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Introduction: Laboratory experiments have been 

performed to show that microscopic roughness in the 
uppermost layer of planetary surface results in remark-
able alteration of intensities and spectral profiles of X-
ray fluorescence, especially at large phase angles.    

Key objective of NEAR-Shoemaker mission was 
to evidence a linkage between an S(IV)-class asteroid 
and the corresponding meteorite. During one-year long 
observation around 433 Eros, the NEAR has con-
ducted visible to near-infrared spectroscopy as well as 
X-ray and gamma-ray spectroscopy for surface miner-
alogy and elemental composition, respectively [1]. 

Spectral profile by the MSI/NIS was investigated 
to indicate that the surface mineralogy appears homo-
geneous region to region but any kinds of meteorites 
do not match the spectral profile quite well [2-3]. De-
rived abundance ratios of OL/PX and OPX/CPX sug-
gests that the most probable material is L-chondrite. 
But the XRS data reveals agreement to H-chondrite, 
and consistent with R-chondrite or primitive achon-
drite as well, in major elemental ratios of Mg/Si, Al/Si, 
Ca/Si, and Fe/Si [4]. McCoy et al. (2001) concluded 
that 433 Eros is among ordinary chondrites with a little 
processed surface or a kind of primitive achondrite 
with same major elemental composition and mineral-
ogy as ordinary chondrites [5].  

How comes the unsatisfied conclusion that there 
remains large uncertainty of linkage between asteroid 
and meteorite? The reason is due to observation con-
ducted at large solar phase angle during the NEAR 
mission. The spacecraft has a fixed high-gain antenna 
pointed to the Earth, which direction is almost towards 
to the Sun. To keep continuous link to the Earth, the 
spacecraft has been restricted to orbit Eros along the 
terminator so that the phase angle becomes almost 90 
degree. In addition, the surface of Eros is covered with 
regolith typically from several tens to one-hundred 
microns in diameter. This scale is compared to the 
absorption depth of incident and emission X-rays of 
planetary XRF spectroscopy, so that shading and 
shadowing of X-rays is sufficiently enhanced to 
change the X-ray spectral profile itself. 

In this study, laboratory experiments have been 
performed to simulate the observation in both of sur-
face and geometric conditions. Results of the experi-
ments lead to a conclusion that the microscopic surface 
roughness by particle size gives remarkable effect in 
X-ray fluorescence, especially at larger phase angles.   

Experiments of Particle Size Effects at Large 
Phase Angles:  Some studies have been reported on 
the particle size effect in X-ray fluorescence from the 
viewpoint of planetary exploration [6-7]. In the previ-
ous studies, surface roughness was directly measured 
by laser microscopy. The measured surface profiles 
were smoothed and approximated into a single cyclic 
function of best-fit wavelength and width by FFT. In 
those cases, rectangular shape model has been con-
structed, since only two parameters are required to 
express and it has been better fit relative to sinuous or 
triangular shape. For any shock-induced cracked pow-
ders of oxides and silicates, two parameters of wave-
length, 2W, and depth, H, are investigated to express 
in the following  formulae, 

W = 14.95 + 0.231D,   (1) 
H = 9.075 + 0.211D,   (2)  

where D denotes the typical particle size. Using this 
model for powdered surface, we numerically estimated 
intensities of X-ray fluorescence at any solar phase 
angle. Assuming the asteroid in chondritic composition 
and the solar activity in low-level flare, our calculation 
exhibits that increase of Fe/Si by 10 to 30% and Ca/Si 
by 5 to 10% might be observed for phase angle of 90 
degree,which is the case with the NEAR observation. 

In the previous studies, samples with simplest com-
position were used such as alumina, quartz, or SiC, 
since it is convenient to understand physical processes. 
In this study, experiments with powdered basalt have 
been conducted to confirm the physical phenomenon 
by using more complicated or realistic material. 

Specimen of various size distribution has been pre-
pared from a single basalt rock, which is cracked and 
sieved into four groups: 1) D<45µm, 2) 45<D<106µm, 
3) 106<D<180µm, and 4) D>180µm. A Cr-target X-
ray tube (RIGAKU, Rint2000) is used as the incident 
X-ray generator. Intensity ratios of Ca-Kα and Ti-Kα 
relative to Fe-Kα are measured with a Si-PIN diode 
(AMPTEK, XR-100CR). Results are shown in Figure 
a-d, as functions of particle size and phase angle. 
Those results reveal the decrease of relative intensities 
of X-rays characteristic of the lighter elements since 
intensity ratios of Ca/Fe are always smaller than those 
of Ti/Fe. Tendency of decrease becomes more remark-
able with increasing the phase angle and the surface 
roughness. For example, 15 to 20% decrease of 
relative intensity was found at large phase angle with 
powder of more than 45 micron size. 
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Implication to the EROS Composition:  Results 
imply that particle size effect plays an essential role for 
quantitative elemental analysis for remote XRF, espe-
cially for observation from large solar phase angle. 
That configuration was conducted in the NEAR mis-
sion and some corrections are required to improve the 
accuracy of elemental analysis. Almost whole surface 
of Eros seems covered with regolith thicker than 1m, 
which is suggested from geomorphology imaged from 
orbit and taken as close-up views during the descent to 
surface. No evident information on the particle size are 
obtained, but the disk-integrated photometry by the 
MSI and the ground-based telescopic observation 
shows the same physical properties as the other S-class 
asteroids and the lunar regolith [8]. Then the typical 
size has been assumed by using lunar analogue. In this 
study are assumed four kinds of given typical size as 
flat or smooth surface, fine regolith of 40µm, typical 
lunar regolith of 80µm, and rough regolith of 160µm. 

When a typical chondritic composition is assumed 
for surface material as well as the solar activity is in a 
low-level solar flare, those corrected elemental ratios 
of Mg/Si, Fe/Si, and Ca/Si are estimated for the four 
kinds of surface particle size, in comparison with the 
XRS data shown in Figure 4 of Nittler et al.(2001) [4]. 
These results are considered to represent in the case of 
the flat-flour that Eros would have composition of H-

chondrite. When we go for the fine regolith, the com-
position of Eros is fallen between H- to L-chondrite. 
For the typical lunar regolith, most favorite composi-
tion appears L- or LL-chondrite. Furthermore, LL-
chondrite is most likely for the rough regolith. In gen-
eral, due to microgravity on the asteroid surface, the 
finer particles are easy to escape and relatively lost 
away during impact process. Surface roughness of 
Eros is most probably similar to or even rougher than 
that of the Moon. Therefore, elemental composition of 
L- or LL-chondrite is the candidate of Eros. That con-
clusion is consistent with the other evidence such as 
mineralogy derived from the MSI/NIS observation.  

It is concluded that, as the surface material of 433 
Eros, L-chondrite is most likely when the lunar anal-
ogy holds good, and LL-chondrite is maybe possible. 
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Figure. Results of experiment for particle size effect in X-ray fluorescence are shown with the plots of 
Ca/Fe and Ti/Fe intensity ratios as a function of phase angle for each sample particle size from (a) to (d). 
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