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Introduction:  Previous trace element and isotopic 

analyses of the Apollo 14 high-Al basalts, suggest that 
these samples represent the earliest stages of basaltic 
volcanism on the Moon and that they are not random 
samples from the lunar regolith [1,2,3,4,5,6,7].  One of 
the primary goals of this work is to determine if these 
small, fragmented samples are the result of igneous or 
impact processes. The chemical information locked 
within the individual minerals will be used to define 
the characteristics and determine the potential mecha-
nisms of early lunar volcanism.  This abstract reports 
the results from in-situ mineral analyses of the Apollo 
14 high-Al basalts. 

Scientific Rationale and Analytical Approach:  
Petrography, mineral compositions, and bulk major 
element compositions of the Apollo 14 high-Al basalts 
are similar, yet there is approximately an 8 to 10 fold 
increase in REE and other incompatible elements 
[1,2,3,4].  Variation in compatible trace elements (e.g. 
Ni and Co) for the bulk fragments appears to be mini-
mal [1].  Previous studies have divided these basalts 
into five groups based on their incompatible element 
characteristics (REE patterns and incompatible ele-
ment abundance) [2,3].  

Petrogenetic models devised to account for signifi-
cant variations in incompatible elements range from 
the simple (fractional crystallization, varying degrees 
of melting of a late-stage LMO source) to complex 
(cyclical assimilation of KREEP, melting of a hybrid-
ized source) [2,3,4,5,8], to production of melts via 
impact processes [9].  However, these fragmented 
Apollo-14 basalts are quite small (< 1 to 3 mm in size) 
and contain variable amounts of mesostasis, which 
means that bulk rock analyses of these samples may 
not truly represent the composition of the basalt [1].  
Therefore, analyses of individual olivine and plagio-
clase grains were conducted in order to provide a de-
tailed dataset that could be used to compare the frag-
ments.  The data summarized here are for samples 
14004,108; 14053; 14160,142; 14256,38; 14305,343; 
14321,1238; 14321,1245; 14321,1246; 14321,1261; 
14321,1271.  

Prior to trace element analysis, individual phases 
were imaged, mapped and analyzed using a JEOL 733 
superprobe.  Trace elements in olivine and plagioclase 
were measured using the Cameca ims 4f operated on 
the University of New Mexico campus by the Institute 

of Meteoritics.  Analyses were made using primary O- 
ions accelerated through a nominal potential of 10 kV.  
A primary beam current of 15 to 30 nA was focused 
on the sample over a spot diameter of 10 to 30 µm.  
Sputtered secondary ions were energy filtered using a 
sample-offset voltage of 105 V (and 75 V for REE) 
and an energy window of ± 25 V.  Absolute concentra-
tions of each element were calculated using empirical 
relationships of Trace Element/30Si+ ratios (normalized 
to known SiO2 content) and to element concentrations.  
Calibration curves were constructed using appropriate 
olivine and plagioclase standards.  

Data:  As a means of comparison with previous 
studies, we analyzed plagioclase phenocrysts in the 
high-Al basaltic fragments and produced REE patterns 
(figure 1).  These patterns are consistent with the broad 
compositional ranges that were first documented by 
the whole rock analyses of Dickinson et al. and Sher-
vais et al. [2,3].  The La/Yb ratios of the fragments 
measured in this study are distinctly different (ranging 
from 6 to 81), thus suggesting that these samples were 
not derived from the same parent magma and may ac-
tually represent individual pulses of basaltic melt [1].  
The correlation between this work and the previous 
whole rock data suggests that the whole rock data are 
not the result of random sampling of a single basaltic 
unit and do indeed in many cases approximate the true 
composition of the basalts.     

  It was previously mentioned that the compatible 
elements showed little to no variation [3].  However, 
in-situ analyses of olivine phenocrysts in the Apollo 14 
high-Al samples show that each fragment has a distinct 
Ni-Co signature, with the cores of the olivine grains 
being more enriched in Ni and Co than are the rims 
[1].  This information can be used to understand the 
potential mechanisms of formation.  For example, the 
data from this study have been used to calculate the 
type and degree of crystallization that would be neces-
sary to produce the given chemical signatures.  Calcu-
lations of elemental concentrations in the solid and 
melt components were made using basic equations for 
fractional crystallization (Cl/Co = F(D-1)) and batch 
melting (Cl/Co = 1 / D(1-F) + F).  These results were 
compared to the measured Ni and Sm data from each 
of the analyzed fragments, assuming DSm = 0.08 and 
DNi = 10 (see figure 2). 
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Discussion and Conclusions:  The analyses of oli-
vine and plagioclase in the A14 high-Al basalt frag-
ments indicate that both compatible and incompatible 
elements exhibit variability consistent with composi-
tional variations that have been observed in the bulk 
samples.  However, the bulk compositions of individual 
fragments may not be representative of the magmas.  
The REE abundances and La/Yb ratios from plagioclase 
analyses and the trace element analyses from olivine are 
significant because they suggest that these basalts are 
from different melts of basaltic compositions with dif-
ferent incompatible and compatible trace element char-
acteristics.  The results from this study also suggest 
that the basalts cannot be related through simple frac-
tional crystallization or batch melting scenarios. 

0.1

1

10

100

La Ce Nd Sm Eu Dy Er Yb

C
on

ce
nt

ra
tio

n 
/ C

I C
ho

nd
rit

e

La/Yb = 81
La/Yb = 21
La/Yb = 17
La/Yb = 12
La/Yb = 6

Figure 1.  Plot of average REE values from plagioclase 
phenocrysts in the A14 high-Al basalts.  The REE abun-
dances and La/Yb ratios are used to distinguish the fragment 
averages. 

 A comparison of bulk rock Ba/Rb data from the 
A14 high-Al basalts [2,3] with Ba/Rb ratios of known 
igneous lunar rocks [10] can provide information about 
a possible impact origin of these samples, if Rb (vola-
tile) is fractionated from Ba (non-volatile) during impact 
(see figure 3).  Figure 3 shows that bulk rock Ba/Rb data 
from all mare and highland rocks plot along a line with a 
Ba/Rb ratio of 60 [10].  If the A14 high-Al basalts were 
produced as result of impact melting, one would ex-
pect the Ba/Rb ratio to increase due to the volatile na-
ture of Rb.  However, the bulk rock Ba/Rb ratio of the 
A14 high-Al basalts is actually lower (e.g. Ba/Rb = 
14) than the consistent lunar igneous rock ratio of 60.  
Assuming that the bulk rock data for Rb and Ba are 
correct, the plot shows that these fragments were not 
produced as a result of impact melting or simple frac-
tional crystallization scenarios.  Therefore, other mod-
els must be developed and/or considered.  One possi-
ble solution could be cyclical assimilation of KREEP 
or melting of a hybridized source [e.g. 6 and 11].   
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Figure 2.  Comparison of potential formation mechanisms 
for the A14 high-Al basalts with measured Ni and Sm data. 
Cl =Concentration of element in liquid. Co=Concentration of 
element in parental magma. F= fraction of melt remaining. 
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Figure 3.  Plot of Ba versus Rb for A14 high-Al basalts, 
A14 KREEP, high-K KREEP, and all mare and highland 
rocks.  The volatile behavior of each element can be used to 
discuss the origin of the A14 high-Al basalts. 
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