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The origin of the lunar highlands crust and mare basalt volcanism have generally been considered as two separate 
problems in lunar geology - separated in both time ( > 4.4 AE < 3.95 AE) and space. Early theories held that the 
highland crust originally consisted of felsic "flotation" cumulates of the mogma ocean (ie., the ferroan anorthosites) 
and that mare basalts were derived m h  later from the complementary mafic settled cumulates (I). Recent data, 
however, have shown that much of the highlands crust was formed in younger 'stratiform' plutons that intruded the 
preexisting anorthositic crust during the time 4.4 - 4.2 AE (2, 3). In addition, the onset of "mare-type" (that is, non 
KREEPy) volcanism has been inferred to be much older than its isotopically established maximum age of = 4.0 AE (4, 
5, 6). Two obvious questions arise which are of fundamental importance to lunar petrology: ( I )  did Mg-suite plutonism 
and mare-type volcanism overlap in time?; and (2) i f  so, what is the petrologic relationship, i f  any, between these two 
suites? 

Sample 14305,122 ( ,92c) is an olivine-spinel cumulate (Ol-gabbronorite) clast, previously described by Hunter & 
Taylor (71, that has petrologic affinities with both mare basalts and Mg-suite gabbronorites, as defined by James & 
Flohr (8). Preliminary isotopic data (Nyquist, personal comrn., 1983) provide a 4-point internal Rb-Sr isochron of 
4.23 2 .05 AE and a model oge of = 4.36 AE. This is the oldest mare basalt dated and is abwt  200 my older than the 
other Apollo 14 mare basalts (9-1 1). Age data are sparse on the Mg-suite gabbronorites (8), being limited to two rodts 
with oges of - 4.18 and 4.23 AE. This is younger than the more common Mg-suite norites and troctolites (4.33 to  4.43 
AE; (8), but coincides with our preliminary age data on 14305,122. 

Petrography: As described by (71, the 
Ol-gabbronorite clast comprises 

*Qdbmrlt@ 40% euhedral, cumulus olivine (Fo 
65-70) and 2.5% subhedraleuhedral, 
cumulus Ti, Cr-spinel. Post-cumulus 
minerals include = 29% low-calcium 
pyroxene (En 68-75), = 10% augite (= 
Wo32:En50:Fs1 81, = 15% plagioclase 
(An 7093) and - 4% ilmenite. Almost 
all of the low-calcium pyroxene is 
pigeonite, but rare hypersthene 
occurs as rounded inclusions in 
poikilitic pigeonite. CaO in olivine 
(0.2 -0.3 wt%) and FeO in plogioclase 
(0.15 - 0.50 wt%) are intermediate 
between values for extrusive mare 

Fs80 basalt and more slowly cooled 
intrusives of the Mg-suite. Pyroxene 

chemistry in this and other cumulate and noncumulate, 'static' gabbronorites from Apollo 14 (12) defines a 'pigeonitic' 
trend which is distinct from the Mg-suite norites; but, i t  is similar to Apollo 14 olivine and pigeonite basalts (Fig. I). 
Pyroxene thermometry (e.g., 13) yields equilibration temperatures of = I 100-1200°C, consistent with the absence of 
visible exsolution lamellae. These features suggest formation in a rather shallow intrusive body. The relative 
abundance of oxide phases rich in Ti02, and the high MgO content of the ilmentite, imply a relatively Ti-rich parent 
magma (4). 

Whole Rock Chemistry: An aliquot of 14305,122 was analyzed for 31 major and trace elements by INAA, using 
techniques similar to those described by (14). The major elements are listed in Table I (column I), and chondrite- 
normalized REE, Sc and Ti  are shown graphically in Figure 2. Modal recombination of the mineral analyses (Table I, 
column 2) shows excellent agreement with the W)O 
major element analysis, but has higher A1203 
and lower CaO. The high CaO/A1203 ratio of 
column I ( = 1.6) probably reflects an excess of 
pyroxene in the aliquot relative to the mode. 
The modal values (CaOlA120-j = 1.04) are 
preferred. 

Typical of olivine cumulates, the rg of 
the whole rock (63.5) is too magnesian to 
precipitate the observed cumulus olivine (Fo 70 \ 
max.). However, subtraction of &I the cumulus - 
olivine only lowers the m to = 58, stil l two 8 
magnesion to form d 7 0  olivine using 
reasonable KD values. This shows that the 10 
whole rock is not a simple mixture of cumulus 
phases plus trapped liquid. Thus, i t  is not 
possible to calculate unambiguously the major 
and trace element composition of the parent 
magma. Subtraction of the cumulus phases is 
likely to represent a minimum enrichment for 
the incompatible elements. This results in a a 
parent magma with about 5 112 - 6% Ti@, 
intermediate to  values for "low Ti" and "high 
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Ti" more basalts (15). This contrasts with the low Ti@ found in most Apollo 14 high alumina bosalts (e.g., 16-18), but 
is similar to the values reported for basalt clasts in 14063 (4). 

Trace Elements: The pristine character o f  this clast is simply confirmed by its trace element characteristics The 
high N i  is not unusual for a mafic-rich cumulate (19) and the ratio Cr/Ni = 55 is rnuch higher than polymict melt rocks. 
The chondrite-normalized rare earth pattern is also distinctly non-KREEPy: both LREE and HREE are depleted 
relative to  Sm-Gd, in marked contrast to the LREE-enrichment of KREEP (Fig. 2). Several of the other Apollo 14 
mare basalts have similar, but less pronounced, patterns 14305,122 also has a rnuch more pronounced Eu depletion 
than either the other Apollo 14 more basalts or the Mg-suite cumulates. Many younger mare basalts have 'hump' 
shaped REE patterns (e.g., Apollo I 1, 12, 171, but strong Eu depletions are more common in the high-Ti varieties 

Much of the LREE depletion apparent in our analysis must be due to the non-modal enrichment of pyroxene in 
w r  aliquot. The very strong Eu depletion may reflect an underpresentation of plag in our aliquot, or may be real. 
Overall, the data suggest that 14305,122 (92c) was derived from a parent intermediate in composition to high-T basalt 
and the Apollo 14 high-Al basalts. The uniform Sc depletion in all the Apollo 14 basalts (6 - 8 112 x Ch) implies a 
source with residual cpx. Consistent with other mare basalts, this source probably comprised mafic cumulates of the 
magma ocean, not primordial 'whole moon' composition ( I  ). 
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Table 1 
I1 I Z  

$lo2 (39.9)* 40.24 

T102 3.6 4.3 

A1203 4.0 4.9 
)(no 0.25 0.28 

FeO 22.h 22.3 
"90 22.0 21.8 

Discussion: The TiISm and Sc/Sm relationships of 14304,92c and the other Apollo 14 mare basalts are the same of 
those of the ferrwn anorthosites, the Mg-suite gdbronorites and dunite 724151418; they are distinct from the Mg- 
suite troctolites and norites (Fig. 3A 8. 38). The high TiISm and ScISm relative to ma of FAN, etc. are consistent with 
fractional crystallization of magmas derived from a "chondritic" moon (20). In contrast, Mg-suite troctol ites and 
norites have low Ti/Sm and Sc/Sm ratios, similar to KREEP. Since ilmenite and q i t e  are not liquidus phases in the 
Mg-suite troctolites and norites, several authors have pr osed that these rocks crystallized from mixtures of "normal" 
partial melts with a residual KREEP corrpcnent (e.g., 2 x  This is $+ported by the mixing hyperbolas in Fig. 2, which 
show the effect of mixing the parent liquid of dunite 72415 ("D") with that of rnonzodiorite 15405~ ("K"). A cumulate 
norite crystallizing from this liquid is shown by tNN". Another consequence of this mixing hypothesis is that the mixed 
liquid will be higher in SiO than a primary melt and lie closer to the low-Ca pyroxene saturation surface. Thus, 
dunite like 72415 are more ?ikely related to --mixed magma suites (eq., gabbronorited than to the other Mg-suite 
cumulates 

The data presented here show that non-KREEPy, mare-type volcanism commenced at least as early as 4.2 AE in 
the Fra Mauro region and probobly across much of the lunar surface. Massive bombardment during the "terminal 

. cataclysm" and the subseauent veneer of vwnaer mare basalts has obliterated most of the evidence for these ancient 
volcar;ic events (5). I t  is'not surprising that evidence for the oldest mare volcanism should come from an intrusive 
rock in the highlands which largely escaped these effects. This ancient volcanism represents partial melts from the 
lunar interior that did not mix with magma ocean residual liquids. These nonXREEPy, mare-type volcanics are 
similar in age, chemistry and petrography to the Mg-suite tlgabbronoritesl (81, and probobly represent their extrusive or 
hypdyssal equivalents 
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