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Introduction:  Crystalline lunar spherules (CLS) 

are small, rounded silicate assemblages with diverse 
igneous textures and are found in 5-10 vol% abun-
dances in Apollo 14 and 16 regolith breccias.  CLS 
diameters are typically 40-500 µm, with 200 µm being 
very common.  They are thought to have been formed 
as impact melt droplets that achieved their igneous 
textures as a result of slow cooling during flight.  Their 
major element compositions do not match local soils or 
host breccia [1], suggesting that the CLS are chemi-
cally exotic to their respective sampling sites.  To be 
consistent with these observations, it has been sug-
gested that CLS derive from fairly large scale impact 
events capable of balistically transporting entrained 
melt droplets over large distances [1-4]. 

Shapes and Textures:  The rounded shapes and 
igneous textures provide important constraints in un-
derstanding the formation conditions of crystalline 
lunar spherules.  Many CLS are nearly perfectly circu-
lar in thin section (Fig. 1) and this indicates that the 
objects must have cooled to temperatures below the 
solidus before landing in order to avoid deformation 
upon re-impacting the lunar surface.  Also, the igneous 
textures can only be achieved at cooling rates that are 
very slow compared to radiative cooling into a vacuum 
(which is ~106 ºC/hr).  Dynamic crystallization ex-
periments using Apollo 14 CLS compositions [4] indi-
cate a liquidus temperature near ~1390ºC and cooling 
rates on the order of ≤2000ºC/hr.  It is therefore likely 
that the CLS were engulfed in a cloud of hot gas and 
dust during their ballistic transport.  Such a cloud 
could allow slow cooling rates and provide a transient 
high pressure environment that would prevent massive 
volatile loss. 
 

 
Figure 1.  BSE images of lunar spherules from this study.  
Dark grey is plag, light grey is olivine, white is Fe/FeS.  The 
different textures suggest different crystallization histories.  
Olivines in (a) are unzoned, those in (b) are zoned. 

Volatiles:  Another important constraint for under-
standing CLS formation is provided by their concen-
trations of volatile elements such as sodium and potas-
sium.  Figure 2 shows the volatile element composi-
tions of CLS from Apollo 14 and Apollo 16 regolith 
breccias.  As with major element compositions [3], the 
Apollo 14 spherules cluster near each other while the 
Apollo 16 objects show much more variation.  Many 
of the CLS in Fig. 2 show >0.5 wt.% Na2O and up to 
1.5 wt.% K2O.  The majority of CLS are therefore 
fairly volatile-rich compared to most lunar materials, 
while a few objects are notably volatile-poor. 

In an effort to determine any role that volatilization 
may have played in determining the compositions of 
CLS, we have measured the potassium isotopic com-
positions of ten CLS from Apollo 16 breccias 60016 
and 66035. 

 
Methods:  41K/39K and 39K/27Al ratios were meas-

ured with a Carnegie Cameca 6f ion microprobe.  We 
used a 12.5-kV O- primary beam in the shaped or flat-
bottomed illumination mode, a 10-kV secondary ac-
celerating voltage, a 50-eV energy window, and a 100-
µm field aperture. Primary beam currents were 4-6.5 
nA and spot sizes were ~20 µm across.  All analyses 
were preceded by a 5 minute presputter.  Potassium 
isotopic measurements were made on plagioclase 
phenocrysts in the CLS.  Instrumental mass fractiona-
tion was corrected by reference to clastic feldspars in 
the breccias themselves. The 1-σ reproducibility of a 
standard glass was ~0.5 ‰.  However, for reasons that 
are unclear, the reproducibility of the clastic plagio-
clases was much worse, with 1-σ errors that are typi-
cally ~2-3‰.  Elemental ratios were determined by ion 
microprobe using sensitivity factors measured on a 
BHVO basaltic glass. 

 (b) (a) 
Results:  Despite a large range in measured K/Al 

ratios (0.001 – 0.060) in the CLS plagioclases, there 
are no systematic variations in the K isotopic composi-
tions (Fig. 3).  All but five measurements are within  
1-σ of normal. Four of the 5 anomalous compositions 
come from 3 CLS with multiple analyses: 66035-S2 
(-0.7‰ and 15.1‰), 66035-S7 (-10.7‰ and 6.6‰) 
and 60016-S4 (-2.8‰, 1.1‰ and 9.8‰).  Given the 
inconsistency of the measured compositions within 
these three CLS, it seems clear that the anomalous 
compositions are instrumental artefacts. 
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Discussion:  Evaporation under Rayleigh condi-
tions results in a ~60‰ increase in the K isotopic com-
position with every order of magnitude decrease in 
K/Al ratio.  Thus, if the entire range of K/Al ratios 
measured in the plagioclase phenocrysts was produced 
by evaporation, much larger isotopic variations than 
we have measured would be expected.  Large K iso-
topic variations are seen in vacuum evaporation ex-
periments [5] and cosmic spherules [6]. 

Why aren’t large, systematic isotopic variations 
seen in the CLS? Some of the K/Al variations are 
probably due to crystallization rather than evaporation. 
Nevertheless, it seems unlikely that crystallization ac-
counts for all the K/Al variations, and it cannot ac-
count for the variations in the bulk compositions of the 
CLS. 

Experiments using meteoritic chondrule-like com-
positions suggest that under free evaporation condi-
tions cooling rates of >5000°C/hr from 1450°C are 
needed to prevent significant (<25%) K loss and iso-
topic fractionation (<30‰) from a 3mm charge [5]. 
Since fractional mass loss is inversely proportional to 
radius, the CLS would need 6-10 times faster cooling 
rates to prevent significant evaporative loss of K under 
similar conditions. The liquidus temperatures of the 
CLS are lower (experimental values of ~1390°C for 
A14 compositions [4] and ~1300ºC for A16 composi-
tions [unpub. data]) than the 1450ºC temperatures of 
the chondrule composition experiments.  Preliminary 
measurements of two glassy spherules, which probably 
experienced superliquidus temperatures (>1390ºC), 
show low K abundances in the glass but normal iso-
topic compositions.  Thermodynamic arguments sug-
gest that if activities remain unchanged, K evaporation 
rates (moles/m2/s) will drop by ~3 with every 100°C 
decrease in temperature. Even if a combination of 
lower temperatures and lower activities in the CLS 
melts caused CLS evaporation rates to be an order of 
magnitude lower than in the experiments, the cooling 
rates needed to prevent significant K loss are still 
faster than the cooling rates inferred from CLS tex-
tures (<2000°C/hr [4]). 

 
Conclusions:  Since the CLS are unlikely to have 

remained closed during their formation, it seems that 
either: (1) the CLS approached isotopic equilibrium 
with the vapor that surrounded them and which pre-
vented cooling rates from approaching those for radia-
tive cooling into space, or (2) they were buried in a hot 
breccia that cooled slowly, allowing the CLS to equili-
brate with the surrounding K of the breccia. 
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Figure 2.   Volatile element compositions of CLS from 
Apollo 14 and 16 regolith breccias.  Many CLS are volatile-
rich while others are volatile-poor. 
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Figure 3.  Isotopic composition of Apollo 16 CLS.  No 
systematic variation is observed.  Uncertainties are 1-σ. 
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