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Abstract

A key part of the search for extraterrestrial life is the detection of organic molecules since these molecules form the
basis of all living things on Earth. Instrument suites such as SHERLOC (Scanning Habitable Environments with
Raman and Luminescence for Organics and Chemicals) onboard the NASA Perseverance rover and the Mars
Organic Molecule Analyzer onboard the future ExoMars Rosalind Franklin rover are designed to detect organic
molecules at the martian surface. However, size, mass, and power limitations mean that these instrument suites
cannot yet match the instrumental capabilities available in Earth-based laboratories. Until Mars Sample Return, the
only martian samples available for study on Earth are martian meteorites. This is a collection of largely basaltic
igneous rocks that have been exposed to varying degrees of terrestrial contamination. The low organic molecule
abundance within igneous rocks and the expectation of terrestrial contamination make the identification of martian
organics within these meteorites highly challenging. The Lafayette martian meteorite exhibits little evidence of
terrestrial weathering, potentially making it a good candidate for the detection of martian organics despite un-
certainties surrounding its fall history. In this study, we used ultrapure solvents to extract organic matter from
triplicate samples of Lafayette and analyzed these extracts via hydrophilic interaction liquid chromatography–mass
spectrometry (HILIC-MS). Two hundred twenty-four metabolites (organic molecules) were detected in Lafayette at
concentrations more than twice those present in the procedural blanks. In addition, a large number of plant-derived
metabolites were putatively identified, the presence of which supports the unconfirmed report that Lafayette fell in a
semirural location in Indiana. Remarkably, the putative identification of the mycotoxin deoxynivalenol (or vo-
mitoxin), alongside the report that the collector was possibly a student at Purdue University, can be used to identify
the most likely fall year as 1919. Key Words: Lafayette—Mars—Meteorites—Organics—Metabolomics—
Fireball. Astrobiology 22, 1351–1362.
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1. Introduction

1.1. Organic matter in martian samples

S ince the Viking missions, the detection of carbon-based
molecules has been a critical aim for martian exploration,

as the availability of organic matter (OM) is central to the
assessment of martian habitability and the possibility of ex-
tinct or extant life on Mars (Biemann et al., 1977; Sagan and
Lederberg, 1976). In recent years, OM has been successfully
detected on Mars (Eigenbrode et al., 2018; Webster et al.,
2015) and within martian meteorites (Sephton et al., 2002;
Steele et al., 2012). Furthermore, sulfonated compounds
known as thiophenes have been found on Mars that correlate
with those found in martian meteorites (Eigenbrode et al.,
2018; Steele et al., 2018).

Two of the newest generation of Mars rovers (i.e., the
NASA Perseverance and European Space Agency [ESA]
Rosalind Franklin rovers) are primed for OM detection. The
primary analytical techniques leading this exploration are
Perseverance’s SHERLOC (Scanning Habitable Environ-
ments with Raman and Luminescence for Organics and
Chemicals) and Rosalind Franklin’s Raman laser spectrometer
instruments, and mass spectrometry using the Mars Organic
Molecule Analyzer instrument suite onboard the Rosalind
Franklin rover (Vago et al., 2017). Perseverance will also be
caching samples of astrobiological and geological interest for
return to Earth in future missions as part of the Mars Sample
Return (MSR) campaign. Since the OM present in martian
meteorites has been shown to correlate with that found by
rovers on Mars (Steele et al., 2018), these meteorites can be
used to further characterize martian OM and prepare for
MSR by evaluating OM detection techniques.

Martian meteorites are mostly igneous rocks and are a
mixture of falls and finds, with varying levels of terrestrial
contamination (Udry et al., 2020). Before MSR, martian
meteorite data can complement martian surface OM data by
allowing for in situ analysis at smaller (nano) scales and bulk
rock analyses with lower detection limits than those currently
achievable via rover instrumentation. Indigenous OM de-
tected in martian meteorites is primarily macromolecular
carbon (MMC), consisting largely of polycyclic aromatic
hydrocarbons (Steele et al., 2012). Raman spectroscopy
shows that this kerogen-like material is present as thin en-
velopes that surround silicate-hosted oxide mineral inclusions
in a range of meteorite samples (Steele et al., 2016). The
mineralogical associations, chemical composition, and carbon
isotope ratios of martian meteorite MMC suggest an abio-
genic origin from a reduced martian mantle (Becker et al.,
1999; Steele et al., 2012). Hydrogen isotope ratios (D/H) from
MMC in the Tissint martian meteorite also support a martian
origin, with dD values up to +1183& (Lin et al., 2014).

In addition to in situ techniques such as Raman spectro-
scopy, OM in martian meteorites has previously been
studied by using bulk chromatography techniques, including
gas chromatography–mass spectrometry (GC-MS) (Sephton
et al., 2002), liquid chromatography–mass spectrometry (LC-
MS) (Callahan et al., 2013), and high-performance liquid
chromatography (HPLC) (Glavin et al., 1999). LC-MS has
also been applied to study OM in carbonaceous chon-
drites and ureilites (Glavin et al., 2006; Glavin et al., 2010).
Meteoritic samples are crushed, dissolved, and in some
cases derivatized according to any classes/functional groups

targeted, depending on the technique used (Simkus et al.,
2019). These techniques can identify individual organic
molecules.

However, the challenge lies in separating molecules of
martian origin from terrestrial contamination even within
meteorites that were collected soon after (days-weeks) they
were observed to fall to Earth. For example, a 4-year study
of the microbial interactions within the Nakhla martian
meteorite fall showed the continual growth and decay of
fungal contaminants (Toporski and Steele, 2007). In addi-
tion, studies show a progressive change in the D/L ratio of
enantiomers in amino acids within the Murchison carbona-
ceous chondrite since its fall and recovery in 1969 (Glavin
et al., 1999; Kvenvolden et al., 1971). These microbial and
molecular changes suggest that these meteorites have had
significant biogenic contamination in the decades since they
fell to Earth, even within a curatorial environment.

Therefore, studying the persistent and dynamic presence
of contaminants in martian samples and being able to sep-
arate these contaminants from organics of martian origin are
crucial in preparation for MSR, to ensure curation and an-
alyses are not compromised (Toporski and Steele, 2007).
The aim of this study was to address these knowledge gaps
and to evaluate LC-MS as a technique for identifying con-
taminants through the analysis of an important martian
sample obtained from a terrestrial fall.

1.2. Constraining the fall history of Lafayette
via terrestrial OM contaminants

This study aims to (1) determine the OM content of the
martian meteorite Lafayette, (2) distinguish and separate the
OM of martian origin from terrestrial contaminants where
possible, and (3) evaluate a nontargeted approach to LC-MS
as a possible analytical technique of martian samples upon
MSR.

Identifying terrestrial OM contaminants within Lafayette
will help constrain the meteorite’s currently unconfirmed
fall history. Nininger (1935) reported that an unidentified
Purdue University student was fishing in a pond in Tippe-
canoe County at an unknown date when the ‘‘stone which
resembled a corn pone’’ fell into the mud nearby. The stu-
dent retrieved the stone and kept it at his home before do-
nating it to Purdue University. Initially, the meteorite was
curated within Purdue’s geological collection, as the fusion
crust re-entry flow markings were mistaken for terrestrial
quaternary glacial striations. It was not until 1931 that O.C.
Farrington identified Lafayette as a meteorite (Nininger,
1935). Nininger (1935) suggested that the meteorite had not
been resting for long on the terrestrial surface before it was
picked up since its fusion crust remained largely intact, with
minimal weathering features. Regrettably, Farrington passed
away before publishing his article on the meteorite, and his
notes were never found, meaning that the fall scenario re-
mains unconfirmed.

Lafayette is now classified as a member of the martian
nakhlite meteorite group. The nakhlites, which are hypoth-
esized to have originated from a single ejecta crater on Mars
due to their ejection ages of 11 Ma (Treiman, 2005), rep-
resent a series of basaltic igneous rocks that encompass at
least four different magmatic events from a related parental
melt that span at least *1.4 to 1.3 Ga ago (Cohen et al.,
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2017). Aqueous alteration from martian fluids, a notable
feature across the group, was dated at *633 – 23 Ma within
Lafayette (Borg and Drake, 2005). Of the nakhlites, La-
fayette contains the most evidence of martian aqueous al-
teration, identified as veins of ‘‘iddingsite’’ within olivine
phenocrysts and matrix regions (Bunch and Reid, 1975).
The relationship between shock deformation features and
fluid alteration veins within several nakhlite samples, in-
cluding Lafayette, has led to the current hypothesis of
impact-induced hydrothermal activity as the driving mech-
anism behind alteration (Daly et al., 2019).

2. Materials and Methods

2.1. A nontargeted LC-MS approach

Metabolomics is the name given to analytical techniques
used to detect the metabolic compliment of a system (such
as lipids, amino acids, and proteins) in biological samples
to identify the presence of certain metabolic pathways
(Seyler et al., 2020). These techniques can also be applied
to environmental samples to identify endogenous organic
compounds and likely contamination compounds (Callahan
et al., 2013). There are two main approaches to a metabo-
lomics study, nontargeted and targeted. Targeted analyses
involve analyzing specific molecules, or panels of mole-
cules, that are expected to be present within a sample using a
specific assay designed to maximize their detection.

Such approaches allow for the accurate identification of
compounds should multiple exact mass isomers of the same
compound exist. However, this targeted approach requires
some knowledge of the type of molecules within the sample
before analysis and is limited to just those compounds that
can be accurately identified using the chosen assay (Forcisi
et al., 2013). In a nontargeted approach, a wide range of
metabolite classes are studied, and extraction is designed to
sample as many compounds of interest that can be detected
by the instrument as possible (Forcisi et al., 2013). With
extraterrestrial samples, the exact mass and structure of OM
within the sample are unknown, so a nontargeted approach
to meteoritic OM detection is more suitable (Seyler et al.,
2020).

In the present study, nontargeted LC-MS was used to produce
a broad detection of all solvent-soluble molecules polar enough
to be detected by the instrument without aiming for a particular
classification or specific compound. LC-MS allows for the de-
tection of hundreds of organic molecules with a wide range of
masses with high sensitivity (*70–1050 AMU (Atomic mass
units) for the protocol outlined below). As discussed above, LC-
MS has previously been used to identify OM in martian mete-
orites and other extraterrestrial samples. For example, amino
acids were identified in the martian meteorite Roberts Massif
04262 via LC-MS, following acid- and water-soluble extrac-
tions (Callahan et al., 2013).

2.2. Samples

The Lafayette sample used for this study was sourced
from a 0.7 g interior chip (meteorite sample with no fusion
crust present) of this meteorite allocated to L. Hallis by the
London Natural History Museum. To aid the separation of
martian OM from potential terrestrial contaminants in La-
fayette and to evaluate nontargeted LC-MS as a detection

technique, we also studied the OM content of three martian
analog samples. The first is a martian simulant developed by
NASA: JSC Mars-1 (donated by Dr. A. Steele). This ma-
terial originates from Pu’u nene, Hawai’i, a hillside region
between the Mauna Kea and Mauna Loa volcanoes. JSC
Mars-1 is a palognitic tephra (a weathering product with a
basaltic composition that forms from the interaction of
volcanic glass or hot lava with water) (Morris et al., 1993).
Spectroscopic studies have determined that JSC Mars-1 is a
close analog to martian dust (Allen et al., 1998).

Two additional analog samples were studied, originat-
ing from the Sverrefjellet and Sigurdfjellet regions of the
Bockfjorden volcanic complex (BVC) in Svalbard (Steele
et al., 2007). The BVC area served as a Mars rover analog
mission site for many years, as part of NASA and ESAs
AMASE missions. These two BVC samples contain MMC
rimmed carbonate globules hosted in igneous minerals, re-
sembling those in the Alan Hills 84001 meteorite (Amundsen
et al., 2011; Guzman et al., 2020; Rull et al., 2017; Siljeström
et al., 2014; Steele et al., 2007). Analysis of these ana-
log samples also provides the opportunity to catalog their
organic content for future reference and allows for in-
creased understanding of the detection limits of the analytical
protocol.

2.3. Solvent extractions

The Lafayette sample was crushed at Durham University
with a brand new aluminum mortar and pestle that was
cleaned with Milli-Q H2O and quartz. The quartz powder
was created by hand in a virgin alumina mortar and pestle.
This fine quartz powder was only deemed appropriate for
use after prior blank checks. No difference was discerned for
total high siderophile elements between empty and pre-
cleaned high pressure asher vessels (i.e., reagent+clean di-
gestion vessel blank) and precleaned high pressure asher
vessels containing 0.5 g aliquots of quartz powder. These
vessels were dedicated for low-/basalt-level samples and
were twice cleaned before use for Lafayette, as discussed in
the work of Mari et al. (2019).

The BVC sample chips were crushed at Scottish Uni-
versities Environmental Research Centre (SUERC) with a
new agate mortar and pestle that was cleaned with 2%
DECON solution, ultrapure water, and then acetone in be-
tween uses. The NASA JSC Mars-1 regolith simulant was
provided as fine-grained material. Blanks (fresh empty vials
opened at the stage introduced) were introduced at each step
of analysis to pick up any contaminants present, as outlined
in Table 1. The samples were always handled using nitrile
gloves.

Solvent extractions were all performed in a positive
pressure fume hood at SUERC. Glassware and metal tools
were wrapped in foil and placed in a furnace overnight at
450�C. All glassware, ceramics, and tools were then washed
in 2% DECON clean solution, rinsed with ultrapure water,
and then rinsed with acetone in between uses for different
samples. After crushing, 3 · 30 mg replicates from each chip
were weighed out and placed in polytetrafluoroethylene
(PTFE) screw-top vials using tweezers and foil.

Solvent extracts were performed by adding 1 mL of each
solvent to each powdered sample with a Gilson pipette (with
a new sterile tip each time) and mixing with a vortex for
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10 min at room temperature. Hexane was the first solvent
added and mixed, then dichloromethane, and finally meth-
anol. These three solvents were used to target a broad range
of apolar to moderately polar molecules, as the extracts were
analyzed using both LC-MS and GC-MS (GC-MS analysis
was unsuccessful). Each solvent was added, mixed, re-
moved, and then placed in a new vial, using fresh pipette
tips before the next solvent was added. A total of 300 mL of
each solvent extract was then pooled and mixed in a fresh
vial, then removed using a hypodermic needle and syringe,
and finally filtered using a 0.45 mm filter and placed in a
fresh vial.

These pooled and filtered extracts were frozen in PTFE
screw-top vials at approximately -10�C until LC-MS anal-
ysis. Three procedural blanks (fresh vials with solvent added
only from that step onward) were added at each new ex-
traction step to identify the introduction of any laboratory
contaminants. An overview of this method is given in Fig. 1,
and a list of samples studied is given in Table 1.

2.4. Liquid chromatography–mass spectrometry

Hydrophilic interaction liquid chromatography (HILIC)
was carried out on a Dionex UltiMate 3000 RSLC Sys-
tem (Thermo Fisher Scientific, Hemel Hempstead, United
Kingdom) using a ZIC-pHILIC column (150 · 4.6 mm, 5 mm
column; Merck Sequant). The column was maintained at
25�C, and samples were eluted with a linear gradient (20 mM
ammonium carbonate in water and acetonitrile) over 26 min
at a flow rate of 0.3 mL/min as follows:

Time/min %A %B

0 20 80
15 80 20
15 95 5
17 95 5
17 20 80
26 20 80

The injection volume was 10mL, and samples were
maintained at 5�C before injection. For the MS analysis, a
Thermo Orbitrap Q Exactive (Thermo Fisher Scientific) was
operated in polarity switching mode, and the MS settings
were as follows:

� Resolution 70,000
� AGC 1e6
� Mass-to-charge ratio (m/z) range 70–1050
� Sheath gas 40
� Auxiliary gas 5
� Sweep gas 1
� Probe temperature 150�C
� Capillary temperature 320�C
For positive mode ionization: source voltage +3.8 kV,
S-lens RF level 30.00, S-lens voltage 25.00 (V), skimmer
voltage 15.00 (V), inject flatopole offset 8.00 (V), bent
flatapole DC 6.00 (V). For negative mode ionization:
source voltage -3.8 kV.

The calibration mass range was extended to cover small
metabolites by inclusion of low-mass calibrants with the
standard Thermo calmix masses (below m/z 138), butyla-
mine (C4H11N1) for positive ion electrospray ionization
mode (m/z 74.096426), and COF3 for negative ion electro-
spray ionization mode (m/z 84.9906726). To enhance cali-
bration stability, lock-mass correction was also applied to
each analytical run shown below:

Positive Mode Lock masses: Number of Lock Masses: 1
Lock Mass #1 (m/z): 144.9822

Negative Mode Lock masses: Number of Lock Masses: 1
Lock Mass #1 (m/z): 100.9856

Instrument .raw files were converted to positive and
negative ionization mode mzXML files. These files were
processed with IDEOM (Creek et al., 2012; Jankevics et al.,
2012), which uses the XCMS (Smith et al., 2006) and
mzMatch (Scheltema et al., 2011) software in the R envi-
ronment. Briefly, this involves using the CentWave algo-
rithm within XCMS to pick out signals based on their
retention time and m/z ratio. These signals are then grouped
based on sample replicates and filtered using relative stan-
dard deviation, minimum intensity, and a noise filter to
produce a set of signals that are likely to be due to real
metabolites.

Finally, a gap-filling step is employed to ensure that
signals that may have been missed or lost from a particu-
lar group/groups while retained for another group are re-
instated, to avoid erroneous identification of signals unique
to a particular sample.

Table 1. An Overview of the Samples Studied, with Their Abbreviations Used for Analysis

Sample ID Description Solvent extractions carried out

La 01-03 Lafayette (martian meteorite) Hexane, dichloromethane, methanol
Sv 01-03 Sverrefjellet (martian analog from Svalbard) Hexane, dichloromethane, methanol
Si 01-03 Sigurdfjellet (martian analog from Svalbard) Hexane, dichloromethane, methanol
Js 01-03 JSC Mars-1 (NASA Mars simulant from Hawai’i) Hexane, dichloromethane, methanol
FB D1 01-03 Procedural blank, introduced as empty vial during

crushing/weighing of samples
Hexane, dichloromethane, methanol

FB D2 01-03 Procedural blank, introduced at hexane step Hexane, dichloromethane, methanol
FB D3 01-03 Procedural blank, introduced at DCM step Dichloromethane and methanol
FB D3 2 04-06 Procedural blank, introduced at methanol step Methanol
FB D4 01-03 Procedural blank made up of 1:1:1 hexane, methanol,

and DCM introduced at pooling and filtering step
Hexane, dichloromethane, methanol

DCM, dichloromethane.
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Fragmentation data were analyzed in PiMP (Gloaguen
et al., 2017) with the FrAnK in-house fragmentation data
analysis software. Comparisons between the overall me-
tabolite distributions of the samples were made with Me-
taboAnalyst (Xia et al., 2009). The list of detected features
was further processed using IDEOM (Creek et al., 2012).
For metabolite annotation, detected m/z ratios were matched
against m/z in the IDEOM database using a 3 ppm mass
error range. A retention time prediction algorithm was
then applied to generate a preferred annotation when mul-
tiple isomers were present in the database (Creek et al.,
2012).

Thus, a drawback of this nontargeted LC-MS approach
is that specific molecular identification cannot be verified
if multiple isomers of the same exact mass exist—this
would require further targeted analysis using standards. The
list of putative annotations for all detected LC-MS features
can be found in the IDEOM file (Supplementary Materials
SM2).

3. Results

3.1. Comparing Lafayette OM with that
of terrestrial analogs

The solvent extraction and LC-MS protocol utilized
during this study successfully detected solvent-soluble OM
in the Lafayette and terrestrial martian analog samples. Two
hundred twenty-four peaks, which could be annotated as
likely metabolites (organic molecules detected by the
Orbitrap mass spectrometer in the experiments), were
detected in Lafayette at intensities more than twice the
procedural blanks. Many of the peaks detected in Lafayette
were below detection levels in all other samples and blanks,
indicating its distinct OM signature.

Two-dimensional principal component analysis (PCA) was
carried out with MetaboAnalyst (Fig. 2), an open-source
metabolomics data analysis tool (Xia et al., 2009). The three
Lafayette replicates cluster together, separate from all other
samples. Most procedural blanks cluster together, alongside

FIG. 1. Solvent extraction protocol carried out to capture a broad range of solvent-soluble metabolites in meteorite
samples. All steps were carried out at room temperature (*20�C).
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the analog samples. The clearest exceptions to this analog
and blanks cluster are the procedural blanks made up of
methanol only. The metabolite makeup of the methanol-
only blanks is distinct due to high concentrations of
molecules with a similar polarity to methanol and low
concentrations of less polar molecules that dissolve in
hexane, for example. A similar, but less distinct, separation
is observable for the blanks without hexane, which cluster
slightly apart from the analogs and three-solvent blanks
(Fig. 2). This finding illustrates why a three-solvent ex-
traction protocol is required to detect a wide spectrum of
solvent-soluble OM within geological samples.

MetaboAnalyst was also used to generate a heat map that
shows the relative levels of detected metabolites in each
individual sample (Fig. 3). Here again, the Lafayette repli-
cates are distinct, containing high relative abundances of
numerous peaks that were not detected in any of the other
samples or blanks. The heat map also highlights a small
group of peaks that were detected in all three replicates of
JSC Mars-1 in high abundance relative to the other samples
(Fig. 3, red box). The two BVC Svalbard samples contain a
small group of peaks that are relatively abundant within all
three replicates (mostly grouped within the green box,
Fig. 3). However, none of these peaks show good repro-
ducibility across all replicates.

3.2. Fatty acids

A total of 59 of the 224 peaks detected in concentrations
significantly above background in Lafayette (i.e., at least

twice the levels in the procedural blanks) were puta-
tively annotated as fatty acids, including the molecule with
the highest relative peak intensity [FA trihydroxy(16:0)]
2,15,16-trihydroxy-hexadecanoic acid (Fig. 4 and Supple-
mentary Fig. SM1). Fatty acids have previously been re-
ported in other meteorite solvent extracts, for example, via
a GC-MS study of dichloromethane extractions of the CM2
chondrite Tagish Lake (Hilts et al., 2014). Unlike GC-MS,
this method of HILIC LC-MS is not optimized for fatty acid
detection, due to the apolarity of these molecules—GC-
MS would provide better separation (Schött et al., 2021).
Therefore, many more fatty acids may be present in La-
fayette that were not detected during this study.

Nine fatty acids were also putatively annotated within
JCS Mars 1, including octacosanoic acid (Fig. 4). Only one
other isomer was identified for this metabolite, which is
another fatty acid (6-methyl-heptacosanoic acid).

3.3. Terrestrial metabolites within Lafayette

Without compound-specific isotope ratios, we cannot
determine with certainty whether individual metabolites
detected within Lafayette have a terrestrial or martian ori-
gin. However, several metabolites were detected that are
known to be produced via terrestrial biological processes
and, thus, are probable terrestrial contaminants. These me-
tabolites can help constrain the fall scenario of this me-
teorite. For example, six peaks with some of the highest
relative abundances in the sample were putatively anno-
tated as sesquiterpene lactones—secondary metabolites
most commonly produced by plants in the Asteraceae (also
known as Compositae) family. Specifically, artecanin,
canin, inulicin, arnicolide A, tetraneurin A, and tetraneurin E
appear to have been detected at high relative intensities in
Lafayette only (Fig. 4 and Supplementary Figs. SM2–SM8).

Such molecules are thought to make up to 3% of the dry
mass of plants in the Asteraceae family (Chadwick et al.,
2013), which indicates that the Lafayette stone fell into an
area with such plants close by. In particular, tetraneurin E is
a metabolite produced by Parthenium, a wildflower genus
with one species Parthenium integrifolium (also known as
wild quinine) native to the eastern United States including
Indiana, where Purdue University is located (Kartesz, 2015)
(Fig. 5). A standard was not run of tetraneurin E during LC-
MS analysis, but no exact mass isomer for this metabolite is
present in either the Human Metabolome Database (HMDB)
or Kyoto Encyclopedia of Genes and Genomes databases.
Therefore, it is likely that tetraneurin E is a terrestrial
contaminant within Lafayette, the presence of which
strengthens the case for its unconfirmed fall scenario.

Another putative metabolite detected in all three repli-
cates of Lafayette, and in no other samples or blanks, was
deoxynivalenol (DON), also known as vomitoxin (Fig. 4).
This is a mycotoxin (harmful fungal chemical) released by
Fusarium graminearum, a fungal pathogen also known as
Gibberella zeae. This fungal pathogen causes the crop dis-
ease Fusarium head blight (FHB) of wheat and Gibberella
stalk and ear rot of corn and is the dominant fungal species
that causes FHB in North America (McMullen et al., 2012;
Munkvold and White, 2016; Schmale and Bergstrom, 2003).

There are 19 isomers (including DON) with the same m/z
value as DON in the HMDB, and without a DON standard,

FIG. 2. Two-dimensional PCA of LC-MS data from
samples of Lafayette, the two BVC analogs, JSC Mars-1,
and experimental blanks. PCA shows that the metabolites
detected in Lafayette are distinct from those detected in the
other samples. The procedural blank made with only
methanol is also distinct. PCA was carried out using Me-
taboAnalyst. BVC, Bockfjorden volcanic complex; LC-MS,
liquid chromatography–mass spectrometry; PCA, principal
component analysis.
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FIG. 3. Metabolite heat map of all samples analyzed using LC-MS. Each horizontal row represents one metabolite
detected; color represents relative peak intensity of that metabolite across all samples, with the deepest red representing
highest peak intensity. The heat map was generated using MetaboAnalyst software. Metabolites are grouped according to
similar distribution. The analog materials originate from the BVC, Svalbard, with the orange column representing the
Sigurdfjellet samples and the green column the Svverefjelle samples. The heat map suggests that there are a significant
number of metabolites present in the Lafayette meteorite that were below detection limits in all other samples. The heat map
also suggests that there are metabolites present in JSC Mars-1 unique to those extracts (red box) and similarly for the
Svalbard analogs (green box).
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we cannot be certain that DON was detected. However, the
likely detection of similar plant-based metabolites, as out-
lined above, strengthens the case. This possibility is also
reinforced by the putative detection of gibberellin A15, a
fungal terpenoid with a similar molecular structure to the
sesquiterpene lactones described above (Supplementary Fig.
SM10). Gibberellin biosynthesis was reported in the related
pathogen Fusarium fujikuroi (Hedden and Sponsel, 2015).

4. Discussion

4.1. OM in Lafayette versus terrestrial analogs

PCA suggests that much of the OM detected in the analogs
and simulants was similar to, although distinct from, the OM
of Lafayette. The metabolite detected with the highest rela-
tive intensity in Sverrefjellet, Sigurdfjellet, and JSC Mars-1
was putatively annotated as desmosdumotin C, which was
below detection limits in all other samples. JSC Mars-1 and
the two BVC samples were not stored together and originated
from entirely different sites. However, they were stored in the
same plastic sample bags, which suggests that this metabolite
is a contaminant from sample storage. In contrast, the La-
fayette chip was stored in aluminum foil, which perhaps
explains the absence of this metabolite in the meteorite.

Many fatty acids were detected in Lafayette and JSC
Mars-1 that were not detected in the procedural blanks.
Interestingly, among the 25 most intense peaks in JSC Mars-1,
9 were tentatively annotated as fatty acids, which suggests
that JSC Mars-1 acts as an excellent analog material for
Mars in terms of its soluble organic content.

4.2. Constraining the fall history of Lafayette

As mentioned above, detailed knowledge surrounding the
fall and recovery of Lafayette is lacking. A possible, although
unconfirmed, version of events is that a Purdue University
student saw the fall in Tippecanoe County (Indiana) and
collected the stone from a muddy area near a pond (Ni-
ninger, 1935). Surprisingly, our LC-MS data set for Lafayette
appears to support this story, particularly if we focus on the
DON mycotoxin.

FHB, or ‘‘scab,’’ is a disease on small grains caused by
the fungal pathogen F. graminearum. This pathogen pro-
duces the DON mycotoxin and typically causes disease on
wheat in areas during favorable environmental conditions
of warm temperatures and high humidity during anthesis
(flowering) in the spring. FHB can cause significant yield
losses and reduced grain quality. Agriculture is a major

FIG. 4. Extracted ion chromatograms of peaks of interest found via HILIC LC-MS in triplicate samples of Lafayette (a–h)
and JSC Mars-1 (i, j). The putatively annotated peaks are as follows: (a) artecanin/canin, (b) deoxynivalenol (also known as
vomitoxin), (c) [FA trihydroxy(16:0)] 2,15,16-trihydroxy-hexadecanoic acid, (d) arnicolide A, (e) inulicin, (f) tetraneurin E,
(g) tetraneurin A, and (h) gibberellin A15. The putatively annotated peaks in JSC Mars-1 are as follows: (i) octacosanoic
acid and (j) desmosdumotin C. HILIC, hydrophilic interaction liquid chromatography.
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industry in Indiana and has been throughout the 19th
and 20th centuries. The state’s climatic and environmental
conditions are ideal for F. graminearum to cause disease,
meaning that FHB is widely recognized as a significant
problem in Indiana grain. This is because the DON myco-
toxin produced by F. graminearum is poisonous to humans
in large concentrations (McMullen et al., 2012). For live-
stock, particularly swine, it causes sickness in much lower
concentrations if infected wheat is in their feed. Many pigs
will refuse feed that contains *1 ppm of DON (Schmale
and Bergstrom, 2003).

Purdue University’s Department of Agronomy and De-
partment of Botany and Plant Pathology continue to monitor
and research instances of FHB in the state and best man-
agement practices for this disease (Wise and Woloshuk,
2010). The highest prevalence of the disease in Indiana
within the 20 years before 1931 (when Lafayette was rec-
ognized as a meteorite) was in 1919 (Gardner, 1919). In that
year, FHB caused an estimated 5–10% loss in crop yield.
Detailed annual records of crop diseases at the county level

within the state were kept by the Indiana National Academy
of Sciences from 1919 onward. The year 1927 was also a
significant year for the disease. However, the levels did not
match the scale of 1919 (Gardner, 1927). Therefore, as-
suming the stone did fall as described in Nininger (1935),
the LC-MS data presented here suggest 1919 or 1927 as the
most likely fall years based on these annual disease records
of FHB.

This is further supported by previous liquid chromatog-
raphy studies of DON infestations in soil and crops. LC-MS/
MS work by Sanders et al. (2013) showed that the highest
concentrations of DON are found in settled infested wheat
dust at five times the levels in infested grain debris. Ad-
ditionally, Maiorano et al. (2008) used HPLC to investigate
how DON concentration in soils in regions with FHB in-
festation varies annually, as well as with mitigative strate-
gies such as crop tilling. They found that minimum DON
concentrations varied between a minimum of 125 mg kg-1 in
their 2004 samples, a minimum of 25mg kg-1 in their 2005
samples, to a minimum DON concentration of 1192mg kg-1

in their 2006 samples.
In line with this, 2006 had a much higher FHB infestation

in the wheat crops studied, and other mitigation efforts (such
as tilling) had a negligible impact on DON concentration.
Maiorano et al. thus hypothesized that annual infestation
has the biggest impact on DON concentration in their soil
samples. Given that Nininger’s account of the fall gives the
stone as falling in the mud at the edge of a pond, we suggest
that it is highly likely to have been near a field infested with
FHB at the time, with a layer of infested dust at its surface,
and it was likely to have been in a year of very high FHB
infestation to be detected so many years later.

The student who saw the fall is reported to have been a
student of color registered at Purdue University before 1931
(Nininger, 1935). During this period at Purdue, Black stu-
dents were referred to as students of color, while students
of other non-White ethnicities were referred to as foreign
students. By the time the stone was identified as a meteorite,
the student’s name was forgotten, so the fall scenario re-
mained unconfirmed (Nininger, 1935). Very few students of
color attended Purdue University in the late 1910s, to the
point that there were no Black students known to have
graduated in 1919 or 1920. However, there were three Black
students known to have been in the university in 1919—two
pharmaceutical students in the graduating class of 1921, and
one engineering student in the graduating class of 1922.
There was only one Black student known to have attended
Purdue in 1927. Therefore, both years fit the reported fall
scenario; however, the higher prevalence of FHB in 1919
makes this year the most probable.

Intriguingly, there were also well-documented fireballs in
the Midwestern USA in both 1919 and 1927. A fireball
event in 1927 is known to have dropped the Tilden mete-
orite in Illinois, a chondrite meteorite. On November 26,
1919, at 8 pm, a fireball was observed primarily in Southern
Michigan and northern Indiana, with additional reported
sightings across the Midwest and into Canada (Hobbs,
1923). Hobbs (1923) suggested that, due to the length of the
fireball, the shockwave was felt around Lake Michigan and
into Canada, and the clear multiple paths were observed as
well such that a stone was likely to have fallen onto land east
of Lake Michigan and near the town of Portage, Michigan.

FIG. 5. The reported fall location (Tippecanoe County) of
Lafayette Meteorite compared with the native distribution of
a plant whose derivative was found in the sample of La-
fayette. Counties (in green) in Indiana with verified (pressed
and location recorded specimens) native distribution of
Parthenium integrifolium, the only species of Parthenium
genus indigenous to Indiana relative to the county (in grey
with a fireball symbol) where the Lafayette meteorite was
reportedly first found. Plants in the Parthenium genus con-
tain many sesquiterpene lactones, including those such as
tetraneurin E found in this experiment and in this species.
Adapted from the Indiana Plant Atlas.
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A couple of searches took place, but a meteorite was
never found. However, due to extensive cloud cover in most
of Michigan, the actual trajectory and fall position are un-
clear, although it is unlikely that this would account for the
220 km distance between the estimated fall site of Portage
and Lafayette. The accounts of the Lafayette fall scenario
imply daylight at the time, possibly explaining the absence
of other fireball reports for this fall.

4.3. Implications for MSR and curation

The detection of multiple terrestrial plant-derived sec-
ondary metabolites within an interior chip of Lafayette il-
lustrates how easily terrestrial OM can contaminate martian
samples. Despite the uncertainty surrounding its fall history,
Lafayette’s lack of terrestrial weathering features and black
glassy fusion crust attest to its relatively pristine nature
(Nininger, 1935). The persistence of these plant-derived
contaminants decades after the stone fell, and the fact that
they are among the most abundant metabolites detected,
indicates that biogenic OM ingress into extraterrestrial
samples can easily and rapidly occur throughout an entire
meteorite mass and can be preserved for many years.

MSR aims to bring back soil and rock samples from
the martian surface for further study here on Earth. One of
the key aims of these Earth-based studies will be to catalog the
martian OM present within these samples (IMOST, 2018).
LC-MS metabolomics as described here could help achieve
this, with the optimal work plan including initial nontargeted
analyses followed by targeted analyses alongside standards
to identify specific molecular isomers (Seyler et al., 2020).
However, considering that martian OM could contain some
molecules with the same structure as potential terrestrial con-
taminants, the only way to identify the true source of these
molecules would be compound-specific isotope ratio ana-
lyses, currently only available via gas chromatography
isotope ratio mass spectrometry. However, it has been
suggested that the current detection limits of this tech-
nique require sample sizes of *1 kg (Callahan et al., 2014),
which is unfeasible for such precious samples.

The small sample sizes utilized for this study (3 · 30 mg
replicates) coupled with the large number of metabolites
detected—some of which are almost certainly plant-derived
material from *100 years ago—suggest that similar LC-
MS protocols would be valuable during the investigation of
OM in MSR.

5. Conclusions

The aim of this study was to evaluate a nontargeted me-
tabolomics approach to organics detection in martian mete-
orites, both to characterize contamination and to identify any
possible indigenous (i.e., martian) OM. In this study, we
show that room temperature solvent extractions with the use
of hexane, dichloromethane, and methanol—complete with a
comprehensive contamination control using blanks—capture
a broad range of metabolites that can be detected by LC-MS.
When combined with rigorous bioinformatics analysis, this
technique is effective as a nontargeted approach to metabo-
lomics, and a follow-up targeted approach with standards
would allow for the confirmation of metabolites detected.

Although Lafayette appears to be a pristine martian sam-
ple, our nontargeted metabolomics study suggests that there

are a number of terrestrial plant-derived organic contami-
nants within the meteorite. The presence of these contami-
nants emphasizes the need for carefully controlled and
documented curation of martian returned samples to ensure
that terrestrial organic contamination does not take place.

The putative identification of vomitoxin (DON) and other
plant-derived metabolites within Lafayette appears to sup-
port the unconfirmed report that the meteorite fell in the
Indiana countryside, as outlined by Nininger (1935). The
putative detection of vomitoxin, a mycotoxin produced by
the fungal pathogen F. graminearum, suggests the stone fell
during a year when FHB was most severe. Archives relating
to FHB from the Indiana Academy of Sciences suggest 1919
as the most severe blight year during the possible fall win-
dow of 62 years. This year also corresponds with the un-
confirmed report that the student who saw the fall and
collected the meteorite was a student of color, based on
Purdue University’s yearbook and graduation records.

This work demonstrates the importance of studying ter-
restrial contaminants in meteorites, particularly for rare
astrobiologically important stones with unconfirmed fall
histories. The LC-MS data presented here, combined with
archival and historical ‘‘detective work,’’ have elucidated
our knowledge of Lafayette’s terrestrial history.
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