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EXPERIMENTAL APPROACHES TO SPACE WEATHERING; C.C. Allen1, R.V.  orris^, 
and D.S. ~ c ~ a y ~ ,  l~ockheed Martin, Houston, TX 77258, 2~~~~ JSC, Houston, TX 77058. 

The process of space weathering in lunar soil (maturation) includes the combined effects of 
micrometeorite impacts and solar wind interactions. Impacts melt small volumes of soil 
containing solar wind hydrogen and carbon. The melt quenches rapidly to agglutinitic glass in a 
strongly reducing environment. Glass formation under these conditions causes reduction of 
Fe2+ in the glass to nanophase (-4-33 nm) iron metal (np-Feo). Space weathering also 
produces distinct changes in the reflectance spectra of lunar soils. With increasing maturity 
overall soil albedo is reduced, spectral contrast is diminished, and the continuum slope i s  
increased. We are attempting to duplicate the effects of space weathering in the laboratory 
using hydrogen reduction at subsolidus temperatures. Alterations induced in the mineralogical 
and optical properties of 17 lunar soils resemble changes caused by natural space weathering. 

E x p e r i m e n t s .  We previously reported experimental reduction of terrestrial minerals 
and lunar simulant glasses [I ,2]. In the present program, we simulated the effects of space 
weathering on 17 lunar soils collected from all 6 Apollo landing sites [3]. The soils, in 2 0 0 - 
300 mg aliquots, were reduced in flowing hydrogen for 3 hrs at 1050°C. Samples were 
analyzed by VISINIR reflectance spectroscopy, SEM, and XRD. Iron oxide and iron metal 
abundances were determined by Mossbauer spectroscopy. 

Mineralogical  Ef fects.  The dominant effect of these experiments was reduction of ~ e ~ +  i n  
minerals and glass to iron metal, accompanied by release of oxygen. Ilmenite, the most reactive 
phase in lunar soil, was reduced to iron metal along with titanium oxide. Partial reduction of 
ferrous iron in olivine and pyroxene occurred, but proved less efficient than reduction i n  
ilmenite. A portion of the Fe2+ in impact and volcanic glass was also reduced. Concurrently, 
glasses crystallized and minerals were altered by loss of iron and oxygen from their structures. 

Optical Effects. The relative concentration of np-Feo ( Is)  normalized to total iron oxide 
(Is/FeO) is the maturity index chosen for these experiments [4]. The changes in reflectance 
with increasing maturity are illustrated in Figure 1 ,  which compares the spectra of two Apollo 
12 soils with almost identical compositions. Sample 12032 is immature, with an Is/FeO value 
of 12, while 12044 is near the boundary between submature and mature, with a value of 57. 

Eight of our samples included sufficient material to measure the VISINIR reflectance 
spectra of both the reduced and unreacted soils. These spectra were employed to compare the 
optical effects of space weathering to those caused by subsolidus reduction. Figures 2-4 show 
the spectra for unreacted and reduced samples of immature soils from the highlands and maria, 
as well as those for an almost pure pyroclastic glass. 
Overall Reflectivitv. The albedo of lunar soil decreases with increasing maturity. The 
absolute reflectivity at a wavelength of 0.56 pm is commonly used as a comparison point. 
Published values for pristine lunar soils range from 0.38 (immature) to 0.1 1 (mature) [5]. 

Each of our soils darkened significantly after hydrogen reduction. Reflectivities at 0.56 pm 
ranged from 0.13 (highland soil) to 0.05 (pyroclastic glass). The degree of darkening was 
generally greater than that observed during natural maturation. 
Spectral Contrast. The depths of individual absorption bands below the surrounding 
continuum decreases as a result of space weathering. The depth of the prominent band centered 
around 1 pm ranges from 15% (immature soil) to 2% (mature soil) [5]. 

The 1 pm band in each of our lunar soils became considerably shallower as a result of 
hydrogen reduction. The depths in reduced samples are all 2% or less, and in several this band 
is undetectable. Again, the magnitude of this effect was generally greater than that observed i n  
even mature pristine soils. 
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Continuum Slooe. Space weathering of lunar soils produces a red-sloped continuum, i.e. an 
increase in continuum slope. The slopes bounding the 1 pm absorption band for pristine lunar 
soils increases from 0.25 to 1.00 reflectivity units 1 1000 nm with increasing maturity [5]. 

Experimental reduction generally decreases the continuum slope of a soil, relative to i ts  
pristine counterpart. Slopes of spectra for reduced soils are generally lower than 0.30, and 
some approach zero. This effect is opposite to the reddening observed in natural maturation. 

Discussion.  Optical effects induced by both natural maturation and by our experiments are 
attributable to iron blebs formed by reduction of ~ e * +  [3]. Metal particles absorb strongly i n  
VISINIR wavelengths, accounting for the darkening and loss of spectral contrast in mature soil. 
Lower albedos and red slopes of reduced soils compared to mature (pristine) samples result 
from the higher total FeO content of the former. The most mature lunar soils incorporate at 

most 1 % FeO 161. Following reduction experiments, our soils contained 2-1 2% metal. Most 
of the metallic iron particles produced by our reduction experiments are >0.1 pm, an order of 
magnitude larger than the particles in natural mature soil. Our experiments to date have 
proven to be extreme cases of the reduction process which characterizes space weathering. 
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Fig. 1. Reflectance spectra of unreacted mare Fig. 2. Reflectance spectra of unreacted 
soils 12032 (immature) and 12044 (submature). and reduced highland soil 73241. 

Fig. 3. Reflectance spectra of unreacted Fig. 4. Reflectance spectra of unreacted 
and reduced mare soil 12032. and reduced pyroclastic glass 74220. 
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