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Introduction:  The Moon’s plagioclase-rich crust is 

considered to have formed early in its history (>4.3 Ga) 
from a magma ocean (e.g., [1]). Anorthosites and 
associated rocks that are thought to form much of the 
ancient crust preserve evidence for crystallization and 
post-crystallization events (e.g., [1,2]). Unravelling the 
processes affecting lunar crustal rocks, however, is 
complex and includes consideration of effects such as 
vapor condensation [3]. As part of a larger study [4,5], 
our goal is to better understand the relationship of 
crystallization and post-crystallization processes acting 
on the lunar crust. Here we examine the relationship of 
impact processes, KREEP enrichment and ‘rust’ that 
can occur in some Apollo 16 lunar crustal samples.  

Samples and Methods: In addition to the “Genesis 
Rock” ferroan anorthosite (FAN) 15415, a major focus 
of the study is to characterize samples from the Apollo 
16 site. We examined troctolitic (62237) and noritic 
(62236) FAN, cataclastic anorthosites (60015, 60215, 
65325, 68515), as well as anorthositic breccias (65035 
67455), a feldspathic fragmental breccia (67016) and a 
polymict breccia (60018). Glass coatings were 
measured from 65035 and 68515 and four components 
were measured in impact melt rock 61016; FAN, 
crystalline anorthosite, grey vitrophyric material and 
black impact melt. 

Analyses were conducted at the Scripps Isotope 
Geochemistry Laboratory (SIGL) on homogeneous 
powder aliquots using described methods for major-, 
trace-element abundance, Os isotope and ID highly 
siderophile element (HSE: Os, Ir, Ru, Pt, Pd, Re) 
abundance determination [6,7]. Total analytical blanks 
resulted in variable corrections for samples, with the 
most significant corrections for FAN samples. 

Results: FAN samples have high Al2O3 (>29 wt.%) 
and CaO (>16 wt.%) and are characterized by overall 
low rare earth element (REE) abundances (<1 × CI), 
aside from the characteristic positive Eu* anomaly (Eu* 
= (EuCI/(SmCI×GdCI)0.5) of 23 to 71 (Fig. 1). Anorthosite 
breccia 67455, cataclastic anorthosite 68515 and the 
FAN component of 61016 have elevated abundances of 
the REE relative to other FAN (~1 to 6 × CI) with Eu* 
of 4 to 17 (Fig. 1) and we term these “FAN with 
breccia/melt veins”. Impact melts and fragmental 
breccias from the samples have the highest REE, Ti and 
Ni contents, with Eu* from 0.3 to 1.8. 

From an HSE abundance perspective, most FAN 
samples lie within the field of pristine lunar crust (Fig. 
2), with measured 187Os/188Os ranging from 0.120 to 

0.142. FAN with breccia/melt veins lie within the upper 
range or above HSE abundances of pristine crust 
samples with 187Os/188Os from 0.115 to 0.137. Impact 
melts and fragmental breccias are typical of impact-
affected rocks from various Apollo sites (e.g., [8-13]), 
with 187Os/188Os from 0.127 to 0.139. 

 

 
Figure 1: CI-chondrite normalized REE patterns for 
Apollo 16 samples and 15415 (red circles). 
 

 
Figure 2: CI-chondrite normalized HSE patterns for 
Apollo 16 samples and 15415 (red circles), relative to 
pristine lunar crust [14]. Symbols same as for Fig. 1. 

 
FAN 15415 has a distinct MREE/HREE ratio 

(Gd/Ybn = 1.8) to most Apollo 16 FAN (Av. Gd/Ybn = 
1.3) (Fig. 1) and has HSE abundances consistent with 
being a pristine FAN [15], along with most of the other 
studied A16 FAN samples (Fig. 2). 

Discussion: The new results significantly increase 
recognized pristine FAN and associate rocks measured 
for precise HSE abundances and Os isotopes and 
corroborates that the early lunar crust had very low 
initial HSE contents [14].  
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In Re-Os isotope space (Fig. 3), the A16 impact 
melts and fragmental breccias cluster around a 3.9 Ga 
chondritic reference isochron, consistent with their 
generation during impact events responsible for the 
Cayley Plains and Stone Mountain formations. By 
contrast, some of the FAN with breccia/melt veins and 
numerous FAN scatter around or away from the 3.9 Ga 
isochron, in some cases to possibly younger ages (Fig. 
3), shown by a 0.6 Ga reference isochron anchored to 
the lowest measured 187Os/188Os from the present data. 
These suggest disturbance of the 187Re-187Os system 
through processes including later impacts, or neutron 
fluence effects on Re [14]. 

 

 
Figure 3: 187Re-187Os systematics for Apollo 16 samples 
and 15415 (red circle) relative to the lunar crust [14]. 
Shown are 3.9 and 0.6 Ga reference isochrons anchored 
to 187Os/188Os = 0.114. Symbols same as for Fig. 1. 
 

A negative correlation exists between Eu* - a 
measure of relative Eu enrichment in FAN, or Eu 
depletion in KREEP-rich rocks – and HSE (Os) contents 
(Fig. 4). This unequivocally demonstrates addition of 
lunar-derived KREEP components to A16 samples is 
associated with impact, likely at ~3.9 Ga, during 
formation of major near-side basins. The relationship 
further suggests that where bulk rock REE data for FAN 
exhibit ‘fanning’ of the REE, some REE-rich FAN may 
be compromised by impact processes (e.g., FAN with 
breccia/melt veins). Impact melts and fragmental 
breccias are impact contaminated and contain various 
contributions from KREEP components (Fig. 1). 

Several of the A16 samples examined in this study 
contain lunar-derived ‘rust’ (i.e., lawrencite and its 
associated alteration products; [4,5]), consistent with 
the early discoveries of rusty rocks from the same 

landing site [16,17]. The location of this rust appears to 
be in the cataclastic anorthositic/brecciated portion of 
the samples away from the impact melted region [4]. 
Additionally, there is an inconsistent relationship 
between the abundance of rust and/or volatile 
enrichment with the presence of the strongest impact 
signatures evident from HSE abundances, suggesting 
that these two phenomena may not be directly related 
[4,5]. Some lunar rocks, despite being considered 
"pristine" based on their HSE abundances, show 
evidence of rust. This raises the possibility that the rust 
is dominantly of an endogenous origin during degassing 
processes associated with the differentiation and 
cooling of the lunar interior. 

 

 
Figure 4: Eu* versus Os content for Apollo 16 samples 
and 15415 (red circle). Symbols same as for Fig. 1. 
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