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Methods 
• Analyze 13 representative (TiO2 and maturity) soils (<200 µm) and  

 sieve fractions (100-200, 48-100, 20-48, <20 µm) 

• Sample selection includes several soils for comparison to Lunar Soil  
 Characterization Consortium (LSCC) results [14,15] 

• Previous efforts: electron petrography [13] 

 - Labor intensive, accurate bulk properties not easily obtained 

• This work: lunar soil size fractions analyzed by: 
 - powder X-ray diffraction (XRD) 
 - micro X-ray fluorescence (µXRF)  
 - UV/VIS optical spectrometry (UV-VIS, 250-750 µm) 

Results & Discussion 

• TiO2 concentrations determined by µXRF for "bulk" soils are highly 
correlated with published TiO2 values (R2=0.99, Fig. 3). 

• TiO2 vs. ilmenite from XRD Rietveld refinements (Fig. 4) for bulk soils 
correlate well (R2=0.97).  

• However, preliminary data for size fractions show increased ilmenite 
content in finer fractions.     

- Trend opposite that from electron petrography of grain mounts by [15] 

- But consistent with results obtained for these two soils from analysis of 
grain mounts by [13] 

• For ilmenite content to increase at relatively constant bulk TiO2, another 
Ti-bearing component must decrease. 

- In the analysis of [13], the agglutinate content decreases as size     
fractions decrease from 100-48 µm, 48-20 µm, and <20 µm. 

• In our Rietveld refinements, however, the amorphous component does 
not decrease in the finer fractions; it increases. 

• Amorphous component generally correlates positively with IS/FeO, but is 
not solely related to agglutinate content. 

- Also a function of other glasses and amorphous rims (ubiquitous and  
likely occupy a greater proportion of grain volume in finer fractions) [15] 

• Increasing TiO2 content results in a flattening of slope and a higher 
320/415 ratio (Fig. 5). 

- Absolute reflectance does not relate directly to TiO2 content; it is also a  
function of the full bulk composition and specific mineral and lithic 
components. 

• Overall reflectance decreases with decreasing maturity (Fig. 6). 

• Mature soils show little change in reflectance with different sieved size 
fractions (Fig. 7). 

- Implies less influence on reflectance from grain size and more from 
maturity due to coatings on grains of all sizes 

Correlation with UV/VIS 

• LRO WAC data provide improved empirical correlation between the 
UV/VIS ratio (320 nm / 415 nm) for Apollo and Luna (sample return) 
landing site soils [10]. 

• Correlation between TiO2 or ilmenite content and 320/415 is not as 
good as for the LROC WAC orbital measurements (Fig. 8). 

     Correlation improves if the immature soil samples omitted (Fig. 9).  

- LRO WAC senses mature soil at 400 m/pixel (WAC UV data) scale. 

• Ongoing work: Investigate effects of specific components and variations 
with grain size. 
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Figure 3 (left). TiO2 wt% determined by µXRF compared to published values as 

collated primarily by [11,12].  

Figure 4 (right). TiO2, measured by µXRF vs. ilmenite content, wt%, measured by XRD 

Rietveld refinement. Deviations from perfect correlation reflect the fact that Ti, while 

dominantly hosted by ilmenite, is also hosted by other phases, including agglutinates, 

other impact glass, and volcanic glass.  

Figure 2 (right). Effect of grain size on soil 70181 powder X-ray Diffraction. Preferred 

orientation peaks corrected by Rietveld refinement. 

Figure 1 (left). Powder XRD Rietveld refinement for bulk soil sample 10084. 

Introduction 

  •  Global lunar mapping of Ti distribution:  

 - Improved knowledge of distribution is still needed [e.g., 1-6] 

•  Issue:  

 - Empirical correlations for remote sensing data provide good results 
   to first order in discriminating high-Ti soils from low-Ti soils. 

 - However, a full understanding of the petrographic factors that    
   cause variations in spectra remains elusive. 

• Importance of determining Ti content:  

 - basalt classification and studies of lunar crustal composition 

 - surface volcanism, and spatial variations in mantle composition [7] 

 - improved mapping of ilmenite as a potential resource for extraction 
   of oxygen and solar-wind gases [1] 

•   Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera [8]: 

 - First global UV coverage -- two UV bands 400 m/pixel 

 - Photometrically well calibrated [9] 

 - Using UV/VIS ratio and correlating to landing site soils, LRO WAC 
   dataset offers an improved TiO2 determination [10]. 

• We report lab-based measurements aimed at further understanding this 
correlation and investigating effects such as composition, soil maturity, 
grain size, and ilmenite content on reflectance spectra. 

Analytical Procedures 

• Small-sample analysis: 25 mg Si zero background holder. 

• Structural: XRD analysis, mineral ID and wt% 
 - Bruker d8 Advance, LE PS detector, Eva COD/ICDD 

 - Quantitative analysis Topas Rietveld refinement (Fig. 1) 

 - Structure files: Plag, Aug, Pig, Ilm, olivine, troilite, & kamacite 

 - Amorphous content estimated using peaks phase 

 - Grain size effects (Fig. 2) analyzed and accommodated in Rietveld   
   refinement by preferred orientation correction 

• Chemical:  µXRF analysis, soil oxide wt% 

 - Edax Orbis µXRF, Rh tube, SSD EDS detector 

           - 2 mm X-ray optic sample area, 10 reps. @ 100 sec 

 - Quantitative analysis: linear regression calibration curve 

 - Published oxide wt% used, tested against soils this study 

     - Output:  wt% TiO2, and TiO2 vs. ilmenite wt% (Figs. 3, 4) 

• Spectroscopic: UV-VIS analysis, reflectance 

 - Ocean optics JAZZ spectrometer  

 - 2048 element CCD array detector, 250-750 nm 

 - High-intensity pulsed xenon source, pulse frequency 200 Hz 

 - Spectralon reference 

 - Spectra were smoothed using 5-point boxcar  

 - Wavelength ranges for plotting data computed to match 
   spectral response (fwhm) of WAC  

 

 

 

 

 

Figure 8. Weak 

linear correlation 

between 

measured 

TiO2/ilmenite 

content and 

320/415 

reflectance ratio 

for all samples 

measured using 

an Ocean Optics 

UV-VIS 

spectrometer. 

Figure 9. Stronger 

linear correlation 

between 

measured 

TiO2/ilmenite 

content and 

320/415 

reflectance ratio 

for submature to 

mature samples 

measured using 

an Ocean Optics 

UV-VIS 

spectrometer. 

Figure 7. Different sieved size fractions all plot within ~2% reflectance, showing little 

influence on reflectance from grain size. This is due to amorphous coatings present on 

all grains through the entire range of grain sizes. Grain-size effects are evident, 

however, with the crushed sample, as crushing reveals fresh grain surfaces. 

Figure 5 (left). Spectra show “bluing” with higher TiO2 wt%, but absolute reflectance 

(e.g., 74241 and 70181) relates to other factors in addition to TiO2 content.  

Figure 6 (right). Overall reflectance decreases with increasing maturity.  

Acknowledgements 
Support for this work is primarily from the NASA LASER Program through grant 

NNX10AI36G (BLJ), and through LROC/ASU sub-contract NNG07EK00C (BLJ)  

Background: LROC WAC, "no-slew" mosaic, Acquired Dec. 2010, NASA/GSFC/ASU 

10084 12057 15601 67511 71501 72501 73131 73261 74241 70181 76501 78501 79221

TiO2 wt% 7.56 2.78 1.83 0.46 9.48 1.49 0.96 1.83 7.84 8.39 3.29 5.34 6.63

Ilmenite wt% 8.46 2.99 1.16 0.59 9.07 1.68 0.61 1.76 9.56 7.97 2.83 5.82 6.39

320/415 Ratio 0.93 0.86 0.80 0.83 0.90 0.81 0.85 0.82 0.78 0.90 0.84 0.81 0.91

Is/FeO [11] 78 40 29 8.8 35 81 16 45 5.1 47 58 36 81
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