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Feldspathic granulites and granulitic breccias [1–6] 
are a common lithology found at most of the Apollo 
sample collection sites. They occur as particles in soils, 
as lithic clasts in other breccias, and as small individual 
rocks. That they are commonly found as clasts in brec-
cias, including lunar meteorite fragmental and regolith 
breccias, further reflects their common and widespread 
occurrence. Their compositions are similar to estimates 
of the average composition of the lunar crust [1,4–6], 
with a twist of meteoritic contamination, and their tex-
tures reflect some degree of thermal metamorphism. It 
is therefore tempting simply to assign these rocks to 
some highlands impactite niche, such as the bottom of 
a thick, hot ejecta pile or perhaps beneath an impact-
melt sheet where typical brecciated crustal rocks might 
undergo slow cooling and thermal annealing.  

For a variety of reasons, however, the magnesian 
granulitic breccias are not easily fit into currently fa-
vored petrogenetic models and global context. As po-
lymict samples, their compositions are, in detail, not 
easily explained as mixtures of known igneous or plu-
tonic rocks. In this abstract, we argue that the mag-
nesian granulitic rocks may have an igneous rock pre-
cursor that is not yet recognized among our samples of 
the Moon. 

What Are Magnesian Granulitic Breccias?  War-
ner et al. [1] referred to granulitic breccias as “feld-
spathic granulitic impactites” to indicate that they were 
rich in feldspar (70–80% modal plagioclase), had gran-
ulitic textures (granoblastic or poikiloblastic) of meta-
morphic origin, but were originally breccias formed in 
impacts. Granulitic breccias tend to have high concen-
trations of siderophile elements, consistent with an im-
pact origin, but low concentrations of incompatible 
elements associated with KREEP, unlike nearly any of 
the numerous mafic melt breccias [1]. They typically 
have concentrations of Al2O3 of 26–29 wt.%, FeO, 4–7 
wt.%, and MgO, 5–9 wt.%. Most well-studied samples 
are from the Apollo 16 and 17 collections, but samples 
from the Apollo 11 and 15 sites are also known. In a 
recent, comprehensive petrographic study, Cushing et 
al. [6] recognized three textural variants and concluded 
that granulitic breccias formed by impacts producing 
craters of 30–90 km in diameter in the highlands crust.   

Isotopic data on granulitic breccias are scarce. Ar-
Ar data yield ages mostly in the range 3.9–4.1 Ga, per-
haps some as old as 4.3 Ga, and the younger ages may 
have been reset by the events that exhumed the rocks 
[5]. These breccias must have been assembled prior to 
the dispersal of KREEP [1,5–6], and they are rare at 
locations where KREEP is most abundant (we are un-
aware of any samples in the Apollo 12 and 14 collec-
tions). 

Lindstrom and Lindstrom [4] made the important 
observation that Mg/Fe ratios among granulitic brec-
cias were variable and nearly dichotomous, with a fer-
roan (low Mg/Fe) and magnesian (high Mg/Fe) ex-
tremes. The composition of ferroan granulitic breccias 
is consistent with their derivation from the ferroan-
anorthositic-suite of lunar plutonic rocks. In this work 
we address compositional aspects of the magnesian 
granulitic breccias. 

Normatively, MgGrBrx (magnesian granulitic brec-
cias) correspond to noritic anorthosites at Apollo 16 
and troctolitic anorthosites at Apollo 17, although the 
most mafic samples are marginally anorthositic norites 
or anorthositic troctolites. The only other significant 
compositional difference between the sites is that those 
from Apollo 17 have two times the concentrations of 
siderophile elements (equivalent to ~1.4% and ~2.9% 
volatile-free CI-chondrite component at Apollo 16 and 
17, respectively). 

The problem.  Although highly feldspathic, MgGr-
Brx have values of Mg´ of 72–80 (average ~75), sig-
nificantly greater than ferroan anorthosite (50–70) or 
typical regolith from the highlands (68 ± 5 [7]). [Mg´ = 
bulk mole % Mg/(Mg+Fe)]. If, as highlands breccias, 
they contain a component of ferroan-anorthositic-suite 
rock, that component must either be volumetrically 
negligible or consist of nearly pure plagioclase. MgGr-
Brx clearly derive from some high-Mg/Fe anorthositic 
lithology of the feldspathic crust, one largely uncon-
taminated with KREEP [1,4–6] and one not closely re-
lated to ferroan anorthosite.   

It is tempting to conclude that MgGrBrx are com-
posed of rocks of the Mg-suite of nonmare plutonic 
rocks [1–6], but a connection is not straightforward to 
establish. Although MgGrBrx are common at the Apol-
lo 17 site, their compositions do not correspond to 
those Mg-suite norites, troctolites, troctolitic anortho-
site (or any mixture of these) that also occur at the site. 
Sc/Sm and Ti/Sm ratios for MgGrBrx are outside the 
range of Mg-suite rocks [8,9], e.g., Ti/Sm ratios of Mg-
GrBrx (~900) are a factor-of-2 greater than Apollo 17 
norites and troctolitic anorthosites. Curiously, MgGr-
Brx from both Apollo 16 and 17 have Th/Sm ratios that 
are high compared to the feldspathic lunar meteorites, 
Mg-suite rocks, and KREEP (Fig. 1). Mixing of known 
types of igneous and plutonic rocks cannot explain this 
feature. Th/Sm ratios as high as 3–5× chondritic (Fig. 
1) are difficult to explain by fractionation caused by the 
common lunar rock-forming minerals. 

A Different View.  It has long been assumed that 
the Mg-suite norites and troctolites are highlands rocks 
in that they derive from intrusions into the feldspathic 
crust [e.g., 2,5,10–12], i.e., they occur throughout the 
lunar crust, including the Feldspathic Highlands Ter-
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Figure 1.  CI-chondrite-normalized Th/Sm vs. Th concentration for 
various types of lunar rocks. Some mare basalts have chondritic 
Th/Sm, but high-Ti basalts have substantially subchondritic Th/Sm 
[18]. The field for “A16 ferroan noritic anorthosites” is defined by 
the suite of samples of Jolliff & Haskin [19]; the ratio for such rocks 
is chondritic within analytical uncertainty. KREEP-bearing impact-
melt breccias [14] have Th/Sm ratios a factor-of-2 greater than chon-
dritic, reflecting greater incompatibility of Th compared to Sm in the 
main lunar rock-forming minerals. Magnesian granulitic breccias 
have greater Th/Sm than KREEP, on average, despite low absolute 
concentrations of incompatible elements (filled points: Apollo 16; 
unfilled: Apollo 17).  Mg-suite troctolitic anorthosites from Apollo 
17 [20 (76335),21], although somewhat similar in composition, have 
lower Th/Sm.   

rane (FHT [13]). However, the Mg-suite rocks appear 
to have formed from KREEP-rich parent melts [e.g., 
10–12], and the conditions necessary to produce such 
rocks may be restricted to the Procellarum KREEP 
Terrane (PKT [13–15]). There is no actual evidence 
that intrusive bodies with the necessary characteristics 
– mafic and KREEP-bearing – actually occur anywhere 
in the feldspathic highlands, at least not on a broad 
enough scale to be detected by the Lunar Prospector 
gamma ray spectrometer, except perhaps the Compton-
Belkovich region [16] 

The magnesian granulitic breccias clearly are not 
products of the PKT. We are left with the irony that 
that MgGrBrx more likely derive from impacts into 
high-Mg/Fe intrusions within the feldspathic crust than 
any of the known Mg-suite rocks and that, although 
they are magnesian and have mineral compositions 
consistent with Mg-suite rocks [4], the MgGrBrx are 
probably unrelated to the known Mg-suite of lunar ig-
neous rocks. In effect, we must consider that there may 
be two unrelated magnesian suites, one associated with 
the PKT and another associated with some part or parts 
of the FHT.  The appeal of an Mg suite confined to the 

PKT is that the concentration of KREEP deep in the 
crust and perhaps extending into the upper mantle 
provides a needed source of heat for remelting early-
formed cumulates. What is the heat source to pro-
duce melts that intrude thicker, more feldspathic 
FHT crust? And to what level could such melts rise?  

In a survey of central peaks of 109 globally dis-
tributed impact craters in the highlands, Tompkins 
and Pieters [17] identified rock types that are consis-
tent with granulitic breccias (gabbroic-noritic-trocto-
litic anorthosites); mafic rocks such most Mg-suite 
samples of the Apollo collection (gabbronorite, 
norite, troctolite, dunite) were not common. The di-
versity of Mg/Fe ratios observed among granulitic 
breccias is consistent with the lithologies inferred to 
occur in the central peaks. The range of crater sizes 
studied by Tompkins and Pieters [17], 40–180 km in 
diameter, is consistent with the size of craters re-
quired to produce granulitic breccias, 30–90 km [6]. 
We think it more likely, however, that magnesian 
granulitic rocks were assembled by one or a small 
number of very large impacts (basins) that pene-
trated to mid crustal levels or deeper and produced 

thick ejecta deposits, and that later basin-sized and 
large crater events brought these rocks to the present 
surface. The abundance of granulitic breccias at the 
Apollo 16 and 17 sites may implicate Serenitatis, Cris-
ium, Fecunditatis, and/or Nectaris, and the potentially 
ancient ages might even favor an origin as ejecta from 
South Pole-Aitken basin.  
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