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Abstract—Isotopic studies of mare basalts have led workers to conclude that their sources are heterogeneous
on both large and small scales. Furthermore, these studies have led workers to postulate that depletion
within the lunar mantle occurred early in its evolution and was a result of accumulation of mafic minerals
from a LREE-enriched magma ocean. High-Ti basalts from the Apollo 11 and 17 landing sites and
ilmenite basalts from Apollo 12 are secondary evidence of this extreme, early depletion event. KREEPy
rocks are the complementary enriched component in the Moon.

A total of fourteen high-Ti basalts have now been analyzed from the Apollo 11 landing site for neo-
dymium and strontium isotopes. A Sm-Nd internal isochron on basalt 10058 yields an age of 3.70
+ 0.06 Ga, similar to “°Ar/*Ar ages of other Group B1 basalts. A compilation of all previously determined
ages on Apollo 11 high-Ti basalts indicates four distinct phases of volcanism at 3.85 + 0.02 Ga (Group
B2), 3.71 £ 0.02 Ga (Group B3), 3.67 = 0.02 Ga (Group B1), and 3.59 %+ 0.04 Ga (Group A). Whole-
rock Sm-Nd isotopic data for all Apollo 11 high-Ti basalts form a linear array, which yields the age of
the Moon (4.55 + 0.30 Ga). A similar regression of all uncontaminated high-Ti basalts from the Moon
(both Apollo 11 and Apollo 17) yields an age of 4.46 + 0.17 Ga. Both arrays are interpreted as average
source ages of the high-Ti basalts and are consistent with the formation of these sources by precipitation
of cumulates from a magma ocean early in the history of the Moon.

These new strontium and neodymium isotopic data, coupled with previously published data, are con-
sistent with a two-component model for the upper mantle of the Moon. These two components include
mafic adcumulates precipitated from a magma ocean prior to 4.4 Ga and small amounts (<2%) of
trapped, KREEPy, late-stage, magma ocean differentiates. The mafic adcumulate evolves from 4.5 Ga,
with '4’Sm/!**Nd = 0.318 and ¥Rb/*Sr = 0.005 to extremely radiogenic neodymium isotopic ratios
and very unradiogenic strontium isotopic ratios. The KREEPy trapped liquid has a '¥’Sm/'*Nd = 0.168
and ¥Rb/*Sr = 0.235 and thus, evolves toward very unradiogenic neodymium and radiogenic strontium
isotopic ratios. Because the KREEPy trapped liquid is enriched in both rubidium and the REEs by over
an order of magnitude compared to the mafic adcumulate, trapping of even small proportions of this
liquid in the adcumulate will control the radiogenic isotopic composition of the source. The apparent
heterogeneity in the source regions of mare basalts could be caused by trapping of variable, yet small,

proportions of this LILE-enriched liquid in the cumulate pile.

INTRODUCTION

IN THE LIGHT OF THEORIES that have resurrected the “Col-
lision Hypothesis™ for the origin of the Earth-Moon system
(HARTMANN and DAVIS, 1975; MELOSH, 1990), it is evident
that studies of the composition of the lunar interior are im-
portant, not only in their own right, but in order to achieve
a better understanding of the chemistry of the early mantle
of the Earth. An appropriate window through which to view
the lunar interior is the chemistry of basalts extruded onto
the surface of the Moon. To this end, a comprehensive neo-
dymium and strontium isotopic study was undertaken on
high-Ti basalts from the Sea of Tranquility (Apollo 11), a
study that complements earlier, ground-breaking isotopic
studies of basalts from this site (PAPANASTASSIOU et al., 1977;
UNRUH et al., 1984; NYQUIST and SHIH, 1992, and references
therein) and more recent isotopic studies on high-Ti basalts
from the Valley of Taurus-Littrow (Apollo 17 landing site;
PACES et al., 1991). We compare these radiogenic isotopic
data with that available in the voluminous literature on the
mineralogy, petrology, chemistry, and “°Ar/3°Ar systematics
of high-Ti basalts from the Apollo 11 landing site, and develop
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a unified model of high-Ti basaltic volcanism in the Tran-
quillity Basin.

The origin of mare basalts is the subject of considerable
study and controversy (NEAL and TAYLOR, 1992, and ref-
erences therein). Three principal models have been discussed.
The first is the primitive source model, which proposes that
mare basalts formed by varying degrees of partial melting of
primitive material of bulk Moon composition { RINGWOOD
and ESSENE, 1970; GREEN et al., 1971). This model fails to
explain many of the features (e.g., negative europium anom-
alies) later realized to be ubiquitous in mare basalts (see the
discussion in TAYLOR, 1982), and has long since been aban-
doned. A second model suggests that the source of the mare
basalt liquids is, indeed, the primitive lunar interior, but that
the ascending magmas are hybridized through assimilation
of the magma-ocean residuum (i.e., urKREEP, as per WAR-
REN and WASSON, 1979; HUBBARD and MINEAR, 1976;
RINGWOOD and KESSON, 1976). This model predicts a pos-
itive correlation between incompatible elements in mare ba-
salts and those in highlands rocks, whereas a negative cor-
relation is actually observed (TAYLOR, 1982). The third
model places the origin of the mare basalt liquids in the mafic
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cumulates formed through crystallization of the lunar magma
ocean. This model was proposed by PHILPOTTS and
SCHNETZLER (1970) and SMITH et al. (1970), with further
development and modification by TAYLOR and JAKES
(1974), WALKER ¢t al. (1975), DRAKE and CONSOLMAGNO
(1976), SHIH and SCHONFELD (1976), and NYQUIST et al.
(1976). BINDER (1982) revised the magma ocean cumulate
model further, by considering the effects of a convecting
magma system and a trapped liquid component on the cu-
mulate pile. This third model, albeit in various forms and
consisting of differing components, successfully explains the
complementary nature of the highlands and mare chemistry
(BINDER, 1982; SNYDER et al., 1992). Another major ad-
vantage is that it can explain the two-stage evolution indicated
by radiogenic isotopes (NYQUIST and SHIH, 1992, and ref-
erences therein).

To date, there have been whole-rock chemical analyses of
seventy-three mare basalt fragments from Apollo 11 (BEATY
and ALBEE 1978; BEATY et al., 1979; MA et al., 1980; RHODES
and BLANCHARD, 1980), and three principal groups (A, B,
D) have been delineated. All of these basalts have TiO,
abundances in excess of 9 wi%. Group A consists of high-K
basalts, enriched in incompatible trace elements (Fig. 1).
Group B mare basalts are divided into subgroups 1, 2, and
3. Groups Bl and B3 form a continuum of compositions,
and share many of the same textural features (BEATY and
ALBEE, 1978). B3 basalts display the most primitive ( highest
Mg#, lowest incompatible element abundances ) compositions
among the Apollo 11 samples. Groups B1, B2, and B3 basalts
are all “low-K,” but those of B2 are otherwise enriched in
incompatible trace elements relative to Bl and B3 basalts.
The least-represented basalts are from Group D, of which
only three examples have been described ( BEATY et al., 1979).
These tiny samples (two are <50 mg; the third is 187 mg)
are rich in incompatible trace elements such as the REEs,
comparable to the Group A basalts, but are low in potassium
like the B3 and B2 samples. Such a signature is unusual for
lunar rocks, which generally display a close correspondence
between potassium and the REEs (the so-called KREEP
component).

Trace-element studies of the high-Ti basalts have yielded
information on the projected chemical composition of sources
and on near-surface processes such as fractional crystalliza-
tion, but cannot give information on the timing of melting
and crystallization events. For such purposes, radiogenic iso-
tope studies have proven fruitful. Isotopic studies indicate
strong depletion of LILE in the upper mantle of the Moon
within 200 m.y. of its formation. High-Ti mare basalts can
be modelled as melts of depleted clinopyroxene-pigeonite-
olivine-ilmenite adcumulates from a lunar magma ocean
(LMO) which contain <2% intercumulus trapped liquid. Il-
menite, which is required in the source, does not become a
liquidus phase in the LMO until it is more than 90% crys-
tallized, at which point the residual LMO liquid has become
extremely LILE-enriched (KREEPy) with low Sm/Nd and
high Rb/Sr (SNYDER et al., 1992). This KREEPy trapped
liquid, though a volumetrically minor component of the cu-
mulate pile, controls the LILE abundances in the source.
With time, the mafic adcumulate rapidly diverges from a
chondritic reference reservoir (i.e., CHUR) to elevated, pos-

itive eng values, whereas the trapped liquid also diverges from
CHUR, but to more negative eyg values. Even small pro-
portions of this trapped liquid will greatly effect the “initial”
isotopic ratios of basalts derived from the upper mantle of
the Moon.

ANALYTICAL METHODS AND DATA PRESENTATION

Samples were crushed in acetone in a boron carbide mortar under
a flow of better than class 100 air. Two of the samples ( 10050 and
10058) were selected for internal mineral isochron dating. One of
these samples ( 10058) included analyses of a whole-rock and three
mineral separates, whereas the other sample ( 10050) included only
two points, a whole-rock and a plagioclase separate. For sample 10058.
approximately 15 mg was used for whole-rock analyses and the re-
mainder was separated into magnetic fractions on a Frantz isodynamic
separator. These magnetic splits were then handpicked to achieve
>95% pure plagioclase, pyroxene, and ilmenite separates.

Samples were dissolved in HF, HNOs, and HCl, and isotope di-
lution measurements made on a 10-15% split of this solution with
8Rb-#Sr and “*Sm-'**Nd mixed spikes. Total-process blanks for
chemical procedures were always less than 10 pg rubidium, 120 pg
strontium, 10 pg samarium, and 50 pg neodymium. Strontium and
neodymium isotopic data were obtained by multidynamic analysis
on a VG Sector multicollector mass spectrometer. All strontium and
neodymium isotopic analyses are normalized to *Sr/®Sr = 0.1194
and '"*Nd/"Nd = 0.7219, respectively. Analyses of SRM 987 stron-
tium and La Jolla neodymium standards were performed throughout
this study and gave weighted averages (at the 95% confidence limit,
external precision) of ¥Sr/%Sr = 0.710250 + 0.000011, and "**Nd/
1Nd = 0.511854 + 0.000011, respectively. Internal, within-run,
statistics are almost always of higher precision than the external errors
(see Tables 2 and 3 for within-run statistics of samples which are
comparable to that of the standards). All isotope dilution measure-
ments utilized static mode multicollector analyses.

By convention, the neodymium isotopic data are also presented
in Tables 2 and 3 in epsilon units, deviation relative to a chondritic
uniform reservoir, CHUR (DEPAOLO, 1976):

ENg T [( 143Nd/IMI\Idsample - ]43Nd/l44NdCHUR)/
"IN/ " Ndenur ] X 107,

Model ages (or single-stage evolution ages) have been calculated for
both neodymium and strontium isotopes and are given under the
headings Teuur and Tryw, respectively, in Tables 2 and 3, where,

Toom = 1/A X In [((YSr/%Sr — 0.69903)/5Rb/*Sr) + 1]

and

Teuur = /A X In [("*Nd/"Nd - 0.512638)/
("Sm/'Nd — 0.1966) + 1].

The Ty un model age is determined relative to a suggested lunar initial
878r/88r = LUNI = 0.69903 at 4.55 Ga (NYQUIST et al., 1973).
The Tenur model age is determined, relative to a present-day chon-
dritic uniform reservoir (CHUR ) with '*Nd/'*Nd = 0.512638 and
47Sm/**Nd = 0.1966. Errors in the model ages are estimated from
consideration of errors in the parent-daughter ratios and measured
isotopic ratios. Errors in isochron ages are 2-sigma ( YORK, 1969) of
the scatter as calculated in the ISOPLOT program of LUDWIG (1990).

NATURE OF HIGH-Ti BASALTIC YOLCANISM AT
MARE TRANQUILLITATIS

Age Constraints on Volcanic Episodicity and Persistence

High-Ti basaltic volcanism in the Tranquillitatis Basin
persisted for at least 250 million years and possibly up to 400
million years (STETTLER et al., 1974). Previous *“’Ar/>Ar,
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Table 1: Geochronological Information (in Ga) on Apollo 11 High-Ti Mare Basalts

Sample Group 40Ar-3%Ar Rb-Sr Sm-Nd  Weight. Ave. Ref.
High-K
10017 A 3.63+0.11 3.56+0.05 3.5740.04 1,2,3
10022 A 3.54+0.06 3.5310.03 1,4
3.5310.04
10024 A >3.44+0.05 3.59+0.07 3.59+0.07 1,2
10031 A 3.551+0.08 3.5540.08 1
10032 A 3.5340.06 3.53+0.06 1
10049 A 3.41+0.04 3.41+0.04 1
10057 A >3.36+0.04 3.60+0.04 3.60+0.04 1,2
10069 A >3.45+0.04 3.65+0.06 3.65+0.06 1,2
10071 A 3.47+0.06 3.65+0.02 3.65+0.02 1,2
10072 A 3.5740.05 3.6210.05 3.57+0.03 3.59+0.02 1,23
3.69+0.11
Low-K
10044 B1 3.661+0.04 3.6740.07 3.66+0.03 1,2
10047 B1 3.69+0.03 3.69+0.03 4
10058 Bl 3.66+0.03 3.61+0.10 3.701£0.06 3.66+0.03 1,2,3,5*
3.60+0.20
10003 B2 3.85+0.03 3.81+0.08 3.85+0.03 1,2
10029 B2 3.83140.03 3.831+0.03 1
10062 B2? 3.79+0.06 3.97+0.11 3.88+0.06 3.87+0.03 1,3
10020 B3 3.72+0.04 3.72+0.04 1
10045 B3 3.71+0.03 3.71+0.03 3
10050 B3? 3.70+0.03 3.70+0.03 1
10092 B3

All ages calculated using the following decay constants: A4k = 5.81x10-11 yr.-1, As7gp, =
1.402x10-11 yr.-1  and AMe7g, = 6.54x10-12 yr -1,

Weighted Average Ages:

A =3.59+.04 Ga
Bl =3.67+.02 Ga
B2 = 3.85+.02 Ga
B3 =3.71%.02 Ga

References: 1 = GUGGISBERG et al. (1979), 2 = PAPANASTASSIOU and WASSERBURG (1971),
3 =PAPANASTASSIOU et al. (1977), 4 = STETTLER et al. (1974), 5 = NYQUIST (1977),
* this work.

Rb-Sr, and Sm-Nd age determinations for the high-Ti basalts
from Apollo 11 have been recalculated, using the decay con-

Sr ratio of either the minerals or the whole-rock, it will, to a
great extent, control the slope of the line, and thus, the age.

stants of STEIGER and JAEGER (1977) for all systems except
Rb-Sr (Table 1). For Rb-Sr, we have used a Aswp,, of 1.402
X 107! y~! as suggested by MINSTER et al. (1982) and
NYQUIST et al. (1986). This revised decay constant for ru-
bidium is based on the convergence of ages for Rb-Sr whole-
rock data and U-Th-Pb data from chondritic meteorites
(MINSTER et al., 1982). Throughout the following discussion,
the lunar basalt classification scheme of NEAL and TAYLOR
(1992) is used.

Group A basalts are relatively high in K,O (>0.3 wt%;
Fig. 1) and define the youngest volcanic episode (3.59 + 0.04

Ga). Groups Bl, B2, and B3 basalts are low-K varieties “0 - 'A' '“' '1'1 T
(=0.12 oxide wt%; Fig. 1) and exhibit a range of eruption i . potlo ¢ 1
ages from 3.85 to 3.67 Ga. Groups Bl and B3 are similar in 301 .': o
age (3.67 £ 0.02 Ga vs. 3.71 £ 0.02 Ga, respectively). Group [ R 3 .& o
B2 basalts are, by far, the most ancient expression of volcanic (plﬁ:n ) 20 . . ° 1

activity at the Apollo 11 landing site (3.85 + 0.02 Ga), and
are the oldest of all high-Ti basalts discovered so far.

A plot of '"Sm/'*Nd vs. '*Nd/'*“Nd for the mineral
splits and the whole-rock split (Fig. 2, Table 2) from sample
10058 (a Group B1 basalt) yields an age of 3.70 *+ 0.06 Ga,
within analytical uncertainty of previous “Ar/*Ar deter-
minations for this basalt type. A Rb-Sr mineral-isochron for
this sample yields a similar age (3.71 + 0.04 Ga) when il-
menite is not included. Because ilmenite has the highest Rb/

The inclusion of ilmenite (Fig. 3) yields an age of 3.61 + 0.10
Ga. While this age does overlap the Sm-Nd mineral-isochron
age, there seems to be evidence of resetting of the Rb-Sr sys-
tematics of this sample. However, this resetting event cannot
be due to later meteoritic bombardment as the *“°Ar/*Ar
systematics (which should be more readily disturbed) yield
an age for this rock which is higher than the Rb-Sr age.

[ e X Basalt groups 1
or 4 e A m B3 ]
- o Bl Ao D E
r e B2 x Ungrouped]
0 P W SR TR [N SN YR TN W [N SN SO T S N S S G 1

0 0.1 0.2 0.3 0.4
K,0 (wt. %)

FiG. 1. La vs. K,O for Apollo 11 mare basalts showing the distri-
bution of the various groups. Note the continuous trend for Groups
B3 and B1 basalts and the nearly vertical array of B2 and D basalts.
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Sm/ "Nd
F1G. 2. Sm-Nd mineral isochron for 10058. MSWD is the mean of standard weighted deviates and indicates whether
the scatter in the line is due to analytical error or due to true differences in measured values for the ratios. The higher
the MSWD the more likely that the scatter is not due simply to analytical error. The inset exhibits the deviation of
each datum from the “best-fit” line in units of 104,
Petrography K™ based upon early analyses (e.g., ALBEE and CHODOS, 1970;

The petrography of the Apollo 11 mare basalt groups has been
described in detail previously ( BEATY and ALBEE, 1978, 1980; BEATY
et al., 1979; JERDE et al., 1994); only the basic features will be sum-
marized here. The Group A basalts generally have been referred to
as Apollo 11 high-K basalts and are distinct from other basalts present
at the site. All tend to be fairly fine-grained and vesicular, although
wide ranges of grain sizes and textures are present. Both porphyritic
and nonporphyritic types are found, with the latter being more prev-
alent. The nonporphyritic basalts are approximately 25% plagioclase,
15% ilmenite, 50% pyroxene, and 10% fine-grained mesostasis, con-
sisting of plagioclase, cristobalite, and glass. Accessory amounts of
olivine, troilite, phosphate, ulvéspinel, tranquillityite, and Fe-metal
are also seen. A seriate grain size ranging from 30 um to 250 um is
observed among the suite, and the modal abundance does not vary
significantly between the two extremes. Textures range from “antio-
phitic”, with plagioclase enclosing smaller pyroxene grains, to sub-
ophitic. The porphyritic Group A basalts are less common, and have
an average grain size of ~150 um and numerous spherical vesicles
up to 3 mm across. Pyroxene phenocrysts are up to twice the size of
groundmass minerals. These phenocrysts are intergrown with coarse
ilmenite grains, and olivine cores are present in some of the phe-
nocrysts. Armalcolite grains up to ~350 pm are sparse.

The Group B basalts of Apollo 11 were originally termed “low-

COMPSTON et al., 1970; GAST et al., 1970) and were later shown to
span approximately 200 m.y. in age (PAPANASTASSIOU et al., 1977;
GEIss et al., 1977), precluding their formation as a single unit. BEATY
and ALBEE (1978 ) established that three subgroups exist, termed B1,
B2, and B3, based upon textural and compositional considerations.
Group B! basalts are coarse-grained (~800 um) and subophitic.
Minerals present are ~35% plagioclase, 45% pyroxene, 13% ilmenite,
6% cristobalite, and accessory troilite, Fe-metal, ulvospinel, olivine,
apatite, tranquillityite, glass, and K-Ba-feldspar. The pyroxene is
present as 1-2 mm sector-zoned crystals, with interstitial plagioclase.
Ilmenite is anhedral and often shows lobate intergrowths with py-
roxene and plagioclase.

Group B3 basalts are essentially the same age as the Bl basalts,
but are finer-grained ( ~200 pm). Textures range from intergranular
to ophitic with a network of plagioclase laths, either enclosing small
pyroxene grains, or itself surrounded by large pyroxene grains. Group
B3 basalts have approximately the same modes as Group B1, except
for the presence of up to 5% olivine phenocrysts and less cristobalite
(3-5%). llmenite is dominantly acicular, although equant, blocky
grains are present in one B3 sample (10045), and occasional lobate
intergrowths are characteristic of Group Bl basalts.

The basalts of Group B2 are significantly older, by ~150 Myr,
than the rocks of Groups B3 and Bl (Table 1). The grain size is
intermediate between that of B! and B3 basalts ( ~500 um), and

Table 2: Rb-Sr and Sm-Nd Abundance and Isotopic Data for whole-rocks and mineral
separates of Apollo 11 High-Ti Mare Basalts

Sample Group wi(mg) Rb St BTRp/S6gr! 8758652 Sm  Nd ¥sm/!%Ng*  193Nd/14Ng?
_(ppm) (ppm) (ppm) _(ppm)
10050,162 B3 20 0706 183 00112 0.699712+13 123 302 02462 0.514237+09
plag 16 0.234 480 0.00140 0.699222+11 2.69 7.41 0.2193 0.513551+06
10058,189 Bl 15 1.42 193 0.0212 0.700306+14 219 54.8 0.2418 0.514120+07
plag 19 0.314 506 0.00178 0.699269+14 2.93 8.45 0.2099 0.513311+09
pyx 36 00725 275 000759 0.699585+14 410 755 03287 0.516226+08
ilm 38 0643 546 00341  0.700942+10 734 183 02431 0.514138+79

1 Errors are <0.6% relative for alt analyses.

2 Absolute errors in measured 37St/858r and !> Nd/!*Nd are quoted as 2-sigma of the mean (internal precision).

* Errors are always <0.1% relative.
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F1G. 3. Rb-Sr mineral isochron for 10058. The inset exhibits the deviation of each datum from the “best-fit” line

in units of 10*,

ophitic, with 0.1-0.4 mm plagioclase laths set in much larger pyroxene
grains, occasionally over 2 mm across. The approximate modes are
35% plagioclase, 50% pyroxene, 15% ilmenite, with accessory olivine,
cristobalite, phosphate, troilite, Fe-metal, ulvdspinel, and tranquil-
lityite. The plagioclase is evenly distributed through the sample, as
1s ilmenite. When observed, olivine is usually confined to the cores
of the pyroxene.

Group D basalts are as yet only represented by three fragments
from the Apollo 11 bulk sample. The three samples have masses of
26, 41, and 187 mg (BEATY et al., 1979), so that some textural
variability may be the result of sample heterogeneities. Grain size
ranges from 300 to 500 um, and the samples have an intersertal to
subophitic texture similar to that of the Group A basalts. Plagioclase
comprises ~32% of the sample, pyroxene 50%, and ilmenite 12%.
The amount of olivine varies from <0.5% to nearly 4%, and cristo-
balite varies from ~1.5% to 4%. Accessory phases include spinel,
ulvéspinel, phosphate, troilite, Fe-metal, baddeleyite, tranquillityite,
glass, and K,Ba-feldspar. The phosphate phases include whitlockite
and are present in amounts up to 0.75%.

Chemistry

The Apollo 11 basalt groups are most clearly discriminated, using
a lanthanum vs. K,O variation diagram (Fig. 1). In this diagram, a
continuum between B3 and B1 is seen, as is the coherence of the
Group A basalts. The three Group D samples occupy a region of
similar lanthanum content as the Group A basalts, but contain <0.1%
K,0, whereas the members of Group A are often in excess of 0.3%
K;O. The B2 samples are distributed in the region between the D
and B3/BI ranges.

It has been suggested that each of the basalt groups of Apollo 11
represents a single, individual flow (BEATY and ALBEE, 1980). This
is an unlikely model, because the individual basalt groups represent
chemical compositions which are too variable to be related by simple
fractionation, as successive volcanic flows might be. Furthermore,
these basalts exhibit a wide range of crystallization ages. However,
Groups B3 and B can be related to one another by fractional crys-
tallization. The possibility that Groups B1 and B3 are related was
briefly discussed by BEATY et al. (1979). Fractionation calculations,
using a composition taken as the “most primitive” (fine-grained
sample with no phenocrysts, the highest Mg# [= Mg /(Mg?*
+ Fe?*)], highest incompatible elements, and lowest incompatible
elements) Group B3 basalt composition successfully produce the
“most evolved” Bl basalt after approximately 40% crystallization
(JERDE et al., 1992a, 1994). Relating these two groups to a single
magma system is consistent with the essentially identical ages deter-

mined for these two groups (Bl = 3.67 + 0.02 Ga and B3 = 3.71
+0.02 Ga), an “age” shared by no other group of Apolio 11 basalts.

Among the other low-K basalts of Apollo {1 (Groups B2 and D),
the B2 basalts are the only ones to have been dated and are the oldest
basalts from Apollo 11 at 3.85 Ga. These form a nearly vertical array
in Fig. 1, characterized by variation in REE content, but little change
in potassium. This apparent decoupling of potassium and the REEs
is of interest, due to its comparative rarity in lunar samples and is
explained by the accumulation of the REE-rich, K-poor mineral
whitlockite. In fact, JERDE et al. (1992a, 1994) have successfully
modelled the B2 and D basalts by simple addition of 0.27 wt% and
0.54 wt% whitlockite, respectively, to a model B1-B3-type magma.
Therefore, it is suggested that a single magma type is responsible for
the B2 and D basalts, the principal difference between the two being
the amount of whitlockite present in the samples. This whitlockite
could have been accumulated in the latest stages of crystallization or
could have been added later, due to the upward percolation of meta-
somatic fluids (as per NEAL and TAYLOR, 1989). The possibility of
these two groups being related also was briefly discussed by BEATY
et al. (1979). It also was pointed out by BEATY and ALBEE (1978)
that the Group D basaits may be from lower in the stratigraphic
column, along with Group B2 basalts. If the principal difference be-
tween the two groups is a varying amount of whitlockite (coupled
with small percentages of fractional crystallization), then the age of
the D basalts should be that of the B2 basalts, namely ~3.85 Ga.

The ages of the B3 and B1 basalts are ~3.69 Ga, and those of
Group B2 are 3.85 Ga, precluding a direct connection. Small amounts
of whitlockite do not effect the major-element balance of a rock. The
major element compositions of the B2 and D samples are not sig-
nificantly different from each other, while they are higher in Al,O;
and P,0s, lower in TiO,, and possess a lower Mg# than the B3 basalts.
This is consistent with the B2 and D basalts originating through prior
melting of the B3/B1 source. Thus, all of the Apollo 11 low-K basalts
may have the same ultimate source (JERDE et al., 1992a, 1994).

The Group A basalts lie roughly along the trend shown by the B3
and B1 basalts in Fig. 1. The three groups B3, Bi, and A are not
related by simple mixing, however. Most major elements do not show
linear trends between the three groups, as would be expected if mixing
is responsible for generating such compositions. Nor can the Group
A basalts be related to B3/B! by fractionation. The incompatible
trace elements are enriched relative to those of the B3/B1 rocks (26.5
ppm lanthanum vs. 9.9 ppm lanthanum in B1) which would indicate
significant fractionation (~65%), but Mg# in the Group A basalts
is higher than that in the Bl basalts. Further, Group A samples are
considerably younger (3.59 Ga vs. 3.67 Ga for the youngest low-K
basalts at Apollo 11). JERDE et al. (1992b, 1994) have postulated
that the Type A basalts may not be indigenous to the Apollo 11 site
and their petrogenesis will not be discussed further.
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NEODYMIUM AND STRONTIUM ISOTOPIC RESULTS
ON WHOLE ROCKS

Ten new samples were analyzed for Sm-Nd (as well as Rb-
Sr), in this study. PAPANASTASSIOU et al. (1977) analyzed
sample 10062 (a Group B2) and 10072 (a Group A), and
UNRUH et al. (1984) reanalyzed these two sarmples as well
as two others, 10003 {another Group B2) and 10071 {(another
Group A) for Sm-Nd. This means that a total of fourteen
high-Ti basalts from Mare Tranquillitatis have been analyzed
for both Sm-Nd and Rb-Sr, Prior to the present study, no
samples from types Bl and B3 had been analyzed for both
neodymium and strontium isotopes.

Rb-Sr isotopic data for all of the Apollo 11 high-Ti basalts
define a line which yields an age of 3.74 Ga = 0.07 Ga (Fig.
4b). However, this line is essentially a two-point “isochron,”
with the two points being the high-K {Group A} and low-K
(Groups Bl, B2, and B3) high-Ti basaits. Furthermore, as
mentioned above and in JERDE et al. (1994), the Group A
basalts are vastly different both in age and genesis from the
tow-K basalts. Thus, the line in Fig. 4b is probably a mixing
array between younger Group A basalts (3.59 Ga) and older
tow-K basalts {ranging in age from 3.67 to 3.85 Ga), and
has no real age significance. The low-K basalts alone plot
within an array defined by reference lines of 3.85 Ga and
4.10 Ga (Fig. 4a). This array converges at the y-intercept
yielding a fairly well-defined ¥'Sr/%Sr “initial ratio” of
0.69916 + 8. This ratio appears to be realistic as it encom-
passes individually calculated initial ratios for each low-K
basalt sample (Table 3). The “age” range of this array is
similar to a Rb-Sr age obtained by PACES et al. (1991)on a
selected group of Apollo 17 basalts (4.02 + 0.05 Ga). How-
ever, the scatter in this array as compared to that of PACES

Table 3: Whole-Rock Rb-Sr ~-Nd Concentration and Isotopic Datn for llo 11 High-Ti Mare Basaits
Sample Group wigmg) Rb St ®'RbASst  BTsp®s?  FlseBgrgy Ty (Ga) Sm Nd Msm/'MNd® YINGMMNA EngT)  Temur
{ppm) (ppm} (ppm) {ppm}
10017345 A 1S 627 179 0101 (704653113 (0.6994232 3831003 219 639 02072 0.513043:09 3.1404 5731023
10032,32 38 609 165  0.106 0.704932+17 0.69946+2 3.86+0.03 222 650 02065 0513031409 3.1+04 595+0.26
10044628 Bl 22 183 301 00176 0700133+14 0.69920+2 4341008 307 777 02387  0.514021+08 7.140.4 4.94+0.05
10047217 BI 14 0898 200 00130 0.699857+13 0.6991742 4404009 138 341 02444  OS514174309 74104 4842006
10058189 BI 15 142 193 00213 0.700306+14 06991812 4174607 219 S48 02418 0514120407 7604 4931005
1002931 B2 23 0367 134 000785 0699631121 06992033 5264020 931 255 02206 0513354510 2.0+04 4.49+0.05
10020223 B3 16 0717 147 00141  0.699944+18 06991942 4514011 916 236 02348  0513793+11 43+0.4  4.55+0.07
10045108 B3 28 0701 136 00140 070002113 06992342 459:0.08 892 230 02342 0S5137T6£12  43:04  4.561008
10092,19 B3 1§ 0678 139 00141 0699944414 0.69919+2 448+009 880 221 02353 0513818107 4.6+04 4591005
10050,162 U 20 0706 183 DOIIZ 0699712413 06991242 4223011 123 302 02462 0514237209 76304 4.85:0.05

1 Errors are always <0.6% relative,

2 Absolute errors in measured ¥'Sr/%Sr and "INo/!**Nd are quoted as 2-sigma of the mean (internal precision).

* Errors are always <0.1% relative.
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17 samples are reported relative to the same standard values as Apolio
11 data in the text.

et al. (1991) does not allow us to grant it much significance.
The previously unclassified basalt, 10050, does not lie within
this array, but plots to lower *’Rb/®*Sr and *'Sr/*Sr.

For the most part, Sm-Nd isotopic data for the basalts
exhibit tight clusters which correspond with previously de-
termined types (A, Bl, B2, and B3; see Table 3; Fig. 5).
Remarkably, a regression of all fourteen whole-rock samples
from Apollo 11 yields a line which exhibits the age of the
Moon, 4.55 £ 0.30 Ga (MSWD = 70; Fig. 5a). The relatively
large error in the line, as well as the large MSWD, indicate
that the scatter cannot be due to analytical error alone and
may indicate isotopically distinct sources for some samples.
However, even if some of the scatter is due to statistical mixing
of sources, the indication is that these sources were formed
early in the history of the Moon. A regression of all high-Ti
basalts from the Moon (with the exception of Type B2 basalts
from Apollo 17; Type B2 basalts likely were contaminated
during surface processes; PACES et al., 1991) gives a line which
yields an age of 4.46 + 0.17 Ga (MSWD = 45; Fig. 5b). This
whole-rock isochron can be taken as evidence that the source
from which high-Ti basalts were derived had a relatively ho-
mogeneous '**Nd/'“*Nd, yet variable Sm/Nd, at 4.4 Ga.
Apollo 11 Group Bl basalts plot slightly above the line and
indicate a relatively long-lived depleted-mantle component.

The presence of a second component, which is large-ion lith-
ophile-element ( LILE )-enriched, is reflected in both the low
147Sm/ "**Nd values and high *’Rb/%*Sr and K,O in Group
A sampiles from Apollo 11.

Initial strontium isotopic ratios and eng values have been
calculated for each basalt sample assuming the average ages
for each group as indicated in Table 1. These initial strontium
isotopic ratios and eng values are reported in Table 3 and
plotted together with those from Apollo 17 in Fig. 6. Com-
bined strontium and neodymium isotopic data indicate dis-
tinct fields for the different basalt types, although Group A
basalts exhibit a relatively wide range in strontium initial
ratios. These data alone suggest three plausible, competing
interpretations: (1) four different sources for the Apollo 11
basalts, commensurate with their previously determined
classification, (2) extreme heterogeneity in the lunar mantle
leading to a multitude of sources (a variation on interpretation
number one), or (3) real, albeit small, differences in the crys-
tallization ages of samples from the same group. We have
suggested above that each basalt group represents a relatively
restricted (within 20 Ma) magmatic event, and thus, inter-
pretation number three would be obviated.

DISCUSSION

Apart from basalts from the Apollo 11 landing site, only
those from Apollo 17 can be considered truly high-Ti in tenor
(9-14 wt% TiO,; NEAL and TAYLOR, 1992). The high-Ti
basalts from Apollo 17 exhibit a more restricted range in age
(3.69-3.75 Ga) than those from Apollo 11 (PACES et al.,
1991). Neodymium and strontium isotopic data for the lunar
high-Ti basalts yield a wide range of initial exg and strontium
isotopic signatures. Fields for the Apollo 11 Group Bl and
B3 basalts differ by at least 2.5 epsilon units (Fig. 6). Basalts
from Apollo 1, excluding the Group A basalts, plot at rel-
atively low #Sr/%Sr for a given enq value, relative to those
from Apollo 17. Apollo 11 Group B1 basalts have eyq values
which are similar to Apollo 17 A, B1, and C basalts. However,
all of these groups are distinct in strontium isotopic com-
position. Type B2 basalts from Apollo 17 have the most vari-

T T T T L T T
7+ Q IQB 1474 J
| 1-BI %
) 17-C
— 6 T
-“ -
= 17-B2 (HIGH-Ti MARE BASALTS'
£ St
=,
Z L *
w | 11-4
3k *x
11-B2
A L 1 1 e, 1
0.69915 0.69925 0.69935
87, 86 o ses
Sr/7"Sr initial

FIG. 6. Plot of initial ¥’Sr/%Sr vs. initial exq for all high-Ti basalts
from the Moon. Light shaded area encompasses all Type B2 basalt
data from Apollo 17; dark shaded area encompasses all Apollo 11
B2 determinations.
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able neodymium and strontium isotopic compositions, Pre-
vious workers have interpreted much of this isotopic vari-
ability as due to heterogeneity in the sources of high-Ti basalts
{e.g., PACES et al.,, 1991}. However, the major- and trace-
element composition, and mineralogy are strikingly uniform
for the Apollo 11 low-K (Groups B1, B2, and B3) basalts.

SNYDER et al. (1992) have noted the similarity in trace-
element compositions between Type C basalts from the
Apollo 17 landing site and Group B3 basalts from the Apolio
1 1 landing site. They have inferred that these two basalt types
were generated from the same source. Furthermore, JERDE
etal. (1992a, 1994) have indicated that the Group B1 basalts
may have been derived from the Group B3 basalts by frag-
tional crystallization (assuming that the groups are indeed
the same age). This conclusion is supported by strontium
isotopic modelling alone (Fig. 7). Assuming that the bulk
distribution coefficient for strontium in these basalts is <1,
Fig. 7 indicates that the B3 basalts are likely precursors to
the Bl basalts and both may be related by simple fractional
crystallization. However, ratios of the REEs (eg., Fig. 8)
demonstrate a distinct difference, both in the *'Sm/"*Nd
and "Nd/"*Nd of Bl and B3 basalts. Fractional crystalli-
zation of a B3 basalt is not likely to produce a magma which
has a higher Sm/Nd and more radiogenic neodymium iso-
topic composition. Therefore, a different mechanism must
be proposed to explain the isotopic systematics and trace-
element ratios. Again, looking at the strontium modelling
alone, B2 basalts could be part of the same fractionation
sequence. However, the older age {3.85 Ga) of B2 basalts
precludes this relationship.

In summary, isotopic data suggest separate sources for the
high-Ti basalts at Mare Tranquillitatis, whereas trace- and
major-element modelling indicate a fractionation relationship
between Groups B3 and Bl and broad source similarities for
all high-Ti basalts except type A. Assuming the source{s) of
high-Ti mare basalts exhibits an elevated Sm/Nd, any frac-
tionation model based on trace- and major-elements which
seeks to relate different groups of high-Ti basalts must include
the addition (assimilation?) of at least a second component
with low Sm/Nd. What could have caused this apparent de-
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coupling of the isotopes from the major- and trace-clement
compositions?

First, the basalts could have been contaminated in transit
to. or at, the lunar surface. Likely contaminants include an-
orthositic crust, lunar granite, or KREEP. Each of these
plausible contaminants is LREE-enriched, although to dif-
ferent degrees. Indeed, previous workers have suggested that
KREEP assimilation could explain the isotopic variability in
some, though not all, high-Ti magmas (PACES et al., 1991).
Second, the sources for the mare basalts could have been
metasomatically altered. However, this metasomatism must
have occurred early in the history of the reservoir(s), allowing
retasomatized reservoirs to evolve along separate isotopic
pathways for 0.5 Ga. This posited metasomatism also must
have been highly selective for certain mantle source region(s)
of the mare basalts, while others remained relatively un-
touched by metasomatizing agents.

The similarity of the low-K, high-Ti basalts in mineralogy,
major-, and trace-elements has led to the suggestion that they
were all derived from a similar, if not common, source (JERDE
etal., 1992a,b, 1994). It is conceivable, for example, that all
high-Ti basalts were generated from a similar portion of the
Moon, progressively depleted by melting over a 250 Ma pe-
riod. There is some evidence to support this hypothesis in
Fig. 8, where the sources of high-Ti mare basalts do seem to
become more depleted with time (again, excluding the Type
A basalts). Using the initial neodymium isotopic composition
of the basalts, the '*’Sm/ '**Nd ratios of the source between
postulated melting events can be calculated. However, an
unrealistically high '7Sm/ "*Nd ratio (>1) is required in the
source in order to generate the ey values of Apollo 17 Type
B1 basalts at 3.69 Ga from the same source as Apollo 11 B3
basalts {3.71 Ga). Hence, the progressively depleted nature
of the high-Ti mare basalts reflect a larger proportion of a
long-lived I.REE-depleted component in the source with time,
and not progressive depletion due to melting. As can be seen
in Fig. 8, this depleted component dominates many of these
basalts after about 3.75 Ga.
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Model ages for the Apollo 11 basalts are, characteristically,
older and younger than the Moon (4.55 Ga) for neodymium
and strontium, respectively (Table 3). Notable exceptions
are the Group B3 basalts which exhibit model ages for both
Nd (4.55-4.59 Ga) and Sr (4.51-4.59 Ga) coincident with
the age of the Moon. This convergence of model ages for the
B3 basalts is intriguing and could indicate a single-stage evo-
lution for these rocks. All other basalts would indicate an
enrichment “event” subsequent to the formation of the Moon
and prior to their extrusion on the surface. Alternatively, this
convergence of neodymium and strontium model ages with
the age of the Moon for the B3 basalts may simply be a
fortuitous consequence of mixing depleted and enriched res-
ervoirs generated at the inception of the Moon.

PACES et al. (1991) attribute significance to a Rb-Sr whole-
rock isochron (of selected whole-rocks) which yields an age
of 4.02 + 0.05 Ga. They suggest that this whole-rock isochron
represents the final time that the sources for these basalts
exhibited a common strontium isotopic composition. They
postulated that the cause for later isotopic modification and
divergence of the sources was due to metasomatic effects in-
volving Rb- and halogen-rich fluids “derived either through
outgassing of the lunar interior or through fractional crys-
tallization of KREEPy magmas emplaced nearby” (PACES
et al., 1991), We do not believe this to be the case for the
Apollo 11 basalts. First, PACES et al. (1991) indicated a con-
vergence of neodymium and strontium model ages, at 4.6
4.7 Ga in their Table 3, for the Type C basalts from the
Apollo 17 landing site. This convergence is difficult to rec-
oncile with their metasomatic addition model for generation
of the elevated rubidium found in these samples (PACES
etal., 1991). It seems improbable that just enough rubidium
would be added to these rocks to yield strontium model ages
coincident with those of neodymium. Second, the Rb-Sr
whole-rock “age” for the Apollo 11 basalts (3.74 + 0.07 Ga,
MSWD = 14.6; Fig. 4) is much younger than the Sm-Nd
whole-rock “age” (4.55 = 0.30 Ga, MSWD = 70), in direct
contrast to those for the Apollo 17 basalts. Third, the Rb-Sr
“isochron” for the Apollo 11 high-Ti basalts is, in effect, a
two-point mixing array between low-K basalts (with low Rb/
Sr and low ¥Sr/®Sr values) and high-K basalts (with high
Rb/Sr and high ¥Sr/®Sr values) of demonstrably different
origins (JERDE et al., 1994). Rb-Sr whole-rock systematics
of the low-K basalts from Apollo 11 do hint at an “event”
at between 3.85 and 4.10 Ga, in agreement with the Rb-Sr
data of PACES et al. (1991). However, the scatter in the array
for Apollo 11 low-K basalts, and that for Apollo 17 basalts
(if all samples are regressed), indicates a process which is
much less systematic and which may have occurred over an
extended time period.

It is interesting to note that intense meteoritic bombard-
ment of the Moon likely began to taper off (some workers
have stated evidence for a peak meteoritic bombardment at
this time: the so-called “lunar cataclysm”, TERA and WAS-
SERBURG, 1974) during this time interval of 4.10 to 3.85 Ga
(RYDER, 1990). Continued intense meteoritic bombardment
of the early Moon, in consort with the formation of an in-
sulating megaregolith, could have allowed the deep interior
of the Moon to remain hot for hundreds of millions of years
(WARREN et al., 1991). It is hypothesized that the isotopic

closure for the Sm-Nd system occurred early in the high-Ti
basalt source region (at approximately 100 km depth, SNYDER
and TAYLOR, 1993), whereas, closure for the Rb-Sr system
may not have occurred until ~4.0 Ga, due to heating by
meteoritic bombardment and insulation of the interior by
the megaregolith. Therefore, the whole-rock Sm-Nd and Rb-
Sr isochrons may be reflecting the times of final isotopic clo-
sure for the high-Ti source. Conversely, the scatter in the Rb-
Sr array for the Apollo 11 basalts (Fig. 4) and that for Apollo
17 (when all samples are included ) could have been caused
by later meteoritic impacts and/or metasomatism, and con-
sequent volatile loss-addition of rubidium, after extrusion of
the basalts onto the surface of the Moon.

ORIGIN AND DEVELOPMENT OF THE LUNAR
UPPER MANTLE

Radiogenic isotope geochemistry of mare basalts has pro-
duced unequivocal evidence for at least two reservoirs in the
upper mantle of the Moon, one extremely depleted and one
enriched (PAPANASTASSIOU et al., 1977; UNRUH et al., 1984;
NYQUIST and SHIH, 1992; NYQUIST et al., 1977). PAPANAS-
TASSIOU et al. (1977) produced the first Sm-Nd isotopic data
for high-Ti basalts and postulated that they were melted from
a depleted reservoir, which was formed from cumulates of a
lunar magma ocean at 4.4 Ga. These cumulates had a '*’Sm/
14Nd = 0.271. The antiquity of the depleted source was based
on both Rb-Sr and Sm-Nd model ages and the intersection
of concordia at 4.42 Ga for U-Pb data for the bulk of mare
basalt and highlands samples (TERA and WASSERBURG,
1974). PAPANASTASSIOU et al. (1977) also suggested a com-
plementary enriched reservoir that had '’Sm/'*Nd = 0.165.
Based on Rb-Sr and Sm-Nd isotopic and abundance data
from both high-Ti basalts and ilmenite basalts from Apollo
12, NYQUIST et al. (1977, 1979) proposed a two-stage model
for mare basalts, similar to that of PAPANASTASSIOU et al.
(1977), albeit more detailed. NYQUIST et al. (1977) developed
the concept of a lunar initial (LUNI) for strontium isotopes
(¥’Sr/%Sr = 0.69903) and PAPANASTASSIOU et al. (1977)
suggested that the Moon began (at 4.6 Ga) with chondritic
initial neodymium isotope ratios: '*Nd/'*Nd = 0.50667.
From 4.6 to 4.4 Ga, the lunar magma ocean was still crys-
tallizing and evolving with *Rb/*Sr = 0.05 and '¥’Sm/ '*Nd
= (.175. The cumulate source(s) for the high-Ti basalts was
formed at 4.4 Ga with ¥Rb/%Sr = 0.006 and '*’Sm/ '*Nd
=0.301. A complementary enriched reservoir (the late-stage
LMO liquid, manifested in KREEP) was also formed at this
time with ¥Rb/%Sr = 0.205 and '¥Sm/'#Nd = 0.172
(NYQuIST et al., 1979). With the accumulation of more data
and refinement of models, these parent /daughter ratios have
changed to ®Rb/**Sr = 0.005 (PACES et al., 1991) and '¥’Sm/
144Nd = 0.260-290 (UNRUH et al., 1984; AGEE and LONGHI,
1992) for the depleted cumulate reservoir, and ¥Rb/%Sr
=0.235 and '“’Sm/'*Nd = 0.169 for the enriched KREEPy
reservoir (NYQUIST and SHIH, 1992).

Though a consensus has been reached on the antiquity
and general character of these two reservoirs, their exact in-
teraction during the formation of high-Ti basalt source(s),
and subsequent generation of the basalts themselves, has been
a point of contention. The broad range in initial neodymium
and strontium isotopic ratios has led many workers to the
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conclusion that a variety of sources must be invoked. Magma
mixing has been ruled out as a major process in the formation
of separate sources and, therefore, other processes such as
assimilation have been proposed to explain perceived het-
erogeneities (e.g., TERA and WASSERBURG, 1974; NYQUIST
et al., 1977). Finally, many workers have suggested that these
heterogeneities were “locked in” to the upper mantle at, or
prior to, 4.4 Ga (e.g., NYQUIST and SHIH, 1992). However,
the cause for such heterogeneities has remained speculative.

An Adcumulate-Trapped-Liquid Source Model

It is generally believed that for less than the first 0.2 Ga of
its history, the Moon differentiated into a small Fe-rich core,
an olivine-rich lower mantle, and a differentiated magma
ocean (e.g., AGEE and LONGHI, 1992). This outer magma
ocean, or magmasphere, progressively crystallized to form
the upper mantle of the Moon and, once plagioclase became
a liquidus phase, its anorthositic crust. The crystallization of
the magmasphere likely led to layering of the upper mantle
and included phases, such as ilmenite, late in its differentia-
tion. The residual liquid magmasphere became more evolved
with time, leading to enrichment in the LILE. This LILE-
enriched liquid could have been trapped in variable, yet small,
proportions and effectively “metasomatized” the relatively
LILE-depleted crystallizing mafic cumulate. In this way, ad-
Jacent regions or layers of the mantle could maintain min-
eralogic and major-element homogeneity, while exhibiting
heterogeneities in their trace elements.

A consistent and simple model for the cumulate source
region of the high-Ti mare basalts is presented in Fig. 9~11.
This model includes one adcumulate source for all high-Ti
basalts { except the Apolio 11 Group A basalts). This type of
source, involving a model perfect adcumulate with variable
proportions of trapped liquid was a product of a global LMO.
This original cumulate source contained a small (<2%), yet
variable, proportion of trapped liquid which, at the advanced
stage of crystallization of the LMO, would have been KREEPY
(SNYDER et al., 1992}, SNYDER et al. (1992) have modelled
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of trapped KREEPy liquid (with 2 Sm/Nd ratio less than chondritic;
“Sm/'"¥Nd = 0.168) would be such that it would exhibit more
negative ey values with time. Star symbols are for Apollo 11 samples,
diamonds for Apollo 17 samples.
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F1G. 10. Plot of time (in Ga}) vs. ¥Sr/%Sr initial for the high-Ti
basalts. Also plotted are evolution arrays for KREEP (¥Rb/*Sr
= 0.235) and a model high-Ti “adcumulate” (¥Rb/*Sr = 0.005).
Symbols as in Figure 7.

trace- and major-elements during crystallization of the LMO,
from its inception, until ilmenite became a liquidus phase at
>95% crystallization. However, they found that such a late-
crystallizing cumulate was too deficient in magnesium to be
a plausible source for the high-Ti basalts. Therefore, they
proposed a model which included small-scale overturn of the
lunar mantle above 86 Per Cent Solidified (PCS; after MORSE,
1979). The radial distance between this 86 PCS layer and
the ilmenite-bearing layer at 95 PCS is only 20-30 km in a
300-400 km deep magma ocean. If small-scale convective
overturn occurred during the formation of the mantle, then
a proportion of the ilmenite-containing layer at 95 PCS could
have sunken to, and mixed with, the mafic cumulate from
the 86 PCS level. An 80:20 mixture of an 86 PCS cumulate
with 95 PCS cumulate yields a mafic cumulate with an Mg#
of 0.73. The mineralogy of this mafic cumulate is; 46% pi-
geonite + 43% olivine + 7% clinopyroxene + 3% ilmenite
+ 1% plagioclase (and a small (1-2%) proportion of inter-
stitial trapped KREEPy liquid from the 95 PCS level). This
mafic cumulate was proposed as a viable source for the high-
Ti basalts (SNYDER et al., 1992).
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Fi1G. 11. Plot of selected elements normalized to C1 chondrites for

a model mafic perfect adcumulate from a lunar magma ocean. This
adcumulate is an 80:20 mixture of 86 PCS and 95 PCS cumulates
from the lunar magma ocean, as per SNYDER et al. (1992). Also
shown are mixtures of this adcumulate with 0.5, 1, 3, and 5% KREEPy
trapped liquid (F = 0.003, 0.01, 0.03, and 0.05, respectively) from
the 95 PCS level.
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The LILE-enriched, trapped liquid endmember of the
source is represented by residual liquid after 95% crystalli-
zation of the LMO (as per SNYDER et al., 1992). The REE
content of the KREEPY residual liquid at 95 PCS would be
similar to that in basalt 15382; therefore, we will assume that
the isotopic composition of, and trace-element abundances
in, 15382 are also a good approximation to those in the re-
sidual liquid at that stage (Rb = 16 ppm, Sr = 195 ppm,
87Sr /%Sr (3.85 Ga) = 0.70115; Sm = 31 ppm, Nd = 112
pPPM, eng (3.85) = —3; PAPANASTASSIOU and WASSERBURG,
1971; NYQUIST et al., 1979). The 80:20 mixture, 86 + 95
PCS, cumulate portion of the source has a chemical com-
position of: Rb = 0.022 ppm, Sr = 0.78 ppm, Sm = 0.27
ppm, Nd = 0.52 ppm (again as per SNYDER et al., 1992; Fig.
9-11) and has an extremely elevated eng (+8 at 3.85 Ga)
and the lowest strontium initial ratio (0.69910) at 3.85 Ga.
However, it is not likely that these two components remained
distinct over a period of 500 Ma, when the interior of the
Moon was still hot (WARREN et al., 1991). Recrystallization
of the cumulate-trapped liquid pile could have occurred
yielding a source which was heterogeneous in trace elements
on the scale of meters. Due to the low Sm/Nd ratio of the
trapped liquid relative to the cumulate, those portions of the
mantle which contained a larger proportion of this compo-
nent would evolve with more enriched isotopic signatures
(Figs. 9-10).

After an extended period of evolution (e.g., >0.5 Ga),
earliest melting of the trapped liquid-cumulate pair would,
likely, affect regions which were relatively enriched in the
LILE (containing heat-producing elements uranium, tho-
rium, and potassium). Therefore, those regions which trapped
the largest proportion of residual LMO liquid would melt
first (Figs. 8, 9). Melts of these regions would exhibit relatively
enriched isotopic signatures. Later melting would tap regions
with less trapped liquid and would yield more isotopically
depleted melts (Figs. 8, 9). Obviously, the degrees of enrich-
ment and depletion of the melts are highly dependent upon
the proportion of trapped liquid and the extent of melting
of the cumulate + trapped-liquid pile. However, the trapped
liquid component is LILE-enriched (generally, by at least an
order of magnitude over the mafic cumulate) and would have
originally consisted of low-temperature melting phases that
would readily remelt. Therefore, even a small proportion (e.g.,
1%) in the cumulate pile will greatly affect the isotopic sig-
nature of initial derived melts (Fig. 9). However, because of
its small proportion, the trapped liquid would have a lesser
effect (inversely proportional to the degree of melting) on
the major-element composition of the melt.

The low ¥’Sm/'*Nd of this KREEPy trapped liquid, in
consort with the relatively high abundances of strontium and
neodymium, obviate a large proportion of trapped liquid in
the source. This is illustrated in Fig. 11, where small pro-
portions (<5%) of trapped liquid have been added to a model
high-Ti adcumulate. This addition of trapped liquid has the
effect of lowering the Sm/Nd ratio, yet increasing the abun-
dances of strontium and neodymium, thereby leading to a
viable cumulate source region. Again, only 2-3% of trapped
liquid is required in the source for modal melting, and less
if the trapped liquid is an early melting component (if the
source was not recrystallized).

This can be further appreciated by looking at the parent/

KREEPy Trapped Liquid (15382) — "% Ny

0.005 0.015 0.025
8"Rb/%Sr

FIG. 12. Parent/daughter ratio plot of ’Rb/®Sr vs. '’Sm/*Nd
indicating a mixing curve for the model high-Ti adcumulate (**’Sm/
'%Nd = 0.318, *'Rb/*Sr = 0.005) and a KREEPYy trapped liquid
(represented by 15382; '7Sm/'*Nd = 0.168, ¥Rb/*Sr = (.235).
Star marks along the curve indicate percentages of KREEPy trapped
liquid. Fields for measured ratios of low-K high-Ti basalts from Apollo
11 and 17 are also shown. The displacement of these fields to the
right of this curve is due to fractional crystallization within the flow
unit or in transit to the surface.

daughter ratios of the high-Ti basalts (Fig. 12; diagonally
hatched areas). Simple two-component mixing of a high-Ti
“adcumulate” source with varying percentages of KREEPy
trapped liquid (where sample 15382 represents the KREEPy
liquid) yields a curve of chemical mixtures. The compositions
of the sources of the high-Ti basalts from both Apollo 11 and
Apollo 17 should lie along this curve. Any source that contains
residual mafic minerals, such as pigeonite, clinopyroxene,
and olivine, would be more depleted (lower in ¥’Rb/*Sr and
higher in '“’Sm/'*Nd) than the basalts from which it was
generated. With increasing fractional crystallization, rubid-
ium is much more rapidly enriched in the residual liquid
than samarium, neodymium, or strontium, and neodymium
is only very slightly enriched relative to samarium. Therefore,
the actual fractionated high-Ti basalts would lie along a nearly
horizontal array to the right of this model curve and be dis-
placed from the curve in proportion to their degree of frac-
tionation. The field of permissible sources for high-Ti basalts
(shaded) indicates <1.5% trapped liquid. Although this
trapped KREEPy liquid is minor in volume, it controls the
radiogenic isotope signature of the derivative melt.

Similar calculations to discern the proportion of KREEP
in these basalts were performed by HUGHES et al. (1989) and
PACES et al. (1991). Both groups concluded that small per-
centages (generally <1%) of a rubidium, strontium, and
LREE-enriched component, with high Rb/Sr and low Sm/
Nd ratios are required to explain the compositions of parental
magmas for the high-Ti basalts. However, both groups en-
visioned this component as distal to the cumulate source and
added to the source prior to its fusion, but not consequent
with its inception. PACES et al. (1991) pointed out the prob-
lems inherent in such a scenario, but neither group explored
the possibility of an ancient KREEPy reservoir which was
spatially associated with the cumulate source—as trapped
intercumulus liquid from the late stage of evolution of the
LMO-—since its inception at ~4.4 Ga. The KREEPy com-
ponent is, therefore, consanguineous with the mafic cumulate.
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Extension of the Model to 3.2 Ga: Evolution of Apolio 12
Ilmenite Basalts

It has been shown that high-Ti basalt volcanism over a
period of atmost 300 Ma, from 3.85 to 3.59 Ga, at the Apollo
11 and 17 landing sites can be explained by a simple two-
component, single source, melting model. However, there is
evidence that this source may have been tapped at an even
later time in the history of the Moon. The ilmenite basalts
from Apollo 12 have been dated at 3.2 Ga (NYQUIST et al.,
1979) and also are comparatively enriched in TiO, (3-5%
Ti0,), though not to the extent of the high-Ti basalts. The
ilmenite basalts display the most depleted isotopic signatures
from the Apollo 12 landing site (NYQUIST et al., 1979), and
in fact, the most depleted signatures on the Moon.

As indicated on Fig. 13, these ilmenite basalts lie along an
extension of a depleted upper mantle “adcumulate” (~0.6%
trapped liquid line) which generated the high-Ti basalts at
the Apollo 11 and 17 landing sites. Furthermore, there is an
indication that the source of these basalts contains less trapped
KREEPy liguid than that for the earliest high-Ti basalts (i.e.,
Apollo 11 B-2 basalts). The Apollo 12 ilmenite basalts could
represent the melting of a similar source to the high-Ti basalts
which has been nearly (but not totally) depleted in both its
trapped liquid and ilmenite components. Nonmodal, partial
melting of such a source, with the remaining ilmenite making
up a significant proportion of the melt, could lead to basalts
which precipitate ilmenite, but not in the proportion found
in high-Ti basalts from the Apollo 11 and 17 landing sites.
The extension of the same or a similar high-Ti source beneath
the western portion of the lunar near-side hinges on the iden-
tification of older high-Ti basalts near the Apollo 12 landing
site. Such high-Ti basalt rocks have not been found in the
Apollo 12 collection. However, ultraviolet/visible spectral
imaging of Oceanus Procellarum (within which the Apolio
12 landing site is located) by the Galileo spacecraft has in-
dicated the presence of widespread high- to low-Ti basaltic
flows in the basin (SUNSHINE et al., 1992). Studies of Whi-
taker color-difference photographs of the lunar near-side led
CHARETTE et al. (1974) to classify one of the stratigraphically
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FIG. 13. Plot of time (in Ga) vs. initial eyq for all high-Ti mare
basalts and the ilmenite basalts from Apollo 12. Lines of constant
proportions of KREEPy trapped liquid (0.5, 1, and 2%) over time
are also indicated. An array for evolution of the model perfect ad-
cumulate (*'Sm/'**Nd = 0.318) is shown; the KREEP array would
project off and below this diagram.

oldest mare units in the basin as high-Ti in character. There-
fore, it is considered plausible that older high-Ti basaltic vol-
canism, similar in character to that at the Apollo 11 and 17
landing sites, occurred prior to extrusion of the ilmenite ba-
salts at the Apollo 12 landing site.

SUMMARY

Isotopic heterogeneities in the source of low-K, high-Ti
mare basalts could be the consequence of events unique to
the Moon. In the late stages of LMO crystallization, when
ilmenite was a liquidus phase, upper mantle cumulates
trapped variable, yet small, amounts of residual LMO liquid.
A lack of recycling in the lunar environment would allow
these slightly different portions of essentially the same source
to diverge along separate isotopic evolutionary paths. Ad-
cumulates with more trapped liquid would have higher con-
tents of the heat-producing elements uranium, thorium, and
potassium, and would likely melt first. Therefore, the earliest
phase of volcanism at the Apollo 11 landing site (3.85 Ga
ago, Group B2 and possibly D) involved the melting of a
source which was relatively enriched in this KREEPy trapped
liquid and the resultant magmas were slightly more alumi-
nous, less titaniferous, and possessed a lower Mg# than the
later B3 basalts. These observations are consistent with these
basalts being melted from a source which was relatively en-
riched in trapped KREEPy liquid. The volume of this
KREEPy trapped liquid (or contaminant) would be small,
but, because of its high LILE content, could greatly affect the
isotopic ratios of basaltic magmas that would have intruded
through the upper crust en route to the surface of the Moon.
The next phase of volcanism (3.71-3.67 Ga, Groups B3 —
B1) began by melting a portion of essentially the same source
which contained a smaller proportion of KREEPy trapped
liquid component. The presence of a continuum of com-
positions for the B1-B3 basalts is evidence that a number of
individual flows have been sampled, a possibility noted by
BEATY and ALBEE {1980), based on cooling rate consider-
ations. Successive melting events included regions of the mafic
adcumulate which contained less and less trapped liquid,
producing magmas with progressively more depleted signa-
tures. Apollo 12 ilmenite basalts may represent the final
known melting of this cumulate source, after it nearly has
been exhausted of its ilmenite and trapped liquid.
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