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Introduction:  The insoluble organic matter (IOM) 

present in type 1 and 2 chondrites exhibits considerable 

diversity in its elemental and isotopic compositions 

within and between chondrite groups presumably due 

to parent body processes [1-5]. The hydrothermal mod-

ification of the IOM seems to involve almost quantita-

tive conversion of aliphatic material to aromatic mate-

rial, and is accompanied by a decrease in H/C and D/H. 

The change in D/H is the result of either progressive 

loss of a D-rich carrier and/or isotopic exchange with 

water. Preliminary hydrothermal experiments have 

reproduced some aspects of this behavior, albeit at 

higher temperatures than thought to have been experi-

enced by CI-CM-CRs and Tagish Lake [6-8].  

In Tagish Lake, for example, the transformations in 

IOM structure were presumably thermally driven and 

irreversible, exhibiting a clear correlation between 

structural, elemental and H isotopic changes [4,5]. 

However, these correlations are not evident in other 

chondrites. Hence, to explain the full range of IOM 

compositions and structures in type 1 and 2 chondrites 

by hydrothermal modification of a common precursor, 

the relative rates of structural and isotopic changes 

must vary under the range of conditions experienced by 

the meteorites. Consequently, it is important to experi-

mentally constrain both the structural and the isotopic 

evolution of IOM during low-temperature aqueous 

alteration.  

Experimental methods: A series of cold-sealed 

pressure vessel hydrothermal experiments has been 

conducted to constrain the kinetic and equilibrium D/H 

exchange between insoluble organic matter and H2O at 

temperatures ranging from 250 °C to 450 °C at 500 

bar. The pressure is at the upper end of the pressures 

that are likely to have existed within typical asteroids, 

but it does ensure that H2O remains a homogeneous 

liquid phase in all the experiments. Small volume pres-

sure vessels (30 mL) were used to minimize the dura-

tion of quenching to ambient conditions upon experi-

ment teminration.  

These experiments involved the use of both dex-

trose-based IOM-analog material [9] and IOM extract-

ed from Murchison. The IOM analog material was syn-

thesized hydrothermally in our lab by dextrose carbon-

ization at 250 °C. The D/H compositions of the initial 

IOM analog material and Murchison IOM were -102 

‰ (± 5) and 1040 ‰ (± 4), respectively. The reactant 

H2O solutions had D values of -447 ‰ (± 5) (IOM-

analog) and -350 ‰ (± 4) (IOM-Murchison).  

In the experiments, ~5 mg of IOM were loaded into 

Au capsules along with ~50 mg of water. This 

IOM/H2O mass rate ensures that the changes in the 

D/H composition of the IOM are much larger than in 

the H2O solution. However, to ensure that reaction 

progress was monitored completely, we measured the 

D/H content of both the solid and liquid final reaction 

products. To this end, we developed analytical proto-

cols to extract solids (<10 mg) and liquids (<100 mg) 

from the experimental capsules for isotope and chemi-

cal analysis. IOM alteration proceeded under relatively 

oxidizing conditions in the absence of reducing fO2 

mineral assemblages. 

Reaction times varied from 210 hours to 1639 

hours. The experimetal studies of [7,8] have suggested 

that reaction times on the order of days are needed for 

D/H isotopic equilibrium between IOM and H2O to be 

reached at 300 °C. 

The elemental and isotopic analyses of these sam-

ples were performed with a ThermoQuest Finnigan 

Delta
Plus 

XL mass spectrometer and Thermo Finnigan 

thermal conversion elemental analyzer (TC/EA) for H 

analyses, and a Thermo Scientific Delta V
Plus

 mass 

spectrometer and CE Instruments NA 2500 series ele-

mental analyzer (EA) for C analyses.  

Results and Discussion: Experimental results re-

veal that D/H exchange did occur between the IOM 

and H2O (Fig. 1). In the case of Murchison IOM, the 

magnitude of this exchange appears to exhibit a tem-

perature dependence that is consistent with previous 

experimental studies [7,10]. A similar extent of D/H 

 

Figure 1. Present and published experimental data of D/H 

exchange between insoluble organic matter and H2O under 

hydrothermal conditions. 
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isotope fractionation ( = DIOM - DH2O) was observed 

during hydrothermal alteration of the IOM-analog ma-

terial at 300 - 400 °C. However, at lower temperatures 

altered IOM-analog samples show a significantly 

smaller degree of isotopic fractionation relative to the 

IOM-Murchison residues (Fig. 1). 

These differences in the extent of DIOM/DH2O ex-

change might be attributed to the compositional varia-

bility between the two sets of IOM. For example, func-

tional groups have been suggested to control the trans-

formation of chondritic IOM by involving almost quan-

titative conversion of aliphatic material to aromatic 

material [11,12]. Therefore, to better understand the 

contribution of carboxylic acid/alcohol functional 

groups in the D/H exchange reactions with aqueous 

fluid, solid state 
13

C NMR and H/C analysis of the ex-

perimental residues are in progress. It is possible that 

the IOM-analog material does not exhibit the same 

D/H isotope exchange kinetics with H2O as the chon-

dritic IOM at low temperatures because of differences 

in the structural/compositional transformations at the 

molecular level. It is important to note, however, that 

the extent of D/H exchange observed in the IOM-

analog experiments was similar between samples re-

trieved after 210 hours and 1362 hours of reaction (Fig. 

2), implying that equilibrium was reached in less than 

200 hours. 

Conditions of isotopic equilibrium might also be in-

ferred in the IOM-Murchison bearing experiments 

across the temperature range of 250 – 400 °C. This is 

supported by the apparent strong linear relationship 

between the experimentally determined D/H isotope 

fractionation factors and the inverse of square absolute 

temperature (Fig. 3). If this is the case, then the kinetics 

of D/H exchange reactions between IOM-Murchison 

and H2O is relatively rapid in accordance with the short 

reaction times (72 h) attained in the experiments of 

Oba and Naraoka [7] (Fig. 2). To test the referred D/H 

isotopic equilibrium further, high temperature (450 °C) 

and catalyst-bearing (Pt, 250 °C) experiments are un-

derway. 

Furthermore, to demonstrate whether the changes in 

D/H of the hydrothermally altered IOM are due to the 

loss of labile D-enriched functional groups and/or iso-

topic exchange with water, experiments will be per-

formed at range of D/H in the initial aqueous solution 

(-450 ‰ to 2000 ‰). If the isotopic composition of 

altered IOM reflects equilibrium exchange with the 

reactant H2O, then the observed extent of D/H frac-

tionation should exhibit a strong and similar tempera-

ture dependence for experiments conducted with dif-

ferent H2O initial D values. 
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Figure 3. Estimated D/H fractionation factors between 

IOM and H2O as function of temperature. 

 

Figure 2. Reaction times attained in IOM hydrothermal 

alteration experiments. 
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