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Introduction:  Despite the abundant presence of N 

in the insoluble organic matter (IOM) isolated from 

carbonaceous chondrites [1], very little is known about 

the change in N isotope systematics and speciation  

during IOM hydrothermal metamorphism [2,3]. Previ-

ous experimental studies have suggested the presence 

of labile N-functional groups during hydrothermal al-

teration [4,5]. Here, we present experimental data to 

address the effects of synthesis, aqueous alteration and 

thermal metamorphism on the N chemical and isotopic 

systematics in IOM from primitive chondritic meteor-

ites. 

Experimental methods: Cold-sealed pressure ves-

sel hydrothermal experiments were conducted at tem-

peratures ranging from 250 °C to 450 °C at 500 bars to 

constrain the impact of hydrothermal alteration on the 

N chemical and isotopic composition of IOM extracted 

from Murchison (CM2) [1]. Reaction times varied 

from 210 to 3905 hours. To better understand the ex-

tent of 
15

N-
14

N isotopic exchange between dissolved 

NH3(aq) and IOM, a set of experiments was performed 

in the presence of 
15

N-enriched NH4-bearing aqueous 

solutions (δ
15

N +300 ‰). Details of the experimental 

and analytical protocols adopted have been presented 

previously [6]. 

In addition, synthesis experiments of IOM-analog 

material were performed (150 - 250 °C) to determine 

the degree of N incorporation in the structure of the 

organic residue. IOM analog material was synthesized 

hydrothermally in our lab by dextrose carbonization 

under vapor saturation pressures [7]. Reaction times 

varied from 0.5 to 241 hours. The reactant H2O solu-

tions were enriched with NH4Cl (0.05-0.1 M) or KNO3 

(0.5 M). A set of NH4Cl-bearing experiments were also 

conducted under acidic conditions (0.08 M HCl). To 

further constrain the mechanisms of N incorporation, a 

suite of 
15

N-labelled experiments involved the addition 

of an NH4Cl solution with 
15

N = 1564 ‰. 

We also conducted flash pyrolysis of Cold 

Bokkeveld (CM2,[1]) IOM as a means to distinguish 

between the effects of aqueous alteration and shock 

heating on the N chemical and isotopic evolution of 

chondritic IOM. Samples were flash heated in Ar-flow 

using a CDS 1000 pyroprobe to 400 °C, 600 °C, 800 

°C, and 1000 °C respectively for 4s with a temperature 

increase of 500 °C/s to simulate atmospheric entry 

conditions. 

The elemental and isotopic analyses of these sam-

ples were performed with a Thermo Scientific Delta 

V
Plus

 mass spectrometer and CE Instruments NA 2500 

series elemental analyzer.  

Results and Discussion: Murchison-IOM: Results 

show that the N/C ratios in IOM decrease with increas-

ing temperature (Fig. 1a), suggesting that N-functional 

groups, most likely N-H/amine groups, were released 

from the IOM into the aqueous solution. The evolved 

IOM also became progressively depleted in δ
15

N fol-

lowing a strong correlation with the inverse of the 

square of absolute temperature (Fig. 1b). Dissolved 

NH3(aq) was detected in the aliquot samples with δ
15

N 

compositions that are significantly enriched relative to 

the IOM. Thus, the experiments support the loss of 

labile 
15

N-enriched N-H groups during alteration. In 

 

Figure 2. Nitrogen atomic (a) and isotopic (b) composition 

of hydrothermally altered Murchison IOM. 
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the case of the 
15

N-labelled experiments, the data indi-

cate very modest 
15

N-
14

N isotopic exchange between 

the IOM and dissolved NH3(aq) (Fig. 1b).  

Analog-IOM: Synthesis experiments indicate that 

the extent of N incorporation into the organic residue 

depends on the concentration and speciation of N dis-

solved in the coexisting aqueous solutions (Fig. 2a). 

The absence of N incorporation in the presence of 

NO3-bearing fluids suggest that only reduced N in the 

form of N-H species can be readily introduced into the 

structure of analog IOM. Furthermore, acidic condi-

tions appear to hinder the extent of N-H incorporation, 

suggesting that alkaline pH conditions affect IOM syn-

thesis either by the formation of NH3(aq) or by inducing 

kinetic effects on the sugar decarboxylation pathway. 

The 
15

N-labelled experiments show that the isotopic 

composition of N in solution is fully imprinted in the 

IOM-analog material (Fig. 2b). 

N/C systematics: Our experimental study demon-

strates the role of hydrothermal alteration in removing 

labile N-functional groups, most likely N-H/amine 

groups, from the IOM structure. The extent of this ef-

fect appears to be temperature and process dependent 

(hydrothermal vs dry pyrolysis) (Fig. 3). For example, 

flash heating of Cold Bokkeveld IOM has a significant-

ly lower impact on the N/C ratios and the rate of N-

depletion than under conditions of IOM metamorphism 

in wet environment. Under hydrothermally alteration, 

our results are in good agreement with previous exper-

imental studies [4,5] and consistent with the effective 

temperatures of aqueous alteration thermal metamor-

phism estimated for meteoritic IOM by C-XANES 

spectroscopy [8]. 

The apparent correlation of N/C ratios with temper-

ature could be employed in models that account for the 

D/H fractionation between chondritic IOM and aque-

ous solutions [6] to constrain conditions of hydrother-

mal alteration to assess the D composition and origin 

of the water present during synthesis and alteration of 

the IOM.  

Acknowledgements:  This work was supported by 

the NASA-EW award NNX15AH77G (DF, CA, GC), 

NASA-EW award NNX16A30G (GC) and the SNSF 

award P2EZP2_165234 (RB). 

References: [1]Alexander C. M. O. et al. (2007) GCA, 71, 

4380-4403. [2]Vinogradoff V. et al. (2017) GCA, 212, 234-

252. [3]Schmitt-Kopplin P. et al. (2010) PNAS, 107, 2763-

2768. [4]Oba Y. and Naraoka H. (2009) MPS, 44, 943-954. 

[5] Yabuta H. et al. (2007) MPS, 42, 37-48. [6] Foustoukos 

D. I. et al. (2017),  LPSC Abstract #2361. [7]Cody G. D. et 

al. (2011) PNAS, 108, 19171-19176. [8]Cody G. D. et al. 

(2008) EPSL, 272, 446-455. 

 

 

Figure 3. N/C atomic ratios in experimental and natural 

samples in correlation with temperature of alteration. 

 

Figure 2. Nitrogen atomic (a) and isotopic (b) systematics 

during synthesis of analog IOM. 
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