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Lunar samples have never been widely available. 

The Apollo program provided 382 kg, of which ~285 

kg is in the form of (>1 cm) rocks. Although lunar me-

teorites have since added about 56 kg, well over 90% 

of this mass is held by private collectors. The severely 

limited supply of accessible “new” lunar highland ma-

terial naturally leads to a temptation to overinterpret 

small clasts as if they are the sampling equals, or near-

equals, of the larger Apollo highland samples. 

This general phenomenon is nothing new. Way 

back in 1970, Wood et al. [1] won acclaim (the most 

widely-cited lunar petology paper of all time?) with a 

model linked, in part, to overinterpretion of tiny high-

land rocklets. In justification of their seminal proposal 

of the lunar magma ocean (LMO) hypothesis, Wood et 

al. claimed to discern “true cumulate textures” in tiny 

Apollo-11 anorthosite fragments, none bigger than 5 

mm and mostly <2 mm. Their prime example (their 

Plate 5) has a texture that today would be interpreted as 

very obviously poikilitic impact melt breccia. Whether 

or not magma “ocean” is apt terminology, Wood et al. 

[1] were probably correct in their then-radical sugges-

tion that a very large portion of the Moon underwent 

primordial melting, and ensuing cumulus plag flotation 

formed a highly annorthositic crust. But we should not 

conclude from this one fortunate case that loose inter-

pretation of tiny samples is a good idea. 

Distinguishing between impact-mixtures (including 

impact-melt products) and compositionally pristine, 

endogenously igneous rocks will always be a key prob-

lem in lunar highland petrology. If this distinction is 

inadequately respected, mixture-samples will dampen 

apparent compositional diversity, and intermediate 

compositions may appear common when they are actu-

ally, among pristine rocks, rare or virtually nonexistent. 

Completely erroneous conclusions may ensue. 

The two main criteria useful for distinguishing pris-

tine rocks [2] are texture and siderophile element con-

tents. Siderophile analyses are seldom feasible for 

small samples (although if metal is present, simple 

EPMA might be revealing, depending upon whether 

the metal’s Co/Ni ratio is far from chondritic [3]). The 

main textural criterion is grain size. The suggestion of 

3 mm as a threshold grain size [2] was never meant to 

be absolute. Leeway toward finer grain size is justified 

if a rock has siderophile evidence of pristinity, or if its 

composition, especially its major-element composition 

(e.g., felsite [4]), is so unusual as to be highly improb-

able as an impact-mixture. Otherwise, however, among 

samples in the range of norite-troctolite-anorthosite, 

any sample lacking grains at least nearly 3 mm across 

should be regarded as suspect; and the further below 3 

mm, the higher the suspicion. 

This 3 mm criterion has been implicitly criticized 

as too restrictive by countless subsequent authors, most 

recently [5]. When we originally proposed 3 mm [2], 

we anticipated the existence of rocks such as 14286 

[6,7]. The texture of 14286 should give pause to any-

one who thinks lunar impact melts (small enough to be 

deeply excavated by subsequent impact-gardening)  

never produced equant, intrusive-seeming textures with 

grains of order 1 mm. The rock consists mainly of FeNi 

metal, with a high W content implying that it equili-

brated in a volume of Apollo-14-regional (KREEPy) 

impact melt [7]; probably near the bottom. 

Fig. 1. Thin section 

view (transmitted 

light, partly crossed 

nicols) of impact-

melt rock 14286,11. 

The rock’s opaque 

core is mainly FeNi-

metal, with minor 

schreibersite and 

FeS. Equant, rela-

tively coarse sili-

cates of very obvi-

ous impact melt 

origin occupy sever-

al lobes within the 

rock’s periphery. 

 

 

This is the only known instance of a lunar rock with 

fortuitous attachment of impact-melt silicates onto a 

mass of metal large enough (4 g) that it presumably 

sank deep within the impact melt. There is no reason to 

suppose that the parent impact was outstandingly large. 

The largest basins probably produced melt pools in 

which metals sank to such depths (many km) that they 

were never, or practically never, excavated [cf. 8]. A 

larger impact melt volume would presumably have 

cooled more slowly and engendered yet coarser and 

more equant silicates. Despite the very small number of 

grains present, truncation of some of them by the edge 

of the section, and confinement of all within (probably 

pre-existing) lobes on the fringe of the metal, the larg-

est pyroxene (tan-red in upper left in Fig. 1) is 1.2 mm 

across (or 1.0 mm without its fractured perimeter). 

9034.pdfSecond Conference on the Lunar Highlands Crust (2012)



Plag/maskelynite grains (grey) extend up to 1.0 mm. 

The lesson seems clear: Absent siderophile evidence 

(or an odd composition such as felsite), grain size 

ought to be very obviously coarser than that of 14286 

before any lunar highland sample may be regarded with 

even slight confidence as pristine. 

Recently, Gross et al. [5] claimed an ability to “sink 

the magma ocean” on the basis of a suite of lunar-

meteorite anorthositic clasts, of which the largest is 

only 3.5 mm (sic) in maximum dimension; most of 

their clasts are much smaller than that. At such a sam-

pling scale, it is patently impossible to establish that 

the grain size even approaches 3 mm. Gross et al. made 

no mention of what grounds they might have for re-

garding these clasts as pristine. Nevertheless, Gross et 

al. [5] claimed that when mineral-composition data 

from these clasts are compared with the ranges previ-

ously established for the two main types of pristine 

rocks [e.g., 2], ferroan anorthosites and Mg-suite cu-

mulates, the new samples show intermediate composi-

tions and thus eliminate a compositional hiatus be-

tween those two rock types; with profound implications 

for the magma ocean hypthothesis [e.g., 9]. 

It would make about as much sense to regard anor-

thositic impact spheroids [10] as pristine pyroclastic 

materials extending the range of the superficially simi-

lar mare-pyroclastic spheroids. The compositions (and 

mineral compositions) of impactites form by a funda-

mentally different process, which typically begins with 

mixing-homogenization of the various materials caught 

up in the zone of proximity to the impact. The bigger 

and more mass-consequential the impact, the hotter and 

more thorough will be the initial mixing, and the more 

diverse will be the provenance of the mixed materials. 

There is even a very real potential for the largest im-

pact melts to undergo differentiation [11]. That random 

clasts from the impact-battered lunar highlands are 

dominated by impactite-mixtures with intermediate 

compositions should surprise no one. Many variations 

of the same problem, conflating semi-random highland 

clasts with pristine rocks, might be cited, but usually 

[e.g., 12] the interpretation is merely vague and does 

not claim to turn pristine-rock petrology on its head. 

A related issue concerns claims for novel rock 

types, most notably magnesian anorthosite, on the basis 

of tiny thin-section clasts. It is impossible to prove that 

such rocks do not exist on the Moon, but the samples 

adduced to date have been unimpressive. Takeda et al. 

[13] proposed the magnesian anorthosite rock type on 

the basis of a 3.0×1.3 mm clast, with largest plag size 

of 1.6 mm and mafic silicates 0.7×0.4 mm. Even ac-

cepting that this clast is pristine (for which there is 

practically zero evidence; no metal was found for test-

ing Co/Ni, and the olivine is not impressively uniform: 

Fig. 2. Application of binomial statistics to the issue of 

reliability of a mode for limited-size sampling of a coarse-

grained rock (or clast). Numbers on curves refer to total 

number of grains sampled – referring to the original, 

coarse igneous grains, assumed to be ~ uniform in size. 

Fo75-79), there is little reason to be confident that the 

“anorthosite” mode is significant. In the lunar highland 

context, “anorthosite” implies >90% plag [14]; or at 

any rate, a high enough plag content to be buoyant 

within a crystallizing layered intrusion (or magma 

ocean). A mode with 30 vol% mafic silicates would be 

regarded as a typical member of the Mg-suite [9]. 

A pristine rock’s grains may be fractured and scat-

tered (at mm-cm scale) remnants of coarser original 

grains. Ignoring possible diversity in the sizes of the 

grains, some idea of the number of (original) grains 

that must be included for sample to be reliably anor-

thosite (<10% mafics) may be gleaned from binomial 

probability theory (Fig. 2). For example, an observa-

tion of <10% mafics is not reliably (2-σ) distinct from 

a 40% “true” mode without at least 10 separate grains; 

resolution from a 30% “true” mode would require at 

least 10 separate original grains just for 80% probabil-

ity. It should not surprise that occasionally 3-mm sized 

clasts combine “anorthosite” modes with high mg. 
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