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Abstract—In an effort to elucidate the processes of lunar mantle melting, and the magma evolution of
mare basalts within Oceanus Procellarum on the western lunar near-side, we have analyzed seven fine-
grained to vitrophyric Apollo 12 basalts for trace-elements; five of these also have been analyzed for
Nd and Sr isotopic compositions. These samples represent all three main groups identified among the
Apollo 12 mare basalts and have been proposed as parental melts to their respective groups, i.e., olivine-,
pigeonite-, and ilmenite-basaits. The sources for these low-Ti mare basalts are postulated to have formed
from crystallization of a global magma ocean. Li-Be systematics, combined with REE data, indicate that
the specific sources for the Apollo 12 low-Ti mare basalts were generated after 82-94% crystallization
of this lunar magma ocean. In fact, it seems that all mare basalts analyzed from the Apollo collections
were generated from cumulates precipitated in the last 20% of the magma ocean. Chemical compositions
of fine-grained pigeonite and olivine basalts are consistent with 7-9% nonmodal (in proportions not
defined by experimental petrology and phase equilibria) melting of a source consisting of 48% olivine,
30% calcic clinopyroxene, and 22% pigeonite (as per Neal et al., 1994b). Sm-Nd and Rb-Sr abundance
data also suggest that the pigeonite- and olivine-basalt source contained from 0.3 to 0.5% trapped residual
liquid from the magma ocean. The compositions of the two fine-grained ilmenite basalts are consistent
with 5-7% partial melting of a source with subequal proportions of olivine (45.5%) and pigeonite
(42.5%) and lesser amounts of clinopyroxene (11.5%) and entrained plagioclase (0.5% ). Furthermore,
the ilmenite source was nearly devoid of trapped liquid (<0.15%). A few of these samples do indicate
minor post-extrusive fractionation, but most of the samples are considered to be unfractionated, primitive
magmas that are parental to the other mare basaits.

Isotopic systematics of the Apollo 12, fine-grained, parental basalts are consistent with their derivation
from two distinct mantle source regions. Both of these sources were LREE depleted for extended periods
of time: up to 600 million years for the ilmenite-basalt source and up to 900 million years for the
pigeonite- and olivine-basalt source. Due in part to the relatively small proportion of low Sm/Nd, trapped,
residual magma-ocean liquid in the source (<0.15%), the Nd isotopic compositions of the ilmenite
basalts are among the most radiogenic ever analyzed from the Moon (eng = +10.5 to +11.2, at 3.2
Ga). The mantle source for the olivine and pigeonite basalts contained a higher proportion of trapped,
residual, magma-ocean liquid (0.3 to 0.5%), thus yielding less radiogenic Nd isotopic signatures ( exq
= +43 to +4.7, at 3.2 Ga).

By integrating this information on parental, low-Ti, Apollo 12 basalts with mare basalt and picritic
glass data from other landing sites, as well as telescopic and remote-sensing data, we propose a model
for melting of the lunar interior. The upper 400-500 km of the lunar mantle is a consequence of incipient
melting of the Moon and formation of a global magma ocean. This magma ocean became progressively
enriched in incompatible elements as it precipitated the cumulate upper mantle. This incompatible-
element enriched liquid was also trapped in varying proportions in the differentiated cumulates. The
earliest, extensive mare magmas (high-Ti mare basalts) were generated at shallow depths in the mantle
from cumulate source-regions that had trapped relatively large proportions of this incompatible-element
enriched, residual, magma ocean liquid. These source regions also contained the late-crystallizing phase
ilmenite and, thus, generated high-Ti magmas. The trapped liquid component contained elevated abun-
dances of heat-producing elements (K, U, and Th), increasing the fertility of associated source-regions.
With time, melting moved progressively deeper in the mantle to source-regions with less of the residual,
heat-producing, magma ocean liquid. Due to density contrasts, the ilmenite-bearing upper portions of
the lunar mantle sank into the cumulate pile, possibly carrying more fertile material with it and allowing
melting of more Mg-enriched source regions (to form the high-Ti picritic glass beads). Thus, the major
controlling factors in the melting of the lunar interior could be the proportion of trapped, magma-ocean
liquid in the cumulate source and the sinking of more fertile, ilmenite-bearing material into the lower
mantle. Copyright © 1997 Elsevier Science Ltd
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1. INTRODUCTION

Understanding the production and evolution of mare basalts
is paramount to constructing a more complete picture of the
composition and evolution of the Moon’s mantle. Whereas
most of our information about mare basalts is from samples
collected at the Apollo 11, 15, and 17 landing sites on the
eastern near-side, the Apollo 12 mare basalt suite from
Oceanus Procellarum allows the only substantive look at
basaltic volcanism on the western near-side of the Moon.
Mare basalts collected from the Apollo 12 landing site in
Oceanus Procellarum have been subdivided into three major
types (Warner, 1971; James and Wright, 1972; Dungan and
Brown, 1977; Rhodes et al., 1977, Neal et al., 1994a) based
on petrography and confirmed by mineral chemistry: olivine-,
pigeonite, and ilmenite basalts. A single sample, so-called
“‘feldspathic’’ basalt 12038 (Beaty et al., 1979), is anoma-
lous and may either be a separate basalt type at the Apollo
12 landing site, or not indigenous ( Nyquist et al., 1979; Neal
et al., 1994a).

The mineralogy and major- and trace-element chemical
compositions of all Apollo 12 basalts led previous workers
(Warner, 1971; Rhodes et al., 1977; Neal et al. 1994a,b)
to propose parental compositions for each group. Based
mostly upon major-element correlations, Neal et al (1994b)
proposed that vitrophyre 12011 was parental to all other
pigeonite basalts from the Apollo 12 landing site. In order
to compensate for the removal and/or accumulation of oliv-
ine in derived samples, an average of three vitrophyric/
quench-textured basalts (12008, 12022, and 12045) was
used as the parental composition for the ilmenite-basalts
(Neal et al., 1994b). A similar approach was taken to deter-
mine that an average of vitrophyric samples 12009 and
12015 was the most suitable parental composition for the
olivine basalts.

Considerable isotopic work was previously conducted on
the Apollo 12 mare basalts. Argon isotopic analyses were
performed on most samples by a variety of analysts (e.g.,
Turner, 1971; Stettler et al., 1973; Alexander and Davis,
1974; Horn et al., 1975) and yielded ages of 3.1 to 3.3 Ga.
Several groups also analyzed the Apollo 12 basalts for their
Sr isotopic compositions and confirmed the “’Ar-**Ar ages
with Rb-Sr mineral ages on a small group of samples (e.g.,
Papanastassiou and Wasserburg, 1970, 1971a; Compston et
al,, 1971). However, it was not until the work of Nyquist
and coworkers (Nyquist et al.,1977; Nyquist et al., 1979;
Nyquist et al., 1981) that a systematic study of all Apollo
12 basalt groups, including Rb-Sr and Sm-Nd isotopic and
trace-element analyses, was undertaken with the goal of pro-
ducing information on the character and timing of source
formation and subsequent melting. They found that there
were systematic differences between the ilmenite basalts and
the olivine-pigeonite basalts that could be explained only by
derivation from separate sources. However, they did not re-
port Nd isotopic data for many of the samples considered to
be parental to these basalts.

In an attempt to gain a better understanding of the low-
Ti mantle sources of volcanism on the western lunar near-
side, we have collected a full complement of trace-element

data, as well as Nd isotopic data, on seven samples which
represent near-liquid parental compositions for these three
main basalt groups. With these samples, we may be able to
‘‘see through’” surface processes, such as fractional crystalli-
zation, crystal accumulation, and crustal contamination,
which have modified other basalts from the Apollo 12 land-
ing site, to the original mantle sources of this important
group of western near-side basalts. By combining this data
on ‘‘primitive”” low-Ti basalts with an understanding of the
volcanic stratigraphy in Oceanus Procellarum, age informa-
tion from the Apollo collections, and geochemical studies of
other mare and picritic glasses, we will construct a plausible
model of lunar mantle evolution and melting over time.

2. VOLCANIC STRATIGRAPHY IN
OCEANUS PROCELLARUM

Oceanus Procellarum is the largest of the lunar maria spanning
~1.7 million km? of the lunar surface and containing volcanic flows
with an estimated volume of 8.7 X 10° km® (Whitford-Stark and
Head, 1980). The basin which contains these volcanics was created
by one of the oldest preserved impact events on the Moon. This
impact event is similar in age to that which formed the South Pole-
Aitken basin and is estimated to have occurred between 4.1 and 4.2
Ga (Wilhelms, 1987).

Based upon telescopic observations, albedo variations, crater den-
sity studies (which, in concert with geochronologic and isotopic
studies of Apollo samples, yield age information), and remote sens-
ing, the basalts within Oceanus Procellarum have been subdivided
into four major units and are (in order of decreasing age and increas-
ing superposition): the Repsold, Telemann, Hermann, and Sharp
Formations (Whitford-Stark and Head, 1980). The Repsold Forma-
tion is the oldest macro-unit with various individual flows having
estimated ages of 3.7 to 3.8 Ga. The flows which make up this
formation are Ti- and Th-rich (TiO, = 3-11 wt%, Th = 9 ppm)
and some may be correlative with the high-Ti basalts collected at
the Apollo 11 and 17 and Luna 16 landing sites on the eastern near-
side (Whitford-Stark and Head, 1980).

The Telemann Formation overlays the Repsold Formation, was
probably extruded between 3.4 and 3.8 Ga, and and is notably Ti
and Th poor (TiO; < 2 wt%; Th = 2.5 ppm). Some of the volcanic
units from the Telemann Formation may be correlative with very
low-Ti (VLT) basalts collected at the Luna 24 landing site in Mare
Crisium. The Telemann Formation is volumetrically the largest,
making up nearly half of the volcanic pile although it covers only
1/10 of the surface in the Procellarum basin ( Whitford-Stark and
Head, 1980).

The Hermann Formation has the greatest areal extent of the four
major volcanic units in the Procellarum basin (nearly one-half of
the total areal exposure of basin-filling material ) although volumetri-
cally, it composes one-fourth of the total volcanic pile. This forma-
tion is composed of volcanic units which are intermediate in Ti
contents (TiO, = 1-6 wt%), but low in Th, K, and U. The ages of
these volcanic units are thought to be between 3.0 and 3.6 Ga and
the Apollo 12 basalts were collected from this formation (Whitford-
Stark and Head, 1980).

The uppermost Sharp Formation is thin, comprises only 2% of
the total volcanic pile, but is areally extensive (~42% of the total
area in the Procellarum basin). The chemistry determined from re-
mote-sensing is somewhat surprising, as this formation contains
high-Ti basalts similar to those of the much older Repsold Formation.
Basalt flows from the Sharp formation are thought to have ages
between 2.0 and 3.4 Ga (Pieters et al., 1980; Whitford-Stark and
Head, 1980).

Thus, there is evidence in the volcanic stratigraphy for high-Ti
basaltic volcanism in Oceanus Procellarum. Some of the high-Ti
volcanic units in Oceanus Procellarum are similar in age to those in
Mare Tranquillitatis and Mare Serenitatis and collected at the Apollo
11 and 17 landing sites, respectively. Furthermore, there is evidence
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for a much later high-Ti volcanic event at 2.5 = 0.5 Ga (Pieters et
al., 1980). An important part of any lunar-mantle melting model
must include provisions for two major pulses, separated in time, of
high-Ti basaltic volcanism: one pulse at 3.56 to 3.85 Ga (Nyquist
and Shih, 1992; Snyder et al., 1994; Snyder et al., 1996) and another
at 2.5 = 0.5 Ga (Pieters et al., 1980). Flows from these two separate
high-Ti volcanic events do not occur near the surface at the Apollo
12 landing site and, therefore, were not sampled. However, high-
Ti picritic glass beads, representative of pyroclastic, fire-fountain
activity, have been sampled from the Apollo 12 landing site (Delano,
1986).

3. ANALYTICAL METHODS AND DATA
PRESENTATION CONVENTIONS

Trace-elements were analyzed with a FISONS-VG PlasmaQuad
I STE Inductivety Coupled Plasma Mass Spectrometer (ICP-MS)
at the University of Notre Dame. The facility is housed in a class
1000 clean lab kept under positive pressure as is a class 1000 clean
lab which is also available for sample preparation. Splits of samples
for ICP-MS analysis were crushed in acetone in an agate mortar
before being dissolved using standard HF/HNO, techniques on a
hot plate at 150°C. The resulting solution was evaporated and the
residue treated with two 1-2 mL washes of concentrated HNO,
before being dissolved and analyzed in 2% HNO;. All acids used
were double-distilled, resulting in a full procedural blank generally
at the sub-ppt (parts per trillion) level. External calibration proce-
dures were used to quantify elements in the unknowns, and these
were prepared from SPEX" liquid standards. Internal standards used
were As (as the matrix contained no Cl1~ and, hence, no ArCl inter-
ference on mass 75), Te, and In. All standards were run as unknowns
in order to check calibrations, and blanks were periodically run to
check for memory effects, which were minimal at worst. Machine
detection limits are less than 10 ppt, except for Cr (597 ppt) and
Ni (367 ppt). Relative errors, on the basis of five repeats, are indi-
cated for each element at the 2-sigma level in Table 1.

At the University of Michigan, ~1 g samples were crushed in
acetone in a boron carbide mortar under a flow of better than class
100 air. The full sample was mixed and quartered until a representa-
tive 50—70 mg split was attained. This split was then dissolved in
HF, HNO;, and HCI and isotope dilution measurements made on a
10—15% split of this solution with *’Rb-*Sr and '**Sm- "*°Nd mixed
spikes. Rubidium-strontium isotopic systematics were not deter-
mined on 12009,126. Due to an analytical problem, Rb and Sr abun-
dances for sample 12015,24 were not determined by isotope dilution;
data in Table 3 for this sample are taken from ICP-MS data. Total-
process blanks for chemical procedures were always less than 10 pg
Rb, 120 pg Sr, 10 pg Sm, and 50 pg Nd. St and Nd isotopic data
were obtained by multidynamic analysis on a VG Sector multicollec-
tor mass spectrometer. All Sr and Nd isotopic analyses are normal-
ized to *Sr/®Sr = 0.1194 and '*Nd/'**Nd = 0.7219, respectively.
Analyses of SRM 987 Sr and La Jolla Nd standards were performed
throughout this study and gave weighted averages (at the 95% con-
fidence limit, external precision) of *Sr/*Sr = 0.710250 +
0.000011 and '*Nd/"“Nd = 0.511854 = 0.000011, respectively.
Internal, within-run, statistics are almost always of higher precision
than the external errors (see Table 2 for within-run statistics of
samples which are comparable to that of the standards). All isotope
dilution measurements utilized static mode multicollector analyses.

By convention, the Nd isotopic data are also presented in Table
2 in epsilon units, deviation relative to a chondritic uniform reservoir,
CHUR (DePaolo and Wasserburg, 1976):

ENg = [(mNd/mNdsample - l“Nd/‘MNdCHUR)/IMNd/.“NdCHUR]
x 10* (1)

where present-day ('“*Nd/"*Nd)cur = 0.512638. Model ages (or
single-stage evolution ages) have been calculated for both Nd and
St isotopes and are given under the headings T un and Tym, respec-
tively, in Table 2, where,

Toow = VA X In[((FSr/*Sr — 0.69903)/4Rb/*Sr) + 11 (2)

and,
Tigm = /A
X In[("¥Nd/'"*Nd ~ 0.516149)/('"Sm/'“Nd — 0.318) + 1] (3)

The Tpyn model age is determined relative to a suggested lunar
initial ¥'Sr/%Sr = LUNI = 0.69903 at 4.55 Ga (Nyquist et al.,
1973). The value for T, » yields a model age at which the sample
was in equilibrium with a Lunar Upper Mantle (LUM) with a "*'Sm/
'“Nd = 0.318 (Snyder et al., 1994) and which has a present-day
"INd/'"*'Nd = 0.516149. This model LUM is considered to be the
most-depieted upper mantle and, thus, yields maximum ages for
separation from an adcumulate lunar upper mantie (Snyder et al.,
1994 ). This lunar adcumulate source was formed late in the crystalli-
zation of a lunar magma ocean (Snyder et al., 1992). Errors in the
model ages are estimated from consideration of errors in the parent-
daughter ratios and measured isotopic ratios.

4. PETROGRAPHY AND MINERAL CHEMISTRY

The petrography and mineral chemistry of all three groups of
Apollo 12 basalts have been studied in detail, and only a summary
of previous findings will be given here. Some of the earliest studies
of Apollo 12 mare basalts subdivided them based upon petrography
and mineral chemistry (Warner, 1971; James and Wright, 1972;
Dungan and Brown, 1977; Rhodes et al., 1977). For the most part,
these subdivisions have been upheld, and these original three groups
are currently considered: pigeonite, olivine, and ilmenite basalts.

4.1, Olivine Basalts

The three olivine basalts (12009, 12015, and 120G72) have the
highest (12009 = 48.8%; 12015 = 62.3%) and lowest proportion
of olivine (12072 = 5.7%}) found in this group. Olivines occur as
phenocrysts, with included FeNi grains and as skeletal micropheno-
crysts, indicative of rapid cooling. Baldridge et al. (1979) postulated
that 12015 represented a ‘‘quenched liquid.”” Olivine compositions
vary from Foy, to Foy, in cores to Fosg to Fog; in the rims. Both
12009 and 12015 contain substantial amounts of glass/mesostasis
and are plagiocfase-free, whereas 12072 is relatively glass-poor and
plagioclase-rich (38.9 modal%: Angy_s ). This high plagioclase con-
tent in 12072, along with a major-element ‘‘modal reconstruction’’
from mineral chemistry, originally led to its classification as a *‘feld-
spathic basalt’” (Beaty et al., 1979). However, based on major- and
trace-element analyses, Neal et al (1994a) reclassified 12072 as an
olivine basalt. Groundmass pyroxenes in 12072 are notably Ca-
poor (WooEnseFs.s), whereas phenocrysts vary in composition from
Woy,Eny:Fs,; to more evolved Wo,En;Fsy, (pyroxferroite). In con-
trast to other groups which are relatively chromite-poor, all samples
of this suite contain from 1 to 3 modal% chromite-ulvdspinel. Tridy-
mite is present along with small amounts of ilmenite.

4.2. Pigeonite Basalts

The two pigeonite basalts, 12011 and 12043, are fine grained, but
contain only a small proportion of glass. Olivine occurs as equant,
occasionally prismatic phenocrysts (~1 mm) of Fog,_,, composition
in both fine-grained samples. These olivine phenocrysts commonly
are embayed and partially overgrown by pyroxene. Sample 12011
contains the largest proportion of olivine (7.6 modal%) found in
the pigeonite-basalts, is the finest grained sample of the suite, and
is considered to be a quenched liquid (Baldridge et al., 1979).
Pigeonite phenocrysts are rather large (up to 3—4 mm) and are
mostly in the compositional range Woy_yEns sFsy;_x,. Ground-
mass pyroxenes are anhedral to acicular and finer-grained (typically
0.4-0.8 mm) and vary in composition from pigeonite to augite.
Plagioclase is most abundant in the pigeonite basalts and varies from
Any; to Ang in the fine-grained samples. Pigeonite basalts generally
contain a significant proportion of silica (both tridymite and cristo-
balite) and a slightly larger modal% of ilmenite than the olivine
basalts.



2734

G. A. Snyder et al.

Table 1. Whole-rock chemistry of Apollo 12 fine-grained basalts,

Samp 12009 12015 12072 12011 12043 12022 12045
SubS 126 24 9 26 11 268 ,18 Ave. %
Type olv olv olv pig pig ilm ilm error (20)
Si0, 45.0 45.0 (48.2) 46.6 46.8 43.2 423 —
TiO, 2.90 2.86 3.0 329 3.38 5.16 4.78 —
AlLO; 8.59 8.57 8.5 9.77 10.1 9.04 8.06 —_
FeO 21.0 20.2 21.3 19.5 19.5 21.4 22.1 —
MnO 0.28 0.29 0.26 0.29 0.29 0.25 0.29 —
MgO 11.6 11.9 13.3 8.26 7.68 10.4 11.6 —
Ca0 9.42 9.21 8.7 10.6 11.0 9.56 9.09 —
Na,O 0.23 0.23 0.23 0.25 0.27 0.47 0.26 —
K,O 0.06 0.06 0.06 0.06 0.06 0.07 0.07 —
P,0s 0.07 0.06 — 0.07 0.06 0.13 0.09 —
Cr,0; 0.55 0.68 0.55 0.59 0.50 0.56 0.59 —
Mg# 50 51 53 43 4] 46 48 —
Li (ppm) 6.7 7.6 6.0 8.5 11 9.1 8.5 4
e 0.18 0.61 0.32 — 0.43 0.81 0.51 10
Sc (46)* 47 47 (52) (52) (55) (54)
Cr 3960 2470 3820 2510 2270 3300 3800 15
Co 50.1 51.9 48.2 477 36.4 52.6 55.9 3
Ni 55.0 73.5 55.5 30.9 18.2 474 56.1 4
Cu 104 12.4 8.86 14.9 10.1 17.6 16.4 4
Zn 9.7 12.0 8.14 13.2 9.02 13 9.98 6
Ga 3.11 3.63 2.85 420 3.15 424 3.83 4
Rb 0.987 1.094 0.883 1.327 2.497 0.841 0.709 11
Sr 86.4 102.1 75.13 117.9 117.2 1425 1321 4
Y 36.5 34.5 30.7 38.4 42.1 64.2 497 3
Zr 106.4 127.6 95.9 (128) 125 160.1 109.9 3
Nb 6.5 8.01 5.36 — 6.85 7.04 5.17 3
Ag 0.082 0.218 0.107 0.191 0.150 0.105 0.398 18
Cs 0.068 0.078 0.047 0.072 0.159 0.058 0.038 15
Ba 55.5 67.0 51.2 79.1 69.2 58.4 529 3
La 5.62 6.00 6.23 7717 6.00 6.50 6.65 4
Ce 16.1 16.7 17.0 18.5 16.2 17.9 17.3 3
Pr 245 2.70 222 279 2.58 3.35 2.83 4
Nd 12.7 16.1 11.0 14.2 13.6 19.2 15.1 4
Sm 391 4.77 4.01 4.80 5.15 6.58 5.64 5
Eu 0.89 1.07 0.85 1.11 0.93 1.45 1.06 5
Gd 4.15 6.10 3.91 522 5.47 7.94 6.04 6
Tb 0.90 1.10 0.74 0.94 1.03 1.66 1.26 6
Dy 5.70 6.98 4.52 5.87 6.65 10.39 7.74 4
Ho 1.14 1.50 0.97 1.32 1.42 2.10 1.60 5
Er 3.39 4.09 2.66 373 3.96 5.81 4.41 5
Tm 0.48 0.57 0.37 0.51 0.57 0.82 0.63 6
Yb 3.05 3.59 2.63 3.86 3.90 5.36 4.25 6
Lu 0.45 0.50 0.33 0.47 0.51 0.78 0.58 8
Ta 0.296 0.432 0.244 — 0.355 0.381 0.274 10
Hg 3.6 3.86 2.86 375 4.14 5.87 4.48 8
Pb 0.096 0.440 0.352 0.317 0.192 0.290 0.151 20
Th 0.850 0.680 0.726 0413 0.850 0.987 0.679 15
U 0.230 0.330 0.164 0.291 0.258 0.280 0.176 20

* Values in parentheses are averages from other literature sources.

Major-element data sources: 12009, Compston et al. (1971); 12011, 12015, 12043, 12045, Rhodes et al.

(1977); 12022, Engel et al. (1971); 12072, Neal et al. (1994a).

4.3. Ilmenite Basalts

Iimenite basalts, by definition, contain substantial amounts of il-
menite (1.9-6.8 modal% ), but also may have abundant olivine (up
to 38.2 modai%:; Neal et al., 1994a). Samples 12008 (not analyzed
in this study), 12022, and 12045 represent the most rapidly cooled
samples of this group (Dungan and Brown, 1977) and have ilmenite

compositions that are the lowest in Cr,0; (<(0.2 wt%) and MgO
(<0.5 wt%). Olivines in the fine-grained basalts are the most mag-
nesian (Foss_;; with most grains of Fos_;» compositon; Dungan and
Brown, 1977) and, unlike other samples of this suite, show no
resorption features. Rims of olivines are generally up to 10-15 Fo
units lower than the cores and may contain relatively Ni-rich FeNi
metal. Augite phenocrysts (Wo,,_4Eny 20Fsss 2 ) exhibit dendritic
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Table 2: Rb-Sr and Sm-Nd Abundances and Isotopic Composition of Apollo 12 Fine-grained Basalts
Sample Typewi(mg) Rb  Sr VRb/Sr"  ¥Sr/*Sr wStmSr!  Toon@  Sm Nd WSm/UNd NIND By Tun*
(ppm) (ppm) {(ppm) (ppm)

12009,126 Oliv. 52 105 98 0.0310  0.70096+5 0.69954+6 431 453 134 02046 0.513025+13 +43404 4.15
1201524 Oliv 53 1.09 102 0.0309 0.701017+13  0.699599+37 4.44 441 13.1 02036 0513015+14 +4.5804 4.13
1201126 Pig 52 130 124 0.0302 0.700987+09  0.699584+17 4.48 527 158 0.2024 0.512995+16 +4.7404 412
12022,268 Ilm 67 0.726 142 0.0147 0.700007+14  0.699324+16 4.59 564 151 0.2262 0513797424 +10.5+06 3.87
1204518 Im 56 0.753 154 00140 0.699955+11  0.699202+13  4.56 6.10 162 0.2273 0513854421 +11.240.5 3.82

* Errors on this ratio are <1 % relative, except for 12015,24 where the error is estimated at 2%.

# Enitial 87Sr/%Sr are calculated at 3.2 Ga; Rb, Sr abundances and Sr isotopic data for 12009 from Pap and Wasserburg (1971a); Rb and Sr abundances for 12015,24 from ICP-MS data.

@ Ty = VA X In[((B7St/86S; - 0.69903VATRB6Sr) 1].
* Errors on this ratio ate always <0.2% relative.
** eNg calculated at 3.

3.2 Ga.
& Ty gy = 174 x In[(143Nd/144Nd - 0.516149)/(147Sm/144Nd - 0.318) + L]. Tryy yields a model age at which the sample was in equilibrium with a Lunar Upper Mantle with a

147§m/144Nd = 0.318 and which has a present-day 143Nd/144Nd = 0.516149.

to elongate habits in the fine-grained basalts, again indicative of
rapid cooling. Low-Ca rims on augite phenocrysts are common.
Rare low-Ca phenocrysts have compositions of Wo,,.1sEng _se-
Fs,s_29 (Dungan and Brown, 1977). Plagioclase is similar in compo-
sition among the ilmenite basalts ( Ang.g: cores), but relatively de-
pleted in the fine-grained samples. Spinels [Cr/(Cr+Al) = 0.66-
0.74] are typically intergrown with late, Ni-poor, FeNi metal.

5. MAJOR- AND TRACE-ELEMENT COMPOSITIONS

The major-element compositions obtained from literature
sources for these seven fine-grained to vitrophyric basalts
are similar to those of the previously determined olivine,
pigeonite, and ilmenite basalt groups (Table 1, Fig. 1). All
seven basalts contain significant amounts of TiO» (i.e., 2.86—
5.16 wt% ) although in lunar parlance they are all considered
to be low-Ti basalts ( Neal and Taylor, 1992). Olivine basalts
are lowest in TiO- (2.86 to 3.00 wt% ), pigeonite basalts are
slightly higher (3.29 to 3.38 wt%). and ilmenite basalts are
demonstrably elevated (4.78 to 5.16 wt%) (Table 1). These
seven fine-grained basalts are also lower in ALO; (8.06—
10.1 wt%) and K,O (0.06—0.07 wt%) than are the Apolio
14 and Luna 24 basalts, but they overlap those from Apollos
11, 15, and 17 (Neal and Taylor, 1992).
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Fig. 1: Rb/Sr (weight ratio) vs. Mg for Apollo 12 basalts. Fields
are shown for previously determined Apollo 12 mare basalt data;
large stars = vitrophyres and fine-grained basalts analyzed in this
study.

Our trace-element abundances of the seven samples—
three olivine basalts (12009, 12015, and 12072), two pi-
geonite basalts (12011 and 12043), and two ilmenite basalts
(12022 and 12045) —are presented in Table 1. A selection
of these elements has also been plotted relative to C1 chon-
drites in Fig. 2. Relative HREE distributions are similar
for all seven basalts. Olivine basalt 12072 has the lowest
abundances of nearly all of the elements (except possibly
Rb, La, and Ce, which may have been slightly affected by
a higher relative proportion of mesostasis or addition of a
KREEP-like component). The two other olivine basalts,
12009 and 12015, have higher REE abundances, within the
range for pigeonite basalts, albeit lower than ilmenite basalts
(Fig. 2a-c). Two of the samples, pigeonite-basalt 12011 and
olivine-basalt 12072, exhibit roughly flat LREE (La/Nd(n)
= 1.06—1.10; Fig. 2a,b), whereas the other five samples are
distinctly LREE depleted (La/Nd(n) = 0.656--0.857). The
most LREE-depleted sample, ilmenite basalt 12022 (Fig.
2¢), contains the most REEs, Y, Zr, Cu, Ga, Th, Sr, and Hf.
As pointed out in Neal et al. (1994b), these various basalt
groups cannot be related to each other by simple fractional
crystallization of observed liquidus phases.

Other trace-clement relationships are also diagnostic of
the specific basalt groups. Olivine basalts have the lowest
light lithophile element (Li, Be) abundances (6.0-7.6 ppm
and 0.18-0.61 ppm, respectively), and there is significant
overlap in the Li and Be abundances in the ilmenite and
pigeonite basalts (8.5-11 ppm and 0.43-0.81 ppm, respec-
tively; Table 1). As pointed out by Rhodes et al. (1977),
olivine basalts also contain the highest abundances of the
compatible element Ni (55.0-73.5 ppm) and overlap in Cr
concentration with ilmenite basalts (2470-3960 ppm). The
ilmenite basalts are depleted in Ba and Nb relative to the
pigeonite basalts, which have the highest Ba contents of all
Apolio 12 basalts. Rubidium, Sr, and Sc abundances show
the most systematic differences between basalt groups. Oliv-
ine basalts have the lowest Sr and Sc and intermediate Rb
abundances, pigeonite basalts have higher Sr and Sc and the
highest Rb abundances, and ilmenite basalts have the highest
Sr and Sc and lowest Rb abundances. It is because of this
systematic difference in Rb and Sr that Neal et al. (1994b)
utilized the Rb/Sr ratio in concert with Mg to classify the
Apollo 12 basalts (Fig.1).
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Fig. 2: Selected trace-elements in Apollo 12 vitrophyres and fine-
grained basalts normalized to C1 chondrites (Wasson and Kallem-
eyn, 1988): (A) olivine basalts, (B) pigeonite basalts, (C) ilmenite
basalts.

6. ISOTOPIC CHEMISTRY
6.1. Ages

Three fine-grained, parental, low-Ti basalts collected at
the Apollo 12 landing site have been analyzed previously
for their Ar-Ar isotopic compositions (Stettler et al., 1973;
Alexander and Davis, 1974). These include two ilmenite
basalts which yielded ages of 3.18 * 0.07 and 3.20 * 0.04
Ga (two splits of 12008) and 3.11 = 0.04 Ga (12022). Two

splits of an olivine basalt, 12009, also were analyzed and
gave ages of 3.17 = 0.07 and 3.29 * 0.07 Ga. These analyses
allow for a relatively broad range in ages from 3.07 to 3.36
Ga. However, as we will show below, it is much more likely
that the vast majority of low-Ti basalts collected from the
Apollo 12 landing site were extruded over a relatively narrow
time interval, possibly within 20-50 million years.

Geochronologic information has been clicited from nu-
merous other coarser-grained, low-Ti basalts from the
Apollo 12 landing site. These include Rb-Sr and Ar-Ar stud-
ies by various groups of seventeen additional samples (Papa-
nastassiou and Wasserburg, 1970; Compston et al., 1971;
Murthy et al., 1971; Papanastassiou and Wasserburg, 1971a;
Papanastassiou and Wasserburg, 1971b; Turner, 1971; Stet-
tler et al., 1973; Alexander and Davis, 1974; Horn et al.,
1975; Nyquist et al., 1977; Nyquist et al., 1979; Nyquist et
al., 1981) and Sm-Nd studies of three of the same rocks
(Nyquist et al., 1977; Nyquist et al., 1979; Nyquist et al.,
1981). Previous studies have shown that, within their respec-
tive groups, these basalts are similar in mineralogy, mineral-
chemistry, and whole-rock chemistry and are probably co-
genetic (Dungan and Brown, 1977; Rhodes et al., 1977; Neal
et al.,, 1994b). If individual basalt samples within a given
group can be related by magmatic processes, then these ba-
salts should be coeval. Thus, weighted-average ages have
been calculated for the various mare basalt groups collected
from the Oceanus Procellarum. The weighted-average ages
of the three main mare basalt groups are quite similar: 3.19
Ga for olivine basalts, 3.18 Ga for pigeonite basalts, and
3.20 for ilmenite basalts. The one anomalous sample from
the ‘‘feldspathic’” group, 12038, appears to have an older
crystallization age of 3.28 Ga.

6.2. Rb-Sr and Sm-Nd Abundances and Isotopic
Compositions

During the present study, Rb, Sr, Sm, and Nd abundances
and Nd and Sr isotopic compositions have been measured
on splits of five of the fine-grained basalts/vitrophyres from
the Apollo 12 landing site: two olivine basalts, 12009 and
12015, one pigeonite basalt, 12011, and two ilmenite basalts,
12022 and 12045 (Table 2). Ilmenite-basalt vitrophyre
12008 was analyzed for both Sm-Nd and Rb-Sr isotopic
compositions and elemental abundances by Nyquist et al.
(1979). Their data will be included in our discussions. As
with previous workers, and by way of confirmation of the
relative abundances determined by ICP-MS, the ilmenite ba-
salts have the lowest Rb abundances, and the pigeonite and
olivine basalts are similar and higher in Rb. Strontium abun-
dances determined by isotope dilution also generally agree
well with those determined by ICP-MS. Sm and Nd abun-
dances do not differ between the two methods by more than
10% relative, and the Sm/Nd ratios of the three groups are
confirmed by isotope dilution measurements.

These fine-grained Apollo 12 basalts are plotted in Fig. 3
(as time, in Ga, vs. eng), along with previous results from
other Apollo 12 basalts (and fields for Apollo 11, 15, and
17 basalts). Apollo 12 basalts are among the youngest in
the Apollo collections and span the greatest range in eng.
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Fig. 3: eng Of Apollo 12 basalts relative to crystallization age (in
Ga). Olivine basalts are indicated by patterned stars, pigeonite ba-
salts by dark diamonds, and ilmenite basalts by patterned squares.
Sample numbers are indicated for the ‘‘new’’ fine-grained basalts
and vitrophyres. Also shown are fields for other low-Ti (Apollo 15)
and high-Ti (Apollo 11 and 17) mare basalts.

Two distinct populations are apparent among the Apollo 12
basalts—the combined olivine- and pigeonite-basalt super-
group and the ilmenite-basalt supergroup. Olivine basalts
12009 and 12015 yield similar initial Sr (*Sr/*Sr
= 0.69954-0.69960) and Nd (eyy = +4.3— +4.5) isotopic
ratios (Table 2). Pigeonite basalt 12011 was analyzed for
Nd isotopes by Unruh et al. (1984) and yielded an eyy value
at 3.2 Ga of +4.1 = 0.6, well within analytical uncertainty
of our split. Pigeonite and olivine basalts yield similar Tyyy
model ages (LUM = Lunar Upper Mantle as per Snyder et
al., 1994; see section 3.) of 4.12—4.15 Ga. Ilmenite basalts
are distinctly different in Nd isotopic composition, having
€ng values (at 3.2 Ga) of +10.5 = 0.6 to +11.2 = 0.5 and
Toom = 3.82-3.87 Ga. Furthermore, the '*’Sm/'**Nd ratios
of the two supergroups (olivine-pigeonite and ilmenite) are
also significantly different (Table 2) and require two distinct
sources.

Within analytical uncertainty, the initial Sr isotopic com-
positions of the pigeonite and olivine basalts are the same,
thus suggesting an isotopically similar source. On the other
hand, the initial Sr isotopic compositions of the ilmenite
basalts are quite different and are consistent with a mantle
source region formed just after accretion of the Moon (Tium
= 4.56 to 4.59 Ga; Table 2, Fig. 4). The single pigeonite
basalt gives a similar model age of 4.48 Ga, but the olivine
basalts yield slightly lower, although statistically similar,
model ages of 4.31- 4.44 Ga.

7. THE LUNAR MAGMA OCEAN AND CUMULATE
SOURCE FORMATION

Various workers (Shih and Schonfeld, 1976; Hughes et
al., 1988, 1989; Snyder et al.,, 1992; Snyder and Taylor,
1993; Shearer and Papike, 1993) have presented varied, yet
extensive, models of the crystallization of an incipient lunar
magma ocean (LMO) that include the major- and trace-
element and mineralogic composition of the consequent cu-
mulates. A fundamental tenet of all of these models is that,

once plagioclase becomes a liquidus phase, it is efficiently
separated from associated mafic cumulates by flotation to
form the lunar crust. These mafic cumulate regions compose
the lunar upper mantle and are likely to be the sources for
most mare basalts collected from the Moon. Whereas our
group (e.g., Snyder et al., 1992, and references therein) and
many others (e.g., Hess and Parmentier, 1995, and references
therein) have studied the dynamic, chemical, and mineral-
ogic evolution of high-Ti basalt source regions in great de-
tail, the source regions of low-Ti basalts, which are likely
to compose over 95% of the upper mantle, have been largely
ignored of late.

A first-order observation of all mare basalts is that, com-
pared to their terrestrial counterparts, the most primitive sam-
ples have Mg#s [Mg?>"/(Mg?* +Fe®")] that indicate sig-
nificant evolution from a chondritic composition. This evolu-
tion either occurred en route to the surface or is
representative of the mantle source region. Most workers
have concluded that most of this evolution is inherited from
the source region (Nyquist and Shih, 1992, and references
therein; Snyder et al., 1992; Snyder and Taylor, 1993).

A major consequence of the hypothesized lunar magma
ocean differentiation model (e.g., Warren, 1985) is that the
Moon’s upper mantle should be quite evolved in terms of
Mg #. The upper mantle may have been initially layered due
to crystallization in a deep LMO, analogous to that which
is observed in layered mafic intrusions on Earth. The rela-
tively low viscosities of lunar magmas (10 to 100 poise;
Taylor and Lu, 1992) allows the LMO to have undergone
vigorous convection (Ra = 10%* to 10**; Snyder and Taylor,
1992). Such vigorous convection likely would have contin-
ued during early crystallization of the LMO. Thus, equilib-
rium crystallization would have prevailed in the LMO until
it became just above 50% crystalline, at which point convec-
tion would have begun to slow and cease (Marsh and Maxey,
1985), and fractional crystallization would have taken place
(Snyder et al., 1992).
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Fig. 4: Initial *'Sr/*Sr relative to crystallization age (in Ga) for
all Apollo 12 basalts. Olivine basalts are indicated by patterned stars,
pigeonite basalts by dark diamonds, and ilmenite basalts by patterned
squares. Sample numbers are indicated for the “‘new’’ fine-grained
basalts and vitrophyres. Also shown are evolution lines for tunar
upper mantle (“‘mantle adcumulates’”) and residual magma ocean
liquid (‘‘urKREEP”**). Fields for the Apollo 11 Groups A and B2
and Apollo 11 B1-B3 + Apollo 17 high-Ti basalts are also indicated.
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7.1. Major-Element Evolution

The prolonged period of equilibrium crystallization serves
to buffer the differentiation of the LMO and, thus, the Mg.
In fact, during the first 75% of LMO evolution, when equilib-
rium crystallization is likely predominant, the Mg # of the
LMO and, thus, the crystallization products of the LMO,
changes less than 10%, from 93 to 85 (Snyder and Taylor,
1993). Based on known Fe-Mg partitioning in minerals and
likely scenarios for melting of the upper mantle cumulate,
this means that magmas generated from the lower 75% of
the lunar upper mantle are too primitive to be considered
the source for any group of mare basalts, although they could
be parental to picritic glasses (Longhi, 1987). Only sources
formed after about 75-80% crystallization of the LMO, and
originally very shallow, can be considered the sources for the
lunar mare basalts. This is supported by the well-established
observation that mare basalts exhibit rather large negative
Eu anomalies consistent with prior removal of plagioclase,
and plagioclase becomes a liquidus phase in most LMO
differentiation models after 60-80% crystallization (e.g.,
Snyder and Taylor, 1993).

Assuming that the most primitive of the fine-grained and
vitrophyric Apollo 12 basalts have not undergone extensive
differentiation either en route to the surface or at the surface,
we can estimate that their source regions had Mg #s of ~70
for the olivine basalts, ~65 for the ilmenite basalts, and ~60
for the pigeonite basalts. These Mg #s correspond to sources
formed after 87—-89% crystallization of the LMO, and these
levels would fall within the range of cumulates that would
be dominated by subequal proportions of clinopyroxene, pla-
gioclase, and pigeonite. However, Neal et al (1994b) have
indicated that olivine is required in the sources for the Apollo
12 basalts. Thus, a mechanism is needed to bring olivine-
bearing cumulates from below or to bring more fertile source
regions down to the olivine-bearing cumulates.

Several workers have indicated that the crystallization
products of an LMO would be inherently unstable with more-
dense, Fe-rich cumulates lying above less-dense, Mg-rich
cumulates (Ringwood and Kesson, 1976; Ryder, 1991; Hess
and Parmentier, 1993). These authors have suggested that
the lunar mantle, after complete solidification, would un-
dergo catastrophic overturn. Hess and Parmentier (1993)
even suggested that late-crystallizing ilmenites could sink
through the LMO cumulate pile to form the lunar core. How-
ever, Snyder and Taylor (1993) have indicated some of
the pitfalls in this model. Instead, we have supported more
localized, subsolidus overturn during precipitation of the lu-
nar upper mantle (Snyder et al., 1992), which would serve
to mix shallow, olivine-free sources with deeper, olivine-
bearing sources. In subsequent melting models, we will as-
sume an olivine-bearing residue, in accord with the work of
Neal et al. (1994b).

7.2. Trace-Element Evolution

Hughes et al. (1988, 1989), Snyder et al. (1992), and
Snyder and Taylor (1993) presented models for evolution
of the LMO with an initial starting composition for most

lithophile trace elements that was ~3x chondritic. The ratio-
nale for this choice of values is that the LMO was likely a
melt of ~30% of the total Moon that was roughly chondritic
in most refractory, lithophile-element abundances. This pro-
portion of melting of the whole Moon leads to an LMO
cumulate upper-mantle that is ~500 km deep and is sup-
ported by seismic data (Nakamura, 1983; Mueller et al.,
1988; Kuskov, 1995). The deep lunar intericr is probably
composed mostly of olivine and orthopyroxene in which
large-ion, lithophile elements are incompatible; therefore,
these elements are effectively enriched in the LMO by a
factor of ~3.

The original estimate of the initial LMO abundances of
Rb and Sr were 1.0 and 34.2 ppm, respectively (Snyder et
al., 1992), yielding a Rb/Sr weight ratio of 0.029. In a
subsequent study, this was adjusted to ~0.35 ppm Rb and
11 ppm Sr (Snyder and Taylor, 1993), based on multiplying
the primitive bulk Moon Rb abundance (0.12 ppm) of
O’Neill (1991) by a factor of 3 to attain the initial LMO
composition. This bulk Moon abundance is predicated on
the hypothesis that nearly all of the volatile element budget
of the Moon was added as a late veneer of infalling chon-
dritic material (O’Neill, 1991). However, the Rb/Sr ratio
of the bulk Moon is probably much lower than 0.029, as
most estimates vary from 0.006 to 0.009, with an average
of 0.007 (Taylor, 1982; O’Neill, 1991; McDonough et al.,
1992). Therefore, assuming that our Rb abundance for the
LMO is 0.35 ppm and the Rb/Sr weight ratio of the initial
LMO is similar to the bulk Moon (0.007), the Sr abundance
of the initial LMO is estimated at 50 ppm.

Whereas the LMO cumulate sources for most mare basalts
are likely located in the upper 25% of the upper mantle, we
have modelled the composition of these sources by combin-
ing olivine-pigeonite-clinopyroxene adcumulates with varied
proportions of trapped residual LMO liquid. The high-Ti
mare basalts indicate 0.8—1.5% trapped liquid in the source
(Snyder et al., 1994). In contrast, the source of the ilmenite
basalts had less than 0.2% trapped liquid in the cumulates
and the olivine and pigeonite basalts were derived from a
similar source with 0.4 to 0.5% trapped residual liquid
(Fig. 5).

We have also included the light-lithophile elements Li
and Be in our LMO modelling and have used the Li and Be
abundances (0.83 and 0.18 ppm, respectively) for the bulk
silicate Moon from Taylor (1982). The value for Li is some-
what lower than that proposed by O’Neill (1991) (1.9 ppm
Li). The proposed Li/Be ratio (4.6; Taylor, 1982) is similar
to that determined from mare basalts (3-35; Dreibus et al.,
1976), but much lower than that suggested from picritic
glasses (10-34; Shearer et al., 1994). We have evaluated
the LMO modelling using both sets of Li, Be, and Li/Be
data. If the latter set of higher Li, Be, and Li/Be is used for
LMO modelling, calculated residual LMO liquids are even
higher than those values measured for the low-Ti basalts and
picritic glasses. Thus, the degree of melting of LMO-derived
cumulate sources that would be needed to yizld low-Ti mare
basalts would be undefined. Therefore, either the LMO crys-
tallization models previously presented are seriously in error,
or the initial silicate Moon had values similar to those pro-



Anatexis of lunar cumulate mantle in time and space 2739

0.26

i & Olivine-
0.20 Pigeonite Basalts
0.18 lrapped liq:,{id/ ,
’ 0.01 0.02 0.03 0.04 0.05
$"Rb/%¢Sr

Fig. 5: '""Sm/'*Nd relative to *’Rb/*Sr for the Apollo 12 fine-
grained and parental basalts. Also indicated are mixing arrays for
upper mantle LMO adcumulates at 82 PCS (per cent solid) and 94
PCS (per cent solid) with trapped residual liquid. Percentages on
this plot are the proportions of trapped liquid in the upper mantle
cumulates.

posed by Taylor (1982) and Dreibus et al. (1976). We have
elected to follow the latter alternative. In order to calculate
the initial LMO composition, we again assumed that the
bulk Moon was ~30% partially melted, leaving an olivine-
orthopyroxene residue. Thus, the initial LMO composition
is 1.80 ppm Li and 0.52 ppm Be (mineral/melt partition
coefficients for olivine and orthopyroxene from Shearer et
al., 1994).

8. PARTIAL MELTING OF THE LOW-Ti
MANTLE SOURCES

In order to model the formation of mare basalt magmas,
we have taken calculated cumulates at various stages of
crystallization of the LMO and calculated the effects of vary-
ing degrees (typically 1~10%) of partial melting. We use
the batch modal melting equation,

CL = Co / [Do + F(I‘Do)] (4‘)

where C. = concentration of an element in the derivative
melt, C, = concentration of the element in the initial cumu-
late solid, D, = bulk minerals/melt distribution coefficient,
and F = fraction of melt. Mineral/melt partition coefficients
are compiled in Snyder and Taylor (1993) and Shearer et
al. (1994; for Li and Be).

We have also evaluated the effect of trapped, residual
LMO liquid in the cumulate sources for low-Ti mare basalts.
As a first approximation and an endmember of possibilities,
we have assumed that this trapped residual liquid makes up
1% of the total cumulate and is always the first ‘‘phase’” to
melt. Thus, a 1% partial melt would be composed of only
this trapped liquid component, a 2% partial melt would con-
tain one-half trapped liquid, a 5% melt would be one-fifth
trapped liquid, etc.

Based on a host of trace-element data, Neal et al (1994b)
have determined quantitative models for the sources of
Apollo 12 low-Ti basalts. In particular, they found a plot of

Co/Hf relative to Sc/Sm (Fig. 6) as the most diagnostic of
varied mantle melting, as well as post-extrusive differentia-
tion. The subparallel lines on Fig. 6 represent primitive melts
of the mantle source. The lower line represents the composi-
tion of partial melts of the ilmenite-basalt source composed
of 45.5% olivine + 42.5% pigeonite + 11.5% clinopyroxene
+ 0.5% plagioclase. The upper line represents the composi-
tion of partial melts of the pigeonite-olivine-basalt source
composed of 48% olivine + 22% pigeonite + 30% clinopy-
roxene. Those basalts lying above their respective lines have
accumulated minerals after extrusion and those lying below
the lines have lost minerals and represent residual liquids
after fractionation.

8.1. Source Constraints from Experimental Petrology

If one can rule out polybaric fractional fusion in a mantle
diapir as a likely mechanism (Longhi, 1992a), liquidus mul-
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Fig. 6: Plots of ratios of moderately compatible elements, Co/HT,
vs. compatible/incompatible element ratios, Sc/Sm, for fine-grained
ilmenite, olivine, and pigeonite basalts. The diagonal dark lines on
both plots include primary magmas generated by varied degrees of
partial melting of a low-Ti upper mantle source as described in the
text (and from Neal et al., 1994b). Diamonds = 2% melting intervals
for their respective sources. (A) For the olivine-pigeonite-basalt
source. The field above the source encompasses all plausible cumu-
lates with up to 10% accumulated minerals. The field below the
source encompasses the complementary tesidual liquids from accu-
mulation of 10% minerals (as per Neal et al., 1994b). (B) for the
ilmenite-basalt source with fields similar to (A).
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tiple-saturation experiments yield important information
about the depth of melting and the composition of the source
regions for mare basalts (Longhi, 1992b). Polybaric frac-
tional fusion is often difficult to assess in a group of presum-
ably related basalts; however, if it can be proven that this
process did operate, multiple-saturation experiments should
yield a weighted-average pressure of melting.

Liquidus multiple-saturation experiments have been per-
formed on six natural low-Ti basalts from the Apollo 12
collection (Walker et al., 1976; Green et al., 1971a; Green
etal., 1971b) and one synthetic basalt (Kushiro et al., 1971).
These studies included samples from all three main groups:
olivine basalts 12002, 12009, and 12040; pigeonite basalts
12021 and 12065; and ilmenite basalt 12022. If these results
are evaluated (Longhi, 1992b) and only the most primitive
parental basalts are utilized (ruling out samples that obvi-
ously have accumulated phases), the following general con-
clusions can be made. The sources for the low-Ti basalts
from the Apollo 12 landing site contain predominantly oliv-
ine and low-Ca pyroxene (either orthopyroxene or pigeon-
ite). Melting of the olivine-basalt source occurred at pres-
sures from 5—13 kb, corresponding to depths of 100-250
km in the Moon (Warren, 1985). Ilmenite basalts seem to
be derived from a much deeper source (14—15 kb; 300400
km). The depths of melting for pigeonite basalts are not
well-defined because primitive compositions from this group
have not been studied. However, if the sources for the olivine
and pigeonite basalts are similar, if not the same (see below ),
these two groups of basalts could have been derived from
similar depths (100-250 km).

8.2. Ilmenite-Basalt Source

The much higher initial '**Nd/'*Nd ratios for the ilmenite
basalts relative to the pigeonite and olivine basalts is defini-
tive evidence of a different source (Fig. 3). The chemical
compositions of fine-grained ilmenite basalts 12022 and
12045 are consistent with their derivation by 5% and 6%
nonmodal partial melting, respectively (Fig. 6a). This de-
gree of partial melting of the ilmenite-basalt source is the
same as that suggested by Nyquist et al. (1979). Basalt
12022 lies on the ilmenite-basalt source melting line, thus
indicating a primitive, undifferentiated melt. However, basalt
12045 lies just above the ilmenite-basalt source melting line.
This sample has a higher proportion of plagioclase and mes-
ostasis and a much lower proportion of olivine than 12022,
possibly indicating some crystal accumulation and fraction-
ation after extrusion and suggesting that it is not a truly
primitive, parental composition. The behavior of 12045 is
in contrast to that of most other ilmenite basalts, which plot
below the source melting line, indicating that they have pre-
cipitated up to 10% of their weight in crystals leaving a
more evolved residual liquid.

8.3. Pigeonite and Olivine Basalt Source

The initial "*Nd/™*Nd ratios are the same for the olivine
and pigeonite basalts (Fig.3), consistent with a similar
source for both basalt groups. The main difference in the

two basalt groups is the evidence for crustal assimilation, in
terms of AlL,Os-Co covariation and decreasing Sm/Eu and
Rb/Sr with differentiation in the pigeonite basalts (Neal et
al., 1994b). Whereas the olivine basalts have been modelled
by up to 25% crystal accumulation (presumably at the sur-
face) in magmas that were generated by 5-11% partial melt-
ing of the source, modeling of pigeonite basalts involved
significant assimilation-fractional crystallization with a
crustal component (Neal et al., 1994b). However, there is
no evidence from isotopic studies (see above) that contami-
nation has affected the fine-grained, pigeonite basalts pre-
sented within.

Fine-grained basalt data indicate variable degrees (12009
= ~9%; 12011 = ~7%; 12015 = ~7%; 12043 = ~7%;
12072 = ~8%) of nonmodal equilibrium melting of the
source (Fig. 6b). Olivine basalt 12072 has undergone a small
degree (<10%) of fractional crystallization after extrusion,
due to precipitation of olivine and accumulation of pyroxene
and plagioclase (Fig. 6b). Pigeonite basalt 12043 also indi-
cates precipitation of a small amount of olivine (<10%),
leaving a residual liquid depleted in this component (Fig.
6b). The overall primitive nature of the the two fine-grained
pigeonite basalts (especially 12011) and the similarity of
their isotopic compositions suggest that, if assimilation-frac-
tional crystallization was significant in their genesis, it must
have occurred prior to extrusion and to similar degrees in
both 12011 and 12043. Thus, these two pigeonite basalts
probably were derived from the same magma batch. Con-
versely, these two fine-grained pigeonite basalts may be indi-
cating that assimilation was not an important process in their
genesis. That the olivine basalts, which do not show evidence
of crustal assimilation, have similar isotopic compositions
to the fine-grained pieonite basalts points to this latter alter-
native.

8.4. Light Lithophile Element (Li, Be) Systematics of
Low-Ti Sources

The light lithophile elements (Li, Be, and B) are an im-
portant class of elements for the study and modelling of
magmatic processes on the Moon. Norman and Taylor
(1992) presented evidence that the Li-REE systematics of
mare basalts and highlands crustal rocks *‘track the evolution
of the Moon’s crust and mantle during crystallization of the
magma ocean.”” Therefore, the Li-Be systematics of Apollo
12 basalts may be crucial in further elucidating their mantle
sources. Li behaves as a moderately incompatible, and B
and Be as highly incompatible, elements in mafic systems
(Ryan and Langmuir, 1987, 1988, 1993). On Earth, the
determination of igneous processes from Li and B abun-
dances is compromised by their solubility in hydrothermal
fluids. However, the anhydrous nature of the Moon removes
this complication, allowing use of the light lithophile ele-
ments as tracers of magmatic processes (e.g., Shearer et al.,
1994).

The Li-Be systematics of the seven fine-grained basalts
(Table 1) are typical of those determined for other basalts
at the Apollo 12 landing site (Cuttitta et al., 1971; Schnetzler
and Philpotts, 1971; Winke et al., 1971). Olivine basalts
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typically have the lowest Li (4.5-7.5 ppm) and Be (~0.9
ppm) abundances, whereas pigeonite and ilmenite basalts
overlap at higher abundances (6.1-8.4 ppm and 1.1-1.9
ppm, respectively). Beryllium abundances of the fine-
grained basalts analyzed in this study are much lower than
those of Apollo 12 basalts analyzed previously. This is likely
due to the lower detection limit of the method used in our
study and does not reflect true differences. Beryllium abun-
dances of the fine-grained olivine basalts were found to be
lower than those in the pigeonite and ilmenite basalts, consis-
tent with previous analyses.

The Li/Yb ratios of previously analyzed Apollo 12 low-
Ti basalts are unique with similar values of ~2 at Li abun-
dances from 6.7 to 10.8 (Schnetzler and Philpotts, 1971).
The seven fine-grained basalts analyzed in this study also
fall within this tight range (Fig. 7), whereas low-Ti basalts
from Apollo 15 generally have higher Li/Yb ratios (~3).
High-Ti mare basalts from the Apollo 11 and 17 sites have
Li/Yb ratios of ~1. Picritic glasses from all landing sites,
excluding Apollo 12, have Li/ Yb ratios in excess of 3. High-
lands rocks, which are generally enriched in plagioclase with
a high Li/Yb ratio, also have Li/Yb values in excess of 3
(and up to 100), along with Li abundances of <8 ppm
(Norman and Taylor, 1992). Li/Yb ratios of KREEP are
~1, but with Li abundances in excess of 20 ppm (Fig.7a).

Li-REE systematics of Apollo 12 fine-grained basalts sug-
gest that they are derived by partial melting of cumulate
sources after 84%—94% crystallization of the LMO (Fig.
7a). This is consistent with that determined solely on Fe-
Mg characteristics of the basalts and potential sources (after
87-89% crystallization of the LMO; see above). However,
only very small percentages of partial melting (generally
<0.5%) of an adcumulate source will generate the Apollo
12, low-Ti basalts (Fig. 7a). Instead, if a small proportion
of trapped, residual-LMO liquid (~1%) is assumed in the
initial source, as is suggested by LMO modelling (Hughes
et al.,, 1988, 1989; Snyder et al., 1992) and Nd-Sr isotopic
and abundance studies (Snyder et al., 1994; also see Fig.
5), more realistic proportions of melting are suggested (Fig.
7b). In fact, the Apollo 12 basalts indicate from 1.5%
(12022) to 5% (12043) partial melting of upper mantle
cumulate sources. If smaller proportions of trapped liquid
are assumed in the initial cumulate source, smaller degrees
of partial melting would be needed to generate the low-Ti
mare basalts. In any event, partial melting of upper-mantle,
cumulate sources, formed after 84%-94% crystallization of
the LMO and containing a small proportion of trapped, resid-
ual liquid, will generate parental magmas that can fractionate
to give all low-Ti mare basalts. Residual LMO liquids, after
~ 98% crystallization, yield Li-Be-Yb compositions similar
to postulated urKREEP (Fig. 7a), consistent with other ele-
mental LMO modelling (e.g., Snyder and Taylor, 1993).

9. DISCUSSION

Snyder et al. (1994) speculated that the source for the
ilmenite basalts at Apollo 12 may have been the same, or a
similar source, to that which yielded the older high-Ti volca-
nics at the Apollo 11 and 17 landing sites. Thus, the mantle
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Fig. 7: Li (ppm) relative to Li/Yb for fine-grained Apollo 12
mare basalts. (A) Apollo 12 fine-grained basalts relative to other
low-Ti and high-Ti mare basalts (Schnetzler and Philpotts, 1971).
Also shown are evolutionary arrays for LMO residual liquids and
adcumulates and curves indicating degrees of partial melting of up-
per mantle LMO cumulates (generated after 84, 92, and 96% crystal-
lization of the LMO). Stars = fine-grained and vitrophyric Apollo
12 parental basalts; lightly shaded circles = other Apollo 12 basalts
(Schnetzler and Philpotts, 1971). (B) An expansion of a portion of
figure (A) and taking into account 1% trapped residual LMO liquid
in the cumulate source (e.g., Snyder et al.,, 1992). Lower dashed
diagonal line shows the evolution of the residual LMO liquid (the
LMO cumulate would plot above the diagram). Nearly vertical lines
represent progressive degrees of partial melting of LMO-derived
cumulates after 84, 92, and 96% crystallization. Numbers to the
right of the 96% crystallized LMO cumulate lines are percentages
of partial melting. Dashed diagonal lines are for similar proportions
of partial melting. Key: stars = olivine basalts; squares = pigeonite
basalts; ovals = iimenite basalts.

source for these rocks would have to be widespread within
the lunar interior and would have had to persist from 3.85
Ga (earliest high-Ti volcanism; Groups B2 and D basalts;
Snyder et al., 1996) to 3.2 Ga, a period of nearly 700 million
years. Snyder et al. (1994) postulated that the source of the
high-Ti basalts was depleted in ilmenite and trapped liquid
by continued melting, yielding a source that was less Ti
enriched and more LREE depleted. Thus, magmas generated
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at 3.2 Ga would reflect this changing source, yielding the
characteristic high eyq ilmenite basalts. However, recent Lu-
Hf isotopic studies tend to refute this argument. Beard et al.
(1994; 1996) point out that the ilmenite basalts are similar in
their Lu-Hf isotopic compositions to all other low-Ti basalts,
including Apollo 12 and 15 basalts, and differ markedly
from the high-Ti mare basalts.

We have assumed in our isotopic studies of high-Ti basalts
(Snyder et al., 1994; Snyder et al., 1996) that their Sm/Nd
ratios are similar to their source regions. However, Nyquist
et al. (1977; 1979) have shown that, whereas this is roughly
true for high-Ti mare basalts, it is far from truth for low-Ti
mare basalts from the Apollo 12 landing site. In fact, they
suggest that the '*'Sm/'**Nd ratios of the ilmenite and oliv-
ine-pigeonite basalts may have decreased by 13%—18%, re-
spectively, as a consequence of small degrees of partial melt-
ing and smaller proportions of high-LREE phases in the
residue (i.e., clinopyroxene and plagioclase ). Thus, the rela-
tively low T ym model ages (4.13—4.15 Ga for olivine-pi-
geonite basalts and 3.82-3.87 Ga for ilmenite basalts) for
the low-Ti basalts are evidence of Sm/Nd fractionation dur-
ing melting, with ilmenite basalts showing greater fraction-
ation than olivine-pigeonite basalts, consistent with the cal-
culations of Nyquist et al. (1979). Anomalies in the abun-
dances of the short-lived radionuclide "*Nd for several
low-Ti mare basalts is convincing evidence that their source
regions were created early in lunar evolution, reached isoto-
pic closure at ~4.32 Ga, and were not significantly modified
until melting to form the basalts (Nyquist et al., 1995).

The upper mantle source for the ilmenite basalts was likely
formed earlier in the crystallization of the LMO, prior to
formation of the source for the high-Ti basalts, and ilmenite
is not required in the residue for the ilmenite basalts (Neal
et al., 1994b; Shearer et al., 1996). This might suggest that
the ilmenite-bearing source only existed in the region be-
neath Mare Serenitatis and Mare Tranquillitatis, in the east-
ern near-side. However, analyses of picritic glasses from all
landing sites (Delano, 1986) have shown the proclivity for
these samples to be high-Ti in tenor. Even picritic glasses
retreived from notably low-Ti mare sites, such as Apollo
12 and Apollo 15, have high-Ti abundances. Furthermore,
Apollo remote-sensing data, in concert with telescopic obser-
vations of the volcanic stratigraphy in Oceanus Procellarum,
show clearly that the oldest units (Repsold Formation) con-
tain high-Ti flows that are possibly correlative with those in
Mare Serenitatis and Mare Tranquillitatis. Thus, it is likely
that high-Ti basalt volcanism was one of the earliest, wide-
spread, volcanic events on the lunar near-side.

There is abundant evidence that the mare basalts from a
given landing site are notably dissimilar in their trace-ele-
ment signatures to picritic magmas, represented by glass
beads, from the same site (Longhi, 1987). The Li and Be
abundances in fine-grained, low-Ti basalts (6.0—11 ppm,
and 0.18-0.81 ppm, respectively) from Apollo 12 are vastly
different from the abundances in the high-Ti (15.8-16.7
wt% TiO,) “‘red”’ volcanic glasses (19.2 ppm Li and 1.14
ppm Be) from the same landing site (Shearer and Papike,
1993; Shearer et al., 1994 ). In fact, the Li and B abundances
in this Apollo 12 red glass are the highest of any lunar

picritic glasses yet analyzed (Shearer et al., 1994). It is
likely that these elevated Li and Be abundances for Apollo
12 red glasses indicate derivation from volatile-undepleted
lower mantle (e.g., Ringwood et al., 1992).

Mare basalts with elevated Ti contents are thought to be
the consequence of melting of ilmenite-bearing layers
formed late in the crystallization of the lunar magma ocean
(Hughes et al., 1989; Snyder et al., 1992). The lower mantle
of the Moon should be relatively primitive, composed of
mostly olivine and orthopyroxene and extremely poor in
ilmenite. If this is so, one would not expect picritic magmas,
which come from the lower mantle, to have high Ti contents.
How might primitive picritic magmas attain this high-Ti
signature? :

The high-Ti nature of many picritic magmas (extant as
glass beads) must have been either inherited from the source
region or introduced after initial melting in the source region.
Spera (1992) stated that, due to density contrasts in lunar
magma ocean cumulates, ilmenite-bearing layers from the
uppermost portion of the upper mantle will sink relative to
other cumulates in the upper mantle. This was first suggested
as an important tenet of mare basalt genesis by Ringwood
and Kesson (1976). However, Hess and Parmentier (1993)
further project that most of the ilmenite will continue sinking
until it forms a lunar core. They also consider it likely that
some of this ilmenite will mix with the lunar mantle, thus
creating fertile high-Ti source regions throughout the mantle.
The mean depth of melting of high-Ti picritic magmas is
estimated at 400-500 km near the base of the differentiated
lunar upper mantle (Hess, 1993). However, the depth of
incipient melting could be much greater than this, especially
if one considers that picritic magmas were formed by poly-
baric fractional fusion (Longhi, 1992a). Therefore, high-
Ti picritic magmas could be formed at a variety of depths
throughout the lunar lower mantle.

10. A MODEL OF ANATEXIS OF
THE LUNAR MANTLE

Combining telescopic observations and remote-sensing
data with petrologic, elemental, and isotopic data from the
Apollo collections, a clearer picture of the evolution and
partial melting of the lunar interior is starting to emerge.
Relatively rare ‘‘cryptomare’’ are probably the first evidence
of melting of the lunar interior and subsequent extrusion of
melts (Head and Wilson, 1992). However, we have no sam-
ples of this volcanic event in the Apollo collections and little
idea on its character from telescopic observations. KREEP
(K, REE, and P-enriched) basalts are among the oldest,
pristine, volcanic rocks dated from the Apollo collections
and vary in age from 3.8 to 4.1 Ga (Shih et al, 1992).
However, these rocks are rare and there is, as yet, no evi-
dence that they formed extensive flows or mare. So-called
high-Al basalts are also among the oldest volcanic rocks in
the Apollo collections; however, we have contended that
these rocks are not true mare basalts but are probably impact
melts of mixed derivation, the older ages reflecting the antiq-
uity of the highlands component (Snyder and Taylor, 1996;
Snyder et al., 1997). Therefore, Groups D and B2 high-Ti
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basalts from the Apollo 11 landing site represent not only
the earliest volcanic event ( ~3.85 Ga; Papanastassiou et al.,
1977; Snyder et al., 1994; 1996) in the Apollo collections
but among the earliest evidence of mare volcanism. That
earliest mare volcanism was high-Ti in tenor is supported
by telescopic observations ( Whitford-Stark and Head, 1980;
Head and Wilson, 1992).

10.1. Trapped Liquid and Depths of Melting

If KREEP basalts and Groups D and B2 high-Ti basaits
are truly representative of early lunar volcanism (~3.85
Ga), then the earliest melts of the lunar interior were en-
riched in the incompatible elements. Some incompatible ele-
ments, namely K, U, and Th, have radioactive isotopes that
are capable of producing the heat required for partial melting.
Late-stage, residual liquids from crystallization of the LMO
would also be enriched in incompatible elements such as the
REE, K, U, and Th. It is considered likely that a small
proportion (roughly <1~ 5%) of the residual, LMO liquid
was trapped in upper mantle cumulates as they crystallized
and is refiected in the changes in '*’Sm/"*Nd ratios of deriva-
tive, ilmenite-bearing, lunar basalts over time (Fig. 8). En-
richment of these incompatible elements in the residual LMO
liquid would increase with crystallization; thus, late-forming
LMO cumulates would trap liquid that is progressively more
incompatible-element enriched. Furthermore, this residual
L.MO liquid would have been lighter than surrounding cumu-
lates and would have likely migrated upward in the mantle
over time. The uppermost portions of the lunar mantle should
have had the highest proportion of trapped residual liquid
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Fig. 8: Plot of fs,,;na (fractionation of Sm/Nd relative to chondritic
Sm/Nd) vs. initial ey, for all ilmenite-rich basalts from the Apollo
collections (numbers indicate Apollo landing site and letters are the
given basalt groups). Ages are also indicated (in Ga) adjacent to
the basalt groups. The estimated source '*’Sm/'**Nd composition for
Apollo 12 ilmenite basalts is taken from Nyquist et al. (1979).
KREEPy, trapped, residual LMO liquid would project off the lower
left of this diagram to negative ey and fsny values. ( After Snyder
et al., 1994.)

with the most elevated incompatible-element abundances.
LMO phase modelling also shows that the uppermost
(>95% crystallization of the LMQ) cumulate mantle should
contain ilmenite. Thus, the most fertile site for partial melt-
ing is also the most Ti-enriched in the Moon. Radiogenic
isotopic dating of Apollo 11 and Apollo 17 low-K, high-Ti
mare volcanics indicates that this volcanic episode continued
until about 3.67 Ga, i.e., for about 200 million years ( Snyder
et al., 1994).

The fertility of cumulate sources in the lunar upper mantle
could have been controlled largely by the proportion of
trapped residual liquid. The earliest volcanics, KREEP ba-
salts, have proven difficult to interpret (e.g., Ryder, 1987,
Shih et al., 1992). The KREEP basalts are probably melts
of the deep lunar interior although the impetus for melting
is difficult to ascertain (for one model, see Ryder, 1994). It
may be that these melts are akin to the komatiitic plumes in
the early Earth and may be formed by perturbaticns deep in
the Moon. However, there is no doubt that these picritic
basalts have somehow obtained a KREEP signature. possibly
during transit to the surface through assimilation of
KREEPy, residual, LMO liquid trapped in upper mantle cu-
mulates. Those sources with 1.5-2% trapped. residual, LMO
liquid were melted later to form basalts represented by the
Apollo 11 Group D and B2 high-Ti mare basalts (Fig. 8).
Even later melting (at 3.67-3.71 Ga) included sources with
0.8~1.5% trapped. residual, LMO liquid and generated ba-
salts represented by the Apollo 11 Groups B1-B3 and
Apollo 17 Group C basalts (Fig. 8). Based upon limited
experimental, pressure-temperature estimates, the sources of
these low-K, high-Ti basalts were located at depths of <100
km (Apollo 11 basalts), although possibly as deep as 250
km (one Apollo 17 basalt) (Longhi. 1992). Considering that
the average thickness of the Moon’s crust is 60 km on the
nearside ( Mueller et al., 1988), the sources for these high-
Ti mare basalts were very shallow in the mantle, consistent
with LMO modelling.

Later volcanic activity (~3.59 Ga) at the Apollo 11 and
17 landing sites consists of Aigh-K, Group A, high-Tt mare
basalts at Apollo 11 and coeval high-K, high-Ti pyroclastic
volcanism (picritic orange glass, represented by 74220) at
both the Apollo 11 and Apolio 17 landing sites. Indeed,
high-Ti picritic (orange glass) magmas are thought to be
parental to the Apollo Il Group A, high-Ti mare basalts
(Jerde et al., 1994). The evolution of these high-K, high-Ti
magmas is distinct from the other low-K, high-Ti basalts
in that extensive KREEP assimilation is strongly suggested
(Jerde et al., 1994). Furthermore, the high-Ti orange glasses
were probably derived from great depth ( ~500 km; Walker
et al., 1975; Longhi, 1992b)

Mare basalts were extruded at the Apollo 15 landing site
at 3.4- 3.3 Ga ago and were noteably low-Ti in nature.
These basalts also were derived from sources at relatively
shallow depths, from <100 to 300 km (Longhi, 1992b).

Finally, low-Ti mare basalts at the Apolio 12 landing site
were extruded between 3.28 and 3.18 Ga and were derived
from upper-mantle, cumulate sources that had even less
trapped, residual, LMO liquid (0.15- 0.5%) than previous
sources (Fig. 8). However, the sources for these basalts lie
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at two distinct depths. The olivine and pigeonite basalts were
melted from sources located at similarly shallow depths
(100-200 km; Longhi, 1992b) as the high-Ti mare basalts
from Apollos 11 and 17. In contrast, ilmenite basalts were
melted from a source that may have been as deep as 350-
400 km. The ilmenite-basalt source is the deepest of the
known mare basalt sources, but comparable to other deep
sources suggested by studies of high-Ti picritic glass beads
(400 to >500 km)(Longhi, 1992). The key feature of these
rocks is the presence of signficant amounts of modal
ilmenite.

10.2. Ilmenite Sinking in the Mantle: A P-T-t Path

Over time, it is clear that ilmenite-rich mafic magmas
(picrites and mare basalts) that would require ilmenite to
have been originally in the source can be generated at a
variety of depths. However, early on, the ilmenite-bearing
melts were solely basaltic and significantly enriched in in-
compatible elements. This attests to the shallow, more
evolved sources for these rocks. With time, these ilmenite-
rich melts became less incompatible-element enriched and
less evolved, reflecting slightly deeper sources with less
trapped KREEPYy liquid. Later melting to form ilmenite-bear-
ing basalts and picrites, after a possible hiatus of ~300
million years, was at much greater depths. Yet, trace-ele-
ment, major-element, and phase modelling indicates that il-
menite was one of the last phases to crystallize from the
incipient LMO and, thus, should be found only in the upper-
most mantle. Where did these deeper ilmenite-bearing
sources come from?

Spera (1992) stated that, due to density contrasts in lunar
magma ocean cumulates, ilmenite-bearing layers, formed
late in the LMO and precipitated in the uppermost portion
of the upper mantle, will sink relative to other cumulates.
This was first suggested by Ringwood and Kesson (1976).
However, Hess and Parmentier ( 1993) further projected that
most of the ilmenite would continue to sink, eventually form-
ing the lunar core. They also considered it likely that some
of this sinking ilmenite would mix with the lunar mantle
in transit, thus creating fertile, Ti-enriched source regions
throughout the mantle. Combined pressure-temperature in-
formation on mare basalts and high-Ti picritic glasses are
consistent with such a model. In fact, in may be possible to
track the descent of some of these sinking blobs of ilmenite-
bearing material by looking at the ages and depths of melting
of ilmenite-rich basalts and picrites.

The earliest ilmenite-rich basalts are those found at
Apollos 11 and 17 and indicate melting of shallow sources.
Sparse age data from high-Ti picritic magmas (as evidenced
by picritic glass beads) from these landing sites seem to give
younger ages than the mare basalts, in some cases (i.e.,
Apollo 17) much younger (possibly up to 200 million y
younger; Taylor et al., 1991). These high-Ti picritic melts
were probably derived from very deep sources (400 to >500
km; Longhi, 1992a). The ilmenite basalts from the Apollo
12 landing site are extruded much later and also come from
a very deep source (350— 400 km). Thus, extant data suggest
that fertile, ilmenite-bearing sources were melted at greater

depths over time. This is at least consistent with sinking of
the ilmenite-bearing, late LMO, cumulate source over time.
An important test of this hypothesis would be the return of
samples from the uppermost volcanic units in a broad basin,
such as volcanics from the Sharp Formation in Oceanus
Procellarum, that are demonstrably younger (2.5 + 0.5 Ga;
Pieters et al., 1980), yet high-Ti in nature. One might suspect
that these volcanics would be derived from a very deep
source and yield picritic and not basaltic magmas.

The effects of large impacts on basin excavation, fractur-
ing, and regolith formation and insulation undoubtedly con-
tributed to the timing and style of melting of the lunar mantle
and magma emplacement. However, the two major control-
ling factors may prove to be the proportion of trapped, resid-
ual, incompatible-element enriched LMO liquid in the cumu-
late source and the sinking of fertile, ilmenite-bearing mate-
rial into the lower mantle.

SUMMARY

Volcanism at the Apollo 12 landing site in Oceanus Procel-
larum occurred over a relatively restricted tirne interval from
3.18 to 3.20 Ga and produced a diverse group of mare basalts
which have been classified previously into three groups—
pigeonite, olivine, and ilmenite basalts. Distinct chemical
differences occur between the three different groups of
Apollo 12 mare basalts. Iimenite basalts have the highest
abundances of the REEs, Y, Zr, Sr, Sc and Hf and the lowest
abundances of Rb and Cs. Furthermore, ilmenite basalts are
the most LREE depleted of the mare basalts from the Apollo
12 landing site. The initial (at 3.2 Ga) Sr isotopic composi-
tions for these fine-grained basalts define two supergroups,
one containing the olivine and pigeonite basalts (*Sr/*Sr
= 0.69954— 0.69960) and another of ilmenite basalts (*’Sr/
#Sr = 0.69920-0.69932). Initial Nd isotopic compositions
support these two distinct groupings—the ilmenite basalts
with exq of +10.5 to +11.2 and the pigeonite-olivine-basalt
group with eyg of +4.3 to +4.7.

Trace-element modelling also allows a common source
for the fine-grained olivine and pigeonite basalts, athough
previous modelling has indicated that their ascent and/or
extrusive histories are quite different. Whereas most olivine
basalts can be modelled by up to 25% crystal accumulation
in magmas which were generated by 5—11% partial melting
of the source, pigeonite basalts involved significant assimila-
tion-fractional crystallization with a crustal component (Neal
et al., 1994b). Such assimilation for the pigeonite basalts is
not seen in our fine-grained parental varieties, consistent
with their being parental (i.e., relatively uncontaminated) to
the process. Thus, any assimilation must have occurred at
the surface during extrusion. Fine-grained parental basalts
for both the pigeonite and olivine groups indicate 7-9%
partial melting of an olivine-dominated source. The chemical
compositions of fine-grained ilmenite basalts 12022 and
12045 are consistent with their derivation by 5-6% non-
modal fractional melting of a source with sub-equal propor-
tions olivine and pigeonite, some clinopyroxene, and a minor
entrained plagioclase component.

Chemical modelling of the crystallization of an incipient
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lunar magma ocean has allowed us to place constraints on
the nature and location of the upper mantle sources for the
low-Ti basalts. This modelling included both major and
trace-elements exhibiting a range of incompatibilites, includ-
ing highly incompatible (Rb, Be, LREEs), moderately in-
compatible (Sr, Li, Hf, HREEs), and compatible (Mg, Fe,
Ca, Co). The low-Ti ilmenite basalt source contained
< 0.15%, and the olivine-pigeonite basalt source contained
from 0.3 to 0.5%, residual magma ocean liquid trapped in
the interstices of upper mantle minerals. The low-Ti basalts
were melted from sources formed after 82—-94% crystalliza-
tion of an early moon-wide magma ocean, in contrast to
high-Ti basalts which were formed from more evolved
magma ocean cumulates (after about 95% crystallization;
Snyder et al., 1992). It appears that all mare basalts were
melted from the uppermost 20% of the magma ocean cumu-
late pile.

Finally, we have proposed a model for melting of the
lunar interior over time which includes

1) formation of cumulate source-regions with variable pro-
portions of trapped, residual LMO liquid (the proportion
likely decreasing with depth);

2) early melting of those source regions that are shallow,
the most fertile, and that have the highest proportions of
trapped LMO liquid (and thus the highest incompatible-
element abundances and the greatest amount of heat-
producing elements) — these sources happen to have
significant ilmenite in the mineral assemblage and gener-
ate high-Ti mare basalts;

3) later melting of progressively deeper sources with
smaller proportions of trapped LMO liquid; and

4) sinking of the ilmenite-bearing upper layers of the mantle
into the lower mantle carrying more fertile source mate-
rial and allowing the melting of more Mg-enriched mag-
mas (represented by picritic glass beads).
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