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Astrochemical Processes

Glavin et al. in Primitive Meteorites and Asteroids, ed. Neyda Abreu, in press.
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Remote Observations 
& Simulations

Lab Analyses

Simulations

Sample Return

After Deamer et al., (2002) Astrobiology 2:371-381 

In Situ Detection

Astrochemical Processes
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Icy regolith

(e.g. 26Al, 60Fe)

Meteorites Sample Different Environments

After: Field Guide to Meteors 
and Meteorites, eds. Norton & 
Chitwood

DeMeo and Carry Nature (2014) 505, 629-634.

Main Belt

Chondritic parent body Onion shell model

Internal heating

Short-lived
radioisotopes
(e.g. 27Al, 60Fe)

Thermal
metamorphism

+ 
Aqueous alteration
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Murchison is Rich and Well Studied

Insoluble Organic Matter (IOM) Abundance
Macromolecular material             
(C100H70N3O12S2)

70-99% total 
organic C

Soluble Organic Matter (SOM) Concentration 
(ppm)

Carboxylic acids >300
Polar hydrocarbons <120
Sulfonic acids 67
Amino acids (~90 named) 60
Dicarboxyimides >50
Aliphatic hydrocarbons >35
Dicarboxylic acids >30
Polyols 30
Aromatic hydrocarbons 15-28
Hydroxy acids 15
Amines 13
Pyridine carboxylic acids >7
N-heterocycles 7
Phosphonic acids 2
Purines and pyrimidines 1

After Pizzarello, S., Cooper, G. W., and Flynn, G. J., (2006) Meteorites and the Early 
Solar System II, pp. 625-651, eds. D. S. Lauretta and H. Y. McSween

Fell on September 28, 1969 in Murchison, Australia
CM
Type 2

Elsila et al. (2016), ACS Cent Sci, 2:370–379. 
Schmitt-Kopplin et al., PNAS 107:2763–2768.

acknowledged values for Murchison (1) is readily explained con-
sidering that almost all of the previously identified N-containing
molecules exhibit masses lower than 150 Da, a mass range not
covered in our FTICR/MS analysis.

Sulfur Chemistry Chronology. The four series of molecules (CHO,
CHOS, CHNO, and CHNOS) showed two very distinct distribu-
tions of mass peaks (Figs. 3 and 4 and Fig. S2A–D): CHO and
CHOS series exhibited an almost continuous increase of their
mass peak intensities following an ascending H∕C ratio (H-rich
aliphatic compounds). In contrast, CHNO and CHNOS series
exhibit a slightly skewed near Gaussian distribution of their mass
peak intensities with large occurrences of mass peaks at average
H∕C ratios (Fig. 4). These trends are observed over the entire
mass range recorded on the spectra (Fig. S6A–D). Such a proce-
dure to visualize data also allows one to rapidly spot the presence
of peaks caused by impurities. These distinct mass profiles imply a
strong directional relationship between the CHO and CHOS ser-
ies on the one hand and the CHO and CHOS series on the other
hand and therefore suggest separate histories of formation and
evolution for CHNO and CHNOS compounds and for their
S-bearing analogues. The mass peak intensity distribution
depicted as a function of the number of oxygen atoms in CHO
versus CHOS and CHNO versus CHNOS series indicated that
an increase in S was followed by an increase in oxygen all over
the mass range, suggesting the occurrence of sulfur in elevated
oxidation states (Figs S6E–H, S7, and S8A–D).

Links Toward the Origin of Murchison Organic Matter. Many of the
small molecules originally identified in protoplanetary disks
(e.g., CO,CN,CS,H3COH)are expected to be reactive under con-
ditions of nebulae evolution (18). Already, the rather abundant
formaldehyde (H2C ¼ O) and HCN molecules alone produce
an opulent and well-investigated intra- and intermolecular
chemistry with an amazing diversity of intricate reaction products,
leading to CHO, CHN, and CHNO series of molecules, respec-
tively. In addition, in reducing atmosphere of CH4, NH3, and
CO at low temperatures (e.g. 10–20 K) and strong irradiation re-
gimes, conditions that initially characterized the early primordial
nebula chemistry, aromatic nitrogen heterocycles, and other simi-
larly hydrogen-deficient molecules are readily formed. It seems

that extrusion of hydrogen from organic intermediates is one of
themain reactions enabling this outcome. Thesemolecules are re-
latively silent at low temperatures, although long-term irradiation
will likely induce radical formation and recombination with
subsequent loss of precursor signature. However, hydrothermal
processing might impose drastic alterations, one of which is
processing toward aCHOseries ofmolecules that aremore soluble
than CHNO molecules and therefore will show divergent mass
peak signatures.

During its trajectory of formation, the Murchison meteorite
has sampled across a huge variety of spatial, compositional,
temperature, and irradiation regimes as evidenced from, e.g.,
the variance in composition of tiny enclosed mineral grains
(9). Although less cleary discernible from complex mixtures when

Fig. 4. Distribution of mass peaks within the CHO, CHOS, CHNO, and CHNOS
series for molecules with 19 carbon atoms. CHO and CHOS series exhibit in-
creasing intensities of mass peaks for aliphatic (hydrogen-rich) compounds,
whereas CHNO and CHNOS series exhibit a slightly skewed near Gaussian dis-
tribution of mass peaks with large occurrences of mass peaks at average H∕C
ratio. The apparent odd/even pattern in the CHNO and CHNOS series denotes
occurrence of even (N2) and odd (N1;3) counts of nitrogen atoms in CHNO(S)
molecules in accordance with the nitrogen rule (Fig. S8E).

Fig. 3. Integrated representations of the molecular diversity in the methanol extracted fraction, derived from ESI(−) FTICR/MS spectra in the (A) 150–700 m∕z
range. (B–D) Relationships between m∕z, H∕C, and O∕C elemental ratios corresponding to the mass spectra shown in A.

2766 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0912157107 Schmitt-Kopplin et al.

Schmitt-Kopplin et al. www.pnas.org/cgi/doi/10.1073/pnas.0912157107 3 of 11

“likely millions of diverse structures” 
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Why Study Amino Acids?
• Astrobiology

• Molecules of life
• But contamination is a concern
• There’s more to life than amino acids

• Structural diversity
• Enough to probe chemistry and stable isotopes
• But meteorites are heterogeneous

• Chirality
• Meteorite amino acids can have abiotic chiral excesses
• But contamination is a concern

• Technology
• Commercial instrumentation exists 
• But it is not designed for complex low abundance samples
• Sample workup is still an art
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Origin of Homochirality is a Mystery

Homochirality – the presence of only L or only D enantiomers
Racemic – a 50/50 mix of L and D enantiomers

Life on Earth is (essentially) homochiral:
L-amino acids (proteins)
D-sugars (DNA and RNA)

It takes chirality to make chirality
Without a chiral driving force, syntheses produce racemic
mixtures

How did the transition from racemic to homochiral occur on 
the ancient Earth?

Is it a sensor for habitable or inhabited worlds?

7

D-methamphetamine L-methamphetamine

H
N

H
N
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Derivatization of 
Purified Extract

Solvent  Extraction and Optional HydrolysisCrush Sample Desalting

Liquid chromatography with fluorescence 
detection and time-of-flight mass spectrometry Quantitation

Gas chromatography with mass spectrometry 
and isotope ratio mass spectrometry Compound-specific isotope ratios

Amino Acid Analysis

Analysis

Derivatization
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Hot  Water Extraction

Acid 
Hydrolysis

Desalting

W
or
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Crush Sample

Burton, et al. (2012) Chem. Soc. Rev., 41, 5459-5472. 
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Possible	mechanisms	include:	
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The	Diversity	of	Meteori@c	Amino	Acids:		
Varia@ons	in	Abundance	and	Enan@omeric	Composi@on	and	Implica@ons	for	Exobiology		

Jamie	E.	Elsila1,	Aaron	S.	Burton2,	José	C.	Aponte1,3,	Donna	G.	Blackmond4,	Jason	P.	Dworkin1,	and	Daniel	P.	Glavin1	
1NASA	Goddard	Space	Flight	Center,	Greenbelt,	MD;	2NASA	Johnson	Space	Center,	Houston,	TX;	3Catholic	University	of	America,	Washington,	DC;	4The	Scripps	Research	InsXtute,	La	Jolla,	CA

Introduction

Isovaline Enantiomeric Ratios

Structural Distributions 

Implications

The	organic	content	of	meteorites	contains	informaXon	not	only	about	early	
solar	system	chemistry,	but	also	about	the	processing	histories	of	meteorite	
parent	 bodies.	 Amino	 acids	 are	 of	 parXcular	 interest	 because	 they	 are	
relevant	 to	 life,	 accessible	 to	 isolaXon	 and	 analysis,	 oeen	 chiral,	 and	
comprise	a	constrained	yet	structurally	diverse	group.	

Question: How do amino acid abundances, structural 
distributions, and enantiomeric ratios reflect formation 
and processing histories of carbonaceous chondrites? 

Abundances 

References /Acknowledgements

Analytical Methods
The	amino	acid	content	of	each	meteorite	was	measured	using	hot	water	
extracXon,	acid-vapor	hydrolysis,	derivaXzaXon	with	o-phthaldialdehyde/
N-acetyl-L-cysteine,	 and	 analysis	 via	 ultrahigh-performance	 liquid	
chromatography	 with	 fluorescence	 detecXon	 and	 Xme-of-flight	 mass	
spectrometry.	 	 Specific	methods,	 sample	 informaXon,	 and	data	 are	 	 in	
publicaXons	listed	in	References.	

Early	 work	 on	 meteoriXc	 amino	 acids	 focused	
on	 CM2	 chondrites,	 parXcularly	 the	Murchison	
meteorite.	 In	 recent	 years,	 analyses	 have	
expanded	 to	 include	 all	 eight	 carbonaceous	
chondrite	 groups	 and	 a	 range	 of	 petrographic	
types,	 as	 well	 as	 ungrouped	 carbonaceous	
chondrites,	ordinary	and	R	chondrites,	ureilites,	
and	a	MarXan	shergokte.	These	studies	reveal	
a	diversity	in	amino	acid	content	and	structures	
that	may	shed	light	on	meteorite	histories.	

To	date,	amino	acids	have	been	
measured	in	representaXves	from	all	
groups	shown	in	this	classificaXon	
chart	except	those	shown	in	white.	

Amino	acid	abundances	 vary	by	more	 than	 three	orders	of	magnitude	across	meteorite	
groups.	 Highest	 abundances	 are	 in	 the	moderately	 aqueously	 altered	 CM2	 and	 CR2/CR3	
carbonaceous	 chondrites,	 and	 the	 metal-rich	 CH	 chondrites.	 Abundances	 decrease	 with	
increasing	thermal	or	aqueous	alteraXon.	

Distribu@ons	 of	 the	 C5	 amino	 acid	 isomers	 vary	 profoundly,	 with	α-
amino	acid	 isomers	prevalent	 in	 the	CM2	and	CR2/3	groups,	but	β,	γ,	
and	δ	 isomers	more	abundant	 in	other	groups.	 	Straight-chain	amino-
terminal	amino	acids	dominate	the	most	thermally	altered	meteorites.	

Excesses	of	up	to	~20%	of	
the	 L-enanXomer	 of	 the	
non-protein	 amino	 acid	
i sova l ine	 have	 been	
observed.	 The	 highest	
enan@omeric	 excesses	
a r e 	 i n 	 t h e 	 m o r e	
a q u e o u s l y	 a l t e r e d	
carbonaceous	 chondrites	
and	 the	 high-metal	 CH3	
carbonaceous	chondrites.	

Petrographic Type (Chondrules)

1	 2	 3	 4	 5	 6	
More aqueous 

alteration
More thermal 

metamorphism

•  A	“sweet	spot”	of	high	abundances	and	high	α-isomers	 is	
found	in	the	moderately	aqueously	altered	CM2,	CR2,	and	
CR3	meteorites.	

Irons 
(~ 5% falls) 
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(> 90% falls) 

Stony-Irons 
(~1% falls) 
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(~75% falls) 
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CB 
  

Carbonaceous 
(~4% falls) 

Primitive 
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Funding	 provided	 by	 the	 NASA	 Astrobiology	 InsXtute	 and	 the	 Goddard	 Center	 for	
Astrobiology,	and	a	grant	from	the	Simons	FoundaXon	(SCOL	awards	302497	to	J.P.D.	
and	287625	to	D.G.B.).		

The	23	enanXomers	and	structural	
isomers	of	C5	primary	aliphaXc	
amino	acids	provide	a	probe	into	
distribuXons	of	carbon	backbone	
structure	and	amine	posiXon	that	
may	vary	with	formaXon	and	
processing	histories.	

*In all plots, meteorites are arranged roughly in order of petrographic high aqueous alteration on the left to high thermal alteration on the right

 α-amino isomer 
β-amino isomer 
γ�amino isomer 
δ-amino isomer 

The diversity in meteoritic amino acids 
suggests multiple formation mechanisms in 
the early solar system and in parent bodies. 

More laboratory simulation work is required for 
comparison with meteorites in order to understand 
the diversity observed in meteoritic amino acids. 

Enantiomeric excesses suggest amplification 
of an initial imbalance through parent-body 
processing 

•  Although	UV	circularly	polarized	light	or	other	source	may	
create	 iniXal	 imbalance,	parent	body	affects	magnitude	of	
enanXomeric	excess	

•  Aqueous	 alteraXon	 appears	 to	 enhance	 enanXomeric	
excess,	suggesXng	physical	or	chemical	processes.	

•  γ	and	δ	isomers	may	form	
through	 decarboxylaXon	
or	 deaminaXon,	 possibly	
aided	by	metal	or	water.	

•  F i scher -T ropsch - type		
r e a cXon s	 may	 f o rm	
straight-chain	 amino-
terminal	 amino	 acids	 in	
thermally	 altered	 parent	
bodies	

Burton	 A.	 S.,	 Elsila	 J.	 E.,	 Callahan	M.	 P.,	 MarXn	M.	 G.,	 Glavin	 D.	 P.,	 Johnson	 N.	 M.,	 Dworkin	 J.	 P.	 (2012)	 A	
propensity	for	n-ω-amino	acids	in	thermally	altered	AntarcXc	meteorites.	MAPS	47(3),	374-386.	
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metal-rich	CH	and	CB	carbonaceous	chondrites	from	AntarcXca.	MAPS	48(3),	390-402.	
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P.	(2015)	Amino	acid	analyses	of	R	and	CK	chondrites.	MAPS	50(3),	470-482.	
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Callahan	M.	P.,	Burton	A.	S.,	Elsila	J.	E.,	Baker	E.	M.,	Smith	K.	E.,	Glavin	D.	P.,	Dworkin	J.	P.	(2013)	A	search	for	
amino	acids	and	nucleobases	 in	the	MarXan	meteorite	Roberts	Massif	04262	using	liquid	chromatography-
mass	spectrometry.	Meteori/cs	and	Planetary	Science,	786-795.	

Glavin	D.	P.,	Dworkin	J.	P.	(2009)	Enrichment	of	the	amino	acid	L-isovaline	by	aqueous	alteraXon	on	CI	and	CM	
meteorite	parent	bodies.	PNAS	106,	5487-5492.	

Glavin	D.	P	et	al.	(2010)	The	effects	of	parent	body	processes	on	amino	acids	in	carbonaceous	chondrites.	MAPS	
45,	1948-1972.	

Glavin	D.	P.,	Elsila	J.	E.,	Burton	A.	S.,	Callahan	M.	P.,	Dworkin	J.	P.,	Hilts	R.	W.,	Herd	C.	D.	K.	(2012)	Unusual	non-
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Number	 of	 published	 analyses	 of	
amino	 acids	 extracted	 from	
meteorites	 of	 each	 carbonaceous	
chondrite	group,	by	decade.	 (Web	of	
Science)	

 α-amino isomer β-amino isomer γ�amino isomer δ-amino isomer 

COOH*

NH2

COOH
NH2

COOH
NH2

COOHH2N

* = chiral carbon 

NH2

COOH
*

COOH*
NH2

*

NH2

COOH*

NH2

COOH*

COOH*
NH2

COOH*H2N

COOH*H2N

COOH*H2N

CR1 CM1 CI1hot Cung2 CM2 CR2 CR3 CB CBb CH3 CV3 CO3 CK4 R3 CK5 LL5 SNC CK6 Ureilites R4 CM2hot CI1 CM½ 

H2N

C
H2C

O

OH

CH3

CH3

H2N

C
H2C

O

OH

CH3

CH3

Excess L-Isovaline

Elsila et al. (2016), ACS Cent Sci, 2:370–379 and references therein. 
. 
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Meteorites Vary in Amino Acid Abundance and Distribution
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Similar 13C to 
isovaline but 
Racemic
(CI, CM, CR, CV, 
CO, CK)

Racemic
(CI, CM, CR)

Achiral
L-Excess in some CM CI

Racemic in CR
Absent in CV, CO, CK

Aponte et al. (2017) MAPS 52: 2632–2646 
Aponte et al. (2016) GCA 189: 296-311.
Aponte et al. (2015)  MAPS 50:1733-1749.
Aponte et al. (2014)  GCA 141:331-345.

/

/

Amino Acid Synthetic Routes

CV
Type 3

CO
Type 3

CK
Type 4-5

CM
Type 
1½ -2

CR
Type 2-3

CI
Type 1
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Protein Amino Acid Excesses?
• Reports of protein amino acids with enantiomeric excesses of up to 60%

have been seen.

• Glavin et al. 2012 (aspartic acid in Cung)
• Pizzarello et al. 2012 (isoleucine in CR2)

• Even greater caution must be taken in analyzing these due to the constant 
specter of biologic contamination

• Complete analysis of potential interfering compounds and stable isotopic 
analysis is necessary

Tagish LakeMET 00426

CR
Type 2

Cung
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No interfering compounds are possible based on mass and properties.
Lee=55-99% L-Glu, L-Ser, and L-Thr suggested but unconfirmed, but isotopic 
measurements not possible due to low abundances or co-elution. 
Racemic Ala, Nva, Iva (though fragment 5b shows Iva 7% excess, but no isotopes).

59%±2 Lee

GC-C-IRMS Chromatograms GC-MS Fragmentation Patterns

Greater Caution Cung
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Extraterrestrial Samples

Muawia Shaddad, Peter Jenniskens, and U. 
Khartoum students

Nubian Desert, Sudan. Almahata Sitta Fall

Geoff Notkin and Steve Arnold

“Alpha” Kansas, USA  Brenham Strewn Field

Scott Messenger and Danny Glavin with Dante Lauretta (background)

MacAlpine Hills, Antarctica ANSMET 

More contaminated Less contaminated

NASA’s OSIRIS-REx mission to collect 60-2000g of 

asteroid Bennu surface and return to Earth
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Sample Return Missions:
The gift that keeps on giving

Ø Moon (1969-72, 1976)
NASA Apollo 11, 12, 14, 15, 16, and 17
Soviet Luna 16, 20, and 24

Ø Solar wind (returned 2004)
NASA Genesis

Ø Comet tail (returned 2006)
NASA Stardust

Ø Stony Asteroid (returned 2010)
JAXA Hayabusa

Ø Carbonaceous Asteroid
JAXA Hayabusa2 (launch 12/14, return 12/20)
NASA OSIRIS-REx (launch 9/16, return 9/23)
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Complex Lab Instruments Cannot Be Flown on Spacecraft
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Figure 1:  Soil scooped from under legs of lunar module (LM).  AS17-143-21930
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Figure 2:  Composition of 70011 compared with
other Apollo soil samples.

Introduction
Lunar landers use hydrazine and N

2
O

4
 as rocket fuel.

One wishes to know if residual gas or reaction products

(H
2
O, CO

2
, N

2
) from the rocket engine contaminate

the lunar regolith.

Thus a soil sample was collected from beneath the LM

(figure 1) and sealed in a special environmental sample

container for return to earth (figure 5).

Petrography
Morris (1978) determined the maturity index (I

s
/FeO

=54).

H2N

O

OH

O

OH
H2N

Different 
Maturities

Volatile-
Rich

Underneath 
Thrusters

Far from 
Thrusters

Elsila et al. (2016) Geochim. Cosmochim. Acta 172, 357-369

Lunar amino acids and potential sources

• Amino acids detected in Apollo samples 
during 1970s, but no consensus on their 
origins

• Four potential sources distinguishable 
by:

• structural distribution
• variations between samples
• isotopic signature

• Re-examination possible because of 
sample return

17



• Re-analysis of Apollo 16 and 17 samples
• No correlation with location
• Least mature samples had highest abundances
• Majority of amino acids came from bound 

precursors, consistent with biology; some 
samples consistent with meteoritic bound 
abundances

• Measurable carbon isotopes in terrestrial range
• Non-proteinogenic amino acids observed

• Amino acids detected in lunar samples 
primarily from terrestrial contamination 
with some contribution possible from 
meteoritic infall
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Extract Different Apollo 
Samples

Determine Amino Acid Origins
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Extraterrestrial
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LM Soil (vacuum)
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Figure 1:  Soil scooped from under legs of lunar module (LM).  AS17-143-21930
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) from the rocket engine contaminate

the lunar regolith.

Thus a soil sample was collected from beneath the LM

(figure 1) and sealed in a special environmental sample

container for return to earth (figure 5).

Petrography
Morris (1978) determined the maturity index (I
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/FeO

=54).
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Biogenic	
amino	acids	
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Elsila et al. (2016) Geochim. Cosmochim. Acta 172, 357-369

Lunar amino acids and potential sources
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Cometary Amino Acid

Sandford et al., (2006) Science 314, 720-724. 
Glavin et al., (2008) Meteorit. Planet. Sci. 43, 399-413. 
Elsila, et al. (2009) Meteorit. Planet. Sci. 44, 1323-1330.

Image:	ESA

• Stardust first detection of cometary 
glycine in 81P/Wild 2

• Glycine confirmed cometary, d13C = +29‰±6‰
• Cometary methylamine and ethylamine 

likely, b-Alanine possible
• Witness material from Stardust spacecraft 

and curation essential to determining 
contamination vs. cometary origin

• Rosetta first detection of in situ glycine
at Comet 67P/Churyumov-Gerasimenko

• ROSINA mass spectrometer observed 
glycine, methylamine, and ethylamine in 
multiple observations Altwegg et al. (2016) Sci Adv 2:e1600285

Comet nucleus sample return needed to detect less-abundant compounds



20#osirisrex

Origins: Return and analyze a sample of pristine carbonaceous asteroid regolith 

Spectral Interpretation: Provide ground truth for telescopic data of the entire asteroid population

Resource Identification: Map the chemistry and mineralogy of a primitive carbonaceous asteroid 

Security: Measure the Yarkovsky effect on a potentially hazardous asteroid 

Regolith Explorer: Document the regolith at the sampling site at scales down to the sub-cm 

Collects                 60-2000 g Earth return, Utah, USA 
8:53 am UTC-6, 24 September 2023

N2

Approaches Bennu July 2018
Map & Rehearse until July 2020 Sampling



Conclusions

• Amino acids are present in many extreme extraterrestrial environments
• Meteorites of different groups from modest to molten
• Lunar samples
• Cometary material

• Diversity in structures and distributions may reflect different formation 
histories

• Chiral excess is not a guaranteed measure of life
• Necessary, but insufficient for life

• Amino acid analysis is also valuable in determining contamination in 
returned samples

• Witness materials are essential as “controls”
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Monopropellant

Contamination Knowledge Plates

Contamination Monitoring Plates

GasesMaterial ArchiveDworkin et al. Space Science Reviews (in press)
https://arxiv.org/abs/1704.02517

• OSIRIS-REx contamination 
control requirements: <180 
ng/cm2 of amino acids on 
sampler head surface (0.96 
ng/cm2 achieved)

• Level 100 A/2 particles and 
films

• Monitored during assembly 
via witness plates

• Analysis and archiving of 
materials for comparison with 
future sample analyses

Preparing for OSIRIS-REx Sample Return: 
Documenting Contamination Before Flight
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Dworkin et al. Space Science Reviews (in press); https://arxiv.org/abs/1704.02517

Assembly & Test Launch Operations Space Recovery Curation
Sampler

Assembly Launch Sampling Earth
Return

Pre-Collection Witnesses (TAGSAM) ii Post-Collection Witnesses (TAGSAM) iii

Bennu
Arrival

Disassembly
of Sampler

Opening 
SRCRecovery

Pre-Stow Witnesses (SRC) 2 Post-Stow Witnesses (SRC) 3

Always Open Witnesses (TAGSAM& SRC) i & 1 

Curation

9/20162014 5/2016 9/2023 9/2023 10/2023 -

filter

1

2

3

ii

i

iii
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ii

Preparing for OSIRIS-REx Sample Return: 
Documenting Contamination During Flight
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