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FRAGMENTS OF ANCIENT LUNAR CRUST: FERROAN NORITIC ANORTHOSITES FROM THE 
DESCARTES REGION OF THE M O O N  M. D. Norman (Planetary Geosciences, Dept. of Geology and 
Geophysics, University of Hawaii, Honolulu, HI 96822 U.S.A.) C. Alibert and M. T. McCulloch (Research School 
of Earth Sciences. The Australian National University, Canberra, A.C.T. 2601 Australia) 

Noritic anorthosite clasts from breccia 67016 have bulk compositions similar to that of the upper crust of the 
Moon and petrogenetic affinities with pristine ferroan anorthosites. Rb-Sr and Sm-Nd isotopic compositions of 
mineral separates from one of these clasts suggest very old (2 4.4 Ga) ages, but interpretation of these data is 
complicated by the multi-stage history of the clasts which involved magmatic crystallization, brecciation, subsolidus 
recrystallization, and sulfide metasomatism. These clasts record some of the earliest events on the Moon, including 
early crust formation, accretionary bombardment, and degassing of the lunar interior. 

Modal analyses of these clasts show they are now composed of about 70% plagioclase, 28% pyroxene, 2% 
troilite, and minor amounts of ilmenite and chromite. No metallic iron, phosphates or other trace phases were 
observed. Olivine is very rare, occurring only as relicts within secondary troilite+pyroxene intergrowths which may 
reflect reaction of olivine with sulfurous vapors [1,2]. PIXE proton microprobe analyses of the sulfides show that 
the metasomatism was accompanied by enrichments of Cu, Zn, Ni, Se, and Sb [3]. The clasts have been only mildly 
shocked since the observed texture was established. Major and minor element mineral compositions are very 
homogeneous and strikingly similar to those of pristine ferroan anorthosites [I]. Pyroxene compositions indicate 
equilibration temperatures of 850-900°C [I]. Except for the sulfide and chalcophile element metasomatism, these 
clasts appear to be essentially monomict and probably represent a noritic member of the ferroan anorthosite suite. 
Their low Ni contents and NilCo ratios are consistent with the interpretation of these clasts as igneous rocks which 
have escaped mixing with meteoritic material [4]. 

Whole rock powders and mineral separates from one of the noritic anorthosite clasts, and samples of the 
Murchison carbonaceous chondrite and the Angra dos Reis (ADOR) angrite were analyzed for Sm-Nd and Rb-Sr 
isotopic compositions (Tables 1,2). Two fragments of a single clast were rocessed separately as 67016,326 and 7 

, ,328. The isotopic data show that the whole rock has a nearly chondrhic l4 ratio, and a 8 7 ~ b / 8 6 ~ r  ratio 
which is very low but somewhat higher than those of pristine ferroan anorthosites (0.0003-0.004; [51). The Sm-Nd 
isotopic compositions of mineral separates and whole rock powders from this clast lie along a linear array suggesting 
either an isochron or a mixing relationship (Fig. 1). Considering all of the data together would indicate an age of 
4.66 + 0.15 Ga (MSWD = 6.26) with an  IN^ of 0.506568 (&MUrchison = -0.6) but the scatter is outside analytical 
uncertainty and the array cannot be considered an isochron. A 2-point minimum age would be 4.50 2 0.07 Ga  IN^ = 
0.506788, &Muchison = -0.4) using the ,326 pyroxene and ,328 plagioclase separates. 

These data suggest the presence of ancient components in this clast. However, unless the Moon is the most 
ancient of objects in the Solar System, most of the Nd model ages of the mineral separates are unrealistically old 
(4.57-4.83 Ga) when calculated relative to our sample of Murchison. This requires the Sm-Nd system to have been 
open at some time subsequent to the original crystallization of this rock and dictates a cautious interpretation of the 
age of this clast. The Sm-Nd compositions of the pyroxenes in this clast seem to have been less affected by the 
disturbance than the plagioclase and may provide the best indication of the igneous crystallization age of this rock. 
Notable is the similarity between the 4.41 Ga Nd model age for the ,326 pyroxene split and the Sm-Nd isochron age 
of 4.44 + 0.02 Ga for ferroan anorthosite 60025 (Carlson and Lugmair 1988). Young model ages of the whole rock 
powders (1.1 1 and 1.48 Ga) and the ,328 composite sample (4.31 Ga) are not meaningful due to the nearly chondritic 
Sm/Nd ratios of these splits. 

Rb-Sr isotopic characteristics of the clast also demonstrate its primitive characteristics. Measured 8 7 ~ r / 8 6 ~ r  for 
all samples range from 0.69918-0.69950 which correct to values somewhat higher than that of ADOR at 4.55 Ga 
(Table 2). There is insufficient spread in the Rb-Sr data to determine an isochron age but Sr model ages can set upper 
limits to the crystallization age of a rock if the effect of later open system behavior is to increase Rb/Sr. However, 
the Rb/Sr of the Moon and its precursor materials are poorly defined so Sr model ages are not unique constraints. 
Relative to chondrites, Sr model ages of the noritic anorthosite clast are 4.52-4.55 Ga (Fig. 2). Relative to estimates 
for the bulk Earth and Moon, Sr model ages for the clast are 4.42-4.48 Ga and 4.32-4.43 Ga, respectively (Fig. 2). 

Interpretation of these complex clasts requires an integrated petrologic and geochemical approach. 
Unrealistically old Nd model ages for both LREE-enriched plagioclase and LREE-depleted pyroxene preclude simply 
partially resetting the Sm-Nd isotopic system by a later thermal event, or contamination of the clast by a single 
component. Rather the minerals must have been open to both isotopic exchange and chemical re-equilibration with a 
less fractionated component. and yet retain their strong mineralogical and geochemical coherence with the ferroan 
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anorthosite suite. There is no petrologic evidence in these clasts for mixing of unrelated rock types such as ferroan 
anorthosite with Mg-suite norites or troctolites, KREEP, or evolved lithologies such as sodic ferrogabbro. 

One explanation of the observed Nd isotopic compositions of the 67016 noritic anonhosite clast is that small 
scale redistribution of 1 4 7 ~ m  or 1 4 3 ~ d  occurred during brecciation and metamorphism. However it is difficult to see 
why this would affect both plagioclase and pyroxene in such an apparently regular manner. producing Nd model ages 
that are too old in both phases. An alternative model might involve internal redistribution of a small amount of melt 
created by an early impact event. This melt could change the Sm/Nd of the minerals if the melt was not a whole rock 
composition, e.g., if pyroxene contributed preferentially to the melt. Upon cooling or during later annealing this 
melt would crystallize to minerals with major element compositions identical to those of the starting material. The 
metamorphism which recrystallized the rock after its brecciation may have played only a minor role in establishing 
the isotopic compositions of this clast because it was subsolidus based on the pyroxene temperatures. This should be 
below the Sm-Nd closure temperature for plagioclase and pyroxene, allowing us to see through the metamorphism 
and dimly perceive the original partitioning of these elements during magmatic crystallization. Brecciation and 
recrystallization events would have hardly affected the Rb-Sr system due to the low Rb/Sr of all phases. However, 
later metasomatism by volatile components such as those associated with the sulfides may have increased the Rb/Sr 
slightly. This may be reflected in the slightly higher Rb/Sr of the bulk rock compared to all of the mineral separates. 
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Table 1. Sm-Nd isotopic data 
Sample 1 4 7 ~ m / 1 4 4 ~ d  1 4 3 ~ d / 1 4 4 ~ d  T(Murchison)* 
,328 wr 0.1949 0.512654 (13) 1.11 
,328 px+op 0.2480 0.514239 (8) 4.57 
,328 pl+op 0.1694 0.511849 (10) 4.61 
,328 comp 0.2061 0.512951 (13) 4.31 

0.1995 0.512696 (6) 1.48 ,326 wr 
,326 px 0.2268 0.513564 (10) 4.41 
,326 pl 0.1442 0.510999(8) 4.83 
ADoRpwd 0.1982 0.512735(8) 
ADOR chip 0.1924 0.512546 (7) 0.14 0.16 0.18 0.20 0.22 0.24 0.26 

Murchison 0.1960 0.512662 (10) 
La Jolla (n=3 1) 0.51 1878 (13) 
BCR-1 (n=l) 0.1384 0.512661 (6) 
BCR-1 (n=l) 0.1381 0.512660 (6) 
wr = whole rock, px = pyroxene, op = opaques 
pl = plag, comp = composite gram, pwd = powder 
*Model age calculated relative to ow sample of Murchison. 

Table 2. Rb-Sr isotopic data 
Sample 8 7 ~ b / 8 6 ~ r  8 7 ~ r / 8 6 ~ r  Isr (4.55 Ga) 
,328 pl 0.699397 (10) 
,328 pl 0.004420 0.699375 (9) 0.69908 
,328 pl res 0.002459 0.699175 (13) 0.69901 
,326 wr 0.007274 0.699499 (18) 0.69901 
,326 pl 0.003853 0.699308 (8) 0.69905 
,326 px 0.004043 0.699330 (8) 0.69906 
ADoR(n=8) 0.000813 0.698972(17) 0.69892 
E&A (n=10) 0.707982 (13) 
NBS987 (1142) 0.710215 (10) 
res = residue after leaching in 1N HCL and 1N HN03 

Fig. 1 Sm-Nd isotopic compositions of whole 
rock splits and mineral separates from the 
67016 ferroan noritic anorthosite clast. 
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Fig. 2 Sr model ages of splits from the 67016 
clast relative to chondrites and estimates of the 
bulk Earth and Moon. The black dot is ADOR 
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