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Introduction: Hydroxyl-bearing material and wa-

ter ice are present on many airless bodies in the inner 
solar system. We demonstrated that impact melts of 
lunar soils (glass in the agglutinates) are good record-
ers of OH, which hydrogen isotope compositions indi-
cate solar wind and another source (e.g., [1]). Similar 
processes may have happened on the surfaces of airless 
asteroid bodies. It was suggested that the H/OH signals 
from certain surface areas on 4 Vesta, observed by the 
DAWN mission, are not linked to impact mixing of 
chondrites [2-4]. In addition, Stephan and Robert [5] 
suggested that H isotope is non-unique in determining 
the source of OH and water. Based on coupled enrich-
ment of 6Li and D, these authors suggested H on or 
near the surface of lunar soil grains are nearly all from 
solar wind. Therefore, this study include two objec-
tives: 1) evaluate the efficiency of solar wind in form-
ing surface H on Vesta at a heliocentric different loca-
tion from the Moon; and 2) assess the usefulness of 6Li 
as a measure of cosmogenic D.  

Samples and Methods: We extracted glass beads 
and vesicular clasts from regolith howardites (Bununu, 
NWA 1769), and glass beads and agglutinates in two 
loosely consolidated, lunar regolith breccias of ancient 
formation ages (60016, 79035). The extracted frag-
ments were polished and embedded in indium. 

 
Sample Formation  

Age (Gyr) 
Exposure 
Age (Myr) 

Ref 

Bununu  Glass @ 
 4.24  

20 [6] 

NWA 1769 n.d. n.d.  
Apollo 60016 ~3.8  2.2 [7] 
Apollo 79035 >2 ~600 [7] 
 
Elemental (Li, OH, F, Cl, P, S) concentrations and 

isotopic (H, Li) compositions were measured with a 
Cameca 7f-Geo ion microprobe (SIMS) at Caltech. 
Isotopic data are corrected for instrument mass frac-
tionation (IMF) using glass standards. Texture and 
chemistry of these samples were examined with a field-
emission secondary electron microscope (FE-SEM) 
and an electron probe microanalyzer (EPMA). 

Results: In all the material analyzed, there is no 
correlation between Li concentration and δ7Li. The 
same is true for H and δD. 

 
Fig. 1. H contents and isotope of glass beads (circles) and 
vesicular clasts or agglutinates (square and triangles). 
Filled circles in the top: high K beads. Cyan box in the bot-
tom shows the howardite range (in the top). Arrows in the 
bottom point to samples with Li analysis. 

 
Fig. 2. Li contents and isotope of glass beads (circles), and 
vesicular clasts or agglutinates (triangles and squares). 
Filled circles in the top are high-K beads. Bulk silicate Vesta 
(BSV) from [8], ferroan anorthosite (FAN) and lunar range 
(shaded band) from [9]. 
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Glass in howardites. The H contents in glass 
beads and vesicular clasts from howardites are low 
(~16 to 32 ppm H2O). Their δD values are -109 ± 48 
‰VSMOW (2σ) to +256 ± 76 ‰ (Fig. 1). Their δ7Li val-
ues range from -10.8 ± 1.0 ‰L-SVEC (2σ) to 9.8 ± 0.4 
‰, whereas Li contents vary from ~7-82 ppm (Fig. 2). 
Similar Li contents for NWA 1769 glass beads were 
previously reported by Barrat et al. [10].  

Glass in ancient lunar regolith breccias. Prelimi-
nary results of H contents and isotope of lunar regolith 
breccias were reported in [11]. ‘End-member’ grains 
from [11] were selected for Li isotope analysis. The 
δ7Li values range from -11.5 ± 0.8 ‰ to +9.0 ± 2.0 ‰, 
whereas Li contents vary from ~3-15 ppm. The H con-
tents in glass beads and vesicular clasts range from ~2 
to 194 ppm H2O, and their δD values vary from -531 ± 
124 ‰ to +5880 ± 1072 ‰. 

 
Fig. 3. The 6Li and D contents of lunar agglutinates. 

Discussion:  
Usefulness of 6Li in inferring cosmogenic D. Be-

cause solar wind contains negligible 6Li (7Li/6Li ~31 
[12]) and D (D/H ~0), besides 6Li and D intrinsic to 
samples, any additional 6Li and D would be solely pro-
duced through cosmic-ray spallation. Therefore, if both 
6Li and D are produced by spallation, one would ex-
pect positive correlation between these two nuclides. 
However, the results from this study show a negative 
correlation (Fig. 3). In addition, for samples with >20 
ppm H2O, the spallation contributions to bulk H and D 
are negligible (e.g., [13]). Therefore, hydrogen in sam-
ples with >20 ppm H2O and enriched D (see Fig. 1) 
cannot be attributed to cosmic-ray spallation.  

  Lunar surface water before 2 Ga. Agglutinates in 
Apollo 16016 contain >20 ppm with enriched D 
(Fig.1). Most of the grains are devitrified, and the en-
riched D could be caused by impact gardening and 
melting of a source with low D/H. However, one glassy 
fragment with 128-194 ppm H2O and δD >1350 ‰ 
requires a different source. Degassing will require sig-
nificant amounts of initial H2O (wt% level) if the 
source is low δD (~0 ‰) magmatic water [13]. Con-
versely, chondritic sources [14] or cometary impacts 
could deliver the needed amount of H.  

Interestingly, most agglutinates in the younger 
regolith breccia Apollo 79035 (minimum formation 
age of 2 Ga) contain >50 ppm H2O with highly deplet-
ed in D, suggesting solar wind is the dominant source 
at <3.8 Ga. 

Water chemistry in glass beads and vesicular 
clasts in howardites. Glass beads and vesicular clasts 
in Bununu and NWA 1769 show a very limited range 
of δD (Fig. 1), in contrast to lunar glass beads [13] and 
surface samples.  

The lack of spallation effect is interesting, as cos-
mic-ray energies at the Moon and Vesta are expected 
to be similar. It is possible that these howardites were 
not exposed to cosmic rays, implying they may have 
resided at deeper depths on the parent body. Some 
samples with slightly high δD (>0 ‰) could be due to 
degassing from a more depleted D source, which is 
consistent with the slightly high  δ7Li values.   

The lack of the solar-wind H signature (δD < -
500‰) in vesicular clasts in these howardites may be 
due to: 1) mixing of chondritic impactors; 2) inefficient 
transfer of surface implanted solar-wind H; 3) vesicular 
clasts are not impact melts of Vestan surface soils. 

The high-K glass beads contain Li isotope similar 
to the BSV (Fig. 2), consistent with their origin from a 
KREEPy terrain on Vesta or its parent body (e.g., 
[10]). The high K bead with ~29 ppm H2O and δD of -
109 ± 24 ‰ is consistent with the low D value for 
magmatic water determined in magmatic apatite [15]. 

Summary: The impact glass in howardites and lu-
nar regolith breccias has revealed information about 
water/hydrogen evolution on the surfaces of these air-
less bodies that experienced different space environ-
ment. Solar wind might have played a major role for 
hydrogen on the Moon at <3.8 Ga, whereas impact 
melting and mixing were probably dominant factors for 
hydrogen on 4 Vesta. 
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