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Introduction:  The origin of water in Earth has been a perplexing problem because of (a) the kintic difficulties 

associated with its direct condensation via formation of hydrous minerals within the life span of the solar nebula, 
and (b) the relatively high D/H ratio of the Earth that is estimated to be ~4 times that of the protosolar nebula (PSN). 
The second problem has led to several models of delivery of water from exogenous sources, namely carbonaceous 
chondrites (CCs), since they  have D/H ratio similar to Earth, pre-solar ice (~7 – 30%) and comets [1, 2]. It was, on 
the other hand, argued on the basis of chemical systematics that at least 70% of Earth’s water should have accreted 
before delivery from chondritic and cometary sources [3]. We have recently shown that a few ocean equivalent of 
water could have accreted to Earth within the life span of the solar nebula by a process of dissociative chemical ad-
sorption on olivine grains [4]. To understand the reason of relatively high D/H ratio of the Earth, and its similarity 
with that reported for CCs and Asteroid Vesta [2], we have carried out theoretical analysis of the gas-grain fractiona-
tion of D and H. The results provide new insights into the D enrichment process in minerals during nebular conden-
sation and lead to an explanation of the observed similarity of the D/H ratio of the planetary bodies.   

Method: Since DH is the most dominant deuterium species in a the solar nebula, the solid-gas hydrogen isotopic 
fractionation was calculated on the basis of isotopic exchange equilibrium (OH)solid + HDgas = (OD)solid + H2, gas. The 
equilibrium constant, K, of this reaction vs. temperature was evaluated according to its well known statistical ther-
modynamic formulation in terms of partition functions. The vibrational frequencies, ν, of the species in gaseous and 
solid states (chemisorbed olivine surfaces and structurally bound states in other phases) were calculated on the basis 
of quantum chemical methods and the latter were tested against observational data. For the problem of D/H fraction-
ation via gas-grain reaction during the condensation and accretion of Earth, (OH)solid represents OH in a few atomic 
layer thick chemisorbed olivine surface layer. For Vesta, we considered the role of apatite, Ca5(PO4)3(OH, F, Cl), 
which is found in basaltic eucrite. Since apatite is the only known hydrous mineral in Vesta, its measured D/H ratio 
has been considered to be representative of the Asteroid itself [2]. For carbonaceous chondrites (CCs), we consid-
ered the effects of carbon compounds, using polycyclic aromatic hydrocarbons (PAH),C24H12, as an example, and 
also hydrogen isotopic exchange between H2 and water since the latter is known to be present in its clay minerals.  

Results and Discussion: The results of our calculations show that for fractionation between chemisorbed olivine 
surface and the solar nebula, (D/H)solid/(D/H)nebula, henceforth referred to as fractionation factor α, is ~1.5 at ~650 K, 
which is commonly considered to be the condensation temperature of Earth forming minerals by nebular condensa-
tion [5, 6]. This factor increases exponentially with decreasing temperature, and to a value of ~3.5 at 300 K. The α 
vs. T relation has been found to be quite similar for all solid phases (olivine, apatite, PAH) in the investigated range 
of temperature of 300 – 900 K, and also similar to (D/H)water/(D/H)hydrogen resulting from D-H fractionation between 
water and hydrogen down to 400 K. For Vesta, the apatite grains inherited the D/H ratio of the basaltic magma since 
there is no significant hydrogen isotopic fractionation at magmatic temperatures. However, the D/H ratio of the 
magma was most most likely derived from the nominally anydrous minerals, notably olvines with hydroxylated sur-
faces. Thus, the similarity between the α vs. T relations for chemisorbed olivine surfaces and apatite implies that the 
latter inherited the D/H ratio of olivine with little modification.  

Our results imply that isotopic fractionation via gas-grain reaction from a common nebular reservoir could have 
been responsible for the similarly elevated (D/H) ratio for Earth, Vesta and CCs, and thus remove the need for CCs 
as being the primary source of water in Earth and Vesta, as commonly suggested, but suffers from geochemical 
problems [3]. However, comparing the values of  α calculated at 300 – 900 K with the observed values in these 
planetary bodies, it seems likely that the nebula in the inner solar system was somewhat pre-enriched in D by mixing 
with extraneous source(s). However, if the latter were relatively D enriched interstellar ice, then the level of its con-
tribution would have to be much less than suggested by earlier calculation [1] since it did not consider the enrich-
ment due to isotopic fractionation during nebular condensation.   
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