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Introduction:  The organic composition of carbo-

naceous chondrites constitutes an invaluable record of 

the molecular diversity and chemical processes that 

occurred during the formation of the solar system [1]. 

Among the eight different classes of carbonaceous 

chondrites, the CR2 and CM2 subtypes may contain 

the most rich and diverse suite of organic compounds 

[2,3]. The organic composition of CR2 and CM2 car-

bonaceous chondrites may have been shaped by the 

extent of their interactions with minerals, aqueous flu-

ids, and thermal metamorphism inside the asteroid par-

ent body [4]. Conversely, CR2 and CM2 meteorites 

may have originated from distinct asteroid parent bod-

ies having different matrix constitutions [5,6], and their 

organic inventory may be a signature of different com-

pound distributions that initially accreted into their 

parent bodies.  

We have quantified the abundance and analyzed the 

molecular distribution of aliphatic amines in the Ant-

arctic carbonaceous chondrites LAP 02342 (CR2), 

GRA 95229 (CR2), LON 94101 (CM2), LEW 90500 

(CM2), and ALH 83100 (CM1/2) (Table 1). Our work 

may provide insights about the synthetic origins of 

extraterrestrial aliphatic organic compounds and the 

potential chemical processes that occurred during and 

after the accretion of the asteroid parent body. 

Methodology:  Samples (LAP 02342, 411 mg; 

GRA 95229, 675 mg; LON 94101, 8 g; LEW 90500, 9 

g; ALH 83100, 15 g) were provided from the Antarctic 

meteorite collection at the NASA Johnson Space Cen-

ter. The samples, which did not show any visual evi-

dence of fusion crust, were analyzed by gas chromatog-

raphy mass-spectrometry (GC-MS), after extraction, 

acid hydrolysis, and derivatization for chiral analysis 

using previously published methods [7]. 

Results and Discussion:  We investigated a range 

of aliphatic amines in CR2 and CM2 chondrites, find-

ing greater total amounts of amines in CR2 than in 

CM2 chondrites (Table 1). In addition, we observed 

that isopropyl amine was the most abundant amine in 

CR2 chondrites; in contrast, methylamine was the most 

abundant amine in CM2 chondrites. The difference in 

amine abundances may be in part explained by the 

lower levels of water observed in CR2 chondrites and 

thus, the lower levels of aqueous alteration experienced 

by these types of chondrites. Aqueous alteration has 

been linked to the depletion of organics in carbona-

ceous chondrites [8]. However, it is also possible that 

CR2 and CM2 chondrites exhibit different amine com-

positions as a result of the discrete formation processes 

of their parent bodies and the molecules that originally 

accreted, which may have served as building blocks for 

the synthesis of amines through asteroidal processing.  

We observed that the total concentration of 

branched amines was higher than that of linear C3-C5 

amines in CR2 and CM2 chondrites. We also observed 

a decrease in the amine concentration with increasing 

carbon number in CR2 and CM2 chondrites. Addition-

ally, C4 primary amines having the amino group (-NH2) 

on a secondary carbon (compounds 8 and 10) were 

found in higher abundances than their isomeric com-

pounds having the amino group on the primary carbon 

(compounds 14 and 19) or the tertiary carbon (com-

pound 1) in all the chondrites studied here. The greater 

abundance of branched aliphatic compounds, the in-

verse relationship between amine concentration and 

carbon number, and the higher abundance of com-

pounds carrying the amino group on the secondary 

carbon relative to its other structural isomers, are fea-

tures that amines share with meteoritic aliphatic amino 

acids [9,10]. These results may suggest that aliphatic 

amines and amino acids were synthesized through pro-

cesses that: (a) enhanced the formation of branched 

over straight chains, (b) yielded a full suite of structural 

isomers, and (c) favored the synthesis of secondary-

branched aliphatic chains over straight chains and more 

extensively branched isomers. These molecular similar-

ities between amines and amino acids may represent 

important constraints for future synthetic experiments 

and computational models towards the understanding 

of the abiotic origins of meteoritic organic compounds. 

 We also noted variability in total amine concentra-

tion across samples from the same petrologic type. In 

the CR2 chondrites, the concentration of amines in 

LAP 02342 was 1.7 times lower than that of GRA 

95229. Similarly, in the CM2 meteorites, LON 94101 

contained 4.5 times lower total concentrations of 

amines than LEW 90500; while ALH 83100  contained 

1.6 and 7.4 times less amines than LON 94101 and 

LEW 90500 respectively. These variabilities may sug-

gest that asteroid parent bodies had heterogeneous ac-

cretions, and that processes other than aqueous altera-

tion (i.e., impact and shock-heating) may have affected 

the abundances of amines. Further analyses of amines 

and other organic compounds in meteorites from the 

same type but with different petrologic histories will 
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provide more information about the relationship be-

tween organic compounds and asteroidal processing 

within different parent bodies. 

Finally, we found racemic compositions of the chi-

ral amines sec-butylamine, sec-pentylamine, and 2-

methylbutylamine across these CR2 and CM2 chon-

drites. These results may suggest that amines originated 

from racemic precursors, or through processes which 

lead to the amplification of very small enantiomeric 

excess below our detection limits during their residence 

inside the parent body. Future analyses of amines and 

their potential precursor molecules (i.e.; carbonyl com-

pounds, nitriles, alcohols) may provide further insights 

on the synthesis and the racemic nature of meteoritic 

aliphatic amines.   
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Table 1. Blank-corrected concentration of amines in CR2 and CM2 meteorites; values in nmol/g of meteorite.
a
 

Aliphatic amine 
LAP 02342  

(CR2) 

GRA 95229  

(CR2) 

LON 94101 

(CM2) 

LEW 90500 

(CM2) 

ALH 83100 

(CM1/2) 

1- tert-Butylamine 15.5 ± 0.1 22.1 ± 0.9 0.7 ± 0.02 2.5 ± 0.05 0.2 ± 0.01 

2- Isopropylamine 308.2 ± 33.8 570.3 ± 28.9 8.5 ± 0.4 42.1 ± 0.7 1.5 ±0.2 

3- Methylamine 261.0 ± 27.1 493.2 ± 12.5 33.7 ± 1.5 101.1 ± 2.1 29.6 ± 3.2 

4- Dimethylamine 144.7 ± 26.6 188.9 ± 14.5 < 0.01 5.4 ± 4.0 < 0.01 

5- Ethylamine 97.5 ± 6.5 186.0 ± 6.0 10.5 ± 0.5 42.3 ± 1.2 7.8 ± 1.1 

6- tert-Pentylamine 7.8 ± 0.5 11.0 ± 0.5 0.8 ± 0.03 2.2 ± 0.1 0.3 ± 0.03 

7- Methylethylamine 24.6 ± 2.0 46.6 ± 1.7 0.6 ± 0.04 3.0 ± 0.2 0.4 ± 0.05 

8- (R)-sec-Butylamine 68.9 ± 6.3 109.0 ± 5.3 3.1 ± 0.2 28.1 ± 1.3 0.9 ± 0.1 

9- Diethylamine 6.6 ± 0.4 12.5 ± 0.5 0.3 ± 0.01 0.8 ± 0.04 0.2 ± 0.01 

10- (S)-sec-Butylamine 65.9 ± 5.3 102.9 ± 4.9 3.3 ± 0.2 29.7 ± 1.28 1.0 ± 0.1 

11- n-Propylamine 46.2 ± 10.2 127.0 ± 14.7 8.6 ± 0.4 20.8 ± 0.7 2.9 ± 0.4 

12- (R)-3-Methyl-2-butylamine 27.8 ± 2.3 35.3 ± 1.5 0.9 ± 0.04 8.6 ± 0.3 0.2 ± 0.01 

13- N-Methylpropylamine 9.8 ± 0.9 15.1 ± 0.3 < 0.01 2.4 ± 0.1 < 0.01 

14- Isobutylamine 8.2 ± 0.6 13.9 ± 0.5 0.8 ± 0.01 2.8 ± 0.6 0.4 ± 0.03 

15- (R)-sec-Pentylamine 28.9 ± 2.0 43.1 ± 1.9 0.6 ± 0.04 8.3 ± 0.2 0.2 ± 0.01 

16- (S)-3-Methyl-2-butylamine 31.2 ± 2.2 40.8 ± 1.3 1.0 ± 0.02 12.6 ± 0.4 0.3 ± 0.01 

17- 3-Pentylamine 22.3 ± 1.9 26.9 ± 2.4 0.4 ± 0.02 9.6 ± 0.05 n.d. 

18- (S)-sec-Pentylamine 28.9 ± 2.7 40.9 ± 1.4 0.7 ± 0.08 10.4 ± 0.2 0.2 ± 0.01 

19- n-Butylamine 7.0 ± 0.5 10.1 ± 0.3 0.7 ± 0.03 3.4 ± 0.2 0.2 ± 0.09 

20- (R,S)-2-Methylbutylamine 6.6 ± 0.6 8.2 ± 0.3 0.5 ± 0.02 3.7 ± 0.1 0.2 ± 0.01 

21- Isopentylamine 2.4 ± 0.1 3.4 ± 0.04 0.4 ± 0.01 2.1 ± 0.2 0.2 ± 0.01 

22- n-Pentylamine 5.3 ± 0.4 6.8 ± 0.3 0.4 ± 0.01 1.4 ± 0.1 0.2 ± 0.02 

23- Pyrrolidine 7.6 ± 0.6 9.4 ± 0.5 0.7 ± 0.02 3.4 ± 0.5 0.3 ± 0.05 

24- n-Hexylamine 1.5 ± 0.2 1.1 ± 0.04 0.3 ± 0.01 0.9 ± 0.1 0.1 ± 0.01 

Total Abundance 1234.1 2124.2 77.2 348.3 47.2 

n.d.: Value could not be determined due to co-elution with excess of derivatization agent. 
a
Compounds identified by comparison with elution time and mass spectra of standards. Values are the average of 

three measurements and errors shown are standard deviations. 
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