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Introduction: The Apollo 15 Mission to the Moon 
collected a large suite of low-Ti mare basalts.  The 
whole-rock chemistries of these rocks led to their divi-
sion into Olivine-Normative Basalts (ONBs) and 
Quartz-Normative Basalts (QNBs) [1,2].  The relation-
ship of these two groups has been the subject of some 
debate.  Are they directly related or do they represent 
melting of different sources in the lunar mantle?  
Chappell and Green [1], and Rhodes and Hubbard [2], 
using least-squares calculations, concluded that these 
basalts cannot be related by any process of near-
surface fractional crystallization. Vetter et al. [3] 
added a significant number of trace-element analyses, 
new ONB and QNB compositions, and an intra-group 
classification system to these investigations. Many of 
the trace-element trends are similar in both rock types - 
the REE, Hf, Sm/Eu values all increase with decreas-
ing MgO (Fig. 1). Still, many differences occur, made 
evident by the QNBs, such as near-constant Co con-
centrations and decreased Sc concentrations with de-
creasing MgO. However, a plot of La/Yb vs. Mg# 
(Fig. 2) shows there is a great deal of ambiguity in the 
chemistry of these rock types that needs to be ad-
dressed (i.e., the ONB-QNB division is not obvious). 
 

 
 

In previous studies [1-3], primitive basalt composi-
tions were considered to be representative of parental-
magmas, however, based on fractionation trends this 

may not be accurate. The present study addresses the 
relationship of Apollo 15 ONBs and QNBs using 
whole-rock data, and an in-situ mineralogic approach 
(EMP + LA-ICP-MS), to understand the causes of 
chemical dispersion, and the relationships between 
these two groups.  We have chosen to calculate a set of 
mineral-melt distribution coefficients (D) for the 
Apollo 15 basalts using a raster analysis of the 
quenched matrix of vitrophyric QNB 15499. These D- 
values, along with experimental D-values (e.g., [4]) 
can be used to calculate the parental-melt compositions 
of low-Ti mare basalts. 
 

 
 
Methods: Mineral major-element compositions were 
measured using an automated CAMECA SX-50 elec-
tron microprobe (EMP). Mineral trace-element compo-
sitions were measured by LA-ICP-MS at the Austra-
lian National University, Canberra.  Whole-rock ma-
jor- and trace-element analyses are from Day et. al [5]. 

 
Results:  Olivine-normative basalts possess olivine 
with Fo25-60, and pyroxenes compositions ranging 
Wo10-42En10-59Fs22-55. The QNBs have olivine composi-
tions of Fo44-69, and pyroxene in the range of Wo5-

40En13-67Fs25-43, consistent with previously published 
data [6,8].  Representative pigeonites from each of the 
basalt types have near-identical rare-earth-element 
(REE) patterns (Fig. 3).  The overall abundances of 
REEs in the pyroxenes of QNBs are greater than that 
of the ONBs.  Chapell and Green [1] have considered 
this to be due to a higher degree of partial melting of 
the QNB source compared to the mantle source of 
ONBs.  The REE profile for the raster analysis (Fig. 4) 
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is relatively flat compared with pyroxene analyses, and 
between 100 to 10×CI Chondrite. 

 

  
 
We have also analyzed trace elements in plagioclase, 
olivine, spinel, and ilmenite in these rocks. The LREE 
abundances of plagioclase from both sets of rocks are 
generally ~1 x CI Chondrite. HREE abundances in 
plagioclase are generally below detection limits. 

 

 
 
Discussion: Apollo 15 ONB and QNB mare basalts 
have identical crystallization ages (~3.3±0.1 Ga 
[10,11,12]), and similar whole-rock and pyroxene rare-
earth-element patterns. Analysis of photographs and 
astronaut’s accounts of the western wall of Hadley 
Rille revealed the presence of three separate flows, 
with the ONBs overlying the QNBs [12]. Therefore, 
regardless of the genetic relations between these two 
basalt types, the ONBs must be younger than the 
QNBs. 

Distribution coefficients were calculated using the 
general formula D = ConcPx/ConcQuenched Matrix of 15499.  

The distribution coefficients calculated by this method 
are in excellent agreement with those from Norman et 
al. [14] for Hawai’ian basalt glasses (Fig. 5). 
  

 
 

One set of D-values was calculated using an aver-
age composition for all the pyroxenes analyzed, the 
other from the composition of an augite. These calcu-
lated distribution coefficients enable successful model-
ing of parental-melt compositions for low-Ti basalts.  

The large set of internally consistent LA-ICP-MS 
data for ONB and QNB samples reveals important new 
insight into their petrogenesis.  On the basis of our on-
going studies, it is apparent that fractional crystalliza-
tion is an significant factor in the origin of these ba-
salts. However, the large range in whole-rock trace-
element and isotope compositions (e.g., [5]) requires 
some inherent variation in their mantle sources. This 
study places important limitations on the degree of 
mantle source heterogeneity permissible, and suggests 
an important genetic relationship between QNBs and 
ONBs. 
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