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Introduction:  Chondrites are categorized into differ-
ent groups by several properties, including the metal-
to-silicate ratio[1].  Various processes have been sug-
gested to produce distinct metal/silicate ratios, some 
based on sorting in the early solar nebular [e.g., 2] and 
others occurring after accretion on the parent body.  
Huang et al. [3] suggested that a weak gravitational 
field accompanied by degassing, could result in 
metal/silicate separation on parent bodies. 
 We suggest that asteroids were volatile-rich, at least 
early in their histories. Spectroscopic evidence from 
asteroid surfaces indicates that one-third of all aster-
oids maybe rich in clays and hydrated minerals, similar 
to carbonaceous chondrites [4,5].  Internal and/or ex-
ternal heating could have caused volatiles to evaporate 
and pass through a surface dust layer [3].  Spacecraft 
images of asteroids show they have a thick regoliths 
[6,7].  Housen [8] and Asphaug and Nolan [9] pro-
posed that even a 10 km diameter asteroid could poten-
tially have a significant regolith.  Grain size and grain 
density sorting could occur in the unconsolidated layer 
by the process known as fluidization.  This process 
occurs when an upward stream of gas is passed through 
a bed of particles which are lifted against a gravita-
tional force.  Fluidization is commonly used commer-
cially to sort particulates [10].  This type of behavior is 
based upon the bed, as a whole, and differs from aero-
dynamic sorting [11].  

 Two sets of reduced gravity experiments were con-
ducted during parabolic flights aboard NASA’s KC-
135 aircraft.  The first experiment employed 310 tubes 
of 2.5 cm diameter, containing mixtures of sand and 
metal grains.  A gas source was used to fluidize the 
mixture at reduced gravity conditions and mixtures 
were analyzed after the flight [12].  However, this ex-
periment did not allow a description of the fluidization 
as a function of gravity.  A second experiment was 
conducted on the KC-135 aircraft in the summer of 
2001, consisting of two Plexiglas cylinders containing 
a metal/silicate mixture, and video cameras to record 
the experiment on tape.  Here we summarize this ex-
periment and discusses the implications for metal-
silicate separation on asteroid bodies.  

 
Fig. 1. Accelerometer data for the KC-135 flights demon-
strating the actual trajectories achieved.  With a few excep-
tions, the parabolas were remarkably reproducible.   
 
Experimental Methods:  Two Plexiglas cylinders, 14 
cm in diameter and 35 cm long, were about one-
quarter-filled with a mixture of 90 vol % sand (~450 
µm grain size) and 10 vol % iron filings (~100 µm 
grain size).  The behavior of the beds under micrograv-
ity conditions was recorded with fixed and hand-held 
digital cameras.  Air flow could be conducted through 
the bed from a diffuser at the base of the cylinder.  A 
gas cylinder provided the air supply through a flow 
meter and valve.  A one-way valve in the top of the 
cylinder prevented a build-up of pressure in the cylin-
der.  The whole apparatus was enclosed in a Plexiglas 
dust cabinet.  An accelerometer attached to a graphing 
calculator recorded the effective gravity throughout the 
flight.  The apparatus was flown on two flights. 

We cannot fully calibrate our data to fluidization 
calculations, because the accelerometer was not visible 
on the tape, and thus the accelerometer data cannot be 
exactly correlated with the fluidization phases. 
 
Results:  In Earth gravity experiments, the same 
sand/metal mixture was sorted during fluidization, with 
metal grains being conveyed to the top of the bed [10]. 
 Accelerometer data was collected on 34 parabolas 
on the first flight and 30 on the second.  The acceler-
ometer data showed that the parabolas were reproduci-
ble (Fig. 1).  Useful images of the beds were obtained 
for 42 parabolas; instrumental difficulties prevented 
data being obtained for the others.  The behavior of the 
beds was also very reproducible for 42 recorded pa-
rabolas and is summarized in Fig. 2.   
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Metal/silicate separation in microgravity:  S. R. Moore et al. 

 

Phase 1 (Fig. 2a).  Under positive gravity, no 
changes occurred in the bed.  The gas flow was insuffi-
cient to cause any motion in the sand-iron mixture. 

Phase 2 (Fig. 2b and 2c).  Under microgravity, 
there was considerable activity in the bed.  In cases 
where air was allowed to flow upwards through the 
bed, the surface bubbles as if boiling.  During this 
process, metal segregates from the mixture, rising to 
the surface.  The turbulence often had a wavelike mo-
tion, and there was a central “spouting” of metal-rich 
material on the surface and often the mixture exhibited 
a right-hand rotation. 
 In cases where there was no flow of air through the 
beds, there was no increase in bed volume, no fluidiza-
tion effects, and no segregation of metal and silicate. 

Phase 3. (Fig. 2d)  During the period of negative 
gravity, material was violently thrown towards the top 
of the cylinder and agitated.  Some mixing of silicates 
and metal occurred. 
 Phase 4.   At the end of the period of negative grav-
ity, the  bed abruptly fell to the bottom of the container. 
In a significant number of instances the segregation 
produced in Phase 3 survived the major mixing episode 
of negative gravity and metal was enriched on the sur-
face.   

This experiment showed that metal/silicate separa-
tion occurred during fluidization under reduced gravity 
conditions with results similar to those at earth gravity.   
However, metal/silicate fractionation was not seen for 
experiments without gas flow.   
 Fluidization is attained at a lower minimum fluidi-
zation velocity in reduced gravity conditions.  Our re-
sults agree with previous work showing that only one-

half to one-third of the gas flow needed on Earth was 
required to fluidize a lunar-like regolith at one-sixth 
earth gravity [13].  This could imply that fluidization is 
easily achievable on the surfaces of asteroids, making 
metal/silicate fractionation by this mechanism very 
probable. 
Conclusions: We find that metal/silicate separation 
occurs readily in microgravity, with finer-grained metal 
grains transported to the surfarce when in a mixture 
with coarser-grained sand, with sizes of each similar to 
metal and chondrules, respectively, in ordinary chon-
drites.  
    
Acknowledgements:  We wish to thank the undergraduate  micro-
gravity program of NASA, the crew of the NASA KC-135, and the 
NSF’s Research Experience for Undergraduates program in astron-
omy for their assistance and support. 
 
References:  [1] McSween H. Y. (1988) Cambridge University 
Press. Cambridge. [2] Larimer J.W. and Wasson J.T. (1988) In Me-
teorites and the Early Solar System, Univ. Arizona Press, 416; 
Cameron A.G.W. (1995) Meteoritics 30, 133. [3] Huang S. et al. 
(1996) Geophys. Res., 101, 29,373- 29,385.  [4] Tholan, D.J. (1989) 
In Meteorites and the Early Solar System  (ed. by R.P. Binzel, T 
.Gehrels and M.S. Matthews), pp. 1139-1150, Univ.  Arizona Press, 
Tucson. [5] Gaffey M..J., et al. (1993) Meteoritics 28, 161-187,. [6] 
Chapman, C.R. et al., (1992) Lunar Planet. Sci., XXIII, 219- 230. 
[7] Asphaug, E., and H.J. Melosh, (1993) Icarus, 101, 144-164. [8] 
Houson, K.R. (1992)  Lunar Planet. Sci., XXIII, 555-556.  [9] As-
phaug E. and  Nolan M.C., (abstract), Lunar Planet. Sci., XXIII, 43-
44, 1992. [10] Kunii, D. and Levenspiel O. (1991) Fluidization 
Engineering, 2nd  ed., Butterworth-Heinemann.  [11] Akridge D. 
G., and D.W.G. Sears, (1999) .J. Geophys, Res., 104, 11,853-
11,864. [12] Sears D.W.G. et al. (2000), MAPS, 35 suppli, A145. 
[13] Sullivan T.A. et al., (1994), J Aerospace Eng., 7, 199-208.  
 

 
Fig. 2. One of the experimental beds through a cycle of (a) positive gravity, (b) microgravity, (c) transition-
ing from microgravity to negative gravity and (d) negative gravity while air flows vertically through the 
beds from below.  
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