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Several rocks of alkalic sanity from the western highlands of the Moon have been analyzed for their Nd and Sr isotopic compositions. A 

noritic alkali anorthosite (14304,267) yields a Sm-Nd mineral isochron of 4108 2 53 Ma and an E ~ ~ ( T )  of -1.05l.2, and two other allcali norite 

whole-rocks (14304,270 and 14304,272) yield similar  EN^ (-1.0) values at this time. This age, in conjunction with U-Pb zircon ages for two other 

alkalic rocks from the Apollo 14 landing site, suggests a distinct western highlands alkalic "event" which was 100-120 Ma in duration and predated 

widespread mare volcanism Since the last dregs of the lunar magma ocean (LMO) likely c r y d k e d  prior to 4300 Ma, this alkalic "event" could not 

represent a direct remnant of the late LMO, but may have included the re-melting of evolved portions of the Moon. The resuitant m e k  were similar in 

composition to lunar quartz monzodiorites (QMD). These evolved melts crystallized to form cumulate gabbros, norites, and anorthosites of the alkali 

suite, with the proportion of trapped QMD-like liquid determining the LILE enrichment of the rock 

INTRODUCTION - Alkalic lithologies, such as granites and felsites, have been known from the Moon since the earliest days of the Apollo lunar 

sample returns [I]. However, not until 1977 [2] were alkali-rich rocks recognized from typical highlands suites such as ferroan anorthosites and 

norites (FAN) and Mg-suite rocks. Hunter and Taylor [3] suggested, based on plagioclase and mafic mineral compositions, that these rocks represent 

cumulate crystallization products of evolved magmas, possibly related to the Mg-suite. Conversely, these evolved magmas could represent either the 

"dregs" of the early lunar magma ocean, or alkalic magmatian that occurred later in the Moon's history. However, until these alkalic rocks are placed 

into a chronological framework, their sigruficance to lunar petrology and geochenustry will remain enigmatic. 

Alkalic rocks may have attained their character through the operation of two types of processes: either 1) primary igneous processes (e.g., 

small-degree partial meiting of a matic source, advanced fractional crystallization, or melting of a diffdatated protolith), or 2) the character has 

been imparted to the rock through later metasomatism. To be considered part of the Alkali Suite from the lunar highlands, only samples which are 

determined to have attained this character through primary igneous processes will be included Therefore, criteria must be developed to distinguish 

between these two disparate types of processes. Criteria for inclusion in the alkali suite include evolved (elevated) large-ion lithophlle elements (LILE) 

in the whole-rock chemistry combined with evolved mineral chemistry (plagioclase, An < 90; pyroxene, En < 70). 

GEOCHRONOLOGY AND ISOTOPE GEOCHEMISTRY - Nd and Sr isotopes have been reported on three separate clasts of alkali anorthosite 

from Apollo 14 breccia 14304 [4-51. One clast (,267) is moderately enriched in Rb and the REE, whereas the others exhibit extreme enrichment for 

lunar rocks. A four-point Sm-Nd mineral isochron, including whole-rock, plagioclase, clinopyroxene, and a picking residue yields an age of 4108 2 
53 Ma [4-51. The low MSWD (0.06) ofthis regression is a strong indication that this is a true crystallization age. The initial  EN^ (relative to CHUR) 

from this line is -1.0, similar to that of evolved KREEP rocks at this time (e.g., [6]). A four-point Rb-Sr "isochron" yields a somewhat older, poorer 

precision, "age" of 4336 2 81 Ma and an initial ratio of 0.6990923 [4-51. The high MSWD (12.3) for this line is an indication that the "age" should 

be considered suspect. The similarity of the  EN^ values calculated for 4.1 Ga is consistent with all samples being of similar age. 

WHOLEROCK CHEMISTRY AND THE ORIGIN OF ALKALI SUITE HIGHLANDS ROCKS - Consideration of major- and trace- 

element systematics for the lunar highlands alkali suite indicate that a single simple process, such as fractional crystallization, cannot explain the wide 

range in data. Instead, a more complicated scenario, possibly involving several parental magmas, or a magma system which exhibits considerable 

variation, must be invoked. The actual composition of the original liquid from which the alkali anorthosites hctionated was undoubtedly KREEP- 

like. Some samples, notably 14160,217, 14305,283, and 14321,1060, contain significant whitlockite, and Warren et al. [7] stated that the presence of 

whitlockite in an anorthosite may complicate its interpretation. However, Snyder et al. [8] have contended that the whitlockite may have precipitated 

from the trapped liquid Late-stage trapped liquids (mesostases) in basalts and highlands rocks often contain Ca-phospates, including whitlockite. 

Previous workers (as summarized in [T)  have provided mounting evidence for a relationship between KREEP (as represented by QMD) and 

the alkali anorthosites. Ryder postulated that QMD is the final crystallization product of a KREEP basalt magma [9]. Hess showed that a Ti-rich 

KREEP basalt could produce a residual liquid similar to QMD after 60% M o n a l  crystallization [lo]. Marvin et al. presented semiquantitative 

modelling of QMD clasts from breccias 15403 and 15405 which supported this conclusion[ll]. Warren et al. suggested that alkali anorthosites are 

plagioclase cumulates from this late-stage Super-KREEP, QMD-like residual liquid with variable proportions of the liquid trapped in the rock [7]. In 

fact, Snyder et al. [S] have shown that analyses of coarse-grained plagioclase in QMD [12] are similar in composition to those in alkali suite rocks. 

Snyder et al. [8] have also calculated that alkali anorthosites indicate generally <20% trapped, intercumulus, KREEPy (QMD-like) liquid The alkali 

gabbros and norites may also be products of QMD liquid fractionation [5]. 

Modelling of trace-element abundances in order to c o n h  a relationship between QMD and the alkali suite is fraught with problems. Firsf 

textures of QMD clasts indicate that these rocks are not chilled liquids, but consist of accumulated mineral assemblages. Second, QMDs are 

mineralogically and chemically quite variable with elemental abundances varying by a factor of 3-4. Therefore, as pointed out by Marvin et al. [ l l ]  

any abundance modelling must be considered semiquantitative. However, elemental ratios in the QMDs are relatively uniform and modelling of 

elemental ratios could prove useful. Plagioclase (and thus anorthosite) and K-feldspar have by far the largest positive Eu anomalies of any minerals, 

whereas lunar KREEP and QMD exhibit very large negative Eu anomalies. Therefore, the ratio EuiEu* is a sensitive indicator of the two end-member 

components plagioclase and QMD. In fact, the EuiEu* vs. REE (as represented by llSm) abundance data do indicate two separate, tightly constrained 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



1308 LPSC X X I /  

CHRONOLOGY 62 GENESIS OF WESTERN HIGHLANDS ALKALI SUITE: Snyder, Taylor, and Halliday 

mixing lines for the alkali suite rocks (Figure 1). One of the arrays 

contains all of the alkali anorthosite data and yields a correlation 

coefficient (9) of 0.973. The other array is comprised of all gabbronorite 

data and yields a correlation coefficient of 0.944. The two arrays project 

from high Eu/Eu*, low REE abundance (or high l/Sm), plagioclase-rich 

cumulates to a high REE (or low l/Sm), low Eu/Eu* component. 

Assuming that this latter component has REE abundances similar to 

QMD (and that the actual y-intercepts for these two lines are zero), the 

two linear equations can be solved to yield the Eu/Eu* value of the 

component. QMD clasts contain variable abundances of Sm from 77 to 16 0 0.05 0.1 0.15 0.2 7 - 
121 which gives Eu/Eu* values of0.28 to 0.18 and 0.13 to 0.08, from the 1ISm - 

14 
alkali anorthosite and alkali gabbronorite linear equations, respectively. 141 60,105 *- 

_>..*. 

These calculated values are at the upper end of actual measured values for 12 - )."" 

QMDs (0.054.10). Considering that QMDs are not liquids and have * p.- 
accumulated small amounts of whitlockite, it is reasonable to assume that 

6,' * ...... * 
any liquid would exhibit a higher Eu/Eut. Clast 15405,170 lies along an / 

extension of the gabbronorite mixing array, albeit at higher REE 

abundances e g h e r  even than actual QMD) and lower Eu/Eu*. Again, 
only the accumulation of whitlockite, common as a trace constituent in 

alkali suite rocks, could cause such deviation. It is also interesting to note 

that this clast is the sole gabbronorite (possibly troctolite) sample from 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Apollo 15 and was extracted from the same breccia which yielded three 1/Sm 
separate QMD clasts. 

The proportion of QMD trapped liquid in the cumulate can also be estimated from Figure 1. Most alkali gabbronorites and alkali anorthosites 

contain less than 10% trapped liquid. In fact, the vast majority of alkali suite rocks cluster between 2-15% trapped liquid. However, several rocks 

indicate in excess of 20% trapped liquid and two gabbronorites (15405,170 and 67975,136) and one anorthosite (14305,283) indicate sigdicant 

accumulation of a REE-rich, yet Eu-poor, mineral such as whitlockite. 

Based on similarities in mineral chemistry and modelling of trace- 
LUNAR HIGmANDS element ratios, the interpretation o fa  kinship ofthe highlands alkali suite with 

PLUTONIC ROCKS QMD seems plausible. However, the ages of the western highlands alkali 

suite rocks obviates their direct derivation from a residual QMD liquid of the 
HIGHLANDS lunar magma ocean. This early magma ocean could not have persisted beyond 

ALKALI SUITE 4360 Ma ago [13]. In a study of zircons from various lunar rock types, Meyer w- et d. [14] achieved precise ages for two Apollo 14 rocks ofalkalic highlands 

affinity: alkali anorthosite 14321,16 and Mg alkali gabbronorite 14066,47 
yielded ages of 4028 2 6 Ma and 4141 + 5 Ma, respectively. These two ages 

bracket the age obtained for 14304,267 (4108 2 53 Ma) presented herein and 
7267 suggest alkalic magmatism over about 100 Ma duration on the western limb of 

the Moon (Figure 2). Therefore, the parental liquid(s) for the alkali suite 

rocks must be a later melt of either an evolved pluton, or the crystallized 

products of residual KREEPy magma ocean. Evidence that these rocks are 

indeed melts of a KREEP source rock (original urKREEP residuum?) is found 

in the initial 1 4 3 ~ d / 1 4 4 ~ d  of the three alkali anorthosites analyzed in this 

, study [4-51. The initial w d  of the mineral isochron is -1.0, indistinguishable 

from KREEPy rocks at this time [6]. 
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