
taneously self-assemble into bilayers, which in turn form
vesicles (Deamer et al.||2002, [Deamer and Pashley|[1989,
[Markvoort et al.|[2010).

While the majority of life today uses phospholipids in
its cellular membranes, it is expected that the original
molecules in membranes were smaller and less complex
(Deamer et al.[2002)). Lipids in modern cell membranes
generally have carbon chains 12-20 carbons long
land Pashley||1989)), whereas vesicles can be composed of
a single fatty acid type as short as 8 carbons in length

[Neveu et al.|2013| [Pearce et al.[2017)), and the first encap-
sulating membranes were likely fatty acid vesicles (Damer
and Deamer|2015| Deamer et al.|2002, [Meierhenrich et al.

(Apel et al|[2002). Meteorites contain fatty acids 2-12
carbons in length; therefore vesicles could indeed form
directly out of meteorite-delivered fatty acids (Naraoka:

2010, [Schrum et al.||2010).

As with the amino acids and nucleobases, the pres-
ence of fatty acids in meteorites suggests a planetesi-
mal origin of these molecules. (Planetesimals are ap-
proximately 1-100 km-sized bodies originating from the
protoplanetary disk.) Fatty acids are the most abun-
dant water-soluble organic compounds in carbon-rich
meteorites (i.e., carbonaceous chondrites) (Huang et al.
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let al.[[1999, Shimoyama et al.||1989, 1986).

In previous works, we collected and compared the
abundances of amino acids (Cobb and Pudritz|[2014) and
nucleobases (Pearce and Pudritz [2015) within different
types of carbonaceous chondrites. We then simulated the
formation of these biomolecules within meteorite parent
bodies and compared the resulting abundances with the
meteoritic data. We determined the dominant reaction
pathways for amino acids and nucleobases to be Strecker
synthesis (Cobb et al|[2015) and Fischer-Tropsch-type
synthesis (Pearce and Pudritz|2016), respectively.

In this paper we extend our analyses of organics within
meteorites to fatty acids by first collecting from the pub-
lished literature the abundances of these molecules across
the various carbonaceous chondrite types. We focus our



TABLE 1. Glossary of terms.
Term Definition

SCMA straight-chain monocarboxylic acid
BCMA branched-chain monocarboxylic acid
SCDA straight-chain dicarboxylic acid
BCDA branched-chain dicarboxylic acid
CM  Mighei-type carbonaceous chondrite
CR Renazzo-type carbonaceous chondrite

C2  Ungrouped carbonaceous chondrite of petrologic type 2

analysis on 4 types of aliphatic fatty acids: straight-chain
monocarboxylic acids (SCMA), branched-chain mono-
carboxylic acids (BCMA), straight-chain dicarboxylic
acids (SCDA), and branched-chain dicarboxylic acids
(BCDA). However, because the majority of meteoritic
fatty acid studies to date have focused on measuring
SCMA, the majority of our data and analysis are on
this fatty acid type. A few short-chain aromatic car-
boxylic acids are also present in carbonaceous chon-
drites (Martins et al[|2006). Although the permeation of
these molecules through lipid bilayers has been studied
(Thomae et al.[[2005)), such molecules are not thought to
be incorporated into protocells. We analyze the fatty acid
abundances in meteorites for patterns and search for cor-
relations between fatty acids and other fatty acids, fatty
acids and amino acids, and fatty acids and nucleobases.

We then perform a survey of the reaction routes that
potentially formed these molecules within meteorite par-
ent bodies. We focus on reactions that could occur in
planetesimal interiors, and whose reactants are likely to
have been present within such environments.

In section 2] we summarize the quantitative analyses
of fatty acids in meteorites, and display the meteoritic
abundances of fatty acids in search of patterns. In this
section, we also look for correlations between abundances
of straight-chain and branch-chain fatty acids, and com-
pare abundances of fatty acids with those of glycine and
guanine in the same meteorites. Then, in section (3| we
list all well-known abiotic reaction mechanisms which
form the types of fatty acids found in meteorites. We
then reduce these mechanisms to a candidate list of re-
action pathways which may have produced fatty acids in
meteorite parent bodies. Next, in section [d] we suggest
the dominant fatty acid synthesis pathways in these bod-
ies based on the reactant abundances available in plan-
etesimal interiors. In section [5| we discuss the distinct
fatty acid distributions in CR and CM meteorites (see
Table [1] for glossary of terms). Finally, in section @ we
summarize the main findings in this paper and state the
future direction of our work.

2. METEORITIC FATTY ACIDS

Fatty acids are generally hydrocarbon chains capped
by a carboxyl group (C(=0)OH). Diotic fatty acids (di-
carboxylic acids) are capped by two carboxyl groups.

d O O

FIG. 1. a) The general form of a carboxylic acid, and exam-
ples of b) a straight-chain monocarboxylic acid (SCMA), c) a
branched-chain monocarboxylic acid (BCMA), d) a straight-
chain dicarboxylic acid (SCDA), and e) a branched-chain di-
carboxylic acid (BCDA). Carboxylic acids are amphiphiles,
consisting of a straight or branched hydrophobic carbon chain
and one or more hydrophilic carboxyl groups. Molecules b)—e)
are pentanoic acid, 3-methylbutyric acid, pentanedioic acid,
and methylbutanedioic acid, respectively.

The majority of fatty acids found in carbonaceous chon-
drites are monocarboxylic acids; however there is also
limited data on dicarboxylic acids. The general form
of a carboxylic acid is represented in Figure [Th, fol-
lowed by examples of a straight-chain monocarboxylic
acid (SCMA), a branched-chain monocarboxylic acid
(BCMA), a straight-chain dicarboxylic acid (SCDA),
and a branched-chain dicarboxylic acid (BCDA) in Fig-
ure [[b—e. R represents the branched or unbranched hy-
drocarbon chain potentially capped by a carboxyl group.
For example, in Figure [Ip, R represents a hydrocarbon
chain of length four. In branched-chain fatty acids, hy-
drocarbon chains can branch off of the main hydrocarbon
tree at one or more locations. Varying the length and the
branching of the R chain varies the identity of the car-
boxylic acid.

2.1. Meteoritic Fatty Acid Data

We search the literature for all analyses of fatty acids in
meteorites to date and compile the reported abundances.



Fatty acids have been detected and quantified in CR,
CM, CV and C (ungrouped) carbonaceous chondrites,
spanning petrologic types 1-3. Meteorites are classified
into petrologic types based on their level of hydrother-
mal alteration, the significance being that aqueous-based
chemistry could have occurred in their parent bodies. For
a summary on meteorite classification, see Appendix A.
We present a summary of the fatty acid meteoritic data
in Table in Appendix B.

Analytical and extraction techniques differ from study
to study, which may vary the losses and accuracy of the
measured fatty acid abundances. Furthermore, mete-
oritic samples are susceptible to low levels of contami-
nation during sample storage (Aponte et al.|[2011). In
one sample case (Tagish Lake 11v), small concentrations
of contaminant have been measured (Hilts et al.|2014]).
However, deuterium enrichments, the lack of dominant
hexadecanoic acid (SM16) and octadecanoic acid (SM18)
abundances, and the low levels of amino acid contamina-
tion in the analyzed meteorite samples suggest that the
abundances of fatty acids in these studies are largely ex-
traterrestrial in origin. Moreover, the decreasing fatty
acid abundances for increasing carbon-chain length in
the C2 (Tagish), CM, and CV meteorites is indicative
of an extraterrestrial origin (Lawless |1973| Lawless and
Yuen||1979). For the CR meteorites, the peak in fatty
acid abundances at 5-6 carbons may suggest some level
of terrestrial contamination. Increased ambiguity also
exists for the CR samples due to their lack of deuterium
data. For more details on the experimental methods used
in the fatty acid analyses, and a discussion on contami-
nation, see Appendices B and C, respectively.

2.2. Fatty Acid Abundances in Meteorites

Fatty acid abundances are reported in parts-per-billion
(ppb) per mass of bulk meteorite material. In Figures ,
2B, and 3] we display SCMA abundances in CM, CR,
and Tagish Lake (ungrouped) meteorites, respectively.
Data points are connected to aid in the tracing of abun-
dances of any particular SCMA across different mete-
orites. SCMA are referred to by their carbon chain
length (see the left column of Table. Meteorites are or-
dered by petrological type, and then by decreasing abun-
dance of SM2: the shortest and typically most abundant
SCMA.

One of the CM meteorites analyzed for SCMA is of
petrologic type 1, and thirteen are of petrologic type 2
(see Appendix A for details on petrologic types). Half of
the CM2 meteorites analyzed are samples of the Murchi-
son meteorite; we have labeled these with identifiers in
parentheses, as noted in Table SCMA with chain
lengths 2—12 carbons long were detected. In most cases,
SM2 is the most abundant SCMA within CM meteorites,
with the other SCMA decreasing in abundance with in-
creasing chain length. SM2-SM12 abundances in CM
meteorites range from 1 ppb to 3.2x10% ppb. Within

TABLE 2. Shorthand names used for straight-chain mono-
carboxylic and dicarboxylic acids in this paper.

Shorthand TUPAC Name  Shorthand TUPAC Name

SM2 Ethanoic acid SD2 Ethanedioic acid
SM3 Propanoic acid SD3 Propanedioic acid
SM4 Butanoic acid SD4 Butanedioic acid
SM5 Pentanoic acid SD5 Pentanedioic acid
SM6 Hexanoic acid SD6 Hexanedioic acid
SM7  Heptanoic acid SD7 Heptanedioic acid
SM8 Octanoic acid SD8 Octanedioic acid
SM9 Nonanoic acid SD9 Nonanedioic acid
SM10  Decanoic acid SD10  Decanedioic acid
SM11  Undecanoic acid SD11  Undecanedioic acid
SM12  Dodecanoic acid

just the Murchison meteorite, SM2 abundances span 2
orders of magnitude. This is consistent with other or-
ganics (e.g., amino acids, nucleobases) in samples of the
Murchison meteorite, which also span at least an order of
magnitude (Cobb and Pudritz]|2014, [Pearce and Pudritz
2015).

No SCMA with chain lengths longer than 12 were de-
tected. This is likely a consequence of the decreasing
thermodynamic favourability of producing fatty acids in
meteorite parent bodies with increasing chain lengths. In
this case, SM13 abundances in meteorites may simply be
too low to detect.

One of the CR meteorites analyzed for SCMA is of
petrologic type 1, four are of petrologic type 2 and two
are of petrologic type 3. The longest SCMA chain de-
tected in CR meteorites is 10 carbons long. Only EET-
87770 matches the trend of the CM meteorites, show-
ing decreasing abundance with increasing chain length.
EET-87770 also contains 1-2 orders of magnitude less
SM5-SM10 compared to the other CR meteorites. All
other CR meteorites contain higher abundances of SM4—
SM9 compared to the shorter and longer SCMA. SCMA
abundances in CR meteorites range from 1 ppb to
1.5x10%*ppb.

SCMA abundances were analyzed in 8 samples of the
ungrouped Tagish Lake meteorite, which is of petrologic
type 2. The analyses performed did not determine SM5
and SM7 abundances, and did not search for fatty acids
longer than SM10. SCMA abundances in the Tagish
Lake meteorite samples follow the same pattern as the
CM meteorites: SCMA abundances decline with increas-
ing chain length. SCMA abundances in the ungrouped
Tagish meteorites range from 10 ppb to 1.8x107 ppb.

For each number of carbons, there can be many dif-
ferent BCMA molecules. BCMA with the same num-
ber of carbons differ by the location in the carbon
chain where branching occurs. For example, BCMA
with 5 carbons include S-(+)-2-methylbutyric acid, R-
(-)-2-methylbutyric acid, 3-methylbutyric acid and 2,2-
dimethylpropanoic acid. We display BCMA as a sum of
all permutations with the same number of carbons (e.g.,
YBMS5 refers to the sum of the 4 molecules listed above)
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expressed in parts-per-billion (ppb). SCMA are labelled by their carbon chain length; see Table |2[ for corresponding TUPAC
names. Fatty acid abundances in CM and CR meteorites range from 1 ppb to 3.2x10°% ppb and 1 ppb to 1.5x10* ppb,

respectively.

as some studies did not analyze these molecules sepa-
rately.

In Figure[d] we display BCMA abundances in CR- and
CM-type meteorites. BCMA with 4-10 carbons were de-
tected. CR meteorites have higher abundances of higher-
carbon-number BCMA (i.e., ¥XBM5, ¥XBM6, XBMS8) than
the lowest-carbon-number BCMA (i.e., ¥BM4). BCMA
in CM meteorites, however, demonstrate lower abun-
dances with increasing carbon number. These behaviors
match those of the SCMA in CR and CM meteorites.
BCMA in CR and CM meteorites range from 80 ppb to
2.9x10* ppb, and 520 ppb to 1.8x10° ppb, respectively.

For further meteoritic data, including dicarboxylic
acids and the sum of all fatty acids within each mete-

orite, see Appendix D.

2.3. Fatty Acid Comparisons and Correlations

In Figure[5] we compare the abundances of each SCMA
with the sum of BCMA with the same carbon number
(e.g. SM4 is compared with XBM4). We perform a Pear-
son correlation between each pair of abundances within
all meteorites where measurements were available. For
carbon numbers up to 7, the SCMA and sum of BCMA
abundances are correlated with a significance of p < 0.05
(however, for the SM7/YBMT7 comparison, there were
only 5 meteorite samples; therefore this particular cor-
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relation may not be statistically significant). In Figure [f] we compare SCMA abundances with the
most abundant amino acid, glycine, and the most abun-

For a carbon number of 8, the SCMA and sum of  dant nucleobase, guanine, in carbonaceous chondrites. In
BCMA abundances are not correlated. This suggests some studies, meteorite samples were analyzed for both
that the dominant reaction mechanism forming SCMA  SCMA and glycine (e.g., Hilts et al| (2014), [Pizzarello|
up to ~7 carbons in length in meteorite parent bodies  |et al] (2008, [2012)). In other cases, glycine, guanine and
may be the same as the reaction mechanism forming the SCMA were analyzed in different samples of the same
BCMA with as many carbons. For a given carbon num- meteorite, in separate studies. For example, there are
ber <7, the abundances of SCMA and the sum of BCMA  geveral large fragments of the Murchison meteorite which
are very close across all meteorites. This suggests that  are curated at different facilities. For meteorites like
it is equally favourable to form a particular SCMA with Murchison, where glycine and guanine were analyzed in

less than ~7 carbons as it is to form all the BOCMA with  separate samples from the SCMA analysis, glycine and
an equivalent number of carbons.
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FIG. 5. Correlation plots of meteoritic straight-chain monocarboxylic acids (SCMA) to the sum of meteoritic branched-chain
monocarboxylic acids (BCMA) with the same carbon number. p-values correspond to the significance of correlation, and N
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acid, R~(-)-2-methylbutyric acid, 3-methylbutyric acid and 2,2-dimethylpropanoic acid.

guanine abundances were collected from studies which
obtained their meteorite samples from the same curator
as the SCMA study (e.g. Smithsonian National Museum
of Natural History).

There does not appear to be a relation between the
abundances of fatty acids and abundances of amino acids
or nucleobases across meteorite samples. Glycine ranges
from one order of magnitude more abundant to four or-
ders of magnitude less abundant than SCMA in mete-
orites. Glycine is more abundant than all SCMA in the

CR2, CR3 and two of the CM2 meteorites (Y-791198 and
Y-74662). In the remaining CM2 meteorites, and the one
CR1 meteorite, most or all SCMA are more abundant
than glycine.

Why is there such a strong variation in which of
these molecules are most abundant in carbonaceous chon-
drites? Part of the answer is likely due to the fact that
SCMA and amino acids are produced from different reac-
tants, i.e., the Strecker synthesis of amino acids requires
NHj3 and HCN, whereas SCMA are likely produced from
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reactants like Ho, CO and other non-nitrogen-containing
molecules (see Table [3). The variable initial concentra-
tions of these reactants within meteorite parent bodies
will cause amino acid and SCMA abundances to fluctu-
ate in meteorites. Competition between reactions also
plays a role in how much of each molecule is produced.
For example, if initial NH3 abundances are low within
a meteorite parent body, the formation of hydroxy acids
will be favoured over amino acids (Cobb et al|2015]).

Guanine abundances are comparable to 5 orders of
magnitude lower than SCMA abundances in meteorites.
Both nucleobases and SCMA can form via a Fischer-
Tropsch-type (FTT) reaction, i.e.,

metal catalyst
_—

CO + H2 + other - products,

(1)

However unlike SCMA, nucleobases also require NHjz
(in the place of “other” in the above equation) to form by
FTT synthesis in meteorite parent bodies. Moreover, a
significant portion of nucleobase synthesis in CR2 mete-
orite parent bodies is thought to take place through path-
ways involving HCN (e.g. 5HCN +H90 —— Guanine +
H2) (Pearce and Pudritz/2016). Thus, it is conceivable
that the variation in relative guanine and SCMA abun-
dances in meteorites can be explained by the difference in
initial concentrations of these reactive nitrogen molecules
within meteorite parent bodies.

In Figure[D3] we compare amino acids and their mono-
carboxylic acid decay products within several meteorites
and find no correlation.

2.4. Fatty Acid Abundance Patterns

In Figure[7] we plot the average SCMA abundances in
the different meteorite subclasses. A downward trend of
average SCMA abundances with increasing carbon length
is apparent in the CM1, CM2, C2 (ungrouped), and CV3
meteorites. This trend is not apparent in the CR mete-
orites. The average SCMA abundances in CR meteorites
peak at SM5 or SM6, and decrease with both increasing
and decreasing carbon number from this central bump.

In Figure 8] we display the average abundance of each
SCMA within the Murchison and Tagish Lake meteorites
versus carbon-length. To calculate the averages for the
Tagish Lake meteorite, all eight available meteorite sam-
ple analyses were used. For the SCMA averages in the
Murchison meteorite, only the two samples which ana-
lyzed all SM2-SM10 monocarboxylic acids were used.

We see a striking, simple pattern: in both the Tagish
Lake and Murchison meteorites, average SCMA abun-
dances decrease with increasing carbon number. This
is likely a consequence of thermodynamics in the par-
ent bodies, where larger chains are less energetically
favourable to form in comparison to shorter chains, e.g.,
[Higgs and Pudritz| (2009). Given that the Tagish Lake
sample can be regarded as “pristine” in view of how it
was collected, this figure also suggests that the Murchison
data, in following the Tagish data trend, has relatively
low levels of terrestrial contamination (see Appendix C).

It is worth emphasizing that only SCMA with > 8 car-

bons form stable vesicles (Apel et al.[|2002)). Abundances
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can form stable vesicles (Apel et al.|[2002]).

of SCMA with > 8 carbons are on average 0-2 orders of
magnitude less abundant than those with < 7 carbons
in the Murchison and Tagish Lake meteorites. However,
average abundances of SCMA with > 8 carbons are still
relatively high (~10*-10° ppb) compared to biomolecules
such as guanine (~102 ppb) and glycine (~10%-10* ppb)
in the same meteorites.

2.5. Average Relative Fatty Acids Abundances

Fatty acid abundances can differ by several orders of
magnitude from one meteorite to another; therefore it
is important to analyze the abundances of fatty acids
in a relative way. In the left and right panels in Fig-
ure 9] we display the average abundances of SCMA rel-
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ative to SM2 in CM2, and CR2 meteorites, respectively.
In CM2 meteorites, average relative SCMA abundances
generally exhibit a decline with increasing chain length,
however SM12 is noticeably more abundant than SM10
and SM11. In CR2 meteorites, relative SCMA abun-
dances peak around SM5 and SM6 and decline for in-
creasing and decreasing carbons from that peak. Aver-
age relative SCMA abundances remain within 2 orders
of magnitude of SM2 for CM2 meteorites, and within 1
order of magnitude of SM2 for CR2 meteorites.

3. ABIOTIC FATTY ACID SYNTHESIS

In this section, we turn our attention to identifying
the potential reaction pathways which formed fatty acids
in meteorite parent bodies. We first search the literature
for all known SCMA, BCMA, SCDA, and BCDA reaction
pathways (see Table [1] for glossary of terms). We then
narrow these pathways down to a list of candidate reac-
tions that potentially produced fatty acids in meteorite
parent bodies. Fatty acid reaction pathways only make
it onto the candidate list if A) they can occur in the envi-
ronment of meteorite parent body interiors, and B) their
reactants are found in the spectra of comets. The latter
criterion is required as comets are generally thought to
be the most pristine bodies in our solar system, roughly
containing the same basic starting materials that were
available within planetesimals (Alexander| 2011 [Pearce|
[and Pudritz{|2016l Rauer|[2008], [Schulte and Shock|2004)).

3.1. Candidate Reaction Pathways in Planetesimals

In Table (3] we summarize 11 candidate reaction path-
ways that potentially produced fatty acids in meteorite
parent bodies. We also list the fatty acid types (SCMA,
BCMA, or SCDA) that the reactions are known to pro-
duce. None of the reaction pathways are known to pro-
duce BCDA, however this may be because BCDA are not
commonly analyzed in experiments. A slash (/) is used
to signify “or”.

3.2. Reaction Mechanisms

We categorize the main reaction mechanisms that form
straight- and branched-chain monocarboxylic and dicar-
boxylic acids into 5 groups below. We list these mech-
anisms in rough order of decreasing likelihood of occur-
rence within meteorite parent bodies.

Fischer-Tropsch-type (FTT) reactions have long been
suggested as a potential mechanism that formed the fatty
acids in meteorites (Hayatsu and Anders|[1981)). To form
SCMA and BCMA via this mechanism, carbon monoxide
must first be adsorbed onto the surface of a catalyst like
iron or nickel, and then react with Hy and water
12011} [Schulz et al|[1988). The fatty acid chain can then
be elongated or branched off through further reactions
with carbon monoxide and Hs, or shortened by reacting
with water (de Klerk 2011, |Schulz et al|[1988). FTT
reactions can occur both in the gas and aqueous phases.

Several non-catalytic (NC) reaction mechanisms are
known to form fatty acids. The three most likely to oc-
cur in meteorite parent bodies are the reaction of COq
with Hy (Shock and Canovas|2010)), the decay of a-amino
acids by loss of their amine functional group (-NHz) (El-
, and the reaction of CO5 with polycyclic
aromatic hydrocarbons (PAH) (Shock and Schulte|1990).
Other NC reactions are less likely to occur in meteorite
parent bodies because at least one of their reactants are
absent in comets. These include the degradation of sug-
ars (Novotny et al.|[2008), the hydrolysis of compounds
such as esters (Chandru et al|[2016, Day and Ingold
1941)), reactions of ketones with enols (de Klerk and Fu-
rimsky|2010), Arndt-Eistert synthesis (Wang|2008) and
Gallagher-Hollander degradation (Mundy et al.|2005]).

Some catalytic (CA) mechanisms (besides FTT syn-
thesis) also produce fatty acids. The four most likely
to produce fatty acids longer than SM2 in planetesimals
are the reaction of CO with acetylene (CoHs) in the pres-
ence of nickel sulfide (Scheidler et al.|2016)), the reaction
of aqueous formamide in the presence of carbonaceous
chondrite material (Rotelli et al|[2016), and the elon-
gation and shortening of carboxylic acids that are ad-
sorbed onto a catalyst like Fe or Ni through the reaction
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TABLE 3. Candidate list for fatty acid synthesis within meteorite parent bodies. Reactions 5, 6, and 7 represent reaction

processes, and no attempt is made to balance them.

Carboxylic Acid(s)

No. Type Reaction Produced Source(s)
Fe/none . . .

1  FTT nCO+ (2n-2)H2 (CH2)nO2 + (n-2)H20, n > 1 SCMA, BCMA Rushdi and Simoneit| (2001);
McCollom and Seewald| (2006});
de Klerk| (2011

2 NC nCO2(aq) + (3n—2)H2 (aq) — (CH2)n02 (aq) + (2n-2)H20 SCMA Shock and Canovas (2010

3 NC 2CO2 (aq) + HQ(aq) —— SD2 (aq) SCDA Shock and Canovas| (2010

4 NC oa-Aminoacid — Carboxylic acid + NH3 SCMA, BCMA Elsila et al.| (2016])

5 NC PAH(s) + CO2(g) + H20(1) — Carboxylic acid(aq) SCMA Shock and Schulte] (1990)

6 CA CO(aq) +C2H2(aq) —>le Carboxylic acid(aq) SCMA Scheidler et al.| (IQOl6I)

7 CA Formamide(aq) Carbonaceous meteorite dust Carboxylic acid(aq) SCMA, SCDA Rotelli et al,| 2016I)

Fe|Ni|oth

S CA (CH2)nO2 +CO +2Hy SNt o) nt102 + H20 SCMA, BOMA  [Schulz et al. (1988);
de Klerk] (2011

9 CA  Methanol + CO s SMo SCMA Yoneda et al. (2001

Pt + Al1203|Pd + C
10 CA  CHy+COp DUHAROSIPA+C o ) SCMA Wilcox et al. (2003
11 CA Ethanol + H20 %%, sMo 4 2H2 SCMA Xiang et al| (2003

FTT: Fischer-Tropsch-type, NC: Non-catalytic, CA: Catalytic.
PAH: polycyclic aromatic hydrocarbon.

SCMA: Straight-chain monocarboxylic acid, SCDA: Straight-chain dicarboxylic acid, BCMA: Branched-chain monocarboxylic acid.

with CO and Ha, and H,O, respectively (de Klerk![2011]

the presence of an iodine catalyst (Nakayama and Itoh|

[Schulz et al|1988). |Cody et al. (2004) also produced a
wide array of straight-chain and branched-chain mono-
carboxylic acids by reacting nonane thiol with carbon
monoxide in aqueous solution in the presence of transi-
tion metal sulfides. However, nonane thiol is not found
in comets, and is thus unlikely to be a reactant avail-
able within meteorite parent bodies. Carboxylic acids
can also be produced by hydrolyzing nitriles or oxidizing
aldehydes in the presence of acid catalysts such as sul-
fonic acid, hydrochloric acid, and quaternary ammonium
bisulfate (Sato et al.[2000} [Starks|[1970).

There are several possible reaction mechanisms likely
to produce SM2 (ethanoic acid) in planetesimals, in-
cluding the carbonylation of methanol in the pres-
ence of nickel (Yoneda et al|2001), the oxidation of
methane in the presence of an platinum/alumina or pal-
ladium/carbon catalyst (Wilcox et al.[2003), and produc-
tion from ethanol via the “aldehyde-water shift” reaction
in the presence of copper-chromium (Xiang et al.|[2003)).

Miller-Urey experiments have produced monocar-
boxylic and dicarboxylic acids using simple reactants
such as methane and nitrogen (Yuen et al.||1981} |Zeit-|
man et al[1974).

Cosmic ray simulation experiments have produced car-
boxylic acids through exposure of water and carbon diox-
ide to electrons (Kim and Kaiser|2010). Both cosmic rays
and ultraviolet radiation can also initiate gas-phase ion
chemistry, which has been demonstrated to produce car-
boxylic acids (Blagojevic et al]2003)). Finally, photode-
carboxylation (with visible light) of a-hydroxycarboxylic
acids has also been shown to produce carboxylic acids in

2008)).

The interior of a planetesimal is likely not an envi-
ronment where cosmic rays, electron beams, or ultravi-
olet or visible light would be present; therefore we only
consider FTT, NC and CA reactions as likely produc-
ers of carboxylic acids within meteorite parent bodies.
We acknowledge that some meteoritic carboxylic acids
may have originated from cosmic ray- and UV radiation-
driven chemistry on the surfaces of icy grains that later
accreted onto planetesimals; however we do not analyze
this hypothesis in this paper.

4. SUGGESTED DOMINANT REACTION
PATHWAYS

[Pearce and Pudritz (2016]) showed that the production
of nucleobases in meteorite parent bodies is mainly driven
by the initial concentration of each reaction’s limiting
reagent. In other words, whether a nucleobase reaction
will dominate in a meteorite parent body is more depen-
dent on the initial concentration of its reactants than the
magnitude of its thermodynamic favourability. If this
also holds true for fatty acid synthesis in meteorite par-
ent bodies, then we can analyze which reaction pathways
in Table |3] will dominate fatty acid synthesis in plan-
etesimals based on the concentrations of their reactants
within comets. Cometary concentrations are chosen in-
stead of meteoritic concentrations as the former are likely
the least aqueously altered bodies in the Solar System,
and thus, their molecular inventory may better repre-




sent the interiors of early icy carbonaceous planetesimals
(Alexander|[2011, [Pearce and Pudritz/|2016|, Rauer|[2008,
Schulte and Shock|[2004)). Furthermore, the mineralogy
and chemistry of CI and CM meteorites is consistent with
a cometary origin, and some carbonaceous asteroids are
even known to exhibit cometary activity (Scott and Krot
2003)).

In Table [4] we display cometary abundances of the re-
actants from the candidate reaction pathways of fatty
acid synthesis within planetesimals. HyO, CO, and Hs
are the most abundant fatty-acid-producing molecules in
comets, likely being incorporated into these bodies via
the agglomeration of condensates and/or clathrate hy-
drates in the protoplantary disk (Mousis et al.||2010]).
(Clathrates are cage-like ice structures which host
molecules like CO and Hs in the gas phase.) These
molecules suggest FTT synthesis may dominate the pro-
duction of SCMA and BCMA in meteorite parent bodies.

This conclusion is in agreement with the correlation
between SCMA and the sum of BCMA in meteorites for
carbon numbers < 7 (see Figure , which suggests the
dominant reaction pathway produces both of these fatty
acid types in meteorite parent bodies. Since COs is only
2—4 times less abundant than carbon monoxide, reaction
no. 2 may be the 2nd largest producer of SCMA. Due to
this relatively high concentration of CO5 in comets, re-
action no. 3 may be the leading producer of dicarboxylic
acids in planetesimals. Because the forward reaction no.
8 can elongate any SCMA and BCMA produced within
planetesimals, this reaction is likely very important in
the production of longer chain fatty acids in these bod-
ies. However, because of the relatively low amount of
formic acid (SM1) in comets, the source of shorter chain
fatty acids for forward reaction no. 8 is likely not directly
from the protoplanetary disk. Methanol and methane are
about an order of magnitude less abundant in comets
than CO, suggesting reaction nos. 9 and 10 may have
played a small role in producing SM2 within planetesi-
mals. All other reactants are more than an order of mag-
nitude less concentrated in comets, and thus likely only
produced a limited fraction of the fatty acids we observe
in meteorites.

5. DIFFERING FATTY ACID ABUNDANCE
PATTERNS IN CM AND CR METEORITES

Why is there a discrepancy between the fatty acid
abundance patterns in CR meteorites and those in CM
or C (ungrouped) meteorites? One solution is that cer-
tain reaction mechanisms (e.g., non-catalytic (NC) reac-
tions) could be active in different meteorite parent bod-
ies. In previous work, we found that NC nucleobase re-
actions were likely more significant in CR parent bodies
than in CM parent bodies, as carbon monoxide depletion
would have reduced FTT synthesis in CR2 parent bodies
(Pearce and Pudritz [2016). The evidence for this is in
the relatively high abundances of NH3—the usual limit-
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TABLE 4. Cometary concentrations of the potential reac-
tants of fatty acid synthesis, in percent normalized to wa-
ter. With the exception of Ha, ethanol, glycine, and benzene,
molecular concentrations represent those measured in the
spectra of comet Hale-Bopp (Mumma and Charnley||[2011)).
H2 has been detected in comets by rotationally resolved
molecular hydrogen transitions, and its abundance is thought
to be significant (Liu et al.|2007). The ethanol concentra-
tion represents the value measured in the spectra of Comet
Lovejoy (Biver et al[2015]). Glycine (the simplest amino acid)
and benzene (the simplest PAH) concentrations are measured
in the coma and on the surface of comet 67P/Churyumov-
Gerasimenko (Altwegg et al.|[2016] Wright et al.[2015)).

Reactant ~ Concentration (mol X/mol H2O)
H2O 100

CcO 12-23

H»> significant

CO2 6

Methanol 2.4

CH4 1.5

CaHa, 0.1-0.3

Ethanol 0.12
Formic acid 0.09
Formamide 0.015
Glycine 0-0.0025
Benzene low

ing reagent in the FTT synthesis of nucleobases—in CR2
meteorites (Monroe and Pizzarello||2011] Pizzarello and
Holmes|[2009). NHj3 would likely only have remained in
these meteorites if chemical reactions depleted CO, the
only carbon source in FTT synthesis, before NH3z within
CR2 parent bodies.

Another explanation is contamination. Having a de-
creasing fatty acid abundance with an increasing number
of carbon atoms is indicative of an extraterrestial origin
(see Appendix C), which may suggest that the major-
ity of the CR2 samples were subjected to some level of
contamination.

The answer to the source of fatty acids in CR-type
meteorites will remain unclear until more CR-meteorite
samples are measured for fatty acids and analyzed for
deuterium enrichment (see Appendix C for more details).

6. CONCLUSIONS

In this paper, we compile and examine fatty acid abun-
dances in meteorites and collect the potential reaction
pathways responsible for their formation within the par-
ent bodies. We focus our analysis on straight-chain
monocarboxylic acids (SCMA), branched-chain mono-
carboxylic acids (BCMA), straight-chain dicarboxylic
acids (SCDA) and branched-chain dicarboxylic acids
(BCDA), as these molecules have been demonstrated to
form vesicles or are suggested to be incorporated into the
membranous boundary of the first protocells. Fatty acids



have been detected in CM, CR, CV, and the Tagish Lake
meteorites, spanning petrologic types 1-3.

We discern various trends in the data by displaying
fatty acid abundances in different ways, and comparing
fatty acid abundances with those of amino acids, nucle-
obases and other fatty acids. We are especially inter-
ested in the systematic trends of abundances of fatty
acids with increasing carbon number, and the relative
abundances of straight versus branched chain molecules
in view of their incorporation into vesicles upon mixing
with water. We identified 11 candidate reaction pathways
that potentially form fatty acids within meteorite par-
ent bodies. We classified these pathways into three cate-
gories: Fischer-Tropsch-type (FTT), non-catalytic (NC),
and catalytic (CA). We will follow up on these proposed
reactions in a future theory paper on fatty acid synthesis.

The top three results from the meteoritic fatty acid
analysis are:

e On average, CM2 and Tagish Lake (ungrouped)
meteorites contain greater fatty acid abundances
than other meteorite subclasses. Average abun-
dances of SCMA in CM2 and Tagish Lake mete-
orites range from 102 ppb to 4x10° ppb, and 10*
ppb to 5x10° ppb, respectively. Average abun-
dances in CR2 meteorites range from 1-7x 102 ppb.

e Within CM, CV, and C (ungrouped) meteorites,
SCMA abundances generally decrease with increas-
ing chain length. Within CR meteorites, SCMA
abundances peak at chain lengths 5-6 carbons long.
These dissimilar patterns may suggest that the re-
action pathways producing fatty acids in CR parent
bodies differ from those that produce fatty acids in
other carbonaceous chondrite parent bodies. Al-
ternatively, the CR meteorite fatty acid abundance
pattern may be the result of some level of contam-
ination.

e For a given carbon number <7, SCMA abundances
are correlated with the sum of BCMA abundances
with a significance of p < 0.05. This suggests that
for shorter chains, the reaction pathway producing
SCMA within meteorite parent bodies is related to
that which produces BCMA, and for longer chains,
different reaction pathways are involved.

Other significant results from analysis of the meteoritic
data include:

e BCMA abundances similarly decrease with increas-
ing chain length in CM meteorites, and peak in
carbon numbers around 5-6 in CR meteorites.

e There is no correlation between SCMA abundances
in meteorites and glycine or guanine abundances
in meteorites. This is likely due to the fact that
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glycine and guanine are produced from NH3 and/or
HCN, which vary in initial concentrations in mete-
orite parent bodies, while SCMA are produced from
molecules that do not contain nitrogen.

e There is no correlation between amino acids and
their monocarboxylic acid decay products within
meteorite parent bodies. This suggests the amino
acid decay pathway (reaction no. 4 in Table |3) is
not the dominant source of monocarboxylic acids
within meteorite parent bodies.

The top two results from the analysis of fatty acid re-
action pathways are:

e We identified 11 candidate abiotic reaction path-
ways which possibly produced fatty acids within
carbonaceous chondrite parent bodies. However,
only seven of these candidate reaction pathways
were likely to produce fatty acids with more than 2
carbons. These reactions are categorized into three
types: FTT, NC, and CA.

e FTT synthesis is likely the dominant reaction path-
way producing SCMA and BCMA in meteorite par-
ent bodies. This is due to the likely high initial
concentrations of FTT reactants HyO, CO, and Ho
in planetesimals.

Other significant results from analysis of fatty acid re-
action pathways include:

e NC reactions of Hy with CO4 likely produced an
appreciable abundance of SCMA, BCMA, and may
have been the most abundant producer of dicar-
boxylic acids within planetesimals.

e The elongation reaction was likely key in the pro-
duction of longer chain SCMA and BCMA in me-
teorite parent bodies.

In a future study, we plan to computationally simu-
late each candidate reaction pathway in meteorite par-
ent body environments, and compare the results to the
measured meteoritic abundances collected in this paper.

ACKNOWLEDGMENTS

We would like to thank both anonymous referees for
their comments which resulted in improvements to this
paper. The research of J. C.-Y. L. was supported
by an NSERC Undergraduate Student Research Award
(USRA). B.K.D.P. is supported by an NSERC Postgrad-
uate Scholarship-Doctoral (PGS-D). R.E.P. is supported
by an NSERC Discovery Grant. D.L. was supported by
an NSERC CREATE Canadian Astrobiology Training
Program (CATP) Undergraduate Fellowship.



13

Aguilar, C., Toro-Mujica, P., Vargas-Bello-Pérez, E., Vera,
R., Ugalde, C., Rodriguez, Briones, 1., 2014. A comparative
study of the fatty acid profiles in commercial sheep cheeses.
Grasas Y Aceites 65, e048.

Alexander, C.M.O., 2011. A Common Origin for Organics in
Meteorites and Comets: Was It Interstellar?, in: Cernicharo,
J., Bachiller, R. (Eds.), The Molecular Universe: Proceed-
ings IAU Symposium No. 280, Cambridge University Press,
Cambridge. pp. 288-301.

Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, J.J.,
Bieler, A., Bochsler, P., Briois, C., Calmonte, U., Combi,
M.R., Cottin, H., De Keyser, J., Dhooghe, F., Fiethe, B.,
Fuselier, S.A., Gasc, S., Gombosi, T.I., Hansen, K.C., Haes-
sig, M., Ja ckel, A., Kopp, E., Korth, A., Le Roy, L., Mall,
U., Marty, B., Mousis, O., Owen, T., Reme, H., Rubin, M.,
Semon, T., Tzou, C.Y., Waite, J.H., Wurz, P., 2016. Pre-
biotic chemicals—amino acid and phosphorus—in the coma of
comet 67P/Churyumov-Gerasimenko. Sci Adv 2, e1600285—
€1600285.

Amer, B., Nebel, C., Bertram, H.C., Mortensen, G., Dals-
gaard, T.K., 2015. Direct Derivatization vs Aqueous Extrac-
tion Methods of Fecal Free Fatty Acids for GCMS Analysis.
Lipids 50, 681-689.

Apel, C.L., Deamer, D.W., Mautner, M.N.; 2002. Self-
assembled vesicles of monocarboxylic acids and alcohols: con-
ditions for stability and for the encapsulation of biopolymers.
Biochim Biophys Acta 1559, 1-9.

Aponte, J.C., Alexandre, M.R., Wang, Y., Brearley, A.J.,
Alexander, C.M.O.., Huang, Y., 2011. Effects of secondary
alteration on the composition of free and IOM-derived mono-
carboxylic acids in carbonaceous chondrites. Geochim Cos-
mochim Acta 75, 2309-2323.

Aponte, J.C., Tarozo, R., Alexandre, M.R., Alexander,
C.M.O.., Charnley, S.B., Hallmann, C., Summons, R.E.,
Huang, Y., 2014. Chirality of meteoritic free and IOM-derived
monocarboxylic acids and implications for prebiotic organic
synthesis. Geochim Cosmochim Acta 131, 1-12.

Biver, N., Bockelée-Morvan, D., Moreno, R., Crovisier, J.,
Colom, P., Lis, D.C., Sandqvist, A., Boissier, J., Despois, D.,
Milam, S.N., 2015. Ethyl alcohol and sugar in comet C/2014
Q2 (Lovejoy). Sci Adv 1, 15863.

Blagojevic, V., Petrie, S., Bohme, D.K., 2003. Gas-phase
syntheses for interstellar carboxylic and amino acids. Month
Not R Astron Soc 339, L7-L11.

Botta, O., 2005. Organic Chemistry in Meteorites, Comets,
and the Interstellar Medium, in: Lis, D.C., Blake, G.A.,
Herbst, E. (Eds.), Astrochemistry: Recent Successes and Cur-
rent Challenges, Cambridge University Press, Cambridge. pp.
479-488.

Botta, O., Bada, J.L., 2002. Extraterrestrial Organic Com-
pounds in Meteorites. SGeo 23, 411-467.

Briscoe, J.F., Moore, C.B., 1993. Determination of Formic
and Acetic Acid in Chondritic Meteorites. Meteoritics 28.
Callahan, M.P., Smith, K.E., Cleaves, H.J., Ruzicka, J.,
Stern, J.C., Glavin, D.P., House, C.H., Dworkin, J.P., 2011.
Carbonaceous meteorites contain a wide range of extraterres-
trial nucleobases. Proc Natl Acad Sci USA 108, 13995-13998.

Chandru, K., Gilbert, A., Butch, C., Aono, M., Cleaves, H.J.,

2016. The Abiotic Chemistry of Thiolated Acetate Derivatives
and the Origin of Life. Sci Rep 6, 29883.

Cobb, A.K., Pudritz, R.E., 2014. Nature’s Starships. I. Ob-
served Abundances and Relative Frequencies of Amino Acids
in Meteorites. Astrophys J 783, 140.

Cobb, A.K., Pudritz, R.E., Pearce, B.K.D., 2015. Nature’s
Starships II. Simulating the Synthesis of Amino Acids in Me-
teorite Parent Bodies. Astrophys J 809, 6.

Cody, G.D., Boctor, N.Z., Brandes, J.A., Filley, T.R., Hazen,
R.M., Yoder, H.S., 2004. Assaying the catalytic potential of
transition metal sulfides for abiotic carbon fixation. Geochim
Cosmochim Acta 68, 2185-2196.

Cronin, J.R., Pizzarello, S., 1983. Amino acids in meteorites.
Advances in Space Research 3, 5-18.

Damer, B., Deamer, D.W., 2015. Coupled Phases and Com-
binatorial Selection in Fluctuating Hydrothermal Pools: A

Scenario to Guide Experimental Approaches to the Origin of
Cellular Life. Life 5, 872-887.

Day, J.N.E., Ingold, C.K., 1941. Mechanism and kinetics of
carboxylic ester hydrolysis and carboxyl esterification. Trans
Faraday Soc 37, 686—-705.

de Klerk, A.; 2011. Wiley-VCH, Weinheim.

de Klerk, A., Furimsky, E., 2010. PSC Publishing, Cam-
bridge.

Deamer, D., Dworkin, J.P., Sandford, S.A., Bernstein, M.P.,
Allamandola, L.J., 2002. The First Cell Membranes. Astro-
biology 2, 371-381.

Deamer, D.W., Pashley, R.M., 1989. Amphiphilic Compo-
nents of the Murchison Carbonaceous Chondrite: Surface
Properties and Membrane Formation. Orig Life Evol Biosph
19, 21-38.

Dillon, J., Tarozo, R., Yin, Q., Huang, Y., 2013. Analysis of
Carboxylic Acid Compounds in the Sutter’s Mill Meteorite,
in: Lunar and Planetary Science Conference, p. 2916.

Elsila, J.E., Aponte, J.C., Blackmond, D.G., Burton, A.S.,
Dworkin, J.P.; Glavin, D.P.; 2016. Meteoritic Amino Acids:
Diversity in Compositions Reflects Parent Body Histories.
ACS Cent Sci 2, 370-379.

Epstein, S., Krishnamurthy, R.V., Cronin, J.R., Pizzarello, S.,
Yuen, G.U., 1987. Unusual stable isotope ratios in amino acid
and carboxylic acid extracts from the Murchison meteorite.
Nature 326, 477-479.

Gilbert, W., 1986. Origin of life: The RNA world. Nature
319, 618.

Gilmour, I.; 2003. Structural and Isotopic Analysis of Or-
ganic Matter in Carbonaceous Chondrites, in: Holland, H.D.,
K., T.K. (Eds.), Meteorites, comets, and planets, Elsevier,
Amsterdam. pp. 269-290.

Glavin, D.P., Callahan, M.P., Dworkin, J.P., Elsila, J.E.
2010. The effects of parent body processes on amino acids in
carbonaceous chondrites. Meteorit Planet Sci 45, 1948-1972.
Glavin, D.P., Dworkin, J.P., Aubrey, A., Botta, O., Doty,
J.H., Martins, Z., Bada, J.L., 2006. Amino acid analyses of
Antarctic CM2 meteorites using liquid chromatography-time
of flight-mass spectrometry. Meteorit Planet Sci 41, 889-902.
Han, J., Simoneit, B.R., Burlingame, A.L., Calvin, M., 1969.
Organic Analysis on the Pueblito de Allende Meteorite. Na-



ture 222, 364-365.

Hayatsu, R., Anders, E., 1981. Organic compounds in mete-
orites and their origins, in: Boschke, F.L. (Ed.), Cosmo- and
Geochemistry, Springer, Berlin. p. 1.

Hayes, J.M., 1967. Organic constituents of meteorites - a
review. Geochim Cosmochim Acta 31, 1395-1440.

Herd, C.D.K., Blinova, A., Simkus, D.N., Huang, Y., Tarozo,
R., Alexander, C.M.O.., Gyngard, F., Nittler, L.R., Cody,
G.D., Fogel, M.L., Kebukawa, Y., Kilcoyne, A.L.D., Hilts,
R.W., Slater, G.F., Glavin, D.P., Dworkin, J.P., Callahan,
M.P., Elsila, J.E., De Gregorio, B.T., Stroud, R.M., 2011.
Origin and Evolution of Prebiotic Organic Matter As Inferred
from the Tagish Lake Meteorite. Science 332, 1304.

Higgs, P.G., Pudritz, R.E., 2009. A Thermodynamic Basis for
Prebiotic Amino Acid Synthesis and the Nature of the First
Genetic Code. Astrobiology 9, 483-490.

Hilts, R.W., Herd, C.D.K., Simkus, D.N., Slater, G.F., 2014.
Soluble organic compounds in the Tagish Lake meteorite. Me-
teorit Planet Sci 49, 526-549.

Hoefs, J., 2009. 6 ed.. Springer-Verlag, Berlin. p. 285.
Huang, Y., Wang, Y., Alexandre, M.R., Lee, T., Rose-
Petruck, C., Fuller, M., Pizzarello, S., 2005. Molecular
and compound-specific isotopic characterization of monocar-
boxylic acids in carbonaceous meteorites. Geochim Cos-
mochim Acta 69, 1073-1084.

Kim, Y.S., Kaiser, R.I., 2010. Abiotic Formation of Car-
boxylic Acids (RCOOH) in Interstellar and Solar System
Model Ices. Astrophys J 725, 1002-1010.

Lawless, J.G., 1973. Amino acids in the Murchison meteorite.
Geochim Cosmochim Acta 37, 2207-2212.

Lawless, J.G., Yuen, G.U., 1979. Quantification of mono-
carboxylic acids in the Murchison carbonaceous meteorite.
Nature 282, 396-398.

Liu, X., Shemansky, D.E., Hallett, J.T., Weaver, H.A., 2007.
Extreme Non-LTE H2 in Comets C/2000 WM1 (LINEAR)
and C/2001 A2 (LINEAR). Astrophys J Suppl Ser 169, 458—
471.

Markvoort, A.J., Pfleger, N., Staffhorst, R., Hilbers, P.A.J.,
van Santen, R.A., Killian, J.A., de Kruijff, B., 2010. Self-
Reproduction of Fatty Acid Vesicles: A Combined Experi-
mental and Simulation Study. Biophys J 99, 1520-1528.
Martins, Z., Watson, J.S., Sephton, M.A., Botta, O., Ehren-
freund, P., Gilmour, I., 2006. Free dicarboxylic and aromatic
acids in the carbonaceous chondrites Murchison and Orgueil.
Meteorit Planet Sci 41, 1073-1080.

McCollom, T.M., Seewald, J.S., 2006. Carbon isotope com-
position of organic compounds produced by abiotic synthesis
under hydrothermal conditions. Earth Planet Sci Lett 243,
74-84.

Meierhenrich, U.J., Filippi, J.J., Meinert, C., Vierling, P.,
Dworkin, J.P.,; 2010. On the Origin of Primitive Cells: From
Nutrient Intake to Elongation of Encapsulated Nucleotides.
Angew Chem Int Ed Engl 49, 3738-3750.

Monroe, A.A., Pizzarello, S., 2011. The soluble organic com-
pounds of the Bells meteorite: Not a unique or unusual com-
position. Geochim Cosmochim Acta 75, 7585-7595.

Mousis, O., Lunine, J.I., Picaud, S., Cordier, D., 2010.
Volatile inventories in clathrate hydrates formed in the pri-
mordial nebula. Faraday Discuss 147, 509.

Mumma, M.J., Charnley, S.B., 2011. The Chemical Compo-

14

sition of Comets—Emerging Taxonomies and Natal Heritage.
Annu Rev Astron Astrophys 49, 471-524.

Mundy, B.P., Ellerd, M.G., Favaloro, Jr., F.G., 2005. Wiley,
Hoboken.

Nakayama, H., Itoh, A., 2008. Aerobic photo-decarboxylation
of a-hydroxy carboxylic acid derivatives under visible light
irradiation in the presence of catalytic iodine. Tetrahedron
Letts 49, 2792-2794.

Naraoka, H., Shimoyama, A., Harada, K., 1999. Molecular
Distribution of Monocarboxylic Acids in Asuka Carbonaceous
Chondrites from Antarctica. Orig Life Evol Biosph 29, 187—
201.

Neveu, M., Kim, H.J., Benner, S.A.; 2013. The “Strong”
RNA World Hypothesis: Fifty Years Old. Astrobiology 13,
391-403.

Novotny, O., Cejpek, K., Velisek, J., 2008. Formation of Car-
boxylic Acids during Degradation of Monosaccharides. Czech
J. Food Sci. 26, 117-131.

Pearce, B.K.D., Pudritz, R.E., 2015. Seeding the Pregenetic
Earth: Meteoritic Abundances of Nucleobases and Potential
Reaction Pathways. Astrophys J 807, 85.

Pearce, B.K.D., Pudritz, R.E., 2016. Meteorites and the RNA
World: A Thermodynamic Model of Nucleobase Synthesis
within Planetesimals. Astrobiology 16, 853—-872.

Pearce, B.K.D., Pudritz, R.E., Semenov, D.A., Henning, T.,
2017. Origin of the RNA World: The Fate of Nucleobases
in Warm Little Ponds. Proc Nat Acad Sci USA 114, 11327-
11332.

Pietrucci, F., Aponte, J.C., Starr, R., Pérez-Villa, A., El-
sila, J.E., Dworkin, J.P., Saitta, A.M., 2018. Hydrothermal
Decomposition of Amino Acids and Origins of Prebiotic Me-
teoritic Organic Compounds. ACS Earth Space Chem 2, 588—
598.

Pizzarello, S., Holmes, W., 2009. Nitrogen-containing com-
pounds in two CR2 meteorites: *N composition, molecular
distribution and precursor molecules. Geochim Cosmochim
Acta 73, 2150-2162.

Pizzarello, S., Huang, Y., 2002. Molecular and isotopic anal-
yses of Tagish Lake alkyl dicarboxylic acids. Meteorit Planet
Sci 37, 687-696.

Pizzarello, S., Huang, Y., Alexandre, M.R., 2008. Molecu-
lar asymmetry in extraterrestrial chemistry: Insights from a
pristine meteorite. Proc Nat Acad Sci USA 105, 3700-3704.
Pizzarello, S., Schrader, D.L., Monroe, A.A., Lauretta, D.S.,
2012. Large enantiomeric excesses in primitive meteorites and
the diverse effects of water in cosmochemical evolution. Proc
Nat Acad Sci 109, 11949-11954.

Rauer, H., 2008. Comets. Springer, Berlin. pp. 165-255.
Rotelli, L., Trigo-Rodriguez, J.M., Moyano-Cambero, C.E.,
Carota, E., Botta, L., Di Mauro, E., Saladino, R., 2016. The
key role of meteorites in the formation of relevant prebiotic
molecules in a formamide/water environment. Sci Rep 6,
38888.

Rushdi, A.I., Simoneit, B.R.T.,; 2001. Lipid Formation by
Aqueous Fischer-Tropsch-Type Synthesis over a Temperature
Range of 100 to 400 degC. Orig Life Evol Biosph 31, 103—118.
Sato, K., Hyodo, M., Takagi, J., Aoki, M., Noyori, R., 2000.
Hydrogen peroxide oxidation of aldehydes to carboxylic acids:
an organic solvent-, halide- and metal-free procedure. Tetra-
hedron Letts 41, 1439-1442.



Scheidler, C., Sobotta, J., Eisenreich, W., Wachtershauser,
G., Huber, C.; 2016. Unsaturated Cs s 7,9-Monocarboxylic
Acids by Aqueous, One-Pot Carbon Fixation: Possible Rele-
vance for the Origin of Life. Sci Rep 6, 27595.

Schrum, J.P.,; Zhu, T.F., Szostak, J.W., 2010. The Origins of
Cellular Life. Cold Spring Harb Perspect Biol 2, a002212.
Schulte, M., Shock, E., 2004. Coupled organic synthesis
and mineral alteration on meteorite parent bodies. Meteorit
Planet Sci 39, 1577-1590.

Schulz, H., Beck, K., Erich, E., 1988. Mechanism of the Fis-
cher Tropsch Process, in: Bibby, D.M., Chang, C.D., Yur-
chak, S., Howe, R.F. (Eds.), Methane Conversion, Proceed-
ings of a Symposium on the Production of Fuels and Chemi-
cals from Natural Gas, Elsevier, Amsterdam. pp. 457-471.
Scott, E.R.D., Krot, A.N., 2003. Chondrites and their Com-
ponents. Elsevier, Amsterdam. volume 1. p. 711.
Shimoyama, A., Hagishita, S., Harada, K., 1990. Search for
nucleic acid bases in carbonaceous chondrites from Antarc-
tica. Geochem J 24, 343-348.

Shimoyama, A., Harada, K., Yanai, K., 1985. Amino
acids from the Yamato-791198 carbonaceous chondrite from
Antarctica. Chem Lett 14, 1183-1186.

Shimoyama, A., Naraoka, H., Komiya, M., Harada, K., 1989.
Analyses of carboxylic acids and hydrocarbons in Antarctic
carbonaceous chondrites Yamato-74662 and Yamato-793321.
Geochem J 23, 181-193.

Shimoyama, A., Naraoka, H., Yamamoto, H., Harada, K.,
1986. Carboxylic acids in the Yamato-791198 carbonaceous
chondrite from Antarctica. Chem Lett 15, 1561-1564.
Shimoyama, A., Ponnamperuma, C., Yanai, K., 1979. Amino
acids in the Yamato carbonaceous chondrite from Antarctica.
Nature 282, 394-396.

Shock, E.L., Canovas, P., 2010. The potential for abiotic
organic synthesis and biosynthesis at seafloor hydrothermal
systems. Geofluids 10, 161-192.

Shock, E.L., Schulte, M.D., 1990. Amino-acid synthesis in
carbonaceous meteorites by aqueous alteration of polycyclic
aromatic hydrocarbons. Nature 343, 728-731.

Starks, C.M., 1970. Hydrolysis of Nitriles to Carboxylic Acids.

Stoks, P.G., Schwartz, A.W., 1979. Uracil in carbonaceous
meteorites. Nature 282, 709-710.

Thomae, A.V., Wunderli-Allenspach, H., Kramer, A.D., 2005.
Permeation of Aromatic Carboxylic Acids across Lipid Bilay-
ers: The pH-Partition Hypothesis Revisited. Biophys J 89,
1802-1811.

Wang, Z., 2008. Arndt-Eistert Synthesis. Wiley, Hoboken.
pp. 71-73.

Weisberg, M.K., McCoy, T.J., Krot, A.N., 2006. Systemat-
ics and Evaluation of Meteorite Classification. University of
Arizona Press, Tucson. pp. 19-52.

Wilcox, E.M., Roberts, G.W., Spivey, J.J., 2003. Direct cat-
alytic formation of acetic acid from CO2 and methane. Catal-
ysis Today 88, 83-90.

Wright, I.P., Sheridan, S., Barber, S.J., Morgan, G.H., An-
drews, D.J., Morse, A.D., 2015. CHO-bearing organic com-
pounds at the surface of 67P/Churyumov-Gerasimenko re-
vealed by Ptolemy. Science 349.

Xiang, N., Xu, P., Ran, N., Ye, T., 2003. Production of acetic
acid from ethanol over CuCr catalysts via dehydrogenation-
(aldehyde-water shift) reaction. RSC Adv 7, 38586-38593.

15

Yoneda, N., Kusano, S., Yasui, M., Pujado, P., Wilcher, S.,
2001. Recent advances in processes and catalysts for the pro-
duction of acetic acid. Applied Catalysis A: General 221,
253-265.

Yuen, G., Blair, N.; Des Marais, D., Chang, S., 1983. Carbon
Isotopic Composition of Individual, Low Molecular Weight
Hydrocarbons and Monocarboxylic Acids from Murchison
Meteorite, in: Lunar and Planetary Science Conference, pp.
875-876.

Yuen, G., Blair, N., Des Marais, D.J., Chang, S., 1984. Car-
bon isotope composition of low molecular weight hydrocar-
bons and monocarboxylic acids from Murchison meteorite.
Nature 307, 252-254.

Yuen, G.U., Lawless, J.G., Edelson, E.H., 1981. Quantifica-
tion of monocarboxylic acids from a spark discharge synthesis.
J Mol Evol 17, 43-47.

Zeitman, B.,; Chang, S., Lawless, J.G., 1974. Dicarboxylic
acids from electric discharge. Nature 251, 42-43.

Zhao, X., Jiang, Z., Yang, F., Wang, Y., Gao, X., Wang, Y.,
Chai, X., Pan, G., Zhu, Y., 2016. Sensitive and Simplified
Detection of Antibiotic Influence on the Dynamic and Versa-
tile Changes of Fecal Short-Chain Fatty Acids. PLoS ONE
11, e0167032. URL: http://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0062810.

Zheng, X., Qiu, Y., Zhong, W., Baxter, S., Su, M., Li, Q., Xie,
G., Ore, B.M., Qiao, S., Spencer, M.D., Zeisel, S.H., Zhou,
7., Zhao, A., Jia, W., 2013. A targeted metabolomic protocol
for short-chain fatty acids and branched-chain amino acids.
Metabolomics 9, 818-827.

APPENDIX A - METEORITE CLASSIFICATION

In this section, we briefly summarize the classification
of carbonaceous chondrites.

Stony meteorites are split into one of two broad cate-
gories: chondrites and achondrites (Weisberg et al.[2006]).
The chondrites are undifferentiated (unmelted) and con-
tain relatively pristine solar nebula material. These me-
teorites serve as a record of conditions during the forma-
tion of the Solar System. Chondrites have been further
subdivided into carbonaceous, ordinary, and enstatite. It
is the carbonaceous chondrites that are of interest in this
study, as they are generally the only meteorites rich in
organic content. It is thought that aqueous alteration
and/or thermal metamorphism may have played a role
in determining the organic content of carbonaceous chon-
drites (Botta and Bada/|2002, [Hayes||1967]).

Carbonaceous chondrites are characterized by hav-
ing >5 wt% of organic carbon (Botta [2005, [Botta and
Bada| 2002, |Glavin et al.[[2010). They are also further
subdivided into subclasses based on their mineralogical
composition. These subclasses are based on a repre-
sentative meteorite: CI (Ivuna-like), CM (Mighei-like),
CR (Renazzo-like), CH (Allan Hills-like), CO (Ornans-
like), CV (Vigarano-like), CK (Karoonda-like), and CB
(Bencubbin-like). Meteorites of the same subclass are
thought to originate from the same parent body.

Meteorites are further assigned a petrological class


http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062810
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062810

from 1 to 6, indicating the extent to which they have
been subjected to aqueous alteration or thermal meta-
morphism. Petrological class 1 indicates the greatest
degree of aqueous alteration, while petrological class 6
indicates the highest degree of thermal metamorphism.
Petrological class 3 indicates a meteorite that has under-
gone little to no alteration.

For a more detailed review of each meteorite subclass,
we refer readers to one of our previous papers, |(Cobb and
Pudritz] (2014)) or |(Cobb et al.| (2015]).

APPENDIX B - ANALYTICAL AND
EXTRACTION TECHNIQUES FOR FATTY ACID
ANALYSES IN METEORITES

In Table we present a summary of the fatty acid
meteoritic data. Most studies make use of gas chromatog-
raphy (GC) to quantify fatty acid abundances, however
this is usually coupled to a mass spectrometer (GC-MS),
a flame ionization detector (GC-FID), both (GC-FID-
MS) or a combustion system (GCC). GC separates the
molecules in a mixture by dissolving the mixture in a gas
and sending it through a column. The molecules travel
at different speeds through the column, separating them
for detection. If a FID is coupled to the system, the mix-
ture is then sent through a flame (typically Hs), which
oxidizes organics, producing ions for detection. If a MS
is coupled to the system, the mixture is then bombarded
with electrons and accelerated through an electric or a
magnetic field. This separates ions based on their mass-
to-charge ratio for detection. Finally, in the case of a
GCC, the mixture is passed through an oven (typically a
tube containing high-temperature wires), which oxidizes
organics, producing ions for detection. The only addi-
tional technique used to analyze fatty acids in meteorites
is ion-exclusion chromatography (IEC), which separates
molecules in aqueous solution by passing them through
a column containing an ion exchange resin, taking ad-
vantage of each species’ varying tendency to ionize in
solution.

Studies also varied in their extraction techniques (i.e.
the initial separation of fatty acids from other com-
pounds in a mixture prior to feeding them into the chro-
matograph). Some studies used liquid-liquid extractions,
where molecules are separated based on their relative sol-
ubilities in two different solvents. Recent studies (e.g.
Aponte et al| (2014), [Hilts et al. (2014)) made use of
solid-phase microextraction (SPME), in which fatty acids
are gathered by a coated fibre before feeding them into
the GC. By forgoing the need of a solvent, SPME reduces
the evaporative loss of fatty acids compared to the former
technique (Huang et al.|2005]).

The study by |Lawless and Yuen| (1979)) was the only
one to include uncertainties with their fatty acid abun-
dances, ranging from 1.6% to 33%—with lower uncer-
tainties corresponding to the shorter-chained fatty acids.
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APPENDIX C - POSSIBILITY OF
CONTAMINATION

In this section, we discuss the evidence for and against
an extraterrestrial origin for the meteoritic fatty acids
analyzed in this paper. At the end of this section, we use
this evidence to assess the likelihood of contamination.

Supporting an Extraterrestial Origin

The most scientifically rigorous method used to deter-
mine the origin of meteoritic fatty acids is to determine
the deuterium enrichment in the sample (Aponte et al.
2011} |2014) [Herd et al.| 2011} [Hilts et al.||2014) [Huang
et al.| 2005, Martins et al.||2006| |[Pizzarello and Huang
2002)). Interstellar compounds exhibit an enrichment in
deuterium as a result of low temperature ion-molecule
reactions (Epstein et al.|[1987). When it comes to bio-
chemical reactions, on the other hand, the lighter iso-
tope is very often enriched due to kinetic effects (Hoefs
2009). Hydrogen and deuterium have the largest mass
difference relative to other elements and their isotopes,
therefore they exhibit the largest range of isotope ratios,
e.g. 0D ~ -150 to -25 %o for sedimentary rocks, 6D = 0
%o for ocean water, D ~ -350 to +50 %o for snow and
rain water, and 6D ~ +100 to +3600 %o for interstel-
lar and meteorite parent body sources (Hoefs|[2009, |Piz-
zarello et al.|2008]). Carboxylic acids of extraterrestrial
origin should therefore exhibit deuterium enrichment rel-
ative to terrestrial values (Epstein et al.|[1987, |Gilmour
2003)).

Out of the 17 meteoritic analyses reviewed in this pa-
per, six performed deuterium analyses and concluded
that their samples were low in contamination (Aponte
et al.|2011} 2014, Herd et al.[2011} |Hilts et al.|2014) Huang
et al.[2005) |Pizzarello and Huang|[2002). These analyses
include the two most widely studied meteorites for fatty
acids: the Murchison and Tagish Lake meteorites.

The Tagish Lake meteorite is well known to be the
most pristine carbonaceous meteoritic sample collected
to date. This is due to the fact that it was collected
without direct hand contact just a few days after it fell,
and all but one fragment have been kept below 0°C since
their collection Herd et al.| (2011)), Hilts et al.| (2014).

It has been suggested that the decrease in monocar-
boxylic acid concentrations with increasing number of
carbon atoms is indicative of extraterrestial origin, as liv-
ing organisms are more selective in the fatty acids they
produce and consume (Lawless|[1973] [Lawless and Yuen
1979). In Figure we compare the Tagish Lake fatty
acid abundances with those from the small available sub-
set of biological sources in the literature (Aguilar et al.
2014}, [Amer et al.|[2015, [Zhao et al.|2016, |Zheng et al.
2013).

In the Tagish Lake samples, SCMA abundances decline
with increasing chain length, with only a few samples
exhibiting slight variations to this trend. This pattern
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TABLE B1. Summary of meteoritic fatty acid data sources. The glycine and guanine sources used in comparison analyses are
also listed.

Type Meteorite (Added Identifier) AnalyFlcal Fatty Acid Source Glycine Source Guanine Source
Technique

CM1 Allan Hills (ALH) 84034 GC-FID Aponte et al| (2011)

CR1 Grosvenor Mountains (GRO) 95577  GC-MS Pizzarello et al. (2012) Pizzarello et al|(2012) |Callahan et al | (2011)

CM2 Allan Hills (ALGH) 84033 GC-FID Aponte et al.| (2011)

CM2 Asuka (A) 881458 GC-FID-MS Naraoka et al. (1999)

CM2 Lone Wolf Nunataks (LON) 94101 GC-FID Aponte et al. (2014)

CM2 Murchison (Y84) GCC Yuen et al.| (1984

CM2 Murchison (A) GC-FID Aponte et al.| (2014 |Callahan et al.l 42011[)

CM2 Murchison (B) IEC Briscoe and Moore] (1993

CM2 Murchison (H) GC-FID Huang et al.| (2005)

CM2 Murchison (L) GC-MS Lawless and Yuen| (]1979[) |Cronin and Pizzarellol (]1983') |Stoks and Schwartzl (]1979[)

CM2 Murchison (Y83) GCC Yuen et al.| (1983

CM2 Murchison (M) GC-MS Martins et al.| (2006

CM2 Sutter’s Mill GC-MS Dillon et al.| (2013

CM2 Wisconsin Range (WIS) 91600 GC-FID Aponte et al. (2011)

CM2 Yamato (Y) 74662 GC-FID-MS [Shimoyama et al.| (1989 Shimoyama et al.| (1979 Shimoyama et al.| (1990

CM2 Yamato (Y) 791198 GC-FID-MS |Shimoyama et al.| (1986 Shimoyama et al.| (1985 Shimoyama et al.| (1990

CR2 Elephant Moraine (EET) 87770 GC-MS Aponte et al|(2011)

CR2 Graves Nunataks (GRA) 95229 GC-MS Pizzarello et al.| (2008 Pizzarello et al.| (2008 Callahan et al.l (]2011')

CR2 Miller Range (MIL) 07525 GC-MS Pizzarello et al.| (2012 Pizzarello et al.| (2012

CR2 Pecora Escarpment (PCA) 91082 GC-MS Pizzarello et al.| (2012 Pizzarello et al.| (2012

C2  Tagish Lake (P) GC-MS Pizzarello and Huang (2002)

C2  Tagish Lake 5b (H11) GC-MS Herd et al.| (2011

C2  Tagish Lake 5b (H14) GC-MS Hilts et al| (2014

C2  Tagish Lake 11h (H11) GC-MS Herd et al.| (2011

C2  Tagish Lake 11h (H14) GC-MS Hilts et al| (2014

C2  Tagish Lake 11i (H11) GC-MS Herd et al.| (2011

C2  Tagish Lake 11i (H14) GC-MS Hilts et al.| (2014

C2  Tagish Lake 11v (H11) GC-MS Herd et al.| (2011

C2  Tagish Lake 11v (H14) GC-MS Hilts et al.| (2014;

CR3 Meteorite Hills (MET) 00426 GC-MS Pizzarello et al.| (2012 Pizzarello et al.| (2012

CR3 Queen Alexandra Range (QUE) 99177 GC-MS Pizzarello et al.| (2012 Pizzarello et al.| (2012 |Callahan et al.l 42011[)

CV3 Allende IEC Briscoe and Moore| (1993)

CV3 Meteorite Hills (MET) 00430 GC-FID Aponte et al. (2011)

can not be equally stated for the biological (mammalian) Opposing an Extraterrestial Origin
samples. For example, in two of the three cheese sam-
ples, the exact opposite pattern is seen, and in all cheese
samples SM10 is more abundant than the 3 shorter an-
alyzed fatty acids. Furthermore, in the pig and four rat
feces samples, SM4 is more abundant than SM3, and in
three of the rat feces samples, SM6 is more abundant

than SM5.

Aponte et al.| (2011) note that shorter acids such as
ethanoic acid (SM2) are susceptible to contamination
during sample storage due to microbial activities. This
may be the reason why SM2 exhibits the lowest enrich-
ments in deuterium compared to the longer monocar-
boxylic acid chains (Hilts et al||2014). Furthermore,
three meteorite samples (Murchison (H), ALH-84034,
and MET-00430) had two or three fatty acids exhibiting
low negative 6D values (Aponte et al.|[2011), meaning
these data may have been subjected to a small degree of
contamination.

Hexadecanoic acid (SM16), and octadecanoic acid
(SM18) are the dominant terrestrial monocarboxylic
acids . Neither of these fatty acids were
reported in any of the meteoritic fatty acid analyses in
this paper.

The deuterium analyses for the Tagish Lake meteorite
samples are incomplete. Deuterium isotopes were only
measured for sample 5b, and only for fatty acids with 5

Finally, some of the meteoritic analyses suggested that
the lack of contamination of amino acids in their mete-
orite samples suggests that the fatty acids in these sam-
ples are also of extraterrestrial origin (Dillon et al.|2013,

carbons or less. The deuterium enrichments of fatty acids
in sample 5b suggest it was largely free of contamination,
however sample 11v contained many contaminants from
its storage medium, including terrestrial limonene

[Pizzarello et al.[2008|,[2012, |Shimoyama et al.|1989,|1986).

let al.|[2014).
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FIG. C1. Comparion of straight-chain monocarboxylic acids (SCMA) abundances in Tagish Lake meteorite samples (left) to

those in various mammalian sources (right). Data collected from a variety of sources: Tagish Lake samples (Herd et al.[[2011),
Hilts et al.|[2014)), cheese samples [Aguilar et al.| (2014)), pig feces sample (Amer et al|2015)), rat feces sample A (Zhao et al.

2016)), and rat feces samples B, C, and D and human feces sample (Zheng et alf2013). Studies varied in the fatty acids they

analyzed, no complete analysis of SM2-SM10 in a biological sample was found.

length; see Table 2] for corresponding IUPAC names.

Summary

Meteoritic contamination is never completely zero, as
all of the meteorite samples to date have been exposed
to the Earth’s atmosphere and surface for some duration.
Contamination can, however, be low enough (e.g. within
a few percent) to not greatly affect the organic abun-
dances and distributions. Unfortunately, one cannot use
isotopes to determine the percent contamination within
meteorites without knowing the exact isotopic composi-
tion of the reservoir out of which the meteorite parent
body was built. In any case, the general deuterium en-
richment in several meteoritic samples suggests that con-
tamination should be low, and should not greatly affect
the fatty acid abundances and distributions.

The consistent decreasing fatty acid abundance for in-
creasing carbon chain length for the CM and Tagish Lake
meteorites is another strong indication that the fatty
acids within these meteorites are extraterrestrial in ori-
gin.

As for the CR meteorites analyzed in this paper, with
the exception of EET-87770, their fatty acid abundance
patterns which peak around SM5 and SM6 and decline
for increasing and decreasing carbons may hint that they
have been subjected to some level of contamination. On
the other hand, based on the pattern of fatty acids in
the small subset of biological samples available in the lit-
erature (see Figure , we might expect contaminated
samples to exhibit a less distinct pattern than the con-
sistent pattern exhibited across all but one CR mete-
orite sample. Indeed, this distinct pattern seen in the

SCMA are labelled by their carbon chain

CR meteorite samples may be the result of different re-
actions mechanisms being active in different meteorite
parent bodies.

As a whole, there is a strong case for the extrater-
restrial origin of all the CM and Tagish Lake meteoritic
fatty acids. However, we advise caution in concluding
the same origin for the CR meteoritic fatty acids until
the deuterium isotope standard for contamination anal-
ysis is undertaken.

APPENDIX D - ADDITIONAL DATA AND
COMPARISONS

Meteoritic Dicarboxylic Acids

In Figure [DI] we display SCDA and the sum of BCDA
abundances in the three meteorites analyzed for dicar-
boxylic acids to date. Similarly to monocarboxylic acids,
dicarboxylic acids have several branched-chain forms for
any given carbon number which differ based on the loca-
tion in the carbon chain where branching occurs. Mete-
oritic data on dicarboxylic acids is limited to one CM2,
one CR2, and one Tagish Lake (ungrouped) meteorite
sample. SCDA with 2-11 carbons and BCDA with 4-7
carbons have been detected in these meteorites. SD4 is
the most abundant dicarboxylic acid in all meteorites;
however SD2 and SD3 are also very abundant in the one
meteorite sample in which they were detected.

Abundances of both SCDA and BCDA also generally
decrease with increasing carbon number for all meteorite



1E+5

19

1E+4

1E+3

1E+2

Dicarboxylic Acid Abundance (ppb)

1E+1

Murchison (M)

GRA-95229
Meteorite

Tagish Lake (P)

—e—SD9 —#—-SD10 SD11

~@—SD2 —@—SD3 —A—SD4 —4—SD5 —@—SD6 —e—SD7 —A—SD8
SBD4—@~ SBD5 —e— SBD6—A— SBD7

FIG. D1. Abundances of straight-chain dicarboxylic acids (SCDA) and branched-chain dicarboxylic acids (BCDA) in 1 CM2
meteorite (Murchison), 1 CR2 meteorite (GRA-95229), and 1 C2 meteorite (Tagish Lake), expressed in parts-per-billion (ppb).
SCDA are labelled by their carbon chain length; see Table 2] for corresponding IUPAC names. BCDA are labelled as the sum of
BCDA with equivalent carbon numbers, e.g., ¥XBD5 = methylbutanedioic acid and ethylpropanedioic acid. SCDA abundances
and the sum of BCDA abundances range from 30 ppb to 2.4x10* ppb, and 120 ppb to 1.6x10* ppb, respectively.

types; however we must be careful in drawing conclusions
from a data set of this size. SCDA abundances in mete-
orites range from 30 ppb to 2.4x10* ppb, and the sum of
BCDA abundances range from 120 ppb to 1.6x10* ppb.

Total Fatty Acids in Meteorites

In Figure[D2] we display the sum of all SCMA, BCMA,
and dicarboxylic acids in each meteorite, separated by
petrologic type (1, 2, or 3) and meteorite type (CR, CV,
CM, or C-ungrouped). In all but two cases, total SCMA
abundances dominate over BCMA and dicarboxylic acid
abundances. In one sample of the Murchison meteorite,
BCMA abundances are greater than SCMA abundances.
In the GRA-95229 meteorite, dicarboxylic acid abun-
dances (SCDA + BCDA) were the most abundant fatty
acids. Petrologic type 2 meteorites, on average, have the

greatest abundances of fatty acids, dominated mostly by
the CM2 and Tagish Lake (ungrouped) meteorites.

Amino Acids Compared with their Fatty Acid
Decay Products

Amino acids decay into monocarboxylic acids through

the loss of their amine functional group (Elsila et al.
2016). In Figure we perform a Pearson correla-
tion between amino acids and their monocarboxylic acid

decay products in meteorites. We find no correlation
or anti-correlation between the six displayed monocar-
boxylic acid/amino acid abundance pairs. This may sug-
gest that the amino acid decay reaction (reaction no.
4 in Table is not the dominant mechanism to form-
ing monocarboxylic acids within meteorite parent bodies.
This result is in agreement with Pietrucci et al.| (2018)),
who explored the decay products of glycine and isovaline
using ab initio molecular dynamics.
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FIG. D2. Total fatty acid abundances in all meteorite samples, expressed in parts-per-billion (ppb).
ordered by petrologic type (1, 2, or 3) and then by meteorite class (CV, CM, CR, or C (ungrouped)).
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Meteorites are first
SCMA: straight-

chain monocarboxylic acids, BCMA: branched-chain monocarboxylic acids, SCDA: straight-chain dicarboxylic acids, BCDA:

branched-chain dicarboxylic acids.
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FIG. D3. Correlation plots of meteoritic monocarboxylic acids to the corresponding meteoritic amino acids that differ only by
a -NHs functional group. p-values correspond to the significance of anti-correlation in the top 4 frames, and correlation in the
bottom 2 frames. N is the sample size. No correlations are found between amino acid abundances and their corresponding
monocarboxylic acid decay product abundances with a significance of p < 0.05. Meteorites are ordered by type (e.g. CRI,
CR2, CR3, CM2, C2) and by decreasing abundance within each type.
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