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Introduction: On atmosphereless bodies such as the Moon, space weathering processes affect the optical 
properties of surface material. The effects of optical alteration include a reduction of reflectance, a reduction of 
absorption band strength, and the creation and steepening of a red-sloped continuum. These optical alteration effects, 
which increase with continuing exposure to the point at which the soil becomes mature (i.e., 1;2), are superimposed 
on the diagnostic spectral features that characterize mineralogy. Thus, as a result of space weathering, the spectrum of 
a lunar soil is dependent upon both the degree of exposure at the lunar surface and the composition. This fact 
complicates the direct spectral comparison and compositional interpretation of soils of different exposure degree -- for 
example, soils from fresh craters and those from mature surrounding materials, and soils from craters of different ages. 
On the Moon, soils are characterized by a wide range of exposure age from local to global scales. In order to directly 
compare spectroscopic data of materials of diverse exposure age, the optical contribution due to exposure must either 
be normalized or removed. To achieve this, a mathematical model describing the optical alteration of lunar soils was 
developed. This model allows calculation of the spectrum of a soil of any exposure age from an observed spectrum 
of a soil of any other exposure age. Fischer et al. (3) presented an initial form of this model based upon 
spectroscopic study of several Apollo 16 soils. In the present work, we report a refined and improved model, and the 
application of this model to four evolutionary suites of lunar soils. 

Evolutionary suites: In the absence of any accurate means to artificially mimic the evolution of lunar soils, the 
best method for studying soil evolution is to carefully select suites of returned soils which approximate the 
evolution of a single soil of a given composition. To this end, we identified all soils within 1 wt.% FeO, Al2O3, 
and Ti02 of each immature lunar soil (immature is defined as Is/Fe0<30 (4)), exclusive of core soils. Available 
mineralogical and existing spectroscopic data were used to refine the suites. Twenty-six candidate soils were 
identified and measured in NASA's RELAB spectrometer at Brown University. RELAB visible and near-infrared 
spectroscopic data were used to make the final selection of the soil suites. This involved removing any soil whose 
absorption bands centers were dissimilar (indicative of mineralogical difference) or whose overall spectral 
characteristics were inconsistent with its Is/FeO value (a measurement of exposure degree (4)) relative to other soils. 

The efforts described above resulted in the selection of four compositionally distinct suites of three to four 
soils each (listed in Table 1). Each suite contains soils characterized by a range of exposure age. The Apollo 16a 
suite was chosen as the reference suite for this study. This reference suite was subjected to a diverse series of 
analyses whose objectives were to fully characterize the effects of exposure on lunar soils and to establish a reference 
database for the future study of lunar soil evolution. The Apollo 16a suite was sieved into nine size fractions from 
500-1000pm to <10pm particle diameter. The spectroscopic and ferromagnetic resonance properties of all size 
fractions were measured, the modal mineralogy of size fractions between 20 and 150pm was determined, and the 
chemistry of size fractions less than 45pm was analyzed. The results of these diverse analyses are included in a 
manuscript currently in preparation (6). 

The model; To describe the systematics of optical alteration, a model of the following form was developed: 

in which Ryn(jl) is the reflectance at wavelength jlfor a soil of To 1,/Fe0, and R,$d) is the reflectance at wavelength 3L 
for a soil o f (  Is/FeO. This mathematical form is a familiar exponentially decaying rate equation in which the rate 
constant in this case, q(A), is called the alteration function. The alteration function can be thought of as the rate of 
darkening at wavelength jl per unit time. Time is taken to be Is/FeO in this application. In order to quantify the 
optical evolution of a suite of soils, the Is/FeO and reflectance values of all soils in a given suite are inserted into { 
and R t  respectively. We then solve for q and Rcn at Co=O simultaneously by performing a grid search using least 

" 

squares error minimization. This is done separately for every wavelength. It should be noted that the values for 
I,/FeO (13 are restricted to lie between 0 and 70; all soils with measured Ic/Fe0270 are defined as C=70. This - . ., ., 
assumes that optical maturity, the point at which optical properties no longer change with increasing exposure, is 
reached at Ic/FeO=70. 

Soil modelin? results: Shown in Fig. 1 are the alteration functions calculated for the four suites of soils 
described in Table 1. The overall shape of the functions is linear as a function of wavenumber (or energy) with an 
increasing rate of darkening toward short wavelengths. Extrapolation of the functions indicates that they pass 
through the origin, which in this case is an imaginary point at infinitely long wavelengths. These characteristics of 
the alteration functions are consistent with the hypothesis that sub-microscopic iron produced during space 
weathering processes is principally responsible for optical alteration. If particles smaller than the wavelength of light 
(such as sub-microscopic iron) are indeed responsible for the darkening, Mie theory states that the greatest amount of 
light extinction will be at the shortest wavelengths. As the size parameter, 2n(particle radius)/& of the iron particles 
becomes infinitely small at long wavelengths (the origin in Fig. I),  the extinction efficiency approaches 0. 

Superimposed on the overall linear trend of the alteration functions are features resembling absorption bands 
that lie at wavelengths corresponding to those of the major absorptions observed in the soils. These features, which 
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we shall term "residual absorption features", indicate a slower rate of darkening within absorption bands relative to 
wavelengths outside of the bands. The origin of these features is under investigation. 

Based upon the variation of slope of the alteration functions shown in Fig. 1, we conclude that the rate of 
darkening is dependent upon the bulk composition of the soil. The lowest rates of darkening are exhibited by the 
Apollo 16 soils, which are the most feldspathic. The highest rate of darkening is that of the Apollo 12 suite, 
which is the most iron and titanium-rich. Although additional data are needed, we suggest that the rate of 
darkening increases with mafic content of the soil (Fig. 2). 

A D D I ~ c ~ ~ ~ o ~ s :  The overall goal of this study is to develop a method that allows the compositional analysis of 
diverse materials by creating the means to calculate the spectrum of a soil at any Is/FeO (0 from an observed 
spectrum of a soil of equivalent composition of any other exposure age. The following briefly describes the steps 
used to calculate the synthetic spectra shown in Fig. 3. See (6) for a more complete discussion. 1) The Is/FeO of 
the observed soil, Co, is calculated using the method of (1;6). 2) An estimate of the bulk composition is made 
based upon the reflectance and Is/FeO of the observed soil. An appropriate slope of the alteration function is 
chosen based upon this composition (see Fig. 2). 3) A hyperbolic continuum is removed from the observed soil 
spectrum. 4) In order to approximate the residual absorption features, a fraction of the continuum removed 
spectrum is subtracted from a featureless, linear alteration function whose slope was defined in step 2. The 
resulting function is the "synthetic" alteration function. 5) The synthetic alteration function is inserted into the 
model as q along with CO, the reflectance of the observed spectrum Rco and the desired {. In Fig. 3 are shown one 
soil of Is/Fe0=78 calculated from the spectrum of 61221 and one soil of Is/FeO=6 calculated from the spectrum of 
14148. Disagreements between the calculated and observed spectra result primarily from the fact that the 
evolutionary suites are only approximations and from the difficulties associated with fitting a continuum to lunar 
spectroscopic data (6). Nevertheless, the close agreement between the calculated and observed soil spectra shows 
the promise of this model and this method for normalizing exposure to allow quantitative compositional analysis 
of planetary materials using visible and near-infrared reflectance spectroscopy. 
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TABLE la 

Suite Soil FeO A1203 Ti02 Is/FeO 

a: Data from (5) except for Is/FeO data for 61221, 67701 
and 64801 (R.V. Moms, unpublished data). 
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