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OXYGEN PRODUCTION FROM LUNAR SOILS 
C.C. Allen, Lockheed ESC, Houston, TX R.V. Morris and D.S. McKay, NASNJSC, Houston, TX 

We have conducted reduction experiments on 15 lunar soils to characterize oxygen 
release. The soils span the range of compositions, maturities, and pyroclastic glass contents in 
the Apollo collection. All were reduced in flowing hydrogen for 3 hrs at 1050°C. Oxygen yield 
is strongly correlated to initial iron oxide abundance, averaging 77% of total FeO. Yield is 
relatively insensitive to mineralogy, with partial to total reduction of Fe*+ in ilmenite, 
olivine, pyroxene, and glass and partial reduction of Ti4+ in ilmenite. No correlation to sample 
maturity was identified. These data provide "ground truth" for oxygen resource assessment, 
both from orbit and on the lunar surface. 

Jntroduction, Permanent human habitation of the Moon will require the use of locally- 
derived materials, because of the high cost of transportation from Earth. Oxygen, released 
from the regolith, is an abundant lunar resource vital for life support and spacecraft 
propulsion. The anticipated costs of supplying all oxygen needs for a lunar base from Earth are 
high enough to warrant serious study of oxygen production from local resources. 

Over 20 different processes have been proposed for oxygen production on the Moon (1). One of 
the simplest is subsolidus reaction of lunar material with hydrogen. Ferrous iron in the soil 
minerals and glasses is reduced to metal and oxygen is liberated as water. The water is then 
dissociated to produce oxygen and the hydrogen is recycled. Results of the first oxygen 
production experiments to use actual lunar samples have recently been published (2,3). 

er~rnental/Analvt~cal. We report here results of subsolidus reduction experiments on 15 
lunar soils, including one nearly pure pyroclastic glass (Table 1). These experiments were 
conducted to quantify the release of oxygen from the regolith, and to assess the effects of 
chemical composition, mineralogy, glass content, and maturity on this process. 

All samples were reduced in flowing hydrogen for 3 hrs at 1050°C. This temperature 
promoted high oxygen yield without sintering. Each 200-300 mg sample was reacted in a 
vertical tube furnace, with weight change continually monitored, as in previous tests (3). All 
samples were run "as received,' though some had been previously split for grain size 
determination and subsequently recombined. Bulk samples and thin sections were examined by 
SEM and EDS, and minerals identified by XRD. Iron Mossbauer spectroscopy was used to show 
the oxidation states and relative abundances of iron in the glass, mineral, and metal phases. 

Results, The dominant reaction in each sample was reduction of ~ e * +  in the minerals and 
glass to iron metal, with release of oxygen. Oxygen yield, measured as weight loss, was 
correlated to each sample's FeO abundance (Table 1). A linear least squares fit gave a slope of 
0.17f0.01, a Y intercept of -0.11+0.15, and an r2 value of 0.95 (Fig. 1). The positive X 
(FeO) intercept at 0.65 wt% resulted because some iron in the regolith is present as metal 
from indigenous processes, meteorites, and maturation. The intercept matches, within error, 
the total metal content for 79 lunar soils (0.54k0.18 wt%, or 0.70f0.23 wt% as FeO; 4). 
The line equivalent to total reduction of FeO has a slope of 0.22 (Fig. 1). Thus, for all lunar 
soils, oxygen yield corresponds to reduction of approximately 17/22 = 77% of initial FeO. 

Mtissbauer and XRD data showed ilmenite to have been the most reactive phase in the soil. This 
mineral reacted completely to iron metal, oxygen, and titanium suboxide. Reduction of ferrous 
iron in olivine and pyroxene also occurred, but was less complete than reduction in ilmenite. 
~ e ~ +  in agglutinitic and pyroclastic glass was reduced and oxygen was released. Concurrently, 
portions of the glass crystallized and minerals were transformed by loss of iron and oxygen 
from their structures. 
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No systematic dependence of oxygen release on soil maturity was identified. This is illustrated 
in Figure 1, where less mature (I,/FeO c 50) and more mature (I,/FeO > 50) soils are plotted 
separately. Soils with approximately the same FeO abundance but strikingly different 
maturities yielded approximately the same amounts of oxygen, probably because the amount of 
metal formed in our experiments was large compared to the amount of metal formed naturally 
during maturation. 

Previous experiments on lunar basalt (2) demonstrated reduction of Ti02 to one of several 
suboxides (Magneli phases) with the formula Tin02n.l. The extent of reduction was strongly 
dependent on temperature, with Ti601 1 produced at 1050°C. Samples sizes in the current 
tests were too small for XRD identification of Magneli phases. However, if all of the Ti02 in 
these soils was converted to Ti601 1 the contribution would range from 2-1 1% of total oxygen 
yield. Clearly the dominant source of oxygen in these experiments is not Ti02 but FeO. 

Resource Assessment. This suite of experiments with lunar soils provides baseline data for 
assessing the production of oxygen on the Moon. Our results show that oxygen yield can be 
predicted solely from knowledge of iron abundance. This parameter was measured for 20% of 
the lunar surface during the Apollo missions, using orbital gamma ray spectrometry (5). 
Based on these remote sensing data the best location for lunar oxygen production would be in 
Mare Serenitatis (FeO = 14.1 wt%), for which our results predict an oxygen yield of 2.3 wt%. 

The orbital gamma ray measurements of iron abundance have spatial resolutions of 
approximately 100 km and precisions of 10-25% relative. Apollo sample data, including 
those in Table 1, show that some local soil deposits have FeO contents exceeding 20 W/O. The 
optimum feedstocks for oxygen production may thus have to be located by a combination of 
orbital survey and detailed on-site analysis. Our experiments show that, of the Apollo 
samples, the best materials for oxygen production are iron- and titanium-rich mare soil and 
pyroclastic glass. 
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Sam~le  FeO* TiOp* Is/FeO 0 9  Yield* 
6 2 2 4 1  5.5 0.6 1 0 0  
7 3 1 5 1  8.5 1.3 6 8 
7 3 2 4 1  8.5 1.7 1 8  
1 4 1 4 1  10.2 1.6 6 
1 4 1 4 8  10.6 1.7 7 4 
7 6 0 3 1  10.7 3.4 4 0 
7 6 1 3 1  11.0 3.7 7 0 
1 2 0 3 2  14.1 2.9 1 2  0 2  = .17 FeO - .11 

7 2 1 6 1  14.9 5.2 8 7 
1 5 0 1 3  15.0 1.7 6 6 
1 5 4 7  16.2 1.6 3 4  A IslFeO c 50 
1 0 0 8 4  16.2 7.3 7 8 A lslFe0 > 50 

7 1 1 3 1  17.5 10.0 3 3 i 

7 5 0 6 1  18.0 10.4 3 3 3.02 0 5 1 0  1 5  2 0 2 5 
7 4 2 2 0 #  22.9 9.1 3 4.05 Fei> (wt%) 

# pyroclastic glass * wt% Figure 1. Oxygen yield as a function of FeO 
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