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Introduction: As products of mantle melting,
basaltic magmas provide insight into mantle source
region compositions and mantle differentiation
processes [1]. On the Moon, it was the evaluation of
mineral textures and chemistries in the Apollo 11
basaltic suite that underpinned the initial Lunar Magma
Ocean theory, broadly accounting for the range of lunar
rock types produced during primordial lunar
differentiation [2-3]. Since then, much of the work
aimed at understanding the composition of the lunar
mantle has relied significantly on detailed analysis of
whole rock compositions of the Apollo basalt suite.
Through this, researchers concluded that the greatest
compositional differences are associated with TiO»,
Al,O3, and K20, and rare earth element abundances (see
summary in [4]). Different depth of melting, degree of
partial melting, and/or distinct assimilation/fractional
crystallization processes have been used to explain these
variations [i.e., 4]. These interpretations may become
better informed on a Moon-wide scale by applying
statistical analyses to the range of compositional
differences observed [i.e., 5]. In this work, we applied
principal component analysis (PCA; [6]), and cluster
analysis to statistically evaluate these compositional
variations throughout the Apollo lunar basalt suite.

Methods: This project utilized whole rock data
stored in the Astromaterials Data System
(https://www.astromat.org/). Descriptions from the
Lunar Sample Compendium [7] were used to split
samples into previously defined lithological suites,
which generated 26 distinct groups (see Fig. 1). This
data was then split into two datasets: major elements
(Table 1; nsamples=319), and trace elements (Table 2;
Nsamples=202).  This ensured that analysis of the
differences between trace elements would not be
skewed by the more elevated major element contents.

PCA was performed to identify patterns across the
compositional elements to help determine the general
structural “components” that explain the bulk of the
variation within each multi-element dataset. Data were
standardized prior to performing PCA by subtracting the
mean composition from each individual sample content
and dividing this by the element’s standard deviation.
Next, hierarchical clustering using Ward’s linkage was
performed on the extracted principal components to
determine which samples cluster into distinct groups

based on these compositional components. All analyses
were performed using R statistical software.

Results and Discussion: Within the framework used
here, each PCA component is a unique linear
combination of all element proportions, determined
such that the first component maximally explains the
variability in chemical composition, with subsequent
components determined in like fashion contingent on
being independent of other components. PCA indicated
that variability in major elements is best summarized by
four components, while variability in trace elements is
best summarized by three components (Tables 1-2).
Each of these components specifically corresponds to
distinct associations in element signatures, referred to as
loadings. A few particularly distinct relationships were
found. As summarized by component 2, some of the
highest Si contents are weakly positively correlated with
Al, K, and P, but more strongly negatively associated
with Ti, while component 3 suggests that increasing Si
content can also be associated with increasing Al, Fe,
and Mn, and decreasing Ti, K, P. These distinct
correlations may represent distinct petrogenetic
evolutionary histories for lunar basaltic magmas. In
terms of trace elements, component 1 may summarize
the general variation in lunar basaltic compositions,
with component 2 summarizing variation resulting from
inclusion of more primitive magmas (with elevated Cr),
and component 3 summarizing variation in the dataset
corresponding to more evolved compositions (i.e.,
elevated La and Ce which are negatively correlated with
all other trace elements studied).

Clustering work suggests that based on separate
analyses of both major and trace element contents,
Apollo basaltic samples cluster in four groups. Apollo
11 and 17 samples form one cluster (cluster 1), which is
defined by high Ti and low Si contents (Fig. 2),
suggesting that the role of TiO, phases was
significantly distinct during lunar magmatic evolution.
Cluster 2 is defined by Apollo 12 and 15 samples with
higher Si, Al, Ca, and Na contents, while cluster 3 is
made up of primarily Apollo 12 and 15 samples of more
mafic composition (Fig. 2), indicating that magmas
which erupted at these distinct locations produced
similar suites (of both evolved and primitive
compositions). Cluster 4 represents KREEPy basalts
(elevated in K, Rare Earth Elements, and P) which
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appear to be statistically distinct from other lunar
magmas.

This work corroborates inferences made by previous
authors [i.e., 1-4] that compositional variation in Ti and
K is significant, likely stemming from differences in
mantle source region compositions and/or incorporation
of distinct materials en route to the surface (i.e.,
ilmenite/armalcolite or KREEP, respectively). This
work additionally suggests that the processes associated
with lunar magma petrogenesis operated similarly at
spatially and temporally distinct locations to generate
bulk rock compositions that are statistically
indistinguishable (i.e., Apollo 11 and 17 high-Ti
basalts). However, the correlation between Apollo 12
and 15 basaltic groups that are either evolved or
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Table 1: Results of PCA analysis of major elements.
VARIANCE LOADINGS
Cumulative %
Component % explained umu a.|ve ? Si Ti Cr Fe Mn Mg Ca Na K P
explained
1 48.02 48.02 - 014 037 -032 -037 -030 -030 029 039 033 030
2 20.84 68.86 0.53 -0.55 0.16 -016 -  -023 -027 -032 - 023 031
3 13.8 82.66 046 -036 020 -024 012 028 -039 040 -0.12 -030 -0.21
4 5.9 88.56 - - 035 -024 051 039 -027 - 0.13 035 045
Table 2: Results of PCA analysis of trace elements.
VARIANCE LOADINGS
. Cumulative %
Component % explained ) La Ce Sm Eu Tb Dy Yb Lu Co Sc Hf Cr
explained
1 73.19 73.19 0.25 0.28 0.32 0.29 0.33 0.33 0.33 0.32 -0.24 0.16 0.33 -0.22
2 15.15 88.34 0.45 0.37 0.15 -0.23 0.03 0.02 0.02 -0.01 0.44 -0.59 0.08 0.19
3 4.99 93.33 018 003 -01 -011 -011 -013 -0.07 -01 -015 -025 -0.15 -0.89
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Fig. 1: Distributions of scaled ppm for each major element per cluster (1-4), color coded by sample suite.
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