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Introduction: The D/H ratios and H contents of 

chondrules can provide important constraints for their 
formation processes and environments. Low H con-
tents and δD values would be a signature of chondrules 
forming in an environment where the H is dominated 
by nebula gas. On the other hand, at high partial pres-
sure of water, as envisioned in some models of chon-
drule formation by planetesimal collisions [e.g., 1], one 
might expect high H contents and δD values similar to 
those of the bulk chondrites, particularly the water-rich 
carbonaceous chondrites (CCs). For ordinary chondrite 
(OC) chondrules, this could help trace the timing of 
migration of outer Solar System objects into the inner 
Solar System, including the delivery of the volatile-
rich building blocks of the Earth [e.g., 2,3]. 

The measurement of indigenous D/H ratios and H 
contents in chondrules, however, is challenging due to 
the expected low H concentrations generated during 
chondrule formation, as well as the potential for parent 
body overprinting. Previous in situ measurements of H 
in chondrites have reported highly variable concentra-
tions and isotopic compositions [e.g., 2,4-7]. 

In situ analyses of the matrices of CCs and OCs 
have shown that they are D-enriched, relative to solar 
and terrestrial values [2,4]. The H contents of matrix 
are dominated by D-rich insoluble organic matter 
(IOM) [9,10] and phyllosilicates. The water responsi-
ble for the alteration in the CCs has been inferred to 
have had an initial δD≈-450 ‰ in the CMs, CIs and 
Tagish Lake, and ~100 ‰ in the CRs [3]. However, 
individual phyllosilicate grains in CRs have δDs of up 
to 1600 ‰ and up to ~2000 ‰ in chondrule mesostasis 
[5]. The water in matrix and chondrule mesostases in 
the OCs can be even more D-rich [2]. This range in δD 
values has been interpreted to result from accretion of 
D-poor water ice and either (1) D-rich water ice that 
formed in the outer Solar System and/or the presolar 
molecular cloud [2,4], or (2) D-enrichment in the par-
ent bodies via exchange with IOM and fractionation 
associated with oxidation of Fe by water [10]. The 
composition of the low D/H water in CIs/CMs is diffi-
cult to reconcile with the influx of water ice from the 
outer Solar System, which predicts a high D/H ratio 
like those of comets. While the water composition of 
some comets are comparable to the inferred CR water 

composition, the CRs could have been enriched in D 
by Fe oxidation [10]. 

In situ studies of nominally anhydrous minerals 
(NAMs) in chondrules have reported high H contents 
[4,6,7]. If taken at face value, they require unreasona-
bly high water contents in chondrule melts (up to 10s 
of wt.% using ol-melt DH2O = ~0.0015 from [11]). 
Therefore, if real, the high H contents in the nominally 
anhydrous minerals are almost certainly the products 
of parent body processes at lower temperatures. 

To better understand the origin(s) of the H in chon-
drules and to search for chondrules that preserve their 
original H contents, we have made in situ measure-
ments of volatile (H, C, F, Cl, S) abundances and H 
isotopic compositions in chondrule mesostases and 
phenocrysts in primitive meteorites using methods 
developed to detect and spatially resolve very low con-
centrations in silicate minerals and glasses by SIMS 
[12,13]. 

Samples and Methods: The meteorites selected 
for this study are the least altered/metamorphosed 
available: Semarkona (LL3.0), QUE 97008 (L3.05), 
and DOM 08006 (CO3.0). The majority of the anal-
yses were performed on sections of these meteorites.  

The major element compositions of the mesostases  
and olivines/opx were measured by EPMA. The vola-
tile (H, C, S, F, Cl) concentrations and H isotopic 
compositions were measured using the Cameca Na-
noSIMS 50L following the methods of [12,13]. For the 
volatile analyses, a ~3 nA Cs+ primary beam was ras-
tered over a 30×30 µm2 area for 10 mins, after which 
analyses were conducted by rastering the primary 
beam (also ~3 nA) over a 20×20 µm2 area. For the H 
isotope analyses, we used a ~1 nA Cs+ primary beam. 
Both measurements were conducted in imaging mode, 
and we used the L’image software to obtain data from 
specific regions of interest (ROIs) to avoid contamina-
tion from cracks, edges of the image, etc. In order to 
correct the data for background (5±2 ppm for H2O on 
Suprasil), the ROI positions from the samples and 
standards were imported on to the blank ion image 
(Suprasil/Herasil glass), and the ion counts in the ROIs 
in the blank image were subtracted from the same 
ROIs in sample and standard ion image. The calibra-
tion (volatiles) and IMF (D/H) were monitored by con-
current analysis of a basaltic glass standard (ALV519-
4-1). The vacuum in the sample chamber was 6–8×10-
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Results and Discussion: H2O concentrations in the 
chondrule mesostases range from 6–4000 ppm, and are 
lower on average than previous studies (700 ppm to 
several wt.%) [2,6]. The H2O concentrations of 8–29 
ppm measured in the chondrule olivines are also sig-
nificantly lower than previously reported values (76–
2100 ppm, [4,6,7]).  

The H isotopes can help determine the water 
source(s) that the chondrules exchanged with. The H 
isotopic compositions of the chondrule mesostases 
range from 77–15,000 ‰ (Fig. 1a). The largest D-
enrichment is observed in the OC chondrule mesosta-
ses. While some chondrules from DOM 08006 also 
show significant D-enrichment (up to ~3000 ‰), it is 
much less than in the OCs. There appears to be a step 
function in the H isotopes of OC chondrule mesosta-
ses, when plotted against their CaO contents (Fig. 1a). 
The step occurs at about 12.5 wt.% CaO, below which 
chondrule mesostases become enriched in Na2O (Fig. 
1b), and the phenocrysts become more FeO enriched 
(Fig. 1c) (i.e., more type II like). 

One possible explanation for the large D-
enrichments observed in many OC chondrule mesosta-
ses is that it was inherited from interstellar water ice 
[2,4]. If correct, then type II chondrules formed in en-
vironments that were particularly enriched in interstel-
lar water. However, this requires that the inner Solar 
System OCs accreted proportionately more interstellar 
water than the outer Solar System CCs and even many 
comets.  

An alternative scenario is that the lower-Ca OC 
chondrule mesostases remained for longer in isotopic 
equilibrium with water that was becoming progressive-
ly more enriched in D through an isotopic Rayleigh 
distillation process during oxidation of Fe by water and 
loss of D-poor H2 [10]. Diffusion length scales of H2O 
estimated using diffusion coefficients in relevant glass 
compositions [14] and relevant conditions (300ºC [15]) 
are at least ~350 µm in 1 Ma, suggesting diffusive iso-
topic equilibration between D-rich fluids and chon-
drule mesostases is likely during parent body hydro-
thermal alteration. However, this requires that the low-
Ca chondrule mesostases equilibrated more readily 
with D-rich fluids. Why this may have been is unclear 
and requires further testing. Nevertheless, the H2O 
partition coefficients between phenocrysts and coexist-
ing mesostases are highly variable (DH2O = 0.003–1.1), 
than would be expected if they were in equilibrium at 
igneous temperatures (expected DH2O = ~0.0015 for ol-
melt and ~0.018 for opx-melt from [11]), suggesting 
that the H2O in the mesostases likely experienced vari-
able extents of secondary modification after they 
formed.  

 
Figure 1..The CaO contents in the chondrule mesosta-
ses vs. (a) H isotopic compositions and (b) Na2O con-
tents in the mesostases, and (c) Mg# in the pheno-
crysts. The dashed vertical line is at CaO=12.5 wt.%. 
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