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Abstract—A combined Sr and N4 isotopic study of 15 Apollo 17 high-Ti mare basalts was undertaken
to investigate geochronological and compositional differences between previously identified magma types
(A, Bl, B2, and C). Whole-rock and mineral separates for one of the least-evolved Type Bl basalts,
70139, yield Sm-Nd and Rb-Sr isochron ages of 3.71 + 0.12 Ga and 3.65 + 0.13 Ga, respectively. A
more-evolved, Type A basalt, 71539, exhibits a slightly older Sm-Nd isochron age of 3.75 * 0.07 Ga and
a Rb-Sr isochron age of 3.67 + 0.10 Ga. Although these two ages are non-resolvable by themselves,
compilation of all available geochronological data allows resolution of Type A and B1/B2 ages at high
levels of confidence (>99%). The most reliably dated samples, classified according to their geochemical
type, yield weighted average ages of 3.75 + 0.02 Ga for Type A (N = 4) and 3.69 + 0.02 Ga for Type
B1/B2 (N = 3) basalts. Insufficient geochronological data are available to place the rare, Type C basalts
within this stratigraphy. We propose that age differences correlate with geochemical magma type, and
that early magmatism was dominated by eruption of Type A basalts while later activity was dominated
by effusion of Type Bl and B2 basalts.

Whole-rock isotopic data yield distinct differences in initial Sr and Nd isotopic compositions between
Types A, B1, B2, and C basalts. Types A, B1, and C exhibit restricted intra-group compositional variations
and lie along well-defined whole-rock isochrons. These data are consistent with petrogenetic models
involving closed-system fractionation of observed microphenocrysts from chemically and isotopically
distinct parental magmas. In contrast, a wide range of Type B2 initial isotopic compositions indicates
mixing of several distinct components during magma evolution.

The Sm-Nd whole-rock isochron age for Type A, Bl, and C basalts of 3.79 + 0.15 Ga is within error
of Apollo 17 eruptive activity. However, the very well-defined Sr whole-rock isochron age of 4.02 + 0.05
Ga is 270 to 330 Ma older than eruptive ages. Isotopic and petrological arguments indicate that extensive
Rb/Sr fractionation did not occur at the time of melt generation. Therefore, the 4.0 Ga Sr whole-rock
isochron age records a significant event at which time geochemical heterogeneities were established within
the originally homogeneous basalt source regions. Types A and C sources were enriched in Rb/Sr, with
little or no concurrent modification of *Sr/*Sr, Sm/Nd, or '*Nd/***Nd. Infiltration of similar-aged
KREEP magmas into mantle cumulate sources cannot explain both Sr and Nd isotopic data. Instead,
we suggest a metasomatic origin in which Rb, transported as a chloride complex in halogen-rich fluids,
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was preferentially mobilized relative to Sr and the REEs.

INTRODUCTION

MAJOR-ELEMENT, TRACE-ELEMENT, AND isotopic studies of
a wide variety of lunar mare basalts have led to the popularity
of petrogenetic models requiring remelting of cumulates that
formed during crystallization of a global magmasphere. Much
of the first-order compositional variation among mare basalt
groups can be attributed to gross, modal differences within
cumulate layers constituting the mantle source regions.
However, the more-limited compositional variations observed
within an individual suite of basalts are often attributed to
magmatic processes such as varied degrees of partial melting
and closed- or open-system magmatic differentiation. These
processes obscure the unambiguous identification of different
primary melts which may, in turn, be related to small-scale
heterogeneities within a particular mare basalt source region.
In addition 10 the problem of resolving the scale of chemical
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variability within individual source regions, stratigraphic res-
olution within a single suite of lavas is severely limited by
the difficulties in lowering uncertainties associated with mare
basalt age determinations to below about 80 Ma.

A large suite of Apollo 17 high-Ti mare basalts analyzed
1o date show overall compositional similarities; however, de-
tailed studies reveal subtle patterns of systematic differences.
Three distinct geochemical magma types have been identified
as Types A, B, and C high-Ti basalts (WARNER et al., 1975,
1979; RHODES et al., 1976; NEAL et al., 1990a). Using an
expanding geochemical data base, NEAL et al. (1990a) have
further divided Type B basalts into B1 and B2 compositional
types on the basis of trace-element ratios. An additional vari-
ant of high-Ti basalt, termed Type D and represented by a
single sample (70091,2161), has REE abundances and pat-
terns similar to Type B1 basalts, but distinct MgO, Cr;0;,
and TiO, contents and warrants a distinct lineage (RYDER,
1990). Previous studies have underscored the importance of
near-surface fractionation of olivine, spinel, and Ti oxides
during petrogenesis (LONGI et al., 1974; GREEN et al., 1975;
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WARNER et al., 1975, 1979; PAPIKE et al., 1976; RHODES ¢t
al., 1976; NEAL et al., 1990a). Although overall major-element
similarities between the three basalt groups suggest closely
related source compositions, trace-element arguments require
separate parent magmas derived from distinct source areas
for each compositional type (SHIH et al.,, 1975; RHODES et
al., 1976; WARNER et al., 1979; NEAL et al., 1990a). In ad-
dition, WARNER et al. (1979) argued that varied degrees of
partial melting were also required to explain La/Sm variations
in Type B basalts (Fig. 1), whereas these same chemical trends
have been attributed to assimilation of KREEP (NEAL et al.,
1989). While radiogenic isotope geochemistry should have
the potential to discriminate among these various petrogenetic
models, earlier Sr isotopic work of NYQUIST et al. (1974,
1975, 1976) did not allow resolution of either ages or initial
87Sr/%6Sr ratios between Types A and B mare basalts, though
ages and Sr isotopic compositions of Rb-rich, Type C basalts
were shown to be distinct (NYQUIST et al., 1976). The lack
of isotopic resolution was due, in part, to the restricted com-
positional range of high-Ti basalts that had been identified
during the mid-1970s (Fig. 1). Subsequent geochemical stud-
ies have greatly increased both major- and trace-element
compositional ranges of each of the geochemical types of
Apollo 17 high-Ti basalts. The expanded geochemical data-
base currently available requires re-examination of isotopic
variations within the Apollo 17 mare basalt suite. In addition,
only a small number of Nd isotopic analyses of Apollo 17
high-Ti basalts are presently available, and in only a few cases
have both Nd and Sr isotopic compositions been acquired
from the same sample. Previous Nd studies that included
Apollo 17 basalts (LUGMAIR et al., 1975; NYQUIST et al,,
1979; UNRUH et al., 1984) focused on Moon-wide, mare ba-
salt comparisons and have not concentrated on compositional
differences within the Apollo 17 suite.

In this study, we present high-precision Rb-Sr and Sm-Nd
isotopic data for a set of Apollo 17 samples chosen to span
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FIG. 1. La/Sm versus La for samples analyzed for Sr and Nd isotopes
in this study (data from RHODES et al., 1976; WARNER et al., 1975,
1979; MURALI et al., 1977, NEAL et al., 1990a). Solid triangles = Type
A basalt; solid circle = Type B basalt; open circles = Type B2 basalt;
and solid squares = Type C basalt. Small dots represent basalts an-
alyzed for Rb-Sr isotopes in the mid-1970s (NYQUIST et al., 1974,
1975, 1976). Bold, dashed line indicates sub-horizontal trend of La/
Sm in Types A, Bl, and C basalts. Field boundaries from NEAL et
al. (1990a).

the range of each of the previously defined geochemical types.
Qur objectives are to ascertain whether or not resolvable age
and compositional relationships exist among the different
basalt types, and to determine whether observed differences
are related to post-melt magma modifications or to hetero-
geneities within distinct Apollo 17 high-Ti basalt sources. In
order to address these questions, we present two new Rb-Sr
and Sm-Nd internal isochron ages on basalts of unambiguous
geochemical type. These data, combined with previously
published ages, suggest that Apollo 17 volcanism was initially
dominated by eruption of Type A basalts which gave way to
later predominance of Type B basalts. We also present 15
new whole-rock Sr and Nd isotopic analyses which are used
to test petrogenetic models. Subtle isotopic compositional
variations observed between Types A, Bl, and C magmas
are used to provide further constraints on the composition
and geochemical evolution of the Apollo 17 high-Ti mantle
source regions.

SAMPLING AND ANALYTICAL PROCEDURES

Basalts from each of the three geochemical groups exhibit a variety
of textures which have been described in previous petrographic studies
(PAPIKE et al., 1974; BROWN et al., 1975; DYMEK et al., 1975; WAR-
NER et al., 1975; NEAL et al., 1990a). The two predominant textural
types of basalt analyzed in this study are fine-grained (<1 mm) olivine
microporphyritic, and relatively coarse-grained (>2 mm) plagioclase-
poikilitic varieties. Mineralogy is dominated by pinkish-brown py-
roxene (titan-augite followed by pigeonite), plagioclase, and ilmenite.

Samples consisted of basalt fragments, small chips, or homogeneous
fines weighing 150-750 mg which were coarsely crushed in a boron
carbide mortar under a laminar flow of better than class 10 clean-
room quality air. Representative whole-rock samples were obtained
by quarter-splitting an approximately 100 mg aliquot which was fur-
ther powdered. Two samples, 70139,6 and 71539,6, were chosen for
mineral isochron dating. 70139 is a Type B1 basalt with a relatively
coarse-grained, plagioclase-poikilitic texture. A 445 mg fragment was
repeatedly crushed and sieved to coarse (100-250 um) and fine (50—
100 um) size fractions, Washed particles were separated into four
magnetic fractions, and further hand-picking of coarse fractions re-
sulted in pure ilmenite (//m) and pyroxene (Px) separates, Coarse
magnetic (Mag; pyroxene + ilmenite) and non-magnetic (VNMag;
plagioclase + pyroxene) composite fragments, as well as the fine non-
magnetic (F Plg; >95% plagioclase) fraction were also analyzed. 71539
is a Type A basalt exhibiting a fine-grained, olivine microporphyritic
texture, and weighing 759 mg. After removal of the whole-rock ali-
quot, the remaining material was treated similarly to 70139. The
finer grain-size of 71539 required crushing of all material to 50-100
um size fraction. Similar magnetic separates were treated with heavy
liquids followed by hand-picking to yield two plagioclase (Plg!, Plg2),
one pyroxene {PxI), and two ilmenite (Ilm1, Ilm2) fractions, as well
as magnetic (Mag!) and non-magnetic (NMag]) mixtures. All frac-
tions were picked under spectrographic-grade methanol and were
cleaned by cold, ultrasonic washes in methanol, distilled acetone,
and deionized water. Mineral separates weighed between 7 and 58
mg, and each separate was total-spiked before digestion with known
¥Rb, #Sr, '**Sm, and '*'Nd tracers. Whole-rock samples weighing
between 37 and 68 mg were first dissolved, after which solutions were
split into unspiked and spiked aliquots. Two-stage cation separations
followed standard techniques described elsewhere (HALLIDAY et al.,
1989). Average total-process blanks for chemical procedures were 20
pg Rb, 70 pg Sr, 17 pg Sm, and 70 pg Nd.

Isotopic data were obtained on VG Sector multicollector thermal
ionization mass spectrometers. Strontium was loaded, along with
Ta,Os powder, onto single Re filaments while Rb was loaded onto
triple Ta filament assemblies. Samarium and neodymium were loaded
onto triple Ta-Re-Ta filament assemblies, and both were measured
as metal ions. Isotope dilution measurements were made using static
simultaneous multicollection of 40-80 ratios. Strontium and neo-
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TABLE 1: Rb-Sr and Sm-Nd analytical results for whole rocks and mineral separates used for internal isochrons.
e s ,Rb, ) srA R7_. 86 a 87, S6_ b ‘Sm‘ .Nd N V7 A V" R SRV SR T
Sample Wit.(mg) (ppm) (ppm) Rb/™Sr St/ Sy (ppm) (Ppm) Sm/ Nd Nd/" "Nd
70139,6 Type Bl
WR1 66.50  0.281 146 0005515155 0.699511:14 530 123 0.26021:52  0.514547:l1
WR2 65.28 0.282 146 0.005543 +55 0.699518+17 538 124  0.26234:52  0.514605:15
F Plg 8.80 0.0886 514 0.004956+20  0.699244+27
Iim 16.83 0313 23.1  0.03903+39 0.701312+31 349 854 0.24726149  0.514230:+23
Px 37.42 0.143 30.2  0.01364:14 0.699922:32 485 9.72 0.3020:15 0.515571+29
Mag® 46.23 0.478 87.9  0.01564:16 0.700013 +28 9.17 215  0.2574126 0.514457+25
NMag®  28.60 0.0882 270 0.000939+18 0.699297+25 1.82  3.89 0.28250:56  0.515098:26
71539,6 Type A
WR 36.93 0.787 229 0.009893+98 0.699776+14 134 325  0.25018:50  0.514306+11
Plgl 30.54 0.260 623 0.001199+11 0.699336+22 208 570 0.2204122 0.513565+19
Plg2 12.13 0.594 536 0.003192131 0.699382+20 591 152  0.2352124 0.513899120
NMagl€ 19.45 0.188 253 0.002139121 0.699360+21 9.20 0.513868120
Px1 43.86 0.121 58.7 0.005917+59  0.6995641+22 512 922 0.3362:17 0.516428+18
Magi® 5770 0573 103 0.01602+32 0.700119+20 0.514780+16
Iim! 8.89 1.23 104 0.03395134 0.701188120 184 383  0.2900:14 0.515283+22
Nm2 6.87 0.642 128 0.01444+14 0.700033+20 224 0.514350+19
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4 Uncenainties (corresponding 10 last decimal places) reported for parent/daughter ratios reflect the magnitude of the blank correction, mass

b

spectrometer precision and corrections for the quality of spiking.

Normalized to *s¢/**Sr=0.1194 and *Nd/"*Nd=0.7219. Quoted errors include 2 sigma run precision for whole rock analyses plus an

additional uncertainty of 0.00001 (2 sigma) reflecting corrections for fractionation and spike contributions in total-spiked mineral
separates. Nd was measured as the metal ion.

¢ Non-pure mineral separates consisting of predominantly "nonmagnetic” plagioclase and pyroxene in NMag and "magnetic” pyroxene and
ilmenite in Mag.

dymium isotopic compositions on unspiked aliquots were measured
using multidynamic analysis of about 200 ratios with resulting pre-
cisions of 0.001-0.003% (2 sigma). All Sr and Nd analyses are nor-
malized to *Sr/%Sr = 0.1194 and '*Nd/'*Nd = 0.7219, respectively.
Fifteen analyses of NBS987 Sr and La Jolla Nd standards analyzed
over the same time period yielded weighted averages of *Sr/*Sr
=0.710251 + 0.000009 and '**Nd/***Nd = 0.511866 + 0.000005.
The effects of neutron bombardment lowering Sm concentrations by
depletion of '*Sm have been ignored in this study. NYQUIST et al.
(1979) estimated a 0.2% decrease in the Sm/Nd ratio on 75075 from
the Sm isotopic measurements of LUGMAIR et al. (1975). Although
varying lengths of exposure on the lunar surface for the different
samples may cause some scatter, the concordance of data for all Type
A, Bl, and C samples on the same isochron indicates that exposure
effects are not detrimental to the Sm-Nd dating technique for the
present suite of rocks. Age calculations use decay constants of 6.54
X 1072 yr™! for ’Sm and 1.42 X 107! yr™! for *'Rb (STEIGER and
JAGER, 1977). Although the 1.42 X 107! yr™! constant has become
internationally accepted for all terrestrial and many extraterrestrial
studies, combined isotopic studies on ancient lunar and some me-
teoritic materials suggest that the older Rb-Sr ages obtained using a
1.39 X 107" yr™! decay constant for ¥Rb are, in some instances, in
better concordance with other isotopic systems (MINSTER et al., 1982;
NYQUIST et al., 1986; SHIH et al., 1986). However, this issue is com-
plicated by the possibility of post-magmatic mobility of Rb and Sr
due to impact heating associated with sample excavation (see geo-
chronology section). Until these factors are better understood, we
prefer to use the standardized 1.42 X 10~'! yr™! value for the ¥Rb
decay constant. Two additional samples of extraterrestrial materials
have been analyzed over the same time period: a coarse-grained Apollo
15 olivine tholeiite, 15555,817, and a split of the Smithsonian Allende
carbonaceous chondrite meteorite standard, USNM 3529, Variations
in Rb, Sr, Sm, and Nd concentrations and present-day isotopic com-

positions of replicate analyses indicate that both samples contain
mineralogical inhomogeneities on the scale of the 35 to 45 mg powders
digested for analysis. However, calculated initial ratios between rep-
licates are nearly identical, and show initial ratios and associated
errors which are within error of previously published results.

GEOCHRONOLOGICAL INVESTIGATION
Internal Isochron Results

Results of isotopic analyses for 70139 and 71539 whole
rocks and mineral separates are listed in Table 1. In both
cases, Rb-Sr and Sm-Nd isochron plots yield linear arrays of
data (Figs. 2 and 3). The small range of parent/daughter ratios
present in the mineral phases limits the uncertainty of the
calculated ages to no better than 70 to 130 Ma. For both
rocks, Rb-Sr ages are 60 to 80 Ma younger than Sm-Nd ages.
Although Rb-Sr and Sm-Nd ages for both rocks are nearly
identical when the 1.39 X 10™!"! yr~! ¥ Rb decay constant is
used, lower Rb-Sr ages relative to Sm-Nd ages are commonly
observed in other studies, even when “older” Rb-Sr ages are
calculated using the 1.39 X 107"! yr™' decay constant (e.g.,
NYQUIST et al., 1981; SHIH et al., 1986). In addition, several
of the individual mineral fractions described below show ab-
normal deviations of Rb-Sr isotopic data from the best-fit
regressions and may imply that the Rb-Sr system was more
easily disturbed than Sm-Nd during excavation of these two
rocks. Until the Rb decay constant is better determined, Sm-
Nd ages are considered most representative of the actual
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FiG. 2. {(a) Sm-Nd and (b) Rb-Sr internal isochrons for 70139,6.
Size of error boxes representing data points are drawn in proportion
to uncertainties given in Table 1. Age and initial ratios were calculated
using Model 1 York regression slope and intercept (YORK, 1969;
LUDWIG, 1990). Strontium age is calculated with ¥Rb decay constant
of 1.42 X 107" yr™! (T = 3.73 Ga using \*'Rb = 1.39 X 107! yr™}).
Data represented by the open symbols are not included in the isochron
regression. All uncertainties quoted at the 95% confidence limit. Insets
show the deviations of "*Nd/'**Nd and ¥'Sr/*Sr from the regressed
isochron in parts per 10,000 along with error limits both for individual
data points {error bars), and for the regression line (dashed lines).

crystallization ages. All isochrons are calculated as Model 1
regressions (based on the original algorithm of YORK, 1969)
using the program of LUDWIG (1990). Uncertainties are cal-
culated using the maximum-likelihood algorithm of TITTER-
INGTON and HALLIDAY (1979) and, in all cases, are reported
at the 95% confidence limit. Resulting ages for each rock are
examined briefly below.

Type Bl: 70139,6

Sm-Nd data for all fractions (four mineral separates and
two whole-rock samples, Table 1) yield an age of 3.72 + 0.12
Ga (Fig. 2a). The regression spans a very limited range of
¥7Sm/'*“Nd values with pyroxene-rich separates at the high
7Sm/'**Nd end and ilmenite-rich separates at the low end.
The pyroxene + ilmenite mixed fraction (Mag) contains REE
abundances which are about twice as high as either the pure
pyroxene or ilmenite fractions. We suspect that this fraction
includes brownish mesostasis with high REE abundances,
similar in appearance to the pinkish-brown pyroxene. This
is consistent with Rb abundances which are also higher in

the Mag fraction than in any of the other fractions, Since the
glassy portions of the rock are more likely affected by mild
heating associated with post-crystallization impact and ex-
posure processes, the presence of mesostasis in this fraction
may increase the possibility of subsequent partial resetting.
Regression of the data excluding the Mag fraction (i.e., WR1,
WR2, Px, NMag, and Ilm) results in a nearly identical age
of 3.71 + 0.12 Ga with a very low MSWD of 0.08 (see Fig.
2). We consider this date to be the best Sm-Nd isochron age
for 70139.

Rb-Sr data for all mineral fractions yield an age of 3.62
+ 0.15 Ga (Fig. 2b). The ¥Sr/*Sr intercept value of 0.699222
+ 0.000022 is well defined due to the extremely low *'Rb/
858r values in plagioclase separates. Regression of all data
results in a MSWD of 2.84 which indicates a greater amount
of scatter from the best-fit regression relative to the Sm-Nd
isochron (inset, Fig. 2b). As noted earlier, the mixed pyroxene
+ ilmenite fraction, Mag, contains higher Rb and Sr con-
centrations than either of the two mineral phases analyzed
alone. This fraction falls below the best-fit regression and is
suspected of containing glassy mesostasis. If the Mag fraction
is excluded from the regression, a slightly higher age of 3.65
+ 0.13 Ga is obtained with a slightly improved MSWD of
1.9. Although we cannot discount the possibility of analytical
artifacts, we suspect that the observed scatter may be due to
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FIG. 3. (a) Sm-Nd and (b) Rb-Sr internal isochrons for 71539.,6
(Srisochron age = 3.75 Ga using A*'Rb = 1.39 X 107"' yr™"). Details
listed for Fig. 2 apply equally to Fig. 3 with the added comments:
70139 and 71095 are additional Type A whole-rock samples listed
in Table 3 and have been included in the regression. See text for
discussion.
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on the larger, whole—rock scale, where a substantlally more-
precise Rb-Sr isochron is obtained from samples which span
a smaller Rb/Sr range. Although disturbances of the Rb-Sr
system have not been evident in earlier work, the improved
analytical precision attainable with the new generation of
mass spectrometers may permit recognition of geological er-
rors which were previously unresolved from analytical errors.

Type A: 71539,6

Regression of all Sm-Nd data (one whole-rock and four
mineral fractions, Table 1) yields an age of 3.73 £ 0.07 Ga
(Fig. 3a). The range in 'YSm/'*Nd for mineral separates
from 71539 is larger than that observed for 70139 and in-
cludes two analyses for plagioclase which display the lowest
147Sm/"**Nd values. Unlike 70139, Sm and Nd abundances
of the ilmenite fractions in 71539 are about two to four times
higher than those in the pyroxene fraction. Rubidium con-
centration in at least one of the ilmenite fractions is also
much higher than any of the other mineral separates. Al-
though 71539 (Type A) is much more geochemicaliy evolved
than 70139 (Type B1), equilibrium partitioning of incom-
patible trace elements cannot explain the differences in il-
menite compositions. We suspect that the ilmenite in 71539
may be intergrown with minor amounts of mesostasis. Re-
gardless of this possibility, the //m1 fraction plots on the best-
fit Sm-Nd regression line. Two additional Type A whole-
rock analyses, 70138 and 71095 (data in Table 3), also plot
on the 71539 mineral isochron (Fig. 3a) and are most likely
related. The resulting regression yields a slightly older age of
3.75 + 0.07 Ga with an MSWD of 0.92. This date, which
includes a larger number of data points, is considered to rep-
resent the best Sm-Nd age for 71539.

Rb-Sr isotopic data for 71539 exhibit scatter in its linear
array which cannot be attributed to analytical error. Regres-
sion of all data (one whole-rock and seven mineral analyses)
yields an age of 3.83 + 0.17 Ga (Fig. 3b). This Rb-Sr age is
substantially older (80 Ma) than the Sm-Nd age; however,
the large uncertainties associated with the Rb-Sr regression
do not allow resolution of the two ages. Much of the excessive
scatter in this regression (MSWD = 8.3) can be attributed to
the ilmenite fraction, 7/mi, and the range in isotopic com-
positions of the plagioclase-rich fractions. As noted earlier,
the ilmenite-rich fraction is suspected of containing Rb- and
REE-enriched mesostasis in which more-volatile Rb abun-
dances may be mobilized during impact heating. In addition
to Ilm1, one of the plagioclase separates, Plg2, deviates from
the best-fit line more than other samples. This fraction is a
smaller and less-pure separate than Plg], and has substantially
higher Rb and REE contents than either of the other two
plagioclase-rich fractions (Plg! and NMagl, Table 1). If this
point, along with Ilml, is excluded from regression, an age
of 3.67 = 0.11 Ga is obtained with I(Sr) = 0.699253
+ 0.000015. The MSWD of 1.0 for this regression is sub-
stantially reduced. The two additional Type A whole-rock
analyses (71038 and 71095, Table 3) also fail on the 71539
internal isochron (Fig. 3b). Inclusion of these two additional
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+ 0.10 Ga, which is the best estimate of the internal Rb-Sr
isochron age for 71539. Although the aberrant behavior of
Ilm1 and Plg?2 separates may be caused by analytical artifacts,
these same samples do not show excessive scatter on the Sm-
Nd isochron plot. The consistent patterns of Rb-, Sr-, and
REE-enrichments in both I/m! and Plg2 mineral fractions,
combined with the well-defined Sm-Nd isochron, suggest a
geological, rather than analytical, cause for excessive Rb-Sr

scatter.

Summary of ages for 70139 and 71539

The best age estimates for the Type B1 basalt, 70139, and
the Type A basalt, 71539, are 3.71 £ 0.12 Ga and 3.75 = 0.07
Ga, respectively, based on the Sm-Nd internal isochrons. In
both cases, the Sm-Nd isochron ages are preferred over Rb-
Sr ages because of the slightly smaller uncertainties associated
with Sm-Nd regressions, and because of the controversy sur-
rounding the choice of the most appropriate #’Rb decay con-
stant. However, it should be noted that if an ®’Rb decay con-
stant of 1.39 X 107" yr™' is used, very good agreement exists
between the two systems, providing further support of the
Sm-Nd ages. One possible explanation for discordance be-
tween Sm-Nd and Rb-Sr ages using the 1.42 X 107!! yr™!
decay constant is that the minerals within both basalts had
their Rb-Sr, but not their Sm-Nd, systematics disturbed by
a younger impact event. Although none of the Apollo 17
basalts show signs of extensive shock metamorphic recrys-
tallization, the younger Rb-Sr internal isochron ages for both
rocks, plus excessive Rb-Sr scatter observed for some mineral
separates, suggest that Sr ages, by themselves, should be ap-
proached with caution.

Although the Type A basalt appears to be older than the
Type B1 basalt, uncertainties associated with each individual
age determination are larger than the apparent age difference
of 40 Ma. These data alone leave questions of magmatic stra-
tigraphy and duration of volcanism at the Apollo 17 unan-
swered. However, in spite of the inherent difficulty in deter-
mining high-precision isochron ages on basalts exhibiting such
limited variation in Rb/Sr and Sm/Nd ratios, uncertainties
can be significantly lowered by increasing the number of ob-
servations. Examination of the larger set of published age
determinations on Apollo 17 high-Ti mare basalts is helpful
towards this goal.

Ages of Apollo 17 Volcanism

Twenty-eight published Rb-Sr, Sm-Nd, or *°Ar->*Ar dates
on fifteen different Apollo 17 mare basalts have been deter-
mined over a period from 1973 to the present study (Table
2, Fig. 4). Ages range from 3.64 to 3.84 Ga. In general, ages
obtained on the same basalt by different techniques and/or
by different laboratories agree within error limits of individual
age determinations. For the purposes of consistency, all iso-
chron regressions have been recalculated using the Model 1
Yorkfit routine of LUDWIG (1990), and Rb-Sr age determi-
nations have been calculated using the 1.42 X 10~ yr™! ¥Rb
decay constant. This results in younger Rb-Sr ages than pre-
viously reported due to the former use of the 1.39 X 107!
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Table 2: Available geochronological data for Apollo 17 high-Ti mare basalts.

» "Best-Age”

Sample Type’ Age(Ma)’ Method Reference Estimate (Ma)

70135 A 3670 + 84  Sr Nyquist et al., 1975 3770 + 60°
3770 + 60 Nd Nyquist et al., 1979

70215 A 3790 + 40 Ar Kirsten and Horn, 1974

70255 A 3840 + 20 Ar Schaeffer & Schaeffer, 1977

71539 A 3670 + 98 Sr This study 3750 & 67°
3750 £ 67 Nd This study

75035 A 3720 £+ 40 Ar Turner and Cadogan, 1975 3723 £ 38d
3750 + 120 Sr Murthy and Coscio, 1976

75055 A 3760+ 50 Ar  Tumeretal., 1973 3761 + 32°
3770 £ 50 Ar Kirsten et al. 1973
3780 + 40 Ar Huneke et al., 1973
3690 + 70 Sr Tera et al., 1974

70035 B 3690 + 70 Ar Stettler et al., 1973 3688 + 56'1
3670 + 110 Sr Nyquist et al., 1974
3730 £ 190 Sr Evensen et al., 1973

70017 B 3610 + 190 Sr Nyquist et al., 1975

70136 Bl 3650 + 120 Sr This study 3710 + 120°
3710 £ 120 Nd This study

71055 B 3560 + 90  Sr Tera et al., 1973

75075 B 3690 + 20 Ar Horn et al., 1975 3694 + 19d
3700 £ 70 Nd Lugmair et al., 1975
3760 + 150 Sr Nyquist et al., 1975
3780 + 110 Sr Murthy and Coscio, 1976

74255 C 3630 + 140 Sr Murthy and Coscio, 1976 3722 + 67*
3750+ 77 Sr Nyquist et al., 1976

74275 C 3730 £ 320 Sr Nyquist et al., 1976

75083 13 3700 £ 90  Ar Huneke et al., 1973

79155 U 3750 + 40  Ar Kirsten and Horn, 1974

70139 is the only Type B sample with sufficient geochemical data to permit B1/B2
classification. Chemical type for 75083 and 79155 remains undefined due to lack data.

® All Sr and Nd isochron ages regressed using Ludwig (1990) with XSTRb= r.a2x10™"! yrvl.
€ Best estimate based on Nd internal isochron age.

? Best estimate based on weighted average age of multiple age determinations.

yr~! decay constant and in slightly different uncertainties
(usually higher) due to the more rigorous assessment of 95%
confidence errors by the LUDWIG (1990) regression analysis.
In three out of the four rocks possessing both Rb-Sr and Sm-
Nd internal isochron dates, Rb-Sr age determinations are 60
to 100 Ma younger than the Sm-Nd ages, while, in the fourth
rock, two Rb-Sr age determinations are 60 to 80 Ma older.
In rocks with both Rb-Sr and “’Ar-*Ar data, Rb-Sr age de-
terminations can be younger, older, or very similar to “Ar-
¥ Ar dates, which typically have much smaller reported un-
certainties, In the only sample possessing Rb-Sr, Sm-Nd, and
“Ar-¥Ar ages (75075), very good agreement exists between
Sm-Nd and “Ar-*Ar ages, and between the Rb-Sr ages de-
termined by two separate labs; however, both Sr ages are
older than (although within error of) the Sm-Nd and “Ar-
% Ar ages. This discrepancy is further exacerbated when the
1.39 X 107" yr~! ¥Rb decay constant is used.

The existing geochronological data set underscores the need
for further high-precision age determinations by multiple
techniques on the same rock. However, current data is helpful
in revealing general age relationships between the different
geochemical basalt types. Where multiple-age determinations

are available for the same basalt, we have made “best-age”
estimates (Table 2) based either on Sm-Nd ages, where only
Sm-Nd and Rb-Sr ages have been determined, or on weighted
averages of any combinations of the three different tech-
niques. In addition, we have assigned a chemical classification
to each dated rock where possible. This is greatly facilitated
by the use of Rb and Sr concentrations determined by isotope
dilution on whole rocks dated by the internal Rb-Sr isochron
technique (Fig. 5). Although chemical classification of Apollo
17 mare basalts is based on a larger number of elemental
characteristics (RHODES et al., 1976; WARNER et al., 1979;
NEAL et al., 1990a), accurate Rb concentrations are partic-
ularly diagnostic of each geochemical group, showing pro-
gressive enrichment from Type B1/B2, to Type A and, finally,
Type C basalts. Previously dated Type B basalts cannot be
classified as Types Bl or B2 without additional REE data;
however, we suspect that both magma types are represented
in the present data set. Out of the 15 dated basalts, 6 are
classified as Type A, 5 as Type B1/B2, and 2 as Type C (Fig.
4). Two remain undefined due to lack of geochemical data.

The weighted average age for all 28 dates from the 15 basalts
is 3.72 Ga + 0.04 Ga (external population error of 0.13 Ga).
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FiG. 4. Compilation of present (solid symbols) and published (open
symbols) ages available for Apollo 17 high-Ti mare basalts (data and
sources listed in Table 2). Symbol shape denotes the type of age
determination: squares for Rb-Sr isochrons; triangles for Sm-Nd iso-
chrons; and circles for “*Ar-*Ar techniques. Shaded boxes represent
limits for “best-estimate” ages listed in Table 2. Dashed line represents
the weighted average age of 3.72 + 0.04 for all data. Basalts are also
grouped by geochemical type and yield weighted average ages (solid
horizontal lines) of 3.75 + 0.02 Ga for Type A basalts and 3.69
+ 0.02 Ga for Type B basalts. See text for discussion.

If only the “‘best-age” estimates from samples with multiple
age determinations are considered, a better-defined weighted
average age of 3.72 + 0.01 Ga is obtained. This age is inter-
preted to represent the current best estimate of the average
age of Apollo 17 high-Ti mare basalt volcanism. However,
Type A basalts show a noticeable tendency towards slightly
older ages relative to Type B1/B2 basalts (Fig. 4). Averaged
separately using only the “best-age” estimates, Type A basalts
yield a weighted mean age of 3.75 *+ 0.02 Ga while Type
B1/B2 basalts yield a weighted mean age of 3.69 + 0.02 Ga.
The low uncertainties associated with these weighted averages
allow the 60 Ma age difference between the two groups to
be clearly resolved at the 95% confidence level. Further
student- testing of the seven Type A and B1/B2 “best-age”
estimates (five degrees of freedom) indicates that the two
populations are distinct at the 99% confidence level. Ages for
Type C basalts are represented by three Rb-Sr dates from
two rocks, and only one of these, 74255, is known with rea-
sonable certainty. Ages of 3.72 + 0.07 Ga for 74255 and 3.73
+ 0.32 Ga for 74275 (Table 2) are intermediate between av-
erage ages for Types A and B1/B2 volcanism. Previously re-
ported ages for these rocks used the 1.39 X 107'! yr™! ¥Rb
decay constant, resulting in ages up to 3.83 Ga (NYQUIST et
al., 1976); however, no independent geochronometer has been
applied to these samples. Additional dating using Sm-Nd and/
or “Ar-**Ar chronometers is required before Type C basalts
can be placed within the relative stratigraphy of Apollo 17
volcanism.

Presently available data suggest that duration of Apollo 17
high-Ti mare basalt volcanism lasted at least 50 Ma, but
probably less than 200 Ma. We propose that age differences
are correlatable to geochemical magma type, and that early
magmatism was dominated by the eruption of Types A basalts
while later activity was dominated by effusion of Type B1/

B2 basalts. The compositional transition may have occurred
as two (or more) discrete pulses of magmatic activity separated
by a significant hiatus, or activity may have taken place over
a continuous, extracted episode with compositional changes
occurring gradually throughout the stratigraphic interval. The
inability to discriminate between Bl and B2 magmas provides
an additional geochronological uncertainty given the com-
plicated petrologic relationships between, as well as within,
these two basalt groups. Further dating of well-analyzed sam-
ples may show that these two groups do not have a common
age. However, present data are sufficient to indicate that, at
least, Type Bl (and presumably B2 as well) basaltic activity
was resolvably younger than that which produced most of
the Type A basalts. The proposed chronology of earlier Types
A magmas and later Type B1/B2 magmas is consistent with
the relative abundances of heat-producing incompatible ele-
ments observed in the different lava types (RHODES et al.,
1976; WARNER et al., 1979; NEAL et al., 1990a), particularly
the radioactive alkali elements, K and Rb. Whole-rock iso-
topic data, presented in the next section, indicate that these
compositional differences do not arise from fractionation
processes alone and that these patterns were inherited from
heterogeneous mantle sources.

WHOLE-ROCK ISOTOPIC DATA

Isotopic Compositions

Fifteen whole-rock samples were chosen to best represent
the geochemical variability observed within each geochemical
group (Fig. 1). Results of Sr and Nd isotopic analyses (Table
3) are comparable with previously reported data on Apollo
17 high-Ti basalt (NYQUIST et al., 1974, 1975, 1976, 1979;
LUGMAIR et al., 1975; UNRUH et al., 1984). Initial isotopic
compositions calculated at the estimated eruptive ages exhibit
only a limited range of I(Sr) variation within Types A
(0.699235 t0 0.699240) and C (0.699274 to 0.699301) groups,
but a much broader range of I(Sr) for Types B1 and B2 basalts
(0.699140 to0 0.699239). Types A, B, and C basalts also show
limited eng variation (+6.3 to +7.2) which is further reduced
if all samples are calculated at the same age (+6.5 to +6.9 at
T = 3.72 Ga). As with I(Sr), initial exq in Type B2 lavas
exhibit a much wider range of values from as low as +2.7
up to +6.0. Given the good agreement of replicate analyses
on 70139, along with the narrow range of initial Nd isotopic
compositions in Types A, B, and C basalts, the wide range
of initial exg values observed in Type B2 samples (which were
classified previously on the basis of their trace-element com-
positions; NEAL et al., 1990) is not considered to be an an-
alytical artifact nor the result of preferential neutron bom-
bardment on B2 samples alone. The wider ranges of initial
Srand Nd isotopic compositions observed in Type B2 basalts
are interpreted to represent a fundamental difference between
these and the Types A, Bl, and C basalts. Model ages for all
samples, based on the best estimated lunar initial Sr com-
position (Tyyni; NYQUIST et al., 1974b) and chondrite uni-
form reservoir (Tcuur ; DEPAOLO and WASSERBURG, 1976),
approximate or exceed the age of the Moon (Table 3), indi-
cating multi-stage evolution of Rb-Sr and Sm-Nd within the
basalt source regions.
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F1G. 5. Whole-rock concentration data determined by isotope di-
lution techniques for Apollo 17 mare basalts dated by the Rb-Sr
method. Filled symbols represent data obtained in the present study;
open symbols represent data from previous studies (see Table 2 for
sources). Triangles represent rocks classified as Type A basalts, circles
as undifferentiated Type B basalts (B1 and B2), and squares as Type
C basalts. Open diamonds represent lavas with Rb-Sr compositions
intermediate between Types A and B.

Variations in initial isotopic compositions between geo-
chemical groups cannot be solely explained by differences in
the eruptive ages proposed above. On a plot of initial eng
versus I(Sr) (Fig. 6), Types A and C basalts form tight clusters
with non-distinguishable initial exq values, but with distinct
I(Sr) ratios. The unique Sr-Nd isotopic characteristics for these
two groups are particularly well-defined if the weighted av-
erage initial compositions and resulting uncertainties are
compared (Table 3, and shaded error boxes in Fig. 6). Al-
though the field for Type B1 basalts is presently defined by
only two analyses of sample 70139, it is largely resolved from
the fields for Type A and C basalts. Some overlap between
the Type A and Bl fields might be expected if additional
analyses show excessive scatter. However, present data from
Types A, Bl, and C basalts indicate that combined initial Sr-
Nd isotopic compositions for these three groups were unique,
exhibiting a relatively restricted range in initial eyq with a
somewhat larger range in I(Sr). Differences in initial eng be-
tween these three groups are strongly dependent on the choice
of eruptive ages used in the calculation; however, I(Sr) vari-
ations remain distinct regardless of the range of Apollo 17
mare basalt ages. This point is illustrated in Fig. 6 which also
includes exg and I(Sr) compositions for Types A and B1 basalts
calculated at average age of Apollo 17 volcanism (i.e., 3.72
Ga,; open triangles and small circles, respectively). Although
€ena COmpositions become indistinguishable at this age, dif-
ferences in I(Sr) compositions between the three groups be-
come slightly better resolved.

Initial isotopic compositions for Type B2 basalts are clearly
resolvable from the weighted average compositions for Types
A, Bl, and C lavas. Type B2 lavas show a wide variation in
initial isotopic compositions which is well outside of analytical
uncertainties (large open circles, Fig. 6). The greatest varia-
tions are observed in initial exq values which are all lower
than that observed in 70139; however, I(Sr) compositions
trend towards both higher and lower values relative to 70139.

These isotopic differences might be used as criteria to further
discriminate between Types Bl and B2 basalts. Although early
work recognized that Type B basalts formed a continuum
on many chemical variation diagrams (WARNER et al., 1975,
1979; RHODES et al., 1976), NEAL et al. (1990a) found that
these basalts formed two sub-groups on the basis of REE
ratios. Both 70139 and 71069 were previously classified as
Type B1 basalts according to the elemental criteria outlined
by NEAL et al. (1990a) and plot at either end of their B1 field
(Fig. 1). However, the initial isotopic compositions of 71069
are outside of 70139 analytical errors and are more charac-
teristic of the other Type B2 lavas. Although differences in
isotopic compositions between these two basalts may be at-
tributable to incorrectly assuming a common age for both
rocks, this explanation cannot account for the scatter observed
in other B2 basalts (see explanation of dashed lines in Fig.
6). Additionally, the La/Sm ratio for 71069 is lower than the
values observed for the relatively smooth, sub-horizontal
trend defined by 70139 and the Types A and C lavas (heavy
dashed line, Fig. 1). Isotopic data imply that 71069 has more
affinities with other Type B2 basalts and suggest that it may
represent a continuation of the steeply sloping trend of La/
Sm versus La defined by Type B2 samples containing higher
La/Sm. These data indicate that the discrimination between
relatively unevolved Types Bl and B2 basalts with low La/
Sm may be difficult on the basis of trace-element chemical
data alone.

Whole-Rock Isochrons

Types A, B1, and C whole-rock compositions form well-
defined linear arrays on Sr and Nd isochron plots (Fig. 7) in
spite of the observations that each group exhibits distinct
isotopic characteristics. These arrays cannot be caused by

€na(T)

2 1 i I i
0.6991 0.6992 0.6993

I(Sr)

FIG. 6. eng versus I(Sr) calculated at the estimated age of eruption
for Types A (3.75 Ga; filled triangles), B (3.69 Ga,; filled circles, Type
B1; open circles, Type B2) and C (3.72 Ga,; filled squares) basalts.
Shaded boxes represent error limits of weighted averages for each
group. Also shown are the initial ratios for Types A and B basalts
calculated at the average age of Apollo 17 volcanism for comparison
(3.72 Ga; small open triangles and circles, respectively, with tie-lines),
and the effects of age correction if B2 samples are younger than the
B1 basalt analyzed (dashed lines calculated from 3.69 to 3.56 Ga).
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simple, two-component mixing since consistent linear trends
are not observed on other bivariate elemental plots (e.g., non-
linear Rb-Sr arrays in Fig. 5). In addition, consistent two-
component endmembers cannot be defined on the basis of
major- and trace-element concentrations; for instance, Type
C basalts have La and Sr contents intermediate between Types
A and BI, but have the highest Rb, MgQ, and Cr contents
(NEAL et al., 1990b). Since mixing cannot explain the well-
defined linear arrays of whole-rock isotopic data, they should
be assessed as isochrons which may preserve time significance.
Type B2 analyses show excessive scatter in Fig. 7, particularly
on the Sm-Nd isochron plot where two samples plot com-
pletely off of the diagram. The wide range of initial isotopic
ratios calculated for Type B2 basalts indicates that they no
longer (if ever) satisfy the requirement for closed-system evo-
lution from a common initial composition. Therefore, they
are not included with the Types A, Bl, and C regressions.
The resulting Rb-Sr whole-rock regression, including two BI,
three A, and five C analyses, yields an age 0of 4.02 £ 0.05 Ga
(\WRb = 1.42 X 107" yr™!). This Rb-Sr age is much more
precise than internal isochrons determined from individual
rocks, even though the range of *’Rb/®Sr for the whole rocks
is substantially reduced. The higher precision is, in part, the
statistical result of regressing a larger number of samples, but
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F1G. 7. Rb-Sr and Sm-Nd isochron plots for whole-rock data listed

in Table 3 (Sr isochron age = 4.11 Ga using A¥Rb = 1.39 X 10°!!

yr™%). Data from Type B2 basalts (open circles) scatter off of the

linear arrays defined by Types A, Bi, and C basalts and are not

included in the regression analysis. Light dashed line in (a) represents

mineral isochron for Type A basalt, 71539. Details listed for Fig. 2
apply equally to Fig. 7.

can also be attributed to the higher analytical precision of
whole-rock determinations and a smaller amount of scatter
of individual analyses about the best-fit curve. The cluster of
five, isotopically similar Type C analyses heavily weighs the
upper end of the line, strongly influencing the resulting age
and, potentially, the associated uncertainty. In order to assess
this control, weighted averages of the present-day *'Rb/*Sr
and ®'Sr/®Sr values could be calculated; however, this would
introduce additional uncertainties in the averaged values
caused by small, but real, variations in the Rb/Sr introduced
in the different samples at the time of crystallization. Instead,
measured values of samples which most closely represent the
average composition are regressed and result in ages of 4.01
+ 0.08 Ga if only 74285 is used, and 4.03 %+ 0.07 Ga if both
74285 and 74287 are used. These age uncertainties are slightly
larger than the 0.05 Ga value calculated for all ten analyses,
but are still remarkably precise given the small range in Rb/
Sr in these rocks. The low age uncertainties for these regres-
sions indicate that the 4.02 Ga whole-rock Rb-Sr age does
not represent a “two-point” isochron and also suggest that
although individual mineral phases (particularly, any adher-
ing mesostasis) may have been subjected to slight disruption
of the Rb-Sr system, whole rocks remained closed to Rb or
Sr flux on the scale of basalt fragment sizes (200-750 mg).
Ironically, the more-precise Rb-Sr whole-rock isochron age
is 270 to 330 Ma older than the eruptive age of the basalts.
In contrast, the less-precise Sm-Nd whole-rock isochron age
of 3.79 + 0.15 Ga is nearly identical to the eruptive age of
the Type A magmas, and within error of the eruptive age of
the Type Bi/B2 basalts. The validity of the whole-rock iso-
chron ages and their implications on models of cumulate
source heterogeneity are discussed in the next section.

DISCUSSION

Open-System Evolution vs. Source Heterogeneity

Isotopic data presented earlier support the classification of
Apollo 17 high-Ti mare basalts into previously defined geo-
chemical groups. The unique isotopic characteristics of each
geochemical basalt-type could not have been acquired from
a common mantle source through closed-system magmatic
processes (i.e., partial melting and fractional crystallization).
However, post-melting, open-system processes, such as frac-
tionation combined with assimilation of KREEP or lunar
crust (SHIH et al., 1986; NEAL et al., 1989), are capable of
modifying isotopic compositions and must be investigated
as a potential cause for the observed isotopic variations,

Type A magmas show very little isotopic variation over a
large range of Sr and Nd concentrations (Fig. 8). The absence
of plagioclase as a microphenocryst phase, as well as observed
Ca0, Al,03, and Eu abundances and CaO/Al,O; ratios, in-
dicate that plagioclase was not a major fractionating phase
during petrogenesis of any of the Apollo 17 high-Ti magmas
(WARNER et al., 1975, 1979; RHODES et al., 1976; NEAL et
al., 1990a). Consequently, observed Sr and Nd isotopic and
concentration data are compatible with a closed-system, near-
surface fractionation model where the remaining liquid would
become progressively enriched in both of these incompatible
elements while isotopic compositions remained constant. The
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FIiG. 8. Initial isotope ratio (calculated at their age of eruption)
versus element plots for whole-rock data listed in Table 3. Same
symbols as in Fig. 6. Also shown are weighted average isotopic com-

positions (solid horizontal lines) and 95% confidence limits (dashed
lines) for Types A, B1, and C basalts.

observation that both 70138 and 71095 whole-rock analyses
fall on 71539 internal Sr and Nd isochrons (Fig. 3) lends
strong support to closed-system evolution of Type A magmas.
NEAL et al. (1990a) were able to apply closed-system, Rayleigh
fractionation models to Type A basalts which require 40-
80% crystallization of a hypothetical mafic parent to produce
the range of observed derivative-magma compositions. In
addition, the most-evolved Type A basalt analyzed in this
study (71095) was noted as the only example of a Type II,
Apollo 11 low-K type high-Ti basalt recognized in the Apollo
17 suite (NEAL et al., 1990a). The nearly identical initial iso-
topic composition of this and the other two Type A basalts
implies a direct genetic link to a common parental magma
through extreme amounts of fractionation.

Unlike Type A magmas, Type C magmas show a tight
clustering of Sr and Nd concentrations, as well as isotopic
compositions (Fig. 8). Other elemental abundances show
equally limited ranges within the recognized Type C suite
(NEAL et al., 1990b). Type C basalts are exceedingly rare (five
of six known samples are analyzed in this study) and their
areal distribution appears to be limited to the immediate vi-
cinity of Shorty Crater (RHODES et al., 1976; WARNER et al.,
1979; NEAL et al., 1990b). Although they contain higher MgO
and Cr abundances than Types A and B basalts, Type C
basalts are most notable in their enrichment of Rb (Fig. 4;
RHODES et al., 1976; WARNER et al.,, 1979; NEAL et al.,
1990b). The limited ranges of geochemical and isotopic com-
positions, along with their scarcity, suggest that all Type C

av have been derived from a single batch of magma

samﬁ‘nes may nave oeen aSrived 1ol a Singi€ vaidii O1 Magina,
and possibly even a single lava flow. The petrogenesis of Type
C basalts is discussed in greater detail by NEAL et al. (1990b).

In contrast to Types A and C basalts which show no intra-
group isotopic variability, Type B2 magmas exhibit a large
range in initial isotopic compositions over only small ranges
in Sr and Nd concentrations (Fig. 8). Type B2 samples form
a distinct, near-vertical trend on a plot of exg versus Nd (Fig.
8b). A similar array is not observed when I(Sr) is plotted
against Sr; instead, Type B2 samples form a diffuse cluster
(Fig. 8a). Although Type B1 70139 plots at the high eyg-low
Nd end of the array in Fig. 8b, there is no obvious I(Sr)
relationship between Types Bl and B2 magmas in Fig. 8a.
In addition to their variable initial ratios, Type B2 magmas
commonly do not fall on whole-rock isochrons defined by
Types A, B, and C magmas (Fig. 7). We interpret the isotopic
data as evidence that the Type B2 magmas experienced post-
melting, open-system evolution. This conclusion differs from
the one recently proposed by NEAL et al. (1990a) who utilized
geochemical modelling to demonstrate, on the basis of major
and trace elements alone, that Type B2 compositional vari-
ations can be adequately explained by closed-system frac-
tionation from a distinct parent magma with elevated La/
Sm. Isotopic data presenied here argue strongly for a model
requiring assimilation of additional contaminants during
evolution of Type B2 magmas. In spite of the single trend of
ena V8. Nd, Type B2 compositional variations cannot be ex-
plained through simple, two-component AFC processes using
KREEP, or any single crustal component as the assimilant.
The pattern and sequence of eng depletion observed for Type
B2 samples in Fig. 8b is not duplicated on the Sr-Nd isotope
plot (Fig. 6), nor on other isotope-element or element-element
diagrams. Modelling of AFC processes is also complicated
by the difficulty in choosing an appropriate uncontaminated
parent magma. While the least-evolved (i.e., highest MgQO,
Cr;0;, Sm/Nd, lowest La, Hf, Rb/Sr) Type Bl magma,
70139, cannot be ruled out, its I(Sr) and La/Sm are inter-
mediate within the range of Type B2 compositions. Given
the limited number of analyses in the present study and the
uncertainty in assuming a common age for both Types Bl
and B2, a detailed examination of Type B2 petrogenesis is
not possible at present. However, we suspect that these mag-
mas experienced a complex magmatic history involving sev-
eral different assimilants, parent magmas, or even source re-
gions in order to explain observed compositions.

In summary, whole-rock isotopic data suggests that the
Type B2 basalts were the only Apollo 17 high-Ti magmas
which suffered extensive interaction with lunar crust. Type
A basalts exhibit the most convincing isotopic evidence in
support of closed-system magmatic evolution. Their large
range in geochemical compositions requires the presence of
at least several flows which presumably evolved in magma
chambers at some depth within the lunar crust. It is unlikely
that these basalts could have acquired their highly evolved
geochemical compositions while maintaining their uniform
initial isotopic signatures if they suffered any concurrent
crustal assimilation. Therefore, Type A isotopic compositions
are inferred to have been inherited from their mantle source
region. Although similar strong evidence is lacking for Types
C and Bl magmas, we assume that neither of these two geo-
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FIG. 9. “Initial” ¥'Sr/®*Sr ratios for Types A, Bl, and C source
regions calculated at 4.02 Ga plotted against (a) Sr concentration
and (b) Rb/Sr ratios measured in whole rocks. Also shown are the
weighted average initial compositions and error limits for Types A,
B1, and C basalts which are essentially identical. (c} Schematic dia-
gram illustrating the growth of *’Sr/%Sr with time in whole rocks.
At 4.02 Ga, all three sources have a common I(Sr)wg, but a range
of recently modified 8’Rb/*Sr ratios. At around 3.7 Ga (dash-dot
isochron), basalts are generated and preserve the *’Rb/®%Sr and initial
ratios inherent in their respective source regions (open symbols and
dotted lines at I(Sr)g; and I(Sr),). Minor Rb/Sr fractionation during
melting, or very high degrees of crystallization, or magma mixing,
may cause some increases in *’"Rb/®Sr (e.g., two values for Type A).
Present-day basalt compositions are shown as solid symbols and lie
both on parallel 3.7 Ga mineral isochrons and on the steeper 4.0 Ga
whole-rock isochron (solid, bold lines). Note similarities to Type A
and whole-rock isochrons shown in Fig. 7a.

chemical groups experienced significant crustal assimilation.
This assumption is supported by the fact that neither magma
type exhibits the intra-group isotopic variability observed in
Type B2 magmas and, more importantly, by the fact that
data for both Types C and Bl plot on the whole-rock Nd
isochron defined by Type A basalts alone. The resulting age
of 3.79 Ga for the Nd whole-rock isochron (nearly identical
to the age of eruption of Type A basalts) and the discordance

of contaminated Type B2 magmas provide additional support
for assuming that Types A, B1, and C evolved under closed-
system conditions. In addition, differences in initial isotopic
compositions between these three groups indicate that Types
A, Bl1, and C parent magmas were distinct and that primary
magmas for each geochemical group were derived from iso-
topically unique mantle sources. Thus, isotopic data presented
in this paper support previous petrogenetic interpretations
based on major- and trace-element geochemistry which in-
volved relatively simple fractionation of observed micro-
phenocryst phases from compositionally distinct source re-
gions (NEAL et al., 1990a). Isotopic evidence suggesting that
B2 melts were modified by crustal contamination eliminates
much of the need for. previously proposed models (SHIH et
al., 1975; WARNER et al., 1979) requiring differing degrees
of partial melting in order to explain observed compositional
variations (e.g., La/Sm ratios).

Origin of Source Heterogeneities

Whole-rock isotopic data for Types A, B1, and C basalts
present an apparent conflict between the Sr and Nd systems.
On the one hand, variations in initial Nd isotopic data are
largely a result of the time-integrated effects of the similar
Sm/Nd ratios calculated at different eruptive ages. Variations
in '"Sm/'*Nd ratios between the three different groups is
only about 5%, and the Nd whole-rock isochron (Fig. 7b)
yields an age almost identical to the average eruptive age.
These observations suggest that source regions for each group
contained only minor differences in REE distributions and
Nd isotopic compositions.

On the other hand, Sr data indicate that each mantle source
is isotopically distinct. Age versus initial Sr composition error
parallelograms for 70139 (Type B1) and 71539 (Type A) (Fig.
10a), as well as non-overlaping I(Sr) errors for Type C basalts
(Fig. 6), define unique source characteristics. Even though
the different basalts record Sr isotopic heterogeneities in their
respective sources, the Sr whole-rock data yield a well-defined,
albeit anomalously old, age of 4.02 + 0.05 Ga. Taken at face
value, this implies that all three Apollo 17 mare basalt sources
had a homogeneous ¥Sr/*Sr composition of 0.699191
+ 0.000012 at 4.02 Ga. It is unlikely that this age represents
the time at which mantle cumulates crystallized from a ho-
mogeneous magmasphere since it is some 400 Ma younger
than previous estimates of 4.4 Ga (CARLSON and LUGMAIR,
1979; NYQuisT et al., 1979, 1981; TAYLOR, 1982) and would
require anomalously slow rates of cooling of the magmasphere
(TAYLOR, 1982).

The 4.02 Ga whole-rock Rb-Sr isochron has age signifi-
cance only if there has been no fractionation of Rb and Sr
at the time of melt generation. NYQUIST et al. (1979) have
convincingly argued that partial melts derived from a source
containing clinopyroxene as a residual phase will contain
Rb/Sr ratios which are higher than that of the source due to
the difference in Rb and Sr mineral/liquid partition coeffi-
cients in Ca-rich pyroxene (0.015 for Rb and 0.116 for Sr:
PHILPOTTS and SCHNETZLER, 1970). Since the Rb/Sr frac-
tionation which takes place during partial melting is much
smaller than the fractionation which occurred during crys-
tallization of magmasphere cumulates (due to extraction of
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Fi1G. 10. Isotope evolution diagrams for average Types A, B1, and
C mare basalts. Radiogenic growth is projected back to the estimated
age of eruption (solid lines) using average present-day isotopic ratios
and measured Rb/Sr and Sm/Nd. Extensions of these same evolution
paths to 4.02 Ga (i.e., no fractionation of Rb/Sr or Sm/Nd at time
of melting) are shown by dashed lines. Also shown are Sr error par-
allelograms for 71539 and 70139 from isochron determinations (large,
stippled polygons), the age and I(Sr) composition of the Rb-Sr whole-
rock isochron (filled diamond), and estimated evolution paths for
the magmasphere (dash-dot line from LUNI/CHUR to formation
of magmasphere cumulates at about 4.4 Ga after previously-proposed
models; NYQUIST et al., 1977, 1979, 1981; UNRUH et al., 1984). In
(b) Nd isotopic compositions for the Type Bl source are modelled
assuming that 70139 represents 10% (lower boundaries of stippled
fields) and 15% (upper boundaries) partial melts of original cumulates
with modal compositions and mineral partition coeflicients given by
UNRUH et al. (1984) and HUGHES et al. (1989). Note that the '“’Sm/
'4“Nd for both Type A and C are identical. In (c) dotted lines show
the divergent evolutionary paths for Types A and C source regions
assuming that smail amounts of KREEP are mixed with original Bl
mantle cumulates at 4.0 Ga (mixing model from Table 4).

a plagioclase crust), whole-rock ages should approximate the
ages of formation of basalt sources (NYQUIST et al., 1979).
However, these authors also argue that rigorous source-region
time significance cannot be placed in whole-rock isochrons
because of the melt-induced Rb/Sr fractionation. Their earlier
work with Apollo 17 basalts (NYQUIST et al., 1976) modelled
0.25- to 5-fold increases in Rb/Sr ratios between Type B to

Type C melts and their respective cumulate sources. These
results were interpreted as evidence for a two-stage evolution
for Apollo 17 cumulate sources involving crystallization at
4.4 Ga of cumulate sources exhibiting a range in ¥Sr/%Sr
compositions followed by closed-system evolution until ba-
saltic liquids were remelted between 3.7 and 3.8 Ga (Fig. 5,
NYQUIST et al., 1976).

Several lines of isotopic and petrologic evidence force us
to reexamine the extent of Rb/Sr fractionation that occurred
during generation of Apollo 17 high-Ti melts. Most impor-
tantly, the high degree of precision of the 4.0 Ga whole-rock
isochron, relative to other whole-rock regressions, limits the
amount of Rb/Sr fractionation which could have occurred
at the time of melting. As argued previously, this precision
is not an artifact of a large spread in initial *’Rb/®6Sr values
nor of an uneven distribution of analyses (i.e., a two-point
isochron). Parallel REE patterns between magma types (NEAL
et al., 1990a,b) and relatively constant La/Sm ratios (Fig. 1)
indicate similar REE distributions between source regions
and comparable degrees in partial melting. If the entire range
in Apollo 17 Rb/Sr compositions was derived during partial
melting by increasing these ratios in the melts relative to a
homogeneous source, the Sr whole-rock isochron should yield
an age close to the average age of Apollo 17 volcanism. How-
ever, if the sources contained a range of Rb/Sr prior to melt-
ing, further melt-induced fractionation of Rb and Sr would
only tend to disrupt the linearity of the whole-rock data and
increase, rather than decrease, the scatter of points about the
best-fit isochron regression. Alternatively, if the cumulate
source regions inherited substantial ¥’Sr/*¢Sr heterogeneity
at the time of magmasphere crystallization (e.g., Fig. 5,
NYQUIST et al., 1976), the resulting melts should not be ex-
pected to form a well-defined isochron array at any time.

The small amount of scatter associated with the Sr whole-
rock isochron is also illustrated by initial Sr ratios calculated
at 4.02 Ga for individual Types A, B1, and C whole rocks
(Fig. 9a and b). Values for I(Sr) fall well within the limits of
analytical error between 0.699206 and 0.699185, while both
Sr concentrations and Rb/Sr ratios show much broader
ranges. Weighted average I(Sr) calculated at 4.02 Ga for all
three magma types show a remarkably good agreement of
0.699189 + 0.000013 for the two analyses of 70139 (Type
B1) and 0.699192 + (0.000011 for the three Type A and five
Type C basalts. These data suggest that the range in Rb/Sr
ratios was established at around 4.0 Ga at a time when all
three source regions had very homogeneous Sr isotopic com-
positions, and that the Rb/Sr could not have been substan-
tially modified during subsequent melt generation or crystal
fractionation without disturbing these relationships. Addi-
tionally, the very low values of ¥ Rb/*Sr in 70139 also support
a melting model which does not allow fractionation of Rb
from Sr. Strontium isotopic evolution paths for the three
groups converge at 0.699191 at 4.0 Ga using *’Rb/**Sr mea-
sured in the basalts (Fig. 10a). However, if the Type Bl path
is projected further back in time using its measured *’Rb/
%Sr, it coincidentally intersects the path of previously pro-
posed models for the evolving Bulk Moon at the time of
magmasphere crystallization around 4.4 Ga (using LUNI
= 0.69903 and *Rb/**Srgux moon = 0.06; NYQUIST et al.,
1976, 1977, 1981). The internal consistency of our data with
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models derived from different data sets provides further ev-
idence that 70139 (Type B1) most likely preserves the orig-
inally formed mantle cumulate ¥’Rb/®Sr ratio with little or
no modification. Since REE data allow only subtle differences
in the degree of melting between Types B1 and C liquids, it
does not seem unreasonable that both Type Bl and Type C
(as well as Type A) melts would preserve their respective
mantle-source Rb/Sr ratios.

Finally, if the variations in ¥’Rb/*¢Sr ratios between basalt
groups are the result of fractionation through varying degrees
of partial melting, the magnitude of the Rb/Sr increases
should be well correlated with relative decreases in '4’Sm/
14Nd between groups. Although the Type B1 basalt contains
the lowest *’Rb/®%Sr and highest '¥’Sm/'*Nd, Types A and
C basalts have identical 'YSm/'**Nd ratios (average values
0f 0.2483 and 0.2480, respectively), but ¥Rb/*Sr ratios which
vary by a factor of 2 (0.011 versus 0.021, respectively). These
observations are inconsistent with accepted models of min-
eral/melt partitioning during progressive partial melting and
indicate that enrichments in Rb/Sr cannot be solely attributed
to melt-related fractionation.

Isotopic evidence implying a minimal amount of Rb/Sr
fractionation during partial melting requires that late-crys-
tallizing cumulus Ca-rich clinopyroxene (as well as any pla-
gioclase) originally present within the source could not have
been present as a major phase within the melt residue. Pet-
rologic models based on experimental, major- and trace-ele-
ment constraints (GREEN et al., 1975; KESSON, 1975; BINDER,
1985; HUGHES et al., 1989) suggest that high-Ti basalt sources
are relatively shallow (<400 km) and are probably dominated
by early-formed olivine cumulates. A range of cumulate
modes and F values (fraction of melt generated) have been
postulated, most of which can be made compatible with a
residue largely depleted in clinopyroxene. The hybridized
source models of HUGHES et al. (1989) hypothesize that late-
stage clinopyroxene, ilmenite, and plagioclase cumulates,
along with trapped liquid, are likely to have formed only a
small proportion of the high-Ti basalt source regions (<12%)
and would have been completely consumed during cumulate
remelting of between 10 and 15%. This conclusion is also
consistent with models based on Nd-Hf isotopic data which
suggest clinopyroxene modal abundances of 8-18% in the
Apollo 17 source and 3-15% partial melting calculated to
produce observed mare compositions (UNRUH et al., 1984).
Although these melting models are highly assumption-de-
pendent, we believe that they can be used to support the
conclusion that most or all of the Ca-rich clinopyroxene
present in the source regions for Apollo 17 high-Ti basalts
was exhausted during partial melting, and that Rb/Sr ratios
measured in the basalts are not substantially modified from
the values which were present within their mantle sources.
This conclusion implies that the 4.02 Ga whole-rock Sr age
reported earlier has significance in the evolution of the sources
of Apollo 17 mare basalts.

Present Sr isotopic data preserve evidence that the mantle
source regions experienced a complex geochemical history
during the period between solidification of source cumulates
from the lunar magmasphere and generation of Apollo 17
mare basalts (Fig. 10a). These data are consistent with a model

where an initial, isotopically homogeneous source region for
Apollo 17 high-Ti basalts crystallized during the late stages
of lunar magmasphere solidification around 4.4 Ga (HUGHES
et al., 1989). This model also accommodates early lunar Sr
isotopic evolution based on previous estimates of the Bulk
Moon ¥Rb/%Sr and I(Sr) yni (NYQUIST et al., 1977, 1979,
1981). Crystallization of the magmasphere resulted in deple-
tions in LREE and LIL elements within original mantle cu-
mulates. The low ¥Rb/®Sr ratio of about 0.005 in the initially
homogeneous cumulates caused only very slow growth of
radiogenic Sr (near horizontal dash-dot line, Fig. 10a). How-
ever, a geochemical event at around 4.0 Ga created a two-
to four-fold increase in *’Rb/**Sr ratios within what would
later become the Types A and C basalt sources, respectively,
while leaving the Type B1 source unaffected. The new ¥Rb/
%Sr ratios caused the Sr evolution paths for each source region
to diverge such that resolvable differences in *’Sr/*¢Sr were
developed by the time high-Ti magmas were generated at 3.7
Ga. This evolution is also depicted schematically on an iso-
chron plot (Fig. 9c) illustrating the growth of ¥Sr/*Sr (short
dashed lines) within the three different sources from 4.0 to
3.8 (open symbols and dashed-dot isochron), and subsequent
growth within the basalts (long dashed lines) to the present
day (filled symbols and solid isochrons).

Unlike the more-ancient, Sr whole-rock isochron, Nd
whole-rock data preserve an isochron age of 3.79 + 0.15 Ga
which is nearly identical to the eruptive age of the basalts.
This suggests that either the REEs were not affected by the
chemical processes which altered Rb/Sr ratios in the mantle
cumulates at 4.0 Ga, or that any REE modifications affected
only absolute abundances without changing Sm/Nd ratios in
the different sources. Although some fractionation of Sm/
Nd most likely occurred during generation of the high-Ti
basalts (Fig. 10b), present Nd isotopic data place limits on
Sm/Nd ratios in the source regions. If magmasphere cumu-
lates had a chondritic to slightly enriched eng composition at
4.4 Ga (NYQUIST et al,, 1977, 1979; UNRUH et al., 1984),
the “7Sm/!**Nd of a single-stage source region just prior to
melting must have been between 0.27 and 0.29 (Fig. 10c).
These values are within the range calculated from the basalt
melting models in Fig. 10b. If the Type B1 source remained
unmodified since crystallization of magmasphere cumulates,
as hypothesized from Sr isotopic data, its eyq evolution would
be controlled by a '“’Sm/'*Nd ratio of around 0.286. Types
A and C magmas have enq values which are nearly coincident
with this path at the time of their eruption. This coincidence
indicates that modification of Types A and C source regions
at 4.0 Ga by a process capable of imparting Rb-enrichments
could not have simultaneously introduced a LREE-enriched
component. If it had, the time-integrated effects of the altered
Sm/Nd ratios in the different sources would have resulted in
Types A and C magmas with lower eny values than those
observed (dotted lines, Fig. 10c). It may be possible that the
absolute abundances of all REEs were modified sympathet-
ically by some process leaving REE ratios in the resulting
mantle sources unaffected. However this possibility seems
unlikely given the wide range of REE patterns expected for
processes involving melting, metasomatism, and/or mixing
within the lunar mantle. The data presented here suggest that
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Table 4: Hlustrative mixing model between high-Ti mare basalt source and KREEP components.

Rb St Rbfesr  se/0s Sm  Nd "sm/'¥Nd ¢, *°

End-members:

Bl Source’  0.0406 21.3 0.00551 0.699191 0.756 1.60  0.286 3.00
KREEP* 134 8.8 0433  0.699570 226 809  0.169 -0.61
Bl Source-KREEP Mixture:

% KREEP

0.33 0.0848 21.5 0.0114  0.699192 0.827 1.86  0.269 2.9
0.92 0.163 219 0.0215 0.699194 0956 232 0.249 2.97
Observed:

Type A Magma 0.0114 0.247

Type C Magma 0.0215 0.248

@ Isotopic compositions at 4.0 Ga

b B1 Source calculated assuming 70139 represents a 15% non-modal melt using the following
parameters modified from UNRUH, et al. (1984), and HUGHES, et al., (1989):

Opx Cpx Other

Olv
Modal proportions 0.65
Melt proportions 0.05

0.21 0.07 0.07
0.05 0.45 0.45

where "Other" equals plagioclase + ilmenite + phosphate + trapped liquid. Both Cpx and

"Other” ph

become exhausted from the residue at 15% melting. Mineral distribution

coefficients for Olv and Opx are from UNRUH, et al. (1984). Values for 87Rb/3sr and
1475m/144Nd of 0.00551 and 0.286, respectively, in the B1 source are assumed and
conceatrations are modified slightly to obtain these ratios.

€ Trace elements are an average of 18 Apollo 17 KREEP analyses reported by SALPAS, et al. (1987).
Isotopic compositions are from SHIH, et al. (1990).

a geochemical process is required which is capable of im-
parting an up to four-fold increase in the Rb/Sr ratio of Type
C source region relative to Type Bl source region without a
concomitant modification of REE ratios.

Strontium and neodymium arguments considered together
help to establish the nature of the event which affected the
Sr isotopic systematics of Types A and C mantle sources at
4.0 Ga. KREEPy basaltic magmatism identified at the Apollo
17 site occurred at the same time that high-Ti mare basalt
sources were modified (COMPSTON et al., 1975; SHIH et al.,
1990). Ages between 4.01 and 4.13 have been reported with
I(Sr) of 0.69954 to 0.69960 and enyg of —0.61 (SHIH et al.,
1990). Although it is possible that injection of a KREEP
magmatic component into the original LIL- and LREE-de-
pleted cumulate source region may have caused some mod-
ification, it is difficult to reconcile both Sr and Nd isotopic
data through a KREEP mixing model. To illustrate these
inconsistencies, Rb, Sr, Sm, and Nd contents for unmodified
B1 source are estimated in Table 4. These concentrations are
poorly constrained; however, they should be reasonable
enough to model the effects of addition of KREEP. Because
the abundances of these elements are so low in the Bl source
and so high in KREEP, addition of only 0.33 and 0.92% of
the KREEP endmember is capable of reproducing 8Rb/*Sr
ratios assumed for Types A and C source regions. Even though
isotopic compositions of the two components are quite dif-
ferent, the isotopic compositions of the mixed sources are
not noticeably shifted from that of the B1 source due to the
very small amounts of KREEP added. However, the effect
of this mixing model on the '¥’Sm/'*Nd is sufficient to cause
a substantial deviation in the evolution of Nd isotopes during
the 270 to 330 Ma between source modification and melt
generation (dotted lines, Fig. 10c). Not only should the eng

values in the Types A and C sources be lowered from around
+6.6 to +5.4 and +4.5, respectively, but also, the higher pro-
portion of KREEP added to the Type C source should cause
a dispersion of eng values in Types A and C sources with
time. Instead, the isotopic composition of both sources are
nearly identical and lie along the Type Bl source evolution
path. The Nd isotopic systematics in Types A, Bl, and C
basalts combined with the LREE-enriched patterns common
to KREEP-rich rocks create a fundamental problem in all
KREEP-mixing models regardless of specific choices for either
original mantle cumulate or KREEP compositions. Similar
arguments can be made involving small degrees of partial
melting either added to or subtracted from the mantle cu-
mulates. Although small amounts of melting will cause frac-
tionation of Rb from Sr, this process is also very effective at
fractionating Nd from Sm.

Other, more Rb/Sr-enriched magmatic components which
could have been mixed into the original cumulate source are
either immiscible granite melts (RUTHERFORD et al., 1976;
SHIH et al., 1985; TAYLOR et al., 1980; WARREN et al., 1983)
or a hypothetical K-Fraction melt derived through silicate
liquid immiscibility in evolved KREEP (NEAL and TAYLOR,
1989). These types of K-rich magmas have extremely high
Rb abundances and Rb/Sr ratios, on the order of 100-200
ppm and 1, respectively. As a consequence, only a very mi-
nute amount of this material is required (less than 0.1%) to
elevate Rb/Sr ratios in Types A and C source regions. Al-
though these materials have LREE-enriched patterns similar
to KREEP, the somewhat lower REE abundances along with
the very low mixing proportions may result in only negligible
changes in the 'Sm/'**Nd of the hybrid sources. Therefore,
these components are potentially capable of imparting sig-
nificant Rb/Sr modification without substantial Sm/Nd ef-
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fects. However, the viscosity of these highly polymerized
magmas (approximately 3 X 10* poise; NEAL and TAYLOR,
1989) make it difficult to envisage a mechanism of physically
mixing the very small amounts of infiltration required to
modify Types A and C sources.

Another mechanism capable of modifying the original
mantle cumulates involves mobilizing Rb and other volatile
metals preferentially to incompatible, but refractory, elements
such as the REEs. The presence of volatile elements enriched
on the surfaces of lunar glass spheres, thought to be of py-
roclastic origin, has been interpreted as evidence for the vol-
atile transport (especially as halogen complexes) of metals
(CHOU et al., 1975; MEYER et al., 1975). DICKINSON et al.
(1989) have proposed that halogen-rich vapors were respon-
sible for redistributing Ge within the lunar interior resulting
in a form of mantle metasomatism. Their model speculates
that volatile elements, including Ge, were leached from wall
rocks by F- and Cl-rich fluids originating from outgassing of
the lunar interior. Volatile metals, complexed with halogens,
were transported outward until they encountered more-sili-
ceous, Na- and K-rich magmas (i.e., urKREEP) where the
halogen complexes were then resorbed into the KREEPy
magmas due to the higher solubility of Cl and F in alkaline
silicate liquids. A similar gas/fluid transport model can be
invoked to explain the Rb/Sr differences between Apollo 17
mare basalt sources. The ability of volcanic gases to transport
volatile metals has been shown at numerous active terrestrial
vents (ZOLLER et al., 1983; SYMONDS et al., 1987; CROWE
et al., 1987). Alkali metals are highly enriched in these gas
and sublimate samples relative to both their abundances in
the associated silicate melts, as well as to Sr and REE abun-
dances within the same volcanic gases. In typical terrestrial
volcanic gases where Cl has a higher fugacity relative to F,
the alkali metals Cs, Rb, K, and Na, are all stable as chloride
complexes rather than as F, Br, OH, elemental, or other gas
species (SYMONDS and REED, 1991). Therefore, it is con-
ceivable that Cl-rich fluids, derived through outgassing of the
lunar interior, or through final crystallization of KREEPy
magmas emplaced at mantle-source depths, were capable of
leaching and transporting substantial amounts of Rb with
little or no mobilization of either Sr or the REEs. Although
REEs may be fractionated by this process, the absolute abun-
dances of REEs transported by these fluids will most likely
be small relative to the amount of Rb in solution. It is also
probable that Cl-rich fluids have very low viscosity, allowing
even small amounts of this geochemical component to infil-
trate into the original mantle cumulates.

Processes involving halogen-rich metasomatism provide
an attractive means of explaining the disruption of the Rb-
Sr system in Apollo 17 high-Ti basalts while leaving the Sm-
Nd system intact. Equally important, it also allows modifi-
cation of the Rb/Sr ratios without altering the ¥’Sr/%6Sr com-
positions within the different sources so that a common I(Sr)
at 4.02 Ga remains well defined. Further evidence for a
metasomatic origin for the Rb/Sr heterogeneities may be re-
corded by Ge concentrations, which are three times higher
in Type C basalts relative to the other Apollo 17 magma
types (DICKINSON et al., 1989). Since Ge bulk distribution
coeficients are close to unity in mantle assemblages, abun-

dances measured in basalts should be representative of their
mantle sources (DICKINSON et al., 1989). The observed Ge
disparity may have been introduced at the same time that
Rb/Sr ratios were modified, and may be linked, in some
manner, to the similar-aged, Ge-enriched KREEPy basalts
sampled at the Apollo 17 site. Ultimately, a fluid-infiltration
model will require explanations for the mechanisms con-
trolling the precipitation of transported metals from these
fluids, as well as a reason for the progressive increase of fluid
contributions into Types A and C source regions, respectively.
Although details of lunar metasomatism are not yet clear,
we speculate that this type of process played an important
role in establishing the geochemical and subsequent isotopic
heterogeneities observed in Apollo 17 high-Ti mare basalts.

CONCLUSIONS

Combined Sr and Nd isotopic studies of well-documented
mare basalt suites offer the potential to refine details of basalt
chronology and petrogenesis which are not wholly apparent
from geochemical or single-system isotopic studies. In the
present case, previously defined geochemical types of Apollo
17 high-Ti basalt (Types A, Bl, B2, and C) exhibit slight
differences in age which help to establish a geochemical stra-
tigraphy, as well as subtle variations in initial isotopic com-
positions which permit characterization of different styles of
magmatic evolution, distinction of source heterogeneities, and
models for the geochemical histories of cumulate sources.

Two new internal Sr and Nd isochron ages presented in
this study do not allow resolution between Type A and Type
BI eruptive ages (3.75 = 0.07 Ga for 71359, and 3.71 + 0.12
Ga for 70139, respectively) given the level of errors associated
with regression calculations and the uncertainty surrounding
the choice of a ¥’Rb decay constant. However, utilization of
the larger Apollo 17 mare basalt chronological data set offers
the potential for reducing the uncertainties in average ages
for the different chemical groups. Statistical treatment of all
available Apollo 17 mare basalt dates suggests a weighted
average age of volcanism of 3.72 + 0.04 Ga. However, if the
dated basalts are classified on the basis of chemical criteria,
aresolvable difference in ages between Types A (3.75 £ 0.02
Ga, N = 4) and Types B1/B2 (3.69 + 0.02 Ga, N = 3) is
observed (Fig. 4). Type C basalts cannot be placed into this
present chronological sequence with any certainty given the
available data. Therefore, Apollo 17 mare basalt volcanism
was dominated by early eruptions of Type A magmas, whereas
later, magmatism consisted predominantly of Type B1/B2
magmas. Without the ability to clearly resolve age differences
between individual flows, the nature of the transition between
early and late magmatism remains unclear. Eruption of mare
basalts may have been a more-or-less continuous event lasting
for a period of 70 to 150 Ma and implying that Types A and
B1/B2 magmas may have been produced contemporaneously
over at least part of this age interval. Conversely, generation
of Types A and B1/B2 magmas may have been temporally
discrete with a substantial time hiatus separating generation
and eruption of the two magma types. The ability to discrim-
inate between these two eruptive scenarios has important
implications for mechanisms of melt generation and may be
addressed by additional dating of well-characterized samples.
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Whole-rock isotopic results confirm previous petrogenetic
hypotheses which proposed that compositional variations
within Types A, Bl, and C geochemical groups can be ex-
plained by closed-system fractional crystallization of observed
microphenocrystic phases (NEAL et al., 1990a). In contrast,
Type B2 lavas exhibit a wide range of intra-group isotopic
variation. Observed variations in initial isotopic composition
cannot be ascribed to a simple two-component mixing model
and are therefore qualitatively explained by assimilation of
several isotopically distinct crustal components during transit
of magmas to the surface. Recognition of assimilation-frac-
tional crystallization processes in Type B2 magmas may
eliminate much of the need for previously proposed models
invoking variable degrees of partial melting to explain the
range of La/Sm in Apollo 17 magmas (SHIH et al., 1975;
WARNER et al., 1979).

Subtle variations in isotopic compositions observed be-
tween Types A, Bl, and C magmas are best explained by
heterogeneities within the source regions for each basalt type.
Source heterogeneities have been proposed previously on the
basis of geochemical data (SHIH et al., 1975; WARNER et al.,
1975, 1979; RHODES et al., 1976; NEAL et al., 1990a); how-
ever, present isotopic data allow constraints to be placed on
the geochemical history of the Apollo 17 mantle sources.
Whole-rock Sr data preserve a very well-defined isochron age
of 4,02 4 0.05 Ga (A\¥Rb = 1.42 X 10~"" yr™!) and initial Sr
isotopic composition of 0.699191 + 0.000012. Although mi-
nor melting-induced modification of ¥ Rb/*Sr ratios cannot
be completely dismissed, cumulative isotopic evidence, plus
the presence of similar-aged KREEPy basalts at the same
site, lead us to place geological importance in the whole-rock
Sr isochron age. This date is interpreted to represent the last
time at which the source regions for Types A, Bl, and C
magmas contained a common Sr isotopic composition re-
sulting from the closed-system growth of radiogenic Sr in the
LIL- and LREE-depleted mantle cumulates which crystallized
around 4.4 Ga from the lunar magmasphere. In contrast,
whole-rock Nd data from Types A, Bl, and C basalts define
an isochron age of 3.79 + 0.15 Ga which is within error of
the eruptive ages. This observation requires strong similarities
in Nd isotopic compositions between the three groups and
indicates that the Sm-Nd systems were not similarly disturbed
around 4.0 Ga. Although KREEP magmatism with ages be-
tween 4.01 and 4.13 Ga has been identified at the Apollo 17
site (COMPSTON et al., 1975; SHIH et al., 1990), combined Sr
and Nd isotopic data are not consistent with KREEP-cu-
mulate mixing models. Instead, a mixing component with
higher Rb abundances relative to Sr and the REEs is required.
Although lunar granite or the “K-fraction” of KREEP (NEAL
and TAYLOR, 1989) are potential candidates, we prefer a
model of mantle metasomatism involving halogen-rich fluids
derived either through outgassing of the lunar interior or
through final crystallization of KREEPy magmas emplaced
nearby. These types of fluids are likely to be efficient at mo-
bilizing volatile metals, such as Rb, but much less capable
of transporting either Sr or the more-refractory REEs. This
type of process is capable of explaining the inhomogeneous
introduction of Rb into an originally homogeneous Apollo
17 high-Ti mare basalt source region at around the same

time that KREEP magmatic activity occurred at the Apollo
17 site. After alkali metasomatism, Sr isotopic compositions
in the different source regions evolved divergently as a re-
sponse to modified Rb/Sr ratios, while Sm/Nd remained un-
disturbed and Nd isotopic evolution within each source re-
mained parallel until mare basalts were generated around 3.7
Ga. Further geochemical investigation of volatile element
abundances within these three magma types may provide
additional support for this metasomatic model.
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